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Editorial on the Research Topic

Advances in Porous Semiconductor Research

Since the discovery of the luminescent properties of porous silicon by Canham (1990), the
anodization process has attracted renewed interest for the fabrication of porous semiconductors.
To date, this technique is widely used to design new materials with advanced physico-chemical
properties for many applications in optics, microelectronics, energy, biomedicine, etc. . .

This Research Topic features the most important and recent exciting results related to all
aspects of manufacturing, characterization, properties, and applications of porous semiconductors
(Si, Ge, III-V compounds, TiO2 nanotubes, etc.).

This Research Topic is a collection of articles carefully selected from 200 abstracts submitted
to the 2018 Porous Semiconductors Science and Technology Conference. All abstracts were
peer-reviewed by a panel composed of 6 co-chairs and 16 senior researchers from the scientific
advisory board. The peer-reviewed papers have been chosen based on novelty of the work, fair
representation of the scientific topics, and geographical considerations. Thus, this Research Topic
involves co-authors from 31 academic institutions established in 15 countries from Europe, North
America, Asia, and Australia.

The topical areas cover electrochemical and metal-assisted chemical etching, surface chemistry
and functionalization, pore filling and nanoparticle decoration, novel nanostructures and
microfabrication techniques, micro photonics and luminescence, micro systems and electronics,
biomedical applications including diagnostics, bioimaging and drug delivery, energy harvesting,
storage and conversion, sensors, as well as emerging applications.

We encourage readers to explore the review by Koshida and Nakamura who gives a broad
overview of the emerging functions of nanostructured porous silicon for physical applications.
There are also several examples of original articles covering the fabrication (Bastide et al.;
Kolasinski et al.) and use of advanced properties of porous silicon for emerging applications like
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magnetic and electronic features (Granitzer et al.; Lepesant et al.),
optical properties (Gonchar et al.), biosensing (Gongalsky et al.;
Rajeev et al.; Segal et al.; Cozzi et al.), energy storage and
harvesting (Djenizian et al.).
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Toward Multi-Parametric Porous
Silicon Transducers Based on
Covalent Grafting of Graphene Oxide
for Biosensing Applications

Rosalba Moretta 1,2, Monica Terracciano 1, Principia Dardano 1, Maurizio Casalino 1,

Luca De Stefano 1*, Chiara Schiattarella 1,3 and Ilaria Rea 1
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Graphene oxide (GO) is a two-dimensional material with peculiar photoluminescence

emission and good dispersion in water, that make it an useful platform for the

development of label-free optical biosensors. In this study, a GO-porous silicon (PSi)

hybrid device is realized using a covalent chemical approach in order to obtain a

stable support for biosensing applications. Protein A, used as bioprobe for biosensing

purposes, is covalently linked to the GO, using the functional groups on its surface, by

carbodiimide chemistry. Protein A bioconjugation to GO-PSi hybrid device is investigated

by atomic force microscopy (AFM), scanning electron microscopy (SEM), water contact

angle (WCA) measurements, Fourier transform infrared (FTIR) spectroscopy, steady-state

photoluminescence (PL), and fluorescence confocal microscopy. PSi reflectance and

GO photoluminescence changes can thus be simultaneously exploited for monitoring

biomolecule interactions as in a multi-parametric hybrid biosensing device.

Keywords: porous silicon, graphene oxide, covalent grafting, photoluminescence, optical device

INTRODUCTION

Graphene oxide (GO) is the oxidized counterpart of graphene, characterized by oxygen-bearing
functional groups in the form of epoxy, hydroxyl, and carboxyl acids groups on both the basal
plane and edges (Dreyer et al., 2010). The oxygen-containing functional groups on the GO sheets
make this material more hydrophilic than graphene. In the last decade, GO has attracted great
attention because of its unique electronic, mechanical, thermal, and optical properties (Park and
Ruoff, 2009; Loh et al., 2010). Moreover, GO can be functionalized with biomolecules without using
cross-linkers in aqueous solution, so that this material is particularly interesting for biosensing
applications (Jung et al., 2010; Loh et al., 2010; Liu et al., 2012; Zhang et al., 2013).

Several strategies have been published to functionalize GO. In particular, carboxylic acid
groups on the GO sheets can be used as reactant sites for immobilization or conjugation of
several biological molecules such as proteins, peptides, antibodies, DNA, and so on (Zhang et al.,
2010; Wu et al., 2011). Furthermore, GO exhibits steady-state photoluminescence (PL) particular
features, such as a broad PL emission from 500 to 900 nm on exposure to near UV radiation,
that have been proposed for the development of a new class of optoelectronic devices (Chien
et al., 2012). Unfortunately, the PL of a thin layer of GO nanosheets is too weak, mainly due
to the oxygen-functional groups producing non-radiative recombination between their electrons
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and holes present in sp2 clusters (Gupta et al., 2014).
Oxygen plasma treatment can be used to get higher PL
emission from GO (Gokus et al., 2009; Eda et al., 2010).
An alternative approach based on the infiltration of GO into
large surface area substrate is a valid strategy to enhance
the light generation from the resulting composite material,
and porous silicon (PSi) is optimal candidate for this task.
PSi is a nanostructured material produced by electrochemical
anodization of doped crystalline silicon in hydrofluoric acid
(HF)-based solution. Pores size and morphology of PSi samples
can be properly tuned changing the etching parameters (HF
concentration, current density) and the characteristics of the
silicon substrate (dopant type, resistivity, crystal orientation).
Due to its sponge-like morphology, characterized by a specific
surface area of hundreds of m2 cm−3, PSi is definitely an ideal
transducer for the development of several kinds of biosensors
(Sailor, 2012; Canham, 2017). In recent papers, hybrid devices
constituted by GO electrostatically immobilized on amino-
modified mesoporous silicon (i.e., PSi with a pores size <50 nm)
were described. In particular, homogeneous monolayer and
aperiodic Thue-Morse multi-layered structure made of 64 layers
were used in order to infiltrate GO nanosheets by spin-
coating. The enhancement and the modulation of the PL signal
emitted from GO adsorbed on both the hybrid structures were
highlighted, while these phenomena were not observed in the
case of GO on crystalline flat silicon (Rea et al., 2014, 2016).

In this work, a chemical procedure to covalently bind
GO to PSi surface has been developed in order to realize
a stable hybrid device for biosensing purposes. Macroporous
silicon, characterized by pores size >50 nm, has been used
in infiltrating the GO sheets inside the pores of material.
The GO-PSi hybrid device has been covalently conjugated to
FITC-labeled protein A (PrA∗) derived from Straphilococcus
aureus as a model bioprobe. The effective covalent interaction
between GO-PSi and PrA∗ demonstrates the possibility to
realize a robust system for biosensing whose operating
mechanism is based on the changes of PSi reflectance and GO
photoluminescence.

The development of GO-PSi hybrid device and its interaction
with the PrA∗ have been investigated by Fourier transform
infrared spectroscopy (FTIR), spectroscopic reflectometry,
steady-state photoluminescence (PL), atomic force microscopy
(AFM), scanning electron microscopy (SEM), water contact
angle (WCA) measurements, and fluorescence confocal
microscopy.

MATERIALS AND METHODS

Chemicals
Hydrofluoric acid (HF), undecylenic acid (UDA), N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), MES hydrate, tert-
Butyloxycarbonyl-NH-PEG-Amine (BOC-NH-PEG-NH2),
trifluoroacetic acid (TFA), chloroform, tetrahydrofuran, FITC-
labeled Protein A (PrA∗) from S. aureus were purchased from
Sigma Aldrich (St. Louis, MO, USA). Graphene oxide (GO)
nanosheets were purchased from Biotool.com (Houston, TX,

USA) as a batch of 2 mg/mL in water with a nominal sheets size
between 50 and 200 nm.

Preparation of Graphene Oxide
Graphene oxide (GO), 1mg ml−1, was sonicated using an
ultrasonic processor for 1 h in ice at 50% of available power
amplitude.

Porous Silicon (PSi) Layer Fabrication and
Hydrosilylation Process
PSi was fabricated by electrochemical etching of n-type
crystalline silicon (0.01–0.02Ω cm resistivity, 〈100〉 oriented
and 500µm thick) in HF (5% in weight)/ethanol solution at
room temperature (RT). Before the etching process, the silicon
substrate was immersed in HF solution for 2min to remove
the oxide native layer. A current density of 20mA cm−2 for
90 s, was applied to obtain a single layer of PSi with a porosity
of 61% (nPSi = 1.83 at λ = 1.2µm), a thickness L of 2.1µm
and a pores dimension between 50 and 250 nm, determined by
ellipsometry and SEM imaging (Terracciano et al., 2016). The as-
etched PSi was placed in a Schlenk tube containing deoxygenated
neat UDA (99% v/v) and allowed to react at 110◦C for 18 h under
a stream of argon. The treated chip was extensively washed in
tetrahydrofuran and chloroform in order to remove the excess of
reagent (Shabir et al., 2017).

Pegylation of PSi Layer and Covalent
Grafting of GO
UDA-modified PSi sample was placed in a Schlenk tube
containing freshly prepared EDC/NHS aqueous mixture
(0.005M in MES 0.1M) for 90min at RT. Sample was rinsed in
deionized water three times and dried under nitrogen stream.
PEGylation was performed dipping the sample in BOC-NH-
PEG-NH2 solution (0.4M, overnight, at 4◦C) (Harris et al.,
1992; Sam et al., 2010); the excess of reagent was removed
rinsing the sample in MES buffer and in deionized water. The
t-butyloxycarbonyl (BOC) protecting group of amine portion
was removed from the PEG covalently bound to PSi surface
incubating the sample in a solution of TFA (95% v/v, 90min, at
RT): sample was then washed in deionized water so as to remove
the excess of TFA. GO was covalently bound to the PSi surface
incubating the sample in sonicated GO (1 mg/ml) in presence
of EDC/NHS (0.020M EDC and 0.016M NHS in MES 0.1M,
overnight, at RT).

Covalent Grafting of FITC-Labeled Protein
a on PSi Layer
GO-modified PSi was incubated in 0.33 mg/ml of FITC-labeled
Protein A (PrA∗) in presence of EDC/NHS (0.020M EDC and
0.016M NHS in MES 0.1M, overnight, at RT). The reaction was
conducted over-night at RT.

Atomic Force Microscopy
A XE-100 AFM (Park Systems) was used for the imaging
of PSi sample before and after functionalization with GO.
Surface imaging was obtained in non-contact mode using
silicon/aluminum coated cantilevers (PPP-NCHR 10M; Park
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FIGURE 1 | Functionalization scheme of macroporous silicon. Reaction 1: hydrosilylation process of PSi using undecylenic acid, 18 h at 110◦C. Reaction 2:

PEGylation process of PSi by EDC/NHS and deprotection of NH-BOC by TFA treatment. Reaction 3: immobilization of GO by EDC/NHS on PEGylated PSi.

Reaction 4: immobilization of PrA* on hybrid device.

FIGURE 2 | Water contact angle measurement performed on bare PSi (A), after hydrosilylation (B), after PEGylation (C), after TFA treatment (D), after GO

functionalization (E), and after PrA* immobilization (F).

Systems) 125µm long with resonance frequency of 200
to 400 kHz and nominal force constant of 42 N/m. The
scan frequency was typically 1Hz per line. AFM images
were analyzed by the program XEI 1.8.1.build214 (Park
Systems).

Scanning Electron Microscopy
SEM characterization of PSi sample was performed before and
after GO functionalization. Images were acquired at 5 kV
accelerating voltage and 30µmwide aperture by a Field Emission
Scanning Electron Microscope (Carl Zeiss NTS GmbH 1500
Raith FESEM). InLens detector was used. Samples were tilted at
90◦ in order to perform SEM analysis in lateral view.

Water Contact Angle Measurements
Sessile drop technique was used for WCA measurements on a
First Ten Angstroms FTA 1000C Class coupled with drop shape
analysis software. Results of WCA are expressed as mean ±

standard deviation (s.d.) of at least three measurements on the
same sample of three independent experiments (i.e., at least nine
measurements for each result).

Fourier Transform Infrared Spectroscopy
The FTIR spectra of all samples were obtained using a
Nicolet Continuµm XL (Thermo Scientific) microscope in the
wavenumber region of 4,000–650 cm−1 with a resolution of
4 cm−1.
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FIGURE 3 | Reflectivity spectra (A) and corresponding Fourier transforms (B) of PSi before (black line), and after (blue line) UDA treatment. Reflectivity spectra (C) and

corresponding Fourier transforms (D) of UDA-PSi before and after PEGylation with BOC-NH-PEG-NH2 (blue line). Reflectivity spectra (E) and corresponding Fourier

transforms (F) of PEGylated PSi before (black line) and after selective deprotection of -NH-BOC by TFA treatment (blue line). Reflectivity spectra (G) and

corresponding Fourier transforms (H) of deprotected PEG-PSi before (black line) and after GO immobilization (blue line). Reflectivity spectra (I) and corresponding

Fourier transforms (J) after PrA* functionalization.
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FIGURE 4 | (A) Photoluminescence spectra of PSi before (black line) and after GO covalent immobilization (red line) at an excitation wavelength of 442 nm. (B)

Comparison between photoluminescence spectrum (upper graph) and reflectivity spectrum (lower graph) of GO-PSi device.

Spectroscopic Reflectometry
The reflectivity spectra of PSi sample were measured at normal
incidence by means of a Y optical reflection probe (Avantes),
connected to a white light source and to an optical spectrum
analyser (Ando, AQ6315B). The spectra were collected over
the range 600–1,600 nm with a resolution of 1 nm. Reflectivity
spectra shown in the work are the average of threemeasurements.

Steady-State Photoluminescence (PL)
Steady-state photoluminescence (PL) spectra were excited by
a continuous wave He-Cd laser at 442 nm (KIMMON Laser
System). PL was collected at normal incidence to the surface of
samples through a fiber, dispersed in a spectrometer (Princeton
Instruments, SpectraPro 300i), and detected using a Peltier
cooled charge coupled device (CCD) camera (PIXIS 100F). A
long pass filter with a nominal cut-on wavelength of 458 nm was
used to remove the laser line at monochromator inlet.

Laser Scanning Confocal Microscopy
Fluorescent samples were imaged using an inverted fully
automated confocal Nikon AR-1 microscope. The NIS elements
software was used for image acquisition/elaboration.

RESULTS AND DISCUSSION

The structure of GO is characterized by a large amount of
hydroxyl, epoxy, and carboxyl groups distributed on the whole
surface, which makes this material much more hydrophilic
than graphene (Dreyer et al., 2010). GO can be thus processed
in aqueous solution in order to directly link biomolecules to
its surface for the realization of a biosensor, whose sensing

mechanism could be based on changes of GO photoluminescence
(Morales-Narváez and Merkoçi, 2012).

The fabrication of a multiparametric hybrid transducer, based
on GO covalently immobilized on macroporous PSi surface,
required the optimization of GO infiltration, and, before this step,
a proper characterization of its behavior in aqueous solutions.
GO solubility could be not assured in presence of a biological
molecule, so that in Supplementary Information (SI) the
interaction of free GO sheets and a FITC labeled PrA∗, dispersed
in demineralized water, is reported. The formation of the
complex GO-PrA∗ was evaluated by DLS (Figure S1), ζ-potential
measurements, UV-Vis (Figure S2), and photoluminescence
(Figure S3). These results evidenced slight aggregation after
GO-PrA∗ conjugation by EDC/NHS chemistry and a strong
interaction between the two systems, which led to changes
in UV-Vis absorbance and PL emission. Before infiltration,
GO nanosheets had been sonicated until sheets size showed
values lower than 100 nm to DLS (data not showed here). After
size reduction, GO was covalently bound to the PSi surface
following the functionalization scheme reported in Figure 1.

Since the main drawback of PSi is its chemical instability in
oxidizing environment, such as biological conditions (Ghulinyan
et al., 2008), a method to stabilize the surface is mandatory
in biosensing applications. A hydrosilylation process has thus
been used as a valid strategy to make the PSi a more stable
platform. After hydrosilylation, the Si-H surface bonds, typical of
as-etched PSi, were converted in Si-C bonds, making the material
more robust and resistant to hydrolysis and oxidation (Figure 1,
Reaction 1). The thermal reaction between UDA and as-etched
PSi induced the formation of an organic monolayer covalently
attached to the surface through the formation of Si-C bonds
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FIGURE 5 | AFM characterization: (A) phase and (B) three-dimensional rendering of PSi before GO functionalization; (C) phase and (D) three-dimensional rendering

of PSi after GO functionalization; (E) phase and (F) three-dimensional rendering of PSi after PrA* functionalization.

(Boukherroub et al., 2002). The carboxyl acid groups exposed on
the surface could be used for further functionalization steps.

The GO grafting to the hydrosilylated-PSi surface required
a cross-linker with exposed amino groups. In this study, the
PEG molecule was used as bi-functional cross-linker. The
covalent grafting of the BOC-NH-PEG-NH2 was achieved by
carbodiimide chemistry and, after amine group deprotection by
acid hydrolysis of BOC with TFA (Figure 1, Reaction 2), the
GO sheets were bound on amino-terminal PSi by essentially
using the same chemistry (Figure 1, Reaction 3) (Harris et al.,
1992). A biosensor transducer always includes a specific bioprobe
that recognizes a ligand of interest. Placing a biomolecule into

a complex matrix, leaving its properties untouched, requires
proper design and stability test of the final hybrid device. In
this frame, the interaction between the GO-PSi architecture
and a model biological molecule, the Protein A [pure and
in its FITC labeled form (PrA∗)] was studied. The PrA∗ was
covalently bound to the hybrid device using same EDC/NHS
chemistry (Figure 1, Reaction 4). In order to verify the effective
covalent bond between GO-nanosheets/amino-modified PSi and
PrA/GO-modified PSi promoted by carbodiimide chemistry,
two negative control samples (NH2-PSi_CTR and GO-PSi_CTR)
were incubated with GO and PrA (pure and in its FITC
labeled form), respectively, without EDC/NHS treatment. Since
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FIGURE 6 | SEM images of PSi before and after GO covalent immobilization, and after PrA functionalization. The red circle indicates the presence of GO.

carbodiimide conjugation should activate carboxyl groups by
direct reaction with primary amines via amide bond formation,
without EDC/NHS surface treatment, it was not possible to
obtain any experimental evidence of covalently bonded GO and
PrA on control samples.

Evaluation of surface wettability is a fundamental analysis
in the development of such hybrid devices. After each
functionalization step, different functional groups were exposed
on the GO-PSi chip causing a change in the surface wettability.
The as-etched PSi showed a hydrophobic surface quantified by
a WCA value of 135 ± 2◦ (Figure 2A); a weak decrease of
wettability value was evaluated after the hydrosilylation process
(WCA = 120 ± 1◦), mainly due to carboxyl-terminal chain
(Figure 2B); the introduction of the hydrophilic group BOC-
NH-PEG-NH2 induced a further decrease of WCA value to
85 ± 3◦ (Figure 2C); the removal of the BOC group and the
exposure of the hydrophilic amino group, present in the PEG
chain, was responsible of a WCA value of 60 ± 2◦ (Figure 2D);
after the GO sheets binding, the presence of the oxygen functional
groups made the PSi substrate more hydrophilic with a WCA
of 50 ± 5◦ (Figure 2E); finally, the PrA∗ bioconjugation on
GO-PSi surface increased the wettability of the surface up
to a WCA of 70 ± 2◦ due to the presence of hydrophobic
amino acids in the protein structure (Figure 2F). No change
of surface wettability was observed in the case of negative

control samples (NH2-PSi_CTR and GO-PSi_CTR, data not
shown).

Since chemical functionalization and bioconjugation are
additive processes from the material point of view, the optical
thickness (i.e., the product of physical thickness, d, by the average
refractive index n of the layer) of the obtained GO-PSi hybrid
device, calculated by the FFT of the reflectivity spectrum, was
expected to increase. The FFT peak position along the x-axis
corresponds to two times the optical thickness (2OT) of the layer
(Rea et al., 2014). In Figure 3 are reported the normal incidence
reflectivity spectra of PSi before and after hydrosilylation
(Figure 3A), and PEGylation process (Figure 3C) together with
their corresponding FFTs (Figures 3B,D). Since the physical
thickness d of PSi layer was fixed, the FFT peak shifts of about
90 nm, after UDA treatment, and of 145 nm after the PEGylation
process were due to the increase of the average refractive index
of the composite material. This result clearly indicated the
two chemical functionalization steps added material layers to
the PSi matrix. Figure 3D shows the reflectivity spectrum with
the corresponding FFTs (Figure 3E) after the removal of the
BOC protector group. The optimization of the reaction was
confirmed as a blue shift of the peak of −100 nm (Figure 3F),
since the chemical substance has been removed. The GO
functionalization and the PrA∗ conjugation on GO-PSi surface
is reported in Figures 3G–J. A FFT peak shift of 90 nm after
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FIGURE 7 | FTIR spectra of GO-PSi hybrid device before (A) and after (B)

PrA* immobilization.

the PSi surface grafting by GO was an evidence of the occurred
functionalization. Finally, the PrA∗ covalently linked to the
hybrid surface induced a further red shift of 275 nm. The analysis
of reflectivity spectra of negative control samples (NH2-PSi_CTR
and GO-PSi_CTR) showed no significant change before and after
treatment with GO and PrA solution, respectively, (data not
shown).

The infiltration of GO into PSi was also analyzed by PL
measurements. As it can be noted in Figure 4A, in the case
of bare PSi, no signal of PL could be detected; on the
contrary, the covalent grafting of GO into GO-PSi structure
was revealed by a modulation of the PL signal. This was
a clear evidence of the GO infiltration into the PSi matrix.
The concentration of GO covalently conjugated to PSi was
estimated as about 7.5µg/mL; this value was obtained by
comparing the PL spectrum of GO-PSi device with those
of some solutions containing different concentrations of GO
(Figure S4).

Figure 4B shows a comparison between PL and reflectivity
spectra recorded by GO infiltrated in PSi monolayer. The
modulation of PL intensity could be explained by considering

the optical theory of Fabry-Perot interferometer. Among
all the wavelengths, λem emitted by GO infiltrated in PSi,
only those fulfilling the relationship L = m (λem/2nPSi),
with L thickness of the PSi layer and m integer, could
constructively interfere producing maxima in the PL
spectrum of the hybrid structure. The distance between
two consecutive photoluminescence maxima was about 67 nm,
which well matched the free spectral range of the GO-PSi
hybrid structure. In a previous work, we demonstrated
that the presence of an interferometer under the GO
layer was able to modulate GO photoluminescence (Rea
et al., 2014). No change of PL spectra was observed in
the case of negative control samples (NH2-PSi_CTR and
GO-PSi_CTR).

Morphological features of the surface were highlighted by
AFM (Figures 5A–F). The AFM images of bare PSi revealed the
presence of hillocks and voids (black zones) of about 100 nm
distributed on the whole surface; after the functionalization
of the PSi chip with GO, partial pore blocking was evident
due to the presence of big GO nano-sheets (white zones) on
the PSi surface and some coverage of the surface was visible
after the PrA∗ bioconjugation. The roughnesses of the sample
surfaces were calculated by analyzing the AFM images obtaining
values of roughness statistical media (Rsm) equal to 0.22 ±

0.01µm for PSi sample before GO, Rsm = 0.45 ± 0.03µm after
GO, and Rsm = 0.34 ± 0.02µm after PrA∗. SEM images of
conjugated sample are reported in Figure 6. In the top view,
traces of GO (highlighted by red circle) on the PSi surface
could be seen, and, in the lateral views, the few GO sheets into
the porous matrix were visible. The final PrA∗-GO-PSi hybrid
device had quite almost covered surface and partially blocked
pores.

A further analysis of GO-PSi hybrid device functionalization
with PrA∗ was obtained by FTIR spectroscopy (Figure 7). The
presence of GO onto hybrid device was confirmed by the
presence of CHx at 2,929–2,851 cm−1 of carbon networks and
the alkoxy C–O at 1,024 cm−1 (Yang et al., 2009). After the
incubation with the PrA∗, the hybrid device PrA∗-GO–PSi
showed the stretching bands of CHx at 2,924 cm−1 peak, the
amide I band at 1,651 cm−1 associated with C=O stretching
vibration and the alkoxy C–O band at 1,037 cm−1 (Socrates,
2007). These data confirmed the covalent bonding of PrA∗ onto
GO-PSi hybrid device.

Confocal microscopy was used for a deeper characterization
of the PrA∗ infiltration process. In particular, Figure 8A is a 3D
representation of all focal planes fluorescence recorded by the
instrument, confirming the covalent bioconjugation of PrA∗. In
case of the negative control, the corresponding 3D image was
completely dark (Figure 8B), and there was not any evidence
of aspecific absorption to sample surface. Figure 8C shows the
sequence of confocal laser scanning microscope images of the
PSi monolayer infiltrated by the PrA∗: the first image was the
one of the top surface while the last was the one recorded at
the bottom. Figure 8D quantifies the intensity profiles of the
average fluorescence signal and it could be clearly seen that the
labeled protein was distributed as a Gaussian function having
its maximum value close to the center of the layer. This result
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FIGURE 8 | (A) Sum of all focal planes of PrA* infiltrated into PSi and (B) in the negative control. Sequence of confocal microscope images of protein infiltrated in PSi:

the first image is the porous silicon surface, the last is the bottom of the surface, and the arrow indicate the succession (C). Intensity profile of the fluorescence

estimated by averaging the intensities of different images concerning the same sample (D).

further confirm that the protein was penetrated inside the pores
(De Stefano and D’Auria, 2007).

CONCLUSIONS

A robust and chemically stable hybrid transducer for biosensing
application based on GO, Psi, and PrA∗, as a model bioprobes,
has been designed and demonstrated. EDC/NHS coupling
chemistry has efficiently grafted GO to PSi and PrA∗ to
the GO-PSi matrix. Changes in reflectivity optical spectrum
and in photoluminescence have been used to characterize the
fabrication process but also the transducing features. AFM, SEM,
and confocal imaging revealed themain features of the composite

structure. The results highlighted promising performances for
next generation of multi-parametric biosensors.
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Carbon dots (C-dots) exhibit unique fluorescence properties, mostly depending upon

their physical environments. Here we investigate the optical properties and nanostructure

of Carbon dots (C-dots) which are synthesized in situ within different porous Silicon (PSi)

Bragg reflectors. The resulting hybrids were characterized by photoluminescence, X-ray

photoelectron, and Fourier Transform Infrared spectroscopies, as well as by confocal

and transmission electron microscopy. We show that by tailoring the location of the

PSi Bragg reflector photonic bandgap and its oxidation level, the C-dots emission

spectral features can be tuned. Notably, their fluorescence emission can be significantly

enhanced when the high reflection band of the PSi host overlaps with the confined

C-dots’ peak wavelength, and the PSi matrix is thermally oxidized at mild conditions.

These phenomena are observed for multiple compositions of PSi Bragg reflectors/C-dots

hybrids.

Keywords: porous silicon, carbon dots, Bragg reflectors, photoluminescence, fluorescence, Fabry–Pérot, optical

properties

INTRODUCTION

In recent years, carbon dots (C-dots) have attracted considerable attention as a promising green
nanomaterial for applications in sensing, bio-imaging, and optical devices owing to their unique
optical properties (Lim et al., 2015; Tuerhong et al., 2017; Wang et al., 2017). Specifically, C-dots
exhibit excitation-dependent emission, bright luminescence, low bleaching, and biocompatibility
(Baker and Baker, 2010; Ding et al., 2014; Bhunia et al., 2016a; Sun and Lei, 2017). C-dots are small
carbonaceous nanoparticles, with a typical size below 10 nm, and they are easily synthesized from
various inexpensive and available precursors (Bhunia et al., 2016a,b). A notable feature of C-dots
is the dependence of their optical properties upon their surface structure and proximate physical
environments (Kwon et al., 2013; Zhang et al., 2013; Nandi et al., 2014).

Porous silicon (PSi)-based nanostructures have been widely reported as potential host matrices
for light emitting materials, including organic dyes (Palestino et al., 2008; Jenie et al., 2014, 2015;
Krismastuti et al., 2014; Mo et al., 2017) and quantum dots (QDs) (DeLouise Lisa and Ouyang,
2009; Qiao et al., 2010; Gaur et al., 2011, 2013; Dovzhenko et al., 2015, 2018a; Liu et al., 2015;
Dovzhenko D. S. et al., 2016; Li et al., 2017; Zhang et al., 2017). PSi-based photonic crystals hosts
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[e.g., Bragg reflector (Liu et al., 2015; He et al., 2017; Li
et al., 2017) and microcavities (Jenie et al., 2014, 2015)] have
been shown to affect the propagation and distribution of
the light emitted by the guest fluorophores (Pacholski, 2013;
Dovzhenko D. et al., 2016; Dovzhenko D. S. et al., 2016).
Specifically, PSi-based microcavities have been shown to improve
the spectral properties of emitting molecules, e.g., quantum yield,
photostability and luminescence lifetime, by alignment between
the reflectance spectrum dip of the microcavity and the emission
of the fluorophores (Jenie et al., 2016).

We have recently synthesized a new hybrid host–
guest material, consisting of a Fabry–Pérot PSi thin film
encapsulating C-dots (Massad-Ivanir et al., 2018). In
particular, we showed that the PSi/C-dots hybrid can
be used for designing label-free optical sensors using two
orthogonal signals i.e., the reflectivity of the PSi nanostructure
and the fluorescence of the confined C-dots. Moreover,
we demonstrated that these two signal modalities can be
simultaneously detected and collected. Importantly, we have
also demonstrated the sensing performance of the PSi/C-dots
system is superior when compared to that of the individual
components.

Here, we present a new composite system comprising C-dots
embedded within PSi-based Bragg reflector, designed to explore
the interrelation between the optical properties of the confined C-
dots and the PSi host. Bragg reflectors are constructed by a simple
anodization process in which the current density is alternated
between two distinct values in a stepwise manner and the
resulting multilayered porous film displays alternating layers of
high and low refractive index (Vincent, 1994; Pavesi and Dubos,
1997; Bisi et al., 2000). The optical thickness of the reflector
layers is defined as λ/4, where λ is the center wavelength of the
high reflectivity region (called photonic bandgap or stop band)
over a desired spectral region (Bisi et al., 2000; Jane et al., 2009;
Kilian et al., 2009; Pacholski, 2013). The position of the photonic
bandgap is easily tuned by changing the electrochemical etching
conditions (Sailor, 2011; Ning et al., 2014). The use of Bragg
reflectors as the host matrix allows to control the propagation
and distribution of the light emitted from the imbedded
C-dots.

Bragg reflector/C-dots hybrids were constructed through
a simple synthesis, in which a carbon precursor (such as
glucose or sucrose solutions) was allowed to infiltrate into
the PSi-based Bragg reflector matrix, and subsequent heating
step generated the entrapped C-dots. We studied diverse
types of C-dots with different emission spectra (blue, green,
yellow and red) within various nanostructured Bragg reflectors
with different photonic bandgap centers (425, 530, and
600 nm) and oxidation levels (freshly-etched, partially- and
fully-oxidized). We demonstrate that by tuning the Bragg
reflector photonic bandgap center to match the confined
C-dots fluorescence emission, we can control the emission
spectra properties. To the best of our knowledge, there is no
study regarding optical properties of C-dots confined within
photonic crystals. The present study can open up opportunities
to design advanced nanomaterials with highly-tunable optical
properties.

MATERIALS AND METHODS

Materials
Single-side polished and heavily-doped p-type Si wafers (0.001
�-cm resistivity, ‹100› oriented, B-doped) were obtained
from Sil’tronix Silicon Technologies, France. Aqueous 48%
hydrofluoric acid (HF) and ethanol (99.9%) were purchased
from Merck, Germany. D-(+)-Glucose, Sucrose, Sodium
tripolyphosphate, and O,O′-Bis (2-aminopropyl) polypropylene
glycol-block-polyethylene glycol-block-polypropylene glycol1
(PEG-diNH2) were supplied by Sigma-Aldrich Chemicals, Israel.

Fabrication of PSi Bragg Reflectors and
Fabry–Pérot Films
A two-step anodization process was applied to produce a
highly-porous nanostructures with pores of 25–40 nm to allow
accommodation the C-dots. First, a sacrificial layer was etched in
the Si wafer at a constant current density of 385mA cm−2 for 30 s
(electrolyte composition: aqueous solution of HF and ethanol at
3:1 (v/v) ratio), using a ring of platinum as a counter electrode.
Next, the resulting PSi layer was dissolved in an aqueous NaOH
solution (0.1M) followed by exposure to a solution composed
of 1:3:1 (v/v/v) HF, ethanol and deionized water, respectively.
Then, a second etching step was performed; the detailed etching
conditions are summarized in Table 1. Finally, the freshly-
etched films were thermally oxidized in a tube furnace (Thermo
Scientific, Lindberg/Blue MTM 1,200◦C Split-Hinge, USA) at
400◦C or at 800◦C for 1 h in ambient air, to form porous SiO2

(PSiO2) nanostructures.

Scanning Electron Microscopy
The morphology, i.e., thickness and average pore diameter,
of the PSi Bragg reflectors and Fabry–Pérot thin films were
characterized by high resolution scanning electron microscopy
(HRSEM), using a Carl Zeiss Ultra Plus instrument, operated at
an accelerating voltage of 1 keV.

Fourier Transform Infrared (FTIR)
Spectroscopy
Freshly-etched and thermally-oxidized Bragg reflector films
were characterized by FTIR spectroscopy at attenuated total
reflectance (ATR) mode, utilizing a Thermo 6700 FTIR
instrument, equipped with a Smart iTR diamond ATR device.

In situ Synthesis of C-Dots Within PSi Films
Various C-dots (blue, green, yellow and red) were incorporated
into the porous films by in situ synthesis within the
nanostructures. Different carbonaceous precursor solutions
were introduced onto the upper surface of the PSi film and
allowed to infiltrate into the pores. Subsequently, the samples
were placed in an oven and mildly heated. Table 2 summarizes
the composition of the different precursor solutions and the
pyrolysis conditions for each type of C-dots.

Synthesis of C-Dots Dispersions
Green C-dots dispersions, termed as “free” C-dots, were
synthesized by a mild slow heating (at 150◦C for 6 h) using the
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TABLE 1 | Etching conditions of the different PSi films and their structural characteristics (i.e., average pore diameter and porous layer thickness as determined by

high-resolution Scanning electron microscopy, HRSEM).

Photonic bandgap (nm) Etching conditions (mA/cm2, s) Porous film characteristics

Pore diametera (nm) Pore

diameterb

(nm)

Thickness

(nm)

High

refractive

index layer

Low refractive

index layer

No. of

repeats

High

refractive

index layer

Low refractive

index layer

425 77, 1.37 385, 0.48 40 25 ± 3 38 ± 7 50 ± 6 6,360 ± 20

530 77, 1.59 385, 0.56 40

600 77, 1.93 385, 0.65 40

Single layer 385, 30 42 ± 10 54 ± 10 4,920 ± 40

The PSi Bragg reflectors with bandgap centers at 425, 530, and 600 nm were prepared from highly doped p-type single-crystal Si wafers anodized at alternating current densities of 77
and 385mA cm−2. The etching time of each layer slightly differ from wafer to wafer, due to small variations in the wafer resistivity and the following oxidation process. PSi Fabry–Pérot
films, termed as single-layers, were fabricated at a constant current density of 385mA cm−2 for 30 s. aAverage pore diameter was measured from cross-sectional SEM images. bAverage
pore diameter was measured from top-view SEM images.

TABLE 2 | Precursor aqueous solution composition and pyrolysis conditions for

each type of C-dots.

C-

dots

Precursor solution

concentration (mg mL−1)

Pyrolysis conditions

Temperature (◦C) Time (h)

Blue Glucose, 200 125 6

Green Glucose, 400 150 6

Yellow Sucrose, 400 150 6

Red Glucose, 40

Na5P3O10, 0.4

PEG-diNH2, 20

150 7

aqueous precursor (400mg glucose in 1mL of double-distilled-
H2O) in a Teflon-lined autoclave chamber.

Measurement of Fluorescence Emission
Spectra
The PSi/C-dot hybrid’s fluorescence emission spectra
were recorded at different excitation wavelengths using a
spectrofluorimeter (FL920, Edinburgh Instruments, UK).
The emission spectra were measured at different excitation
wavelengths ranging from 300 to 600 nm.

Confocal Laser Scanning Microscopy
(CLSM)
Following the in situ synthesis of C-dots within the PSi films,
the resulting hybrids were characterized using an LSM 700
(Carl Zeiss, Germany) confocal laser scanning microscope
(CLSM) connected to a Zeiss inverted microscope equipped
with a Zeiss × 63 oil immersion objective. Laser lined at
405 and 555 nm were used to excite the PSi and the C-dots,
respectively. Three-dimensional projection images of the hybrids
were obtained using ZEN 2009 (Carl Zeiss, Germany) software;

where z-scans in 0.5µm increments were taken over a depth
of ∼8µm and projected and stacked. Imaris software (Bitplane
AG, Zurich, Switzerland) was used for subsequent image
analysis.

Transmission Electron Microscopy
The nanostructure of “confined” (extracted from the hybrids)
and “free” (prepared in solution) C-dots was studied by a JEOL
JEM-2100F high-resolution transmission electron microscope
(HRTEM), at an accelerating voltage of 200 keV. Confined C-
dots were collected from PSiO2/C-dots hybrids after dissolution
of the PSiO2 matrix in a solution of HF and ethanol (3:1
v/v, respectively), followed by extraction of C-dots in absolute
ethanol. Subsequently, the resulting C-dots solution was drop-
casted on a graphene-coated copper grid.

X-Ray Photoelectron Spectroscopy (XPS)
Thermo Scientific ECSALAB X-ray photoelectron spectrometer
with an AlKα x-ray source and a monochromator was used
to characterize the “confined” (extracted from the hybrids) and
“free” (prepared in solution) C-dots. The X-ray beam size was
500µm and survey spectra were recorded with pass energy of
150 eV; high-energy resolution spectra were recorded with pass
energy of 20 eV. XPS data was processed using the AVANTGE
software.

Measurement of Interferometric
Reflectance Spectra
Interferometric reflectivity spectra of the different PSi/C-dots
hybrids were collected using a USB4000 (Ocean Optics, USA)
charge-coupled device (CCD) spectrometer, which is fitted
with a microscope objective lens coupled to a bifurcated fiber
optic cable. A tungsten light source was focused onto the
center of the sample surface with a spot size of 1–2 mm2;
where both illumination of the surface and collection of the
reflected light were performed along an axis coincident with
the surface normal. The reflectivity data were recorded in a
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wavelength range of 350–850 nm, with a spectral acquisition time
of 25ms.

RESULTS AND DISCUSSION

Preparation and Characterization of
Porous Silicon Bragg Reflectors
Porous Silicon (PSi) Bragg reflector films with photonic
bandgap centers at 425, 530, and 600 nm were fabricated by Si
anodization and the detailed etching conditions are summarized
in Table 1 (Materials and Methods section). In general, 40
pairs of alternating high (nH = 1.87) and low (nL = 1.12)
refractive index layers were constructed. Figures 1A–C presents
characteristic images of the resulting PSi Bragg reflectors and
their corresponding reflectivity spectra. The detailed structure
of the films, in terms of their porous layer thickness and
pore diameter, was studied by HRSEM. Figure 1D depicts
cross-sectional micrographs of a typical PSiO2 Bragg reflector,
revealing the periodic nanostructure, which consists of a series
of thin layers of alternating high and low refractive indices.
The thickness of the resulting porous layer is ∼6.3µm with
interconnecting cylindrical pores (Bisi et al., 2000; Zhang, 2004),
ranging in diameter from 25 to 40 nm. The average diameter
of the pores’ entrance is ∼50 nm (see Figure 1E, top-view
micrograph), which is somewhat larger than the bulk pores owing
to the two-step anodization process. Table 1 summarizes the
detailed structural features for the three types of Bragg reflector
films.

In the next step, the freshly-etched PSi films were thermally
oxidized at 400◦C or at 800◦C for 1 h (denoted as partially-
and fully-oxidized PSi, respectively). The photonic bandgap
centers of the Bragg reflectors were tuned to values of 425,
530, and 600 nm after the thermal oxidation step. In order to
do so, the freshly-etched PSi Bragg reflectors were fabricated
to higher photonic bandgap centers, while after oxidation the
bandgap wavelengths were blue-shifted to the desired mentioned
values. The chemical properties of the different porous films
were characterized by FTIR-ATR spectroscopy and the obtained
spectra are presented in Figure S1 (Supplementary Material).
The spectrum of a freshly-etched PSi surface (Figure S1, trace
A) depicts typical Si-Hx bending modes at 625, 661, and 920
cm−1 (Socrates, 2001; Xia et al., 2006). Two small peaks related
to the Si-OH stretching modes are also observed at 820 and 883
cm−1 (Socrates, 2001; Xia et al., 2006). The latter are possibly
attributed to the very thin native oxide layer that forms on
the surface upon exposure to air. The spectrum of a partially-
oxidized PSi surface (Figure S1, trace B) depicts small peaks that
are related to Si-Hx bending modes at 625 and 900 cm−1. An
intense broad peak at 1,056 cm−1, which is not observed for
the freshly-etched surface, is ascribed to the Si–O–Si stretching
mode (Socrates, 2001; Xia et al., 2006; Massad-Ivanir et al., 2011).
Furthermore, an additional peak related to –(OySiHx) vibration
mode is observed at 802 cm−1 (Shtenberg et al., 2014). The
spectrum of the fully-oxidized PSi surface (Figure S1, trace C)
depicts a larger Si-O-Si stretching mode peak at 1,056 cm−1 and
–(OySiHx) vibration mode peak at 800 cm−1. The latter are in

correlation with the disappearance of the Si–Hx peaks (at 625 and
900 cm−1), owing to complete oxidation of hydrogen-terminated
Si species (Shtenberg et al., 2014).

Synthesis of Bragg Reflectors/C-Dots
Hybrid
PSi/C-dot hybrids were synthesized by allowing the
carbonaceous precursor solution (see Table 2 for details) to
infiltrate into the porous nanostructure, followed by a mild
pyrolysis process. In order to tune the photonic bandgap centers
of Bragg reflectors to overlap with the fluorescence emission
of the C-dots, we first characterized the emission spectra of
C-dots embedded within Fabry–Pérot PSiO2 thin films and
representative results are presented in Figure 2 (for blue, green,
yellow and red C-dots). According to obtained spectra, the
etching conditions of the different Bragg reflectors were further
tuned to adjust their photonic bandgap center to overlap with
the wavelength at which maximum fluorescence emission from
the C-dots was attained. These values are marked by arrows in
Figure 2 and correspond to 425, 505, 535, and 600 nm of blue,
green, yellow and red C-dots, respectively. In the next step, the
C-dots precursors (see details in Table 2) were introduced into
their corresponding PSi Bragg reflectors substrates. The latter
included freshly-etched, partially-oxidized and fully-oxidized PSi
and thus, three types of PSi/C-dots were prepared for each Bragg
reflector.

Characterization of the Confined C-Dots
The detailed nanostructure and composition of the C-dots,
confined within the PSiO2 Bragg reflectors, were characterized
by HRTEM and XPS, respectively. The confined C-dots were
extracted from the PSiO2 by dissolving the porous scaffold in HF
and compared to “free” C-dots, which were prepared in solution
from the same carbonaceous precursors.

The XPS data shown in Figure 3 depicts the atomic species
present in confined and “free” green C-dots (as representative C-
dots). These results confirm minor differences between C-dots
prepared in situ from confined precursor within the PSiO2 Bragg
reflector matrix and C-dots synthesized in solution. Specifically,
the deconvoluted C 1s spectrum displays peaks at 284.7 eV,
corresponding to sp2 carbon atoms (C=C), 286.1 eV, assigned to
C–OH groups and 287.6 eV, for –COOH and/or –COOR groups
(Bhunia et al., 2016a,b; Massad-Ivanir et al., 2018). The O 1s
spectrum shows peaks at 532.3 eV for O=C=OH and/or C–OH
groups. The same XPS C1s andO1s signature peak positions were
observed for C-dots extracted from PSiO2 Fabry–Pérot thin films
(Figure 3A), C-dots extracted from PSiO2 Bragg reflectors with
different photonic bandgap centers (Figures 3B,C) and “free” C-
dots (Figure 3D). It is important to note that the “free” C-dots
demonstrate the same XPS C1s and O1s signature peak positions.
However, different deconvoluted XPS peak intensities were
obtained, confirming that distinctive C-dots were formed within
the porous nanostructures, in agreement with our previous work
(Massad-Ivanir et al., 2018).

The representative TEM and HRTEM images shown in
Figures 4, S2 (Supplementary Material) reveal the structural
features of green C-dots prepared in situ within the Bragg
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FIGURE 1 | Upper panel presents images and corresponding reflectivity spectra of the different PSi Bragg reflectors with bandgap centers at (A) 425, (B) 530, and

(C) 600 nm. Lower panel depicts characteristic HRSEM images of a PSiO2 Bragg reflector (D) cross-sectional and (E) top-view.

FIGURE 2 | Fluorescence emission spectra at different wavelengths of (A) blue (B) green (C) yellow and (D) red C-dots confined within PSiO2 single-layer films (the

color of the different spectra corresponds to different excitation wavelengths). The black arrows mark the maximum emission of the specific PSiO2/C-dots hybrid.

Using these values, the photonic bandgap centers of the Bragg reflector hosts were further tuned to overlap.

reflector nanoscale pores. The C-dots extracted from the different
PSiO2 matrices (Bragg reflectors with bandgap centers at 425 nm,
530 nm and PSiO2 Fabry–Pérot thin film) exhibit a uniform
spherical shape (see Figures 4, S2, S3, respectively) with a typical
size of ∼3.5 nm, as determined by size distribution analysis.
The inset in Figure 4 (as well as insets in Figures S2, S3)
depicts detailed nanostructure of the collected nanoparticles.
The crystalline graphite cores of the extracted C-dots are
clearly observed with an in-plane lattice spacing of 0.215 nm,
corresponding to the [110] plane of graphite (Dolai et al.,
2017). The “free” green C-dots, prepared in solution, exhibit an
average diameter of ∼3.2 nm and a similar nanostructure, see

Figure S4 (Supplementary Material). These results confirm that
the surface chemistry and size distribution of the confined C-
dots are similar, regardless the nanostructures architecture and
the location of Bragg reflector photonic bandgap center.

To validate the location of the C-dots within the porous layer,
the reflectance spectra of the Bragg reflectors were recorded,
before and after the C-dots synthesis. For partially- and full-
oxidized PSi reflectors, significant red-shifts of the photonic
bandgap, in the range of 75–125 nm, were observed following
the in situ synthesis of the C-dots (Figure 5A), suggesting
formation of the C-dots within the porous nanostructure. While,
for the freshly-etched PSi reflectors, no change in the photonic
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FIGURE 3 | X-ray photoelectron spectra (XPS) showing the different functional

groups on the C-dots surface. (A) C-dots extracted from PSiO2 Fabry–Pérot

thin films, (B,C) C-dots extracted from PSiO2 Bragg reflectors with bandgap

centers at 425 and 530 nm, respectively and (D) “free” C-dots synthesized in

solution.

bandgap was detected (Figure S5), indicating that the C-dots did
not penetrate into the nanostructure. Confocal laser scanning
microscopy (CLSM) is used as a complementary tool to follow
the distribution of the C-dots within the oxidized layers and
clearly reveal the dispersion of C-dots within the pores, see
Figures 5B–D. Specifically, the blue photoluminescence (PL)
signal (Figure 5B), which is ascribed to the PSiO2 scaffold (λex

= 405 nm, λem ≥ 420 nm, long pass filter; Sa’ar, 2009), allows
for the analysis of the host matrix and can be spatially correlated
to the fluorescence of the red C-dots (λex = 555 nm, λem ≥

560 nm, long pass filter) within the porous film (Figure 5C).
Note that the C-dots fluorescence was recorded in z direction
from the upper surface into the pores over a depth of ∼8µm,
where z-scans in 0.5µm increments were taken, projected
and stacked as presented in Figures 5B–D. The overlay image
(Figure 5D) confirms that fluorescence of the C-dots was
observed throughout the entire depth of the porous scaffold over

FIGURE 4 | (A) TEM and HRTEM images of green C-dots extracted from the

Bragg reflectors with bandgap center at 425 nm (scale bars: 20 and 2 nm,

respectively). (B) Size distribution of extracted C-dots, inferred from the

HRTEM experiment. Average size of 4 ± 2 nm.

a distance of ∼6µm. These results also indicate that the laser
beam penetrated into the porous layer and induced excitation
of the embedded C-dots, resulting in a substantial emission
from entire depth of the PSiO2. Residual fluorescence signals
of the C-dots were also detected in a region slightly above the
PSiO2 interface (Figure 5D), likely because of attachment of the
nanoparticles to the PSiO2 surface.

Optical Properties of Bragg
Reflector/C-Dots Hybrids
The optical properties of the confined C-dots were investigated
while embedded within different PSi optical nanostructures
(Fabry–Pérot thin film vs. Bragg reflectors with diverse photonic
bandgap centers) at varied oxidation levels (none, partially, and
fully). It is worth noting that the Bragg reflector hosts provide
very high surface areas that are accessible to UV irradiation, thus
capable of exciting the C-dot fluorescence. Figure 6 underscores
the changes in emission spectra recorded for different PSi/blue
C-dots hybrids. Importantly, the fluorescence emission spectra
clearly depended upon the nanostructure architecture, the
location of the Bragg reflector bandgap centers, and the oxidation
level of the porous surface. Upon elevating the oxidation level,
a decrease in the fluorescence quenching was apparent (i.e.,
the freshly-etched PSi induced the most significant quenching
effect, which diminishes with oxidation). This phenomenon is
ascribed to energy transfer between the Silicon and the C-dots,
which results in the quenching of C-dots fluorescence signal
(DeLouise Lisa and Ouyang, 2009). Moreover, enhancement,
narrowing, and red shift (of 10–25 nm) of the emission spectra
were achieved when the emission wavelength of the C-dots
(∼420 nm for blue C-dots) matched the photonic bandgap
center of the nanostructure (Bragg reflector with bandgap
center at 425 nm), see highlighted spectra in Figure 6. The
enhancement of the C-dots emission spectra can be related to
the high reflection band of the Bragg reflector, which reflect
upwards the C-dots’ fluorescence. This enhancement cannot
occur when the Bragg reflector bandgap is far beyond the C-dots
fluorescence emission. Similar behavior was demonstrated for
QDs embedded within PSi-based Bragg reflectors (or deposited
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FIGURE 5 | Reflectivity spectra of the PSiO2 (i.e., fully-oxidized) Bragg reflector before and after in-situ synthesis of the C-dots and the corresponding CLSM 3D

projection images of the resulting PSiO2 Bragg reflector/C-dots hybrid. (A) Reflectivity spectra of PSiO2 Bragg reflector before (neat; black trace) and after (hybrid; red

trace) in situ synthesis of red C-dots. (B) Photoluminescence of the PSiO2 Bragg reflector; (C) fluorescence signal of confined red C-dots; (D) combined view of

(A,B), demonstrates the location of the C-dots within the porous layer in the z-direction.

FIGURE 6 | Fluorescence emission spectra of PSi/blue C-dots hybrids at different excitation wavelengths (indicated by the different colors). A comparison between

different nanostructures (Fabry–Pérot thin film vs. Bragg reflectors with diverse bandgap centers) with varied oxidation states (none, partially and fully).

on top of PSi Bragg reflectors; Liu et al., 2015; He et al.,
2017; Li et al., 2017). Narrowing and shift of the emission
spectra were also observed in similar hybrid systems in which
QDs were confined within the pores of PSi photonic crystals
(Dovzhenko et al., 2018a,b). For fully oxidized surfaces, this
effect is not observed and this behavior may be attributed to
the poor contrast between the alternating layers. Moreover,

in some cases, following the C-dots synthesis within the
fully-oxidized Bragg reflectors, the characteristic reflectivity of
the Bragg reflectors is distorted as presented in Figure S6

(Supplementary Material).
Next, all four types of C-dots were synthesized within the

partially-oxidized PSi structures (reflectors and Fabry–Pérot thin
films) and Figure 7 depicts the fluorescence emission spectra of
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FIGURE 7 | Fluorescence emission spectra of partially-oxidized PSi/C-dots hybrids upon excitation at different wavelengths. A comparison between different

nanostructures (single layer vs. Bragg reflectors with diverse bandgap centers) with varied C-dots colors.

FIGURE 8 | Reflectivity spectra of Bragg reflectors (black trace) and the corresponding fluorescence emission spectra of the confined C-dots (blue trace). (A)

Photonic bandgap at 425 nm; blue C-dots. (B) Photonic bandgap at 530 nm; green C-dots. For comparison, the fluorescence emission spectra of the C-dots

embedded within Fabry–Pérot thin films are also presented (red trace).

these hybrids. It can be clearly seen that the fluorescence emission
spectra depend upon the location of the respective Bragg reflector
bandgap center. For blue C-dots, the fluorescence signal intensity
was enhanced only when the emission wavelength of the C-
dots (∼420 nm) overlapped with the Bragg reflector bandgap
center (at 425 nm), and a red shift of 10 nm was apparent,

see highlighted spectrum in Figure 7 (left panel). This behavior
was also observed for the yellow and green C-dots, as seen in
the highlighted spectra in Figure 7 (middle panels). Notably,
in the case of the PSi/green C-dots hybrids, the spectrum also
broadened and a shoulder at 580 nm is apparent. The red C-dots
exhibit the most pronounced enhancement and narrowing effect
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of all studied hybrids, as highlighted in Figure 7 (right panel).
In addition, in the latter case, the C-dots fluorescence peak has
red-shifted by∼70 nm. To summarize, the fluorescence intensity
enhancement can be explained as spatial redistribution of the
emitted light into a narrow cone normal to the surface (Baba
et al., 1991; Qiao et al., 2010). Thus, the reflector’s structure
prevents the isotropic propagation of the C-dots fluorescence,
and as a result their emission is preferentially directed toward the
detector. Similarly, in previous studies on QDs embedded within
PSi-based Bragg reflectors, a significant enhancement of the
fluorescent emission was observed when their fluorescence peak
overlaps with the reflector’s bandgap (Liu et al., 2015; He et al.,
2017; Li et al., 2017). Essentially, the Bragg reflector modified the
optical mode density of the C-dots confined within the porous
nanostructure, therefore enhancing emitted wavelengths inside
the resonance wavelengths (Baba et al., 1991; Yamamoto et al.,
1991; Qiao et al., 2010).

To further study the specific effect of the PSi Bragg reflectors
reflectivity on the fluorescence properties of the confined C-dots,
we present in Figure 8 both the reflectivity spectra of neat Bragg
reflectors (with no C-dots) and the corresponding fluorescence
emission spectra of the confined C-dots. For comparison, the
fluorescence emission spectra of the C-dots embedded within
Fabry–Pérot thin films are also presented. For blue C-dots,
the significant enhancement of the fluorescence intensity (in
comparison to that observed for hybrids based on Fabry–
Pérot thin films) corresponds to the right edge of the photonic
bandgap (Figure 8A). Also, for green C-dots the fluorescence
enhancement is manifested by a new shoulder at 580 nm,
which overlaps with right edge of the host’s photonic bandgap
(Figure 8B). Figure S7 (Supplementary Material) presents the
respective spectra also for yellow and red C-dots, exhibiting a
similar trend. Dovzhenko et al. (2015) have also shown that the
PL spectrum of QDs embedded within PSi is affected by the shape
of the Bragg reflectivity spectrum. Specifically, the QDs PL was
enhanced at a wavelength which corresponds to the edge of the
photonic bandgap of the Bragg reflector host. This behavior is
apparent also in the studied hybrids.

In conclusion, a hybrid system consisting of a PSi Bragg
reflector matrix and encapsulated fluorescent C-dots enabled
unique tunability of the C-dots’ fluorescence, depending upon
coupling between the C-dots’ optical properties and the Bragg

reflectors’ bandgaps. Thus, by careful design of the porous host,
in terms of the Bragg reflector photonic bandgap and the PSi
oxidation state, the PL properties of the embedded C-dots can
be modulated and fine-tuned. Notably, we have found that
the fluorescence emission spectrum of the confined C-dots is
dependent upon the porous host nanostructure architecture,
the shape and the location of the Bragg reflector photonic
bandgap, and the oxidation level of the porous surface. For
the best of our knowledge, this is the first time that FL
optical properties of C-dots are characterized within PSi Bragg
reflector matrix. The ability to this hybrid system to specifically
modulate the photophysical properties of C-dots may advance
the design of sophisticated nanomaterials for sensing and
bioimaging.
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The anodic dissolution of silicon in acidic electrolytes is a well-known technology enabling

the silicon machining to be accurately controlled down to the micrometer scale in

low-doped n-type silicon electrodes. Attempts to scale down this technology to the

submicrometer scale has shown to be challenging, though it premises to enable the

fabrication of meso and nano structures/systems that would greatly impact the fields of

biosensors and nanomedicine. In this work, we report on the electrochemical etching

at high anodic voltages (up to 40V) of two-dimensional regular arrays of millions pores

per square centimeter (up to 30 × 106 cm−2) with sub-micrometric diameter (down

to ∼860 nm), high depth (up to ∼40µm), and high aspect-ratio (up to ∼45) using

low-doped n-type silicon electrodes (resistivity 3–8� cm). The use of high anodic

voltages, which are over one order of magnitude higher than that commonly used in

electrochemical etching of silicon, tremendously improves hole focusing at the pore

tips during the etching and enables, in turn, the control of electrochemical etching

of submicrometer-sized pores when spatial period reduces below 2µm. A theoretical

model allows experimental results to be interpreted in terms of an electric-field-enhanced

focusing of holes at the tip apex of the pores at high anodic voltages, with respect to the

pore base, which leads to a smaller curvature radius of the tip apex and enables, in turn,

the etching of pore tips to be preferentially sustained over time and space.

Keywords: nanostructuring, anodization, porous silicon, submicrometer pores, carrier focusing, high voltage

INTRODUCTION

From first discovery to modern days, the possibility of controlling the electrochemical preparation
of pores in silicon at nano to micro scales in terms of both size and pattern has fascinated scientists
for more than 50 years (Uhlir, 1956).

In 1990, Lehmann and Föll reported for the first time on how to control the anodic dissolution
of n-type silicon electrodes in low concentration HF-based aqueous electrolytes by back-side
illumination, so enabling the etching of regular two-dimensional lattices of pores at the micrometer
scale (Lehmann and Föll, 1990). Once a lattice of pits is pre-defined on the silicon surface,
size, position, and morphology of pores etched by back-side illumination electrochemical etching
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(BIEE) on low-doped (i.e., a few Ω cm) n-type silicon electrodes
was shown to be finely controlled by tuning the etching
parameters, such as for instance, doping concentration of silicon,
electrolyte composition and temperature, anodic voltage, and
current density (Lehmann, 1993; Föll et al., 2002; Matthias et al.,
2005; Barillaro and Strambini, 2010). A decade later, Barillaro
et al. reported on how to broaden BIEE of silicon to fabricate
lattices of linear trenches (Barillaro et al., 2002b), so enabling
the fabrication of a multitude of microstructures besides pores
(Barillaro et al., 2002a, 2005). In 2012, Barillaro et al. further
pushed the BIEE of silicon ahead, showing how to control
anodic dissolution anisotropy/isotropy in real-time to enable the
fabrication of free-standing microstructures (Polito et al., 2013)
and complex microsystems (Bassu et al., 2012) at the micrometer
scale. Nowadays, the BIEE of silicon has evolved into a highly
versatile microstructuring technology, namely electrochemical
micromachining (ECM), with unique features, among which
there are high aspect-ratio of etched structures (>100), low
roughness of etched surfaces (<10 nm), high etching rate of high
aspect-ratio structures (up to 10µm min−1) (Cozzi et al., 2017).
As a matter of fact, applications of ECM encompass today a
broad range of research fields, from microelectronics (Kemell
et al., 2007) and photonics (Surdo et al., 2013), to (bio)sensing
(Surdo et al., 2012, 2014) and (nano)medicine (Harding et al.,
2016; Delalat et al., 2018).

In spite of the significant technological advancement that
has been achieved over the last two decades, the controlled
etching of pores with either very large (i.e., >20µm) or very
small (i.e., <1µm) diameter/spacing has not been achieved
yet with BIEE on low-doped n-type silicon (Barillaro, 2015).
Specifically, maximum diameter and spacing of lattice of pores
was shown to have an upper boundary value of about 10
and 20µm, respectively; on the other hand, minimum size
and spacing was reported to be restricted to about 1 and
2µm, respectively. Both upper and lower boundary values
can be ascribed to a poor focusing of photogenerated charge
carriers at the pore tips, as both diameter and spacing of pores
increase/decrease above/below these values. Moreover, using an
anodization voltage value of about 1V, it was shown that a
minimum current density value exists, for a given spacing, setting
the minimum diameter value above which the etching of pore
lattice can be finely controlled, at least for low-doped n-type
silicon electrodes (Barillaro and Strambini, 2010).

In this work, the controlled etching of regular arrays of
pores with submicrometric diameter (<1µm) was successfully
addressed by back-side illumination electrochemical etching of
silicon electrodes with low-resistivity (3–8� cm), using high
anodization voltage values (up to 40V) to effectively focus charge
carriers to the pore tips when the spacing of pores is below
2µm. A theoretical model allowed experimental results to be
interpreted in terms of an electric-field enhanced focusing of
holes at the tip apex of the pores at high anodic voltages, with
respect to the pore base, when pore spacing is smaller than
the depletion region width in the silicon electrode. Although
the use of high anodization voltages for the electrochemical
etching of regular lattices of pores in silicon was already reported
(Rönnebeck et al., 1999; Cozzi et al., 2015), this work represents

the first report on the controlled etching of sub-micrometric
pores with high-density and high aspect-ratio.

MATERIALS AND METHODS

Materials and Chemicals
CZ-grown n-type (100)-oriented silicon wafers with a resistivity
of 3–8� cm and covered with a 298-nm-thick silicon dioxide
layer, either flat (i.e., without any pattern) or patterned with a
two-dimensional (2D) lattice (1 × 1 cm2) of square holes with
side of 1µm and spacing (s) of 1.8µm (hole density ∼30 ×

106 cm−2), were provided by STMicroelectronics (Milan, Italy).
Acetone 99 wt%, pentane 99 wt%, 2-propanol 99.8 wt%, and
hydrofluoric acid (HF) 48 wt% were purchased from Sigma-
Aldrich. Ethanol 99.8 wt% and potassium hydroxide (KOH),
pure powder at 85%, were purchased from Fluka Analytical.
Sodium lauryl sulfate (SLS) powder was purchased from Carlo
Erba Reagents.

Electrochemical Characterization of

n-Type Silicon Electrode in Aqueous

HF-Based Electrolyte by Linear Sweep

Voltammetry
A thorough electrochemical characterization (>3 replicates) of
flat (i.e., not patterned) n-type silicon electrodes in contact with
an aqueous HF-based electrolyte (5 vol% HF:95 vol% H2O,
with 1,000 ppm of Sodium Lauryl Sulfate—SLS—as wetting
agent) was carried out by linear sweep voltammetry. Flat silicon
electrodes were achieved by cutting the flat silicon wafers
in slabs of 2 × 2 cm2 and removing the silicon dioxide
layer using a solution of HF:ethanol (1:1 by vol.) for 60 s at
room temperature. Flat silicon electrodes were loaded in a
three-electrodes electrochemical cell containing the HF-based
electrolyte (details are provided in the Supplementary Material),
and the current flowing through the etch-cell was monitored
upon application of voltages varying from 2 to −1.5V with a
sweep rate of −0.1V s−1, under back-side illumination (halogen
lamp, 250W) of silicon. Experimental current density-voltage
(J-V) curves (Figure S1, Supplementary Material) highlight the
presence of an electropolishing current density peak Jpeak = 78

± 3mA cm−2, occurring at a voltage Vpeak = 1.2V, in good
agreement with the literature (Lehmann and Föll, 1990; Barillaro
and Strambini, 2010).

Potentiostatic Etching of Regular Arrays of

Pores at High Anodic Voltage in Aqueous

HF-Based Electrolyte
Pre-patterned n-type silicon electrodes were achieved starting
from square silicon slabs (2 × 2 cm2) cut from the patterned
silicon wafers. The pattern was transferred onto the silicon
surface by KOH etching, which yielded an array of inverted
pyramid-shaped pits. The KOH etching was performed at 50◦C
for 750 s with a 20 wt% solution of KOH in deionized water, using
the patterned silicon dioxide as a masking material. 2-Propanol
was added to the KOH solution to increase wetting capability and
to improve, in turn, etching uniformity. The silicon dioxide layer
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was then dissolved using a solution of HF:ethanol (1:1 by vol.) for
60 s at room temperature.

The pre-patterned silicon electrodes were loaded in a
three-electrodes electrochemical cell (details are provided in
Supplementary Material) containing a HF-based electrolyte (5
vol% HF:95 vol% H2O, with 1000 ppm of SLS as wetting agent),
and etched for 2,000 s at different anodic voltage values, under
back-side illumination of silicon.

The photogenerated etching current density (Jetch) was set to
a given initial value Jetch0 and linearly decreased over time to
maintain the pore diameter constant with depth. Three different
Jetch0 values were tested, namely 13.4, 16.8, and 20.2mA cm−2,
which were linearly reduced over time with a rate (α) of −0.938,
−1.219, and−1.453 µA s−1cm−2, respectively, by decreasing the
back-side illumination intensity through a reduction of the lamp
power (Bassu et al., 2012). The different Jetch0 values correspond
to different expected porosity (i.e., dissolved silicon to total
silicon volumetric ratio) values Pe:

Pe =
Jetch0

Jpeak
(1)

namely, 17.2, 21.5, and 25.8%, and, in turn, to different expected
pore diameters de:

de =

√

Pe
4AC

π
(2)

namely, 0.842, 0.942, and 1.032µm (Table S1,
Supplementary Material), being AC = 1.8 × 1.8 µm2 the
unit cell area. For each Jetch0 value, six different anodization
voltage values (Vetch) were investigated, namely 1.2, 15, 20, 25,
35, and 40V. The anodization voltage value is kept constant
throughout the whole etching time. For Vetch = 40V a further
current density value Jetch0 = 10.07mA cm−2 (Pe = 12.8%, de =
0.644µm) was investigated, with Jetch0 linearly reduced over time
with α = −0.710 µAs−1cm−2. Each experiment was replicated
at least 3 times for each given Jetch0–Vetch pair.

After etching, pre-patterned silicon slabs underwent an
overnight static bath in a HF:ethanol (1:4 by vol.) solution
to fully remove SLS. A static rinse in ethanol and pentane,
respectively, for 300 s followed by drying at 100◦C on a hot plate
was eventually performed.

All the etched slabs were then diced to allow morphological
investigation of the longitudinal cross-section of the pores in the
array to be carried out.

Morphological Characterization of Regular

Arrays of Pores by SEM Microscopy
The morphological characterization of regular arrays of pores
resulting from the electrochemical etching of pre-patterned
silicon electrodes, at different anodic voltages and current
densities, was performed by scanning electronmicroscope (SEM)
using a JEOL JSM-6390. Top-view and cross-section images at
different magnifications were acquired at an acceleration voltage
of 3 kV. Five different cross-section images were acquired per

each slab at both 2,000 × and 5,000 × magnifications, from
which pore depth and diameter were experimentally measured.
The cross-section images were exploited to perform a statistical
analysis using a home-made software routine implemented using
Matlab (Mathworks, Inc.), so as to obtain average value and
standard deviation of both depth (hm) and diameter (dm) of the
etched pores.

Experimental porosity Pm values were obtained from hm and
dm values through the use of Equation (3), as the ratio between
pore cross-sectional area (i.e., ACS) and the unit cell area AC,
assuming all pores featuring circular cross-section and constant
diameter over depth:

Pm =
ACS

AC
=

π

(

dm
2

)2

AC
(3)

Experimental data on pore geometrical features (i.e., hm, dm)
were also used to analytically evaluate the total silicon volume
dissolved during each etching experiment (Mm). In particular,
experimental Mm values were evaluated through the use of
Equation (4), as the number of pores involved during the etching
ρP (i.e., ratio between the etching area EA of ∼0.64 cm2 and the
unit cell area AC) times the average pore volume (MP):

Mm = ρPMP =
EA

AC
π

(

dm

2

)2

hm (4)

The experimental values obtained for the main pore parameters,
i.e., diameter (dm), depth (hm), porosity (Pm), and volume (Mm),
resulting from the above described morphological analysis of the
SEM images, were compared with the expected values, i.e., de, he,
Pe, and Me, respectively, obtained from the etching parameters,
i.e., etching time (tetch) and etching current density (Jetch), on
the basis of the model proposed by Barillaro and Pieri (2005). In
particular, expected diameter (de) and porosity (Pe) were already
reported in section Potentiostatic Etching of Regular Arrays of
Pores at High Anodic Voltage in Aqueous HF-Based Electrolyte
(Equations 1, 2). The expected silicon volume Me dissolved for
any Jetch0 value was evaluated through the use of Equation (5),
as the ratio of the total charge Q supplied during the whole

etching experiment (Q = EA
∫ tetch
0 Jetchdt) and the product of

silicon dissolution valence nv = 2.66 (i.e., number of charges
needed to dissolve a single silicon atom) (Barillaro and Pieri,
2005), elementary charge e (i.e., e= 1.602× 10−19 C), and atomic
density of silicon NSi (i.e., NSi = 5× 1022 cm−3):

Me =
Q

nveNSi
=

EA
∫ tetch
0 Jetchdt

nveNSi
(5)

Eventually, the expected pore depth (he) was evaluated usingMe

and de values according to Equation (6):

he =
Me

PeEA
(6)
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RESULTS AND DISCUSSION

High Anodic-Voltage Controlled Etching of

Regular Arrays of High-Density

High-Aspect-Ratio Pores in n-Type Silicon

With Diameter Down to the

Sub-micrometric Scale
Figure 1a (left side) shows a typical top-view SEM image of

an array of pores prepared by anodic etching under back-

side illumination at Vetch = 1.2V and Pe = 17.2% (Jetch0
= 13.4mA cm−2) of low-doped n-type silicon pre-patterned

with regular lattices of square holes with size of 1µm and

pitch of 1.8µm. The etching results in randomly-organized

pores with non-constant spacing and average diameter of about

2µm, which are uncorrelated from the pre-patterned layout,

as confirmed by SEM analysis of the cross-section of the pore
array (Figure S2a). Increasing the expected porosity value to
21.5 and 25.8% (etching current density value Jetch0 to 16.8

and 20.2mA cm−2, respectively), while keeping the Vetch value

unchanged (1.2V), does not significantly improve the etching

outcome (Figures S2b,c). This agrees with the state-of-the-art
literature on the BIEE of pores in low-doped silicon at low anodic
voltage (Barillaro and Strambini, 2010), according to which
both minimum diameter and spacing exist for the controlled
dissolution of silicon in acidic electrolytes, which depend on
silicon resistivity, below which the anodic etching of regular
patterns of square holes cannot be controlled to achieve a regular
array of pores. For instance, for n-type silicon electrodes with
resistivity of a few � cm, typically used in microelectronics,
minimum values for diameter and spacing of pores above which
the anodic etching can be fully controlled are about 1 and
2µm, respectively. Below these boundary values, competition for
collection of holes, photogenerated on the silicon back-side, at
the tips of adjacent pores is very high. In fact, after an initial
nucleation phase, during which silicon dissolution proceeds with
the formation of pits in correspondence of defect sites pre-
patterned at the silicon surface, photogenerated hole collection
is no longer uniform over time and space, so that some pits
collect more holes than others within the array. The former keep
growing and increase their diameter to reach a roughly constant
steady-state value over depth; the latter stop growing after a
given depth, which depends on the growth of neighbor pores
(Figures S2a–c).

Intense electric-field establishing across the depletion region
at the pore tips (defects, in the nucleation phase) is known
to induce an effective hole-focusing at low Vetch values when
diameter and spacing of pores (defects) is >2µm. We argue
that severe overlap of space charge regions of adjacent pores
occurring when the pore spacing reduces below 2µm leads
to a defocusing of electric-field lines at the pore tips, which
affects the collection of photogenerated holes and enhances
surface non-homogeneities, giving rise to a non-uniform sharing
of photogenerated holes and, in turn, to an uncontrolled
etching/growth of the pores.

Experiments at higher anodic voltage values Vetch, namely
from 15 to 40V, using the same current density values above
reported for 1.2 V, were carried out to investigate the effect

of an increasing electric-field on the focusing at the pore tips
of holes photogenerated on the silicon back-side. Experimental
results on the electrochemical etching of pores at increased
anodic voltages are reported in Figures 1b,c and Figures S2d–t.

Increasing the Vetch value turned out to have a beneficial effect on
the controlled anodic etching of pre-patterned lattices of square
holes with spacing < 2µm. In fact, the number of dying pores
significantly reduces as the etching voltage increases from 1.2 to
15 and 20V, for any given etching current density value, and the
correlation between etched/growing pores and surface pattern
greatly improves (Figures S2d–i). Remarkably, for a given anodic
voltage value, the number of dying pores reduces as the etching
current density increases, then becomes zero at 20V and 20.2mA
cm−2 (Pe = 25.8%), so enabling the fabrication of a regular array
of pores with uniform depth and diameter and without missing
pores (Figure S2i). A further increase of the Vetch value to 25, 35,
and 40V (Figures S2l–t) highlights that, as the anodic voltage
increases the etching of pores can be fully controlled also at
smaller Jetch0 values, namely 13.4 (Ptheo = 17.2%) and 16.8mA
cm−2 (Ptheo = 21.5%). Notice that, at Vetch of 35 and 40V, arrays
of regular pores with nomissing pores were successfully prepared
with a submicrometric dimater of about about 860 nm at Jetch0 =
13.4mA cm−2 (Figures 1b,c).

Effect of High Anodic-Voltage on

Geometrical Features of Regular Arrays of

High-Density High-Aspect-Ratio Pores

Etched in n-Type Silicon
A thorough morphological investigation of regular arrays of
pores (with no missing pores) etched at different high anodic
voltages/current densities was carried out to infer into the effect
of etching parameters on pore diameter, porosity, and depth.
Figure 1d shows experimental values (average value and standard
deviation, sd) of pore diameter (dm, left axis) and array porosity
(Pm, right axis) vs. pore depth (hm), achieved at anodic voltages of
25, 35, and 40V and current densities of 13.4, 16.8, and 20.2mA
cm−2. Coefficient of variation %CV (by definition, the ratio
between standard deviation and mean values) values average
3.4 and 0.7% for diameter/porosity and depth, respectively,
highlighting that the etched pores are uniform over the whole
array both in the in-plane and out-of-plane directions. For a
given anodic voltage, an increase of both pore diameter dm and
array porosity Pm occurs as the etching current density Jetch0
increases. Remarkably, once etching current density and etching
time are given, both diameter/porosity and depth of the pores
strongly depend on the anodic voltage value. For instance, at
Jetch0 = 13.4mA cm−2 (tetch = 2,000 s) the anodic etching of the
pre-patterned square hole lattice gives rise to a regular array of
sub-micrometric pores with diameter of 870 nm (sd = 35 nm)
and depth of 39.5µm (sd = 131 nm) at 40V, and diameter of
863 nm (sd = 27 nm) and depth of 38.3µm (sd = 335 nm) at
35 V, whereas pores etched at 25V feature a diameter of 1.14µm
(sd= 50 nm) and depth of 36.7µm (sd= 331 nm).

This differs from what expected for pores prepared in silicon
through electrochemical etching at anodic voltage values close
to the electropolishing voltage peak (i.e., a few Volts). In this
case, once both etching current density and etching time are
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FIGURE 1 | Influence of etching voltage Vetch and etching current density Jetch0 value on the controlled etching of pores with sub-micrometric diameter and spacing

of 1.8µm. (a) Top-view SEM images showing (left side) the uncontrolled etching resulting by performing the BIEE with Vetch = 1.2 V and Jetch0 = 13.4 mAcm−2, and

(right side) a uniform array of sub-micrometric ordered pores featuring same diameter and depth, successfully achieved increasing the Vetch value to 35V; (b,c) cross

section SEM images showing uniform arrays of sub-micrometric ordered pores featuring same diameter and depth successfully obtained by BIEE performed with (b)

Vetch = 35V and Jetch0 = 13.4 mAcm−2, and (c) Vetch = 40V and Jetch0 = 13.4 mAcm−2. (d) Morphological investigation of fully-uniform arrays of ordered pores

etched at high anodic voltages, in terms of pore diameter, porosity, and depth: average values and standard deviations (error bars) of pore diameter (left axis) with

corresponding experimental porosity (right axis) as a function of pore depth (average values and standard deviations) for each of the Vetch and Jetch0 values

investigated.

chosen, the electrochemical etching leads to pores with same
diameter/porosity and depth, regardless of the anodic voltage
value, if diameter and spacing of the etched pores are above 1
and 2µm, respectively. Figure S3a shows expected values for
diameter, porosity, and depth (calculated using Equations 1, 2,
6, respectively) of pores etched at current densities of 13.4, 16.8,
and 20.2mA cm−2, regardless of the anodic voltage value. From
the comparison between Figure 1d and Figure S3a, we can infer
that, despite a properly controlled etching, a significant deviation
of pore diameter and, in turn, array porosity from the expected
values occurs at high anodic voltages for Jetch0 values of 16.8 and
20.2mA cm−2, regardless of the Vetch value. On the contrary,
the arrays etched at the lowest Jetch0 value (i.e., 13.4mA cm−2)
and highest Vetch values (i.e., 35 and 40V) featured experimental
diameter and porosity of about 870 nm and ∼20%, respectively,
in good agreement with expected values (Figure S3a). Moreover,
the comparison between Figures 1d, S3a also highlights amarked
mismatch between measured and expected pore depths, thus
pointing out that the growth rate depends on both Jetch0 and Vetch

values when the etching is performed at high anodic voltages.

Experimental results on pore depth, diameter, and porosity
were further used to calculate the total amount of silicon
dissolved (Figure S3b), for which a good agreement with
expected values was obtained (dashed line in Figure S3b) when
the electrochemical etching was performed at the highest Jetch0
value (i.e., 20.2mA cm−2), regardless of the Vetch value. On
the other hand, the mismatch between calculated and expected
amount of silicon dissolved increased as the etching current
density decreased, with a maximum mismatch obtained for fully
uniform arrays of sub-micrometric pores etched at 13.4mA cm−2

with 35 and 40V.We argue that, such amismatch can be ascribed
to a variation of the silicon dissolution valence at high anodic
voltages, when low etching current densities are employed.

Physics of High Anodic-Voltage Etching of

High-Density Pores in n-Type Silicon

Electrodes
The back-side illumination electrochemical etching of low-doped
n-type silicon electrodes involves the flow of photogenerated
holes through the depletion region establishing within the silicon
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electrode, at the electrolyte/silicon interface. Therefore, a steady
etching of pores within a silicon electrode pre-patterned with
a regular lattice of defects requires that a steady flow of holes
is established and sustained both in time and space through
the space charge region at the pore tip. Both flow intensity
and collection area of holes at the pore tip define, at a given
etching time, the geometrical features of the resulting array of
pores, namely diameter/porosity and length. Specifically, the flow
intensity is mainly set by the electric-field establishing within the
depletion region, while the collection area is mainly affected by
the depletion region width establishing at the pore tip. Therefore,
experimental results achieved on the electrochemical etching of
high-density pores were tentatively interpreted in terms of the
depletion region establishing at the pore tip at low and high
anodic voltages.

The radius of curvature of the electrolyte/silicon interface
is one of the key parameters affecting the depletion region
developing within the silicon electrode, both in terms of width of
the space charge region and intensity of the electric-field inside
it. From SEM cross-sections of pores fabricated at low and high
anodic voltages (Figures S2a–t), it is apparent that the pore tips
become more elongated as the anodic voltage increases, so that
the curvature radius at the apex of the pore tips is smaller at
higher anodic voltage, with respect to that a low anodic voltage.
This is sketched in Figure 2a, which shows as the curvature
radius of the pore tip, and, in turn, of the electrolyte/silicon
interface, increases monotonically moving from the tip apex,
minimum value rmin, to the pore base, maximum value rmax

= d/2, assuming for the pore a circular cross-section with a
diameter d. A simplified theoretical model was implemented that
takes variation of the curvature radius along the pore tip into
account and allows the effect of anodic voltage on depletion
region width and, in turn, electric-field intensity along the pore
tip to be investigated. In the model, the tip surface is schematized
with independent spherical surfaces/junctions with radius of
curvature r0 variable between rmin and the tip apex and rmax at the
pore base (Figure 2a). One single pore/tip is analyzed, neglecting
possible contributions of neighbor pores to depletion region and,
in turn, electric-field at the pore tip. Also, the anodic voltageVetch

is assumed to fully drop across the space charge region formed
in the silicon electrode, neglecting possible voltage drops across
the space charge region established in the electrolyte and along
the resistive paths between voltage source and electrolyte/silicon
interface.

For a spherical electrolyte/silicon interface with curvature
radius r0 (Figure 2b), the following relations for electric-field
E(r) and electric potentialV(r) as a function of r0 can be obtained
by solving the Poisson equation in the silicon electrode (Muller
and Kamins, 1977):

E (r) =
qND

3εs

[

−r +
(r0 + wd)

3

r2

]

(7)

V (r) =
qND

6εs

[

r2 +
2 (r0 + wd)

3

r
− 3 (r0 + wd)

2

]

(8)

being r the distance from center of the spherical surface,
ε the dielectric constant of silicon, ND the ionized donor

density, q the elementary electron charge, and wd the width
of the depletion region. Figure 2b shows a cross-section of a
spherical electrolyte/silicon interface with curvature radius r0,
also highlighting the depletion region wd established within the
silicon electrode.

For a given voltage difference Vd applied between electrolyte
and silicon, a relationship between depletion region width wd

and applied voltage Vd is obtained by assuming V(r0) = –Vd

in Equation (8) (see Supplementary Material). This relationship
was used to plot the depletion region width wd in the silicon
electrode as a function of the voltage Vd applied across the
silicon/electrolyte interface and of the curvature radius r0 of
the silicon/electrolyte interface (Figure 3a). Figure 3a shows a
contour plot of the depletion region width wd in the silicon
electrode, as a function of the anodic voltage Vd (between 0
and 50V) applied across the silicon/electrolyte interface and
of the curvature radius r0 (between 100 and 1,000 nm) of the
silicon/electrolyte interface. Figure 3b shows the relationship
between depletion region width wd and curvature radius r0 for
increasing values of Vd (corresponding to the dashed lines in
Figure 3a).

By replacing wd into Equation (7) with its expression
derived above, a relationship between the maximum electric-
field Emax = E(r0) establishing within the depletion region in
the silicon electrode and the voltage Vd applied is obtained (see
Supplementary Material). This was used to plot the maximum
value of the electric-field Emax = E(r0) within the depletion
region in the silicon electrode as a function of the anodic
voltage Vd applied across the silicon/electrolyte interface and
of the curvature radius r0 of the silicon/electrolyte interface
(Figure 3c). Figure 3c shows a contour plot of the maximum
value of the electric-field Emax = E(r0) establishing within
the depletion region in the silicon electrode, as a function of
the anodic voltage Vd (between 0 and 50V) applied across
the silicon/electrolyte interface and of the curvature radius r0
(between 100 and 1,000 nm) of the silicon/electrolyte interface.
Figure 3d shows the relationship between maximum electric-
field Emax and curvature radius r0 for increasing values of the
applied voltage Vd (corresponding to dashed lines in Figure 3d).
As expected, an increase of both depletion region width wd

and electric-field intensity Emax at the pore tip occurs as the
anodic voltage Vd is augmented, regardless of the curvature
radius at the tip. However, the degree by which both depletion
region width wd and electric-field intensity Emax are augmented,
depends on the curvature radius value. For instance, as the
curvature radius at the tip reduces from 500 nm (i.e., pore base)
to 100 nm (i.e., pore apex), the ratio between width of the
depletion region at the pore base and tip apex increases from
3.1 to 3.4 (Figure S4a), and the ratio between maximum electric-
field intensity at the tip apex and pore base increases from 27
to 42 (Figure S4b), as the anodic voltage is augmented from
2 to 40V.

We argue that, for array of pores with spacing much larger
than twice the depletion region, the pores of the array can be
considered isolated from each other, so that low values (e.g., 2 V)
of the anodic voltage Vetch are enough to sustain an effective hole
focusing at the pore tip apex, where the curvature radius of the
electrolyte/silicon interface is smaller than that at the pore base,

Frontiers in Chemistry | www.frontiersin.org 6 November 2018 | Volume 6 | Article 58232

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Cozzi et al. High Voltage Etching of Submicometer Pores

FIGURE 2 | Sketch of the electrolyte/silicon interface of a pore, with depletion region establishing into the silicon substrate highlighted. (a) Pore-shaped

electrolyte/silicon interface; (b) hemispherical-shaped electrolyte-silicon interface. The radius of curvature of the electrolyte/silicon interface at the pore tip raises

monotonically from the tip apex, minimum value rmin, to the pore radius, maximum value rmax = d/2, assuming for the pore a circular cross-section with a diameter d.

FIGURE 3 | Theoretical results on depletion region width and maximum electric-field intensity at the electrolyte/silicon interface of a pore, as a function of both anodic

voltage and curvature radius values. (a,c) Contour plot of depletion region width wd and maximum intensity of electric-field Emax in the silicon substrate as a function

of electrolyte/silicon interface anodic voltage and curvature radius; (b,d) depletion region width wd and maximum intensity of electric-field Emax in the silicon substrate

as a function of electrolyte/silicon interface curvature radius, for different anodic voltage values, namely 2, 25, 35, and 40V, corresponding to dashed lines in (a,b).
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thanks to the simultaneous lower value of wd and higher value
of Emax at the tip apex with respect to the pore base. This allows
all pores of the arrays to develop and grow steadily. On the other
hand, for array of pores with spacing of the same order of the
depletion region or smaller (i.e., high-density array of pores), the
pores in the array cannot be considered isolated anymore. In this
case, the overlap of the depletion region between adjacent pores
sensibly reduces the differences between curvature radius at the
tip apex and pore base and, in turn, hole focusing efficiency at
the tip apex. Tip apex and pore base now share photogenerated
holes, thus producing morphologically-driven instabilities in the
electrochemical etching of pores, for low anodic voltage values.
Conversely, the use of high values (e.g., >20V) for the anodic
voltage Vetch allows the ratios between depletion region widths
wd at the tip apex and pore base (Figure S4a) and between
maximum electric-field intensities Emax at the tip apex and pore
base (Figure S4b) to be further enhanced with respect to those
at low anodic voltage. This enables an efficient electric-field
driven focusing of holes at the tip apex also for high-density
array of pores with spacing smaller than the depletion region
width, and, in turn, a stable pore growth/etching, in agreement
with experimental results obtained at high anodic voltage in
this work. Indeed, for a given etching current density value,
whereas randomly-distributed pores were obtained from low-
doped silicon substrates pre-patterned with a lattice of holes
with spacing of 1.8µm using a low anodic voltage (1.2 V),
perfect arrays of pores were achieved at high anodic voltages
(>20V) using the same pre-patterned silicon substrates, thanks
to the enhanced electric-field focusing of holes at the tip apex
of the pores, with respect to the pore base, which allowed the
etching of pore tips to be preferentially initiated and steadily
sustained.

CONCLUSIONS

In conclusion, the controlled fabrication of high-density (∼30
× 106 cm−2) regular arrays of pores featuring high-depth (up
to ∼45µm), high-aspect-ratio (from ∼35 to ∼45), and spacing
of 1.8µm was successfully achieved by back-side illumination

electrochemical etching at high anodic voltage (from 20 to 40V)
of low-doped (resistivity 3–8� cm) n-type silicon using low-HF-
concentration etchants (5% by vol. in deionized water). Regular
arrays of sub-micrometric pores featuring a diameter of 863 nm
(sd = 27 nm) and 870 nm (sd = 35 nm), were successfully
etched at 35 and 40V, respectively, with Jetch0 =13.4mA cm−2.
A theoretical model was proposed, which allows experimental
results to be interpreted in terms of an electric-field enhanced
focusing of holes at the tip apex of the pores, with respect to the
pore base, at high anodic voltages, which enables the etching of
the pore tips to be preferentially initiated and steadily sustained
over time and space.

The controlled anodic etching of submicrometer pores in
low-doped n-type silicon envisages the possibility to scale the
electrochemical micromachining (ECM) technology down to
the mesoscale, through a better understanding of the silicon
dissolution at high anodic biasing and by further optimization
of the etching conditions, in terms of composition of the etching
solution. This would open noteworthy applications in the fields
of (though not limited to) nanomedicine, nanoelectromechanical
systems (NEMS), and nanoelectronics.
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A porous silicon thin film photonic crystal (rugate) sample with both a radial gradient

in the rugate reflectance band wavelength and two spatially separated pore-wall

surface chemistries (methylated and oxidized) was monitored by hyperspectral and

color imaging while it was dosed with vapors of acetone, ethanol, heptane, 2-propanol,

and toluene at concentrations ranging from 100 to 3,000mg m−3. The shift in the

wavelength of the rugate reflectance band maximum at each position along a transect

across the two surface chemistries, as derived from the hyperspectral imaging, could

discriminate between the different solvents and concentrations of solvents, while the

change in hue derived from the color camera data along an analogous transect did not

provide discrimination. The discrimination between solvents was mainly due to the two

different surface chemistries, and the gradient associated with the change in the rugate

reflectance band wavelength did not affect the selectivity significantly. There was spatial

variability in the spectral and color responses along the transect independent of the

overall rugate reflectance band wavelength gradient and pore-wall surface chemistries,

and this was attributed to factors such as the presence of striations in the silicon wafer

from which the porous silicon was prepared.

Keywords: porous silicon, hyperspectral imaging, sensor, vapor sensing, surface modification

INTRODUCTION

Porous silicon photonic crystal (rugate) substrates can act as optical transducers for the detection
of volatile organic compounds (VOCs) that sorb or capillary condense within the pores. Most
previous studies have monitored the response of porous silicon photonic crystal substrates to
environmental conditions either via point measurements (e.g., Ruminski et al., 2010, 2011; Kelly
et al., 2011b; Jalkanen et al., 2014) or using measurements integrated across an area of the porous
silicon (e.g., Ariza-Avidad et al., 2014). An alternative approach is to individually monitor selected
spatial areas across the substrate, and then combine those individual responses using multivariate
analysis techniques. This approach can probe variability in the response due to deliberately imposed
changes (e.g., surface chemistry or pore-size gradients) or other causes of heterogeneity (e.g.,
uncontrolled pore-size variations due to the substrate or experimental conditions).

Several recent papers have reported the use of porous silicon substrates with step changes
in pore surface modification chemistry to obtain selectivity in response toward analytes which
penetrate the pores. Thus, Wu et al. (2013) prepared uniformly-etched porous silicon and then
used a masking technique to prepare sensors that were methylated on one half and oxidized
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on the other. The response of these sensors to solution analytes
of differing polarity were then examined by monitoring the
visible reflectance spectrum of a small disc-shaped region of the
substrate that included similar proportions of the two surface
chemistries. A similar experimental design was reported by
Murguía et al. (2013), except that they used a sinusoidally
varying current when preparing their porous silicon thin film,
to prepare one-dimensional photonic crystals (rugate porous
silicon). These authors monitored a small region that included
their two surface chemistries (oxidized silicon and hydrosilylated
silicon), and then analyzed the temporal data using wavelets. In
a third example, Sweetman and Voelcker (2012) used photoresist
patterning to prepare porous silicon films with different surface
chemistries, and then monitored a region of the porous silicon
that included the two surface chemistries (modified with
pentafluorophenylsilyl and aminopropylsilyl groups). In this
case the hydrophobic and hydrophilic nature of the surface
modification was designed so that the two analytes (toluene and
ethanol) were preferentially sorbed by the hydrophobic layer
while the hydrophilic layer provided a fiducial spectral marker.

The stability and relative response toward organic vapors
of porous silicon sensors with different surface modifications
was described by Ruminski et al. (2010). Of relevance to the
current study, they noted that thermally-oxidized silicon and
methylated silicon had good stability in ambient air, and that
the oxidized surface responded strongly to isopropanol, with a
shift in the wavelength of the rugate reflectance band of over
10 nm. In contrast, exposure of the oxidized porous silicon to
heptane resulted in a <2 nm shift, while exposure of 2-propanol
or heptane to the methylated porous silicon caused very similar
shifts, both <2 nm.

An example of imaging porous silicon where the response
signal was determined by integrating over a large region of
the porous silicon was a study by Ariza-Avidad et al. (2014)
on the degradation of porous silicon samples when immersed
in aqueous solutions. This study reported that the hue of the
samples had a non-monotonic behavior during the degradation
process and therefore preprocessing was performed to extract a
“hue-like parameter” that changed in a monotonic way with the
sample degradation.

Hyperspectral imaging of porous silicon has been conducted
by Leacock-Johnson et al. (2013), who prepared porous silicon
with a pore wall surface chemistry gradient from hydrophobic
(methyl terminated) to hydrophilic (pentyl alcohol terminated)
and then monitored the spectral response as ethanol was titrated
into water covering the porous silicon. This study demonstrated
that there was an overall monotonic change in the extent to
which the alcohol-water solution penetrated the porous silicon
along the transect, but some of the data reported in that paper
also show small deviations from the overall trend along the
transect that could be ascribed to factors such as the presence
of striations in the initial silicon used to form the porous
silicon. The solution infiltration experiment caused large spectral
changes, with the wavelength of the rugate reflectance maximum
moving 30–50 nm. This change is sufficiently large that smaller
scale variations due to factors such as striations did not cause
significant effects on plots of the observed wavelength maxima

vs. time. Steady state hyperspectral imaging of porous silicon was
also reported by Miskelly (2016).

The current study extends the above examples. The porous
silicon was prepared using a temporally sinusoidal etching
current so that it has a prominent rugate reflectance band
(Lorenzo et al., 2005), but also has measurable interference
fringes to the red (longer wavelengths) of the rugate peak.
Furthermore, preparation of the porous silicon used a spatially
varying current density so that there is a radial gradient in
wavelength of the rugate reflectance band across the porous
silicon. Two pore-wall surface modifications were performed
on adjacent sections of the porous silicon, using the strategy
reported by Wu et al. (2013). The change in the wavelength of
the rugate reflectance band or in the hue was then monitored as
the sample was exposed to organic solvent vapors. This resulted
in much smaller wavelength or hue shifts than were observed
in the Leacock-Johnson et al. (2013) solution immersion study,
which meant that drift and porous silicon inhomogeneities had a
relatively greater impact on the data than was reported by those
authors. A comparison of data collected under almost identical
conditions with a line-scan hyperspectral imager (Sigernes
et al., 2000) and with a color camera allowed the comparison
of the sensitivity of measurements using the two imaging
modes.

MATERIALS AND METHODS

A silicon wafer (Siltronix, 100 single side polished B doped, 0.8–
1.2 m�-cm, thickness 500–550µm) was cut into approximately
2 × 2 cm pieces, which were immersed in 2-propanol
(LR) and placed in an ultrasonic bath for 10min. The
samples were then dried using nitrogen and mounted into a
Teflon etch cell using procedures based on those of Sailor
(2012). All electrochemical procedures used a PAR EG&G
Model 173 potentiostat/galvanostat. Where necessary, sinusoidal
waveforms created using Tektronix ArbExpress AXW100 version
2.0.2005.30 software were input to a Tektronix AFG3021 single
channel Arbitrary/Function generator, with the output applied
to the PAR 173 input. A pre-etch was performed using 3:1 (v/v)
48% HF: ethanol and a platinum (Aldrich, 99.99%) ring counter
electrode. A current density of 46.9mA cm−2 was applied for 30 s
with the silicon as the anode to create a thin sacrificial porous
layer. The silicon was then rinsed with ethanol three times and
the thin sacrificial porous layer was removed by treatment with
1M aqueous KOH containing 10% (v/v) ethanol for 2min. The
sample was then rinsed with ethanol two times.

The porous silicon samples were prepared using
electrochemical etching with a straight Pt wire counter electrode
(Aldrich, 99.99%), placed perpendicularly to the silicon anode so
that the wire end was about 2mm above the center of the silicon.
Etching was performed using 3:1 (v/v) 48% HF: ethanol solution.
Etching used a sinusoidal waveform of 40 cycles in which the
current density varied between 35.2 and 48.9mA cm−2 and was
applied for 750 s. After the etching, the sample was rinsed with
absolute ethanol two to three times, and dried using nitrogen
while still within the etch cell.
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Two pore-wall surface chemistries were imposed on a single
sample of porous silicon using a recently reported masking
method (Wu et al., 2013). First, a KSL-1100X-S compact muffle
furnace (MTI Corporation) with a programmable controller was
used to partially thermally oxidize the porous silicon. The furnace
temperature was ramped to 300◦C over 60min at 5◦C min−1

then the temperature was held at 300◦C for 30min before the
furnace was allowed to cool to room temperature. The porous
silicon sample was placed inside a small open crucible and was
in the furnace for the complete thermal cycle. A small drop of
13% (w/w) polystyrene (MW∼ 280,000) dissolved in toluene was
then painted onto half of the porous silicon sample using a small
flat paint brush. The sample was then immersed in HF:ethanol
(1:1 v/v) for 2min to dissolve the exposed oxidized porous silicon
and then rinsed with ethanol prior to selective chemistry being
performed on the unmasked side as described below.

Themasked porous silicon sample wasmounted into the same
electrochemical cell as was used for porous silicon etching, with
an adapter that allowed white light irradiation of the porous
silicon during electrochemistry under an inert atmosphere. The
solution used for electrochemical methylation was prepared
by transferring 0.27 g of lithium iodide, 10mL of anhydrous
acetonitrile, and 0.44mL of iodomethane into a round bottom
flask and then freeze-pump-thawing the solution three times.
The electrochemical cell was evacuated then filled with nitrogen
three times before the electrochemical methylation solution
was introduced under nitrogen. A current density of 10.16mA
cm−2 was applied with the porous silicon as the cathode for
1min, while the porous silicon was illuminated through the
glass adapter with white light from a Rofin PL-10 Polilight.
The electrochemical cell was then disassembled and the porous
silicon was immediately acidified using glacial acetic acid. The
porous silicon was then rinsed three times with glacial acetic
acid, three times with acetonitrile, and then three times with
ethanol. The electrochemical cell was then disassembled and the
sample was immersed in a solution of pentane before air drying.
Finally, the polystyrene masking was removed by immersing
the sample in toluene for at least 30min. The sample was
then rinsed three times with toluene, followed by ethanol. The
sample was then immersed in a solution of pentane before
drying.

A Philips XL30S Field Emission Gun Scanning Electron
Microscope (FEG SEM) with a SiLi Super Ultra-Thin Window
detector was used to obtain cross sectional and surface images
of the fabricated porous silicon samples. The SEM images were
taken using the high resolution and ultra-high resolution modes
operating at electron accelerating voltages of 5 kV in a vacuum.

A Perkin Elmer Spectrum Two 100 FT-IR Spectrometer with
attenuated total reflectance (ATR) attachment was used to collect
Fourier transform infrared spectroscopy (FT-IR) absorbance
spectra. Perkin Elmer spectrum 10TM software was used to collect
and anayse the spectra, which were averages of 32 scans with
a resolution of 4 cm−1 over the range 600 to 4,000 cm−1. The
background was collected with the ATR crystal exposed to air.

A KSV Cam 100 tensiometer with Attension Theta analysis
software was used to determine the water contact angles for
the porous silicon samples. Measurements were performed three

times for each different surface, and the average water contact
angle is reported with calculated standard deviation.

A scientific charge coupled detector camera (QICAM, Q-
Imaging) with Varispec Liquid Crystal Tunable Filter (LCTF)
(CRI Ltd) was used to obtain a hyperspectral image cube of the
complete surface of a modified porous silicon sample from 450 to
720 nm at 5 nm intervals (55 bands). In- house code in the V++

program (version 5.0.0.301 Digital Optics Ltd R©) was used to
control image collection. An image cube of a specular reflectance
standard was also collected to allow determination of reflectance.
The saved images were averages of 4 images with a constant
shutter time of 30ms. A Fiber-Light DC-950 illuminator (Dolan
Jenner) with a Fiber-Lite Diffuse Axial Illuminator (Edmund
Scientific Optics) was used as the light source. The collected
images were processed using the Matlab software R© R2014a (The
MathWorks, Inc.). The image cubes for the sample, reference
standard, and dark image were first imported and cropped to
isolate the porous silicon. The same cropping coordinates were
used for the reference standard and dark images. One dimension
of the cropped image cube corresponds to a spectrum at each
image pixel, and these spectra were processed to determine
the wavelength of the rugate band at each position of the
hyperspectral image using a modified version of the Matlab
function findpeaks.m, (O’Haver, 2018).

Two different imaging systems were used to image the porous
silicon samples during vapor dosing. A Point Gray Research R©

Flea 2G 13S2C-C model camera (F2G) with a 50mm double
Gauss lens (Edmund Scientific Optics) was used for color (RGB)
imaging. A line-scan hyperspectral imager constructed with a
Point Gray Research R© Flea 2-03S2M grayscale camera and a
50mm double Gauss imaging lens was used for hyperspectral
imaging during vapor dosing, and this system was calibrated
using an HG-1 mercury-argon lamp (Ocean Optics, Inc.). The
porous silicon was mounted in the vapor dosing cell so that the
porous silicon surface was perpendicular to the selected imaging
system. The position of the vapor dosing cell was arranged to
provide maximum reflectance for the hyperspectral imaging, and
so that the porous silicon filled the field of view for the RGB
imaging. The vapor dosing cell was constructed of Teflon, with
an A48-927 anti–reflection coated glass slide (Edmund Optics)
as the window.

An automated vapor dosing system was used to generate
pulses of vapor at known concentrations for known periods of
time. The vapor dosing system used in this research was designed
and developed in-house at the University of Auckland and
characterized by Wong (2012). Vapors of five solvents: acetone,
ethanol, heptane, 2-propanol, and toluene were generated using
the automated vapor dosing system. The concentrations used
were 100, 300, 700, 1,000, 1,500, and 2,000mg m−3 for acetone
and 2-propanol, 100, 300, 700, 900, 1,100, and 1,500mg m−3

for ethanol, 200, 400, 800, 1,500, 2,000, and 2,500mg m−3 for
heptane, and 200, 400, 800, 1,600, 2,000, 2,500, and 3,000mg
m−3 for toluene. A pre-dose of the system with 1,000mg m−3

of the next solvent followed by a purge period was performed
prior to measurenment with each solvent. The purge periods
during dosing for hyperspectral imaging was 20min while the
dose period was 30min. The purge period for RGB imaging was
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FIGURE 1 | SEM images of cross sections of a sample of OM porous silicon.

(a) Oxidized side of porous silicon (b) methylated side of porous silicon. In

each image the scale bar is 2µm.

40min with dosing for 30min. A Baseline R©-MOCON R© PID-
TECH R© plus photoionization detector was connected to the
outlet of the vapor dosing cell to independently monitor the
solvent vapor concentration. TRAQ-WARE software recorded
the concentration (ppm) of the vapor every 2 s.

The hyperspectral images were collected every 30 s during the
dosing cycle for each solvent, with ten images being averaged
at each time point. Images for each dosing experiment were
saved directly to a computer, and were analyzed off-line using
Matlab. The region of interest of each image corresponding to
the porous silicon was selected, resulting in cropped images of
221 by 370 pixels. The hyperspectral images were corrected for
the estimated spectral envelope of the system response, using
the obtained raw image cube data. First, the minimum value
of the image cube was subtracted from all the other values.
The column means of the resulting matrix were calculated, and
then the row means of these column means were calculated.
This calculation resulted in a vector of average brightness with
respect to wavelength. This vector of average brightness was
then normalized and replicated to create a hyperspectral cube
that contained the normalized mean spectrum for every pixel
position and every time point. The raw image data was then

divided by this mean spectrum, and this corrected data matrix
was either used directly in subsequent multivariate data analyses
or the wavelength of the rugate reflectance maximum in each
spectrum was extracted, and these wavelengths were used in the
multivariate analyses.

Color (RGB) images of the porous silicon during vapor dosing
were collected by averaging 10 RGB images every 60 s and saving
the average images directly to a computer. The images were
imported into Matlab, and a 801 by 21 pixel region of interest
corresponding to a transect down the center of each porous
silicon image was isolated by cropping. The rowmeans of each of
the red, green, and blue channels for this transect were calculated
and then used to calculate the hue for each transect position,
using the following equation

hue = cos−1







0.5×
(

red − green
)

+ (red − blue)
[

(

red − green
)2

+ (red − blue)(green− blue)
]1/2







The difference in hue at a given point and time compared to
the initial hue at that point was then calculated. The RGB hue
difference data required spatial filtering to improve the signal to
noise ratio of the processed data. This was performed using the 3
X 3median filtering function ofMatlab “medfilt2.” Following this
preprocessing the data were analyzed using principal component
analysis and linear discriminant analysis in Matlab.

RESULTS

Preparation and Characterization
The porous silicon was prepared using a sinusoidal etching
current density and with a thin Pt wire counter electrode placed
perpendicularly above the center of the silicon wafer, so that
the resulting porous silicon was a rugate filter (photonic crystal)
with a radial gradient wavelength of the rugate reflection band
(Li et al., 2005). The average pore size in such porous silicon
structures has also been shown to vary with current density
(Collins et al., 2002; Clements et al., 2012) so that there should
also be a radial gradient in pore size. The porous silicon was
then modified with two different pore-wall surface chemistries as
described by Wu et al. (2013). The porous silicon was partially
thermally oxidized, and then half of the porous silicon was
impregnated with polystyrene. The oxidized porous silicon was
removed from the non-protected half using dilute HF solution,
and then the exposed hydrogen-terminated porous silicon was
immediately methylated via the electrochemical reduction of
iodomethane with the porous silicon as the cathode (Gurtner
et al., 1999). Finally, the polystyrene was dissolved to expose the
remaining oxidized porous silicon. This procedure gave porous
silicon samples that had an oxidized (hydrophilic) portion and a
methylated (hydrophobic) portion and also had a radial gradient
in pore-size. These are referred to as OM samples in the following
text.

A cross-sectional SEM image of a small region of the oxidized
portion of an OM porous silicon sample prepared as described
above is shown in Figure 1a. The thickness of 8.7 ± 0.1µm
appears constant across the image with faint horizontal banding
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due to the periodic change in porosity caused by the rugate filter
formation. A cross-sectional SEM image of part of themethylated
portion of sample OM is shown in Figure 1b. The calculated
average thickness of the methylated side (8.1± 0.1µm) is slightly
smaller than that of the oxidized side at a similar position along
the radial gradient.

The ATR-FTIR spectrum of the oxidized portion of OM
porous silicon (Figure 2a) shows a large Si-O stretching band
with a maximum at 1,038 cm−1. The methylated portion of OM
porous silicon should mainly be CH3 terminated, and the ATR-
FTIR spectrum shows a sharp rocking band of the methyl groups
at 763 cm−1 with two weak bands at 1,403 and 1,252 cm−1, which
are associated with -CHx deformation modes (Figure 2b). The
spectral position of the rocking band is similar to that reported
earlier (Canaria et al., 2002). The difference in the pore wall
surface chemistry for the two halves of OM porous silicon is also
shown by water contact angles. The oxidized portion gave a water
contact angle of 70.8± 1.4◦ (n= 3) while the methylated portion
had a contact angle of 131.2± 0.8◦ (n= 3).

The UV-Visible reflectance spectra at selected points along a
transect of the OM porous silicon sample are shown in Figure 3.
The wavelength of the maximum of the rugate reflectance band
on the oxidized side varied from 550 to 620 nm, while the
wavelength of the maximum of the rugate reflectance band on
the methylated side varied from 500 to 550 nm. These differences
in wavelength on the two sides are due to the fabrication process
of the sample. The removal of pore wall material prior to the
methylation of the porous silicon has resulted in a blue shift of
the rugate band. The magnitude of the rugate reflectance band
for this OM sample were not much larger than the heights of the
thin film interference fringes also observed in the UV-Vis spectra.
However, the rugate peak can be identified as the significant peak
with the shortest wavelength.

A false color map showing the wavelength of the maximum
in the rugate reflectance band at all positions of an OM porous
silicon sample is shown in Figure 4. The wavelength of the rugate
peak maximum had approximately radial symmetry across each
half of the porous silicon sample, with the longest wavelength
near the center. Themagnitude of the reflectance between the two
surfaces were different from each other, and so the transition line
between the surfaces could be distinguishable in single waveband
images and the color difference could be observed by eye.

Vapor Dosing Results
The optical responses of the porous silicon samples during
exposure to solvent vapors were monitored using hyperspectral
and RGB imaging techniques. Hyperspectral images were
collected using a custom built line scan imager (Sigernes et al.,
2000; Leacock-Johnson et al., 2013), while the RGB images were
acquired with a scientific color camera. The wavelength and
spatial calibration of the hyperspectral imager were performed
using an atomic line calibration light source and a precision
ruler, respectively. The hyperspectral images were processed
to determine the wavelength of the maximum of the rugate
reflectance band at each point along the transect, and changes
in these wavelengths were used to monitor the exposure of the
porous silicon to organic solvent vapors.

FIGURE 2 | ATR-FTIR spectra from portions of each side on a sample of OM

porous silicon. (a) Oxidized side of porous silicon, showing Si-O stretching

band at 1,038 cm−1 (b) Methylated side of porous silicon showing CH3

rocking band at 763 cm−1.

A slight drift was sometimes seen in the rugate peak
wavelength values (for the hyperspectral image data) and the
values of the hue (for the RGB image data) during a given
vapor dosing experiment, and different experiments showed
different patterns and magnitudes of the drift. The drift on the
two sides could differ. For example, during 2-propanol dosing
the wavelength of the maximum in the rugate reflectance band
on the oxidized side decreased by up to 1 nm while on the
methylated side it increased by up to 0.5 nm. All the drifts
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FIGURE 3 | Reflected light spectra measured at specified points along a

transect across the OM sample, starting at the oxidized side (0–4.5mm) and

ending on the methylated side (6.5–10.9mm).

FIGURE 4 | False color map showing the wavelength of the maximum of the

rugate reflectance band at all positions of the porous silicon. The wavelengths

were extracted from a hyperspectral cube collected with a Varispec LCTF and

camera.

for the hyperspectral data were <1 nm, however this change
was sometimes significant compared to the observed changes
resulting from a vapor concentration change. Thus, the largest
change in the wavelength of the rugate reflectance band due to
dosing for the methylated side of sample OM during dosing of 2-
propanol vapor was about 0.5 nm. It was therefore important to

correct this background drift prior to any multivariate analysis.
Separate monitoring of the temperature next to the porous
silicon indicated that the drift was not caused by the small
changes in temperature (up to 1◦C) of the sample during dosing
experiments. Although the actual cause of the drift was not
determined, one possibility is that it was due to a slight change in
the intensity or temperature of the light source, which could affect
the observed wavelength of the rugate peak. Baseline correction
was performed using the Matlab function bf.m applied to time
points during the known purge periods. Since the dose and purge
timing for the dosing experiments was always the same this
background correction could be readily implemented. For most
baseline corrections two points of the purge period were selected;
one timepoint early in the purge period, and one timepoint near
the end of the purge period. For 2-propanol, only one value
toward the end of the purge period was selected to define the
background, due to the slow desorption of 2-propanol from the
oxidized porous silicon during the purge periods.

The data matrices containing the changes in the rugate peak
wavelength (for hyperspectral image data) and median filtered
change in hue (for RGB and Mode 0 image data) during vapor
dosing with five different solvents were represented as false
color maps, where the vertical axis is the distance along the
transect, the horizontal axis is time, and the color represents
either the change in wavelength or the change in hue at a
given position compared to the initial value. The upper portion
of each false color map represented the oxidized side of the
porous silicon and the lower portion represented the methylated
side. Depending on the polarity of the vapor and the polarity
of the porous silicon surface, the magnitude of the response
to a given solvent and concentration were different for each
side of the porous silicon. Solvents with higher polarity showed
higher responses on the oxidized (hydrophilic) side than on the
methylated (hydrophobic) side.

The false color maps generated from hyperspectral and
RGB imaging during 2-propanol vapor dosing are shown in
Figures 5a, 6a, respectively. 2-Propanol was dosed in the order;
100, 300, 700, 1,000, 1,500, and 2,000mg m−3, so 13 vertical
bands (7 purge bands, and 6 dose bands) can be seen in the
false color map for RGB imaging. The false color map for the
hyperspectral imaging only shows 12 bands because the image
collection was stopped near the start of the final purge. The
false color map for the hyperspectral imaging (Figure 5a) and
the plot of wavelength changes at selected pixels in Figure 5b

shows that the shift in wavelength of the rugate peak during vapor
dosing of 2-propanol on the oxidized side is larger than on the
methylated side. The change is the greatest during the final dose
period, which is when the concentration of the 2-propanol vapor
is the highest. The first (lowest) dose resulted in a rugate peak
wavelength shift of about 2.5 nm on the oxidized side, while the
last (highest) dose caused a rugate wavelength shift of about 6 nm.
The wavelength shift on the methylated side of the porous silicon
is much smaller than for the oxidized side with the change being
around 0.1 to 0.5 nm over the vapor dosing experiment. The
transition between the two pore wall surface chemistries can be
clearly observed by this difference in response. This result shows
that 2-propanol is sorbed by the oxidized (hydrophilic) side more

Frontiers in Chemistry | www.frontiersin.org 6 December 2018 | Volume 6 | Article 61041

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Chun and Miskelly Hyperspectral Imaging of Porous Silicon

FIGURE 5 | Change in wavelength of the rugate reflectance band maximum

during dosing of the porous silicon with 2-propanol. The wavelengths were

extracted from a hyperspectral cube collected along a transect across the OM

porous silicon with a line-scan hyperspectral imager. (a) False color map

showing changes in wavelength of the rugate reflectance band as a function of

distance along the transect and with time. The vertical bands correspond to

dosing and purge periods; the 2-propanol doses were 100, 300, 700, 1,000,

1,500, and 2,000mg m−3. (b) Change in wavelength of the rugate reflectance

band at two single positions along the transect: 4mm (oxidized side) and

8mm (methylated side).

than the methylated (hydrophobic) side. On the oxidized side
of the OM porous silicon, additional variation in the response
appearing as horizontal bands across the color map in Figure 5a

are due to differences in pore sizes or other pore properties at
different points across the porous silicon surface. The plots in
Figure 5 also show tailing of the response on the oxidized side
after the higher concentration dosing periods, as the 2-propanol
slowly desorbs.

The false color map of the change in hue for the RGB image
data during 2-propanol dosing (Figure 6a) shows that some
portions of the oxidized side are responsive with small changes
in hue while the methylated side shows very slight evidence of

vertical bands corresponding to very small changes in hue. The
oxidized side has a change in hue near the edge of the porous
silicon that is opposite in direction to the change in hue near
the transition line between the two pore wall surface chemistries.
This non-monotonic behavior of hue with respect to change
in the rugate wavelength was also noted by Ariza-Avidad et al.
(2014). Since the change in hue on the oxidized side is greater
than on the methylated side, the transition between the two pore
wall surface chemistries can again be seen. The small hue change
resulted in a much smaller signal to noise ratio compared to the
wavelength changes determined with the hyperspectral imager.
Thus, the plot of the response at a single position on the oxidized
half of the porous silicon (Figure 6b) is much noisier that the
similar plot in Figure 5b, and the hue change at 100 positions
on the methylated side were averaged to obtain the smaller plot
in Figure 6b, which still has a poor signal to noise ratio.

Dosing with the other solvent vapors led to similar false
color maps, with decreased responses at the same concentration.
Dosing with heptane led to the smallest responses, and the
responses to this solvent on the oxidized and methylated sides
of the porous silicon were very similar.

Multivariate Analysis of the Images of
Sample OM During Vapor Dosing
The data matrices of the changes in the rugate peak wavelength
upon dosing with each solvent were concatenated into a
combined data matrix. Each row of the individual matrices
matched in spatial position, and the combined matrix contained
all the dosing pulses (as a function of time) in the order: acetone,
ethanol, heptane, 2-propanol and toluene. Principal component
analysis was performed on the transposed combined data matrix.
The first three principal components explained 98.9, 0.78, and
0.08% of the variance in the data respectively. Plots of the scores
and loadings for the first two principal components (labeled PC1
and PC2 respectively) are shown in Figure 7. The PC loadings,
Figure 7a, are related to the contribution of changes in the
wavelength of the rugate reflectance band at each position along
transect to each principal component. The abrupt change in
plots of the PC1 and PC2 loadings vs. pixel position is due
to transition between the two pore-wall surface modifications,
where the first part corresponds to the oxidized side, and the
second part corresponds to the methylated side. The loadings
of PC1 are higher for the oxidized side than the methylated
side, while the loadings for PC2 are higher for the methylated
side than the oxidized side. The PC3 plot loadings showed little
difference in average magnitude between the two sides, however
the values on the oxidized varied more than on the methylated
side. The plots of the PC1 and PC2 scores for the change in the
rugate peak wavelength during dosing are shown in Figures 7b,c.
The PC1 score plot shows pulses due to the dosing of acetone,
ethanol, heptane, 2-propanol and then toluene. The first six
pulses represent acetone at six concentrations, the next six pulses
represent ethanol at six concentrations and so on. The PC1
scores for 2-propanol are the highest, and then ethanol, acetone,
toluene, with heptane showing the lowest PC1 scores. The PC2
scores also show a set of pulses with time, but heptane shows the
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FIGURE 6 | Change in hue of the porous silicon during dosing with

2-propanol. The hues were extracted from RGB (color) images. (a) False color

map showing changes in hue as a function of distance along the transect and

with time. The vertical bands correspond to dosing and purge periods; the

2-propanol doses were 100, 300, 700, 1,000, 1,500, and 2,000mg m−3. (b)

Change in hue at two selected places along the transect: 4mm (oxidized side;

single position) and 9.5–11mm (methylated side; 100 positions averaged).

greatest values followed by toluene and propan-2-ol, with ethanol
being only slightly higher than acetone. Most of the scores for
principal component 3 (PC3) were near zero, with some large
spikes which corresponded to when the system was transitioning
between purge and dose periods.

Apart from the two pore-wall surface chemistries, the porous
silicon also had a radial gradient in pore sizes. The PC1 loadings
show a very small magnitude trend which may correspond to
this radial gradient on the oxidized side underlying the more
obvious short-scale variability. The PC3 loadings also showed
longer- scale as well as shorter-scale changes in response over the
oxidized side. From Figure 7 it appears that small-scale variations
(e.g., due to the striations which originate from different dopant
densities in the silica substrate (Jastrzebski et al., 1980; Fusegawa

FIGURE 7 | Principal component analysis of the changes in wavelength of the

rugate reflectance band as the porous silicon OM sample was dosed with 5

different solvents in the order acetone, ethanol, heptane, 2-propanol, and

toluene. (a) Plot showing loadings of PC1 and PC2 along a transect across

the OM porous silicon (b) Plot showing the scores for PC1 with time during

dosing (c) Plot showing the scores for PC2 with time during dosing.
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and Yamagishi, 1992; Schweizer et al., 2010), dominate over
effects due to the radial porosity gradient.

The initial principal component analysis had significant
contributions from changes occurring during the transitions
from purge to dosing and from dosing to purge, particularly for
PC3. In order to avoid the responses during the transition periods
dominating or perturbing the analysis, the PCA was repeated
using just selections of 40 data points obtained during the steady-
state phase of each solvent dosing pulse at each pixel position.
A plot of the PC2 scores vs. the PC1 scores from this analysis,
Figure 8, shows clear separation of heptane, toluene and the
other three solvents–acetone, ethanol, and 2-propanol. The most
hydrophobic solvent, heptane, has lower PC1 scores but large
PC2 scores, while the opposite is true for the more hydrophilic
vapors (acetone, ethanol, and 2-propanol). Toluene is more
hydrophilic than heptane, but is also more hydrophobic than
acetone, ethanol and 2-propanol, so the score values of toluene
are located between the data corresponding to heptane and the
other three solvents. For each solvent, all concentrations could
be distinguished. However, acetone, ethanol and 2-propanol all
lie on similar curves. A similar plot of PC3 scores against PC1
scores for the change in rugate peak wavelength upon dosing with
all the solvents (not shown) showed some separation of the data
for ethanol from the data for acetone and 2-propanol.

Following these principal component analyses, the supervised
data classification method of linear discriminant analysis (LDA)
was performed on the rugate wavelength data. The wavelength
shifts of the rugate reflectance band recorded during each solvent
dosing period were combined into one matrix. The 40 columns
corresponding to the steady state part of each of the dosing
periods and the 10 columns corresponding to the first purge
periods for each solvent were selected and combined into a new
dataset. This combined matrix was transposed so that time was
set as the observation variable and pixel positions were set as the
properties to explain each observation. LDA was performed on
this transposed dataset, and the first three linear discriminants
were investigated.

A 3D plot with the scores from the first three linear
discriminant axes was generated to capture the variation due to
these components (Figure 9). The 3D plot has been rotated to
optimize the visible separation between each solvent and each
concentration. The plot shows separation due to both solvent
identity and concentration, and all solvents are distinguished
without any overlap. All the data for each solvent fall on a curve
that starts near where the data representing the purge periods
occur. The plot indicates that most of the variation in the data is
explained by LD1 and LD2, however LD3 distinguishes acetone
and ethanol from 2-propanol.

Principal component analysis on all the data, and principal
component and linear discriminant analysis on just the data
at the steady-state times of dosing and purging were also
conducted on the hue data obtained from the color images.
The loadings for PC1 of the complete dataset showed an abrupt
change corresponding to the transition between the two pore-
wall surface modifications, with the loadings being close to
zero for the methylated side. The loadings for the oxidized
side varied almost linearly from positive to negative, consistent

FIGURE 8 | Plot of PC2 vs. PC1 for rugate reflectance band wavelength shift

data corresponding to steady-state dosing or purging of acetone, ethanol,

heptane, 2-propanol and toluene.

with the observed change in direction of the hue change
evident in the false color map in Figure 6. The scores plot
for PC1 clearly showed the dosing for the oxygen-containing
solvents acetone, ethanol, and 2-propanol with smaller responses
for toluene and no responses for heptane. PC2 and PC3 did
not contain chemically-interpretable variations. LDA was also
unable to distinguish between the solvent vapors using the hue
information.

DISCUSSION AND CONCLUSIONS

Previous studies have investigated enhancing the selectivity of
porous silicon sensors to detect and discriminate a wide range
of vapors. Different solvent vapors were used in this study, and
were easily grouped into hydrophilic and hydrophobic vapors. A
previous study of porous silicon optical sensors had shown that 2-
propanol vapor had stronger adsorption on hydrophilic surfaces,
while toluene vapor had stronger adsorption on hydrophobic
surfaces (Kelly et al., 2011a). A separate study with stacked
layers of porous silicon showed that non-polar analytes (such
as cyclohexane, heptane, and toluene) did not interact with the
silica surface (hydrophilic) while polar molecules were strongly
adsorbed. That study also noted that Knudsen diffusion was the
primary mode of mass transport of the vapor within the pores
of porous silicon (Kelly et al., 2011b). The results reported in
this paper are consistent with observations of interactions of
2-propanol and heptane with thermally oxidized and methyl
porous silicon by Ruminski et al. (2010).

An aim of the present research was to investigate whether
porosity gradients can provide added selectivity for vapor
sensing. Gao et al. (2002) had proposed that decreased pore
sizes offered greater sensitivity, since smaller pores offer greater
surface areas, therefore the optical response for a given vapor
concentration should be higher. This was tested by creating
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FIGURE 9 | Plot showing the first three linear discriminant scores for rugate reflectance band wavelength shift data corresponding to steady-state dosing or purging

of acetone, ethanol, heptane, 2-propanol and toluene.

porous silicon samples with a gradient in pore sizes across the
sample during the fabrication step, using a thin wire counter
electrode placed above the center of the exposed silicon wafer.
This method delivers different current densities at different
positions on the porous silicon sample, since the center of the
silicon is closest to the counter electrode, therefore the current
density at the center is larger than at the edges, and this current
density gradient can cause a gradient in pore sizes porous silicon
(Collins et al., 2002). The pore size gradient was not measured
directly in this study, but the UV-Vis reflectance characterization
experiments confirmed the gradient in rugate reflectance band
wavelength across the porous silicon sample (Li et al., 2005).
The present investigation showed that the optical and spectral
changes of the porous silicon upon dosing did not correlate
with the rugate reflectance band wavelength across the porous
silicon surface. If the smaller pore sizes expected to be associated
with the shorter wavelengths of the rugate reflectance band had
increased the optical response of the porous silicon, and if the
optical response change is captured by the camera, we would
have expected greater sensitivity at the edges of the porous silicon
sample and this was not observed. Moreover, the variations in
sensitivity and selectivity that were observed across the porous
silicon were more localized than if they had been caused by
the current density gradient, showing that other factors were
controlling the adsorption to a greater extent.

The response of the porous silicon sample was investigated
using a color camera and a hyperspectral imager. Rugate
filter porous silicon samples have been previously studied by
monitoring the wavelength shift of the rugate peak using
reflectance spectra measured at a single point on the surface (e.g.,
King et al., 2007; Ruminski et al., 2008). These and similar studies
have shown that the wavelength of the rugate reflectance band
shifts to the red upon solvent exposure and have also shown that
the porous silicon sensor can selectively detect different vapors;
however these papers only reported measurements at a single

point (or several points) on the porous silicon sensor and not the
whole sample.

As noted in the introduction, a previous study of the
degradation of porous silicon used digital imaging combined
with calculation of hue and a hue-related parameter (Ariza-
Avidad et al., 2014). Those authors also noted that the apparent
color of a rugate filter of wavelength lower than 560 nm was
dependent on the white balance value of the color camera. This
behavior is consistent with the observations in the current paper,
where the change in hue upon dosing with solvent vapors had
different signs depending on the initial hue or spectrum of the
porous silicon at that position.

Finally, a recent study used color camera images to monitor
the response of porous silicon under different concentrations of
ethanol vapor (Park et al., 2010). That paper reported the color,
current and photoluminescence responses of porous silicon as a
function of ethanol vapor concentration. The authors reported
that the color difference of the porous silicon was an efficient
way of monitoring the optical response of the porous silicon.
The color response of that study was observed under fluorescent
lighting, whereas our study was conducted using broad-band
white light. It is very likely that the sensitivity observed in the
prior study is mainly due to the use of the fluorescent light source
with its narrow band emissions in the red and green. The effect
of different light sources on the information that can be obtained
from photonic crystal sensors needs further study.

In the present research hyperspectral and RGB images of a
transect across the whole porous silicon were captured during
vapor dosing. These images were used to monitor the changes
in reflectance of the porous silicon sample under as similar
conditions as possible, so that these imaging techniques could be
compared. The results showed that the hyperspectral imager was
better at detecting small changes in optical response compared
to RGB imaging for these porous silicon samples. In addition,
it provided wavelength change information along a complete
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transect of the porous silicon sample, whereas the RGB images
only showed measurable responses at some positions of the
porous silicon samples. The capability of color images to collect
changes in optical reflectance of porous silicon can be further
explored by using variables other than hue.

There are many methods for the multivariate image analysis
of time series such as images obtained during our dosing
of porous silicon. However, there is no particular method to
analyse image data that has been shown to be optimal for such
situations in terms of sensitivity, selectivity, speed, and use of
computer resources. In this study, two common multivariate
statistical methods were used. Onemethod (principal component
analysis, PCA) was used for exploratory analysis, and the
other method (linear discriminant analysis, LDA) was used in
attempts to distinguish between already known classes (solvents
and concentrations) and so further distinguish the groupings
within the data. The results of the multivariate analysis showed
that LDA provided better separation of solvent and dosing
concentration classes using the hyperspectral imaging data than
did PCA. The main reason that LDA did not work well for the
color imaging data is that some dosing pulses resulted in no
hue changes while the small changes meant that other dosing
pulses had very similar hue changes. The discrimination was

also adversely affected by there being little to no hue change
on the methylated side of the OM porous silicon. This is
likely to be due to the small shift in the spectral response,
the initial wavelength of the rugate reflectance band, and the
contribution from the interference fringes to the red of the rugate
band.
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This paper deals with the synthesis of high-magnetization porous silicon-based

nanocomposites. Using well-controlled organometallic synthesis of ferromagnetic FeCo

nanoparticles, the impregnation of mesoporous silicon has been performed by immersion

of porous silicon in a colloidal solution. The technique was optimized by controlling the

temperature, the immersion duration, and the solvent nature. The characterization of the

nanocomposites showed a homogeneous filling of the pores and a high magnetization of

135 emu/cm3. Such composites present a great interest for many applications including

data storage, medical instrumentations, catalysis, or electronics.

Keywords: impregnation, magnetic nanoparticles, mesoporous silicon, nanocomposite, magnetic properties

INTRODUCTION

Magnetic materials such as iron alloys or iron oxides (FePt, FeCo, Fe2O3, etc.) present a great
interest in data storage (Sun et al., 2000), drug delivery (Anglin et al., 2008; Zhu et al., 2009),
medical instruments (ex: for magnetic resonance imaging; Bomati-Miguel et al., 2005; Thomas
et al., 2006) or catalysis (Manova et al., 2006; Li et al., 2011; Bordet et al., 2016). For instance,
the Fischer–Tropsch process is a widely studied method that uses magnetic metals such as iron or
cobalt as catalysts to produce synthetic fuel (Bordet et al., 2016). Due the progressive disappearance
of fossil fuels, this catalysis process appears nowadays as an attractive way to produce “green”
synthetic fuels from biomass or natural gas sources. More specifically, employment of nanosized
magnetic materials show an improved reactive surface area and their insertion in a porous medium
is one of the solutions to prevent their mutual aggregation and sintering during reaction (Lu et al.,
2004; Bomati-Miguel et al., 2005). Porous substrates made of different materials such as PEGDA
(polyethylene glycol diacrylate; Allia et al., 2011), silicon (Anglin et al., 2008; Granitzer et al., 2010;
Harraz, 2013) or silica (Lu et al., 2004; Nakamura et al., 2006; Kockrick et al., 2007; Zhu et al.,
2009; Liu et al., 2011; Kim et al., 2013) can be used as supports. In particular, porous silicon
(PS) is one of the most interesting media because it is a versatile material with tunable surface
chemistry, pore size or surface area (Loni et al., 2015) and shows interesting behavior concerning
biodegradability issues (Xia et al., 2017). However, the methods employed to fill such porous
material with nanoparticles (NPs) remain very challenging. Two strategies of filling are reported in

48
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the literature. In the case of in situ synthesis techniques,
precursors are introduced by impregnation within the porous
template and then directly reduced. However, this technique
suffers from a poor renewing of precursors, a low in-depth
homogeneity and strongly depends on silicon surface chemistry
(Yiu et al., 2008; Fukami et al., 2009; Bardet et al., 2017). Another
technique consists in impregnating the porous material with ex
situ synthetized and stabilized NPs. In this way, a better control of
the NP properties is achieved (Granitzer et al., 2013, 2015; Rumpf
et al., 2013). However, the influence of the ex situ loading with
regard to previous particle synthesis has not been widely studied
and reported in the literature.

In this paper, we propose to load FeCo magnetic NPs with a
regular cubic geometry into mesoporous silicon. This study aims
at providing an experimental procedure to impregnate PS to high
loadings and to characterize the in-depth homogeneity and the
magnetic properties of the nanocomposite.

EXPERIMENTAL

Synthesis of FeCo Nanoparticles
FeCo NPs were synthesized by adaptation of a previously
reported organometallic approach (Lacroix et al., 2009).
Depending on the synthesis conditions, the size of the
particles can be varied from 5 to 15 nm. In this work, we
prepared FeCo NPs of 9.0 ± 0.6 nm. Fe and Co silylamides,
(- Fe(N(Si(CH3)3)2)2)2 and Co(N(Si(CH3)3)2)2(THF) -) were
reduced under 3 bars of H2 at 150

◦C for 48 h in mesitylene and in
the presence of long chain surfactants (hexadecylamine—HDA,
and palmitic acid—PA). The precursors concentrations were
kept at 20 mmol/L. The HDA and PA concentrations were
80 and 55 mmol/L, respectively. After reaction, the excess of
surfactant was removed by magnetically-assisted separation
under inert atmosphere to prevent any oxidation. The particles
were then kept as powder in the glove box. Chemical analyses
were performed on FeCo NPs by inductively coupled plasma
mass spectrometry (ICP-MS) revealing a global composition of
Fe52Co48.

Synthesis of Porous Silicon
Porous silicon templates were synthesized by anodization of
a highly-doped n-type silicon wafer with a resistivity of 10–
20 mΩ .cm in an electrochemical cell containing concentrated
hydrofluoric acid diluted in water (5 vol. %) and Triton X-100
(0.2 mmol/L). A current density of 25 mA/cm² was applied
in order to form large and straight pores (Harraz, 2013). The
anodization duration was adapted in order to form a PS layer
with a thickness of 18µm. An average pore diameter of 100 nm
was estimated by Scanning Electron Microscopy (SEM). A mean
porosity (ratio of pore volume and overall volume) of around
66% was calculated from optical FTIR (Fourier Transform Infra-
Red spectroscopy) measurements. After the anodization, the
samples were thoroughly rinsed in ultrapure water and dried on
a hot plate at 120◦C. PS wafers were then singulated in 4× 4mm²
square dices.

Impregnation Technique
The magnetic cubic NPs were loaded in the PS template by a
simple immersion of the substrate in a FeCo colloidal solution
at a concentration of 1.3 g/l. The setup is quite similar to the
one proposed by Granitzer et al. (2013). However, the role of
the solvent and the impregnation temperature is highlighted
in this study and will be addressed in the next sections.
After impregnation, the substrates were washed with a flow of
tetrahydrofuran (THF) in order to eliminate most of the NPs
aggregates left on the surface.

Structural and Morphological

Characterization
The particles were characterized by SEM and Transmission
Electron Spectroscopy (TEM), using a 100 kV Jeol JEM 1011
and a 200 kV FEI CM20. In order to characterize the particles,
they were re-dispersed in toluene and a drop was deposited
on a carbon coated copper grid. The nanocomposites were also
characterized by Energy Dispersive X-Ray Spectroscopy (EDX)
in order to estimate the in-depth homogeneity of the pore filling.
Cross section samples were also prepared in order to observe by
TEM the NPs impregnation along the PS pores.

Magnetic Characterization
Magnetic measurements were performed using a Quantum
Design Physical Property Measurement System (PPMS) with a
Vibrating Sample Magnetometer (VSM). PS substrates filled with
NPs were characterized after immobilization on a quartz support
using adhesive Kapton film. Hysteresis loops were recorded at
300 and 5K applying induction field of ±3T. The exchange bias
Hex was determined from the hysteresis loop recorded at 5 K after
cooling the sample from 300K down to 5K under an external
field of 3T.

Hex =
H−
c +H+

C

2
(1)

where Hc
− is the coercive field observed during the

demagnetization process (second quadrant, experimentally:
−125 mT) and Hc

+ the coercive field observed during the
magnetization (fourth quadrant, experimentally: 126 mT).

The pore filling factor Q, which characterizes the mass of
NP loaded over a given surface area, was determined following
Equation (2):

Q (g/m2) =
Ms

Ŵ × S
(2)

WithΓ the saturationmagnetization of the NPs (224 emu/gFeCo),
Ms the saturation magnetization of the composite determined
experimentally as the magnetization at 3T, and S the footprint
area of the substrate, i.e., 16 mm².

RESULTS

Material Structural Characterization
FeCo NPs were prepared following an organometallic approach.
The Co and Fe precursors were decomposed in presence of
dihydrogene leading to monodisperse NPs exhibiting a cubic
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FIGURE 1 | (a) TEM image of the as-prepared cubic FeCo nanoparticles;

(b) cross section and (c) top view SEM images of PS.

shape as shown in Figure 1a. The particle mean size of 9.0 ±

0.6 nm was well controlled thanks to the stabilization of the
surface with a mixture of carboxylic acid and alkylamine ligands.
The particles displayed a magnetization at high field (3T) of
204 emu/gFeCo and 217 emu/gFeCo, at 300 and 5K, respectively,
both values being close to the bulk saturation magnetization
(230 emu/gFeCo, Figure S1). The particles are not oxidized as
revealed by the absence of any exchange bias at low temperature.
This result was further confirmed by Mössbauer spectroscopy
(Garnero, 2016).

The PS substrate was also characterized by electron
microscopy. The Figures 1b,c show the PS layer before the
NPs impregnation. The thickness of the PS layer is about 18µm.
As we can observe in the Figure 1b, the structure is composed
of primary pores oriented perpendicularly to the surface with a
size in the range of 25–30 nm and secondary smaller branches
which is typical of mesoporous silicon etched from highly
doped wafers (Garnero, 2016). It is assumed that this secondary
porosity is susceptible to bring an improved anchoring surface
for the NPs. It is noteworthy that mesoporous silicon obtained
by electrochemical etching produces non-interconnected pores
(Lehmann et al., 2000). In other words, the only direction for

FIGURE 2 | Magnetization curves recorded at 300K for NPs impregnated into

PS with (A) different durations, temperature and solvents and (B) with a

repetition of the impregnation technique (24 h in Toluene at 100◦C).

particle impregnation in each pore is from the surface toward the
PS/silicon interface.

Optimization of Pore Filling
In this paper, we investigate the impact of multiple parameters:
the temperature of the colloidal solution, the nature of the
solvent and the impregnation duration. The pore filling factor Q,
calculated from the magnetic response of the filled PS (Figure 2),
is shown in Table 1.

Impregnations were initially carried out using toluene as
solvent, keeping the impregnation duration constant at 24 h.
Increasing the temperature of the colloidal solution from 50 to
100◦C allowed improving the filling of the pores as revealed by
the higher saturation magnetization obtained. This phenomenon
can be attributed to a better diffusion of the particles along the
pores.

In order to study the influence of the solvent, we compared the
magnetic properties of the filled PS using mesitylene (previously
used during NPs synthesis) and THF, which is also a good solvent
for the colloidal dispersion of the FeCo NPs. As observed in
Figure 2A, the impregnation in toluene gave the best overall
result. The superiority of toluene compared to mesitylene could
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TABLE 1 | Summary of saturation magnetization (Ms) and pore filling factor (Q) for different experimental conditions of Figure 2.

Duration 24 h 8 h 1 week 3 × 24 h

Temperature (◦C) 50 100 100 100 100

Solvent Toluene THF Toluene Mesitylene Toluene Toluene Toluene

MS (memu) 4.9 10.8 16.2 9.8 5.8 12.6 38,9

Filling Factor Q (g/m²) 1.4 3.0 4.5 2.7 1.6 2.6 10,9

FIGURE 3 | SEM images of PS/FeCo nanocomposites observed with back-scattered electrons detector (a), and with secondary electrons detector (b).

FIGURE 4 | TEM images at different depths: near the Air/PS interface (A), at the middle of the PS layer (B), and near the PS/Si interface (C) in perspective with FeCo

at % (EDX) in-depth profile.

be explained by a lower viscosity of the former, 0.59 and 0.66
cP at 25◦C, respectively (Rumpf et al., 2013). The THF is
a good solvent for NPs dispersion and moreover, it presents
the lowest viscosity of all tested solvents (0.55 cP at 25◦C). It
shows a better impregnation performance than toluene at the

low temperature (50◦C). However, a low boiling point (66◦C)
limits the maximum temperature reachable, and consequently
the diffusion of the particles. The impregnation into the pores
was therefore reduced compared to the results obtained at 100◦C
in toluene.
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The experimental condition of solvent and temperature being
optimized, the effect of impregnation duration was studied from
8 h to 1 week. Eight hours of contact was not a sufficient
duration to fully fill the pores, as revealed by the low saturation
magnetization and the limited filling factor (Q= 1.6 g/m²). After
a 24 h impregnation, a filling factor of 4.5 g/m² was reached.
Extending further the impregnation from 24 h up to a week did
not promote a better loading (Figure S2). On the contrary, a
decrease of the Q factor was observed following a non-monotonic
trend, probably due to a dynamic process of release of the NPs
initially hanged on the PS pores back to the colloidal solution. As
a result, the best impregnation condition was obtained after an
impregnation of 24 h in toluene at 100◦C.

As it was not possible to increase the impregnation duration
without a loss of NP material, we experimented the repetition of
the impregnation procedure three times in the same porous host
sample. We observe on Figure 2B an increase of the saturation
magnetization and thus of the filling factor, after these three
consecutive impregnations. This result highlights the benefit of
the re-introduction of fresh NPs within the solution in order to
improve the PS filling.

Structural Characterization of the

Nanocomposite
SEM associated to EDX, TEM, and VSM techniques were
employed to characterize the PS impregnated under optimized
conditions. SEM images of the impregnated substrate are shown
in the Figures 3a,b. These pictures show a cross section of
impregnated PS, the white spots corresponding to FeCo NPs
(electron back-scattering). As we can see, these nanoparticles are
homogeneously dispersed along the pores. The homogeneity of
the filling was evaluated by the EDX measurements correlated
with TEM micrographs taken at different depths and presented
in the Figure 4. In the graph (Figure 4 bottom left), we estimate
the atomic percentage of iron and cobalt at different depths
from the PS surface down to the Si/PS interface. The results
show a quite good homogeneity of the NPs filling, with metal
loading from 35% near the PS surface to 15% at the interface.
A slight increase of the amount of FeCo is evidenced at the
very near surface. This phenomenon can be attributed to the
variation of PS morphology with the depth. The pores are indeed
less branched at the Si/PS interface, thus leading to lower local
specific surface area and less NP anchorage sites. The EDX
analysis was confirmed by TEM imaging at different depths (cf.
Figures 4A–C) showing a filling along the entire PS pores length.
The slight modification of the NPs shape, from cubic like to
spheroid, could be attributed to the extended oxidation induced
by the TEM sample preparation.

The magnetization curves have been obtained by VSM
measurements performed at two temperatures, 300 and
5K (Figure 5). The room temperature measurement allows
confirming the filling factor at 10.9 g/m² from the saturation
magnetization. The low temperature hysteresis curve was
recorded after a 3T field cooling procedure. At 5K, the NPs
appear to be in a blocked state, as revealed by the appearance of a
coercive field. The hysteresis loop being symmetric, no exchange

FIGURE 5 | Magnetization curves of the filled PS at 300K (blue solid line) and

5K (dashed red line).

bias was detected. One can therefore conclude that the FeCo NPs
remained purely metallic, the impregnation technique and the
adsorption into PS did not lead to the oxidation of the highly
sensitive NPs.

CONCLUSION

In this paper, we report the ex-situ impregnation of 9 nm FeCo
nanoparticles in an 18 µm-thick mesoporous silicon substrate
with a pore diameter of about 30 nm. The optimization of the
impregnation process parameters allowed defining the optimal
conditions to get the best filling factor of the pores and the
highest magnetization level. Toluene, heated up to a temperature
of 100◦C, was found to be themost suitable solvent. Furthermore,
an impregnation duration of 24 h was assessed in order to obtain
the amount of NPs in the substrate. This step can be repeated
several times with fresh colloidal solutions in order to increase the
density of nanoparticles embedded in the material. A maximum
saturation magnetization around 39 memu (135 emu/cm3) is
obtained when the impregnation is repeated 3 times with an
intermediate rinsing and drying step. We have characterized
these samples by electronmicroscopy (SEM, TEM, and EDX) and
found evidences of a high homogeneity of filling in depth. Finally,
we showed that these nanoparticles do not exhibit significant
oxidation after impregnation thus retaining their metallic nature
and magnetic properties for future applications. The next step of
this study will be to upscale these experiments on larger surfaces
in order to bring this new composite material toward industrial
applications.
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Here we report on the metal assisted chemical etching method of silicon nanowires

(SiNWs) manufacturing, where the commonly used hydrofluoric acid (HF) has been

successfully replaced with ammonium fluoride (NH4F). The mechanism of the etching

process and the effect of the pH values of H2O2: NH4F solutions on the structural

and optical properties of nanowires were studied in detail. By an impedance and

Mott-Schottky measurements it was shown that silver-assisted chemical etching of

silicon can be attributed to a facilitated charge carriers transport through Si/SiOx/Ag

interface. It was shown that the shape of nanowires changes from pyramidal to vertical

with pH decreasing. Also it was established that the length of SiNW arrays non-linearly

depends on the pH for the etching time of 10min. A strong decrease of the total

reflectance to 5–10%was shown for all the studied samples at the wavelength <800 nm,

in comparison with crystalline silicon substrate (c-Si). At the same time, the intensities of

the interband photoluminescence and the Raman scattering of SiNWs are increased

strongly in compare to c-Si value, and also they were depended on both the length and

the shape of SiNW: the biggest values were for the long pyramidal nanowires. That can

be explained by a strong light scattering and partial light localization in SiNWs. Hereby,

arrays of SiNWs, obtained by using weakly toxic ammonium fluoride, have great potential

for usage in photovoltaics, photonics, and sensorics.

Keywords: silicon nanowires, impedance, total reflectance, photoluminescence, Raman scattering

INTRODUCTION

In recent decades, the possibility of using silicon nanowires (SiNWs) in sensorics (Cui et al., 2001;
Wang and Ozkan, 2008; Cao et al., 2015; Georgobiani et al., 2018), photovoltaics (Kelzenberg et al.,
2008; Stelzner et al., 2008; Sivakov et al., 2009), photonics (Brönstrup et al., 2010), and micro-and
optoelectronics (Föll et al., 2010; Yang et al., 2010) has been shown. Nanowires are usually obtained
as a result of anisotropic growth of a 1D crystal on a nanometer scale. The first SiNWs were
fabricated via bottom-up approach by vapor-liquid-solid (VLS) method with different noble metals
(mostly gold) as catalyst (Wagner and Ellis, 1964). Metal-assisted chemical etching (MACE) of
silicon was observed for the first time in the 1990s, when a cleaning solution HF-H2O2-H2O
was used to remove metal impurities from the silicon substrate (c-Si) (Morinaga et al., 1995).
Then this method was adapted for luminescent porous silicon formation (Gorostiza et al., 1999;
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FIGURE 1 | (A,C,E,G,I) SEM micrographs of SiNWs with different pH of H2O2:NH4F (view from above); (B,D,F,H,J) SEM cross-sectional micrographs of SiNWs with

different pH of H2O2:NH4F.
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Li and Bohn, 2000; Chattopadhyay et al., 2002). In 2002, Peng
et al for the first time adapted it for high aspect ratio SiNWs
fabrication and systematically investigated the mechanism and
further develop it into a new mciro/nanofabrication method
(Peng et al., 2002, 2006, 2008). Also MACE method of
SiNWs fabrication was systematically investigated in Nahidi
and Kolasinski (2006), Sivakov et al. (2010), Bai et al. (2012),
and Dawood et al. (2012). Usually in MACE such catalysts, as
nanoparticles of Au (Li and Bohn, 2000; Dawood et al., 2012), Ag
(Sivakov et al., 2010), or Pt (Li and Bohn, 2000; Chattopadhyay
et al., 2002) and such oxidizing agents as H2O2 (Li and Bohn,
2000; Sivakov et al., 2010; Dawood et al., 2012), KMnO4 (Bai
et al., 2012; Jiang et al., 2017), or Fe(NO3)3 (Nahidi and
Kolasinski, 2006), are used in the process. SiNWs, which were
fabricated by a standard MACE procedure, are found to possess
such optical properties as extremely low total reflection (Gonchar
et al., 2012), enhancement of Raman scattering and interband
photoluminescence (PL) (Gonchar et al., 2014). However, HF,
that is surely used in the MACE, is toxic and dangerous, and may
also lead to hypocalcemia and hypomagnesemia (Bertolini, 1992).
Therefore, it is very important, with a view to the future large-
scale production of SiNWs, to study the possibilities of modifying
the MACE method using safer and less toxic chemicals.

It is well-known that aqueous solutions of ammoniumfluoride
(NH4F) can be used to dissolve SiO2, and the etching rate
depends on the concentration of NH4F and the pH of the
solutions (Judge, 1971). Thus, NH4F is shown can be used as
an alternative to HF in the method of electrochemical etching in
the manufacture of porous silicon, and the structural properties
of the resulting porous silicon depend on the pH of the NH4F
solution used: at pH = 4.5 a pebble-like surface was formed, and
at lower PH a nanoporous silicon layers were formed (Dittrich
et al., 1995). Recently, the possibility of using NH4F in theMACE
process has been also shown, and optical properties of SiNW,
formed using NH4F, differed little from nanowires formed by

FIGURE 2 | The dependence of the length of SiNWs with different pH value of

H2O2:NH4F.

standard MACE technology with HF (Gonchar et al., 2016).
However, the mechanism of the etching process and the influence
of the pH of the etching solution on the structural and optical
properties of SiNW remain open.

In this work, the etching process mechanism and the effect
of pH values of H2O2:NH4F solutions on the structural and
optical properties of SiNWs were studied using impedance
measurements and Mott-Schottky analysis, as well as total
reflectance, interband photoluminescence and Raman scattering
intensities measurements.

METHODS

The samples of SiNWs were produced by MACE of (100)-
oriented p-type c-Si wafer with resistivity of 10–20 �•cm. HF
was replacement on NH4F in all reactions. The PH value was

FIGURE 3 | (A) Impedance spectra of p-doped silicon in ∼5M NH4F/1M

H2SO4 electrolyte containing 30% of H2O2. (B) impedance spectra for

different interfaces and pH.
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controlled by PH indicator. Prior to the MACE procedure, c-Si
wafers were rinsed in 2%HF solution for 1min to remove a native
silicon oxide. In the first stage of MACE process, c-Si wafers
were placed in the aqueous solution of 0.02M of silver nitrate
(AgNO3) and 5M of NH4F in the volume ratio of 1:1 for 30 s and
a thin (∼100 nm) layers of Ag nanoparticles were deposited on
the surface of the wafers. In the second stage, c-Si wafers with Ag
nanoparticles were placed in the etching solution containing 5M
of NH4F and 30% H2O2 in the volume ratio of 10:1 for 10min.
The PH value of the NH4F aqueous solution was changed by
adding of H2SO4 droplets and varied in the range from 1 to 5. All
the etching stages were carried out at room temperature. After the
etching process all the samples were rinsed in de-ionized water
and dried at room temperature. The main etching reaction the
same that was described in Zhang et al. (2008):

Si+H2O2 + 6F− + 4H+ = SiF2−6 + 4H2O, (1)

however in our case the ions of F− and H+ were obtained not
from the dissociation of HF as in standard MACE procedure,
but from the dissociation of NH4F and H2SO4. Ag nanoparticles
played the role of catalysts for the etching process. The removal
of Ag nanoparticals from SiNW arrays was performed by
immersing in concentrated (65%) nitric acid (HNO3) for 15min.

The structures of SiNWs were studied by a scanning electron
microscope (SEM) of Carl Zeiss SUPRA 40 FE-SEM. Impedance
spectra and Mott-Schottky measurements were performed using
Solartron 1287 electrochemical interface and Solartron 1255B
frequency response analyzer. All the measurements were carried
out in three-electrode teflon cell using Ag/AgCl reference
electrode joined through polypropylene Luggin capillary. The
total reflectance (which includes both diffuse and specular
components) spectra at the wavelength from 250 to 850 nm
were studied with an integrating sphere on a Perkin Elmer
spectrometer Lambda 950. The interband PL and Raman spectra
were measured in a back scattering geometry with a Fourier-
transform infrared (FTIR) spectrometer of Bruker IFS 66v/S
equipped with a FRA-106 unit. Excitation was carried out by cw
Nd:YAG laser at the wavelength 1.064µm (excitation intensity
was 100 mW and spot size was 2mm). All experiments were
carried out in air at room temperature.

TABLE 1 | Open circuit potential (OCP) and flat band potential for different

interfaces and pH.

Sample Open circuit potential, V Flat band potential, V

Si_pH = 0–1 −0.17 −0.26

Si_pH = 2–3 −0.25 −0.34

Si_pH = 4–5 −0.34 −0.46

Si_pH = 6–7 −0.55 −0.75

Si/Ag_pH = 0–1 −0.14 −0.32

Si/Ag_pH = 2–3 −0.30 −0.38

Si/Ag_pH = 4–5 −0.33 −0.39

Si/Ag_pH = 6–7 −0.42 −0.50

RESULTS AND DISCUSSION

Typical SEM microphotographs of SiNW layers, which were
obtained by using different pH of the etching solution
H2O2:NH4F are presented in Figure 1. Note, that for pH = 6
or 7 the etching rate was very slow and the optical properties
of SiNWs are slightly different from c-Si substrate. It is seen
from the Figure 1, that the shape of SiNW is changing from
vertical cylinders to pyramidal like structures with pH increasing.
Figure 2 presented the dependence of the length of SiNWs from
the pH value. The length of SiNW is maximum at pH = 2
and then decreases with increasing pH. SiNW porosity was
calculated by using Bruggeman model (Bruggeman, 1935) and
was approximately 50–60% for all samples.

Impedance spectra of p-doped silicon in 5M NH4F/1M
H2SO4 electrolyte containing 30% of H2O2 illustrate two
semicircles with series resistance close to zero (Figure 3A).
Thus, an equivalent circuit for the cell can be represented
by parallel RC circuits connected in series. Applying positive
bias vs. open circuit potential (OCP) leads to a first element
resistivity decrease while increasing the radius of the second
semicircle. Applying negative potential leads to first semicircle
radius growth. As soon as Warburg resistance can be considered
negligible in concentrated NH4F/H2SO4 solution, the presence
of the second semicircle can be referred to an electric double
layer with non-equilibrium silicon oxide formed at the surface

FIGURE 4 | Mott-Schottky measurements at 1,000Hz.
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of Si electrode. Resistivity of SiOx layer predictably increases
with shifting to positive potentials vs. Ag/AgCl reference due
to growing layer thickness. As soon as first semicircle appear at
higher frequencies (typically >1,000Hz) it can only correspond
to the processes at Si/SiOx interface. This parallel RC element can
be ascribed to the accumulation layer in Si resulting in downward
bending of the valence and the conduction bands. Decreasing the
radius of this semicircle with shifting to positive potentials is than
well-explained by band flattening in p-doped silicon.

Notably both the SiOx layer thickness and electrolyte potential
are strongly affected by pH. With increasing pH of electrolyte
OCP of the cell decreases reducing silicon oxidation rate
(Figure 3B, Table 1). However, the radius of the second RC
elements grows due to lower dissolution rate of silicon dioxide
resulting in higher capacitance of the layer (Figure 3B).

Addition of silver particles to the system introduces a
number of changes to the impedance spectra. First, Z” at
high frequencies strongly decreases implying lowering of the
capacitance at Si/SiOx interface. Secondly, the radius of the
second semicircle greatly increases indicating larger thickness
of SiOx layer. These effects are associated with inhomogeneous
nature of Ag/Si electrodes where both silver coated and
uncoated regions contribute the impedance spectra. Probably
Si/SiOx/Ag/Ag2O/H2O2 electrochemical chain provides smaller
barrier as compared to direct electric double layer contact
Si/SiOx/H2O2. However, in case of low frequencies the depletion
of charge carriers from Ag/Si results in limitation of carrier
transport and SiOx layer capacitance growth.

To determine flat band potentials of p-doped Si and Ag/Si
electrodes Mott-Schottky measurements were performed at
1,000Hz. The choice of the frequency was dictated by the
necessity to attain depletion of the charge carriers while avoiding
diffusion limitations. Resulting plots for different pH of etching
solutions and derived flat band potential values are summarized

FIGURE 5 | Total reflectance spectra of SiNWs with different pH of

H2O2:NH4F; inset shows the dependence of total reflection of SiNWs from the

pH value of H2O2:NH4F.

in Figure 4 and Table 1. One can see, the flat band potentials
being pH dependent in case of etching of p-doped silicon
converge into closely the same value in case of Ag/Si. On the other
hand, OCP values stay very close in both p-Si andAg/Si, with only
small shift of OCP in case of Ag/Si. This effect corresponds well
to smaller band bending and smaller capacitance of the interface
layers. Thus, silver assisted chemical etching of silicon can be
ascribed to facilitated transport through Si/SiOx/Ag interface.

Total reflectance spectra of SiNW layers are presented in
Figure 5. All samples exhibit a strong decrease of the total
reflectance to 5–10% at the wavelength <850 nm in comparison
to c-Si substrate (50%). At pH >3, the total reflection spectra of
nanowires have a very similar form with c-Si, since for a weak
submicron length SiNW, the c-Si substrate has a significant effect
on the reflection value. Also in this case, reflection peaks appear
at 280 and 370 nm, which are associated with the c-Si direct band
gap. Low total reflection of SiNW layers can be explained by the

FIGURE 6 | (A) Spectra of interband PL and Raman scattering of c-Si

substrate and SiNWs with different pH of H2O2:NH4F, inset shows Raman

scattering peaks of c-Si substrate and SiNWs with different pH of H2O2:NH4F.

(B) The dependence of intensities of Raman scattering and interband PL of

SiNWs from the pH value of H2O2:NH4F.
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strong scattering and absorption of light in the visible region of
the spectrum, which can lead to a partial localization of light in
nanowires (Gonchar et al., 2012).The inset in Figure 5 shown the
dependence of the total reflection of SiNWs at 500 nm from the
pH value of H2O2:NH4F. It is seen that for this wavelength, all
samples have the same low values of the total reflectance (5–10%).

The spectra of interband PL (broad peak) and Raman
scattering (sharp peak at 520 cm−1) of the c-Si substrate and
a number of SiNW grown at different pH values are shown in
Figure 6A. The inset in Figure 6A shows a close view of the
Raman scattering peaks. SiNW’s diameter is about 50–200 nm
and far from the quantum confinement regime. That’s why peaks
and shapes of the interband PL and Raman scattering for all
samples are similar to c-Si. At the same time the intensities of
interband PL and Raman scattering for SiNWs increase strongly
as opposed to corresponding value for c-Si. This effect can be
explained by the light localization in such inhomogeneous optical
medium as SiNW layers (Gonchar et al., 2014).

Figure 6B shows the calculated from Figure 6A dependence
of SiNW’s Raman scattering and interband PL intensities from
the pH value. The signal intensity of the samples here was
normalized to the signal intensity of c-Si substrate (dash line).
Thus, the intensity of Raman scattering and interband PL
increases by 3–5 times and 3 times, respectively, for all SiNWs
layers in comparison with c-Si. Let’s remember, that the shape
and length of SiNWs is changed with the increasing of pH value
of H2O2:NH4F: the length is decrease and the shape is changing
from vertical cilinders to pyramidal like structures (see Figure 1.
Based on this, we can conclude that the intensity of Raman
scattering and interband PL depends not only on the length of
SiNW, but also on their shape.

CONCLUSION

The structural and optical properties of SiNWs, prepared by the
metal assisted chemical etching method, where the commonly
used hydrofluoric acid (HF) has been successfully replaced with
ammonium fluoride (NH4F), and their dependence from the pH
of the etching H2O2:NH4F solutions were studied in detail for

the first time. It is shown that as the pH of H2O2:NH4F decrease,
the shape of the nanowires changes from pyramidal to vertical.
The length of SiNW arrays demonstrated non-linearly pH
dependence. By impedance and Mott-Schottky measurements
it was shown that the SiOx layer thickness and electrolyte
potential are strongly affected by pH. With increasing pH of
electrolyte OCP of the cell decreases reducing silicon oxidation
rate. Silver assisted chemical etching of silicon can be ascribed to
facilitated charge carriers transport through Si/SiOx/Ag interface.
All samples exhibit a strong decrease of the total reflectance to 5–
10% at the wavelength <800 nm in comparison to c-Si substrate.
Also the intensities of interband PL and Raman scattering for
SiNWs increase strongly as opposed to corresponding value for
c-Si, but depends both from the length and the shape of SiNWs:
they were larger for long pyramidal nanowires. This effect can be
explained by the light localization in such inhomogeneous optical
medium as SiNW layers Thus, SiNW,manufactured using weakly
toxic NH4F, have great potential for applications in the field of
photovoltaics, photonics, and sensorics.
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Metal-assisted catalytic etching (MACE) using Ag nanoparticles as catalysts and H2O2

as oxidant has been performed on single-crystal Si wafers, single-crystal electronics

grade Si powders, and polycrystalline metallurgical grade Si powders. The temperature

dependence of the etch kinetics has been measured over the range 5–37◦C. Etching is

found to proceed preferentially in a 〈001〉 direction with an activation energy of ∼0.4 eV

on substrates with (001), (110), and (111) orientations. A quantitative model to explain

the preference for etching in the 〈001〉 direction is developed and found to be consistent

with the measured activation energies. Etching of metallurgical grade powders produces

particles, the surfaces of which are covered primarily with porous silicon (por-Si) in the

form of interconnected ridges. Silicon nanowires (SiNW) and bundles of SiNW can be

harvested from these porous particles by ultrasonic agitation. Analysis of the forces

acting between the metal nanoparticle catalyst and the Si particle demonstrates that

strongly attractive electrostatic and van der Waals interactions ensure that the metal

nanoparticles remain in intimate contact with the Si particles throughout the etch process.

These attractive forces draw the catalyst toward the interior of the particle and explain

why the powder particles are etched equivalently on all the exposed faces.

Keywords: porous silicon, silicon nanowires, metallurgical grade silicon, etching, metal assisted catalytic etching,

MACE, porous powder

INTRODUCTION

Silicon is poised to extend its range of application from primarily electronics and photovoltaics
into drug delivery and energy storage. Nanostructured silicon has attracted significant interest for
targeted delivery of multiple compounds in a theranostic setting (Salonen et al., 2008; Santos et al.,
2011; Santos and Hirvonen, 2012). Porous silicon (por-Si) particles have been studied intensively
for sustained release of drugs and used successfully to carry a wide variety of payloads from
small-molecule drugs to therapeutic biomolecules, such as peptides, siRNA and DNA (Kaukonen
et al., 2007; Anglin et al., 2008; Kilpeläinen et al., 2009; Ashley et al., 2011) as well as genes (Wareing
et al., 2017). Nanostructured Si plays an increasingly important role in energy conversion and
storage devices (Aricò et al., 2005; Kamat, 2007; Hochbaum and Yang, 2010; Micheli et al., 2013;
Han et al., 2014; Mai et al., 2014).

Silicon nanowires (SiNW), and methods to produce them in industrial scale bulk quantities,
are of particular interest in the realm of rechargeable lithium ion batteries (LIB). LIB have for all
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practical purposes reached the theoretical capacity of
372mA h g−1 with respect to their graphitic anodes (Lee
et al., 2016). Silicon has the greatest specific capacity (3,579mA
h g−1) among elements that alloy with lithium; thus, it is
particularly attractive for advanced battery designs (Kasavajjula
et al., 2007; Bruce et al., 2008; Mai et al., 2014; Lee et al., 2016) and
its introduction into commercial batteries has begun (Blomgren,
2017). However, the nearly 400% volume expansion of Si upon
full lithiation destroys bulk Si anodes. Nanostructuring of Si
anodes can alleviate pulverization, which increases dramatically
the reversibility of lithiation/delithiation cycles (Aricò et al.,
2005; Shin et al., 2005; Kang et al., 2008; Kim et al., 2008;
Leisner et al., 2010; Han et al., 2014). Silicon pillars (as SiNW
are sometimes referred to in this field) are of particular interest
for LIBs (Chan et al., 2008; Armstrong et al., 2014) because
crystalline pillars with a cross section below 150 nm (Liu
et al., 2012) and amorphous pillars with a cross section below
870 nm (McSweeney et al., 2015) retain their structural integrity
upon cycling. The cycling behavior of SiNW is improved by
porosification (McSweeney et al., 2015).

The crystallinity, and whether preferential crystallographic
orientation of SiNW can be controlled, is not merely of academic
interest, but is also potentially important for applications.
Swelling of Si upon lithiation is strongly dependent on
crystallographic orientation (Lee et al., 2011), expanding
preferentially in the 〈110〉 directions (Liu et al., 2012). Thus,
SiNW with sidewalls terminated by {110} planes will be
particularly well-suited to lithiation/delithiation cycling with
favorable kinetics and limited pulverization. SiNW with selected
orientation along their long axis may be of interest for electronic
devices since a significant enhancement of hole and electron
mobilities was observed in 〈110〉-oriented SiNW compared to
〈001〉-oriented SiNWs with comparable diameters (Huang et al.,
2009).

Metal-assisted catalytic etching (MACE) is a widely-used
(Li, 2012; Han et al., 2014) method to produce either por-
Si or SiNW. MACE takes advantage of the inherently faster
kinetics of electron transfer at electrolyte/metal interfaces
compared to semiconductor interfaces to catalyze etching of
a semiconductor in the vicinity of a metal nanoparticle or
patterned metal film deposited on the semiconductor surface (Li,
2012). Both local and remote etching can take place depending
on reaction conditions (Chartier et al., 2008; Chiappini et al.,
2010). Many aspects of the mechanism of catalysis remain
unresolved because of uncertainties in the electronic structure
of the metal/semiconductor interface and its role in electron
transfer (Kolasinski, 2014, 2016). The vertical direction and its
relationship to crystallographic axes are defined readily during
the etching of flat single-crystal wafers. However, when etching
powders, there is no obvious vertical direction because the
particles not only exhibit roughness and irregularity of shape,
but also they may be polycrystalline. A question that arises
naturally is whether this difference will cause any differences in
the structures that are etched in powders relative to wafers.

Pore formation by anodic etching is known to exhibit
some degree of crystallographic preference. As demonstrated by
Föll et al. (2002) a variety of pore geometries are accessible.

Key parameters for determining the pore morphology are the
electrolyte type, e.g., whether it is aqueous vs. organic or possibly
oxidizing, the HF concentration, doping level and type, and
in some cases the illumination state (front side vs. back side).
With macropores on n-type Si formed in an aqueous electrolyte
with backside illumination, pores grow exclusively in 〈001〉

directions and (occasionally, if all available 〈001〉 directions
are inclined steeply) in 〈113〉 directions. Their morphology is
always describable as a main pore in one of these two directions
and side pores or branches in some of the others. Mesopores
with diameters 10 nm ≤ d ≤ 50 nm grow in 〈001〉 directions
and branch at right angles to these into other 〈001〉 directions.
However, at high current densities the geometrical shape of the
pore walls is lost while the direction of the pore axis is still along
a 〈001〉 direction.

The crystallographic orientations of etch track pores and
SiNW produced by MACE were originally thought to be
determined solely by the substrate crystallography (Peng et al.,
2005). However, the dependence is more complex (Peng et al.,
2008), and reports of the crystallographic dependence of MACE
are often contradictory, perhaps because analysis by cross-
sectional scanning electron microscopy (SEM) is difficult to
interpret unambiguously with regard to directionality unless
cross sectional cleavages are made in more than one known
direction. Whereas etching on Si(001) wafers, even on wafers
with significant miscut angles (Ma et al., 2013), is reported to
proceed along 〈001〉 directions (Peng et al., 2007) even when
the temperature is varied from 0–50◦C (Cheng et al., 2008), the
results on wafers of other orientations are much more varied.

It was initially reported (Huang et al., 2009) that [110]-
oriented SiNW could not be obtained by electroless deposition
of Ag on a Si(110) wafer, and that only a Ag film with a
lithographically defined mesh of openings could be used to form
[110]-oriented SiNW. This was later reported not to be the case
(Huang et al., 2010). Nonetheless, a metal film with holes always
preferentially catalyzes etching along the vertical direction of a
wafer (more accurately normal to the wafer surface) even on
Si(113) (Peng et al., 2007) and polycrystalline wafers (Toor et al.,
2016b).

The concentration of the oxidant was shown by Huang et al.
(2010) to be an important factor affecting the etching direction
on non-(001) oriented substrates, e.g., both (111) and (110).
On (110) substrates at low oxidation concentrations, etching
along an inclined 〈001〉 direction was found. However, the
preferred etching direction is along the normal [110] direction
for high oxidant concentration. In metal-assisted anodic etching,
the current density can be controlled to affect the same change
in preferred etch direction, which facilitates the formation of
zigzag orientation-modulated pores. Similar results were found
for (111) substrates, which etch along the normal [111] direction
at high concentration but along the 〈001〉 directions for low
concentration regardless of whether the etchant is H2O2 or
Fe(NO3)3.

The opposite behavior has been reported for Ag-catalyzed
etching of Si(111) in H2O2 + HF. Pei et al. (2017) found
that [111]-oriented nanowires are observed for 20mM
H2O2 but [001]-oriented SiNWs are formed at 400mM
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H2O2. Ghosh and Giri (2016) similarly reported that the
etch direction changed from the vertical 〈111〉 direction to
slanted and eventually to wavy as H2O2 concentration is
increased.

Temperature is also reported to be an important factor,
increasing the rate of etching with an activation energy estimated
to be 0.36 eV (Cheng et al., 2008) as well as affecting the direction
of etching on non-(001) wafers. On Si(111) Pei et al. (2017)
reported that [111]–directed etching is favored by low T and
[001]-directed etching by high T. The higher the concentration of
H2O2, the lower the transition temperature from [111] to [001].
On the other hand, Bai et al. (2013) reported that for etching
of Si(111) with AgNO3 + HF solution, the etch direction could
be switched from 〈112〉 at 10◦C to 〈113〉 at 20◦C to 〈111〉 above
30◦C.

Below we investigate the etch direction on three types of
substrates: flat single crystal wafers, single-crystal wafers textured
with crystallographically-defined macropores, and silicon
powder (both polycrystalline metallurgical grade and single-
crystal wafer reclaim). Crystallographically-defined macropores
are produced by methods that have been described previously
(Mills and Kolasinski, 2005; Dudley and Kolasinski, 2008). These
samples allow us to prepare bulk single-crystals that present
simultaneously several well-defined surfaces with different
orientations. Here we report on the crystallographic dependence
of MACE and develop a model that addresses quantitatively
aspects of this dependence. With the aid of this model, and
analysis of the forces acting between the metal nanoparticle and
the silicon substrate, we explain why the etching of powders
can lead to similar etch-track-pore structures as those found on
wafers.

EXPERIMENTAL

Laser Ablation and Macropore Formation
Si wafers (University Wafers: Si(001) prime grade, 0–100� cm,
B doped, p type; Si(110) prime grade 1–10� cm, B doped, p
type; Si(111) mechanical grade, unspecified doping) with 500µm
thickness were ablated using a Spectra-Physics Quanta Ray INDI-
HG-205 Nd:YAG laser producing radiation with 355 nm or
532 nm wavelengths, 6 ns pulsewidths, and 115–175 mJ pulse
energies. Adjacent stripes (1.25–2.5mm spacing) were irradiated
along the Si wafers by translating the ablation stage with 0.04–
0.16mm s−1 scan rate. The beam was focused softly by placing
the sample ∼30–35 cm in front of the focal point of a f = 50 cm
lens. The pressure of 5% SF6 in N2 (Praxair) was maintained
in the range of 1–10 kPa in the ablation chamber. Pure N2 or
Ar can also be used, though these tend to make blunter pillars
and less well-defined macropores. Prior to ablation, Si wafers
were cleaned by sonication for 5min in acetone and 5min in
ethanol. After ablation, wafers were etched chemically to form
crystallographically-defined macropores by immersion for 100–
140 s in 40% KOH(aq) solution held at 80◦C (VWR ACS reagent
grade). After chemical etching, samples are rinsed in 0.2M
HCl (Fisher ACS certified), deionized (DI) H2O, and ethanol
(Pharmco-Aaper anhydrous ACS/USP grade), then dried with a
stream of Ar.

Metal Assisted Catalytic Etching of Wafers
MACE was performed with Ag nanoparticles deposited at a low
enough density that they should be able to etch as individual
particles, rather than as a continuous film. Wafers were placed
in 4mL HF (Acros Organics 49% ACS reagent) in separate
containers. To the wafers was added a separate solution of 3
drops 50.4mM AgNO3 (Fisher ACS reagent), 2mL concentrated
acetic acid (Fisher ACS reagent), and 2mL deionized (DI) H2O.
After 10min, the wafers were transferred to a mixture of 5mL
concentrated HF, 2mL acetic acid, and 3mL DI H2O. To this
container was added a solution of 0.2mL 35% H2O2 (Acros
Organics 35% ACS reagent), 2.5mL conc. HF, and 2.5mL DI
H2O. The wafers were etched for 4min, rinsed in DI H2O and
ethanol, and dried with Ar. The etchant is 0.15M H2O2.

Metal Assisted Catalytic Etching of
Powders
Etching of powders is performed using either polycrystalline
metallurgical-grade particles from Elkem Silicon Materials or
unpolished single crystal reclaimed wafer chunks from Dow
Chemical. H2O2, HNO3, FeCl3•6H2O, Fe(NO3)3, and V2O5

have all been used as the oxidant but all kinetics data were
obtained using H2O2. Addition of oxidant can either be made all
at the beginning of the etch cycle or at a steady rate with a syringe
pump. Just as in regenerative electroless etching (ReEtching)
(Kolasinski et al., 2017), addition of oxidant with a syringe pump
leads to amore controlled etching process with improved thermal
management, a steadier rate of etching, improved yield, and
most importantly independent control of the rate and extent of
etching (Kolasinski et al., 2018). To ∼0.1 g Si is added 17.5mL
concentrated HF, 10mL DI H2O, 2.5mL acetic acid, and 20mL
0.06M AgNO3. After 10min the contents are decanted and
17.5mL concentrated HF, 18mL DI H2O, and 12.5mL Fe(NO3)3
are added to the Si. After 1–2min of etching, 2mL 0.06MAgNO3

is added. The Si etches for 15min with stirring, and the contents
are decanted. A 1:1 mixture of HNO3 (Fisher ACS reagent) and
H2O is used to dissolve Ag. The Si is rinsed with DI water and
pentane (Alfa Aesar environmental grade 98+%), then dried in
an evacuated desiccator.

A different etch procedure, performed at 0◦C with slow
addition of metal catalyst and oxidant, produces por-Si/SiNWs
of different quality. This method allows for control of porous film
morphology by varying the concentration of oxidant injected. To
0.1 g Si is added 17.5mL conc. HF, 10mL DI H2O, 2.5mL acetic
acid, and 20mL 0.06M AgNO3. The AgNO3 is added over the
course of 8min, but nucleation occurs for an additional 6min
before the contents are decanted. To the Si is added 30mL DI
H2O and 17.5mL concentrated HF. About 0.65mL 6% H2O2 is
injected into the solution over 16min, and an additional 2mL
0.06M AgNO3 is added slowly to the container after about 5min
etching time. The contents are decanted, and the Si is rinsed with
a 1:1 mixture of HNO3 and H2O as well as 0.2M HCl, DI water
and pentane. The Si is dried in an evacuated desiccator.

Electron Microscopy Sample Preparation
Microstructural data were collected using a combination of
advanced electron microscopy techniques. Secondary electron
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FIGURE 1 | (a) SE SEM micrograph showing a typical metallurgical grade powder particle after MACE. Etch track pores form structures in domains with different axial

directions. Particles are porosified to expose several different morphologies. (b) SE SEM micrograph showing a typical single-crystal electronics grade powder particle

after MACE. Domain sizes are much greater and the angle of the etching axis deviates less from the local normal than observed for metallurgical grade Si.

(SE) SEM images were acquired from MAC-etched shards of
metallurgical and single-crystal electronics grade Si using an FEI
Verios 460L SEM operating at an accelerating voltage of 2 kV.
MAC-etched Si wafers were examined in an FEI Teneo LVSEM
using an accelerating voltage of 5 kV. SE SEM images were
acquired from cleaved samples to reveal the macropore geometry
in cross-section. Cross-sectional TEM samples were produced
from the MAC-etched silicon wafers using focused ion beam
(FIB) techniques in an FEI Helios NanoLab 460F1 dual-beam
FIB-SEM. TEM lamellae were prepared from the macropore by
depositing a Pt layer in-situ to protect the near-surface region
during Ga+ ion milling. Parallel trenches were then milled on
either side of the Pt strap to define a pre-thinned lamella. The
lamella was then transferred to a Cu Omni grid using a micro-
manipulator needle; final thinning was performed at 30 kV.
The FIB lift-outs were then analyzed in an FEI Talos F200X
scanning transmission electron microscopy (STEM) operating at
an accelerating voltage of 200 kV.

RESULTS

Etching of Powders
MACE has been performed on Si powder, for which there
is no unique upward, vertical or normal direction. As shown
in Figure 1, domains of etch-track pores form that tend to
point in the same direction within local domains. Some regions
have the appearance of nanowires or blade-like ridges whereas
other regions maintain the original flatness of the particle and
etch porous regions with interconnected pore walls. Single-
crystal powder particles tend to exhibit a single domain on each
particle face with the axis of the etch track pores along a single
direction. This can also occur on polycrystalline powder particles,
particularly smaller ones. More typically, polycrystalline particles
exhibit domains with etch axes that point in multiple directions
with respect to the local surface normal. In some cases, structures
on the same metallurgical-grade particle face can even be
perpendicular to one another. The pores often exhibit a wavy
character on single-crystal particles and are usually straighter on
polycrystalline particles.

It has long been known that porous silicon films can
be pulverized to form microparticles (Heinrich et al., 1992).
Similarly it is known that capillary forces acting either during
etching or drying (Campbell et al., 1995; Bellet and Canham,
1998) can change the structure of highly porous films. MAC-
etched porosified particles are no different in this respect to
MAC-etched porosified wafers. The ridge-like structures can be
harvested from MAC-etched Si particles to produce individual
SiNW and bundles of SiNW with lengths of several or even tens
of micrometers.

Etching of Macropores
As previously reported (Mills et al., 2005; Dudley and Kolasinski,
2008), anisotropic KOH etching of laser ablation pillars leads to
the formation of rectangular macropores on Si(001) substrates.
On Si(111) substrates, macropores are initially hexagonal
then progressively become triangular in shape. These results
are confirmed in Figures 2A,C. Here we show, Figure 2B,
that in addition parallelepiped macropores are formed when
laser ablation pillars formed on Si(110) substrates are etched
anisotropically.

The macropores represent single-crystal substrates with
well-defined bulk orientations that also exhibit a variety of
surface facets with well-defined but nonetheless very different
orientations from the bulk orientation, as shown in the cross-
sectional images in Figures 2D–F. Performing MACE on these
substrates allows us to consider the influence of bulk orientation,
surface orientation and, thus, whether etching along a local
surface normal is different from etching along the normal to the
macroscopic wafer surface. Figure 2 demonstrates that most if
not all exposed facets are porosified by the formation of etch track
pores.

MAC-etched macropores in substrates with all three
orientations were cross-sectioned by FIB to form electron-
transparent specimens suitable for imaging with STEM. Three
representative high-angle annular dark-field (HAADF) STEM
images are displayed in Figure 3. For all three substrates the
primary direction of etching is found along the 〈001〉 directions,
with relatively few turns observed and only the occasional
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FIGURE 2 | SE SEM micrographs of macropores on Si substrates that have been subjected to Ag-catalyzed metal assisted etching in H2O2 + HF solution. (A–C)

Plan view micrographs of: (A) rectangular macropores on Si(001), (B) parallelepiped macropores on Si(110), and (C) triangular macropores on Si(111). (D–F)

cross-sections of pores in the samples shown in (A–C), respectively.

isolated meandering etch track. In each case, there are Ag
nanoparticles found at the end of some of the etch track pores
in these specimens. The Ag nanoparticles appear bright due to
strong Z contrast in the HAADF images. We note that these
nanoparticles were observed far more frequently than one would
expect based upon random sampling of the etch track structure.
The proximity of the Ag nanoparticles to one another is clear
evidence that the MAC etching must involve some co-operative
process.

In-depth analysis of the microstructure of MAC-etched wafers
and particles will be presented elsewhere. Here we concentrate on
the crystallographic dependence of the etch track pores. We note
also that SEM images of MAC-etched wafers and particles often
look as though SiNWs have been formed. Indeed, often a few
SiNWs are observed at the edges of etched domains. However,

these SiNWs are most likely the result of cleavage caused either
by H2 bubble formation or during drying. The analysis of FIB
cross sections reveals that the MAC-etched film is comprised
predominantly of pores with interconnected walls rather than
free-standing nanowires.

Temperature Dependence of Etch Rate
If the oxidant concentration remains constant during etching, we
expect the etch depth to increase linearly in time, an observation
that has been confirmed experimentally (Ghosh and Giri, 2016;
Toor et al., 2016a). If we assume Arrhenius behavior and that
the kinetic order is independent of temperature, the etch rate
is given by the depth along the etch direction divided by time,
and a plot of the etch rate vs. inverse temperature should yield
a straight line as long as the concentration of the oxidant is
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FIGURE 3 | HAADF STEM images of FIB-cut cross-sections taken from the walls of macropores on Si substrates that had been subjected to Ag-catalyzed metal

assisted etching in H2O2 + HF solution: (A) Si(001), (B) Si(110), (C) Si(111).

essentially invariant during the etch (as it is for wafer etching, but
not necessarily for high-surface area powder etching). The results
are shown in Figure 4 and the expected linear behavior indicative
of an activation energy Ea = −kB

(

slope
)

is observed.
One measure of the uncertainty in the etch rate is obtained

by averaging multiple measurements of the depth across
the wafer as obtained from cross sectional SEM images.
Generally this variance is less than the sample-to-sample variance
between experiments run under identical conditions; hence,
the reported experimental uncertainty likely underestimates the
true uncertainty. Because etching is found to occur along 〈001〉

directions for all substrate orientations, one might expect the
activation energy to be similar on each substrate orientation. The
activation energy is found to be 0.44± 0.05 eV on Si(001), 0.34±
0.09 eV on Si(110), and 0.35± 0.05 eV on Si(111). The measured
activation energies are insignificantly different on Si(110) and
Si(111), but the larger value for Si(001) is on the border of
statistically significance. Therefore, it appears that vertical as
opposed to angled etching makes little, if any, difference to the
mechanism of etching. These results are within the experimental
uncertainty of the previously reported value of Ea = 0.36 eV
(Cheng et al., 2008) for Si(001). The experimentally-determined
activation energy is also similar in magnitude to the estimate of
the etch energy of 0.31 eV from the model that will be developed
below.

DISCUSSION

Modeling of Forces Between the Ag
Nanoparticle and the Si Substrate
Figure 5 depicts schematically the chemical events that are
occurring during MACE. H2O2 undergoes an electrochemical
half-reaction that removes electrons from the Ag nanoparticle,

H2O2 + 2H+ + 2e− → 2H2O,

E
◦

298 K = 1.776 V, 1G
◦

298 K = −342.7 kJ mol−1. (1)

A hole injected into a Ag nanoparticle of side length l is more
stable in the nanoparticle than at either the interface or in the

Si. There is a barrier (Kolasinski, 2014) to electron transfer from
Ag to Si, and tunneling through this Schottky barrier has been
implicated as the primary means of charge transfer between
the metal and Si (Rezvani et al., 2016). Therefore, a steady-
state electron imbalance builds up in the Ag nanoparticle. This
effective positive charge is offset by the adsorption of anions such
as F−, which leads to an overall negative charge on the metal
catalyst, as demanded by the negative voltage measured during
etching by Rezvani et al. (2016).

Electrostatic Force

The charge imbalance on the Ag catalyst is modeled as a negative
charge –q at the center of the cubic nanoparticle. The charge
polarizes the Si beneath it. The polarization is modeled as an
image charge+qb located a distance 0.5 l below the nanoparticle.
The charges are related to one another by a ratio involving the
susceptibility of Si (Griffiths, 1981),

qb =
χe

χe + 2
q. (2)

The susceptibility of Si is 10.9, thus qb = 0.845 q. It has
been shown (Kolasinski et al., 2015) that the primary means of
Si etching is a valence 2 process for catalysis by Ag and Au.
That is, the primary means of Si atom removal is porous Si
formation. Therefore, the effective voltage associated with the
charge imbalance on the Ag nanoparticle must have a magnitude
<2V, otherwise the etching would switch to electropolishing,
a valence 4 process. This sets an upper bound on the net
charge q on the nanoparticle that is consistent with the potential
differences measured by Rezvani et al. of −0.5V for Au and
−0.2V for Ag.

The voltage at the interface of the metal particle with the Si is
given by

V =
1

4π ε0

q

0.5l
. (3)
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FIGURE 4 | The temperature dependence for etching along the 〈001〉 direction of Ag-catalyzed etch rate for (001)-, (110)-, and (111)-oriented Si substrates in H2O2

+ HF solutions. For all three substrate orientations the primary direction of etching is along the 〈001〉 directions. (A) A plot of the etch depth vs. temperature at a

constant etch duration of 4min. Each point represents the mean of multiple depth measurements from an individual experiment with error bars defined by one

standard deviation. (B) An Arrhenius plot of the etch rate vs. inverse temperature.

The force generated by the attraction of this charge to its image
charge is

F =
1

4πε0

qqb

l2
= π ε0V

2 χe

χe + 2
, (4)

which is independent of the length of the particle. Upon
substitution withV =−0.2V, the electrostatic attraction between
the Ag nanoparticle and the Si substrate is found to be 9 ×

10−13 N. For a sense of scale, a nanoparticle with l = 100 nm has
approximately 109 valence electrons. An excess of just 7 units of
elementary charge is sufficient to engender an effective voltage
of −0.2V. The mass of this particle is 10−17 kg, which means
that the electrostatic attraction is over 9,000 times larger than the
force of gravity. Contrary to some assertions in the literature, the
force of gravity is irrelevant for holding the catalyst in contact
with the Si surface. The electrostatic force drives the nanoparticle
toward the image charge and holds the catalyst tight against the
Si surface irrespective of the orientation of the surface compared
to the laboratory vertical direction.

Since pressure is force per unit area and the particles have a
square contact with the Si, the effective pressure induced by the
image force is

p =
π ε0 V

2
χe

χe + 2

1

l2
. (5)

Thus, unlike force, pressure does scale with particle size. This
amounts to 9.4 kPa at r = 10 nm but only 94 Pa at 100 nm. As
we show below, the relative importance of van der Waals forces
to electrostatic forces increases as particle size increases.

van der Waals Interaction

van der Waals forces, more specifically called Derjaguin and
Landau, Verwey and Overbeek (DLVO) interactions, are non-
linear and operate over a short distance; small changes in the
gap distance or gap locations between the metal and Si will
result in large changes in these attractive forces. However, the
electrostatic forces calculated above are much less sensitive to
surface roughness and gap variations. The combination of these
two sets of forces ensures that the metal catalyst is always
attracted strongly to the Si substrate and never loses contact with
it as long as the metal is not pinned. This combination also
enables the etching of all facets of powder particles irrespective
of how the particles are oriented in the solution because these
forces act to draw the metal catalyst toward the core of the Si
particle.

Lai et al. (2013) have found that MACE was capable of
deforming a pinned metal catalyst with a length of 2µm and
a width of 315 nm. They estimated that that the porous region
below this catalyst was 2–4 nm thick and that the roughness of
the Au catalyst surface was 5 nm at the Au/Si interface. The
pressure required to deform the catalyst was 1–3MPa, which they
attributed to van der Waals forces.

Wong et al. (Hildreth et al., 2011, 2013; Rykaczewski et al.,
2011) have also used pinned metal catalysts to estimate the forces
experienced during MACE. The Pt catalysts had a width of 1µm.
They unequivocally showed that the electrophoretic model of
Peng et al. (2008) cannot generate the forces required to deform
their catalysts. They suggested that DLVO interactions were
responsible for the attractive force between the catalyst and the
Si substrate. They measured forces of 0.55–3.5µN corresponding
to pressure of 0.5–3.9 MPa.

To calculate the magnitude of DVLO interactions
(Israelachvili, 2011), we start with the Hamaker constant,
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FIGURE 5 | A model of the electrostatic interaction of a charged particle and its image charge located in bulk Si across an intervening porous region. An excess of

adsorbed anions, such as F−, leads to a net negative charge on the metal catalyst. Reactions pertinent to valence band hole injection by H2O2 decomposition, Si

etching by complexation of Si to H2SiF6 by fluoride species, and capture by H2O2 of the conduction band electron injected by F− (which can occur either on the

metal nanoparticle or on the Si) are also represented. The formation of a porous region in the immediate proximity of the metal/Si interface facilitates the transport of

reactants into and products out of the reaction zone.

which is given by

A = π
2 C ρ1 ρ2 (6)

where ρ1 and ρ2 are the number densities of the two materials
and C is the London dispersion constant

C =
3α2

0 I

4(4πε0)
2

(7)

where a0 is the polarizability, I is the ionization energy and ǫ0

the vacuum permittivity. For the interaction of two flat surface
separated by D, which we assume here to be the thickness of the
porous region beneath the catalytic particle, the energy per unit
area of interaction is

WvdW =
A

12π D2
, (8)

and the pressure is

pvdW =
A

6π D3
. (9)

At D = 3 nm, this amounts to pvdW = 542 kPa independent of
the particle size in terms of surface area. Therefore, since the
pressure associated with the electrostatic force decreases with
increasing particle size, as particle size increases, the relative
importance of the van der Waals forces increases. On the other
hand, whereas the electrostatic force is not affected by a change in
the thickness of the sub-particle porous region, the van derWaals
force depends strongly on this distance as D3. Consequently,
pvdW increases from 542 kPa at D = 3 nm to pvdW = 3.9 MPa
at D = 1.55 nm. The range 1.55 nm ≤ D ≤ 3 nm fits the range
of pressures measured during MACE by Wong et al. (Hildreth
et al., 2011, 2013; Rykaczewski et al., 2011). Clearly then, the
net effect of the electrostatic and van der Waals forces is to
adhere the Ag nanoparticle tightly to the Si particle surface at all
stages throughout etching as long as the metal nanoparticle is not
pinned by lithographic construction.

Etch Model
A wide variety of oxidants has been used in metal-assisted
etching including H2O2, V2O5, HNO3, Fe(NO3)3, and dissolved
O2 among others. These species have different kinetics of
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hole injection leading to, for example, different concentration
dependences. However, once a hole has been injected into the
Si valence band by any oxidant, the hole rapidly relaxes to
the valence band maximum to initiate etching in a manner
that is completely independent of the chemical identity of
the oxidant. Dissolved V2O5 in HF has the advantage of
being readily detected by absorption spectroscopy in both its
oxidized 5+ (VO+

2 ) and reduced 4+ (VO2+) forms (Kolasinski
and Barclay, 2013). This allowed Kolasinski et al. (2015) to
establish that MACE catalyzed by both Ag and Au follows
a valence two process. This demonstrates that the primary
means of Si atom removal is porous Si formation through
the current doubling pathway of the Gerischer mechanism
(Kolasinski, 2003) rather than electropolishing. Electropolishing
is a valence four process that involves SiO2 formation followed
by HF stripping of the oxide. This conclusion is strictly true
for a low concentration (∼20mM) of VO+

2 in 5M HF. It is
possible that at high oxidant concentration, the primary Si atom
removal mechanism switches either to the valence four current
quadrupling pathway of the Gerischer mechanism or else to
electropolishing.

The results of these V2O5 +HF experiments (Kolasinski et al.,
2015) are consistent with the work of Chartier et al. (2008) who
found that the structure of a Si substrate subjected to metal
assisted etching depends on the oxidant concentration or, stated
more precisely, the concentration ratio of oxidant to HF. At low
oxidant concentration (i.e., high HF/H2O2 ratio) they found no
formation of oxide at the surface and etching localized to the
catalyst, which results in the formation of meso- and macro-
pores depending on the Ag nanoparticle size. This corresponds
to the solution composition in the SiNW formation regime. At
high oxidant concentration (low HF/H2O2 ratio) the Si surface
is oxidized, the injected holes are distributed homogeneously,
and thus electropolishing occurs. Complete electropolishing is
incompatible with etch track pore and SiNW formation. These
results indicate clearly that etching beneath the metal catalyst
depends on the oxidant concentration (and HF/H2O2 ratio).
Such dependence can lead to changes in the surface chemistry
(a change in the adsorbates covering the surface as well as the
etch mechanism), which could possibly lead to changes in the
crystallographic dependence of MACE. A dependence of etch
track pore direction on oxidant concentration was suggested by
Huang et al. (2010).

Cooperative effects between metal particles influence MACE.
This is evident, as noted above, from the frequent observation of
Ag nanoparticles within lamellae produced for STEM imaging.
In addition, cooperative effects are evinced by the observation
that helical pores only occur with isolated metal particles
[preferentially Pt (Tsujino and Matsumura, 2005)] and by the
remarkably uniform etch depth and direction both across a
wafer and across powder particles. Possible mechanisms for co-
ordination include image forces between the metal particles,
and/or the influence of band bending at the metal/Si interface
from neighboring metal particles, which influences carrier
transfer through the metal/Si interface (Huang et al., 2009).
Another possibility is the diffusion of a chemical species such as
F− into Si in the wake of etching. Incorporation of F− has been

observed by Rezvani et al. (2016) and could alter effective doping
levels and band bending.

The planes most commonly mentioned as relevant to MACE
of Si are the {111}, {110}, {112}, {113}, and {001}. The structures
of these planes are shown in Figure 6.

A simple model to estimate the surface energy of various Si
crystal faces has been described by Dabrowski andMüssig (2000).
The cohesive energy of Si is Ec = 4.63 eV, which is the energy
released when a crystal is formed from atoms. Si is tetravalent,
that is, each Si atom forms nb = 4 bonds and each bond is a two-
center bond to which na = 2 atoms contribute. By microscopic
reversibility, the energy released in making a bond is equal and
opposite to the energy required to break that bond, E = na Ec/nb.
The surface energy Ehkl, i.e., the energy required to form a unit
of surface area in the (hkl) plane, is estimated by the product of
the bond dissociation energy E with the areal density of broken
bonds. The number of broken bonds Nhkl divided by twice the
surface area 2Ahkl (two surfaces are formed from cleaving the
crystal) can be calculated from consideration of the unit cell for
each plane (hkl). The surface energy is, therefore,

γhkl =
ENhkl

2Ahkl
=

Ec Nhkl

4Ahkl
(10)

Applying Equation (10) we obtain the results in Table 1 for γhkl.
Si(111) has a rhombohedral unit cell with equal side lengths
a and apex angle α = 60◦; hence, an area of A = a2 sinα.
All of the other planes have rectangular or square unit cells
with side lengths a and b as indicated in Figure 6 and Table 1.
The stability of a clean surface scales as the inverse of the
number of broken bonds per unit area. On this basis, the most
stable surface is Si(111) and the least is Si(001). Semiconductor
surfaces, of course, are known to reconstruct to minimize both
the number of dangling bonds and the surface energy. We will
not consider reconstructions here because H-termination is able
to lift the reconstructions of the bare surface and relax them
close to the bulk terminated structure. This is relevant because Si
remains H-terminated throughout etching when etching follows
the Gerischer mechanism (Kolasinski, 2003).

The energy cost per unit area of etching a plane of Si, γ
etch
hkl

,
is different than the surface energy. It is given by the energy
required to break a Si–Si bond times the areal density of Si–Si
bonds that must be etched to reveal the next surface unit cell

γ
etch
hkl =

ENe,hkl

Ahkl
=

Ec Ne,hkl

2Ahkl
. (11)

A total of Ne,hkl Si–Si bonds per unit cell are dissociated by
etching as detailed in Table 1. These values are used to calculate
the values of γ

etch
hkl

that appear in the last column of Table 1.

γ
etch
hkl

is the energy per unit area required to remove one surface
unit cell as atoms, which has a depth chkl that depends on the
surface crystallography of the etch front. On the {001}, {113}, and
{110} surfaces, this corresponds to removing the uppermost layer
of surface atoms. On {111} and {112} planes, a bilayer must be
removed.

The term γ
etch
hkl

has not been quantified previously.
Nonetheless, previous explanations of the crystallographic
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FIGURE 6 | Top and side views of the fives planes that are most likely to be encountered in MACE. (A) Si(111), (B) Si(110), (C) Si(112), (D) Si(113), (E) Si(001).

dependence—sometimes loosely referred to as the back bond
model (Peng et al., 2008; Huang et al., 2009, 2010, 2012; Bai
et al., 2013; Ouertani et al., 2014; Ghosh and Giri, 2016; Jiang
et al., 2016; Jiao et al., 2016; Li et al., 2016)—have attempted to

explain the crystallographic dependence of MACE with respect
to this one term. A misinterpretation that frequently appears
in connection with the back bond model is that the back bond
strength varies with crystallography. This is false. The back bond

Frontiers in Chemistry | www.frontiersin.org 10 January 2019 | Volume 6 | Article 65170

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Kolasinski et al. Crystallographically Determined Etching of Si

TABLE 1 | The parameters required for the calculation of the surface energy γhkl and etch energy γ
etch
hkl are collected for the five most commonly encountered planes of

Si in MACE.

Ideal

surface

Unit cell dimensions

Å

Cell area A Å2 Broken bonds N

per cell

Surface energy

γhkl

eV Å−2

Bonds etched

Ne per cell

Etch energy

γ
etch
hkl

eV Å−2

Si(111) a = 3.840, α = 60◦, c = 3.13 12.8 1 0.091 4 0.725

Si(110) a = 3.840, b = 5.430, c = 2.22 20.9 2 0.111 4 0.444

Si(112) a = 3.840, b = 9.406, c = 2.31 36.1 4 0.128 9 0.577

Si(113) a = 3.840, b = 12.735, c = 1.70 48.9 6 0.142 8 0.379

Si(001) a = 3.840, b = 3.840, c = 2.22 14.7 2 0.157 2 0.314

N is the number of dangling bonds formed per unit cell. The surface unit cell has area A.
Ne is the number of Si–Si bonds broken by etching per unit cell.

strength does not possess a specific crystallographic dependence.
Rather, the surface atoms experience different co-ordinations as
the result of variations in surface crystallography. Therefore, the
energy required to remove a specific surface atom can depend on
the surface crystallography as well as on which of its neighbors
have been removed previously. As shown by the final column in
Table 1, the density of back bonds that must be broken per unit
area varies with crystallographic plane. When averaged over the
unit cell, an estimate of the energy required to etch the Si surface
per unit area is simply the product of the mean bond energy and
the number of bonds that have to be broken per unit area.

The term γ
etch
hkl

does not consider that the etched atom is
coordinated, e.g., first as HSiF3, as it leaves the surface rather than
as a Si atom. This will change the absolute energetics; however,
all Si surfaces have the same etch product and, therefore, the
relative etch energy will not be affected by the chemical nature of
the etch product. Note also that γ

etch
hkl

is a thermodynamic rather
than a kinetic parameter, i.e., it is not an activation energy but
the difference in energy per unit area between the initial and final
states. The expression does not take steric factors into account,
which influence the kinetics but not thermodynamics of pore
formation. The formation of a 5-fold transition state is commonly
invoked to explain the crystallographic dependence of alkaline
etching of Si (Hines et al., 1994; Baum and Schiffrin, 1998).
An implicit assumption of the back bond model is that Ea,etch
scales with the value of γ

etch
hkl

, in other words, that the activation
energy follows a linear Brønsted-Evans-Polanyi relation as is
often found in catalysis (Bligaard et al., 2004). Our experimentally
measured values for the etching activation energy (0.34–0.44 eV)
are comparable to the Si(001) value of γ

etch
hkl

reported in Table 1

(0.31 eV), which lends credence to the model presented here.
Even without consideration of the effects of adsorbates or the

final chemical form of the etch product, the term γ
etch
hkl

alone
does not fully describe the energy required to form a pore or
SiNW by etching. Etching one layer of Si atoms to reveal a new
surface unit cell requires etching a depth chkl, that depends on
the surface crystallography as shown in Figure 6. Thus, one must
also consider the energy required to create the sidewalls of the
pore/SiNW. It is important to recognize that etching is not an
equilibrium process that is creating structures with the lowest
possible surface energy. Rather, it is a kinetically-controlled
process that is influenced by the trajectory that removes atoms
along the minimum energy path.

We consider onemetal catalyst particle, square in cross section
with side length l, and the formation of one rectangular pore
etched to a depth detch beneath it. We conceptualize etching as
a stepwise process in which the depth of one surface unit cell
chkl at a time is removed. We seek to derive an expression for
the energy required to remove one such surface unit cell layer.
The expression (assuming etching in only one direction and
sidewalls of only one crystallographic orientation with sidewalls
perpendicular to a planar etch front, as shown in Figure 7) is

Epore = γ
etch
hkl Acat + γ

′etch
hkl Asw (12)

where Acat is the area beneath the catalyst

Acat = l2 = (η1 aSi)
2 (13)

which is expressed using the ratio of the length to the Si lattice
constant η1 = l/aSi and Asw is the sidewall area

ASW = 4lchkl = 4η1 η2 a
2
Si (14)

expressed in terms of the ratio η2 = chkl/aSi. The Si lattice
constant is aSi = 5.43095 Å (Sze and Ng, 2006).

The prime in Equation (12) indicates that the sidewalls will,
in general, have a different crystallographic orientation than the
etch front. The total energy to create a pore of some macroscopic
depth detch would then be the sum of Equation (12) over the
number of steps ns required to etch to this depth, detch = ns chkl,
that is, Etotal = ns Epore. Should etching reveal multiple sidewall
orientations or the direction of etching change during etching,
e.g., to form zigzag SiNW, then appropriate summations over
surface energies and areas would have to be taken.

Substituting for the areas, the energy required to perform one
step of pore formation is

Epore = η1 a
2
Si

[

η1 γ
etch
hkl + 4η2 γ

′etch
hkl

]

. (15)

The importance of the etch-front term η1 γ
etch
hkl

compared to the

sidewall term 4η2 γ
′etch
hkl is determined by the ratio η2/η1, which

in turn is determined by the lateral size of the catalyst. For l >

15 nm, the sidewall term is <10% as large as the etch-front term,
and can then be neglected. Only for small nanoparticle catalysts
with l <15 nm must the sidewall term be considered.
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FIGURE 7 | Metal assisted catalyzed etching (MACE) is represented schematically for a cubic metal catalyst of side length l etching with a planar etch front that is

perpendicular to the sidewalls. The sidewalls need not be perpendicular to the macroscopic normal to the wafer/particle that is being etched. The total etch depth

detch is obtained by stepwise removal of one surface unit cell after another with a step depth chkl that depends on the surface crystallography of the plane that

contains the etch front.

At this point it is interesting to compare to the “inverse
problem,” that is, to the formation of SiNWs by growth rather
than etching. Wu et al. (2004) have shown that SiNWs grown
with a Au catalyst in a vapor-liquid-solid (VLS) process grow
along the 〈111〉 direction for diameters above 20 nm, in the
〈112〉 direction for diameters between 10 and 20 nm, and along
the 〈110〉 direction for diameters between 3 and 10 nm. They
suggested that at large diameters, formation of the lowest surface
energy plane, i.e., the (111) plane, in the growth front dominates
the energetics. However, for the smallest diameters, sidewall
energy becomes the dominant factor and leads to 〈110〉-directed
growth. For the intermediate region, 〈112〉-directed growth
occurs because the (112) plane, which can be thought of as a
stepped surface intermediate between (111) and (110) planes,
results from a balance between the growth front and sidewall
terms. This line of reasoning is consistent with the etch model
developed here and the results of Equation (15).

However, even if on energetic grounds the sidewall term can
be neglected compared to the etch-front term, the influence of the
sidewalls cannot be ignored. The crystallographic specificity of
MACE is determined not only by the energy required to advance
the etch front, but also by the combinations of planes that are
allowed by crystallography. The sidewall term is always lowest for
〈001〉- and 〈113〉-directed facets. However, these cannot always
be formed. The allowed combinations for sidewall facets that are
perpendicular to the pore/NW axis are shown in Figure 8. First
note that 〈113〉-directed pillars cannot form pores/NW with all
sidewalls perpendicular to the long axis. This is because only two
{110}-directed facets are perpendicular to the 〈113〉-direction.
The lowest energy sidewalls for 〈113〉-directed pores/NW are
{111}-directed facets but these are inclined to the 〈113〉 direction
by 71◦. That Peng et al. (2008) did not observed 〈113〉-directed
pores when etching Si(113) substrates demonstrates that there are
limits to the inclination of the sidewalls.

The results in Table 1 show that the thermodynamic stability
follows the order Si(001) < Si(113) < Si(112) < Si(110) <

Si(111). However, the susceptibility to etching follows the order
Si(001) > Si(113) > Si(110) > Si(112) > Si(111). Simple
application of the back bond model predicts that 〈001〉-directed
pores/SiNW would be the most commonly observed, which
is confirmed experimentally, and 〈111〉-directed pores/SiNW
should not be observed. 〈111〉-directed pores/SiNW are observed
when a perforated metal film is used as a catalyst, which
demonstrates that a highly-correlated motion of metal catalyst is
required to overcome the energetics of the γ

etch
hkl

term. Obviously,
interpretation of the back bondmodel in terms only of the energy
required to etch in a given crystallographic direction is overly
simplistic as it does not include correlation between catalyst
particles nor the dependence on the size of the catalyst particle.
The above analysis does, however, show us that preferences for
sidewall orientation are determined by the lowest barrier to
etching rather than by selection of the most stable surface plane.

By combining the results in Table 1 and Figure 8, we can
determine the most likely sidewall terminations for each etching
direction. Ideally 〈112〉-directed etching is predicted to form
square or rectangular pores/NW with {111}- and {110}-oriented
facets.

Ideally, 〈111〉-directed etching is predicted to form
either hexagonal or rectangular pores/NW. However, the
hexagonal pores/NW with {110}-directed facets should
have substantially lower formation energy than rectangular
pores/NW that exhibit both {110}- and {111}-directed
facets.

Similarly, 〈001〉-directed etching is predicted to form either
rectangular or octagonal pores/NW. Rectangular pores/NWwith
{001}-directed facets should have substantially lower formation
energy than rectangular pores/NW that exhibit {110}-directed
facets. The octagonal structure with a combination of both
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FIGURE 8 | Viewed down the long axis of a vertical pore (or pillar), the crystallography of the sidewalls is shown. For four directions (A) 〈110〉, (B) 〈001〉, (C) 〈111〉, (D)

〈112〉, vertical pores can be formed. Depending on the crystallography of the sidewall terminations, these ideal pores would exhibit facets that form either rectangular,

hexagonal or octagonal cross-sections. A vertical pore in the direction is not possible as only two planes make right angles with it.

{110}- and {001}-directed facets has a formation energy averaged
between these two.

Finally, 〈110〉-directed etching exhibits the richest variety of
pore/NW structure. {111}-directed facets have higher formation
energy than {110}-directed facets, which are higher than {100}-
directed facets. The {111} facets can only form a closed
structure with both {100} and {111} facets to form an irregular
octagon as the highest energy structure. Next is a rectangular
pore/NW with {110} facets followed by an octagonal structure
with a combination of both {110}- and {100}-directed facets.
Rectangular pores/NW that exhibit {100}-directed facets have by
far the lowest formation energy.

Strong evidence for a porous region along the etch front
has been presented. Geyer et al. (2012) reported extensive

experiments and high-resolution TEM images that reveal a
porous Si region beneath a patterned Ag film etched with a
solution consisting of 5.65M HF and 0.10M H2O2. Lai et al.
(2013) fitted extensive kinetic data to a cyclical process involving
the formation of a porous etch front using Au catalyst and H2O2

+ HF. Chourou et al. (2010) found a porous region subsequent
to metal-assisted etching under anodic polarization.

Contradictory reports also exist. TEM has been interpreted
as consistent with a solid etch front (Huang et al., 2010) for
〈111〉-oriented SiNW etched at high H2O2 concentrations with
Ag particles. A solid etch front was reported (Liu et al., 2013) for
etching catalyzed by Au nanoparticles in H2O2 + HF though it
should be noted that the etched features were consistently larger
than the nanoparticles and that a thin porous layer could easily
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have been removed by the aqua regia used to dissolve the Au
before microscopy was performed.

CONCLUSION

Metal-assisted catalytic etching (MACE) performed with Ag
nanoparticles as catalysts and H2O2 as oxidant efficiently
porosifies single-crystal Si wafers, single-crystal electronics
grade Si powders and polycrystalline metallurgical grade silicon
powders. Etching with 0.15M H2O2 is found to preferentially
proceed in a 〈001〉 direction with an activation energy of
∼0.4 eV on substrates with (001), (110), and (111) orientations.
A quantitative model based on the energy required to remove
a surface unit cell through etching explains the preference
for etching in the 〈001〉 directions, and is consistent with
the measured activation energies. This model also predicts
that catalyst particle size may influence the energetics of
etch track pore formation. Etching of metallurgical grade
powders produces particles covered primarily with porous silicon
in the form of interconnected ridges. Capillary forces and
ultrasonic agitation can be used to pulverize the porous layer
to form silicon nanowires and bundles of nanowires. Strongly
attractive electrostatic and van der Waals interactions adhere
the nanoparticle catalyst to the Si surface ensuring that the
nanoparticles remain in intimate contact with the Si surface
throughout the etch process regardless of whether etching occurs
on a wafer or on a powder particle. The attractive forces explain

why powder particles are etched equivalently on all exposed faces
of powder particles because they draw the catalyst toward the
interior of the particle irrespective of which direction is vertical.
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We report the electrodeposition of polymer electrolyte (PMMA-PEG) in porous lithium

nickel manganese oxide (LiNi0.5Mn1.5O4) cathode layer by cyclic voltammetry. The

cathode-electrolyte interface of the polymer-coated LNMO electrode has been

characterized by scanning electron microscopy and electrochemical techniques.

Electrochemical measurements consisting of galvanostatic cycling tests and

electrochemical impedance spectroscopy revealed a significant improvement of

the capacity values and the increase of the operating voltage. These effects are

attributed to the total filling of pores by the electrodeposited polymer that contributes to

improve the reversible insertion of Li+. A complete all-solid-state microbattery consisting

of electropolymerized LNMO as the cathode, a thin polymer layer as the electrolyte, and

TiO2 nanotubes as the anode has been successfully fabricated and tested.

Keywords: electropolymerization, lithium nickel manganese oxide, porous materials, polymer electrolyte, Li-ion

microbatteries

INTRODUCTION

Due to the highest electrochemical performance of the known energy storage systems, Lithium
Ion Batteries (LIBs) have attracted attention to provide energy for low power microelectronic
devices like Microelectromechanical Systems (MEMS), smart cards, radio-frequency identification
(RFID) tags, biomedical in vivo micromachines, etc. However, downscaling the size of batteries
alters their properties as the technology relies on the successive deposition of dense thin-films.
In order to circumvent this issue, several strategies have been investigated including the use of
nanostructured and porous materials (Shaijumon et al., 2010; Arthur et al., 2011; Roberts et al.,
2011; Ellis et al., 2014; Ferrari et al., 2015) as well as the modification of the electrode surfaces
(Lopez et al., 2014; Ortiz et al., 2016a,b). To improve the energy density of LIB microbatteries, thin-
film cathodes with large capacity and/or high working voltage have to be envisioned. Among them,
LiNi0.5Mn1.5O4 (LNMO) is interesting due to its high capacity, good cycling stability, and good
rate capability, which make it promising as thin-film positive electrode for microbatteries (Kang
et al., 2006; Sun et al., 2009, 2012; Fergus, 2010; Ohzuku et al., 2011).
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Miniaturizing LIBs also requires the use of solid electrolyte
(polymers or glassy materials) because liquid counterparts are
responsible for leakage risks and safety issues (Fergus, 2010).
Reports of gel polymer electrolyte (GPE) used as electrolytes with
LNMO have been reported previously (Bernhard et al., 2013; Sun
et al., 2014; Chen et al., 2015). The main objective for the usage of
gel polymer electrolyte is to limit the decomposition of the liquid
electrolytes and the formation of a Solid Electrolyte Interphase
(SEI) at the electrode surfaces hindering the electrochemical
reactions. Moreover, manganese present in the cathode materials
tends to dissolve in organic liquid electrolyte, especially at
elevated temperature (Prabakar et al., 2012; Li et al., 2013). Hence,
the high chemical stability of GPEs is interesting to be used as
electrolyte materials particularly for cells involving LNMO.

Due to the stability in a wide potential window, polyethylene
oxide (PEO) based electrolytes have been identified as potential
polymer electrolytes for all-solid-state batteries (Goodenough
and Singh, 2015; Long et al., 2016; Cheng et al., 2018). Of late
polymethyl methacrylate—polyethylene glycol (PMMA-PEG)
has been reported to be an efficient polymer electrolyte for the
fabrication of complete all-solid-state microbatteries (Plylahan
et al., 2014). Here, PEG serves as the ionic medium for the
Li ion conduction while PMMA contributes to the mechanical
stability. To improve the performance of the LIBs that employ
polymer electrolytes, it is crucial to enhance the surface contact
established between the porous electrodes and the electrolyte.
The electrodeposition technique is an effective bottom-up
approach to optimize the electrode/electrolyte interface. Previous
reports have reported the conformal electrodeposition of this
polymer electrolyte in self-organized titania nanotubes (TiO2 nts)
and its benefit on the capacity of the microbattery (Kyeremateng
et al., 2011; Plylahan et al., 2012, 2015). We recently showed the
positive influence of this approach for a microbattery based on
polymer electropolymerized in TiO2 nts and LNMO (Salian et al.,
2017). While the electrodeposition of the polymer electrolyte in
TiO2 nts allows the improvement of the cell capacity, applying
the same treatment to the LNMO cathode revealed the doubling
of the capacity and an increase of the energy density due to a
slight increase of the operating voltage. In this work, we study
in details the electrodeposition of PMMA-PEG in porous LNMO
to get a better insight into the key role of the interface on the
performance of all-solid-state Li-ion microbatteries.

EXPERIMENTAL

Synthesis of LNMO Cathode and TiO2 nts
Anode
Porous LNMO serving as cathode was synthesized by a sol-gel
technique as described by Cui et al. (2011). The synthesized
LNMO was then mixed with carbon black (Super P) and
Polyvinylidene fluoride (PVDF) in the ratio of 75:15:10 and
grounded in a mortar for 15min. The ground powder was
then mixed with N-methyl-2-pyrrolidone (NMP) to obtain a
paste that was subsequently spread on an aluminum disk with
a diameter of 8mm. The electrode was dried under vacuum at
110◦C for 8 h.

The TiO2 nts serving as anode was synthesized by the
anodization of a titanium foil. Before anodization, the Ti foils
(99.6% purity Goodfellow and 0.125mm thickness) were cleaned
and sonicated in acetone, isopropanol, and methanol for 10min
each. After drying the foils under compressed air, anodization of
the cleaned Ti foil was carried out in an electrolyte containing
96.7 wt. % glycerol, 1.3 wt. %NH4F, and 2 wt. % water. A constant
voltage of 60V was applied between the Ti substrate and a Pt
foil (counter electrode) for 3 h using a generator (ISO-TECH
IPS-603). Then, the sample was washed with deionized water
and dried using compressed air. The as-formed TiO2 nts were
annealed in air at 450◦C for 3 h to form the anatase phase. The
TiO2 nts obtained with these parameters exhibit a thickness of c.a
1.5µm and an outer diameter of 100 nm as it has been reported
elsewhere (Plylahan et al., 2015).

Electropolymerization (EP) of the
Electrolyte Into LNMO
The electrodeposition of PMMA-PEG in porous LNMO was
performed by cyclic voltammetry (CV) in a three-electrode
system using a VersaSTAT 3 potentiostat (Princeton Applied
Research), Ag/AgCl (3M KCl) as the reference and Pt electrode
as the counter electrode in an aqueous solution containing
0.5M of bis(trifluoromethanesulfone)imide (LiTFSI) and 0.5M
MMA-PEG (methyl methacrylate-polyethylene glycol) with an
average molecular weight of 500 g mol−1 [MMA-PEG (500)].
Prior to electropolymerization, the aqueous solution containing
the polymer electrolyte was purged with Argon gas for 10min to
remove dissolved oxygen. The cyclic voltammetry experiments
were carried out at room temperature for 5, 10, 25, 50, and 100
cycles at the scan rate of 10mV s−1 in the potential window of
−0.35 to −1V vs. Ag/AgCl (3M KCl). The electropolymerized
LNMO electrode was then dried in vacuum at 70◦C for 18 h.
In this work, the number of electropolymerization cycle will be
referred to as “x EP cycles.” The electropolymerized LNMO at “x
EP cycles” is designated as LNMO(xEP), where x = 5, 10, 25, 50,
and 100 EP cycles.

Material and Electrochemical
Characterizations
For electrochemical experiments performed in Swagelok-type
half cells, the electrolyte consisted in two sheets of gel polymer
that were prepared by soaking a Whatman paper disk in 70
µL of a solution of 0.5M LiTFSI in 2ml MMA-PEG (500)
and then drying them overnight at 70◦C under vacuum. For
the CV and Electrochemical Impedance Spectroscopy (EIS)
measurements on bare and electropolymerized LNMO, the
samples were assembled in a three-electrode configuration with
two lithium foils serving as reference and counter electrodes.
CV measurements were performed in the range of 2.7–4.8V at
different scan rates (0.1, 0.2, 0.75 , and 1mV s−1) successively for
5 cycles each. EIS measurements were performed in the range of
10 mHz−100 kHz with an amplitude of 10mV at Open Circuit
Voltage (OCV). For electrochemical experiments performed
in Swagelok-type full cells, electropolymerized LNMO and as-
formed TiO2 nts electrodes were assembled in a two-electrode
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configuration using a Whatman paper soaked with the polymer
electrolyte. To fabricate the full all-solid-state microbattery, 7
µl of the polymer electrolyte was drop casted at the surface
of the TiO2 nts electrode. The sample was then dried again
at 70◦C for 18 h to obtain a homogeneous polymer thin film.
The electropolymerized LNMO that was prior deposited on the
aluminum disk was then pressed together with the polymer-
coated TiO2 nts. The wire connections were established at the
backside of each current collector using a silver conductive
paste. All electrochemical cells were assembled in an argon filled
glovebox (MBraun, Germany) with <0.5 ppm H2O and <0.5
ppm O2 atmosphere.

Galvanostatic charge/discharge profiles and EIS
measurements were performed using a VMP3 potentiostat-
galvanostat (Bio Logic). The Scanning Electron Microscopy
(SEM) images were obtained using a CARL ZEISS/Ultra 55
Scanning electron microscope.

RESULTS AND DISCUSSIONS

Figure 1A shows the SEM images of the as synthesized
LNMO powder. The particle size varies from 100 nm to
1µm. The powder is characterized by porous morphology.
This is an advantage as pores promote the percolation of
the electrolyte (polymer/liquid) in the bulk material. The
electropolymerization of MMA-PEG (500) monomer in the
presence of the LiTFSI salt was carried out by cyclic voltammetry.
The cyclic voltammograms recorded for LNMO composite
cathode electropolymerized up to 100 cycles are shown in
Figure 1B. The cathodic current density measured at −1V vs.
Ag/AgCl decreases with the number of cycles. The polymer
deposition occurs due to the formation of hydrogen free radicals
generated by the reduction of protons as it has been reported for
electropolymerization on TiO2 nanotubes by our research group
(Cram et al., 2002; Plylahan et al., 2012; Salian et al., 2017). Thus,
the decrease of the cathodic current density with increment in
cycle number can be attributed to the formation of successive thin
polymer layers acting as an electronic insulator.

The relative high cathodic current densities observed for the
first cycles are in accordance with the high rugosity of the
cathode. This suggests that the polymer layer formed at the initial

EP cycles (up to 10 cycles) follows the rugosity of the LNMO
electrode (Figure 2A), which is in agreement with the SEM
images given in Figures 2B,C. But a thin polymer layer filling the
pores has grown beyond 25 EP cycles (Figures 2D,E). For 100 EP
cycles, the SEM image reveals that the porous LNMO electrode
is completely covered by a smooth layer of polymer (Figure 2F).
It can be noted that compared to TiO2 nts, the cathodic current
density recorded for porous LNMO shows a decrease (ca. 80%)
with the increasing number of cycles (Salian et al., 2017), which
may indicate that the electropolymerization results in a thicker
layer than that grown on nanotubes.

The electrochemical reactions of LNMO(EP) samples with Li
were studied by cyclic voltammetry. Figure 3 shows the 1st CV
curves obtained in a potential range of 2.7–4.8V vs. Li+/Li
at a scan rate of 0.1mV s−1. For the bare LNMO sample,
the two oxidation peaks appear at 2.9 V and 4.06V while the
reduction peaks are visible at 4.26V and 3.93V. These results
are similar to the behavior of LNMO in liquid electrolyte for
which a main peak attributed to the transition of Mn3+/Mn4+

is observed at around 4V and another small peak corresponding
to Ni2+/Ni4+ transition can be found at around 4.7V (Kunduraci
and Amatucci, 2008). The shift in the peaks could be attributed to
the lower ionic conductivity of the polymer electrolyte compared
to that of liquid electrolyte resulting in ohmic drop effects
(Nayak et al., 2014). The CV curves for LNMO(5EP), LNMO(10EP),
LNMO(25EP), and LNMO(50EP) show a reduction peak at∼2.95V,
which fades as the number of EP cycles increases. There is an
oxidation signal that also fades with the increasing number of EP
cycles but no peak is present. Moreover, the LNMO(100EP) shows
no significant redox peaks in the CV. The decrease in current
densities with increase of the number of EP cycles is consistent
with the ohmic drop effect, which is due to the increase of the
polymer thickness.

Bare LNMO and LNMO(EP) electrodes were characterized by
EIS tests at OCV. Figure 4 shows the EIS plots obtained in a
frequency range of 100 kHz−10 mHz at an amplitude of 10mV.
The experimental data were fitted using the equivalent circuit
mentioned in Table 1. Here, Relec is the electrolyte resistance that
can be expressed by Equation (1):

Relec = REP + Rseparator (1)

FIGURE 1 | (A) SEM image of the synthesized porous LNMO powder. (B) Cyclic voltammograms of the PMMA-PEG electropolymerization on LNMO in the potential

window −0.35 to −1V at a scan rate of 10mV s−1.
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FIGURE 2 | SEM images of electrodeposited PMMA-PEG on porous LNMO by CV at (A) 0 cycle; (B) 5 cycles; (C) 10 cycles; (D) 25 cycles; (E) 50 cycles; (F) 100

cycles.

FIGURE 3 | Cyclic voltammograms (1st cycle) of LNMO(EP) samples obtained

in the potential range of 2.7–4.8 V at a scan rate of 0.1mV s−1.

where REP and Rseparator are the respective contributions of the
electrodeposited polymer thin layer and the separator (i.e., the
polymer embedded in the Whatman paper). RCEI takes into
account the formation of a SEI thin film on the LNMO surface,
so-called cathode electrolyte interphase (CEI) (Nayak et al.,
2014; Kohs et al., 2017). RCT refers to the interfacial property
of the charge transfer resistance. QCEI, QDL, and Q are the
associated constant phase elements (CPE) with the respective
resistances, used in order to account for the porous nature
of the electrodes. The equivalent circuit for the EIS spectra
of bare LNMO, LNMO(5EP), LNMO(10EP), and LNMO(25EP)

(Figure 4A) is [Relec + QCT/(RCT+Q)]. The high frequency
limit of the impedance intercepts the x-axis and corresponds
to the electrolyte resistance. Still at high frequencies, when
it decreases, a short slope change is observed (Figure 4B).
This might be due to the porous nature of the material or
to contact resistances (current collector, interparticles) in the

electrode (Lasia, 2002; Levi et al., 2014). The main semicircle
in the medium frequency and the sloped line in the lower
frequency are attributed, respectively to the charge transfer
resistance and the capacitive limit behavior. The equivalent
circuit for the EIS spectra of LNMO(50EP) and LNMO(100EP) is
[Relec + QCEI/RCEI+ QDL/RCT]. In addition to the previously
mentioned high frequency features, there are 2 semicircles in
the medium and low frequencies. The 1st semicircle can be
attributed to the resistance due to the CEI formation while the
2nd semicircle can be attributed to the charge transfer resistance
at the interface.

Figure 4E shows the evolution of Relec with the number of EP
cycles. It globally increases from bare LNMO to LNMO(100EP).
However, we note that there is a decrease of Relec between
the LNMO(5EP) and LNMO(25EP). For these latter layers, the
porosity of the LNMO is not fully filled by the electropolymer.
If we consider that Rseparator is constant, Relec evolution should
come from REP, the contribution of the electropolymer deposited
after successive EP cycles. For LNMO(10EP) and LNMO(25EP),
the electropolymer layer is still very thin so REP is negligible.
But, as it tends to covers the active surface of LNMO,
this probably decreases the resistance due to the interface
between the electropolymer and the separator. Thereafter, as the
electropolymer thin-film grows after the complete pore filling,
its thickness becomes less negligible. Thus, REP and then Relec

steadily increases for the LNMO(50EP) and LNMO(100EP).
The semicircle corresponding to RCEI is not seen for bare

LNMO, LNMO(5EP), LNMO(10EP), and LNMO(25EP). Or there
could be a possible superposition of RCEI with RCT (Aurbach
et al., 2002). Thus, very thin CEI layers could be grown on the
rough LNMO surface without any specific features on the EIS
spectra. In the case of LNMO(50EP) and LNMO(100EP), the first
semicircle that appeared at high frequencies was associated to a
more prominent contribution of the CEI. Indeed, the formation
of CEI could occur as the active surface area of the LNMO
is more coated by the polymer. Regarding the charge transfer
resistance RCT, it increases with the number of EP cycles. It
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FIGURE 4 | EIS spectra of (A) bare LNMO, LNMO(5EP), LNMO(10EP), LNMO(25EP); (B) 1st semicircles of the same samples at very high frequencies; (C) EIS spectra

of LNMO(50EP) and LNMO(100EP); (D) 1st semicircles of the same samples at very high frequencies; (E) relationship between Relec and the number of EP cycles. The

EIS tests were performed at OCV in the frequency range of 100 kHz−10 mHz at an amplitude of 10mV.

suggests that the kinetic reactions at the interface are limited
by the electrodeposited polymer, which is coherent with the
evolution of the CV peaks. The large increase in the charge
transfer resistance RCT for LNMO(50EP) and LNMO(100EP) could
therefore be attributed to the gradual decomposition of the
polymer with cycling as it has been suggested (Plylahan et al.,
2015).

To investigate the performance of LNMO(EP) electrodes in
a full cell configuration, the different LNMO(EP) electrodes
were assembled with self-supported TiO2 nts negative electrode.

Herein the mass limitation is controlled by the TiO2 nts.
Figure 5 shows evolutions of the first reversible cycle of the full
microbatteries.

We can clearly see that the polymer electrolyte deposition
has a gradual positive influence on the discharge capacity values
of the complete cells. Indeed, the capacity increases from 80
mAh g−1 for non-modified electrodes to 134 mAh g−1 for
LNMO(100EP). Even if the internal resistance of the battery
increases with the polymer thickness, the active surface of the
material in contact with the electrolyte is significantly enhanced,
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TABLE 1 | EIS parameters obtained after fitting with the equivalent circuits for the polymer-coated LNMO(EP).

Relec.(Ω.cm−2) RCEI (Ω.cm−2) RCT (Ω.cm−2) Deviations χ
2 value

Equivalent circuit

Bare LNMO 27.79 – 1,387 0.5 0.03

LNMO(5EP) 36.64 – 3,811 0.8 0.06

LNMO(10EP) 33.06 – 3,097 1.1 0.03

LNMO(25EP) 32.24 – 7,620 1.2 0.04

Equivalent circuit

LNMO(50EP) 45.41 1,718 240,000 0.5 0.02

LNMO(100EP) 51.72 4,826 421,000 0.7 0.02

FIGURE 5 | First reversible charge/discharge capacities for LNMO(EP) vs.

TiO2 nts at C/10 in the potential range of 1–3.3 V.

promoting the reversible insertion of Li+. Also remarkably,
the operating voltage of the cell is slightly increasing. This
effect contributes to the improvement of the energy and power
densities.

The LNMO(100EP) cathode was used to fabricate an all-
solid-state microbattery. The microbattery is designated
as TiO2nts/Polymer/LNMO(100EP). Figure 6A shows the
galvanostatic charge/discharge profile of the all-solid-state
microbattery in the potential window of 1–3.3V at C/10 for
10 cycles. Such a microbattery shows an operating voltage at
1.8 V. As the limiting reactant material of the microbattery is
TiO2 nts, the capacity is reported vs. the anode mass and its

geometrical surface. The mass was calculated considering a
density of 4.23 g cm−3 and a porosity of 60% (Plylahan et al.,
2014). The microbattery shows a first discharge capacity of
122mA h g−1 (60 µAh cm−2 µm−1). The coulombic efficiency
(CE) for the first cycle corresponds to 72%. The discharge
capacity for the 10th cycles is 89mA h g−1 (44 µAh cm−2

µm−1). The corresponding CEs from 2nd to 10th cycle are about
∼85%. The capacity retention of the microbattery up to the
10th cycle corresponds to 72%. The charge/discharge curves for
this self-standing microbattery shows similar characteristic to
that of the full cell swagelok tests as discussed in Figure 5. The
irreversible capacity loss occurring in the first cycle could be due
to the residual water content present in both LNMO and TiO2

nts and/or the presence of structural defects trapping irreversibly
Li+ (Ortiz et al., 2009). The capacity retention for the 10th cycle
corresponds to 72%. Figure 6B shows the cross-section image of
this microbattery consisting of TiO2 nts (1.5µm long) supported
on the Ti foil (current collector), the drop cast of the polymer
electrolyte layer (ca. 200µm) and the LNMO(100EP) cathode (ca.
20µm). The Al cathode current collector was removed on top
of the assembly to facilitate imaging of the cathode. The ohmic
drop due to the electropolymer in the LNMO(EP) increases the
overvoltage and hence has an influence on the operating voltage
of the microbattery.

Figure 7 shows the cycling performance of TiO2

nts/Polymer/LNMO(100EP) at different C-rates for 50 cycles.
At C/10, though there is a capacity decrease rapidly, it
comparatively stabilizes at 89 mAh g−1 (41 µAh cm−2 µm−1).
The microbattery delivers ∼75mA h g−1 (29 µAh cm−2 µm−1)
at C/5 rate and ∼47 mAh g−1 (15 µAh cm−2 µm−1) at C/2 rate.
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FIGURE 6 | (A) Galvanostatic charge/discharge profile of TiO2 nts/Polymer/LNMO(100EP) microbattery at C/10 rate; (B) cross-sectional SEM image of the

all-solid-state battery composed of LNMO(100EP)/Polymer/TiO2 nts.

FIGURE 7 | Discharge capacity of the microbattery TiO2

nts/Polymer/LNMO(100EP) at multi-C rates.

The microbattery retains comparable capacities of∼60 mAh g−1

(22 µAh cm−2 µm−1) at C/5 and ∼85 mAh g−1 (37 µAh cm−2

µm−1) at C/10 rates. The energy and power densities obtained
from such microbatteries are comparable to the performance of
the prevalent 3D electrodes basedmicrobatteries and commercial
products (Pikul et al., 2013).

CONCLUSIONS

Electrodeposition of PMMA-PEG electrolyte is studied into
porous LNMO cathode electrode. SEM images reveal that the
deposition follows and fills the porosity of the layer. These results

have been supported by the impedance measurements suggesting
the increase in the overall impedance with the formation of
the insulating polymer thin layer with successive cycles of
electropolymerization. Swagelok full-cell tests of the LNMO(EP)

vs. TiO2 nts revealed the capacity increase with the polymer
thickness, a clear indication of a significant improvement
of the electrode-electrolyte interface. Finally an all-solid-state
microbattery has been fabricated using the polymer-coated
LNMO(100EP) as the cathode and TiO2 nts as the anode. Such
a microbattery delivered an initial capacity of 122mA h g−1

(57 µAh cm−2 µm−1), with a capacity retention of 72% up to
10 cycles. These kind of microbatteries are stable and can be
tested at different kinetics over 50 cycles. The electrochemical
performances of these microbatteries are comparable with
other micropower sources involving different 3D nanostructured
electrodes.
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The aim of the presented work is to combine luminescent porous silicon (PSi) with

a ferromagnetic metal (Ni) to modify on the one hand the photoluminescence by the

presence of metal deposits and on the other hand to influence the optical properties

by an external magnetic field. The optical properties are investigated especially with

respect to the wavelength-shift of the photoluminescence due to the metal filling. With

increasing metal deposits within PSi the photoluminescence peak is blue-shifted and

furthermore an increase of the intensity is observed. Photoluminescence spectra of bare

PSi show a maximum around 620 nm whereas in the case of Ni filled samples the peak is

blue-shifted to around 580 nm for a deposition time of 15min. Field dependent magnetic

measurements performed with an applied field parallel and perpendicular to the surface,

respectively, show a magnetic anisotropy which is in agreement with a thin film. This

film-like behavior is caused by the interconnected Ni structures due to the branched

porous silicon morphology. The coercivity increases with increasing metal deposition

from about 150 Oe to about 450 Oe and also the magnetic anisotropy is enhanced

with the growth of metal deposits. Within this work the influence of the magnetic metal

filling on the optical properties and the magnetic characterization of the nanocomposites

are discussed. The presented systems give not only rise to optoelectronics applications

but also to magneto optical integrated devices.

Keywords: porous silicon, photoluminescence, metal deposition, magnetic nanostructures, magnetic behavior

INTRODUCTION

Porous silicon in the nanoporous regime with pore diameters of 2–5 nm is known to emit light in
the visible since 1990 (Canham, 1990) and it is still under intense investigation (Joo et al., 2016).
The light emission can be classified mainly in three bands, the red-, the blue, and the infrared band
(Canham, 1995). The origin of the red emission is explained by quantum confinement (Lehmann
and Gösele, 1991), the blue emission occurs in oxidized samples (Kanemitsu et al., 1993) and is
attributed either to defects in SiO2 (Ito et al., 1992) or to OH groups adsorbed on structural defects
in SiO2 (Tamura et al., 1994). The infrared luminescence which is investigated less extensive is
explained by mid-gap dangling bonds on the silicon nanocrystals (Koch et al., 1992).

Electroluminescence of porous silicon has been investigated (Koshida and Koyama, 1992)
shortly after the observation of its photoluminescence (Canham, 1990), offering a similar spectrum
to the light emission. The high surface area of this nanostructured material which depends on the
morphology (nanoporous silicon∼1,000m2/cm3, mesoporous silicon∼100m2/cm3, macroporous
silicon∼1m2/cm3) makes it suitable for pore filling using various materials with specific properties
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which opens the possibility to fabricate new nanocomposite
materials with desired physical behavior. Metal filling of porous
silicon firstly has been used in the 1990s to improve electrical
contact to enhance the efficiency of the electroluminescence
(Koshida et al., 1993; Li et al., 1994).

The main intention is to enhance the quantum yield of the
photoluminescence. The efficiency of the luminescence generally
is in the range of 1–10% without any further treatment of the
samples. In the case of electroluminescence it is even reduced due
to the absorption in the semitransparent metal layer. To enhance
the luminescence of porous silicon various post-treatments of the
samples have been performed such as high pressure water vapor
annealing (HWA) a technique which is well-controlled (Gelloz
et al., 2005) and can be used to get stable and highly efficient
visible light emission. In this case the quantum efficiency is higher
than 23%. Furthermore, it has been shown that this method
leads to sufficiently passivated surfaces with low non-radiative
defect density resulting in a stabilization of the samples. A further
approach to influence the luminescence is the exploitation of
surface plasmons of metal particles on the porous silicon surface
as e.g., Au particles (De la Mora et al., 2014). Generally an emitter
in the direct vicinity of a metal-dielectric interface couples to
the plasmon mode because of the high optical density of states
(Huck and Anderson, 2016). A blue shift of the porous silicon
photoluminescence has been observed with decreasing particle
size of Au nanoparticles which are deposited within the porous
silicon (Amran et al., 2013).

Also the incorporation of Ni particles has been used to create
new luminescent centers to achieve a luminescence enhancement
(Amdouni et al., 2015). In the case of the utilization of magnetic
particles not only the plasmon resonance of the metal can be
used but also the magnetic properties can be utilized to explore
magneto-optical properties of the nanocomposite. Systems for
magneto-optical devices should offer on the one hand non-
reciprocity which means that the time inverse symmetry is
broken and on the other hand they should exhibit a memory
effect. In the case of ferromagnetic structures the data can
be memorized (Hu et al., 2016). Therefore, it is important to
overcome a superparamagnetic behavior. Ni particles have been
investigated with respect to the plasmon resonance showing its
dependence on the size and shape but also on the surrounding
medium (Sharma et al., 2017). This work aims to merge the
optical properties of luminescent porous silicon and themagnetic
properties of deposited magnetic nanostructures. Therefore, Ni is
deposited within the porous silicon layer to exploit the plasmon
resonance of themetal deposits to influence, especially to increase
the photoluminescence. The photoluminescence as well as the
magnetic properties are investigated with respect to the metal
filling.

EXPERIMENTAL METHODS

The porous silicon is fabricated by anodization in a double tank
cell of a moderately doped p-silicon wafer (8–12 �cm). The
electrolyte consists of a hydrofluoric acid solution, consisting
of distilled water, HF and ethanol in the ratio 1:1:2. A current

FIGURE 1 | Cross-sectional SEM image showing a microporous layer

of about 800 nm.

density of 10 mAcm−2 is applied for 15min resulting in a
microporous layer with a thickness of about 800 nm (Figure 1). A
mean pore diameter of about 5 nm is estimated from the optical
investigations in using the following equation (Ossicini et al.,
2003):

E = Eg +
h2

8d2

[

1

m
∗

e

+
1

m
∗

h

]

E, peak position of the photoluminescence
Eg, energy band gap of bulk silicon
h, Planck’s constant
m∗

e , effective mass of electron
m∗

h
, effective mass of hole

The metal deposition (Ni) within the porous layer is performed
by pulsed electrodeposition in using in the case of Ni a solution
consisting of NiCl2 and NiSO4, whereat H3BO3 acts as buffer.
The Ni-deposition is carried out on different porous silicon
samples offering an equal morphology by varying the deposition
time between 5min and 15min. A current density of 10 mA/cm2

with a frequency of 2Hz is applied. The size of the deposited
metal structures corresponds to the pore size of the porous
silicon. Due to the interconnected morphology of microporous
silicon also the Ni deposits offer interconnections rather than
separated particles. From the knowledge of the Energy Dispersive
X-Ray (EDX) spectra taken along the cross-section of porous
silicon samples filled for 15min with Ni the metal is deposited
down to the pore tips.

First the optical properties of the luminescent PSi are
investigated, especially the photoluminescence and the
corresponding decay times, second Ni is electrochemically
deposited in the porous silicon samples and subsequently
the nanocomposite specimens are characterized optically and
magnetically. The samples are structurally characterized by
scanning electron microscopy (SEM) and Energy Dispersive
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FIGURE 2 | Blue-shift of the photoluminescence peak with increasing metal

deposition time in comparison to initial porous silicon. An enhancement of the

photoluminescence intensity with increasing metal deposition is also observed.

X-ray diffraction (EDX). The magnetic measurements are
performed with a vibrating sample magnetometer (PPMS,
Quantum Design).

RESULTS AND DISCUSSION

The optical properties are investigated especially with respect
to the wavelength-shift of the photoluminescence (PL) due to
the metal filling. Photoluminescence spectra of the used bare
PSi show a maximum around 620 nm whereas in the case of Ni
filled samples the peak can be blue-shifted to around 580 nm in
using a metal deposition time of 15min and the luminescence
intensity is increased. Figure 2 shows the comparison of the
photoluminescence of initial porous silicon and Ni-filled samples
with different metal deposition times. After a deposition time of
15min EDX-spectra evidence Ni is deposited down to the bottom
of the porous layer. All used samples offer the equal morphology
which has been proved by investigating the photoluminescence
before theNi deposition. For theNi deposition with various times
always a current density of 10 mA/cm2 with a frequency of 2Hz
is applied.

In Figure 3 a cross-sectional EDX spectrum showing the Ni
content of a sample prepared with a 15min deposition time is
presented. The decay times of the samples are measured with
an excitation wavelength of 440 nm. The measurements show
that the decay times of Ni-filled samples are faster than for the
bare porous silicon (Figure 4) which indicates a decrease in the
radiative life time with increasingmetal filling. The decay time for
initial porous silicon is around 300 µs, for the sample filled with
Ni for 5min around 250µs, for a sample filled with Ni for 10min
about 150 µs and for a 15min Ni filled sample about 100 µs.

In addition to the blue-shift of the PL-peak an increase
of the luminescence intensity with increasing deposition time
is observed which is shown in Figure 5. This result strongly
indicates the involvement of Ni plasmons.

FIGURE 3 | EDX-spectrum at the cross-section of a Ni filled microporous

silicon sample.

FIGURE 4 | Decay times of initial porous silicon in comparison to Ni-filled

porous silicon. The measurements show a decrease of the decay time with

increasing metal deposition time from about 300 µs to about 100 µs.

Concerning the magnetic properties of the nanocomposite
the embedded Ni structures can be superparamagnetic from the
size of the pore diameters which are around 5 nm (gained from
optical measurements). Small separated magnetic particles of a
few nanometers in size offer superparamagnetic behavior which
can be figured out by temperature dependent measurements.
From such measurements the transition temperature between
superparamagnetic and blocked state can be determined. The
transition temperature strongly depends on the particle size as
well as on the proximity of the particles and thus their magnetic
coupling. The investigated samples offer a branched morphology
and therefore the achieved deposits tend to be interconnected
and thus do not offer necessarily a superparamagnetic behavior.
Temperature dependent magnetization measurements of
the samples give no hint for superparamagnetism of the
nanocomposite.

Field dependent magnetization measurements have
been performed with a magnetic field applied parallel and
perpendicular to the surface. In the case of isolated magnetic
structures such measurements show a magnetic anisotropy
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FIGURE 5 | With increasing metal (Ni) deposition time an increase of the

photoluminescence intensity is observed which is attributed to the coupling

between the emitter and the deposited metal structure (Granitzer et al., 2018).

FIGURE 6 | Magnetization curves performed with an external magnetic field

applied parallel (dotted line) and perpendicular to the surface (full line),

respectively. The measurements show a magnetic anisotropy between these

two magnetization directions exhibiting the easy axis for an applied field

parallel to the surface (Granitzer et al., 2018).

which mainly depends on the shape anisotropy of the deposits.
Elongated magnetic nanostructures offer a magnetic anisotropy
with a magnetic easy axis along the long axis and a magnetic hard
axis perpendicular to this one. The investigated samples offer
in the case of the magnetic field applied perpendicular to the
sample surface a low coercivity of about 200 Oe and a squareness
(magnetic remanence/saturation magnetization) of about 0.2.
Magnetization measurements performed with an external field
applied parallel to the surface clearly show that the easy-axis
of the sample coincides with this direction. Figure 6 shows the
magnetic anisotropy between these two magnetization directions
with the easy axis for an applied external magnetic field parallel
to the surface. It can be seen that in the case of a parallel applied

FIGURE 7 | (A) The coercivity, obtained from measurements with an applied

field parallel to the surface, in dependence on the deposition time. (B) The

magnetic anisotropy (HC,par/HC,per) in dependence on the deposition time

(Granitzer et al., 2018).

magnetic field the saturation magnetization is reached at about
1,000 Oe, whereas in the case of a perpendicular applied field
to the sample surface the saturation magnetization is reached at
about 9,000 Oe.

The film-like behavior, offering an in-plane easy axis within
the film, shown in Figure 6 is caused by the interconnected Ni
structures due to the branched morphology of the porous silicon
template. Figure 7A shows an increase of the coercivity with
increasing metal deposition time, whereat the measurements
have been performed with an applied magnetic field parallel
to the surface. The dependence of the magnetic anisotropy
on the deposited Ni amount within the pores is presented in
Figure 7B.

The optical properties, especially the photoluminescence and
the decay times are varied by the amount of metal deposits
within the porous silicon layer. The deposition of Ni within the
porous silicon leads to a blue shift of the photoluminescence
peak. Furthermore, an increase of the metal deposition time
results in an enhancement of the photoluminescence intensity
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and a decrease of the photoluminescence life time which can
be interpreted by a decrease in the radiative life time. The
enhancement of the photoluminescence intensity is interpreted
by the coupling of the silicon emitter to the Ni plasmons. Due
to the direct vicinity of the emitter and the metal structure,
only separated by a thin SiO2 native layer, coupling of the
plasmonic modes with the emitter can occur. The magnetic
properties of the Ni filled samples also show a dependence on
the amount of metal deposits. An increase of the deposition time
meaning an increase of the metal amount within the porous layer
leads to more interconnected metal deposits. This behavior is
evidenced by the enhancement of the coercivity from about 150
Oe to about 450 Oe with increasing deposition time from 5 to
15min. Furthermore, a magnetic film-like behavior is observed
which becomes more distinct with increased metal amount due
to more interconnections. A magnetic anisotropy between the
two magnetization directions parallel and perpendicular to the
sample surface is observed which is typically for a magnetic film.
In this case the magnetic easy axis corresponds to the parallel
direction.

CONCLUSIONS

In the frame of this work the optical characteristics of
luminescent PSi compared with Ni filled porous silicon is
discussed especially with respect to the position of the
photoluminescence peak and its intensity. The PL peak is
blue-shifted and the luminescence intensity is increased with
increasing metal filling within the pores which is attributed to
the coupling of the silicon emitter with the plasmons of the

metal structures. Field dependent magnetization measurements
of the nanocomposites are performed with an applied field
parallel and perpendicular to the sample surface. A strong
magnetic anisotropy between these two magnetization directions
is observed, showing the easy axis for an applied field parallel
to the surface. This film-like magnetic behavior is due to the
interconnected metal structures which are present because of
the branched morphology of the porous silicon. The coercivity
of the samples decreases with decreasing metal filling and
approximates to a superparamagnetic behavior which occurs
in the case of separated magnetic nanoparticles. The presented
systems which merge optical and magnetic properties are of
interest for optoelectronics and magneto optical integrated
devices.
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The present work presents a strategy to stabilize amorphous anodic self-organized TiO2

nanotube layers against morphological changes and crystallization upon extensive water

soaking. The growth of needle-like nanoparticles was observed on the outer and inner

walls of amorphous nanotube layers after extensive water soakings, in line with the

literature on water annealing. In contrary, when TiO2 nanotube layers uniformly coated by

thin TiO2 using atomic layer deposition (ALD) were soaked in water, the growth rates of

needle-like nanoparticles were substantially reduced. We investigated the soaking effects

of ALD TiO2 coatings with different thicknesses and deposition temperatures. Sufficiently

thick TiO2 coatings (≈8.4 nm) deposited at different ALD process temperatures efficiently

hamper the reactions between water and F− ions, maintain the amorphous state, and

preserve the original tubular morphology. This work demonstrates the possibility of

having robust amorphous 1D TiO2 nanotube layers that are very stable in water. This

is very practical for diverse biomedical applications that are accompanied by extensive

contact with an aqueous environment.

Keywords: TiO2, nanotubes, atomic layer deposition, coating, water annealing

INTRODUCTION

Various morphologies of TiO2 with nano scale dimensions have been extensively investigated
as photo catalysts for H2 evolution, dye-sensitized solar cells (DSSCs), degradation of organic
compounds, methanol oxidation, CO2 reduction, self-cleaning and anti-fogging, and many other
applications (Chen and Mao, 2007; Schneider et al., 2014; Wang et al., 2014). Particularly in the
last 15 years, the anodic self-organized TiO2 nanotube layers have attracted scientific interests
in the mentioned areas. This is mainly attributed to the controllable geometry and large specific
surface area of the anodic TiO2 nanotube layers which allow higher reaction activities as well as the
one-dimensional (1D) orientation which offers unidirectional charge transport from the tubes to
the supporting Ti substrate (Macak et al., 2007; Lee et al., 2014; Wang et al., 2014).

Generally, the as-anodized TiO2 nanotube layers in the amorphous state are not favored
in semiconducting applications such as photo catalysts and DSSCs, primarily due to their low
conductivity and a significant number of recombination centers which impede efficient charge
transport (Roy et al., 2011; Krbal et al., 2016). As the electronic properties are influenced by
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the structural quality of the nanotube layers (Tsuchiya et al.,
2007), post-thermal annealing in temperature range of 280–
600◦C for 1–3 h (Varghese et al., 2003; Tighineanu et al., 2010)
or hydrothermal treatment (Yu et al., 2010) needs to be carried
out to crystallize the nanotube layers.

For a long time, only crystalline TiO2 nanomaterials have been
comprehensively studied, whereas its amorphous counterparts
have not received much attention so far. In spite of the
strong focus on crystalline TiO2 forms (anatine or rutile) that
show higher performance in diverse applications, amorphous
TiO2 structures have increasingly showcased its popular role
in various semiconductor applications as well (Lu et al., 2008;
Ortiz et al., 2008; Djenizian et al., 2011; Xiong et al., 2011;
Bi et al., 2013; Wang et al., 2015; Jiang et al., 2016; Liang
et al., 2018; Liu et al., 2018). TiO2 has been long recognized as
excellent biocompatible material owing to its low cytotoxicity,
high stability, and antibacterial properties (Fu and Mo, 2018).
Its amorphous state is particularly preferred in biomedical
applications, including carrier for magnetic nanoparticles for
protein purification (Kupcik et al., 2017), supporting layer for
enhanced hydroxyapatite (Hap) deposition in Osseo integration
(Kar et al., 2006; Crawford et al., 2007), supporting layer
for epithelial cells and fibroblasts viability (Mei et al., 2014)
and improved magnetic resonance contrast for molecular
receptor targeted imaging (Chandran et al., 2011). In the case
of TiO2 nanotube layers, controllable nano-geometry, surface
modification, topography, and roughness are crucial for tissue
and cell vitality (seeding, spreading, and proliferation) (Park
et al., 2007; Peng et al., 2009; Fu and Mo, 2018). On top of its
hemocompatibility (Huang et al., 2017), the tubular morphology
is an added advantage for genes, drugs, and therapeutic carrier
or reservoirs, for example, gentamicin sulfate, chitosan, bone
morphogenetic protein 2, and tumor necrosis factor-related
apoptosis-inducing ligand (Hu et al., 2012; Feng et al., 2016; Kaur
et al., 2016).

For the mentioned biomedical applications, the TiO2

nanotube layers are frequently used in an aqueous environment.
Nevertheless, the soaking of the as-anodized amorphous TiO2

nanotube layers in a water bath transform them to polycrystalline
anatase structure via so-called water annealing effect or low-
temperature crystallization approach (Liao et al., 2011; Wang
et al., 2011; Krengvirat et al., 2013; Lamberti et al., 2015; Cao
et al., 2016). These water annealing processes are accompanied
by a strongmorphological transformation. As a result, the unique
tubular morphology cannot be sustained in the case of prolonged
soaking. Additional particle-like deposits grow on the surface
of the amorphous nanotubes and may completely block them,
reducing drastically the accessibility of various species inside
the nanotubes and reducing also the overal available surface
area. Eventually, in certain cases, the amorphous nanotubes
were first transformed to double-wall nanotubes, then to core-
shell wires/rods-within-tubes and finally full transformation into
crystallized nanowires/rods after different soaking durations took
place (Wang et al., 2011; Lamberti et al., 2015; Cao et al., 2016).
The water annealed nanotubes or nanowires/rods possess much
rougher surface as compared to the amorphous nanotube layers.
Interestingly, when the similar soaking experiment was carried

out in a cell culture environment, such as in fetal bovine serum
and phosphate buffered saline (PBS) media, the amorphous
TiO2 nanotube layers did not experience any structural or
morphological changes (Cao et al., 2016).

To incorporate the aforementioned advantages of anodic
1D TiO2 nanotube layers in the biomedical applications, it is
crucial to maintain the amorphous state and preserve the tubular
morphology. In fact, it is quite common that the addition of a
shell (an outer layer) serves as a protective layer for the inner core
structure (Yan et al., 2012; Hu et al., 2014; Kwiatkowski et al.,
2015). For instance, an ultrathin Al2O3 coating was employed
to improve the chemical, mechanical, and thermal stability of
TiO2 nanotube layers in extreme environments (Zazpe et al.,
2017) such as for Li-ion batteries (Sopha et al., 2017a). On the
other hand, a SiO2 insulating layer was utilized to encapsulate
TiO2 nanoparticles to inhibit the photo catalytic activity, which
undesirably darkens the white pigment of TiO2 (Guo et al., 2017),
and also to improve the cell compatibility and photo-killing
ability (Feng et al., 2013).

To achieve ultrathin and continuous coatings that completely
enfold a high aspect ratio structure such as TiO2 nanotube
layers, ALD technique is viable to provide such homogeneous
and conformal coatings due to its self-saturating surface reactions
(Leskelä and Ritala, 2002; Leskelä et al., 2007; Zazpe et al.,
2016, 2018). Tupala et al. first performed an ALD amorphous
TiO2 coating within crystalline TiO2 nanotube layers. It is worth
noting that with a 5 nm amorphous TiO2 layer, the conductivity
of the coated nanotube layer is substantially increased. (Tupala
et al., 2012) We have also demonstrated that additional ALD
crystalline TiO2 coatings within crystalline TiO2 nanotube layers
passivate defects within TiO2 and enhance the charge carrier
separation towards improved photo electrochemical and photo
catalytic performance (Sopha et al., 2017b).

Despite other materials such as ZnO, Fe3O4, and CuO may
potentially serve as a protective coating, we deliberately select an
identical coatingmaterial (TiO2) for the core nanotube layers due
to the fact that (i) the biocompatible TiO2 coating is required to
be robust in extreme environments, and (ii) the stacking of two
different materials (different densities) creates a gradient at the
interface between outer and inner layers, which complicates the
reactants transfer and interaction process. In the present work,
we extend the application of ALD TiO2 coatings as a protective
coating of amorphous TiO2 nanotube layers to prevent their
morphological changes, known as water annealing effect. The
longest soaking duration shown in previous works was up to
7 days (Wang et al., 2011; Cao et al., 2016). We significantly
prolong the soaking duration up to 28 days to show the extreme
stability of these ultrathin TiO2 coated TiO2 nanotube layers
in order to broaden their functional range specifically in the
aqueous environments for biomedical applications.

MATERIALS AND METHODS

Self-organized TiO2 nanotube layers with thicknesses of ≈5µm
and inner diameters≈230 nmwere produced via electrochemical
anodization as described in our previous works (Das et al.,
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2017). Atomic layer deposition (ALD, TFS200, Benes) of
TiO2 was carried out at 150◦, 225◦, and 300◦C using TiCl4
(electronic grade 99.9998%, STREM) and Millipore deionized
water (15 M�) as the titanium precursor and the oxygen
source, respectively. Temperature of both precursors was kept
at 20◦C. High purity N2 (99.9999%) was the carrier and
purging gas at a flow rate of 400 standard cubic centimeters
per minute sccm (Standard Cubic Centimeters per Minute).
Under these deposition conditions, one ALD growth cycle was
defined by the following sequence: TiCl4 pulse (500mS)-N2

purge (3 s)-H2O pulse (500mS)-N2 purge (4 s). The as-anodized
amorphous TiO2 nanotube layers were coated by TiO2 applying
different ALD cycles, NALD = 10, 50, and 150, yielding nominal
thicknesses of 0.56, 2.8, and 8.4 nm, respectively. The thickness is
obtained according to the growth rate per ALD cycle, evaluated
from TiO2 thin layers deposited on Si wafers using variable
angle spectroscopic ellipsometry using VASE R© ellipsometer, J.A.
Woollam.

For water soaking, the blank and TiO2 coated TiO2

nanotube layers were soaked in deionized water (18 M�.cm)
and phosphate buffered saline (PBS) for different durations,
i.e., 1, 7, 14, or 28 day(s) in a still environment at room
temperature. The morphology of the blank, coated, and soaked
TiO2 nanotube layers was imaged by field-emission scanning
electron microscope (SEM, JEOL JSM 7500F, FEI Verios 460L).
The structural evaluation was based on X-ray diffraction (XRD)
measured by diffractometer (SmartLab 3kW from Rigaku). The
diffractometer was set up in Bragg-Brentano geometry using Cu
Kα radiation (λ = 1.54 Å) equipped by 1D-detector Dtex-Ultra.
Cu lamp was operated at current 30mA and voltage 40 kV.
Phase analysis was performed based on chemical composition
using databases PDF2 and ICSD. The chemical state of the blank
and TiO2 coated (NALD = 150 at 300◦C) amorphous nanotube
layers was examined by X-ray photoelectron spectroscopy (XPS,
ESCA2SR, Scienta-Omicron) using a monochromatic Al Kα

(1486.7 eV) X-ray source. The survey spectra were acquired
using 250W power of X-ray source with pass energy set to
150 eV. The quantitative analysis was based on sensitivity factors
provided by the manufacturer. It is noteworthy to point out that
the quantitative analysis was performed in order to provide a
relative comparison between a chemical composition of blank
and TiO2 coated nanotube layers. The absolute values of the
atomic concentration of elements are in great extent affected by
the surface sensitivity of XPS.

RESULTS AND DISCUSSION

The blank (as-anodized) TiO2 nanotube layers and TiO2

coated (NALD = 150 at 300◦C) TiO2 nanotube layers are
imaged by SEM in two regions of the nanotube layer, i.e., the
top (water/nanotubes opening interface, Figures 1a,c) and the
bottom (bottom of nanotubes/Ti interface, Figures 1b,d). At the
top of the tubes, the blank nanotube layer clearly presents an
inner diameter of ≈230 nm. It is obvious that the ALD TiO2

(≈8.4 nm) coated nanotube layer shows slightly thicker tube
walls compared to the blank nanotube layer. In addition, at

the bottom of the tubes, the ALD coated nanotube layer has a
smaller inner diameter. These images evidence that the coating
is uniform across the entire tube walls. The layer thicknesses
are ≈5µm as shown in Figure 1e. The coating thickness is
confirmed by the thickness measurement on the identical TiO2

coating deposited on a flat substrate. It is an utmost challenge
to differentiate the TiO2 coating and TiO2 tube wall due to the
identical material, as they are of the same mass and contrast. This
fact disables microscopists to distinguish them. Nevertheless,
in a previous work, it was shown that the walls of 400 ALD
cycles (≈22 nm) TiO2 coated TiO2 nanotube layer is visiblymuch
thicker than the blank nanotube layer (Sopha et al., 2017b). Thus,
from the ALD principle, the thickness of the present coatings
follows the same trend: the higher number of ALD cycles, the
thicker is the coating.

The blank and TiO2 coated TiO2 nanotube layers were then
soaked in deionized water for different durations from 1 to 28
days. No modification in physical appearance such as changes in
color was noticed.We first proceeded to investigate the structural
properties on (i) blank nanotube layers soaked for all durations;
(ii) nanotube layers with different ALD coating thickness (NALD

= 10, 50, 150) deposited at 300◦C and (iii) nanotube layers with
NALD = 150 deposited at different temperatures (150◦, 225◦, and
300◦C), the latter two cases were soaked for 28 days. The resulting
XRD patterns are depicted in Figure 2. The blank nanotube
layers remain amorphous after extensive soaking in deionized
water up to 28 days, as only the diffraction peaks of hexagonal
Ti (from the substrate) are present in the obtained diffraction
patterns as shows in Figure 2A. Similarly, all ALD cycles and
temperatures coated nanotube layers are in amorphous state
after the identical soaking experiments. The only exception is
credited to the TiO2 coating deposited with NALD = 150 at
300◦C with polycrystalline anatase structure. The corresponding
diffraction peaks of anatase are labeled in Figure 2B. Note that
the crystallization is not induced by the water soaking; instead,
it occurred during the ALD deposition process because the
coating with a thickness of 8.4 nm becomes crystalline due to
the deposition temperature of 300◦C. This is supported by the
XRD data of the amorphous nanotube layer, and the same layer
then coated with NALD = 150 at 300◦C prior to the soaking
experiment, as shown in Figure 2C. The anatase diffraction
peaks are very similar before and after soaking. Furthermore,
previous studies reported that the initiation of crystallization
process is influenced by the ALD deposition temperature and
coating thickness (Aarik et al., 2001; Nie et al., 2015). This means
that initially an amorphous coating is formed on the substrate
until a (thermodynamical) threshold thickness is achieved for
the nucleation of crystals. The threshold thickness reduces with
the increase of deposition temperature (Aarik et al., 2001; Nie
et al., 2015). Certainly, the selection of Ti and O2 precursors is
another important factor due to the different activation kinetics
for different precursors. Several works have suggested that the
crystallization process is initiated at the temperature range of
165–250◦C (Aarik et al., 1995, 2013; Saha et al., 2014; Chiappim
et al., 2016). For example, an 11 nm thin anatase TiO2 film was
obtained at deposition temperature of 225◦C when TiCl4 and
H2Owere employed as precursors (Aarik et al., 2013). The whole
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FIGURE 1 | SEM images of (a,b) blank and (c,d) TiO2 coated (NALD = 150 ≈8.4 nm) TiO2 nanotube layers. (a,c) Are taken at top of the nanotube layer

(water/nanotubes opening interface) (b,d) Are taken at the bottom of the nanotube layer (bottom of nanotubes/Ti interface). (e) Shows the entire nanotube layer with

thickness ≈5µm.

set of samples was analyzed by XRD, all others were amorphous
except for NALD = 150 at 300◦C, and selected patterns are shown
in Figure 2. Thus, we can state that all nanotube layers with lower
coating thicknesses or at lower deposition temperatures remain
amorphous after soaking experiments with the duration up to 28
days.

The soaked blank nanotube layers were further inspected for
their morphologies. Figure 3 presents the SEM images of the
nanotube layers taken at their top (water/nanotubes opening
interface) and bottom (bottom of nanotubes/Ti interface). The
larger inner diameter at the top than the bottom featuring a
conical shape is a typical type of double-walled nanotube layers
(Zazpe et al., 2016). It can be seen that the soaked nanotube layers
experience a gradual change. After 1 day of soaking, the blank
nanotube layer remains similar to the as-anodized nanotube layer
in Figure 1a. When the soaking duration was extended to 7 and
14 days, needle-like particles were observed on the tube walls. A
pronounced effect was observed after 28 days of soaking, where

the tube walls were completely occupied by the nanoparticles,
which is drastically different from the as-anodized nanotube
layers. The coalescence of nanoparticles has resulted in rather
rough outer and inner tube walls and the nanoparticles were
found over the entire nanotubes from the top to the bottom of
the tube layers, as visualized in Figure 3 (soakings for 28 days).
This confirms that the morphological changes occurred over the
entire available nanotube surface that was in contact with the
water molecules. And it also confirms very good wettability of
these nanotube layers. The final morphology very well-resembles
the one reported in the literature (Wang et al., 2011; Liu et al.,
2012). The transformation mechanism will be discussed later in
this section.

Similar water soaking procedures were performed on the
TiO2 coated TiO2 nanotube layers, where the coatings were
deposited by ALD at different deposition temperatures and
different coating cycles. For these coated nanotube layers,
careful inspection did not reveal any noticeable morphological
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FIGURE 2 | XRD patterns of (A) blank TiO2 nanotube layer soaked for 1, 7,

14, and 28 day(s), (B) TiO2 coated TiO2 nanotube layers with different coating

thicknesses (NALD = 10, 50, 150) and different deposition temperatures

(150◦, 225◦, and 300◦C) soaked for 28 days, and (C) blank and TiO2 coated

(NALD = 150 at 300◦C) TiO2 nanotube layers (both without any soaking).

change for soakings up to 14 days, as shown in Figure 4. This
implies that the nanotube layers were well-protected by the
additional TiO2 coatings. Thicker tube walls are observed with
the increase of ALD coating cycles (and thickness), but the
increase of deposition temperature does not yield any detectable
morphological difference in Figure 4.

When the soakings were extended to 28 days, a considerable
amount of needle-like nanoparticles were grown on the tube

walls with low coating thickness (NALD = 10). The amount of
nanoparticles gradually decreased with thicker coatings (NALD =

50, 150), as shown in Figure 5. However, in comparison to the
blank nanotube layers [Figure 3 (28 days)], the amount of needles
grown in the coated nanotube layers is significantly lower. The
only exception lies in the nanotube layer with TiO2 coating of
NALD = 150 at 300◦C, which did not undergo any visible changes
(i.e., no needles were grown). This is in good agreement with
the XRD analysis in Figure 2B that this ALD TiO2 coating was
crystalline. As anatase is thermodynamically stable, the anatase
coating completely prevents reaction between water and the TiO2

nanotube wall at room temperature (Wang et al., 2011).
Other works on water treated TiO2 nanotube layers suggested

that the formation of nanoparticles on the tube walls is closely
related to the growth of anatase crystals, due to the structural
rearrangement of TiO2−

6 octahedral induced by water (Liao
et al., 2011; Wang et al., 2011; Cao et al., 2016). Under extreme
conditions (extensive soaking periods) it may eventually result
in the transformation of hollow nanotubes to solid nanowires, or
completely collapsed nanotube walls. Interestingly, the solid-state
growth and dissolution-precipitation mechanism were proposed
based on Yanagisawa and Ovenstone’s model (Yanagisawa and
Ovenstone, 1999), but it took more than 10 years to reveal this
effect also for the amorphous anodic TiO2 nanotube layers (Liao
et al., 2011; Wang et al., 2011).

Somewhat surprisingly, in the present work, the
morphological changes of blank nanotube layers in Figure 3

are not accompanied by structural modification (amorphous to
anatase) as of those reported in the literature. To understand
the present phenomena, it is helpful to revisit the formation
mechanism of the anodic TiO2 nanotube layer in fluoride-
containing electrolytes (Macak et al., 2007; Lee et al., 2014).
Briefly, the presence of F− ions enables the formation of the
fluoride-complex [TiF6]

2− ions, and the formation of tubular
TiO2 is a competition between the solvatization of Ti4+ to
[TiF6]

2− and the oxide formation. However, under the absence
of an electric field (driven by an applied voltage), at the
oxide/water interface, the reaction turns to a self-induced oxide
formation, which translates into the nucleation of needle-like
nanoparticles observed in Figure 3 (7 days). Apparently, the
dissolution-precipitation mechanism is now inclined to the
precipitation process, and the continuous precipitation leads to
the copious quantity of nanoparticles as seen in Figure 3 (28
days). Dissimilar to Wang et al. (2011) and Cao et al. (2016)
where the dissolution process gradually dissolved the tube
walls, in Figure 3 (28 days), distinguished walls are identified
even though the nanotubes are covered by the nanoparticles.
This further affirms that the process is dominated by a surface
precipitation process without structural modification.

Compositional analyses were carried out on the blank
amorphous and TiO2 (NALD = 150 at 300◦C) coated TiO2

nanotube layers by XPS. Besides Ti and O, the survey spectra
in Figure 6 reveals the presence of F, C, and N in the nanotube
layers. It has been pointed out that amorphous nanotube layers
contain a considerable amount of F and C species from the
anodization performed in the electrolyte consists of ethylene
glycol and NH4F, specifically for double-walled nanotube layers
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FIGURE 3 | SEM images of blank TiO2 nanotube layers soaked in water for 1, 7, 14, and 28 day(s). Scale bars in the left column are 100 nm, in the right column and

respective inset are 500 nm, unless stated otherwise.
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FIGURE 4 | SEM images of atomic layer deposition (ALD) TiO2 coated TiO2 nanotube layers soaked in water for 14 days, no morphological changes can be

observed for these coated TiO2 nanotube layers. All scale bars are 100 nm.

(Albu et al., 2008) that were used also in this work. In particular,
the presence of F content is associated with the high-field
migration of electrolyte anions and the competition between
small F− ions and O2− ions migration. For the successful
formation of nanotubes, the inwards migration rate of F− is twice
to that of O2−, therefore accumulating a fluoride-rich inner layer
especially toward the bottom of the tubes (Habazaki et al., 2007;
Albu et al., 2008). In addition, an ultrathin fluoride-rich layer
is also present at the outer walls, i.e., between individual tube
walls, caused by the plastic-flow mechanism which pushes the
nanotubes upward from the bottom of nanotubes/Ti interface
during the tubes formation, hence promotes the F− along the
tube walls (Berger et al., 2011). The fluoride-rich, double-walled
morphology is well-documented with the support by EDX,
XPS, High Resolution Transmission Electron Microscope (HR-
TEM), High Angle Annular Dark Field Scanning TEM (HAADF-
STEM) Auger Electron Spectroscopy (AES) and Time-of-Flight
Secondary-ion Mass Spectrometry (ToF SIMS) depth-profiling
measurements (Albu et al., 2008; Berger et al., 2011; So et al.,
2017; Dronov et al., 2018).

As a result, the as-anodized nanotube layers are usually
subjected to thermal annealing at elevated temperatures for
crystallization as well as for the removal of the F and C species
(Albu et al., 2008). A clear double-walled morphology is visible
after appropriate annealing process due to the removal of C in
the form of CO2 that leads to the separation of the inner and

outer walls, which have been shown in our previous works (Sopha
et al., 2017b; Motola et al., 2018) and in other reports (Albu
et al., 2008; So et al., 2017; Mohajernia et al., 2018). Without
the annealing process, a substantial amount of C is noted in the
amorphous nanotube layer as shown in Figure 6. The inner and
outer walls remain intact and thus, the double-wall effect cannot
be visualized in the images in Figure 1.

Comparing the blank and coated nanotube layers, the
breakdown of the atomic concentration of each element tabulated
in the inset of Figure 6 shows that the amount of F, C, and N is
significantly reduced as a result of the ALD TiO2 coating. The
C contamination can be partially assigned to the adventitious
C resulting from the exposure to the air ambient. Whereas, the
presence of F and N in the TiO2 coating is related to the diffusion
of these two elements from the nanotube walls to the coating
during the ALD process at elevated temperature (performed at
300◦C). Nevertheless, the traces of F (2.0%) and N (0.7%) are
almost negligible. Therefore, without sufficient F− ions on the
surface of anatase TiO2 coating (NALD = 150 at 300◦C) at the
water/coating interface, water annealing effect was not observed
even after prolonged soakings. The same conclusion was reached
by Cao et al. (2016) where the presence of a higher amount of F−

ions accelerated the growth of TiO2 nanoparticles.
When an amorphous TiO2 coating was added to the

nanotube layer, forming nanotube/coating/water configuration,
the additional coatings prepared by ALD (without F− ions)
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FIGURE 5 | SEM images of ALD TiO2 coated TiO2 nanotube layers soaked in water for 28 days. All scale bars are 100 nm.

FIGURE 6 | XPS survey spectra of blank amorphous and TiO2 coated (NALD = 150 at 300◦C) TiO2 nanotube layers. The table in the inset shows the atomic

concentration of the elements found in the survey spectra. Spectra were offset for better clarity.

served as a protective layer (similar function as the anatase
coating discussed above) to separate the tube walls and water.
Due to the great adhesion of the coatings to the nanotubes,

there is no direct contact between F− ions ([TiF6]
2− ions) and

water. Hence, we observed in Figure 4 that nanoparticles were
not formed on the tube walls up to 14 days of soaking. However,

Frontiers in Chemistry | www.frontiersin.org 8 February 2019 | Volume 7 | Article 3898

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Ng et al. TiO2 ALD of TiO2 Amorphous Nanotubes

at the nanotube/coating interface, the F− ions gradually attack
both sides of TiO2 and the thinner coatings are more prone to
F− ions transport across the entire coating, as the F− ions are
very small and mobile. The thinner coatings may be eventually
consumed by the F− ions, and the tube walls may be partially
exposed to the water whichmay result in higher precipitation and
growth of more nanoparticles. As the self-induced precipitation
process occurs in a slowmanner, an extended duration is required
to observe the soaking effect. After 28 days of soaking (Figure 5),
the most prominent effect (highest amount of nanoparticles) is
credited to the thinnest coatings of NALD = 10, followed by
NALD = 50. For these two coating thicknesses, the deposition
temperatures did not have a significant effect. However, for NALD

= 150, the amorphous coating deposited at 225◦C has fewer
nanoparticles than that at 150◦C.

Further inspection of the bottoms of the TiO2 coated
nanotube layers was carried out. At first, we inspected TiO2

coated (NALD = 10 at 150◦C TiO2) nanotube layer, which is
the lowest coating thickness deposited at the lowest temperature
applied in this work, as a representative one for all coated TiO2

nanotube layers soaked for 14 days. The corresponding SEM
image is shown in Figure 7awhich confirms that no needles were
grown for soakings up to 14 days. Note that the images shown
in Figure 7 are representative image based on the extensive
analyses on a broad range of nanotube samples produced by the
corresponding conditions.

For further verification, we compared the bottoms of the TiO2

coated nanotube layers for NALD = 150 at 150◦ and 225◦C and
reached the same conclusion. Limited needles were discovered
for 150◦C in Figure 7b and almost no needle was detected for
225◦C in Figure 7c. This is ascribed to the different densities of
the TiO2 coating during the ALD process as higher deposition
temperature generally promotes the interconnection between the
grains (Aarik et al., 1995; Saha et al., 2014). Thus, for identical
thicknesses of NALD = 150, the film density is higher at 225◦C
and it can better resist the attack of F− ions.

Similar morphology of TiO2 nanoparticles coated TiO2

nanotube layer in Figure 3 (28 days) is observed for the
renowned “TiCl4 treatment” often carried out to decorate the
TiO2 nanotube layer by additional TiO2 nanoparticles for
DSSCs (Meen et al., 2012; So et al., 2015). Likewise, the as-
deposited TiO2 nanoparticles produced via hydrolysis of TiCl4
are amorphous and conventional thermal annealing is required
to crystallize the nanoparticles. A major difference between TiCl4
treatment and water soaking is that the growth rate of TiO2

nanoparticles is much slower in the present case. We have
presented that the nanotube layer was completely decorated by
nanoparticles after 30min of treatment in a TiCl4 bath (Sopha
et al., 2017b), in line with other works (Meen et al., 2012; So
et al., 2015). This is ascribed to the very reactive TiCl4 precursor
and considerably high reaction (chemical bath) temperature at
70◦C, which accelerate the growth process. As for water soaking,
the precipitation is a self-induced process and much longer
duration is required to accumulate a comparable quantity of
nanoparticle deposits. It has also been confirmed that higher
soaking temperature and longer reaction time promote the
growth rate of TiO2 nanoparticles in a water bath (Krengvirat
et al., 2013; Cao et al., 2016).

FIGURE 7 | SEM images of bottom parts of the TiO2 nanotube layers taken

close to the Ti substrate. (a) NALD = 10 at 150◦C soaked for 14 days, NALD

= 150 at (b) 150◦C and (c) 225◦C soaked for 28 days. All scale bars are

100 nm. The circle in (b) shows a needle found in an inner tube wall.

Altogether, these results indicate that the thin TiO2

coatings act as a protective layer to maintain the smooth
tubular morphology of the as-anodized nanotube layers in the
amorphous state for more than 14 days, while the unprotected
nanotube layers hardly sustain 7 days of soaking. This generously
increases more than twice of the initial lifespan of the smooth
amorphous TiO2 nanotube layers which offers a stable platform
for cell culturing and drug delivery testing typically carried out
in the time scale from 3 to 20 days (Peng et al., 2009; Hu et al.,
2012; Feng et al., 2016; Kaur et al., 2016). Moreover, it should
be emphasized that a smooth morphology is usually favored for
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cell culturing, as the cell spreading and the cell survival rate is
influenced by the morphology of TiO2 supporting layer (Park
et al., 2007; Peng et al., 2009; Tian et al., 2015). In addition to
the water soaking experiments, we also performed soakings in
PBS with identical conditions (temperature, duration) for all
blank and ALD TiO2 coated TiO2 nanotube layers. All these
nanotube layers have revealed extreme stability in PBS. As
shown in Supplementary Figures 1 and 2, no structural and
morphological changes were observed even after 28 days due
to the disruption of the precipitation kinetics by the inorganic
species in the buffer solution. Although the full mechanism is
not well-understood yet, this observation is in accord with Cao
et al. (2016).

Overall, we recommend performing 150 ALD cycles of
TiO2 coating, equivalent to 8.4 nm thicknesses at 225◦C which
is sufficiently thick for effective protection for the nanotube
layers whilst keeping the amorphous state. Among all the
amorphous coatings after 28 days of soaking, this condition has
the fewest nanoparticles on the nanotube walls, evidenced in
Figures 5 and 7.

CONCLUSION

We proposed the utilization of thin ALD TiO2 coatings to protect
1D TiO2 nanotube layers against morphological changes within
prolonged water soaking experiments. Thin and conformal
TiO2 coating of NALD = 10, 50, and 150 corresponding to
0.56, 2.8, and 8.4 nm in thickness, respectively, were deposited
by ALD at temperatures 150◦, 225◦, and 300◦C within 5µm
amorphous TiO2 nanotube layers, which yielded amorphous
and anatase coatings. The uncoated nanotube layers underwent
significant morphological changes with additional nanoparticles
formed on the nanotube walls after extensive soakings up
to 28 days. The formation of the nanoparticles was related
to the reaction between residual F− ions (present in the

nanotube walls) and water in a self-induced precipitation
mechanism. The additional TiO2 coatings delayed the soaking
effect and preserved the nanotube walls for a minimum
of 14 days. Overall, the optimum coating was credited to
NALD = 150 (8.4 nm) deposited at 225◦C. The combination
of identical materials by different preparation techniques
sustains the amorphous state and tubular morphology of
1D TiO2 nanotube layers for biomedical applications as an
example.
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Due to their high specific surface area and advanced properties, TiO2 nanotubes

(TiO2 NTs) have a great significance for production and storage of energy. In this

paper, TiO2 NTs were synthesized from anodization of Ti-6Al-4V alloy at 60 V for 3 h in

fluoride ethylene glycol electrolyte by varying the water content and further annealing

treatment. The morphological, structural, optical and electrochemical performances

of TiO2 NTs were investigated by scanning electron microscope (SEM), energy

dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), UV-Visible spectroscopy

and electrochemical characterization techniques. By varying the water content in the

solution, a honeycomb and porous structure was obtained at low water content and

the presence of (α + β) phase in Ti-6Al-4V alloy caused not uniform etching. With an

additional increase in water content, a nanotubular structure is formed in the (α + β)

phases with different morphological parameters. The anatase TiO2 NTs synthesized with

20 wt% H2O shows an improvement in absorption band that extends into the visible

region due the presence of vanadium oxide in the structure and the effective band

gap energy (Eg) value of 2.25 eV. The TiO2 NTs electrode also shows a good cycling

performance, delivering a reversible capacity of 82 mAh.g−1 (34 µAh.cm−2.µm−1) at 1C

rate over 50 cycles.

Keywords: TiO2 nanotubes, Ti-6Al-4V alloy, anodization, Li-ion microbatteries, negative electrode

INTRODUCTION

Rechargeable batteries play an important role in powering the electronic devices and in storing
energy due to their high energy and power density which are expected to be a solution for
the future energy storage requirements (Li et al., 2017). Due to the lack of suitable on-board
power sources, the advances in the miniaturization of microelectronics is growing, opening
opportunities to explore the both cathode and anode materials as thin-films (Sugiawati et al.,
2016) and nanostructured electrodes by utilizing various synthesis and deposition techniques
(Djenizian et al., 2011; Pikul et al., 2013; Ellis et al., 2014; Xiong et al., 2014; Sugiawati et al., 2018).
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Titanium dioxide (TiO2) is a semiconductor material that has
been studied extensively in the last few decades due to its
chemical stability, non-toxicity and biocompatibility (Morozová
et al., 2012; Pansila et al., 2012; Reszczynska et al., 2014). In Li-
ion microbatteries, the electrochemical performances of anode
materials are highly dependent on their morphologies, surface
characteristics, and particle sizes. Many researchers proposed to
reduce the size of TiO2 anode material to the nanometer scale
in order to increase not only the number of reaction sites, but
also gives new properties to the materials (Armstrong et al.,
2005). Among these nanostructured materials, self-organized
TiO2 nanotubes (TiO2 NTs) obtained by anodization of Ti foil
can give a high porosity and larger specific area offering an
enhancement in the cell capacity and cycle life (Ortiz et al., 2008,
2009; Fang et al., 2009; Panda et al., 2012; Kyeremateng et al.,
2013b; Plylahan et al., 2014; Chang et al., 2015; Salian et al., 2017).

In addition, physical and electrochemical performance of
TiO2 NTs can be enhanced by chemical modification of the
surface (Plylahan et al., 2012; Kyeremateng et al., 2013a; Sopha
et al., 2017) and by incorporation of foreign ions into TiO2 lattice
such as Sn4+(Kyeremateng et al., 2013b), Fe3+(Das et al., 2011),
Ni2+(Choi et al., 2009), Nb5+(Salian et al., 2018), and V3+(Lin
et al., 2013). The electrical conductivity and electrochemical
kintetics of TiO2 NTs electrodes can be improved by doping with
Ti3+ ions due to a Li+ diffusion coefficient of 1.09 × 10−12 cm2

s−1 which is almost one order of magnitude higher than that of
TiO2 NTs (1.39 × 10−13 cm2 s−1) (Duan et al., 2016). Yu et al.
also demonstrated that 5 at.% Sn doped TiO2 NTs exhibits the
best cycling stability with specific capacity of 386 mAh.g−1 and
coulombic efficiency of 99.2% after 50 cycles at 0.1C (Yu et al.,
2014).

Ternary titanium alloy (Ti-6Al-4V, with 6 wt% Aluminum
and 4 wt% Vanadium) have also been utilized to synthesize
the self-organized TiO2 NTs, notably for their use in a wide
range of applications such as bone substitute applications,
including orthopedic and dental implants due to their superior
compatibility, mechanical resistance, excellent corrosion
resistance, and good thermal stability (Long and Rack, 1998;
Black and Hastings, 2013). Furthermore, research works focused
to improve the osseointegration and stability of the TA6V
implant in the human body (Jo et al., 2013). However, to the
best of our knowledge, there have been no reports to date on
the use of the anodized TA6V alloy as electrode for Li-ion
microbatteries. The basic objective of this work is therefore to
study the electrochemical performance and optical properties
of the anodized TA6V alloy produced through electrochemical
anodization in fluoride-containing ethylene glycol electrolyte.

EXPERIMENTAL

Synthesis of TiO2 Nanotubes
The Ti−6Al−4V (TA6V) alloy (0.1mm thickness, 25% tolerance,
Goodfellow) were cut into square shape (1.2 × 1.2 cm) with
a selected work area of 0.6 cm2. Before anodization, the
Ti−6Al−4V foils were degreased by sonication in acetone, 2-
propanol and methanol for 10min each, rinsed with ultrapure
water and dried in a stream of compressed air. The anodization

was performed in a two-electrode electrochemical cell with
Ti−6Al−4V foil as the anode and platinum foil as the cathode.
At room temperature, all anodization experiments were carried
out under a constant voltage of 60V using a generator (ISO-
TECH IPS-603) for 3 h. Ethylene glycol (EG) solution containing
0.3 wt% ammonium fluoride (NH4F) was used as electrolyte,
and the water content was varied at 2, 5, 10,15, and 20 wt%.
After anodization, the samples were soaked in ultrapure water
for 10min and then dried in an oven at 50◦C for 10min. In order
to transform the amorphous crystallographic structure obtained
just after electrochemical anodization into crystalline structure,
the samples were annealed at 500◦C for 3 h with a heating and
cooling rate of 5◦C/min.

Characterization of the Samples
Morphological characterization of the TiO2 NTs was investigated
by scanning electron microcopy (SEM) using a PHILIPS
XL30. The chemical composition was analyzed by energy
dispersive X-ray spectroscopy (EDS). The crystalline phases
were characterized by X-ray diffraction (XRD) analysis. The
diffraction patterns were obtained by a X’Pert Philips MPD
with a Panalytical X’Celerator detector using a graphite
monochromized CuKα radiation (λ = 1.5418◦A). The
measurements were performed within the range of 2θ from
20◦ to 70◦. The optical properties were investigated using a
UV-Visible spectroscopy from 250 to 800 nm.

The electrochemical performance tests were performed using
two-electrode Swagelok cells assembled in an argon-filled glove
box in which the oxygen and moisture contents were <2 ppm. A
9mm diameter Li foil was used as the counter electrode and two
sheets of Whatman glass microfiber separator were soaked in the
electrolyte of lithium hexafluorophospahte in ethylene carbonate
and diethylene carbonate electrolyte (1M LiPF6 in EC/DEC of
1:1 w/w) purchased from Sigma-Aldrich prior to assembling the
cell. The cycling experiments were performed using a VMP3
potentiostat-galvanostat (Biologic, France). For all experiments,
no additives such as poly (vinyl difluoride) as binder and carbon
black as conductive agent were utilized. Cyclic voltammetry (CV)
measurements were performed in the range voltage of 1–3V vs.
Li/Li+ at a scan rate of 0.05, 0.1 and 0.5mV.s−1, respectively. For
galvanostatic discharge–charge tests, a constant current density
of 3.23 µA.cm−2 (C/10), 6.47 µAcm−2 (C/5), 16.18 µA.cm−2

(C/2), and 32.35 µA.cm−2 (1C), respectively, was applied to the
assembled cells with a cut-off potential of 1- 3V vs. Li/Li+.

EXPERIMENTAL RESULTS

Morphological and Chemical

Characterization
Surface Morphology
Figure 1 shows the SEM images of the different morphologies
of TA6V alloy anodized at 60V for 3 h in Ethylene Glycol
(EG) solution containing 0.3 wt% NH4F with different water
contents. It should be noticed that the ternary titanium alloy
studied in the present work consist of two metallurgical phases,
the α phase being enriched in Al and the β phase in V (Macak
et al., 2005). We noted a great influence of the water content on
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the formation of the self-organized TiO2 NTs, both randomly
arranged porous structure and uniformly arranged nanotubes.
The formation of the porous structure depends on the underlying

phase (α or β) and the anodization parameters. As seen in
Figure 1A, a honeycomb is obviously formed on the surface
at water content of 2 wt%, however not on the entire surface.

FIGURE 1 | SEM images of TiO2 NTs obtained from anodization of TA6V alloy in fluoride ethylene glycol electrolyte with different water contents: 2 wt% (A), 5 wt%

(B), 10 wt% (C), 15 wt% (D), and 20 wt% (E). Tilted view of TiO2 NTs synthesized in 20 wt% H2O (F).

FIGURE 2 | EDS spectra of: pristine TA6V alloy (A) and anodized TA6V alloy in fluoride ethylene glycol electrolyte with 20 wt% H2O content (B).
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TABLE 1 | Elemental composition of the pristine TA6V alloy and the anodized

TA6V alloy obtained in fluoride ethylene glycol electrolyte carrying 20 wt% H2O

content.

Element % Weight % Atomic

Pristine

TA6V alloy

Anodized

TA6V alloy

Pristine

TA6V alloy

Anodized

TA6V alloy

Al 6.41 3.61 10.87 3.95

V 3.21 2.68 2.88 1.55

O – 29.93 – 55.21

Ti 90.37 63.78 86.25 39.29

Figures 1B-D exhibits the positive influence of the improved
water content, from 5 to 15 wt%. The β phase is preferentially
etched as the amount of water in the solution increases, indicating
the enhanced solubility of the vanadium oxides. A similar
phenomenon has been previously reported for the TiO2 NTs
grown from anodization of TA6V alloy in different electrolytes
(sulphuric/hydrofluoric acid and ammonium sulfate with 0.2
wt% NH4F, respectively) at controlled voltage and anodization
time (Matykina et al., 2011; Moravec et al., 2016). According to
Figures 1E,F, a well-separated TiO2 NTs with an inner diameter
varying between 97 and to 206 nm and a length of 1.25µm can be
formed in the fluoride-containing EG electrolyte carrying 20 wt%
H2O. At this percentage, the nanotubular structure is formed
in the two phases (α + β) via the formation of an oxide layer
(TiO2) and the chemical dissolution of this layer assisted by
an electric field. The formation mechanism of TiO2 NTs from
alloys is similar to that of the pristine TiO2 NTs obtained from
anodization of pure Ti.

Composition Analysis
Figure 2 shows the EDS spectra of TiO2 NTs grown from
anodization of TA6V alloy with 20 wt% H2O content in the
fluoride EG. The energy dispersive X-ray characterization values
are summarized in Table 1. After anodization, there is a slight
difference of wt% for each element and the strong presence of
oxygen confirming the formation of oxides. In fact, the wt% of
Ti in the anodized TA6V alloy is lower compared to that of the
pristine TA6V alloy. This result suggests that Ti anode is oxidized
into TiO2 through the oxidation of Ti to form Ti4+ according to
Equation (1).

Ti → Ti4+ + 4e− (1)

H2O → 2H+ +O2− (2)

Ti4+ + 2O2− → TiO2 (3)

Ti4+ + 2H2O → 4H+ + TiO2 (4)

The dissociation of H2O takes place at the cathode (Equation 2)
and the overall reaction leads to the formation of the titanim
dioxide (Equations 3 and 4) (Ortiz et al., 2009). TiO2 NTs
formed in the fluoride electrolyte are characterized by different
morphological parameters (diameter, thickness, length,. . . ) that
can be confirmed from Figures 1E,F.

FIGURE 3 | XRD patterns of TiO2 NTs grown on TA6V alloy: as-anodized (A),

films annealed at 500◦C for 3 h with the water content in the electrolyte is: 2

wt% H2O (B), 10 wt% H2O (C), 5 wt% H2O (D), 15 wt% H2O (E), and 20

wt% H2O (F).“A” is Anatase, “Ti” is substrate of film.

The EDS analysis also shows that Al and V values are lower
compared to the TA6V alloy, which can be explained by the
oxidation of these elements to form the thin oxide layers of Al2O3

and V2O5 (or VO2), respectively (Gibran et al., 2018). Note that
Al and V signals may come also from the bulk alloy, not only
from the surface oxide layer (Benea et al., 2014). The presence
of these layers improves the osseointegration and enhances the
biocompatibility of the implant material (Jo et al., 2013). It can
be noted that no trace of F can be detected suggesting that
this element is not incorporated into the oxides during the
anodization process.

Structural Properties
After anodization, the as-formed TiO2 NTs at various water
contents were annealed at 500◦C for 3 h to convert the
amorphous compound into a crystalline structure. Figure 3

shows the XRD patterns of these films. Compared to the as-
anodized TiO2 NTs using 20 wt% H2O, the crystallizations of
the TiO2 NTs films are mainly composed of anatase phase, as
evidenced by the diffraction peaks at 2θ= 25.50, 37.80, 48.30, and
55.10◦. The diffraction peaks can be indexed to the (101), (004),
(200), and (211) planes, respectively (JCPDS Pattern no 00-021-
1272). Furthermore, the XRD patterns give no indication of the
presence of the Al2O3 and V2O5 (or VO2) peaks due to their low
percentage in the samples and the high dispersion of metal ions
in the nanotubular lattice (Li et al., 2009; Tang et al., 2014).

Optical Properties
Figures 4A–E shows the optical absorption spectra of the
annealed TiO2 NTs at 500

◦C for 3 h obtained from anodization of
TA6V alloy in fluoride EG electrolyte at different water contents.
The strong absorptions of these films in the range of 250–336 nm
correspond to the electron-transition from the valence band
(VB) to the conduction band (CB) with creation of two very
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reactive species, an electron in the CB and a hole in the VB
(Hoffmann et al., 1995). The UV absorption edge of samples
prepared using 2, 5, 10, 15, and 20 wt% H2O that are around
332, 335, 340, 380, and 410 nm, respectively, correspond to the
maximum absorption edge for each curves that are projected on
the wavelength axis (nm). By increasing the water content in the
solution, the absorption band extends into the visible region. This
behavior explained by the increase of the active surface (number
of reaction sites) with the formation of TiO2 NTs characterized
by an improvement of their morphological parameters (diameter,
thickness, length...) confirmed by the SEM images given in
Figures 1E,F. In addition, the presence of vanadium oxide in
the structure is responsible for additional impurity states in the
band gap near the CB or the VB altering the optical properties
of the material (Li et al., 2009; Nešić et al., 2013; Chen et al.,
2015). The same behavior was obtained by the study of Luo et al.
suggesting that the extends of absorption edge into the visible
region is attributed to the quantum size effects (Luo et al., 2008).

Evaluation of the TiO2 NTs band gap (Eg) grown from
anodization of Ti- 6Al- 4V alloy can be obtained from the
absorption coefficient α given in Equation (5) (Mane et al., 2005)

α = (hυ − Eg)0,5/hυ (5)

α = A / 1, where A is the absorption film, l is the tubes
length (l = 1.25µm) and hυ is the photon energy. Figure 4F
shows the variations of (αhυ)2 vs. photon energy (hυ) for the
film synthesized using 20 wt% H2O in the electrolyte. The
extrapolation of the straight line to zero absorption gives the
effective band gap energy (Eg) value of approximately 2.25 eV,
which is significantly lower than that of TiO2 anatase (∼3.2 eV)
(Li et al., 2013). The low band gap value is explained by the
presence of vanadium oxide that can extend the absorption band
into the visible region. Compared to the color of as-formed
Ti−6Al−4V alloy in Figure 5A, this result is in agreement with
the EDS analysis and the appearance of yellow-green color in
the annealed sample at 500◦C for 3 h as shown in Figure 5B.
The color reflected on the annealed TiO2 NTs sample at 20 wt%
H2O can be determined through the UV absorption spectra.
As seen, the lowest absorption spectra is approximately 500 nm,
reflecting a yellow-green color. In the agreement with the
previous findings, the V-doped TiO2 materials were prepared
by both sol-gel technique and liquid phase deposition (LPD)
reported that the presence of V can widen the absorption
threshold wavelength to 650 nm (Gu et al., 2007; Zhou et al.,
2010). In Figure 5A is presented a photo of the sample before
annealing.

Electrochemical Performance
In this work, self-organized TiO2 NTs fabricated from TA6V
alloy containing α and β phase are investigated as a potential
anode materials for Li-ion microbatteries. The electrochemical
performance of TiO2 NTs synthesized using ethylene glycol
electrolyte containing 20 wt% H2O is elucidated through cyclic
voltammetry (CV) to analyse the charging and discharging
mechanisms during cycling. The anodic and cathodic peaks
obtained during the measurements represent the possible phase

transformations or redox reactions with the electrodes (Heinze,
1984). The TiO2 NTs on TA6V alloy was tested at various
scanning rates (0.05, 0.1 and 0.5mV.s−1) between 1 and 3V
vs. Li/Li+ at room temperature, as displayed in Figure 6A. Two
distinct cathodic and anodic peaks are observed for all scan rates,
corresponding to the lithium insertion (Ti4+ → Ti3+) and
extraction (Ti3+ → Ti4+) in anatase (Li et al., 2012). At a scan
rate of 0.05mV.s−1, the cathodic peak centered at ∼1.74V vs.
Li/Li+ and the anodic peak centered at 1.96V vs. Li/Li+ show
a peak potential separation (1Ep) of 0.22V. The cathodic and
anodic peak slightly shifted to 1.73V vs. Li/Li+ and 1.97V vs.
Li/Li+, respectively at 0.1mV.s−1, showing the 1Ep of 0.24V.
Further higher scan rate of 0.5mV.s−1, the cathodic and anodic
peaks are significantly shifted to ∼1.71V vs. Li/Li+ and ∼2.03V
vs. Li/Li+, respectively with the 1Ep of 0.32V. Obviously, as the
scan rate was increased, the displacement current increased due
to the fact that the over potential become higher.

The separation between the cathodic and anodic peaks
indicated the extent of polarization. Hence, the slow scan rate
is selected to establish an electrochemical equilibrium between
the active species due to the fast scan rate might provoke peak
identification more difficult (Plylahan et al., 2015). In addition
to the main peaks, an additional peak pair at a potential of
∼2.55V vs. Li/Li+ with a low current density is showed up
in the reduction and oxidation potential at three different scan
rates. It is due to the presence of an electrochemically active
vanadium oxide with low valence state of vanadium such as VO2

phase (Mai et al., 2010; Mattelaer et al., 2017). The formation
of nanotubes on two phases (α + β) titanium alloys leads
to the selective dissolution of the elements and the different
reactions rates at different phases, yielding VO2 and Al2O3

phases. Considering the peak intensity of VO2 with respect to
anatase TiO2 NTs, it is assumed that the VO2 phase might
not contribute significantly to the storage performance of the
electrode. Apart from both peak pairs, no additional peak for
the Al2O3 phase can be detected in the CVs curves as this phase
is probably to be electrochemically inactive. Furthermore, cyclic
voltammograms at low scan rate of both 0.05 and 0.1mV.s−1

for 10 cycles reveal a good stability of the electrode which
is attested by no peak shifting (see Figures 6B,C). The main
cathodic and anodic peaks can be clearly identified up to the 10th
cycle.

The charge-discharge behaviors of the alloyed TiO2 NTs were
examined by galvanostatic tests between cut-off voltages of 1
and 3V vs. Li/Li+. The results are shown in Figure 7A. It
is found that in the first discharge process, there is a short
plateau at ∼2.55V which indicates a very small amount of Li
ions inserted into VO2 phase with a low storage capacity. This
plateau is in good accordance with the cyclic voltammogram
curve. The potential continuously drops and reaches the large
constant plateau at ∼1.77V which is attributed to homogeneous
Li insertion into the bulk anatase with a lithium insertion capacity
of about 85 mAh.g−1 (36 µAh.cm−2.µm−1). The slope after the
plateau, started from ∼1.77V to 1V has the insertion capacity
of 183 mAh.g−1 (77 µAh.cm−2.µm−1), which is attributed to
the energy capacity accumulated on the surface of anatase. The
lithium extraction capacity is solely about 20 mAh.g−1 within
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FIGURE 4 | UV-Vis absorption spectra of annealed TiO2 NTs layers grown from anodization of TA6V alloys at 60 V for 3 h in fluoride ethylene glycol electrolyte with

different water contents: 2wt%H2O (A), 5wt%H2O (B), 10wt%H2O (C), 15wt%H2O (D), and 20wt%H2O (E). Variations of (αhυ)2 vs. photon energy (hυ) of TiO2 NTs

synthesized with 20 wt% H2O in the fluoride ethylene glycol electrolyte (F).

FIGURE 5 | Ti-6Al-4V alloys anodized in fluoride ethylene glycol electrolyte with 20 wt%H2O at 60V for 3 h: as-formed (A) and annealed at 500 ◦C for 3 h (B).

FIGURE 6 | Cyclic voltammograms of anatase TiO2 NTs on Ti−6Al−4V alloy performed in the potential range 1–3V at a scan rate of 0.05mV.s−1,0.1mV.s−1, and

0.5mV.s−1 (A), 10 cycles CVs at scan rate of 0.05mV.s−1(B) and 10 cycles CVs at scan rate of 0.1mV.s−1(C).

the charging potential window of 1–1.84V in the first cycle,
which is smaller than the capacity in the discharging potential
region of 1.77–1V. This results indicates that the irreversible
capacity mainly occurs within the sloped region between 1.77
and 1V. However, the main voltage plateaus consist of the
discharge plateau at ∼1.77V vs. Li/Li+ and a charge plateau

at ∼1.84V vs. Li/Li+, resulting in a very small polarization of
0.07V at C/10 rate. In a good agreement with previous results,
the charge plateau at ∼1.89V vs. Li/Li+ and discharge plateau at
∼1.75 Vvs. Li/Li+ with a higher polarization of 0.14V at C/10
rate are obtained for the self-organized TiO2 NTs synthesized
in a solution of ethylene glycol containing 1.0 wt% H2O and
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FIGURE 7 | Charge-discharge profile of anatase TiO2 NTs on Ti−6Al−4V alloy at C/10 rate (A) and the discharge capacity vs. cycle number at multiple C-rates (B),

Charge-discharge profile of anatase TiO2 NTs on Ti−6Al−4V alloy at 1C rate (C) and cycling performance of anatase TiO2 NTs on Ti−6Al−4V alloy at 1C rate (D).

2 wt% NH4F (Prosini et al., 2013).The smaller difference of
the charge and discharge plateaus indicates the better electrode
reaction kinetics and better rate performance. The reversible Li+

insertion into TiO2 NTs can be written according to Equation (6)
(Djenizian et al., 2011).

TiO2 + xLi+ + xe−↔LixTiO2 (6)

Taking the middle points between these two plateaus, the average
working potentials of cell were determined to be ∼1.80V
vs. Li/Li+. The high working potential of the nanotubes is
an advantage to avoid the electrolyte reduction and limit the
formation of a solid electrolyte interphase (SEI) layer on the
surface of the electrode (Xu et al., 2007).

The electrochemical reactionat the anode is based on the
reduction of Ti4+ to Ti3+ and the Li+ insertion into the
TiO2 NTs. Lithium ions can be inserted reversibly into anatase
TiO2 to form Li0.5TiO2, giving a theoretical specific capacity of
168 mAh.g−1while the theoretical capacity of amorphous TiO2

NTs is 335 mAh.g−1 for the insertion of one Li per Ti unit
(Auer et al., 2018). In this study, the obtained initial discharge
and charge capacities of the electrodes are 288 mAh.g−1 (122
µAh.cm−2.µm−1) and 142 mAh.g−1 (60 µAh.cm−2.µm−1),
corresponding to the lithium insertion coefficient of 0.86 and
0.42, respectively with a relatively low initial coulombic efficiency
of 49.30%. A high capacity of anatase TiO2 NTs in the first few

initial cycles is probably due to the presence of the remaining
amorphous nanotubes (Prosini et al., 2013).

For the subsequent cycles, the discharge capacity values
recorded in the 2nd and 10th cycles are 186 and 150 mAh.g−1

with an improved coulombic efficiency of 76.34 and 94.67%,
respectively. The capacity fading from the 2nd to the 10th cycle
can be attributed to an irreversible reaction of Li+ ions with
OH groups existing on the surface of nanotubes at low voltages
(Ferrari et al., 2017). In addition, the initial capacity loss may
also be caused by the interfacial reaction between the residual
traces of water on the surface of the nanotubes and lithium salt in
the electrolyte combined with the presence of structural defects
(Hanzu et al., 2011; Chung et al., 2015). However, the cycling
retention continuously improved after first few cycles, thereby
coulombic efficiency approaches 100%.

The cells were cycled at multiple C-rates as presented
in Figure 7B. TiO2 NTs electrode gives a stable capacity
of 150 mAh.g−1 (63 µAh.cm−2.µm−1) at C/10, 134
mAh.g−1 (56µAh.cm−2.µm−1) at C/5, 101 mAh.g−1 (43
µAh.cm−2.µm−1) at C/2 and 83mAh.g−1 (35µAh.cm−2.µm−1)
at 1C. The capacity can be recovered after cycling at C/10 rate
over 50 cycles.We noted that the capacity loss at C/10 rate
after cycling at fast kinetic rates is attributed to the hindered
migration of Li+ ions within the TiO2 NTs system due to
the presence of other crystalline phases. However, it can be
observed that the capacity of two last cycles are enough stable at
C/10 rate, hence we assumed the discharge capacities stabilize
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after few initial cycles. To prove the cycling stability of the
TiO2 NTs, galvanostatic charge-discharge were performed
at 1C rate up to 50 cycles (Figures 7C,D). The results thus
clearly show a good cycling stability of the TiO2 NTs electrodes
that can deliver a reversible capacity of 82 mAh.g−1 (34
µAh.cm−2.µm−1).

CONCLUSION

In summary, self-organized TiO2 NTs have been successfully
synthesized via anodization of Ti−6Al−4V alloy at 60V for 3 h
in fluoride ethylene glycol electrolyte at various water contents (2
wt% up to 20 wt%H2O). Significant differences in morphological
structure of TiO2 NTs were obtained. At low water content, a
honeycomb and porous structure is formed on the surface due
to the presence of both α and β phases in the Ti−6Al−4V alloy
leading to a dissimilar non-uniform etching. Remarkably, self-
organized TiO2 NTs could be formed uniformly across both
α and β phases at 20 wt% H2O. The optical properties and
electrochemical performance of the anodized TiO2 NTs carrying
20 wt% H2O have been investigated. The anatase TiO2 NTs
offers a low band gap value equal to 2.25 eV due to the presence

of vanadium oxide in the structure that widens the threshold
of absorption wavelength into the visible region. Moreover,
galvanostatic charge-discharge tests exhibited a good capacity of
82 mAh.g−1 (34 µAh.cm−2.µm−1) at 1C rate over 50 cycles.
These results show that the self organized TiO2 NTs grown from
TA6V alloy can be considered as competitive anode materials for
Li-ion microbatteries, as well as other potential applications in
gas sensors, solar cells, and photocatalysis.
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Krsti,ć, J., and et Roglić, G. M. (2013). Preparation, characterization and

photocatalytic activity of lanthanum and vanadium co-doped mesoporous

TiO2 for azo-dye degradation. J. Mol. Catal. A: Chem. 378, 67–75.

doi: 10.1016/j.molcata.2013.05.018

Ortiz, G. F., Hanzu, I., Djenizian, T., Lavela, P., Tirado, J. L., and Knauth, P.

(2008). Alternative Li-ion battery electrode based on self-organized titania

nanotubes. Chem. Mater. 21, 63–67. doi: 10.1021/cm801670u

Ortiz, G. F., Hanzu, I., Knauth, P., Lavela, P., Tirado, J. L., and Djenizian,

T. (2009). TiO2 nanotubes manufactured by anodization of Ti thin films

for on-chip Li-ion 2D microbatteries. Electrochim. Acta 54, 4262–4268.

doi: 10.1016/j.electacta.2009.02.085

Panda, S. K., Yoon, Y., Jung, H. S., Yoon, W. S., and Shin, H. (2012). Nanoscale

size effect of titania (anatase) nanotubes with uniform wall thickness as

high performance anode for lithium-ion secondary battery. J. Power Sources.

204:162167.doi: 10.1016/j.jpowsour.2011.12.048

Pansila, P., Witit-Anun, N., and Chaiyakun, S. (2012). Influence of sputtering

power on structure and photocatalyst properties of DC magnetron sputtered

TiO2 thin film. Procedia. Eng. 32, 862-867. doi: 10.1016/j.proeng.2012.02.024

Pikul, J. H., Zhang, H. G., Cho, J., Braun, P. V., and King, W. P. (2013).

High-power lithium ion microbatteries from interdigitated three-dimensional

bicontinuous nanoporous electrodes. Nat. Commun. 4:1732. doi: 10.1038/

ncomms2747

Plylahan, N., Demoulin, A., Chrystelle Lebouin, C. L., Knauth, P., and Djenizian,

T. (2015). Mechanism study of Li+ insertion into titania nanotubes. RSC Adv.

5, 28474–28477. doi: 10.1039/c5ra03759j

Plylahan, N., Kyeremateng, N. A., Eyraud, M., Dumur, F., Martinez, H., Santinacci,

L., et al. (2012). Highly conformal electrodeposition of copolymer electrolytes

into titania nanotubes for 3D Li-ion batteries. Nanoscale Res. Lett. 7:349.

doi: 10.1186/1556-276x-7-349

Plylahan, N., Letiche, M., Barr, M. K. S., and Djenizian, T. (2014). All-solid-state

lithium-ion batteries based on self-supported titania nanotubes. Electrochem.

Commun. 43, 121–124. doi: 10.1016/j.elecom.2014.03.029

Prosini, P. P., Cento, C., and Pozio, A. (2013). Lithium-ion batteries based on

titanium oxide nanotubes and LiFePO4. J. Solid State Electrochem. 18, 795–804.

doi: 10.1007/s10008-013-2324-8

Reszczynska, J., Grzyb, T., Sobczak, J. W., Lisowski, W., Gazda, M., Ohtani, B.,

et al. (2014). Lanthanide co-doped TiO2: the effect of metal type and amount

on surface properties and photocatalytic activity. Appl. Surf. Sci. 307, 333–345.

doi: 10.1016/j.apsusc.2014.03.199

Salian, G. D., Koo, B. M., Lefevre, C., Cottineau, T., Lebouin, C., Tesfaye,

A. T., et al. (2018). Niobium alloying of self-organized TiO2 nanotubes as

an anode for lithium-ion microbatteries. Adv. Mater. Technol. 3 :1700274.

doi: 10.1002/admt.201700274

Salian, G. D., Lebouin, C., Demoulin, A., Lepihin, M. S., Maria,

S., Galeyeva, A. K., et al. (2017). Electrodeposition of polymer

electrolyte in nanostructured electrodes for enhanced electrochemical

performance of thin-film Li-ion microbatteries. J. Power Sources, 340,

242–246.doi: 10.1016/j.jpowsour.2016.11.078

Sopha, H., Salian, G. D., Zazpe, R., Prikryl, J., Hromadko, L., Djenizian, T., et al.

(2017). ALD Al2O3-coated TiO2 nanotube layers as anodes for lithium-ion

batteries. ACS Omega 2, 2749–2756. doi: 10.1021/acsomega.7b00463

Sugiawati, V. A., Vacandio, F., Eyraud, M., Knauth, P., and Djenizian, T. (2016).

Porous NASICON-Type Li3Fe2(PO4)3 thin film deposited by rf sputtering

as cathode material for li-ion microbatteries. Nanoscale Res. Lett. 11:365.

doi: 10.1186/s11671-016-1574-7

Sugiawati, V. A., Vacandio, F., Knauth, P., and Djenizian, T. (2018).

Sputter-deposited amorphous LiCuPO4 thin film as cathode material

for li-ion microbatteries. Chem. Select 3, 405–409. doi: 10.1002/slct.2017

02429

Tang, D., Wang, Y., Zhao, Y., Yang, Y., Zhang, L., and Mao, X. (2014). Effect of

the composition of Ti alloy on the photocatalytic activities of Ti-based oxide

nanotube arrays prepared by anodic oxidation. Appl. Surf. Sci. 319, 181–188.

doi: 10.1016/j.apsusc.2014.07.149

Xiong, W., Xia, Q., and Xia, H. (2014). Three-dimensional self-supported

metal oxides as cathodes for microbatteries. Funct. Mater. Lett. 7:1430003.

doi: 10.1142/S1793604714300035

Xu, J., Jia, C., Cao, B., and Zhang, W. F. (2007). Electrochemical properties

of anatase TiO2 nanotubes as an anode material for lithium-ion batteries.

Electrochim. Acta, 52, 8044–8047. doi: 10.1016/j.electacta.2007.06.077

Yu, C., Bai, Y., Yan, D., Li, X., and Zhang, W. (2014). Improved electrochemical

properties of Sn-doped TiO2 nanotube as an anode material for lithium ion

battery.J. Solid State chem. 18, 1933–1940. doi: 10.1007/s10008-014-2436-9

Zhou, W., Liu, Q., Zhu, Z., and Zhang, J. (2010). Preparation and properties

of vanadium-doped TiO2 photocatalysts. J. Phys. D: Appl. Phys. 43, 035301.

doi: 10.1088/0022-3727/43/3/035301

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Fraoucene, Sugiawati, Hatem, Belkaid, Vacandio, Eyraud,

Pasquinelli and Djenizian. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 9 February 2019 | Volume 7 | Article 66111

https://doi.org/10.1016/j.jpowsour.2012.09.104
https://doi.org/10.1016/jjpowsour.2012.06.096
https://doi.org/10.1007/s11837-017-2404-9
https://doi.org/10.1016/j.matchemphys.2008.08.009
https://doi.org/10.3390/s130708393
https://doi.org/10.1039/c3cy00053b
https://doi.org/10.1016/s0142-9612(97)00146-4
https://doi.org/10.1016/j.matlet.2008.08.015
https://doi.org/10.1002/jbm.a.30501
https://doi.org/10.1021/nl103343w
https://doi.org/10.1021/jp0531560
https://doi.org/10.1021/acsami.6b16473
https://doi.org/10.1016/j.electacta.2010.11.069
https://doi.org/10.1016/j.msec.2016.04.037
https://doi.org/10.1016/j.proeng.2012.07.450
https://doi.org/10.1016/j.molcata.2013.05.018
https://doi.org/10.1021/cm801670u
https://doi.org/10.1016/j.electacta.2009.02.085
https://doi.org/10.1016/j.jpowsour.2011.12.048
https://doi.org/10.1016/j.proeng.2012.02.024
https://doi.org/10.1038/ncomms2747
https://doi.org/10.1039/c5ra03759j
https://doi.org/10.1186/1556-276x-7-349
https://doi.org/10.1016/j.elecom.2014.03.029
https://doi.org/10.1007/s10008-013-2324-8
https://doi.org/10.1016/j.apsusc.2014.03.199
https://doi.org/10.1002/admt.201700274
https://doi.org/10.1016/j.jpowsour.2016.11.078
https://doi.org/10.1021/acsomega.7b00463
https://doi.org/10.1186/s11671-016-1574-7
https://doi.org/10.1002/slct.201702429
https://doi.org/10.1016/j.apsusc.2014.07.149
https://doi.org/10.1142/S1793604714300035
https://doi.org/10.1016/j.electacta.2007.06.077
https://doi.org/10.1007/s10008-014-2436-9
https://doi.org/10.1088/0022-3727/43/3/035301
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


ORIGINAL RESEARCH
published: 29 March 2019

doi: 10.3389/fchem.2019.00165

Frontiers in Chemistry | www.frontiersin.org 1 March 2019 | Volume 7 | Article 165

Edited by:

Thierry Djenizian,

École des Mines de Saint-Étienne -

Campus Georges Charpak Provence,

France

Reviewed by:

Frederique Cunin,

Centre National de la Recherche

Scientifique (CNRS), France

Ester Segal,

Technion Israel Institute of Technology,

Israel

*Correspondence:

Maxim B. Gongalsky

mgongalsky@gmail.com

Specialty section:

This article was submitted to

Chemical Engineering,

a section of the journal

Frontiers in Chemistry

Received: 18 October 2018

Accepted: 04 March 2019

Published: 29 March 2019

Citation:

Gongalsky MB, Kargina JV, Cruz JF,

Sánchez-Royo JF, Chirvony VS,

Osminkina LA and Sailor MJ (2019)

Formation of Si/SiO2 Luminescent

Quantum Dots From Mesoporous

Silicon by Sodium Tetraborate/Citric

Acid Oxidation Treatment.

Front. Chem. 7:165.

doi: 10.3389/fchem.2019.00165

Formation of Si/SiO2 Luminescent
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Acid Oxidation Treatment

Maxim B. Gongalsky 1,2*, Julia V. Kargina 1, Jose F. Cruz 2, Juan F. Sánchez-Royo 3,

Vladimir S. Chirvony 3, Liubov A. Osminkina 1,4 and Michael J. Sailor 2

1 Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia, 2Department of Chemistry and Biochemistry,
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We propose a rapid, one-pot method to generate photoluminescent (PL) mesoporous

silicon nanoparticles (PSiNPs). Typically, mesoporous silicon (meso-PSi) films, obtained

by electrochemical etching of monocrystalline silicon substrates, do not display strong

PL because the silicon nanocrystals (nc-Si) in the skeleton are generally too large to

display quantum confinement effects. Here we describe an improved approach to form

photoluminescent PSiNPs from meso-PSi by partial oxidation in aqueous sodium borate

(borax) solutions. The borax solution acts to simultaneously oxidize the nc-Si surface and

to partially dissolve the oxide product. This results in reduction of the size of the nc-Si core

into the quantum confinement regime, and formation of an insulating silicon dioxide (SiO2)

shell. The shell serves to passivate the surface of the silicon nanocrystals more effectively

localizing excitons and increasing PL intensity. We show that the oxidation/dissolution

process can be terminated by addition of excess citric acid, which changes the pH of

the solution from alkaline to acidic. The process is monitored in situ by measurement of

the steady-state PL spectrum from the PSiNPs. The measured PL intensity increases

by 1.5- to 2-fold upon addition of citric acid, which we attribute to passivation of

non-radiative recombination centers in the oxide shell. The measured PL quantum yield

of the final product is up to 20%, the PL activation procedure takes <20min, and the

resulting material remains stable in aqueous dispersion for at least 1 day. The proposed

phenomenological model explaining the process takes into account both pH changes

in the solution and the potential increase in solubility of silicic acid due to interaction

with sodium cations.

Keywords: silicon nanoparticles (SiNPs), photoluminescence, biomedical application, theranostics, porous silicon

(PS)

INTRODUCTION

Porous silicon nanoparticles (PSiNPs) are promising agents for therapy and diagnostics
(theranostics) of various diseases due to their biocompatibility (Canham, 1995; Durnev et al.,
2010) and biodegradability (Canham, 2007). Therapeutic modalities include sensitizing of light
(Osminkina et al., 2011) and ultrasound (Sviridov et al., 2017) resulting in oxidative stress,
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hyperthermia, or other cell/tissue damage mechanisms, in
addition to targeted drug delivery (Park et al., 2009). The
dissolution of the material can be tuned over a wide temporal
range, allowing sustained release of drug over periods of several
minutes to several months (Low et al., 2009; Park et al., 2009).
Diagnostic modalities include fluorescent labeling (Gu et al.,
2013) and contrast agents for magnetic resonance (Erogbogbo
et al., 2012; Gongalsky et al., 2015). Fluorescence labeling with
photoluminescent PSiNPs benefits from the near-IR emission
of the material, which coincides with the infrared transparency
window of human tissues, and from the long luminescence
lifetime (in microsecond range), which allows suppression of
tissue autofluorescence by time-gated imaging (Gu et al., 2013).
The combination of its drug loading capabilities and its infrared
photoluminescence properties presents interesting opportunities
for theranostics (Kumeria et al., 2017).

Mesoporous silicon prepared by electrochemical etch of
highly doped p-type Si typically requires an activation step in
order to display strong photoluminescence (PL), because the
silicon nanocrystals generated in the etch are too large to exhibit
quantum confinement effect (Cullis et al., 1997). Reduction of
the silicon core size is usually accomplished by oxidation of
the PSi surface to generate silicon oxide phases (Park et al.,
2009; Pavlikov et al., 2012; Joo et al., 2014). The process
is accompanied by formation of an electronically insulating
oxide shell, which improves confinement of charge carriers in
the silicon nanocrystals and partially eliminates non-radiative
recombination centers. As a result highly luminescent Si/SiO2

core/shell quantum dots are formed inside the porous matrix.
The oxidation reaction retains the mesoporous morphology and
thus allows subsequent drug loading (Park et al., 2009).

Activation of PL can be achieved by either liquid (Park
et al., 2009; Joo et al., 2014) or gas phase oxidation chemistries
(Pavlikov et al., 2012). A convenient and rapid means to induce
oxidation is with a mildly basic aqueous solution of sodium
borate (Joo et al., 2014). In that case, the optimal core size can
be reached after between 50 and 400min of oxidation, depending
on borate and nanoparticle concentration; further dissolution
results in loss of material and decrease in net PL signal. A
drawback of the approach is that it is difficult to terminate the
oxidation reaction in a reproducible manner. Usually the reaction
is terminated by sudden dilution into excess deionized water, but
this does not give consistent results. There is a tradeoff between
speed of reaction and reproducibility: the faster the reaction, the
more difficult it is to terminate the reaction at the point where
quantum yield is maximum.

In this study we present a rapid, one-pot procedure to prepare
photoluminescent PSiNPs that combines 2 stages: (i) oxidation in
concentrated borax solutions, and (ii) instant termination of the
reaction by addition of citric acid to rapidly change the pH to the
acidic range where the rate of oxide dissolution is negligible.

MATERIALS AND METHODS

Materials
Silicon wafers were obtained from Virginia Semiconductors Inc.,
sodium tetraborate decahydrate, citric acid, and rhodamine 6G
were purchased from Sigma Aldrich Chemicals.

Preparation of PSiNPs
Perforated mesoporous silicon films (Perf-PSi) were prepared by
electrochemical etch of highly doped (specific resistivity −0.001
to 0.005 Ohm∗cm) p-type Si wafers. A 3:1 by volume mixture
of 48% aqueous HF and absolute ethanol was used. We used
perforated etching, by application of a current density waveform
consisting of 400 mA/cm2 for 0.36 s followed by 50 mA/cm2 for
1.8 s, repeated for 200 cycles (Qin et al., 2014). The resulting
PSi films were then lifted off the substrate by etching in dilute
HF solution (1:20 by volume mixture of aqueous 48% HF and
absolute ethanol), for 5min under an applied bias of 8V. The
freestanding films were then placed in deionized water and
PSiNPs were obtained by subjecting the dispersion to ultrasonic
fracture (50T, VWR international) for 24 h. Operating frequency
was 35KHz, ultrasonic power was 48W in a 1.9 L tank, which
corresponded to a power density of approximately 25 mW/cm3.
The nanoparticles were then purified: the larger microparticles
were removed by allowing the suspension to sit undisturbed
for 24 h and the sediment (consisting of larger particles) was
removed from the nanoparticle suspension and discarded. The
smaller nanoparticles were then removed by subjecting the
supernatant to 3 cycles of centrifugation (15min, 15,000 rpm).
For this stage of the process, the supernatant was discarded after
each cycle, and the sedimented pellet of nanoparticles was re-
suspended by brief ultrasonication. The resulting size-selected
nanoparticles were then activated for PL by exposure to sodium
tetraborate decahydrate (borax) Na2B4O7·10H2O solutions. The
borax concentration was varied in the range from 0.2 to 16mM
in order to evaluate the dependence of borax concentration on
the oxidation reaction rate.

Characterization
PL of the suspensions was monitored in situ in the spectral range
from 500 to 1,000 nm using an OceanOptics QE-65 spectrometer
fitted with a 460 nm long-pass emission filter. The suspensions
were placed in UV-transparent parallelepipedal cuvettes with
length and width equal to 1 cm. The excitation source was a
365 nm light emitting diode (LSM-365A) with emission power
about 10 mW and full width at half maximum (FWHM) about
12 nm. All elements of PL setup were coupled by optical fiber with
SMA 905 connectors. The cuvettes were set into cuvette holder
with 4 ports located on the 4 sides. Emission light beam was
focused into the center of the cuvette via direct port. PL signal
was collected by using of condenser also focused into the center
of the cuvette, which was connected via side port of the holder.
Typical exposure time was 3 s.

The quantum yield (QY) of PSiNPs was measured by
the comparative method, using Rhodamine 6G as a standard
(Kubin and Fletcher, 1982). In this approach integrated PL
intensity/absorption ratio is compared for the investigated
and reference samples. At least 3 different concentrations of
Rhodamine 6G and PSiNPs were used to confirm linearity of
the dependency. Optical absorbance was <0.2 at 365 nm for
all QY measurements. Excitation and absorption wavelengths
must coincide (365 nm in this study). QY of Rhodamine 6G was
assumed to be 95%. PL was measured using the setup described
above. Absorbancemeasurements weremade using a SpectraMax
340PC384 reader fromMolecular Devices in the same cuvettes as
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were used for PL measurements. Spectra were measured in the
range from 300 to 850 nm, but only values at 365 nm were used
in the analysis. Optical depth was measured in the range from 0
to 4 with 0.006 accuracy.

Dynamic light scattering (Malvern Instruments Zetasizer
ZS90) was used to determine average size (hydrodynamic
diameter) of PSiNPs. The setup uses a 633 nm, 4 mW laser
backscattered from suspended nanoparticles in the same cuvette
that was used for PL and absorbance measurements. Precise
photon counting was used for continuous measurements of the
scattering intensity, calculation of the auto-correlation function,
and final hydrodynamic distribution weighted by volume of
nanoparticles. The mathematical model was based on the
Smoluchowski diffusion equation.

Structural investigations of the samples were carried out
with a field emission scanning electron microscope (Carl Zeiss
ULTRA 55 FE-SEM) operated at an acceleration voltage of 10 kV.
Transmission and reflection Fourier-transform infrared (FTIR)
spectra of PSi layers weremeasured with a Bruker IFS 66 v/S FTIR
spectrometer. TEM images were obtained with a LEO 912 AB
Omega transmission electron microscope (Zeiss, Oberkochen,
Germany) operated at an acceleration voltage of 120 kV. Size
distributions (in the insets of Figures 1B,D) were obtained from
the electron microscope images using ImageJ software. Each
image was modified by contrast enhancement in GIMP software
and then dark/bright spots corresponding to pores/crystallites
were outlined and fitted by ellipses. Each ellipse gave us two
values, i.e., major and minor axes, which both were used for
calculation of pore/crystallite diameter distribution.

Raman scattering spectrum were measured with a Horiba
Jobin-Yvon HR800 spectrometer with an He-Ne cw laser
(wavelength of 633 nm, 5 mW) for the excitation.

X-ray Photoelectron Spectroscopy (XPS) investigations of Si
nanoparticles were performed in an ultrahigh vacuum system
ESCALAB210 (base pressure 1.0 × 10−10 mbar) from Thermo
VG Scientific. The nanoparticles in suspension were dripped
onto a Cu substrate just before the XPS measurements. The
measurements were taken over an area of 1 mm2 of the densely
covered Cu substrate. Photoelectrons were excited by using the
Mg Kα line (1253.6 eV).

The pore diameter distribution was determined by using
N2 adsorption/desorption isoterms (Quantachrome NOVA
4200e, Quantachrome Instruments). The specific pore area was
determined from the adsorption branch using BET theory
(Brunauer et al., 1938), and the pore size distribution was
calculated from the desorption branch using BJH theory (Barrett
et al., 1951). Samples were subjected to degasation at 300◦C
before measurements.

Porosity of PSi films was measured by spectroscopic liquid
infiltration method (SLIM), which is based on comparison of
2 optical interferograms for dry film and film with pores filled
by methanol, which alternates effective medium refractive index
(Segal et al., 2007).

RESULTS AND DISCUSSION

PSiNPs were prepared using the perforated-etching procedure
(Qin et al., 2014). The perforated etch generated Perf-PSi films

FIGURE 1 | Electron microscope study of Perf-PSi. SEM images of Perf-PSi

layer: cross-sectional view (A) and plan-view (B); Pore distribution, calculated

from SEM image (inset B); TEM image of Perf-PSi piece, that was isolated

midway through the ultrasonic fracturing process (C); Electron diffraction

pattern corresponding to TEM image (inset C); Dark-field image of the same

piece (D). Bright spots correspond to silicon nanocrystals; Diameter

distribution of the nanocrystals (inset D).

with a multilayered periodic structure consisting of alternating
high and low porosity, as revealed by scanning electron
microscope (SEM) images (Figure 1A). Thickness of the primary
layers (those with the lower porosity—about 45%) was in the
range of 150–200 nm, while the perforation layers were 50 nm
thick and had a porosity of∼80%. Thickness of the primary layers
determines the final size of the PSiNPs. A plan-view SEM image
(Figure 1B) reveals the poremorphology of the top primary layer,
which exhibits hierarchical branching from larger (15–40 nm) to
smaller (5 nm or less) pores. The quantitative pore distribution
is given in the inset of Figure 1B, which was obtained using
ImageJ software (details in Figure S1). The majority of the pores
exhibited sizes in the range of 2.5–15 nm. It should be noted that
the spatial resolution of the SEM is such that pores smaller than
2 nm would not be observable.

TEM images were acquired from a piece of Perf-PSi that
was isolated midway through the ultrasonic fracturing process,
after sedimentation from aqueous suspension (Figure 1C). The
sample displays the layered structure of the parent Perf-PSi
material, and cracking of the highly porous “perforating” layer is
evident on the right top corner of Figure 1C (Full TEM image
is shown in Figure S2). The electron diffraction pattern (inset
of Figure 1C) displays several bright, distinct diffraction spots
corresponding to bulk Si, confirming the presence of crystalline
silicon in the Perf-PSi sample. The diffraction spots are attributed
to Si nanocrystals that inherited their preferred orientation from
the initial c-Si wafer. The diffraction rings present in the image
can be attributed to other randomly oriented Si nanocrystals.
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Figure 1D shows a dark-field image of the same Perf-
PSi piece, where bright spots correspond to diffraction from
nanocrystalline silicon selected by special positioning of the
TEM diaphragm. The brightest regions correspond to the
periphery of the Perf-PSi piece. Quantitative analysis yielded
the distribution of silicon nanocrystallite diameters (inset to
Figure 1D, detail—also in Figure S3) According to the analysis,
the mean diameter of silicon nanocrystallites was 5.5 nm ±

0.5 nm, but a substantial quantity of larger silicon nanocrystallites
(7–14 nm) is also present.

Digital photos of Perf-PSi layers and suspensions are shown
in Figures S5A–C. Sequential sedimentation and centrifugation
steps after ultrasonic fracturing gave the specified 200 nm sized
PSiNPs; the average size and the size distribution of the resulting
nanoparticles were confirmed by TEM and DLS measurements
(Figure 2A and Figure S6). Figure 2A shows the network of
pores was maintained after the ultrasonic fracture process. Each
PSiNP can be thought of as an assembly of many smaller silicon
nanocrystals (nc-Si). Measured Zeta potential of the PSiNPs was
∼-30mV (Figure S7), which imparted reasonable stability to the
colloidal suspension.

The mean diameter of the silicon nanocrystallites was
estimated from Raman and PL measurements from the
peak position governed by the quantum confinement effects.
Figure 2B shows the Raman spectra of the initial Perf-PSi film
prior to oxidation (colored red), the Perf-PSi film after oxidation
in aqueous borate solution (colored green) and bulk crystalline
silicon (c-Si—black color) as a reference. The calculations (shown
in Supplementary Material) give dR = 5 nm ± 0.5 nm for
the initial Perf-PSi film. Oxidation of the sample results in
a slight shift of the band to lower wavenumbers, which is
attributed to a further decrease in the mean diameter of the
silicon nanocrystallites. More importantly, oxidation modifies
the higher energy shoulder of the band, which lies beneath
the shoulder of the initial Perf-PSi Raman band. This suggests
that the oxidation process reduces the diameter of the larger
(>7 nm) nanocrystallites.

Figure 2C shows the pore diameter distribution for a powder
of initial PSiNPs deposited from the aqueous suspension.
Corresponding low-temperature nitrogen adsorption/desorption
isoterms (BET/BJH isoterms) are shown in Figure S8. The mean
pore diameter was about 8 nm, which is in good agreement with
data presented in the inset of Figure 1B. However, the pore
distribution in Figure 2C revealed low volume of micropores
and mesopores smaller than 4 nm. According to BET model the
specific surface of PSiNPs was 480± 20m2/g. Assuming spherical
shape of nc-Si their mean diameter can be estimated from the
value of surface area as 5.4 ± 0.5 nm, which is also in a good
agreement with TEM and Raman results.

Neither the initial mesoporous Perf-PSi film nor the PSiNPs
generated from ultrasonic fracture exhibited efficient PL. This
is consistent with the microscopic and Raman data, which
indicated that the average diameter of the majority of the silicon
nanocrystallites in these samples were >5 nm (Figure 1D),
too large to exhibit substantial quantum-confinement effects
(Canham, 1990). In addition, the surface of the silicon
nanocrystallites in these samples likely do not have a barrier

silicon oxide layer sufficient to passivate non-radiative surface
traps (Cullis et al., 1997).

Two criteria are necessary to activate efficient PL: the average
nanocrystallite size must be reduced into the quantum size
regime, and the surface coating must be sufficiently passivated
to inhibit non-radiative carrier recombination. In this work
surface passivation was achieved with an SiO2 shell, which
has been well-established to generate good surface passivation
in PSiNPs. In this work we followed the aqueous borate
oxidation/dissolution protocol previously reported (Joo et al.,
2014). Figure 3A shows the time evolution of the PL spectrum
from nanoparticles during treatment with an aqueous borax
solution (concentration 6.5mM). Initially, PL was not detected.
Digital photo of luminescent suspension of PSiNPs under UV
excitation is shown in Figure S5D. For the next 10–30min in the
borax solution, the PL spectrum appeared and grew in intensity.
After a period of time the PL intensity reached a maximum, and
then it decreased again (Figure 3B—black curve). The data are
consistent with a model in which the borax solution induces
both oxidation of the Si skeleton and dissolution of this oxide
(Joo et al., 2014), simultaneously shrinking the nc-Si core and
passivating the nc-Si surface, as outlined in Figure 3C: Starting
from thick silicon nanowires (colored green) in borax solution
(colored light blue) through to complete oxidation of the silicon
nanocrystallites to non-emissive silicon oxide (colored yellow).
The black circles on the picture represent the relative number of
luminescent nanocrystallites present in the sample. In this model,
PL intensity is approximately proportional to the number of
emissive Si nanocrystals. As-prepared PSiNPs and nanoparticles
at the early stages of oxidation may contain some silicon
nanocrystallites that meet the quantum-confinement criteria (see
Figure 1D), but they do not have sufficient barrier oxide layer
(shown as yellow) to display efficient emission due to non-
radiative exciton recombination (Cullis et al., 1997). Once the
oxide layer is sufficiently passivating, the silicon nanocrystallites
begin to emit PL. Small silicon nanocrystallites are known to
have a smaller quantum yield, because of increasing singlet-
triplet state splitting and increasing non-radiative recombination
processes (Ledoux et al., 2002). Continuation of the oxidation
process eventually leads to a decrease in the amount of
silicon nanocrystallites present, and ultimately to complete
oxidation of the sample, which is accompanied by the
disappearance of PL.

The PL spectra presented in Figure 3A can be used to estimate
the mean diameter of luminescent silicon nanocrystallites in the
samples. The PL energy EPL is roughly determined from the nc-Si
diameter dPL by:

EPL = Eg +
3.73

d1.39PL

, (1)

where Eg is band gap of bulk Si (Ledoux et al., 2000). The
peak position of 810 nm yields dPL = 5 nm ± 0.5 nm, which
is consistent with the values obtained from Raman and TEM
data. The shift of the PL peak position is <20 nm, indicative
of a relatively broad distribution of nc-Si sizes (Figure 1D).
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FIGURE 2 | TEM image of PSiNPs, sedimented from aqueous suspension (A); Raman spectra of initial Perf-PSi (red), oxidized Perf-PSi (green), and reference c-Si

(black) (B). Pore diameter distribution of PSiNPs sedimented from the aqueous suspensions by using the low-temperature adsorption technique (C).

FIGURE 3 | Family of PL spectra of porous silicon nanoparticles obtained during aqueous borax oxidation (A); evolution of the PL intensity (measured at the emission

maximum) during borax oxidation without (black curve—B) and with termination by citric acid (red curve—B); schematic view of the oxidation process starting from

as-prepared PSiNPs through maximal emissive state to complete oxidation in borax (C). Green—Si skeleton, yellow—SiO2 shell, black circles—silicon nanocrystals

(nc-Si) indicating the size of the nanocrystals, some of which fit the quantum confinement criteria for efficient emission, indicated with the red arrows.

Thus, during the nc-Si oxidation process, the smaller end of
the nanocrystal ensemble becomes fully oxidized and non-
emissive, while the larger end of the nanocrystal ensemble
becomes smaller and begins to contribute to the PL spectra.
Ensembles with narrower size distributions of nanocrystallites
might be expected to generate a more pronounced blue shift in
the overall emission spectrum according to formula (2), as was
seen in Joo et al. (2014).

Since efficient PL is desirable for many applications, it is
important to capture the oxidation/dissolution process at the
moment of maximal PL. On the one hand, borax oxidation is a
rapid and convenient process, but on the other hand, it is difficult
to terminate at the point where the PL emission is maximal. As
is shown in Figure 3B, just a few minutes is sufficient to lose
PL efficiency several-fold. Rapid dilution of the solution slows
but does not stop the oxidation/dissolution process. We reasoned
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that acidification to change the pH of the solution from alkaline
to acidic might be a more effective means to instantaneously
terminate dissolution and freeze the overall process. When excess
citric acid (CA) was used for this purpose, we found that pH
changed from 9.3 to ∼3 very rapidly, and PL was stabilized. The
process is shown in the red trace of Figure 3B, and themoment of
CA addition is indicated with an arrow. PL was stabilized within
1min of CA addition. Under these conditions, PL intensity was
stable for 1 day after CA addition.

The citric acid solution was added to the PSiNPs/borax
suspension in a 2:1 ratio by volume. PL intensity remained
approximately the same, even though the concentration of
PSiNPs dropped by 3-fold upon dilution. This suggests that CA
treatment induced an overall increase in the PL QY of PSiNPs.
The origin of this enhancement is unclear at this time, though it
is possible that CA contributed to passivation of the surface and
elimination of non-radiative recombination centers for excitons
in nc-Si. QY of PSiNPs in such suspensions measured after 1 day
of storage in CA ranged from 15 to 20% depending on borax
concentration (see QY values pointed by arrows in Figure 4A).

The time needed to activate PL in borax solutions can be tuned
by changing borax concentration (Figure 4A). One can see that
the higher the concentration of borax, the faster the PL evolved
to its maximum and then subsequently decayed. Activation times
could be varied over a wide range: from 10min to several hours.
It was shown in previous work that 6 days are required to activate
PL in deionized water (Park et al., 2009). The result obtained from
the PL measurements was verified by measurement of optical
absorbance of a PSiNP suspension also during oxidation in
borax (Figure 4B). Absorbance measurements at 365 nm showed
similar activation times as well as a drastic drop in absorbance
after the point in time where PL was at a maximum. This also
points to oxidation/dissolution of the Si skeleton, since neither
silicon dioxide nor silicic acid absorb light of 365 nm wavelength.
The data can thus be used to track the phase composition of
partially oxidized PSiNPs. Although absorbance values for all
samples were out of range in the beginning, useful data were
obtained in the range 0.1 to 3 cm−1. The absorbance value
corresponding to maximum PL was ∼ 0.35 cm−1. Different
concentrations of borax yielded different PL activation times,
but the final QY after termination of the reaction with CA was
similar and could be as high as 12%. That result differs from
the observations in a previous study (Joo et al., 2014), where
high concentrations of borax did not correspond to maximal QY.
Therefore, we believe the use of CA provides a more reliable
means to produce photoluminescent Si, although there is still the
requirement to closely monitor the process in situ.

The reaction rate was estimated from the initial time
dependences in Figures 4A,B assuming a single-exponential first
order rate law and using the following data thresholds: for the
PL evolution (Figure 4A), data from time = 0 to the time point
at which PL intensity was half of its maximum value was used
for the fit; for the Si absorbance data (Figure 4B), measured
absorbance values between 3 and 0.5 were fit by linear function
and the values of time corresponding to threshold shown as the
dotted line (1.25) were used. The result is presented in Figure 5

for both PL (red curve) and absorbance (black curve). Both

dependences appear similar, i.e., they show a linear dependence
of rate on borax concentration at low values (increasing rate
with increasing borax concentration) and saturation of the rate
at high borax concentrations. The data are consistent with the
strong pH dependence of silica dissolution. Silica is stable at low
pH but it readily dissolves at high pH. In the borate-induced
oxidation/dissolution process, borate acts as a buffer, maintaining
the pH at ∼9, where dissolution of the formed oxide can occur.
At low concentration of borate, the buffer capacity is low and
thus readily exceeded by the silica dissolution reaction, which
can consume hydroxide ions to form [Si(O)(OH)3]

− ion (pKa
= 10, Equation 3). As the pH drops, the dissolution of SiO2

will slow down, and because the SiO2 layer acts as a protective
coating for the Si skeleton, the oxidation of silicon will also slow.
Thus, increasing the borax concentration increases the rate of
Si dissolution.

Saturation of the reaction rate can be explained by diffusion
limitation of sodium tetraborate inside the pore network of
PSiNPs. Borax depletes deep inside PSiNPs, thus the reaction
slows down. Diffusion of new borax from the solution to the
depth of PSiNPs is required for maintenance of the process,
which is limited by diffusion through porous network. The
diffusion coefficient of small molecules may vary in the wide
range depending on pore diameter (Carbonaro et al., 2004).
However, partial dissolution of PSiNPsmay enlarge the pores and
increase diffusion of reagents through the porous network.

The rate of Si dissolution was also measured indirectly
by measurement of photoluminescence from the PSiNPs. PL
QY showed a strong dependence on borax concentration
(Figure 6A). An example of dependences of PL on absorbance
used for calculation of QY is shown in Figure S9. High
concentrations of borax (>1mM) activated PL more quickly
and provided the larger QYs (∼10%). Low borax concentrations
(<1mM) led to loss of QY as well as a slowing of the
oxidation process as described above. The optimal borax
concentration from a perspective of experimental convenience
and maximization of QY was between 2 and 20 mM.

The oxidation/dissolution process induced by borax could
be interrupted by rapid acidification with citric acid (CA).
Figure 6A shows the dependence of final measured QY after
termination of the reaction with CA, presented as a function
of borax concentration in the initial solution. The data are also
presented as a function of optical absorbance of the sample
in Figure 6B. The points from Figure 6B can be considered as
the same sample subjected to the same oxidation process, but
interrupted by CA addition at various times. As discussed above,
absorbance correlated both with the overall amount of Si in the
sample and the average diameter of nc-Si in the sample. Indeed,
strong absorbance corresponds to larger nc-Si with a thin SiO2

shell and weak absorbance corresponds to smaller nc-Si inside
an SiO2 shell. For these samples the larger nc-Si displayed a
relatively low QY (below 1%). The QY rose if oxidation was
allowed to proceed for a longer time. Surprisingly, QY did not
drop substantially upon further oxidation (after PL intensity
passed its maximum and began to degrade). This is interpreted
to indicate that late stages of oxidation reduce the total amount
of luminescent nc-Si, but the PL efficiency of individual silicon
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FIGURE 4 | Photoluminescence of PSiNPs during oxidation in aqueous borax with addition of citric acid to terminate the reaction (showed by vertical arrows) (A).

Initial borate concentrations for each trace are given in the legend. Absorbance of PSiNPs during the same process (B).

nanocrystallites is retained. Thus, the late stages of oxidation
reduce the overall mass yield of PSiNPs, but not the PL QY.
Furthermore, Figure 6A shows that addition of CA resulted in
enhancement of the PL QY, by factors of 2–3 times for all
the borax concentration conditions tested. This result suggests
that CA plays an additional role in enhancing PL, possibly via
passivation of surface defects rather than changing the nc-Si sizes.
Note that all measurements in this phase of the experiments
were performed when PL reached its maximum for a given
borax concentration.

Based on the above results, we propose that the mechanism
of PSiNP oxidation/dissolution follows the mechanism depicted
in Figure 3C: after extensive borax treatment the nanostructure
is converted completely into SiO2 without any Si core inside.
Concomitant with the oxidation process is the dissolution of the
SiO2 shell. This interpretation is consistent with prior reports;
however the data reported here and below indicate that the
process is slightly more complicated.

To further investigate the borax-induced
oxidation/dissolution process, PSi films (shown in Figure 1B)
were subjected to the same borax oxidation conditions and then
analyzed by Fourier transform infrared (FTIR) spectroscopy.

The spectrum of oxidized PSi (Figure 7; red curve) showed
a strong absorption band at 1,070 cm−1 corresponding to
stretching vibrations of Si-O-Si bonds in the SiO2 phase (Theiss,
1997). As-prepared PSi is characterized by strong Si-H stretching
bands associated with surface Si-H, SiH2, and SiH3 species at
2,088 cm−1, 2,114 cm−1, and 2,137 cm−1, respectively (Gupta
et al., 1991), along with other Si-H bands at 625 cm−1, 660
cm−1 (wagging Si3-Si-H, Si2-Si-H2), 910 cm−1 (scissors Si2-
Si-H2) (Ogata, 1995; Theiss, 1997). As-prepared porous silicon
is well-known to have a hydrogen-terminated surface. Surface
hydrides were still detected after borax oxidation, although a new
band associated with Si-H species that contain back-bonded Si-O
was also present (2,258 cm−1, depicted as O3-Si-H in Figure 7).
The data indicate that borate oxidation did not remove surface
hydrides, or if it did, the silicon skeleton generated new surface
hydrides via the chemical reduction of water.

FIGURE 5 | Oxidation rate of PSiNPs vs. borax concentration in suspension

obtained from photoluminescence (red curve) and absorbance (black curve)

measurements. Dashed line traces are included as a guide to the eye.

Figure 7 exhibits a narrow band at ∼3,740 cm−1 for
oxidized Perf-PSi, which indicates the presence of isolated/free
silanols (Morrow and Mcfarlan, 1992) as opposed to extensively
hydrogen-bonded silanols (broad band centered at 3,500 cm−1).
The intensity of the band was decreased after addition of CA,
which may refer to the partial hydrolysis of the surface in acidic
medium (Figure S10). Coexistence of both initial Si-Hx and
oxidized O3-SiH groups points to a non-homogeneous oxidation
process. Previous data show that oxidation takes place easier on
convex regions, while smooth regions are less affected (Secret
et al., 2015).

As discussed above, the mechanisms involved in PL activation
need to take into account two simultaneous processes, i.e.,
oxidation of the Si core (nc-Si) and dissolution of the SiO2 shell.
Oxidation can be induced by water or oxygen molecules (Ogata,
1995). Both molecules can attack Si-Si bonds forming Si-O-Si
bonds as a result. The SiO2 shell is permeable to small molecules
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FIGURE 6 | PL quantum yield of PSiNPs vs. borax concentration (A) before (black curve) and after CA termination (red curve); PL quantum yield of PSiNPs vs. their

absorbance at 365 nm (B). Higher absorbance corresponds to both a larger quantity of silicon and larger silicon nanocrystals.

FIGURE 7 | FTIR transmission spectra of as-prepared (black curve) and

borax-oxidized (red curve) PSi films.

such as H2O and O2, because they can penetrate through
small voids between irregularly positioned SiO4 tetrahedrons
(Doremus, 1976). This process is strongly diffusion limited,
therefore such an oxide layer is unlikely to be thicker than 1–2 nm
to still allow molecular diffusion at room temperature.

Dissolution of silica in water is a very complex process
characterized by numerous silicon-containing species and a
strong pH dependence. A simplified representation of the process
can be given with the following chemical reaction (Rimstidt and
Barnes, 1980):

SiO2 (s) + 2H2O
(

l
)

= Si (OH)4
(

aq
)

(2)

where (s), (l) and (aq) mean “solid,”, “liquid,” and “aqueous,”
respectively. The process is reversible, so precipitation of
solid silica from oversaturated silicic acid solution is possible.

Equilibrium constants are different for different polymorphs,
i.e., quartz, α-cristobalite, β-cristabalite, amorphous silica, etc.
For example, the solubility of quartz is 35 times lower than
amorphous silica (Walther and Helgeson, 1977; Rimstidt and
Barnes, 1980). The kinetics of the reaction depends on the
exposed specific surface area of the nanomaterial, which for the
investigated samples was about 5·105 m2/kg.

A significant increase (up to 50 times) in the solubility of
SiO2 was observed for pH > 9 (Alexander et al., 1954). This is
explained by deprotonation of the Si(OH)4 (silicic acid) product
of Equation 3:

Si (OH)4 + (OH)− = Si (O) (OH)−3 +H2O (3)

The solubility of silicic acid is also affected by the chemical
composition of the solution, not only by the value of pH
(Piryutko, 1959). Borax increases the solubility of silica in
proportion to its concentration in solution (Seward, 1974). For
high borax concentrations there is 5- to 10-fold enhancement.
We believe that factor thus accelerates PL activation, which is
supported by the observed dependence on borax concentration
shown in Figure 5.

The mechanism of the solubility enhancement has been
proposed (Seward, 1974) to involve formation of ion pairs
between sodium ions and the monovalent orthosilicate ion
formed in Equation 4.

Na+ + Si (O) (OH)−3 = NaSi (O) (OH)3 (4)

The reaction of Equation 5 is reversible and the system eventually
reaches equilibrium, when concentrations of the various silicic
acid species saturate. In porous structures like PSiNPs the
saturation point is important, because local saturation can be
achieved very quickly due to the high surface area of the material.
Thus, the oxidation of silicon and the dissolution of silica in
aqueous media depends on a number of factors, in particular
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the concentration of so-called “spectator” ions like sodium, the
concentration of all the silicon-containing species, and the pH of
the solution.

Na2B4O7 + SiO2 +H2O+ OH− = NaSi (O) (OH)3 + NaB4O
−
7 (5)

The state of the surface oxide may be a crucial determinant of
the oxidation/dissolution rate. A thick oxide layer can protect
against borax-induced corrosion of PSi. For instance, we verified
that PSiNPs obtained by high energy mechanical milling and
aged in aqueous solution for about 1 year were not affected by
borax oxidation even in highly concentrated borax solutions. A
similar effect has been observed for PSiNPs subjected to prior
oxidation in H2O2 solutions. However, complete removal of the
native oxide layer by rinsing in diluted HF solutions restored
the ability of PSiNPs to be efficiently oxidized by the aqueous
borax solution. This is likely related to the polymorphism of SiO2:
for example, crystalline SiO2 is 10–100 times less soluble than
amorphous silica or silicate glass (Walther and Helgeson, 1977).

The presence of defects in the silica shell nanostructure likely
also influences solubility of PSiNPs. Dissolution of silicon dioxide
(SiO2) has been described in terms of the two processes of
hydration and hydrolysis; that is, diffusion of molecular water
into the oxide and hydrolysis of surface species (Bunker, 1994). In
general silica is a network of interconnected SiO4 tetrahedrons,
and in the perfect situation each tetrahedron is connected to 4
others creating regular lattice such as in quartz. In quartz all
oxygen atoms are connected with two silicon atoms, therefore
they are called bridging oxygen. In amorphous silica there can
also exist non-bridging oxygen groups, that is, oxygen atoms
connected to only one silicon atom and having a charge of −1,
and divalent oxide ions, i.e., oxygen atoms without any covalent
connection to the SiO2 network with a charge of −2. Such non-
bridging oxygen centers can exert substantial influence in the
dissolution process (Bunker, 1994; Nesbitt et al., 2011).

In order to gain more insight into the nature of the oxide
shell in these materials, we acquired XPS spectra on both “fresh”
and “aged” PSiNPs (Figure 8). The “fresh” PSiNPs were prepared
as described above, that is perforated etching with subsequent
ultrasonic fracture without any borax oxidation and the “aged”
PSiNPs were prepared as described above (prepared from
high energy mechanical milling and aged in aqueous solution
for 1 year with concentration of approximately 20 mg/ml).
Gaussian deconvolution of the Si 2p spectral region of fresh
PSiNPs indicated the presence of three bands corresponding
to completely oxidized silicon (Si4+–SiO2, ∼103 eV), partially
oxidized silicon (Si2+–SiO, ∼101 eV) and unoxidized silicon
(Si0–nc-Si, 99 eV). For aged PSiNPs, the latter band assigned
to zerovalent silicon was absent (Grunthaner et al., 1979). This
points to stronger oxidation of the “aged” PSiNPs, a thicker oxide
shell and/or a stoichiometry close to SiO2. The O 1s spectra
showed an abundance of free oxygen dianions (O2−, ∼528 eV)
in the “fresh” PSiNPs and an absence of free oxygen dianions
in the “aged” PSiNPs. At the same, time both non-bridging
(O1−,∼530 eV) and bridging (O0,∼533 eV) oxygen centers were
detected in both samples (Nesbitt et al., 2011). The presence of

free oxygen anions and the abundance of elemental, zerovalent
silicon point to a non-homogeneous, disordered oxide shell in
the “fresh” PSiNPs by comparison with the “aged” ones, which
is consistent with the dissolution behavior and the differences
in photoluminescence intensity observed. The oxide shell of the
“aged” PSiNPs was more ordered and dense, containing fewer
sites that might be subject to accelerated hydrolysis, consistent
with the low susceptibility of this material to the aqueous borax
solution. As mentioned above, removal of the protective layer by
rinsing in aqueous HF completely recovered the ability of the
“aged” material to be activated by borax oxidation.

As a summary we present a phenomenological model
for borax-induced oxidation/dissolution of porous Si based
on the experimental data reported above. Figure 9 depicts
the morphology of PSiNPs subjected to aqueous borax
oxidation/dissolution. The scheme represents a cross-section
of a silicon nanocrystallite (colored green) with an SiO2 shell
(colored yellow) submerged in borax solution (colored blue),
and with some of the mesopores in the PSiNPs infiltrated with
the aqueous solution. Approximate sizes of regions are also given
in the scheme. There is a diffusion limitation to the process,
because locally high concentrations of silicic acid can slow the
dissolution of SiO2 in the vicinity of the saturation. Creation
of ion pairs between Na+ and Si(O)(OH)−3 accelerates the
dissolution process. Diffusion of OH− into the micropores is also
important, because it drives the dissolution of silica. Depletion of
OH− ions inside the micropores leads to a local pH drop, which
slows the overall process. A protective insoluble layer (not always
present) is depicted as the red region on the surface of the SiO2

shell. Notionally, this could be adsorbed polymer, protein, or
some other species. In this model, if a protective layer covers the
entire surface of PSiNPs, it will stop the oxidation/dissolution
process completely.

The chemical oxidation of Si takes place at the Si/SiO2

interface (black line between the yellow and green regions in
the diagram), which is known to be a typical location for point
defects, such as dangling bonds, responsible for non-radiative
recombination of quantum-confined excitons (shown as “+”
and “–” in the scheme) (von Bardeleben et al., 1993). Reaction
between the Si core and H2O or O2 leads to migration of the
interface toward the center of the Si core, growing the SiO2 shell
and shrinking the Si core. In the absence of defects an “atomic
pore” layer characterized by highly restricted molecular diffusion
partially protects the excitons from interaction with charged ions
in the liquid phase, which determines the high quantum yield of
PSiNPs. We propose that addition of citric acid terminates the
growth of these micropores, allowing a thicker protective layer to
grow that can increase quantum yield of the PSiNP.

CONCLUSIONS

A new, relatively rapid and one-pot method was proposed for
formation of highly luminescent porous silicon nanoparticles.
The procedure can be accomplished in <20min, and it generates
Si-SiO2 core-shell nanoparticles with quantum yields up to 20%
that remain stable in aqueous suspensions for at least 1 day.
The time required for photoluminescence activation varies in a
wide range depending on concentration of borax. Rapid addition
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FIGURE 8 | XPS spectra of “fresh” and “aged” PSiNPs. Dots: experimental data for “fresh” (A,B) and “aged” (C,D) PSiNPS; Solid lines: approximation; Dashed:

deconvolution into Gaussians.

FIGURE 9 | Schematic cross-section of a PSiNP subjected to borax-induced oxidation/dissolution. Borax solution (blue) penetrates into the SiO2 shell (yellow), which

covers the silicon core silicon nanocrystallite (green). An exciton confined in the silicon nanocrystallite is shown as ≪ + ≫ and ≪ – ≫ in circles and

photoluminescence is indicated with the red arrow. A notional insoluble protective surface layer is shown as a red region.

of citric acid was found not only to instantly terminate the
oxidation/dissolution of silicon, but it also increased quantum
yield 2- to 3-fold depending on borax concentration. This
was explained as the efficient passivation of non-radiative
recombination centers by the acidic medium. Dependence of the
reaction rate on borax concentration was linear at low values, but
the rate tended to saturate at high values.

We propose that oxidation takes place via formation of
micropores in the silica shell, which provides a supply of reagent

to the silicon core, rather than uniform layer-by-layer dissolution.
The constraints of diffusion inside narrow micropores may slow
the overall rate of oxidation/dissolution. Borax plays a dual role
in that it (i) sets up an alkaline medium with pH ∼9 that
accelerates dissolution of silica, and (ii) increases solubility of
silicic acid. The latter effect is attributed to formation of ion
pairs that prevents saturation of silicate ions in the pores. The
reaction rate becomes constant in highly concentrated borax
solutions, due to the pH buffering effect and mass transport
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limitations associated with removal of silicic acid from the
spatially confined micropores.
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Solar water splitting represents one of the most promising strategies in the quest

for clean and renewable energy. However, low conversion efficiency, use of sacrificial

agents, and external bias for current water splitting system limit its practical application.

Here, a gold-sensitized Si/ZnOcore/shell nanowire photoelectrochemical (PEC) cell is

reported for efficient solar water oxidation. We demonstrated gold-sensitized n-Si/n-ZnO

nanowire arrays exhibited higher energy conversion efficiency than gold-sensitized

p-Si/n-ZnO nanowire arrays due to the favorable energy-band alignment characteristics.

Without any assistance from an external electrical source and sacrificial reagents,

gold-sensitized n-Si/n-ZnO core/shell nanowire array photoanode achieved unbiased

water splitting under simulated solar light illumination. This method opens a promising

venue to cost-efficient production of solar fuels.

Keywords: silicon nanowire, ZnO, core/shell heterostructure, solar water splitting, photosensitization

INTRODUCTION

Solar water splitting has a long history and continued to stimulate great interest in scientist
around the world due to its promising application in storing the energy of the sun in the form
of chemical fuels (Fujishima and Honda, 1972; Bard and Fox, 1995; Chen et al., 2010). As
compared to water reduction reaction for hydrogen generation, water oxidation involves complex
proton-coupled electron transfer process and the generation of oxygen is even more difficult. In the
past decades, metal oxide semiconductors with wide band-gap have been widely explored as oxygen
evolving photoanode due to their excellent stability in oxidizing environments. However, these
wide band-gap semiconductors only absorb a small portion of sunlight, resulting in the poor water
splitting efficiency. To achieve high efficient water splitting, sunlight has to be efficiently absorbed
and utilized. Although significant efforts have been devoted to questing for cost-effective water
splitting photocatalysts in the past decades (Wagner and Somorjai, 1980; Khaselev and Turner,
1998; Grätzel, 2001; Zou et al., 2001; Maeda et al., 2006; Grimes et al., 2008; Kanan and Nocera,
2008; Hwang et al., 2009; Kudo and Miseki, 2009; Lisorti et al., 2009; Yang et al., 2009; Sun et al.,
2010; Walter et al., 2010; Ingram and Linic, 2011; Linic et al., 2011; Paracchino et al., 2011; Reece
et al., 2011; Brillet et al., 2012; Warren and Thimsen, 2012; Qi et al., 2013; Wang et al., 2014; Liu
et al., 2015; Yu et al., 2015), but the solar energy conversion efficiency reported is relatively low.

In this work, we demonstrate that this challenge may be addressed by devising an
n-Si/n-ZnO core/shell nanowire heterojunction photoanode sensitized with gold nanoparticles
(AuNPs). Without any assistance from an external electrical source and sacrificial reagents, such
gold-sensitized n-Si/n-ZnO core/shell nanowires array photoanode shows efficient sunlight-driven
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water splitting ability. Moreover, such 3D dual-absorber water
oxidation devices consist of earth-abundant materials can
be prepared on an industrial scale with ease. The results
also demonstrated that gold-sensitized n-Si/n-ZnO core/shell
nanowiresexhibited higher energy conversion efficiency than
gold-sensitized p-Si/n-ZnO core/shell nanowiresdue to reduced
recombination of photo-generated charge carriers.

MATERIALS AND METHODS

Despite its relative instability, however, ZnO is adopted here
due to its excellent electrical conductivity for efficient charge
transport when compared to TiO2, WO3, and α-Fe2O3.
Schematic illustration of the solar water splitting with n-Si/n-
ZnO core/shell nanowire array sensitized with gold nanoparticles
(AuNPs) is shown in Figure 1A. The n-Si/n-ZnO core/shell
nanowire array significantly enhances light absorption over a
wide solar spectral range, while reduces the photo-generated
carrier loss due to the favorable energy-band alignment
characteristics as illustrated in Figure 1B.

Figures 2A–C illustrate the fabrication process of the Si/n-
ZnO core/shell nanowire heterojunction samples (for more
details see the experimental section). Generally speaking, the
silicon nanowire (SiNW) arrays are prepared by silver-catalyzed
electroless etching of silicon wafer (Peng et al., 2002, 2003, 2006,
2008), then the SiNW arrays are impregnated with aqueous
solutions containing mixed Zn(NO3)2 and HAuCl4 precursors.
In the last, the Zn(NO3)2 and HAuCl4 wetted SiNW arrays
are annealed in a vacuum tube furnace. The final n-SiNW/n-
ZnO@AuNPs samples are yellowish black in color. The top-
view scanning electron microscope (SEM) images of as-prepared
SiNW array and n-SiNW/n-ZnO@AuNPs samples are shown in

FIGURE 1 | Structure and energy diagram of 3D n-SiNW/n-ZnO@AuNPs nanocomposite photoanode. (A) A schematic illustration of the nanostructured photoanode

architecture. (B) Energy diagram for n-Si/n-ZnO photoanode in aqueous electrolyte under illumination.

Figures 2D,E, respectively, showing arrays of dense nanowires
vertically aligned on the silicon surfaces.

The side-view SEM image of the Si/n-ZnO@AuNPs core/shell
nanowire arrays (Figure 3A) were characterized by transmission
electron microscopy (TEM). Figures 3B–D shows the low-
magnification and high-magnification TEM images of Si/n-
ZnO@AuNPs core/shell nanowires. It can be clearly seen that the
SiNWs are uniformly coated with crystalline ZnO particle layer.
The thickness of the crystalline ZnO layer coated on the SiNW
depends on the density of SiNWs and varied in the range from
20 to 60 nm. The AuNPs are between 2 and 20 nanometers in
size, most of which are embedded within the ZnO layer while
some of which are exposed to the surface of the ZnO layer. High-
resolution TEM image of the edge of a single nanowire shown
in Figure S1 clearly reveals the crystalline faceting at the Si/ZnO
core/shell interface and the AuNPs loaded in the ZnO shell layer.

Figure 4A shows the X-ray diffraction (XRD) pattern of
the as-prepared Si/ZnO@AuNPs photoande. The diffraction
peaks are well-matched with a mixture of the crystallographic
structures of wurtzite zinc oxide, silicon, and gold. These results
confirm that the solution immersion and annealing process
is a facile route for large-scale fabrication of 3D composite
photoelectrodes. The UV-visible absorption spectrum of as-
prepared Si/n-ZnO@AuNPs core/shell nanowires photoanode is
shown in Figure 4B, as a reference, the UV-visible absorption
spectrum of Si/n-ZnO nanowires photoanode was included.
It can be clearly seen that the Si/ZnO@AuNPs core/shell
nanowires photoanode exhibits enhanced optical absorption
in the wavelength range from 400 to 970 nm due to surface
plasmon resonance (SPR) of AuNPs (Cushing et al., 2012; Li
et al., 2013a,b). The enhanced light absorption due to SPR
and photonic enhancement (Tian and Tatsuma, 2005; Li et al.,
2013a) of AuNPs was further confirmed by electromagnetic
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FIGURE 2 | Schematic illustration of the fabrication process for 3D n-SiNW/n-ZnO@AuNPs nanocomposite photoanode and corresponding SEM images. (A) SiNW

array prepared by metal-catalyzed etching of silicon. (B) SiNW array is impregnated with aqueous solutions containing Zn(NO3)2 and HAuCl4precursors. (C)

n-Si/n-ZnO@AuNPs nanowires photoanode by annealing the impregnated SiNW array at 500◦C in a vacuum tube furnace. (D) Top-view SEM image of n-SiNW array.

(E) Top-view SEM image of n-Si/n-ZnO@AuNPs nanowires photoanode.

FIGURE 3 | Structural characterization of Si/ZnO@AuNPs core/shell nanocomposite photoanode. (A) Side-view SEM image of Si/n-ZnO@AuNPs core/shell nanowire

array. (B) Low-magnification TEM image of Si/n-ZnO@AuNPs core/shell nanowires. (C,D) High-magnification TEM images of Si/n-ZnO@AuNPs core/shell nanowire.
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simulation using finite-difference-time-domain (FDTD)method,
as shown in Figure S2. The simulation geometry of the
Si/ZnO@AuNPs core/shell nanowires photoanode is consistent

with the experiment result, the diameter of AuNPs is 5 nm
and the thickness of ZnO layer is 20 nm. Under the incident
wavelengths of 496–636 nm of the light, the FDTD results show

FIGURE 4 | (A) XRD pattern of Si/n-ZnO@AuNPs core/shell nanowires photoanode. (B) Absorption spectra of Si/n-ZnO core/shell nanowire photoanodes with and

without AuNPs.

FIGURE 5 | Photoelectrochemical properties of as-prepared nanocomposite photoanodes in 0.5M Na2SO4 mild aqueous electrolyte. (A) The consecutive multiple

linear scan curve of the composite n-Si/n-ZnO@AuNPs core/shell nanowires photoanode under illumination and dark. (B) Photocurrent density vs. potential

characteristics of n-Si/n-ZnO@AuNPs, n-Si/n-ZnO, p-Si/n-ZnO@AuNPs, and p-Si/n-ZnO core/shell nanowire photoanodes under illumination, respectively. (C) IPCE

spectra of n-Si/n-ZnO@AuNPs, n-Si/n-ZnO, and p-Si/n-ZnO@AuNPs core/shell nanowire photoanodes. The IPCE spectra are recorded at zero applied bias. (D)

Photocurrent density vs. potential characteristics of n-SiNW@AuNPs photoanode under illumination and in dark.
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that the local electric fields near the AuNPs/n-ZnO interface are
increased by about eight and 4 times, respectively. Thus, the
generation rate of electron-hole pairs is expected to be greatly
enhanced near the AuNPs/n-ZnO interface area due to the
enhanced electric field intensity. In addition, the hot electrons
due to the decay of plasmon transfer to the conduction band of
ZnO result in photocurrent enhancement, as shown in Figure S3.

The photoelectrochemical (PEC) properties of the sample
were characterized in a two-electrode configuration with
platinum wire coil as the counter electrode. A 0.5M Na2SO4

mild aqueous solution (PH∼7) served as the electrolyte and
no sacrificial reagents were used. All the tests were conducted
under a.m. 1.5G illumination with an intensity of 100 mW/cm2.
Figure 5A shows the consecutive multiple linear scan curve
of the composite n-Si/n-ZnO@AuNPs core/shell nanowires
photoanode under illumination and dark. The little difference
of the curves in the linear scan indicate the repeatability and
stability of the photoanode in solution. Moreover, the n-Si/n-
ZnO@AuNPs core/shell nanowires photoanode shows 0.115mA
cm−2 photocurrent density at 0V, implying water oxidation
activity without any assistance from an external electrical source.
Moreover, the photocurrent density of the photoanode shows
progress compared with previous results under zero applied bias
(Lin et al., 2012; Guo et al., 2013), as shown in Table S1. We also
use a three-electrode system to investigate the onset potential
of the n-Si/ZnO@AuNPs photoanode for water oxidation as
shown in Figure S4. It can be seen the onset potential in
three-electrode system has about 1.1V potential shift compare
with two-electrode system, which means 1.71V shift vs. RHE.
The current-potential characteristics of the n-Si/n-ZnO, p-Si/n-
ZnO@AuNPs and p-Si/n-ZnO core/shell nanowire photoanodes
were also measured for comparison as shown in Figure 5B.
The dark current density of these photoanode is shown in
Figure S5. The dark current densities are negligible as compared
to the photocurrent densities under illumination, revealing
few chemical reactions occurred in dark. Under simulated
solar illumination, the photocurrent density of n-Si/n-ZnO
core/shell nanowires photoanode at 0V is 0.064mA cm−2. The
photocurrent density is about two times low and the open-
circuit potential is higher as compared to the n-Si/ZnO@AuNPs
core/shell nanowires photoanode. We suggest the AuNPs trigger
the unbiased solar water splitting through surface plasmon
resonance (SPR), plasmons decay induced hot electrons transfer
and the plasmon resonance energy transfer (PRET). The PRET
decreases the distance of the holes travel to the electrolyte
and therefore improve the photocurrent density. We note
that the photocurrent density at 0V of p-Si/n-ZnO@AuNPs
and p-Si/n-ZnO core/shell nanowire photoanodes is 0.042mA
cm−2 and 0.014mA cm−2, respectively. More interestingly,
the PEC water oxidation performance of n-Si/n-ZnO@AuNPs
core/shell nanowires photoanode is higher than that of the p-
Si/n-ZnO@AuNPs core/shell nanowires photoanode. This could
be understood by the band bending characteristics of n-Si/n-ZnO
(Figure S6a) and p-Si/n-ZnO junctions (Figure S6b). In p-Si/n-
ZnO junctions, the photo generated holes in ZnO layer can move
either to the p-Si or to the electrolyte for water oxidation. In
contrast, the holes in the ZnO layer of n-Si/n-ZnO junctions can

only move to the electrolyte and the electrons in the silicon move
to the electrode for a circuit.

The sunlight-driven water splitting performance of as-
prepared composite photoanodes was further evaluated by the
incident photo-to-current efficiency (IPCE). Figure 5C shows
the IPCE spectra as a function of wavelength recorded at zero bias
for n-Si/n-ZnO@AuNPs, n-Si/n-ZnO and p-Si/n-ZnO@AuNPs
core/shell nanowire photoanodes. It is clearly observed that the
n-Si/n-ZnO@AuNPs core/shell nanowire photoanode shows
enhanced photoresponse in a wide wavelength range. In contrast,
the photoresponse of p-Si/n-ZnO@AuNPs core/shell nanowires
photoanode is relatively low in the same wavelength range due
to the unfavorable energy-band alignment characteristics.
The IPCE difference between n-Si/n-ZnO@AuNPs and
n-Si/n-ZnO photoanode further confirms the effect of AuNPs.
In order to certify the role of ZnO layer in improving the
performance of n-Si/n-ZnO@AuNPs core/shell nanowires
photoanode for water oxidation, we conducted the current-
potential measurement of n-SiNW@AuNPs photoanode
in 0.5M Na2SO4 solution. Figure 5D shows the current-
potential characteristics of n-SiNW@AuNPs photoanode under
illumination and dark. The photocurrent density at 0V is
0.02mA cm−2, which quantitatively shows the role of ZnO layer
in promoting the performance of n-Si/n-ZnO@AuNPscore/shell
nanowire photoanode.

The influence of the position of AuNPs in the ZnO layer upon
the water splitting performance is evaluated. Figure S7 illustrates
the n-Si/ZnO core/shell nanowires photoanodes decorated with
AuNPs in “mixed,” “outer,” and “inner” configurations. Figure S8
shows the J-E curves of the n-Si/ZnO core/shell nanowires
decorated with AuNPs in different position. All the tests
are recorded in 0.5M Na2SO4 solution. The photocurrent
density at 0V for the photoanodes decorated with AuNPs in
outer and inner configurations are 0.073 and 0.080 mA/cm2,
respectively. The results clearly show that the nanowires
photoanode decorated with AuNPs in mixed configuration

FIGURE 6 | Photocurrent evolution vs. illumination time of the

n-Si/n-ZnO@AuNPs core/shell nanowires photoanode in 0.5M aqueous

Na2SO4 solution.
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exhibited better water splitting performance. The suppressed
plasmonic photosensitization for AuNPs in inner configuration
limits the catalytic effect. And the lower electrical conductivity
in the surface configuration limits the separation of electron-
hole pairs. Such distinct performance implies that AuNPs play
the roles of plasmonic photosensitization, co-catalyst for water
splitting reaction, and electrical conductivity enhancement.

The stability of the n-Si/n-ZnO@AuNPs core/shell nanowires
photoanode was assessed by measuring the photocurrent density
at 0V in 0.5M Na2SO4 solution under a.m. 1.5G illumination
of 100 mW cm−2. Figure 6 shows the evolution of photocurrent
density of n-Si/n-ZnO@AuNPs core/shell nanowires photoanode
at 0V with the illumination time. The photocurrent density
gradually declined to ∼70% of its initial value over 3 h. This
is a good stability performance in comparison with previous
reports (Qiu et al., 2012).

CONCLUSIONS

In summary, we have demonstrated an efficient solar water
splitting system based on n-Si/n-ZnO core/shell nanowire array
photosensitized with AuNPs. The n-Si/n-ZnO@AuNPs core/shell
nanowires photoanode demonstrate much higher efficiency
than p-Si/n-ZnO@AuNPs core/shell nanowires photoanode. We
suggest that the ZnO shell and incorporated AuNPs play crucial
catalytic and plasmonic photosensitization roles, while silicon

core absorbs light and generates photocarriers. AuNPs also may
function as efficient co-catalyst for water splitting reaction. We
believe such solar water splitting system represents a step toward
the goal of cost-effective large-scale production of solar fuels.
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Recent topics of application studies on porous silicon (PS) are reviewed here with a

focus on the emissive properties of visible light, quasiballistic hot electrons, and acoustic

wave. By exposing PS in solvents to pulse laser, size-controlled nc-Si dot colloids can

be formed through fragmentation of the PS layer with a considerably higher yield than

the conventional techniques such as laser ablation of bulk silicon and sol-gel precursor

process. Fabricated colloidal samples show strong visible photoluminescence (∼40% in

quantum efficiency in the red band). This provides an energy- and cost-effective route for

production of nc-Si quantum dots. Amultiple-tunneling transport mode through nc-Si dot

chain induces efficient quasiballistic hot electron emission from an nc-Si diode. Both the

efficiency and the output electron energy dispersion are remarkably improved by using

monolayer graphene as a surface electrode. Being a relatively low operating voltage

device compatible with silicon planar fabrication process, the emitter is applicable to

mask-less parallel lithography under an active matrix drive. It has been demonstrated

that the integrated 100 × 100 emitter array is useful for multibeam lithography and that

the selected emission pattern is delineated with little distortion. Highly reducing activity

of emitted electrons is applicable to liquid-phase thin film deposition of metals (Cu) and

semiconductors (Si, Ge, and SiGe). Due to an extremely low thermal conductivity and

volumetric heat capacity of nc-Si layer, on the other hand, thermo-acoustic conversion is

enhanced to a practical level. A temperature fluctuation produced at the surface of nc-Si

layer is quickly transferred into air, and then an acoustic wave is emitted without any

mechanical vibrations. The non-resonant and broad-band emissivity with low harmonic

distortions makes it possible to use the emitter for generating audible sound under a full

digital drive and reproducing complicated ultrasonic communication calls between mice.

Keywords: porous silicon, nanocrystal, colloidal silicon, photoluminescence, ballistic electron emission,

thermoacoustic

INTRODUCTION

As the scaling of integrated silicon devices approaches 10 nm or below, precise control of the
physical and chemical properties of silicon becomes very important. In the quantum-size region
of silicon (<4.7 nm), particularly, optimal processing is critical to enhance the optical, electrical,
thermal, interfacial, and mechanical properties. Porous silicon (PS), prepared by electrochemical
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anodization of crystalline silicon (c-Si) under the certain
conditions, consists of a nanopore structure and residual
quantum-sized nanocrystalline silicon (nc-Si). With appropriate
surface passivation, nc-Si shows tunable properties in different
ways from those of bulk c-Si and plays a role as a platform
of functional devices in photonics, electronics, biometrics,
biomedicine, acoustics, energetics, and so on (Sailor, 2012;
Canham, 2017). From among these possibilities, the studies
on the emission of photons, electrons, and ultrasound are
discussed here.

Regarding the photonic applications, one key issue is to
develop an efficient fabrication process of highly luminescent
nc-Si colloids. For this purpose, some top-down and bottom-
up approaches have been conducted to obtain colloidal nc-
Si dots (Heath, 1992; Henderson et al., 2009; Shirahata et al.,
2010). Typical techniques in the former are laser ablation of c-
Si wafer and ultrasonic fragmentation of PS. Those in the latter
are chemical vapor deposition (CVD), thermal decomposition
treatment, and liquid-phase chemical reaction. In any case,
an energy- and cost-effective process is strongly required for
producing a practical amount of nc-Si dots or powder. Although
the complicated nanostructure in PS layers seems to impede
the electrical conduction, on the other hand, experimental and
theoretical analyses of electron transport in arrayed nc-Si dots
suggests the existence of a specific multiple-tunneling cascade
mode therein (Koshida, 2017a). This leads to quasiballistic
electron emission from an nc-Si diode. Its usefulness has been
demonstrated not only in vacuum but also in atmospheric-
pressure gases and solutions. Due to extremely low thermal
conductivity and volumetric heat capacity of the nc-Si layer
(Lysenko et al., 1999; Valalaki and Nassiopoulou, 2013, 2014,
2017; Koshida, 2017b), in addition, thermo-acoustic coupling
with air is enhanced. Since nomechanical vibrations are involved,
this thermally induced sound emission shows non-resonant flat
frequency response (Koshida, 2017c). The nc-Si sound source
can effectively reproduce complicated ultrasonic communication
calls between mice.

These functional applications are different from the pursuit
of scaling merits that have been sought in usual silicon device
technology. The present status of technological exploration
is summarized in the following sections and some recent
developments are highlighted.

DIVERSIFYING STUDIES OF POROUS
SILICON

While the minimum size of advanced large-scale integrated
(LSI) circuit enters into the region below 10 nm, another
viewpoint relating to environmental, social, and human
issues has become important in pursuing the silicon device
technology. Actually, the International Technology Roadmap
for Semiconductors was recently reorganized1 such that some
new intentionality and keywords are contained [such as systems,
beyond CMOS (complementary metal-oxide-semiconductor)

1IRDS. IEEE International Roadmap for Devices and Systems (IRDS). Available

online at: https://irds.ieee.org

logic, emerging research materials, and so on] in addition to
the conventional scaling activity “more Moore.” The silicon
technology has reached the phase of evolutionary transformation
from straightforward scaling to diversification, systematization,
and functional combinations.

The scientific and technological evolution of PS materials
is shown in Figure 1. Reflecting the versatile structures of PS,
its research and development (R&D) have been conducted in
many divergences. In the early stage just after finding of PS by
Uhlir (1956), the interests of PS were mainly in the formation
mechanism and structural characterizations (Lehman, 2002). The
application studies were field oxide formation for integrated
device isolation (Watanabe et al., 1975) and use as substrates
for epitaxial growth of compound and elemental semiconductors
(Lin et al., 1987). Discovery of visible photoluminescence by
Canham (1990) at 1990 led to the expansion of concern from the
use as passive components to as an active quantum confinement
material. Related investigations were also reported around that
time on the photoelectrochemical solar cell (Koshida et al., 1985),
photoconduction (Koshida et al., 1991), and electroluminescence
(Koshida and Koyama, 1992), and optical effects (Thonissen
et al., 1997). It was clarified that the physical and chemical
properties of PS become radically different from those of single-
crystalline bulk silicon. Then, the continuing studies paved the
way for advanced surface chemistry (Coffinier and Boukherroub,
2016), biocompatibility (Canham, 1995), bio-sensors (Lin et al.,
1997), biomedical therapy (Santos, 2014), quasiballistic electron
emission (Koshida et al., 1999), thermal isolation (Nassiopoulou
and Kaltsas, 2000; Nassiopoulou, 2014), and thermoacoustics
(Shinoda et al., 1999). Recently the studies are further expanded
to the field of energetics (Kouassi et al., 2012). Tunable optical,
electrical, structural, surface, thermal, and chemical properties of
PS meet the above-mentioned situation that silicon technology is
rapidly evolving in a multilateral manner.

EMISSIVE PROPERTIES AND
APPLICATIONS

Visible Luminescent Quantum Dots
Bottom-Up Fabrication Routes of Silicon Quantum

Dot

Free-standing mono-dispersed colloidal particles of nc-Si (nc-
Si dots) with diameter range of ∼2–8 nm is well known to
exhibit size-tunable visible luminescence. Both the dispersibility
of nc-Si dots in solution and luminescence properties can be
controlled by modifying their surface termination (Dohnalová
et al., 2014). Recently, because of such interesting properties and
the resultant compatibility of future solution-based luminescence
devices, such as flexible electroluminescence diode (Choi et al.,
2018), the nc-Si dot attracts a lot of attention. In addition,
silicon dots are expected to apply in bio-technology, such as
cellular imaging, due to non-toxicity of silicon (Cheng et al.,
2014). For these applications, scalable production routes of the
luminescent nc-Si dots are expected to develop. In this section,
we review various routes for the nc-Si dots formation and the
recent advances in the efficient production of the nc-Si dots,

Frontiers in Chemistry | www.frontiersin.org 2 April 2019 | Volume 7 | Article 273132

https://irds.ieee.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Koshida and Nakamura Emerging Functions

FIGURE 1 | Evolution of research and development activities in

nanostructured porous silicon.

including the processes where PS (an assembly of nc-Si dots) is
utilized as an intermediate material.

The nc-Si dots are prepared through the two types of
preparation routes, i.e., top-down and bottom-up routes as
summarized in Figure 2. A typical bottom-up process is the
solution-phase chemical synthesis (Heath, 1992; Wilcoxon et al.,
1999; Holmes et al., 2001; English et al., 2002; Zou et al., 2004;
Liu et al., 2005; Dohnalová et al., 2012, 2013; Cheng et al., 2015;
Debenedetti et al., 2015; Ghosh et al., 2018). In this method, the
reduction of silicon precursors, such as SiCl4 with Zintl salts
(KSi, NaSi, Mg2Si), at high temperature under high pressures
forms colloidal nanocrystals. To render soluble the silicon
colloids in arbitrary solvents (polar or nonpolar solvents), their
surface termination usually modifies from initial termination
(e.g., Br and Cl) to organic ligands. In some cases, further ligand
exchanges from a ligand (e.g., alkene and thiol groups) to another
ligand or biomolecules were performed for the organically-
capped silicon colloids (Shiohara et al., 2010; Ruizendaal et al.,
2011). The prepared colloids usually exhibit an emission in
blue to green regions with nanosecond lifetimes, indicating
the surface-related or direct gap recombination (Holmes et al.,
2001; Dohnalová et al., 2012, 2013). Furthermore, by attaching
adequate surface ligands, yellow to red luminescent colloids
can be obtained. Interestingly their luminescent quantum
efficiency increases up to ∼90% (Qi et al., 2016). Note that
the quantum efficiencies of typical nc-Si dots, where the quasi-
direct electron-hole recombination occurs, were up to 60%
(Jurbergs et al., 2006).

Another typical bottom-up process is laser pyrolysis (Ehbrecht
et al., 1997; Ehbrecht and Huisken, 1999; Ledoux et al., 2002; Li
et al., 2003, 2004; Hua et al., 2006) or plasma synthesis (Mangolini
et al., 2005; Nozaki et al., 2007; Anthony and Kortshagen, 2009;
Gupta et al., 2009; Shen et al., 2010; Miller et al., 2012; Askari
et al., 2015) from the silicon precursor such as silane. In these
methods, the treatment of a pulsed laser or an induction of
high frequency power leads to the decomposition of precursor
molecules and formation of Si clusters. Subsequently, the growth
of the silicon nanoparticles occurs due to the aggregation of

the generated clusters. The obtained nanoparticles consist of the
single phase crystalline core and the surrounding amorphous
layer of SiOx (Ledoux et al., 2002; Mangolini et al., 2005).
Then, to adequately terminate the surfaces or further control
the nanoparticle size, stain etching was performed in HF/HNO3

aqueous solution, where the oxidation of the silicon surface of
the nanoparticles occurs and the removal of the oxide layer leads
to the decrease in the size (Li et al., 2003; Gupta et al., 2009).
Subsequent organic capping may also be formed by an additional
chemical treatment (Li et al., 2004; Hua et al., 2006). Due to such
size control processes by stain-etching, the PL emission colors of
the formed nanoparticles were tuned in all visible spectral regions
(Gupta et al., 2009). The emission color of the nanoparticles also
changes from blue to green by the total pressure of the plasma
reactor (Shen et al., 2010). In the case of the laser pyrolysis, an
excellent size separation was demonstrated by using a molecular-
beam chopper synchronization of the irradiation pulsed laser
combining the time-of-flight mass spectroscopy (Ehbrecht et al.,
1997; Ehbrecht and Huisken, 1999). Formation of such size-
separated nc-Si dots reveals the clear size-dependent PL data
in a red spectral region (Figure 3), and an excellent agreement
between the theory and data was shown (Ledoux et al., 2002).
Typical PL quantum efficiencies of the nanoparticles prepared by
laser pyrolysis are 1–30% depending on their size, i.e., the larger
(smaller) nanoparticles with a diameter of 8 nm (3.5 nm) have
lower (higher) efficiencies (Ledoux et al., 2002).

Recently, a new type of bottom-up process using sol-gel
precursors for the formation of the nc-Si dots has been developed
by Veinot’s Group (Hessel et al., 2006, 2008; Henderson et al.,
2009; Clark et al., 2010; Kelly et al., 2010). After the annealing
of hydrogen silsesquoxane (HSiO1.5) at high temperature (900–
1400◦C) under the H2/Ar atmosphere, nanocrystalline silicon
forms in the oxide matrix (Hessel et al., 2006). With varying
annealing temperature and/or annealing time, the size of the
nanocrystals can be controlled. After the nanocrystal formation,
HF treatment of the nanocrystal embedded oxide liberates
the nanocrystals as a freestanding form due to the etched
removal of the oxides, i.e., the formation of the hydrogen-
terminated colloidal silicon nanoparticles. The various organic
termination can be formed by the subsequent photo- or
thermally-induced hydrosililation between the hydrogen surface
of silicon nanoparticles and unsaturated organic species, which
can make the colloidal nanoparticles soluble in desired types of
solvents (Clark et al., 2010; Yu et al., 2013). The colloidal silicon
nanoparticles prepared by this process exhibit usual quantum
confinement induced size-dependent PL in the yellow to red
region (Hessel et al., 2006). However, by attaching particular
organic functional groups on the surface of the nanoparticles,
the emission color can be tuned in all visible range (blue
to red) without size control of dots, e.g., the diphenylamine
functionalized dots shows the yellow emission (Dasog et al.,
2014). These PL emission colors were independent on the
polarity of the solvent and the excitation wavelength, indicating
that the origin of the PL is the recombination at unknown surface
states. The recombination lifetimes of such surface-related PL
emission are much faster (several nanoseconds) than that of the
usual quasi-direct electron-hole recombination due to quantum

Frontiers in Chemistry | www.frontiersin.org 3 April 2019 | Volume 7 | Article 273133

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Koshida and Nakamura Emerging Functions

FIGURE 2 | Summary of typical production processes for nc-Si dots. The bottom-up and top-down routes are shown in up and lower parts. Each process sequence

represents arrows from left to right.

confinement effect. Note that their PL quantum efficiencies are
20–30% (Dasog et al., 2014). By using the silicon nanoparticles
prepared by this sol-gel precursor process, solution-based
multicolor light emitting diodes having high external quantum
efficiencies ∼1.1% were demonstrated (Figure 4) (Maier-Flaig
et al., 2013) with combining the size separation technique
(Mastronardi et al., 2011). Successful demonstration of such
diode is thanks to the ease of the preparation handling and
mass productivity as discussed below. Moreover, Ghosh et al.
reported the improved sol-gel precursor process to form brighter
silicon nanoparticles under mild condition, and fabricated white-
(Ghosh et al., 2014) and red-emitting diodes (Ghosh et al.,
2018). In addition to these sol-gel precursor process, the HF
etching process of SiOx films incorporated in crystalline silicon
nanoparticles, which is prepared by radio-frequency sputtering
method (Shinoda et al., 2006; Sugimoto et al., 2012) and
subsequent thermal annealing, provides the formation of the
colloidal nc-Si dot.

Top-Down Fabrication Routes of Silicon Quantum Dot

One of the most simple top-down processes is the mechanical
fragmentation of bulk silicon and/or silica by a ball milling
technique (Lam et al., 2000; Heintz et al., 2007). In particular,
Heintz et al. (2007) demonstrated the formation of blue-
emitting quantum dots with alkyl-termination by combining
the high energy ball milling of a bulk silicon chunk and
a simultaneous chemical reaction with unsaturated organic
species. Furthermore, chemically size reducing technique by
stain-etching of bulk silicon or silicon rich oxide powders have
been reported (Sato and Swihart, 2006; Sato et al., 2009; Goller
et al., 2010). Sato et al. demonstrated the PL color tuning (green

to red) of the quantum dots (2–3 nm) by stain-etching of the
polycrystalline powder with an average diameter of 50 nm in
HF/HNO3 aqueous solution with ultrasound treatment which
allows uniform etching (Sato et al., 2009). Furthermore, Goller
et al. reveal that spherical quantum dots (3–10 nm) formed by
stain-etching of silicon powder (25 nm), and they show a single
exponential PL decay curves (Goller et al., 2010), in contrast
to stretched exponential curves for usual silicon nanocrystals
including PS (Pavesi and Ceschini, 1993). This is considered to
be attributed to a uniform spherical shape of the dots.

Laser ablation of bulk silicon in liquid, such as water (Švrček
et al., 2006; Umezu et al., 2007), organic solvent (Shirahata et al.,
2010; Abderrafi et al., 2011), and supercritical fluid (Saitow and
Yamamura, 2009) is a simple fabrication route for the nc-Si dots.
Umezu et al. demonstrated that the irradiation of pulsed laser
light (532 nm, 10 mJ/cm2) to a bulk silicon wafer in hexane
and water generates blue-emitting oxide-capped colloidal silicon
nanoparticles (Umezu et al., 2007). Švrček et al. revealed that
the size of the nanoparticles depends on the irradiation laser
power in the diameter range from 2 to 10 nm, and higher power
laser irradiation causes the fragmentation of the aggregated
nanoparticles (Švrček et al., 2016). Shirahata et al. demonstrated
the pulsed laser irradiation to a bulk silicon wafer in unsaturated
organic solvents such as 1-octene yields organically-capped
silicon nanoparticles (Shirahata et al., 2010). The nanoparticle
formation mechanism in these laser ablation methods in liquid
is as follows: Intense pulsed laser light ablates bulk silicon
target, resulting in the formation of the silicon vapors and/or
clusters. Then, the ablated silicon vapor condensed into the
silicon nanoparticles at the liquid/vapor interface. In particular,
using the unsaturated organic solvent, chemical reaction between
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FIGURE 3 | (A) Pictures of the size separated nc-Si dots prepared by laser

pyrolysis and (B) corresponding PL spectra. Reprinted with permission from

Ledoux et al. (2002), Copyright 2013 AIP Publishing.

the surface of the nanoparticles and unsaturated bonds of the
organic solvent causes the efficient surface termination, resulting
in a relatively higher PL quantum efficiency (∼10%). However,
in these pulsed laser ablation methods, the formed silicon
nanoparticles have relatively larger size distribution and an exact
size control are essentially difficult.

An important top-down process for nc-Si dots is the
formation of the PS by electrochemical etching of silicon
wafer and subsequent pulverization of the porous layer. As the
porous layer consists of the assembly of nc-Si dots, a relatively
mild pulverization treatment can render the porous layer free-
standing nanoparticle form. Several pulverization techniques
have been employed, such as ultra-sonification (Heinrich et al.,
1992), and mechanical milling (Ryabchikov et al., 2012; Luna
López et al., 2014). Heinrich et al. firstly demonstrated that
the ultra-sonification of the PS layer in various solvents, such
as methanol, toluene, and water, generates the colloidal silicon
nanoparticles (Heinrich et al., 1992). However, the obtained

FIGURE 4 | Photographs of the multicolor light emitting diodes utilizing the

size-separated silicon nanocrystals prepared by the thermal process of the

sol-gel precursor (hydrogen silsesquoxane). Reprinted with permission from

Maier-Flaig et al. (2013), Copyright 2013 ACS Publishing.

colloidal nanoparticles have a wide size distribution from several
nanometers to hundreds of nanometers. Thus, to purely obtain
light emitting nanoparticles (a dimeter range from 2 to 10 nm)
due to quantum confinement effect, additional size separation
procedures are usually needed. For example, the subsequent
filtering of the supernatant part of as-prepared colloidal solution
was performed (Valenta et al., 2008). Furthermore, the additional
chemical etching of the as-prepared colloidal nanoparticles was
also employed to obtain colloidal samples having controllable
visible PL emission from green to red (Choi et al., 2007;
Kang et al., 2009). The surface of the obtained colloidal
silicon nanoparticles prepared by this method are oxygen or
hydrogen terminations. The silicon nanoparticles formed by the
pulverization of the PS usually have the similar PL emission
properties as original PS, although they exhibit a blue shift
of the PL peak due to being free from matrix stress (Kusová
et al., 2012) and the apparent increase in PL quantum yields
(Credo et al., 1999). Organically capped nanoparticles can be also
obtained by an additional chemical treatment, i.e., the photo-
assisted hydrosilylation in organic solvent (Buriak, 2009). Kusová
demonstrated the formation of yellow emitting organically
capped nc-Si dots prepared by combining the sonification
of porous layer and subsequent photo-assisted hydrosilylation
treatments (Figure 5) (Kusová et al., 2010). Interestingly, these
colloidal nanoparticles exhibit the nanosecond PL decay, due to
electron-hole direct gap recombination induced by the crystalline
strain and resultant modification of the electronic band structure
(Kusová et al., 2014). Another simple process to pulverize the
PS is boiling of the PS in an organic solvent with unsaturated
bonding (Lie et al., 2002; Chao et al., 2007). This treatment
leads to the formation of alkyl-capped silicon nanoparticles with
a diameters of ∼2.5 nm, resulting from the bubble formation
by hydrosilylation between the unsaturated organic solvent and
hydrogen-terminated silicon surface (Phatvej et al., 2018), and
resultant pulverization of PS.
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FIGURE 5 | Yellow emitting nc-Si dots with nanosecond PL decay. Reprinted

with permission from Kusová et al. (2010), Copyright 2010 ACS Publishing.

Efficient Approaches for the Silicon Quantum Dot

Production

There are various criteria to evaluate the productivity for the nc-
Si dot fabrication. Askari et al. summarized the figure of merit
such as absolute throughput (kgh−1) and throughput density
(kgh−1m−2), of above mentioned various processes (Askari et al.,
2015). In this subsection, we summarize recent advances in the
view of the production quantity per experimental batch. Zhong
et al. produced ∼10 g of green emitting green-quantum dots
from ∼100 g silicon precursor (C6H17NO3Si) by solution-phase
chemical process for 30min (Zhong et al., 2015). Here, we define
the production yield as the ratio of the weight of the produced
quantum dots to that of original silicon material. The production
yield per batch of Zhong’s process is∼10%. In the high annealing
process of sol-gel precursor (∼2 h per batch), typically 20mg of
the hydrogen terminated nc-Si dots were produced from 200mg
of HSQ silicon precursor, corresponding to the production yield
of ∼10% (Islam et al., 2017). Bose et al. demonstrated that the
quantum dots can be prepared from the reduction of rice husk
by rapid microwave heating (Bose et al., 2018). The production
yield of this process is ∼5%, i.e., 0.1 g of nanoparticles from 2 g
of rice husk per batch. Note that the plasma synthesis from silane
precursor provides ∼20mg quantum dots per batch (∼45min)
with almost 100% of production yield, representing the complete
conversion from the silane precursor (Mangolini et al., 2005).
We summarize the production yields for these processes
in Table 1.

Very recently, Nakamura et al. demonstrated that the pulsed
laser irradiation of the PS powder in organic solution efficiently
generates the nc-Si dots and the formed quantum dots exhibited
the multicolor PL emission in blue (Nakamura et al., 2014),
white (Yuan et al., 2017a), and red (Nakamura et al., 2016;
Yuan et al., 2017b) regions. The PL quantum efficiencies are
much higher (∼10–30%) than the original PS (∼1%) (Nakamura
et al., 2016). The prepared quantity of the quantum dots is
more than ten times larger than the usual pulsed laser ablation
method using the bulk silicon target (Nakamura et al., 2014). The

formation mechanisms depend on laser irradiation conditions,
i.e., the ablation of porous layer and subsequent condensation
into nanoparticles, or the pulverization of the porous layer
resulting from the laser induced thermal stress. In the case of
the pulverization induced formation of the dots, the PL emission
color was able to be controlled via etching condition of the target
PS (Figure 6) (Nakamura et al., 2016), i.e., the changes in the
size of nanocrystalline porous network core. As described in the
above subsection, such PL emission color control was usually
difficult in the usual laser ablation process using bulk silicon
target. This efficient fabrication of the nc-Si dots is attributed
to unique thermal properties of PS. The PS has a much smaller
thermal conductivity (in the range of 0.5–1.0 W/mK), which
is comparative to insulators such as quartz glass and rubber
(Lysenko et al., 1999; Valalaki and Nassiopoulou, 2013, 2014,
2017; Koshida, 2017b). In addition to the conductivity, heat
capacities are also very low (0.2–0.6 MJ/m3K) in contrast to the
insulators (Koshida, 2017b). These unique thermal properties of
PS cause a local heating inside the porous layer when the pulse
laser irradiated to it, and the efficient ablation or fragmentation
occurs. By improved pulsed laser irradiation process for 10mg
of PS, ∼8.5mg of red emitting nc-Si dots has been produced
(Nakamura et al., 2018). This production amount of the quantum
dot per batch is much larger than the boiling process of PS, i.e.,
several hundred micro grams of dots from 1 cm2 of silicon chip
wafer (Dickinson et al., 2008; Alsharif et al., 2009). Moreover, the
production yield of this process (∼85%) is larger than the above
mentioned chemical synthesis and high temperature annealing
process of sol-gel precursor (Islam et al., 2017) (see Table 1).
Thus, the demonstrated laser induced heating process of PS
provides an energy- and cost-effective route for production of
nc-Si dots.

Quasiballistic Electron Emission
Emission Mechanism and Characteristics

The device is composed of a thin film surface electrode,
a PS layer (∼1µm thick), a silicon wafer substrate, and a
back contact (Figure 7). As observed by transmission electron
micrograph (TEM) shown in this figure, the PS layer prepared
by galvano-static anodization and additional oxidation includes
nc-Si dots (∼3 nm in mean diameter) interconnected with
tunnel oxides. In this PS layer, there is a multiple-tunneling
transport mode through nc-Si dot chain, and quasiballistic
hot electrons are efficiently generated (Mori et al., 2011).
Under the condition that a positive voltage is applied to the
surface electrode with respect to the substrate, electrons are
accelerated in the PS layer toward the outer surface, and
then some of them are emitted through the surface electrode.
The emission starts at an onset voltage corresponding to the
work function potential of the surface electrode. The applied
voltage dependence of the emission current follows the Fowler-
Nordheim tunneling scheme. The emission efficiency η, defined
as the ratio of the emission current density to the diode current
density, depends on the nanostructure arrangement of nc-Si
dots, quality of interfacial tunneling oxide, and the surface
electrode material.
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TABLE 1 | Typical production yields of nc-Si dot per batch in various processes.

Bottom-up process Top-down process

Sol-gel precursor

thermal process (Islam

et al., 2017)

Chemical synthesis

(Zhong et al., 2015)

Plasma synthesis

(Mangolini et al., 2005)

Reduction by

microwave thermal

process (Bose et al.,

2018)

Improved pulsed

laser irradiation

(Nakamura et al.,

2018)

Si precursor HSQ C6H17NO3Si Silane Rice husk PS

Nanocrystal formation

process

High temperature

annealing

Chemical reduction

growth

Plasma decomposition Thermal reduction Chemical etching

Liberation process Chemical etching None None Milling and sedimentation Pulsed laser irradiation

Amount of precursor [mg] 200 104 200 2000 10

Amount of quantum dots [mg] 20 103 200 100 8.5

Production yield [%] 10 10 100 5 85

FIGURE 6 | Pictures of multicolor PL emission from nc-Si dots produced by

the pulsed laser irradiation to PS prepared by different etching conditions.

Reprinted with permission from Nakamura et al. (2016), Copyright 2016 AIP

Publishing.

When a monolayer graphene is used as a surface electrode,
the typical η value is drastically enhanced to 6.3% at an
applied voltage of 10V (Kojima et al., 2018a) due to a
high transparency of monolayer graphene for quasiballistic
electrons. At that applied voltage, the mean energy of output
electrons becomes higher than 2 eV. The corresponding electron
temperature is far from the thermal equilibrium. The mean
energy of emitted electrons can be tuned well by the applied
voltage while keeping narrow energy dispersion. Both the output
electron energy distribution and the emission angle dispersion
become significantly narrow even at room temperature. The
energy distribution becomes more monochromatic at a low
temperature of around 150K. The measured emission angle
dispersion is just ±8◦ with respect to the surface normal
(Kojima et al., 2018b). The relatively low operation voltages
and the compatibility with silicon planar processing make
it possible to drive the emitter array under an active-
matrix mode.

FIGURE 7 | Schematic structure of PS-based quasiballistic electron emitter. A

cross-sectional transmission electron microscopy (TEM) photograph of PS

layer is also shown.

Applications of Quasiballistic Electron Source

(i) Availability for varied media
Being the energetic, directional, planar, and uniform emission,
the quasiballistic emission from PS is insensitive to vacuum
pressure, in contrast to the conventional cold cathodes such
as field emitters and metal-insulator-metal ones. Far from it,
the PS emitter operates in gases and even in solutions. The
application studies have been carried out in vacuum (flat
panel display, multibeam parallel lithography, high-sensitivity
image sensor), in atmospheric pressure gases (negative ion
generation, non-discharge VUV emission), and in solutions (H2

gas evolution, pH control, thin film deposition) (Koshida, 2017a).
As specific approaches, two topics on the development that
demonstrates the characteristic feature of the PS emitter are
presented here.

(ii) Multibeam parallel lithography
In advanced silicon device technology, a high resolution (below
10 nm), high throughput, and cost-effective nanofabrication
process is strongly required. Though electron beam (EB)
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TABLE 2 | Developing studies of multibeam parallel EB lithography.

Group EB Source Mode Demagnification Beam Voltage (kV) Use Reference

IMSa Thermionic Aperture blanking 1/200 512 × 512 50 Photo-mask writer Klein et al., 2012; Platzgummer

et al., 2013; Klein and

Platzgummer, 2016

NuFlareb 1/200 512 × 512 50 Matsumoto et al., 2016

MAPPERc 1/1 13,260 5 Direct-write Rio et al., 2010; Brandt et al.,

2015

TUd and

TUATe
nc-Si ballistic

emitter

Active-matrix drive 1/1000 100 × 100 5 Esashi et al., 2015

a IMS Nanofabrication AG, Austria; bNuFlare Technology, Japan; cMAPPER Lithography, The Netherlands dTohoku Univ., Japan; eTokyo Univ. of Agri. and Tech., Japan.

is a very attractive exposure source from a viewpoint of
the resolution, the conventional focused EB writer has a
seriously limited throughput. If a practical multibeam exposure
scheme could be possible, the usefulness of mask-less EB
direct-write should be dramatically enhanced. Its major
possible applications are photomask fabrication and mask-less
direct-write exposure. Specifications of multibeam parallel
lithography systems under development are summarized
in Table 2.

In the conventional systems, thermionic emitter or thermally
assisted field emitter is used as an electron source. Since the
employment of active-matrix drive is difficult in that case,
broadened electron beam is spatially switched by aperture
blanking method for generating multibeam (Rio et al., 2010;
Klein et al., 2012; Platzgummer et al., 2013; Brandt et al.,
2015; Klein and Platzgummer, 2016; Matsumoto et al., 2016).
In contrast, the PS approach is characterized by active-
matrix drive of arrayed emitters (Esashi et al., 2015). The PS
emitter array can be fabricated on a Si-wafer substrate by
planar processes. The back contact of each electron emitter
with an active area of 10 × 10 µm2 is interconnected to
an active matrix driving circuit using a through-silicon-
via (TSV) technique (Figure 8A). A CMOS-based LSI
circuit has been developed for the multibeam (100 × 100)
parallel lithography.

The compatibility of the implemented LSI with the active-
matrix operation was confirmed, including the basic function
for the electron emitter process variation compensation and
the test of integrated devices. The evaluation was performed
with the 1:1 exposure test system, in which an EB-resist
coated target wafer was placed at about 3mm distance from
the emitter surface (Figure 8B) and the exposed resist pattern
is shown in Figure 8C. It has been demonstrated that the
integrated nc-Si emitter array is compatible with the active-
matrix drive for multi-beam massive parallel exposure, and
that the selected emitter pattern is delineated corresponding to
the activated emitters. In accordance with the results of beam
optics simulation in the prototype system, the miniaturized
electron optics is suitable for 10 nm order EB writing. For the
practical use with a throughput comparable to extreme ultra-
violet (EUV) lithography, criteria of the electron beam number
and the resolution target to be pursued are 106 beams and
5 nm, respectively.

(iii) Reductive deposition of thin films
From a chemical viewpoint, the PS emitter can be regarded as
a supplier of electrons with highly reducing activity. Its direct
application is liquid-phase thin film deposition of metals and
semiconductors under an electron incident mode (Suda et al.,
2016). The deposition process is illustrated in Figure 9. Output
of quasiballistic electrons of the nc-Si emitter impinges onto the
target substrate on which an extremely small amount of salt
solutions such as CuCl2, SiCl4, and GeCl4 was coated in advance
with a thickness of 100 nm. The spacing between the emitter and
substrate was controlled in the range from 500 nm to 100µm
by a piezoelectric actuator, taking the relation between the
electronmean free path and the vacuum pressure of used solution
into account. The experiments were done in a N2-gas filled
glove box.

After the emitter operation for a few minutes, residual
solutions were removed, and then thin Cu, Si, and Ge films
are formed on the incident area as shown in Figure 10.
According to the structure and compositional characterizations
of deposited thin films, every film consists of nanoclusters.
No contaminations were detected by X-ray photoelectron
spectroscopy (XPS). Obviously thin films are deposited with no
byproducts. Thin films can be deposited at room temperature
on varied substrates including insulating layers (i.e., oxidized c-Si
wafer) and flexible polymers. In addition, a mixture solution such
as SiCl4+GeCl4 is available for deposition of thin SiGe films with
a controllable composition.

Incident electrons with energy of 10 eV can penetrate 10 nm
deep in solutions (Emfietzoglou et al., 2009), and reduce positive
ions therein followed by the formation of nanoclusters and
deposition. Thermodynamic investigation supports that the
incident electron energy meets the requirement for preferential
nucleation of atoms rather than their out-diffusion (Suda et al.,
2017). The theoretical analysis based on the reaction diffusion
equation suggests that the deposition rate depends mainly on
the incident electron current density Je, and that it reaches
a stationary value within 0.1 s after electron incidence (Suda
et al., 2018). At the typical condition of Je = 10–100 µA/cm2,
the estimated stationary deposition rate of Cu, Si, and Ge
films are around 0.2–2.0 nm/min. This is consistent with the
experimental results.

Typical thin film deposition techniques are summarized in
Table 3. The most widely used dry processes (chemical and
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FIGURE 8 | (A) Schematic configuration of 1:1 electron multibeam exposure system using arrayed nanocrystalline PS emitters. (B) SEM photographs of emitter array.

The emission area is 12µm in diameter in this case. (C) Delineated resist patterns.

FIGURE 9 | Process of liquid-phase reductive thin-film deposition promoted by direct incidence of quasiballistic electrons emitted from nanocrystalline PS cold

cathode.

physical vapor deposition) are established by precise control
of temperature, vacuum pressure, and gas flow rate (Seshan,
2012). The wet electroplating, based on exchange of thermalized
electrons at the working and counter electrodes, proceeds at
room temperature with gas evolutions. It is mainly used to
deposit thin metal films (Schlesinger and Paunovic, 2010).
Electron-beam-induced deposition (EBID), on the other hand,
has been studied to form cluster, metal nanowires, thin films,
and nanostructures (Kiyohara et al., 2002; Adelung et al., 2004;
Gazzadi and Frabboni, 2005; van Dorp et al., 2005; Randolph
et al., 2006; Frabboni et al., 2008; Furuya, 2008; van Dorp and
Hagen, 2008; Botman et al., 2009; de Boer et al., 2011; Vollnhals

et al., 2013; den Heijer et al., 2014; Leenheer et al., 2015). The
focused electron beam with high-energies of 10–50 keV in the
conventional scanning or transmission electron microscope is
transmitted through membranes and then hits the absorbed
gases or ionic liquids on the substrate leading to decomposition
of molecules. The key issue is to reduce carbon and other
contaminations in deposited thin films. The ballistic electron
incidence mode mentioned above is based on the mechanism
different from EBID. Unilateral reduction proceeds with neither
gas evolution nor by-product generation. In addition, the
deposition of thin metal and group IV semiconductor films is
available for varied substrates.
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FIGURE 10 | SEM photographs of deposited thin films of Cu (A), Si (B), and Ge (C).

TABLE 3 | Comparative survey of thin film deposition processes.

Aspects

process Dry process (CVDa and PVDb) Electroplating Electron Irradiation

EBIDc (10∼50 keV) Ballistic incidence (∼10eV)

Phase Vapor or vacuum Liquid Liquid or vapor Liquid

Mode Decomposition, sputtering, or evaporation Redox reaction Decomposition Reduction

Temperature High Room temperature

Contamination < ppb Gas evolution C, O <300 ppm

aChemical Vapor Deposition, bPhysical Vapor Deposition, cElectron Beam Induced Deposition.

Thermo-Acoustic Emission and
Applications
The PS acoustic devices are composed of a thin-film surface
heater electrode, a PS layer, and a c-Si wafer. Due to a strong
phonon confinement and interfacial scattering in PS, the thermal
conductivity of PS layers, α, is drastically lowered in comparison
to that of bulk silicon (Lysenko et al., 1999; Valalaki and
Nassiopoulou, 2013, 2014, 2017; Koshida, 2017b). At the same
time, its volumetric heat capacityC is also significantly decreased.
In the case of high-porosity PS, particularly, both α and C
values become close to the lower limit of solid state materials.
Thus, the thermal diffusivity

√
αC is extremely decreased. When

a temperature fluctuation is produced by electrical input to
the heater electrode, a significant acoustic wave is generated
near the surface, because the thermos-acoustic transfer effect
is inversely proportional to

√
αC (Shinoda et al., 1999). A

significant sound pressure amplitude is produced without any
mechanical vibrations.

Due to the sound emission from still surface, the frequency
response covering a fully wide range is free from the mechanical
resonance. The theoretical limit of frequency response is 1 GHz.
No resonant peaks are observed in the whole range of available
frequency. The broad-band flat emissivity of the PS device is
useful for reproducing complicated ultrasonic communication
calls and male-female interactions between mice (Kihara et al.,
2006; Uematsu et al., 2007). Conventional ultrasound emitters
cannot be utilized for this application because of a resonant
frequency response and a bulky size larger than mice. As
previously demonstrated, mouse mothers were attracted by pup

ultrasonic vocalizations (USVs) reproduced by an nc-Si emitter,
while they did not respond to other synthesized sounds. It was
also found that the response to pup USVs was enhanced by
social experiences (Okabe et al., 2013). Recent study on mutual
recognition between mother and infant suggests that pup USVs

looks to have an individual signature used in pup differentiation
by mouse mothers, similar to acoustic communication

between human mothers and their infants (Asaba et al., 2015;
Mogi et al., 2017).

Regarding thin metal film heaters and underlying thermal

insulators, many studies have been conducted by using varied
combinations: suspended Al wires-air (Niskanen et al., 2009),
Si nanowires-polymer or -glass (Tian et al., 2011a), indium-
tin-oxide film-glass (Daschewski et al., 2015), Si nanoparticles-
sapphire (Odagawa et al., 2010), conducting polymers-glass (Tian
et al., 2011b), thin Au film-porous polymer (Chitnis et al., 2012),
thin Ag–Pd film-glass-Al2O3 (Nishioka et al., 2015), carbon
nanotube (CNT)-air (Xiao et al., 2011), or -grooved Si (Wei
et al., 2013), graphene-polymer (Suk et al., 2012; Tian et al.,
2014; Kim et al., 2016; Tao et al., 2016; Sbrockey et al., 2018),
-porous Al2O3 (Tian et al., 2012), or -glass (Fei et al., 2015),
CNT-laser-scribed graphene-polymer (Yeklangi et al., 2018), and
W-Al2O3-polymer (Brown et al., 2016). The basic characteristics
of these devices are consistent with the theoretical analyses of
the thermo-acoustic effect and its key factors (Hu et al., 2010,
2012a,b, 2014; Vesterinen et al., 2010; Daschewski et al., 2013;
Lim et al., 2013; Yang and Liu, 2013; Wang et al., 2015; Tong
et al., 2017; Xing et al., 2017).Making use of the non-resonant and
broad-band emissivity with no harmonic distortions, possible
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applications have been pursued to audible compact speaker
under a full digital drive, probing source for 3-dimentional
object sensing in air, acoustic pressure generator for noncontact
actuation, directivity control under phased array configuration,
loud speaker, noise cancellation, thermoacoustic tomography,
and thermoacoustic sound projector (Koshida, 2017c; Aliev et al.,
2018; Bobinger et al., 2018; Julius et al., 2018; Liu et al., 2018;
Song et al., 2018).

SUMMARY

Including photonic visible luminescence, emerging functions
of nanostructured PS has extended to electronics, biometrics,
biomedicine, acoustics, thermology, and energetics. In the
quantum-size silicon, especially, the emissive properties of
photons, electrons, and sound are activated. From a technological
viewpoint, cost- and power-effective production of luminescent
nc-Si powder or colloid is desired for wide applications.
As one practical approach, high-yield fabrication of strongly
luminescent colloidal nc-Si dots has been developed by
employing in-situ self-regulated process for pulverization of
anodized PS by pulsed laser irradiation. A multiplier tunneling
transport through nc-Si dots, on the other hand, induces
quasiballistic electron emission. The potential of nc-Si cold

cathode has been made clear by using monolayer graphene
as a surface electrode. This makes the foundation more solid
for applications to massively parallel EB lithography under an
active-matrix drive and to reductive thin film deposition of
metals and semiconductors. Based on specific thermal properties
of PS, on the other hand, thermos-acoustic device has been
developed. Observed broad-band non-resonant sound emission
from a compact PS device provides standard ultrasound source
for researches in the bio-acoustic communications. These studies
meet in the direction and requirements for diversification of
silicon technology.
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Nanoporous gold and platinum electrodes are used to pattern n-type silicon by contact

etching at the macroscopic scale. This type of electrode has the advantage of forming

nanocontacts between silicon, the metal and the electrolyte as in classical metal assisted

chemical etching while ensuring electrolyte transport to and from the interface through

the electrode. Nanoporous gold electrodes with two types of nanostructures, fine and

coarse (average ligament widths of∼30 and 100 nm, respectively) have been elaborated

and tested. Patterns consisting in networks of square-based pyramids (10 ×10 µm2

base× 7µm height) and U-shaped lines (2, 5, and 10µmwidth× 10µm height× 4µm

interspacing) are imprinted by both electrochemical and chemical (HF-H2O2) contact

etching. A complete pattern transfer of pyramids is achieved with coarse nanoporous

gold in both contact etching modes, at a rate of ∼0.35µm min−1. Under the same

etching conditions, U-shaped line were only partially imprinted. The surface state after

imprinting presents various defects such as craters, pores or porous silicon. Small walls

are sometimes obtained due to imprinting of the details of the coarse gold nanostructure.

We establish that np-Au electrodes can be turned into “np-Pt” electrodes by simply

sputtering a thin platinum layer (5 nm) on the etching (catalytic) side of the electrode.

Imprinting with np Au/Pt slightly improves the pattern transfer resolution. 2D numerical

simulations of the valence band modulation at the Au/Si/electrolyte interfaces are carried

out to explain the localized aspect of contact etching of n-type silicon with gold and

platinum and the different surface state obtained after patterning. They show that n-type

silicon in contact with gold or platinum is in inversion regime, with holes under the metal

(within 3 nm). Etching under moderate anodic polarization corresponds to a quasi 2D

hole transfer over a few nanometers in the inversion layer between adjacent metal and

electrolyte contacts and is therefore very localized around metal contacts.

Keywords: silicon, nanoporous gold, imprinting, MACE, contact etching, patterning

INTRODUCTION

Metal Assisted Chemical Etching (MACE) of silicon began in the mid-2000s. Its new remarkable
characteristic was to allow a localized dissolution of silicon around metal catalysts whose typical
size is in the range of 10–100 nm. Due to the possibility of easily forming silicon nanowires and
mesopores in crystalline silicon substrates, MACE has aroused considerable interest among the
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scientific community. Substantial efforts have been devoted to
study the effects related to the nature of the metal catalyst and
oxidizing agent, the crystal orientation of the silicon substrate
and the concentration ratio “hydrofluoric acid/ oxidizing agent”
(ρ) (Huang et al., 2011), as well as to produce ordered structures
using films/metal grids of a larger characteristic size, typically
a network of pillars of diameter and inter-distance of a few
hundreds of nanometers (Huang et al., 2007).

More recently, a new research axis has developed around the
imprinting of 3D structures in silicon by contact etching, based
on the principles of MACE. Imprinting means that a macroscopic
tool with the pattern to be transferred is brought into contact
with the silicon substrate and removed, and can be reused several
times. This tool is at least partly metallic in order to catalyze
the dissolution of silicon in HF medium, with as oxidizing agent
either a chemical species in solution or an anodic polarization
using a potentiostat. This approach was first reported by the
group of Kobayashi in 2011. Pattern transfer in (100) and (111)
oriented c-Si was performed using as imprinting tool a NaOH
texturized (100) c-Si substrate, (i.e., with square-based pyramids
at the surface) covered by a SiNx layer and a platinum layer on the
top acting as catalyst (Fukushima et al., 2011). The SiNx layer was
meant to protect the silicon substrate of the etching tool to be self-
etched by the platinum layer. Although the extent and quality of
the pattern transfer appeared limited, inverted pyramids could be
etched in (111) c-Si. This represented a remarkable achievement
considering that this crystallographic orientation is incompatible
with forming such structures.

Azeredo et al. reported on pattern transfer in porous silicon by
contact etching in HF-H2O2 using macroscopic gold metallized
pre-patterned stamps with a sinusoidal shape (Azeredo et al.,
2016b). The shape transfer was impossible in silicon but easily
obtained in porous silicon since the electrolyte could reach the
metal interface through the porous silicon network. For silicon,
this problem was partially alleviated by patterning with a 2.5D
sinusoidal wave with sub-microscale dimensions (Azeredo et al.,
2016a). The technique used a Cr/Au coated polyethylene sheet
with a holographic surface (1µm pitch and 350 nm amplitude)
rolled around a platinum rod, immersed into HF-H2O2 and
pressed on silicon with a load of 9N. This process achieved a
millimeter-scale parallel patterning with sub-100 nm resolution
with a mirror-finish quality. Problems pointed out by the authors
were the limited etch rates (imprinting time of 10min) and some
porosification of the silicon wafer (from a few nanometers to a
few hundred nanometers from center to edge). Regrading etch
rate, the work of Azeredo et al. (2016b) has clearly demonstrated
that imprinting is a process mainly determined by the mass-
transport of reactants and products. The overall etch rate
dependence on the local depletion of reactant is characterized
by quantitative means for the first time, which reveals the
importance of the volume of reactant initially confined between
the stamp and the substrate.

An electrochemical nanoimprint lithography (ECNL)
approach based on MACE was also developed in the group of
Zhan, for GaAs (Zhang et al., 2017a,b) and for silicon (Zhan
et al., 2017). A review on electrochemical and nanomachining
including ECNL is given in Zhan et al. (2017). In the case of

silicon, a platinum metallized PDMS mold with a nanopillar
array was used to imprint a nanohole array in (111) c-Si.
Diameter and height of nanopillars were ∼350 and 544 nm,
respectively, and the imprinted nanoholes depth ∼116 nm. The
reason for incomplete in-depth imprinting was also attributed
to the consumption and blocked mass transfer of reactant and
etching products in the ultrathin electrolyte layer between the
platinum metallized imprint mold and the silicon wafer. Using
metal catalyst-coated grayscale stamps and chemical etching (Ki
et al., 2018), have also succeeded to imprint multilevel patterns in
a single step. Large and complex eagle-shaped stamps (1× 1 cm2,
micrometer sized patterns) could be repeatedly imprinted on Si
substrates, only limited in depth (<1µm) by mass transport of
the electrolyte.

Another category of direct imprinting of silicon based on
MACE concerns macroscopic 3D structures, i.e., of tens of
micrometers either laterally or in height. The first example of
silicon contact etching using a macroscopic object has been given
in 2009 by the group of Matsumura (Lee et al., 2009). They used
a platinum wire, 50µm in diameter, anodically polarized against
a counter-electrode in a HF solution and brought in contact with
silicon to make cuts a few millimeters deep. Since then, grooves
and through-holes have been etched using metal wires or tips as
etching tools (Lee et al., 2009, 2011; Salem et al., 2010; Sugita et al.,
2011, 2013). Another example of contact etching with a platinum
needle has been given by Imamura et al. (2015). Takahashi et al.
(2013) also reported on the use of platinum meshes (10µm
wires and 50µm openings) attached to a sponge-like material to
pattern arrays of macropores (10µm in size).

The major problem encountered with electrochemical contact
etching at the macroscopic scale is the diffusion of the electrolyte.
Because the metal and silicon phases must be in intimate
contact, there is no room for the diffusion of the electrolyte
and consequently, as reported by Sugita et al. (2011), etching
must proceed laterally from the solution bulk to the center of
the metal tool, which slows down the in-depth etch rate. This
problem is not severe when imprinting a single element with a
diffusion path length of a few tenths of µm, (∼wire diameter),
but rather insurmountable for a “flat” contacting surface area of
say a few cm2.

We have recently reported a strategy specially defined to
address this problem of large-scale electrolyte diffusion (Torralba
et al., 2017). It is based on the use of nanoporous metal electrodes
allowing both a “classical” MACE attack, i.e., with an interface
consisting of nano-areas of metal and electrolyte in contact with
silicon (for which the diffusion length is a few tens of nm) and a
possible access of the electrolyte from the bulk of the solution to
the interface. The principle of this configuration is represented
in Figure 1A. The use of a nanoporous metal electrode to
imprint patterns in silicon is a new concept. However, the
well-known formation of silicon nanowires by MACE in HF-
AgNO3 medium, as initially developed by Peng et al. (2002)
is actually operating on the same principle. In this system, the
oxidation of silicon atoms (dissolution) is coupled with the
reduction of silver ions (deposition). During the experiment,
silver grows dendritically from the silicon substrate to form a
silver foam (cf. Figure 7A in Nassiopoulou et al., 2011) which
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FIGURE 1 | Scheme of the contact etching process: (A) diagram of the fluxes of electrons (red arrows) and chemicals (blue arrows) through a macroscopic piece of

np-Au showing the nanometer-scale Au/Si contacts; (B) principle of 3D imprinting of silicon using a np-Au electrode with a pattern consisting in pyramids. Anodic

polarization of the electrode can be provided either through an external circuit (electrochemical contact etching) or in situ by H2O2 (chemical contact etching).

reaches macroscopic dimensions (volume of ∼1 cm3), much
larger than the silicon substrate itself (cf. Materials and Methods
and Figure E in Supplementary Information). This network
of dendrites (∼50 nm in diameter) is de facto a “nanoporous
silver electrode.” The extremely localized dissolution of silicon
at the Ag/Si interface leads to the formation of nanowires that
lengthen as the “nanoporous silver electrode” sinks into silicon.
The silicon nanowires are smooth and well-defined over several
tens of micrometers, without parasitic etching. This is due to
the depletion of silver ions inside the foam. They are only
present outside of the foam (dendritic growth) but promotes
the anodic polarization (Ag+/Ag redox couple) responsible for
the electrochemical dissolution in HF of silicon at the Ag/Si
interface. The anodic current corresponds to electrons injected
(Si atom oxidation) at the bottom of the Ag foam and released
at the tip of the dendrites (Ag deposition, cf. Figure E3 in
Supplementary Information). This well-known experiment thus
demonstrates the possibility of etching silicon on a macroscopic
scale with a nanoporous metal tool (silver foam) allowing both
electrolyte diffusion and MACE. The aim is therefore to develop
an equivalent process with nanoporous metals of controlled
structure and patterns.

Our first etching tests with nanoporous metal electrodes
focused on imprinting square-based pyramids as represented
in Figure 1B. They were made with nanoporous gold (np-
Au) electrodes by electrochemical contact etching. A network
of inverted pyramids was partially imprinted in n-type silicon
oriented (100) in this way (Torralba et al., 2017).

We show this time that a complete transfer of complex
patterns can be obtained in n-type silicon by contact etching,
either electrochemically or chemically. The effects of several
parameters such as the type of pattern (pyramid vs. U-
shaped line), the characteristic size of the metal nanostructure

(30 vs. 100 nm) and the nature of the catalytic metal
(gold vs. platinum) with respect to etch rate, resolution
of pattern transfer and formation of surface defects have
been examined.

2D numerical simulations of the valence band modulation at
the Au/Si/electrolyte interfaces have been performed to interpret
the experimental results. The local modulations of silicon bands
induced by metal nanocontacts were first studied by the group of
Nakato (Nakato et al., 1988). This type of analysis subsequently
benefited from numerical simulation methods and was reported
by Rossi and Lewis for nanometer scale Ni arrays on Si electrodes
(Rossi and Lewis, 2001) and by Huang et al. in the case of
metal assisted electrochemical etching with silver nanoparticles
on p-type silicon under anodic polarization in HF solutions
(Huang et al., 2010). Recently, Torralba et al. studied MACE of
p-type silicon with platinum nanoparticles using 2D numerical
TCAD simulations based on a finite volume method (Torralba
et al., 2016). The same type of modeling is developed here
to determine the silicon band structure at adjacent metal and
electrolytic contacts of nanometric size (20 nm). The assembly
is connected so that metal contacts, which mimic the ligaments
of the nanoporous metal electrode, can be anodically polarized
with respect to the electrolyte through the silicon substrate
(Metal/Silicon/Electrolyte). This allows to describe the band
structure during etching.

MATERIALS AND METHODS

Chemicals
AuAg alloys in the form of 170 nm thick leaves (12 carats,
Au35Ag65, 8 × 8 cm2, Noris) were used as source of
material for the elaboration of np-Au electrodes. Imprinting
experiments were performed in n-type (phosphorous doped at
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Nd∼1015cm−3) c-Si wafers oriented (100), 1–3� cm, 400µm
(Sil’tronix). Analytical grade (VWR chemicals) 30% H2O2, 96%
H2SO4, 40% HF, 65% HNO3, 60% HClO4 and ultra-pure water
(18.2 MΩ cm, Millipore) were used in all experiments.

Electrochemical Treatments
Dealloying and contact etching were performed with a
PGSTAT20 Metrohm Autolab and Nova software, in a three-
electrode PTFE cell. The np-Au electrode, a platinum wire and a
Hg/Hg2SO4 electrode (SME) were used as working, counter and
reference electrodes, respectively. The SME included a K2SO4

bridge with a glass frit (EC dealloying) or a K2SO4 agar-gel tip
(etching in HF).

Instrumentation
Scanning electron microscopy (SEM) images, Energy Dispersive
X-ray Spectroscopy (EDS) and Electron Back Scattered
Diffraction (EBSD) were obtained with a Merlin FEG
microscope from Zeiss equipped with AZtec systems (EDS
Advanced, HKL Advanced Nordlys Nano, Oxford Instruments).
Depth measurements of imprinted patterns were obtained by
SEM from working distances measurements at different points
of the patterns. AuAg powders were sintered using a Dr-Sinter
515S-Syntex Spark Plasma Sintering (SPS) machine.

Fabrication of Silicon Molds
Alkaline etching using a SiNx mask was used to create arrays of
square-based inverted pyramids of 10× 10 and 7µmdepth, in p-
type (100) silicon wafers (5–10 �cm). Cryogenic plasma etching
was used for parallel lines of rectangular cross section (U-shaped
line) with a height of 5µm, a width of 2, 5, or 10µm and a
spacing of 4µm. In both cases, etching mask were defined by
E-beam lithography.

Patterned np-Au Electrodes
AuAg leaves were fragmented in water under simple magnetic
stirring overnight and dried at 100◦C. The obtained powder
(∼350mg) was sintered against the silicon mold at 500◦C under
vacuum, with a uniaxial pressure of 50 MPa (3.3 kN/cm2) for
20min, in a graphite die (Ø = 10mm) enclosed between two
graphite punches. After dissolution of the mold in HF-HNO3-
H2O (44:16:40), Au35Ag65 disks of 10mm diameter (0.35mm
thick) with a patterned central (79 mm2) were obtained. More
details can be found in Supplementary Information.

Electrochemical Contact Etching
n-type silicon wafers were cleaved into 2 × 2 mm2 pieces,
cleaned in H2SO4-H2O2 (3:1) and rinsed with ultra-pure water.
Before etching, the np-Au electrode was also cleaned in H2SO4-
H2O2 (5:1). This must be performed with great care because the
disproportionation of H2O2 into H2O and O2 is catalyzed by
the gold surface and hence results in a strong effervescence of
the hot mixture (exothermic mixing): the np-Au electrode was
first placed in a Pyrex-type glass beaker with a small amount
of H2SO4 and second H2O2 was added drop by drop. The
electrode was cleaned for 5min and then rinsed thoroughly with
ultrapure water.

After this, the np-Au electrode was placed on a platinum
plate (fixed on the bottom of a Teflon cell) which is itself
connected to the potentiostat. A cleaned silicon piece was
placed in contact with np-Au and a pressure applied via a
weight in gold of 4.5 g. The electrolyte was 5M HF with 2
vol.% ethanol to favor the elimination of H2 generated at the
Si/metal interface.

Chemical Contact Etching
The cleaning procedure of the sample and the electrode was the
same as described above. The electrode was maintained under
pressure (corresponding to a weight of ∼0.4 g) using a gold wire
connected to a micromanipulator. This is necessary due to H2

evolution (Si dissolution) and O2 evolution (disproportionation
of H2O2 on Au) that may displace the electrode during
imprinting. Etching was carried out in 5mol L−1 HF and 1mol
L−1 H2O2, the rho value ([HF]/([HF]+[H2O2]) being 0.83.

Use of Nanoporous Metal Electrodes
On the average, we could use 5 times np-Au electrodes
with pyramids and 15 times those with U-shaped lines
(for either chemical or electrochemical contact etching).
With pyramids, “damaged tips” was the main reason for
overruling an electrode. The second pattern is logically more
robust, the damages originating more from handling. See
Supplementary Information for more details.

Etch rate are most likely not constant during etching. We only
have access to apparent etch rate, i.e., depth divided by etch time.
For each set of etching condition, 3 to 4 experiments were used
to calculate an average value of the apparent etch rates given in
Tables 2, 3. The maximum deviation from the average value is
between 10 and 20%.

Modeling
Numerical simulations in 2D of the valence band modulation
at the Au/n-Si/electrolyte interfaces were performed using the

commercial TCAD software [Atlas from Silvaco©(Torralba et al.,
2016)] based on a finite volumemethod. This simulator solves the
physical equations governing the electrostatics (Poisson, electro-
neutrality) and the transport of e− and h+ (drift-diffusion)
self-consistently on a 2D mesh.

The modeled structure is schemed in Figure D of
Supplementary Information. It consists of a n-type silicon
substrate with a thickness of 100µm and a width of 1µm,
covered by 20 nm large gold pads, separated by two electrolyte
contacts of the same length. The gold and electrolyte phases
are separated by 1 nm of insulating vacuum to allow charge
transfer only through the Si/Electrolyte and Si/Au interfaces.
All the electrolyte contacts are short-circuited, so at the same
potential, identically for the all gold pads. Silicon is doped n-type
at a level of 3 × 1015 cm−3. The work functions of gold and the
electrolyte are taken at WAu = 5.5 eV (Hölzl and Schulte, 1979)
and WEl = 4.5 eV (determined in our experimental conditions,
cf. Torralba et al., 2016 and its Supplementary Information). The
Fermi level is set at 0 eV at the equilibrium. To mimic the MACE
process, a positive polarization can be applied between gold and
the electrolyte.
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FIGURE 2 | SEM images of np-Au electrodes elaborated by: (A) electrochemical dealloying at 0.7 VSME in HClO4 (0.77mol L−1) at 60◦C for 53 h; (B) chemical

dealloying in HNO3 (14.2mol L−1, 65 wt.%) at 80◦C for 12 h.

FIGURE 3 | SEM images at different magnification of np-Au electrodes dealloyed chemically (A–E) and electrochemically (F), with two different surface patterns:

(A–C,F) array of square based pyramids (10 × 10 µm2 × 7µm depth); (D,E) parallel lines with rectangular cross section (5 × 5µm2 (width × height), spacing

of 4 µm).

RESULTS AND DISCUSSION

Elaboration of Patterned np-Au Electrodes
Surface Patterns

The chosen strategy to elaborate patterned np-Au electrodes has

been to design silicon molds using traditional microelectronics

techniques and then sinter an Au35Ag65 powder in these molds

to obtain their complementary shape (cf. experimental section).

Experience has shown that the brittleness of silicon molds

requires maintaining the pressure during sintering at the lowest

possible value (3.3 kN) and that it was necessary to cover the
silicon substrate with a Si3N4 diffusion barrier layer to avoid the
formation of an AuSi eutectic which appears at 363◦C. Under
these conditions, a temperature of 500◦C was chosen and the
sintering time adjusted to obtain a good powder densification.
The final density is at least 95% of that of bulk Au35Ag65 after
20min of sintering.

Au35Ag65 pellets, 300µm thick, exhibiting arrays of square-
based upright pyramids and U-shaped parallel lines on
their surface were designed in this way. Figures 2, 3 show

Frontiers in Chemistry | www.frontiersin.org 5 April 2019 | Volume 7 | Article 256150

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Bastide et al. Patterning of Silicon With Nanoporous Metals

TABLE 1 | Characteristics of np-Au obtained by electrochemical and chemical

dealloying.

Dealloying mode + 0.7 VSME in HClO4 HNO3

Temperature, duration 60◦C, 53 h 80◦C, 12 h

Dissolved silver (wt.%) 87 100

Composition (EDS)—surface Au95Ag5 Au

Composition (EDS)—core Au88Ag12 Au

Average ligament width (nm) 28 95

Average pore area (nm2) 698 7,146

2D surface porosity (%) 22 28

Denomination fine np-Au coarse np-Au

representative images of the patterned electrodes after being
dealloyed as described below.

Au Nanostructures

Dealloying Au35Ag65, i.e., removing selectively silver, results in
the formation of np-Au, a material consisting in a mixture of
interconnected Au ligaments and pores which sizes can vary
considerably (from 1 nm to 1µm), depending on the dealloying
conditions (Ding et al., 2004; Qian and Chen, 2007). The
characteristic size of the nanostructure is a parameter that can
influence the etching of patterns. Indeed, the dimensions of
the ligaments determine the diffusion length that the electrolyte
(reactants and dissolution products) must travel (parallel to the
interface) to allow a complete dissolution of underlying silicon
and thus the penetration rate of the electrode. The pore size may
have an impact on the transport of the electrolyte but also on the
escape of hydrogen bubbles formed by silicon dissolution in HF,
when the dissolution valence n is <4 (low anodic current, high
HF concentration), according to the reaction:

Si+ 6HF+ nh+ → H2SiF6 + nH+ + [(4− n)/2]H2

We therefore wanted to develop nanoporous electrodes with
different characteristic sizes to determine whether a fine or coarse
nanostructure is more suitable for etching.

From the literature and trials, we have determined two sets
of dealloying conditions to obtain nanostructures with very
different sizes: electrochemical dealloying at 60◦C in HClO4 at
0.7 VSME for∼50 h and chemical dealloying in HNO3 at 80

◦C for
12 h. Etching times were established by weighing the AuAg pellet
between successive treatments, i.e., by monitoring the removal of
silver until zero mass loss is reached. Figure 2 shows SEM images
of the pellets dealloyed with both treatments and Table 1 gives
some features of the so formed np-Au.

Electrochemical dealloying produces a fine nanostructure
(Figure 2A) whereas that obtained by chemical dealloying is
coarse (Figure 2B). The average pore area varies over one order
of magnitude and the average ligament width varies by a factor
of 3 (Table 1). In agreement with these features, these two
types of nanostructures will be designated hereafter as fine and
coarse np-Au.

The porosity is difficult to evaluate. If we assume neither
shrinkage nor expansion of the pellet during dealloying, the

porosity of np-Au simply corresponds to the volume of dissolved
Ag, which for Au35Ag65 is 65% (silver and gold having nearly
identical atomic radius). Accordingly, the porosity would be 59
and 65% for fine and coarse np-Au, respectively. The surface
porosity, calculated by image analysis as the area fraction of pore
openings (cf. details in Supplementary Information), is higher
by a factor of ∼1.3 for coarse np-Au vs. fine np-Au (28 vs.
22%, respectively).

Mass loss values indicate that silver removal is not completed
after electrochemical dealloying. An EDS analysis conducted on
the surface but also in the core of the pellet (after cleavage, at
∼180µm below the surface) confirms the residual presence of
silver with a positive gradient toward the core. On the contrary,
silver is not detected, even in the core, after chemical dealloying.

Figure 3 shows SEM images of np-Au electrodes with two
different patterns, pyramids (A-D) and U-shaped lines (E-F),
obtained by chemical (A-E) or electrochemical dealloying (F).

It can be seen that np-Au electrodes reproduce well the initial
patterns of the siliconmolds. The tip of the pyramids seems better
defined when the characteristic size of np-Au is in the order of
30 nm, i.e., for fine np-Au, as could be expected. However, on
all the electrodes produced, the replication resolution appears to
depend firstly on the sintering step rather than on the type of
dealloying. Indeed, several problems can occur at this stage which
degrade the quality of the replica of the silicon mold patterns:
areas contaminated by foreign particles/impurities deposited
on the surface of the mold coming from the graphite die
and punches, incomplete filling of the pyramid tips with the
Au36Ag65 powder or even small breaks of the Si mold due to the
applied pressure.

Metal Catalysts

In MACE of silicon, it is known that the nature of the metal
catalyst has a profound effect on both the localization of
dissolution around the catalyst and the dissolution rate. Platinum
is more efficient than silver or gold at catalyzing the reduction
of H2O2, which results in higher etch rate. However, it has been
shown (with p-type silicon) that platinum generates a lot of
porous silicon as a result of delocalized etching, while silver does
not at all, and this can influence the resolution of pattern transfer.
Hence, we wanted to perform tests with other nanoporous metals
such as silver or platinum. These metals can be obtained in a
nanoporous form but in a more difficult way and with a limited
range in terms of characteristic size and porosity, thus making
comparison with np-Au delicate. A simple and direct solution to
this problem is to consider that, since catalysis of etching occurs
at Si/metal contacts, it is sufficient to cover the np-Au surface
with the desired metal. This allows to work under exactly the
same conditions (ligament sizes, diffusion of the electrolyte into
the electrode) but with another catalyst. As alternative catalysts,
we tested Pt, deposited as 5 nm thick layers by sputtering on
coarse np-Au electrodes. The SEM images of these electrodes are
very similar to those of np-Au in Figures 2, 3 (not shown).

Electrochemical Contact Etching
Etchings of silicon substrates were performed electrochemically
in HF by anodic polarization of np-Au electrodes. Table 2
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TABLE 2 | Etching conditions and results obtained by electrochemical contact

etching using np-Au electrodes with pyramids and U-shaped lines arrays as

surface patterns (cf. Supplementary Information for more details on contact

etching data).

Metal Pattern Au nanostructure

Remaining Ag

<ligament size>

Electrochemical contact etching in HF

(5mol L−1 HF + 2 vol.% EtOH)

/apparent etch rate (depth/etch time)

Pyramid
0.3 VSME, 10min → partial

imprinting/0.36µm min−1
finea

12 wt.%
< 28 nm >

np-Au

Line
0.3 VSME, 20min → 0.3µm deep/0.015

µm min−1

PSi c traces + Ag deposition

Pyramid
0.2 VSME, 20min → full imprint/0.35µm

min−1coarseb

0 wt.%
< 95 nm >

np-Au

line
0.2 VSME, 20min → 1.5µm

deep/0.075µm min−1

a0.7 VSME , 53 h; bHNO3, 80◦C, 12 h; cporous silicon.

summarizes the etching conditions tested and the corresponding
results. The highlights that can be drawn from these results are
presented in the following sections through SEM images of the
imprinted surfaces.

Influence of the Nanostructure Size

Figure 4 shows examples of imprinted silicon surfaces with fine
and coarse np-Au pyramids.With fine np-Au electrodes, inverted
pyramids of 5 × 5 µm2 (3.6µm depth) were etched after 10min
at 0.3 VSME (Figures 4A,B). With coarse np-Au electrodes,
inverted pyramids of 9 × 9 µm2 were patterned after 20min at
0.3 VSME (Figure 4C). In another experiment, conducted at 0.2
VSME for 20min with the same electrode, full pattern transfer was
achieved (Figure 4D): the inverted pyramid base is 9.9µm and
the depth 7µm at the tip. It results in a lack of flat spots between
adjacent inverted pyramids. The maximum apparent etch rates
(depth/etch time), after several experiments with both types of
electrodes) are found to be relatively close (0.32–0.36 µm/min).
Hence, the characteristic size of the gold nanostructure does not
affect the apparent etch rate significantly.

A comparison of Figures 4B,D shows that the surface state is
different depending on the type of np-Au (fine or coarse). The
insert in Figure 4B is a zoom on an edge of the pyramid. The
surface appears rough and there is silver deposited in the form of
nanoparticles (as indicated by EDS). This deposit, also visible on
the flat part of the substrate between pyramids (Figure 4A) must
be related to the residual presence of silver in the electrodes (5–12
at.%, cf. Table 1). During etching, the anodic polarization of the
electrode causes some dissolution of silver and the silver ions thus
formed diffuse to the silicon substrate. Their reduction into silver
nanoparticles is coupled with silicon dissolution, which causes
craters to form around the nanoparticles and is thus at the origin
of the surface roughness (Chemla et al., 2003; Chartier et al., 2008;
Lee et al., 2008).

Inverted pyramids patterned with coarse np-Au (Figure 4D)
have both smooth and rough areas, with some porous silicon
visible on the upper edges. The absence of silver deposition

is consistent with the complete dealloying obtained chemically
in HNO3 at 80◦C (cf. Table 1). It is interesting to note that a
complete pattern transfer of the pyramid network is achieved
after 20min etching at 0.2 VSME (Figure 4D) and quasi-complete
at 0.3VSME (same electrode and etching time) (Figure 4C). Below
0.2 VSME, imprinting was found to be much less effective (only
the pyramid tips were visible on the silicon surface) due to a low
oxidation current. The bias applied to etch at 0.2 VSME was ∼
0.35V (VOCP ∼−0.15 VSME).

Effect of the Pattern

An example of trenches patterned in silicon by electrochemical
contact etching of np-Au electrodes with U-shaped lines is shown
in Figure 5.

Almost no imprinting (0.3µm in depth) was obtained with
np-Au electrodes of fine nanostructure, as shown in Figure 5A.
The surface is extremely damaged as a result of silver deposition,
as clearly shown in the inset image at higher magnification of
the etched surface. Deeper imprints were observed when using
electrodes with coarse np-Au, and without silver deposition
(Figure 5B), in agreement with the results obtained with
pyramids. The etched bottom of the trenches exhibits the details
of the electrode coarse nanostructure (upper inset of Figure 5B),
the small silicon walls corresponding to pore openings. This
indicates a high pattern transfer resolution. From these results,
coarse np-Au seems to be more suitable than fine np-Au
for imprinting.

In terms of imprinting depth, etching was more effective for
the pyramid pattern (cf. Figures 4, 5). The maximum depth
reached with U-shaped lines under identical etching conditions
(0.2 or 0.3 V, 20min) was 1.8µmcompared to 7µm for pyramids.
The penetration rate is therefore almost four times lower for the
U-shaped line pattern. This difference could be related to the
supply of electrolyte at the interface. However, the diffusion path
of the electrolyte through a 300µm thick nanoporous electrode
is essentially the same regardless of the surface pattern (∼10µm
in height). It is possible that the actual difference lies in the free
volume of electrolyte around the patterns which is more confined
in the case of U-shaped lines (flow only along the lines) than for
the pyramids thanks to their truncated shape. This implies that
despite the porous nature of the electrode there could be some
limitation in electrolyte supply.

Chemical Contact Etching
Admittedly, the use of np-Au electrodes allows to apply a
polarization externally and this offers a reproducible control of
the potential, the ability to measure the dissolution current and
avoids the use of an oxidizing agent. However, because in some
cases it is simpler to use the purely chemical method of classical
MACE, etching tests were conducted in HF-H2O2 solutions, as
reported in Table 3.

Compared to electrochemical etching, we found that a higher
gas evolution occurs in HF-H2O2. It is most probably related
to the disproportionation of H2O2 on the gold surface of
the electrode.

As for electrochemical contact etching, while fine np-Au
electrodes did not provide a full pattern transfer (Figure 6A),
a complete transfer was obtained with coarse np-Au electrodes
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FIGURE 4 | SEM images of silicon surfaces after imprinting inverted pyramids with a fine (A,B) and a coarse (C,D) np-Au electrode. Electrochemical contact etching

was carried at 0.3 VSME for 10min (A,B); at 0.3 VSME for 20min (C) and at 0.2 VSME for 20min (D). Insets: (B) inverted pyramid border at higher magnification; (C)

inverted pyramid array at lower magnification. Electrolyte: HF 5mol L−1 with 2 vol.% EtOH. Scale bars: 2µm unless otherwise noted.

FIGURE 5 | SEM images of silicon surfaces after imprinting U-shaped lines with np-Au electrode: (A) fine nanostructure (0.3 VSME, 20 min); (B) coarse nanostructure

(0.2 VSME, 20min). Insets: (A, B-upper) high magnification image of the etched area; (B-bottom) U-shaped line array at a lower magnification. Electrolyte: HF 5mol

L−1 with 2 vol.% EtOH.

(Figure 6B). Inverted pyramids have sides of 10µm and a
depth of 7µm, like their models. The surface is relatively
rough and craters of ∼ 500 nm in diameter and ∼ 100 nm

deep are present everywhere. The intersections of facets are
relatively rounded, indicating a partial delocalization of etching,
probably due to porous silicon formation. SEM observations in
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TABLE 3 | Etching conditions and results obtained by chemical contact etching

using np-Au and np-Au/Pt electrodes with pyramid and U-shaped line arrays as

surface patterns (cf. Supplementary Information for more details on contact

etching data).

Metal Pattern Au nanostructure

Remaining Ag

<ligament size>

Chemical contact etching

in HF/H2O2 (5:1mol L−1)

/apparent etch rate

(depth/etch time)

Pyramid
fine 20min → partial

imprinting/0.28µm min−1

np-Au
12 wt.%

<28 nm>
Line 20min → no imprinting

np-Au

Pyramid
20min → full imprint/0.35µm

min−1

Line coarse

0 wt.%
<95 nm >

20min → 2.8µm deep/0.14µm

min−1

np-Au/Pta
Pyramid 25min → full imprint/0.28µm

min−1

Line 25min → 1.7µm deep/0.07µm

min−1

a5 nm coating on np-Au.

cross section confirm the rounded edge morphology and the
presence of a porous silicon layer everywhere on the walls, with
a thickness of ∼50 nm measured at the bottom of an inverted
pyramids (cf. Figure G in Supplementary Information). These
defects were not observed after electrochemical contact etching.
Delocalized etching with porous silicon formation is a well-
known effect of MACE that explains the production of
tapered and porous silicon nanowires with metal mesh as
catalyst [(Azeredo et al., 2013) and (Geyer et al., 2012),
respectively] or that of cone-shape pores with platinum
nanoparticles (Torralba et al., 2016). However, delocalized
etching is not expected with low doped n-type silicon and
gold or platinum catalysts. This discrepancy is discussed in the
Modeling section.

Trenches imprinted chemically with coarse np-Au
(Figure 6C) exhibit a depth of 2.8µm which is two times
higher than what is obtained electrochemically (1.5µm). Like
with the inverted pyramids (Figure 6B) the etched surface
(bottom) presents a high density of craters.

Effect of the Metal Catalyst

In order to study the influence of the metal catalyst, inverted
pyramids and trenches were imprinted chemically with np-Au/Pt
electrodes, under the conditions reported inTable 3. SEM images
of the obtained inverted pyramids and trenches are given in
Figures 7A,B, respectively.

The chemical apparent etch rate with coarse np-Au/Pt is lower
than that obtained with coarse np-Au, the trench depth after
20min being 1.7µm and 2.8µm, respectively. It should be noted
though that the U-shaped lines with np-Au/Pt are five times
larger than in the case of np-Au (10µm instead of 2µm, identical
spacing of 4µm). The volume of etched silicon is therefore five
times more important, which is consistent with the difference in
apparent etch rates.

Another difference lies in the quality of the pattern transfer,
which seems slightly better with Pt: the facets of pyramids are
flatter and their intersections better marked; very few craters are
present although a significant amount of porous silicon appears
in the form of particles detached from the surface. The surface
state is also different, with the presence of “small walls” that
appear to be a replica of the pores on the surface of the metal
electrode. Such walls are also observable at some locations on the
surface of silicon electrochemically etched by anodization with a
np-Au electrode (see Figures 4B, 5B). Hence, their presence is
not due to the intrinsic properties of gold and platinum (work
functions), or to the contact etching mode, but to certain etching
conditions that leads to a higher transfer resolution.

Figure 7B also shows that the trenches are not aligned with
the <110> directions of the substrate because the electrode
and silicon samples are contacted regardless of their orientation.
These directions are those necessarily followed in the case of
alkaline etching and lithography (Moreau, 1988). In the same
vein, it should be stressed that the facets of the pyramids obtained
by contact etching do not correspond to (111) planes as is the case
with alkaline etching (Torralba et al., 2017). This independence
from the crystallographic orientation is obviously an advantage
for creating new or more complex patterns.

Modeling
To explain the results obtained experimentally, numerical
simulations of the modulation of the silicon valence band
induced by the metal (ligaments) and the electrolyte contacts
(pores) were performed at the scale of a few tenths of nanometers.
For that, we developed a 2D model representing a Si/Electrolyte
interface over a distance of 1µm with 3 gold pads at the
center, 20 nm in size and interspacing and surrounded with
electrolyte, as described in the experimental section (cf. Figure D
in Supplementary Information). The size of the pads was chosen
small enough to apply to both fine (30 nm) and coarse (100 nm)
Au nanostructures. Modulations obtained with 20 nm plots and
interspacing will only be accentuated at larger sizes. Figure 8
shows the 2D variations of the valence band laterally and in depth
(at low (A) and high magnification (B)) at equilibrium (0 V).

Figure 8A reveals that the silicon valence band is modulated
by the gold contacts only at close distance to the surface
(<0.1µm). Figure 8B shows that most of this modulation
follows the details of the “np-Au nanostructure” whose ligaments
are represented by the gold pads.

Figure 9A gives the 1D band diagrams for three cut-lines,
one centered under a gold pad (x = 0.5µm), and the other
under an electrolyte contact either between two gold pads (x
= 0.48µm) or far from them (x = 0µm). From this figure,
it can be seen that the two phases (gold and electrolyte) form
nano-Schottky junctions of different barrier heights, with an
intermediary situation between gold pads.

At the level of Au, the valence band exceeds the Fermi level,
which results in a strong inversion regime with an accumulation
of holes (valence band above EF) within the first 3 nm, equivalent
to a 2D hole gas. To simulate the electrochemical or chemical
etching process, an anodic bias is applied to the np-Au pads
with respect to the electrolyte. Figure 9B shows the lateral
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FIGURE 6 | SEM images of silicon surfaces after imprinting inverted pyramids in HF-H2O2 with (A) fine np-Au and (B) coarse np-Au, and U-shaped lines with (C)

coarse np-Au/Pt electrodes. Electrolyte: HF 5mol L−1 - H2O2 1mol L−1, with 2 vol.% EtOH.

FIGURE 7 | SEM images of silicon surfaces after imprinting chemically (A) inverted pyramids and (B) U-shaped lines in HF-H2O2 with coarse np-Au/Pt electrodes.

Electrolyte: HF 5mol L−1 - H2O2 1mol L−1, with 2 vol.% EtOH. In (B): line offset with respect to <110> directions, as determined by EBSD.

modulations of the valence band energy at the border of the
hole accumulation region (3 nm underneath the silicon surface)
under positive polarization. The anodic bias of gold (0.1, 0.2 V,
and 0.7V) results in a potential drop occurring mostly at the
n-Si/Au interface and slightly at the n-Si/electrolyte junction,
especially at the edge of the gold pad (the potential barrier of the
Si/Electrolyte junction remains nearly the same). At low applied
bias, holes located under the gold pads face an energy barrier
and can barely diffuse laterally whereas at high polarization
(>0.7V), this barrier almost disappears which induces a lateral
hole flow. The I-V curves corresponding to the current flowing
through the device (two interfaces in series, Au/n-Si/electrolyte)
are reported in Figure 9C. These simulated curves makes it
possible to determine that the etching current is due to a flow
of holes despite the n-type doping of Si (holes being minority
carriers in the bulk and majority carriers in the inversion layer
at the surface).

The simulation results show that the current remains laterally
confined very close to the surface, without exchange with the
bulk, i.e., without delocalized etching next to the electrode or
on the back side of the silicon sample. This agrees with the
experimental results described previously. This effect, highly
desired because it favors a localized etching around the gold
ligaments, is mainly due to the n-type doping which does
not lead to an ohmic but rectifying contact with Au, i.e., to
a potential barrier that prevents holes from diffusing toward
the bulk. Since WPt and WAu are almost identical (5.7 vs.
5.5 eV, respectively), from a band bending and carrier transport
point of view, the situation would be very similar with Pt, in
agreement with the ability to imprint pyramids observed with
both metal catalysts. On the contrary, in the case of a p-type
silicon, the contact is ohmic with both gold and platinum, and
therefore there is a delocalized etching, as described for the
Pt/p-Si system (Torralba et al., 2016). The silicon walls observed
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FIGURE 8 | Simulation of 3 gold ligaments (20 nm in size and interspace) surrounded by an electrolyte and in contact with n-type silicon (3 × 1015 cm−3) through 2D

profiles of the valence band energies (referenced to the Fermi level) at equilibrium, at low (A) and high (B) magnification. The VB energy color scale is given on the

right-hand side.

FIGURE 9 | Simulations of: (A) the band bending of n-Si/Au and n-Si/electrolyte junctions with cut-lines (y Depth) corresponding to a gold pad center (x = 0.5µm), an

electrolyte contact between two gold pads (x = 0.48µm) and the electrolyte far from gold (x = 0µm); (B) lateral modulations (x Width) of the valence band energies at

3 nm beneath the silicon surface, at 0 V (equilibrium) and under 0.1, 0.2, and 0.7 V bias applied to the gold contacts (cf. Supplementary Information); (C) I-V
characteristics of the Au/n-Si/Electrolyte device.

in Figure 7A, for example, result from this localization of the
etching under the ligaments and not (or less) between them
(pores). The height of the walls is nevertheless limited by deeper
ligaments in the electrode that come into contact with them
as the electrode penetrates the substrate. Under higher positive
bias (0.7 V), the lateral band bending at the interface between
Au and electrolyte contacts can be canceled (Figure 9B) and
the diffusion of holes away from n-Si/Au interfaces is possible.
The presence of porous silicon observed after chemical etching
may be related to this phenomenon. The high oxidative power
and concentration of H2O2 combined with the large surface
area of np-Au can result in a significantly reduced diffusion
barrier and a high current of holes along the inversion layer,
causing porous silicon to form in areas between or away from
the metal ligaments. A more precise study of this effect is needed
in future work.

CONCLUSION

The process of patterning silicon at the macroscopic scale by
contact etching with nanoporous metal electrodes has been
developed in several directions. We have shown that a complete
transfer of complex patterns such as square-based pyramids can
be obtained by electrochemical or chemical contact etching in n-
type Si. The apparent etch rate depends on the type of imprinted
patterns, being two to four times lower for U-shaped lines than
for pyramids. Using np-Au electrodes of different characteristic
sizes (30 and 100 nm) has revealed that this parameter has little
influence on pattern transfer. Finally, the influence of the metal
catalyzing the etching could be tested under identical conditions
by covering the surface of a np-Au electrode with a platinum layer
(5 nm). “np-Pt” is also suitable to transfer the pyramid pattern
and seems to offer a better resolution.
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The surface state after imprinting presents defects (roughness,
pores, craters, porous silicon). When np-Au with a fine structure
is used, the presence of residual silver in the electrode (related
to the dealloying method used to produce this fine structure)
strongly degrades the surface state due to silver deposition
during etching (formation of craters or pores). With np-Au of
coarse structure, the resolution is better, with even the formation
of small walls due to imprinting of the gold nanostructure
details (ligaments and pores). By simulating the modulation
of the valence band on a scale of a few tens of nanometers,
we have shown that there are holes under the metal (within
3 nm) because of the inversion regime established with n-type
silicon in contact with gold or platinum. A lateral potential
barrier in silicon between regions in contact with the metal and
the electrolyte prevents these holes to diffuse. Under moderate
anodic polarization, etching corresponds to a quasi 2D electron
transfer from a metallic contact zone to the adjacent electrolytic
zone and is therefore very localized, which explains the formation
of small walls at the level of pores in np-Au(/Pt). If the anodic
polarization (electrochemical or chemical) is higher, the band
bending between the contacts and the electrolyte can be canceled
and the dissolution becomes more delocalized without formation
of walls.

All these results demonstrate the interest of imprinting 3D
patterns in silicon using nanoporous metal electrodes. Further
investigations are needed to increase the etch rate, improve the

surface quality and the tolerance to electrode’s defects and to test
new and more complex pattern transfers.
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The presence of nanoparticles lowers the levels of ultrasound (US) intensity needed

to achieve the therapeutic effect and improves the contrast between healthy and

pathological tissues. Here, we evaluate the role of two main mechanisms that contribute

to the US-induced heating of aqueous suspensions of biodegradable nanoparticles

(NPs) of mesoporous silicon prepared by electrochemical etching of heavily boron-doped

crystalline silicon wafers in a hydrofluoric acid solution. The first mechanism is associated

with an increase of the attenuation of US in the presence of NPs due to additional

scattering and viscous dissipation, which was numerically simulated and compared

to the experimental data. The second mechanism is caused by acoustic cavitation

leading to intense bubble collapse and energy release in the vicinity of NPs. This effect

is found to be pronounced for as-called Janus NPs produced via a nano-stopper

technique, which allow us to prepare mesoporous NPs with hydrophobic inner pore walls

and hydrophilic external surface. Such Janus-like NPs trap air inside the pores when

dispersed in water. The precise measurement of the heating dynamics in situ enabled

us to detect the excessive heat production by Janus-like NPs over their completely

hydrophilic counterparts. The excessive heat is attributed to the high intensity cavitation

in the suspension of Janus-like NPs. The present work elicits the potential of specifically

designed Janus-like mesoporous silicon NPs in the field of nanotheranostics based on

ultrasound radiation.

Keywords: porous silicon, nanoparticles, therapeutic ultrasound, hyperthermia, heating, selective modification,

hydrophobic, hydrophilic

INTRODUCTION

Hyperthermia is considered to be one of the most popular and well-studied treatment modalities in
cancer therapy (Wust et al., 2002). This non-ionizing treatment is based on the temperature
rise in the tumor, that makes cancer cells more susceptible to radio- and chemotherapy
due to the heat-induced chemosensitization (Issels, 2008) and tumor tissue oxygenation
(Song et al., 2001). Furthermore, some specific proteins provide healthy and malignant cells
with different hyperthermal sensitivity leading to the selective destruction of the tumor
(Setroikromo et al., 2007).
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There are several methods to produce hyperthermia, but the
general aim is to generate hyperthermia locally with external
electromagnetic radiation (Tamarov et al., 2014) or ultrasound
(US) (Diederich and Hynynen, 1999) sources. US, being widely
used in modern medicine (Hill et al., 2005), is one of the
most promising and effective external sources for the local
hyperthermia. This is due to its numerous advantages over
laser or electromagnetic wave sources: low invasiveness, precise
focusing, and excellent penetration depth. These features are
crucial for the local thermo-ablation of both benign and
malignant tumors deep inside the body without causing serious
harm to the skin or the adjacent healthy tissues (Bessonova et al.,
2009; Miller et al., 2012).

Currently available US-mediated treatment techniques
employ high-intensity focused ultrasound (HIFU) sources,
which enable a relatively high degree of accuracy and agility
(Frazier et al., 2006; Tempany et al., 2011). However, the
utilization of HIFU has several drawbacks. In the technique, the
precise and expensive focusing equipment is required to achieve
the absorption contrast between the normal tissues and the lesion
sites (Haar and Coussios, 2007). Due to the small focal region of

FIGURE 1 | (A) Fabrication route of PSi NPs: Electrochemical etching of the silicon wafer, grinding of the free-standing PSi film, ball milling of the PSi powder in

ethanol, and centrifugation to obtain the nanoparticle suspension. (B) Techniques of the PSi NP surface modification: Thermal oxidization (O-PSi NPs) and selective

modification (J-PSi NPs) using hexane as a nano-stopper.

HIFU, the volume of the tissue to be ablated is limited leading to
long exposure times, which can cause undesired thermal injuries
and DNA mutations in the surrounding healthy tissues due to
the US waves reflected from interfaces (Chatterjee et al., 2011).

Special micro- and nanoagents, sometimes referred as
sonosensitizers (Deepagan et al., 2016), were proposed to
overcome the limitations of HIFU ablation. Sonosensitizers
can significantly enhance the therapeutic efficiency by reducing
the US intensity and duration necessary for the therapeutic
effect (Sviridov et al., 2015; Kosheleva et al., 2016). The
recent advances in nanobiotechnology and nanomedicine have
directed the researchers to create various types of sonosensitizers.
For example, solid gold (Kosheleva et al., 2016), magnetic
(Józefczak et al., 2016), and silicon (Sviridov et al., 2015) NPs,
as well as highly heat-conducting graphene oxide nanosheets
(Darabdhara et al., 2015), are good mediators for the US-
induced hyperthermia because of significant energy release via
the US absorption. Mesoporous silicon-based NPs enhance the
cavitation effect of US (Kharin et al., 2015; Sviridov et al., 2015),
which leads to the additional heating of the surroundings and
initiation of sonochemical reactions and sonoluminescence, i.e.,
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light generation (Qian et al., 2016). TiO2, polyhydroxy fullerene,
alumina, and platinum NPs can respond to US by generating
reactive oxygen species for the sonodynamic therapy (Serpe
et al., 2012; Canavese et al., 2018; Pan et al., 2018). Furthermore,
different nanocomposites and nanocontainers can be used to
enhance synergistic effects of US treatment modalities as well
(Qian et al., 2017).

Biomedical applications of solid sonosensitizers
are usually limited due to their cytotoxicity and low
biodegradability (Yildirimer et al., 2011). In this regard,
biocompatible and biodegradable porous silicon (PSi)
NPs seem to be very promising material for various
medical applications (Sviridov et al., 2017). We have
previously demonstrated that the presence of NPs led
to the temperature difference between the aqueous
PSi NP suspensions and distilled water under US
irradiation (Sviridov et al., 2013). There, the high heating
efficiency was achieved in the acoustic resonator, which
increased the US wave amplitude by several orders of
magnitude. Unfortunately, the geometry of resonator is not
applicable in vivo.

In our recent study, Janus-like PSi NPs were designed

to be specifically employed with ultrasound. In these NPs,
the pore walls were hydrophobic and the external surfaces

of NPs were hydrophilic giving sustainability in aqueous

solution while maintaining air inside the pores (Tamarov
et al., 2017). The present work compares the enhanced

heating effects produced by fully oxidized, hydrophilic PSi
NPs (O-PSi NPs), and Janus-like PSi NPs (J-PSi NPs) in

the field of the US traveling wave, and it explains the

phenomenology behind the exceptional cavitation and heating
capability of these NPs. The pronounced temperature rise

in the area of the NP localization can be applied to the

hyperthermia treatment of tumors, or for the purposes of
drug release from PSi NPs coated with thermo-sensitive
polymers (Tamarov et al., 2016).

MATERIALS AND METHODS

Materials
Si wafers (diameter 20 cm, p+ (100), 0.01–0.02 �·cm, Okmetic
Inc.), ethanol (EtOH, absolute, Altia Oyj), ammonium hydroxide
(NH4OH, 28%, VWR), hydrogen peroxide (H2O2, >30% w/v,
Fisher Scientific), n-hexane (≥99%, Merck), toluene (anhydrous,
99.8%, Alfa Aesar), hydrofluoric acid (38%, Merck) were used
as received.

Preparation of PSi NPs
First, free-standing PSi (pore size ∼10 nm) films were prepared
by anodizing p+-type silicon wafers (100) with the resistivity of
0.01–0.02 �·cm in a HF (38%)-ethanol mixture (Bimbo et al.,
2010). After drying at 65◦C for 1 h, the obtained films were
ground in a mortar and then ball milled in ethanol to produce
PSi NPs. The overall sequence of preparation steps is depicted
in Figure 1A.

In order to prepare J-PSi NPs, hexane was used as a nano-
stopper (Xu et al., 2014; Tamarov et al., 2017) to protect hydrogen
terminated (hydrophobic) pore walls that were the result of
etching. Second, the unprotected outer surface was selectively
oxidized in NH4OH:H2O2 (30%):H2O 1:1:6 at RT for 15min
and in HCl:H2O2 (30%):H2O 1:1:6 for 15min, subsequently.
This is possible since hexane is a non-polar solvent and does
not mix with aqueous solutions. Next, PSi NPs were washed in
water and stored in absolute ethanol. As a reference sample, fully
hydrophilic nanoparticles were prepared through non-selective
oxidization of PSi nanoparticles as described previously (Näkki
et al., 2015) and are denoted as O-PSi NPs. These ways of surface
modification are shown in Figure 1B.

Characterization of PSi NPs
The surface composition after each step of the surface
modification was verified with FTIR transmittance (Thermo
Nicolet Nexus 8700) measurements of the KBr tablets containing
the PSi NPs. The morphology of PSi NPs was imaged with

FIGURE 2 | The experimental setup used for the heating measurement and cavitation detection in aqueous suspensions of PSi NPs. The cuvette, US transducer, and

hydrophone are immersed into the water tank. The amplified sinusoidal signal from the generator is irradiated by the transducer, the oscilloscope collects data from

the hydrophone and performs FFT. The E-type thermocouple measures the heating. The PC reads data from the oscilloscopes and controls the generator.
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transmission electron microscopy (TEM) in a JEOL JEM-
2100F microscope. Dynamic light scattering (DLS, Malvern
Instruments Zetasizer Nano ZS) was used to measure the
hydrodynamic diameters of the NP samples in deionized water.
Diluted suspensions (<0.2 mg/ml) were equilibrated at 25◦C for
5min prior to the measurements.

Measurements of Heating
A specific setup was developed for the measurement of heating in
the suspensions of PSi NPs. The core part of the setup consisted
of an aluminum cylindrical sample chamber (cuvette) with two
US transparent windows located between a flat transducer and a
hydrophone immersed into a water tank (Figure 2). The volume
of the cuvette was ∼15ml. The transducer with a diameter
of 10mm emitted a low-divergence US beam of frequency
2,080 kHz, which heated the samples. The diameter of windows
was 25mm and coincided with the internal diameter of the
cuvette of 30mm length. The distance between the transducer
and cuvette was 10mm, while the distance from the cuvette
to the hydrophone was 50mm. The transducer was connected
to a custom-made US amplifier (output power of 75W at
50 Ohms load in the frequency band of 1–5 MHz), which
amplified the sinusoidal signal from a generator (Tektronix
AFG 3021B). The matching of the output impedance of the
amplifier with the piezotransducer was provided by trimming
inductance. Simultaneously with temperature, the cavitation
intensity was measured by detecting the subharmonic magnitude
of US wave passing through the cuvette. For this purpose, an
oscilloscope (Tektronix TDS 3032B) recorded a signal from
the hydrophone within 0.1ms, averaged it over 32 successive
realizations and calculated the spectrum of the averaged signal.
Hamming function was chosen as a time interval window. The
generator and oscilloscope were connected to a PC with a custom
NITM LabVIEW 2013 (National Instruments Corp., Austin, TX)
program to control the experiment. The obtained spectra were
recorded with a repetition rate of 3 Hz.

The temperature was measured with a highly sensitive
chromel-constantan E-type thermocouple (TC, OMEGA
Engineering) encased in the cylindrical sheath with a diameter
of 0.25mm. The TC was inserted into the cuvette center. The
TC signal was amplified by a self-made amplifier powered by a
battery, which significantly lowered the level of electromagnetic
noise. The amplified TC signal was registered by an oscilloscope
(PicoScope 5204) and then loaded into the PC memory for
storage and subsequent processing. The TC was calibrated in
advance for the temperature range of 20–40◦C using a mercury
thermometer. The used TC model (thermocouple in a thin metal
tube with earthing, EMQSS-010G-12) has a minimum response
time of 0.2 s (Figure S1), which makes it possible to measure
not only slow temperature trends, but also its rapid fluctuations.
Special control experiments were carried out to ensure that the
metal tube with the TC itself did not enhance cavitation in the
investigated ranges of US power and concentration of PSi NPs.
The collapse of cavitation bubbles on the surface of PSi NPs
creates their overheating, which in turn leads to local heating of
the medium. Such temperature fluctuations are rather random,
since their magnitude is defined by the number of cavitation

bubbles near the TC. The duration of local fluctuations is small,
so a quick-response thermocouple is required to register them.

Cavitation Measurements
Cavitation is known to be an important factor which influences
the process of heating in aqueous suspensions and biological
media. The threshold and intensity of acoustic cavitation can
be determined by the appearance of subharmonic component
and its magnitude in the spectrum of the signal recorded by the
hydrophone (Didenkulov et al., 2011). The setup described above
(see Figure 2) enabled the initiation and detection of cavitation
in the suspensions of PSi NPs. In order to specifically amplify the
subharmonic signal, the resonance frequency of the hydrophone
was half (1.04MHz) of the resonance frequency of the transducer
(2.08 MHz). The cavitation threshold was measured by detecting
the pressure amplitude, which corresponded to an abrupt growth
of subharmonic magnitude extracted from the spectrum along
with the fundamental and high-order harmonics (Figure S3A).
The voltage on the transducer was increased stepwise to
provide a change of acoustic pressure in the range of 0.3–0.5
MPa (Figure S4). Such pressure amplitudes were beyond the
cavitation thresholds for the suspensions of Si NPs and water
(Tamarov et al., 2017), because the level of subharmonic (in
dB) remained much higher than the noise level throughout
the period of exposure (blue dashed line in Figure S3B). At
each pressure, the harmonics were measured for 200 s and their
average values for this period were calculated to obtain the
meanmagnitudes (red dashed line in Figure S3B). Relative errors
for each pressure were calculated as mean square deviations of
normal distributions of the subharmonic magnitude smoothed
by 10 points (Figure S3C).

NUMERICAL CALCULATION OF
TEMPERATURE GROWTH

The absorption of US energy in aqueous suspensions is associated
with the relative motion of solid nanoparticles under the US wave
field. In a viscousmedium, the Stokes force is exerted on a particle
leading to inconvertible heat loses, which depend on the ratio
of the particle and medium densities, particle size and medium
viscosity. The temperature T of the medium in which the US
wave of intensity I propagates can be calculated using the heat
transfer equation:

∂T

∂t
= χ∇

2T +
2αI

ρ0cp
, (1)

where t is the time variable, ∇
2 is Laplacian operator, χ =

κ/ρ0cp is the thermal diffusivity, κ is the thermal conductivity,
α is the US absorption coefficient in the medium, I is the US
intensity, ρ0 and cp are the medium density and the specific heat
capacity, respectively.

To calculate the heating for a given set of parameters using
Equation (1), one needs first to define the absorption coefficient
α. The work of R. J. Urick is considered to be a classic work which
estimated the attenuation coefficient of nanoparticle suspensions
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(Urick, 1948). According to this work, the attenuation coefficient
αa of US wave of frequency ω in a medium with spherical
particles of radius a can be written as a sum of two terms. The first
term describes the process of wave scattering and is negligibly
small for nano-sized particles, while the second one is associated
directly with the absorption:

αa = αw +
C

2
·

[

1

6
k4a3 + k (θ − 1)2

s

s2 + (θ + τ )
2

]

, (2)

where the following notations are used:

s=
9

4 βa

(

1+
1

βa

)

, τ =
1

2
+

9

4βa
, θ =

ρ1

ρ0

, β =

(

ω

2µ

)
1
2

,

C=
4

3
πa3n=

ν

ρ1

,

k = 2π f/c is the wavenumber, c is the speed of sound in
the medium, µ is the kinematic viscosity coefficient, ρ0 is the
medium density, ρ1 is the nanoparticle density, C is the volume
concentration of nanoparticles. The absorption coefficient of
water αw for the MHz range of US frequencies f can be estimated
using the following formula:

αw = α1w · f2, (3)

where α1w is the absorption coefficient of water for the frequency
of 1 MHz, the frequency f is expressed in MHz.

The heating of an aqueous suspension exposed to US radiation
during time t1 can be calculated using a 1D heat transfer equation
due to an axial symmetry of the experimental setup (see Figure 2;
Figure S2):

∂T
∂t = χ

∂
2T

∂r2
+ 2αI

ρ0cp
, 0 <r ≤Rbeam,

∂T
∂t = χ

∂
2T

∂r2
, Rbeam<r<Rcuv,

(4)

where r is the radial coordinate,Rbeam is the US beam radius,Rcuv

is the radius of the cuvette filled with the suspension. The physical
constants andmodel parameters are enumerated inTable S1. The
initial and first-type (Dirichlet) boundary conditions are:

t = 0: T = T0, 0 ≤r ≤Rcuv; (5a)

r = 0: −χρ0cp
∂T

∂r
= 0, 0<t ≤t1; (5b)

r = Rcuv: T = T0, 0<t ≤t1, (5c)

where t1 is the time of exposure, T0 is the initial temperature of
the sample equilibrated to the temperature of water in the tank.

Here, Equation (5b) takes into account the symmetry of
the system and Equation (5c) assumes the thermostabilized

border of the cuvette wall made of aluminum with high thermal
conductivity. It is also assumed that the presence of NPs at
the studied concentrations negligibly changes the specific heat
capacity and density of water. At the US beam-suspension
border, the boundary conditions are the temperature and heat
flux equality:

T1|r = Rbeam = T2|r = Rbeam; (6a)

−κ
∂T1

∂r

∣

∣

∣

∣

r = Rbeam

=−κ
∂T2

∂r

∣

∣

∣

∣

r = Rbeam

. (6b)

In case of the suspension cooling succeeding the US-induced
heating, the problem is reduced to the following set of equations:

∂T

∂t
= χ

∂
2T

∂r2
, 0<r<Rcuv; (7a)

t = t1: T = T (t1) , 0 ≤r ≤Rcuv; (7b)

r = Rcuv: T = T0, t1<t ≤t2, (7c)

where T(t1) is the temperature distribution in the cuvette just
after the heating phase, (t2-t1) is the time of cooling.

The effective attenuation coefficients αeff of the
polydisperse suspensions of PSi NPs were calculated for
the distributions of particle sizes a, which were measured
using the DLS technique (see section Characterization of
PSi NPs) and approximated using lognormal functions f(x)

(Sviridov et al., 2013):

αeff =

∫

f (a) α (a) da
∫

f (a) da
, f (x)= A+

B
√
2πxσ

e−(ln x−m)
2
/2σ 2

, (8)

where the attenuation coefficient α(a) for each particle size can
be calculated using Equation (2). The coefficients of lognormal
functions for the size distributions of O-PSi NPs and J-PSi NPs
are given at the bottom of Table S1.

Equation (4) was solved numerically using an
implicit four-point difference scheme in MATLAB R© (the
Mathworks, Natick, MA) (Ames, 1992). The number
of time and space mesh nodes was equal to 1,000 to
provide an appropriate accuracy. An example of the radial
temperature distribution calculated for the parameters
specified in Table S1 is given in Figure S2 and is in
accordance with the result one may predict: The heating
effect dominates in the region of cuvette irradiated with
the US and vanishes fast with the distance from the
beam boundary.

Note, the temperature effect of US in the suspension of PSi
NPs can be also analyzed by considering more sophisticated
approaches, i.e., the Epstein, Carhart, Allegra, and Hawley
(ECAH) theory, which takes into account the contributions
from viscous and thermal transport processes at the interface
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of inhomogeneities, as well as intrinsic absorption in the
components of the heterogeneous system (Allegra and Hawley,
1972). The dipole (first-order) contribution from the relative
motion of spheres in respect to the molecules in the suspending
fluid is predominant in case of large density differences between
the suspended matter and that of the suspending fluid (even
for materials with mean porosity of 40–60%, as it is valid for
mesoporous silicon matrix). This first-order term is incorporated
both into the ECAH model by including shear waves and
into the model of Urick by using the Stokes calculation
of the energy loss of a pendulum oscillating in a viscous
fluid. At the other hand, the zero-order contribution, which
takes into account the difference of attenuation between the
substances comprising the suspension and heat flow between the
particle and the suspending fluid, is 1–2 orders of magnitude
smaller than the first-order contribution for rigid particles,
by contrast with the case of emulsions, viscous suspending
fluids and low-density particles like polystyrene (Allegra and
Hawley, 1972). Therefore, we consider the results obtained by
using the model of Urick (1948) quite satisfactory to analyze
the US-induced heating dynamics in aqueous suspensions of
PSi NPs.

RESULTS AND DISCUSSION

Characterization of PSi NPs
Both the O-PSi and J-PSi NPs had irregular shapes

(Figures 3A,B) due to the top-down fabrication method

(Nissinen et al., 2016). The sizes of all the investigated NPs
were in the range of 20–300 nm with the maximum close

to 100 nm (Figure 3C), which are appropriate to provide
temperature contrast with the surrounding medium under

exposure to US, but are still small enough to reach distant

tissues when considering their biomedical applications.
FTIR measurements revealed that the pristine material of

PSi displayed intense bands between 2,000 and 2,170 cm−1

due to the surface Si–Hx (x = 1–3) groups (Figure 3D)

(Riikonen et al., 2012). After the complete surface oxidation
(O-PSi), an intense peak at 1,000–1,200 cm−1 of Si–Ox

bonds appeared, while the peak from Si–Hx disappeared
completely. However, in the case of the J-PSi NPs, the
intensity of Si–Ox was lower, and a small amount of
Si–Hx bands was still present, indicating the success of
production of J-PSi NPs to preserve Si–H groups on the
inner pore surfaces.

FIGURE 3 | Material characterization of the PSi NPs. (A,B) The TEM images of TO-PSi NPs and J-PSi NPs, respectively; the insets show the NPs at a smaller scale.

(C) Hydrodynamic size distributions of O-PSi NPs (green line) and J-PSi NPs (red line) in water. (D) FTIR spectra of the hydrogen terminated pristine PSi NPs (black

line), O-PSi NPs (green line), and J-PSi NPs (red line).

Frontiers in Chemistry | www.frontiersin.org 6 June 2019 | Volume 7 | Article 393164

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Sviridov et al. Mesoporous Janus-Like Nanoparticles for Ultrasound Hyperthermia

FIGURE 4 | Raw heating and cooling curves for the suspension of J-PSi NPs and water obtained in the experiment under exposure to US with the intensities of 11.4

(A) and 15.4 W/cm2 (B) (shown by color points). Dashed curves correspond to the numerical calculation.

Measurement and Calculation of
Temperature Evolution
The heating dynamics of the aqueous J-PSi NP suspensions
was investigated under US radiation within 200 s, as well as the
subsequent cooling dynamics for 300 s after the US radiation was
turned off. The characteristic time of heat diffusion from a heated
cylindrical volume of radius Rbeam = 5mm can be estimated as:

τT ≈
R2beam

χ
≈ 175 s. (9)

For the times considerably shorter than τT , the temperature
at the center of the cuvette grows approximately linearly
after the US radiation is turned on. The process of heat
diffusion becomes significant at the times exceeding τT : The
temperature increase slows down and its value reaches a
constant level. As the US was turned off, the heated area
spread over a distance comparable with Rbeam, being less
than Rcuv = 12.5mm. This estimation justifies the boundary
conditions Equations (5c, 7c) of the heat-transfer equation,
where the influence of metallic wall is negligible. To study
in detail all the characteristic features of the US-induced
heating and subsequent cooling of the suspensions, the US
exposure time of 200 s and cooling observation time of 300 s
were selected. The values of the temperature changes in the
suspensions under the experimental conditions were about 1◦C.
To ensure a minimal measurement error, the initial temperatures
of the suspension in the cuvette and the water in the tank
were equalized with an accuracy of 0.1◦C. Data from the
thermocouple were recorded synchronously with the spectrum
of the US wave transmitted through the cuvette at the frequency
of 3 Hz.

The raw experimental data and temperature curves calculated
using Equation (4) for the suspensions of J-PSi NPs and

distilled water under exposure to US with the intensities of
11.4 and 15.4 W/cm2 are given in Figure 4. The selected
model describes the dynamics of heating with a sufficient
degree of accuracy. At the US intensity of 11.4 W/cm2, the
temperature rise in water and the suspension of J-PSi NPs is
consistent with the theoretical calculation. However, there are
small discrepancies close to the moment of US turn-off, when

the maximum heating is observed. The presence of J-PSi NPs
led to additional heating of the suspension by an average of

0.15◦C. The temperature fluctuations in the suspension due to
cavitation at a specified intensity of 11.4 W/cm2 were by 7–

10% higher than fluctuations of the temperature in water. The

decrease in temperature during the cooling phase occurred faster
than it was predicted by the calculations both in the suspension

and water (Figure 4A). Such behavior can be explained by the

fact that the temperature in the tank was for some reason

lower than the temperature of the suspension. As a result,

there was a heat flow from the walls of the cuvette to its
center, which resulted in faster cooling. The same effect led to

a decrease in the peak temperature at the moment the US was

switched off.
When the US intensity increases up to 15.4 W/cm2,

the temperature fluctuations in the stage of heating grew
both in water and in the suspension. The maximum range

of temperature fluctuations was 0.4 and 0.3◦C for the

suspension and water, respectively, being about 30% of the
peak temperatures. Cavitation also led to an increase in the

average heating of both the suspension and water. However,

the intensity of cavitation in the suspension of J-PSi NPs
was higher, therefore, the additional heating in the suspension

was, on the average, 0.2◦C higher than in distilled water

(Figure 4B). A satisfactory agreement between the measured

and calculated values of temperature in the cooling stage at

t > 300 s indicates that the temperature of the suspension in
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FIGURE 5 | The temperature rise in distilled water (A), the suspension of O-PSi NPs (B), and the suspension of J-PSi NPs (C) at the concentration of 1 g/l induced by

US with the intensities of 7.4, 11.4, and 15.4 W/cm2. Experimental results are shown by the solid lines, while the dashed lines represent the simulated data.

Temperature increase in distilled water (D), the suspension of O-PSi NPs (E), the suspension and J-PSi NPs (F) after the first 100 s of exposure to US. The solid bars

stand for the measured temperatures and the dashed bars for the calculated ones. The error bars indicate s.d. of the residual statistics obtained after non-linear fitting

of the experimental heating curves (adj. R-squared > 0.98).

the cuvette and water in the tank were nearly equal at the
initial time.

For a better interpretation of the obtained raw data, 30-
point moving averages of the heating trends were plotted vs.
time. Figures 5A–C shows the smoothed experimental and
calculated time dependences of heating in distilled water (a),
the suspensions of O-PSi NPs (b), and J-PSi NPs (c) at the
concentration of 1 g/l induced by US with the intensities of
7.4, 11.4, and 15.4 W/cm2. The initial temperature of all the
samples was ∼23◦C. The simulated curves for water are in a
good agreement with the experimental data given in Figure 5A.
The maximum heating of water at 15.4 W/cm2 amounted to
1.16◦C and led to a negligible deviation from the calculated
value of 1.09◦C. Despite the smoothing, significant fluctuations
of the experimental curves are still visible in Figure 5B. The
most pronounced deviations from the results of simulation up
to 0.1 and 0.2◦C took place for the US intensities of 11.4 and
15.4 W/cm2, respectively. As expected based on Equation (2)
(see section Cavitation Measurements), the maximum heating
for the suspension of O-PSi NPs was higher than the one for
the distilled water at both 11.4 W/cm2 (1.1◦C) and 15.4 W/cm2

(1.4◦C). The highest heating among all the samples at 15.4
W/cm2 was observed for the suspension of J-PSi NPs (Figure 5C)
and amounted to 1.46◦C. The maximum deviation from the
simulated curve in 0.31◦C was achieved 81 s after turning the US

on. The fluctuations of the experimental curve at 11.4 W/cm2

were less pronounced and led to the difference of 0.1◦C between
the measured and calculated values.

For the further analysis, the temperature increase in water and
the suspensions of O-PSi NPs and J-PSi NPs at the concentration
of 1 g/l was plotted after 100 s of US exposure of different
intensities (Figures 5D–F). The presented data unambiguously
reveal contrast between the heating of distilled water and
the suspensions of PSi NPs at the same US intensity, which
could reach 0.4–0.6◦C in the case of high intensity. Moreover,
within the limits of error, the experimental values of heating
at low intensities coincide with the simulated ones. However,
at the highest intensity, the measured temperature increased
significantly over the calculated values. In particular, for the
suspension of J-PSi NPs the excess was 0.35◦C, which can be
explained by the prominent acoustic cavitation that led to the
collapse of air bubbles accompanied by release of energy and
additional heating (see section Cavitation Contribution to the
Heating Effect).

Figure 6 represents the experimental and calculated
time dependences of heating at different concentrations of
nanoparticles in the suspensions of O-PSi NPs (a) and J-PSi
NPs (b) at the US intensity of 11.4 W/cm2. At this intensity, the
additional heating from cavitation was negligible (Figure 5E)
and made it possible to investigate the effect of the PSi NPs
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FIGURE 6 | Experimental (solid lines) and theoretically calculated (dashed lines) time dependences of heating in the suspensions of O-PSi NPs (A) and J-PSi NPs (B)

exposed to the US with the intensity of 11.4 W/cm2 at different NP concentrations.

FIGURE 7 | Mean subharmonic magnitudes in distilled water and the

suspensions of O-PSi NPs and J-PSi NPs during 200 s of exposure to US at

three different intensities. The dashed line corresponds to the noise level. The

error bars indicate s.d. (significance level α = 5%).

concentration on the heating tendency. The concentrations
of 0.5 and 1 g/l led to the temperature difference between the
suspension of J-PSi NPs and distilled water in 0.15 and 0.3◦C,
respectively. The temperature difference between the suspension
of O-PSi NPs at the concentration of 0.2 g/l and distilled water
was almost negligible, while the concentration of 1 g/l led to
the result equal to the case of J-PSi NPs. Such temperature
increase was in good agreement with the increase of the US
absorption coefficient described by Urick (1948). The calculated
values of US absorption coefficients for distilled water, the
suspensions of O-PSi NPs, and J-PSi NPs at 1 g/l were 0.108,
0.138, and 0.140 m−1, respectively. It should be noted, that these
experiments were carried out with the concentration of PSi NPs

in the suspensions up to 1 g/l, which defines the upper limit of
concentration levels that are non-toxic to organisms (Näkki et al.,
2015; Sviridov et al., 2017). High concentration levels of PSi NPs
in tissues necessary for the contrast enhancement of ultrasound
can be provided by the targeted delivery of nanoparticles. Only
in this case it is possible to reach the desired effect using PSi NPs
as the activators together with US of relatively low intensity (as
compared, for example, with HIFU).

Cavitation Contribution to the Heating
Effect
Simultaneously with measuring the temperature during the
heating process, the subharmonic magnitude in the spectrum
of the transmitted signal was also measured, the generation
of subharmonic characterizes the intensity of cavitation in the
suspensions (Didenkulov et al., 2011). The values of mean
subharmonic magnitudes for the distilled water and the NP
suspensions during 200 s of exposure to US with the intensities
of 7.4, 11.4, and 15.4 W/cm2 are shown in Figure 7. The
subharmonic magnitudes for all the samples were much higher
than the noise level, which means that the intensities mentioned
were far beyond the cavitation thresholds (Tamarov et al., 2017).
The subharmonic magnitude in water grew gradually with the US
intensity: It increased by more than 30% when the intensity was
changed from 7.4 to 15.4 W/cm2. The suspension of O-PSi NPs
expressed also positive, but less progressive (as compared with
water) trend in the subharmonic magnitude with the increase
of US intensity. Furthermore, the magnitudes were higher as
compared with such for the distilled water (0.89 against 0.78
µV at 15.4 W/cm2), which was associated with the greater
number of the bubble nucleation centers when nanoparticles
are present (Tuziuti et al., 2005; Sviridov et al., 2015). The
subharmonic magnitude at the intensity of 15.4 W/cm2 was
the highest one among for the J-PSi NPs. Here, the measured
values of subharmonic magnitude in the suspension of J-PSi
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FIGURE 8 | Two mechanisms of the dissipation of US energy in aqueous suspensions of O-PSi NPs and J-PSi NPs: (I) enhanced scattering of US waves and viscous

dissipation of the US energy, which takes place for both types of the suspensions; (II) acoustic cavitation leading to the high-energy bubble collapse and additional

heating, which is most pronounced in case of J-PSi NPs with hydrophobic inner walls. Blue solid arrows indicate energy flow vectors of the incident ultrasound beam,

dashed arrows correspond to the waves scattered by PSi NPs. Violet arrows depict the process of viscous friction and air bubble dynamics.

NPs at all the employed intensities coincided within the margin
of error. This saturation can be explained with two reasons.
The first factor is that at some limit value of US intensity the
number of cavitating air bubbles stops increasing and so does the
subharmonic magnitude. The second one is associated with the
transmission geometry used (Figure 2). Even though the number
of the cavitation bubbles collapsing per time unit increases with
the US intensity (Tamarov et al., 2017) the growing number of
the air bubbles leads to the scattering of the US signal detected
by the hydrophone resulting in reduced subharmonic magnitude.
It should be noticed, that besides the subharmonic generation
the inertial cavitation above a threshold intensity should generate
broadband white noise and harmonic emissions, which can be
also responsible for additional heating effect.

Figure 8 gives a schematic view on two possible ways of
the dissipation of US energy in the suspension of PSi NPs.
For rather low US intensities (regime I) the main mechanism
is determined by the US attenuation in the aqueous medium
and the additional attenuation due to the solid particle-induced
scattering and viscous dissipation (Sviridov et al., 2013). At
higher US intensities, the acoustic cavitation leads to the high-
energy bubble collapse and additional heating (regime II). The
averaged thermal effect in regime I is well-estimated by using
themodel described in section CavitationMeasurements. Indeed,
in this case the smoothed experimental heating curves are
accurately approximated by the simulated ones (see green and
red lines and bars in Figure 5). The discrepancies become
observable for the heating curves of the NP suspension and

distilled water (see red and blue lines in Figure 4, respectively).
While the curve for water has week oscillations at 11.4 W/cm2,
the presence of NPs in the aqueous medium leads to evident
fluctuations. It became possible to observe such effects due to
the usage of E-type thermocouple, which provided fast and
precise control of temperature fluctuations with time resolution
of ∼200ms evaluated using Equation (9). This value was close
to the speed of data acquisition: the duration of a program cycle
was∼300ms.

The temperature fluctuations growing up to 0.1–0.3◦C with
the increase of the US intensity as well as the additional heating
reaching the values of 0.3–0.4◦C in the case of the high US
intensities (see blue lines and bars in Figure 5), are attributed
to the acoustic cavitation leading to vigorous bubble collapse
and subsequent heat release. This phenomenon has a stochastic
nature and threshold values, which depend on the number of
cavitation nuclei (submicron air bubbles) (Li et al., 2017). PSi
NPs are known to lower the thresholds of acoustic cavitation
(Sviridov et al., 2015; Tamarov et al., 2017), which can be utilized
to enhance the cell membrane permeability due to the effect of
sonoporation (Mullin et al., 2013). The subharmonic magnitudes
being the measure of cavitation activity (Figure 7) correlate
well with the values of the heating: The heating trend exceeds
the simulated curve because of the increase in the cavitation
intensity. Moreover, the effect is stronger with J-PSi NPs, because
the number of the cavitation nuclei in their suspension is the
highest due to the residual air in hydrophobic pores when
dispersed in water (Tamarov et al., 2017).
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While the total thermal effect of PSi NPs under the
employed NP concentration and US intensity is not enough
to realize ultrasound hyperthermia itself, the cavitation related
subsequences, which are induced by PSi NPs and especially
the Janus-like ones, look promising for both the detection (by
using the thermal and acoustic responses), and destruction
of undesirable biological tissues and cells. The observed
temperature fluctuations (see Figure 4) indicate the local heat
release in the vicinity of the collapsing air bubbles growing
from the pores of PSi NPs. The values of such cavitation-
induced hyperthermia can exceed the average temperature of
the surrounding medium (Zhou and Gao, 2013; Yoshizawa
et al., 2017). This “nanoscalpel” effect (Osminkina et al., 2015)
can be utilized for the targeted destruction of cancer cells, but
in contrast to the HIFU technique, it employs clearly lower
US intensities. Furthermore, outstanding opportunities for the
surface modification of PSi NPs as US actuators open wide
perspectives of auxiliary biomedical modalities like bioimaging
(Kharin et al., 2015; Tolstik et al., 2016) and controlled drug
release (Tamarov et al., 2016).

As for the ultrasound imaging, PSi NPs themselves are a weak
contrast agent because they are too small to backscatter US waves
at a detectable level. However, Janus-like PSi NPs look more
promising for US imaging because they act as seeds for cavitation
bubbles, which can be detected even with a standard US scanner
(Tamarov et al., 2017).

CONCLUSIONS

We investigated mesoporous silicon nanoparticles with fully
oxidized and Janus-type hydrophobic/hydrophilic surfaces as
potential contrast agents to stimulate the temperature increase
of their aqueous suspensions. To achieve that, we developed
an experimental setup to simultaneously measure the heating
of the nanoparticle suspensions and monitor the cavitation
intensity by measuring the subharmonic magnitude. Based on
the measurements, we evaluated two main mechanisms leading
to the heating effect in nanoparticle suspensions. The first
mechanism was associated with enhanced scattering and viscous
dissipation of the ultrasound energy in the aqueousmedium filled
with solid nanoparticles. This mechanism dominated for low

ultrasound intensities and was numerically calculated using the
model of heat transfer and ultrasound energy attenuation. The
secondmechanismwas used to explain the discrepancies between
the experimental and theoretical results at higher ultrasound
intensities, as well as the differences between the suspensions of
the oxidized and Janus-like nanoparticles. These discrepancies
were because of the acoustic cavitation, which led to the high-
energy bubble collapse. This contribution was observed by an
apparent excess of the experimental heating curves over the
simulated ones as well as strong temperature fluctuations. The
increase of experimentally measured subharmonic magnitude
in the spectrum of the acoustic signal transmitted through
the cuvette correlated with the heating dynamics. The highest
values of heating were obtained for the suspension of Janus
nanoparticles, which inner pore walls were hydrophobic while
the external surfaces were hydrophilic. Such surface modification
made it possible to preserve nano-air seeds inside the pores
of the nanoparticles, which acted as nuclei for the growth of
the microbubbles and cavitation. The results of the present
study obtained for the biocompatible and biodegradable porous
silicon nanoparticles shed light on their behavior under
ultrasonic radiation boosting comprehensively the development
of inorganic nanoparticles for theranostic applications.
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A novel pore blockage-based electrochemical immunosensor based on the combination

of 100 nm-magnetic nanoparticles (MNPs), as signal enhancers, and 200 nm-pore

diameter nanoporous anodic alumina (NAA) membranes, as sensing platform, is

reported. A peptide conjugate mimicking flightless I (Flii), a wound healing biomarker,

was chosen as target analyte. The sensing platform consists of an anti-Flii antibody

(Ab1)-modified NAA membrane attached onto a gold electrode. Anti-KLH antibody

(Ab2)-modified MNPs (MNP-Ab2) were used to selectively capture the Flii peptide

conjugate in solution. Sensing was based on pore blockage of the Ab1-modified NAA

membrane caused upon specific binding of the MNP-Ab2-analyte complex. The degree

of pore blockage, and thus the concentration of the Flii peptide conjugate in the sample,

was measured as a reduction in the oxidation current of a redox species ([Fe(CN)6]
4−)

added in solution. We demonstrated that pore blockage is drastically enhanced by

applying an external magnetic field at the membrane backside to facilitate access of

the MNP-Ab2-analyte complex into the pores, and thus ensure its availability to bind to

the Ab1-modified NAAmembrane. Combining the pore blockage-based electrochemical

magnetoimmunosensor with an externally applied magnetic field, a limit of detection

(LOD) of 0.5 ng/ml of Flii peptide conjugate was achieved, while sensing in the absence

of magnetic field could only attain a LOD of 1.2µg/ml. The developed sensing strategy is

envisaged as a powerful solution for the ultra-sensitive detection of an analyte of interest

present in a complex matrix.

Keywords: magnetic nanoparticles, porous anodic aluminamembrane, pore blockage, electrochemical biosensor,

chronic wound, nanoporous materials
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INTRODUCTION

There is a growing demand for rapid, highly sensitive,
simple-to-fabricate, and cost-effective biosensing platforms for
the detection of biological targets in medical diagnostics.
Conventional methods like enzyme-linked immunosorbent
assays (ELISAs) are not desirable as diagnostic platforms in
clinical setups as they require long analysis time, sample
preparation and several incubation and rinsing steps prior
to analysis.

Electrochemical biosensors translate the presence of analytes
into electrical signals (Grieshaber et al., 2008) and are suitable
to develop point-of-care (POC) handheld sensing devices since
electrodes can be easily miniaturized by methods such as screen
printing (Yamanaka et al., 2016), photolithography (Mir et al.,
2010) or ink-jet printing (Silveira et al., 2016) which allow easy

integration into electronic devices (Zhu et al., 2014).
With substantial advancements in nanotechnology,

remarkable improvement in the sensing performance of

electrochemical biosensors has been achieved using nanoparticle
(NP)-based signal amplification (Zhu et al., 2014). Nowadays,
different kinds of functional nanomaterials such as metal
NPs, quantum dots, nanoporous materials, carbon-based

nanomaterials, and magnetic NPs (MNPs) have been used to
design ultra-sensitive biosensing platforms (Lei and Ju, 2012;
Walcarius et al., 2013; Holzinger et al., 2014).

MNPs have been extensively used in magnetic separation
of biomolecules from complex biological samples and as solid
supports for performing immunoassays (Rocha-Santos, 2014).
Advances in biosensing strategies that employ magnetic labels
have resulted in platforms that push the limits of detection to
very low levels resulting in devices that can be used for early
disease detection in medical diagnostics (Dittmer et al., 2008).
Nowadays, a variety of commercial MNPs are readily available
with a wide range of sizes, magnetic properties, and surface
functionalities that are used in biosensors. They have been used
for capturing analytes from complex samples, leaving behind
undesired molecules in the background matrix, and labeling
analytes (Van Reenen et al., 2014).

The main advantages of using MNPs include their large
surface area, ease of functionalization, lack of harmful effects
to the human body, controllable size, and simple manipulation
in magnetically actuated devices. Surface functionalities on
MNPs allow their surface modification with biorecognition
elements that feature high affinity to the analyte of interest,
whereas the large surface-to-volume ratio increases the
number of bioreceptors available to react with the analyte,
contributing to increase the sensitivity of the device (Dittmer
et al., 2008; Gijs et al., 2009; Peyman et al., 2009). The latter
effect can be further enhanced by the feasibility of MNPs
to facilitate pre-concentration of analytes prior to analysis,
being key for applications that require ultra-sensitivity
to detect minute concentrations of analyte. Additionally,
biofunctionalized MNPs can isolate specific analytes of interest
from complex biological samples by magnetic actuation, which
can minimize matrix effects thereby reducing the occurrence of
false positives.

Lab-on-chip technologies that integrate multiple analytical
functions in a single chip are of great interest to scientists
due to the growing demand for easy-to-use diagnostic devices
(Huang and Mason, 2013). Such devices enable the end users to
perform all the steps from sampling to obtaining easily readable
results in a single platform. MNPs have been used in developing
such bioassays (Rocha-Santos, 2014; Van Reenen et al., 2014).
MNPs allow integration into microfluidic devices where they can
be manipulated within the microfluidic channels by applying
an external magnetic force (Giouroudi and Keplinger, 2013).
This can lead to the design of miniaturized technologies
based on MNPs which significantly reduce sample volume and
analysis time.

After specific analyte capture using MNPs, a detection step
is crucial to provide accurate and specific detection of the
analyte-MNP complex. Several strategies have been explored
by researchers for the detection of the analyte-MNP complexes
(Gijs et al., 2009). Labeling strategies are commonly used, where
the captured analyte is labeled with a fluorescent dye (Peyman
et al., 2008, 2009; Tarn et al., 2010; Sasso et al., 2012), a
chemiluminescent molecule or an enzyme, that enable further
detection. Thorough washing or separation steps are required
when using labeled strategies so that only the captured analytes
are labeled and only the bound labels are detected. Using
fluorescent molecules as labels results in high limits of detection
(LODs) since the background fluorescence from the MNPs is
significant and thus the fluorescence from the label itself is
comparatively weak (Peyman et al., 2009). Chemiluminescent
molecules are also commonly used as labels and are considered
one of the most sensitive immunoassays where the intensity
of luminescence emitted from chemical reactions is measured
(Zhang et al., 2011; Kim and Lim, 2015). Although they
exhibit very low LODs (Wang et al., 2012), chemiluminescent
emission intensities are sensitive to environmental factors such
as temperature, solvent ionic strength, pH, and other species
present in the system. Moreover, emission intensity from the
chemiluminescent reaction varies with time. Therefore, the
emission versus time profile varies greatly from one compound to
another (Baeyens et al., 1998). When enzymes are used as labels
in enzyme-linked immunosorbent assays (ELISAs), addition of
substrates that convert the enzymes into a measurable signal is
required (Sista et al., 2008). Enzymatic labeling has the advantage
that the signal is amplified by the enzymatic conversion process.
However, several incubation and washing steps are required,
which are not desirable. Alternatively, the use of MNPs as labels
in surface binding assays has been explored where the analyte-
MNP complexes bind specifically on a surface in a sandwich
format (Morozov and Morozova, 2006; Dittmer et al., 2008).
To this purpose, specific bioreceptors with affinity toward two
different epitopes of the analyte are required to be immobilized
on the MNPs and on the surface.

Nanoporous anodic alumina (NAA) membranes have been
demonstrated as suitable substrates for developing biosensing
platforms owing to their exceptional features such as highly
ordered nanopores, tunable pore geometry, high surface-to-
volume ratio, thermal and mechanical stability, biocompatibility,
and chemical resistance (Jani et al., 2013; Santos et al., 2013;
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Rajeev et al., 2018a). Various electrochemical biosensors have
been developed using NAA as the sensing platform (Santos
et al., 2013; Rajeev et al., 2018b). NAAmembranes functionalized
with specific bioreceptors have been used to electrochemically
detect various analytes such as DNA (De La Escosura-Muñiz
and Merkoçi, 2010), proteins (De La Escosura-Muñiz and
Merkoçi, 2010), and pathogens (Cheng et al., 2012; Nguyen et al.,
2012). Detection is carried out by monitoring changes either in
impedance or current intensity upon specific analyte binding to
the immobilized bioreceptor, which partially blocks the diffusion
of a redox species through the nanopores toward the underlying
electrode surface. De la Escosura-Muñiz et al. demonstrated the
use of NAA membrane for in situ monitoring of parathyroid
hormone-like hormone (PTHLH) secretion in cultured human
cells using electrochemical detection (De La Escosura-Muñiz
et al., 2018). Recently, De la Escosura-Muñiz et al. also developed
a methodology for electrical monitoring of virulence factors
secreted by bacterial pathogens using NAA membranes (De
La Escosura-Muñiz et al., 2019). AuNP tags have been used
by Merkoçi’s group as pore blockage agents in NAA-based
electrochemical biosensors. Signal enhancement using AuNPs
in a sandwich immunoassay approach aimed to detect an IgG
lowered the LOD to 50 ng/ml compared to a LOD of 500µg/ml
achieved by an equivalent NAA immunosensor based on direct
detection (De La Escosura-Muñiz and Merkoçi, 2010, 2011).

In this work, we report a pore blockage-based electrochemical
magnetoimmunosensor where the MNPs are demonstrated as
pore blockage enhancers. Results show that simply applying a
magnetic force to pull the analyte-MNP complex toward the
sensor surface significantly pushes the LOD down, being 2,400-
folds lower than that achieved in the absence of magnetic field.
The combination of NAA pore blockage-based sensing systems
along with the unique features of MNPs in immunosensing
is highly promising to develop diagnostic platforms fulfilling
the requirements of point-of-care devices. There have been
other studies published in the past using gold or magnetic
nanoparticles (MNP) as pore blockage enhancers on NAA-
membranes. For example, in a work published by Ye et al. (2016),
NAA membranes integrated into a PDMS chamber with a Pt
electrode as working electrode were combined with the use of
MNP as pore blockage enhancers for histamine detection in
seafood. In another work published by De La Escosura-Muñiz
and Merkoçi (2011), they used a NAA membrane on a screen-
printed carbon electrode as sensor surface and AuNPs as pore
blockage enhancers for the detection of proteins in whole blood.
In this work, for the first time we demonstrated the use of
magnetic field to concentrate MNP bound analytes on the sensor
surface to enhance the pore blockage.

Flightless I is a negative regulator of wound healing which is
present at high level in chronic, non-healing wounds (Ruzehaji
et al., 2012). Flightless neutralizing antibodies (FnAb) have been
developed by Cowin group. Use of these neutralizing antibodies
show that Flii can be depleted from wound fluid and that they
have a positive therapeutic effect on chronic wounds (Cowin
et al., 2007; Kopecki et al., 2012; Ruzehaji et al., 2014). Detection
of Flii proteins in chronic wounds is of great interest in chronic
wound research since it may be an indication of the wound status
in non-healing wounds. However, wound fluid is a complex

biological sample containing a plethora of biomolecules involved
in wound healing which can cause significant matrix effects
during biosensing. MNPs can help to tackle this issue, as they are
known to isolate specific biomolecules from complex biological
samples, eliminating or at least reducing potential interferences.

We aim here to develop a pore blockage-based biosensing
platform with sensitivity enhancement via MNP-boosted pore
blockage as a proof of concept for the electrochemical detection
of Flii proteins. Isolated or recombinant whole Flii protein is
not readily available. Hence, a synthetic peptide corresponding
to the active region of Flii protein conjugated to a keyhole limpet
hemocyanin (KLH) carrier protein is used in this study as a
model analyte that facilitates a sandwich immunoassay. While
FnAbs are used as immobilized antibodies on the NAA sensor
surface, commercial polyclonal anti-KLH antibodies are used
as the bioreceptors on the MNP surface. Anti-KLH antibodies
displayed on the MNPs specifically capture the KLH-Flii peptide
conjugate from solution. MNPs with bound analyte are then
incubated onto the FnAb-modified NAA sensor surface to
perform a sandwich assay within the nanopores. Partial blockage
of the pores upon binding impedes free diffusion of a redox
species, [Fe(CN)6]

4−, toward the underlying gold transducer
surface, measured as a decrease in its oxidation current intensity.
We compared the sensing performance in the presence and
absence of magnetic field to study the effect of the magnetic
attraction on facilitating the access of the KLH-Flii peptide
conjugate-MNP immunocomplex into the pores and thus on the
achieved sensitivity.

MATERIALS AND METHODS

Reagents
NAA membranes of 200 nm pore diameter (Whatman Anodisc
Circles 13mm, 200 nm) were purchased from Interpath
services (Australia). Carboxyl-terminated MNPs (100 nm
diameter, 25 mg/ml, fluidMAG-ARA) were purchased from
Chemicell (Germany). Potassium ferrocyanide (K4[Fe(CN)6]),
potassium ferricyanide (K3[Fe(CN)6]), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl) N′-ethylcarbodiimide
hydrochloride (EDC), ethanolamine, phosphate buffered saline
(PBS) tablets, 3-(triethoxysilyl) propyl isocyanate (ICN) silane,
3,3′,5,5′-tetramethylbenzidine (TMB) substrate, and 2-(N-
morpholino)-ethanesulfonic acid (MES) were purchased from
Sigma-Aldrich (Australia).

Polyclonal antibodies against KLH produced in rabbit
and anti-human IgG antibodies (used as control) were
purchased from Sapphire Bioscience (NBP1-30443, Australia).
Monoclonal antibodies raised in mouse against the N-terminus
of the LRR domain of the human Flii protein (FnAb) were
developed and supplied by Cowin group (Jackson et al., 2012).
Custom made KLH-Flii peptide conjugate was purchased from
Mimotopes (Australia).

Preparation and Characterization of
Antibody-Modified MNPs (MNP-Ab2)
Carboxyl-terminated MNPs were modified with anti-KLH
antibodies (Ab2) via carbodiimide chemistry. One microliter of
MNPs, which is equivalent to 4.5·1010 particles, was added to 100
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µl of MES buffer, pH 5. MNPs were washed by 5 min-incubation
in MES buffer with good mixing in an orbital shaker, followed
by 4 min-capture on a magnet to allow supernatant removal.
This washing step was performed 3 times. Carboxyl groups on
the washed MNPs were activated to form NHS ester groups by
reacting with a 1:1 mixture of 100 µl of 0.4M of EDC and 0.1M
of NHS in cold MES buffer. This reaction was conducted under
goodmixing in an orbital shaker for 30min at room temperature.
Then, the activated MNPs were captured on a magnet for
5min and the supernatant was removed. Activated MNPs were
incubated in 100 µl of 50µg/ml of Ab2 in 0.01M PBS, pH 7.6,
for 1 h at room temperature. Antibody-modified MNPs were
washed 4 times in PBS containing 0.01% Tween 20, following
the washing protocol previously described, to remove any non-
specifically bound antibodies. Ab2-modified MNPs (MNP-Ab2)
were incubated in 100 µl of 0.1M ethanolamine in PBS for 1 h
to block any remaining active ester groups on the MNPs surface.
Modified MNPs were stored at 4◦C until further use.

Fourier transform infrared (FTIR) spectroscopy was
conducted after each surface modification step. FTIR spectra
were obtained using a Vertex 70 Hyperion microscope Bruker
in reflectance mode (Bruker Optics, Germany) over the range
of 650–1,000 cm−1 at a resolution of 4 cm−1 and averaging
64 scans. Background spectra were taken on a gold-coated
glass slide. Samples for FTIR characterization were prepared by
placing a small drop of unmodified MNP solution, NHS ester-
activated MNP solution, and Ab-modified MNP solution on the
surface of the gold slide and drying them in a desiccator under
vacuum to generate a thin layer of MNPs. Sample spectra were
recorded and data analyzed using the OPUS 7.2 spectroscopy
software (Bruker).

Preparation and Characterization of the
NAA Immunosensing Surface
Isocyanate groups were introduced on the surface of the NAA
membranes with 200 nm pores via silanization to facilitate
further covalent immobilization of the bioreceptor FnAb. Briefly,
NAA membranes were boiled in 30% H2O2 for 1 h to obtain
fresh hydroxyl groups and remove any organic contaminants.
Hydroxylated membranes were dried under a mild nitrogen flow
and baked in an oven at 60◦C for 2 h to remove any remaining
water content. This is a key step since the silanes are highly
reactive to water. Then, the membranes with active hydroxyl
groups were immersed in a 5% solution of ICN silane in dry
toluene in a sealed reaction vessel under nitrogen atmosphere.
Silanization was carried out for 2 h under constant shaking
at room temperature and inert atmosphere, which resulted in
isocyanate groups (-N=C=O) displayed on the NAA surface.
After silanization, the functionalized membranes were washed
with fresh dry toluene and dried under a nitrogen stream. Finally,
they were incubated with a 50µg/ml FnAb (Ab1) solution
in 0.1M PBS (pH 7.4) for 2 h under constant shaking. After
incubation, membranes were washed thoroughly with copious
amount of PBS, and stored in PBS at 4◦C until they were used
for sensing experiments.

FTIR spectroscopy was used to characterize the membranes
surface after each step of modification. FTIR spectra were
obtained using the method described in section Preparation and
Characterization of Antibody-Modified MNPs (MNP-Ab2).

Scanning electron microscopy (SEM) was used to characterize
the surface morphology of the NAA membranes.

Analyte (KLH-Flii-Conjugate) Isolation
Using MNP-Ab2
MNPs-Ab2 were used to capture the KLH-Flii peptide conjugate
from solution as shown in Scheme 1. MNPs-Ab2 were incubated
in 100 µl of Flii peptide conjugate at various concentrations (2.5,
5, 10, 20, and 40µg/ml) in PBS for 1 h at room temperature
with good mixing. Afterwards, MNPs-Ab2 with captured analyte
(MNP-Ab2-Flii) were washed 3 times in PBS solution containing
0.01% Tween 20 using the protocol previously described and the
washed MNP-Ab2-Flii complex was re-suspended in fresh PBS
and used for sensing experiments.

ELISA to Detect MNP-Ab2-Flii Complex
Detection of MNP-Ab2-Flii complex was initially carried out by
colorimetric ELISA to confirm the feasibility to use the involved
immunospecies in a sandwich assay and to compare the sensing
performance of this colorimetric assay with that achieved by
the novel NAA-based electrochemical immunosensor which uses
MNPs as pore blockage enhancers. Briefly, isolated MNP-Ab2-
Flii complex was incubated first in 100 µl of 50µg/ml Ab1
in PBS for 1 h followed by incubation in a 1:5,000 dilution of
HRP-labeled anti-mouse IgG in PBS. Every incubation step was
followed by 3 washing steps in PBS containing 0.01% Tween
20 followed by one washing step in PBS. One hundred µl of
TMB were added as HRP substrate. The catalytic conversion of
the chromogenic substrate TMB into a colored product by the
enzyme used as label was followed by measuring the absorbance
at 650 nm, allowing target quantification.

Electrochemical Detection of MNP-Ab2-Flii
Complex on a NAA-Based Immunosensor
Electrochemical sensing was conducted using an electrochemical
analyser (CH Instruments, model 600 D series, USA) and a three-
electrode system in a Teflon cell. Ab1-modified NAA membrane
mounted on a gold-coated glass slide (Au/NAA-Ab1) acted as
the working electrode, a silver/silver chloride electrode (CH
Instruments, USA) was the reference electrode and a platinum
wire was the counter electrode. Electrochemical measurements
were done using a 2mM K4[Fe(CN)6] and 2mM K3[Fe(CN)6]
solution in 0.1MPBS. Differential Pulse Voltammetry (DPV)was
used as detection technique in which a series of regular voltage
pulses were applied ranging from−0.3 to 0.8V and the oxidation
current of the redox species was measured at 0.18 V.

One hundred µl of MNP-Ab2-Flii complex in PBS, obtained
upon incubation of MNP-Ab2 in solutions of different
concentrations of Flii peptide conjugate (2.5, 5, 10, 20, and
40µg/ml), were incubated on the immunosensor surface for 1 h
at room temperature. DPVmeasurements were performed before
and after incubating the MNP-Ab2-Flii complex solutions. Each
experiment was performed in triplicate. Control experiments
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SCHEME 1 | Isolation of KLH-Flii peptide conjugate using MNPs.

were done using an anti-human IgG-modified NAA-based
sensor to evaluate whether the MNP-Ab2-Flii complex was
non-specifically adsorbed on the membrane.

Sensitivity Enhancement Using External
Magnetic Field
A strong external magnetic field using a large rare earth
magnet made from neodymium, iron, and boron-NdFeB (Jaycar
Electronics, Australia) was applied at the backside of the
immunosensing surface to study its effect on the sensing
performance by providing an additional force to attract theMNP-
Ab2-Flii complex into the pores and thus facilitates its binding to
the Ab1 immobilized on the NAA surface. We hypothesize that
this novel approach can enhanceMNP-Ab2-Flii complex binding
by overcoming diffusion limitations that limit analytes entering
the pores, and thus amplify the sensing signal and eventually
enhance the sensitivity. In the absence of magnetic field, the
MNP-Ab2-Flii complex enters the pores only by diffusion and
gravitational forces. The externally applied magnetic field acts
as an extra force to attract the MNP-Ab2-Flii complex which
facilitates its effective path toward the sensor surface and thus
its exposure and final binding to the immobilized Ab1, thereby
acting as pore blockage enhancers. Stringent washing while
placing the magnet on top of the sensor was required after
the MNP-Ab2-Flii complex incubation under magnetic field to

remove anyMNPs that may be non-specifically bound or trapped
within the pores.

RESULTS AND DISCUSSION

Immobilization of Anti-KLH on MNPs and
FnAb on NAA Membranes
MNPs were used to harvest KLH-Flii peptide conjugate from
solution. To that purpose, first anti-KLH antibody (Ab2) was
covalently bound to carboxyl-terminated MNPs. Carboxyl-
terminated MNPs have a particle size of 100 nm, confirmed using
TEM (Figure 1A). Carbodiimide chemistry is the most versatile
method to activate carboxylic groups for their binding to primary
amines, EDC being the most popular carbodiimide used for
this purpose. NHS was used in the EDC coupling protocols to
improve the efficiency of the reaction by creating an amine-
reactive intermediate. EDC couples NHS to carboxyl groups and
forms an NHS ester which is more stable than the O-acylisourea
intermediate formed in the absence of NHS. The NHS ester
intermediate reacts with the amine groups of the antibody to
form stable amide bonds. Figure 1B presents the FTIR spectra
at different modification steps of MNPs. The spectrum of the
carboxyl-terminated MNPs before activation (black) shows a
strong band at 1,624 cm−1 and a broad band at 3,400 cm−1

which are characteristic of C=O stretching and O-H stretching,
respectively. This confirms the presence of carboxylic groups

Frontiers in Chemistry | www.frontiersin.org 5 June 2019 | Volume 7 | Article 438175

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Rajeev et al. Magnetically Enhanced Pore Blockage-Based Immunosensor

FIGURE 1 | TEM characterization of MNPs (A), and FTIR spectra of MNPs at

different modification steps: unmodified MNPs (black) after EDC/NHS

activation (red) and after Ab2 immobilization (blue) (B).

on the MNPs surface. EDC/NHS activation results in an NHS
ester intermediate, reflected in the corresponding FTIR spectrum
(red) as a characteristic triplet peak at 1,724, 1,751, and 1,820
cm−1 (Böcking et al., 2008; Sam et al., 2009). The bands at 1,724
and 1,751 cm−1 correspond to the C=O anti-symmetric and
C=O symmetric stretching vibrationalmodes of the succinimidyl
ring, respectively. The band at 1,820 cm−1 corresponds to the
C=O symmetric stretching vibrational mode and the C=O
stretching vibrational mode of the succinimidyl ester. After
antibody binding, the FTIR spectrum (blue) shows two bands at
1,556 and 1,637 cm−1 that confirm the formation of amide bonds
between the activated MNPs and the antibody. These bands
correspond to the amine I and amine II vibrations, respectively.

The surface for immunosensing was prepared as detailed in
the experimental section Preparation and Characterization of the
NAA Immunosensing Surface. Silanization chemistry was used
to immobilize FnAb within the porous layer. The NAA porous
surface is characterized by a high density of native hydroxyl
groups. These groups were activated by boiling in H2O2 at 70

◦C
for 1 h. This step also removes any organic contaminants from

the surface and forms fresh hydroxyl groups. The hydroxylated
surface was functionalized by means of silanization chemistry
using ICN silane. This produced a dense monolayer of ICN
silane with highly reactive isocyanate groups (N=C=O) on
the NAA surface. This group readily reacted with the amine
groups of FnAb. FTIR spectroscopy was used in reflectance
mode to confirm the surface modification steps of the NAA
membranes. Figure 2A presents the FTIR spectra at different
NAA surface modification steps. The broad peak at 3,340 cm−1

in the black spectrum in Figure 2A corresponds to hydroxyl
groups on NAA surface after hydroxylation. The spectrum of
the NAA surface after reacting the hydroxylated membrane with
ICN silane (red spectrum in Figure 2A) showed a characteristic
band at 2,250 cm−1 representing N=C=O stretching vibration
mode, confirming the successful silanization and presence of
isocyanate groups on the surface. Bands at 2,925 and 2,854 cm−1

were assigned to the stretching vibration modes of the aliphatic
CH2 groups in the silane (Dronov et al., 2011). In this same
spectrum, bands at 1,550 and 1,650 cm−1 were present which
are characteristics of C=O stretching and N-H bending vibration
modes. The presence of these bands is attributed to the fast
hydrolysis undergone by some of the isocyanate groups upon
reaction with residual water in the solvent or water vapor in
the atmosphere. The blue spectrum in Figure 2A was obtained
after covalent immobilization of FnAb on the silanized NAA
surface. It confirms successful immobilization of antibodies via
the disappearance of the isocyanate band at 2,250 cm−1 and
the presence of intense bands at 1,550 cm−1 (N-H bending
vibration mode) and 1,650 cm−1 (C=O stretching vibration
mode) from the peptide bonds formed between the antibodies
and the isocyanate groups (Dronov et al., 2011).

Scanning SEM was used to characterize the surface
morphology of the NAA membrane (Figure 2B). The top
view of the membranes revealed that they had an average pore
diameter of 207± 11 nm.

Detection of MNP-Ab2-Flii Complex on
NAA Membranes
Before conducting electrochemical sensing experiments on
the NAA immunosensing surface, initially we performed a
colorimetric ELISA as described in the experimental section
ELISA to Detect MNP-Ab2-Flii Complex, to confirm that
the sandwich format works well and to compare its sensing
performance with that of the NAA-based immunosensor.
Figure 3A shows the scheme for the sandwich colorimetric
ELISA. Absorbance was measured at 650 nm and plotted against
the logarithm of KLH-Flii peptide conjugate concentrations (2.5,
5, 10, 20, and 40µg/ml). The colorimetric ELISA detection based
on a sandwich assay provided a LOD of 2.9µg/ml, calculated
using the equation 3Sa/b, where Sa is the standard deviation of
the y-axis and b is the slope of the linear range of the calibration
curve (Figure 3B). The sensitivity of this system was found to be
0.52 ml/µg.

The sensitivity achieved by the described ELISA is expected
to be improved by the developed NAA-based electrochemical
immunosensor combining the properties of MNPs, NAA
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FIGURE 2 | FTIR spectra of NAA immunosensing surface at different

modification steps: after hydroxylation (black), silanization (red) and Ab1

immobilization (blue) (A), and SEM top-view image of NAA (B).

membrane and pore blockage-based electrochemical
transduction method as explained previously.

As shown in Scheme 2, pore blockage was used as sensing
principle to detect MNP-Ab2-Flii complex on a NAA-based
immunosensor. Pore size is key to allow access of the
immunocomplexes and maximize blockage, and thus sensitivity,
upon binding to the immobilized antibodies. Formation of
sandwich immunocomplexes within the pores partially blocks
the diffusion of the redox species present in solution toward
the gold transducer surface. This results in a reduction in the
voltammetric oxidation signal of [Fe(CN)6]

4− to [Fe(CN)6]
3−

used to quantify the concentration of KLH-Flii peptide conjugate.
The pore blockage sensing principle using NAA membranes

has been demonstrated as an efficient label-free biomolecule
detection approach (De La Escosura-Muñiz and Merkoçi, 2010;
De La Escosura-Muñiz et al., 2013; Espinoza-Castañeda et al.,
2015). We show here the advantages of using MNPs in

FIGURE 3 | Scheme (A) and dose response curve (B) for the colorimetric

ELISA detection of Flii peptide conjugate, previously isolated using MNPs.

combination with a pore blockage-based immunosensor, not
only to enhance the sensitivity, but also to capture the analyte
from complex samples and thus avoid matrix effects caused
by interfering compounds. Additionally, manipulation of MNPs
by an external magnetic field can be utilized to facilitate the
access of MNPs containing the immunocomplex into the pores to
increase their availability for immunoreaction with the antibodies
immobilized on the pores surface. This amplification strategy is
expected to significantly improve the sensing sensitivity. Hence in
this research, we demonstrate the use of MNPs as pore blockage
enhancers and the possibility to further increase the sensitivity by
applying an external magnetic field.

Figure 4A shows the DPV curves obtained after incubating
the MNP-Ab2-Flii complex solutions, obtained upon incubation
of MNP-Ab2 in various solutions with KLH-Flii peptide
concentrations ranging from 2.5 to 40µg/ml, on the NAA-
based immunosensor in the absence of magnetic field. As
expected, the oxidation current decreased with binding of the
MNP-Flii complex obtained upon incubation with increasing
concentrations of KLH-Flii peptide conjugate. To prove the
specific binding between MNP-Flii peptide conjugate complex
and the FnAb immobilized on the pores surface, a control
experiment was performed using a NAA-based sensor modified
with an anti-human IgG (Figure 4B).

To evaluate the sensing performance, current intensity
changes were normalized using the following equation:

Ip =
(I0-Ip)

I0
× 100
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SCHEME 2 | Sensing principle of pore blockage-based electrochemical detection using MNPs as enhancers.

where ∆Ip was the % current intensity change and I0 and
Ip were the current intensity values measured prior and after
incubation with MNP-Ab2-Flii peptide conjugate. Calibration
curves were obtained by plotting ∆Ip as a function of log
[Flii peptide conjugate] (maximum standard deviation of 4.4%;
Figure 4C). The response from the control sensor (red triangles

in Figure 4C) was negligible compared to the response from

the Flii NAA immunosensor (black squares in Figure 4C),
proving that the sensing response was due to specific binding

between the MNP-Flii peptide conjugate complex and the Ab1
immobilized on the pores surface. The LOD was found to be
1.2µg/ml, being only somewhat better than that obtained by
ELISA (Figure 3B) which is 2.9µg/ml. However, the sensitivity
of the proposed sensing system was 76 times higher (40
ml/µg) than that of the ELISA which had a sensitivity
of 0.52 ml/µg. The proposed NAA-based electrochemical
immunosensor significantly improved the performance of the
ELISA even in the absence of magnetic field. Reproducibility
of the developed immunosensors was calculated as the relative
standard deviation of the sensitivity of three individual sensors,
being 3.8%. Encouraged by the outstanding improvement in
sensitivity of the NAA-based immunosensor using MNPs as
pore blockage enhancers, we then combined the same detection
strategy with the application of an external magnetic field.
We expect this approach to further improve the sensitivity by
facilitating access of the immunocomplex into the pores, as
described in the next section.

Sensitivity Enhancement Using External
Magnetic Field
Our initial hypothesis was that the sensing performance of the
developed pore blockage-based electrochemical immunosensor
could be greatly enhanced in terms of sensitivity by applying
an external magnetic field at the backside of the electrode. In
the presence of the magnetic field, MNPs with bound analyte
molecules are actuated in the direction of the magnetic field.
This is an additional force for the MNPs to go through the
pores apart from diffusion and gravitational pull when sensing
is performed in the absence of magnetic field. This facilitates
the binding of the MNP-Ab2-Flii complex to the bioreceptors
(FnAb) immobilized on the pores surface and thus enhances
the pore blockage effect. The immunosensor was placed on top
of a large rare earth magnet made from neodymium, iron and
boron-NdFeB during MNP-Ab2-Flii complex incubation. After
that, thorough washing was performed with the magnet on top of
the pores to magnetically drive any unbound MNPs stuck inside
the pores outside the membrane by placing the magnet on top of
the sensor.

Sensing experiments were performed by incubating
MNP-Ab2-Flii complex solutions obtained upon MNP-Ab2
incubation in various KLH-Flii peptide conjugate solutions
with concentrations ranging from 2.5 ng/mL to 2.5µg/mL.
DPV curves before and after incubation of MNP-Ab2-Flii
complex on a NAA-based immunosensor and a control sensor,
in the presence of an external magnetic force, are shown in
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FIGURE 4 | DPV curves obtained with the NAA-based electrochemical

immunosensor (A), and the control sensor (B) in the absence of magnetic

field; dose response curves for the detection of KLH-Flii peptide conjugate

plotted using the NAA-based electrochemical immunosensor and control

sensor in the absence of magnetic field (C). Error bars are calculated as

standard deviation from the average of three individual experiments.

FIGURE 5 | DPV curves obtained with the NAA-based electrochemical

immunosensor (A), and the control sensor (B) when an external magnetic field

is applied during the analyte incubation step; dose response curves for the

detection of KLH-Flii peptide conjugate plotted using the NAA-based

electrochemical immunosensor and control sensor when an external magnetic

field is applied during the analyte incubation step (C). Error bars are calculated

as standard deviation from the average of three individual experiments.
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Figures 5A,B, respectively. Calibration curves were plotted
as explained previously to evaluate the sensing performance
(maximum standard deviation of 2.8%; Figure 5C). The
response from the control sensor (red triangles in Figure 5C)
was negligible compared to that from the specific NAA
immunosensor (black squares in Figure 5C). A LOD of
0.5 ng/mL was obtained, providing 5,800 and 2,400-fold
enhancement, respectively, compared to the results obtained
using ELISA and the same NAA-based immunosensor in the
absence of magnetic field. A sensitivity of 27·103ml/ µg was
achieved which is 673 times higher than that obtained by the
immunosensor in the absence of magnetic field. Application
of an external magnetic field to manipulate the particles seems
to enhance the pore blockage effect as demonstrated by the
ability to detect KLH-Flii peptide conjugate at concentrations
1,000-folds’ lower than in the absence of magnetic field. The
immunosensor performance in terms of sensitivity and LOD
was greatly enhanced using the developed sensing strategy
by magnetically manipulating the access of MNPs into the
pores, while still showing an excellent reproducibility among
sensors (2.8%).

These results confirm that by combining the use of MNPs as
pore blockage agents and the application of an external magnetic
field during analyte incubation, the NAA-based electrochemical
immunosensor performance can be greatly improved when pore
blockage is used as sensing mechanism. This sensing system has
the potential to be extended to detect low concentrations of small
molecules. Due to the ability of MNPs to isolate a target analyte
from a complex biological sample, it may well be suitable to
detecting biomarkers in samples with complex matrices.

CONCLUSIONS

We report here the development of a pore blockage-based
biosensing platform with sensitivity enhancement via MNPs
as a proof of concept for the electrochemical detection of
Flii proteins. We have successfully demonstrated the proof-of-
principle of the use of MNPs as signal enhancers in combination
with FnAb-modified NAA platforms based on pore blockage

as sensing mechanism. A synthetic peptide corresponding

to the active region of the wound biomarker Flii protein
conjugated to a KLH carrier protein was used as a model
analyte. MNPs were modified with an anti-KLH antibody to
specifically capture the Flii-KLH conjugate. Then, the MNP-
Ab2-Flii complex was subsequently captured by the FnAb
antibodies within the NAA porous structure causing partial
pore blockage. Pore blockage was used as sensing principle,
being measured as a reduction in the voltammetric oxidation
current of a redox species added in solution. Enhancement in
pore blockage was achieved by applying an external magnetic
field which pulled the MNP-Ab2-Flii complex more efficiently
toward the sensor. This resulted in a significant enhancement
in the analytical signal achieving a LOD of 0.5 ng/ml, while
the LOD achieved in the absence of magnetic field was
1.2µg/ml. Our results confirm that this novel sensing strategy
can be used for developing biosensing platforms with enhanced
sensing performance.
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