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New hybrid materials—photosensitized nanocomposites containing nanocrystal
heterostructures with spatial charge separation, show high response for practically
important sub-ppm level NO, detection at room temperature. Nanocomposites
Zn0O/CdSe, ZnO/(CdS@CdSe), and ZnO/(ZnSe@CdS) were obtained by the
immobilization of nanocrystals—colloidal quantum dots (QDs), on the matrix of
nanocrystalline ZnO. The formation of crystalline core-shell structure of QDs was
confirmed by HAADF-STEM coupled with EELS mapping. Optical properties of
photosensitizers have been investigated by optical absorption and luminescence
spectroscopy combined with spectral dependences of photoconductivity, which proved
different charge localization regimes. Photoelectrical and gas sensor properties of
nanocomposites have been studied at room temperature under green light (Amax =
535 nm) illumination in the presence of 0.12-2 ppm NOs> in air. It has been demonstrated
that sensitization with type Il heterostructure ZnSe@CdS with staggered gap provides
the rapid growth of effective photoresponse with the increase in the NO» concentration
in air and the highest sensor sensitivity toward NO». We believe that the use of core-shell
QDs with spatial charge separation opens new possibilities in the development of
light-activated gas sensors working without thermal heating.

Keywords: room temperature semiconductor gas sensor, sub-ppm NO, detection, visible light activation, CdSe
quantum dots, core/shell heterostructures, charge spatial localization

INTRODUCTION

Semiconductor metal oxide gas sensors are promising for integration into mobile devices and
information networks because of their extremely high sensitivity, stability and miniaturization
capability. Their working principles are based on the chemisorption of molecules from the gas
phase and chemical reactions on the surface of the semiconductor metal oxide, which lead to
significant changes in the band structure in a narrow near-surface layer and the formation of
energy barriers at the solid-gas interface (Barsan and Weimar, 2001; Sun et al., 2015). This affects
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the concentration and mobility of the charge carriers in the
semiconductor, which generates a detectable electrical signal. Gas
sensors based on semiconductor oxides can detect the main air
pollutants at the corresponding threshold values, however, only
at relatively high operating temperatures 150-350°C (Krivetskiy
et al, 2013; Vorobyeva et al, 2013; Wang et al., 2018). This
significantly increases the power consumption, which poses the
main limitation for coupling gas sensors with portable and
mobile devices.

To reduce the power consumption of metal oxide gas sensors,
the effective strategies, mainly include surface modification,
additive doping and light activation (Wang et al, 2017; Xu
and Ho, 2017; Zhu and Zeng, 2017). Most of the publications
dealing with the gas sensor properties of semiconductor materials
under illumination discussed the effects observed under UV
light (Saura, 1994; Mishra et al., 2004; Malagu et al., 2005; De
Lacy Costello et al., 2008; Peng et al., 2008, 2009; Prades et al.,
2009a,b; Carotta et al., 2011; Wang et al.,, 2011; Cui et al., 2013;
Wagner et al., 2013; Klaus et al., 2015; Ilin et al., 2016; Nakate
et al.,, 2016; Saboor et al.,, 2016; Trawka et al., 2016; Wongrat
et al, 2016; Da Silva et al., 2017; Espid and Taghipour, 2017;
Hsu et al., 2017; Hyodo et al., 2017; Wu et al,, 2018). UV
radiation with an energy exceeding the width of the band gap
generates electron-hole pairs and thus increases conductivity. In
polycrystalline semiconductors, photoexcitation can change the
charge of surface states, which leads to a decrease in the height
of intergranular barriers and affects the thickness of the depleted
layer at the interface. This will change the tunneling probability
of the charge carriers through the intergranular barriers. At the
same time, the illumination changes the population of surface
states by electrons and holes, which affects the concentration of
active adsorption centers on the surface of the semiconductor.

Further reduction of the energy consumption of the sensor
element is possible using photoactivation with visible light.
However, for this it is necessary to shift the optical sensitivity of
semiconductor oxides from the UV range to longer wavelengths.
This can be achieved by creating the defects in the semiconductor
matrix (Han et al., 2012, 2013; Varechkina et al., 2012; Geng
etal., 2013; Zhang et al., 2017) or using the sensitizers that absorb
light in the visible range (Peng et al., 2011; Vasiliev et al., 2013;
Chizhov et al., 2014, 2016, 2018; Yang et al., 2014; Zhang et al.,
2015; Geng et al.,, 2016a,b; Paolesse et al., 2017; Rumyantseva
etal,, 2018). In the latter case, the consistency between the energy
levels of metal oxide and sensitizer, is the necessary condition
ensuring the transfer possibility of photoexcited charge carriers
from the sensitizer to the semiconductor matrix (Minami et al.,
1998; Ivanov et al., 2007; Kim et al., 2009; Vasiliev et al., 2011;
Mordvinova et al, 2014). A'BYT and AMBY semiconductor
quantum dots (QDs) (Vasiliev et al., 2013; Chizhov et al., 2014,
2016, 2018; Yang et al., 2014; Geng et al., 2016a,b) and organic
dyes (Peng et al., 2011; Zhang et al., 2015; Paolesse et al., 2017;
Rumyantseva et al., 2018) are suitable visible light sensitizers for
wide gap semiconductor metal oxides.

Thus, to achieve the improved sensor characteristics it is
necessary to understand what processes are responsible for the
formation of the sensor response in such hybrid systems under
illumination. In this paper, the value of the sensor response was

chosen as a characteristic to be optimized and the influence of the
spatial separation of charge carriers in semiconductor core/shell
nanoparticles (QDs) sensitizers on the sensor signal of hybrid
materials based on ZnO/QDs was studied. The main problems
with the use of semiconductor QDs as photosensitizers are the
recombination of charge carriers inside the nanocrystals and
the charge trapping by defects on their surfaces (Vasiliev et al.,
2011). The use of core/shell nanoparticles opens new possibilities
for increasing the efficiency of photosensitization. For example,
the core of the nanoparticle can be covered by a shell of a
semiconductor with a wider gap, i.e., type I heterostructures with
the straddling gap arrangement such as CdS(shell)@CdSe(core)
(Vasiliev et al., 2011). This increases the efficiency of charge
transfer to the oxide matrix by passivation of the surface defects
to reduce the capture of photoexcited charges (Drozdov et al,
2013). Type II heterostructures, such as ZnSe(shell)@CdS(core),
have a staggered gap (Vasiliev et al, 2011). This results in
a spatial separation of the photoexcited electron and hole in
different regions of the nanoparticle. For CdS/ZnSe, for example,
photoexcited electrons will be localized in CdS, which has a
higher electron affinity. The spatial separation of the charge
carriers reduces the probability of radiative recombination,
leading to an increased lifetime of the photoexcited pair and
thus promoting charge transfer between the nanoparticle and the
oxide matrix. In addition, type II heterostructures have a smaller
effective band gap than the constituent semiconductors forming
the heterojunction, which allows a further shift of the absorption
band to the longer wavelength region. However, these interesting
features have so far been used in optical applications and in a
few photocatalytic applications (O’Connor et al., 2012), but their
possibilities as sensors have never been tested.

In the present work, we investigate photosensitized
nanocomposites containing nanocrystalline heterostructures
with spatial charge separation as materials for NO, sensors
working at room temperature under photoactivation with visible
light and show that such approach significantly improves the
photoelectric and sensor properties of the semiconductor oxide.

MATERIALS AND METHODS

Materials
The semiconductor matrix—nanocrystalline zinc oxide—was
obtained by the precipitation method (Vorobyeva et al,
2013). Zinc acetate Zn(CH3COQO), solution was slowly added
to a stirred solution of NH4HCO;3 at 60°C. After aging
for 1h at room temperature, the white precipitate of zinc
hydroxycarbonate Zny(OH),y(CO3)x—y-nH,O was centrifuged,
washed with deionized water to remove residual ions, dried in
air at 50°C for 24 h, and finally annealed in air at 300°C for 24 h.
To prepare CdSe and CdS nanocrystals stabilized with oleic
acid, a pre-synthesized anionic precursor tri-n-octylphosphine
selenide (TOPSe) or tri-n-octylphosphine sulfide (TOPS) and a
freshly prepared cationic precursor cadmium oleate were used
(Vasiliev et al., 2013). To synthesize the anionic precursors 0.01
mole of ground selenium or sulfur were added to 10ml of
tri-n-octylphosphine (CgHj7)3P (TOP, 90% pure, Fluke). The
reaction mixture was heated up to 100°C in an argon flow until
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the chalcogen was completely dissolved. For the preparation of
cadmium oleate, 7 ml of 1-octadecene (90% pure, Aldrich), 0.15
mmole of oleic acid C;7H33COOH (90% pure, Aldrich) and 0.5
mmole of cadmium acetate Cd(CH3COO),*2H,0O (analytical
grade, Aldrich) were added to a quartz flask of 15 ml and heated
at 180°C for 1h under the argon flow (15-20 ml/min). The
temperature of the reaction mixture was then raised to 230°C
and 0.5ml of TOPSe (or TOPS) was rapidly injected. CdSe
or CdS nanocrystals were grown for 35s. Then the reaction
was stopped by rapidly cooling the flask in a jar with cold
water. To isolate CdSe or CdS nanocrystals, acetone and ethyl
alcohol (96%) were added to the cooled reaction mixture. The
precipitated nanocrystals were separated by centrifugation, dried
at 50°C and redispersed in hexane. This procedure was repeated 3
times to remove unreacted precursors and the excess of stabilizer
oleic acid.

To create the core-shell CdS@CdSe nanocrystals, the CdS
shell was grown on the CdSe nuclei synthesized at 240°C for
300s by slowly adding TOPS to a solution containing CdSe
nanocrystals, oleic acid, and cadmium oleate. The temperature
of the reaction mixture was maintained at 200°C, a 1M TOPS
solution in tri-n-octylphosphine was added dropwise with a rate
of ~ 0.3 ml/h. Under these conditions, a small supersaturation of
the solution leads to a uniform growth of the shell. The core-shell
CdS@CdSe nanocrystals were purified and redispersed in hexane
as described above.

To obtain the core-shell ZnSe@CdS nanocrystals, the growth
of the ZnSe shell on CdS nuclei was carried out in a similar
manner. The cationic precursor of zinc oleate was prepared from
zinc acetate Zn(CH3COO),*2H,0O (analytical grade, Aldrich)
by a procedure analogous to that used for the preparation of
cadmium oleate. During the ZnSe shell growth, the temperature
was maintained at 240 C. The aliquots were taken from the
reaction mixture to investigate the evolution of optical absorption
and luminescence spectra.

For gas sensor measurements nanocrystalline ZnO powder
was mixed with a vehicle (a-terpineol in ethanol) and deposited
in the form of thick films over functional substrates, provided
with Pt contacts on the front side and a Pt-heater on the back-
side. Thick films were dried at 30°C for 24h and sintered at
300°C (using Pt-heater) for 10h in air. The coatings produced
in this way are formed by the agglomerated particles and have
a porous structure. The films are continuous and uniform over
the entire substrate. The estimated average film thickness is
about 1 pm (Chizhov et al., 2016). To obtain QD/ZnO (QD =
CdSe, CdS@CdSe, ZnSe@CdS) nanocomposites ZnO thick films
deposited over functional substrates were immersed into hexane
sol containing corresponding QDs (4*10~* M) for 24 h, washed
with hexane and dried in air. As a result, the films acquired an
orange color.

Methods

Phase composition was examined by X-ray powder diffraction
(XRPD) with the Rigaku diffractometer [wavelength \ = 1.54059
A (Cu Ky radiation)]. The crystallite size (dxrp) was calculated
from the broadening of the most intense XRPD peaks using
the Scherrer equation. The specific surface area of ZnO powder

was measured by nitrogen adsorption with the Chemisorb 2750
instrument (Micromeritics).

To prepare ZnO specimen for TEM analysis, the material was
mixed with toluene using an ultrasonic bath. A few drops of
the obtained suspension were deposited onto a Cu TEM grid
covered with carbon. High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images were
acquired using a FEI Osiris microscope operated at 200 kV. The
TEM sample of the ZnSe@CdS nanocrystals was prepared by
depositing drops of suspension of the nanoparticles in hexane
onto holey carbon grids. HAADF-STEM images and electron
energy loss (EELS) spectra were obtained with a Titan G?3 electron
microscope operated at 120 kV equipped with a probe aberration
corrector and GIF QUANTUM spectrometer.

The morphology and size of CdSe, CdS@CdSe, and
ZnSe@CdS nanocrystals were investigated using transmission
electron microscopy (TEM) performed with a LEO Omega
912AB microscope. The absorption spectra of the QDs in hexane
sol in the wavelength range of 300-800 nm were recorded using
Varian Cary 50 spectrometer.

Spectral dependence of the photoconductivity of QD/ZnO
thick films was investigated in the range 430-700 nm with a step
of 5nm. To obtain illumination at a predetermined wavelength
with a narrow spectral band, the radiation from a 100 W white
light source was passed through a MDR-206 monochromator.
The time of illumination at each wavelength was 20s. The
dark interval between consecutive measurements was 60 min.
The conductivity of the samples was measured using a Keithley
6517 instrument. The photoconductivity was calculated as a
conductance ratio:

E _ o (L) —og )

00 00

where o(A) is film conductance under illumination with
corresponding wavelength, oo-film conductance in dark
conditions. The measurements were carried out in ambient air at
room temperature.

The gas sensor measurements were carried out in situ in a
100 ml flow cell under conditions of a controlled gas flow of 100
4 0.1 ml/min at room temperature (25 £ 2°C). Gas mixtures
containing 0.12-2 ppm NO; in air were created by diluting the
certified gas mixture (20.4 = 0.9 ppm NO; in N) with dry
synthetic air using Bronkhorst electronic gas flow controllers.
The range of NO, concentrations is selected in accordance
with the Recommendation from the Scientific Committee on
Occupational Exposure Limits for Nitrogen Dioxide (2014) (8-h
TWA s 0.5 ppm, STEL 15 min is 1 ppm) and the WHO guidelines
(2010) for NO; in indoor air (1h average is 0.1 ppm, annual
average is 0.02 ppm). The DC conductivity measurements were
carried out using a Keithley 6517 A electrometer under conditions
of periodic illumination with a green LED (20 mW/cm?, the
wavelength of the emitted light lies in the range 500-600 nm,
Amax = 535 nm). Flow through humidifier P-2 (Cellkraft AB) was
used to adjust the humidity (RHz; = 0-40%) of gases passing
through the sensor chamber.
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FIGURE 1 | HAADF-STEM image (A) and particle size distribution (B) of ZnO nanocrystalline matrix.
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RESULTS AND DISCUSSION

X-ray powder diffraction data indicate that the annealing of
zinc hydroxycarbonate results in the formation of ZnO with
the wurtzite structure (Supplementary Figure 1). The average
crystallite size, calculated from the broadening of the reflections
using the Scherrer formula, is 15 &= 2 nm. The specific surface area
was estimated from the low-temperature nitrogen adsorption
data using the BET model to be 30 & 5 m?/g. According to
the HAADF-STEM images (Figure 1), the material is composed
of crystalline ZnO particles of random shape aggregated into
agglomerates of mainly rod-shape form. The size of the ZnO
particles varies from 8 to 33 nm with an average size of 21 £ 5 nm.

Synthesized CdSe nanocrystals have the crystalline structure
of zinc-blende (Supplementary Figure 2). The crystallite size
estimated by Scherrer formula is 3.0 & 0.5 nm. Low magnification
TEM images (Figure 2) show that CdSe nanocrystals obtained
at 230°C for 35s are nearly spherical and have a narrow size
distribution of 2.8 & 0.2 nm (Figure 2). The increase in synthesis
temperature and duration leads to the growth of CdSe crystals
up to 3.3 &+ 0.1 nm. As a result of the formation of the CdS shell,
the average size of nanocrystals increases to 4.2 + 0.5 nm while
maintaining a narrow size distribution (Figure 2). Thus, the
shell thickness is about 0.5 nm, corresponding to ~ 1 monolayer
of CdS.

The absorption spectrum of the CdSe nanocrystals has
the series of exciton transitions characteristic for spherical
quantum dots with the distinct low-energy absorption maximum
corresponding to the first exciton transition 1Sy3/,-1Se at A =
536 nm (Figure 3). The increase in the particle size from 2.8 to
3.3 nm leads to a red shift of this absorption maximum by 40 nm,
while maintaining a bandwidth due to narrow dispersion of sizes.
The formation of CdS shell on the CdSe nuclei results in a further
shift of the exciton maximum to the red region (A = 590 nm) and
retains a sharp exciton band confirming type I heterostructure
formation. A small but distinct red shift corresponds to the

delocalization of electron over the whole core-shell nanoparticle
volume. At the same time, the hole remains localized in the CdSe
core, which is supported by a strong increase in luminescence.

The average size of the synthesized CdS nanocrystals
determined by TEM was 3.6 £ 0.8nm. According to X-ray
diffraction data, the synthesized CdS nanocrystals have a zinc
blende structure (Supplementary Figure 3) and average size 4.0
=+ 0.5 nm based on the broadening of the reflections. The buildup
of the ZnSe shell on the surface of the CdS nuclei leads to an
increase in the average particle size to 4.2 4= 1.2 nm accompanied
by a substantial broadening of the particle size distribution
(Figure 2). The ZnSe shell thickness thus does not exceed 1 nm,
explaining why it is not detected by X-ray diffraction. The
reflections of the CdS phase of the ZnSe@CdS heterostructures
are shifted toward larger angles (Supplementary Figure 3). This
corresponds to a decrease in the interplanar distances, and,
consequently, of the unit cell parameter, which may be due to the
compression of the CdS nucleus by the ZnSe shell with a smaller
unit cell parameter.

The structure of ZnSe@CdS nanocrystals was investigated in
detail by high resolution high angle annular dark field scanning
transmission electron microscopy (HAADEF-STEM) and electron
energy loss spectroscopy (EELS). The sample consists of particles
with a crystalline core and amorphous shell (Figure 4). The
HAADF-STEM image of ZnSe@CdS nanocrystals (Figure 4)
reveals the perfect crystal structure of the CdS core with a
clear projection of the atomic columns. The corresponding Fast
Fourier Transform (FFT) of the selected area (marked in a white
square) can be indexed as the zinc-blende F43m structure with a
[001] zone axis.

The size of the crystalline core varies between 3 and 14 nm
with the average value of 6 £ 2nm. The thickness of the
amorphous layer is of 1-2nm. According to the STEM-EELS
compositional mapping, the crystalline core of the particles
contains Cd, whereas the amorphous layer around the core
contains Zn (Figure 4).
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FIGURE 2 | Left panels: Particle size distribution of CdSe (a), CdS@CdSe (b), and ZnSe@CdS (c) nanocrystals. For CdS@CdSe and ZnSe@CdS heterostructures,
the size distribution for the CdSe and CdS core is also presented. Right panels: Low magnification TEM images of CdSe (d), CdS@CdSe (e), and ZnSe@CdS (f)
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Analysis of the optical properties during the shell growth of
ZnSe@CdS nanocrystals was used to verify type I heterostructure
formation. The change in the absorption spectra of ZnSe@CdS
nanocrystals is shown in Figure 5A as a function of the growth
time (0-180 min) of the ZnSe shell on the surface of the CdS
nuclei. The first exciton maximum in the 440-460 nm region is
observed in the absorption spectrum of the CdS nanocrystals.
With increasing ZnSe shell growth time, the band corresponding
to an electronic transition in a heterostructure of type II with
a spectral position of 550-620nm can be distinguished in
semilogarithmic coordinates (Figure 5A, inset). The profile of
the spectra shows the appearance, growth of intensity and shift

of this band to the red region. The form of the spectrum
in the short-wavelength region remains practically unchanged.
The inflection corresponding to the exciton absorption on
the spectrum of the original CdS nuclei is conserved on the
ZnSe@CdS nanocrystals spectra.

A narrow exciton band (520 nm, 2.38 e¢V) and a wide defect
band in the long-wave region of the spectrum (550-700 nm) are
present in the luminescence spectrum of the CdS nanocrystals
(Figure 5B). As in the case of the absorption spectra, the change
in the luminescence spectra with the growth time of the ZnSe
shell proves that the system under investigation belongs to type
IT heterostructures. The appearance and growth of the intensity
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FIGURE 3 | Optical absorption spectra of CdSe and CdS@CdSe nanocrystals.

of the luminescence band in the long-wave region (600-625 nm)
is observed in the luminescence spectra. The energy of this band
is less than the band gap of the core material (Eg (CdS) =
2.42 eV, ~ 512 nm) and the shell material (Eg (ZnSe) = 2.82¢V,
~440 nm), confirming the formation of a type II heterostructure
(Ivanov et al., 2007). Simultaneously, the luminescence band
caused by the recombination of charge carriers on defects
disappears practically completely, indicating the passivation of
surface defects of CdS.

To determine the effect of nanocrystals of CdSe,
CdS@CdSe, and ZnSe@CdS on ZnO electrical properties
under visible light illumination, the spectral dependences of
the photoconductivity of QD/ZnO (QD = CdSe, CdS@CdSe,
ZnSe@CdS) nanocomposites were investigated (Figure 6). The
photoconductivity of pure ZnO in these conditions is negligibly
small (Chizhov et al., 2014, 2016). The appearance and maxima
in the photoresponse curve of the nanocomposites matches well
with the onset and the maxima in the absorption spectra of the
QDs. For all ZnO/QD nanocomposites, there is an important
increase in the photoconductivity in the visible range (A <
600nm) under illumination with a photon energy of 2.06eV
which is much less than the ZnO band gap (3.3eV). This
indicates the transfer of electrons, photoexcited at quantum dots,
to the conduction band of the semiconductor oxide.

Our previous studies of the photoconductivity and gas sensor
properties of nanocrystalline ZnO sensitized with CdSe and InP
quantum dots have shown that the periodic backlight mode is
more convenient than the constant one (Chizhov et al., 2018).
This periodic mode consists in alternation of short (2 min) light
on/off periods that leads to the corresponding periodic change in
photoconductivity. When the lighting cycle is repeated multiple
times, the system comes to a stationary state, which can be

FIGURE 4 | (a,b) HAADF-STEM image of the ZnSe@CdS nanocrystals and
Fourier transform of the selected area indexed in the zinc-blende structure;
(c—f) HAADF-STEM image of the ZnSe@CdS nanocrystals, the maps of the
Zn-L and Cd-M EELS signals and the color-coded mixed compositional map.

characterized by the minimum sensor resistance R;, which is
achieved under illumination, and the maximum sensor resistance
Rjark> which is achieved in dark period.

When illuminated with a green LED (hpax = 535nm), a
decrease in the resistance is observed for all nanocomposites
(Figure 7, inset). When the light is turned off, the resistance
of the nanocomposites increases. Such a change in the
electrophysical characteristics of the nanocomposites is due to
the simultaneous occurrence of a complex set of processes. When
the nanocomposite is illuminated by radiation corresponding to
the energy of the first exciton transition 1Sy-1Se, an electron-
hole pair is generated in the quantum dot and the electron is
excited to the corresponding energy level. The main mechanism
for transfer of photoexcitation from quantum dots to metal
oxide is the injection (transfer) of charge carriers. From the
thermodynamic point of view, the possibility of injecting charge
carriers is provided by lowering the free energy of the system
because of this process. In the first approximation, one can
assume that the condition for the injection of electrons from
the quantum dot into the metal oxide is the position of the 1S,

Frontiers in Materials | www.frontiersin.org

September 2019 | Volume 6 | Article 231


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

Chizhov et al.

Light-Activated Sub-ppm NO», Detection

=40t

180 min

300 / 350 400 450 500 50 600 650
Wavelength, nm

€, 108*M-"*cm-"

% band corresponding to
¢ electronic transition in

N O min type Il heterostructure
1- mmm 36 min
N 72 min
| =108 min
N 144 min
I 180 min

T T T T T T T T T T -
300 350 400 450 500 550 600 650
Wavelength, nm
B band corresponiding O min

to electronic transition in

type Il heterostructure 36 min
. i N 72 min

180 min =1 108 min

I 144 min

I 180 min

Cds

exciton band
.0 min =~

144 min

36 min

Intensity (arb. units)

72 min

luminescence band

T T T 4 T ¥ T ¥ T v T ¥ T Y T L T Y T ¥ 1
400 450 500 550 600 650 700 750 800 850 900
Wavelength, nm

FIGURE 5 | (A) Evolution of optical absorption spectra of aliquots taken from
the reaction mixture during the growth of the ZnSe shell on CdS nuclei in
function of growth time (0-180 min). The data are presented in the form of
spectral dependence of extinction coefficient ¢. Inset: Absorption spectra in
semilogarithmic coordinates. (B) Evolution of luminescence spectra of aliquots
taken from the reaction mixture during the growth of the ZnSe shell on CdS
nuclei in function of growth time (0—180 min).

level above the bottom of the conduction band (Chizhov et al,,
2016). This case is observed in the sensitization of oxides such
as Iny 03, SnO,, ZnO, with ABVI, ATVBVI ARV quantum
dots etc. Electron transfer in the opposite direction—from metal
oxide to photoexcited QD is possible if the position of the 1Sy
level is below the bottom of the conduction band, which can
also be regarded as the injection of holes from the photoexcited
QD into the valence band of the metal oxide. This case is less
common, and is observed, for example, with the sensitization of
NiO with CdSe quantum dots (Zheng et al., 2014). Thus, the
preferred direction of photoinduced electron transfer between
the metal oxide and the quantum dot is determined by the mutual
arrangement of their electronic levels.

T
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FIGURE 6 | Absorption spectra and spectral dependences of
photoconductivity of ZnO/QDs nanocomposites.

Another process that causes a change in the electrophysical
properties of a semiconductor under illumination is the
photostimulated desorption of adsorbed molecules. It is known
that the interaction of the atmospheric oxygen with the surface of
n-type semiconductor oxides leads to the formation of molecular
and atomic chemisorbed forms of oxygen. At temperatures below
200°C, the predominant form is molecular ion Oy ads)’

OZ(gus) +e « O;(ads)’ (2)

where Oj(gas) is an oxygen molecule in the gas phase. The
localization of electrons on chemisorbed particles results in the
formation of an electron depleted layer near the surface of the
semiconductor oxide and in an increase in the resistance of the
semiconductor under dark conditions. Under illumination, the
photoexcited holes can be transferred from quantum dots to the
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metal oxide by switching to local energy levels inside its forbidden
zone (in other words, the electron is transferred from the local
level of metal oxide to the quantum dot, resulting in the recovery
of its electroneutrality). The holes transferred in this way can
recombine with the electrons localized by chemisorbed oxygen
on the surface of a semiconductor oxide:

O;(ads) + o OZ(gas)~ (3)

As a consequence, the oxygen molecule passes into a neutral
physically adsorbed form, which can be removed back to the gas
phase while the electron trapped by the oxygen returns to the
semiconductor. So, the absorption of one photon actually leads
to the transfer of two electrons into the conduction band of the
metal oxide (Medved, 1961).

The sensor properties in NO, detection with periodic
illumination were measured at room temperature for all
nanocomposites. The concentration of NO, was changed
stepwise, first increasing, then decreasing. The duration of each
stage was 60 min, so 15 “dark-illumination” cycles were recorded
for each NO, concentration.

As the concentration of NO, grows, both the resistances R;,
and Ry, increase (Figure 7). Using the example of SnO,, the
authors (Sergent et al., 2007) showed by Raman spectroscopy
that the electrical conductivity of n-type semiconductor oxides in
the presence of NO; correlates with the concentration of surface
bidentate nitrite groups. So, based on the assumption that the
chemisorption of NO, molecules proceeds with the capture of
the conduction electron, and the chemisorbed NO; species are
not dissociated, the following processes can be responsible for the

formation of sensor response toward NO;:

NOZ(gas) +e < NOz_(adS) (4)

NOZ(gas) + O;(ads) <~ NO;(ads) + O2(gas) (5)

Due to the significant difference in the electron affinities Eq
of O, and NO; molecules (0.45 and 2.27eV, respectively),
the equilibrium (5) is shifted to the right, and chemisorbed
NO; species should form deeper local levels in the forbidden
zone of zinc oxide, on which the electrons localize. Therefore,
even in the presence of excess of oxygen, the concentration
of NO;, in air becomes the controlling factor affecting the
semiconductor conductivity.

Under green light illumination, when photoexcitation of the
quantum dots occurs, the photoexcited electrons are injected
from the QD into the oxide matrix, but photoexcited holes
remain at the QD. Through interaction with local levels within
the forbidden ZnO band, these photoexcited holes can also be
injected into the oxide matrix, where they then recombine with
the electrons localized in chemisorbed molecules of O, (Equation
3) and NO;:

NO, 49 + h* < NOj(gas) (6)

The result of this process is the release of an electron captured by
chemisorbed molecules, the transition of molecules involved in
the recombination into a physically adsorbed form, followed by
their desorption, and the recovery of the quantum dot electrical
neutrality. A schematic diagram of the interaction between ZnO
matrix, QD and NO; molecules is shown in Figure 8.
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The comparison of hybrid materials can be made based
on a diagram reflecting the position of the energy bands
and levels in the systems under investigation (Figure9). The
positions of ZnO valence (Ey) and conduction (Ec) bands
were taken from Stevanovi¢ et al. (2014), and the positions

Vacuum level

O,(ads) + e- — O, (ads)
NO,(ads) + e- — NO, (ads)

Light-induced
electron injection

Energy

Injection of
photogenerated holes

O, (ads) + h* —> O, (ads)
NO,(ads)+h* — NO, (ads)

FIGURE 8 | A schematic diagram of the interaction between ZnO matrix, QD
and NO», and Oo molecules.

of the 1Sy and 1S, energy levels in CdSe quantum dots and
CdS@CdSe and ZnSe@CdS heterostructures were calculated
from optical absorption spectra. For this calculation we assumed
that on decreasing size of the nanocrystals, the displacement
of the edges of the valence and conduction bands is inversely
proportional to the effective mass of electrons and holes in
this material (Klimov, 2000; Vasiliev et al, 2011). In the
model we propose, the most uncertain information is the
energy of electrons localized in chemisorbed O, and NO,
molecules. The literature states that the levels of electrons in
O, molecules chemisorbed on the ZnO surface are 1.1-0.8 eV
below the edge of the conduction band (Kiselev and Krylov,
2012). The information on the energy of trapped electrons in
chemisorbed NO, molecules is not available. However, since for
Zn0O/CdSe nanocomposites the total recovery of conductivity to
the base value occurs in experiments with NO; under constant
illumination (Chizhov et al.,, 2014) it can be assumed that this
is due to the complete NO; photodesorption. This is the case
when the local levels of trapped electrons in the chemisorbed
NO; molecules are close in energy with the 1Sy energy level in
QDs. From the diagram in Figure 9 one can see that in such
case the assumed position of the electron levels in NO, 49
can be in the range of 1.2-2.3eV below the edge of the ZnO
conduction band.
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FIGURE 9 | Band diagram for ZnO/CdSe, ZnO/(CdS@CdSe), and ZnO/(ZnSe@CdS) systems. Band alignment for core-shell nanocrystals with core radius R and shell
thickness H is shown. Band parameters are taken from O’Connor et al. (2012) and Yang et al. (2014). Electron-hole separation is shown by red arrows.
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nanocomposites under periodic green light illumination (Amax = 535 nm) with
increasing (open symbols) and decreasing (filled symbols) NOo concentration
in the gas phase.

When performing gas sensor measurements under periodic
illumination conditions, the sensor signal may be calculated
in different ways: (i) as the ratio of dark resistances S =
Riark/Raarko> where Ry, is the dark resistance at given NO,
concentration, Rygko is the dark resistance in pure air; (ii)
as the amplitude of effective photoresponse Peg = Ryak/Ra
at given NO;, concentration. The change of these parameters
with increasing and decreasing NO, concentration in air is
presented in Figure 10. For nanocomposites ZnO/CdSe and
ZnO/(CdS@CdSe) the concentration dependencies of the sensor
signal are linear in double logarithmic coordinates (Figure 10A)
that indicates their power-law nature, typical for the resistive type
sensors (Yamazoe and Shimanoe, 2008):

S o plo,- (7)
Approximation of the experimental dependencies (with
increasing NO, concentration) by the power function gives
m = 0.5 and m = 1 for ZnO/CdSe and ZnO/(CdS@CdSe),
respectively. For the latter system, perfect passivation of the
CdSe core defect states eliminates side effects (Drozdov et al.,
2013). This ensures the maximum concentration of electrons
photogenerated at the quantum dot and transferred to the
conduction band of the semiconductor during illumination,

which can be then captured in dark conditions by the acceptor
NO; molecules in accordance with the reaction (4). The
concentration dependence of the sensor signal of nanocomposite
ZnO/(ZnSe@CdS) is not linearized in double logarithmic
coordinates. This dissimilarity may be caused by the fact that
the shell growth on the core nanocrystal results in formation of
heterostructures with different electron-hole spatial localization.
In CdS@CdSe nanocrystals the photogenerated hole is localized
strongly inside CdSe core, whereas the photoexcited electron
is delocalized over whole core/shell nanocrystal. Oppositely, in
ZnSe@CdS nanocrystals the electron is localized inside CdS core,
whereas the hole is localized inside ZnSe shell.

As can be seen from the energy diagram (Figure9), the
formation of ZnSe@CdS type II heterostructure does not lead to
a drastic change in the position of the 1S}, and 1S, levels of a hole
and an electron, respectively, as compared with a CdSe quantum
dot and CdS@CdSe type I heterostructure. At the same time, the
probability of the electron and hole transfer processes between
the sensitizer and ZnO matrix is fundamentally different. The
preferential spatial localization of a hole in the ZnSe shell
(Ivanov et al., 2007) provides its more efficient transfer from
the ZnSe@CdS sensitizer to the ZnO matrix. This leads to an
increase in the probability of tunneling of electrons localized at
the acceptor levels of chemisorbed NO; molecules to the 1S}, level
at the sensitizer, promoting NO, desorption. In other words, in
a quasi-equilibrium state under photoexcitation conditions, the
larger efficiency of hole transfer from the ZnSe shell to localized
levels in the ZnO forbidden band as compared with electron
transfer from the CdS nucleus to the ZnO conduction band will
lead to the partial negative charging of ZnSe@CdS nanocrystals.
This, in turn, will lead to the discharge of the acceptor levels in
the ZnO band gap, corresponding to the electrons trapped by
chemisorbed NO, molecules.

Thus, in ZnSe@CdS nanocrystals, the shell plays a dual role.
On the one hand, as in the case of type I heterostructure
CdS@CdSe, the shell formation leads to the perfect passivation
of CdS core defect states, ensuring the maximum concentration
of photogenerated electrons transferred to the ZnO conduction
band and then captured by the acceptor NO, molecules in
dark interval of the measurement cycle. On the other hand, the
localization of a hole in ZnSe shell ensures the efficient charge
transfer from chemisorbed NO; molecules and their subsequent
desorption in the light interval of the measurement cycle. The
synergetic combination of these factors leads to a significant
increase in the light activated sensor sensitivity to NO, in case
of ZnO/ZnSe@CdS nanocomposites compared with ZnO/CdSe
and ZnO/(CdS@CdSe) samples.

The validity of these arguments is confirmed by the
character of the NO, concentration dependence of the
effective  photoresponse  for different nanocomposites
(Figure 10B). The hole localization in the CdSe core reduces
the efficiency of its transfer to the ZnO matrix that leads to
a decrease in the photoresponse of the ZnO/(CdS@CdSe)
nanocomposite in comparison with ZnO/CdSe. On the
contrary, the hole localization in the ZnSe shell promotes
the transfer of electrons from acceptor levels in the ZnO
forbidden zone. Consequently, the effective photoresponse of
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Peff = Raark /Ry (B) of ZnO/CdSe nanocomposite under periodic green light
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(filled symbols) NOo concentration in the gas phase at different humidity.

ZnO/(ZnSe@CdS) nanocomposite grows rapidly with increasing
NO, concentration in air.

At the same time, as one can note from Figure?7,
the sensors containing CdS@CdSe and ZnSe@CdS core-shell
nanoparticles exhibit significant signal drift. The reasons of
this drift can be discussed as follows. Formation of the type
I CdS(shell)@CdSe(core) heterostructure with a straddling gap
arrangement leads to the perfect passivation of CdSe core defect
states and to the localization of photogenerated holes inside
the CdSe core. The first factor determines the increase in
sensor sensitivity toward NO,, while the latter one leads to the
decrease in effective photoresponse at given NO, concentration,
and increase in the time needed to recover the signal of
ZnO/(CdS@CdSe) nanocomposites as compared with ZnO/CdS
hybrid material. In ZnO/(ZnSe@CdS) hybrid material the hole
localization in the shell of nanoparticle CdS@CdSe results in
the increase of contribution from the capturing of photoexcited
charges at surface traps. This changes the charge-injection
processes at the nanocrystal-matrix interface. It may lead to long-
lived charge accumulation and the increase of the relaxation time
resulted in the change of steady-state conductivity.

The effect of humidity on the values of the sensor response
and the effective photoresponse as a function of the NO,
concentration was studied for ZnO/CdSe hybrid materials.
Figure 11 shows the change in room temperature electrical
resistance of ZnO/CdSe nanocomposites under periodic green
light illumination depending on NO, content in dry (RHys =
0%) and humid (RHy5 = 20% and RHj5 = 40%) air. We have
to note the following: with increasing humidity, (i) the resistance
of ZnO/CdSe in pure air decreases, and (ii) the sensor response
and the effective photoresponse of ZnO/CdSe increase. This may
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be due to the adsorption of water vapor on the ZnO surface,
which leads to an increase in the concentration of free charge
carriers (electrons) in n-type semiconductor oxides (Barsan and
Weimar, 2001). In turn, this stimulates the adsorption of NO; by
reaction (4), which leads to an increase in the sensor signal and
an increase in the effective photoresponse (Figure 12). The low
detection limit (LDL) values were calculated from the calibration
curves as NO, concentration corresponding to the minimum
measurable sensor signal (R,y + 30)/Ray, where R,y is the
average dark resistance in pure air with given humidity, o is the
standard deviation of average dark resistance in pure air with
given humidity. An increase in the air humidity is accompanied
by a decrease in LDL from 58 ppb (RHzs = 0%) to 49 ppb
(RHas = 40%).

CONCLUSIONS

We investigated the photoconductivity and visible light activated
room temperature NO, gas sensor properties of hybrid
materials based on nanocrystalline ZnO sensitized with two
types of core/shell nanoparticles with different localization
of photoexcited electron-hole pair between the core and
the shell. Formation of the type I CdS(shell)@CdSe(core)
heterostructure with a straddling gap arrangement leads to
the localization of photogenerated holes inside the CdSe core
and to the perfect passivation of CdSe core defect states.
These factors determine the increase of sensor sensitivity
toward NO; and the decrease of effective photoresponse at
given NO, concentration of ZnO/(CdS@CdSe) nanocomposites
as compared with ZnO/CdS hybrid material. In type II
ZnSe(shell)@CdS(core) heterostructures with staggered gap, the
shell formation also provides the perfect passivation of CdS
core defect states but in this case the photogenerated hole
localization in the ZnSe shell ensures the efficient charge
transfer from chemisorbed NO, molecules and their subsequent
desorption under illumination. Compared with ZnO/CdSe
and ZnO/(CdS@CdSe) samples, in case of ZnO/ZnSe@CdS
nanocomposites the synergetic combination of these factors leads
to a significant increase in the light activated sensor sensitivity
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