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Editorial on the Research Topic

Recent Advances in Micro-Nanostructured Optoelectronic Devices

Optoelectronic devices, including lasers, light-emitting diodes (LED), optical detectors and solar
cells, have gained substantial attention in scientific research and been widely used in military and
national economy fields such as laser detection and measurement, display and solid-state
lighting, optical communications and environmental monitoring, and renewable energy sources
(Bonaccorso et al., 2010; Lopez-Sanchez et al., 2013; Cao and Yan, 2021; Ye et al., 2021; Mao
et al., 2021). The performance of optoelectronic devices needs to be continuously optimized
towards high efficiency, small size, and low power consumption to meet the increasing demand
of consumers. However, further improvement in performance remains a daunting challenge due
to limited light extraction or absorption in conventional device architectures. Inspired by the
organisms in nature, a growing number of researchers have demonstrated that micro-
nanostructures could attribute unique optical, electrical, and mechanical properties to
optoelectronic devices thus serving as one of the most promising solutions to this problem
(Bi et al., 2013; Feng et al., 2017; Fusella et al., 2020; Linic et al., 2021). By designing and
optimizing the construction in optoelectronic devices, the various micro-nanostructures can be
acquired to realize corresponding efficient light manipulation effect such as enhancing light
scattering and reducing light reflection, utilizing resonant plasmonic structures to improve light
extraction or light absorption, adopting specific resonator geometries to achieve optical
feedback, using photonic crystal to guide light propagation path and designing optical
metasurfaces to control radiation properties directly at the source level (Choi et al., 2019;
Joo et al., 2020; Liu et al., 2020; Zhou et al., 2020; Fu et al., 2021).

To present these inspiring developments, we launched a Research Topic in Frontiers in Chemistry
entitled “Recent Advances in Micro-Nanostructured Optoelectronic Devices.” This Research Topic
covers fabrication, light management mechanisms of micro-nanostructures in optoelectronic
devices, and their emerging applications in display and lighting, solar energy harvesting,
telecommunication, light sensing and detection, and other fields, including seven minireviews
and three original research articles contributed from 51 researchers.

The controllable fabrication of micro-nanostructures is a crucial condition to construct efficient
micro-nanostructured optoelectronic devices. With the emergence of various kinds of micro-
nanostructures manufacturing technologies, laser fabrication technologies can be used to
fabricate micro-nanostructures by the interaction between lasers and materials, which show high
efficiency, high precision, and low thermal effect, proving to be a competitive manufacturingmethod.

Edited and reviewed by:
Baiquan Liu,

Sun Yat-sen University, China

*Correspondence:
Yue-Feng Liu

yfliu23@jlu.edu.cn

Specialty section:
This article was submitted to

Nanoscience,
a section of the journal
Frontiers in Chemistry

Received: 15 April 2022
Accepted: 21 April 2022
Published: 02 June 2022

Citation:
Liu Y-F, Gao X-M and Li Y-F (2022)
Editorial: Recent Advances in Micro-

Nanostructured
Optoelectronic Devices.

Front. Chem. 10:920807.
doi: 10.3389/fchem.2022.920807

Frontiers in Chemistry | www.frontiersin.org June 2022 | Volume 10 | Article 9208071

EDITORIAL
published: 02 June 2022

doi: 10.3389/fchem.2022.920807

4

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.920807&domain=pdf&date_stamp=2022-06-02
https://www.frontiersin.org/articles/10.3389/fchem.2022.920807/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.920807/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.920807/full
https://www.frontiersin.org/researchtopic/19544
http://creativecommons.org/licenses/by/4.0/
mailto:yfliu23@jlu.edu.cn
https://doi.org/10.3389/fchem.2022.920807
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.920807


To this end, a minireview article was delivered to address recent
advances in micro-nanostructures fabricated by laser
technologies for optoelectronic devices (Yi et al.), which covers
both typical light trapping mechanism and surface plasmon-
polariton of micro-nanostructures and outlines the typical
applications such as photodetectors, photovoltaic cells, organic
light-emitting devices. Among kinds of structures, grating
structures have demonstrated the superior light trapping
properties, coupled with simple fabrication process and easy
adjusting of size and morph, which make it widely used
optical management structures. Bai et al. introduced 1D and
2D grating structures into the hole injection layer of organic light
emitting diode (OLED) to couple the power loss trapped in
devices. As a result, both 1D and 2D grating OLEDs gained
significant improvement both in luminance and efficiency
compared with planar devices. Besides, 2D grating OLED
could bring greater enhancement than 1D grating OLED
because 2D grating has higher coupling and excitation
efficiency for surface plasma and WG mode. This method
provides an effective strategy to improve the performance of
OLEDs. Wang et al. summarized recent developments of grating
structures in optoelectronic devices regarding their typical
mechanisms in photon-related devices and their application in
many optoelectronic devices. They also have presented how to
improve the controllability of fabrication for grating structure
and balance the relationship between optical and electrical
performance are the bottlenecks that still need to be solved.

Regarding the application examples, several minireviews
summarized the recent research activities in developing micro-
nanostructures for different optoelectronic devices fields. In the
direction of lasers, Chen et al. reviewed the recent advances and
existing problems toward microlasers based on organic-
conjugated polymers, and the configurations and working
mechanism of several typical optical feedback, relevant micro/
nano-fabrication strategies and their applications in biological/
chemical sensing and organic laser display were also discussed in
detail. Periodically arranged photonic crystals fibers could
overcome the problems in fiber lasers such as small mode
field, low degree of nonlinearity, and non-adjustable dispersion
because of their unique nonlinear effects and have been the most
important gain medium for high-power ultrashort pulse lasers.
Hou et al. discussed recent developments in photonic crystal fiber
lasers doped with different ions. They pointed out the major
challenge at present is the pulling of photonic crystal fibers and
3D printing microstructured optical fiber process might be an
effective approach to solve this problem. In the area of
monitoring and sensing, micro-nanostructures are also crucial
for optimizing the performance of optoelectronic devices. Yu
et al. reviewed latest achievements, the challenges and future
prospects of photodetectors with different micro-nanostructures
in environmental monitoring, optical communication and
electronic information. Meanwhile, Ma et al. gave a
minireview of gas sensors based on different micro-
nanostructure materials under UV light and visible light
activation. They discussed the light activation mechanism and
introduced the applications of light-assisted gas sensors with
improved properties under light activation.

In addition to the above, in the framework of this special topic,
there are also two highly innovative manuscripts on light emitting
diodes and carrier dynamics of strong coupling system. Chuai
et al. reported the epitaxial growth of Bi2Se3 thin film by means of
molecular beam deposition (MBE) method. The Bi2Se3 thin film
was incorporated into N-Bi2Se3/P-CuScO2 infrared transparent
heterojunction diodes because of its remarkable optical
transparency in the wide-band infrared region and great
n-type electrical conductivity. The diodes had an abrupt
interface and exhibited rectifying I-V characteristics with the
threshold voltage of ~3.3 V. It provides a promising window
electrodes alternatives in infrared detectors, as well as other
scenarios in the wide infrared wavelength range. Another
research article from Luo et al. investigated a strong coupled
system composed of MAPbIxCl3-x perovskite film and Al conical
nanopits array by steady-state measurements, which
experimentally demonstrated that strong coupling could be
achieved with SPs and free charge carriers generated in
CH3NH3PbClXI3-X film. Benefiting from intriguing phenomena
originated in strong coupling regime, this work is conducive to
develop low-cost nanoplasmonic optoelectronic devices working
in a strong coupling regime.

The investigation on transparent conductive electrode is an
important complementary part to development of flexible
optoelectronic devices in next-generation wearable display
and lighting fields (Fan et al., 2019; Kayser and Lipomi,
2019; Wang et al., 2019; Chen et al., 2020). A minireview
from Hou et al. firstly systematically analysed advantages and
shortcomings of several notable alternative transparent
electrodes, and focused on the recent advances in silver
nanowire electrodes for flexible organic/perovskite light-
emitting diodes regarding the relationship between electrode
optimization and device performance. They have presented a
perspective on the current challenges and future directions for
development of physical mechanisms and encapsulation
approach in flexible OLEDs and PeLEDs.

In brief, this Research Topic presents some excellent
minireviews and leading-edge researches on the recent
advances in micro-nanostructured optoelectronic devices,
which shows great potential in military and numerous
national economy fields. At this point, we would like to thank
all those who have devoted valuable time and effort to this special
issue. At the same time, we would also thank the readers for their
interests on this special issue. Lastly, we sincerely hope that this
Research Topic will inspire the enthusiasm of researchers about
micro-nanostructures in optoelectronic devices.
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Light Management With Grating
Structures in Optoelectronic Devices
Wei Wang1,2,3, Gong Wang1,2*, Yang Zhang4, Xiang-Chao Sun3 , Yu Yu1,2 and Yudong Lian1,2

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key Laboratory of Advanced
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Science and Engineering, Jilin University, Changchun, China, 4Department of Experimental Pharmacology and Toxicology,
School of Pharmacy, Jilin University, Changchun, China

Ordered and patterned micro/nanostructure arrays have emerged as powerful platforms
for optoelectronic devices due to their unique ordered-dependent optical properties.
Among various structures, grating structure is widely applied because of its simple
fabrication process, easy adjusting of size and morph, and efficient light trapping.
Herein, we summarized recent developments of light management with grating
structures in optoelectronic devices. Typical mechanisms about the grating structures
in optoelectronic devices have been reviewed. Moreover, the applications of grating
structures in various optoelectronic devices have been presented. Meanwhile, the
remaining bottlenecks and perspectives for future development have been discussed.

Keywords: grating structures, optoelectronic devices, micro/nanostructure, nanoimprint lithography, light
management

INTRODUCTION

There are many interesting and ordered micro/nanostructures in nature, organisms and plants,
which play essential roles. The micro/nanostructures in lotus leaves can make water droplets roll
freely (Zhang et al., 2012b); while rose petals can keep water droplets stay on it with the help of micro/
nanostructures (Zhang et al., 2012a). The micro/nanostructures of reed leaves can guide the
movement direction of water droplets (Wang et al., 2015). At the same time, more and more
researches focus on applying micro/nanostructures in science. Ordered or patterned micro/
nanostructure arrays have emerged as powerful platforms for cutting-edge applications due to
their unique ordered-dependent properties, especially in optoelectronic devices, such as
photodetectors, light emitting diodes, lasers, solar cells, bioelectronic, etc. The reasons why the
micro/nanostructure arrays can be widely applied inmany fields are they can enhance light scattering
and reduce light reflection, improve the light extraction of organic light-emitting devices (OLEDs)
and surface-to-volume ratio (Gao et al., 2021), produce photonic metasurfaces (Li et al., 2021).
Various functions can be realized by adjusting the size, arrangement, and shape of each micro/
nanostructure. Such as the light scattering effect can be improved by concave nanonets structure.
Meanwhile, the antireflection effect can be realized by nanocone structure.

At present, the fabrication of excellent micro/nanostructure always depends on the development
of nanofabrication technology, including templated method, lithographic technology, in situ
preparation, direct laser writing, and self-assembly approaches. Many novel architectures have
been fabricated through the above technologies to improve the performance of devices, such as
microlens arrays, gratings, pyramid arrays, micro/nanorods, nanowire arrays, microsphere arrays,
and so on (Zhmakin, 2011; Geng et al., 2014; Zhao and Ma, 2017). Microlens are arranged in 2D
arrays to form an ordered array, micrometer or millimeter size usually are applied in light collimating
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(Song et al., 2013; Yu et al., 2013; Yuan et al., 2018). In addition,
the microlens array can also enhance light trapping to improve
the performance of optoelectronic devices (Choy et al., 2014;
Kang et al., 2015). More importantly, they can be used in 3D
imaging systems with large view angles, high temporal resolution,
and so on (Yuan et al., 2018). Except for the microlens array,
Chueh et al. reported the pyramid-patterned sapphire substrate
could enhance the strong light interaction between MoS2 bilayers
and the substrate to improve photodetector performance (Wang
et al., 2017). Moreover, it has been speculated that a perovskite
whispering gallery mode (WGM) microsphere array would have
higher optical absorption for solar cells (Grandidier et al., 2011;
Mihi et al., 2013). And with the help of 3D structures of nanowire
and nanorod arrays, which make incident light undergo multiple
scattering inside the structure. They are usually used in various
solar conversion devices to enhance light-harvesting ability (Cho
et al., 2011). Nanorod array also can be applied in the field of
light-emitting diodes (LED), Chang et al. reported a kind of LED
that could adjust the polarization of the emitted light with the
help of nanorod arrays (Chou et al., 2018). Every structure has
unique properties, while the gratings architectures are more
popular due to the simple fabrication process, easy adjusting
of size and morph, and excellent performance of light trapping.
The grating structure has been applied in most optoelectronic
devices and other cutting-edge applications. It’s necessary to
summarize the researches about grating structure in
optoelectronic devices.

In this minireview, we focus on the recent advancements in the
application of grating structure in optoelectronic devices. Firstly,
the typical light trapping mechanisms of grating structures in
devices are discussed. And typical examples, such as the
applications in photodetectors, solar cells, organic light-
emitting devices, and lasers are summarized. Finally, the
challenges and future perspectives for optoelectronic devices
with grating structures are also discussed.

MECHANISM

Micro/nanostructures largely determined the performance of
optoelectronic devices due to they can influence the optical
properties of devices. However, it is important to balance the
relationship between optical properties and electrical properties.
The light management mechanisms of grating structure in
optoelectronic devices are usually summarized as the resonant
effect, plasmonic effect and scattering enhancements. Among
various resonant strategies, the Mie theory is generally applied to
spherical structures and whispering gallery mode (WGM) usually
used to the sphere, toroid, and ring structures. These structures
can limit light circulate at the periphery of the resonator. As for
the grating structure, guided mode resonance (GMR) is applied.
The normally incident plane wave can be coupled into a
waveguide mode with the help of diffraction gratings (Yamada
et al., 2017). The grating layer and supporting layer are necessary
for GMR. They can induce sharp reflection and transmission
anomalies. There will be a strong interaction between light and
matter as long as it matches the outgoing emission or incoming

excitation with the guided mode wavelengths (Collin, 2014). As
shown in Figure 1A, Cunningham et al. fabricate Si3N4 periodic
grating structures on a kind of soda-lime glass to form a GMR
filter. While the GMR can be excited when the incident light
satisfies Bragg diffraction by adjusting the period, depth of
grating, and thickness of waveguide (Liu et al., 2011; Ko and
Magnusson, 2018). Rational grating structures can induce
plasmonic effects because these structures can redistribute
optical fields and scatter light (Meinzer et al., 2014). Surface
plasmon polariton (SPP) loss usually appeared in OLED devices,
and the loss happened at the interface between dielectric and
metal, which metal always serves as electrodes for OLED. And the
metallic film can couple light to induce SPP modes, which
transfer incident light into photo carriers (Atwater and
Polman, 2010). Actually, SPP is a guided electromagnetic
surface mode with transverse magnetic polarization. In
general, the SPP modes coupled with excitons can’t support
the energy couple out from the OLED devices for the
traditional planar OLED with non-grating structures. As
shown in Figure 1B, Barnes et al. have illustrated that the SPP
loss was up to ∼40% for traditional planar OLEDs, resulting in the
obvious limitation on the OLED development (Hobson et al.,
2002). It is noticed that the grating structures within OLED
devices can realize light extraction effectively. Such as the
tunable grating array was fabricated on the metallic electrode
to match the SPP mode with the energy and momentum of light
along with the interface, leading to the occurrence of SPP
resonance and increase of light extraction (Zayats et al., 2005).
Besides the resonant effect and plasmonic effect, grating
structures also can improve light scattering efficiently due to
the structure prolong the optical path and increase the reflections
and refractions (Han and Chen, 2010; Chi et al., 2017). The
absorption ability always is limited by the Lambertian limit for
films. However, light scattering will be increased among the
micro/nanostructures when the size of each structure is larger
than the wavelength. For example, the grating structures can
produce multiple reflections and refractions of the incident light,
leading to the prolongation of optical path length and the increase
of absorption to reach or exceed the Lambertian limit. There are
two typical ways to fabricate the increased scattering surface,
including integrating a textured layer and preparing ordered
structures. Such as the grating structure with an appropriate
periodicity that meets the condition of Bragg scattering can make
the light appear Bragg-scattered to enhance the light extraction
(Bruetting et al., 2013; Cai and Qi, 2015).

THE APPLICATIONS IN OPTOELECTRONIC
DEVICES

Photodetectors
The photodetector is a kind of typical optoelectronic device,
which can be adopted in many fields like clinical medical,
aerospace industry, military project, communication, and
sensors since photodetector can convert the light signal into
electrical signals for followed processes. However,
photodetector development still faces low conversion
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efficiency, while the micro/nanostructures can improve the light
absorption by various strategies (Wang and Kim, 2017; Zhou and
Huang, 2018). Among many structures, gratings play an essential
role. For example, Hu et al. reported an excellent perovskite
photodetector with nanograting through nanoimprint
lithography (Figure 1C). The performance of photodetector was
improved after grating imprinted. The width of fabricated
nanograting was 270 nm, and the pitch was 600 nm, which
could reduce reflectance during the entire spectrum. Meanwhile,
the transmission also appeared to decrease in the range of
550–800 nm. In addition, perovskite film showed higher
crystallinity under the appearance of nanograting. The
combined effects lead to the improvement of ∼35 times in
responsivity and ∼7 times in on/off current ratio (Wang et al.,
2016). Besides the above traditional grating structure, more
complex grating structures are applied in many devices
gradually. Li et al. prepared a kind of moiré perovskite
photodetector using a stacked dual shallow grating structure
(Song et al., 2021). The dual grating structure induced feedback
reflection, diffraction, and appearance of waveguide modes,
resulting in the enhanced light-harvesting of the photodetector.

Compared with flat perovskite photodetector, the detectivity and
responsivity were improved by 7.8 and 6.7 times, respectively. In
practical applications, the polarization states of light usually have
more potential value. Hence, the detection of polarized light also is
important. For example, Xia et al. reported a photodetector
comprised of a stable 2D layered Ruddlesden–Popper perovskite
arranged in grating structures. And the photodetector performed
high responsivity of 3.5 AW−1, detectivity exceeding 1 × 1015 Jones,
and a fast response with a rise time of 4.1 ms and a decay time of
3.3 ms. It is noticed that the photodetector could realize
polarization detection, in which the photocurrent varies with
polarization angle due to the different dielectric constants of the
perovskite grating structures in different directions (Li et al., 2019).

Solar Cells
The conversion of environmental energy into effective energy is
more critical for modern society. The solar cell is an effective
strategy in this field. Solar cells usually absorb photons to induce
the generation and transport of charge carriers, and the electric
energy was collected finally (Lewis, 2016; Polman et al., 2016).
Although solar cells have been developed for many years, there

FIGURE 1 | The grating structures in optoelectronic devices, (A)GMR filter with grating structure. (B) The calculated fraction of power lost from radiative excitons to
surface plasmon modes is shown as a function of position of the exciton within the organic layer. (C). Schematic of nanoimprint lithography process with different Si
molds. (D) The schematic diagram, photograph and SEM of the grating structures in solar cell. (E) Schematic of the broadband light extraction using OLED with dual-
periodic grating structures and themorphologies of a serious of grating structures. (F) Schematic representation and characteristics of surface plasmon waveguide
and periodic grating structures. Reproduced from Cunningham et al. (2011) with permission of Optical Society of America. Reproduced from Barnes et al. (2002) with
permission of WILEY. Reproduced from Hu et al. (2016) with permission of American Chemical Society. Reproduced from Mellor et al. (2013) with permission of Optical
Society of America. Reproduced from Sun et al. (2013) with permission of WILEY. Reproduced from Lin et al. (2018) with permission of American Chemical Society.
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are still many problems, including the path length of light
absorption mismatched the diffusion length of photo-
generated carriers. While the increase of path length of the
light absorption layer means the thickness of the absorbing
layer increased, limiting the portability and the cost. The
ordered grating structures can solve the above problems by
unique optical properties without changing the thickness of
light absorbing layer. Mellor et al. reported an excellent
crystalline silicon solar cell with diffraction gratings fabricated
through nanoimprinted technology. As shown in Figure 1D, the
grating structure enhanced the incident light absorption
obviously, especially the crossed grating structure with the
depth of 200 nm appeared the stronger ability in light
absorption than linear grating with the depth of 300 nm.
Firstly, weakly absorbed photons were trapped and deflected
into oblique orders through the diffraction gratings on the
rear-side. Secondly, the path of light absorption was extended
efficiently because the incident light was trapped within the
absorber layer by the total internal reflection of the front side
(Mellor et al., 2013). As mentioned above, the perovskite with
grating structures can improve the ability of light absorption and
scattering. At the same time, the crystallinity of perovskite also
was enhanced. Therefore, the patterned perovskite not only was
applied in photodetector but also was applied in solar cells. Song
et al. reported a new imprinting method to fabricate the solar cells
using the perovskite with grating structures as the active layer.
And the larger area grating structures were fabricated by
commercial optical discs, which the size of grating depended
on the area of the CD or DVD (The diameter of CD and DVD is
12 cm). The improved scattering and absorption abilities of solar
cells can trap more incident light and suppress carrier
recombination simultaneously. Utilizing CD or DVD as a
mold would have different grating structures, for example,
when CD as a mold leading to the grating period and line
width was ∼1.5 and ∼1.0 µm, respectively. When DVD was a
mold, the grating period and line width was ∼0.75 and ∼0.5 µm,
respectively. And the heights of gratings were all ∼0.1 µm.
Actually, the height of structures will influence the
performance of devices, such as the continuity of perovskite
film can be broken when the height was exceeded the
threshold value. On the opposite, the light trapping effect will
be limited by the low height. Therefore, it is essential to consider
the range of height. Under the synergistic effect of the above
results, the power conversion efficiency and photocurrent density
of perovskite solar cells with grating structures compared with
non-structures have been improved from 16.71 to 19.71% and
21.67 mA cm−2 to 23.11 mA cm−2. The authors have proved the
grating structure has perfect homogeneity through the atomic
force microscope images. Additionally, the stability of perovskite
solar cells was also enhanced that the efficiency still keeps above
90% after one month exposure on air (Wang et al., 2018).

ORGANIC LIGHT-EMITTING DEVICE

Organic light-emitting devices (OLEDs) are a kind of essential
and representative optoelectronic devices, which have been

applied in display and light panels with the advantages of
color tunability, low cost, self-emitting property, and so on.
However, there is an obvious problem in organic light-
emitting devices, which is ∼80% generated photons are
trapped in devices leading to low light extraction efficiency. It
is noticed that the ordered micro/nanostructures within the
OLEDs can induce the outcoupling effect of trapped photons
and regulate the emitting properties to improve light extraction
efficiency (Feng et al., 2017). During the internal light extraction
processes, about 40% SPPs mode loss happened around the
interface between organic layer and electrode. And the grating
structure can relieve SPP loss. Therefore, the fabrication of micro/
nanostructures on a metal electrode is important because the
electrode has better stability. Ma et al. prepared grating structures
on the ultrathin gold electrode through polymer-assisted thermal
nanoimprint technology, and the fabricated gratings were 320 nm
in period and 60 nm in depth. Taking the advantages of
nanograting structures, the momenta of SPPs and photons
could realize momentum compensation to improve light
extraction and performance of OLEDs (Ma et al., 2020). For
the white organic light-emitting devices (WOLEDs), broadband
light extraction is deserved to devote the effort. As shown in
Figure 1E, Sun et al. reported a kind of WOLEDs involved dual-
periodic gratings, in which the maximum current efficiency was
enhanced by 37% (from 16.27 cd/A up to 22.33 cd/A). In
addition, compared to single periodic gratings, the dual-
periodic gratings could broaden the SPP resonance (Bi et al.,
2013). Besides the unpolarized light, the polarized light has
become more and more important as an important and
appealing functional expansion in practical applications. And
the grating structures also was applied in OLEDs to emit linear
polarized light. Zhou et al. prepared a series of aluminum and
polyurethane acrylate nanograting structures on the green OLED
substrate using developed soft nanoimprinting technology to
emit linear polarized light. The devices produced an angle-
invariant average extinction ratio as high as 20dB when the
viewing angle within ± 60° due to both surface plasmons and
cavity modes contributed to the TM-polarized light selection
(Zhou et al., 2020). At the same time, the development of
nanofabrication technology influences the light extraction
efficiency of OLEDs to a considerable degree. At present, there
are two typical methods to fabricate grating structures, including
laser ablating method and nanoimprinting method. The laser
ablation method takes advantages of simple processes and the
adjustable period according to the applied laser wavelength to
reach the smaller grating period. However, the substrate may be
damaged by the high power of the laser during the ablation
process. In contrast, the nanoimprint method can avoid the above
damages because nanoimprint is a secondary transfer process.
Therefore, compared to laser ablation, the nanoimprint method
usually involves complex fabrication processes and the limitation
of long periods. For example, Sun et al. utilized a simple one-step
laser ablating method to prepare the OLEDs with periodic grating
structures. The method of two interference beams was taken to
avoid destroying the polymers because of the low ablation
threshold. The grating structures play an important role in
recovering power lost whatever in SPPs or waveguide mode,
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and the efficiency was proved enhanced three times finally (Bai
et al., 2011).

Lasers
For the rapid development of integrated photonic circuits or chips,
a miniature laser source is necessary. Laser with perfect intensity
and directionality can be emitted from lasers through stimulated
emission of radiation and amplification. Organic-inorganic-
perovskites can be applied in miniature lasers due to their
excellent and unique properties, including tunable bandgaps. For
example, Gu et al. firstly reported perovskite distributed feedback
resonator with grating structures using thermal nanoimprint
lithography, which proposed a new method for the design and
fabrication of perovskite lasers. The resonator performed the ability
of narrow amplified spontaneous emission (The full width half-
maximum was 2.4 nm) even the pump power was only 0.1W/cm2

and a 16-fold reduction than pristine thin film (Gharajeh et al.,
2018). Actually, both light and electric sources can excite the lasers,
such as Takenobu et al., who reported electroluminescence from a
single-crystal light-emitting transistor (LET) with a grating
resonator using the soft ultraviolet-nanoimprint lithography.
And the electroluminescence could be controlled by the sub-
micrometer grating structure. Moreover, the final realization of
single-mode lasing depended on the Bragg diffraction and mode
coupling distributed feedback (DFB) system. The above research
overcame the combination problem between LET and DFB
resonators (Maruyama et al., 2015). Except for frontier research,
the lasers with grating structures have been applied in practical
applications. Lin et al. reported a kind of hybrid plasmonic
nanolaser for sensing applications, and the role of Al grating
structures were plasmonic Bragg reflectors to decrease the
mirror loss. As shown in Figure 1F, the nanolaser could serve
as a refractive index sensor to detect glucose solutions. The
sensitivity of the nanolaser was 249 nm/RIU under the resonant
wavelength of 373 nm (Cheng et al., 2018). Strong light trapping
ability will bring new paths for next-generation lasers.

CONCLUSION AND OUTLOOK

In this minireview, we have summarized the mechanisms of
grating structures in photon-related devices, including
resonant effect, scattering enhancements, and plasmonic effect.
Taking advantages of light management strategies of grating
structures, the structures have been applied in many
optoelectronic devices, such as photodetectors, solar cells,
organic light-emitting devices, and lasers. Although the various
devices have proved the important role of grating structures
successfully. However, there are still many bottlenecks that
need to be solved, including 1. how to improve the
controllability of fabrication for grating structure; 2. how to
balance the relationship between optical and electrical
performance; 3. although the grating structure is more simple
than others, but decrease the cost and simplify the preparing
processes are still crucial for applications in business.
Nevertheless, with the rapid developments of nanofabrication
technologies, rational structure design, and advanced
fundamental theories, more grating structures will be applied
in excellent optoelectronic devices, which will bring our better
daily life.
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Low Threshold Microlasers Based on
Organic-Conjugated Polymers
Hong-xu Chen1,2, Meng-dan Qian1*, Kun Yu1* and Yu-fang Liu1

1Henan Key Laboratory of Infrared Materials and Spectrum Measures and Applications, School of Physics, Henan Normal
University, Xinxiang, China, 2School of Artificial Intelligence, Jilin University, Changchun, China

Conjugated polymers have emerged as ideal organic laser materials for the excellent
optoelectrical properties and facile processability. During a typical lasing process,
resonator configurations with specific geometry are essential to provide optical
feedback and then amplified light. Herein, we summarized the geometry and working
mechanism of several typical resonator configurations formed with conjugated polymers.
Meanwhile, recent advances in fabrication techniques and lasing performance are also
discussed to provide new ideas for the design and optimization of microcavity geometries.
Followed by the advances of practical applications in fields of laser sensing, bioimaging,
and laser illumination/display, we make a summary of the existing bottlenecks and future
perspectives of electrically driven organic lasers toward laser display and illumination.

Keywords: organic-conjugated polymers, microlasers, resonator configurations, micro/nanofabrication
techniques, optical sensing

INTRODUCTION

In the past decades, lasers have led to great revolution in technology and industrial fields because of
their unique and excellent properties, including high intensity, good monochromaticity,
directionality, and strong coherence. The emergence of laser has greatly accelerated the
development of technologies in industrial manufacturing, telecommunication, and biomedical
science (Samuel and Turnbull, 2007). For instance, the scientific cognition is largely improved
because of the ultra-high sensitivity and resolution in spectroscopy brought by lasers. Besides, lasers
with low pumping thresholds hold promising applications in the display and lighting industry for
their high brightness and monochromaticity that contribute to the highly vivid colors (Chellappan
et al., 2010). The development of new lasers depends mainly on the advances of gain materials.
According to early reports, both inorganic emitter materials and organic gain materials were well
applied in the generation of lasers. The former materials, mostly inorganic semiconductors, generally
have stable properties but inherent brittleness, requiring sophisticated processing techniques and
costly configurations. By contrast, organic gain materials are easily available and mechanically
flexible, allowing convenient fabrication of integratable photonic devices with low-cost processing
equipment (Grivas and Pollnau, 2012). Moreover, organic molecules are of wide tunability in
spectroscopy, and the chemical structures can be easily modified to satisfy the requirement of specific
lasing wavelength and low pumping threshold (Xia et al., 2003). It has been found that various
organic materials had high optical gain property and could be used as laser gain media, including
some small organic dyes and conjugated polymers (Kuehne and Gather, 2016).

Organic-conjugated polymer is an attractive gain material because of the excellent optoelectronic
property and structural processability for device fabrication (Amarasinghe et al., 2009). Conjugated
polymers usually comprise long chain units with alternate single and double C–C bonds, which are
responsible for their semiconducting property (Figure 1A). The remarkable photoelectronic
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properties make conjugated polymers a good laser alternative for
some inorganic materials (McGehee and Heeger, 2000). The first
observation of organic laser from conjugated polymers was
reported in 1992 with poly[2-methoxy, 5-(2′ethyl-hexoxy)-p-
phenylenevinylene] (MEH-PPV) solutions as gain media
(Moses, 1992). Then solid-state lasers based on
semiconducting polymers attracted more attention and made
remarkable advances for its practical prospects in integrated
optoelectronic devices. Compared with some small organic
laser molecules, conjugated polymers show unparalleled merits
such as high absorption coefficients, broad spectra across the
visible region, and most importantly, the resistance to light
quenching at solid-state thanks to the long-chain barriers
among each other, which make them an attractive low-
threshold laser material for research (Xia et al., 2004). In
addition to the optical source, some conjugated polymers can
also be electrically pumped to emit bright fluorescence and laser
(Rothe et al., 2006), which greatly broaden their practical
foreground in optical sensing and electrically driven laser display.

In this mini review, we summarize the recent advances of
conjugated polymers emitting low-threshold organic lasers with
focus on the resonator configurations and patterning strategies
involved, and then typical applications of organic microlasers in

biological/chemical sensing and organic laser display are discussed.
Finally, we provide the perspectives on the existing challenges and
future outlooks of conjugated polymer-induced organic lasers.

OPTICAL FEEDBACK CONFIGURATIONS
AND FABRICATION STRATEGIES

In a typical lasering process, pumping sources, gain materials, and
resonator configurations are all essential to amplify light (Scherf
et al., 2001). Under the proper excitation of light source, gain
materials are stimulated to realize population inversion and the
subsequent amplified oscillation by resonance. Then amplified
emission of optical waves comes into being with the coherent
optical field provided by resonator feedback configurations. By
virtue of resonator configurations, organic lasers can be generated
with low threshold and specific lasing mode. According to the
optical feedback mechanism, resonator configurations for lasing
action can be generally classified as distributed Bragg resonators
(DBRs), Fabry–Pérot (FP) cavities, distributed feedback (DFB)
resonators, whispering gallery mode (WGM) cavity, and random
lasing configurations (Figure 1A) (Chénais and Forget, 2012).
Availability of mature micro/nano-manufacturing techniques

FIGURE 1 | (A) Schematic framework of π-conjugated polymers and resonator configurations for organic laser, (B) A typical planar microcavity composed of
poly(9,9-diochylfluorene (PFO) film and distributed Bragg reflector (DBR) mirrors for the generation of low threshold polariton lasers; reproduced with permission from
Wei et al. (2019). (C) Axially coupled nanowire resonators for the modulation of laser modes based on the mutual mode mechanism; reproduced with permission from
Zhang et al. (2017). (D)Conjugated polymer-associated distributed feedback (DFB) lasers prepared by the holographic polymerization method. (E) The whispering
gallery mode (WGM) random laser from PFO/Ag-nanoparticle compound cavity used for potential sensing applications of different liquids; reproduced with permission
from Xu et al. (2020). (F)Microscale light-emitting electrochemical cell arrays based on conjugated polymers and electrolytes for optical pumping laser and the potential
electrically driven laser panel display; reproduced with permission from Liang et al. (2020).
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(Holdcroft, 2001), such as prepatterned template, micromolding,
photolithography, interference-holographic lithography, electron
beam lithography, and nanoimprinting, allows the diverse
fabrication of functional resonator configurations, which
significantly accelerate the development of organic lasers.

Distributed Bragg resonators
The first introduction of microcavity lasers was realized by the group
of Tessler, who fabricated a planar cavity consisting of poly (para-
phenylene vinylene) (PPV) interlayer between two mirrors (Tessler
et al., 1996). One of the mirrors has high reflectance (e.g., distributed
Bragg reflector, DBR), and the other one is ametallic mirror that only
allows partial transmission of light. The gain medium used for lasers
only had a thickness of 100 nm, resulting in increasing gains and
corresponding lower lasing threshold (∼100 nJ). This sandwich
microcavity shows a sort of Fabry–Pérot resonance property
where standing-wave optical field is supported between two
mirrors. The DBR resonator axis is usually perpendicular to the
plane of substrate film and mirrors. The planar resonator
configuration can be prepared by simple spin coating or
deposition of gain polymer laser on the DBR substrate. Chen
et al. designed a two-dimensional DBR resonator consisting of
four Bragg mirrors, which emitted nearly diffraction-limited
polymer lasers with an ultralow threshold of 17 μJ/cm2 (Huang
et al., 2016). Moreover, the size parameters of DBR geometry
were investigated to be 40 μm to ensure an optimal working
performance. Recently, polariton lasing with a low threshold of
27.7 μJ/cm2 was observed from disordered PFO film in a DBR
cavity (Wei et al., 2019). This work broadens the scope of
conjugated polymers in polariton laser devices with typical
features of decreased linewidth, nonlinear emission intensity, and
long-range spatial coherence (Figure 1B). Then the threshold of
polariton lasing was further decreased to an ultra-low level (17 μJ/
cm2) using pentafluorene as gain materials in a planar microcavity,
where SiO2 and Ta2O3 layers were used for the construction of DBR
microcavity, and the pentafluorene film was protected by a 10-nm
buffer layer from degradation during the device fabrication process
(Rajendran et al., 2019). The above work provides novel ideas for the
fabrication of polaritonics.

Fabry–Pérot cavities
Most of one-dimensional microscopic wires/fibers present typical
Fabry–Pérot feedback features with the body part of wire showing
good waveguiding capacity and the tip parts acting as mirrors
(Matino et al., 2019). Conjugated polymers with high gain
properties can be fabricated to micro/nanowires via facile
techniques such as prepatterned templating, micromolding,
and self-assembly. The typical fabrication work of conjugated
polymer nanowires came from the Redmond group who used the
porous alumina template assisted with the melt-mold method to
prepare high yields of poly(9,9-dioctylfluorene) (PFO) nanowires
(O’Carroll et al., 2007a). The nanowires generally exhibit regular
morphology and good dispersity with homogeneous size ranging
from 250 to 300 nm in diameter. Notably, the semicrystalline
PFO nanowire presents excellent waveguiding performance, and
the optically pumpedmicrolaser at 460 nm is observed (O’Carroll
et al., 2007b). They subsequently used a similar templating

technique to obtain poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(bithiophene)] (F8T2) nanowires, which showed superior
working performance in the field of photodetectors (O’Brien
et al., 2006). As for some conjugated polymers with small
repeat units, uniform crystal structures tend to be formed for
the lack of interference from side chains.

The self-assembly method is also a good choice to fabricate a
nanofiber of conjugated polymers in low molecular weight. It has
been reported that oligo (p-phenylenevinylene) (OPV) derivatives,
exhibiting extended π-conjugated system, are prone to form ordered
nanowire crystals with lasing action. An axially coupled microcavity
system was constructed from two kinds of nanowires assembled by
distinct OPV derivatives. Zhao group proposed a mutual mode
selection strategy using the coupled microwires to obtain
multicolor single-mode lasing generation and alternative output
modulation (Zhang et al., 2017). When pumped by a proper light,
gainmaterials can radiate laser from themicrowire cavity facet, which
can be coupled into the other cavity, and thus, the microwires
mutually act as laser source as well as wavelength filter cavity,
finally resulting in the laser mode selection and modulation
(Figure 1C). A similar self-assembly method is employed to
readily fabricate microbelts of another OPV derivative. Combined
with the femtosecond laser processing technique, themicrobelt can be
perfectly tailored into the microfiber array along its length direction.
The microfiber units are capable of presenting a similar lasing action
simultaneously (Liao et al., 2015). Modulation of multicolor laser
mode and multipoint lasing action provide a more comprehensive
idea of the utility of organic lasers, making the assembly of FP
resonators as promising candidates in full-color laser display devices
as well as integrated photonic circuits.

Distributed feedback configurations
DFB geometries with diffractive periodic structures have emerged
as a highly popular resonator configuration for its high optical
feedback efficiency, which can efficiently avoid the large
reflectivity caused by mirror or facet parts in FP cavity. When
pumped by proper light, low-threshold lasering action will be
generated from gain media under the interfering effect of periodic
geometry (usually grating or photonic structures). According to
the Bragg equation,

mλL � 2nef fΛ

where neff is the effective refractive index of the active layer, Λ is
the grating period, and m is the Bragg order. Constructive
interference only occurs on lasers with specific wavelengths (λL).

Compared with other lasing systems, DFB configurations show
special superiority in single-mode laser generation and broad-range
spectral modulation by rational design of cavity parameters, such as
grating period, refractive index, and thickness of gain layer (Heliotis
et al., 2004; Klinkhammer et al., 2012), and the lasing spectra of
conjugated polymers almost cover the whole visible region, thanks to
the diverse material availability and flexible fabrication of grating
parameters. A large amount of DFB laser work based on conjugated
polymers have been reported during the past 20 years, mainly aiming
to reduce the lasing threshold and improve the device fabrication
techniques (Stehr et al., 2003).
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The remarkable breakthrough on lasing thresholdwas achieved by
the Bradley group, who intelligently proposed a mix-order (first and
second order) grating strategy to reduce the lasing threshold of a
polymer as low as 4W/cm2 (Karnutsch et al., 2007). Subsequently, a
combination of improved gain properties with developed DFB
geometry further reduced the lasing threshold (0.77 kW/cm2) of
conjugated polymers, making them possible to be pumped by a
single LED source (Tsiminis et al., 2013). The primary DFB
configuration consisted of grating templates as resonator and
composite conjugated polymers as gain material. Convenient as it
is, the lasing action is highly dependent on the grating substrate,
which greatly limits the laser modulation capacity. In recent years,
various micro/nanofabrication techniques have been employed to
simplify the fabrication process and meanwhile increase the diversity
and flexibility of grating configurations. The developed imprinting
technique, as proposed by Prof. List, was subsequently employed to
directly mold conjugated polymers into DFB gratings that presented
desired lasing performance, which significantly improved the
fabrication efficiency toward mass production (Gaal et al., 2003).
Furthermore, advanced direct writing techniques including both
electron-beam lithography (EBL), holographic polymerization
technique, and laser interference ablation provided a more flexible
way to achieve one-step andmass construction of one-dimensional or
even complicated two-dimensional DFB lasing configurations
(Kuehne et al., 2011; Zhai et al., 2011; Huang et al., 2012).

Distinct to optically driven organic lasers, electrically pumping
lasers have attracted more and more attention because of its
practicability and feasibility in the fields of organic laser diodes
and full-color laser display. However, electrically driven laser is
still confronted with serious challenges such as the extra
additional loss and high lasing threshold. It has been validated
that conjugated polymers with excellent charge transport capacity
are ideally suitable for electrical pumping (Rothe et al., 2006).
Besides, introduction of low-threshold DFB configurations into
the electrically driven laser system can further reduce the
pumping power intensity. Samuel et al. demonstrated an
indirect electrically pumped laser configuration, in which
InGaN LED was electrically driven as light source for the DFB
lasing action of conjugated polymers (Yang et al., 2008).
Subsequently, Heeger et al. constructed PPV-based 1D/2D
grating resonators via nanoimprint technique to realize
electrically pumped DFB laser at a low threshold (32 nJ/pulse)
(Namdas et al., 2009). The electrical lasing threshold was further
decreased as reported in the recent work. Oligo-(p-phenylene)-
based gain materials with desirable carrier mobility were used in
conjunction with DFB geometry, generating blue organic lasers at
a very low threshold of only 0.16 nJ/pulse (Wei et al., 2017).

Whispering gallery mode cavities
Whispering gallerymode (WGM) resonator is a kind of typical cavity
that has good optical confinement capacity for the total internal
reflection effect near the structural boundary. A variety of micro-
configurations has been developed to generate WGM lasers,
including micro-spheres/hemispheres, microbubbles, microdisks,
microrings, and microcapillaries (Yang et al., 2015). These
structures usually exist in more than one axis of symmetry so that
light can be readily confined in the cavity, resulting in high-quality

factors and low lasing thresholds. Various WGM lasers have been
reported from conjugated polymers, among which microspheres are
more popular due to the superior feedback property and facile
fabrication techniques. For example, Xiao et al. demonstrated a
tunable optofluidic microlaser from microbubble cavities. The
smooth hollow bubble filled with polymer solutions enables the
low lasing threshold of 7.8 μJ/cm2 (Tang et al., 2018). In
comparison with liquid laser cavities, solid ones possess unique
advantages in the miniaturization and integration of organic laser
devices. Xu et al. have proposed a novel WGM random cavity to
achieve double-mode lasing simultaneously (Figure 1E). By virtue of
inkjet printing and etching method, the size of cavity can be tailored
flexibly to modulate the lasing mode, which shows promising
prospects in chemical sensing (Xu et al., 2020). Besides,
conjugated polymers self-assemble to well-defined solid
microspheres using the simple vapor diffusion precipitation
method, successfully reducing lasing threshold as low as 0.37 μJ/
cm2 (Kushida et al., 2017). Very recently, Zhao et al. remarkably
constructed a light-emitting electro-chemical cell micro-array
consisting of conjugated polymers and electrolytes (Figure 1F).
Every single WGM unit acted as a lasing pixel under proper
optical excitation, and meanwhile, electrical driven luminance was
also realized. Even though the electrical pumping laser did not realize
for the additional loss in this configuration, it provides novel
perspectives for the construction of electrical driven laser display
devices (Liang et al., 2020).

Random lasing cavities
Conjugated polymers without specific feedback resonators can also
present a lasing action, called random laser, when multiple scattering
occurs in the irregular region. Random laser usually appears from
gain medium with ill-defined and unordered geometries. Nanowires
based on a typical π-conjugated oligophenyl material have been
synthesized by the simple hot wall epitaxymethod, and low-threshold
random lasing action of nanowires (0.5 μJ/cm2) was measured at
∼425 nm under optical pumping (Quochi et al., 2005). Bongiovanni
et al. further investigated the temperature-dependent nonlinear
exciton process of the random lasing action from these nanofibers
(Quochi et al., 2008). The facile fabrication techniques and high
intensity of random laser enable its promising applications in sensing
and optical imaging. Li et al. have taken advantage of random lasing
from TiO2 nanoparticle-doped TPA-PPV films to detect explosive
vapors. The sensitivity of random laser was enhanced more than
20 times than that in spontaneous emission (Deng et al., 2010).

APPLICATIONS

As an excellent laser material, conjugated polymers in proper
resonator configurations can be pumped optically or electrically
to generate intense organic lasers, which is expected to play
important roles in diverse practical applications, such as
chemosensing, biological sensing and imaging, organic laser
diode, and electrically driven multicolor laser display (Toropov
et al., 2021). Microlasers with high quality factor are highly
suitable for optical sensing since tiny variations of the
surrounding environment and material properties will induce
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drastic changes in lasing action. Explosive vapors are important
analytes for conjugated polymers since their luminescent
emission can be effectively quenched by explosive molecules
(Yang et al., 2010). By virtue of this mechanism, Bulović et al.
originally utilized the lasing behavior rather than spontaneous
emission of PFO to detect explosive analytes, and the sensitivity
enhanced more than 30 times. Introduction of DFB, WGM, and
random lasing mode resonators allows further enhancement of
sensitivity, achieving ultra-low detecting vapor pressure of 9.8
and 5 ppb for DNB and TNT, respectively (Rose et al., 2005). Xu
et al. put forward a compound cavity containing PFO and Ag
nanoparticles to achieve WGM random lasers, which vary in
wavelength and intensity under stimuli of different liquids
(Figure 1E) (Xu et al., 2020). This novel configuration has
promising applications in laser sensing. In terms of biological
applications, a DFB laser configuration combining conjugated
polymers and hydrogel recognition layer has been fabricated to
realize label-free and real-time measurement of avidin–biotin
interaction (Heydari et al., 2014). Recently, Kuehne et al. have
synthesized conjugated polymer-based microparticles, which
emit both WGM lasers and Raman scattering narrow-band
emission. By detecting the lasing and Raman scattering signals
simultaneously, cells phagocytizing microparticles are well
tracked and imaged with reduced interferences (Haehnle et al.,
2020). Apart from sensing applications, electrically driven laser
action also plays an important role in laser diodes and panel
display, accelerating the development of integrated luminescent
devices with low-cost and flexible features (Liang et al., 2020).

CONCLUSION AND OUTLOOK

In this minireview, we have focused on the organic lasing action
and practical applications of conjugated polymers. Optical

feedback configurations and relevant micro/nano-fabrication
strategies are well summarized to provide an overall
perspective on recent developments and existing problems
toward polymer lasers. Even though considerable efforts have
been made to simplify the fabrication techniques for resonator
configurations and further reduce the lasing threshold, there still
exist many bottlenecks urgently to be solved. First, it is expected
that integratable lasing resonators in micro–nano scale can be
further developed to ensure their practical applications in
integrated laser source and full-color laser display. Besides, as
a very appealing but intractable issue, electrically driven organic
laser has not been totally realized in conjugated polymers due to
the low carrier density and high additional losses associated with
electrode absorption, polaron quenching, and triplet absorption.
Even though diverse approaches focusing on the abovementioned
problems have been attempted based on tailored gain material
with increased carrier mobility, further efforts should be put on
the optimization of resonator configurations to reduce the
additional losses and achieve the electrically operated organic
lasers with low threshold.
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Micro-/Nano-Structures Fabricated by
Laser Technologies for Optoelectronic
Devices
Jian Yi, Hao Zhou, Wei-Hua Wei, Xing-Chen Han, Dong-Dong Han* and Bing-Rong Gao*

State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun,
China

Due to unique optical and electrical properties, micro-/nano-structures have become
an essential part of optoelectronic devices. Here, we summarize the recent
developments in micro-/nano-structures fabricated by laser technologies for
optoelectronic devices. The fabrication of micro-/nano-structures by various laser
technologies is reviewed. Micro-/nano-structures in optoelectronic devices for
performance improvement are reviewed. In addition, typical optoelectronic devices
with micro-nano structures are also summarized. Finally, the challenges and prospects
are discussed.

Keywords: micro-/nano-structures, laser technologies, photodetector, photovoltaic cell, light-emitting diode

INTRODUCTION

There are many animals and plants using unique micro-/nano-structures to improve their
environmental adaptability (Han et al., 2016; Han et al., 2020a; Cao et al., 2020). For example,
micro-/nano-structures on a lotus leaf and taro surface exhibit superhydrophobic properties
(Zhang et al., 2012b; Wang et al., 2021b; Lv et al., 2021). Grating-like structures on butterfly
wings trap light, leading to the colorful butterfly wing (Wang et al., 2012; Jiang et al., 2016; Zou
et al., 2020). Learning from nature, micro-/nano-structures have been adopted in the various
functional devices for broad applications (Han et al., 2019; Zhang et al., 2019; Zhang et al., 2021).
Therefore, many researchers have focused on the fabrication and application of micro-nano
structures (Zhang et al., 2012a; Han et al., 2015; Liu et al., 2021). Mainly, due to unique optical
and electrical properties, micro-/nano-structures have become an essential part of
optoelectronic devices.

Laser fabrication technologies show high efficiency, high precision, and low thermal effect (Li
et al., 2020a; Fu et al., 2020; Ma et al., 2020; You et al., 2020; Fu et al., 2021). Laser technologies can be
used to fabricate micro-/nano-structures by the interaction between laser and materials (Liu et al.,
2019; Han et al., 2020b; Liu et al., 2020; Wang et al., 2021a). Especially, ultrafast lasers can fabricate
broadband, transparent anti-reflection surfaces, which promote the performance of optoelectronic
devices by enhancing the light absorption or introducing surface plasmon-polariton (Zhang et al.,
2010; Liapis et al., 2017; Jia et al., 2020).

In this review, we summarize recent progress on micro-/nano-structures fabricated by laser
technologies. Typical light trapping mechanism and surface plasmon-polariton of the micro-nano
structure are discussed. Then, we outlined the typical applications, including photodetectors,
photovoltaic cells, organic light-emitting devices, etc. Finally, the challenges and prospects are
discussed.

Edited by:
Yun-Fei Li,

Hebei University of Technology, China

Reviewed by:
Ziwei Li,

Hunan University, China
Wei Xin,

Northeast Normal University, China

*Correspondence:
Dong-Dong Han

handongdong@jlu.edu.cn
Bing-Rong Gao

brgao@jlu.edu.cn

Specialty section:
This article was submitted to

Nanoscience,
a section of the journal
Frontiers in Chemistry

Received: 28 November 2021
Accepted: 02 December 2021
Published: 16 December 2021

Citation:
Yi J, Zhou H, Wei W-H, Han X-C,

Han D-D and Gao B-R (2021) Micro-/
Nano-Structures Fabricated by Laser

Technologies for
Optoelectronic Devices.
Front. Chem. 9:823715.

doi: 10.3389/fchem.2021.823715

Frontiers in Chemistry | www.frontiersin.org December 2021 | Volume 9 | Article 8237151

MINI REVIEW
published: 16 December 2021

doi: 10.3389/fchem.2021.823715

19

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2021.823715&domain=pdf&date_stamp=2021-12-16
https://www.frontiersin.org/articles/10.3389/fchem.2021.823715/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.823715/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.823715/full
http://creativecommons.org/licenses/by/4.0/
mailto:handongdong@jlu.edu.cn
mailto:brgao@jlu.edu.cn
https://doi.org/10.3389/fchem.2021.823715
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2021.823715


MECHANISM

Introducing micro-/nano-structures inside or outside the
devices can improve optoelectronic devices’ performance
(Ma and Cui, 2020; Na and Chew, 2020; Chen et al., 2021).
Inspired by the moth-eye structure, the reflectivity is reduced
by introducing micro-/nano-structures. Mainly, the light will
be internally reflected many times inside the structure to form
a “light trap” (Zhang et al., 2020a; Otte and Denz, 2020; Yang
et al., 2021). As a result, the existence of micro-/nano-
structures can improve the light absorption capacity of the
optoelectronic device. Moreover, the efficiency of
optoelectronic devices can be enhanced by surface plasmon-
polariton (Eaton et al., 2016; Li et al., 2020b; Zhang et al.,
2020b).

OPTOELECTRONIC DEVICES

Photodetector
Silicon material plays an important role in silicon-based
optoelectronic integrated devices preparation. Take
photodetectors as an example, the bandgap of silicon material is
around 1.1–1.3 eV, limiting silicon material for infrared radiation
(IR) photodetection. Therefore, many efforts, such as ion
implantation or structural defects, have been developed to extend
the absorption band of silicon. As a pioneer, Zhao’s group (Li et al.,
2017; Yu et al., 2017; Li et al., 2018) fabricated supersaturated silicon
material with nitrogen, sulfur, and Au by femtosecond laser ablation
(Figure 1A). After the femtosecond laser ablation in nitrogen (N2)
atmosphere, the surface silicon material evolved into a bead-like
micro-/nano-structures with a height of 3∼4 μm and a distance of

FIGURE 1 |Micro-/nano-structures fabricated by laser technologies for optoelectronic devices. (A) Femtosecond laser manufacturing system. Reproduced from
(Yu et al., 2017) with permission of IEEE. (B) The corresponding absorptivity of nitrogen-doped silicon substrate. (C) Infrared photodetection performance. Reproduced
from (Li et al., 2018) with permission of IEEE. (D) The preparation process of PDMS convex PMLA film. (E) Simulated absorption spectra of films. (F) Solar cell
performance. Reproduced from (Fang et al., 2018) with permission of American Chemical Society. (G) Schematic diagram of laser two-beam interferes processing.
Reproduced from (Bi et al., 2013; Jiang et al., 2014) with permission of WILEY-VCH. (H) Absorption spectra for WOLEDs. (I) Performance of WOLED. Reproduced from
(Bi et al., 2013) with permission of WILEY-VCH.
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3∼4 μm (Li et al., 2018). Micro-/nano-structures are beneficial for a
stronger light trapping effect. Compared with the initial silicon
material, laser-treated N-doped silicon material has a broader
absorption (0.25–2.5 μm) and higher absorptivity
(Figure 1B). The inset of Figure 1C is the device structure
of the laser-treated silicon-based IR photodetector. The photo
responsivity is 5.3 mA/W (V � 10 V).

Photovoltaic Cell
Photovoltaic cells convert sunlight to electric energy. Usually,
light utilization efficiency is very low due to the reflection loss. To
solve this problem, various anti-reflection structures have been
designed. For example, Fang et al. proposed a 100% relative
packing density film for enhancing photovoltaic cells
performance (Fang et al., 2018). As shown in Figure 1D,
direct-write ultraviolet (UV) laser photolithography system
was employed to fabricate a paraboloidal concave photoresist
pattern (master mold). Then polydimethylsiloxane (PDMS) was
spin-coated onto the master mold. After thermally cured,
structured PDMS was separated from the master mold for
further use. Figure 1E is the simulated absorption spectra of
films. Si substrate with paraboloidal microlens array (PMLA) film
shows the highest absorption due to the suppressing reflection. It
is worth noting that PMLA antireflective (AR) film indicates
superhydrophobicity and self-cleaning ability. Finally, the short-
circuit current density increases from 35.6 to 37.2 mA/cm2 after
integrating the PMLA AR film (Figure 1F). Instead of integrating
the AR film on the photovoltaic cells surface, structured
photoelectrodes or active layers have been fabricated by
femtosecond laser ablation, interference, or laser-induced
periodic surface structures for photocurrent enhancement
(Zhang et al., 2015; Cui et al., 2016; Soldera et al., 2016).

Light-Emitting Diode
Bi et al. (2013) demonstrated white organic light-emitting diodes
(WOLEDs) with broadband excitation by introducing two-
dimensional gratings. As shown in Figure 1G, the grating
structures were prepared by two-beam laser interference (Guo
et al., 2012; Jiang et al., 2014; Yan et al., 2015). Introducing dual-
period corrugations into the WOLED metal electrodes achieves
broadband absorption (Figure 1H). In addition, broadband SPP
modes lead to broadband light extraction. Significantly,
broadband light extraction deeply affects the WOLEDs

performance (Figure 1I). Compared with traditional planar
devices, the current efficiency is increased by 37%, and the
external quantum efficiency is increased by 48%. Recently,
combining laser interference lithography and reactive ion
etching, Ju et al. proposed flexible OLEDs with light extraction
structure for optical efficiency improvement (Lee et al., 2019; Kim
et al., 2020).

CONCLUSION AND OUTLOOK

This minireview summarizes recent progress on micro-/nano-
structures fabricated by laser technologies for optoelectronic
devices. The existence of micro-/nano-structures can improve
the light absorption capacity and the efficiency of optoelectronic
devices. Typical optoelectronic devices have been successfully
designed and demonstrated the critical role of micro-/nano-
structures. Significantly, new photoelectric applications, such
as photoelectric dichroism, have been proposed and fabricated
by laser technology based on various materials (Drevinskas et al.,
2015; Jiang et al., 2020; Kuroiwa and Tatsuma, 2020; Zou et al.,
2021a; Zou et al., 2021b; Xuan et al., 2021). Although successful
works have demonstrated the distinguish characters, the
efficiency of laser processing materials needs to improve,
which benefits device preparation efficiency. With the rapid
development of nanofabrication technology, advanced
fundamental theories, new structural design, micro-/nano-
structures will improve devices performances.
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Ion-Doped Photonic Crystal Fiber
Lasers
Ya-Chong Hou1,2, Yun-Fei Li 1,2*, Xiao-Fan Xie1,2, Zi-Long Kou1,2, Yue Lu1,2, Si-Ying Chen1,2,
Yulei Wang1,2 and Zhiwei Lu1,2

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key Laboratory of Advanced
Laser Technology and Equipment, Tianjin, China

Compared with conventional solid-state lasers, fiber lasers have the advantages of
small size, simple cooling system, and good output beam quality, enabling them an
extended service lifetime in industrialized environments. Periodically arranged photonic
crystals have been the most important gain medium for high-power laser applications,
which overcame the problems in fiber lasers such as small mode field, low degree of
nonlinearity, and non-adjustable dispersion. In this mini-review, we summarize the
recent advances of typical ion-doped photonic crystal fiber lasers doped, discuss the
challenges, and provide an outlook on the future developments in ion-doped photonic
crystal fiber lasers.

Keywords: fiber, laser, photonic crystal, ion doping, output characteristics

INTRODUCTION

High-quality output laser systems are constantly pursued in solid-state lasers, due to their
applications in laser ranging and laser medicine (Kim et al., 2020; Miura et al., 2020; Chen
et al., 2021). However, traditional solid-state lasers have severe temperature effects and generate
a lot of heat, influencing the output performance. Due to the flexible structure, large mode field area
(Knight et al., 1998), photonic crystal fibers maintain the superior characteristics of infinite single
mode (Birks et al., 1997), low loss and adjustable dispersion (Ferrando et al., 2000; Ortigosa-Blanch
et al., 2000; Zhang, 2012), overcoming the defects of conventional fibers, and have replaced the
traditional YAG. So far, photonic crystal fibers have great potential for applications in fiber lasers,
fiber optic communication (Han, 2010), fiber optic sensing (Kang et al., 2015) and nonlinear optics
(Dudley and Taylor, 2009), so researchers have extensively studied the doping of different ions in
photonic crystal fibers, and thus prepared photonic crystal fiber lasers with different output
characteristics.

Currently, the power enhancement of fiber lasers is mainly affected by nonlinear effects (NLEs)
(Zervas and Codemard, 2014a; Man Hu et al., 2016), photodarkening (PD) effects (Jetschke et al.,
2008), and Transverse mode instability (TMI) effects (Tao et al., 2015). Large mode field fibers are
usually used instead of conventional small core diameter double cladding fibers to suppress the
nonlinear effects and thus increase the output power. Although increasement of the core diameter is
an effective method to achieve a large mode field, this will affect the beam quality. To resolve the
conflict between large mode field and beam quality, the structural design of the fiber and rare earth
ion doping can be employed to suppress the photodarkening effect of the fiber (Jauregui et al., 2015;
Petit et al., 2016). One of the important strategies adopted to increase the mode instability threshold
is the preparation of large mode field fibers with smaller core numerical apertures. These mentioned
problems can be solved by the ion doping of photonic crystal structured fibers. However, the
preparation of doped photonic crystal fibers need to meet the geometric size, optical (refractive
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index, homogeneity) and spectral (doping concentration,
absorption and emission) performance requirements, posing a
challenge for these techniques.

In this mini-review, we summarize the recent advances in
doped photonic crystal fiber lasers, describe the basic structure
and optical conduction mechanism of photonic crystal fibers.
Several typical photonic crystal fiber lasers have been reviewed,
including ytterbium ion-doped photonic crystal fiber lasers,
erbium ion-doped photonic crystal fiber lasers, thulium ion-
doped photonic crystal fiber lasers, and other doped types of
photonic crystal fiber. In addition, the mini-review briefly
discusses the challenges in the field and provides an outlook
for the future.

STRUCTURE AND LIGHT CONDUCTION
MECHANISM OF PHOTONIC CRYSTAL
FIBERS
Photonic crystal fiber (PCF), is also known as microstructured
fiber (MOF) or porous fiber (PF). Since the first photonic crystal
fiber was successfully developed by Knight group in 1996,
photonic crystal fibers had been hotly pursued in laser systems
for years. Photonic crystal fibers have been the most important
gain medium for high-power laser applications, which possess
flexible structure and high optical characteristics overwhelming
traditional fiber structures (Cheng et al., 2014; Li et al., 2019a; Lv
et al., 2020a; Li et al., 2020). Photonic crystal fibers can be divided
into total internal reflection photonic crystal fibers, photonic
bandgap photonic crystal fibers, and anti-resonant photonic
crystal fibers based on transmission mechanisms. Besides, they
can also be divided into solid-core photonic crystal fibers and
hollow-core photonic crystal fibers based on structures (Knight,
2003; Russell, 2003; Belardi and Knight, 2014). Among them,
solid-core photonic crystal fiber, also known as refractive index-
guided fiber, is composed of a fiber core and a cladding consisting
of periodically arranged air holes around it. The light-guiding
mechanism of such fiber is total internal reflection (Markos et al.,
2017). Subsequently, solid-core photonic crystal fibers gradually
evolve into nonlinear photonic crystal fibers, large-mode field
photonic crystal fibers, and rare-earth-doped photonic crystal
fibers with different structures and functions.

Hollow-core photonic crystal fibers can be divided into two
types by light conduction mechanisms, namely hollow-core
photonic bandgap, and hollow-core anti-resonant. The core of
hollow-core photonic bandgap photonic crystal fibers is generally
filled with air or other gases, whose light conduction mechanism
is photonic bandgap effect, as opposed to the total internal
reflection type fibers (Huang et al., 2017; Boufenar et al.,
2018). In a photonic bandgap fiber, periodic structure can be
formed by alternating arrangements of high and low refractive
index materials, which influences the photonic bandgap. The
distances between the periodically low refractive index sites are
the same, resulting in the confinement of light only for a certain
frequency of light in the core. Based on the band gap effect, light is
only transmitted in a low refractive index core, which greatly
reduces transmission losses. Moreover, the core can be adjusted

according to the actual situation, which can be 3 cores, 7 cores,
and other multi-core structures (Zhu et al., 2012; Xiang and Jiang,
2018; Lv et al., 2020b). The other kind is anti-resonant hollow-
core photonic crystal fiber (Markos et al., 2015), whose cladding
consists of only one layer of air holes. The light conduction
mechanism of this fiber is different from that of hollow-core
bandgap fiber; and the structure can be regarded as a resonant
cavity, due to the high refractive index region on the inner wall of
the cladding. In the resonant state, light leaks out of the cladding
since the resonant cavity can be regarded as transparent. In the
non-resonant state, the reflection coefficient of the resonant
cavity has a high reflection coefficient, which limits the
propagation of light within the core (Kudlinski et al., 2020). It
is the flexibility and versatility of the photonic crystal fiber
structure improves the output characteristics of lasers, which
gives it advantages than the conventional fiber structure.

ION-DOPED PHOTONIC CRYSTAL FIBER
LASERS

It is the unique advantages of photonic crystal structured fibers
have stimulated research interest in the development of special
lasers with various outputs. In this section, we briefly summarize
the recent advances of representative ion-doped photonic crystal
fiber lasers (Figure 1).

YTTERBIUM-DOPED IONS

In 2012, IPG achieved 10 kW single-mode fiber laser output using
a large-mode-field double-clad fiber with a core diameter of about
25 μm, which became a milestone in the development of photonic
crystal fiber lasers (Limpert et al., 2012). Inspired by IPG,
researchers have developed a variety of photonic crystal fiber
lasers. As the photodarkening effect of the fiber can be improved
by doping with ions, the photonic crystal fiber structure has large-
mode field properties that can withstand high power without
optical damage and ensure good beam quality. Ion-doped large-
mode field photonic crystal fibers have attracted significant
attentions in high peak power picosecond ultrafast laser
amplifiers (Zervas and Codemard, 2014b; Diouf et al., 2016;
Kabir and Razzak, 2018; Li et al., 2019b). The most common
doping ion in photonic crystal fiber is ytterbium ion. Specifically,
Otto et al. (2014) obtained an average output power of 2 kW in an
ytterbium-doped large-span photonic crystal fiber, including a
peak power of 0.8 MW with a beam quality M2 less than 3 (Wei
et al., 2016). Wei et al. (2016) investigate an all-solid-state large-
area ytterbium-doped quartz photonic crystal fiber, in which they
achieved an all-solid-state large-mode field microstructured fiber
with a core diameter of 50 μm. The fiber laser could maintain
quasi-single-mode transmission characteristics in 1,064 nm and
obtain a laser output of 8 W. In addition, Wang et al. (2019) also
successfully developed a quasi-single-mode picosecond pulsed
laser with ytterbium-doped large-mode field photonic crystal
fiber, in which the inner cladding diameter was about 260 μm
with outer diameter of about 450 μm, air hole diameter of about
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2.5 μm, and the spacing of about 14 μm. At the optimal bending
diameter of 47 cm and 520W pumping power, the fiber laser
achieved a maximum output power of 272W, a single pulse

energy of 5.6 μJ, and a peak power of 266 kW. However, the beam
quality gradually deteriorated with the increased power, owing to
the thermal accumulation of the core. The thermal accumulation

FIGURE 1 | Ion-doped photonic crystal fiber lasers. (A,B) Types of photonic crystal fibers. (C–G) Various ion-doped photonic crystal fiber lasers such as Ytterbium
ion doping (C), Erbium ion doping (D), Thulium ion doping (E), Ytterbium aluminum codoping (F), and Erbium ytterbium codoping (G).
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triggered the change in the refractive index of the core, leading to
a mismatch in the numerical aperture of the core and further
affecting the laser beam quality (Li et al., 2010). Subsequently,
Wang et al. further prepared an ytterbium-doped large-mode
field photonic crystal fiber laser with a core diameter of 75 μm,
based on an optimized fabrication process, in which the air
aperture was approximately 2 μm and the spacing was
approximately 16 μm. The corresponding fiber laser obtained
an average output power of 102W with a single pulse energy of
102 μJ and a peak power of more than 1 MW at 166W pumping
power. This experiment had not observed excited stimulated
Raman scattering (SRS) emission phenomenon. The Yb-doped
large-mode field photonic crystal fiber lasers improved greatly in
terms of picosecond pulsed laser amplification performance with
the improvement of the Yb-doped core material preparation
technology.

ERBIUM-DOPED IONS

Although ytterbium-doped ion photonic crystal fibers are still the
mainstream of laser development, erbium-doped ion photonic
crystal fiber lasers have also been extensively studied in recent
years, especially in narrow linewidth output with ultrashort pulse
lasers (Li et al., 2015). Li et al. (2015) obtained a three-wavelength
narrow linewidth output of less than 2 kW or a six-wavelength
narrow linewidth output of less than 5 kW using a tunable
variable optical attenuator based on Rayleigh scattering for
tunable narrow linewidth Brillouin-doped photonic crystal
fiber lasers (Pourshab et al., 2017). Pourshab et al. (2017)
obtained the laser output at 1,561.47 nm with an uplink
linewidth of less than 1.19 kHz using an erbium-gallium co-
doped photonic crystal fiber as the gain medium and a narrow-
band filter, a sub-ring cavity and a cascaded anisotropic fiber as
mode selection. Narrow linewidth lasers are important in a
variety of fields where high precision and strong coherence are
required. In addition, Elahi et al. (2017) overcame the spectral
narrowing effect of erbium-doped photonic crystal fiber in the
amplification process and obtained an ultrashort pulse output
with a minimum pulse width of 175 fs, a repetition frequency of
43 MHz, a central wavelength of 1,550 nm, and a single pulse
energy of 80 nJ in an erbium-doped photonic crystal fiber pulse
amplification system.

THULIUM-DOPED IONS

At present, there are fewer reports on Nd-doped photonic crystal
fiber lasers compared to Yb-doped photonic crystal fiber lasers
and Erbium-doped photonic crystal fiber lasers. A chirped
amplification system using a thulium-doped photonic crystal
fiber with a mode field diameter of 65 μm and an air cladding
of 260 μm was established by Stutzki et al. (2015) A pulsed peak
power of 200 MW, an average output power of 24W, and a
pulsed energy of 120 μJ were achieved with a 790 nm laser diode
backward pumping. In addition, in their study of compact
thulium-doped photonic crystal fiber lasers, Lee et al. (2020)

achieved a picosecond pulse output in 2 μm with an average
output power of up to 25W. This pulse was compressed by a
compact multipass configuration, resulting in a maximum output
pulse energy of 46.3 μJ and a maximum output pulse width of
2.8 ps.

Other Photonic Crystal Fiber Lasers
In recent years, several researchers have used chemical vapor
deposition techniques to prepare photonic crystal fibers with very
low numerical apertures using various co-doping ions such as
Yb3+/Al3+/P5+ and Yb3+/Al3+/F−. For example, in their study of
large-mode field photonic crystal fiber lasers, Wang et al. (2017)
successfully prepared a fiber with a core diameter of 50 μm using
Yb3+/Al3+/P5+/F− co-doping and achieved a laser output with an
average power of 97W, a peak power of 93 kW, and a beam
quality of 1.4. Since high-power fiber lasers in the 1.5 µm band
have a wide range of applications and the gain medium for fiber
lasers in this band is usually a double-clad erbium-ytterbium
co-doped fiber, so that ytterbium-erbium co-doped photonic
crystal fibers dominate among other dopant ions, Of which
Wang et al. (2014) studied large-mode field fiber lasers using
erbium-ytterbium co-doping in a stable laser output with a
maximum power of 1.6 W and a center wavelength of
1,534.5 nm obtained in a 600 mm length photonic crystal
fiber. The pump optical power was 150 mW, with the slope
efficiency of 21%, and the beam quality factor M2 less than
1.05. The co-doped photonic crystal fiber has excellent laser
performance and is an important direction for future
development in fiber lasers.

CONCLUSION AND OUTLOOK

In summary, optical fibers with photonic crystal structures are
flexible and versatile, featuring large mode field area, infinite
single mode, low loss, and hold great promise for the preparation
of high-power ultrashort pulse lasers. This mini-review
summarizes the recent advances in photonic crystal fiber lasers
doped with different ions, including ytterbium-doped photonic
crystal fiber lasers, erbium-doped photonic crystal fiber lasers,
thulium-doped photonic crystal fiber lasers, and other types of
photonic crystal fiber lasers. However, due to the special nature of
photonic crystal structures, the major challenge at present is that
the pulling of photonic crystal fibers. 3D printing
microstructured optical fiber process is an effective approach
to solve the problem of difficult preparation of microstructured
fiber prefabricated rods and long-distance fiber drawing, paving a
way to the future development of photonic crystal fiber. In
addition, Compared to photonic crystal structured lasers and
sensors, photonic crystal structured optical fibre communication
has been less researched, but there is great potential for
development due to its unique properties such as photonic
band gap effect, unique waveguide properties and non-
linearity making it important in areas such as optical wave
transmission and control, optical information manipulation
and processing and new photonic devices. In conclusion,
compared with conventional optical fibers, photonic crystal
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structured optical fibers possess significant research values in
numerous fields.
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In recent years, gas sensing electronic devices have always attracted wide attention in the
field of environment, industry, aviation and others. In order to improve the gas sensing
properties, many micro- and nano-fabrication technologies have been proposed and
investigated to develop high-performance gas sensing devices. It is worth noting that light
irradiation is an effective strategy to enhance gas sensitivity, shorten the response and
recovery time, reduce operating temperature. In this review, firstly, the latest research
advances of gas sensors based on different micro-nanostructure materials under UV light
and visible light activation is introduced. Then, the gas sensingmechanism of light-assisted
gas sensor is discussed in detail. Finally, this review describes the present application of
gas sensors with improved properties under light activation assisted conditions and the
perspective of their applications.

Keywords: light irradiation, micro-nanostructure, gas sensing devices, sensor, metal oxide semiconductor

INTRODUCTION

With the rapid improvement of economy and the quality of human life, people have realized that
environmental pollution has caused irreparable damage to the Earth. Harmful gases from coal-fired
power stations, garbage incineration, automobile exhaust and industrial waste gas not only pose a
threat to the environment but also endanger human health (Cheng et al., 2021a). Therefore, the
development of harmful gas detection technology is of great significance.

The metal oxide semiconductor (MOS) sensors have many advantages of small size, high response,
fast response and so on, which attract great interest in real-time detection of different gases. However,
the high operating temperature can reduce the life of the device and sensitivity. Consequently,
researchers began to explore gas sensing devices by putting forward a large number of theoretical
methods and experimental schemes, which can work at low temperature or even room temperature
(RT). In recent years, with the continuous development of nanotechnology and nanomaterials, the
research of RT gas sensor has also got significant progress include morphological control (Wang et al.,
2021, noble metal surface modification (Wang et al., 2019a) or doping and the formation of
heterostructures (Wang et al., 2019b). Furthermore, light activation is an effective method to
improve the performance of MOS sensors. The optical irradiation of MOS sensor can change the
surface electronic properties by adjusting the concentration of optical carriers inMOS, so as to promote
the interaction between molecule and sensor layer (Kumar et al., 2020). Herein, we will summarize the
latest progress of photoactivated RT MOS sensors in the past few years.
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Recently, many reports have confirmed that ultraviolet (UV)
irradiation can indeed improve the performance of MOS sensors,
including higher sensitivity, shorter recovery time and lower
power consumption. UV excitation can increase the density of
free electron-hole pairs and lead to photodissociation of the target
gas and chemical surface adsorbents (Zhai et al., 2018; Park et al.,
2014; Hyodo et al., 2017). However, the harmful effects of UV
light on human skin and eyes remain an acute problem, and UV
light accounts for only 5–7% of the total energy from sunlight.
Therefore, additional UV-LED light sources are required, which
presents a new challenge to the size design of the sensor. By
contrast, visible light is superior to UV light in terms of energy
acquisition and energy utilization. More importantly, it does no
harm to human health. Similarly, visible light activation of
narrow band gap metal oxides for RT gas sensing has been
explored by numerous researchers in the past few years
(Hasani et al., 2015; Li et al., 2018; Song et al., 2020). While
visible light activation is an effective way to improve the
performance of MOS sensors, it still faces great challenges to
widely apply it in real environment.

In this paper, we discuss RT gas sensors under light assisted
conditions. This review is divided into three parts: firstly, we focus
on the latest progress of gas sensors based on MOS, noble metal
doped MOS and MOS with heterojunction structure at room
temperature by different wavelength light sources (UV light and
visible light). Secondly, we describe the gas sensing mechanism
under light-assisted condition. Finally, we introduce the

application status and future prospects of gas sensors under
light-assisted conditions.

LIGHT ACTIVATION GAS SENSORS BASED
ONDIFFERENTMICRO-NANOSTRUCTURE
MATERIALS
Many studies have shown that light irradiation is one of the
effective ways to improve the gas sensitivity of pure MOS, noble
metal doping MOS nanostructure and MOS with heterostructure
can be improved under the condition of light activation, which
will be described one by one below.

Gas Sensors Based on Pure Metal Oxide
Nanostructure
In 2008, Costello and his colleagues firstly confirmed that UV
light can improve the RT sensitivity of ZnO sensor. The ZnO
sensor could detect 1 ppb of acetaldehyde and acetone and
obtained adjustable sensitivity though manipulating the
intensity of UV light (De Lacy Costello et al., 2008). Chen
et al. demonstrated the gas sensor based 3D cone-shaped
MoS2 bilayer showed high response (∼470%) and short
response time (∼25 s) after exposure to 1 ppm of NO under
UV light (Chen et al., 2019). As shown in Figure 1A, it is
explained that the excellent NO sensing properties is due to

FIGURE 1 | (A) Microscopic characterization of MoS2 and gas sensing performance under white light, Simulation results for the Flat-MoS2 and Cone-Shaped-
MoS2 gas sensors by finite difference time domain (FDTD) illuminated by the light with the wavelength of 550 nm. Reproduced with permission from ref. 13. Copyright
2019, Royal Society of Chemistry. (B) Schematic illustrations of edge-enriched SnS2 NFs for visible light activated NO2 gas sensor. Reproduced with permission from ref.
14. Copyright 2021, Royal Society of Chemistry. (C) Sensing performance of MoS2 and MoS2-Au sensors toward NO2 gas with no UV illumination. Reproduced
with permission from ref. 17. Copyright 2018, American Institute of Physics. (D) Schematic illustration for (left) the experimental procedures to fabricate nanofiber pattern
(NF-P) sensors via near-field electrospinning (NFES) and (right) NO2 detection of nanofiber pattern (NF-P) sensors under visible light illumination. Reproduced with
permission from ref. 18. Copyright 2021, WILEY-VCH.
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the three-dimensional light scattering effect attracted by UV light,
which further enhances the light absorption.

Because of the health hazards and low utilization of UV light,
researchers began to explore the replacement of UV light with
visible light. Li et al. prepared a highly ordered CdS nanoflakes
array by using Chemical Vapor Deposition (CVD) technology
and studied its gas sensing characteristics (Li et al., 2018). It is
found that the sensor has good working potential under natural
solar lamps and can be used for outdoor environment
monitoring. The excellent gas performances are attributed to
the low band gap energy (2.4 eV) and the unique morphology of
CdS. These inherent properties of CdS can enhance light
absorption and conductivity. Wang et al. successfully prepared
SnS2 nanoflowers by solvothermal synthesis (Eom et al., 2021). In
Figure 1B, it is confirmed that the high absorbance of SnS2 in the
visible region triggered the generation of carriers, which could
decrease the resistance and enhance the gas sensing
characteristics. Friedman et al. fabricated MoS2 by mechanical
stripping and tested the sensitivity of the sensor under visible light
(Friedman et al., 2014). They observed a 10-fold difference in the
sensitivity of the sensors to trimethylamine before and after light
exposure. The improved gas sensitivity of MoS2 sensors comes
from photoexcitation.

Gas Sensors Based on Noble Metal Doping
Nanostructure
Many studies have demonstrated that the modification of noble
metal and light irradiation have synergistic effect on improving
the gas sensing performance of pure MOS. On one hand, Li et al.
fabricated a sensor based on Au/ZnO porous octahedron (POHs).
Compared with the sensor based pure ZnO POH, the response of
the sensor based on Au/ZnO POHs to formaldehyde is
significantly improved under UV light (Tsai et al., 2018). Zhou
et al. reported a UV-assisted, recoverable, highly sensitive and
selective NO2 gas sensor based on Au-MoS2 nanocomposite
(Zhou et al., 2018a). In Figure 1C, the Au-MoS2 sensor has a
three-fold enhanced response to NO2, full recovery property and
good repeatability under UV light. The detection of NO2 under
UV light provides an alternative strategy for the design of single
multifunctional optoelectronic devices.

On the other hand, Kim et al. reported the detection of NO2

gas by a one-dimensional Au-SnO2 nanofiber sensor under
visible light at RT (Lim et al., 2021). The sensor shows a high
degree of selectivity, sensitivity and repeatability in response to
NO2 at sub ppm levels. As shown in Figure 1D, the excellent RT
NO2 properties are in connection with the effects of Au
nanoparticles from local surface plasmon resonance (LSPR) in
visible light. This workmakes the new transparent design possible
for oxide gas sensors without external heaters or light sources.
Additionally, Chen et al. developed a high-performance visible
light activated NO2 gas sensor based on LSPR and increased
surface oxygen vacancy (Chen et al., 2020). The results show that
Au NPs modification can significantly improve the visible
photosensitivity of ZnO films compared with pure ZnO films.
It provides an effective way to construct high-performance
photoactivated gas sensor.

Gas Sensors Based on Heterojunction
Nanostructure Composite
Both the construction of heterostructure and light irradiation can
increase active sites and charge transfer of pure metal oxide
semiconductor. The heterostructure of MOS can enhance charge
transduction and adjust grain boundary potential barrier, which
is beneficial to improve the gas sensitivity. For one thing, Chang
et al. prepared hollow ZnO/MoS2 nanosheets with core/shell
heterostructure (Chang et al., 2020). The high acetone
response and fast response/recovery rate are caused by the fast
gas transport channel and the n-p heterojunction of MoS2
nanosheets. Moreover, UV light is introduced to further
improve the acetone reaction and greatly reduce the operating
temperature. The optical diffraction and reflection caused by the
decoration of layered MoS2 nanosheets can significantly improve
the light capture. Yang et al. successfully synthesized hollow ZnO-
SnO2 heterostructure for triethylamine (TEA) (Yang et al., 2018).
Particularly, the sensor based ZnO-SnO2 showed short response
time (1.8 s) and recovery time (18 s) under UV light.

For another, Liu et al. reported hollow SnO2@SnS2
nanostructures prepared by one-step hydrothermal method
(Liu et al., 2020). The sensor based on SnO2@SnS2 has a fast
response rate and good recovery ability to ppb-level NO2 under
visible light at RT. The excellent sensing performance of SnO2@
SnS2 sensor is due to the hollow and porous heterojunction
structure, which is conducive to gas diffusion, especially visible
light assisted to promote charge transfer and gas desorption.
Chen et al. prepared gas-sensitive ZnO nanorods with sea urchin-
level mesoporous structure modified by PbS quantum dots (QDs)
(Chen et al., 2018). The PbS QDs have a narrow band gap shown
in the Near Infrared Spectroscopy Analysis (NIR) spectrum.
Compared with the original ZnO nanorods, the sensor based
ZnO/PbS nanocomposites have a higher response and faster
response/recovery speed to ppm level NO2 under visible light.

SENSING MECHANISM OF
LIGHT-ASSISTED GAS SENSOR

Light activation has been proved to be an effective way to improve
the performance of gas sensors, but the relationship between the
types of light source, the structure of materials and the
improvement of gas sensing properties are not clear. The
explanations for the improved gas sensitivity of UV light are
as follows:

Firstly, Gong et al. proposed the gas sensor based on a novel
ZnO hybrid with nanowire/optical fiber (Gong et al., 2017). The
results show that UV irradiation can improve the sensitivity and
shorten the response time, and the sensor also has good long-
term stability. UV irradiation can respond to gas with ppb-level
concentration at low temperature. The electrons in the ZnO
hybrid excited by UV irradiation promote the reduction of
ethanol gas, leading to the higher gas performance. Therefore,
the irradiation of UV will generate more conductive electrons,
improve the conductivity of the sensing materials and promote
the electron transfer under UV irradiation, thus improving the
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response of the gas sensor. Secondly, Zhou et al. have proposed
that the increased sensitivity is ascribed to the increase in the
number of active adsorption sites and the introduction of active
catalysts such as Au, Ag, Pd and other noble metals (Zhou et al.,
2018a). For example, Au nanoparticles can accelerate the capture
of more photons, resulting in additional photoexcited carriers to
promote the interaction between gas and sensing materials. The
efficient separation of photoexcited carriers at the interface of
MoS2/Au also contributes to rapid and complete recovery under
UV light. Finally, Zhou et al. explained that UV light can excite
electron-hole pairs in ZnO (n-type) and MoS2 (p-type) (Zhou
et al., 2018b). The photoexcited electrons in the conduction band
can be easily transferred to ZnO by the built-in field, which is
similar to the excited hole in the valence band of ZnO to the
excited hole of MoS2. Therefore, light carriers can be effectively
separated at the interface of heterojunction in order to improve
the gas sensing properties.

The explanations for the improved gas sensitivity of visible
light are as follows: Primarily, the explanations given by Li et al.
are as follows: The photon energy of visible light greater than the
band gap of semiconductor can produce electron-hole pairs.
Electrons and holes cannot recombine efficiently, and the
electrons of light source move to the conduction band and
then are accumulated in the conduction band. This results in
the high concentration of electrons in the conduction band and
the high conductivity of the semiconductor. Therefore, the
sensitivity of the gas sensor is significantly increased under
visible light (Li et al., 2018). Posteriorly, Chen et al. developed
a high-performance visible light activated NO2 sensor based on
LSPR and increased surface oxygen vacancy (Chen et al., 2020).
The mechanism of visible light activated by LSPR absorption are
illustrated. At the interface of metal and semiconductor, the
Fermi level of ZnO is transferred to a positive charge when
electrons transfer from ZnO nanorods to Au nanorods, resulting
in an upward-bending band interface and a Schottky barrier. The
photoexcited electrons generated in Au can overcome the
blocking and injection of conduction band in ZnO, making
more free electrons can participate in the chemical reaction
with the surface adsorbed O2 and NO2 molecules. Niu et al.
prepared vertically stacked MoS2/GaSe heterojunction by all-dry
transfer method (Niu et al., 2021). When the p-n junction
between MoS2 and GaSe is exposed to visible light, electron-
hole pairs in both MoS2 and GaSe layers are generated by light
and tend to migrate at the interface. Due to the built-in electric
field, electrons transfer to n-type MoS2 and holes transfer to
p-type GaSe, resulting in carrier separation. NO2 has a strong
electron affinity and can easily capture electrons from the
conduction band of the material. In general, the separation of
the light source carrier and the built-in electric field acts as a
driving force to drive the gas sensing behavior.

The possible mechanism and reasons for the superior gas
performance of light irradiation can be explained as follows:

1) For pure metal oxide nanostructure, the gas sensing
performance depends on the amount of oxygen active
substance adsorbed on the nanostructure surface. Under
dark conditions, the concentration of free carriers inherent

in the nanostructure is low, resulting in less utilization of the
active site to produce absorbed oxygen. In contrast, with the
increase of the number of free carriers under light irradiation,
the surface absorption site improves the chemical activity of
the surface and thus enhances the gas sensitivity.

2) For noble metal doping nanostructure, the LSPR effect not
only enhances the absorption of light, but also inhibits the
reorganization of electron-hole pairs produced by light. The
intermediate-thermal electrons generated by LSPR absorption
can overcome the Schottky barrier at the noble metal/oxide
junction and inject into the oxide conduction band. Therefore,
more surface adsorbed oxygen is formed on the oxide surface,
leading to a stronger sensing reaction.

3) For heterojunction nanostructure composite, the formation of
heterojunction can promote the separation of electron-hole
pairs, effectively accelerate the electron conversion between
different particles, and improve the response rate. When the
heterojunction is exposed to light irradiation, electron-hole
pairs in the semiconductor are generated by light and tend to
migrate at the interface. Due to the built-in electric field, the
electron transfer rate is enhanced, resulting in carrier
separation and improving the gas sensitivity.

THE PRESENT APPLICATION OF GAS
SENSORS UNDER LIGHT ACTIVATION

As essential for environmental monitoring, process control and
early diagnosis of human disease, gas sensors under light
activation are used to sense volatile organic compounds
(VOCs). Wu et al. demonstrated a specific and highly sensitive
detection of ketones using two-dimensional (2D) MoTe2 (Wu
et al., 2018). They also investigated the effect of UV activation on
the sensing performance of VOCs. Activation of UV light results
in high sensitivity, low detection limit (∼0.2 ppm) to acetone and
high stability even in high humidity, which is crucial for early
diagnosis of diabetes. Zhao et al. demonstrated a flexible,
transparent and high-performance gas sensor based In2Se3
using a simple pulsed laser deposition (PLD) method (Zheng
et al., 2017). The gas sensor can work under the activation of
visible light and shows excellent performance in detecting
acetylene gas. No significant degradation of sensing
performance was observed even after 100 bending cycles. The
In2Se3 sensor has an average transmittance of 64% in the visible
light range (400–800 nm). In addition, they found that the
sensitivity, response and recovery rate of the sensor based
In2Se3 depend on the light intensity. The excellent
performance of In2Se3 sensors on flexible substrates provides a
brilliant future for practical applications in wearable
optoelectronic systems. Cheng et al. also prepared CuO
flower-like materials (FMs) by hydrothermal method, and then
obtained Au@CuO FMs by in-situ reduction reaction (Cheng
et al., 2021b). The performance of the sensor based Au@CuO
FMs was evaluated by detecting volatile and toxic gases such as
ethanol, isopropanol, methanol and formaldehyde under UV
light. It was found that the sensor based Au@CuO FMs had a
higher response (95.3) than the sensor based CuO FMs at a
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concentration of 1,000 ppm, while the sensor based Au@CuO
FMs had a response of 174 under UV light. Therefore, Au@CuO
FMs is a promising ethanol detection method. In summary, light
irradiation as an effective means enables gas sensors to maintain
better performance in environmental monitoring and human
health protection.

CONCLUSION

In this paper, we first introduce the latest research progress of gas
sensors with different microstructures (pure metal oxide
nanostructure, noble metal doping nanostructure,
heterojunction composite nanostructure) activated by UV and
visible light. In the next place, we introduce the light activation
mechanism of gas sensors with different structures from the
perspective of microscopic mechanism. Finally, several

applications of photoactivated gas sensors in environmental
monitoring, process control and early diagnosis of human
diseases are listed.
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Higher Light Extraction Efficiency in
Organic Light-Emitting Devices by
Employing 2D Periodic Corrugation
Yu Bai*, Yahui Chuai, Yang Wang and Yingzhi Wang

Changchun University of Science and Technology, Changchun, China

Photons trapped in the form of waveguide (WG) modes associated with the
organic–organic interface and in the form of surface plasmon polariton (SPP) modes
associated with the metallic electrode–organic interface result in a large energy loss in
organic light-emitting devices (OLEDs). Introducing gratings onto the metallic electrode is
especially crucial for recovering the power lost to the associated SPP modes. In our
research, we demonstrate the efficient outcoupling of SPP modes in TE mode by two-
dimensional (2D) grating, which cannot excited in one-dimensional (1D) grating OLED. This
causes a 62.5% increase in efficiency from 2D grating OLED than 1D grating OLED. The
efficient outcoupling of the WG and SPP modes is verified by the numerical simulation of
both the emission spectra and the field distribution.

Keywords: OLED (organic light-emitting diode), periodic (defect) structure, SPP (surface plasmon plaritons), TE
mode and TM mode, light extraction enhancement

1 INTRODUCTION

In flat panel display and solid-state lighting, organic light-emitting devices (OLEDs) have great
application potential. OLED has many advantages, such as energy efficiency, large viewing angle, low
working voltage, fast response, and lightweight. Therefore, it is considered an ideal solution for future
display and light sources. Although the internal quantum efficiency of OLED could nearly reach
100% now, its external quantum efficiency is still low, because of its low light extraction efficiency.
Approximately 80% of the light emitted from OLED is absorbed by its internal waveguide (WG)
mode, indium tin oxide (ITO) anode, and surface plasma polariton (SPP) generated between the
organic layer/metallic cathode, and only 20% of the light gets to emerge out of OLED. In other words,
OLED has a low light extraction efficiency. If we can solve the problem of light extraction efficiency of
OLED, we can greatly enhance the external quantum efficiency of OLED (Gu et al., 1997; Erchak
et al., 2001; Hobson et al., 2002; Kim et al., 2005).

One effective way of enhancing the light extraction efficiency of OLED is introducing
periodic microstructures into the device. Periodic microstructures with period length between
optical wavelength and subwavelength play a significant role in optical and optoelectronic
devices (Moreland et al., 1982; Choi et al., 2005; Peng et al., 2005; Xie et al., 2008). Previously,
we have reported that the method of laser two-beam interference can be used to directly ablate
one-dimensional (1D) grating in the organic layer of OLED (Bai et al., 2011). By exciting the
surface plasma effect and improving the WG effect of OLED, we can enhance its light extraction
efficiency. However, for those devices that might produce surface plasma such as metallic
cathodes of OLED, Worthing and Barnes (2001) pointed out that the production of surface
plasma occurs in all directions of a plane, but 1D grating has directions, and only in half of the
directions can surface plasma be coupled and excited; therefore, the coupling efficiency of
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surface plasma in 1D grating is low. Furthermore, for the WG
mode of OLED, 1D grating can only reduce WG loss in
specific directions and cannot help in other directions.

We introduced a two-dimensional (2D) grating structure into
the organic layer of OLED in this research. Taking advantage of a
higher coupling efficiency of SPP and WG mode in 2D grating
structure, we obtained OLED with higher light extraction
efficiency (Rigneault et al., 2000; Han et al., 2003; Giannattasio
and Barnes, 2005; Jing et al., 2005; Wedge et al., 2005; Yang et al.,
2005; Peng et al., 2006).

2 EXPERIMENT

In previous researches, we found that 350-nm periodic grating
has SPP peak position of 607 nm. In order to leverage SPP to
enhance light emitting, we need to choose optical materials
with peak position of approximately 607 nm. DCJTB has a
peak position of 610 nm (Xu et al., 2011); therefore, it was
chosen.

A conducting polymer widely used in polymer LEDs as a
hole-transport material, poly(N-vinyl carbazole) (PVK), is
chosen, and it is spin-coated on the ITO glass for the
fabrication of the corrugated hole transporting layer (HTL)
in OLEDs. 4,4′,4″-Tris(3-methylphenylphe-nylamino)

triphenylamine (m-MTDATA) was doped into the PVK
with a concentration of 5% by weight to enhance the hole
injection and transport of the HTL. The ablation experiments
used a frequency-tripled Nd:YAG laser (Spectra-Physics
Company) with 3-nm pulse width, 10-ns pulse length, 10-
Hz repetition rate, and 355-nm wavelength. An ITO-coated
glass substrate was cleaned with acetone and ethanol. The HTL
was spin-coated at 4,000 rpm/s speed for 70-nm thicknesses.
The sample was prebaked in vacuum for 30 min at 60°C to
evaporate the organic solvent. Then, the sample was exposed
by two beams, which were split from the UV laser with a beam
size of 6 mm in diameter. The microstructure fabrication was
conducted in air at room temperature using a single laser pulse
for 1D grating. To obtain 2D grating, we prepared 1D grating
first and rotated it by 60° and then did a second laser
interference ablation. The periods for 1D and 2D grating
are both 350 nm.

Prepared ITO substrates coated with corrugated HTL were
immediately brought into a thermal evaporation chamber. Then,
the 20-nm-thick HTL of N,N0 -diphenyl-N,N0-bis(1,10-
biphenyl)-4,40-diamine was evaporated. After that, 4-
(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-
enyl)-4H-pyran (DCJTB) with a concentration of 1% by weight
was doped into 50-nm-thick emitting layer of tris-(8-
hydroxyquinoline) aluminum (Alq3) for emission layer. At

FIGURE 1 | EL performance of the 1D grating, 2D grating, and planar OLEDs. Current density–voltage (A), current density–luminance (B), current
density–efficiency (C) characteristics, and the EL spectra (D).
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last, LiF (1 nm)/Al (100 nm) for cathode was evaporated. Here, all
layers were prepared by thermal evaporation in a high vacuum
system with the pressure of less than 5 × 10−4 Pa. The active area
of the devices was 2 × 2 mm2. Their current
density–voltage–luminance (J–V–L) characteristics were
measured by Keithley 2400 programmable voltage–current
source and Photo Research PR-655 spectrophotometer. The
emission spectra at different observation angle were collected
with a lens and then collimated and focused into the entrance slit
of a 300-mmmonochromator/spectrograph (SR-3031-A; Andor)
to limit the angular acceptance to ∼1°. The spectrogram of the
emission was recorded using a charge coupled device (iDus;
Andor). The OLEDs were placed on a rotation stage with the
grooves parallel to the rotation axis. All of the measurements were
conducted in air at room temperature.

3 DISCUSSION

Figure 1 shows the performance curve of the device and the EL
spectra. From Figure 1A we can see, on both 1D and 2D
devices, the current density increased significantly compared
with the control flat panel device. That is because the grating
microstructure increased the effective area of the device, and
the laser ablation enhanced the transportation capacity of the
hole-transport material. Figures 1B,C give the current
density–luminance curve and current density–efficiency

curve. We can see from them that both 1D and 2D grating
devices have higher luminance and efficiency compared with
flat panel devices. Between 2D and 1D grating devices, we can
see the 2D device outperformed 1D device on current density,
luminance, and efficiency. When the current density is
100 mA/cm2, the luminance of 2D device is 5,000 cd/m2,
and the current efficiency is 5.53 cd/A, whereas the
luminance of 1D device is 3,000 cd/m2, and current
efficiency is 3.41 cd/A. When the device structure and other
conditions are matched, 2D grating device has significantly
better performance than 1D grating device, and this can only
be explained by 2D grating having a higher coupling efficiency
when it comes to surface plasma and WG mode.

To test our deduction, we simulated the spectra and optical
field of 1D and 2D grating. We employed finite-difference
time-domain method to simulate light transmission in the
grating of OLED (Marcuse, 1974; Gedney, 1998). We used
Drude model to represent the dielectric coefficient of metal
and materials, and the refractive index of material was fitted
into Drude model parameters from measurements of the
ellipsometer. During simulation, for directions along the
grating, we adopted periodic boundary condition, and for
other boundaries, we adopted perfect matching layer to cut
off. For the incident wave, we used modulated Gauss impulse
whose central frequency is within the visible light band of our
concern. We extracted the transmission light component and
reflection light component at the end of computation and used

FIGURE 2 |Measured EL spectra with TM (A) and TE (B) polarization at different observation angle from the corrugated OLEDswith 1D grating, and the wavelength
versus incident angle for the calculated dispersion relation of the corrugated OLEDs for TM (C) and TE (D) polarization. The measured dispersion relation extracted from
the EL spectra (circles) is also shown in (C) and (D).
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the ratio of Poynting vector to represent transmission,
reflection, and absorption.

Figure 2 shows the angle-dependent spectrum and dispersion
curve of 1D grating OLED in TM and TE mode, whereby white
circles are dispersion curve obtained from actual measurement of
angle-dependent spectrum. Putting actual data and simulated
curve together, we can see that the two fit very well in terms of
peak position and peak width at various angles in Figures 2C,D.
Therefore, we consider the computation method for light
transmission in grating OLED correct. In Figure 2, apart from
the peak of DCJTB itself, in TM mode of Figure 2C, the device
gives two additional peaks: 607 and 510 nm, and in TE mode of
Figure 2D, the device gives one more peak: 550 nm. The
additional 607-nm peak in TM mode is because the grating
structure excited light in surface plasma mode inside the
device, and the additional 510-nm peak is because the grating
structure excited light in waveguided mode inside the device. In
TE mode, there is only one additional peak; that is because the
surface plasma mode cannot be excited in TE mode, and the
single peak comes from grating structure exciting light in WG
mode inside the device. Hence, for 1D grating, because of its
directionality, it can only couple and excite surface plasma in half
of the transmission directions, yielding a low coupling efficiency
for surface plasma. Moreover, in WG mode of OLED, 1D grating
can only reduce WG loss in specific directions, not in other
directions.

How about the coupling capacity for surface plasma in 2D
grating? Figure 3 shows the angle-dependent spectrum curve
and dispersion curve in TM and TE mode in 2D OLED. In
Figures 3A,C at 0°, apart from the peak of DCJTB itself, there
are two additional peaks at 538 and 630 nm, among which the
630-nm peak almost superposes on the 620-nm peak of DCJTB
and is wider. When the observation angle increases, the two
peaks split and shift with the increase in observation angle. For
1D OLED, when its additional peak splits as the observation
angle increases, each peak split into two. But for the 2D device,
the 630-nm peak does not split into two, but four. In Figures
3B,D at 0°, there are split peaks at 540 and 640 nm,
respectively, among which the 640-nm peak is wider than
the 540-nm peak.

To find out the reason for the formation of these additional
peaks, we simulated and analyzed the field intensity in 2D
OLED at observation angle of 0°. Figures 4A,B show the field
intensity distribution of 630-nm peak at 0° in TM mode. We
can see that, in both xz and yz directions, the greatest field
intensity happens on the Al/Alq interface and in directions
along the interface. That tells us the 630-nm peak is formed
because the grating excites surface plasma (Worthing and
Barnes, 2001; Liu and Tsai, 2002; Li and Ning, 2003; Gao et al.,
2006; Van Oosten et al., 2010). And because the synthesis of x
and y can be seen as any direction in the plane, we can see from
the simulation of field intensity distribution that, in TMmode,

FIGURE 3 | Measured EL spectra with TM (A) and TE (B) polarization at different observation angle from the corrugated OLEDs with 2D grating. And the
wavelength versus incident angle for the calculated dispersion relation of the corrugated OLEDs for TM (C) and TE (D) polarization.
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FIGURE 4 | Distribution of the magnetic field intensity in the corrugated OLEDs at the wavelength of incident polarized light of 630-nm XZ view (A), 630-nm YZ view
(B), 538-nm XZ view (C), and 538-nm YZ view (D), respectively.

FIGURE 5 | Distribution of the magnetic field intensity in the corrugated OLEDs at the wavelength of incident polarized light of 640-nm XZ view (A), 640-nm YZ view
(B), 540-nm XZ view (C), and 540-nm YZ view (D), respectively.
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2D grating can couple and excite surface plasma in any
direction. For the WG mode, as shown in Figures 4C,D in
both xz and yz directions, the greatest field intensity happens
in ITO and organic layers; therefore, the 538-nm peak is
formed because the WG mode is excited. And as WG mode
has been excited along x and y directions, it can be also
considered that, in TM mode, 2D grating can couple and
excite WG mode in any direction, yielding a better coupling
efficiency.

Again, in TE mode, as shown in Figures 5A,B, in both xz
and yz directions, although the field intensity is weak, the
maximum intensity happens also at the Al/Alq interface and
in directions along the interface, indicating that there are
peaks of surface plasma in TE mode. For 1D grating OLED,
surface plasma cannot be excited in TE mode; yet, we have
observed surface plasma peaks in 2D grating OLED in
TE mode.

We think that, for 2D grating in OLED, although one of the
dimensions is in TE mode (hereby referred to as grating 1) and
is incapable of exciting surface plasma mode, and the other
dimension (hereby referred to as grating 2) because it
intersects with grating a at 60°, we consider it, in our
observation, as having two vectors: one is in parallel with
grating a and the other is perpendicular to grating a. The
vector parallel to grating a is in TE mode and therefore cannot
excite surface plasma. But the vector perpendicular to grating
a can be considered as being in TM mode and therefore can
excite surface plasma. Therefore, in TE mode, weak surface
plasma peaks were observed, which agrees with our actual
measurement. Therefore, we think 2D grating OLED has a
higher utilization efficiency for surface plasma than 1D
grating OLED. In Figures 5C,D we can see, at peak
540 nm, the places with high field intensity concentrate in
ITO and the organic layers; therefore, peak 540 nm is caused
by WG mode excitation. Again, it can be excited along both x
and y directions; therefore, it can also be seen as 2D grating
can couple and excite WG mode in any direction, yielding a
higher coupling efficiency.

4 CONCLUSION

We introduced 1D and 2D grating structures into the hole
injection layer of OLED and, on that basis, obtained 1D and
2D grating OLED. Performance comparison shows that both 1D
and 2D grating OLEDs yield better luminosity and efficiency than
ordinary flat panel devices. At current density of 100 mA/cm2, the
luminosity and efficiency of 1D grating OLED are 3.60 and
3.63 times those of the planar OLED, and the luminosity and
efficiency of 2D grating OLED are 5.75 and 5.90 times those of the
planar OLED. Because 2D grating has higher coupling and
excitation efficiency for surface plasma and WG mode than
1D grating, 2D grating OLED brings greater enhancement on
OLED luminosity and efficiency than 1D grating OLED; the
luminosity and efficiency of 2D grating OLED increased by 59.7%
and 62.5% than the 1D grating OLED.
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Photodetectors converting optical signals into electrical signals have been widely utilized
and have received more and more attention in scientific research and industrial fields
including optical interconnection, optical communication, and environmental monitoring.
Herein, we summarize the latest development of photodetectors with different micro-nano
structures and different materials and the performance indicators of photodetectors.
Several photodetectors, such as flexible, ultraviolet two-dimensional (2D) microscale,
and dual-band photodetectors, are listed in this minireview. Meanwhile, the current
bottleneck and future development prospects of the photodetector are discussed.

Keywords: photodetector, micro-nano structure, performance, fabrication, applications

INTRODUCTION

Traditionally, many ordered micro-nano structures have been emerged in natural organisms.
Particularly, for plants, the micro-nano structures can guide water droplets to roll freely on their
leaves or stay on petals (Zhang et al., 2012a; Zhang et al., 2012b). Inspired by the micro-nano structure of
organisms in nature, a growing number of researchers have focused on the application of micro-nano
structures in scientific research. Micro-nano structure arrays are widely used in PDs due to their unique
order-related characteristics of ordering or patterning. Photodetectors (PDs) that convert optical signals
into electrical signals have been widely used and paid more and more attention in scientific research and
industrial fields such as biological detection, optical communications, and environmental monitoring
(Teng et al., 2018). At present, the mainmaterials used in photodetectors for detecting ultraviolet (UV) to
near-infrared spectra are crystalline-Si and III–V (Deng et al., 2015). The reason why micro-nano
structure arrays can be rapidly developed in the fields of science and industry is because they can improve
the efficiency of light scattering, reduce light reflection efficiency, and extract light better and surface-to-
volume ratio of organic light-emitting devices (OLED) (Gao et al., 2021), resulting in the photon
supersurface (Li et al., 2021). Different performances can be achieved by changing the size, distribution
and different result shapes of each micro/nano structure.

At present, the production of photodetectors with different properties mainly depends on the
development of nanotechnology, including template method, photolithography, self-assembly and
other methods. Many new types of photodetectors have been fabricated through the above
technology, such as high-sensitivity phototransistors (Hai et al., 2015), flexible photodetectors,
self-powered ultraviolet detectors with heterojunction nanowire arrays, pyramid array
photodetectors, and dual-band detection array van der Waals. Broadband detector, sensitive
infrared photodetector (IRPD). Flexible photodetectors (PD) have received more and more
attention due to their structural characteristics in many applications, such as wearable
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optoelectronic devices, bendable imaging sensors and implanted
optoelectronic devices (Deng et al., 2019). The self-powered
photodetector array based on organic-inorganic heterojunction
has unique flexibility and stability due to its special structure,
which makes it widely used in optical imaging (Ouyang et al.,
2017). Among them, sapphire is used as the substrate, and the
pyramidal structure of MoS2 as the material can enhance the
strong interaction, thereby improving the performance of the
optoelectronic device (Wang P et al., 2017). Dual-band
photodetector for dual-color imaging. By introducing a strong
local field, the dark current is reduced, so that the photo-
generated carrier separation efficiency is increased, so that the
dual-band detection capability of the broadband photodetector is
improved (Wang S et al., 2017). Each structure has its own unique
properties, and photodetectors of different structure types are
used in different optical fields. Therefore, it is particularly
important to study the characteristics of different structures in
photodetectors.

In this minireview, we focus on the latest developments in the
application of different structures to photodetectors. Summarized
typical cases, such as flexible photodetectors, ultraviolet
photodetectors, high-sensitivity ultra-fast response array
photodetectors, high-performance dual-band photodetectors, are
discussed the challenges faced by photodetectors and future prospects.

FLEXIBLE PHOTODETECTORS BASED ON
MICRO-NANO STRUCTURE MATERIAL

Flexible photodetectors (FPDs) have received more and more
attention due to their structural characteristics in many

applications, such as Optical communication, industrial
automatic control, medical sensor monitoring and
intelligent robots and implanted optoelectronic devices. For
large-scale manufacturing of FPD processing technology and
its use of complex high-vacuum technology, which makes the
functional function of its active materials need to achieve a
good match. Traditional PDs are usually fabricated on rigid
substrates, which seriously hinders their rapid development in
the fields of flexible optoelectronic devices such as industrial
automatic control, medical sensor monitoring, and
implantable optoelectronic devices (Liu et al., 2017). In
contrast to rigid PDs, FPDs can meet the needs of
industrial automatic control, medical sensor monitoring,
and implantable optoelectronic devices. However, it has
high optoelectronic performance and good flexibility. It is
integrated in an optoelectronic device, which is still a huge
challenge for technical processing so far (Hossain et al., 2018).
In 2019, Deng et al. demonstrated all spray processable and
large area FPDs on plain paper based on two-dimensional
(2D) CsPbBr3 nanosheets and conductive Ti3C2Tx (MXene)
(Deng et al., 2019). Figure 1A is its large-area MXene
electrode array, and Figure 1B is its microscopic model.
The production process is shown in Figure 1C. Due to the
Figure 1C good conductivity of MXene, the higher
crystallinity of 2D CsPbBr3, and their good matching with
the work function, on/off current ratio of the PD reaches
2.3×103, and the light response reaches 18 ms. At the same
time, Jones’ detection rate (D*) reached 6.4 × 108 under 10 V
bias and the response rate (R) reached 44.9 mA W−1. In
addition, the PD still has good flexibility and stability after
being bent 1,500 times.

FIGURE 1 | (A) Exhibition of large-area arrays MXene electrode. (B) Micro pattern corresponding to (A). (C) Schematic diagram of flexible photodetector
processing process. (D) Schematic of the P3HT/ZnO heterojunction photodetector. (E) Schematic diagram of a digital sensor based on a large-area array
photodetector. (F) Schematic diagram of the CdS branched photodetector.
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UV MICRO-NANO STRUCTURE MATERIAL
PHOTODETECTORS

As an electronic sensor that converts electrical signals into light
signals, ultraviolet (UV) photodetectors have good application
prospects in many ways such as medicine, biology, flame
monitoring, optical communication, day/night monitoring, and
missile detection (Koppens et al., 2014; Chen et al., 2016; Liang
et al., 2016; Esopi et al., 2017; Zhang et al., 2017). In 2017, Bangsen
et al. have constructed a self-powered UV photodetector based on
p-P3HT/n-ZnO nanowire array heterojunction (Ouyang et al.,
2017). The schematic diagram of the photodetector is shown in
Figure 1D. The light response of this PDs at λ � 365 nm can reach
125 μAW−1 to 0.84 mW cm−2, and its response and recovery time
are both less than 100 ms. Moreover, a photodetector array with 16
pixels is successfully demonstrated for light imaging of complex
patterns, such as number-shape and cross-shape. This study
provides a practical solution to achieve large-scale UV imaging
by integrating inorganic–organic hybrid photodetector into self-
powred array configuration.

2D MICROSCALE POSITION-SENSITIVE
PHOTODETECTORS

With the continuous improvement of integration and the reduction
of the size of nano-devices, two-dimensional micro-scale position
sensitive detectors (PSD) have received more and more attention.
Nowadays, two-dimensional materials have gradually become
mainstream due to their excellent optoelectronic properties (An
et al., 2013; Gan et al., 2013; Lopez-Sanchez et al., 2013; Wang et al.,
2013; Baugher et al., 2014; Furchi et al., 2014a; Furchi et al., 2014b;
Gong et al., 2014; Lee et al., 2014; Ross et al., 2014; Zhang et al., 2014;
Li et al., 2015; Wang et al., 2015a; Wang et al., 2015b; Youngblood
et al., 2015; Yue et al., 2015; Long et al., 2016). Figure 1E is a
schematic diagram of a digital sensor based on a large area array PD.
In 2018. For the first time, Chen et al. have grown a well-defined
hollow spherical nanoshell array of two-dimensional transitionmetal
aluminum dichloride (TMDC) nanomaterials for MoSe2 and MoS2
through chemical vapor deposition technology (Chen et al., 2018).
The responsivity of the MoSe2 hollow sphere photodetector reaches
8.9 A W−1, which is about 10 times that of the MoSe2 dense film
(0.9 A W−1). At the same time, the hollow sphere PDs has a fast
response and recovery speed and λ � 365 nm irradiation good
durability at wavelengths. Xu et al. designed a high-sensitivity
ultra-fast response array photodetector based on a new two-
dimensional lead iodide perovskite crystal (Xu et al., 2019). The
array photodetector achieves high phodetectivities (6.3 × 1012 Jones)
responsivities (≈47 AW−1) and low dark current (≈2.4× 10–11 A). In
2019, Li et al. developed a method capable of heterogeneous
integration of atomically thin 2D crystal arrays for system-on-
chip electrons on a planar patterned silicon substrate (Li et al.,
2019). In addition, multi-channel devices with good optical and
electrical characteristics are widely used in system-on-chip (Hao
et al., 2019). Schematic diagram of CdS branch photodetector. As
shown in Figure 1F. Hao et al. based on a highly ordered comb-
shaped CdS nanowire array with tapered branches, a one-step

synthesis strategy is used to achieve high-resolution 2D position-
sensitive photodetection through the variable resistance of multiple
lines and the variable optical response of different parts Device. The
tapered branch can accurately identify the position of the incident
light in each area of the nanowire array according to the change of
the photocurrent. In addition to the above-mentioned traditional
photodetectors, more and more complex photodetectors are
gradually being used in many fields. Multicolor photodetectors
have a wide range of applications in the fields of imaging,
(Schermelleh et al., 2008; Sang et al., 2013), medical treatment,
(Keller et al., 2001), astronomical observations (Fontana et al., 2004)
and military applications (Tribolet and Destefanis, 2005). Ji et al.
used interface engineering technology to develop an ultraviolet-
visible multicolor photodetector based on n-Si (111)/TiO2

nanorod array heterojunction (Tao et al., 2016). The
photodetector is manufactured through continuous processes
such as chemical etching, magnetron sputtering, hydrothermal
growth and assembly. In the case of low reverse bias voltage (0∼-
2 V), only photo-generated electrons in TiO2 can pass through the
low ΔEC barrier, and the device only responds to ultraviolet light.

DUAL-BAND MICRO-NANO STRUCTURE
MATERIAL PHOTODETECTORS

In the past few decades, in the field of dual-color detection
technology (DCDT), people have made significant progress by
introducing new materials such as quantum dots and
superlattices (Martyniuk et al., 2014; Kufer et al., 2015; Lei
et al., 2015; Hoang et al., 2016). Wang et al. designed a dual-
band photodetector with high-performance dual-color imaging
and wafer-level 2D GaSe/GaSb van der Waals vertical
heterostructure based on molecular beam epitaxial growth
(Wang P et al., 2017). By introducing a strong local field, the
dark current is reduced, so that the photo-generated carrier
separation efficiency is increased, so that the dual-band
detection capability of the broadband photodetector is
improved. Ultrasensitive visible and infrared specific detectivities
reach up to 2.2 × 1012 and 1.3 × 1012 Jones, respectively, and an
excellent external quantum efficiency up to 50% is obtained with
microsecond response speed, which is expected due to its
photovoltaic mechanism for free-carrier generation. This new
type of heterogeneous photodiode also has the good
photoresponsibility of the two-dimensional material GaSe in the
visible light band and also have the excellent photodetection
performance of the traditional GaSb in the infrared light band.
It provides a new way for two-dimensional materials to be used in
actual room temperature applications.

CONCLUSION AND OUTLOOK

In this minireview, we summarize the performance indicators of
photodetectors with different structures. Such as flexible
photodetectors, ultraviolet photodetectors, high-sensitivity
ultra-fast response array photodetectors, and high-performance
dual-band photodetectors are listed. Although these devices have
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reached very good performance indicators. However, there are
still many challenges to realize low-cost and large-scale
preparation. However, with the rapid development of micro-
nano manufacturing technology, photodetectors with good
performance will be better used in electronic information,
optical communications, environmental monitoring and other
fields.
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Dynamics of StrongCoupling Between
Free Charge Carriers in Organometal
Halide Perovskites and Aluminum
Plasmonic States
Yang Luo, Hai Wang*, Le-Yi Zhao and Yong-Lai Zhang

State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun,
China

We have investigated a strong coupled system composed of a MAPbIxCl3-x perovskite film
and aluminum conical nanopits array. The hybrid states formed by surface plasmons and
free carriers, rather than the traditional excitons, is observed in both steady-state reflection
measurements and transient absorption spectra. In particular, under near upper band
resonant excitation, the bleaching signal from the band edge of uncoupled perovskite was
completely separated into two distinctive bleaching signals of the hybrid system, which is
clear evidence for the formation of strong coupling states between the free
carrier–plasmon state. Besides this, a Rabi splitting up to 260 meV is achieved. The
appearance of the lower bands can compensate for the poor absorption of the perovskite
in the NIR region. Finally, we found that the lifetime of the free carrier–SP hybrid states is
slightly shorter than that of uncoupled perovskite film, which can be caused by the ultrafast
damping of the SPs modes. These peculiar features on the strong coupled hybrid states
based on free charge carriers can open new perspectives for novel plasmonic perovskite
solar cells.

Keywords: strong coupling, rabi splitting, perovskite, aluminum plasmonic states, transient absorption spectra, free
charge carriers

INTRODUCTION

Organometal halide perovskites are emerging as a class of attractive materials for solution-processed
optoelectronic devices with outstanding performance.(Jeon et al., 2015; Yang et al., 2015; Long et al.,
2020; Chen et al., 2021; Privitera et al., 2021). Perovskites possess the same crystal structure of
calcium titanate ABX3 (D. Weber and Naturforsch, 1978), where A and B are typical organic cations
(methylammonium or formamidinium) and metal cations (Pb2+ or Sn2+) jointly bound to X, halide
anions (Cl−, Br− or I−). Through compositional control of such components and ratios, various
perovskite materials can be realized (Zhao and Zhu, 2016; Correa-Baena et al., 2017). Owing to the
specific crystal structure, perovskites show great advantages, such as high absorption coefficient, high
charge-carrier mobility, low trap density, and long charge diffusion length (Stranks et al., 2013; Xing
et al., 2013). Simultaneously, through improving the architecture of the photovoltaic devices, a power
conversion efficiency (PCE) of up to 25.2% is achieved (Yoo et al., 2021). Methylammonium (MA)
lead trihalide perovskites with the chemical composition CH3NH3PbXnY3–n is most widely and
maturely researched. Their fundamental parameters, such as photoexcited charge-carrier dynamics
and carrier diffusion length, have been deeply explored. In transient absorption measurements, a
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long charge diffusion length >1 μm is revealed in
CH3NH3PbClxI3–x perovskite films (Stranks et al., 2013).
Furthermore, the nature of photogenerated species has also
been expounded carefully. It is confirmed that, upon
photoexcitation, excitons within the perovskite can be
spontaneously dissociated into free electrons and holes,
namely, conventional excitons can be displaced by free charge
carriers, which are identified as dominated photogenerated
species in perovskite film (Manser and Kamat, 2014). These
characteristics bring many distinct advantages, making the
OLHP available to high-performance solar cells, light-emitting
diodes, and photodetectors.

Moreover, great progress has also been made in using surface
plasmons (SPs) to further enhance the performance of plasmonic
devices based on OLHP (Fang et al., 2010; Bi et al., 2013; Ren
et al., 2020; Juan et al., 2021; Krisnanda et al., 2021). Affected by
the SPs, the optoelectronic characteristics of the perovskite film
can be significantly tuned, such as enhancement of absorption,
reduction of exciton binding energy, increase of charge mobility,
and so on (Saliba et al., 2015; Chan et al., 2017; Ding et al., 2018;
Ma et al., 2019; Mohamed Saheed et al., 2019; Krisnanda et al.,
2021). However, most of the works still survive in the weak
coupling regime in which the wave function of the perovskite
material is unperturbed. In contrast, only a few reports have
emerged on the strong coupling between SPs and OLHP. In a
strong coupling regime, the excitation energy can be rapidly
exchanged between SPs modes and materials with the
formation of new hybrid states separated energetically by a
Rabi splitting (Qian et al., 2021; Su et al., 2021; Zhao et al.,
2021). In this regime, the new states are coherently super-
positioned with intriguing phenomena, such as Bose–Einstein
condensation (Plumhof et al., 2014) and thresholdless lasing
(Ding and Ning, 2012; Wang et al., 2021). Among the variety
of research, many types of excitonic materials, for instance,
J-aggregates (Hao et al., 2011; Wang et al., 2016), dye
molecules (Wang et al., 2017), quantum dots (Wang et al.,
2016), and two-dimensional material (Liu et al., 2016; Shan
et al., 2019) are realized in a strong coupling regime with SPs.
In contrast, so far little is known about the coherent hybrid
system generated by the interaction of free charge carriers and
SPs. Particularly, there is still limited understanding on the
kinetics of hybrid SP–free charge carrier states. It is also worth
emphasizing again that, on account of the small exciton binding
energies, free charge carriers characterized by slow recombination
and relatively high mobility can be efficiently generated in OLHP
(Manser and Kamat, 2014). Thus, there is a strong incentive to
harness such materials for studying strong coupling between SPs
and free charge carriers.

In this work, we demonstrate that strong SP–free charge
carrier coupling can be achieved with CH3NH3PbClxI3–x
perovskite film and SPs supported by Al conical nanopits
arrays. Furthermore, under upper band resonant excitation,
direct evidence of the formation of the hybrid free charge
carrier–SP states is clearly shown in the transient absorption
(TA) spectra. The result also proves that the band filling of the
upper states follows the Burstein–Moss band filling model.
Finally, we measured a shorter lifetime of the hybrid SP–free

charge carrier states, which was accelerated by the ultrafast
damping of the SPs character.

EXPERIMENTAL SECTION

The fabrication processes of the strong SP–free charge carrier
coupled system is described in Figure 1A. First, the cleaned
glasses/ITO was milled by means of a focused ion beam to define
the shape of a square-like array of conical pits. Afterward, an
electron beam evaporator was used for the 200-nm-thick
aluminum (Al) film deposition on the patterned glasses/ITO
substrates. Then, conical pit arrays with a period from 300 to
450 nm can be replicated on top of the Al film with a total area of
50 × 50 μm2. Al was selected not only simply for its cost-
effectiveness and abundance, but also for the wide SP spectral
range (Li et al., 2016). Here, the processed Al nanopits with
uniform size (as shown in Figure 1C) show a plasmon resonance
that matches with the broad absorbance spectrum of
CH3NH3PbClxI3-x film. To obtain a strong coupled hybrid
system between SPs and free charge carriers, the perovskite
films were directly formed on Al conical nanopits. The
perovskite precursor solution was prepared by dissolving
139.0 mg of PbI2 and 238.5 mg of CH3NH3I in 2 ml N,N-
dimethylformamide (DMF). Then, the samples were obtained
by spin-coating these precursor solutions at 3000 rpm for 30 s
and annealed at 80°C for 100 min in a nitrogen-filled glove box.
Figure 1D provides SEM images of the morphology of the
synthesized CH3NH3PbIxCl3-x film with grain sizes ranging
from 200 to 250 nm CH3NH3PbClxI3-x and CH3NH3PbI3 have
similar optical properties, such as absorption spectrum,
bandgaps, and Fermi levels. However, it is demonstrated that
the Cl-doped perovskite film has a long charge carrier diffusion
length, always leading to a higher efficiency solar cell (Xing et al.,
2013). Here CH3NH3PbClxI3-x is selected rather than
CH3NH3PbI3.

Steady-State Measurements
Figure 2A shows the reflection spectra of Al nanopit arrays with
various periods. The reflection peaks display a pronounced red
shift as the period of the nanopit arrays increases, showing the SP
resonance region from 490 to 750 nm. In the meantime, for each
nanopit array, a shoulder peak appeared on the higher energy side
of the main SPs peak. The offset of the two peaks can be attributed
to the difference of the refractive index of the media above and
below the Al film. The reflection spectrum of the
CH3NH3PbClxI3-x perovskite film deposited on flat Al film is
also shown in Figure 2A as a black line. As can be seen, the
perovskite film has a strong optical absorption with a band edge at
1.65 eV. Observably, all the SP bands overlap within the reflection
spectrum of CH3NH3PbClxI3-x film. Thus, when perovskite film
is formed on Al nanopit arrays, the hybrid system is prepared.

A key point to underlined here is the demonstration that free
charge carriers generated in perovskite film and SPs in the hybrid
system can enter the strong coupled regime. Because the initial
study on strong coupling was focused on a series of J-aggregate
molecules with unusually strong transition dipoles, which was
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considered as the only possible candidate for strong coupling.
However, moving forward, much larger Rabi splitting has also
been achieved between SPs and molecules with broad absorption
spectra, such as photochromic molecules and semiconductor
polymer (Schwartz et al., 2011; Orgiu et al., 2015). Actually,
several studies demonstrate that the vacuum Rabi splitting
depends on the energy-integrated absorption of the material,
namely, a larger vacuum Rabi splitting can be achieved by using
material with higher absorption cross-sections (Gambino et al.,
2014). Therefore, in the following part, a clear indication of strong
coupling between SPs and free charge carriers in
CH3NH3PbClxI3-x perovskite film is provided.

Figure 2B shows a series of reflection spectra of the hybrid
system with different Al nanopit periods. Compared with the
perovskite film on flat Al film, the reflection spectra of the hybrid
systems are significantly changed. In particular, at the wavelength
longer than the band edge of the perovskite, extra reflection peaks
corresponding to the lower bands are shown, which can lead to
overcoming the poor absorption of the CH3NH3PbClxI3-x film in
the NIR region. On the other side, due to the strong absorption
in the visible range of the perovskite film, the reflection spectra
of the hybrid system at the higher energy side only changed
slightly. However, it can be seen that the peak position related to
the upper bands also has a red shift with the lattice period
increasing as the red arrow shown in Figure 2B. Furthermore,
the dispersion diagram of the two bands is shown in Figure 2C.
As expected, anticrossing behavior as remarkable experimental
evidence of strong coupling is clearly observed (Dintinger et al.,
2005).

However, because most light is absorbed by the perovskite
layer when the wavelength (λ) of the light is shorter than the band
edge of CH3NH3PbClxI3-x (λ < 760 nm), the formation of the
upper bands in the hybrid systems cannot be clearly reflected
from reflection spectra. The evidence of the formation of the new
hybrid SP–free charge carrier states is not comprehensive. The
Rabi splitting energy cannot be revealed just from steady-state
measurements. Therefore, transient absorption spectroscopy was

performed to gain a further insight into the formation and
dynamics of the hybrid states.

TA experiments
TA spectroscopy, also named the pump-probe technique (Gao
et al., 2010; Wang et al., 2013), is an effective approach to the
study of charge carrier transfer and recombination dynamics of
perovskite films (Zhang et al., 2015; Zhang et al., 2016).
Femtosecond reflective TA spectra was carried out by a 100 fs
laser pump-probe system. A Ti:sapphire amplifier system was
used to provide an 800-nm wavelength laser with 100 fs pulse
width and 500 Hz repetition rate. The amplified output was split
into two parts. The stronger part was sent to a β-barium borate
(BBO) crystal or TOPAS system to generate the pump pulse at
400 or 560 nm while the weaker part was focused on a sapphire
crystal to create a continuous white light as a probe beam. The
relative delay between the pump and probe beam was controlled
by an optical delay line (Newport DL325). Then, the two beams
were focused on the sample by a microscope objective. The probe
beam reflected from the sample was collected by an optical
spectrometer (Avantes AvaSpec -ULS2048CL-EVO) while the
reflected pump beam was filtered. Here, we focused on the TA
spectroscopy findings on the nature of the hybrid SP–free charge
carrier states. To begin with, the first part of the TA
measurements were performed under nonresonant conditions
by the 400 nm laser pulse. Figure 3A shows the TA spectra of
CH3NH3PbClxI3-x film on flat Al film. The figure consists of a
negative band at 730 nm corresponding to band edge ground
state bleaching, and on both sides of the bleaching, there are two
positive signals due to the photoinduced absorption of hot
electrons and holes (Herz, 2016). In addition, it is worth
noting that the high-energy tail of the band edge bleaching
spectrum is broadened and shows a blue shift in the first 10
ps, which can be explained by a dynamic Burstein−Moss shift
(Manser and Kamat, 2014). Namely, after laser excitation, the
conduction and valence band edges are filled with thermalized
carriers; further considering the Pauli exclusion principle, the

FIGURE 1 | (A) Steps of fabrication of strong free charge carrier–SP coupling system, (B, C) SEM image of the conical nanopits on glass/ITO and Al layer, (D) SEM
image of perovskite layer, (E) the mode diagram of the hybrid free charge carrier–SP system; the inset shows the crystal structure of CH3NH3PbClxI3-x perovskite.
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occupation of band-edge states is pushed to higher energies,
leading to a dynamic Burstein–Moss band filling model.

Figures 3B–D shows the corresponding spectra of
CH3NH3PbClxI3-x film on Al nanopit arrays with different
periods of 300, 350, and 375 nm. The spectra are a little
changed compared with the reference sample on flat Al film.
First, for the period equal to 300 nm, the spectra show a negative
signal at 760 nm and a shoulder peak at 700 nm, which are
possibly corresponded to the hybrid bands. However, the
separation between the two new peaks is much smaller than
that measured from steady-state reflection spectra, so the strong
coupling regime still cannot be clearly identified. For the period
equal to 350 and 375 nm, Figures 3C,D shows a bleaching band

around 730 nm, which is still dominated by the ground-state
bleaching from uncoupled CH3NH3PbClxI3-x film. On the red
side of the bleaching band, a positive signal is observed
corresponding to the thermal effect of the SPs (Hao et al.,
2011) while the bleaching signals from the upper bands are
also almost undetectable. In fact, similar to the previous work
under nonresonant excitation (Hao et al., 2011; Wang et al.,
2016), the intrinsic photophysics of the strong coupled hybrid
system cannot be observed. Under such conduction, the initial
relaxation process is dominated by a state-filling process and SP
thermal effect as the positive signal reported in Supplementary
Figure S1.

To explore the nature photophysics of the hybrid SP–free
charge carrier states more deeply, TA measurements were further
carried out under near upper state resonant excitation by a pulsed
laser at 560 nm. Figure 4A illustrates the TA spectra of
CH3NH3PbClxI3-x film on flat Al film. As a reference, the plot
is similar to the spectra obtained under nonresonant excitation at
400 nm. A bleaching signal around 730 nm, which also conforms
to the Burstein–Moss band filling model, shows a carrier
accumulation–induced blue shift (Manser and Kamat, 2014)
while the small positive signals below 680 nm are assigned to
photoinduced absorption. The spectra for CH3NH3PbClxI3-x film
on different periodic nanopit arrays are reported in Figures
4B–D, which more clearly suggest the formation of strong
coupled hybrid SP–free charge carrier states. First, when the
nanopit period equals 300 nm, the spectra show a main bleaching
peak at 750 nm, corresponding to the lower hybrid band. On the
contrary, the amplitude of the upper hybrid band is much
smaller, showing a shoulder peak around 670 nm. Under this
condition, the splitting was not obvious, which suggests the
coupling strength is low. This can be further proved by the
dynamic behaver of the hybrid states (see Figure 5), which is
still similar to the bleaching recovery of pure perovskite film.

More importantly, when the nanopit period equals 350 nm,
the SP resonance of Al nanopits can resonate with the free charge
carriers in perovskite film. With respect to the reference sample,
the TA spectra of the hybrid system show completely different
properties. The band edge transition bleaching is completely
separated into two bleaching signals at around 700 and
820 nm, which can be attributed to the upper and lower
hybrid SP–free charge carrier states with observation of Rabi
splitting energy up to 260 meV. Such behavior provides more
objective, precise evidence than that observed from steady-state
reflection measurements. With the period further increased to
375 nm, as shown in Figure 4D, the bleaching peak of the upper
state is a little red shifted while the bleaching band of the lower
state also experiences a red shift almost extending out of the
detection window. By comprehensive analysis of the three
different period hybrid systems, the simultaneous shifting of
both upper and lower hybrid states is consistent with the
characteristic strong coupling: anticrossing behavior, which
further remarkably underlines the formation of the coherent
hybrid SP–free charge carrier states. Another important
observation that needs to be stressed here is that, under upper
band resonant excitation, the lower band bleaching signal is
narrowing with time. Such distinguishable narrowing of the

FIGURE 2 | (A) Reflection spectra of Al conical nanopit arrays covered
by PMMA film. The lattice period is tuned from 300 to 450 nm. The black line
shows the reflection spectrum of the CH3NH3PbClxI3-x perovskite film on flat
Al film. (B) Reflection spectra of the perovskite layer on flat Al film and
conical nanopit arrays. The lattice period is tuned from 300 to 450 nm. (C)
Dispersion curve of hybrid free change carrier–SP strong coupled system. The
horizontal dashed line shows the band edge of the CH3NH3PbClxI3-x
perovskite film.
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FIGURE 3 | Transient absorption spectra of CH3NH3PbClxI3-x perovskite film on flat (A) Al film and (B–D) different Al nanopit arrays with periods of 300, 350, and
375 nm under 400 nm excitation. The spectra are recorded at 10, 100, 220, 460, 660, and 1300 ps.

FIGURE 4 | Transient absorption spectra of CH3NH3PbClxI3-x perovskite film on flat (A) Al film and (B–D) different Al nanopit arrays with periods of 300, 350, and
375 nm under 560 nm excitation. The spectra are recorded at 5, 55, 100, 220, 460, and 1300 ps.
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lower band can also be described by the Burstein–Moss effect. On
the other hand, the shape of the lower hybrid states does not
change with the time. We, therefore, attribute that free carriers
are accumulated at the lower bands of the hybrid states after
560 nm laser excitation. The understanding presented here
provides new mechanisms of strong coupling between SPs and
free charge carriers, which serve to shed light on designing novel
ultrafast plasmonic devices.

Finally, the kinetic process of the hybrid SP–free charge
carrier states is analyzed. In Figure 5, we plot the amplitude-
normalized dynamics of the lower and upper hybrid bands of
the coupled sample with a nanopit period of 350 nm
compared with the dynamics of the band edge bleaching of
perovskite film on a flat Al film. As shown, under upper band
resonant excitation, the population dynamics of the hybrid
states are shorter than the bleaching recovery of free charge
carriers in pure perovskite film. This result show interesting
differences from the lifetime measured from hybrid states
composed of traditional excitons and SPs. Previous
experiments confirm that the longer lifetimes of the hybrid
states is intrinsic and can be even longer than the lifetime of
bare excitons, which is accorded with a non-Markovian
regime (Canaguier-Durand et al., 2015). However, here we
should emphasize that, again, the excited-state population in
CH3NH3PbClxI3-x film is dominated by free charge carriers.
The ultrafast damping plasmon character (Pelton et al., 2008;
Hartland, 2011) reduces the lifetime of the coherent hybrid
SP–free charge carrier states. Namely, the relaxation of such
new hybrid states can be expedited by SPs, leading to a shorter
lifetime.

CONCLUSION

In summary, we construct a hybrid structure comprising an Al
subwavelength nanopit array and perovskite film. In steady-state
measurements, the reflection spectra profile of the hybrid systems

characterized by two distinct bands, whose dispersions show the
typical signature of strong coupling. These results experimentally
demonstrate that strong coupling can be achieved with SPs and
free charge carriers generated in CH3NH3PbClxI3-x film.
Moreover, the nature photophysics of the new hybrid SP–free
charge carrier states was studied by TA spectroscopy. Under
nonresonant excitation by a 400-nm laser, the initial relaxation
process is dominated by a state-filling effect, which still cannot
provide the intrinsic dynamics of the hybrid state. Furthermore,
under near upper band resonant excitation, the TA spectra
remarkably displayed the formation of the hybrid SP–free
charge carrier state, in which the upper bands can be well
ascribed to the dynamic Burstein–Moss effect. We have also
found that the lifetime of the hybrid SP–free charge carrier
states is shorter than the bleaching recovery of pure
CH3NH3PbClxI3-x film, which is different from that observed
in a strong coupling system with traditional excitons conformed
to a non-Markovian regime. As a possible explanation, we assume
that the ultrafast damping of the SP modes accelerates the
relaxation of the hybrid SP–free charge carrier states. To
conclude, these new insights on strong coupling with hybrid
organic-inorganic perovskites provide a new framework to
develop low-cost photovoltaic and light-emitting devices and
nanolasers (Sanvitto and Kena Cohen, 2016). New
developments on nanoplasmonic devices working in a strong
coupling regime with free charge carriers are surely on the
horizon.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YL, HW, and Y-LZ conceived the research. YL and HW
fabricated the samples. YL and L-YZ performed the
measurements. All authors discussed the data and wrote the
manuscript.

FUNDING

This work was supported by the National Key Research and
Development Program of China and the National Natural Science
Foundation of China (NSFC) under Grants 21903035, 22073037,
and 21773087.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.818459/
full#supplementary-material

FIGURE 5 | Normalized bleaching dynamics under 560 nm resonant
excitation of CH3NH3PbClxI3-x perovskite film on a flat Al film (measured at
737 nm) and on Al nanopit arrays with periods of 350 nm (measured at the
hybrid bands of 705 and 820 nm) and 300 nm (measured at the upper
band of 737 nm).

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8184596

Luo et al. Dynamics of Strong Coupling

53

https://www.frontiersin.org/articles/10.3389/fchem.2021.818459/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.818459/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


REFERENCES

Bi, Y.-G., Feng, J., Li, Y.-F., Zhang, X.-L., Liu, Y.-F., Jin, Y., et al. (2013). Broadband
Light Extraction from White Organic Light-Emitting Devices by Employing
Corrugated Metallic Electrodes with Dual Periodicity. Adv. Mater. 25,
6969–6974. doi:10.1002/adma.201302367

Canaguier-Durand, A., Genet, C., Lambrecht, A., Ebbesen, T. W., and Reynaud, S.
(2015). Non-Markovian Polariton Dynamics in Organic Strong Coupling. Eur.
Phys. J. D 69, 1–7. doi:10.1140/epjd/e2014-50539-x

Chan, K., Wright, M., Elumalai, N., Uddin, A., and Pillai, S. (2017). Plasmonics in
Organic and Perovskite Solar Cells: Optical and Electrical Effects. Adv. Opt.
Mater. 5, 1600698. doi:10.1002/adom.201600698

Chen, J., Zhou, Y., Fu, Y., Pan, J., Mohammed, O. F., and Bakr, O. M. (2021).
Oriented Halide Perovskite Nanostructures and Thin Films for
Optoelectronics. Chem. Rev. 121, 12112–12180. doi:10.1021/
acs.chemrev.1c00181

Correa-Baena, J.-P., Abate, A., Saliba, M., Tress, W., Jesper Jacobsson, T., Grätzel,
M., et al. (2017). The Rapid Evolution of Highly Efficient Perovskite Solar Cells.
Energy Environ. Sci. 10, 710–727. doi:10.1039/C6EE03397K

Ding, K., and Ning, C. Z. (2012). Metallic Subwavelength-Cavity Semiconductor
Nanolasers. Light Sci. Appl. 1–e20. doi:10.1038/lsa.2012.20

Ding, R., Wang, X.-P., Feng, J., Li, X.-B., Dong, F.-X., Tian, W.-Q., et al. (2018).
Clarification of theMolecular DopingMechanism in Organic Single-Crystalline
Semiconductors and Their Application in Color-Tunable Light-Emitting
Devices. Adv. Mater. 30, 1801078. doi:10.1002/adma.201801078

Dintinger, J., Klein, S., Bustos, F., Barnes, W. L., and Ebbesen, T. W. (2005). Strong
Coupling between Surface Plasmon-Polaritons and Organic Molecules in
Subwavelength Hole Arrays. Phys. Rev. B 71, 035424. doi:10.1103/
physrevb.71.035424

Fang, H.-H., Yang, J., Ding, R., Chen, Q.-D., Wang, L., Xia, H., et al. (2010).
Polarization Dependent Two-Photon Properties in an Organic Crystal. Appl.
Phys. Lett. 97, 101101. doi:10.1063/1.3486683

Gambino, S., Mazzeo, M., Genco, A., Di Stefano, O., Savasta, S., Patanè, S., et al.
(2014). Exploring Light-Matter Interaction Phenomena under Ultrastrong
Coupling Regime. ACS Photon. 1, 1042–1048. doi:10.1021/ph500266d

Gao, B.-R., Wang, H.-Y., Hao, Y.-W., Fu, L.-M., Fang, H.-H., Jiang, Y., et al. (2010).
Time-Resolved Fluorescence Study of Aggregation-Induced Emission
Enhancement by Restriction of Intramolecular Charge Transfer State.
J. Phys. Chem. B 114, 128–134. doi:10.1021/jp909063d

Hao, Y.-W., Wang, H.-Y., Jiang, Y., Chen, Q.-D., Ueno, K., Wang, W.-Q., et al.
(2011). Hybrid-State Dynamics of Gold Nanorods/Dye J-Aggregates under
Strong Coupling. Angew. Chem. 123, 7970–7974. doi:10.1002/ange.201101699

Hartland, G. V. (2011). Optical Studies of Dynamics in Noble Metal
Nanostructures. Chem. Rev. 111, 3858–3887. doi:10.1021/cr1002547

Herz, L. M. (2016). Charge-Carrier Dynamics in Organic-Inorganic Metal Halide
Perovskites. Annu. Rev. Phys. Chem. 67, 65–89. doi:10.1146/annurev-
physchem-040215-112222

Jeon, N. J., Noh, J. H., Yang, W. S., Kim, Y. C., Ryu, S., Seo, J., et al. (2015).
Compositional Engineering of Perovskite Materials for High-Performance
Solar Cells. Nature 517, 476–480. doi:10.1038/nature14133

Juan, F., Wu, Y., Shi, B., Wang, M., Wang, M., Xu, F., et al. (2021). Plasmonic Au
Nanooctahedrons Enhance Light Harvesting and Photocarrier Extraction in
Perovskite Solar Cell. ACS Appl. Energ. Mater. 4, 3201–3209. doi:10.1021/
acsaem.0c02973

Krisnanda, T., Zhang, Q., Dini, K., Giovanni, D., Liew, T. C. H., and Sum, T. C.
(2021). Room Temperature Light-Mediated Long-Range Coupling of
Excitons in Perovskites. Adv. Opt. Mater. 9, 2001835. doi:10.1002/
adom.202001835

Li, J., Ueno, K., Uehara, H., Guo, J., Oshikiri, T., and Misawa, H. (2016). Dual
Strong Couplings between Tpps J-Aggregates and Aluminum Plasmonic States.
J. Phys. Chem. Lett. 7, 2786–2791. doi:10.1021/acs.jpclett.6b01224

Liu, W., Lee, B., Naylor, C. H., Ee, H.-S., Park, J., Johnson, A. T. C., et al. (2016).
Strong Exciton-Plasmon Coupling in MoS2 Coupled with Plasmonic Lattice.
Nano Lett. 16, 1262–1269. doi:10.1021/acs.nanolett.5b04588

Long, G., Sabatini, R., Saidaminov, M. I., Lakhwani, G., Rasmita, A., Liu, X., et al.
(2020). Chiral-Perovskite Optoelectronics. Nat. Rev. Mater. 5, 423–439.
doi:10.1038/s41578-020-0181-5

Ma, C., Liu, C., Huang, J., Ma, Y., Liu, Z., Li, L.-J., et al. (2019). Plasmonic-
Enhanced Light Harvesting and Perovskite Solar Cell Performance Using Au
Biometric Dimers with Broadband Structural Darkness. Sol. RRL 3, 1900138.
doi:10.1002/solr.201900138

Manser, J. S., and Kamat, P. V. (2014). Band Filling with Free Charge Carriers in
Organometal Halide Perovskites. Nat. Photon 8, 737–743. doi:10.1038/
nphoton.2014.171

Mohamed Saheed, M. S., Mohamed, N. M., Mahinder Singh, B. S., and Jose, R.
(2019). Surface Plasmon Assisted Electron-Hole Migration for High
Photocurrent Density Generation in a Perovskite Solar Cell. ACS Appl.
Energ. Mater. 2, 8707–8714. doi:10.1021/acsaem.9b01675

Orgiu, E., George, J., Hutchison, J. A., Devaux, E., Dayen, J. F., Doudin, B., et al.
(2015). Conductivity in Organic Semiconductors Hybridized with the Vacuum
Field. Nat. Mater 14, 1123–1129. doi:10.1038/nmat4392

Pelton, M., Aizpurua, J., and Bryant, G. (2008). Metal-nanoparticle Plasmonics.
Laser Photon. Rev. 2, 136–159. doi:10.1002/lpor.200810003

Plumhof, J. D., Stöferle, T., Mai, L., Scherf, U., and Mahrt, R. F. (2014). Room-
temperature Bose-Einstein Condensation of Cavity Exciton-Polaritons in a
Polymer. Nat. Mater 13, 247–252. doi:10.1038/nmat3825

Privitera, A., Righetto, M., Cacialli, F., and Riede, M. K. (2021). Perspectives of
Organic and Perovskite-Based Spintronics. Adv. Opt. Mater. 9, 2100215.
doi:10.1002/adom.202100215

Qian, Z., Shan, L., Zhang, X., Liu, Q., Ma, Y., Gong, Q., et al. (2021). Spontaneous
Emission in Micro- or Nanophotonic Structures. PhotoniX 2, 21. doi:10.1186/
s43074-021-00043-z

Ren, H., Ren, X., Niu, K., Wang, S., Huang, Z., and Wu, X. (2020). Optical-
Electrical-Thermal Optimization of Plasmon-Enhanced Perovskite Solar Cells.
Phys. Chem. Chem. Phys. 22, 17068–17074. doi:10.1039/D0CP02220A

Saliba, M., Zhang, W., Burlakov, V. M., Stranks, S. D., Sun, Y., Ball, J. M., et al.
(2015). Plasmonic-Induced Photon Recycling in Metal Halide Perovskite Solar
Cells. Adv. Funct. Mater. 25, 5038–5046. doi:10.1002/adfm.201500669

Sanvitto, D., and Kéna-Cohen, S. (2016). The Road towards Polaritonic Devices.
Nat. Mater 15, 1061–1073. doi:10.1038/nmat4668

Schwartz, T., Hutchison, J. A., Genet, C., and Ebbesen, T. W. (2011). Reversible
Switching of Ultrastrong Light-Molecule Coupling. Phys. Rev. Lett. 106, 196405.
doi:10.1103/physrevlett.106.196405

Shan, H., Yu, Y., Wang, X., Luo, Y., Zu, S., Du, B., et al. (2019). Direct Observation
of Ultrafast Plasmonic Hot Electron Transfer in the Strong Coupling Regime.
Light Sci. Appl. 8, 9. doi:10.1038/s41377-019-0121-6

Stranks, S. D., Eperon, G. E., Grancini, G., Menelaou, C., Alcocer, M. J. P., Leijtens,
T., et al. (2013). Electron-Hole Diffusion Lengths Exceeding 1Micrometer in an
Organometal Trihalide Perovskite Absorber. Science 342, 341–344. doi:10.1126/
science.1243982

Su, R., Fieramosca, A., Zhang, Q., Nguyen, H. S., Deleporte, E., Chen, Z., et al.
(2021). Perovskite Semiconductors for Room-Temperature Exciton-
Polaritonics. Nat. Mater. 20, 1315–1324. doi:10.1038/s41563-021-01035-x

Wang, H., Toma, A., Wang, H.-Y., Bozzola, A., Miele, E., Haddadpour, A., et al.
(2016). The Role of Rabi Splitting Tuning in the Dynamics of Strongly Coupled
J-Aggregates and Surface Plasmon Polaritons in Nanohole Arrays. Nanoscale 8,
13445–13453. doi:10.1039/C6NR01588C

Wang, H., Wang, H.-Y., Bozzola, A., Toma, A., Panaro, S., Raja, W., et al. (2016).
Dynamics of Strong Coupling between J-Aggregates and Surface Plasmon
Polaritons in Subwavelength Hole Arrays. Adv. Funct. Mater. 26,
6198–6205. doi:10.1002/adfm.201601452

Wang, H., Wang, H.-Y., Toma, A., Yano, T.-a., Chen, Q.-D., Xu, H.-L., et al. (2016).
Dynamics of Strong Coupling between Cdse Quantum Dots and Surface
Plasmon Polaritons in Subwavelength Hole Array. J. Phys. Chem. Lett. 7,
4648–4654. doi:10.1021/acs.jpclett.6b02059

Wang, H., Wang, H. Y., Wang, L., Chen, Q. D., Xu, H. L., Carrara, A., et al. (2017).
Multimode Coherent Hybrid States: Ultrafast Investigation of Double Rabi
Splitting between Surface Plasmons and Sulforhodamine 101 Dyes. Adv. Opt.
Mater. 5, 1600857. doi:10.1002/adom.201600857

Wang, J., Xu, H., Su, R., Peng, Y., Wu, J., Liew, T. C. H., et al. (2021). Spontaneously
Coherent Orbital Coupling of Counterrotating Exciton Polaritons in Annular
Perovskite Microcavities. Light Sci. Appl. 10, 45. doi:10.1038/s41377-021-
00478-w

Wang, L., Zhu, S.-J., Wang, H.-Y., Wang, Y.-F., Hao, Y.-W., Zhang, J.-H., et al.
(2013). Unraveling Bright Molecule-like State and Dark Intrinsic State in

Frontiers in Chemistry | www.frontiersin.org January 2022 | Volume 9 | Article 8184597

Luo et al. Dynamics of Strong Coupling

54

https://doi.org/10.1002/adma.201302367
https://doi.org/10.1140/epjd/e2014-50539-x
https://doi.org/10.1002/adom.201600698
https://doi.org/10.1021/acs.chemrev.1c00181
https://doi.org/10.1021/acs.chemrev.1c00181
https://doi.org/10.1039/C6EE03397K
https://doi.org/10.1038/lsa.2012.20
https://doi.org/10.1002/adma.201801078
https://doi.org/10.1103/physrevb.71.035424
https://doi.org/10.1103/physrevb.71.035424
https://doi.org/10.1063/1.3486683
https://doi.org/10.1021/ph500266d
https://doi.org/10.1021/jp909063d
https://doi.org/10.1002/ange.201101699
https://doi.org/10.1021/cr1002547
https://doi.org/10.1146/annurev-physchem-040215-112222
https://doi.org/10.1146/annurev-physchem-040215-112222
https://doi.org/10.1038/nature14133
https://doi.org/10.1021/acsaem.0c02973
https://doi.org/10.1021/acsaem.0c02973
https://doi.org/10.1002/adom.202001835
https://doi.org/10.1002/adom.202001835
https://doi.org/10.1021/acs.jpclett.6b01224
https://doi.org/10.1021/acs.nanolett.5b04588
https://doi.org/10.1038/s41578-020-0181-5
https://doi.org/10.1002/solr.201900138
https://doi.org/10.1038/nphoton.2014.171
https://doi.org/10.1038/nphoton.2014.171
https://doi.org/10.1021/acsaem.9b01675
https://doi.org/10.1038/nmat4392
https://doi.org/10.1002/lpor.200810003
https://doi.org/10.1038/nmat3825
https://doi.org/10.1002/adom.202100215
https://doi.org/10.1186/s43074-021-00043-z
https://doi.org/10.1186/s43074-021-00043-z
https://doi.org/10.1039/D0CP02220A
https://doi.org/10.1002/adfm.201500669
https://doi.org/10.1038/nmat4668
https://doi.org/10.1103/physrevlett.106.196405
https://doi.org/10.1038/s41377-019-0121-6
https://doi.org/10.1126/science.1243982
https://doi.org/10.1126/science.1243982
https://doi.org/10.1038/s41563-021-01035-x
https://doi.org/10.1039/C6NR01588C
https://doi.org/10.1002/adfm.201601452
https://doi.org/10.1021/acs.jpclett.6b02059
https://doi.org/10.1002/adom.201600857
https://doi.org/10.1038/s41377-021-00478-w
https://doi.org/10.1038/s41377-021-00478-w
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Green-Fluorescence Graphene Quantum Dots via Ultrafast Spectroscopy. Adv.
Opt. Mater. 1, 264–271. doi:10.1002/adom.201200020

Weber, D., and Naturforsch, Z. (1978). CH3NH3SnBrxI3-x (x � 0-3), ein Sn(II)-
Systemmit kubischer Perowskitstruktur/CH3NH3SnBrxI3-x(x � 0-3), a Sn(II)-
System with Cubic Perovskite Structure. B: J. Chem. Sci. 33, 862–865.
doi:10.1515/znb-1978-0809

Xing, G., Mathews, N., Sun, S., Lim, S. S., Lam, Y. M., Grätzel, M., et al. (2013).
Long-Range Balanced Electron- and Hole-Transport Lengths in Organic-
Inorganic CH 3 NH 3 PbI 3. Science 342, 344–347. doi:10.1126/science.1243167

Yang, W. S., Noh, J. H., Jeon, N. J., Kim, Y. C., Ryu, S., Seo, J., et al. (2015). High-
Performance Photovoltaic Perovskite Layers Fabricated through
Intramolecular Exchange. Science 348, 1234–1237. doi:10.1126/science.aaa9272

Yoo, J. J., Seo, G., Chua, M. R., Park, T. G., Lu, Y., Rotermund, F., et al. (2021).
Efficient Perovskite Solar Cells via Improved Carrier Management. Nature 590,
587–593. doi:10.1038/s41586-021-03285-w

Zhang, Z.-Y., Chen, X., Wang, H.-Y., Xu, M., Gao, B.-R., Chen, Q.-D., et al. (2015).
Elucidating the Band Structure and Free Charge Carrier Dynamics of Pure and
Impurities Doped CH3NH3PbI3−xClx Perovskite Thin Films. Phys. Chem.
Chem. Phys. 17, 30084–30089. doi:10.1039/C5CP04333F

Zhang, Z.-Y., Wang, H.-Y., Zhang, Y.-X., Hao, Y.-W., Sun, C., Zhang, Y., et al.
(2016). The Role of Trap-Assisted Recombination in Luminescent Properties of
Organometal Halide Ch3nh3pbbr3 Perovskite Films and Quantum Dots. Sci.
Rep. 6, 27286. doi:10.1038/srep27286

Zhao, Y., Yang, Y., and Sun, H.-B. (2021). Nonlinear Meta-Optics towards
Applications. PhotoniX 2, 3. doi:10.1186/s43074-021-00025-1

Zhao, Y., and Zhu, K. (2016). Organic-Inorganic Hybrid Lead Halide Perovskites
for Optoelectronic and Electronic Applications. Chem. Soc. Rev. 45, 655–689.
doi:10.1039/C4CS00458B

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Luo, Wang, Zhao and Zhang. 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 January 2022 | Volume 9 | Article 8184598

Luo et al. Dynamics of Strong Coupling

55

https://doi.org/10.1002/adom.201200020
https://doi.org/10.1515/znb-1978-0809
https://doi.org/10.1126/science.1243167
https://doi.org/10.1126/science.aaa9272
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1039/C5CP04333F
https://doi.org/10.1038/srep27286
https://doi.org/10.1186/s43074-021-00025-1
https://doi.org/10.1039/C4CS00458B
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Epitaxial Growth of Bi2Se3 Infrared
Transparent Conductive Film and
Heterojunction Diode by Molecular
Beam Epitaxy
Ya-Hui Chuai 1, Chao Zhu1, Dan Yue1 and Yu Bai 2*

1Institute of Physics, Changchun University of Science and Technology, Changchun, China, 2College of Electronical and
Information Engineering, Changchun University of Science and Technology, Changchun, China

Epitaxial n-type infrared transparent conductive Bi2Se3 thin film was cultivated by
molecular beam epitaxy (MBE) method on Al2O3 (001) substrate. The orientation
between Bi2Se3 and the substrate is Bi2Se3(001)//Al2O3(1 2 10). Conducting
mechanism ensued the small-polaron hopping mechanism, with an activation energy
of 34 meV. The film demonstrates conductivity of n-type, and the resistivity is 7 × 10−4Ωcm
at room temperature. The Film exhibits an excellent carrier mobility of 1,015 cm2/Vs at
room temperature and retains optical transparency in the near-infrared (>70%) and far-
infrared (>85%) ranges. To the best of our knowledge, the Bi2Se3 film yields the best result
in the realm of n-type Infrared transparent conductive thin films generated through either
physical or chemical methods. To demonstrate the application of such films, we produced
N-Bi2Se3/P-CuScO2 heterojunction diode device, the ~3.3 V threshold voltage of which
conformed fairly well with the CuScO2 bandgap value. The high optical transparency and
conductivity of Bi2Se3 film make it very promising for optoelectronic applications, where a
wide wavelength range from near-infrared to far-infrared is required.

Keywords: thin film, Bi2Se3, optical property, electronic property, N-Bi2Se3/P-CuScO2 heterojunction

INTRODUCTION

Infrared transparent conductive film is widely used in military and civilian infrared detectors, such as
Infrared guidance, Infrared imaging, Infrared detection and Infrared methane/CO detector etc.
(Zhang et al., 2021), because of its remarkable optical transmittance in the Infrared light range and
strong electromagnetic shielding ability. However, the traditional wide band gap oxide transparent
conductive film such as ITO (Sn-doped In2O3) and AZO (Al-doped ZnO) (Jain et al., 2020; Khan
et al., 2020), can only transmit visible light and near-infrared light, and has low transmittance in the
mid- and far-infrared bands. At present, infrared detectors are developing in the direction of all-
weather high sensitivity, such as dual-use day and night, wider infrared spectrum detection range
(mid-to-far infrared band), and adaptability to complex electromagnetic interference signal
environments (Zhang et al., 2020; Sizov et al., 2021). Therefore, it is particularly important to
develop a wide-band infrared transparent conductive film.

Up to now, a few infrared transparent conductive films have been developed by researchers. T.
Chen from Yale University reported a doped In2O3-based infrared transparent conductive film for
the first time, which has a transmittance of 40% in the 2.5–12 μm band and a resistance of 30Ω/□
(Chen et al., 1983). N. Lipkin prepared InxOy thin films by using reactive ion evaporation
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and controlled oxygen defects, achieving a mid- and far-infrared
transmittance of up to 72%, but the thin-film resistance reached
40Ω/□ (Lipkin et al., 2001). E. Aydin reduced the resistance of the
In2O3-based film to 18Ω/□ through Zr doping by magnetron
sputtering, while the transmission band is blue-shifted to the
near-infrared region of 0.25–2.5 μm (Aydin et al., 2019). L.
Johnson prepared CuxAlyOz and CuxCryOz amorphous films
that deviate from the stoichiometric ratio by asymmetric
bipolar pulsed DC magnetron sputtering method. The former
has 70% transmittance in the mid-infrared band and the sheet
resistance is 26Ω/□, and the latter has a transmittance of 55% in
the far infrared band (Johnson and Moran, 2001). Jicai Han
prepared Ru-doped Y2O3 film on a ZnS substrate by plasma
bombardment assisted magnetron sputtering, the transmittance
of the film is 65% in the 3.5–12 μm infrared band, and the
resistance is 3.36 × 102Ω/□ (Yang et al., 2013). The author
has also developed a series of P-type doped CuFeO2 and
CuScO2 based infrared transparent conductive films. The
highest transmittance in the 0.78–5 μm near mid-infrared
band is 90%, and the lowest resistivity is 2.25 × 103Ω/□
(Chuai et al., 2015a; Chuai et al., 2015b; Chuai et al., 2016a;
Chuai et al., 2016b; Chuai et al., 2019). In summary, the classic
design strategy of infrared transparent conductive film is mainly
to prepare the wide band gap semiconductor oxide by element
doping and stoichiometric deviation film preparation, and adjust
the composition to improve the infrared transmittance and
conductivity of the film at the same time. However, doping
tends to cause a blue shift in the infrared transmission band
of the oxide, and the film that deviates from the stoichiometric
ratio has poor crystallinity and high resistance. Therefore, wide
band gap semiconductor oxide is not an ideal mid- and far-
infrared transparent conductive material.

Bismuth chalcogenides materials Bi2Se3 has gained attention
due to its unique physical properties as a three-dimensional
topological insulator, and potential applications in spintronics,
optoelectronics and quantum computing (Xia et al., 2009; Qi and
Zhang, 2011; Jash et al., 2020). Bi2Se3 has a body state (with an
insulator band gap) and a surface state (without a band gap). The
surface state can exist stably because of the protection of the time
reversal symmetry. Therefore, it is externally conductive on the
surface and insulated on the inside. Bi2Se3 is a typical V-VI
compound semiconductor, belonging to the hexagonal crystal
system, space group D5 3d (R3m), with a narrow band gap energy
about 0.5 eV (Zhang et al., 2009). Bi2Se3 has a layered structure,
each unit contains 5 atomic layers, oriented along the Z axis, and
the stacking sequence is Se1-Bi1-Se2-Bi1′-Se1′, defined as 1
Quintuple Layer (QL), each QL The thickness is about
0.995 nm. There is a strong chemical bond between the two
atomic layers inside a QL, while the bond between QLs is weak
---van der Waals force. The basic feature of the Bi2Se3 three-
dimensional topological insulator is that there are four time-
reversed symmetry points in the Brillouin zone of its surface state.
Kramers degeneracy occurs at these points, thus forming Dirac
cones. The apex of the Dirac cone is called the Dirac point, and
the dispersion relationship between energy and momentum near
the apex is linear (not quadratic). Due to the spin-coupling effect,
the spin direction of the surface state is always perpendicular to

the direction of momentum, so that electrons travel on the surface
with low loss (or lossless) at a speed similar to photons (surface
mobility μs ≈ 6000 cm2/Vs), the inside is in an insulator state
(Hasan and Kane, 2010). Therefore, the band gap of Bi2Se3 yields
a low free-carrier plasma oscillation cut-off frequency, and high
transparency in the infrared (IR) range. Excellent surface mobility
makes it also have high electrical conductivity which make it an
ideal wide-band high infrared transmittance and
conductivity film.

Though Bi2Se3 film can be fabricated bymagnetron sputtering,
chemical vapor deposition, and electrodeposition method. But
still unable to prepare Bi2Se3 film with stoichiometric ratio.
Because selenium (Se) is highly volatile, Bi2Se3 tends to form
Se vacancies which act as donors to give a rather high carrier
concentration and low carrier mobility (Richardella et al., 2010;
Liu et al., 2015). During thin-film growth, when Se-atoms are lost
to a greater extent at elevated substrate temperatures, pure phase
Bi2Se3 film can barely survive, and the films obtained might
present impure phases or turn into another phase all together.
The high carrier concentration will blue shift the infrared
transmission band, which will shorten the infrared
transmission area. The low carrier mobility will cause the
resistivity of the film to decrease. To counter this problem and
achieve stoichiometric Bi2Se3 single crystal thin film with greater
quality, we employed molecular beam epitaxy (MBE) to make the
single crystal film at standard stoichiometric ratios.

In this letter, we use molecular beam epitaxy (MBE) to prepare
high-quality Bi2Se3 single crystal thin film on Al2O3 (001)
substrate. The main advantages of MBE are as follows: The
film can grow at a low growth temperature and a slow growth
rate, and it is easier to fine-tune the beam intensity, and timely
adjust the composition of the film according to the change of the
source, and single crystal films with a thickness of dozens of
atomic layers can be prepared. Thus, the Se vacancy defect density
in the thin film is reduced, and the body electron concentration is
reduced. As far as we know, this is the first time that the infrared
transmission characteristics of Bi2Se3 film is reported. We expect
that the present results are greatly helpful for the practical usage
of Bi2Se3 as novel wide band infrared transparent conductive film.

EXPERIMENT AND CALCULATION

Preparation of Bi2Se3 Thin Film
Molecular beam epitaxy (MBE) was employed to prepare Bi2Se3
thin film on Al2O3 (001) substrate. Before film growth, the
substrate was cleaned in UHV at 300°C for 15 min. Bi was
sourced from high purity bismuth (Bi, 99.999%), and Se from
selenium (Se, 99.999%). In order to obtain Bi and Se vapour, Bi
and Se were put into the effusion tank for co-evaporation. The
beam flux ratio of Bi and Se was 1:20, and the growth rate was
~0.4 quintuple layer (QL) per minute. The total pressure was kept
constant at 30 Pa. To enhance the crystalline property of the film,
we adopted a two-step growth method. This method can increase
the nucleation density of crystal grains on the substrate without
causing tex-turing of the film (Park et al., 2016). In the first step,
the substrate was heated to 170°C, and then deposited the initial
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3–4 QLs of Bi2Se3 thin film. Then the obtained ultra-thin film was
annealed at 300°C in H2 atmosphere for 30 min. In the second
step, the substrate temperature was raised to 350°C at a rate of 4°C
per minute. Then continue to grow to the predetermined
thickness of the film. To assess the stability and antioxidant
capacity of the Bi2Se3 film, all the tests were carried out after
2 weeks of air exposure.

Characterization and Measurement
Conventional X-ray diffraction (XRD) technique was employed
to represent the crystallographic orientation of the Bi2Se3 film on
a Bruker D8 Advance X, Pert diffractometer (Cu-Ka: λ = 1.540 A).
A scanning speed of 8° per min was chosen, ranging from 10° to
90°. X-ray photoelectron spectroscopy (XPS, ESCALAB 250) was
used to determine the valence states of the elements. To detect the
surface morphology of the film, feld emission scanning electron
microscope (FE-SEM JSM-7500F) and atomic force microscope
instrument (AFM Veeco DI-3100) were used. To further
investigate the atomic arrangement of the film, a high-

resolution transmission electron microscope (HRTEM, TEM
2010F) was used. To measure the optical properties of the
film, such as transmission and absorption, a UV-vis-NIR
spectrophotometer (Shimazu UV-3600PC) was used working
in the wavelength range of 250–3,000 nm, plus a Fourier
transform infrared spectrometer (FTIR) working in the range
of 2.5–12 μm. To examine the electrical properties, a Hall-effect
measurement system (ACCENT HL55OOPC) was introduced,
the test range was between 90 and 300 K.

RESULTS AND DISCUSSION

Structural and Chemical Valence
Characteristics
Figure 1A shows the XRD patterns of the resulting Bi2Se3 film.
The only peaks observed in the scanned range are clearly defined
and high intensity reflections [(003), (006), (009), (0015), (0021)].
The appearance of only (001) diffraction peaks indicates that the

FIGURE 1 | (A) XRD pattern of the Bi2Se3 single crystal film, (B) Zoomed
in XRD pattern of the Bi2Se3 film at (0015) peak.

FIGURE 2 | X-ray photoelectron spectra of Bi2Se3 thin film, (A) Bi-4f, (B)
Se-3d.
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film is preferentially oriented along the c-axis perpendicular to
the substrate surface. Further, the layered structures of Bi and Se
atoms in the form of Se(1)-Bi-Se (2)-Bi-Se(1) are normal to the
c-axis. The width of the half-maximum (FWHM) of the (0015)
rocking curve (Figure 1B) is about 0.39°, indicating good
crystallinity of the film. From the d-spacing’s of the (0015)
peak, the lattice parameters of the Bi2Se3 film were determined
as a = b = 4.138 (3)�A and c = 28.666 (2)�A, which conforms well to
the reported standard card data file (No. 01-089-2008).

Figure 2 shows the X-ray photoelectron spectra (XPS) of Bi-4f
and Se-3d of Bi2Se3 thin film. In the Bi-4f spectrum, two distinct
peaks Bi-4f7/2 = 158.5 eV and Bi-4f5/2 = 164 eV are observed, both
are intense and with binding energy. This is consistent with the
Bi₂O₃ (Bi3+) phase, which leads to the conclusion that the Bi ions
are in the tervalent state. Figure 2B reveals two adjacent sharp
peaks in the Se-3d5/2 spectrum at 53.6 and 54.3 eV on 3d3/2 peaks,
respectively. Compare with the X-ray Photoelectron
Spectroscopy Database of the National Institute of Standards
and Technology (NIST), and it can be inferred that the valence
state of the Se ions is −2. XPS analysis reveals the valence states of
Bi and Se to be +3 and −2 in the Bi2Se3 film, which is conducive to

the formation of a pure Bi2Se3 phase. The atomic content of Bi
and Se on the surface of the film is 0.47 and 0.53 respectively. The
deviation of the surface stoichiometric ratio is due to the lower
vapor pressure of the Se element, so Se is prone to volatilization
during the growth process, especially on the surface of the film.

Morphologies and Microstructure of the
Bi2Se3 Film
Figure 3A shows the film’s surface morphology atomic force
microscope (AFM) image. It shows that the nano-particles is
uniform and arrange orderly with an average size of 120 nm. As
shown in Figure 3B, a higher-magnification view of the surface
revealed triangular crystal facets and terrace structures of the
Bi2Se3 thin film. The root-mean-square (RMS) roughness value
for the 2 μm × 2 μm area is 0.9 nm. The thickness of Bi2Se3 film is
shown in Figure 3C. The image indicates that the Bi2Se3 film
thickness is uniform and tightly bonded to the substrate. No
lattice defects such as threading dislocations are observed at the
interface. In Figure 3D, the interplanar d spacing between lattice
fringes is measured to be 0.2 nm, in conformance with the

FIGURE 3 | (A) 2 μm× 2 μm atomic force microscope images of the Bi2Se3 thin film, (B) Enlarged image of Bi2Se3 grain, (C) Cross-sectional SEM image of Bi2Se3
(001) thin film close to the interface of the substrate, (D) Surface HRTEM image and SAED pattern of Bi2Se3 thin film.
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d-spacing of the (11 2 0) planes in the pdf file No. 01-089- 2008.
Selected area electron diffraction pattern (SAED) of Bi2Se3 film
shows three different diffraction spacings ([11 2 0] [1 2 1 0] and [2
110]) indexed as a 6-fold symmetric [001] zone axis pattern,
conforming to the layered structure along the c-axis orientation.
The above conclusions indicate that the Bi2Se3 film is a single
crystal film, and it preferentially grows along the c-axis direction.

Optical Properties of Bi2Se3 Thin Film
Figure 4A gives the optical transmission spectrum of the Bi2Se3
film in visible light-near infrared band. All the measured data
have been deducted from the influence of the substrate. The film
exhibits a transmittance of 50–70% in the entire visible light band,
and a higher transmittance of 70–85% in the near-infrared band.
Figure 4B gives the absorption spectrum of Bi2Se3 thin film. At
3,000 nm wavelength stands a sharp absorption edge. It is the
fundamental absorption which energy corresponds to the energy
required for the electron to transition from the top of the valence
band to the bottom of the conduction band. Therefore, this
absorption edge has been widely adopted to determine the
forbidden band width. The optical absorption coefficient (a)
and photon energy (hv) has a relation as such:

αh] � A(h] − Eg)
m

(1)
Where Eg is the optical bandgap of the materials, A is a

constant, and m hinges on the type of transition: m = 1/2
when band transition is indirect, and m = 2 when band
transition is direct (Deng et al., 2013). Figure 4C delineates
the linear relationship between (ahv)2 and hv, it indicates that
the Bi2Se3 thin film has a direct bandgap structure. Extend the
straight portion of the curve and the bandgap can be estimated as
0.47 eV. This value is a bit smaller than previously reported in the
literature of 0.5 eV. Generally, the relationship between the
forbidden band width and the carrier concentration can be
expressed as such a linear relationship ΔE = ΔE (0) ‒ kn1/3,
where n is carrier concentration. During the growth of Bi2Se3 thin
film, high-temperature annealing will cause the absence of Se
atoms, which will create Se vacancies in the film, forming a
natural n-type semiconductor. The bulk carrier concentration n
increases, so the actual measured band gap is lower than the
theoretical value. Figure 4D shows the infrared
transmission spectrum of the Bi2Se3 thin film. The total
transmittance of Bi2Se3 film in the wavelength range of 3.2
(3,125 wavenumber) −7.2 (1,400 wavenumber) μm is as high

FIGURE4 | (A)Optical transmission spectrum of Bi2Se3 thin film, (B)Absorption spectrum of Bi2Se3 thin film, (C) (ahv)2 versus hv plot, and (D) Infrared transmission
spectra of Bi2Se3 thin film.
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as 85% with no obvious characteristic absorption peak. The high
transmittance (or low absorptivity), especially in the infrared
band, is primarily attributed to the free carrier plasma edge
around the far-infrared frequency. Due to the collective
oscillation of conduction band electrons, called plasma
oscillation, the transmittance of the film decreases at 7.2 μm
suddenly. According to Drude’s free electron theory, the
plasma oscillation frequency ωp of the material determines the
upper limit of the transmission wavelength. When the incident
light frequency ω < ωp, the film exhibits strong reflectivity; when
ω > ωp, the film exhibits transmittance. Thus, ωp sets the low
cutoff frequency of the transmission band.

Electrical Characteristics of Bi2Se3 Thin
Film
In order to further analyze the electrical characteristics and
transmission characteristics of Bi2Se3 thin films. Multiple
temperature Hall effect measurement were carried out for the low
temperature range. The influences of temperature on the resistivity,
carrier density and mobility were investigated. As well as high

transmittance in infrared band, the Bi2Se3 thin film also exhibits
excellent electrical properties. The graphics of temperature dependent
carrier concentration, Hall mobility and resistivity are shown in
Figures 5A–C. The electron concentration of the film increases as
the temperature rises, and the bulk electron concentration of the film
at room temperature is about 1.15×1017cm−3. The Hall mobility
decreases as the temperature rises, and the Hall mobility at room
temperature is as high as 1,015 cm2/Vs, which is two orders of
magnitude higher than the copper-iron ore series p-type infrared
transparent conductive film we prepared previously. The reason for
the high mobility is that Bi2Se3 belongs to a three-dimensional
topological insulator structure. The basic feature of the structure is
that there are four time-reversed symmetry points in the Brillouin
zone of its surface state with Kramers degenerate phenomenon,
which form the Dirac Cone. The apex of the Dirac cone is called
the Dirac point, and the dispersion relationship between energy and
momentum near the apex is linear. Due to the spin-coupling effect,
the spin direction of the surface state is always perpendicular to the
direction of momentum, so that electrons travel on the surface with
low loss (or lossless) at a speed similar to the photon. The Hall
coefficient of Bi2Se3 film is −7.8 cm3C−1 at room temperature, which

FIGURE 5 | (A) Temperature dependence of: (A)Carrier concentration, (B)Hall mobility, (C) electrical resistivity (D) lnρ plotted as function of 1,000/T for the Bi2Se3
thin film.
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indicates characteristic of n-type conduction. The room temperature
conductivity of the film is 7 × 10−4Ωcm. As shown in Figure 5D,
Bi2Se3 film shows thermal activation behavior at room temperature,
because the plots of lnρ ~1,000/T show a linear relation. The
conductivity can be expressed by 1/ρ � Aexp[−Ea/(kBT)], where
A is constant, Ea is the thermal activation energy, and kB is
Boltzmann constant. As temperature increases, electrical
conductivity of the material increases, confirmative of the
semiconductor nature of Bi2Se3 thin film in our study. The
estimated Ea is 34meV, which is less than 10% of the optical
bandgap (Eg ≈ 0.47 eV) of Bi2Se3, indicating the electronic
transport is thermally activated by a donor in the conduction band.

Preparation and Measurement of Infrared
Transparent Diode Device
In order demonstrate the application of our thin film, we made
N-Bi2Se3/P-CuScO2 infrared transparent heterojunction diode,
the schematic diagram of which is shown in Figure 6A. The
schematic diagram of this diode is shown in Figure 6A. First, we
use the polymer-assisted deposition method to grow the CuScO2

film with a thickness of about 200 nm on a sapphire substrate, and
then deposit a layer of Bi2Se3 thin film with a thickness of 150 nm
by MBE. Finally, we evaporate In on the surface of the device as
the electrode. Figure 6B shows the I–V curve of the
heterojunction diode. It can be easily found the rectifying
characteristic through the curve, accompanied by a threshold
voltage of 3.3 V, which is consistent with the forbidden band
width of CuScO2 (3.3–3.5 eV). Thus, hetero-epitaxial growth at
the CuScO2 (lower part) and Bi2Se3 (upper part) interface is
demonstrated.

CONCLUSION

In this paper, we used molecular beam deposition (MBE) method
to epitaxial grow Bi2Se3 thin film, which was then incorporated

into N-Bi2Se3/P-CuScO2 infrared transparent heterojunction
diodes. The unique growth and processing design of MBE
underpins the high quality, epitaxial growth of the film. The
Bi2Se3 thin film thus produced displayed remarkable optical
transparency in IR region, and great n-type electrical
conductivity. The CuScO2 film-based infrared transparent
heterojunction diode has an abrupt interface, exhibits
rectifying I—V characteristics with the threshold voltage of
~3.3V. The results prove that the Bi2Se3 film has excellent
optical and electrical properties in the wide-band infrared
range. Such photoelectric properties make it a great candidate
for window electrodes of infrared detectors, as well as other
scenarios in the wide infrared wavelength range.
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device. The inset in (B) shows the cross-sectional HREM image of N-Bi2Se3/P-CuScO2 interface.
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Recent Advances in Silver Nanowires
Electrodes for Flexible Organic/
Perovskite Light-Emitting Diodes
Shuping Hou1*, Jie Liu1, Feipeng Shi1, Guo-Xu Zhao2,3, Jia-Wei Tan2,3 and Gong Wang2,3*

1School of Information Engineering, Tianjin University of Commerce, Tianjin, China, 2Center for Advanced Laser Technology,
Hebei University of Technology, Tianjin, China, 3Hebei Key Laboratory of Advanced Laser Technology and Equipment, Tianjin,
China

Flexible organic light-emitting diodes and perovskite light-emitting diodes (PeLEDs) have
been investigated as an innovative category of revolutionary LED devices for next-
generation flat display and lighting applications. A transparent conductive electrode is
a key component in flexible OLEDs and PeLEDs, and has been the limitation of the
development in this area. Silver nanowires (AgNWs) have been regarded as the most
suitable alternative material in TCEs, due to the economical solution synthesis and
compatibility with roll-to-roll technology. This mini-review addresses the advances in
silver nanowires electrodes for flexible organic/perovskite light-emitting diodes, and the
relationship between electrode optimization and device performance is demonstrated.
Moreover, the potential strategies and perspectives for their further development of
AgNWs-based flexible OLEDs and PeLEDs are presented.

Keywords: silver nanowires, organic light-emitting diodes, perovskite light-emitting diodes, flexible electronics,
transparent conductive electrode

INTRODUCTION

Wearable electronics are revolutionizing how people interact with the world and each other (Afroj
et al., 2020). Within the last 2 decades, the market trend of wearable electronics has stepped away
from bulky, heavy, and wired electronics, and consumers are experiencing a world where devices are
becoming smaller, lighter, and wirelessly connected with advanced smart technologies. (Han et al.,
2019; Ma et al., 2020; Shi et al., 2021). Much of these changes were enabled by the successful
development of novel electronic materials and miniaturization of electronic devices (N.Sgourou
et al., 2017). To further enhance the functionality, practicality, and aesthetics of the next generation
of wearable electronic products, soft and elastic flexible electronic products are needed. (Yuvaraja
et al., 2020). In recent years, flexible organic light-emitting diodes (OLEDs) have become a promising
technology for flat panel displays and solid-state lighting applications, thanks to their high efficiency,
that could significantly reduce the energy consumption for lighting and information display (Xu
et al., 2016; Lee J et al., 2017; Zou et al., 2020). Besides, metal halide perovskites (MHPs) are
mechanically soft and process superior optoelectronic properties, and therefore show potential
applications in next-generation wearable displays (Wang et al., 2020; Zhou et al., 2020).

Current OLEDs and PeLEDs rely heavily on the cost prohibitive component: ITO electrode (Khan
et al., 2019). However, the ITO electrodes always suffer from degradation or failure if subjected to
repeated bending, stretching, or other types of deformation in flexible electronics, which influence
the efficiency and stability of the devices (S.Datta et al., 2020). Therefore, it is necessary to develop
alternatives to ITO as the transparent conductive electrodes (TCEs) in flexible electronics (Yu et al.,
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2021). Silver nanowires (AgNWs) have been investigated as a
potential ITO replacement, as the AgNW network can reproduce
the high surface conductivity and visual transparency of ITO, and
have the superior mechanical performance meanwhile (M.Abbasi
et al., 2015; Tan et al., 2020). This mini-review focuses on the
characteristics of AgNWs electrodes and their advantages
overwhelming other flexible TCEs. Besides, the evolution of
device performance of AgNWs-based flexible OLEDs and
PeLEDs are summarized. Moreover, the future development of
silver nanowires electrodes for flexible organic/perovskite light-
emitting diodes is prospected.

Silver Nanowires Electrodes
A transparent electrode is a key component in flexible/stretchable
organic light-emitting diodes and perovskite light-emitting
diodes (Zhu et al., 2019). Indium-tin oxide (ITO) has been
more or less the only option for the transparent electrodes.
ITO coated on glass is predominantly employed, whereas ITO
coated on plastic substrates such as polyethylene terephthlate
(PET) are used whenever flexibility is required (Lee S. M. et al.,
2017). However, owing to the limited supply of indium, ITO
becomes more and more expensive. In addition, ITO also has
other inherent drawbacks due to the material’s properties, such as
a lack of flexibility of the ITO layer, lack of chemical stability,
fragility, and the toxicity of indium. All of the above-mentioned
problems point to the urgent need to develop alternatives to ITO,
especially for flexible/stretchable electronic devices (Sannicolo
et al., 2016).

A number of alternative transparent electrodes have been
investigated, the most notable ones include: 1) Conductive
polymers represented by poly (3,4-ethylenedioxythiophene):
poly (styrene sulfonate) (PEDOT:PSS). The conductivity of
PEDOT:PSS can reach 1000 S/cm. PEDOT thin films can be
transparent in the visible spectrum. However, PEDOT is unstable,
the conductivity is still much lower than the ITO electrode, and
the synthesis of the polymer is costly (Ma et al., 2021). 2) Carbon
nanotubes (CNTs) appear to be a better solution because the
conductivity of CNTs is higher than that of PEDOT. Ultrathin
CNT coatings have been used to fabricate LEDs (He and Ye,
2015). However, CNTs are rather expensive and it is difficult to
obtain uniform dispersions suitable for processing. The sheet
resistance cannot be reduced to below 100 Ω/sq without
significant loss of transparency. 3) Transparent conducting
oxides other than ITO, such as alumina doped zinc oxide,
gallium doped zinc oxide, etc. Aluminum doped zinc oxide is
attractive as a less expensive and nontoxic alternative to ITO.
However, the fabrication process still requires high vacuum
physical sputtering or evaporation, and the coatings either do
not have sufficiently low sheet resistance or low surface
smoothness for processing into ultrathin organic films (Seok
et al., 2019). 4) Graphene has also been investigated as
transparent electrode. The best result is ~30Ω/sq at ~90%
transparency in which the graphene was synthesized through
chemical vapor deposition and chemically p-doped by nitric acid.
The stability of the doped electrode might be of concern due to
the evaporation and migration of the nitric acid dopant (Liu et al.,
2019). 5) Silver has a higher conductivity than conducting

polymers, CNTs and doped ZnO. Based on calculations, the
solar photon flux-weighted transmission versus sheet
resistance for silver nanowires has a figure of merit exceeding
85% transmission at 10Ω/sq sheet resistance versus 80%
transmission for 10Ω/sq ITO/glass substrate. Large-scale
coating of silver nanowires has been demonstrated, and the
transmittance at 550 nm can be over 80% (including the
substrate) for 9Ω/sq silver nanowire electrodes. Silver
nanowires are highly attractive for transparent electrodes;
however, improved processing techniques must be developed
to form ultrathin coatings with low surface roughness (Guo
et al., 2013).

Compared with other typical electrodes, the major advantages
of silver nanowire transparent electrodes are the following: 1) The
conductivity of silver is one to two orders of magnitude higher
than ITO, doped ZnO, conducting polymers, and CNTs. An
ultrathin coating of silver nanowires can form a highly conductive
network. A high aspect ratio of nanowire length to diameter is
essential for the network formation at low silver content per
surface area. Besides, proper post-treatments are always used to
improve the physical contact between adjacent AgNWs (Langley
et al., 2013; Seo et al., 2021). 2) The polymer substrates for the
silver nanowires are conventional polymers such as epoxies and
polyacrylates, whose manufacturing cost is lower than that of
glass. Furthermore, lamination is an effective approach to make
the metal nanowires connect more closely with the polymer
substrate and further reduce the roughness, which improve the
quality of AgNWs (Kim et al., 2020; Kumar et al., 2021). 3) The
silver nanowire/polymer substrate fabrication involves solution-
based processing, which can be scaled up to roll-to-roll
production for lowered cost. 4) The silver nanowire/polymer
substrates are flexible and stable. Choosing the appropriate
substrate polymer, one can fabricate highly flexible or even
stretchable electronic devices under large deformations (Xiong
et al., 2013). 5) The materials are nontoxic. The devices may be
recycled or safely disposed to significantly reduce the overall
environmental impact from electronic waste.

Flexible Organic Light-Emitting Diodes
Flexible organic light-emitting diodes (FOLEDs) have been a
promising technology for displays in wearable devices; however,
the high manufacturing cost still hamper their large-scale
applications (Li et al., 2013; Zhang et al., 2021). The
manufacturing cost is mainly attributed to the high cost
associated with substrate, electrode, and light-extraction
structure (LES). AgNWs can be integrated in a streamlined
solution-based process which is well-matched with Roll-to-Roll
production for high throughput, which is an ideal approach to
decrease the fabrication cost of FOLEDs. Besides, silver
nanowires (AgNWs) have been investigated as a potential ITO
replacement, as the AgNW network can reproduce the high
surface conductivity and visual transparency of ITO (Zhang
and Engholm, 2018).

In 2013, Gaynor et al. reported an ITO-free white OLED based
on solution-processed AgNWs/PMMA electrodes, which showed
a high power efficiency of 54 lm/W (Gaynor et al., 2013). In this
work, the solution-possessed AgNW electrodes exhibited great
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advantages with commercial roll-to-roll production,
demonstrating significant potentials to fabricate low-cost
FOLED. Lee et al. developed a highly efficient OLED based on
AgNW electrode, showing a low turn-on voltage of 3.6 V, a high
current efficiency of 44.5 cd/A, and power efficiency of 35.8 lm/W
(Lee et al., 2014). Chang et al. investigated a solution-processed
s-MoOx-treated AgNW electrode with transmittance up to
95.9%, and low Rs of 29.8Ω/sq (Chang et al., 2015). The
resulting ITO-free FOLEDs exhibited a superior performance
with power efficiency of 29.2 lm/W and EQE of 10.3%. Wei et al.
constructed a highly conductive, smooth and transparent AgNW/
PEDOT:PSS hybrid electrode with a resulting maximum current
efficiency of 58.2 cd/A in 2017 (Wei et al., 2017).

Flexible Perovskite Light-Emitting Diodes
Perovskites have been hotly pursued in recent years owing to their
high photoluminescence quantum yield, long carrier diffusion
length, strong light absorption, adjustable bandgap, and high
carrier mobility (Song et al., 2019). After perovskite was first

employed in light-emitting diodes, a slurry of research efforts has
since been devoted in flexible PeLEDs (Kumawat et al., 2019).
Flexible PeLEDs combine the excellent optoelectronic properties
of perovskites with the potential of highly flexible electronics have
come out as a novel category of revolutionary LED for panel
displays and solid-state lighting applications (Lim et al., 2021;
Rhee et al., 2021). To enable flexible applications of perovskite
light-emitting diodes, flexible electrodes should satisfy the
requirements of transparency, conductivity, and robustness.
AgNWs electrode is an ideal choice for the flexible electrode
and is widely applied in flexible and even stretchable PeLEDs.
Besides, the perovskite active layer should feature good
mechanical stability, and further engineering technology for
perovskite film is important.

As shown in Figure 1A, Bade et al. first reported the fully
printed PeLEDs in 2016 with AgNWs as the cathode, and a
printed composite film consisting of metal halide perovskites
(MPHs) and poly (ethylene oxide) (PEO) as the emissive layer
(R.Bade et al., 2016). The flexible PeLED can survive 5 mm radius

FIGURE 1 | (A) Fully Printed Halide Perovskite Light-Emitting Diodes with Silver Nanowire Electrodes; reproduced with permission from R.Bade et al. (2016) (B)
Electroplated Silver-Nickel Core-Shell Nanowire Network Electrodes for Highly Efficient Perovskite Nanoparticle Light-Emitting Diodes; reproduced with permission from
Kang et al. (2020) (C) Stretchable Organometal-Halide-Perovskite Quantum-Dot Light-Emitting Diodes; reproduced with permission from Li et al. (2019).
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of curvature without affection of the device performance.
Subsequently, Chen et al. developed a morphology-controlled
CsPbBr3-based PeLEDs fabricated on AgNWs/PET substrate in
2018 (Cheng et al., 2019). The flexible device showed a maximum
current efficiency of 31.0 cd/A, and a maximum external
quantum efficiency (EQE) of 10.1%. Later on, Kang et al.
fabricated Ag-Ni core-shell nanowires by solution-
electroplating to decrease the resistance, increase the work
function of the electrodes, and prevent the reaction of AgNWs
with the overlying perovskite nanoparticles (Kang et al., 2020).
The PeLEDs based on Ag-Ni core-shell NW electrodes and
FAPbBr3 nanoparticles exhibited an EQE of 9.67%
(Figure 1B). Moreover, stretchable PeLEDs were also
constructed on AgNWs/PI electrode with a luminescent
efficiency up to 9.2 cd/A in Figure 1C (Li et al., 2019).

CONCLUSION AND OUTLOOK

The cost-effective AgNWs-based OLEDs and PeLEDs take a big
stride to the large-area and low-cost fabrication of flat displays in
wearable devices. AgNWs with high aspect ratio process high
transmittance and conductivity after proper post-treatments.
Besides, lamination effectively make the close connect between

AgNWs and polymer substrate and further reduce the
roughness of electrode. Moreover, AgNWs/polymer
substrate exhibit superior flexibility and stability even under
repeated bending, enabling their applications in OLEDs and
PeLEDs. As a result, the flexible AgNWs-based OLEDs and
PeLEDs demonstrate good device performance and stability
under deformations. Further efforts are also required to
elucidate the physical mechanisms in flexible OLEDs and
PeLEDs, especially when they are in bending condition.
Furthermore, the encapsulation approach should be further
discussed for their commercial applications.
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