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Preface

Colloidal quantum dots (CQDs) and other thin-film materials have been extensively investigated
over the past few decades in various fields. Their advantages, such as their solution processability,
tunable energy gaps and surface-chemistry-mediated electronic properties, make CQDs a fascinating
material platform to develop optoelectronic devices for both light emission and detection. Driven
by the tremendous demands for energy harvesting, photodetectors and displays, synthetic strategies
toward improving material properties, improving quantum efficiency through device engineering
and achieving light manipulation using nanophotonic structures are all being actively investigated
in CQD-based optoelectronics. The scope of this book is to provide a platform to both academic
and industry researchers to share their state-of-the-art developments in the rapidly growing field of

optoelectronics.
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Colloidal quantum dots (CQDs) have been extensively investigated in recent decades.
As an alternative to bulk semiconductors, the energy gaps of CQDs can be tuned by not
only the CQDs’ composition but also their size. So far, CQDs have been used in a wide
range of applications including both light emission and detection. This Special Issue aims
to provide a forum for researchers to share their current research findings and to promote
further research into CQD-based optoelectronics, including experimental characterization
and theoretical calculations. For this Special Issue, we intend to collect 10 original articles
on the most recent works on CQD light-emitting diodes, infrared photodetectors, and
X-ray sensors.

In the work by Zhang et al. [1], mercury telluride CQDs (HgTe CQDs) were introduced
as a new option for infrared detection. Limited by their energy gaps, early studies on
PbS CQDs mainly focused on solar cells or near-infrared detection. The emergence of
HgTe CQDs greatly extended the spectral sensing ranges of colloidal nanomaterials to
mid-infrared and THz ranges. The synthesis, device physics, photodetection mechanism,
and multispectral imaging of HgTe CQDs have been discussed. Moreover, nanomaterials
are subject to quantum confinement effects. Therefore, they should have a smaller energy
state density, which might lead to a reduced dark current and a higher operation tem-
perature. Novel low-dimensional materials with easy fabrication processes and excellent
photoelectronic properties provide a possible solution for room temperature infrared pho-
todetectors. Li et al. summarized the preparation methods and characterization of several
low-dimensional materials (PbS, PbSe, and HgTe, new two-dimensional materials) and the
room temperature infrared photodetectors based on them [2].

For traditional infrared semiconductors, focal-plane arrays (FPAs) have to be fabricated
via complicated flip-bonding methods, leading to expensive infrared imagers. Emerging
materials, such as inorganic-organic metal halide perovskites, organic polymers, and
colloidal quantum dots, have been proposed to develop CMOS-compatible optoelectronic
imagers. In the work by Bi et al. [3], the fabrication methods and key figures of merit for
FPAs were discussed.

Besides imaging, spectral sensing is of great importance. Unlike HgTe CQDs, HgSe
CQDs show a narrowband photoresponse via intraband transitions. Zhao et al. investi-
gated an intraband mid-infrared photodetector based on HgSe colloidal quantum dots
(CQDs) [4]. The size, absorption spectra, and carrier mobility of HgSe CQD films were
all experimentally studied. Wen et al. reported a simulation study of a microspectrome-
ter fabricated by integrating an intraband HgSe CQD detector with a distributed Bragg
reflector (DBR) [5]. Intraband HgSe CQDs possess a unique narrowband absorption and
optical response, which makes them an ideal material platform to achieve high-resolution
detection for infrared signatures such as molecular vibration.

Integrating CQD films with functional optical structures is an effective way to provide
functionalities beyond the CQDs’ intrinsic properties. Infrared detectors with polarization
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sensitivity could extend the information dimension of the detected signals and improve
the target recognition ability. However, traditional infrared polarization detectors with
epitaxial semiconductors usually suffer from a low extinction ratio, complexity in structure,
and high cost. In the work by Zhao et al. [6], a simulation study of CQD infrared detectors
with a monolithically integrated metal wire grid polarizer and an optical cavity was
conducted. The polarization selectivity of HgTe CQDs with resonant-cavity-enhanced wire
grid polarizers was studied in both shortwave and midwave infrared regions. Besides the
high extinction ratio, the optical-cavity-enhanced wire grid polarizer could also significantly
improve light absorption by a factor of 1.5, which leads to higher quantum efficiency
and better spectral selectivity. With a meta-lens as a light concentrator, an over-20-times
enhancement in light absorption can be achieved [7].

Besides infrared, X-ray detectors also demonstrate a wide range of applications. Halide
perovskite has remarkable optoelectronic properties, such as high atomic number, large
carrier mobility-lifetime product, high X-ray attenuation coefficient, and simple and low-
cost synthesis process, and has gradually developed into a next-generation X-ray detection
material. In the work by Tan et al., the fabrication methods of halide perovskite film and
the development progress of halide-perovskite-based X-ray detectors were introduced [8].

Emerging infrared upconversion imaging devices can directly convert low-energy
infrared photons into high-energy visible-light photons; thus, they hold promise in ac-
complishing pixel-less high-resolution infrared imaging at low cost. In the work by Rao
et al., the recent advances and progress of infrared-to-visible upconversion devices were
summarized [9]. To further improve the performance of infrared upconverters, one possible
direction is to upgrade single-color upconverters to multicolor upconverters, which can
correlate the color of emitted light with infrared light intensity, temperature, pressure, or
biosignals. The key component, a multicolor light-emitting diode, was discussed by Ma
et al. [10].
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Natural Science Foundation of China (NSFC No. 62035004). X.T. is sponsored by the Young Elite
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Abstract: The application of infrared detectors based on epitaxially grown semiconductors such as
HgCdTe, InSb and InGaAs is limited by their high cost and difficulty in raising operating temperature.
The development of infrared detectors depends on cheaper materials with high carrier mobility,
tunable spectral response and compatibility with large-scale semiconductor processes. In recent
years, the appearance of mercury telluride colloidal quantum dots (HgTe CQDs) provided a new
choice for infrared detection and had attracted wide attention due to their excellent optical properties,
solubility processability, mechanical flexibility and size-tunable absorption features. In this review,
we summarized the recent progress of HgTe CQDs based infrared detectors, including synthesis,
device physics, photodetection mechanism, multi-spectral imaging and focal plane array (FPA).

Keywords: HgTe Colloidal quantum dots; infrared; photoconductors; photovoltaic;
multispectral imaging

1. Introduction

Infrared detectors are widely used in thermal imaging [1,2], material spectroscopy analysis [3-5],
autonomous driving assistants [6], surveillance [7] and biological health monitoring [8-10]. Before 1940s,
the dominant infrared detectors were thermal detector, such as thermocouple detector [11],
bolometer [12] and pyroelectric detector [13], which mainly relied on the detection of incident power
rather than the energy of the incoming photons. Despite that they can be operated at room temperature,
thermal detectors suffer from slower response speed and lower detectivity compared with photon
detectors. Driven by the demands for fast response and high sensitivity, photon detectors gradually
occupied the dominant position of infrared detection technology. The first photon detector was a PbS
detector with a response wavelength of 3 m, and germanium-mercury alloy (Ge:Hg), lead selenide
(PbSe), germanium-silicon alloy (Ge:Si), indium antimonide (InSb) and mercury cadmium telluride
(HgCgTe) infrared detectors were successively developed. Infrared detectors and imaging systems have
gone through “scan to image” and “single-color focal plane array (FPA)”, and currently are moving
towards large-format, multi-color 3rd and 4th generations [14]. Figure 1 showed the development
roadmap of infrared detectors. The first generation of infrared detectors systems were relatively
small refrigeration type photodetector unit or linear array, used with a complex two-dimensional
scanning system to obtain images [15,16]. Compared with the first generation systems, the second
generation systems had more pixels distributed on the two-dimensional FPA [17]. These pixels and
readout integrated circuits (ROICs) constituted the infrared detection system, imaging by staring
system electrically scanned. The third and fourth generation systems are being developed and are not
well defined. In general, these systems are required to have large number of pixels, high frame rate,
multi-color detection, integrated signal processing and other powerful functions.

Coatings 2020, 10, 760; doi:10.3390/coatings10080760 www.mdpi.com/journal/coatings
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Figure 1. The development roadmap of infrared detectors. Through scan to image and single-color
FPA towards two-color and multi-color.

Nowadays, thermal imaging relies primarily on bulk epitaxial semiconductor materials.
In mid-wave infrared (MWIR, 3-5 um) and long-wave infrared (LWIR, 8-12 um), it is dominated
by narrow bandgap semiconductor material such as InSb [18], HgCgTe [19,20], quantum-wells [21]
and type-II superlattices [22,23]. However, these materials were typically prepared by molecular
beam epitaxy or chemical vapor deposition, which leads to high fabrication and processing costs.
The applications of epitaxial materials-based infrared detectors are, therefore, limited to defense and
scientific research, and there is an urgent need for new infrared materials that combines fast response,
high sensitivity and compatibility with CMOS semiconductor processes to promote civilian applications,
such as driverless car, atmospheric monitoring, thermal imaging, agricultural planting, etc.

As an alternative to conventional bulk epitaxial semiconductors, colloidal quantum dots (CQDs)
have attracted wide attention due to their unique advantageous features such as the ease of
solution-processing, low-cost and large-scale synthesis and size-tunable optical absorption wavelength.
Over the past decade, CQDs have been widely used in a variety of applications, including solar
cells [24], spectrometers [25], phototransistors [26], FPA imagers [27], lasers [28], LEDs [29]. Among all
the CQDs systems, mercury telluride (HgTe) CQDs have demonstrated the highest infrared spectral
absorption tunability covering main important atmospheric windows including short-wave infrared
(SWIR, 1.5-2.5 um) [30-33], mid-wave infrared (MWIR, 3-5 pum) [34-42], long-wave infrared (LWIR,
8-12 um) [43,44] and even the terahertz (THz) [45,46], appearing as promising candidates to substitute
conventional semiconductors to achieve good detection performance with low cost. This review
will be described from the following aspects, including: synthesis of infrared CQDs, infrared CQDs
photodetectors, multispectral CQDs photodetectors and CQDs FPA.

2. Synthesis of Infrared CQDs

HgTe CQDs, a kind of zero-gap intrinsic semiconductor in the bulk, had a dominant position
in the mid-infrared band of colloidal nanomaterials with interband optical transitions. In principle,
the band gap can be adjusted in the full infrared range by controlling CQDs size. The synthesis [34,35]
and optical properties [47] of HgTe CQDs with band-gaps tunable through the mid-infrared range
of 3-5 um (0.2 to 0.5 eV) were first reported by Guyot-Sionnest group in the University of Chicago.
The typical synthesis of monodispersed HgTe CQD involved the reaction of telluride (Te) and mercury
chloride (HgCl,) in non-polar solvents [35]. In brief, Te was dissolved in trioctylphosphine (TOP)
and HgCl, was dissolved in oleylamine, forming a clear, colorless or pale-yellow solution. To initiate
the reaction, TOP:Te was rapidly injected in to HgCl, solution. After a period of reaction time,
the reaction was quenched by adding dodecanethiol and the final particle size depended on the
temperature and duration of the reaction, typically in the range of 60 to 130 °C and 1 to 40 min.
Transmission electron microscopy (TEM) image of HgTe CQDs with shape of triangle or distorted
parallelogram is shown in Figure 2a. Absorption and photodetection with well-defined edges, as well as
narrow photoluminescence, were tunable across the near and mid-IR between 1.3 and 5 um. The typical
infrared absorption spectra of different sizes are shown in Figure 2b.
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Figure 2. (a) Transmission electron microscopy image of HgTe CQOs, scale bar is 20 nm, adapted with
permission from [35]; Copyright 2011 American Chemical Society. (b) The spectral absorption of
HgTe CQDs with cut-off wavelength up to 5 um, adapted with permission from [35]; Copyright 2011
American Chemical Society. (c) Absorption spectra of particles of different sizes show better spectral
resolution, adapted with permission from [43]; Copyright 2014 American Chemical Society. (d) Blue
dots: A functional relationship between the photoluminescence peak energy and the CQDs size
measured in TEM images. Red line and crosses: calculation of exciton gap of truncated tetrahedral
shape CQDs. Black dotted line: calculation of exciton gap versus diameter of spherical CQDs.
Adapted with permission from [43]; Copyright 2014 American Chemical Society. (e) Absorption spectra
of various sizes HgTe CQD, adapted with permission from [45]; Copyright 2018 American Chemical
Society. (f) Absorption spectra of various sizes HgTe CQDs, presenting an intraband/plasmonic
characteristic in the LWIR, very long-wavelength infrared range (VLWIR, 12-20 um range) or THz
range, adapted with permission from [45]; Copyright 2018 American Chemical Society.

In 2014, the Guyot-Sionnest group further improved the synthesis method of HgTe CQDs by
making a slight modification by TOP:Te precursor dilution with oleylamine, which enabled it to display
better spectral resolution, as shown in Figure 2¢ [43]. A more homogeneous mixture is formed by
diluting Te precursors before appreciable growth occurs, and additional nucleation is prevented by
sufficient cooling [43]. Through regrowing of particles by dropwise addition of HgCl, and TOP:Te
dissolved in oleylamine at 110-120 °C, the absorption of LWIR was realized. The HgTe CQDs size
dependence of the energy gaps was shown in Figure 2d. In 2017, a new method for synthesizing
HgTe CQDs using more active tellurium sources and excess mercury precursors was reported by
Guyot-Sionnest group, to produce more spherical and non-agglomerating tendency HgTe CQDs,
which showed air-stable n-doping [48]. In 2018, Lhuillier Group in Sorbonne Université reported
a synthesis method of HgTe CQD with an absorption cutoff wavelength covering the whole infrared
range from 2 um up to the THz range (65 um), with corresponding HgTe CQD sizes ranging from
5 nm to above 200 nm [45], as shown in Figure 2e,f.

3. Infrared CQDs Photodetectors

CQDs have emerged as a powerful and versatile platform for building electronic and optoelectronic
devices with their excellent tunable optoelectronic properties and low cost and large-scale synthesis.
HgTe CQDs infrared photodetectors mainly include three categories: photoconductors, phototransistors
and photovoltaics. The first reported HgTe CQDs photodetector is a photoconductor [34]. When the
photon energy is greater than the band gap, the conductivity of the CQDs can be controlled by
absorbing photons. The controls of surface ligand are a key step toward the design of photoconductive
thin films. In most cases, CQDs synthesis requires the use of long-chain organic ligands, which can
ensure the stable growth of the nanometer size of CQDs and enable the CQDs to overcome the van
der Waals interparticle attraction for better stabilization in the form of colloids. However, long-chain
ligands are not suitable for electronic applications. Initial long-chain ligands need to be exchanged
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by short-chain ligands to increase the inter-CQD coupling and obtain reasonable carrier mobility to
increase the conductivity.

A more powerful infrared detector should be able to give a higher specific detectivity D*. A high
D* means that the detector has a strong ability to detect weak signals. The D* can be calculated as

. (AA)YE(Aaf)'?
b= NEP i, R M

where A is detector area, Af is the amplifier bandwidth, NEP is the noise equivalent power, iy is the
noise current and R is the responsivity. The responsivity is the ratio of the output voltage or current
of the detector to the radiated power incident on the photosensitive region of the detector, can be
calculated as:

o Iout
R=- @

Vout

R = —
5 ©)

where Iyt is the output current of the detector, Vo is the output current voltage of the detector and
P is the radiated power

The device architecture of the photoconductor is the simplest, which can be fabricated by depositing
CQDs on a prefabricated interdigitated electrode [49], as shown in Figure 3a. Although the structure of
the photoconductive device is simple, the performance of the device suffered from dark-current and 1/f
noise [50], which limited the specific detectivity (D*) of the mid-infrared HgTe CQDs photoconductors
on the order of a few 10° Jones at 80 K [34].

The performance of CQDs photoconductors can be improved by using compact ligands,
which allows higher mobility state. The hybrid ligand exchange and polar phase transfer technology
were used to realize the improved mid-infrared photoconductors based on HgTe CQDs, which improved
the mobility of carriers and accurately tuned the doping level of HgTe CQDs, so that the D* of detector
was increased to 4.5 X 10'° Jones at 80 K and 500 Hz, and a 5 pm cutoff wavelength [42].

Similar to photoconductors, the amount of photocurrent in a phototransistor varies according
to the intensity of light, whereas phototransistors combined a biased high-mobility channel such as
graphene and Mo$S; to achieve photoconductivity gain. The photoconductivity gain represents the ratio
of the external photocurrent formed by the photo-generated carriers under bias voltage to the internal
photocurrent formed by the photoelectron. Hybrid device architectures such as grapheme-CQDs [26,51],
MoS5,-CQDs [52,53] and grapheme-MoS; [54] of phototransistors have been reported, demonstrating
high photoconductivity gains and ultra-high optical sensitivities. However, the photoconductive gain
amplifies not only the photocurrent but also any noise due to thermal excitation or recombination.
The structure schematic diagram of a MoS,-CQDs hybrid device is shown as Figure 3b.

Compared with HgTe CQDs photoconductors, the photovoltaic devices improved device speed
and sensitivity, and theoretically avoided 1/f noise and dark current. In 2015, Guyot-Sionnest group
developed the first background-limited infrared photodetection (BLIP) HgTe CQD mid-wave infrared
detector, which achieved D* of 4.2 x 10 Jones, microseconds response times and covered all the
infrared spectrum regions with a cut-off at 5.25 pm at 90 K [38]. Figure 3c give an illustration of the first
BLIP HgTe CQDs photovoltaic detector and the function of current of the detector with the applied
bias, at different ambient temperatures. In 2018, Guyot-Sionnest group further improved the sensitivity,
efficiency, and response speed of the photovoltaic MWIR detectors through a new doping method [40].
A solid-state cation exchange method was introduced to achieve heavily p-doped HgTe CQDs by using
Ag,Te nanocrystals. The specific doping method is to spin-coating Ag,Te nanocrystals onto HgTe
CQDs and expose them to HgCl,. Ag,Te nanocrystals liberate Ag* ions and then form AgCl, and
immobilize them on the surface of HgTe CQDs. This doping scheme increases the D* of the device
by one or two orders of magnitude [40]. Schematic and cross-sectional Scanning electron microscopy
image of the HgTe CQDs photodetectors are shown in Figure 3d,e [40]. The MWIR absorption in the
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typical thickness of ~400 nm HgTe film in the device is ~18% and the corresponding internal quantum
efficiency (IQE) was estimated to be as high as 90% [40]. To further improve device performance,
some optical structures have been reported, such as optical nano-antennas [39], plasmonic nano-disk
array [41] and gold nanorods [55], which increased the D* by two or three times. Figure 3f showed the
schematic of the HgTe CQDs midwave infrared detector with enhanced light absorption by plasmonic
nano-disks [41]. Mechanical flexibility and easy integration with flexible substrates without lattice
matching is another advantage of CQDs over traditional semiconductor materials. In 2019, Tang et al.
fabricated the first flexible HgTe CQDs photovoltaic detector on a polyimide substrate and integrated
a Fabry-Perot resonator cavity to further improved detectivity [56]. The Fabry-Perot resonant cavity
is composed of the reflection layer at the bottom, the gold semi-reflector at the top and the CQDs,
ITO and optical spacer sandwiched in the middle [56]. The infrared light illuminated from the top
bounced back and forth between the reflective layer at the bottom and the semi-reflective layer at the
top, enhanced the infrared light at specific wavelength. The schematic of the flexible device is shown
in Figure 3g. Besides enhancing absorption, optical structures can also be used for better spectral
resolution. By combining HgTe CQD photovoltaic sensors with distributed Bragg mirror filter array
in a single device, Tang et al, reported a CQDs hyperspectral sensor [57], which realized acquisition
of hyperspectral data with 64 narrowband channels and full-width at half-maxima down to 30 cm™!,
as shown in Figure 3h.
C 20p
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Figure 3. (a) Scanning electron microscopy image of a photoconductor by depositing CQDs on
a prefabricated interdigitated electrode, adapted with permission from [49]; Copyright 2016 American
Chemical Society. (b) Schematic of the fast and sensitive HgTe CQDs photodetectors: The structure
schematic diagram of a MoS,-CQDS hybrid device, adapted with permission from [52]; Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Illustration of the first BLIP HgTe CQDs
photovoltaic detector. The function of current of the photoelectric device with the applied bias,
at 90 K in the dark (black line), receiving environment 295 K radiation (blue line) and receiving 873 K
blackbody lighting (red line). Reprinted with permission from [38]; Copyright 2015 AIP Publishing LLC.
(d) Schematic of the fast and sensitive HgTe CQDs photodetectors, adapted with permission from [40];
Copyright 2018 American Chemical Society. (e) Cross-sectional Scanning electron microscopy image of
the fast and sensitive HgTe CQDs photodetectors, adapted with permission from [40]; Copyright 2018
American Chemical Society. (f) Schematic of HgTe CQDs mid-wave infrared detector with enhanced
light absorption by plasmonic disks, adapted with permission from [41]; Copyright 2018 American
Chemical Society. (g) Schematic of a flexible HgTe CQDs photodetector with enhanced light absorption
through a Fabry-Perot cavity, adapted with permission from [56]; Copyright 2019 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (h) CQDs hyperspectral detector was composed of HgTe CQDs
detector and hyperspectral filter, adapted with permission from [57]; Copyright 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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In order to better reflect the development of infrared CQDs photodetectors, Table 1 shows the
performance comparison between HgTe CQDs photodetectors over the past decade.

Table 1. Performance comparison between HgTe CQDs photodetectors.

Device Structure Type Year Spectral Range (um) R (A/W) EQE (%) D* (Jones) Response Time  Reference

HgTe CQDs photoconductors 2011 <5 0.25 10 2x10° NA [34]

HgTe CQDs photoconductors 2014 <12 3x 1074 NA 6.5 x 100 <5 ps [43]

HgTe CQDs photoconductors 2019 <5 02 30 45x 1010 NA [42]
HgTe/AsS; phototransistors 2013 <35 5x1073 NA 3.5x 1010 NA 371

HgTe CQDs phototransistors 2017 <2 04 NA 2% 1010 NA [31]
MoS,-HgTe CQDs Hybrid phototransistors 2017 <2 108 NA 102 4ms [52]
HgTe CQDs photodiodes 2015 3-5 §x1072 25 4.2x 1010 0.7 ps [38]

HgTe CQDs photodiodes 2018 <4.8 0.38 17 12x 10! <1ps [40]

Plasmon ResonanceEnhanced HgTe

CQDs photodiodes 2018 <45 1.62 45 4x 10" <1ps [41]

Flexible HgTe CQDs photodiodes 2019 <22 0.5 30 7.5 % 1010 260 ns [561
Hyperspectral HgTe CQDs photodiodes 2019 1.53-2.08 0.2 1 >1010 120 ns 571
Dual-band HgTe CQDs photodiodes 2019 <2.5and 3-5 0.3and 0.15 NA 10" and 3 x 1010 <25us [58]
HgTe CQDs photodiodes 2020 23 1 30 101 NA [33]

4. Multispectral CQDs Photodetectors

According to the development history of infrared detectors and systems, the third and fourth
generation of infrared imaging requires simultaneous detection of two or more wavelengths
in photoresponse. Multispectral detection provides better target identification and allows accurate
determination of the infrared signature of the target.

By vertically stacking one SWIR and one MWIR HgTe CQD photodiode into an n-p-n structure,
Tang et al. fabricated the first CQDs two-terminal dual-band infrared detector in 2019 to switch the
device’s spectral response between short-wave and mid-wave infrared by controlling the bias polarity
and magnitude [58]. Compared to a three-terminal configuration using a common ground contact [2],
this two-terminal structure increased the optical fill factor. The architecture and cross-sectional
Scanning electron microscopy image of the two-terminal dual-band device were shown in Figure 4a,b
with Bi;Sez and Ag,Te as the n and p layers. Figure 4c showed the simplified energy diagram of the
device at zero bias, indicating the n-p-n structure of the device. When the bias voltage of the detector
gradually changes from —300 to +500 mV, the spectral response of the device gradually switched
from SWIR to MWIR, as shown in Figure 4d. The two-terminal dual-band detector can produce
SWIR image and MWIR image of object respectively, and can also generate the combined two-color
image. The obvious two-color image can provide more information than the single image. The SWIR,
MWIR and two-color composite images of cold and hot water were shown in Figure 4e. In addition to
imaging, the two-terminal dual-band detector can be used to determine the temperature of object by
the SWIR/MWIR signal ratio, which is more reliable than single-band detection.

Although the two-terminal dual-band detector with architecture of vertically stacked two
different-sized HgTe CQD photodiodes [58] has superior performance, it is limited to two-color
functionality. It is difficult to achieve more spectral channels with vertical stacks, which requires
more complex band engineering. Although the spatial resolution and the optical fill factor would
be reduced, pixelating CQDs of different sizes in different areas of a chip would seem to be a better
solution for multicolor detection. Therefore, the key to achieving the transition from monochromatic
detectors to multicolor detectors with CQDs is to develop CQDs patterning methods to selectively
deposit different size CQDs with well-defined geometry in different areas. Several CQDs patterning
techniques have been demonstrated to optimize the resolution, throughput and fidelity, including
lithographical lift-off [59,60], contact printing [61], transfer printing [49,62,63], inkjet printing [30,64,65],
screen printing [66] and laser writing [67].

A simple and efficient Poly(methyl methacrylate) (PMMA)-assisted transfer technique was
reported for the scalable fabrication CQD-based multicolor photodetector with multi-pixels in response
to different spectral ranges of infrared by using patterned HgTe CQD films [49], as shown in Figure 5a,b.
However, during CQDs patterning, photoresist residue, developer, heating, or plasma etching may
change the properties of CQDs.
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Figure 4. (a) Architecture of the two-terminal dual-band detector. (b) Cross-sectional Scanning electron
microscopy image of the detector. Scale bar: 300 nm. (c) Energy diagram of the two-terminal dual-band
detector at zero bias. (d) The spectral response of the detector varies with bias voltage from —300 to
+500 mV. (e) Cold and hot water’s SWIR, MWIR and two-color composite images. Adapted with
permission from [58]; Copyright 2019 Nature Publishing Group.

Wang et al. reported a photoresists-free technique for direct optical patterning of CQDs, called
direct optical lithography of functional inorganic nanomaterials (DOLFIN), and designed a series of
photosensitive ligands to build an extensive library of functional photosensitive inorganic inks [68,69].
Under controlled light exposure, the compact photosensitive surface ligands of CQDs undergo
chemical transformations that alter the solubility of CQDs in the developer. The resolution of the CQDs
patterning produced by this method is comparable with that of traditional photolithography, without
compromising the electronic and optical properties. Using similar patterning techniques, Kim et al.
demonstrated a low-temperature fabricated two-dimensionally pixelized full-color photodetector
by using monolithic integration of various-sized CQDs and amorphous indium-gallium-zinc-oxide
semiconductors [70]. As a parallel technology, DOLFIN has various advantages, but specific ligands
are required. Further verification is needed to determine whether the influence of DOLFIN on the
synthesis of HgTe CODs and precise doping in HgTe CQDs photovoltaic devices, as well as whether
DOLFIN can be applied to HgTe CQDs multi-spectral infrared detector. Looking at the various CQDs
patterning techniques, inkjet printing appears to be the most promising for fabrication HgTe CQDs
multi-spectral infrared detector. The key is to develop a fast and reliable parallel inkjet printing method.
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Figure 5. (a) A photo of a three-pixel photodetectors, adapted with permission from [49]; Copyright 2016
American Chemical Society. (b) False-colored Scanning electron microscopy image of the three-pixel
photodetectors, adapted with permission from [49]; Copyright 2016 American Chemical Society.
(c) Direct imprinting technique process, adapted with permission from [71]; Copyright 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) Cross-sectional scanning electron microscopy image of
imprinted CQDs film. Scale bar is 100 nm, adapted with permission from [71]; Copyright 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Illustration of the two-terminal dual-channel
infrared polarization detector with the imprinting technology, adapted with permission from [71];
Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Besides 2D CQDs patterning techniques, Tang et al. reported a direct imprinting technique
for producing high resolution CQDs quasi-3D optical nanostructures without degrading the key
properties of materials [71]. The direct imprinting technique process was shown in Figure 5c. Firstly,
nano-structured silicon stamps were prepared by using traditional semiconductor technology; the
nanostructures were then transferred to the CQDs film by contacting the CQDs with the stamp and
applying pressure; last, by metal deposition and capping another layer of CQDs, the high-resolution
nanophotonic structure is embedded into the device. A cross-sectional scanning electron microscopy
image of imprinted CQDs film is shown in Figure 5d. The imprinting pattern has clear and sharp
edges, no large cracks or pile-ups of CQDs, and the surface roughness of the imprinting area is reduced,
which is beneficial and necessary for high-precision patterning. With the imprinting technology,
a two-terminal dual-channel infrared polarization detector was designed to detect both polarized and
unpolarized light, as shown in Figure 5e. A bilayer wire-grid polarizer embedded in CQDs can be
used as optical polarization filter and middle electrode for signal readout.
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5. CQDs Focal Plane Array

In conventional HgCdTe or InSb FPA infrared detectors, the active layer is prepared by
high-temperature epitaxial growth, which is a very expensive technique, and must be coupled
to ROIC by indium bumps, which further increases the cost. When building an FPA, the pixel size
should be ideally just above the target wavelength to improve image quality. The pixel size of HgCdTe
or InSb FPA infrared detectors is actually limited by technology and more specifically by the indium
bump hybridization to the ROICs.

As an interesting candidate, semiconductor CQD can produce infrared detectors by simple
drop-casting or spin-coating on a silicon ROICs, without molecular beam epitaxy and lattice-match
with the substrate. This greatly reduces the cost of the monolithic FPA infrared detectors, which is
an unmatched advantage over traditional semiconductors. In 2016, Guyot-Sionnest group reported
the first CQDs FPA infrared detector for mid-infrared imaging by coupling the HgTe CQDs with
a silicon ROICs [72]. A study by Guyot-Sionnest Group demonstrated a simple fabrication method
for a low-cost HgTe CQDs FPA thermal camera with noise equivalent difference (NEDT) of 1.02 mK
at 5 um and achieved images at 120 frames per second using the CQDs FPA infrared detector [73].
CQDs have been demonstrated to be a promising material for infrared imaging due to its excellent
optoelectronic properties, low cost, easy synthesis, and mechanical flexibility.

6. Conclusions and Outlook

After more than a decade of intensive research, HgTe CQDs can be considered as a possible
alternative to conventional semiconductor infrared sensing. The main achievements have been
demonstrated include full tunability of the absorption over the infrared range, the fast detectors with
background-limited infrared photodetection, flexible and curved infrared detector with high D* and
short response time, and the CQDs-based FPA in both SWIR and MWIR range.

CQDs bring both opportunities and challenges to the development of infrared detectors.
Although synthetic improvements in CQDs are still possible, surface chemistry, film processing, and
doping control require further research to achieve higher detection capabilities at higher temperatures.
On the other hand, the CQDs infrared detectors reported at the present stage mainly focus on the
SWIR and MWIR, while there are few reports on the LWIR and its performance is poor compared with
that of commercial detectors. Therefore, the CQDs LWIR device is an urgent direction to be explored.
At the same time, an efficient, accurate and large-scale CQDs patterning technology is needed to meet
the requirements of FPA and multi-spectral imaging. For the future application of civilian and military
infrared detectors, HgTe CQDs will meet many serious challenges. Most of the reported HgTe CQDs
infrared detectors were single-pixel devices with less FPA and worse performance than commercial
infrared detectors. For many systems such as night vision, wide range monitoring and astronomical
applications that require large FPA and high pixel densities, an efficient CQDs pixelation method is
required. In addition, the performance stability of HgTe CQDs infrared detector is a challenge in some
extreme environments such as high temperature, high pressure and space environment.
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Abstract: Silicon-based complementary metal oxide semiconductors have revolutionized the field
of imaging, especially infrared imaging. Infrared focal plane array imagers are widely applied to
night vision, haze imaging, food selection, semiconductor detection, and atmospheric pollutant
detection. Over the past several decades, the CMOS integrated circuits modified by traditional bulk
semiconductor materials as sensitivity sensors for optoelectronic imagers have been used for infrared
imaging. However, traditional bulk semiconductor material-based infrared imagers are synthesized
by complicated molecular beam epitaxy, and they are generally coupled with expensive flip-chip-
integrated circuits. Hence, high costs and complicated fabrication processes limit the development
and popularization of infrared imagers. Emerging materials, such as inorganic-organic metal halide
perovskites, organic polymers, and colloidal quantum dots, have become the current focus point for
preparing CMOS-compatible optoelectronic imagers, as they can effectively decrease costs. However,
these emerging materials also have some problems in coupling with readout integrated circuits and
uniformity, which can influence the quality of imagers. The method regarding coupling processes
may become a key point for future research directions. In the current review, recent research progress
on emerging materials for infrared imagers is summarized.
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thermal radiations emitted by targets; therefore, they are extensively applied to autonomous
driving [7], gas detection [8], and remote sensing [9]. Studies over the past five decades have
provided important information on infrared imagers based on traditional bulk materials.
However, traditional bulk materials still have some problems influenced by the imager,
such as emerging materials appearing and being applied in the broad spectral imager.

Moreover, the semiconductor industry has also pushed the development of broad-
spectrum infrared imagers, which has been noticed in recent years. Focal plane array
readout integrated circuits have a better field and a more clever design. Large focal
plane array imagers with high-resolution broad-spectrum sensing have attracted signifi-
cant attention. Benefiting from the development of integrated microcircuits and precise
microelectromechanical systems, visible sensing chips can be used in silicon-based broad-
spectrum infrared imagers to broaden their sensing spectral range [10]. A wide variety of
emerging non-silicon-sensing materials has been successfully integrated with silicon-based
readout integrated circuits (ROICs).

In this review, recent research progress on broad-spectrum infrared focal plane area
imagers is summarized. The characterization of imager-based focal plane array ROICs
is introduced. Then, the history of infrared imagers is simply described, and different
infrared optoelectronics imagers are compared with traditional bulk material imagers and
emerging material imagers. The current trend of emerging materials and imagers is simply
introduced, and the application gap is analyzed. The future research direction of emerging
material imagers is also outlooked.

2. Characterization of Focal Plane Area Imagers

Focal plane array (FPA) imagers are special image sensors consisting of an array of
optoelectronics-sensitive pixel units on silicon-based chips. Broad-spectrum optoelectronic
materials can couple with FPA circuits to prepare broad-spectrum detectors. The pixel
structure of a silicon-based FPA imager is displayed in Figure 1, where the center of each
pixel dot is a bare electrical connection point with a hole in the passivation layer. These pixel
dots can easily transfer signals generated by the optoelectronics material to ROICs. The
electronic signal is processed by the operational amplifier circuits and sample-hold devices.
Then, the multiplexer selects the pixel data signals and provides an output. Nowadays, FPA
ROICs have become a particularly useful choice in fabricating infrared imagers. Tang chose
640 x 512-pixel array ROICs to integrate PbS colloidal quantum dots (CQDs) and build
an infrared imager [11]. Anthony et al. designed a mid-wave infrared HgTe CQDs FPA
detector [12]. Emmanuel et al. prepared a cost-effective SWIR HgTe CQDs FPA imager [13].
They all chose a similar method by coupling emerging materials and FPA ROICs to prepare
their optoelectronic imagers.
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Figure 1. (a) Pixel arrangement in a readout circuit (b) Single-pixel integrated circuit.

Different from the characterization of single-point optoelectronic devices, FPA imagers
use statistical analysis in order to gain insight into the quality of images. The photore-
sponsivity of imagers is characterized by different parameters, such as photocurrent, dark
current, and detectivity. The main parameters of FPA imagers are array and pixel sizes,
photoresponse nonuniformity (PRNU), and dead pixel rate. All these parameters are
statistically calculated.
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The detectivity of FPA imagers is generally affected by spectral responses, the signal-to-
noise ratio, response time, and working temperature. Normalized detectivity is calculated as:

D* — \/ Apixel Vph

= X
Vims X \/2 tintegral Pin

where D is the detectivity of an FPA imager, Apixel is the effective size of a pixel, fintegral
is the integration time for each pixel, Vp, is the photoresponsivity of the imager (volt), and
Vims is the root mean square of noise.

The external quantum efficiency (EQE) of a photosensitive device is defined as the
ratio of incident photons to converted electrons. Generally, a calibrated blackbody is used
as a standard light source to irradiate silicon-based FPA imagers; therefore, the EQE of an
FPA imager can be calculated as:

FWC x Vph/Vqu

BB X Qx Apixel X t'mtegral

EQE =

where FWC is the full well capacity, Vp,;, is the photoresponsivity of the imager (volt), Vi
is the maximum output voltage, ¢pp is the photon flux from the blackbody, Q2 is the solid
angle of the incident photon flux, Ay is the effective size of a pixel, and tiptegral is the
integration time for each pixel.

Photoresponse nonuniformity (PRNU) is an overlooked fundamental difficulty in
manufacturing broad-spectrum silicon-based detectors. The lower the PRUN, the better the
image quality, because photoresponse uniformity across the sensing area is the prerequisite
for imaging operations. The dead pixel ratio and the hot pixel ratio play vital roles in
photoresponse nonuniformity.

In FPA imagers, each pixel on the focal plane is characterized by statistical methods.
In order to visualize PRNU, statistical histograms are used to illustrate the response dis-
tribution of pixel units in FPA imagers. In statistical histograms, data are binned and
summarized by counts or percentages. Each bar in statistical histograms represents a
continuous range of data or the frequencies of characteristic data points.

3. Progress of the Infrared Focal Plane Array

With the development of silicon-based integrated circuits, silicon-based readout cir-
cuits are widely used in the detection field due to their increased reliability and reduced
manufacturing cost. Rapidly advancing science has driven silicon-based integrated circuits
into broad-spectrum infrared imaging technology, which has pushed the development
of infrared FPA imagers. Readout circuits are designed to collect signals generated by
photosensitive materials, ensuring photoresponse uniformity and image quality. In par-
ticular, FPA readout circuits have significantly raised the image resolution and detection
performance of infrared imaging. Figure 1a exhibits the pixel arrangement in a readout
circuit, where hole electrodes are placed in the middle of pixels. A single-pixel integrated
circuit is schematically presented in Figure 1b.

Extensive research on broad-spectrum FPA imagers has been executed in recent years.
Focal plane detectors in the infrared band can be applied to gas sensing, autonomous
driving, and remote sensing. Infrared detectors have high sensitivity to low light and can
recognize chemical molecular vibrations and penetrate fog. The efficacy of traditional bulk
materials in broad-spectrum infrared FPA imagers is well established. Hence, ongoing
research is mainly focusing on infrared-sensitive materials for the preparation of FPA
devices [11-14].

Figure 2a presents the invention timeline of different detectors. In 1873, Smith discov-
ered the photoconductive effect of selenium and developed the first photon detector in the
world. Kutzscher et al. produced a PbS infrared detector in 1933. PbS infrared detectors
were first extensively used in the Second World War, and they could detect shortwave
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infrared signals of wavelengths up to 3 um [15]. In the 1950s, infrared detection technology
was developed significantly. Cooled infrared detectors, such as lead selenide (PbSe) and
indium antimonide (InSb), extended the infrared detect spectrum in the mid-wave infrared
range of 3-5 um. Binary semiconductor materials for infrared detection applications were
developed rapidly in this period. In the 1960s, ternary semiconductor compounds emerged.
Advanced microelectronics techniques, such as masking, microsoldering, and assembly,
were gradually developed, and HgCdTe infrared detectors started to appear.

In 1969, charge-coupled devices (CCDs) were invented. Subsequently, FPA readout
circuits were developed for infrared imaging. In the 1970s, the first FPA infrared readout
circuit chip was produced [16]. Traditional infrared-sensitive materials have been pro-
gressively developed to build staring-vision infrared devices, such as mercury—cadmium-
telluride (HgCdTe) devices. The quantum efficiency and array nonuniformity of HgCdTe
FPA imagers ranged between 60% and 70% and between 10% and 30%, respectively [17]. In
a HgCdTe detector, an infrared detection signal is generated through a thin film of HgCdTe,
which is coupled with a flip-chip-integrated readout circuit by molecular beam epitaxy
sputtering. A focal plane array readout circuit chip then reads out the analog electrical
signal. However, it is very difficult to grow indium columns at each pixel point on the focal
plane array and align the HgCdTe material by external stress welding.

Multiquantum well infrared FPA imagers contain a single atomic layer of two different
semiconductor materials. GaAs detectors with D* > 10'° Jones can be prepared at working
temperatures less than 77 K [18]. In contrast, GaAs multiquantum well infrared FPA
imagers have faster response, lower operating power, and better response uniformity.
GaAs detectors with large-area readout circuits have a greater potential in the long-wave
infrared range than HgCdTe detectors.

HgCdTe HgCd CQDs PbS CQDs
PbS HgCdTe CcCD FPA FPA FPA

Organic Perovskites
polymers FPA

c Photo Current(A)

L3E-05

‘F"ii LIE0S
'l 9.7E-06
b S9E-06
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Figure 2. (a) Invention timeline of different infrared detectors; (b) image taken by a hybrid CMOS
detector equipped with a NIR-light-emitting diode at 850 nm [19]. Copyright 2012, Nature Com-
munications; (¢) Number “11” captured by an infrared perovskite detector [20]. Copyright 2019,
Advanced Materials Technologies; (d) SWIR image of a building (taken with a HgTe CQD detec-
tor) [13]. Copyright 2022, Nanoscale.; (e) photo of outdoor buildings at nightfall (captured by a PbS
CQD imager) [11]. Copyright 2022, Nature Electronics.
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The cut-off wavelength and response nonuniformity of InSb focal plane array detectors
at 77 K are 5 um and 10%, respectively. Generally, InSb films can be easily prepared in
large-area readout circuits by a mature process. Although InSb FPA imagers and HgCdTe
FPA detectors have a similar scale and pixel uniformity, HgCdTe detectors have a faster
response and higher quantum efficiency during MWIR detection at low temperatures.
However, InSb has good potential for MWIR detection because of its simple crystal growth
process and fabrication reliability.

Nowadays, traditional bulk optoelectronic materials have been widely applied to
broad-spectrum imagers. However, traditional infrared optoelectronics imagers still have
some problems, which are that it is difficult to solve and influence the cost and yield of
imagers, as traditional bulk semiconductor materials require lattice-matched substrates
and complex flip-bonding processes to get attached to silicon-integrated readout circuits
(ROICs), such as HgCdTe, InGaAs, and InSb. The detector manufacturing cost increases
dramatically with larger arrays and smaller pixel sizes [21]. Complex processes have
impeded the development of high-resolution FPA detectors. In order to further expand the
array scale and sensing range of Si-CMOS imagers, researchers are trying to replace the
flip-bonding process with the copper—copper bonding technique and germanium-silicon
technique [22,23]; however, this approach cannot yet solve the bonding problem between
traditional block infrared-sensitive materials and silicon-based CMOS readout circuits.

The coupling of conventional block materials to readout circuits is mechanically
unfeasible. The difficulty of integrating nonsilicon materials into silicon-integrated cir-
cuits has greatly hindered the development of Si-CMOS imagers beyond visible light.
Emerging materials, such as inorganic-organic metal halide perovskites [24-28], organic
polymers [19,29,30], and colloidal quantum dots (CQDs) [12,14,31-37], can avoid complex
flip-chip bonding processes to reduce the detector production cost and increase the portabil-
ity of FPA readout circuit detectors. It is hoped that these emerging optoelectronic materials
will contribute to solving the problem brought by traditional bulk materials and promote
the application of infrared imagers.

As shown in Figure 3, Daniela Baierl developed a hybrid CMOS detector based on a
bulk heterojunction structure of PCBM-P3HT (poly(3-hexylthiophene)-[6, 6]-phenyl C61
butyric acid methylester) and squaraine to enable detection in the near-infrared range [19].
The detector has a fill factor of 100% and an EQE of up to 50%. Figure 2b displays a horse
image taken by a hybrid CMOS imager under NIR light-emitting diode illumination at
850 nm. The hybrid CMOS detector is prepared by a low-cost spray-coating process to
deposit the optoelectronic organic polymer film on the CMOS ROIC. It offers an effective
method of coupling with integrated circuits. However, this organic polymer imager has
some limitations in response range and detectivity. There is, therefore, a definite need for
finding a great organic polymer material for application in the optoelectronics field.

OPD

PEDOT:PSS
PCBM:P3HT
Bottom electrode Top electrode contact

CMOS-chip

Figure 3. Structure of hybrid CMOS detector [19]. Copyright 2012, Nature Communications.

Inorganic—organic metal halide perovskites play an important role in infrared imaging.
Wang fabricated an infrared imager by depositing a low-bandgap Sn-Pb-based perovskite
photodiode on an indium gallium zinc oxide thin-film transistor (TFT) [20]. A layer of
hydrophobic perfluoro (1-butenyl vinyl ether) polymer (CYTOP) was printed on the TFT
(Figure 4). A (FASnl3)p6(MAPDI3)p4 perovskite photodiode was deposited on the pixel
electrode by spin coating, and the solution was self-assembled due to the hydrophobicity of
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Dielectric layer
Substrate

the CYTOP layer. The inorganic-organic metal halide perovskite imager had 12 x 12 matrix
arrays with an ITO/SnO,/(FASnlI3)g ¢(MAPbI3)g 4 /P3HT/Au multilayered photodiode
structure. The low-bandgap perovskite imager had a wide response range of 300-1000 nm,
and its EQE and detectivity at 850 nm were 45% and 10! Jones, respectively. However, the
response of the perovskite imager was nonuniform, and only half of the pixel electrode
worked as a photodiode in 12 x 12 matrix arrays, and this phenomenon could be attributed
to the existence of the uneven perovskite film. The defected perovskite film provided a
current leakage path. The number “11” shown in Figure 2c is captured by a perovskite
photodiode. Inorganic-organic metal halide perovskite coupling with TFT circuits is
an interesting topic. This study contributes to our understanding of the application of
halide perovskites on the imager. Inorganic-organic metal halide perovskite imagers
should improve the uniformity and crystallinity of the perovskite layer to enhance the
performance of the optoelectronic response, which increases the difficulty of the process,
and the device interface between the perovskite film and circuit also influences the dark
current and the uniformity of the pixel response. Greater efforts are needed to improve the
interface morphology of TFT circuits and the uniformity of perovskite film.

=

Dielectric layer
| Substrate |

Dispensing and Spin-up Spin-off and crystallization

induced by evaporation.

Figure 4. Perovskite layer coupled with TFT arrays by spin-on-pattern deposition [20]. Copyright
2019, Advanced Materials Technologies.

The most surprising materials in the infrared emerging materials field are CQDs. A
variety of CQDs are now available to extend the range of infrared detection [38]. The
development of low-cost FPA detectors based on CQDs is achieved by coupling CQDs with
readout circuits [39]. Tang built an infrared imager by integrating PbS CQDs on the surface
of a Si-CMOS readout circuit [11]. The photodetector was integrated into a CMOS ROIC
with a 640 x 512-pixel array, a pixel size of 15 um, an EQE of 60%, and a spatial resolution
of 40 line pairs per millimeter at a modulation transfer function of 50%. The detector
was composed of a multilayered indium tin oxide (ITO)/NiOy/PbS CQD/Cgy/ZnO/ITO
(Figure 5a,b). Generally, photodiodes of PbS CQDs FPA imagers are composed of NiOy /PbS
CQD/Cg0/Zn0O. Charge transport layers (NiOx and ZnO) are prepared by sputtering, and
a protective layer of fullerene (Cg) is deposited on the PbS CQD/ZnO interface. NiOy and
ZnO act as hole transport and electron transport layers, respectively, to provide suitable
energy band positions and high stability. In order to improve reproducibility, hole transport
layers and electron transport layers are prepared by mild sputtering. Fullerene protective
layers, with their strong C-C bonding and mechanical properties, can prevent damage
during sputtering. In the PbS imager shown in Figure 5a, a transparent conductive oxide
(ITO) is used as the electrode. The device could collect more charges in the top-illuminated
mode than in the back-illuminated mode. The depletion region of the photodiode close
to the illumination side has prompted the efficient drift of photogenerated carriers by the
built-in electric field. Figure 2e exhibits an image of outdoor buildings at nightfall captured
by a PbS quantum dot device. The most obvious finding to emerge from this study is that
the CQD imager can take clear images, and CQD material has more mature applications
coupling with ROICs. However, one source of weakness in this study, which could have
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affected the measurements of infrared, was the PbS CQD imager exhibits a spectral range
of 400-1300 nm, which cannot fully cover the range of SWIR.

(a) Top contact (b)

5 PbS CQD

Figure 5. (a) Schematic diagram and (b) SEM image of the cross-section of a PbS imager [11].
Copyright 2022, Nature Electronics.

Further, HgTe CQDs are band gap tunable quantum dot materials. The special proper-
ties of HgTe CQDs reduce complexities in manufacturing and extend the spectral response
range. Controlling the quantum dot size, HgTe CQDs can be used to detect a wide range
of infrared wavelengths, such as shortwave infrared, mid-wave infrared, and long-wave
infrared [31]. HgTe CQDs FPA infrared detectors can operate at higher temperatures than
traditional detectors based on HgCdTe, PbTe, and In(Ga)AsSb [40]. Guyot and Sionnest
invented a very sophisticated technique to synthesize HgTe CQDs using cheap precursors
in less than two hours [12]. Colloidal suspensions of HgTe CQDs can be synthesized by
the bench-top method and directly coupled with readout circuits by spraying, dripping,
and spin coating, avoiding complex molecular epitaxial growth and flip-bonding processes.
Anthony designed a mid-wave infrared HgTe CQDs FPA detector. The QE, D*, and NEDT
of the MWIR HgTe CQD FPA imager at 95 K were 0.30%, 1.46 X 10° Jones, and 2.319, re-
spectively. Defects in CQD films can greatly reduce the performance of detectors. However,
ROIC modification and CQD deposition processes still need to be improved to enhance the
performance of detectors.

Emmanuel prepared a cost-effective HgTe CQDs focal plane array by a single-step
fabrication route [13]. Figure 2d displays an image of a building captured by an SWIR
HgTe CQDs device. The HgTe CQDs film deposited on a 15 um pixel FPA readout circuit
has an EQE of 4%-5% and a cut-off wavelength of 1.8 um in the Peltier cooling condition.
In Figure 6a, an ITO-covered glass and a silicon wafer are placed in front of different
reagent vials. However, in Figure 6b, an opaque image of the ITO glass and the reagents
and a transparent image of the silicon wafer are exhibited. This is because absorption
bands of silicon range between 0.4 and 1.1 um, and the transmissivity of the ITO glass
ranges between 0.4 and 0.9 um. A single imager generally costs EUR 70. This single-step
fabrication route can avoid the expensive molecular beam epitaxy method. Table 1 lists
the parameters of infrared detectors based on emerging materials. Compared with the
other emerging materials, HgTe CQDs as band gap tunable material can extend spectral the
range of response spectral by controlling the condition of the experiment, and HgTe CQDs
can be uniformly modified on FPA circuits, which improves the quality of images and
decrease the cost of the process. However, there are some problems that should be solved,
such as the agglomeration of CQDs influencing the response of pixels. Notwithstanding
these limitations, the study suggests that HgTe CQDs will make an important contribution
to the field of broad-spectrum optoelectronic imagers.
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Figure 6. (a) Complicated arrangement of different reagent vials, an ITO glass, and a silicon wafer un-
der visible light and (b) SWIR image of the complicated arrangement. [13]. Copyright 2022, Nanoscale.

Table 1. Parameters of infrared detectors based on emerging materials.

Pixel Sizes Wavelength EQE PRNU Detectivity Resolution
No. Detector Type (um) (um) (%) (%) (Jones) (px)
1 PCBM: PSHT organic 15,000 0.6-0.9 50 N/A N/A 30 x 30
polymers

2 (FASnl3)os(MAPbI3)os N/A 0.3-1.0 45 N/A 1 x 10 12 x 12
perovskite photodiode

3 PbS CQDs photodiodes 15 0.7-1.4 63 3.38 2.1 x 10"?@RT 640 x 512
HgTe photoconductor 1

4 (MWIR) 30 0.8-3.6 N/A N/A 1.25 x 10 320 x 256
HgTe photoconductor

5 (SWIR) 30 0.8-1.8 4-5 N/A N/A 640 x 512

4. Outlook

Si-CMOS technology can successfully fabricate high-performance and low-cost detec-
tors with high reliability. Si-CMOS readout circuits facilitate the development of infrared
FPA imagers. Staring-vision readout circuits are extensively used in the infrared field.
Current research mainly focuses on the development of large-array infrared detectors with
high resolution and low noise. Infrared CMOS-compatible optoelectronic imagers have
a wide application in the electronics industry, ranging from vibrating chemical molecule
detection to haze imaging. Broad-spectrum infrared imagers are used in semiconductor
detection, medical drug screening, and agricultural product observation. However, infrared
imagers have some major issues that need to be resolved before their mass rollout.

Traditional infrared FPA imagers are maturing; however, complex fabrication pro-
cesses and high manufacturing cost limit their development. Generally, indium columns
are grown in the center of pixel electrodes. Block materials are then coupled to focal plane
array readout circuits under external pressure. This process seriously affects the product
quality of infrared imagers. When readout circuits are scaled up, the difficulty of manufac-
turing significantly increases. New encapsulation methods might increase the portability
of block materials.

New optoelectronic materials, such as perovskites, organic films, and colloidal quan-
tum dots, are impetuses to the development of infrared FPA imagers. Due to their flowabil-
ity, these new optoelectronic materials can easily flow to each pixel electrode on the surface
of FPA readout circuits, and this simple coupling method avoids complex processes. In
comparison to bulk materials, these new materials can reduce manufacturing costs and
extend the application field of detectors. Therefore, significant research is being carried out
on these new optoelectronic materials to build infrared FPA imagers with high stability and
strong sensitivity. However, coupling processes between these new materials and readout
circuits need further investigation.
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Abstract: Infrared photodetectors have received much attention for several decades due to their broad
applications in the military, science, and daily life. However, for achieving an ideal signal-to-noise
ratio and a very fast response, cooling is necessary in those devices, which makes them bulky and
costly. Thus, room-temperature infrared photodetectors have emerged as a hot research direction.
Novel low-dimensional materials with their easy fabrication and excellent photoelectronic properties
provide a possible solution for room-temperature infrared photodetectors. This review aims to
summarize the preparation methods and characterization of several low-dimensional materials (PbS,
PbSe and HgTe, new two-dimensional materials) with great concern and the room-temperature
infrared photodetectors based on them.

Keywords: infrared photodetectors; room temperature; low-dimensional

1. Introduction

In nature, every object above absolute zero can emit infrared photons with unique
fingerprints of different temperature information, though they cannot be captured by
human eyes. Infrared detectors, however, can convert infrared radiation into a measurable
electronic signal, which is significant in infrared technology [1]. The technical progress of
infrared technology is mainly related to the development of narrow-band semiconductor
infrared photodetectors, which have both an ideal signal-to-noise ratio and a very fast
response. However, to achieve this goal, the photodetectors need to be cooled at low
temperatures to avoid thermal-activated carriers. As a result, the system is bulky, costly
and inconvenient to use. As a result, developing room-temperature infrared photodetectors
has become an important research direction [1].

Driven by Moore’s Law, the feature size of highly integrated electronics has already
been reduced to a few nanometers [2]. Consequently, in infrared technology, one major
focus is how to reduce pixel scale and increase format array for a highly integrated pho-
toelectric detection system with high performance. Traditional infrared photodetectors
based on narrow-band semiconductors, such as indium—gallium arsenide (InGaAs) and
mercury—cadmium telluride (HgCdTe), need the flip-up bonding technique. This causes
great difficulties in coupling with silicon electronics, limiting the development of the fo-
cal plane array (FPA). Low-dimensional nanostructured materials are appealing in the
field of photoelectric detection because they can be integrated with traditional silicon
electronics and even with flexible large-area substrates by liquid phase processing, such as
spin-coating, spraying, or stratified deposition [3]. In addition, they have great potential in
subwavelength pixel, large array and multicolor devices [4]. However, there are still many
challenges in material growth, device fabrication and coupling with circuits. The develop-
ment of low-dimensional material infrared photodetectors started 40 years ago. In recent
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times, most of the reported infrared detectors, such as those based on mercury telluride
(HgTe) colloidal quantum dots (CQDs), are still single-pixel devices [5]. Figure 1 shows the
history of the development of infrared detectors and room-temperature infrared detectors
with low-dimensional materials.

The history of the development of Infrared Detectors

«—— Two-color typell FPAs
<« Two-color QDIP FPAs

<+—— HgCdTe

<— PbSnTe

<+— Si:CCD
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<+ HgCdTe/CCD
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<«—— Four-color FPAs
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<—— PbSe
<+ Ge:X
<— InSb

PbS CQD ——
PbSe CQD =
HgTe CQD =
Graphene ——»
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The history of the development of Room-temperature Infrared Detectors with Low-dimensional Materials

Figure 1. “The history of the development of infrared detectors” and “The history of the development
of room-temperature infrared detectors with low-dimensional materials”.

Low-dimensional materials can be classified into zero-dimensional (0D), one-dimensional
(1D) and two-dimensional (2D) materials.

CQDs, which are typically 2-20 nm in diameter, are important representatives of 0D
materials [6]. Benefiting from quantum confinement, the band gap of CQDs is strongly
dependent on nanocrystal (NC) size, which makes it possible to design a band gap inde-
pendently. This means that, by controlling the size of CQDs, rather than their chemical
composition, a wide spectrum can be covered [7]. For example, the spectra of HgTe CQD
can cover short-wave infrared (SWIR), mid-wave infrared (MWIR), long-wave infrared
(LWIR) and even Tera Hertz (THz) [8]. Due to the rapid development of material systems,
it is now even possible to achieve this wide spectral range using non-toxic and heavy
metal-free quantum dots [9]. In addition, the preparation process of CQDs has significant
advantages. CQDs are typically made from II-IV, III-V and IV-VI semiconductors through
inexpensive and scalable wet chemical synthesis [6]. This enables cheap large-scale man-
ufacturing of optoelectronic equipment at room temperature by several techniques, such
as roll-to-roll processing [7]. The flexibility of CQDs is also reflected in the fact that the
modern solution of ligand exchange protocols can change the properties of CQDs prior to
the deposition process. For example, long-chain organic ligands on the surface of CQDs
can be replaced by short-chain organic compounds and even by inorganic ions such as
bromides or iodides for better carrier transport [10]. In fact, CQDs have already achieved
great success in high-performance infrared detection and in multi-functions such as those
in SWIR/MWIR dual band photodetectors [11] and polarization infrared detectors [12] due
to unique structure-related photoelectric properties.

In recent years, 1D and 2D nanomaterials have become the focus of nanotechnology
research. At present, 1D nanomaterials can be synthesized from a single crystal form, whose
chemical composition, shape, doping state, length, diameter and other key parameters
are controllable [13]. Now, near-infrared (NIR) photodetectors based on MBE-grown InAs
NWs show high-performance optoelectronic properties. Single InAs NW photodetectors
have an impressive Ion /I ratio of 10° with a maximum field-effect mobility of ~2000 cm?
/V:s [14]. For 2D materials, graphene is one main research direction in infrared detectors.
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A waveguide-integrated graphene photodetector that simultaneously exhibits high respon-
sivity, high speed and broad spectral band width can achieve a photoresponsivity exceeding
0.1AW! together with a nearly uniform response between 1450 and 1590 nm [15]. Another
2D material of interest is black phosphorus. Black phosphorus MWIR detectors have been
demonstrated at 3.39 um with high internal gain, resulting in an external responsivity of
82 A/W [16]. In addition, there is a lot of research on the physicochemical properties of 2D
electron gas [17-19].

Excellent light response and signal-to-noise ratios are indispensable for obtaining
an excellent room-temperature detector. For PC devices, 1/f noise and shot noise are
inevitable because of bias voltage. For PV devices, 1/f noise and Johnson noise are the
main interference signals when there is no bias voltage, whereas shot noise has a greater
effect than Johnson noise when bias voltage is applied.

In this review, we excessively introduce room-temperature infrared detectors based
on lead sulfide (PbS), lead selenide (PbSe) and HgTe CQDs, which belong to 0D materials,
as well as graphene and black phosphorus, which belong to 2D materials. There have been
good review articles on room-temperature detectors and materials before. The review of
PbSe thin-film infrared detectors reported by Gupta et al. in 2021 [20] introduces the physi-
cal and chemical properties of this material in detail and summarizes the latest progress
in the research of PbSe photoconductivity. The review reported by Wang et al. in 2019,
which introduces mature technology of large-scale commercialization, newly developed
technology based on quantum cascade photodetectors, and brand-new concept devices
based on 2D materials, provides a comprehensive view of the progress and challenges
of room-temperature infrared detectors [21]. Reviews of room-temperature photoelectric
infrared detectors focusing only on a certain material have more detailed descriptions of
the properties and applications of this material, such as a review reported in 2019 which
focuses on a hybrid structure based on 2D materials [22]. A review reported in 2018, which
summarizes emerging technologies for high performance IR detectors, takes the material
type as the framework, which is similar to our review [23]. This review aims to cover more
materials for room-temperature IR photodetectors.

2. PbS

The development history of PbS and PbSe is introduced here because the developments
of various lead salt materials are closely related to each other. As a result, the development
course of PbSe is not repeated in Section 3.

The earliest information about lead-based semiconductor materials comes from a
patent published in 1904 by Bose, who found and utilized the photovoltaic effect of a
crystal of galena. Subsequently, Case carried out his research on thin films of thallous
sulfide (T1,S) in 1917 [24] and 1920 [25]. Due to the military needs of infrared information in
World War II, Germany developed lead salt (PbS, PbSe and lead telluride (PbTe)) materials
vigorously in the 1930s. During that period, different methods for preparing lead salt thin
films developed rapidly. Gudden and Kutzscher prepared lead salt films by evaporation
and chemical deposition, respectively. Shortly after German scientists firstly studied it,
the United States scientists also conducted research on it. Cashman of Northwestern
University began work on T1,S in 1941 and later turned his full attention to the preparation
of thin films of PbS, PbSe and PbTe by vacuum evaporation. Among the three typical
lead salts used in infrared detectors, PbS and PbSe have been developed and produced to
some extent, but PbTe has not been adapted for production and has been gradually phased
out [26]. The cut-off wavelength of PbS and PbSe QD materials is short wave, and the
research on them is still in the laboratory stage. Additionally, it is worth mentioning
that mature commercial products based on PbS and PbSe bulk materials with a cut-off
wavelength of 3-5 um have been around for a long time. At present, lead salt detectors on
the market are mainly single-point detectors with an mm2 detection area level. Lead salt
photodetectors, which are competitive in the market, commonly show the detectivity of
101 Jones.
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2.1. Physical Properties of PbS

The study on the optical properties of PbS mainly focuses on single or polycrystalline
films in the early stage. Many studies have shown differences in light scattering and
absorption in nanostructures compared to bulk materials. Therefore, the particle size effect
on the optical properties of semiconductors has attracted much attention.

Exciton, formed by direct light excitation or by the combination of free carriers [27],
is an important concept in understanding nanoparticle properties. The delocalization region
of excitons may be much larger than the semiconductor lattice constant, which may even be
several or tens of nanometers. Although nanoparticle sizes are comparable to exciton radii,
their physical properties are greatly changed [28]. In the case of PbS nanoparticles, the band
gap in the electron spectrum increases from 0.41 to 1.92 eV when the particle diameter
is reduced to 5 nm, and the band gap continues increasing when the diameter is further
reduced [29]. This indicates that the band gap increases with the decrease in semiconductor
particle size, which means a blue shift of the absorption band. There are several reports
on optical transmission properties of PbS nanoparticle films, which is summarized in the
following section.

2.1.1. A Quantitative Estimation Method for Band Gap Width

To determine the width of the band gap, the most efficient way is to observe the part
of the spectrum where the transmittance varies significantly with wavelength. Experi-
mental data show that the most significant dropping part is the region from 700-800 to
2500-2600 nm corresponding to the photon energies from ~1.6 to ~0.5 eV.

Quantitative estimation of semiconductor band gaps by the absorption spectrum [28]
depends on the absorption coefficient, which indicates the absorption rate of 1 cm-thick
material. The formula is as follows:

o= —logT/s 1)

where absorption coefficient ¢ is the optical density associated with a 1 cm-thick layer of
material, T stands for the transmittance in relative units, and s is the material thickness,
with unit cm.

In order to investigate the relationship between the spectral dependence of the absorp-
tion coefficient and the semiconductor band gap, the following formula is introduced [30]:

(o(w)hw)" = Ay (hw — Ey) @)

where o (w) is the spectral dependence of the absorption coefficient; h is the reduced Planck
constant, which is used to describe quantum size; hw is the photon energy; A, is a coefficient
that is dependent on the type of transition and independent of w; and E represents the
semiconductor band gap. Then, there is the discussion of the choice of n. The value of
n depends on the band gap type: n = 1/2 for the direct allowed transition; n =3/2 for
the direct forbidden transition; n = 2 for the indirect allowed transition; and n = 3 for the
indirect forbidden transition. If it is based on reflectance spectroscopy, o(w) should be
replaced by F(R«), which is understood by the following formula:

_(-R?
F(Reo) = 55— ®)
where R is the reflection coefficient.
When n = 1/2 and the electron-hole interaction is ignored, Formula (2) can be simpli-
fied as follows:
(0(w)hw)? = A% (hw — Eg) )
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Formula (4) is more convenient for data processing and band-gap calculation. How-
ever, if the electron-hole interaction cannot be ignored, the spectral dependence of the
absorption coefficient makes more sense in the following form [31]:

B

7= 1—exp [fC(hw - Eg)fl/z}

©)

where B and C are constants. However, in PbS films, due to a high dielectric constant,
the electron-hole interaction is not obvious. As a result, Formula (4) is a good choice for
the direct allowed transition.

For monodisperse nanoparticles, the absorption spectrum has an easy-to-understand
smoothing function with respect to wavelength or energy. However, thin films normally
take on the form of polydisperse particles. As a result, Sadovnikov et al. proposed a model
to solve this situation [32], which is as follows:

iA(hw — Egi)l/z

o) = Do) = 1 A ©

hw

where c; is the relative number of nanoparticles of a given size in a film and Eg, is the band
gap corresponding to the above nanoparticles. Different grain sizes correspond to different
i in PbS nanoparticle films. The final absorption spectrum is the superposition of the
corresponding spectra of nanoparticles of different sizes (or different i). Sadovnikov et al.
deduced mathematically that the visible band gap E,,. is an additive function of the corre-
sponding quantities of nanoparticles of different sizes [32]. By transforming Formula (6),
we can obtain

[0E)* = A?

2
Ya(E-Eg)" Z] @)

In addition, due to [7E]* = A2 (E — Eqp ), we can simplify Formula (7) to

’Egi — Eg

~ 2 1/2
Egp ~ Y Eg +2) cicEgEg'/? + ®)
1

i#]

When the film has monodisperse nanoparticles ¢; = 1 and c;x; = 0, in this case,
the Formula (8) can be reduced to a boundary condition:
Eg. = Eq ©)
This highly developed interface between the grains of continuous thin films makes the
positions of conduction bands and valence bands in the electronic structures of the grains
fuzzy, resulting in uncertainties regarding the band gap. The effect of this property on the
film spectrum is similar to the difference in the size of nanoparticles [32].

2.1.2. Properties

The photo-response of photodetectors based on PbS thin films has been fully studied by
many groups. Here, we provide data measured by Reisfeld et al., who used current-voltage
(I-V) characteristics under different lighting intensities, as shown in Figure 2a,b.

Peterson et al. prepared PbS CQDs according to the method of Hines and Scholes [33,34].
They found that these CQDs exhibit distinct exciton peaks in their absorption spectra and
band edge luminescence, which can be tuned throughout the NIR region [33] (Figure 2c).
To make the measurements using a Si charge-coupled detector (CCD), they synthesized PbS
CQDs with the smallest possible particle size, which fluoresced at wavelengths < 1000 nm.
The maximum absorption and emission values of the first exciton are 780 and 930 nm,
respectively, with a full width at a half-maximum of 170 meV [33] (Figure 2c). Brown et al.
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confirmed that the energy band of the CQDs can be changed through ligand exchange,
resulting in energy level drifts of the CQDs as high as 0.9 eV [35]. Figure 2d shows the
chemical structure of the ligand they used, and Figure 2e shows the complete energy level
diagram of PbS CQDs undergoing ligand exchange. Tang et al. studied the effect of the
two-step ligand exchange method on the light response of PbS CQDs [36]. The absorption
spectra and emission spectra of CQD films prepared by the classical one-step method and
the optimized two-step ligand exchange method are shown in Figure 2f. Ushakova et al.
studied the control of the process of CQD self-assembly, superlattice uniformity and in-
terparticle distance by optimizing the number of surface ligands. In addition, annealing
and aging also affect the structural stability and optical properties of superlattices [37].
Figure 2g illustrates the evolution of small-angle X-ray scattering (SAXS) patterns of super-
lattices (SLs) formed by 4.3 nm QDs with the time of sample annealing. The interference
peak corresponding to the ordered QD ensemble vanishes, and the optical properties of
the SLs undergo changes in parallel. In Figure 2h, the absorption and photoluminescence
(PL) spectra of SL QD4 3 are compared with those of the initial 4.3 nm QD solution. After
1 min of annealing, the absorption and PL bands become broader, and the PL intensity

decreases [37].
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Figure 2. (a) I-V characteristics of PbS NCs measured with different NCs mole %. Reprinted with
permission from Ref. [38]. Copyright 2002 Springer Nature. (b) I-V characteristic of PbS NCs measured
at various temperatures. Reprinted with permission from Ref. [38]. Copyright 2002 Springer Nature.
(c) (i) Absorption spectra of PbS CQDs with different sizes. (ii) Typical absorption (left curve) and
fluorescence (right curve) spectra of PbS QDs. Reprinted with permission from Ref. [33]. Copyright
2006 American Chemical Society. (d) Chemical structures of the ligands studied by Patrick. Reprinted
with permission from Ref. [35]. Copyright 2014 American Chemical Society. (e) Energy level diagrams

32



Coatings 2022, 12, 609

of PbS CQDs after ligand exchange, which is shown in d. Reprinted with permission from Ref. [35].
Copyright 2014 American Chemical Society. (f) The absorption and fluorescence spectra of PbS
CQPD films were studied by one-step (blue) and two-step (red) ligand exchange methods. Reprinted
with permission from Ref. [36]. Copyright 2019 American Chemical Society. (g) SAXS pattern of
SLs formed by 4.3 nm QDs: initial (black), annealed for 1 min (red) and annealed for 30 min (blue).
Reprinted with permission from Ref. [37]. Copyright 2016 American Chemical Society. (h) Absorption
(ABS) (solid curves) and PL (dashed curves) spectra of SLQDj 3: initial (black), annealed for 1 min
(red) and annealed for 30 min (blue). Reprinted with permission from Ref. [37]. Copyright 2016
American Chemical Society.

2.2. Fabrication Methods

There have been many mature methods on the preparation of PbS CQDs. For PbS
CQDs, there are two major organic synthesis methods [34].

One way is to react lead oleate and bis(trimethylsilyl) sulfide (TMS) in octadecene
(ODE). They produce monodisperse CQDs that are 2.6 to 7.2 nanometers in size with
corresponding absorption peaks ranging from 825 to 1750 nanometers. However, not all
sizes of CQDs made in this way are air-stable [39]. The following are the detailed operation
steps: First, the lead oxide (PbO) in oleic acid (OA) is heated under argon or vacuum to
prepare lead oleate. After that, a solution of TMS in ODE is injected into the solution until
the ratio of lead to sulfur is 2:1. It is worth mentioning that trioctylphospine (TOP) can also
be used as a solvent for TMS and has no material effect on the reaction results. The reaction
temperature is controlled according to the desired particle size. The NCs are then precipi-
tated with a polar solvent such as methanol or acetone and are subsequently redispersed
into an organic solvent such as chloroform or toluene. Precipitation and redissolution are
repeated to ensure the removal of the reaction solvents. Finally, the aqueous NC dispersion
is centrifuged to remove any remaining impurities [34].

The second method is to react lead chloride (PbCl,) and elemental sulfur in oleylamine
(OAm) under nitrogen. PbS NCs were prepared by thermal injection, similar to the first
method. The size range (4.2-6.4 nm) of CQDs prepared by this method is much smaller
than that of the first method. In addition, the corresponding absorption peak range is
from 1200 to 1600 nanometers. The CQD films prepared by this method show good optical
stability [40]. In addition, there are many preparation methods of PbS CQDs, most of which
are based on the improvement of the above two methods.

Preparing PbS CQD solids is further mentioned in many articles, and different authors
differ in method details. Here, we briefly introduce a method offered by McDonald et al.
It is necessary to carry out ligand exchange first, and this method is an improvement upon
Hines’s method [34]. They precipitated the OA-coated NCs with methanol, dried them and
dispersed them in excess octylamine. The solution was heated, and the octylamine-coated
NCs were precipitated with N, N-dimethylformamide and then redispersed into chloroform.
The NCs were then mixed with 2-methoxy-5-(2'-ethylhexyloxy-pphenylenevinylene) (MEH-
PPV). The P-phenylenevinylene (PPV) hole transport layer was rotated onto an indium tin
oxide (ITO)-coated glass sheet and annealed in vacuum to allow polymerization. A mixture
of MEH-PPV and NCs was dissolved in chloroform and spun onto the PPV layer to create
a thin film. Finally, the upper contact was prepared by vacuum evaporation [41].

2.3. Devices

PbS NC films have been used in many devices, including infrared LEDs [42], mid-
and long-wave infrared detectors [43], upconversion photodetectors [44] and field effect
transistors (FET) [45]. Here are some typical concrete examples.

A hybrid graphene PbS QD phototransistor with ultra-high gain has been reported
(Figure 3a). Using the strong light absorption of QDs and the high mobility of graphene,
the materials were mixed into a system to make it have high sensitivity for light detection.
The ultra-high gain of graphene phototransistors was realized for the first time by using
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the charge transfer of the two materials [46]. Coupling with graphene has always been a
research direction for the improvement of the performance of detectors.
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Figure 3. (a) Schematic diagram of graphene QD hybrid phototransistor; graphene sheets are
deposited on the SiO, /Si structure coated with PbS QDs. Reprinted with permission from Ref. [46].
Copyright 2012 Springer Nature. (b) Schematic diagram of a graphene transistor modified with
PbS QDs under illumination. Reprinted with permission from Ref. [47]. Copyright 2012 John Wiley
and Sons. (c) The device architecture schematic of the graphene semiconductor metal sandwich
construction. Reprinted with permission from Ref. [48]. Copyright 2016 AIP Publishing. (d) A
schematic 3D view of the ligand exchange process and the PbS QD/IGZO hybrid phototransistor.
Reprinted with permission from Ref. [49]. Copyright 2016 Springer Nature. (e) PbS CQD FETs based
on blade-coated films. Reprinted with permission from Ref. [45]. Copyright 2018 American Chemical
Society. (f) Hybrid photodetector architecture with circuit diagram. Reprinted with permission from
Ref. [50]. Copyright 2019 American Chemical Society. (g) Sketch of the photo-conducting devices
prepared by two alternative all-printing approaches. Reprinted with permission from Ref. [51].
Copyright 2019 American Chemical Society. (h) Schematic diagram of the two-terminal contact
flexible photodetector. Reprinted with permission from Ref. [52]. Copyright 2018 Springer Nature.
(i) Schematic diagram of the structure which uses CQDs as the infrared sensitive layer and CdSe/ZnS
core shell QDs as top visible light emission layer. Reprinted with permission from Ref. [44]. Copyright
2020 Springer Nature.

Here is another PbS QD photodetector coupled with CVD-grown graphene (Figure 3b).
It shows amazing responsivity of 1 x 107 AW~ at a power of 30 pW [47]. Graphene was
also used in PbS QD field effect phototransistors as electrodes (Figure 3c). PbS QDs are
used as channels, and field-effect transistors show good responsivity of 4.2 x 102 A/W [48].
By comparing specific the detectivity of these PbS—-graphene devices, the device reported
by Konstantatos et al. shows the best property which reaches a specific detectivity of
7 x 1013 Jones.

Besides graphene, many new materials are candidates for coupling materials of PbS
devices. A PbS QD-sensitized InGaZnO photoinverter for NIR detection is reported in
2016 (Figure 3d). This hybrid photoelectric device has good light-response performance of
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high specific detectivity of 10!% Jones [49], which is similar to that of the best performing

optoelectronic devices based on PbS—-graphene, as mentioned before.

In addition, in the research of lead sulfide detectors, there are many novel methods
to treat thin films. Single-step fabrication of FET using CQD ink was studied, and the
authors of this study also reported the importance of removing ligands after deposition.
The structure of the FETs based on blade-coated PbS CQD films is as shown in Figure 3e.
They showed that this superficial coating method with blades can prepare high-quality thin
films, and the device has a good response [45]. It is also the work of many researchers to
make devices by coupling other materials with PbS to expand spectral range. A hybrid PbS
CQD transition metal dichalcogenides photodetector with high sensitivity was reported in
2019 (Figure 3f). The authors of this study extended the spectral coverage of this technology
from 1.5 um to 2 pm and showed excellent specific detectivity of 10'2 Jones at room
temperature [46].

Perovskite is a hot material that has been used with 3D-printing technology in recent
years. As a result, IR photodetectors made of PbS nanotubes with perovskite ligands
were studied and reported in 2019 (Figure 3g). This all-printed device shows a cut-off
frequency of over 3 kHz and a high detectivity of 102 Jones [51], which shows the same
order of magnitude as the hybrid PbS CQD transition metal dichalcogenides photodetector,
as mentioned before.

The fabrication potential of flexible devices is recognized as a great advantage of CQD
materials. A flexible broadband photodetector based on the heterostructure of PbS/ZnO
nanoparticles was reported in 2019 (Figure 3h), and it shows the widest detectable spectral
range (UV-Vis to NIR) of devices that we introduce in this section [52]. This detector shows
a high detectivity of 3.98 x 10'? Jones.

Upconversion device is an exciting field because of its unique properties. A QD-based
solution-treated upconversion photodetector was studied and reported (Figure 3i). The pho-
todetector has a low dark current, a high detectivity of 6.4 x 1012 Jones, a millisecond
response time and compatibility with flexible substrates [44].

3. PbSe

PbSe thin films are widely used for NIR and MWIR range applications due to their
unique physical properties. PbSe polycrystalline thin films are widely used for infrared de-
tectors [53]. Considering that the photosensitivity of thin films is very sensitive to crystallite
size, a research group prepared thin films with a thickness of 1.2 um and different crystallite
sizes. After post-processing, the detectivity of the photodetector achieved 2.8 x 10'° Jones
at room temperature [54]. PbSe has many forms, such as polycrystal, monocrystal and QDs,
which have been studied deeply and are widely used in infrared detectors. In order to
reduce costs and improve performance, there has been a lot of research on nanotechnology
in the past few decades [20]. Photonic applications of CQDs involving lead chalcogenides
are mainly associated with PbS and PbSe.

3.1. Properties

As lead chalcogenides, PbS and PbSe have many similarities in optical properties.
PbSe is a typical direct band-gap semiconductor with a narrow band gap of 0.27 eV at room
temperature [55]. The narrow band property of bulk PbSe makes it ideal for MWIR detec-
tion. The small electron effective mass in PbSe causes a large Bohr radius of 46 nm, which
makes the material ideal for studying quantum size effects observed only in large particles
with a small surface-to-volume ratio [56]. Combining these properties makes it possible to
precisely alter the band gap and the spectral range of optical photoresponsivity [20].

Using sodium selenite sulfate as the selenium source and lead acetate as the lead
source, Begum et al. prepared nanocrystalline PbSe films on glass substrate by the chemical
bath deposition (CBD) method. Its optical properties can be referred to in Figure 4a.
The results show that the optical absorption of PbSe films increases with increases in
deposition temperature. This may be due to an increase in grain size and a decrease in
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defects [57]. The (athv)? vs (hv) plots of PbSe thin films are linear over a wide spectral range,
as shown in Figure 4b. This indicates that there is a direct optical band gap in the PbSe
films [58]. Zhu et al. used pulse the sonoelectrochemical synthesis method to prepare PbSe
nanoparticles and estimated the band gap of the materials by optical diffuse reflectance
spectroscopy [59]. The mathematical basis they used to estimate the band gap width can
be referred to in Section 2.1.1. The band gap of PbSe prepared by this method was 1.10 eV.
The normalized (F(R) xhv)? vs hv (eV) of PbSe nanoparticles can be referred to in Figure 4b.

The absorption spectra of PbSe CQDs with different particle sizes were given by
Gao et al. (Figure 4d) [60]. They used PbSe CQDs with an average radius of 2.8-3.5 nm
and a corresponding band gap of 0.60-0.76 eV, judging from the position of the band
edge peak in the absorption spectrum. Thambidurai et al. developed a high-performance
infrared photoelectric detector up to 2.8 pm based on PbSe CQDs [61]. They gave the
photocurrent and voltage characteristics of photodetectors based on PbSe CQDs with
different thicknesses (500, 900 and 1400 nm) in the wavelength range of 1.5-2.8 um [61].
The photoelectric current and voltage characteristics of PbSe CQDs photodetectors with
three different thicknesses and different LED illumination are shown in Figure 4e-h.

Ahmad et al. studied PbSe CQD solar cells with >10% efficiency. To explore energy
disorder in both CQD films, Urbach behavior was investigated by tail-state absorption,
as shown in Figure 4i. Sharp band tails in a range of 1.0 to 1.25 eV were observed for
lead iodide (Pbl,)-capped PbSe CQD films deposited via the one-step technique, and they
exhibited lower Urbach energy (28 meV). However, Urbach energy in Pbl,-treated and
tetrabutylammonium iodide (TBAI)-treated PbSe CQD layer-by-layer (LBL) films were
43 and 83 meV, respectively [62].

3.2. Fabrication Methods

Photodetectors based on PbSe can be divided into two categories depending on the
target wavelength of photosensitivity. In the early days, PbSe intrinsic semiconductors
were widely used in MWIR detectors. Bulk PbSe has an optical band gap of 0.27 eV and
a sensitive wavelength of 4.4 um. In recent decades, however, there has been much more
discussion about PbSe low-dimensional materials. Scholars have turned their attention to
exploiting the quantum confinement effect, referring to the phenomenon that the energy
quantization of microscopic particles becomes more obvious with decreases in its space
motion limitation size, and the energy level changes from a continuous energy band to a
discrete energy level, especially when the ground state energy level moves up and blue shift
occurs. A common idea is to reduce the grain size below the Bohr radius. The sensitivity
wavelength can be as short as 690 nm, and the band gap can reach 0.18 eV by adjusting the
grain size of PbSe [20]. PbSe-based infrared detectors have the potential to span the MWIR,
SWIR, NIR and even visible wavelengths.

Massive PbSe semiconductor films prepared by chemical water baths and progress in
preparation of PbSe NCs are described here.

3.2.1. Chemical Bath Deposition

CBD is a simple and effective method to synthesize high-quality semiconductor thin
films without expensive and complex equipment [63]. However, it should be noted that film
properties with CBD are greatly affected by precursor fluid composition, bath time, bath
temperature and PH value. CBD films are often considered to be deposited on silicon, glass
or gallium arsenide (GaAs) substrates with a thickness between 0.2 and 2 pum [20,54,64].
Some scholars believe that a rough substrate surface leads to better deposition [65].

Regarding CBD, there are many different combinations of precursors. In 2003, Hancare et al.
prepared PbSe films using lead nitrate and selenosulphate as precursors and tartaric acid
as the complexing agent. PbSe thin films were deposited onto cleaned, spectroscopic-grade
glass substrates [66]. In 2010, Kassim et al. prepared PbSe films with lead nitrate solution
as the lead source, sodium selenate as the selenium source and tartaric acid as the com-
plexing agent [67]. In 2013, Qiu et al. carried out research on the room-temperature PbSe
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photodetector, mixing sodium hydroxide, lead acetate and selenosulfate into a precursor
solution in a ratio of 12:1:1 [54].

In addition, there are few references about the influence of the timing of the chemical
water bath deposition process. Anuar et al. found that the duration of the water bath affects
grain size, film thickness and surface roughness. They demonstrated in reliable experiments
that grain size, film thickness and surface roughness increase when the deposition time
increases from 20 to 150 min. The atomic force microscopy (AFM) images of different
samples indicate that the film obtained by 60 min of deposition was uniform and that the
substrate surface was covered with good spherical particles [68]. Hone et al. prepared three
different samples with deposition times of 30, 45 and 60 min. According to X-ray diffraction
analysis (XRD) patterns, they found that the peak intensities and preferred orientations of
the crystals were affected by different deposition times. When choosing deposition times
of 30 and 60 min, the crystals preferred orientations along the (111) plane, whereas for a
deposition time of 40 min, the crystals preferred an orientation along the (200) plane [69].
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Figure 4. (a) UV absorption spectra of PbSe thin films reported by Anayara et al. Reprinted with
permission from Ref. [57]. Copyright 2012 Beilstein-Institut. (b) (achv)? vs. (hv) plots of PbSe
reported by Anayara. Reprinted with permission from Ref. [57]. Copyright 2012 Beilstein-Institut.
(c) Normalized (F(R) x hv)? vs. hv (eV) of PbSe by pulse sonoelectrochemical synthesis method.
Reprinted with permission from Ref. [59]. Copyright 2000 American Chemical Society. (d) Absorption
spectra of three QDs with different radii of 2.8 nm (green), 3.0 nm (orange) and 3.5 nm (red). Reprinted
with permission from Ref. [60]. Copyright 2015 Springer Nature. (e-g) I-V characteristics of devices
under different illuminations with wavelengths from 1.5 um to 2.8 pum for PbSe thin films with
different thicknesses. Reprinted with permission from Ref. [61]. Copyright 2017 Optical Society
of America. (h) The photocurrent of the devices under different illuminations with wavelengths
from 1.5 um to 3.4 um. Reprinted with permission from Ref. [61]. Copyright 2017 Optical Society
of America. (i) Urbach energy of three differently treated films. Reprinted with permission from
Ref. [62]. Copyright 2019 John Wiley and Sons.
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The influence of temperature and PH value on CBD has been widely reported. Deposi-
tion temperature has always been considered the most important parameter affecting film
quality. It is believed that, with increases in deposition temperature, grain size increases,
and dislocation density and microstrain decrease. Reductions in dislocation density and
microstrain indicate reductions in lattice defects, i.e., the improvement of film quality.
Additionally, deposition temperature has a significant effect on preferred orientation and
film thickness [70].

CBD polycrystalline films have good properties when sensitized with oxygen and
iodine, which is necessary to activate PbSe as an MWIR detector. However, the specific
mechanism of sensitization has not been clearly defined. The sensitization process of PbSe
varies from reference to reference, but it usually involves two thermal steps: oxidation
and iodization. In order to obtain better performance for PbSe infrared detectors, it is
very important to study the mechanism behind the sensitization process, but there are still
many doubts.

CBD also shows good prospects in the preparation of PbSe NCs. The chemical char-
acteristics of PbSe thin films are strongly influenced by growth conditions such as ion
concentration, PH value and deposition time. Studies have shown that the average size of
PbSe nanoparticles increases from 23 nm to 51 nm as the deposition time passes from 1 h to
16 h [71]. In addition, increases in temperature also make the grain size larger [72].

In addition to chemical water bath deposition, PbSe films can also be synthesized
by a variety of deposition techniques, such as co-evaporation [73], pulse acoustic electro-
chemical [59], thermal evaporation [74] and pulse laser deposition [75]. Figure 5 shows the
schematic diagrams of CBD and the CQD synthetic procedures.
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Figure 5. (a) Schematic diagram of chemical bath deposition. (b) Schematic diagram of the CQD
synthetic procedures: (i) Synthesize CQDs by solution-phase routes; (ii) Reduce the size distribution
of CQD samples by size-selective precipitation; (iii) Deposit CQD dispersions that self-assemble;
(iv) Form ordered CQD assemblies.
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3.2.2. Fabrication of PbSe NCs

Monodispersion is required for photodetectors based on PbSe CQDs. A rapid nucle-
ation followed by a slow growth process is considered the key [76]. Nucleation is affected
by temperature, degree of supersaturation in solution, interfacial tension, etc. [77]. There
are two ways to stop nucleation. One way is to lower the concentration of the solution
below a certain level. The other is to rapidly inject precursors into a high-temperature
mixed solution, which has achieved the purpose of rapid cooling, commonly known as
thermal injection [78]. Thermal injection is considered to be the most widely used method
for synthesizing CQDs.

Murray et al. reported a method using lead oleate as the lead source and trioctylphos-
phine selenide as the selenium source, and the two are dissolved in trioctylphosphine.
The above-room-temperature solution is quickly injected into a fast-stirring solution con-
taining diphenylether at 150 °C. The growth rate of NC can be accelerated by increasing the
solution temperature, and NC with the larger size can be prepared at a higher temperature.
Solution temperatures of 90-220 °C correspond to NC diameters of 3.5-15 nm. When the
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grains reach the target size, the dispersion is cooled, short-chain alcohols are added to
flocculate the NCs, and it is then separated from the solution by centrifugation [79].

3.3. Devices

Research on PbSe photodetectors is focused on improving efficiency, making large
imaging FPAs, manufacturing thermoelectric cooling imaging systems, and making more
compact and low-cost systems [20]. There are many types of photodetectors based on PbSe,
such as photoconductor [80], phototransistor [81] and photodiode [81].

Regarding the most advanced PbSe photodetector equipment, there are mainly the
following kinds: broadband photodetectors using PbSe QD [82], PbSe-based photodiode
detectors [83], tandem photodiode detectors [84] and PbSe-based FET detectors [85].

Jiang et al. reported an ultra-sensitive tandem CQD photodetector (Figure 6a,b), which
shows maximum detectivites of 8.1 x 103 Jones at 1100 nm and 100 K [83].
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Figure 6. (a,)b) Device structures and band diagrams of single-layer and tandem photodetectors.
Reprinted with permission from Ref. [83]. Copyright 2015 RSC Pub. (c,d) Illustrations of QD-
bottom FEpTs (c) and G-bottom FEpTs (d). Reprinted with permission from Ref. [86]. Copyright
2015 American Chemical Society. (e) Schematic illustration of PbSe NC-based VPT. Reprinted with
permission from Ref. [85]. Copyright 2019 Elsevier. (f) Schematic illustration of the PbSe CQD-
BiOySe nanosheet hybrid photodetector. Reprinted with permission from Ref. [87]. Copyright 2019
American Chemical Society. (g) Schematic illustration of the detector’s structure. Reprinted with
permission from Ref. [80]. Copyright 2016 RSC Pub.

Many research groups have tried to prepare IR photodetectors by coupling graphene
with PbSe CQD. A heterojunction phototransistor based on PbSe CQD-graphene hybrids
(Figure 6¢,d), which shows the highest responsivity of 10° A/W, was reported in 2015 [86].
In addition, the preparation of graphene electrodes on PbSe CQD vertical phototransistors
has also been tried (Figure 6e). The phototransistor exhibits an excellent responsivity of
1.1 x 10* A W1, a detectivity of 1.3 x 10'° Jones, and an external quantum efficiency of
1.7 x 10°% [85]. Besides graphene, coupling between other materials and PbSe materials
has also been studied and published. A hybrid photodetector based on Bi;O,Se nanosheets
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sensitized by PbSe CQDs was reported (Figure 6f). Compared to pure Bi;O,Se or PbSe
CQDs, the interfacial band offset between the two materials enhances the device’s re-
sponsivity and the response time. This PbSe CQDs-Bi,O,Se photodetector can render an
infrared response above 103 A/W at 2 um under external field effects [87].

In addition to coupling a novel two-dimensional material with PbSe QD to obtain
a special photodetector, flexible devices are an important development direction of this
material. Figure 6g is a schematic diagram of a flexible device which puts n- and p-type
carbon nanotubes (CNTs) on a flexible substrate. The IR response of the photodetector is
derived from the interface between the n- and p-type CNTs and the Thomson potential.
By the CVD method, two kinds of CNT arrays are grown on the substrate and construct
the CNT p-n junction [80].

4. HgTe

In recent years, HgTe CQDs, as a new choice of infrared detectors, have attracted
much attention because of their excellent optical properties, processability and adjustable
absorption characteristics. However, at present, reported HgTe CQD infrared detectors
mainly focus on short and mid-wave IR photodetectors. Additionally, research progress on
LWIR is slow, and there is still a gap between that and commercial detectors. Although the
research on this material is still in the laboratory stage at present, its potential in preparation
cost, response speed and coupling with flexible substrates is still exciting.

4.1. Properties

Keuleyan et al. firstly synthesized MWIR HgTe CQDs [88] and successfully applied
them in MWIR photodetection [89]. They prepared the HgTe CQDs by a simple two-step
method and found that the absorption, photodetection with sharp edges, and narrow
photoluminescence are tunable between 1.3 and 5 pm [88]. Herein, we choose to display
the absorption spectra of HgTe CQDs’ solutions in C,Cl,, which shows the relationship
between absorption characteristics and sample size (as shown in Figure 7d). Keuleyan et al.
found that larger particles give an absorption onset at lower frequencies.

Keuleyan et al. also systematically studied the electronic structure and size-dependent
spectrum of HgTe CQDs, and they extended the HgTe CQD spectra covering LWIR [90].
Figure 7a shows the successful extension of the spectrum up to 12 um at 80 K, which
includes the LWIR. Figure 7b shows the absorption spectra of the corresponding films at
room temperature.

Allan and Delerue theoretically studied the electronic structure and energy gap of
HgTe CQDs [91]. The energy gap of spherical HgTe CQDs is plotted versus size in Figure 7c.
It varies according to the form of 1/(0.02126 x d? +0.21562 x d + 0.01684) (in electrovolts),
where d is the diameter in nanometers [91]. In addition, they came to a conclusion that the
gaps of QDs with cubic, tetrahedral or octahedral shapes are almost the same as the gaps
of spherical QDs with the same size, according to previous research [92,93].

However, partial aggregations in HgTe CQD always appear in Keuleyan et al.’s
methods, causing difficulties in surface modification for those CQDs. This challenge was
solved in 2017, when Shen et al. developed a new recipe for nonaggregating HgTe CQDs,
which can be stabilized without any thiols [94].

Later, in 2018, Hudson et al. studied the conduction band fine structure of HgTe
CQDs. They synthesized highly monodispersed HgTe CQDs and tuned their doping both
chemically and electrochemically [95]. Splitting of the intraband peaks was observed
corresponding to nondegenerate 1P, states because of the size uniformity of the CQDs and
because of strong spin-orbit coupling in HgTe [95]. We borrow the highlighted picture from
the article, as shown in Figure 7e.

Later, in 2019, Chen et al. achieved high carrier mobility in HgTe CQD solids with a
hybrid ligand exchange method and improved the detectivity in mid-IR photodetectors [96].
Herein, we show detectivity from 80 to 300 K using measured responsivity and noise at
each temperature, as shown in Figure 7f. The 120 nm-thick HgTe/hybrid device shows
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a higher detectivity than the 260 nm thick HgTe/EDT device at all temperatures. It is
indicated that the HgTe /hybrid ligand material is 10 times better than HgTe/EDT at 80 K
and 5 better times at 300 K. Since higher mobility allows longer carrier diffusion lengths
and higher operation temperatures in the geminate recombination regime, the transport
improvement generally benefits CQD photodetection devices [96].
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Figure 7. (a) Photo-response of thin films of HgTe QDs on a Si/SiO; substrate. Samples were made
with different temperatures of 100 °C (blue), 110 °C (green) and 120 °C (orange). The red-line sample
was obtained with a regrowth. Reprinted with permission from Ref. [90]. Copyright 2014 American
Chemical Society. (b) Absorption spectra of thin films of HgTe QDs with the same color scheme
as in (a). Reprinted with permission from Ref. [90]. Copyright 2014 American Chemical Society.
(c) Energy gap of spherical HgTe QDs (300 K) versus diameter (magenta solid line) compared to
the experimental data of Ref. [97] (red triangles) and Ref. [98] (blue disks). The black-dotted line
represents the energy of the second peak in the calculated absorption spectrum. Reprinted with
permission from Ref. [91]. Copyright 2012 American Physical Society. (d) Absorption of solutions of
HgTe CQDs in C,Cly. Reprinted with permission from Ref. [88]. Copyright 2011 American Chemical
Society. (e) Spectrum of N-doped HgTe QDs indicates that doping leads to intraband absorbance and
restrains the first two excitonic transitions. The green box illustration shows that the total absorption
spectrum profile is composed of three small overlapping absorption spectra. The illustration with
the orange background shows intra and interband transitions. Reprinted with permission from
Ref. [95]. Copyright 2018 American Chemical Society. (f) Detectivity as a function of temperature for
the HgTe/hybrid and HgTe/EDT films. Reprinted with permission from Ref. [96]. Copyright 2019
American Chemical Society.

4.2. Fabrication Methods

HgTe is one of the most difficult nanoparticle compounds to prepare. In order to
study the preparation method of II-VI group quantum wells (QWs) and QDs, Brennan
et al. focused on the synthesis of the precursors of the target material. They reported the
preparation of the solid-state compounds ZnS, ZnSe, CdS, CdSe, CdTe and HgTe from the
corresponding M(ER), compounds (M = Zn, Cd, Hg; E =S, Se, Te; R = n-butyl, phenyl)
and/or phosphine complexes thereof. The idea is to mix the bidentate phosphine 1,2-
bis(diethylphosphino)ethane (DEPE) and the M(ER), nucleus at a ratio of 1:2 to produce
a coordination polymer or a dimeric compound, depending on the material. They found
that thermal decomposition of solid compounds produces bulk solid products, whereas
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thermal decomposition of liquid compounds produces nanoparticle-sized solid products.
The team made HgTe by processing Hg(TeBu), through photodecomposition [99].

Rogach et al. studied the preparation of HgTe NCs by wet chemical synthesis [100].
There are two main systems for wet chemical synthesis of cadmium chalcogenide NCs.
One system involves coating NCs with trioctyl phosphine (TOP) / trioctyl phosphine
oxide (TOPO) in a non-aqueous solution [101]. The other system uses various thiols as a
stabilizer in an aqueous solution [102-104]. Rogach’s method is to pass hydrogen telluride
gas buffered with nitrogen through aqueous Nj-saturated mercury(II) perchlorate solutions
at a pH of 11.2 with the presence of 1-thioglycerol as an effective size-regulating and
stabilizing agent. HgTe CQDs prepared in this way can be precipitated as powders using
2-propanol and then can be capped with thioglycerol on the surface for the purpose of
being able to be re-dissolvable in water [100].

Inspired by Huang’s work [105], Green et al. reacted mercury(II) bromide and tri-n-
octylphosphine telluride to form the intermediate (HgBry)4:(TeP(CgHjiy)3)3 and eventually
the nanosized HgTe, and the intermediates have not been rigorously tested due to their
rapid reaction [106].

In 2011, Guyot-Sionnest et al. reported the first synthesis of HgTe CQDs with absorp-
tion and emission in the MWIR ranges (>3 um) [88,89]. They tried to react mercury chloride
(HgCl,) dissolved in OAm with telluride (Te) in TOP, as well as mercury(Il) acetate with Te
dissolved in tri-n-octylphosphine (TOPTe) in alcohol. In 2014, they further extended the
absorption edge of HgTe CQDs into LWIR by making a small modification of the growth
dynamics with diluted TOP (Te precursor by OAm) [90].

To control CQD growth in an organic solvent, the particles need good surface pas-
sivation provided by long chain ligands and slow particle spread to avoid aggregation.
In addition, a low temperature is necessary for the synthesis of HgTe CQDs to refrain from
growing to bulk sizes. Keuleyan et al. [88] developed methods from Cademartiri et al. [107]
for the above two reasons. They formed a viscous mixture with Hg/OAm ratios of about
1:120. Then, they rapidly injected TOPTe to produce Te. Particle size was controlled by the
temperature and duration of reaction, with the smallest particles obtained at 60 °C and
with the largest obtained at above 100 °C [88].

In 2017, Shen et al. used HgCl, as the mercury source, bis-(trimethylsilyl) telluride
(TMS;Te) as the tellurium source and OAm as the solvent. They used anhydrous tetra-
chloroethylene (TCE) to quickly cool the reaction. This reaction can be easily scaled up to
1 mmol HgTe by using 2 mmol HgCl, and 1 mmol TMS;Te. The grain size of the HgTe
CQDs can be expanded to 11 nm by adjusting the HgCl, to TMS,Te molar ratio to 4:1 [95].

4.3. Devices

HgTe CQDs IR photodetectors mainly include three categories: photoconductor, photo-
transistor and photovoltaic devices [5]. Photoconductors have the simplest device structure
and can be prepared by the deposition of CQDs on interdigitated electrodes [108]. Com-
pared with photoconductors, photovoltaic devices, which theoretically avoid 1/f noise and
dark currents, can improve the sensitivity of the device [5].

Guyot-Sionnest et al. conducted a lot of relative research [88,89,94-97,109-116] and
developed the first background-limited infrared photodetection (BLIP) HgTe CQD MWIR
photodetector with a specific detection rate of 4.2 x 10!° Jones, with a response time in
microseconds and with coverage of all infrared spectral regions [111]. In 2018, this team
further improved the sensitivity and response speed of photodetectors through new doping
methods [117]. Diagrams of these devices are shown in Figure 8.

In 2019, Tang et al. reported the first HgTe CQD flexible SWIR and MWIR dual-band
photodetector with a high detectivity D* of 7.5 x 10'° Jones at room temperature and a fast
response of 260 ns [118]. Integrating the Fabry—Perot cavity with detectors enhances light
absorption and the photo-response, with controllable spectral features. (Figure 8d,e). Later,
Tang et al. reported a dual-band infrared detector using stacked CQD photodiodes, which
provide a bias-switchable spectral response in two distinct bands [11]. It consists of one
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SWIR and one MWIR photodiode arranged in an n—-p-n structure, with Bi,Se; and Ag,Te
as the n and p layers. By controlling the bias polarity and magnitude, it can be rapidly
switched between SWIR and MWIR at modulation frequencies of up to 100 kHz with a D*
above 10!%jones at cryogenic temperature.
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Figure 8. (a) Schematic diagram of the device structure. Reprinted with permission from Ref. [111].
Copyright 2015 AIP Publishing. (b) Schematic configuration of the three-pixel photodetector.
Reprinted with permission from Ref. [108]. Copyright 2016 American Chemical Society. (c) Pho-
todetector design. Reprinted with permission from Ref. [117]. Copyright 2018 American Chemical
Society. (d) Schematic diagram of the device architecture of flexible HgTe CQD photovoltaic detectors.
Reprinted with permission from Ref. [118]. Copyright 2019 John Wiley and Sons. (e) Schematic
diagram of Fabry—Perot cavity-enhanced HgTe CQD detectors. Reprinted with permission from
Ref. [118]. Copyright 2019 John Wiley and Sons. (f) Schematic diagram of the structure of a dual-band
CQD imaging device. Reprinted with permission from Ref. [11]. Copyright 2019 Springer Nature.
(g) Schematic of the graphene/HgTe CQD junction. Reprinted with permission from Ref. [119].
Copyright 2019 American Chemical Society. (h) A dual-channel photodetector made by depositing a
CQD infrared photodiode onto a graphene/p-silicon Schottky junction. Reprinted with permission
from Ref. [120]. Copyright 2020 American Chemical Society.

In addition, Tang et al. reported a graphene/HgTe QD photodetector with gate-
tunable IR photo-response [119]. The graphene/HgTe QD junction combines the high
carrier mobility of graphene and tunable infrared optical absorption of HgTe CQDs, which
offers a promising route for the next generation of infrared optoelectronics.

In 2020, Tang et al. also reported a visible and infrared dual-channel photodetector.
They deposited a CQD IR photodiode onto a graphene/p Si Schottky junction and obtained
a responsivity of ~0.9 A/W in the visible spectrum, and the infrared CQD photodiode had
a detectivity of ~5 x 10° Jones at 2.4 um [120].

43



Coatings 2022, 12, 609

5. One- and Two-Dimensional Materials

In this section, we shortly introduce one- and two-dimensional materials used for
room-temperature infrared photodetectors. Regarding 1D materials, NWs, especially InAs
NWs, are of great concerned due to their high electron mobility [121], easy-to-form ohmic
metal contact [122], high electron saturation rate and tiny diameter, which make them
mechanically flexible [123]. It has been reported that nanorods are annealed to improve
their crystal structures and electrical properties. In addition, detectivity can reach 1013 Jones,
and the noise equivalent power can reach 10~* W [124]. Regarding this material, we do
not give more details. In Section 5, we give more introductions of 2D materials, such as
graphene and black phosphorus. Moreover, 2D materials have attracted much attention
because of their flexibility, broadband absorption and high carrier mobility. However,
because of its nanometer-order thickness, 2D materials have weak absorption, which limits
the detection performance of IR photodetectors based on 2D materials [22].

5.1. Properties
5.1.1. Graphene Properties

It is generally believed that a single atomic plane is a 2D crystal, whereas 100 layers
are a film of three-dimensional (3D) materials [125]. However, graphene is a special case
because its electronic structure evolves rapidly as its number of layers increases, reaching
the 3D limit at 10 layers [126]. Only graphene and its bilayers have simple electron spectra,
as they are zero-gap semiconductors with one electron and one hole. For layers 3 and above,
the spectrum becomes increasingly complex with several carriers present [127], and the
conduction bands and the valence bands begin to overlap significantly [126,128].

Peng et al. believe that the size of graphene quantum dots (GQDs) determines its band
gap, which ultimately leads to different luminescence conditions when the size of GQDs
increases. They obtained three GQDs in different size ranges (1-4 nm, 4-8 nm and 7-11 nm)
by controlling the temperature. The resultant GQDs exhibited versatile PL emission color
from blue and green to yellow, as the energy gap decreases from 3.90 to 2.89 eV [129].

Since GQDs are fragments derived from graphene flakes, the GQD layer contributes
significantly to vertical size, thus altering luminescence properties [130]. Using carbon
black as the carbon source, monolayer and multilayer GQDs were prepared simultaneously
in nitric acid medium by the top-down method [131].

5.1.2. Black Phosphorus Properties

The band gap of black phosphorus is the most important parameter for determining
its light absorption. Band structures characterize the optical properties of 2D materials,
especially those that interact with light [132].

Unlike graphene, black phosphorus is formed from a folded honeycomb lattice, which
results in strong anisotropic electron mobility and anisotropic optical responses [133].
The layered structure of black phosphorus can be obtained from bulk crystals by mechanical
stripping. The most attractive property of black phosphorus is that its layers depend on
direct band gaps. The band gap from ~2.0 eV for monolayer, ~1.3 eV for double layers and
~0.8 eV for triple layers lowers down to 0.3 eV for the bulk state [132]. Figure 9c shows
the crystal and electronic structure of bulk black phosphorus [134]. Figure 9d,e exhibit the
linear absorption and reflection spectra for a few layers of black phosphorus [135,136].

5.2. Fabrication Methods
5.2.1. Graphene Preparation

In recent years, due to the great prospect of graphene, there have been many reports
on the preparation methods of graphene films.

There are currently seven reliable methods for the preparation of graphene sheets.
They are (i) mechanical cleavage of highly oriented pyrolytic graphite (HOPG); (ii) epitaxial
growth on an insulator surface; (iii) chemical vapor deposition (CVD) on the surfaces of
single crystals of metals; (iv) arc discharge of graphite under suitable situations; (v) use
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Absorbance [%]

of intercalated graphite as the starting material; (vi) preparation of appropriate colloidal
suspensions in selected solvents; and (vii) the reduction of graphene oxide sheets [137].
The above methods are described in detail in Section 5.2.1.
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Figure 9. (a) Absorption spectra of monolayer (1), bilayer (2), trilayer (3), and bulk phosphorene
[(4) and (5)] for the incident light polarized along the x (armchair) direction. Reprinted with per-
mission from Ref. [135]. Copyright 2014 American Physical Society. (b) Optical absorption spectra
of monolayer (1), bilayer (2), trilayer (3), and bulk phosphorene [(4) and (5)] for the incident light
polarized along the x (armchair) direction. Reprinted with permission from Ref. [135]. Copyright 2014
American Physical Society. (¢) Crystal and electronic structure of bulk black phosphorus. (1) Atomic
structure of black phosphorus. (2) Band structure of bulk black phosphorus. Reprinted with permis-
sion from Ref. [134]. Copyright 2014 Springer Nature. (d,e) Optical absorption spectra of few-layer
BP for light incidents in the c (z) direction and polarized along the a (x) and b (y) directions. Reprinted
with permission from Ref. [136]. Copyright 2014 Springer Nature. (f) UV-vis absorption and PL
emission spectra of GQDs1 and GQDs2 in water solution. Reprinted with permission from Ref. [131].
Copyright 2012 ROYAL SOCIETY OF CHEMISTRY.

For the preparation of mono or by-layer graphene, one of the most common methods
is mechanical exfoliation of small mesas of HOPG. Firstly, one side of the HOPG sample
is cleaved using scotch tape technology to obtain a clean surface. Then, the other side of
the sample is glued to the copper electrode with silver epoxy. As shown in Figure 10b,
this copper electrode is connected to the positive terminal of the power supply. The other
copper electrode is connected to the ground terminal of the power supply. The second
copper electrode is placed with a mica sheet (0.1 mm thick) and a substrate (from top
to bottom, a 300 nm-thick SiO, layer, s 500 um-thick silicon substrate and a 1 mm glass
microscope slide) in turn. When given different voltages, graphene sheets of corresponding
thicknesses are cleaved onto the SiO, layer from the HOPG [138].
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Regarding the insulator surface of the epitaxial growth of graphene, SiC is a common
choice. High-temperature sublimation of few atomic layers of Si from a mono crystalline
SiC substrate is considered the best way to fabricate Few Layer Graphene (FLG) on a full
wafer for industrial purposes at present [139]. Epitaxial growth on a substrate is highly
dependent on the surface quality of the substrate, because very small defects can affect the
growth of the film and reduce its quality. However, commercial SiC substrates have a large
number of deep scratches caused by polishing damage. As a result, in order to obtain a good
epitaxial growth layer, pretreatment of substrates to eliminate these scratches is particularly
important. Hydrogen etching proves to be a good way to eliminate scratches [140]. After
Hj etching, samples are heated by electron bombardment in an ultra-high vacuum in order
to remove the oxide. After verifying that the oxide is removed, samples are heated to
temperatures ranging from 1250 °C to 1450 °C for 1-20 min. Under these conditions, thin
graphite layers are formed, with the layer thickness determined predominantly by the
temperature [141].

The third method has many similarities with the second one, and the major difference
lies in the choice of substrate. According to Fogarassy’s idea, graphene is deposited by
chemical vapor deposition (CVD) on a Ni (111) thin layer substrate, which is prepared by
sputtering Ni on a single crystal sapphire (0001) in an ultra-high vacuum (UHV) [142]. Since
a sapphire’s surface is difficult to completely clean, grains may be found with 30° rotation
in the nickel thin layers. The nickel substrate is then annealed in a hydrogen atmosphere.
Finally, the CVD experiments are performed in an atmosphere of a mixture of methane,
argon and hydrogen [143].

In 2009, Subrahmanyam et al. introduced a new method to prepare graphene, which
can produce 2—4 layers in a relatively large area. Subrahmanyam et al. made a variety of
attempts with gas proportions, electrode sizes, discharge currents, etc., in the arc chamber.
Only one typical experimental design is introduced here. A graphite rod (Alfa Aesar with
99.999% purity, 6 mm in diameter and 50 mm long) used as the anode and another graphite
rod (13 mm in diameter and 60 mm in length) used as the cathode are both placed in a
water-cooled stainless-steel chamber filled with a mixture of hydrogen and helium, and the
direct current arc discharge of graphite evaporation is to be carried out in this chamber [144].
The discharge current is within the 100-150 A range, with a maximum open circuit voltage
of 60 V [145]. The arc is maintained by continuously shifting the cathode at a constant
distance from the anode. At the end of the experiment, the deposits collected on the walls
of the arc chamber contain only graphene flakes, whereas the cathode deposits contain
other impurities [144].

5.2.2. Black Phosphorus Preparation

Many methods of preparation of black phosphorus have been reported so far. The syn-
thesis method of black phosphorus can be traced back to 1914. Bridgman et al. placed
white phosphorus in a high-pressure cylinder under kerosene. The cylinder pressure was
increased from 0.6 GPa to 1.2 GPa, and the temperature was raised from room tempera-
ture to 200 °C. After waiting 5 to 30 min, cooling the cylinder and releasing the pressure,
the converted black phosphorus could be obtained [146].

Furthermore, Maruyama et al. prepared black phosphorus single crystal in liquid
bismuth using white phosphorus as a raw material. The melted bismuth was poured over
the white phosphorus and shaken, and then it was maintained at 400 °C for 20 h and
was finally slowly brought to room temperature. The solid bismuth was dissolved with
nitric acid, and acicular single crystal black phosphorus was obtained in the remaining
solution [147].

Shirotani et al. carried out experiments with a wedge-type cubic anvil high-pressure
apparatus developed by Wakatuki. They successfully prepared a large black phosphorus
single crystal from red phosphorus under a high temperature and high pressure [148].

High pressure was considered a necessary condition for the preparation of black
phosphorus, until recently, when reliable references of low-pressure preparation of black
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phosphorus were reported. Lange et al. reported a low-pressure method for preparing black
phosphorus. They took red phosphorus as a raw material and added a small amount of
Au, 5n and a catalytic amount of Snly [149]. Nilges et al. gave a more detailed explanation
of the method in his article [150]. Kopf et al. further simplified the experiment based on
red phosphorus and described the detailed experimental steps in his article [151]. Refer to
Figure 10 for the schematic diagram for the preparation of graphene and black phosphorus.
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Figure 10. (a) Schematic illustration of the main graphene production techniques. (1) Micromechani-
cal cleavage. (2) Anodic bonding. (3) Photoexfoliation. (4) Liquid phase exfoliation. (5) Growth on
SiC. Gold and grey spheres represent Si and C atoms, respectively. At elevated T, Si atoms evaporate
(arrows), leaving a carbon-rich surface that forms graphene sheets. (6) Segregation/precipitation
from carbon-containing metal substrate. (7) Chemical vapor deposition. (8) Molecular beam epi-
taxy. (9) Chemical synthesis using benzene as a building block. Reprinted with permission from
Ref. [152]. Copyright 2012 Elsevier. (b) Schematic of the experimental setup for electrostatic deposi-
tion of graphene sheets. Reprinted with permission from Ref. [138]. Copyright 2007 IOP Publishing.
(c) A representative silica glass ampoule after the synthesis of black phosphorus. Reprinted with
permission from Ref. [151]. Copyright 2014 Elsevier.

5.3. Devices

As the hottest material in recent years, graphene has quite a number of applications,
such as touchscreen displays [153] (Figure 11f), flexible electronic devices [154] (Figure 11c),
organic light-emitting diodes (OLEDs) [155] (Figure 11a,b), high-frequency transistors [156],
optical modulators [157], solar cells [158] and ultra-wideband photodetectors [159].
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Because monolayer graphene is a zero-band gap material, it can generate photocarriers
across a wide electromagnetic spectrum. In the past few years, various graphene-based
photodetectors have been reported, such as metal-graphene-metal (MGM) photodetectors,
graphene p—n junction photodetectors, graphene-semiconductor heterojunction photode-
tectors and hybrid photodetectors [159].

As another representative 2D material, black phosphorus has great potential in FET,
photoelectric detectors, battery anode materials and thermoelectric applications due to its
unique structure and rare anisotropy [160]. In 2014, Liu et al. made the first report on FET
based on black-phosphorus-layered materials [161]. It has become widespread research due
to its ambipolar FET [162]. Drain-current modulation at room temperature is four orders of
magnitude higher than graphene [163] (Figure 11e,g). In addition, black phosphorus has
the potential to be used in flexible and wearable products due to its binary properties [164].
Zhu et al. reported a flexible bipolar transistor circuit and an AM demodulator based on
black phosphorus [165] (Figure 11d). The low field hole mobility was 310 cm? V1571,
which is much higher than the most advanced metal oxide flexible transistors.

(@) (b) (©)

Drain

Figure 11. (a,b) Device structures of flexible small-molecule fluorescent OLEDs (a) and phosphores-
cent OLEDs (b) using a graphene anode modified with a GraHIL. Reprinted with permission from
Ref. [155]. Copyright 2012 Springer Nature. (c) Illustration of multifinger embedded-gate graphene
device structure that can afford high current drive, thin gate dielectrics, low gate resistance, surface
passivation and simple post-transfer fabrication. Reprinted with permission from Ref. [154]. Copy-
right 2014 Springer Nature. (d) Simplified illustration of the device structure of flexible BG BP FET
on PI substrate (not to scale). Reprinted with permission from Ref. [165]. Copyright 2015 American
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Chemical Society. (e) Schematic diagram of the back-gated BP FET. Reprinted with permission from
Ref. [163]. Copyright 2015 Royal Society of Chemistry. (f) A flexible four-wire resistance touch screen
fabricated using RGO/PET as electrodes. Reprinted with permission from Ref. [153]. Copyright
2012 John Wiley and Sons. (g) Schematics and optical image of the device structure. Reprinted with
permission from Ref. [163]. Copyright 2015 Royal Society of Chemistry. (h) Schematic diagram of the
BP MSM photodetector operating at 3.39 um. Reprinted with permission from Ref. [16]. Copyright
2016 American Chemical Society.

It is worth mentioning that mixed-dimensional materials can be a solution in this
field. A photodetector based on graphene/PdSe;/germanium heterojunctions has been
recently reported. Mixed-dimensional heterojunctions provide enhanced light absorption,
and graphene electrodes provide effective carrier collection. Owing to above advantages,
this photodetector exhibits great device performance, such as a high specific detectivity
and broadband photosensitivity from ultraviolet to MWIR.

In order to better reflect the properties of photodetectors based on different materials,
Table 1 shows the performance comparison between the most representative devices in the
above mentioned.

Table 1. Performance comparison of several representative devices.

Device R(A/W) D*(Jones) Response Time Reference
Graphene-PbS QD phototransistors ~108 7 x 103 NA [46]
PbS CQD-TMDC photodetectors 107 1.02 x 10'? NA [50]
Tandem PbSe CQD photodetectors ~0.5 8.1 x 1013 NA [83]
PbSe CQD-Bi202Se nanosheets hybrid photodetector >10% NA ~4 ms [87]
HgTe CQD photodetectors 1.3 3.3 x 101 50 ns [117]
Stacked CQD photodiodes NA 6 x 1010 <2.5us [11]
Three-pixel photodetectors 0.1 2 x 107 ~91.5 ms and ~541.3 ms [108]
HgTe CQD/Graphene/Silicon devices ~0.9 ~5 x 107 ~13 ns and ~3 ps [120]

6. Conclusions

In this paper, the development of room-temperature infrared detectors based on low-
dimensional materials is reviewed. We mainly introduce the development of PbS CQDs,
PbSe CQDs, HgTe CQDs and some 2D materials. The properties, preparations and device
developments of each material are described in detail.

Room-temperature infrared photodetectors theoretically solve a series of problems,
such as large volume, high cost and inconvenient use of refrigeration detectors. In addition,
the liquid phase preparation of low-dimensional materials also allows low-dimensional
materials to be integrated with traditional silicon electronics and flexible large-area sub-
strates at a low cost and with high safety. Additionally, there are still many challenges for
IR photodetectors in this field. For example, it is still difficult to achieve a consistent control
effect on material synthesis, so the development of precursor chemistry is very important.
In addition, learning how to improve multiple-exciton generation (MEG)-enhanced quan-
tum efficiency is also a challenge of great concern. Although there are still many problems
to be solved for material growth modes and circuit coupling modes, low-dimensional
materials still have broad application prospects, such as subwavelength pixels, large arrays
and multicolor devices. Room-temperature infrared photodetectors with low-dimensional
materials have already shown great potential in commercialization.
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Abstract: Halide perovskite has remarkable optoelectronic properties, such as high atomic number,
large carrier mobility-lifetime product, high X-ray attenuation coefficient, and simple and low-cost
synthesis process, and has gradually developed into the next-generation X-ray detection materials.
Halide perovskite-based X-ray detectors can improve the sensitivity and reduce the detectable X-ray
dose, which is applied in imaging, nondestructive industrial inspection, security screening, and
scientific research. In this article, we introduce the fabrication methods of halide perovskite film
and the classification and progress of halide perovskite-based X-ray detectors. Finally, the existing
challenges are discussed, and the possible directions for future applications are explored. We hope
this review can stimulate the further improvement of perovskite-based X-ray detectors.

Keywords: halide perovskite; X-ray detector; film fabrication methods; sensitivity

1. Introduction

X-ray detectors are commonly used in medical imaging, nondestructive industrial in-
spection, safety screening, and scientific research [1-3]. High sensitivity and high detection
efficiency are believed to be critical figures of merit for X-ray detectors because weak X-ray
signals can be detected, which greatly reduces the risk of medical examination [4—6]. The
performance is closely related to the features of X-ray detection semiconductor materials
including atomic number, charge carrier mobility, and carrier lifetime [7-9]. Various semi-
conductor materials have been utilized in X-ray detectors, such as silicon (5i), amorphous
selenium («-Se), germanium (Ge), and cadmium zinc telluride (CdZnTe). In addition,
diamond is considered the elective material for X-ray detection and has a wide range of
applications in the radiotherapy field mainly due to its “tissue equivalence” characteris-
tic [10-13]. However, traditional materials such as «-Se, Ge, and CdZnTe suffer from many
issues, including relatively small atomic numbers, the low attenuation coefficient of X-rays,
and complex and costly fabrication processes [14-16]. Thus, it is necessary to explore new
materials to replace the traditional materials for X-ray detectors.

Halide perovskites with a formula of ABX3 (where A = CH3NH3" (MA*), HC(NH;),*
(FA*) and Cs*; B = Pb?* or Sn*; X = halides) are emerging candidates in X-ray detection.
They have very high X-ray attenuation coefficients, a large carrier mobility-lifetime product
(nt product), a high atomic number, and a simple and low-cost synthesis process [17,18].
The summarization of the parameters of the materials for X-ray detectors is shown in
Table 1. X-ray detectors employing organic-inorganic hybrid perovskite materials such as
MAPbI; and MAPDbBr3 and all-inorganic perovskite materials such as CsPbBr; have been
reported. According to the structural dimensionalities of halide perovskites, various types
of materials with different characteristics of three-dimensional, low-dimensional, and three-
dimensional/low-dimensional hybrid perovskite appear successively. Moreover, different
techniques are used for the fabrication of high-quality halide perovskite films, which is
the premise for achieving useful X-ray detectors. However, reviews that comprehensively
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summarize the fabrication methods of halide perovskite films and the features of halide
perovskite-based X-ray detectors with different structural dimensionalities and different
organic and inorganic components are relatively rare.

Table 1. The summarization of the parameters of the materials for X-ray detectors.

. Atomic Densi Band Ga; ut Product Resistivit
Material Number & cmftsy) v em v ©@om) Ref.
Si 14 2.33 1.12 >1 10* [19]
o-Se 34 43 2.1-2.2 1077 10%-10° [20]
CdTe 48,52 6.2 1.44 1.5 x 104 108-10° [21]
Cdgo9Zng Te 48,30, 52 5.78 157 1072 101 [21,22]
Pbl, 82,53 6.2 2.3-2.6 105 1013 [20]
Hgl, 80, 53 6.4 2.13 104 1013 [23]
Ge 32 5.33 1.57 >1 50 [24]
CsPbBr3 56.4 455 2.2-2.33 13 x 1072 8.5 x 10° [25]
MAPbI; 35.6 43 1.5-1.6 10~4-10~7 - [26]
MAPbBr3 35,82 3.45 22-23 - . [5]
Diamond 12 3.52 5.25-5.5 - - [10-13,20]

This review introduces in detail the fabrication methods of halide perovskite films
and then summarizes the progress of research and development of halide perovskite-based
X-ray detectors. Figure 1 shows the main fabrication methods and types of detectors
introduced in this review. Finally, according to the progress of halide perovskite-based
X-ray detectors, the existing problems are discussed, and the possible directions for future
applications are explored.
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Figure 1. Progress in X-ray detectors based on halide perovskite materials.

2. Halide Perovskite Film Fabrication Methods

The quality of the film is the key factor to determine the performance of perovskite-
based X-ray detectors. Fabrication methods are classified as a spin-coating process, dissolu-
tion and recrystallization method, spray deposition process, aerosol-liquid—solid method,
solution growth method, scraper method, inkjet printing method, and laser direct writ-
ing and melt and crystallization. In the following, we describe these methods, introduce
representative works, and analyze their features.
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2.1. Spin-Coating Process

Spin coating is an early and widely used technology in perovskite film processing
due to its simple and easy operation process. The process is mainly divided into two
steps: dropping the solution on the cleaned substrate and accelerating the rotating plate
to a required velocity. A uniform film is formed on the substrate because of the solution
diffusion and solvent evaporation at high speed. The thickness of the film depends on
the concentration, density, and spin velocity of the solution. In 2015, Yakunin et al. fabri-
cated an X-ray detector based on methylammonium lead iodide perovskite (CH3NH;3Pbls)
perovskite materials through the spin-coating process [27]. Uniform perovskite films
deposited onto patterned electrode structures are accomplished through spin-coating tech-
nology (Figure 2a). Although the achievable film quality is high, the spin-coating process
suffers from the difficulty of scaling up to large-area substrates. In addition, the rotational
speed, solution concentration, etc., of different solutions need to be reexplored to obtain
the desired thickness.

(b) - \.'“

S ) =)

Heating stirring Perovskite solution Heating for 20 min Annealling for S min

As-prepared film 4 (Perovskite solution )
= L -

(d)
1em Juwna. 10em
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4 ALS round 100 ALS round
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e — |
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t A A N
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Figure 2. Spin-coating, dissolution and recrystallization, spray deposition, and aerosol-liquid—solid
methods. (a) The cross-sectional optical microscopy of perovskite films and the scale bar is 100 um.
Reprinted with permission from Ref. [27]. 2015, Springer Nature. (b) CsPbBrj thick film preparation
and repair process diagram. Reprinted with permission from Ref. [26]. 2019, Wiley. (c) SEM images
of (i) the original CsPbBrj thick film, and the treated thick films with (ii) 5, (iii) 10, and (iv) 20 times
dissolution and recrystallization. Reprinted with permission from Ref. [26]. 2019, Wiley. (d) Spraying
device for depositing double-layer perovskite film. Reprinted with permission from Ref. [28]. 2020,
Optica. (e) SEM cross-sections of different layers of perovskite solar cells. Reprinted with permission
from Ref. [28]. 2020, Optica. (f) Comparison of traditional solution-based approach to film production
(left) and the aerosol-liquid—solid method (right). This highlights the latter’s unique ability to
manufacture high-quality thick perovskite films. Reprinted with permission from Ref. [29]. 2021,
Cell Press. (g) Cross-section (upper) and top-view SEM images (lower) of perovskite films fabricated
by the aerosol-liquid-solid method after 4 (left) and 100 growth cycles (right). Reprinted with
permission from Ref. [29]. 2021, Cell Press.

59



Coatings 2023, 13, 211

2.2. Dissolution and Recrystallization Method

The dissolution and recrystallization process is an efficient method for the preparation
of high-quality perovskite films. During many dissolution and recrystallization processes,
the sharp portion of the surface particles of the film is dissolved in the original perovskite
solution. This dissolved material recrystallizes at the right temperature, filling the holes in
the surface. After this repeated process, smooth and dense thick perovskite films can be
obtained. In 2019, Zongyan Gou et al. ameliorated the film of the CsPbBr; microcrystalline
after many dissolutions and recrystallizations, laying a good foundation for obtaining a
high-performance X-ray detector (Figure 2b) [26]. The scanning electron microscope (SEM)
images of the CsPbBr; films after repairing at different times are shown in Figure 2c. The
surface of the original membrane is rough and full of holes. With the increase in dissolution
and recrystallization times, the surface of the CsPbBr; film becomes microporous and
smooth. This indicates that the rigid part of the CsPbBrj crystal on the surface of the film
gradually dissolves into the original perovskite solution, leading to the filling of the holes.

2.3. Spray Deposition Process

The spray deposition process is one of the low-cost and large-scale production manu-
facturing methods for perovskite films (Figure 2d). The perovskite can be easily modified
into ink to form a uniform perovskite film by a spray deposition process. In 2020, Koth
Amratisha et al. developed the continuous spray deposition technique to realize the layer-
by-layer stacking structure of different perovskite materials (Figure 2e) [28]. The perovskite
film stability can be well maintained in a humid environment owing to the spray deposi-
tion preparation method. Sequential spray deposition technology opens up a new way for
perovskite film stacking design and mass production under economical ambient conditions.

2.4. Aerosol-Liquid—Solid Method

The aerosol-liquid-solid method is a streamlined circulation from aerosol to liquid to
solid, which can be used for the preparation of perovskite film. A suite of technological
parameters including temperature, aerosol supply rate, and composition can be precisely
controlled for aerosol-liquid-solid method technology. Due to surface tension and viscosity
limitations, it is tough to deposit very thick wet films on the substrate through traditional
solution methods such as spin-coating methods; however, the aerosol-liquid-solid method
could achieve dense, high crystallinity, low defect density thick perovskite film around 1
mm (Figure 2f). In 2021, Wei Qian et al. demonstrated aerosol-liquid-solid methods to
enable the continued growth of homogeneous perovskite films [29]. The thickness and
grain size of the film increase gradually with the increase in growth time, as shown in
Figure 2g.

2.5. Solution Growth Method

The solution growth method has the advantages of a low-cost, large-scale, and fast
growth rate, which is suitable for the growth of perovskite single crystal. In 2016, Haotong
Wei et al. successfully fabricated solution-grown MAPbBrj; single crystals with extraordi-
nary optoelectronic properties [30]. In 2020, Xin Wang et al. achieved the solution-processed
epitaxial growth of MAPbXj3 organic-inorganic hybrid perovskite single crystal with dif-
ferent halide components and no lattice mismatch [31]. Figure 3a shows the SEM images
of the cross-section and surface characterization of the solution-processed epitaxial layer,
revealing the growth of a single-crystal film from a small island into a flat film.

2.6. Scraper Method

The scraper method is one of the crafts for producing films. In 1952, a scraper method
patent was obtained by scraping water-based and non-water-based slurry onto moving
plasterboard. Recently, the scraper method has been applied in the fabrication of perovskite
films. When a constant relative motion is established between the blade and the substrate,
the perovskite slurry is spread over the substrate to form a thin perovskite film. The scraper
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can run at a speed of several meters/per min. This operation mode is suitable for coating
wet perovskite films with a thickness of tens of microns to hundreds of microns [32,33]. In
2017, Yong Churl Kim et al. used a scraper method to fabricate an 830 um-thick polycrys-
talline MAPDI3 layer [34]. In 2022, Mengling Xia et al. applied a combination of the scraper
method and a soft pressure-assisted cryogenic solution treatment to make high-quality
films for thin-film transistor (TFT) integration (Figure 3b) [35]. The method realizes the
compatibility between the perovskite material and the TFT substrate and helps to achieve
compact perovskite films with a smooth surface and passivated grain boundaries.

2.7. Inkjet Printing Method

Inkjet printing technology represents a highly established method for thin-film manu-
facturing with applications in electronics, optics, bioengineering, and other fields [36]. This
technology has the advantages of low manufacturing costs, a simple and flexible process,
and no mask plate and lithography, which can be widely used in perovskite solution print-
ing [37,38]. Figure 3c illustrates the basic components of an inkjet printer including an ink
chamber, conducting nozzle, substrate, and translational stage [39]. When a voltage is ap-
plied between the substrate and the nozzle, a curved liquid surface is formed at the nozzle
under the action of the induced electric field force [40]. As the voltage gradually increases,
small droplets are formed and ejected onto the substrate (Figure 3d) [41]. The movement
of the nozzle and the mode of the applied voltage can control the pattern printed on the
substrate [39—-41]. In 2019, Jingying Liu et al. homogeneously prepared perovskite films
on different nature substrates by the inexpensive inkjet printing method (Figure 3e) [42].
The cheap and simple inkjet printing method enables the large-scale manufacturing of
multi-channel arrays of perovskite-based X-ray detectors.

2.8. Laser Direct Writing

Laser direct writing is a common method for preparing nanostructured graphics.
Laser direct writing technology is widely used in all-inorganic halide perovskite colloidal
quantum dots. In 2017, Chen Jun et al. proposed a rapid preparation method of per-
ovskite colloidal quantum-dot film based on laser direct writing. It is simple, fast, and
does not require a mask [43]. It includes three steps: spin-coating perovskite colloidal
quantum dots, laser writing, and solvent washing (Figure 3f). Moreover, a large-scale
(100 mm x 100 mm) perovskite colloidal quantum-dot patterning is demonstrated by the
laser direct writing technology.

2.9. Melt and Crystallization

Perovskite has various forms such as nanocrystals, nanowires, and polycrystalline
films, among which perovskite single crystal is the more stable form. Melt and crystal-
lization are the preferred methods to obtain perovskite crystals. In this way, high-quality
perovskite single crystals can be grown from the melt, which can meet the requirements of
large diameters and cause less pollution during the synthesis process. In 2022, Andrii Kanak
et al. studied the melting and crystallization process of all-organic perovskite CsPbBrs,
obtained massive single crystals from the melt, discussed the phase transition mechanism of
the whole process, and proposed the two-stage melting mechanism of CsPbBr3 perovskite.
The effect of heating and cooling conditions on the crystallization process of large particle
CsPbBr3 was studied. This study is helpful to further understanding the crystal structure
and crystallization mechanism of perovskite. It is important for understanding the growth
and high-quality preparation of perovskite crystals and massive perovskite materials [44].
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Figure 3. Solution growth, scraper, inkjet printing, and laser direct writing methods. (a) SEM
photos of epitaxial layer cross-section and solution treatment at different growth times. Reprinted
with permission from Ref. [31]. 2020, American Chemical Society. (b) Scraper method and a soft
pressure-assisted cryogenic solution treatment. Reprinted with permission from Ref. [35]. 2022, Wiley.
(c) Schematic of inkjet printer. Reprinted with permission from Ref. [39]. 2012, IOP Publishing.
(d) Schematic illustration of inkjet printing system. Reprinted with permission from Ref. [41]. 2015,
Royal Society of Chemistry. (e) Schematic diagram of a perovskite-based device manufactured by
inkjet printing. Reprinted with permission from Ref. [42]. 2019, Wiley. (f) Schematic diagram of the
modeling process and mechanism of perovskite colloidal quantum dots. Reprinted with permission

from Ref. [43]. 2017, Wiley.
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3. Halide Perovskite-Based X-ray Detector

Recently, there have been many high-impact review papers on introducing perovskite-
based X-ray detectors. Zhizai Li et al. reviewed the current research progress on halide
perovskite-based X-ray detectors [45]. Joydip Ghosh et al. summarized recent efforts on
lead-free double perovskite-based X-ray detectors [46]. Haodi Wu et al. advised scalable
fabrication of metal halide perovskite-based X-ray detectors [47].

Halide perovskite as an emerging X-ray detection material has a long carrier lifetime,
large atomic numbers, and high X-ray attenuation coefficient [23,48]. An X-ray detector
based on halide perovskite material possesses high detection sensitivity, which is crucial for
detecting weak X-ray dose rates and greatly reducing the risk of medical examination [45].
Moreover, the synthesis process of halide perovskite is simple and low-cost as previously
mentioned, which could form large-area flat panel detector arrays at low cost. Halide
perovskite-based X-ray detector with high sensitivity and low cost has great application
prospects in security, defense, medical imaging, industrial materials inspection, and nuclear
power plants [49-51].

There are various structural dimensionalities of perovskites by controlling appro-
priate organic and inorganic components, such as 3D and low-dimensional (2D, 1D, 0D)
perovskites. In recent years, various halide perovskite-based X-ray detectors have been
developed by utilizing different dimensional perovskites. The three main types of halide
perovskite-based X-ray detectors are described in detail below, including 3D, low, and
3D/low-dimensional mixed perovskite-based X-ray detectors. The summarization of the
performance of X-ray detectors based on halide perovskite materials is shown in Table 2.

3.1. 3D Perovskites-Based X-ray Detectors

3D perovskites have a universal formula of ABX3 (where A is a monovalent organic
or inorganic cation, B is a divalent cation, and X is halide anion) and are composed of
continuous corner-sharing metal halide [BX4]*~ octahedra [52]. According to the organic
and inorganic components, 3D perovskites-based X-ray detectors are mainly divided
into two representative types: organic-inorganic hybrid perovskites and all-inorganic
perovskites-based X-ray detectors.

3.1.1. Organic-Inorganic Hybrid Perovskites-Based X-ray Detectors

Organic—inorganic hybrid perovskites have been shown to have good optoelectronic
properties for X-ray detection, including a large appropriate band gap (1.6-3.0 eV) and a
large pt product on the order of ~1072 cm? V1 [53]. In 2017, Wei Wei et al. fabricated
a MAPDbBr; single-crystal X-ray detector and integrated it onto the Si substrates. This
allows the electrical signal to be read directly from the Si (Figure 4a) [53]. The brominated
(3-amino-propyl) triethoxy-silane (NH3Br) end molecular layer is used to mechanically
and electrically connect the MAPbBrj single crystals to the Si. No lattice matching with
the Si substrate is required. The sensitivity of the MAPbBrj single-crystal X-ray detector
is 2.1 x 10* uC Gy,i; ! em ™2 under 8 keV X-ray radiation, which is more than 1000 times
that of the commercially available amorphous «-Se detector. As shown in Figure 4b, it is
possible to achieve X-ray imaging at a low X-ray (8 keV) dose rate of <0.1 uGyair s L.

Although halide perovskite X-ray detectors have had great success, the high concen-
tration of Pb in perovskite poses a serious threat to human and biological systems due
to its high water solubility. “Green” bi-element with the same electronic structure as the
Pb attracts wide attention. In 2017, Weicheng Pan et al. demonstrated sensitive X-ray
detectors using solution-processed double perovskite Cs; AgBiBrg single crystals [54]. The
Cs, AgBiBrg single crystals use one Ag* and one Bi®* to substitute two toxic Pb?* in CsPbBr,
which are very friendly to humans and biological systems (Figure 4c,d). In addition, after
heat annealing and surface treatment, the Ag*/Bi3* disordering is eliminated and the
crystal resistivity is enhanced. The Csy AgBiBr, single crystals exhibit a higher resistivity
(10°-10" Q) cm) than MAPbX; (X = Cl, Br, I; 107-108 Q) cm). As a result, the CspAgBiBrg
single-crystal X-ray detectors possess a low minimum dose rate of 59.7 nGy;; s~ ! under

63



Coatings 2023, 13, 211

(@)

NH;Br-terminated SAMs

modified wafer

Seeding

Growing

5V and a high sensitivity of 8 uC Gy, ~+ cm™2 (1 V bias) to 30 keV X-ray photons and
105 uC Gyaie ! em~2 at 50 V (Figure 4e).

e b o °
© & & L2
© k2 & »
P “+“> [PbBr3] octahedra
2 -
L N ‘e ® o =% @ N
Si-integrated N "N M ‘; CH;NH,5*
MAPbBr; SC i
—0
N
—O;Sn(CHZ)3NH3‘
—0
@ i

Intensity (a.u.)

6
~ (d) (e) - A 4838nGy,, s’
8 3 LA § A o 149nGy,,s”
o = SR
4 g ~ 12 'y - % 59.7nGy,, s
3 G AL
s I S A
g R O
£ g gls @
: :
N hoAr 5 B L
a o)
g 3 2
L T T A T 0
10 20 30 40 50 60 0 100 200 300 400 500 600 700 800 900 0 10 20 30 40 50
26 (deg) Temperature (°C) Voltage (V)

Figure 4. 3D organic-inorganic hybrid perovskites-based X-ray detectors. (a) Preparation diagram
of Si-integrated MAPbBrj single crystal. Reprinted with permission from Ref. [53]. 2017, Springer
Nature. (b) This device was used for the X-ray imaging in stacked glass coverslips; a stainless-steel
plate with etched-through lines, a wrapped metal spring, a section of the tail fin, and an “N” copper
sign gave a dose rate of 247 nGy i, s 1. Reprinted with permission from Ref. [53]. 2017, Springer
Nature. (¢) X-ray diffraction of Cs; AgBiBrg single crystal. Illustration: Crystal structure. The small
wine ball represents Br~, the large khaki ball represents Cs*, and the light green and purple octahedra
represent the AgBrg and BiBrg octahedra, respectively. Reprinted with permission from Ref. [54].
2017, Springer Nature. (d) Thermogravimetric analysis of Csp AgBiBrg. Included is a photograph
of a solution-processed Cs, AgBiBrg single crystal. Reprinted with permission from Ref. [54]. 2017,
Springer Nature. (e) The signal-to-noise ratio of the device is calculated from the standard deviation
of the X-ray photocurrent. The red dashed line represents a signal-to-noise ratio of 3, and thus the
detection limit is 59.7 NGy, s~ at 5 V bias; it is represented by purple stars surrounded by red
dotted circles. Reprinted with permission from Ref. [54]. 2017, Springer Nature.
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3.1.2. All-Inorganic Perovskites-Based X-ray Detectors

Although the hybrid organic-inorganic perovskite-based X-ray detectors have realized
outstanding performance, the stability of hybrid organic-inorganic perovskite is poor. This
has an impact on their actual use, hindering their use in practical applications. The
environmental conditions of their storage, fabrication, and device operation are very strict
due to the extreme sensitivity to both oxygen and moisture. In addition, they are also
unstable to light and heat due to the influence of organic groups. All-inorganic cesium
halide lead perovskite (CsPbX3) without organic components is considered to be the next
generation of X-ray detector materials due to its superior stability to hybrid perovskite.

In 2018, Jin Hyuck Heo et al. prepared a CsPbX3 perovskite nanocrystalline X-ray
detector that is easy to commercialize and cost-effective (Figure 5a) [55]. The acquired
X-ray detectors exhibit high stability over X-ray irradiation of 40 Gyair s~1. Moreover,
the X-ray imaging possesses an excellent spatial resolution of 9.8 Ip mm™~! at modula-
tion transfer function (MTF) = 0.2 and 12.5-8.9 Ip mm~! for a linear line chart, which is
higher than commercial terbium-doped gadolinium oxysulfide (GOS) detectors of spatial
resolution = 6.2 Ip mm~! at MTF = 0.2 and 6.3 Ip mm ™" for a linear line chart (Figure 5b,c).

In 2019, Zongyan Gou et al. fabricated X-ray detectors based on the CsPbX3 micro-
crystal thick film. The multi-dissolution and recrystallization method is used to further
improve the photoelectric performance of the detector (Figure 5d) [26]. The sensitivity of
CsPbX3-based X-ray detectors is 470 uC Gy,;; ' cm~2 at zero bias under a remarkably low
dose rate (0.053 pGyyir s~ 1), which is over 20 times higher than that of x-Se X-ray detectors
working at a much higher field of 10 V um~! (Figure 5e,f).

3.2. Low-Dimensional Perovskites-Based X-ray Detectors

Although 3D perovskites-based X-ray detectors achieve high sensitivity, the phase
transformation and instability of 3D perovskites limit their development. To address
these issues of 3D perovskites, low-dimensional perovskites have been developed and
high-performance low-dimensional perovskites-based X-ray detectors have been realized.

3.2.1. Organic-Inorganic Hybrid Perovskites-Based X-ray Detectors

(NHy)3Biplg belongs to organic-inorganic hybrid perovskite-related materials AzM;,Xg
(A =Cs, Rb, NHy; M = Bi, Sb; X = Br, I). The (NHy)3BiIg has a 2D layered structure where
the Bils octahedra corners share each other and are stacked in a close-packed fashion
in the (001) plane (Figure 6a) [56]. In 2019, Renzhong Zhuang et al. verified the 2D
(NHy)3Bizlg without toxic elements is a suitable material to obtain a high-performance
X-ray detector [56]. Layered (NHy)3BixIg grows easily in low-temperature solutions and can
be cut along cleavage planes (Figure 6b,c). Two types of (NH4)3BiyIg-based X-ray detectors
with parallel and perpendicular device structures were proposed, as shown in Figure 6d.
The devices were exposed to a source with X-ray photon energy up to 50 keV and with
a peak intensity of 22 keV. The sensitivity of the parallel direction device is high at 8.2 x
10® uC Gyair ~' em~2, which is higher than that of the perpendicular one (803 uC Gy, !
cm~2). Moreover, the perpendicular direction device possesses a lower detection limit of
55 nGyair s 1 compared to the parallel one of 210 nGy i, s 1 (Figure 6e).

3.2.2. All-Inorganic Perovskites-Based X-ray Detectors

0D perovskite quantum dots are ideal candidates for X-ray detectors and large-area
flat or flexible panels with great application potential. CsPbBr; materials as a typical all
inorganic perovskite possess superior stability and excellent optoelectronic properties.
In 2019, Jingying Liu et al. synthesized 0D high-quality colloidal CsPbBr3 perovskite
quantum dots via the hot injection method at room temperature and demonstrated a
flexible, printable CsPbBr3-based X-ray detector (Figure 7a—c) [42]. Perovskite quantum-dot
films are printed evenly on a variety of substrates using an inexpensive inkjet printing
method to demonstrate large-scale manufacturing of X-ray detector arrays. The device was
exposed to a synchrotron soft X-ray beamline with photon energies ranging from 0.1 to 2.5
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keV. The detector has a sensitivity of 1450 pGy ;5! cem~2 at 0.0172 mGyairs‘1 X-ray dose
rate and a bias voltage of only 0.1 V, which is 70 times more sensitive than the x-Se device.
Moreover, the CsPbBr3 quantum-dot-based X-ray detectors possess outstanding flexibility
and durability (Figure 7d-f).
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Figure 5. 3D all-inorganic perovskites-based X-ray detectors. (a) Schematic diagram of the structure
of a CsPbBr3 perovskite nanocrystalline scintillation X-ray detector. Reprinted with permission from
Ref. [55]. 2018, Wiley. (b) Photographic and X-ray images for nondestructive inspection. Images of a
normal ballpoint pen (left) and defective ballpoint pen (right) with identical appearance, ballpoint
pen X-ray images from conventional GOS scintillator X-ray detectors, ballpoint pen X-ray images from
CsPbBrj scintillator X-ray detectors, ballpoint pen X-ray images from GOS and CsPbBrj3 scintillator
X-ray detectors with X-ray dose rates, line plots taken by GOS and CsPbBrs scintillation X-ray
detectors. Reprinted with permission from Ref. [55]. 2018, Wiley. (c) MTF of the original silicon-based
detector, CsPbBr3, and conventional GOS scintillation X-ray detector. Reprinted with permission
from Ref. [55]. 2018, Wiley. (d) Thick film radiation detector structure. The charge-producing region
lies inside the thick film and is used for X-ray excitation. Reprinted with permission from Ref. [26].
2019, Wiley. (e) Zero bias light response of raw and treated film at different dose rates. Reprinted with
permission from Ref. [26]. 2019, Wiley. (f) The sensitivity of a device under different bias voltages
and fixed emissivity (0.053 uGy,ir s, Reprinted with permission from Ref. [26]. 2019, Wiley.
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Figure 6. Low-dimensional organic-inorganic hybrid perovskites-based X-ray detectors. Reprinted
with permission from Ref. [56]. 2019, Springer Nature. (a) Crystal structure of (NHy4)3Bilg along
the ¢ and b axes. (b) Photograph of a bulk (NHy)3BisIg single crystal. (c) Procedure for crystal
growth. (d) Ilustration of parallel and perpendicular device structures. (e) The signal-to-noise ratio
of the device in directions parallel to and perpendicular to the (001) surface. The dashed blue line
indicates a signal-to-noise ratio of 3, so the detection limits are 210 nGy,;,; s~! for parallel devices and
55 nGYir s~ ! for vertical devices.

3.3. Three-Dimensional/Low-Dimensional Hybrid Perovskites-Based X-ray Detectors

3D perovskites such as MAPbI3, MAPbBr3, and CsPbBrs are conducive to achieving
high sensitivity due to their long carrier lifetime. However, baseline drifting problems
arising from ion migration in the 3D perovskite material prevent accurate signal record-
ing, hindering practical applications. Low-dimensional perovskites such as 2D BDAPbI,
(BDA = NH3C4HgNH3) and (NHy)3BizIg can effectively solve the baseline drifting prob-
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lems. However, the sensitivity of low-dimensional perovskite is limited by its poor carrier
transport performance. Thus, the combination of the 3D and low-dimensional perovskites
could be an effective choice beyond the performance of X-ray detection with individual
dimension perovskites.
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Figure 7. Low-dimensional all-inorganic perovskites-based X-ray detectors. Reprinted with permis-
sion from Ref. [42]. 2019, Wiley. (a) Schematic diagram of a perovskite-based device manufactured by
inkjet printing. (b) Photography of an X-ray detector array on a 4-inch wafer. (c¢) Optical imaging
equipment with the printing of quantum-dot film. Scale: 5 pm. Illustration: Low-power image. Scale:
50 pm. (d) Chemical reactions of flexible perovskite-based X-ray detector arrays on polyethylene
terephthalate (PET) substrates. (e) Photography of flexible devices under bending. (f) Current and
voltage curves of flexible device arrays at different bending angles under X-ray irradiation with
7.33 mGyairs’1 and 0.1 V bias voltages. Inset: Real device showing 120° bending.

In 2021, Xiuwen Xu et al. developed a double-layer perovskite film with a prop-
erly aligned energy level, where 2D (PEA),MA;3Pbyl;3 (PEA = 2-phenylethylammonium,
MA = methylammonium) is cascaded with vertically crystallized 3D MAPbI; (Figure 8a—d) [57].
Combining the fast carrier transport of the 3D layer and mitigated ion migration of the
2D layer, X-ray detectors provide high sensitivity and very stable baselines. Moreover, the
2D layer increases the film resistivity and enlarges the energy barrier for the hole injection
without compromising carrier extraction (Figure 8e—g). As a result, the obtained double-
layer perovskite detector exhibits a high sensitivity (1.95 x 10* uC Gy, ! cm~2) and a low
detection limit (480 nGy,;; s~!) (Figure 8h). The double-layer perovskite detector exhibits
excellent stability and a highly repeatable X-ray response when the X-ray is periodically
on/off (Figure 8i). X-ray images of the printed circuit boards obtained with a double-layer
perovskite detector with an active area of 3 mm x 3 mm are shown in Figure 8;.
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Figure 8. Three-dimensional/low-dimensional hybrid perovskites-based X-ray detectors. Reprinted
with permission from Ref. [57]. 2021, Wiley. (a) Schematic diagram illustrating the structure of a
double-layer perovskite thin film, where gradient 2D perovskite was prepared from a precursor
solution with the nominal component (PEA);MA3Pbyly3. (b—d) SEM image of double-layer per-
ovskite film, shown in (b) is the grain size distribution. (e) Double-layer perovskite X-ray detector
equipment configuration: Carbon electrodes were exposed to incident X-ray photons and negatively
biased, whereas gradient 2D perovskite was prepared from a precursor solution with the designated
component (PEA);MA3Pbylj3. (f) Control the interfacial level alignment of a device made of a
double-layer perovskite film. (g) Band edge position diagram of two-dimensional perovskite and
three-dimensional MAPDbI; with respect to fluorine-doped SnO, (FTO) and carbon. (h) The dose-
rate-dependent signal-to-noise ratio of control and double-layer perovskite detectors. (i) Stability
test of double-layer perovskite detector under different dose rate X-ray irradiation. (j) A digital
photograph of the printed circuit board (size: 5.1 cm x 5.1 cm) and X-ray images of a printed circuit
board obtained with a double-layer perovskite detector with an active area of 3 mm x 3 mm.

Table 2. The summarization of the performance of halide perovskite-based X-ray detectors.

Minimum
Detectable Dose Ref.
Rate (uGyairs—1)

Fabrication Film Thickness Sensor Area Sensitivity

Type Material Method (um) (mm?) (1C Gyair ! em~2)

Solution-processed
molecular 150 0.044 21,000 <0.1(-1V) [53]
MAPbBr; bonding method

Solution

growth method 2000 - 80 0.5(-0.1V) [30]

. Solution-processed
3D perovskites-based Cs>AgBiBrg S 1180 3.14 105 (50 V) 0.0597 (5 V) [54]

X-ray detectors

Laser direct writing - 10,000 - - [43]
Dissolution and
CsPbBry recrﬁt;l}li)z;non 18 50 470 0.053 2'V) [26]
Melt and
crystallization ° - N - [44]
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Table 2. Cont.

P . . P Minimum
Type Material Fabrication Film Thickness Sensor é&rea Sensltg/lly i Detectable Dose Ref.
Method (um) (mm?) (HC Gyair ! em™2) Rate (uGy,irs1)
air
CH3NH;Pbl, Spin-coating 10-100 _ ~ _ [27]
process
Aerosol_liquid— One micrometer-
CsPbl,Br . € hundreds of 10,000 148,000 0.28 (0.125V um~1!)  [29]
solid method .
micrometers
MAPbI; Scraper method 400 78,400 17’%;:’3“(510)0 v 0.067 (5V mm™1) [35]
. 0.21 (parallel 1 V);
. Solution 4900 (parallel); 6.75 (parallel); 8200 (parallel); . -
Low-dimensional (NHy)sBizlo growth method 1500 (perpendicular) 22 (perpendicular) 803 (perpendicular) 0.055 (p le Bp\?;‘ dicular—[56]
perovskites-based
X-ray detectors Inkjet 4
CsPbBrs3 printing method 0.6 0.06 1450 17.2(0.1V) [42]
3D/low- oD
dimensional Ybrld  (PEA)MAsPbiT;  SPTY 05 9 19,500 048(<25Vmm~1)  [57]
perovskites-base: /3D MAPbI, eposition process

X-ray detectors

4. Challenges and Perspectives

A variety of materials have been studied for X-ray detection because X-ray detectors
have a wide range of applications including medical imaging, nondestructive industrial
inspection, and safety screening. Diamond is considered the elective material for X-ray
detection, mainly due to its “tissue equivalence” [10-13]. Recently, halide perovskites are
emerging candidates in X-ray detection owing to the high X-ray attenuation coefficients,
large pt product, high atomic number, and the simple and low-cost synthesis process.
Although halide perovskite-based X-ray detectors have made many remarkable signs of
progress in the past few years, there are still some important problems that need further
consideration to meet application requirements. The existing challenges are discussed, and
the possible directions for future applications are explored in the following.

Firstly, compared with traditional materials such as Si, x-Se, and Ge, the stability of
perovskite materials is still relatively poor, which seriously restricts their practical appli-
cation. Therefore, more attention should be paid to improving the stability of perovskite
materials in future research.

Secondly, the thickness of perovskite films with hundreds of micrometers is the prereg-
uisite for complete X-ray attenuation. However, the fabrication of a thick perovskite film
with good uniformity is still a challenge. Moreover, the cost of preparation of perovskite-
based X-ray detectors should be further reduced. Hence, developing new preparation
methods or optimizing the original methods is the future development trend.

Thirdly, the sensitivity and minimum detectable X-ray dose rate of perovskite-based
X-ray detectors are not good enough for practical use. It is necessary to develop high-
performance perovskite-based X-ray detectors with high sensitivity and low detection limits.

Finally, the development of large-area flexible next-generation X-ray detection and
imaging technology based on perovskite is the future research direction.
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Abstract: Multi-color light-emitting diodes (LEDs) with various advantages of color tunability, self-
luminescence, wide viewing angles, high color contrast, low power consumption, and flexibility
provide a wide range of applications including full-color display, augmented reality /virtual reality
technology, and wearable healthcare systems. In this review, we introduce three main types of
multi-color LEDs: the organic LED, colloidal quantum dots (CQDs) LED, and CQD-organic hybrid
LED. Various strategies for realizing multi-color LEDs are discussed including red, green, and blue
sub-pixel side-by-side arrangement; vertically stacked LED unit configuration; and stacked emitter
layers in a single LED. Finally, according to their status and challenges, we present an outlook of
multi-color devices. We hope this review can inspire researchers and make a contribution to the
further improvement of multi-color LED technology.

Keywords: multi-color LED; OLED; QLED; CQD-organic hybrid LED; full-color display

1. Introduction

Light-emitting diodes (LEDs) are semiconductor optoelectronic devices that emit
light when electrons and holes recombine under applied voltage [1-4]. Multi-color LEDs
with various advantages of color tunability, self-luminescence, wide viewing angles, high
color contrast, and low power consumption are considered as the new-generation full-
color displays used in televisions, laptops, mobile phones, and augmented reality/virtual
reality technology [3]. In addition, the excellent flexibility and thin thickness of multi-
color LEDs provide a wider range of applications in emerging optoelectronic devices
including folding full-color displays, smartwatches, and wearable healthcare systems [5].
Furthermore, multi-color LED integration with the sensor is a promising and innovative
way to visualize the electronic output signal of sensors to different visible colors, which
has great application prospects in various applications such as real-time electrocardiogram
monitors and electronic skin sensors [6,7].

Organic LEDs (OLEDs) are a type of LED in which the emissive electroluminescent layer
is a film of the organic compound [7-12]. In 1950, French chemist André Bernanost for the
first time discovered the electroluminescent properties of organic compounds; since then,
tremendous progress has been made in the development of OLED technology [4,13,14]. Up
to now, OLEDs have been mass-produced and commercialized, and successfully applied in
either rigid or flexible OLED displays and excellent solid-state lighting [15,16]. Due to the
mature application foundation of monochrome OLEDs for years, multi-color OLEDs with
various lateral /vertical integration configurations have been fairly widely researched [17-20].

In recent years, colloidal quantum dots (CQDs) have been considered to be promising
visible emitter materials to replace organic luminescent materials due to their inherent lu-
minescent properties, including tunable emission wavelength, narrow spectral bandwidth,
and high photoluminescence quantum yield [21-25]. Using CQDs as the emissive elec-
troluminescent layer of LEDs, CQD-based LEDs (QLEDs) have stimulated a great deal of
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research interest. QLEDs possess unique merits of high color saturation, tunable emission
color, high brightness, and simple solution processability [26-28]. Recent advances have
enabled monochromatic QLED:s to exhibit excellent performance. For example, the external
quantum efficiency (EQE) of red, green, and blue QLEDs is higher than 20%, 22%, and
18%, respectively [27,29-31]. On this basis, researchers began to aim for high-performance
multi-color QLEDs to achieve high-resolution full-color QLED displays [32-35].

However, the unstable blue QLEDs with a much shorter lifetime (Tsq lifetime of
200 h at an initial brightness of 1000 cd m~2) than the red (Ts lifetime of 26,500 h at
1000 cd m~2) and green ones (Ts lifetime of 25,000 h at 1000 cd m~2) restrict the develop-
ment of full-color QLEDs [27,29-31]. By substituting the blue QLEDs with relatively stable
blue OLEDs, a CQD-organic hybrid multi-color LED has been proposed combining the
excellent saturation of QLEDs and high stability of OLEDs [36,37].

There are many reviews about introducing monochrome OLEDs or QLEDs aiming to
improve the device performance such as luminance, EQE, and lifetime. In early reviews,
Vanessa Wood et al. summarized the features of various QLEDs whose structures were
classified by different charge transport layers, outlined the challenges, and discussed the
directions of QLED research [38]. Recently, Gloria Hong et al. made an overview of
the history and development of the emitter materials of OLEDs including fluorescence,
phosphorescence, and thermally activated delayed fluorescence, and explored the direction
of new-generation luminescent materials [39]. From the perspective of solid-state lighting
applications, Ramchandra Pode classified OLED devices based on the emission mechanism
of emitting materials, and they paid attention to the low manufacturing costs and energy
consumption of OLED technologies [40]. In addition, many reviews have been reported
to research the luminous mechanism, summarize the device performance, and discuss
the future development of monochrome OLEDs or QLEDs [41-54]. While reviews of
monochrome LEDs are comprehensive, there is little focus on multi-color LEDs.

Many studies have reported various methods to realize multi-color LEDs, such as lat-
eral/vertical LED integration configuration, and optimized multi-color emission layers. It
is necessary to summarize and analyze the features of different methods, which are of
great significance for the further improvement of multi-color LED technology. Recently,
Bernard Geffroy et al. made an overview of full-color OLEDs from the perspective of different
materials and discussed the development of multi-color OLED display technology [13]. Yizhe
Sun et al. focused on the red/green/blue pixel patterning methods for realizing full-color
QLED displays including inkjet printing, contact and transfer printing, and photolithography
technologies [55]. In order to study the electroluminescence (EL) characteristics of multi-color
QLEDs, the EL mechanisms, exciton formation process, and nonradiative processes were
discussed in a review by Qilin Yuan et al., which has guiding significance to the optimal
structure design [56]. In recent years, various types of multi-color LEDs, such as multi-color
OLEDs, QLEDs, and CQD/organic hybrid LEDs, have appeared successively. However,
to our knowledge, existing reviews about multi-color LEDs just focus on a single type of
multi-color LED, such as multi-color OLEDs or QLEDs. There are few comparative summaries
of various types of multi-color LEDs including multi-color OLEDs, QLEDs, and CQD/organic
hybrid LEDs in one review. In addition, previous reviews have not systematically summarized
and compared the different structures of multi-color LEDs, preventing a more comprehensive
understanding of multi-color LED technology.

Thus, in this review, we introduce in detail three main types of multi-color LEDs:
multi-color OLEDs, multi-color QLEDs, and multi-color CQD-organic hybrid LEDs. It
is mainly divided into three representative device structures: (1) red, green, and blue
sub-pixel side-by-side arrangement, (2) vertically stacked LED unit configuration, and
(8) stacked emitter layers in a single LED. Progress in multi-color devices is summarized
in Figure 1. Aside from this, the application of multi-color LEDs in flexible and wearable
fields is briefly introduced. Finally, we present existing challenges and a vision for the
future of multi-color devices. This review provides a more comprehensive summary,
more detailed classification, and more diverse possible applications of multi-color LEDs
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compared with previous reviews, which is beneficial for researchers to contribute to the
further improvement of multi-color technology.

Apys 3
pbeaﬁon Stac“eaﬁ

Figure 1. Progress in multi-color devices (PDT: photodynamic therapy). Reprinted with permission
from Ref. [7]. 2020, ACS Nano. Reprinted with permission from Ref. [18]. 2018, ACS Photonics.
Reprinted with permission from Ref. [33]. 2015, ACS Nano. Reprinted with permission from Ref. [36].
2022, Springer Nature.

2. Types of Multi-Color Devices

After recent developments, there are many ways to implement multi-color devices,
such as multi-colored OLEDs, QLEDs, and CQD-organic hybrid LEDs. In the following
sections, we describe these types of multi-color LEDs, introduce representative works, and
analyze their features. The summarization of multi-color devices is shown in Table 1.

2.1. Multi-Color OLEDs

OLEDs are expected to play a critical role in solid-state lighting and display application,
owing to their unique properties, such as a wide range of colors, excellent luminance,
ultrathin thickness, and flexibility. There are different ways to realize multi-color OLED
devices. Firstly, the red, green, and blue OLEDs are arranged in parallel to achieve a
wide color gamut [13,57]. However, this method has an intrinsic deficiency of a low pixel
density. Secondly, the vertical stack OLED configuration has an improved pixel density
and high efficiency. However, the structure of the device is relatively complex, leading to
poor stability. Thirdly, the emission of OLEDs with multiple emission layers is selectively
activated by different voltages [18,28,58-63]. Still, the transition of the complex exciton
region between the two emission layers tends to reduce the device’s efficiency.

2.1.1. Side-by-Side Structure

Combining the two, three, or four single-color OLED units in the side-by-side ar-
rangement was proposed, driven by circuitry comprising a thin-film transistor (TFT) and
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capacitors that can address each pixel independently. The devices exhibit good optical
performances since the light directly emits from respective units.

In 2003, C. David Muller et al. used a polymer with photoresist properties to make
red/green/blue side-by-side OLED units via solution processing, as shown in Figure 2a [17].
The polymers are the classes of oxetane-functionalized spirobifluorene-co-fluorene, and
they can be crosslinked photochemically to produce insoluble polymer networks in desired
areas. A photograph of a red, green, and blue device is shown in Figure 2b. The obtained
red-, green-, and blue-emitting units possess high luminous efficiency (LE) of about 1, 7,
and 3 cd A~1, respectively (Figure 2c).
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Figure 2. Side-by-Side Structure of Multi-color OLEDs. (a) Directly combine the red, green, and blue
emitters in parallel. (b) Photograph of a red, green, and blue device. The dimensions of the glass
substrate are 25 x 25 mm. (c) The LE for red-emitting, green-emitting, and blue-emitting devices.
Reprinted with permission from Ref. [17]. 2003, Springer Nature. (d) A schematic diagram illustrating
the steps of the procedure followed for fabricating red, green, and blue OLEDs. (e) EL images and (f)
EL spectra of the devices. Reprinted from [64]. 2015, Optics Express.

Red, green, and blue color patterning is achieved via the sequential vacuum deposition
of red, green, and blue materials through fine metal mask technology. However, the
technique has several inherent limitations, such as difficulties in mask-to-substrate overlay
alignment and in making micrometer-level dimensional accuracy masks, resulting in a
low manufacturing yield and poor display resolution. In 2015, Yoshitaka Kajiyama et al.
developed a maskless red/green/blue color patterning technique based on the diffusion of
luminescent dopant molecules, which overcomes challenging issues in multi-color OLED
display manufacturing arising from shadow mask limitations (Figure 2d) [64]. The EL
images and corresponding EL spectra of the successfully fabricated red, green, and blue
OLED:s side by side on one substrate are displayed in Figure 2e,f, respectively.

2.1.2. Vertically Stacked OLEDs

Compared with side-by-side red/green/blue OLED units to make a multi-color dis-
play, vertically stacked OLED units enable smaller pixel size and more fill factor, resulting
in a threefold increased pixel density of the display. However, because of the light loss and
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the resistance increase in the semitransparent central electrode, the brightness of multi-color
OLEDs inevitably decreases and a high drive voltage is needed.

Two-Unit Stacked OLEDs

In 1997, P.E. Burrows and S.R. Forrest et al. at Princeton University first proposed a
new type of display pixel in which the two OLED units of red, green, or blue emission were
placed in a vertically stacked geometry to mix red, green, or blue colors (Figure 3a) [65].
For example, independently blue and red emission OLED units are stacked and connected
by the central magnesium-silver-indium tin oxide (Mg-Ag-ITO) electrode. The central
electrode works as a common carrier injection layer of two units, and the color continuously
changes from deep red to blue depending on the voltage bias ratio. On this basis, in 2009,
C.J. Liang et al. achieved highly efficient multi-color emission with two-unit stacked OLEDs
(Figure 3b) [9]. They found that the thin organic film underlying the ITO layer would be
harmed by the magnetron sputtering process; thus, they solely adopted an aluminum-gold
(Al-Au) dual film with suitable thickness as the inter-mediate electrode and, to improve the
balance of electrons and holes injection, at both ends of the electrode they increased lithium
fluoride (LiF) as the electron injection buffer layer and F;TCNQ-doped m-MTDATA as the
hole injection buffer layer.

However, adopting a traditional metallic conductor as an intermediate layer does
not only reduce transparency but also influences stability. An effective way to reduce the
driving voltages of tandem structures is by replacing them with a charge generation layer
(CGL). In 2013, Yongbiao Zhao et al. from Nanyang technological university inserted a
p-type layer of molybdenum trioxide (MoO3) between hole transport layer TCTA consti-
tuting an n-i-p-i-n heterojunction symmetric structure (Figure 3d) [66]. When applying
an alternating current (AC) signal, the n-i-p junction and p-i-n junction would switch on
alternatively, and the device-emitted light mixed with two stacked OLED units. The corre-
lated color temperature (CCT) of this device could be changed from 7575 to 2773 K, and the
Commission Internationale de I’Eclairage (CIE) was varied from (0.16, 0.32) to (0.61, 0.38).
Although the efficiency of carrier injection has been promoted, the diffusion of dopants
would deteriorate the properties of devices. In 2022, Qian Chang et al. used two purely
organic materials HAT-CN and CuPc composing a p-n type CGL as shown in Figure 3c; this
device not only had better current efficiency but also realized color-tunable stacked OLEDs
in a single direct current (DC) signal. When applying a driving voltage, p-n type CGL
would generate two type carriers, and two OLED units emitted light simultaneously; the
CE and EQE of obtained QLEDs can reach up to 46.3 cd A~! and 15.1%, respectively [67].
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Figure 3. Two—Unit Stacked OLEDs. (a) Schematic cross—section of the layers of a red—blue tunable
OLED. Reprinted with permission from Ref. [65]. 1996, American Institute of Physics. (b) The energy
level diagram shows the highest occupied molecular orbital (HOMO) and the deeper lowest unoccupied
molecular orbital (LUMO) levels, and carrier flows in OLEDs. Reprinted with permission from Ref. [9].
2009, Elsevier. (c) The working principle of the tandem device. Reprinted with permission from Ref. [67].
2022, Elsevier. (d) Schematic n-i-p-i-n structure of the OLEDs Reprinted with permission from Ref. [66].
2013, Elsevier. (e) Fabrication steps of the proposed color—tunable OLED. The o—IBOLED is first
deposited with a fine mask, followed by depositing the b—NBOLED without the fine mask. Reprinted
with permission from Ref. [12]. 2013, Elsevier. (f) The operation mechanism of top orange and bottom
blue tandem LEDs coupled with energy—level alignment under DC forward, DC reverse, and AC fields.
Reprinted with permission from Ref. [68]. 2016, The Royal Society of Chemistry. (g) The schematic
architecture of the color—tunable OLED device. Reprinted with permission from Ref. [19]. 2017, Springer
Nature. (h) CIE coordinates of the three color-tunable devices calculated from their EL spectra of the
tandem OLED cells with material combinations of green—blue, red—blue, and red—green operated
by applying an AC signal with different pulse offsets. Reprinted with permission from Ref. [19]. 2017,
Springer Nature. (i) Schematic illustration of the architecture of the investigated color—tunable AC/DC
OLEDs. Reprinted with permission from Ref. [20]. 2015, Springer Nature. (j) Photographs showing an
AC/DC OLED sample upon application of a DC bias (blue emission), a DC bias with reversed polarity
(yellow emission), and an AC voltage with a frequency of 50 Hz (white emission). Reprinted with
permission from Ref. [20]. 2015, Springer Nature.

For the practical application, there are issues regarding the complicated and expensive
manufacturing process that need to be addressed. In 2013, Jiang et al. from Hong Kong
University also fabricated a color-tunable device based on the two stacked OLED units without
fine mask alignment, as shown in (Figure 3e) [12]. Although adjusting the polarity of the AC
signal, the CIE coordinates are varied from (0.21, 0.23) to (0.57, 0.37). The color rendering
index (CRI) is 54.2 when the CIE is (0.38, 0.29). The solution process for the polymer emitters
and the interface materials can result in a much simpler and cheaper fabrication process. In
2016, Sung Hwan Cho et al. combined two tandem OLEDs by sharing a polymer electrode
as a charge injection layer through solution process methods (Figure 3f) [68]. The maximum
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current efficiency (CE) and luminance of obtained OLEDs are 2.5 cd A~! and 1300 cd m~2,
respectively. In 2017, Fei Guo et al. introduced highly conducting and transparent silver
nanowires as the intermediate charge injection layer between two OLED units (Figure 3g) [19].
When a low-frequency square-shaped AC signal with positive and negative potentials is
applied to the tandem cells, the two diodes can alternatingly turn on and emit pulses of the
two primary colors. The CIE coordinates of the three color-tunable devices with material
combinations of green-blue, red-blue, and red-green operated by applying an AC signal with
different pulse offsets are shown in Figure 3h.

Another way to achieve multi-color emission with two OLED units is to introduce
a yellow emission. In 2015, Markus Frobe et al. demonstrated a new device that could
emit color from deep blue to warm white to saturate yellow by independently addressing a
fluorescent blue emission unit and a phosphorescent yellow emission unit (Figure 3i,j) [20].
The leading way is the AC/direct current (DC) method by changing the pulse width and
pulse height of the positive and negative cycles. The highest power efficiency (PE) values
of OLED reach 36.8 Im W' at warm white color coordinates.

Three-Unit Stacked OLEDs

Three-unit stacked OLED devices are proposed due to the better color gamut and
higher CRI compared with the two-unit stacked ones. However, the higher driving voltages
for independently controlling three units are inevitably applied. Aside from this, serious
color distortion issues appear caused by the micro-cavity effect.

In 2017, Mi Jin Park et al. successfully fabricated highly efficient three-stacked OLEDs
based on the optical simulation results (Figure 4a); the measured spectrum was almost
identical to the simulated device as shown in Figure 4b, showing an EQE of 49.4%, a PE of
33.41m W1, and a CRI of 93 (Figure 4c) [18]. In 2018, Hyunkoo Lee et al. also fabricated
multi-color OLEDs with a vertical stack of three primary colors [61]. To reduce the driving
voltage, they inverted the middle green OLED which shared metal electrodes with the
bottom and the top OLEDs (Figure 4d). The driving voltages of blue, green, and red
emission units are around 5.3V, 2.8 V, and 4.4 V, respectively, at 1000 cd m—2 (Figure 4e).
The CCT could be easily changed from warm white to cool white and a CRI of 88.7 could be
reached. Furthermore, they also optimized the thickness of the hole transport layers (HTLs)
and the electron transport layer (ETL) to alleviate the micro-cavity effect. As a result, the
color distortion issues are alleviated and the EQE of blue, green, and red emission units
can reach 11.1%, 10.9%, and 9.6%, respectively (Figure 4f).
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Figure 4. Three-Unit Stacked OLEDs. (a) Schematic structure of the color-tunable OLED. (b) Compar-
ison of measured and simulated EL spectra of the device. (¢) PE and EQE versus the current density
of the device. Reprinted with permission from Ref. [18]. 2017, ACS Photonics. (d) Schematic structure
of the color-tunable OLED with independently controlled red, green, and blue OLED:s. (e) Luminance
and current density versus voltage characteristics of independently controlled red, green, and blue
OLED:s in the color-tunable OLED. (f) EQE and LE of independently controlled red, green, and blue
OLEDs in the color-tunable OLED. Reprinted from Ref. [61]. 2018, Optical Express.

2.1.3. Stacked Emitter Layers

Stacking various emitter layers with different emission wavelengths is a direct and
simple way to achieve multi-color emission compared with side-by-side and vertically
stacked OLED units. In this way, multiple colors can be obtained by changing the bias
voltages. To make carriers’ injection more balanced and emission of OLEDs more efficient
with stacked emission layers, the energy level structure should be carefully designed and
the energy transfer between the host and dopant should be considered.

Single Emission Layer

The multi-color OLED with a single emission layer (S-EML) has a simple structure,
and it can be fabricated by an all-solution method suitable for commercial applications.
By doping multi-emission wavelength materials into the host emission layer, the different
colors can be emitted by changing the bias of voltage. In addition, the emission spectrum is
influenced by the doped ratios; therefore, the concentration of dopants should be considered
and optimized.

In 1994, J. Kido and K. Hongawa et al. first proposed the white OLEDs by using a
single emitter layer doped with three fluorescent dyes [69]. The fluorescent dyes including
blue-emitting 1,1,4,4-tetraphenyl-1,3-butadiene, green-emitting coumarin 6, and orange-
emitting DCM 1 were doped into the poly(9-vinylcarbazole) (PVK) layer (Figure 5a). The
obtained OLEDs possessed high luminance of 3400 cd m~2 at a driving voltage of 14 V and
an excellent LE of 0.85 Im W,
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Figure 5. Single Emission Layer of Multi-color OLEDs. (a) The configuration of the OLED cell.
Reprinted with permission from Ref. [69]. 1994, Applied Physics Letters. (b) The schematic diagram
of the energy structure. Reprinted with permission from Ref. [70]. 2004, Wiley-VCH. (c) Proposed
energy diagram of the white OLED. Reprinted with permission from Ref. [71]. 2008, John Wiley
and Sons. (d) Energy band diagram of the materials in the device. (e) CE and EQE characteristics
versus luminance of device. (f) CIE 1931 coordinates shifting with applied voltages from 4.7 V to
5.0 V. Reprinted with permission from Ref. [72]. 2015, Elsevier (g) The schematic diagram of the
energy structure. (h) CE, PE, and EQE versus luminance of OLEDs with different blue TADF doping
concentrations. (i) CIE 1931 coordinates” dependence of the devices on the concentration of dopant.
The black body locus and the color temperature lines were added for reference. Reprinted with
permission from Ref. [73]. 2020, John Wiley and Sons.

Compared with fluorescent materials, OLEDs with phosphorescent materials as emis-
sion layers possess higher efficiency. In 2004, Brian W et al. doped phosphorescent materials
of red-emitting PQIr, green-emitting Ir(ppy)s, and blue-emitting Flrg into the inert host
UGH2 (Figure 5b) [70]. The CIE chromaticity coordinates of obtained multi-color OLEDs
vary from (0.43, 0.45) at 0.1 mA cm ™2 to (0.38, 0.45) at 10 mA cm 2. In addition, the maxi-
mum PE could be up to 42 Im W1, and the CRI is as high as 80. In 2009, Qi Wang et al. used
Flrpic as the blue-emission doping phosphorescent material and (fbi),Ir(acac) as an orange
one [71]. The redundant excitons are formed on the host of mCP, and then the energy is
transferred to Flrpic via the Forster- or Dexter-type transfer mechanism, leading to the blue
emission (Figure 5¢). Thus, the charge balance is improved and the common energy losses
are eliminated. The performance of OLED is enhanced with PE of 42.5 Im W1, EQE of
19.3%, and CE of 52.8 cd A1

Although the performance of OLEDs with phosphorescent materials as emission layers
has been greatly improved, the rare metal in phosphorescent materials increases the cost of
preparation. Recently, OLEDs based on thermally activated delayed fluorescence (TADF)
have received wide attention due to both high efficiency and low cost. In 2015, Huang
et al. fabricated color-tunable OLEDs through the solution-processed method with TCAC
as the host material, Flrpic as the blue dopant, Os(btfp)2(pp2b) as the red dopant, and
Os(bptz)2(dppb) as the yellow dopant of light-emitting layers (EMLs) (Figure 5d) [72]. The
EQE of multi-OLEDs is up to 13.6%, as shown in Figure 5e. In addition, the OLEDs exhibit
variation in the color of CIE from (0.52,0.40) to (0.36,0.38) (Figure 5f). In 2017, Jun-Yi Wu
et al. reported a T-P (TADF-phosphorescence hybrid white OLED using the TADF material
of DMAC-TRZ as blue dopants, and the phosphorescent materials of Ir(dpm)PQ2 as red
dopants [62]. The obtained OLEDs possess excellent performance of EQE of 12.32% and
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PE of 18.1 Im WL, To further improve the efficiency of the devices, in 2020, Ding D et al.
demonstrated an all-TADF-doped multi-color OLED [73]. The EML consists of yellow
TADF dopants (4CzTPNBu) and blue TADF ones (ptBCzPO2TPTZ). The low-energy-gap
yellow dopants with the shallower HOMO and LUMO could form the hole and electron
traps for carrier and exciton capture, therefore further hampering the charge exchange-
based exciton migration (Figure 5g). The devices possess high PE of 55.1 Im W1, excellent
EQE of 23.6%, and maximum luminance beyond 30000 cd m~?2, as shown in Figure 5h. At
1000 cd m~2, the OLEDs with different blue TADF doping concentrations of 1.0%, 1.5%,
2.0%, and 3.0% emit cool white, pure white, and warm white lights with the CIE coordinates
of (0.28, 0.34), (0.34, 0.36), (0.41, 0.42), and (0.46, 0.44) and the CCT of 8332, 5152, 3563, and
2883 K, respectively (Figure 5i).

Double Emission Layers

Multi-color OLEDs with a double emission layer (D-EML) concept were first intro-
duced by X. Zhou et al. in 2002 [74]. For OLEDs with S-EMLs, electrons or holes tend to
accumulate at the interface of the EML/ETL or EML/HTL due to the large energy barrier.
The high density of accumulated carriers leads to the quenching of triplet excitons. In
contrast, the D-EML structure can significantly avoid carrier accumulation at the interface
by widening the triplet excitons’ generation zone, leading to better device performance.

In 2004, Gufeng He et al. fabricated an efficient OLED with D-EML structure through
doping the same phosphorescent material Ir(ppy)s into both TCTA and TAZ emission
hosts (Figure 6a) [75]. Because the HOMO level of the TCTA was much lower than that
of Ir(ppy)s, a part of the holes would be captured by the Ir(ppy)s; in this way, excitons
not only formed on the interface of TCTA and TAZ, but also could be combined in the
Ir(ppy)s sites directly. This structure increased the recombination area, resulting in an
excellent performance with PE of 64 Im W~ at 1000 cd m~2 and EQE of 19.3% (Figure 6b).
To broaden the range of colors, in 2010, Sebastian Reineke et al. embedded the blue and
green dopants in a common host of TPBi, and the red one in the host of TCTA to achieve
D-EML-structured multi-color OLEDs (Figure 6c) [76]. The PE of obtained OLEDs can
reach 90 Im W~ at the brightness of 1000 cd m~2, and the EQE can reach 34% (Figure 6d).
In 2016, Xuming Zhuang et al. reported a four-color OLED device employing a D-EML
structure with a blue host/orange dopant and green host/red dopant; they avoided using
the structure of only the dopant as the emitting molecules, and achieved the most broad
range of spectra with the D-EML structure, exhibiting a high CRI of 92, EQE of 23.3%, and
PE of 63.21m W~ (Figure 6e,f) [59].
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Figure 6. Double Emission Layers of Multi-color OLEDs. (a) Device structure of D-EML p-i-n OLED
and the proposed energy level diagram. (b) The current efficiencies (square) and power efficiencies
(diamond) of an optimized D-EML OLED. Reprinted with permission from Ref. [75]. 2004, AIP
Publishing. (c) Energy diagram of the materials used in OLEDs. (d) EL spectra and the corresponding
CRI values of the device at different luminance. Reprinted with permission from Ref. [76]. 2009,
Springer Nature. (e) Emission layer energy level diagram. HOMO and LUMO levels are plotted
as solid and dashed lines, respectively, and filled boxes refer to the materials’ triplet energies. The
orange line indicates the exciton generation interface. The orange x-axis marks intrinsic interlayers
(f) The LE of the device as a function of luminance. These values are measured in three configurations:
flat (without outcoupling solid), with an attached half-sphere (dash), and with an attached pyramidal
pattern (dash—dot). Reprinted with permission from Ref. [59]. 2016, ACS.

Multiple Emission Layers

To further improve the balance of the carrier injection, it is necessary to develop color-
tunable OLEDs with multiple emission layers. In 2016, Ping Chen et al. from Jilin University
fabricated OLEDs with double blue emission layers and an orange ultrathin layer between
them [60]. TCTA with high hole transport mobility and TPBi with high electron transport
mobility were blended as the mixed host for the blue phosphorescent emitter (Figure 7a).
Two different hosts expand the exciton recombination zone, which leads to charge balance.
Normalized EL spectra of the device at different voltages from 3 V to 9 V are shown in
Figure 7b. The peak PE can be above 40.8 Im W1, and a CRI of 62 and CE 0f 39.8 cd A~!
can be achieved. In 2018, Gyeong Woo Kim et al. also adopted the blue-yellow-blue
multiple EML structure while they selected the TADF material as a blue emitter (Figure 7c),
achieving a high EQE of 23.1% at the CIE coordinate of (0.324, 0.337) [77]. Normalized EL
spectra of devices are presented in Figure 7d. Although sandwiching single-color emission
layers between two blue emission layers has obtained stable multi-color emission, it is
essential to increase three or more emitters to achieve wider luminescent spectra. In 2019,
Baiqgian Wang et al. fabricated a relatively stable white OLED with two emission layers of
both blue dopants, and three ultrathin layers of red, orange, and green emission layers in
the middle (Figure 7e) [63]. The obtained OLEDs have ambipolar charge carrier transport
properties between EMLs. Normalized EL spectra of the device at different driving voltages
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are shown in Figure 7f. The performance of OLEDs is excellent with CRI reaching 94 and a
maximum PE of 33.4 Im W1,
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Figure 7. Multiple Emission Layers of Multi-color OLEDs. (a) The detailed energy level diagram and
chemical structures of the materials. (b) Normalized EL spectra of the device at different voltages
from 3 V to 9 V. Reprinted with permission from Ref. [60]. 2016, Elsevier. (c) Energy level diagram
with the detailed device structure of OLEDs. (d) Normalized EL spectra of white devices. Reprinted
with permission from Ref. [77]. 2018, Springer Nature. (e) The schematic diagram of devices and
the energy level/molecular structure of part materials. (f) Normalized EL spectra of the device at
different driving voltages. Reprinted with permission from Ref. [63]. 2019, Elsevier.

2.2. Multi-Color QLEDs

CQDs have been considered promising visible emitter materials to replace organic
luminescent materials due to their inherent luminescent properties, including tunable emis-
sion wavelengths, narrow spectral bandwidths, and solution-process compatibility [24,25,27].
Since the first demonstration of CQD-based LEDs (QLEDs) in 1994, the performance of
monochromatic QLEDs has been significantly improved [78]. Based on this, recently, re-
searchers began to aim for high-performance multi-color QLEDs to obtain high-resolution
full-color QLED displays.

2.2.1. Side-by-Side Structure

The realization of multi-color QLED:s is early achieved by the side-by-side patterning of
red/green/blue CQDs onto the pixelated display panel. The cross-contamination issues of
the red/green/blue pixels could be solved through the photolithography approach, inkjets
method, or transfer printing process replacing the spin-coating method used to fabricate
monochrome displays. However, the fill factors and pixel density are inevitably sacrificed
due to the lateral integration configuration. Aside from this, other key figures of merit such as
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operation lifetime, film uniformity, and interfacial charge transport efficiency are probably
deteriorated because of incompatibility with lithographical chemicals or coffee ring effects.

In 2011, Tae-Ho Kim et al. demonstrated large-area, full-color CQD displays driven
by oxide-based thin-film transistor (TFT) arrays through side-by-side nano-transferring
red/green/blue CQDs (Figure 8a) [79]. Solvent-free transfer printing associated with
kinetic control and interfacial chemistry enables printed CQD films to exhibit excellent
morphology, well-ordered CQD structure, and clearly defined interfaces. The fluorescence
micrograph of the transfer-printed red /green/blue CQD stripes onto the glass substrate
excited by 365 nm ultraviolet (UV) radiation is shown in Figure 8b. A 4-inch full-color
active matrix CQD display with a resolution of 320 x 240 pixels can be realized (Figure 8c).
Figure 8d shows an optical image of simultaneous red/green/blue EL emission from the
pixelated area of QDs during operation.
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Figure 8. Side-by-Side Structure of Multi-color QLEDs. (a) Schematic of the transfer printing process
for the patterning of CQDs. (b) Fluorescence micrograph of the transfer-printed red/green/blue CQD
stripes onto the glass substrate, excited by 365 nm UV radiation. (c) EL image of a 4-inch full-color
CQD display using a TFT backplane with a 320 x 240 pixel array. (d) Optical image of simultane-
ous red/green/blue EL emission from all pixels under operation. Reprinted with permission from
Ref. [79]. 2011, Springer Nature. (e) Illustration of photolithography process for the patterning of CQDs.
(f) PL image of patterned red/green/blue CQDs coated on different substrates (2,3, and@) and one
substrate (D). Reprinted with permission from Ref. [32]. 2018, John Wiley and Sons. (g) Schematic
illustration of patterning CQDs with different colors on a substrate via the photolithography approach.
(h) EL image of the 500-ppi, full-color QLED. (i) Color coordinates of red/green/blue subpixels when
lighted separately. Reprinted with permission from Ref. [34]. 2020, Springer Nature.
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However, nonuniformity over the deposited area of the printing process still exists.
The development of new fabrication technologies for efficient high-resolution and large-
area patterning of CQD devices is required. In 2018, Han-Lim Kang et al. proposed efficient
and simple patterning technologies that employ locally controlled surface tailoring of
constitutional functional layers via photochemical deactivation routes (Figure 8e) [32]. The
patterning area of each CQD layer was observed in the photoluminescence (PL) images as a
continuous and rectangular region (20 pm x 80 um) when excited by 356 nm UV radiation
(Figure 8f). The obtained multi-color QLED devices possess a maximum luminescence of
1950 cd m~2 and a CE of 2.9 cd A~1.

Although the technologies for high-resolution and large-area patterning of CQD
devices have been improved, the relatively high cost limits the practical application. An
optimized low-cost photolithography process seems to be a suitable practical patterning
approach. In 2020, Wenhai Mei et al. demonstrated a sacrificial layer-assisted patterning
(SLAP) approach, which could be applied in conjunction with photolithography to fabricate
high-resolution, full-color side-by-side CQD patterns (Figure 8g) [34]. A 500-ppi, full-color,
passive, matrix QLED prototype with no color impurities in the subpixels was successfully
fabricated via this process (Figure 8h). The obtained QLED has a high color gamut of 114%
(National Television Standards Committee (NTSC)) (Figure 8i).

2.2.2. Vertically Stacked QLEDs

Instead of directly patterning EMLs, the combination of white QLEDs and color filters
can also realize red/green/blue side-by-side color pixels to avoid the problem of chemical
incompatibility caused by photolithography and the printing process. Vertically stacking
red, green, and blue QLED units to form a tandem structure offers a practical solution for
obtaining white QLEDs with high CE and a long lifetime, combining with color filters to
realize high-resolution full-color displays. However, the luminance of QLEDs is markedly
weakened because over 2/3 of the emitted light is absorbed by color filters.

In 2017, Heng Zhang et al. demonstrated all-solution-processed three-unit (red /green/blue)
white tandem QLED:s for the first time (Figure 9a) [80]. The tandem devices are achieved by
serially connecting the red bottom sub-QLED, the green middle sub-QLED, and the blue top sub-
QLED using the inter-connecting layer based on the Zny9Mg 1O/ poly(ethylenedioxythiophene):
polystyrenesulfonate (ZnMgO/PEDOT: PSS) heterojunction (Figure 9b). The three-unit white
QLEDs exhibit evenly separated red, green, and blue emissions and red /green/blue colors can
be easily recovered using conventional color filters. A peak CE of 4.75 cd A1, EQE of 2.0%, and
a high luminance of 4206 cd m~2 are obtained, as shown in Figure 9c.
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Figure 9. Vertically Stacked QLEDs. (a) The structure of three-unit tandem QLEDs. Copyright 2017,
Society for Information Display. (b) Energy band diagram of the three-unit tandem QLEDs. (c¢) CE/EQE
versus current density characteristics of the three-unit white tandem QLEDs. Reprinted with permission
from Ref. [80]. 2017, John Wiley and Sons.

2.2.3. Stacked Emitter Layers

Developing color-tunable QLEDs with stacked emitter layers could circumvent the
limitation of red/green/blue side-by-side color pixels. Because the full color is attained
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in a single color-tunable pixel instead of three red/green/blue pixels, the pixel density
and fill factor of a display with color-tunable pixels can be enhanced three times. This
is essential to improve the resolution of full-color QLED displays. Earlier studies began
by vertically stacking multiple emission layers to achieve multi-color QLEDs. However,
the fabrication of QLEDs with multiple emission layers is complex, which is difficult for
repeatable and large-scale preparation. Some researchers have found that mixed CQDs as a
single emission layer can also achieve highly efficient multi-color emission controlled by
bias, which is closer to the practical application.

Double or Multiple Emission Layers

Patterning and stacking variously colored CQDs (red, orange, green, blue) in the
exciton recombination zone could be an efficient method to acquire multi-colored QLEDs.
However, for the realization of full-color displays with QLEDs, the development of a
fabrication process for the deposition of homogeneous and uniform CQD layers over a large
area with patterning capability is still necessary. In 2010, Wan Ki Bae et al. fabricated the all-
CQD multi-layer films via a layer-by-layer assembly method using electrostatic interactions
between each layer through the sequential deposition of oppositely charged CQDs onto
the substrates (Figure 10a) [81]. The exciton recombination zone was investigated by
monitoring the EL spectral change with the introduction of sensing layers within the all-
CQD multi-layer films. The total EL emission comes mostly at the top CQD monolayer,
adjacent to the ETL layers (~90%), and partially at the second CQD monolayer from the
top (Figure 10b).
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Figure 10. Double or Multiple Emission Layers of Multi-color QLEDs. (a) Schematic for the prepa-
ration of all-CQD multi-layer films based on spin-assisted layer-by-layer assembly by sequentially
depositing oppositely charged CQDs. Copyright 2010 American Chemical Society. (b) Device struc-
tures and corresponding EL spectra of QLEDs possessing sensing CQD layers (green CQD layers)
at various positions within the red CQD multi-layer films. The insets show images of each QLED
(pixel size of 3.6 x 1.4 mm?) and corresponding CIE indices of the EL spectra. Reprinted with
permission from Ref. [81]. 2010, ACS. (c¢) Schematic structure of the all-solution-processed AC device.
(d) Photos of a working AC QLED and corresponding driving diagrams in the opposite-electrode
and in-planar-electrode driving manners. (e) CIE color coordinates of the AC device under different
driving voltages and polarities. Reprinted with permission from Ref. [82]. 2021, ACS.
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Although large-area practical multi-colored QLEDs are realized, the accumulated
charges at the interfaces are always inevitable in the QLED devices. In 2021, Ting Wang et al.
found that the charge accumulation issue could be addressed by employing the alternating
current (AC) driving mode in a QLED, and they successfully fabricated multi-color QLEDs
with bilayer stacked emissive layers composed of red and green CQDs (Figure 10c) [82].
The emission color of the AC QLED can be tuned by both the polarity and amplitude of the
driving voltage (Figure 10d,e). The efficient electron/hole injection to the emission helps to
form excitons and reduces the turn-on voltage.

Single Emission Layer with mixed CQDs

Although multi-color light emission is achieved by stacking double or multiple emission
layers, the alternatingly consecutive solvent treatments inevitably damage the prior-deposited
CQD films and degrade interfacial carrier transport efficiency. By using a single emission layer
with mixed red/green/blue CQDs as light-emitting materials, highly efficient multi-color
QLEDs that can emit full colors under different driving bias voltages are achieved.

In 2015, Ki-Heon Lee et al. reported all-solution-processed bi- and trichromatic QLEDs,
where red, green, or blue CQD-mixed EMLs are sandwiched with poly(9-vinlycarbazole)
(PVK, HTL) and zinc oxide nanoparticles (ZnO, ETL) with a standard device architecture
(Figure 11a,b) [33]. PL decay dynamics of a homogeneously distributed red/green/blue CQD-
mixed solid film were first examined, showing the shortened lifetimes for blue and green QDs
and the lengthened lifetime for red ones as a result of Forster resonant energy transfer (FRET)
among different band gap CQD emitters (Figure 11c). On this basis, in 2022, Ge Mu et al.
achieved color-tunable QLEDs with the largest color variation controlled by bias among
existing multi-color QLEDs by optimizing the mixing ratio of red, green, and blue CQDs [35].
Normalized PL spectra of mixed red/green/blue CQDs used for the fabrication of full-color
tunable QLEDs with different formulations are shown in Figure 11d-f. At the optimal mixing
ratio of red, green, and blue CQDs, full-color tunable QLEDs exhibit wide color variation
ranging from the CIE chromaticity coordinates of red (0.649, 0.330) to orange (0.453, 0.389) to
yellow (0.350, 0.347) to green (0.283, 0.305) to blue (0.255, 0.264) upon increasing voltages from
2V to 9V (Figure 11g-i). In addition, the fabricated multi-color QLEDs show high luminance
approaching 10° cd m~2 and a superior EQE of 13.3%.
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Figure 11. Single Emission Layer with mixed CQDs. (a) Device structure and (b) cross-sectional
transmission electron microscopy (TEM) micrograph of all-solution-processed, multi-layered, full-color
QLED. Copyright 2015 ACS Nano. (c) Schematic of inter-CQD FRET proposed based on PL decay
dynamics. Reprinted with permission from Ref. [33]. 2015, ACS Nano. Normalized PL spectra of mixed
red/green/blue CQDs used for the fabrication of full-color tunable QLEDs with (d) formulation A,
(e) formulation B, and (f) formulation C. Evolution of CIE 1931 color coordinates of (g) formulation
A and B, and (h) formulation of C-based full-color tunable QLEDs with increasing bias voltages.
(i) Evolution of CIE 1976 color coordinates of formulation C-based full-color tunable QLEDs with
increasing bias voltages. Reprinted from Ref. [35]. 2022 Chinese Laser Press.

2.3. CQD and Organic Hybrid LED

Although several methods are proposed to obtain high-performance multi-color
QLEDs, the realization of high-resolution full-color QLED displays remains challenging.
This is because the blue QLEDs are unstable, with a short Tz lifetime of 200 h at an initial
brightness of 1000 cd m~2, which is much shorter than those of red and green QLEDs of
26,500 and 25,000 h, respectively. However, blue OLEDs are relatively stable and have been
applied in displays for years. By substituting the blue QLEDs with blue OLEDs, a hybrid
device promises to achieve a multi-color LED with high saturation and high stability, which
is beneficial for realizing high-resolution full-color displays.

In 2020, Heng Zhang et al. stacked a yellow QLED with a blue OLED using a trans-
parent, indium—zinc oxide (IZO), intermediate connecting electrode to achieve a full-color
tunable hybrid tandem LED (Figure 12a) [37]. By varying the driving AC signals, the
device could emit red, green, and blue primary colors as well as arbitrary colors covering a
63% National Television System Committee (NTSC) color triangle (Figure 12b). Both the
EQE of the blue OLED and the yellow QLED are high at 5.6% and 11.2%, respectively, and
the maximum brightness of the blue OLED and yellow QLED is 9359 and 51,590 cd m2,
respectively, showing that the introduction of IZO has no bad effect on the device perfor-
mance (Figure 12¢,d). The brightness/efficiency of the red and green emissions according
to correlating the emission color with the voltage is shown in Figure 12e.

The tandem LED structure is relatively complex; thus, in 2022, Suhyeon Lee et al.
developed a simpler method to fabricate a CQD-organic hybrid device [36]. They deposited
an organic blue common layer (BCL) through a common mask over the green and red
QLEDs (Figure 12f). The commonly deposited BCL is not only a blue EML but also an ETL
for the red and green QLED sub-pixels (Figure 12g). Although the blue EML was shared,
the CIE color coordinates of the red and green QLEDs were negligibly changed and thus
we can keep the advantages of excellent color purity of CQDs (Figure 12h).
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Figure 12. CQD and Organic Hybrid LED. (a) Schematic of the multifunctional tandem LED.
(b) CIE chart and color coordinates of the red, green, and blue primary colors. (c¢) The EQE versus
current density, (d) the current density and luminance versus voltage, and (e) the EQE versus lumi-
nance characteristics of blue OLED and yellow QLED, measured by extracting the IZO as a common
electrode. Reprinted with permission from Ref. [37]. 2020, Springer Nature. (f) A schematic illustra-
tion of the hybrid full-color LED with red- and green-emitting QLED sub-pixels and a blue-emitting
OLED sub-pixel (g) The energy level diagram of used materials. (h) CIE coordinates and color space.
The solid and dashed lines connect the CIE coordinates of the devices with and without the BCL,
respectively. Reprinted with permission from Ref. [36]. 2022, Springer Nature.

Table 1. Summarization of Multi-color Devices.

Maximum PE CE
Year Type Brightness EQE (%) (Im W-1) (cd A-1) CIE Ref.
(cd m~2)
2003 OLED Side-by-Side Structure - - - ’ Green 7]
29 blue

2014 OLED Vertically Stacked OLEDs - 10.5 14.4 - - [83]
2015 OLED Vertically Stacked OLEDs - 34 36.8 - (0.44, 0.45) [20]
2016 OLED Vertically Stacked OLEDs 1300 - - 25 (0.326, 0.381) [68]
2017 OLED Vertically Stacked OLEDs 43,594 12.32 18.1 28.8 (0.38,0.44) [62]
2018 OLED Vertically Stacked OLEDs - - 18.1 - (0.375, 0.395) [61]
2018 OLED Vertically Stacked OLEDs - 49.4 33.4 - (0.467,0.423) [18]
2022 OLED Vertically Stacked OLEDs 5748.4 15.1 46.3 429 (0.247, 0.579) [67]
2004 OLED Single Emission Layer - 12 42 - (0.43, 045) [70]
2009 OLED Single Emission Layer - 19.3 425 52.8 (0.33,0.39) [71]
2015 OLED Single Emission Layer - 13.6 14.5 225 (0.36, 0.38) [72]
2020 OLED Single Emission Layer 30,000 23.6 55.1 52.7 (0.34,0.36) [73]
2004 OLED Double Emission Layers - 19.3 64 - - [75]
2010 OLED Double Emission Layers - 34 90 - (0.45,0.47) [76]
2016 OLED Double Emission Layers - 233 63.2 - (0.433, 0.458) [59]
2016 OLED Multiple Emission Layers 11,000 - 40.8 39.8 (0.32,0.39) [60]
2018 OLED Multiple Emission Layers - 23.1 59.0 - (0.324, 0.337) [77]
2019 OLED Multiple Emission Layers 23,730 - 33.42 32.74 (0.391, 0.471) [63]
2020 QLED Side-by-Side Structure 247,000 229 - 9.8 (0.16,0.77) [34]
2017 QLED Vertically Stacked QLEDs 4206 2.0 0.46 4.75 (0.30, 0.44) [80]
2015 QLED Stacked Emitter Layers 1170 0.6 0.6 0.9 (0.33, 0.253) [24]
2022 QLED Stacked Emitter Layers 1000 13.3 - - (0.283, 0.305) [35]
2020 Hybrid LED Vertically Stacked 107,000 26.02 2031 - (034,036) [37]

ructure
2022 Hybrid LED Vertically Stacked 7735 86 - - (0.67,030) [36]

ructure
2022 Hybrid LED Vertically Stacked 24911 137 - - (0.16,0.76) [36]

ructure
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3. Flexible and Wearable Multi-Color Devices

In the era of artificial intelligence, flexible and wearable devices become more and
more popular in our daily life. With the development of comfortable and stretchable
electrodes and substrates, flexible displays based on deformable OLEDs and QLEDs have
been widely developed. Wearable optoelectronics typically require light sources that can be
manufactured as thin films, such as OLEDs and QLEDs. By integrating flexible multi-color
LED with stretchable electronic devices, invisible signals such as temperature and heart
rate can be converted into visible colors, which could be used in various types of wearable
sensors and healthcare systems.

In 2017, Ja Hoon Koo et al. reported a wearable electrocardiogram monitor via
integrating sensors, a carbon nanotube signal amplifier, and ultrathin voltage-dependent
color-tunable OLEDs (Figure 13a) [6]. Multi-color OLEDs are used for the colorimetric
display of the retrieved electrocardiogram signals. By optimizing the structure of multi-
OLEDs, the wearable OLEDs exhibit electrocardiogram-dependent color changes from
dark red to pale red, to white, to sky blue, and finally to deep blue. The ultrathin design
enables the device to conform to the curvilinear and dynamic surface of human skin and
exhibit excellent stability and reliability after repeated deformations (Figure 13b,c).
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Figure 13. Flexible and Wearable Multi-color Devices. (a) Schematic illustration of the wearable
cardiac-monitoring system. (b) Photographs of the OLEDs after folding along a sliding glass, wrinkled
after worn on human skin, and under a water droplet. (c) Stable luminance of the blue and red
emission during multiple bending experiments (with rpending =4 mm, 1000 times). Reprinted with
permission from Ref. [6]. 2017, ACS Nano. (d) Schematic illustration of the red OLED-based wearable
PDT system and the color-tunable OLED-based wearable display system. Realization of high power
by changing the organic thickness of the ITO reference OLED, using the optical resonance effect of
a microcavity reference OLED, through the OLED structural design that electrically stacks an ITO
reference OLED and a microcavity reference OLED, and through an OLED structural design that
electrically stacks N OLEDs. (e) CIE 1931 color coordinates and photos of the color-tunable OLED.
(f) Graph of singlet oxygen generation rate according to the irradiation energy of the OLED. Reprinted
with permission from Ref. [7]. 2020, ACS Nano.

Although OLED-based optoelectronic devices have successfully realized wearable
applications, current OLED technologies require high voltage and lack the power needed
for wearable photodynamic therapy (PDT) applications. In 2020, Yongmin Jeon et al.
presented a parallel-stacked multi-color OLED with high power, more than 100 mW cm 2,
at low voltage (<8 V) (Figure 13d) [7]. The parallel-stacked OLED with color tuning is
realized through OLED color combination, and a high brightness of over 30,000 cd m~2
is obtained, below 8.5 V (Figure 13e). Confirming its potential application to PDT, the
measured singlet oxygen generation ratio of the parallel-stacked OLED is found to be
3.8 times higher than the reference OLED (Figure 13f).

4. Challenges and Perspectives

Overall, the types, characteristics, and possible wearable applications of multi-color
LEDs are introduced in detail. The realization of multi-color LEDs is early achieved by the
side-by-side patterning of red, green, and blue sub-pixels onto the pixelated display panel.
The devices exhibit good optical performances since the light directly emits from respective
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units through TFT addressing each pixel independently. However, the fill factors and
pixel density are inevitably sacrificed due to the lateral integration configuration. Vertical
stacking LED configuration could circumvent the limitation of red/green/blue side-by-side
color pixels. Because the full color is attained in a single color-tunable pixel instead of three
red/green/blue pixels, the pixel density and fill factor of a display with color-tunable pixels
can be enhanced three times. However, because of the light loss and the resistance increase
in the semitransparent central electrode, the brightness of multi-color LEDs inevitably
decreases, and a high voltage is needed to drive multiple LED units. Stacking various
emitter layers with different emission wavelengths in a single LED is a direct and simple
way to achieve multi-color emission compared with side-by-side and vertically stacked
LED units. However, the transition of the complex exciton region between the two emission
layers tends to reduce the device’s efficiency.

Therefore, different types of multi-colored LEDs have their respective advantages and
disadvantages. Developing particular strengths and circumventing their weaknesses to be
applied to appropriate fields is challenging. Although multi-color LED devices have made
many remarkable signs of progress in the past few years, there are still some important
problems that need further consideration to meet application requirements.

Firstly, the efficiency (such as EQE, PE, CE) of the multi-color LEDs is still too low
to meet the needs of practical applications. For example, the EQE that gives the ratio of
extracted photons over injected charges of most multi-colored LEDs is below 20%. This
may be because the efficiency of monochrome LEDs such as blue LEDs still needs to be
improved. In addition, the multi-color LED with a complex structure formed by stacking
multiple LED units or various emitter layers leads to inadequate recombination of charge
carriers. Thus, luminous materials with excellent properties need to be developed and the
device structure to achieve an efficient and balanced carrier injection should be optimized.
In addition, designing the optical structure to utilize the microcavity effect could further
maximize the efficiency of multi-color LEDs.

Secondly, the high-stability device with a long lifetime is critical for practical applica-
tions, but few multi-color LEDs focus on it. Therefore, more attention should be paid to the
lifetime of multi-color LEDs in future research. A blue LED emitter is the most unstable
emitter, and blue LEDs mostly are required to create a full-color LED display. Thus, it is
necessary to develop a commercially efficient phosphorescent blue emitter. In addition,
ingeniously designing the multi-color device structure employing mature high-stability
red and green LEDs so that it does not require a blue emitter to achieve a full-color display
is also a solution.

Thirdly, although multi-color LEDs can realize color tunability controlled by the bias
voltage, the range of color variation is still limited, and no arbitrary color within full color can
be achieved. In addition, the sensitivity of color variation to voltage should also be considered.
When sensitive multi-color LEDs and sensors are integrated to construct optoelectronic devices,
little changes in signal intensity can achieve significant variations in colors. Therefore, in the
future, it is necessary to expand the degree of the color change in multi-color LEDs tuned by
bias and improve the sensitivity of LED color changing with voltage.

Finally, the challenge for flexible multi-color LED devices is to ensure that they operate
reliably after cycle bending. In addition, encapsulation technology that withstands long-
term bending is also critical to practical application. Therefore, more attention should
be paid to the stability of flexible multi-color LEDs after cycle bending and developing
relevant encapsulation technology.
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Abstract: Infrared imaging plays remarkable roles in various fields including military, biomedicine,
aerospace, and artificial intelligence. However, traditional infrared imaging systems have plenty of
disadvantages such as large volume, high cost, and complex fabrication process. Emerging infrared
upconversion imaging devices can directly convert low-energy infrared photons into high-energy
visible light photons, thus they are promising to accomplish pixel-less high-resolution infrared
imaging at low cost. In this paper, recent advances and progress of infrared-to-visible upconversion
devices are summarized. We further offer the main limitations of upconversion technology and the
challenges that need to be addressed for the future development of infrared upconverters.

Keywords: infrared-to-visible upconversion devices; infrared imaging; upconversion efficiency

1. Introduction

Human vision is limited in the visible wavelength range of 400 to 700 nm. The detec-
tion and visualization of electromagnetic waves with wavelengths beyond the range of
human vision, such as visualization of near-infrared (NIR), short-wave infrared (SWIR),
or mid-infrared (MIR) light, is of vital importance and challenging. Optical sensing and
imaging devices in the NIR have a wide range of applications in communications [1],
bio-imaging [2], machine vision systems, non-invasive subsurface vision, night vision [3,4],
optical sensors for semiconductor inspection, and non-contact industrial and consumer
electronic displays. SWIR with wavelengths ranging from 1.5 to 3 pum covers the second and
third biological windows. SWIR photodetection and visualization in this wavelength range
plays an essential role in numerous applications [5-7] such as environmental pollution,
environmental monitoring, bio-imaging, medicine, agriculture, automobiles, food, health
monitoring, etc. These applications are due to SWIR’s unique properties, for example,
reducing light scattering and absorption key role, deeply penetrating into biological tissues,
and reducing phototoxicity. MIR refers to 3-5 pm-band infrared, which belongs to the
“atmosphere window”, that is, there are many infrared radiation transmission components
from the atmosphere. Therefore, an MIR detector [8-10] plays an important role in atmo-
spheric monitoring, gas detection, infrared countermeasures, and other aspects. At the
same time, MIR has great research value in the field of military infrared detection, especially
infrared thermal imaging [11-13] and infrared guidance.

Infrared imaging systems contain objective information that cannot be reflected by
visible light imaging and have indispensable applications in many fields such as military,
aerospace, remote sensing mapping, autonomous driving, astronomical science, medical,
health care, and others. Focusing on the new generation of cutting-edge application
scenarios and demands such as unmanned aerial vehicles, mobile reconnaissance, and
smart cities in the future, infrared imaging has become the focus of current research.

However, up to now, the most mature infrared imaging technology is the traditional
infrared focal plane imaging technology. This imaging technology mainly has the following
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two problems: (1) the interconnection of the detector and the readout circuit needs to grow
tens of thousands of indium pillars and complete it through the flip-chip interconnection
process, which is not only complicated and expensive, but also unreliable; (2) the output
electric signal not only needs to be read out by the readout circuit but the imaging processing
circuit is also very complicated. It can be seen that the preparation technology of infrared
materials and the conversion processing of photoelectric signals have become the core
problems that limit the development of infrared imaging technology.

In response to the above challenges, a new type of photonic upconverter called infrared-
to-visible upconversion device has emerged. The upconverter can convert invisible infrared
images to visible light without pixelated processing in the device. In contrast to traditional
infrared imaging technology, upconversion devices convert low-energy incident infrared
photons into high-energy output visible light photons, which are then imaged by commer-
cial visible light imaging technology or directly observed by the naked eyes. Currently,
there are primarily two upconversion mechanisms: nonlinear optical processes and linear
optical processes.

Nonlinear upconversion is the synthesis of infrared light and visible light into a new
beam of visible light whose frequency is the sum of the two (sum frequency process). This
kind of upconversion device is directly realized by upconversion luminescent materials.
Triplet-triplet annihilation (TTA)-based near-infrared to visible molecular photon upcon-
version [14-22] and nanoparticle-based upconversion [23-26] are two main upconversion
luminescent materials. Early achievements on infrared upconversion are mainly based on
Ge/GaAs heterojunction structures and rare-earth ion doping systems. There are two repre-
sentative works. Yoh Mita demonstrated an infrared-excitable phosphor-based upconverter
that can detect 1.5 um NIR and has visible or NIR emissions [27]. Yuhu Wang et al., in 1993,
proposed a device whose upconversion situation has been observed with Er**-doped BaCl,
phosphors [28]. From these nonlinear upconversions mentioned above, the conclusion
that can be drawn is that those materials need two or more photons, and then through
nonradiative relaxation the photons reach the luminescence level, transition to the ground
state, and emit a visible photon. With the purpose of realizing high-efficiency infrared light
upconversion, it is necessary for the propagation among infrared light, visible light, and
upconverted light to meet the conditions of mutual matching. This nonlinear process based
on momentum matching often involves complicated and difficult optical path and material
design and usually requires an expensive high-power pulsed light source to emit visible
light, which is unfavorable to its wider application.

Therefore, an infrared-to-visible upconversion device based on linear photon upcon-
version is an ideal scheme to realize high-performance, low-cost infrared imaging. Its
working principle is that by integrating infrared photodetectors (PD) that absorb infrared
photons and the light-emitting diodes (LED) that excite visible photons together, the low-
energy infrared light can be converted into high-energy visible light by using the linear
conversion process of light-electricity-light, thus realizing infrared detection and imaging.
This infrared upconversion imaging method has many advantages. Firstly, there is no need
to pixelize the large-area imaging device and interconnect and align indium pillars for each
pixel by a flip-chip bonding process, which greatly simplifies the process. Secondly, visible
light images can be directly observed with the naked eye without complicated readout
circuits and signal processing processes, and infrared imaging can be realized by using
efficient visible light imaging technologies such as CCD cameras, which can significantly
improve imaging efficiency, resolution, and sensitivity; Thirdly, in the later stage, there
is no need to carry out complicated pseudo-color-coding processing on the image. The
pseudo-color images, which are more sensitive for the naked eye, can be directly realized
from hardware, for the multi-color LED that can produce the color change is coupled with
the infrared detector.

Based on the difference in semiconductor materials of PD and LED units, in this
article, the type of optical upconverters can be divided into four categories: all-inorganic
upconversion devices, all-organic upconversion devices, inorganic semiconductor infrared
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detector and organic LED (OLED) hybrid optical upconverter (hybrid organic-inorganic
upconversion devices) and colloidal quantum dots-based upconversion devices. According
to the different infrared bands detected by the four kinds of upconverters, they are discussed
separately. Progress in upconversion devices is summarized in Figure 1.
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Figure 1. Progress in upconversion devices. The deep green circle in the center shows the rep-
resentative structure of upconverters, the light green circle around it demonstrates the main four
categories of upconversion devices. The boxes in the light circle show the key differences of different
kinds of upconversion devices. These blue arrows in the light circle represent the evolution of
upconversion devices. The peripheral pictures are some representative structures of these four kinds
of upconverters.

2. Types of Upconversion Device

Compared with traditional infrared imaging technology, infrared upconversion de-
vices have obvious advantages in reducing production cost, simplifying the manufacturing
process, improving imaging resolution and sensitivity, reducing the size and weight of the
imaging system, etc., and have shown excellent performance in the field of infrared imag-
ing. There have been many reports on infrared upconversion devices both domestically
and abroad.

2.1. All-Inorganic Upconversion Devices

In 1995, HC Liu successfully used epitaxial growth technology to connect quantum
well infrared detectors (GaAs/AlGaAs) and LEDs in series, and integrated inorganic
upconversion devices (Figure 2a,b), which realized infrared upconversion imaging from
NIR of ~1.5 um to shorter wavelengths (~0.9 um) for the first time [29]. In 2000, Liu et al.,
proposed a mechanism for upconversion using semiconductor structures. InGaA /InP
PD and InAsP/InP light-emitting diodes (LED) were grown on InP substrates to prepare
room temperature NIR upconverters. However, the upconversion efficiency was less than
0.0005 W/W due to the energy barrier limiting quantum efficiency within the LED and
poor carrier constraints in the InAsP/InP LEDs active region [30].
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Figure 2. Structures and performance characterization of all-inorganic upconversion devices.
(a) Bandedge profile of the proposed integrated quantum well intersubband photodetector (QWIP)
and LED. (b) Schematic geometry of the proposed focal plane array of QWIP-LEDs [29]. Copyright
1955, Electronics Letters. (c) Schematic of experimental setup [31]. Copyright 2004, Journal of Ap-
plied Physics. (d) Picture A shows the measured and fitted X-ray rocking curves for 100 nm thick
GaAsSb/GaNAsSb two-layer structure on GaAs substrate. Picture B shows the measured X-ray
rocking curve for GaNAsSb layer on GaAs substrate. The inset of picture B shows the PL spectrum of
the GaNAsSb layer at 4K in a low-temperature environment. (e) Schematic of the test setup structures.
The curves also present the intensity of absorbed light and emitted light. (f) PD’s responsivity under
room temperature (black line) and the photocurrent-induced LED light emission of the upconversion
device (red line) [32]. Copyright 2009, Applied Physics Letters.

In 2004, to address the mismatch between the GaAs substrate and the active layer
lattice of the GaAs detector, which increases rapidly with the increase of indium content,
InGaAs/InP PD and GaAs/AlGaAs LED were combined by wafer fusion (Figure 2c). This
processing technique was used to integrate heterogeneous semiconductor materials regard-
less of their lattice mismatch. The results show that this method is effective and improves
the efficiency of the upconversion (~0.018 W/W) [31]. However, for pure inorganic up-
converter, even if the upconverter is integrated by wafer fusion technology, the cost of
epitaxial growth cannot be further reduced, and the ideal conversion efficiency cannot be
obtained. Based on a similar structure, in 2009, Shanghai Jiaotong University reported an
inorganic upconversion device integrated with GaAsSb/GaAs PD and GaAs/AlGaAs LED
(Figure 2d—f), which upconverted NIR light of about 1.3 pm to about 0.95 pum NIR light,
with an upconversion efficiency of 4.8% [32].

However, due to the very large energy band difference between LED and infrared pho-
todetection materials, the device can only achieve upconversion from longer wavelengths
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to shorter wavelengths in the infrared range, not visible light. In addition, the epitaxial
growth of traditional upconverters requires very high lattice parameter matching.

2.2. All-Organic Upconversion Devices

Organic electronic devices are expected to be applied to infrared upconversion devices
to realize upconversion in the visible light band due to the no lattice matching growth
requirements of organic materials. Besides, organic materials are independent of the
properties of the substrate material and can be deposited on any material with a low
production cost.

All-organic upconverters were first reported on the basis of fluorescent LEDs, which
consist of an organic PD sensitive to the infrared and an OLED connected in series. In
addition, OLEDs can work at ultra-low temperatures, which ensures that they can work nor-
mally when integrated with other detectors in any infrared band. All-organic upconverters
promise multiple advantages of organic electronics, and they also provide the possibility of
converting NIR scenes into visible images by using large-area devices. These devices can
be implemented on flexible substrates at low cost, simplifying the manufacturing process,
reducing the production cost, and are currently a commonly used infrared-to-visible light
upconversion device.

2.2.1. NIR-to-Visible Upconversion

In 2007, Lu et al. firstly proposed an all-organic upconversion device using 2,4,7-
trinitro-9-flfluorenylidene malonitrile (TNFDM) as an infrared photosensitive material,
which realized the upconversion process of the visible light emission intensity changing
with the incident infrared power and confirmed the feasibility of all-organic NIR—-visible
light upconversion device [33]. In 2010, Kim et al. prepared an all-organic upconversion
device with a conversion efficiency of 2.7% by using SnPc:Cg as an infrared detection
material and a phosphorescent material with a higher external quantum efficiency than
fluorescent materials as a luminescent material [34]. In 2018, D. Yang et al. proposed the
concept of using tandem OLED (Figure 3a) that integrates an NIR polymer PD and a green
tandem OLED together to fabricate organic upconversion devices, for the use of two layers
of light-emitting. The injected electron-hole pairs can be more efficiently converted into
visible light than those devices that only have one layer. In this work, they reach one
of the highest peak photon-to-photon conversion efficiency up to 29.6% at that time [35].
S. Liu and co-workers, in 2015, demonstrated a transparent upconverter, the NIR light
can be converted into visible light with the upconversion device. Moreover, this work is
the first one that demonstrated night vision by using a reflective and nonreflective object
(Figure 3b) [36].

OLED:s can already achieve the emission of the three primary colors of red, green, and
blue, so through the fusion of the three primary colors, they can achieve display in the full
visible range. According to the full-color OLED, in 2017, Tachibana et al. reported high-
performance all-organic full-color upconversion devices (Figure 3c). They used thermally
activated delayed fluorescence (TADF) for the first time. Their result has great potential for
NIR imaging applications with large area, low cost, and pixel-less imaging [37].

Upconversion efficiency is vital to upconversion devices. Many attempts have been
made in order to improve the photon-to-photon upconversion efficiency. In 2018, Song
and his co-workers promoted integrating a photo multiplying organic NIR PD with a
high-efficiency TADF-OLED (Figure 3d), and through this method, the photon-to-photon
upconversion efficiency can run up to 256% [38].

In these cases cited above, there is no more than 900 nm NIR light upconverted to
visible light. In 2018, Strassel and his co-workers extended the NIR spectral peak sensitivity
up to 1000 nm, meanwhile, this device is visibly transparent and the innovative use of
NIR selective squaraine dye is the highlight of this work [41]. In 2019, the same team
reported a solution-processed upconversion device, by adding an electrolyte to the super
yellow (SY) emitter (Figure 3e), thereby transforming the OLED into a light-emitting
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electrochemical cell (LEC), which is more fault-tolerant and has a lower driving voltage
than traditional OLED [39]. In the same year, Yeddu et al. raised infrared sensitivity
up to 1.1 pm. For such long-wavelength infrared light detection, the detector requires
low bandgap organic semiconductors, therefore, they synthesized a novel low bandgap
polymer poly 4-(4,8-bis (5-(2-butyloctyl) thiophen-2-yl) benzo [1,2-b:4,5-b’] dithiophen-2-y1)-
6,7-diethyl- [1,2,5] thiadiazol [3,4-g] quinoxaline (PBDTT-BTQ) with strong photoresponse
in NIR wavelengths of 700—1100 nm which the previously used Si-based PDs cannot offer.
PBDTT-BTQ’s infrared absorption is superior to others as shown in Figure 3f [40].
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Figure 3. Structures and performance characterization of all-organic NIR-to-visible upconversion
devices. (a) Structure and working mechanism of the upconversion device under dark (top image) and
illumination condition (lower image) [35]. Copyright 2018, Materials Horizons. (b) Picture of the line-
shadow mask and LED in night vision (left picture), and the picture of the line-shaped shadow mask
when an obstacle (waste-water-filled cloudy box) was placed between the mask and the camera (right
picture) [36]. Copyright 2015, Advanced Material. (c) Structure of the upconversion devices based on
TADEF-OLEDs [37]. Copyright 2017, ACS Photonics. (d) Structure of the upconversion device [38].
Copyright 2018, The Journal of Physical Chemistry Letters. (e) Structure of the upconversion device
that stacks with a LEC or an OLED as visible light-emitting component [39]. Copyright 2019,
ACS Applied Materials & Interfaces. (f) Comparison of absorption coefficients of Si, P3HT (film),
and PBDTT-BTQ (film). Inset shows the molecular structure of PBDTT-BTQ [40]. Copyright 2019,
ACS Photonics.
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2.2.2. SWIR-to-Visible Upconversion

In 2020, Li and his co-workers reported their efforts in all solution-based process
SWIR-to-visible upconversion devices. They fabricated a blend of a diketopyrrolopyrrole—
dithienylthieno[3,2-b] thiophene (DPP-DTT) polymer donor and a hetero-polycyclic aro-
matic compound SWIR dye with a CsPbBr3 perovskite LED. This device can detect infrared
light up to 1400 nm and convert it to 516 nm visible green light [42]. The spectral detection
of hybrid upconverters is expanded to the SWIR range for the first time. This advanced
device can be operated without cooling and was proved to apply in biological fields, such as
providing reliable heart rate monitoring. The structure and performance of this upconverter
are shown in Figure 4.
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Figure 4. Structure and performance characterization of all-organic SWIR-to-visible upconversion
devices. (a) A schematic of the measurement setup. (b) The heartbeat waveform measured by the
device using NIR (850 nm) and SWIR (1050 nm) light illuminations, this picture shows a heart rate of
82 beats min~ . (c) The absorption spectrum of the DPP-DTT: SWIR dye blend layer deposited on
glass. The insets in (c) are molecular structures of the DPP-DTT polymer and the SWIR dye. (d) R(A)
of the organic SWIR PDs, with different BHJ layer thicknesses, as a function of the wavelength. The
inset in (d) is the structure of this organic SWIR PD. (e) R(A) of an organic SWIR PD as a function of
the wavelength with a 200 nm thick BH]J layer operated under different reverse biases. (f) R(A) of an
organic SWIR PD, with a 200 nm thick BHJ, measured at different temperatures [42]. Copyright 2020,

Advanced Science.

In summary, the infrared-to-visible upconversion devices have developed from the
traditional all-inorganic structure to the widely used all-organic structure at present, suc-
cessfully achieving low-cost infrared-to-visible light upconversion imaging. However, for
almost every all-organic upconversion device only the NIR band can be detected, and the
upconversion efficiency of the device is very low. Generally, it can only work under the
high-power infrared laser, which cannot meet the requirements of practical application.
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2.3. Hybrid Organic-Inorganic Upconversion Devices

Previously, blended organic and inorganic materials were synthesized and manufac-
tured to form devices. The flexibility of organic chemistry allows organic molecules to form
with useful luminescent and conducting properties. Due to the stronger covalent and ionic
bonds, inorganic materials can be designed to have better thermal/mechanical stability
and higher electromigration. Using different emissive organic materials, the wavelengths
of OLED emissions can vary across the full visible spectrum. However, inefficient photo
carrier injection from inorganic detectors to OLEDs results in low infrared-to-visible up-
conversion efficiency. Therefore, there is still a lot of work for researchers to do in order to
enhance devices’ performance.

2.3.1. NIR-to-Visible Upconversion

In 2008, Chen et al., of the University of Waterloo, added a Ti/Au thin film between
the InGaAs infrared detector and the OLED, and the conversion efficiency of the integrated
upconversion device was improved to 1.5% [43]. Based on this research, in 2010, Chen
et al. obtained an optical upconverter by optimizing the structure of an InGaAs/InP
heterojunction phototransistor (HPT) with a gain mechanism and integrating it with an
OLED [44]. The structure and equivalent circuit diagram of this upconverter are shown
in Figure 5a. The optical upconverter not only realizes the conversion of 1.5 um NIR to
green light (520 nm) at room temperature but also achieves the optical power conversion
efficiency of 1.55 W/W (corresponding to an external quantum efficiency of 59%).

In 2012, Chen et al., proposed a pixel-less imaging upconversion device, they employed
Technology Computer-Aided Design software (TCAD) to simulate the propagation of
photo-generated hole carriers in the upconverter, it was found that no matter how large
the size of the incident infrared beam is, the concentration distribution of photo-generated
holes at the intermediate interface of i-InGaAs/Cg shows that the lateral propagation
distance is less than 1 pum [45]. The NIR-to-visible light upconverter was used for pixel-less
imaging. The image displayed under the NIR illumination through the shaped hole and
the characteristic length of the shaped hole and the image are shown in Figure 5b. From
the image they demonstrated, the actual resolution of the device can be calculated. The
resulting spatial resolution of 6 pm is smaller than its calculated theoretical value of 1 pum.
According to their analysis, the small resolution was mainly due to the limited resolution
of digital cameras (~6 um). However, the infrared pixel-less imaging device achieved a
spatial resolution better than 6 um, which was sulfficient for practical applications.

Generally, due to the serial device architecture, the turn-on voltage of the upconver-
sion devices is high. In 2018, Yu et al. reported a low turn-on voltage upconverter, the
photocarrier can be efficiently injected into the OLED from the perovskite layer under NIR
light, due to the perovskite layer supplied extra voltage to activate the OLED ata 1.9 eV
sub-band voltage. On this account, the upconversion device lights up at 1.9 V [46], which
is lower than the bandwidth voltage of the emitting layer in the OLED. Further on, Yu et al.
demonstrated the pixel-free NIR imaging at a low operation voltage of 3 V which is shown
in Figure 5c.

In the same year, Ding et al. reported an NIR-to-visible upconversion strategy based
on fully integrated microscale optoelectronic devices, and the dimension of this device is
220 um x 220 pm (Figure 5d). These devices were implanted in behaving animals, and
their effectiveness in photogenetic nerve regulation was proved by in vitro and in vivo
experiments. They proposed the theory of the photon—“free electron”—photon process
eliminating the limitation of traditional nonlinear upconversion methods [47]. In 2019,
Shi et al. reported an ultrafast and low-power optoelectronic NIR-to-visible upconversion
device, similar to Ding’s theory, they applied the photo—“free electron”-photon concept.
Their devices can be excited at low power (1-100 mW /cm?) and the devices’ luminescence
decay lifetime (Figure 5e) can be adjusted from ~20 to ~200 ns. Such unique characteristic
is beneficial for the application of high-flow chemical detection and dynamic biological
stimulations [48].
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Figure 5. Structures and performance characterization of hybrid organic—inorganic NIR-to-visible
upconversion devices. (a) Structure of the hybrid upconversion device with integrated InGaAs/InP
HPT and OLED. The right picture demonstrates a highly reflective metal layer that inserts in the
upconverter, and the embedded optical mirror could improve the absorption and emission effi-
ciency [44]. Copyright 2010, Advanced Materials. (b) Picture A of the shaped aperture showing the
letters “IR”. Picture B of the operating device at 10 V with NIR illumination through the aperture.
Picture C is the shape aperture design showing the minimal feature size. Image D of the operating
device is overlaid with the shape of the aperture indicating the minimum size of the captured func-
tion [45]. Copyright 2012, Advanced Material. (c) Band diagram and working mechanism of the
upconversion device under the dark and under NIR illumination [46]. Copyright 2018, ACS Applied
Materials & Interfaces. (d) Microscopic image of upconversion devices with red (left) and yellow
(right) emissions under IR excitation [47]. Copyright 2018, PANS. (e) Lifetimes and typical excitation
power densities of representative upconversion mechanisms, including lanthanide-based, TTA-based,
quantum dot-quantum well-based, and optoelectronic-device-based upconversion designs of this
reference [48]. Copyright 2019, Photonics Research.

2.3.2. SWIR-to-Visible Upconversion

In 2007, Ban et al. took the lead in proposing an organic—inorganic hybrid upconver-
sion device integrating in series with an InGaAs/InP infrared detector and an OLED and
successfully upconverted SWIR light of 1.55 um that can be converted into green visible
light of 520 nm. However, the conversion efficiency of this infrared-to-visible upconversion
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device is only 0.7% [49]. The structure and performance of this upconverter are shown in
Figure 6a,b.
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Figure 6. Structures and performance characterization of hybrid organic-inorganic SWIR-to-visible
upconversion devices. (a) Structure of the inorganic—organic upconversion device. (b) Current—
voltage-luminance curves of the upconversion device under 1.5 um infrared illumination (input
power density of 1.1 mW/mm?). The inset shows the emission spectrum from the OLED of the
integrated upconversion device with a wavelength peak at 520 nm (green light) [49]. Copyright 2007,
Applied Physics Letters. (c) Schematic diagram of the three configurations of the hole transform layer
(HTL) at the semiconductor—organic interface of the integrated devices. (d) OLED green emission
luminance of the device A, B, C as a function of the device bias. (e) Schematic diagram of the cross-
section of one organic-inorganic upconverter device. (f) Emission spectrum from the OLED of the
integrated upconverter, the peak wavelength of this OLED is 520 nm (green light) [50]. Copyright
2007, IEEE Transactions on Electron Devices.

For an OLED device, its structure is generally composed of an anode, hole injection
layer (HIL), hole transport layer (HTL), emission layer, electron transport layer (ETL),
electron injection layer (EIL), and cathode. Obviously, in addition to the light-emitting
layer, other parts will also affect the performance of the device. Ban et al. also compared the
effects of different HTL layer structures on the device performance as shown in Figure 6c.
The HTL layer of device C has only one layer of N, N’-di(naphthalene-1-y1)-N, N’-diphenyl-
benzidine (NPB), device B adds a layer of CuPc under NPB, and device A continues to add
a layer of Cgp under CuPc [50]. It can be seen from Figure 6d that the organic-inorganic
interface has a great influence on the efficient injection of holes, and the turn-on voltage of
device C is different from that of devices A and B, because the addition of C¢y can reduce
the carrier injection barrier. The structure and emission spectrum of this upconverter are
shown in Figure 6e,f.
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2.4. Colloidal Quantum Dots-Based Upconversion Devices

From what was discussed above, most all-organic and hybrid upconversion devices
can only convert NIR light into visible light, but usually cannot detect short-wave infrared
light, and the application range is severely limited. Besides, the upconversion efficiency
of the device is very low [29,37,40-42,45,49], for these organic-inorganic upconversion
devices, which are limited by the low photon-electron conversion efficiency of the infrared
PD part. Generally, infrared-to-visible upconversion devices can only work under the
high-power infrared laser, which cannot meet the practical application requirements. Most
of the reported infrared upconversion devices need to be fabricated by high-cost vacuum
deposition methods [35,37,45,46], and as for inorganic infrared detectors in hybrid upcon-
version devices, they still need to be fabricated by epitaxial growth, both of these two
problems make the fabrication cost of organic-inorganic hybrid upconversion devices still
expensive and unsuitable for large-area imaging applications. In addition, the reported
infrared upconversion devices have high operating voltages, which are not conducive to
the preparation of flexible devices.

Quantum dots (QDs) have narrow emission linewidth and adjustable bandgap, so that
tunable infrared response can be realized in a wide spectral range, and it is the reason that
QDs have great potential value in developing quantum information and opto-electronic
devices. For example, bulk mercury telluride (HgTe) materials are semi-metallic materials
with zero bandgap and large exciton Bohr radii. With the help of the “quantum confinement
effect”, HgTe QDs [8-10,51-56] can theoretically achieve full spectrum coverage in the
infrared to terahertz range. Therefore, the application of colloidal QDs (CQDs), in the
field of infrared detectors can realize infrared detection in all major infrared bands of NIR,
SWIR, and MIR. In addition, the luminescence spectrum of CQDs is extremely narrow, the
color saturation and purity are high, and the optical stability is very good, which can be
synthesized in a large-scale liquid phase. Therefore, quantum dot LEDs (QLEDs) have
excellent performances of a wide color gamut, long life, and low cost.

CQPDs, in particular, can be synthesized by solution treatment, and used in photo-
voltaics, luminescence, and photodetection. Except for the top electrode, the entire infrared
upconversion device is prepared by solution method, which greatly simplifies the prepara-
tion of the device. Therefore, the infrared upconversion devices based on CQDs, benefiting
from the property of CQDs, can be processed by solution method and can be fabricated
into flexible devices.

2.4.1. NIR-to-Visible Upconversion

In 2011, Kim and his co-workers reported their achievement of a low-cost upconversion
device with infrared sensitivity up to 1.5 um using PbSe inorganic colloidal nanocrystals as
infrared PD. It was the first time that the NIR-to-visible light converter of CQDs’ integrated
phosphorescent emitting OLED was reported, the structure and schematic diagram are
shown in Figure 7a,b. It must be known that all-organic upconversion devices before this
work nearly had no infrared sensitivity beyond 1 um, moreover, there were not any hybrid
devices that could reach a 1.3% photon-to-photon conversion efficiency (that this work
obtained) in the past. In contrast to previous studies, Kim et al. employed a wide bandgap
ZnO layer as a hole blocking layer to improve the on/off ratio of the device, and the dark
current of the device was obviously reduced, moreover the signal-to-noise ratio of the
device was increased [57].
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Figure 7. Structures and performance characterization of CQDs based NIR-to-visible upconversion
devices. (a) Structure of PbSe QD infrared-to-green light upconversion device. (b) Schematic energy
band diagrams of PbSe QD upconversion devices in the IR illumination [57]. Copyright 2011, Nano
Letters. (c) Structure of the upconversion device. As shown in the diagram, the colloidal nanocrystals
PbS are used as a gate sensitized to the infrared, and an ITO porous layer is used as source electrode
of the phototransistor. (d) Photo of the sample attached to the measuring case in ambient light (left),
and photos of the area of the device (0.04 cm?) with and without infrared lighting (A = 940 nm), absent
ambient light (right) [58]. Copyright 2016, Nature Photonics. (e) Diagram showing the cross-section
view of a NIR-visible light upconversion device, with a NIR photodiode and a visible light LED
based on CsPbBrj perovskite. (f) Molecular structures of DPP-DTT, PC7,BM, and CO;8DFIC, and
(g) their corresponding normalized absorbance spectra [59]. Copyright 2018, Advanced Optical
Materials. (h) The structure of the conversion system and circuit show, schematically, the principle of
operation of this upconversion device. (i) The photon-to-photon conversion efficiency of the device,
under different power densities of NIR, as a function of the applied voltage [60]. Copyright 2020,
IEEE Access.
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In 2016, Yu et al. reported a novel upconversion light-emitting phototransistor (LEPT)
by incorporating a phosphorescent OLED into a phototransistor. To be different from
the ascending upconverters with two terminals, this LEPT is a vertical three-terminal
phototransistor with an infrared photoactive gate integrated into an OLED, which has high-
efficiency such as its external quantum efficiency (EQE) of up to 1 x 10°% and detectivity
of 1.23 x 10'3 Jones [58]. The structure of this LEPT is demonstrated in Figure 7c, and
a photograph of the sample clamped in the measurement box is shown in Figure 7d. In
2018, Li et al. demonstrated a perovskite LED based on CsPbBr; with high performance, it
can be processed in solution and has a narrow emission spectrum. Their research proved
that the NIR-sensitive polymer DPP-DTT blend with a norfullerene acceptor COi8 DFIC
is an appropriate layer of charge generation layer for the upconversion procession, as a
result of its unique combination of high NIR absorption and low visible light absorption
(Figure 7e—g) [59]. In 2020, Tang and his co-workers proposed a high conversion efficiency
for all QDs-based upconverters (Figure 7h). Former upconversion systems were always
manufactured by inorganic semiconductors using wafer fusion technology. However, they
were limited by the mismatch of lattice between different semiconductors, leading to poor
photonic conversion efficiency. As for the all-organic devices, their efficiency has been
improved a lot, but the stability of these upconverters is still a potential issue for their
application. In this reference, the use of innately stable, efficient, and high-performance QDs
made the device achieve a high photon-to-photon conversion efficiency of 6.3% (Figure 7i),
and can be fabricated by solution process [60].

2.4.2. SWIR-to-Visible Upconversion

In 2020, Ning Zhijun’s research group from ShanghaiTech University integrated CQD
infrared detectors and colloidal QLED for the first time to obtain a CQD infrared-to-visible
light upconversion device (Figure 8a). This all-CQDs upconversion device had high
photonic conversion efficiency of up to 6.5%, and it can be turned on at a low applied bias
of only 2.5 V. Through this upconverter the short-wave infrared (Figure 8b) with a power
density of 10-600 mW-cm~2 was converted into visible green light (520 nm) (Figure 8c).
Ning’s group incorporated silver nanoparticles in the PD’s layers that can extract charges
(Figure 8d) with the aim of optimizing the carrier tunneling and making the PD layer
provide enough photocurrent so that the LED can be turned on successfully. This advanced
achievement confirms the application of CQDs in upconversion devices and the feasibility
of realizing SWIR upconversion imaging [61].
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Figure 8. Structures and performance characterization of CQDs based SWIR-to-visible upconversion
devices. (a) Structure and composition of upconversion devices. (b) Photoluminescence spectra of
CdSe/ZnS core/shell QDs, with the peak position at 525 nm. Inset: transmission electron microscopy
(TEM) of CdSe/ZnS QDs. (c) Absorbance of PbS QD thin films, with the exciton peak position at
1500 nm. Inset: TEM of PbS QDs. (d) PD energy band graph with Ag nanoparticles in ZnO film.
Without Ag nanoparticles (top) or in darkness (middle), the hole transfer from the ITO film to ZnO
is blocked by the energy level shift. Under the lighting (bottom), holes enter the ZnO film [61].
Copyright 2020, Nature Electronics.

2.4.3. MIR-to-Visible Upconversion

In 2020, Motmaen reported a novel and high-performance integrated chip which can
realize the upconversion process from MIR (3-5 pum) to the green light (523 nm). This
upconversion device was fabricated using a doped PbSe layer as a PD, an NPN (n-type,
p-type, n-type) bipolar junction transistor (NPN-BJT) as a current amplifier, and an OLED
as an emission layer; its structure is shown in Figure 9a, the energy band diagram is
shown in Figure 9b. In this new type of upconverter, PbSe QDs were used to realize the
photodetection and generate current, then the output electric information can be amplified
by NPN-BJT. With the amplified current the LED can be driven and emits visible green
light [62]. Under 3 um MIR light illumination (0.5 mW/ cm?) (Figure 9c) and total voltage
of 13.5 'V, the EQE is calculated to 600% (Figure 9d), such high EQE is mainly thanks to the
amplifier function of NPN-BJT.

The liquid semiconductor QDs synthesized by colloidal chemistry can precisely tune
the bandgap by adjusting the size, and then achieve tunable infrared photoresponse in
a wide spectral range. Therefore, from the above demonstration, it can be seen that the
application of CQDs in the field of infrared-to-visible upconversion can realize infrared
detection in all main infrared bands of NIR, SWIR, and MIR.
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Therefore, after several decades of development, infrared-to-visible upconversion
devices have shown a transition trend from traditional all-inorganic, all-organic, and
organic-inorganic materials to emerging liquid CQD materials. The development of
infrared-to-visible light upconversion devices based on CQDs has become one of the
important trends to achieve wide detecting spectrum, high-performance, low-cost, flexible,
and large-area infrared imaging in the future. The performance of the upconversion devices
in the references discussed above is shown in Table 1.
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Figure 9. Structures and performance characterization of CQDs-based MIR-to-visible upconversion
devices. (a) Structure of MIR-to-visible light upconversion device. (b) Schematic shows the energy
band diagram of the PbSe/ ZnS quantum dots PD and the transition inside PD. The transfer of
electrons from the energy levels of the excited state to the continuum by means of the thermal energy
of the environment causes a dark current (black circle, I4,,x). The photons excite electrons from
energy levels of ground state to energy levels of excited state, resulting in a photocurrent (red circle,
Lhoto)- (¢) The output power density depending on the lighting power density MIR with different
wavelengths. (d) The efficiency of PbSe upconversion device as function of the applied voltage under
MIR light illumination (A = 3 pm, 0.5 mW/cm?) [62]. Copyright 2020, Scientific Reports.

115



Coatings 2022, 12, 456

Table 1. Progress in upconversion devices.

Maximum  Conversion

Year Detect Material Emit Material Type Detect Emission Brightness  Efficiency Ref.
Range (nm) 2 o
(cd/m?) (%)
1995 GaAs/AlGaAs!  InGaAs/GaAs Al 1500 NIR - 058 [29]
(927 nm) ’
NIR
2000 InGaAsP InAsP Al ~1600 (1000 nm) - - [30]
NIR
2004 InGaAs/InP GaAs/AlGaAs Al ~1500 (870 nm) - 76 [31]
NIR
2009 GaNAsSb/GaAs GaAs/AlGaAs Al 1300 (950 nm) - 4.8 [32]
Green
X 2 - -
2007 PVK:TNFDM Alqgs AO 810 (530 nm) [33]
2010 SnPc:Cgo CBP: Ir(ppy)s AO ~830 Green 853 2.7 [34]
2015 CIAIPc:C70 CBP: Ir(ppy)s AO ~780 Green 1553 - [36]
ING-T-DPP: 4CzIPN:2CzPN
2017 PC61BM -4CzTPN-Ph AO ~810 Full-color 150 0.11 [37]
2018 PDPP3T-PCBM Be(pp):: AO ~850 Green 1504 296 [35]
Ir(ppy)2(acac)
2018 PbPc:Cgp 2PXZ-OXD AO 808~900 Green 32935 256 [38]
2018 SQ-880: PCBM Alqs AO ~1000 Green 313 ~0.25-0.5 [41]
2019 SQ-880: PCBM SY AO ~980 Yellow 760 1.6 [39]
Green
2019 PBDTT-BTQ CBP: Ir(ppy)s AO 700~1100 (520 nm) <10 ~0.8 [40]
DPP-DTT: SWIR 1000~1400 Green )
2020 dye CsPbBrj AO (peak:1050) (516 nm) - >0.1 [42]
y Green
2007 InGaAs/InP Alq:C545T HOI 1500 (520 nm) 1520 0.7(W/W) [49]
. Green
2007 InGaAs/InP Alq:C545T HOI 1500 (520 nm) ~600 - [50]
y Green ,
2008 InGaAs/InP Alq:C545T HOI ~1500 (543 nm) 1580 ~1.5(W/W) [43]
. Green
2010 InGaAs/InP Alqgz:C545T HOI ~1500 (564 nm) ~9000 59 [44]
Green
2012 InGaAs/InP Alqgs HOI ~1500 (520 nm) 200 0.2 [45]
CBP: 790~900 Green
2018 FAPbI; Ir(ppy)2(acac) HOI (peak:830) (520 nm) 33 i [40]
Red
GagsIngs5P: N (630 nm) B )
2018 GaAs Aly15Gag astngsP HOI 810 Yellow 15 [47]
(590 nm)
2019 GaAs AlGaInP HOI ~810 Red - - [48]
(630 nm)
1500 Green
2011 PbSe CBP: Ir(ppy)s CcQD (peaki1300) (550 nm) 5 13 [57]
X Green
2016 PbS TATC: Ir(ppy)s CcQD 940~1042 (550 ran) 100 1597 [58]
DPP-DTT: Green
2018 COISDFIC CsPbBr; CQD 850 (520 nm) ~300 1.7 [59]
Red
2020 PbS CdSe CQD 970 (624 nm) 155 6.3 [60]
2020 PbS CdSe/ZnS CQD 400~1600 Green ~600 6.5 [61]
(525 nm) i
X Green
2020 PbSe CBP: Ir(ppy)s CQD 3000~5000 (523 nm) - - [62]

1 Materials are mixed together; 2 Materials are integrated but not mixed together; Abbreviations: Al: all-inorganic;
AO: all-organic; HOL: hybrid organic-inorganic; Alqs, Alq: tris-8-hydroxyquinolineAluminum; SnPc: tin ph-
thalocyanine; CBP: 4,4-N, N-dicarbazole-biphenyl; Ir(ppy)s: fac-tris(2-phenylpyridinato) iridium (III); PDPP3T:
Poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-diox-opyrrolo[3,4-c]pyrrole-1,4-diyl} -alt-{[2,2":5',2"-terthioph-
ene]-5,5"-diyl}]; PCBM: [6,6]-phenyl-C61-butyric acid methyl ester; Be(pp),: Bis[2-(2-hydroxyphenyl)-pyridine]
beryllium; Ir(ppy)2(acac): bis(2-phenylpyridine) (acetylacetonato) iridium (III); CIAIPc: chloroaluminum ph-
thalocyanine; PCq1BM: [6,6]- phenyl-C61-butyric acid methyl ester; 4CzIPN: 1,2,3,5-tetrakis(carbazol-9-y1)-4,6-
dicyanobenzene; 2CzPN: 1,2-bis(carbazol-9-yl)-4,5-dicyanobenzene; 4CzTPN-Ph: 1,4-dicyano-2,3,5,6-tetrakis
(3,6-diphenylcarbazol-9-yl)benzene; 2PXZ-OXD: 2,5-bis(4-(10-phenoxazyl)phenyl)-1,3,4-oxadiazole; SY: fluores-
cent poly(para-phenylene vinylene) copolymer called super yellow; PBDTT-BTQ: poly 4-(4,8-bis(5-(2-butyloctyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b'|dithiophen-2-yl) -6,7-diethyl-[1,2,5] thiadiazolo [34-g]quinoxaline; C545T: 10-2-
benzothiazoly-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H, 5H, 11H-[1] benzopyrano [6,7,8-ij] quinolizine-11-one.
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3. Challenges and Perspectives

Although infrared upconversion devices have made many remarkable signs of progress

in the past few years and some advantages of them are irreplaceable, there are still some
important problems that need further consideration.

1.

The detecting wavelength of infrared-to-visible upconverters is mostly concentrated
in the near-infrared range. Although some SWIR and MIR spectral range devices
are reported, those upconversion devices still have to improve photon-to-photon
conversion efficiency, reduce the turn-on voltage and optimize other performance
parameters. The short detection wavelength of upconversion devices limits their
application scenarios.

The upconversion efficiency and sensitivity of infrared-to-visible light upconversion de-
vices are relatively low. The upconversion efficiency of the currently reported devices
is difficult to exceed 10%, leading to most of the existing devices only operating under
intense infrared light (usually an infrared incident power range of 10~100 mW cm~2).

In many medical and commercial fields, the performance of flexible devices is very
important. Even though some all-solution-based processes can be achieved, with
these methods the flexible devices’ performance characterization is scarce, meanwhile,
the brightness and life time of flexible devices are unsatisfactory.

Overall, the performance of infrared-to-visible upconversion devices remains to be

significantly enhanced to meet application requirements. High conversion efficiency, low
turn-on voltage, flexible device, and wide detection band are vital to upconverters. To meet
these above challenges, we need to pay more attention to the following aspects.

1.

Low dimensional materials, such as zero-dimensional materials (CQD), one-dimensional
materials (III-Sb nanowires), and two-dimensional materials (quantum well, graphene, and
black phosphorus) possess tunable bandgaps, high carrier mobility, precisely controlled
materials growth process, low cost, and solution process compatibility, thus they have
been widely applied in both infrared detectors and LED fields. In the future, there may be
a strong trend of low dimensional materials replacing traditional materials to be utilized
in infrared-to-visible upconversion devices.

The upconversion efficiency and sensitivity of the infrared-to-visible upconversion
device are the keys to determining whether it can detect weak infrared light in nature
for practical use. Therefore, the high upconversion efficiency and sensitivity to meet
the practical application of upconversion infrared imaging may become important
trends in future development.

To manufacture a flexible device with stable performance and to characterize it accord-
ingly, it is necessary to optimize and improve the existing manufacturing materials
and manufacturing methods of the upconverter. The current flexible devices are
based on CQD materials, but these materials are often very toxic and cannot be used
in large-scale production applications. Therefore, only flexible devices with high
performance and low toxicity can be used in biology and other fields.

Broaden the wavelength range of upconversion. In fact, due to the invisible light range
from 700 nm to 1100 nm for the naked eye, it can be easily detected by traditional
silicon PDs. Thus, it could be said that the benefits of the upconversion device
concept only become obvious when NIR light with wavelengths beyond the silicon
band can be upconverted into visible light. The current upconversion devices are
mainly concentrated in the NIR band, and the research on SWIR and above infrared
upconversion devices is much less. Although CQD semiconductor materials have
the ability to cover the main wavelength bands of infrared, the maximum infrared
detection wavelength (1.6 pm) of all-CQDs-based infrared-to-visible upconversion
devices, which just reaches the SWIR and limits its application field. Therefore, it is
a mainstream direction for future research and development to break through the
infrared detection band range of infrared-to-visible upconversion devices, thereby
broadening their application field.
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Abstract: Colloidal quantum dots (CQDs) have been intensively investigated over the past decades
in various fields for both light detection and emission applications due to their advantages like
low cost, large-scale production, and tunable spectral absorption. However, current infrared CQD
detectors still suffer from one common problem, which is the low absorption rate limited by CQD
film thickness. Here, we report a simulation study of CQD infrared detectors with monolithically
integrated meta-lenses as light concentrators. The design of the meta-lens for 4 um infrared was
investigated and simulation results show that light intensity in the focused region is ~20 times higher.
Full device stacks were also simulated, and results show that, with a meta-lens, high absorption of
80% can be achieved even when the electric area of the CQD detectors was decreased by a factor of
64. With higher absorption and a smaller detector area, the employment of meta-lenses as optical
concentrators could possibly improve the detectivity by a factor of 32. Therefore, we believe that
integration of CQD infrared detectors with meta-lenses could serve as a promising route towards
high performance infrared optoelectronics.

Keywords: colloidal quantum dots; meta-lens; detectivity; optical concentrator

1. Introduction

With steady advancement, the maximum absorption wavelength of colloidal quantum dots (CQDs)
has been extended from near-infrared to longer wavelength, providing a promising alternative to bulk
infrared semiconductors like HgCdTe, InSb and type-II superlattices [1,2]. Among all the colloidal
nanomaterials, mercury telluride (HgTe) CQDs have so far demonstrated the highest spectral tunability
from the short-wave infrared (SWIR) [3,4] and mid-wave infrared (MWIR) [5-9] to the long-wave
infrared (LWIR) [10,11] and terahertz (THz) region [12]. HgTe CQD-based photoconductors [7,8,13],
photovoltaics [5,6,9], and phototransistors [14,15] have all been studied. Among them, HgTe CQD
photovoltaic detectors have unique advantages like the absence of 1/f noise [9] and fast operation
speed [5]. SWIR detectors with detectivity up to 5 x 10'° Jones at room temperature [16], MWIR detectors
with background-limited infrared photodetection (BLIP) performance at cryogenic temperature [6],
SWIR hyperspectral detectors with 64 channels [17], CQD-silicon dual-channel detectors [18],
and SWIR/MWIR dual-band imagers with vertical junctions [19] have all been demonstrated in
photovoltaic configuration. Despite all the exciting achievements, most infrared CQD detectors still
suffer from one common problem, which is the low absorption rate limited by the film thickness of
CQDs. CQD detectors are usually made by layer-by-layer drop-casting, and for an infrared HgTe
CQD detector, the regular thickness is ~400 nm and only 20% of incident light can be absorbed in
the MWIR region [6]. Further increase of film thickness would lead to cracks and delamination due
to mechanical stress from the drying and ligand exchange process [20]. Therefore, to improve the
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performance of infrared CQD photodetectors, one needs to find a strategy to enhance light absorption
without increasing CQD film thickness.
For infrared detectors, the key figure of merit is detectivity, D*, which can be expressed by

VA

D" =
I

R ()

where A is the light sensing area, I, is noise current, and R is responsivity, which is related to absorption
a by

ae
R = @

where e is elementary charge, / is the Planck constant, v is the frequency of photon, and 1 is internal
quantum efficiency. Therefore, the absorption of CQD film is related to D* by
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Strategies of using metallic plasmonic nanostructures, resonant cavities, and photonic crystals have
all been reported to boost CQD absorption up to 2-3 times [6,16]. Those structures are fabricated using
regular lithographic processes [11] or multi-beam laser interference lithography [21,22], which may
change the surface condition of CQDs and introduce noise source into CQD detectors. To optimize D,
it is highly favorable to find a way to increase light absorption and decrease noise at the same time.
The noise of a CQD photovoltaic detector mainly consists of Johnson noise, which scales with detector
electric area A, by a factor of A,? [18]. Employment of optical concentrators, therefore, seems to be a
suitable method to address such a challenge. With light concentrators, the electric area of a detector
can be decreased while maintaining the same responsivity by improving light absorption, leading to
enhanced detectivity. Compared to three-dimensional (3D) microlenses or microspheres, meta-lenses
can be fabricated in scalable ways and can provide functionalities like controlling the phase, amplitude,
and polarization of the incident light by simply altering the shape and the size of each meta-unit [23,24].
HgCdTe and GaSb detectors with meta-lenses have been reported. However, such a concept has rarely
been investigated for infrared CQD photodetectors.

Here, we report a simulation study of CQD infrared detectors with a monolithically integrated
meta-lens as light concentrator. The target spectral range is MWIR (3-5 um). The design of the
meta-lens in the center of MWIR (4 um) is discussed. The simulation results showed that light intensity
in the focused region is ~20 times higher than that of the incident light. More importantly, we find that
the chromatic aberration of the meta-lens might unintentionally help the development of spectrally
selective infrared detectors, which can be used to distinguish wavelength information of incident light.
Besides simulation of the meta-lens, full device stacks were also simulated, and results showed that
with a meta-lens, absorption of 80% can be achieved even when the electric area of the CQD detector
was decreased by a factor of 64. Therefore, we believe that integration of CQD infrared detectors with
a meta-lens could serve as a promising route towards high performance infrared optoelectronics.

2. Modeling and Simulation

COMSOL Multiphysics is used to conduct the simulation in our study. To save computation
resources, two-dimensional (2D) simulation is used as shown in Figure 1. The light is introduced
from the “incident port” with controlled power of 1 W. A listening port is placed on the top of the
model. The left and right sides are set as “Scattering Boundary Condition” to avoid light reflection.
The substrate material is chosen to be Al,O3 with a refractive index of 1.6 + 0i. The meta-lens units are
made of silicon with a refractive index of 3.5 + 0i. For HgTe CQDs, the refractive index is 2.3 + 0.1i [6].
The rest of the model is set to be air with a refractive index of 1 + 0i. The absorption of CQDs is
calculated by comparing the incident power and outlet power. The wavelength of incident light is
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swept from 1.5 to 5.0 um to calculate the spectral absorption. In out simulation, the diameter of the
meta-lens is set to be 200 um to match with our commonly used size of detector in experimental tests.
The phase profile and meta-lens design are generated by using open source software called MetaOptics
(version v2) [25]. In our design, we use an unpolarized plane wave with uniform intensity distribution
across the meta-lens region. To lower fabrication complexity, a pillar structure with periodicity of 2 um
and height of 6 pm was used. Complete phase shift of 027 can be realized by changing the diameter
from 0.6 to 1.7 um. Further shrinking the size of the meta-lens (periodicity, diameter, and height)
should still work as long as the light can still be focused onto the CQD detector.

Listening port

Air

cQDs Scattering Boundary condition

AlLO,

- e !
Scattering Boundary condition , 'Meta-lens layer

Incident port
Figure 1. Simulation model of CQD detector integrated with a meta-lens.
3. Results and Discussions

The proposed design of CQD photodetectors with a monolithically integrated meta-lens is
illustrated in Figure 2a. Pillar structures made of silicon were selected as the material to construct the
meta-lens unit. The incident light illuminated on the meta-lens can be concentrated and focused into
the CQD detector. As shown in the cross-sectional illustration in Figure 2b, the electric area of the
CQD detector is much smaller than the optical area of the meta-lens. To design a functional meta-lens,
the first step is to calculate the required phase profile based on the lens equation

Ol y) = Tan(f - 2 492+ f2) @

where A is the targeted wavelength, 1, is the index of refraction of the medium, and f is the focal
length. For a regular imaging lens, the phase profile for A =4 um and f = 300 pm is shown in Figure 2c
(black curve). For a meta-lens, the continuous phase profile modulation is achieved by periodically
changing the effective index of refraction of the medium, which can be done by tuning the height and
diameter of the silicon pillar in the meta-lens unit. The red curve in Figure 2c shows the required phase
profile of a meta-lens, based on which the meta-lens design was generated using open source software
called MetaOptics. In our design, a pillar structure with periodicity of 2 um and height of 6 pm was
used. By changing the diameter from 0.6 to 1.7 um, a phase shift of 0-27t was covered. Figure 2d shows
the 2D phase profile mapping and structure design of a meta-lens.
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Figure 2. (a) [llustration of meta-lens integrated with CQD detectors. Incident light is collected and
focused into CQD detectors with a small electric area. (b) Cross-sectional illustration of the meta-lens
integrated with the CQD detector. Light illuminated onto the optical area is focused to the CQD detector
with electric area A,. (c) Phase profile of a regular lens (black curve) and meta-lens (red). (d) Design
of meta-lens using pillar structures. The diameter and focal length are 200 and 200 um, respectively.
Inset is a representative 2D phase mapping used to generate the meta-lens design.

To verify the optical function of the meta-lens design, the light intensity distribution after passing
through the meta-lens is simulated. Various values of numerical aperture (NA) were used and the
results showed that the incident light could be successfully concentrated and focused into a smaller
spot and that the focal length could be precisely tuned by changing the geometrical parameters of the
meta-lens (Figure 3a). For a meta-lens with diameter of 200 um, the diameter of the focused region is
around 10-20 pum, depending on the NA (Figure 3b). Overall, the enhancement ratio of light intensity
in the focused region is ~20, which is similar to previously reported experimental values [26].

Besides simulation of the meta-lens with different NAs, chromatic aberration was also investigated.
For the meta-lens with a NA of 0.43 and targeted wavelength of 4 um, we calculated the intensity
distribution for incident light with different wavelengths. Chromatic aberration was clearly found,
as shown in Figure 4a. As the wavelength deviates from the targeted center wavelength of 4 pm,
the focal spot obviously shifts, moving the focused light away from the designed position where the
CQD detector would be located. Chromatic aberration limits the operation spectral ranges of the
meta-lens and is hard to correct. However, such properties could be potentially used to develop infrared
detectors with spectral selectivity (Figure 4b). Spectral selectivity presents in all three meta-lenses
(2.5,4.0, and 4.8 um). Away from the targeted wavelength, the enhancement ratio decreases rapidly.
The simulation results clearly demonstrate the versatility and flexibility of meta-lenses.
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Figure 3. (a) COMSOL simulation of light intensity distribution with various numerical apertures
(NAs). (b) Enhancement ratio profile across the focused area (white dashed line in Figure 2a).
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Figure 4. (a) Simulated light intensity distribution of a meta-lens with NA of 0.43 with light at different

wavelength. (b) Spectral enhancement factors across the focused area for meta-lens designed for 2.5,
4.0, and 4.8 um (dashed line in Figure 3a).
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Finally, we simulated the full CQD device stacks with a meta-lens using COMOSL. The simulation
model is shown in Figure 5a. The incident light is first focused by the meta-lens and then absorbed
by the CQD layers. The diameter of the meta-lens is 200 um and the width of the CQD detector
is swept from 5 to 30 um with the same thickness of 400 nm. As shown in the simulated light
intensity distribution mapping, most of the incident light can be focused onto the CQD detectors by
tuning the geometrical parameters of the meta-lens (Figure 5b). With the width of the CQD detectors
increasing from 5 to 30 pm, the absorption gradually increases from 10% to 80% and saturates at a
width of 25 um (Figure 5c). Compared to the reference detector with a width of 200 um without a
meta-lens, it is impressive that 4 times more light can be absorbed by a smaller detector at the targeted
wavelength of ~4 um. Based on Equation (3) and previous discussion, higher absorption leads to
higher responsivity R (x4) and smaller detector results in smaller noise current (xX0.125). Therefore,
the employment of meta-lenses as optical concentrators could improve the detectivity by a factor of 32.
Previous experimental studies of HgCdTe with meta-lenses reported an enhancement ratio of ~5.5,
demonstrating that the concept of integration of meta-lenses with infrared detectors should work [26].
The current study mainly focuses on simulation and theoretical calculation, and experimental tests
would be conducted to verify such an enhancement factor in the future.
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Figure 5. (a) Simulation model used to calculate the absorption of CQD detector with meta-lens.
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(b) Simulated light intensity distribution of light passing through meta-lens. (c) Simulated absorption
of CQD detector with width of 5 to 25 um with meta-lens and simulated absorption from a reference
detector with a width of 200 um (no meta-lens).

4. Conclusions

In conclusion, our simulation results show that integration of meta-lenses with CQD detectors
is a promising way to improve detector detectivity by increasing absorption and decreasing noise
at the same time. Full device stack simulation shows that, with meta-lenses, a high absorption
of 80% can be achieved even when the electric area of the CQD detectors is decreased by a factor
of 64. With meta-lenses as optical concentrators, the detectivity can be improved by a factor of
32. By drop-casting HgTe CQDs on a commercial read-out integrated circuit, a previous study
demonstrated that a MWIR thermal camera with a noise equivalent differential temperature (NEDT)
of 102 mK [27] showed a simple fabrication route to low-cost thermal cameras with CQDs. Therefore,
we believe that integration of CQD infrared detectors with meta-lenses could serve as a promising
route towards both high performance single-element detectors and focal plane arrays.
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Abstract: In recent years, colloidal quantum dots (CQD) have been intensively studied in various
fields due to their excellent optical properties, such as size-tunable absorption features and wide
spectral tunability. Therefore, CQDs are promising infrared materials to become alternatives for
epitaxial semiconductors, such as HgCdTe, InSb, and type II superlattices. Here, we report a simula-
tion study of a microspectrometer fabricated by integrating an intraband HgSe CQD detector with a
distributed Bragg reflector (DBR). Intraband HgSe CQDs possess unique narrowband absorption and
optical response, which makes them an ideal material platform to achieve high-resolution detection
for infrared signatures, such as molecular vibration. A microspectrometer with a center wavelength
of 4 um is studied. The simulation results show that the optical absorption rate of the HgSe CQD
detector can be increased by 300%, and the full-width-at-half-maximum (FWHM) is narrowed to
30%, realizing precise regulation of the absorption wavelength. The influence of the incident angle of
light waves on the microspectrometer is also simulated, and the results show that the absorption rate
of the HgSe quantum dot detector is increased 2-3 times within the incident angle of 0-23 degrees,
reaching a spectral absorption rate of more than 80%. Therefore, we believe that HgSe CQDs are a
promising material for realizing practical HgSe microspectrometers.

Keywords: colloidal quantum dots; distributed bragg reflector; microspectrometer

1. Introduction

Spectral detection is the core technology used in the fields of physicochemical property
analysis, chemical composition analysis, and environmental monitoring [1-4]. It also shows
great potential in emerging artificial intelligence networks, autonomous driving, and
machine vision [5-7]. A spectrometer is generally composed of dispersive optics, a detector
system, and an optical path adjustment system. An important development direction
of the spectrometer is the miniaturization of spectrometers. Micro-spectrometers with a
small size, low energy consumption, and low cost have become promising alternatives
in many spectral detection fields. Currently, micro-spectrometers are mainly made by
micro-nano optical processing or micro-electro-mechanical system (MEMS) technology,
including photonic crystal arrays [8-10], arrayed waveguide gratings [11], planar etched
gratings [12], micro-Michelson interferometers [13], and narrowband optical filters [14,15].
The use of non-silicon-based photodetectors is another way to fabricate spectrometers,
including graphene detectors [16], organic photodetectors [17], and colloidal quantum
dot detectors (CQDs) [18]. Compared with MEMS and etched gratings, spectrometers
fabricated with detectors capable of detecting specific wavelengths have the advantages of
compact structure and system stability.
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Infrared detectors play a key role in spectrometers. Colloidal quantum dots (CQD)
have been intensively studied in various fields due to their excellent optical properties,
such as size-tunable absorption features and wide spectral tunability. Therefore, CQDs
are promising infrared materials to become alternatives for epitaxial semiconductors,
such as HgCdTe, InSb, and type II superlattices. At present, the tunable bands of the
developed CQDs have covered the short-wave infrared (SWIR) [19], mid-wave infrared
(MWIR) [20], long-wave infrared (LWIR), and terahertz bands [21,22]. Photodetectors based
on quantum dots for photoconductivity [23], photovoltaics [20,24], and phototransistors
have been investigated [25]. Benefiting from the ease of processing and spectral tunability of
CQDs, filter-free narrowband photodetectors [26], double-endedSWIR/MWIR dual-band
detectors [27], and SWIR hyperspectral sensors have been investigated [28].

Among narrow-band optoelectronic materials, mercury selenide (HgSe) CQDs have
thus far demonstrated the only Lorentzian lineshape of optical absorption in mid-wave
infrared (MWIR), which is suitable for spectrally selective detection [29,30]. Despite the
exciting properties of HgSe CQDs, most infrared CQD detectors still suffer from a common
problem, a low absorption rate limited by the CQD film thickness [24]. CQD detectors
are usually made by layer-by-layer drop-casting, and for an infrared CQD detector, the
typical thickness is ~400 nm, and only 20% of incident light can be absorbed [31]. An-
other problem that needs to be improved is that HgSe CQDs still have a relatively broad
FWHM. In this work, high-performance HgSe CQD microspectrometers are designed by
integrating a HgSe CQD sensor and a resonant cavity (RC) composed of distributed Bragg
reflectors (DBR). Finite element analysis of HgSe CQD microspectrometer detectors was
systematically conducted.

The simulation results show that the spectrometer has strong wavelength selectivity,
high absorption rate up to 91%, and extremely narrow full width at half maximum down
to 0.2 um in MWIR. The wavelength selection of the absorption peak can be achieved by
adjusting the thickness of the optical cavity. Therefore, the integration of the narrowband
CQD material HgSe with the resonator can achieve precise spectrally selective detection.
It can be concluded that the spectrometer has the advantages of adjustable wavelength,
narrow half-peak, high spectral resolution, high spectral responsivity, small size, and
low cost.

2. Modeling and Simulation

COMSOL Multiphysics is used to conduct the simulation in our study. The proposed
design of a CQD microspectrometer with a resonant cavity is illustrated in Figure 1a. A
sapphire (Al,O3) with high transmittance in the infrared band is used as the substrate,
and Ti3Os5 and SiO, are periodically deposited on it as the DBR. The optical spacer layer
and CQD detector were fabricated on the DBR and capped with insulating layers and
gold film. The DBR is composed of alternating layers of two materials, each of which has
a different refractive index. The interference effect between reflected waves makes the
reflection window of the DBR depend on wavelength. To save computation resources, a
two-dimensional (2D) simulation is used, as shown in Figure 1b. There is only one physical
field in the model, a simple parallel light field entering the device from the entrance port.
The light is introduced from the “incident port” with a controlled power of 1 W. The
wavelength of incident light is swept from 2.5 to 10.0 um to calculate spectral absorption.

The listening port is placed at the bottom of the model. Considering that the size
of the model is much smaller than the size of the actual device, we set the left and right
sides as “continuous periodic boundary conditions” to avoid the influence caused by the
limited width of the model. Below the incident port is the substrate, and the material of
the substrate is chosen to be Al,O3 with a refractive index of 1.6 + 0i because of its low
absorption for infrared light.
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Figure 1. Architecture of the HgSe CQD microspectrometer. (a) Schematic of the CQD microspec-
trometer, consisting of a CQD sensor and filters. The optical spacer layer is under the DBR, and the
quantum dot layer is sandwiched between the optical spacer layer and the optical reflection layer.
(b) Simulation model of a CQD microspectrometer with a resonant cavity. (c) Spectral absorption
plots of HgSe CQDs (red line), simulated spectral absorption plots (black lines). (d) TEM of HgSe
CQDs.

The DBR is composed of alternating layers of high and low refractive index dielectric
films. The material of the high refractive index layer of the DBR is selected as Ti3Os with a
refractive index of 2.35 + 0i, and the material of the low refractive index layer is selected
as SiO; with a refractive index of 1.4 + 0i. The optical spacer layer is used to regulate the
thickness of the resonator cavity, and the material is also SiO,. HgSe CQD were used as
the photosensitive layer of the micro-spectrometer, and the refractive index was obtained
by fitting the actual absorption spectrum of HgSe CQD, which had an absorption peak
with a central wavelength of 4.19 pm in the range of 1.67-10 pm, as shown in Figure 1c,d.
The mean size of the CQDs is 4.7 nm, and the size distribution is uniform, with a standard
deviation of 0.5 nm. The bottom of the model is the gold film, as the total reflection layer
of light waves, which, together with the DBR and the optical spacer layer, constitutes an
optical resonant cavity. The rest of the model is set to air with a refractive index of 1 + 0i. In
the simulation, the width of the 2D model is 0.4 um, the thickness of the Al,O5 substrate is
1.1 pum, the thickness of the HgSe CQD film is set to 0.4 um which is the thickest thickness
of the active layer in most CQD detectors [31], and the thickness of the DBR dielectric film
layer is determined by [32]:

npdy = npdp = Ag/4 1

where nyy and ny, are the refractive indices of the DBR high and low refractive index
dielectric layers, dg and dy, are the thicknesses of the two dielectric layers, and A is the
center wavelength of the DBR reflection window. In the design, we use unpolarized
plane waves with uniform intensity distribution. To reduce manufacturing complexity,
the spectrometer uses a vertically stacked architecture. The absorption, wavelength of the
absorption peak, and FWHM can be regulated by adjusting the thickness of the optical
spacer layer.

3. Results and Discussion

When light passes through the structure, reflected waves are generated between
multiple interfaces. The bandwidth of the reflection window of the DBR is given by [33,34]:

Ay = ﬂarcsin (w> 2)
7T ny +ng,
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where Ay is the center wavelength of the bandwidth. Another important factor determined
by the DBR is the reflectivity of the resonator top mirror. The reflectivity R of the distributed
DBR is given by:

2

d 3)

where np and ny, are the refractive indices of the high refractive index layer and the low
refractive index layer, n, and ny, are the refractive index of substrates on both sides of
the DBR, and N is the number of layers of the DBR. For the resonant cavity, continuous
resonance wavelength modulation is achieved by changing the optical length of the layer
of the DBR and cavity, which can be done by tuning the thickness of the optical spacer
layer and the layer of the DBR. In our design, the thickness of the DBR dielectric layer
needs to match the absorption wavelength of the quantum dot narrowband material, so the
absorption rate and FWHM of the photodetector source layer can be regulated by simply
changing the number of DBR layers and the thickness of the optical isolation layer.

By introducing spectrally flat light as an illumination source, the optical field distribu-
tions in the resonant cavity are simulated, as shown in Figure 2. The core of the optical field
is located on the boundary between the active layer and the optical spacer layer, which
may be due to the absorption of photons by the active layer. Since the active layer placed in
the resonant cavity is a narrowband CQD material, unwanted resonances and broadening
FWHM of peaks are avoided, allowing tunable narrowband photodetection. The simulated
absorption of the microspectrometer further demonstrates the accurate spectral tunability
of our device.

The quantum efficiency depicting the absorption of a photodetector to optical signals
is also analyzed. At zero bias, assuming that the optical active layer is defect free, n can be
calculated using;:

n=(1-R)(1-e) 4)
where «(hv) is the absorption coefficient, d is the thickness of the active layer, and R is
surface reflection of the photodetectors. In our design, the total quantum efficiency 1ot of
photodetector with RC is [35,36]:

1+ Rpe—od .
1—24/ Rleefocd cos (AanL + g + 11)2) + R1R2672°‘d

®)

TNtot =

where R; is the corresponding power reflectivity of the top mirror composed of DBR of RC,
Ry is the corresponding power reflectivity of the bottom reflective mirror composed of gold
reflective film of RC, L, and n are the thickness and refractive index of the optical spacer
layer, 1,1, are the phase shift caused by the top and the bottom mirror of the resonant
cavity to the reflected light, and A is the wavelength of incident light. The improvement in
the reflectivity of the top mirror increases the resonant effect of the resonator and hinders
light from entering the resonator, so the quantum efficiency of the photodetector is greatly
reduced when the number of DBR layers increases, which is proved in our simulation.
In truth, in our simulations, when the number of layers of the DBR reaches three, the
absorption rate of the CQD detector drops sharply. The full quantum efficiency is more
dependent on the «d of the optoelectronic material. Limited by the layer-by-layer drop-
casting method of the CQD detector, a further increase of film thickness would lead to
cracks and delamination due to mechanical stress from the drying and ligand exchange
process [31]. Additionally, the variation in the thickness of the optical isolation layer affects
the periodic shift of the central wavelength of the spectral absorption peak.
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Figure 2. Optical field distributions of the resonant cavity. Optical field distributions for optical
spacer layer thicknesses of (a) 0.6, (b) 0.8, and (c) 1.0 um of one layer of DBR are shown. (d-f). The
optical field distributions for two layers of DBR with the same optical spacer layer thickness as one
layer. Different layer positions are marked by white dashed lines.

The HgSe active layer in the device is replaced by a virtual broadband material whose
imaginary part of the refractive index is constant, independent of the wavelength of light,
unlike HgSe CQDs. It can be considered a broad-spectrum optoelectronic material with the
same absorption for different wavelengths of light, and the results are shown in Figure 3.
For broad-spectrum optoelectronic materials, the harmonic density and order of the spectral
absorption peaks gradually increase, and the side mode suppression ratio also decreases
gradually when the wavelength decreases and the thickness of the optical spacer layer
increases. In our design, the absorption suppression of the harmonic sub-peaks of the
resonant cavity comes from the unique intraband transition characteristics of HgSe CQDs
as the active layer material. A unique intraband transition property of HgSe CQDs is
that electronic transitions occur between the first two conduction band states, 1S e and
1P e of HgSe CQDs. When the incident photon energy Eppoton in the infrared matches
the intraband energy gap Eintra, the light absorption reaches a maximum value, and if the
energy of the incident photon is higher or lower than Ej.,, the light absorption drops
sharply, which creates the Lorentzian lineshape of the absorption properties of HgSe CQDs.
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Figure 3. Spectral absorption of photodetectors with resonant cavities constructed from narrowband
(HgSe, black line) and broadband (red line) optoelectronic materials at optical spacer layer thicknesses
of 0.6 (a), 0.8 (b), and 1.0 (c) um.

According to existing experimental conclusions, the influence of the size and size
of the CQDs on the energy band can be further learned. The absorption peaks of HgSe
redshift with increasing size, which is controlled by the reaction conditions for synthesizing
CQDs [37,38]. By controlling the reaction time and temperature, the energy gap of the
CQDs becomes smaller, and as a result, the Fermi level is in the Se state, defined as the
two electrons in the conduction band of each CQD being in the Se state and the Pe state
being empty. Compared to other electron doping densities, the dark current of HgSe film is
reduced [39,40]. On the other hand, the uneven distribution of quantum dot size will also
have an impact on carrier mobility. The carrier mobility of the HgSe film can be measured
and calculated by the FET circuit, and the mechanism is explained by Marcus theory [40]:

krr = Conexp (7 + AG)* /479K ) (6)
where Con is the constant, AG is the energy difference caused by uneven size of CQDs, T is
the temperature in Kelvin, kg is the Boltzmann constant. v is the recombinant energy of the
polarization effect of the medium around the carrier [41]. y is obtained by:

e (ot (i1t
7_47150 a 2(D+1)/\e s

where e is the elementary charge, ¢ is the vacuum permittivity, D is the radius of the
CQDs, 1is the spacing between CQDs, €1 is the optical dielectric constant of the matrix
surrounding CQDs, e is the static dielectric constant. The intraband transition property
makes HgSe CQDs an excellent optoelectronic material for detecting specific wavelengths
of infrared. By tuning the size of the HgSe CQDs, the Ejn, and the corresponding peak
absorption wavelength can be controlled. This design can modify the reflection window of
the DBR to match the specific wavelength detectable by HgSe by adjusting the optical length
of the DBR dielectric thin-film layer. The resonance enhancement effect of the resonant
cavity is used to improve the absorption rate and fine-tune the absorption wavelength of
the HgSe CQD detector. Previous studies have already demonstrated that photo-excited
carriers through intraband transition can be collected to generate photocurrents. The
application of the intraband transition for photoconductors was first demonstrated in the
3-5 um range of infrared [42].

To verify the optical functionality of the DBR design, the spectral absorption of the
CQD detector in the single-band microspectrometer was simulated using a one-layer and
two-layer DBR, as shown in Figure 4. The number of layers of DBR is determined by the
number of high and low refractive index film layer pairs. When the resonant wavelength
of the resonant cavity accurately matches the absorption peak of the CQD active layer, the
absorption rate of the CQD detector increases 2.8 times. The FWHM is reduced to 18%
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and 31%, respectively, in the application of one layer and two layers of DBR. There is an
approximate linear relationship between the central wavelength of the absorption peak
and the thickness of the optical spacer layer, indicating that the central wavelength of the
absorption peak can be precisely tuned by changing the thickness of the optical spacer
layer (Figure 4d). Compared with one-layer DBR, the FWHM of the absorption peak of the
CQD detector with two layers of DBR is narrower, but the peak absorption oscillates when
the optical isolation layer is thickened, which may indicate that increasing the number of
layers of DBR will produce more interference when the optical length of the resonant cavity
increases.

Overall, the performance of the CQD detector was significantly increased after adopt-
ing the resonator with one layer of DBR. The absorption of the CQD detector was increased
2-3 times, and the FWHM was narrowed to 30% of the original. The central wavelength of
the absorption peak can be tuned in the range of 0.7 um, which is consistent with previously
reported studies [26].

In addition to modeling the cavity length of the resonator, the influence of the an-
gle of incidence was also studied. For a cavity with an optical spacer layer of 0.82 um
(absorption > 90%, Figure 5a), we simulated spectral absorption of the CQD detector with
incident light from 0 degrees to 90 degrees, and the modeling of the incident angle of
the light wave is shown in Figure 6a. The simulation results are shown in Figure 6b,c.
The results show that within the incident angle of 0-25 degrees, the absorption of the
CQD detector is still increased 2-3 times, and the FWHM is narrowed by 30%, but the
center wavelength is shifted by 0.3 um at most (Figure 6d—f). After the incident angle
exceeds 25 degrees, the absorption rate of the CQD detector drops sharply, and the center

wavelength of the peak of absorption produces a large periodic change.
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microspectrometer with different optical spacer thicknesses and two layers of DBR.

135



Coatings 2022, 12, 888

100

a One layer of DBR b -
—— Two layers of DBR o L
I Ref Il
80 80 B
‘ -
g g
c 60 = 60
S =) ‘
g B i
B 2 :
3 40 3 4 i
< ER
20 4 204
o T
1000 2000 3000 4000 0.2 0.4

Wavenumbers (cm)

3200

3]
o
8

o

06 08 10 12 14
Optical Spacer (um)

3000
2800

2600

FWHM (cm")

2400 4

Center Wavenumber (cm™)

2200

T T T T 2000 T
06 08 1.0 12 02 04

Optical Spacer (um)

06 08 10 1.2 14
Optical Spacer (um)

Figure 5. Effect of resonant cavity composed of DBR on CQD detector. (a) Absorption of the CQD
detector with one layer of DBR, two layers of DBR, and no DBR (Ref) for the thickness of the optical
spacer layer is 0.82 um. Absorption (b), FWHW (c), and center wavenumber (d) of absorption peak
of the CQD detector at different thicknesses of the optical spacer layer with one layer (red line),

two layers (blue line) of DBR, and no DBR (black line).

a p ' T c ™
Incidence angle %
60
s
g
gdﬂ-
“Opticaipacer 20 204 )
cQDs V) i
i /
istening port 0 ——
prenare 01000 2000 3000 4000 1000 2000 3000 4000
d Wavenumbers (cm') f Wavenumbers (cm-")
45° 45° 45°
o Ref N . Ref A «- Ref
= one-layer of DBR . o = one-layer of DBR
+- two-layer of DBR N ;’5:}:’;’%; > »- two-layer of DBR
" e
AN '-. :
- ot %
o .
A - )
& b4 :
F ;
rod o : o
= =T ! |'\'|‘|'\'|‘10‘.‘.‘.“‘l"o
o N A O o g =2 2NN W o N &~ © 0 o
2 2 = 838888 sS 8 8 8 8 3
Ab tion(% S & & & o o O 01 s g
sorption(%) Center Wavenumber (cm™) FWHM (em™)

Figure 6. Influence of incidence angle on mincrospectrometer performance. (a) Simulation model

of a CQD microspectrometer with an incident angle. Absorption of a

CQD microspectrometer with

different incident angles in one layer of DBR (b) and two layers of DBR (c). Absorption (d), center
wavenumber (e), and FWHW (f) of absorption peak of the CQD detector in the range of incident
angle of 0-45 degrees with one layer (red line), two layers (blue line) of DBR, and no DBR (black line).

136



Coatings 2022, 12, 888

4. Conclusions

In conclusion, our design and simulation confirm that the wavelength-specific detec-
tion of HgSe for infrared forms a good match with the reflection window formed by DBR
and the resonance wavelength of the resonant cavity, which can further obtain a lower
FWHM and a higher absorption rate. The detector assumes the function of a single-band
spectrometer in the range of MWIR according to the simulation results, and it is possible to
fabricate a snapshot HgSe CQD microspectrometer by integrating multiple photodetectors
capable of detecting various infrared regions by simply adjusting the cavity length of the
resonant cavity. We believe that the simulation results have important implications for
microspectrometers. In addition, the effect of enhancing the light absorption of the active
layer with this device structure should be applicable to thinner film-like detectors.
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Abstract: Infrared detectors with polarization sensitivity could extend the information dimension of
the detected signals and improve target recognition ability. However, traditional infrared polarization
detectors with epitaxial semiconductors usually suffer from low extinction ratio, complexity in
structure and high cost. Here, we report a simulation study of colloidal quantum dot (CQD) infrared
detectors with monolithically integrated metal wire-grid polarizer and optical cavity. The solution
processibility of CQDs enables the direct integration of metallic wire-grid polarizers with CQD films.
The polarization selectivity of HgTe CQDs with resonant cavity-enhanced wire-grid polarizers are
studied in both short-wave and mid-wave infrared region. The extinction ratio in short-wave and
mid-wave region can reach up to 40 and 60 dB, respectively. Besides high extinction ratio, the optical
cavity enhanced wire-grid polarizer could also significantly improve light absorption at resonant
wavelength by a factor of 1.5, which leads to higher quantum efficiency and better spectral selectivity.
We believe that coupling CQD infrared detector with wire-grid polarizer and optical cavity can
become a promising way to realize high-performance infrared optoelectronic devices.

Keywords: polarization; colloidal quantum dots; detectivity; optical cavity

1. Introduction

Polarization imaging technology plays an increasingly important role in target recogni-
tion and detection. The polarization state of light results from the interaction between light
and objects at the microscopic level. When the surface topography, states and observation
orientation are different, the specular polarization information of the object will change
accordingly [1,2]. Therefore, when the temperature difference between the observed objects
and the surrounding environment is relatively small, infrared thermal imaging fails to give
high-contrast images, whereas polarization imaging can provide a new information dimen-
sion for target discrimination with high contrast between the targets and the surrounding
background [3,4]. Therefore, polarization imaging technology has become an powerful
imaging technology besides traditional intensity imaging and spectral imaging, which
has a wide prospective application in military infrared anti-counterfeiting equipment [5],
remote sensing, astronomical observation [6] and medical diagnosis [7].

Traditional polarization imaging techniques are mainly divided into time-sharing
polarization imaging [8,9], amplitude polarization imaging and aperture polarization
imaging. However, they rely on moving optics, registration and sophisticated calibration
procedures, which greatly increase their complexity and cost.

With the increasing demands for high sensitivity, low cost and scalable polarized
infrared detector equipment, there is a trend to directly couple the polarizers such as metal
wire-grid polarizer with infrared detector on pixel level. High sensitivity, compact structure
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and wide bandwidth have been demonstrated with different processing technology [10,11].
Despite their high performance, these detectors are still limited by the high cost of epitaxial
semiconductors [12]. It is advantageous to find a method that has both high polarization
sensitivity and low cost. With the continuous progress, the maximum absorption wave-
length of colloidal quantum dots (CQDs) has been extended from near infrared to longer
wavelength, which provides a promising alternative for bulk infrared semiconductors such
as HgCdTe, InSb and type II superlattice. Among all colloidal nano materials, mercury
telluride (HgTe) CQDs has shown the highest spectral tunability so far; from short-wave
infrared and mid-wave infrared to long-wave infrared and terahertz (THz) regions, we can
control the reaction time and temperature to obtain colloidal quantum dots with different
particle sizes for different infrared regions [13]. The solution workability and broad spectral
tunability of colloidal quantum dots inspire a variety of inexpensive, high-performance op-
toelectronic devices [14]. Therefore, coupling metal nanowire-grid polarizer with colloidal
quantum dot detector seems to be a suitable method to solve this challenge.

In this work, a high-performance polarization-sensitive infrared detector is designed
by integrating HgTe CQDs photovoltaic detector with wire-grid polarizer and optical cavity.
Finite element analysis of HgTe CQDs polarization-sensitive detectors was systematically
conducted covering short-wave infrared and mid-wave infrared. The simulation results
show that this detector has high polarization selectivity in both short-wave infrared and
mid-wave infrared. The extinction ratio in short-wave and mid-wave region can reach up
to 40 and 60 dB, respectively. Besides high extinction ratio, the optical cavity enhanced wire-
grid polarizer could also significantly improve light absorption at resonant wavelength by
a factor of 1.5, which leads to higher quantum efficiency and better spectral selectivity.

2. Modeling and Simulation

The structure of the proposed HgTe CQDs detector with resonant cavity-coupled
wire-grid polarizer is illustrated in Figure 1a. Distributed Bragg reflectors (DBRs) are set
on an Al,O3 substrate, on top of which subwavelength wire-grid polarizers are added.
The reflectivity of DBR is determined by the number of the alternating layers and their
difference in refractive index [15]. The polarization selectivity of the metal wire grid is
originated from the structural asymmetry. The transverse wave (TE polarized light) in
which the electric vector is parallel to the direction of the wire grids can excite the electrons
to oscillate along the grid, so TE polarized light will be reflected, and the transverse
magnetic wave (TM polarized light) with electric vector perpendicular to the wires cannot
excite free electron oscillations and therefore shows high optical transmission [12]. On top
of the metal wire-grid polarizer, HgTe CQDs photodiodes are constructed with indium
tin oxide and gold as bottom and top contacts. The DBR and top gold contact forms a
resonant cavity.

- Au 1.4 5
1.2
PEC
CQbs TM wave 1.0 5
Metal wire grid— S~ Spacer z 4z
Metal wire grid E wave 0.8 3 . 3
06 < <
3 3
DBR 04 2 23
0.2 1
Al,O4 0 0
I(— incident light L e= ™ ([ | TE

Figure 1. Architecture of resonant cavity-coupled Colloidal quantum-dot detectors with polar ization
sensitivity. (a) Structure schematic and (b) simulation model of Resonant cavity-coupled Colloidal
quantum-dot detectors with polarization sensitivity. Electric field distribution of (¢) TM waves and
(d) TE waves.
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COMSOL Multiphysics is used to conduct the simulation in our study. To save
computation resources, a two-dimensional (2D) simulation is used, as shown in Figure 1b.
The light is incident from the bottom with controlled power of 1 W. The left and right
sides are set as “Periodic boundary condition”. The substrate material is chosen to be
Al,O3 with a refractive index of 1.3 + 0i. Low refraction SiO, material with a refractive
index of 1.4 + 0i and high refractive index Si material with a refractive index of 3.42 + 0i are
selected for Bragg mirror, and SiO, material is also selected as optical spacer. For HgTe
CQDs, the refractive index is 2.3 + 0.1i [16], and the rest of the model is set to be air
with a refractive index of 1 + 0i. The wire-grid polarizer and the top electrode are set
as perfect electrical conductors (PEC). The electric field distribution of TM wave and TE
wave obtained by simulation is shown in Figure 1c,d, and it can be seen that the structure
has strong polarization selectivity. The index of refraction of CQDs films is measured
before simulation. Based on the measured index of refraction, the simulation fraction
fsimulation can be estimated by using different effective medium approximations, including
the Maxwell-Garnett (MG) model and Bruggeman (BG) model:

€ —€cop Em — €COD
MGmodel ; % =(1- fsimulufian)ﬁ (1)
e
Ecop — € Em — &€
BGmodel : fsimulationﬁ + (1 - fsimulation)ﬁ =0 (2)
e m e

where ¢ is the effective dielectric constant, which is obtained by the measured index of
refraction n, ecgp; is the dielectric constant of CQDs, and ¢, is the dielectric constant of
medium. For HgTe, ecgp; is taken as 15.1. ¢, is taken to be 1, since the CQDs are surrounded
by air. According to the thickness of colloidal quantum dot film, the approximate refractive
index is 2.3 + 0.1i; in previous studies, this value has also been proved to be reliable [14,16].

3. Results and Discussions
3.1. Effects of Period and Duty Cycle

The center wavelength Aceter of Bragg mirror defined the operation spectral ranges of
resonant cavity, and it can be expressed as

Acenter = 4myd) = 4nydy, 3

where 11 and ny, are the refractive index of the two materials, and d; and dj, are the thickness
of the two materials. Bragg mirrors are formed by two alternating layers with different
refractive index. By changing the thickness of each layer in the simulation, the reflection
window can be controlled. When the response of the detector is in short-wave infrared,
the center wavelength is set to be 2 um, so the thickness of SiO, and Si is calculated to be
340 nm and 140 nm, respectively. When the detector works in the mid-wave region, the
center wavelength is about 4 um, and the thickness of SiO; and Si is set to be 700 nm and
280 nm [17].

For wire-grid polarizer, the period and duty cycle are two key parameters that influ-
ence its spectral extinction ratio [18]. The duty cycle f is defined as: f = b/p, where p is the
period of the wire grid, and b is the width of wire grid. The polarization performance of
polarizer is usually characterized by extinction ratio, that is, ER = 10 log(TM/TE). In our
simulation, the extinction ratio is defined by the absorption ratio of CQDs under TM and
TE wave incidence.

When short-wave infrared plane waves are incident and the period of metal wire grid
increases from 0.6 pm to 1.0 um, the spectral absorption characteristic curves of HgTe CQDs
is simulated, as shown in Figure 2a. The corresponding extinction ratio of absorption is
shown in Figure 2b. The HgTe CQDs demonstrate clear polarization-dependent absorption.
With decreasing period from 1.0 to 0.6 pum, the extinction ration increases by almost three
orders of magnitude. Duty cycle of wire grid is another important structural parameter.
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When the plane wave is incident vertically, the absorption characteristic curves of HgTe
CQDs with wire grids with different duty cycles are simulated in the short-wave region
(Figure 2c). When the duty cycle of the grid increases from 0.3 to 0.7, the absorption rate of
TM wave decreases gradually and redshifts, whereas that of TE decreases significantly, and
the extinction ratio increases (Figure 2d). In the mid-wave region, when the period increase
from 0.6 um to 1.0 um, the absorption characteristic curve of HgTe CQDs with metal wire
grid is simulated, as shown in Figure 3a,b. When duty cycle changes from 0.3 to 0.7, the
absorption rate of TM wave in the mid-wave region redshifts. (Figure 3c). The simulation
results show that the extinction ratio of the CQDs detector in the mid-wave region is much
larger than that in the short-wave region (Figure 3d). Thus, the detector will be more suit-
able in the mid-wave region than the short-wave region according to the simulation results.
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Figure 2. (a) Influence of different periods on polarization performance and absorption rate in short-
wave region. (b) Extinction ratio for different periods in short-wave region. The thickness of metal
wire grid is 100 nm. Duty cycle f is 0.5. The thickness of SiO; is 340 nm. The thickness Si is 140 nm.
(c) Influence of different duty cycle on polarization performance and absorption rate in short-wave
region. (d) Extinction ratio for different duty cycle in short-wave region. Thickness of metal wire grid
is 100 nm. The period p is 0.8 um. The thickness of SiO; is 340 nm. The thickness Si is 140 nm.

The extinction ratio in short-wave and mid-wave region according to our simulation
results can reach 40 and 60 dB, respectively, through coupling the single-layer wire grid and
Bragg mirror, which are higher than that of other similar structures [10,19,20]. Although the
extinction ratio using multi-layers wire grid is larger than ours, the complicated structure
is difficult for mass production [12]. Compared with previous studies, our structure has
considerable extinction ratio on the basis of its simpler structure, which makes the detector
easier to manufacture. Therefore, the coupling of colloidal quantum dot detector and nano
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Figure 3. (a) Influence of different periods on polarization performance and absorption rate in mid-
wave region. (b) Extinction ratio for different periods in mid-wave region. The thickness of metal
wire grid is 100 nm. Duty cycle f is 0.5. The thickness of SiO, is 700 nm. The thickness Si is 280 nm.
(c) Influence of different duty cycle on polarization performance and absorption rate in mid-wave
region. (d) Extinction ratio for different duty cycle in mid-wave region. The thickness of the metal
wire grid is 100 nm. The period p is 0.8 um. The thickness of SiO; is 700 nm. The thickness of Si is
280 nm.

3.2. Effects of Optical Spacer Thickness

The optical spacer above the wire-grid polarizer is composed of SiO;. The role of the
resonator is to select the light with a desired wavelength and suppress the light with other
wavelength [21]. Therefore, the desired wavelength of TM absorption peak can be selected
by adjusting the thickness of the SiO, layer. The wavelength of the peak absorption for a
resonant cavity can be expressed by

_ 2nlv/n? — sin? 0

wm — ¢

A 4)
where [ is the optical path, 7 is the index of refraction of the optical spacer, 0 is the angle of
incidence, m is the order of interference, and ¢ is the phase shift of light between the two
reflective surfaces. Therefore, by changing the thickness of the optical spacer (SiO,), the
spectra can be tuned accordingly.

In the short-wave region and mid-wave infrared, the absorption curves of TM wave
and TE wave with various thickness of the optical spacer are shown in Figure 4a,b. The black
curve is the reflection window of the distributed Bragg mirror, and the TM absorption peak
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redshifts with the increased thickness of the optical spacer. For short-wave infrared HgTe
detectors, the TM absorption peak decreases gradually with the decrease in wavelength,
whereas the magnitude of absorption remains almost unchanged in the mid-wave infrared
region. After the addition of optical spacer, the CQD detectors remain sensitive to the

polarization direction with high absorption under TM incidence in short-wave region and
mid-wave region (Figure 4c,d).
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Figure 4. (a) TM wave and TE wave absorption curves with different resonant cavity thickness and
the reflection window of Bragg mirror in short-wave region. (b) TM wave and TE wave absorption
curves with different resonant cavity thickness and the reflection window of Bragg mirror in mid-

wave region. (c) Single peak of TM and TE in short-wave region. (d) Single peak of TM and TE in
mid-wave region.

3.3. Effects of Plasmon Resonance by Wire Grid

Compared to HgTe detectors without resonant cavity, the cavity can significantly
improve light absorption at targeted wavelength, resulting in the enhancement of quantum
efficiency [22]. Moreover, our simulation shows that the metal wire grid provides surface
plasmon resonance effect which leads to further increase in the infrared absorption of
detector. The absorption of light at different polarization angles by the CQDs infrared
detector with resonant cavity and wire-grid polarizer in the short-wave region and mid-
wave infrared is shown in Figure 5a,b. The integration of HgTe CQD photovoltaic detector,
wire-grid polarizer and resonant cavity can not only provide polarization-sensitivity, but
also significantly increases CQDs film absorption.
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Figure 5. (a) Absorption effects of resonator and metal grid on different polarization angles in short-
wave region. (b) Absorption effects of resonator and metal grid on different polarization angles in
mid-wave region.

It can be seen that the proposed resonant cavity-enhanced wire-grid polarizers not
only show excellent polarization selectivity, but also give enhanced absorption with high
spectral selectivity, which provides a promising method to improve the spectral resolution
of infrared polarization detector.

4. Conclusions

In conclusion, we proposed the design of HgTe CQDs photodetectors with resonant
cavity-enhanced wire-grid polarizer, providing a theoretical study for designing low-cost
polarization infrared detectors in the future. The simulation results show that the detector
can work in both short-wave region and mid-wave region with high extinction ratio up
to 40 dB and 60 dB. Our simulation shows that the metal wire grid provides surface
plasmon resonance effect which leads to further increase in the infrared absorption of
detector. Benefitting from CQDs’ solution processibility, HgTe CQDs could be directed
integrated with the wire-grid polarizers. Therefore, we believe that the simulation results
have important implications for the focal plane array polarization imaging.
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Abstract: In this paper, we investigate an intraband mid-infrared photodetector based on HgSe
colloidal quantum dots (CQDs). We study the size, absorption spectra, and carrier mobility of
HgSe CQDs films. By regulating the time and temperature of the reaction during synthesis, we
have achieved the regulation of CQDs size, and the number of electrons doped in conduction
band. It is experimentally verified by the field effect transistor measurement that dark current is
effectively reduced by a factor of 10 when the 1Se state is doped with two electrons compared
with other doping densities. The HgSe CQDs film mobility is also measured as a function of
temperature the HgSe CQDs thin film detector, which could be well fitted by Marcus Theory with
a maximum of 0.046 £ 0.002 cm?/Vs at room temperature. Finally, we experimentally discuss the
device performance such as photocurrent and responsivity. The responsivity reaches a maximum of
0.135 + 0.012 A/W at liquid nitrogen temperature with a narrow band photocurrent spectrum.

Keywords: intraband photodetector; colloidal quantum dot; HgSe; mid-infrared

1. Introduction

In recent years, colloidal quantum dots (CQDs) devices have gradually been widely
used in imaging, remote sensing, gas detection, medical diagnosis, and epidemic preven-
tion and control [1-4]. The performance of CQDs photodetectors has been comparable to
commercial InGaAs photodiodes but order-of-magnitude reduction in cost [5]. Compared
traditional infrared photodetectors, CQDs photodetectors theoretically offer the advan-
tages of higher operating ambient temperatures, smaller dark currents, faster response
performance [6], and lower fabrication cost [7].

The materials selected for the infrared photodetectors with interband transition [8,9]
are usually limited in semimetal or ternary alloy with a small gap [10]. However, the
intraband CQD devices, utilizing optical transitions from lowest electron state labelled
1Se and the next level 1Pe, hold unique promise to extend the wavelength from near- and
mid-infrared to long-wave infrared (Supplementary Materials Figure S1). What is more,
intraband photodetectors promise a better photoelectric performance [11,12] due to the
low conduction band density which inhibit the process of Auger relaxation [13-16]. For
example, the Auger relaxation coefficient is at least three orders smaller in intraband HgSe
CQDs compared with the bulk materials with the same energy gap [17]. Hence, the study of
CQDs intraband photodetectors has important research significance. The air stable n-type
mercury (ii) selenide (HgSe) CQDs provide an excellent platform for studying intraband
photodetectors [18,19].

In current stage, due to the limited study on intraband materials, the intraband
photodetectors based in HgSe CQDs have excessive dark current compared to interband
CQD photodetectors at the same wavelength. The solution is to precisely adjust the number
of electrons in 1Se [11,20]. The unpaired electrons in Se state or Pe state would result
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in large dark current. The dark current is minimal when 1Se is fully filled which is two
electrons in conduction band per CQD (Supplementary Materials).

To address these challenges, in this paper, we provide a way to control the doping
inside the HgSe CQDs, which is characterized by optical and transport measurements.
Then, we build the HgSe CQDs intraband photodetector in mid-infrared (Mid-IR) and
further analyze its photocurrent, and responsivity.

2. Materials and Methods

In a glove box with a nitrogen environment, 27.2 mg of mercury chloride (HgCl,) and
4 mL of oleylamine (OAm) were placed in a 40 mL vial, and were heated at 100 °C for
1 h, and then were heat-balanced at 115 °C (or 120 °C) for half an hour. A total of 126 mg
(0.1 mmol) of selenium urea was dissolved in 10 mL of OAm and heated at 180 °C under
nitrogen for 2 h to form a brown transparent liquid. A total of 1 mL of this solution was
taken and injected into the mercury chloride/oleylamine (HgCl, /OAm) solution, and was
reacted at 115 °C for 3-8 min. We removed the reaction solution out of the glove box and
used cold water to end the reaction. After the end of the reaction, the HgSe CQDs solution
was placed in a centrifuge tube. A total of 1 mL of 1-dodecyl mercaptan (DDT), 20 drops of
didecyldimethylammonium bromide (DDAB), and 15 mL of methanol (MeOH) were added
to the centrifuge tube. The solution in the centrifuge tube was centrifuged at 7500 r.p.m for
6 min. After centrifugation, the supernatant was decanted, and the remaining pellet was
dissolved in chlorobenzene and filtered through a disposable filter.

The photocurrent spectrum of the material with Nicolet i520 FTIR (Thermo Fisher
Scientific, Waltham, MA, USA) was measured. The FTIR implemented 500,000:1 signal-to-
noise ratio and 0.25 cm ! spectral resolution.

Photoconductance spectra was measured with a standard Thermo Scientific Nicolet
iS20 FTIR Spectrometer. The internal light was reflected in the sample with a gold mirror.
The samples were biased with a 3 V battery in series. The current across the sample was
sent to transimpedance amplifier Femto-200 with a gain of 10,000 before being sent back to
the FTIR input.

3. Results and Discussion
3.1. Absorption Spectra

The Transmission Electron Microscope (TEM) image of HgSe CQDs with a synthesis
temperature of 115 °C and a synthesis time of 5 min is shown in Figure 1a. The average
size of CQDs is 4.7 nm and the size distribution is uniform with the standard deviation of
0.5 nm (Supplementary Materials Figure S2). As can be seen in Figure 1b, the size of the
CQDs can be varied by changing the synthesis temperature and time [21,22]. Changing
the size of CQDs can achieve the movement of the absorption spectrum. The intraband
absorption peak of HgSe CQDs is between 2000-3000 cm ™!, and the absorption peak will
be redshifted by increasing the reaction time. The relationship between CQDs of different
sizes and energy bands is shown in Figure 1c. When the size of CQDs is “small”, the Fermi
level is lower than Se states, and the HgSe CQDs are defined as “n~ type”. When the size
of CQDs is “medium”, the energy gaps become smaller, and the band shift. As a result,
the Fermi level is in Se state, which we define as two electrons in conduction band per
CQD [17]. When the size of CQDs is “large”, the Fermi level is higher than Se states, and
the HgSe CQDs are defined as “n* type”. By changing the size of CQDs, the position of the
absorption peaks in intraband and interband can be changed in Figure 1b. HgSe intraband
photodetector can specifically detect signals in the Mid-IR range, possessing potential
application in gas detection such as CO, with a signature absorption of 2400 cm 1.
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Figure 1. Characterization of HgSe CQDs materials. (a) TEM images of HgSe CQDs with a particle
diameter of 4.7 nm and standard deviation of 0.5 nm. (b) Absorption spectra of HgSe CQDs.
(c) Diagram of the relationship between the size of CQDs and energy bands.

3.2. Transport Properties of HgSe CQDs

Transport properties such as carrier type, carrier density, and carrier mobility greatly
affect the photodetector performance. We can judge the performance of the material by
measuring the carrier type and mobility of the HgSe film [23]. This information is given by
the field effect transistor (FET) measurement. HgSe CQDs film is spin-coated on 300 nm
Si0O, /Si substrate, which has a layer of interdigited electrodes. A solid ligands exchange
process with an ethanedithiol /hydrochloric acid (EDT/HCI) solution is followed. In this
process, short ligands would displace the long chain OAm ligands between CQDs. After
the ligand exchange, we rinse the film with isopropanol (IPA).

The HgSe/EDT CQD film is measured by a field effect transistor circuit. Whether
CQDs are “n” type” or “n* type” can be determined by the slope sign of the FET transfer
curves around zero gate potential. A schematic diagram of the FET structure is shown in
Figure 2a.
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Figure 2. Transport study on HgSe CQDs. (a) Schematic diagram of the field effect pipe structure.
(b) Carrier mobility at different temperatures and mobility fitted with Marcus theory as a function of
temperature. (c) FET source-drain current as a function of voltage for HgSe/EDT at 80 K.
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For CQDs photodetectors, dark current and noise are important figures of merit. The
shot noise has a great influence on the CQDs photoconductivity detectors, and the formula
for shot noise is shown in Equation (1):

in = V 49[dark (1)

where e is the electron charge, I, is the dark current of the photodetector.

The dark current is an important factor affecting the noise in Equation (1) and the
root cause is the thermally excited electron-hole pairs. Therefore, the dark current has an
exponential relationship with the temperature [24]. For photodetectors with intraband
transition, the dark current was minimal at low temperature [25]. Therefore, after using
liquid nitrogen to cool down to 80 K, the dark current is effectively reduced. The curve
of FET source-drain current as a function of voltage for HgSe/EDT at 80 K is shown in
Figure 2c.

In addition to cooling down to reduce the dark current, the effect of the dark current
can also be reduced by adjusting the number of electrons filled in the 1Se band. By varying
the temperature and time of synthesis, the number of electrons filled by HgSe CQDs in the
1Se band can be regulated. In Figure 2c, when the number of doped electrons is two, the
dark current is minimal. Compared with “n~ type” or “n* type” CQDs, the CQDs with
fully doped Se state have a ten-fold reduction in dark current.

The mobility of HgSe/EDT thin films can be calculated through the FET circuit, and
the mobility calculation formula is as follows [26]:

L Alp
MFET = W'm 2

Among them, the thickness of silica (SiO,) is 300 nm, C; = 1.15 x 10~* F/m? is the
capacitance, L = 10 um is the gap, W = 1000 pm x 50 is total channel width, “50” is the
number of channels, and Vp =1 V is drain voltage. % is the slope of the transfer current
and the gate voltage. After calculation, the mobility of HgSe films exchanged with EDT can
reach 0.046 + 0.002 cm?/Vs at room temperature.

Figure 2b shows the mobility curve with temperature. The low temperature limits
the movement of the carrier, and the carrier mobility decreases to 0.012 4+ 0.001 cm?/Vs
in Figure 2b. The increase in temperature will lead to less binding of the carrier and an
upward trend in the mobility rate. After 260 K, the migration rate’s growth rate slows
down. The highest mobility is 0.046 4 0.002 cm?/Vs at room temperature. The trend of
migration change can be explained by Marcus theory:

urper = Conexp(—(y + AG)2/4'kaT) 3)

where Con is the constant, AG the energy difference caused by uneven size of CQDs,
kg = 1.380649 x 10~2 % is the Boltzmann constant. The polarization effect of the medium
around the carrier is given by the recombinant energy < [27]. < is expressed by the
following equation:

e 1 1 1 1

T ) e @

where ¢ = 1.6 x 10719C is the elementary charge, ¢y = 8.85 x 10*12% is the vacuum
permittivity, a = 2.3 nm is the radius of the CQDs, b = 1 nm is the spacing between CQDs,
€1 = 6.8 is the optical dielectric constant of matrix surrounding CQDs which is measured
by the ellipsometry, e5; = 10.9 is the static dielectric constant. We can get v =16 meV,
G =16.9 meV and Con = 0.09 by the Marcus fitting calculation. The disorder energy is

similar to the values in the previous reference [26].
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3.3. Photocurrent

The photocurrent and dark current curves of the HgSe CQDs intraband photodetector

are shown in Figure 3a. As shown in Figure 3a, the p ”“’”‘”’””t’ = 10% when the bias voltage

is +3 V. Compared with previous studies [28], our worf< ‘effe ectively improves the light-dark
current ratio of pure HgSe quantum dots thin films. Figure 3b shows the photocurrent
spectrum of the HgSe detector at 80 K. The photocurrent spectrum of the HgSe intraband
photodetector is narrow at 80 K and the photoconduction is from 2000-3000 cm !
Figure 3b. The HgSe photodetector has a narrow photoresponse, making it possible to
react more sensitively to change in the outside world. And the HgSe intraband transition
photodetector has an obvious photocurrent at low temperatures, so it can be widely used
in harsh low temperature environments for detection.

b
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Figure 3. Photocurrent on HgSe CQDs. (a) HgSe CQDs as a function of current and voltage at 80 K.
The red line represents the photocurrent when photodetector is illuminated by blackbody, and the
blue line represents the dark current. (b) Photocurrent spectra with HgSe CQDs films at 80 K. The
right inset graph shows the responsivity of HgSe CQDs thin films as a function of temperature.

The responsivity is calculated by measuring the photocurrent of the HgSe photocon-
ductor device. The right-inset graph in Figure 3b shows the responsivity of HgSe thin films
as a function of temperature (Supplementary Materials). It can be seen from the figure that
the responsivity reaches a maximum of 0.135 + 0.012 A/W at 90 K. It gradually heats up
after 90 K, and the responsivity gradually decreases.

HgSe CQDs intraband photodetectors have narrow band spectral response in
2000-3000 cm !, which can be used in gas detection. Due to the detection capability
of the intraband photodetectors in the infrared field, it can be applied to the fields of
infrared imaging, target recognition, and radar detection, and other fields. Through the
study of HgSe CQDs intraband photodetectors, we found that HgSe CQDs intraband pho-
todetectors have better photoelectric performance at low temperatures. Therefore, HgSe
CQDs intraband photodetectors can be applied to infrared detection in a low temperature
environment. HgSe CQDs intraband photodetectors have broad application prospects.

4. Conclusions

In summary, this paper mainly introduces the intraband photodetector based on HgSe
CQDs. Its intraband absorption spectrum is between 2000-3000 cm~l. We provide a
method to achieve accurate electron doping through repeated experiments to suppress the
dark currents. When the fully doped Se state is obtained experimentally, the effect of the
dark current is minimal. Compared with “n~ type” and “n* type” CQDs, our dark current
is effectively reduced by a factor of 10 measured by the field effect transistor. The mobility
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of HgSe/EDT films measured by FET can reach 0.046 4 0.002 cm?/Vs. We experimentally
calculate the responsivity of HgSe CQDs to be 0.135 + 0.012 A/W. Through the study of the
performance of the intraband infrared photodetector, the selection of infrared photodetector
materials can be broadened, which is of great significance for infrared detection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ coatings12040467/s1 [29,30]. Figure S1. Bands diagram; Figure S2. TEM image and size
analysis of the 5 mins sample.
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