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Colloidal quantum dots (CQDs) have unique advantages in the wide tunability of
visible-to-infrared emission wavelength and low-cost solution processibility [1-5]. There-
fore, they have become an important class of materials with great potential for applications
in fields such as biological medicine [6,7], optoelectronics [8-12], and quantum informa-
tion [13]. The performance of CQD-based photovoltaic and light-emitting devices has
become competitive with other state-of-the-art materials [14-16]. Narrow-band semicon-
ductor CQDs also hold unique promise for infrared technologies [17,18]. Thus, new and
in-depth insights into CQD growth, chemical transformations, and physical properties
would benefit not only the purely fundamental side but also commercialization. This Spe-
cial Issue (SI), “Colloidal Quantum Dots for Nanophotonic Devices”, presents recent and
CQD-related information ranging from CQD material chemistry and characterization to
processing and device fabrication. This SI contains ten articles, including seven research ar-
ticles and three review articles. This editorial aims to summarize the publications included
in this SI.

CQDs have the advantages of a broad spectral tuning range, low preparation cost, and
compatibility with silicon-based readout integrated circuits via solution processing [1,5,8,19-21].
As a result, CQD photodetectors have become a research hotspot in recent years. Lead
chalcogenide CQDs and mercury chalcogenide CQDs, as the mainstream materials of CQDs,
have excellent infrared detection performance and have become the most ideal materials for
infrared photodetectors [22-25]. Zhao et al. [26] and Hao et al. [27] summarized the recent
development of infrared photodetectors based on lead chalcogenide CQDs and mercury
chalcogenide CQDs, respectively.

In addition to showing superior performance in the detector field, CQDs also have
obvious advantages in spectral filtering [28-30]. This indicates that CQDs have great
potential for applications in microspectrometers. Qiu et al. [31] presented the advances of
micro spectrometers based on material nanoarchitectonics, which pointed to the direction
for researchers to study novel low-dimensional materials in this field. Qiao et al. [32]
reported that CQDs can be introduced as a sacrificial layer when polishing single-crystal
silicon carbide (SiC) using pulsed ion beam sputtering to improve surface quality. This
provides a new idea for achieving high-precision fabrication of ultra-smooth single-crystal
SiC surfaces.

Low-dimensional materials have a wide range of applications in various fields, such
as photovoltaic devices, of which well-designed heterojunctions can make it possible to
improve the performance of the devices [33]. In the study by Wang et al. [34], CH3NH;3Pbls/
Au/Mgp27Zng 3O heterojunction self-powered photodetectors with a high responsivity of
0.58 A/W were demonstrated, where CH3NH;3Pbl; and Mg 2Zng 3O acted as the p-type
and n-type layer, respectively. This work provides new concepts for the study of perovskite
photodetectors with low dark current and high detectivity. Sun et al. [35] reported flexible
CZTSSe/ZnO solar cells by optimizing ZnO bulffer layers, achieving the maximum power
conversion efficiency of 5.0%.

To improve the detection performance of photodetectors, optical structures and pho-
tosensitive materials need to be efficiently combined to enhance light absorption. In
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photoelectric devices, a metal microstructure can be engineered to squeeze light into the
sub-diffractive region, and then, the plasmon exciton resonance phenomenon boosts light
absorption [36]. Lin et al. [37] investigated a performance-enhanced GaAs nanowire pho-
todetector by introducing Au nanoparticles prepared by thermal evaporation. Assisted by
the coupling of electron gas in the Au nanoparticles to the excitation light, the photocurrent
and responsivity of this proposed photodetector were raised. Pierini et al. [38] designed a
phototransistor that combined two resonances by utilizing a lithium-ion glass gating of
HgTe nanocrystal film, realizing a high responsivity.

In addition, the performance and reliability of optoelectronics can also be improved by
studying and optimizing the optical material characteristics. Zhao et al. [39] enhanced the
homogeneity of large-scale nanorods by controlling the solution flow and tuning the electric
field distribution, thus improving their light utilization efficiency. The optimized ZnO NRs
have promising applications in solar cells and collector systems. Bai et al. [40] investigated
the spatial shifts of the reflected light beam on hexagonal boron nitride (hBN)/alpha-
molybdenum (x-MoQ3) trioxide structure. They successfully enhanced hBN in-plane
anisotropy by twisting. This study provides theoretical guidance for novel nanophotonic
devices and optical encoders.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In recent years, mercury chalcogenide colloidal quantum dots (CQDs) have attracted
widespread research interest due to their unique electronic structure and optical properties. Mercury
chalcogenide CQDs demonstrate an exceptionally broad spectrum and tunable light response across
the short-wave to long-wave infrared spectrum. Photodetectors based on mercury chalcogenide
CQDs have attracted considerable attention due to their advantages, including solution processability,
low manufacturing costs, and excellent compatibility with silicon substrates, which offers significant
potential for applications in infrared detection and imaging. However, practical applications of
mercury-chalcogenide-CQD-based photodetectors encounter several challenges, including material
stability, morphology control, surface modification, and passivation issues. These challenges act
as bottlenecks in further advancing the technology. This review article delves into three types of
materials, providing detailed insights into the synthesis methods, control of physical properties,
and device engineering aspects of mercury-chalcogenide-CQD-based infrared photodetectors. This
systematic review aids researchers in gaining a better understanding of the current state of research
and provides clear directions for future investigations.

Keywords: colloidal quantum dots; infrared photodetector; mercury chalcogenide

1. Introduction

Extensive applications abound for infrared (IR) detection technology, spanning telecom-
munications, chemical spectroscopy, gas sensing, biomedical applications, military night
vision, and autonomous driving [1-11]. However, the current commercial IR photode-
tectors are primarily based on epitaxially grown semiconductors such as InGaAs and
HgCdTe [12-20]. Although these detectors offer advantages such as high sensitivity and
good stability, they suffer from drawbacks including high manufacturing costs and in-
compatibility with silicon-based readout integrated circuits and are hindered by intri-
cate epitaxial growth processes, which hinder further advancements in IR detection tech-
nology [21-24]. Building upon this, novel infrared detectors such as the quantum well
IR photodetector [25-30], type-II superlattice [31-35], infrared detectors based on two-
dimensional materials [36-40], and quantum dot IR photodetector [41-48] have begun to
be extensively investigated.

Colloidal quantum dots (CQDs), as alternatives to traditional epitaxial-grown semi-
conductors, have emerged with unique advantages such as the ease of processing solutions,
cost-effectiveness, scalability, and the ability to adjust size [49-53]. These advantages
present a promising outlook for low-cost, large-scale, high-resolution, and small-pixel IR
detectors. Over the past decade, CQDs have found widespread applications in various
fields, including solar cells [54-56], spectroscopy [57], phototransistors [58-60], focal plane
array (FPA) imagers [61], lasers [62—-64], and light-emitting diodes [65,66]. Among them,
mercury chalcogenide CQDs, due to their large Bohr radius and wide tunable size range,
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theoretically cover the critical IR spectral bands, positioning them as ideal materials for
IR detectors that have the potential for superior detection performance [67,68]. Mercury
chalcogenide CQDs encompass materials including HgTe, HgSe, and HgS CQDs. How-
ever, quantum dot photodetectors still face challenges, including material stability, surface
modification, and difficulties in integrating with FPA [69].

This paper provides an overview of the recent progress on mercury chalcogenide
CQD IR detectors and discusses the future directions for mercury chalcogenide CQDs
in IR detection technology. Compared with other review articles [70,71], our discussion
takes a detailed approach to three different materials and covers aspects such as material
synthesis, optimization, and device fabrication. Additionally, we provide an in-depth
analysis of the infrared detector structure based on HgTe CQDs, considering material
synthesis, optimization, and device preparation. This comprehensive research approach
makes an important contribution to the understanding of these materials in the context of
current infrared detection technologies.

2. Research on HgTe CQDs
2.1. Synthesis of HgTe CQDs

Zero-gap HgTe quantum dots exhibit extensive potential applications owing to their
elevated absorption coefficients, adjustable bandgaps spanning the entire infrared range,
and distinctive optoelectronic characteristics [72-74].

In the late 1990s, Rogach et al. drew inspiration from their previous research on
CdTe nanoparticles to propose an aqueous colloidal growth technique to synthesize
HgTe CQDs [75-77]. They utilized 1-thioglycerol (1-mercaptopropane-2,3-diol) as the
size-regulating capping agent. In the presence of thioglycerol as a ligand, mercury perchlo-
rate was dissolved in water and, simultaneously, HyTe was bubbled into this solution as
a source of Te?~. The inclusion of H,Te increased the complexity of the synthetic setup
for aqueous synthesis. As a result, alternative methods for growth in organic media were
subsequently developed.

In 2011, Keuleyan et al. successfully extended the absorption edge of HgTe CQDs
to over 5 um by improving the synthesis technology. They conducted a comprehensive
discussion on the synthesis process of HgTe CQDs [78] (Figure 1a—c) and studied the optical
properties [79], photoluminescence properties [80], and transport properties [81,82] of
HgTe CQD films. These detailed studies provided a solid theoretical foundation for the
design of HgTe CQD infrared detectors. They also first reported HgTe CQD photodetectors
with a room-temperature photoresponse beyond 5 pum [83]. In the same year, Liu et al.
discussed the electronic structure of HgTe CQDs [84] (Figure 1d—f). Employing liquid
gating, they characterized the electrochemical response of HgTe CQD films, investigating
the feasibility of achieving n-type and p-type charging and exploring the distinctions in
electron and hole transport properties. They demonstrated electrochemical modulation
of n-type and p-type carriers in HgTe CQD films. The results showed that although the
carrier mobility of both n-type and p-type HgTe CQD films could reach 0.1 cm?/Vs, the
p-type films demonstrated an increased photocurrent, whereas the n-type films displayed
a more pronounced magnetoresistance effect.

In order to ensure the stable growth and good colloidal dispersion of CQDs, long-
chain organic molecules are used as ligands during the synthesis stage of CQDs [85].
However, due to the influence of their own volume, substantial steric hindrance arises
from the presence of elongated organic molecules with extensive chain lengths. Therefore,
ligand exchange is often required during the preparation of CQDs to increase the coupling
between CQDs via exchanging long-chain ligands for short-chain ligands in order to
improve the carrier mobility of CQDs. Amine ligands exhibit low stability, making them
prone to detachment during the centrifugal purification stage and thereby causing the
aggregation of CQDs. On the other hand, thiol ligands form robust bonds with the Hg sites
on the surface of HgTe CQDs, posing challenges for subsequent surface modifications [71].
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Therefore, the selection of ligands and the improvement of the ligand-exchange technique
are of paramount importance.

In order to find suitable ligands, Lhuillier et al. explored the inorganic ligand ex-
change route in 2013, where they used arsenic sulfide (AsyS3) to perform ligand exchange
with HgTe CQD films [86]. The mobility of the As;S3-treated film was approximately
1072 cm?/Vs, which was 100 times higher than that of the EDT-treated film. This study
showed that the exchange and encapsulation of inorganic ligands could improve the elec-
trical and optical properties of CQD films. In addition, using As,S3 solution to encapsulate
CQDs could slow down the oxidation rate of CQD films in air. In order to enhance the
stability of CQDs, Keuleyan et al. synthesized HgTe CQDs with high monodispersity by
diluting the TOP (Te precursor with oleylamine), with a size up to 15 nm, corresponding
to the room-temperature absorption edge at 5 um [87] (Figure 1g—i). Diluted Te precur-
sors could be fully mixed with HgCl, solution to ensure a more uniform mixture before
significant growth of CQDs occurred while maintaining a low enough temperature to
sufficiently prevent additional nucleation. This made the size distribution of HgTe CQDs
much improved. In 2017, Shen et al. mitigated the tendency of HgTe CQD aggregation
by employing a more reactive tellurium source and an excess of mercury precursors. In
addition, the size of the CQDs was adjustable from 4.8 to 11.5 nm [88] (Figure 2a). At the
same time, the CQDs could be stably dispersed without mercaptan, which was conducive
to further ligand exchange and the nuclear/shell structure growth of CQDs to improve the
device performance.
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Figure 1. HgTe CQD Characterization. (a) Absorption spectra of HgTe CQDs of different sizes in
C,Cly are presented, with the C-H absorbance from the ligands subtracted for clarity. (b) Photolu-
minescence (PL) spectra of HgTe CQDs of different sizes in C,Cly. (c) Photoconduction spectra are
presented for films composed of colloidal HgTe nanoparticles with varying sizes. The films exhibit
typical optical densities of approximately 0.1 at the exciton and have an approximate thickness of
100 nm [78]. Copyright 2011, ] Am Chem Soc. (d) The absorption spectra of HgTe CQDs of different
sizes in tetrachloroethylene (TCE) solution at room temperature are depicted. A second feature is
emphasized with vertical arrows. The region around the C-H stretch (2900 cm~1) has been excluded
and substituted with dashed lines. (e) Differential spectra of a HgTe film recorded under positive
potentials at 210 K is presented. Spectral regions where the electrolyte absorbs more than 70% have
been excluded from the data. (f) The amplitude of the Gaussians corresponding to each transition as
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a function of the applied potential [84]. Copyright 2011, The Journal of Physical Chemistry C. (g—i) Trans-
mission electron microscopy (TEM) images of particles with sizes of (g) 5.5, (h) 9.1, and (i) 15.5 nm [87].
Copyright 2014, ACS Nano.

For the improvement of ligand exchange technique, Chen et al. proposed a novel
manufacturing process for HgTe CQD films in 2019 [89] (Figure 2d—f). They replaced the
bulky oleylamine ligands with a combination of HgCl,, 2-mercaptoethanol, n-butylamine,
and n-butylammonium chloride. This substitution resulted in the formation of stable
nanoinks in N, N-dimethylformamide (DMF) and achieved high electron mobility in HgTe
CQPD films without compromising the discrete nature of the electronic states. During the
ligand exchange process, the doping state of HgTe CQDs was controlled by adjusting the
concentration of HgCl,. The optimized HgTe CQD films exhibited a high mobility up to
1 ecm?/Vs. To further improve the mobility, in 2020 Lan et al. demonstrated that CQD
solids can achieve high electron mobility without compromising the discrete nature of the
electronic states [90]. They increased the mobility up to 8 cm?/Vs. Subsequently, Xue et al.
further optimized the ligand exchange technique by introducing a mixed-phase ligand
exchange method. This approach segregates mobility enhancement, doping control, and
Fermi level adjustment into separate steps, providing precise control over the transport
properties of CQDs [91] (Figure 2b).

Researchers are constantly exploring methods to ensure the stable growth and good
colloidal dispersion of HgTe CQDs. In 2022, Liu et al. introduced an innovative method
for synthesizing uniform mid-infrared HgTe CQDs and optimized the synthetic process
of the mercury precursor solution [92]. They used Hgl, as the mercury source and broke
the strong Hg-I bond by changing the reaction temperature. Finally, they achieved the
successful in situ passivation of HgTe CQDs with I~, enabling tunable sizes ranging from 8
to 15 nm.

In addition, Yang et al. studied a ligand engineering method that could produce
well-separated HgTe CQDs [93] (Figure 2c). Their strategy initially involved using strongly
bound alkylthiol ligands to synthesize well-dispersed HgTe cores. This was succeeded by a
secondary growth process and a final step of ligand modification to augment the colloidal
stability. Using this method, the HgTe CQDs could be highly monodisperse in a large size
range of 4.2~15.0 nm. The edge absorption was tunable in the wide infrared region of
1.7~6.3 um, completely covering short-wave and mid-wave infrared regions. Moreover,
electron mobility reached a record high of 18.4 cm?/Vs.
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Figure 2. Ligand exchange on HgTe CQDs. (a) Energies of the states in HgTe synthesized using
(trimethylsilyl)telluride (TMSTe) are plotted against size. The black and blue dashed lines represent
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the 1S and 1P, states derived from electrochemistry, respectively. The red and magenta dashed lines
depict the 1S. and 1P, states corrected by the charging energy. The green dots indicate the estimated
conduction band minimum obtained from optical interband absorption [88]. Copyright 2017, | Phys
Chem Lett. (b) Temperature-dependent mobility [91]. Copyright 2023, Light Sci Appl. (c) Visual
representation of the controlled growth of HgTe CQDs through ligand engineering [93]. Copyright
2022, Nano Lett. (d—f) FET transfer characteristics at 80 K for near-intrinsic, n-doped, and p-doped
HgTe/hybrid ligand films, respectively. Insets display enlarged regions near the conductance minima
highlighting the photocurrent (red) and dark current (black). The blue lines represent the slopes
utilized for calculating hole and electron mobility [89]. Copyright 2019, ACS Photonics.

2.2. HgTe CQD Photodetectors

HgTe CQDs have received considerable attention in optoelectronic devices such as
photoconductive devices, phototransistors, photovoltaic devices, and infrared focal plane array
detectors due to their excellent electronic and optical properties, as well as controllable synthesis.

Photoconductive devices are fabricated by directly depositing CQD films onto a

substrate or dielectric layer with interdigitated electrodes. The typical device structure is
shown in Figure 3a [71].
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Figure 3. HgTe CQD photoconductive devices and phototransistors. (a) The typical device structure
of photoconductive devices [71]. Copyright 2023, Nanoscale. (b) The structure of the photoconductors.
(c) Responsivity and internal quantum efficiency as a function of wavelength at 295 K with the bias =
60 V, The triangle represents internal quantum efficiency and the square represents responsivity [94].
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Copyright 2014, Advanced Functional Materials. (d) Schematics illustrating the spray-coating setup
and the device structures of phototransistors based on aqueous HgTe quantum dots (QDs) with
varying QD film thicknesses achieved through multiple spray passes. The corresponding optical
microscopy and SEM images of the QDs films are presented on the right [95]. Copyright 2017, ACS
Nano. (e) Illustrations showing the device architecture of the P3HT:HgTe QD hybrid phototransistor.
(f) Schematic diagram of the energy band alignment between P3HT and HgTe QDs. (g) Gate-voltage-
dependent responses of a phototransistor based on HgTe CQDs and a phototransistor based on a
P3HT:HgTe CQD hybrid. The responsivity at VGS = 0 V is used for comparison. The illumination
level is 1550 nm, 22 mW cm 2. All data were acquired at room temperature [96]. Copyright 2020,
Adv Sci (Weinh).

Keuleyan et al. prepared the first HgTe CQD photoconductor in 2011, which exhibited
a photoresponse extending beyond 5 pm at room temperature. A detectivity of 2 x 10° Jones
at 130 K for a sample with a 5 pm cut-off was reported, which generated substantial research
interest in HgTe CQDs as an affordable material system for IR photodetection [83]. In 2014,
Chen et al. demonstrated a single-layer photoconductor structure based on aqueous
HgTe CQDs with an ultrafast time response of up to 2 us at 1600 nm [94] (Figure 3b,c).
The device was fabricated using a simple spray-coating process and showed excellent
stability in ambient conditions. The results exhibited that the gain and temporal response
of aqueous HgTe-CQD-based photoconductors could be modulated by controlling the
size and surface chemical properties of the CQDs. This provided a feasible method for
optimizing photodetectors with optional sensitivity and operation bandwidth.

Using methods such as ligand exchange can enhance the material’s intrinsic properties,
leading to an improvement in the detector’s performance. In 2019, Chen et al. introduced
the novel approach of mixed ligand exchange. Compared with the previous “solid-state
ligand exchange” CQDs using ethylene glycol, the new process increased the electron and
hole mobility by a factor of 100, the response rate by a factor of 100, and the detectivity by a
factor of 10. At 80 K, the detectivity reached 4.5 x 10'° Jones with a cut-off wavelength of
5 um [89]. In a comparison of mid-infrared photodetectors, those fabricated using HgTe
CQDs with novel hybrid mercaptoethanol-HgCl, (ME-HgCl,) ligands were contrasted
with those employing the conventional 1,2-ethanedithiol (EDT) surface treatment, and the
authors found that the responsivity of the ME-HgCl, ligand device increased by a factor
of 50, reaching 0.23 A/W at 80 K [90]. After Liu et al. successfully synthesized I in situ
passivated HgTe CQDs in 2022, they prepared a photoconductive device. By reducing the
temperature, the device demonstrated exceptional detection capabilities under 2000 nm
light; the noise current density of the photoconductive device was notably minimized to
about 1071 A/Hz!/? at 130 K with the frequency of 1 Hz [92].

Phototransistors are another commonly used photodetector structure. Fabrication of
typical phototransistors involves applying a coating of CQDs onto a silicon wafer that is
affixed with a layer of silicon dioxide and patterned metal electrodes.

In 2013, Lhuillier et al. used the inorganic ligand As;S; to passivate the HgTe CQDs
via solid-film ligand exchange. They achieved a responsivity greater than 100 mA /W and
a detectivity of 3.5 x 100 Jones in transistor samples with a 3.5 um cut-off at 230 K [86].

In order to improve the detectivity of the HgTe CQD photodetectors towards longer
wavelengths, in 2017, to overcome this performance bottleneck, Chen et al. employed a syn-
ergistic approach combining synthetic chemistry and device engineering [95] (Figure 3d).
Initially, they devised a fully automated synthesis method using an aprotic solvent and gas
injection. This allowed for scalable fabrication of large-sized HgTe CQDs with high quality,
showcasing a record-high photoluminescence quantum yield of 17% at 2080 nm. Subse-
quently, they achieved a HgTe-CQD-based phototransistor with a high specific detectivity
of up to 2 x 10'° Jones in the 2000 nm wavelength range at room temperature utilizing a
layer-by-layer spray-coating technique for the CQD layer. The achieved performance level
was on par with that of commercially available room-temperature-operated, epitaxially
grown photodetectors. In 2020, Dong et al. demonstrated a P3BHT:HgTe QD hybrid photo-
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transistor [96] (Figure 3e-g). By meticulously controlling the co-blend stirring and ligand
exchange processes, the nanoscale morphology and charge transport of the hybrid layer
were fine-tuned, leading to an optimized uniform phase distribution. Consequently, the
device attained a specific detectivity exceeding 1 x 10! Jones and a response time of less
than 1.5 us under room-temperature operation at 2400 nm.

In addition, photovoltaic devices feature a vertical multilayer geometric structure.
Typically, CQD films serve as the photoactive layer sandwiched between the electron
transport layer and the hole transport layer.

In 2015, Sionnest et al. pioneered the development of the initial HgTe CQD photo-
voltaic devices functioning in the mid-infrared, which achieved a specific detectivity of
4.2 x 10'° Jones and microsecond response times with a cut-off wavelength of 5.25 um at
90 K [97]. This work has greatly stimulated the development of CQDs with fast, low-cost,
and sensitive thermal infrared detection.

To realize high-performance optoelectronic devices, in 2018 Ackerman et al. demon-
strated improvements in the sensitivity and efficiency of photovoltaic MWIR detectors
by developing a p—n junction with enhanced light collection [98] (Figure 4a,b). They in-
troduced a method of solid-state cation exchange, whereas the interface potential was
chemically modified, leading to the improvement of the external quantum efficiency at
room temperature by an order of magnitude. A sensitivity of 1 x 10° Jones was achieved
with a cut-off wavelength between 4 and 5 pm at 230 K. The responsivity was improved
to 1.3 A/W at 85 K and the detectivity was improved to 3.3 x 10'! Jones with a cut-off
wavelength of 5 um. In 2022, Yang et al. developed a new p—i-—n photodiode from the tradi-
tional p—i device structure [99] (Figure 4c,d). Bismuth sulfide (Bi,S3) films were adopted
as the electron transport layer, which were beneficial to absorber deposition, superior
charge extraction, and suppressed interfacial loss. The Bi;S3-based photodiodes showed a
specific detectivity up to 1 x 10! Jones at room temperature. Additionally, the BiyS;-based
photodiodes achieved a dark current density as low as 1.6 x 107> A/cm? at —400 mV at
room temperature.

The use of metal halide ligands can improve the photovoltaic performance [100] and
enhance the photoluminescence of CQDs [101]. In 2020, Ackerman et al. introduced HgCl,
treatment to each layer of HgTe CQDs prior to the crosslinking with EDT/HCI [102]. The
treatment with HgCl, improves the RyA (the shunt resistance area product) by an order
of magnitude and also slightly improves the responsiveness at room temperature. HgTe
CQD photodiodes could achieve external quantum efficiencies of more than 50% at room
temperature, detectivities of up to 1 x 10! Jones at 2.2 um, and response times at the
microsecond level.

Achieving superior light detection often requires cooling down CQD infrared de-
tectors due to the thermal carriers generated by a narrow mid-infrared energy gap. As
a result, increasing the operating temperature of the detectors becomes crucial. In 2023,
Xue et al. demonstrated a high-operating-temperature mid-infrared photodetector with a
HgTe CQD gradient homojunction [91] (Figure 4e,f). The detector attained background-
limited performance, exhibiting a specific detectivity of up to 2.7 x 10! Jones at 80 K on
4.2 um, exceeding 10'! Jones up to 200 K, surpassing 10'° Jones up to 280 K, and reaching
7.6 x 107 Jones at 300 K for a wavelength of 3.5 um. The external quantum efficiency also
exceeded 77%, with a responsivity of 2.7 A/W at zero bias. Compared with single-spectrum
detection, multispectral detection offers improved target recognition and enables the precise
determination of the target’s infrared characteristics. Tang et al. used two different-sized
HgTe CQD photodiodes stacked together to form a photodetector with dual-band de-
tection in 2019 [103] (Figure 4g,h). By establishing stable spatial doping, a vertical stack
of two rectifying junctions in a back-to-back diode configuration was created. The new
device architecture allowed a bias-switchable spectral response between the short-wave
infrared (SWIR) and the MWIR. This covered two critical atmospheric windows for infrared
imaging. By manipulating the bias polarity and magnitude, the detector demonstrated
rapid switching between short-wave infrared and mid-wave infrared at low temperatures,
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(e)

achieving modulation frequencies of up to 100 kHz and specific detectivities greater than
1 x 10% Jones. Subsequently, Zhao et al. introduced an innovative dual-band detector
utilizing CdTe and HgTe CQDs [104] (Figure 4i,j). This dual-band device, designed with
precision, offered the capability to switch between the visible and the SWIR modes through
adjustments in bias polarity and magnitude. The response peaks of the device were at 700
and 2100 nm in the visible and SWIR modes, respectively. Remarkably, this dual-band
device exhibited exceptional performance metrics and featured a remarkably low noise
current of approximately 10713 A/Hz!/2 coupled with impressively high responsivity
values of 0.5 A/W (VIS) and 1.1 A/W (SWIR). Moreover, it achieved a remarkable detec-
tivity exceeding 10!! Jones in both the visible and SWIR modes, even when operating at
room temperature.
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Figure 4. Photovoltaic devices using HgTe CQDs. (a) The common structures of photovoltaic infrared
detectors. (b) The red circle represents the responsivity (T) of the HgTe CQDs MWIR detectors
treated with HgCl,, whereas the black arrow represents the responsivity (T) of the HgTe PV MWIR
detectors [100]. Copyright 2018, ACS Nano. (c) The device structure of HgTe CQD photodetectors
with an added electron transport layer (ETL). (d) The blue line represents the relationship between
the temperature and detectivity performances for the device without ETL, whereas the red line
represents the relationship between the temperature and detectivity performances for the device
based on BiyS3 [101]. Copyright 2023, ACS Photonics. (e) The diagram illustrates the structure of
a homojunction photodiode with high-mobility CQDs. (f) The I-V curve depicts a high-mobility
PIN gradient homojunction device, with the inset focusing on the near-zero bias region at 80 K [93].
Copyright 2023, Light Sci Appl. (g) Structure diagram of the dual-band infrared detector. (h) Energy
band structure diagram of the dual-band infrared detector [103]. Copyright 2023, Journal of Materials
Chemistry C. (i) Depiction of a dual-band CQD imaging device structure with a bias voltage applied
between the indium tin oxide (ITO) and the grounded Au contact. (j) The left axis represents the
atmospheric transmission window, and the right axis indicates the optical absorption of SWIR and
MWIR HgTe CQDs utilized in the fabrication of the dual-band device. The red line indicates HgTe
CQDs with absorption characteristics in the MWIR region. The blue line indicates HgTe CQDs with
absorption characteristics in the SWIR region (k) Using the detector to obtain SWIR images of a hand
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placed behind glass. The dotted line indicates the position of the glass. (1) Using the detector to
obtain MWIR images of a hand placed behind glass [102]. Copyright 2019, Nature Photonics.

To further enhance the performance of devices based on HgTe CQDs, the design of the
device structure plays a pivotal role. The incorporation of structures such as plasmonic arrays
and resonant cavities can effectively serve the purpose of improving detector performance.

In 2018, Tang et al. introduced a HgTe CQD photovoltaic detector that integrated
HgTe CQDs and plasmonic structures and was aimed at enhancing the light absorption of
the thin HgTe CQD layer [105] (Figure 5a—c). This integration resulted in a significant 2- to
3-fold improvement in responsivity at 5 um, reaching an impressive 1.62 A/W. Moreover,
this enhanced performance spanned a wide range of operating temperatures, from 295 to
85 K, achieving a detectivity of 4 x 10!! Jones at cryogenic temperatures. At an acquisition
rate of 1 kHz for a 200 um pixel, the noise equivalent temperature difference was measured
at just 14 mK. Integrating a photodetector with a resonant cavity can enhance the light
collection efficiency and spectral selectivity, thereby improving the overall performance of
the detector. Luo et al. demonstrated the integration of a HgTe CQD dual-band infrared
photodetector with a Fabry—Perot resonant cavity [106] (Figure 5d—f). This integrated
photodetector exhibited an impressive responsivity of 1.1 A/W in the SWIR and 1.6 A/W
in the MWIR. Notably, the detectivity was significantly enhanced, increasing by a factor of
2 and reaching up to 2 x 10'! Jones.

() ®

Au reflector
Optical spacer

~

— Blackbody @ 600 °C
250] -~ Background

— Blackbody @ 600 °C
2009 --. Background
Measured @ 85 K

Plasmonic nano-disks@i

rrent density (LA/mm?)
8

-50 ;/j

Cul
S
8

-010  -0.05 0.00 0.05 0.10

Bias voltage (V) =®: 1™order ~#° 3" order
((l) A (e) (f) “®- 2"%order =% 4" order
A J _ 7000
v 0¥ o
5 | *
Top SWIRmode{% £ § 6000 % S
w0g n 47 ~
K © 5000 %<,
2 N -
Bottom MWIR d\ode{ =3 F LN Sy
: 2 4000 Sa -
o s s s
§ -
.2 3000 ~
“ o S ‘| “-
Optical spacer 7535 £ 2000 N -
& 2 T
& -~
Back reflector - & < 1000 °-o
—n ® SWIRQDs ITO electrode 0-r T T T T
OMWIRQDs  «Pdopants  IEENISU-8 109, 'a008 3000, 4009  Bdo0 "ienoo 0.5 1.0 1.5 2.0 2.5
Wavenumber (cm™")
Spacer thickness (um)

Fabry-Perot Cavity-enhanced flexible (l)
\ photodetector

Flexible FP cavity on polyimide film

Top contact

IT0
—

\T Optical spacer_
F m Reflector /"
. Substrate
i |

Normalized 1-R (a.u.)

| P o e e
1000 2000 3000 4000 5000

) Wavenumber (cm™)
7000
Hyperspectal fiter —~
= - -
=== 1= distributed Bragg mirror ‘s . -
S .
~ 6000 - -
—-Optical spacer o o
3 o,
..... / -2+ distributed Bragg mirtor -~
) 3 -
5 5000 .-
IR CQDs senst L HgTe CQDs 2 5
o
o ., ‘e,
L Au contact = cess oterd ou
.,
S5yt g .
4000 oo ;
0 20 40 60

Pixel number

Figure 5. Microstructure HgTe CQD photodetection devices. (a) An illustration of the detector with
an interference structure and plasmonic disk array based on HgTe CQDs. (b) The blue line represents
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the IV curve for the reference detector, whereas the red line depicts the IV curve for the detector
based on 350 nm plasmonic disks. (¢) When the MWIR HgTe-CQD-based detectors operated at 90 K,
thermal images were captured [105]. Copyright 2018, ACS Nano. (d) The figure depicts the structure
of a dual-band infrared detector based on CQDs. The equivalent circuit of the dual-band infrared
photodiode is presented on the right. (e,f) Simulating the absorption for different thicknesses of the
HgTe layer [106]. Copyright 2022, Journal of Materials Chemistry C. (g) The figure illustrates a flexible
polyimide substrate Fabry—Perot cavity. (h) Schematic diagram of a HgTe CQD detector enhanced
by a Fabry-Perot cavity. (i) The figure demonstrates measurements of “1—reflectance R” of the
flexible Fabry—Perot cavity under different bending radii [107]. Copyright 2019, Small. (j) This image
displays the internal structure of a CQD hyperspectral sensor. The sensor comprises a CQD sensor
and hyperspectral filter. The optical spacers are positioned between two distributed Bragg reflectors
and the CQD sensor array can be directly produced on the filter array. (k) The curve in the figure
illustrates the function of peak responsivity (wg) with respect to the pixel index [108]. Copyright
2019, Laser & Photonics Reviews.

Flexible detectors and hyperspectral sensors have been demonstrated in a series of
innovative applications. In 2019, Tang et al. successfully fabricated flexible HgTe CQD
photovoltaic detectors and proposed a method to further enhance the light absorption
in detectors by integrating a Fabry—Perot resonator cavity [107] (Figure 5g—i). Using this
method, they prepared flexible infrared detectors with mechanical flexibility and high
detectivity. Integrated short-wave IR detectors on flexible substrates had a peak detectivity
of 7.5 x 10 Jones at 2.2 um at room temperature. In the same year, Tang et al. proposed
the design of a CQD hyperspectral sensor by integrating a HgTe CQD photovoltaic sensor
with a distributed Bragg mirror filter array [108] (Figure 5g k). By directly integrating the
CQD sensors with a distributed Bragg mirror filter array, 64 narrowband channels with
full width at half maxima down to ~30 cm~! could be realized. The experiment effectively
demonstrated high-resolution spectral measurements, achieving a resolving power of
up to 180. Furthermore, it successfully acquired a hyperspectral image cube within the
short-wave infrared range and benefitted from a swift response time of approximately
~120 ns and an impressive sensitivity surpassing >10'" Jones that was exhibited by the
CQD sensors.

FPA detectors can offer high spatial resolution. CQDs, in contrast to traditional
bulk semiconductor materials in the infrared range, have significant advantages in FPA
processing. They eliminate the need for complex molecular beam epitaxy processes and
flip-chip bonding techniques, substantially reducing the manufacturing cost of infrared
FPA detectors.

In 2016, Sionnest et al. presented the inaugural CQD FPA infrared detector designed
for mid-infrared imaging. This was achieved by integrating HgTe CQDs with a silicon
readout integrated circuit (ROIC) [109]. They showcased a straightforward fabrication
approach for an economical HgTe CQD FPA thermal camera, achieving a noise equivalent
differential temperature of 1.02 mK at 5 um and capturing images at a rate of 120 frames
per second.

Currently, most efforts on FPA research have focused on the device structure, which
requires a multilayer deposition. The optimization of the design appears particularly
crucial. Gréboval et al. achieved a photoconductive FPA based on HgTe CQDs [110]
(Figure 6a—c). They demonstrated an FPA with a 15 um pixel pitch presenting an external
quantum efficiency of 4-5% (15% internal quantum efficiency) for a cut-off around 1.8 pm
with Peltier cooling alone. HgTe-CQD-based FPAs operating in the photoconductive mode
are prone to exhibiting larger dark currents. Subsequently, Alchaar et al. designed an
FPA based on HgTe CQDs with photovoltaic operation [111]. They designed a diode stack
compatible with a readout integrated circuit whose back-end processing was optimized
to ensure compatibility with a complete diode stack deposition. The diode design was
also optimized to generate a Fabry—Pérot cavity in which 50% of the light was effectively
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absorbed at the band edge. High-resolution images were achieved through the utilization
of the optimized structure.
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Figure 6. HgTe CQD focal plane arrays. (a) The figure shows the HgTe-CQD-based SWIR camera
and the camera captures pictures with an M1614-SW objective. (b) A visible image captured using a
smartphone camera depicting a scene with four vials arranged from left to right: tetrachloroethylene,
toluene, acetone, and water. In front of the vials there is an ITO-covered glass slide and a two-inch
silicon wafer. (¢) Using an FPA based on HgTe CQDs to image the same thing as in (b) to obtain an
SWIR imager [110]. Copyright 2022, Nanoscale. (d) The image provides a simple demonstration of
CMOS-compatible manufacturing of CQDs with an ROIC. The wafer has an 8-inch diameter. Initially,
the ROIC wafer undergoes a cleaning process, followed by spin-coating the CQD solution onto the
wafer. Once the CQD thickness reaches the desired value, the 8-inch wafer is then cut into individual
imaging sensor chips. (e) A visible image captured using a smartphone camera depicting a scene with
sky and buildings. (f) Using an imaging sensor chip to image the same scene as in (e) to obtain an
SWIR imager [112]. Copyright 2023, ACS Photonics. (g) Through in situ electric field activation doping,
researchers successfully transitioned the working mode of the FPA detector from a photoducting
mode to a planar pn photovoltaic mode, as schematically illustrated in the figure. (h) This image
contains optical microscopic imaging of the substrate in three states. The leftmost depicts the original
electrode, the middle part shows the electrode after photolithography, and the rightmost displays the
electrode after deposition of quantum dots on the photolithographed electrode. (i) A comparison of
the noise in the FPA imager before and after doping is presented in histogram form. (j) Illustration
depicting the imaging device. (k) A visible image captured using a smartphone camera depicting
a scene with three vials containing from left to right: salt, a mixture of salt and sugar, and sugar.
(1) Using the FPA imager to image the same scene as in (k) to obtain an SWIR imager [69]. Copyright
2023, Science Advances.
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In 2023, Zhang et al. achieved a complementary metal oxide semiconductor (CMOS)
compatible infrared device with trapping-mode photodetectors, in which the minority of
carriers were trapped by a vertical built-in potential, contributing to both decreased dark
current density and improved quantum efficiency [112] (Figure 6d-f). These trapping-mode
CMOS imagers exhibited excellent photoresponse non-uniformity down to 4%, a dead
pixel rate down to 0%, external quantum efficiency up to 175%, and detectivity up to
2 x 10! Jones for SWIR (cut-off wavelength = 2.5 um) at 300 K and 8 x 10'° Jones for
MWIR (cut-off wavelength = 5.5 um) at 80 K.

Subsequently, Qin et al. discovered through their research that uneven and uncontrol-
lable doping methods, along with complex device configurations, limited the performance
of FPA imagers in the photovoltaic mode [69] (Figure 6g-1). Consequently, they proposed a
controllable in situ electric field activation doping method to construct lateral p-n junctions
for simple planar-structured photodetectors based on SWIR HgTe CQDs. A flat p-n junction
FPA imager with 640 x 512 pixels was successfully manufactured.

We summarize the performance of detectors based on HgTe CQDs in Table 1.

Table 1. The summary of photodetectors based on HgTe CQDs.

Detection Range Responsivity Rise Decay

Year Photoactive Material (am) Detectivity (Jones) (A/W) Time Ref.
Photodetectors based on HgTe CQDs
2011 HgTe CQDs 5000 2 x 10° -- - [83]
2013 HgTe CQDs/As,S; 3500 3.5 x 1010 0.1 - [86]
2014 HgTe CQDs 1600 -- - 2 us [94]
2015 HgTe CQDs 5250 4.2 % 1010 - - [97]
2016 HgTe CQDs 3600 2 x 100 - - [109]
2017 HgTe CQDs 2000 2 x 1010 0.4 12.6 ps [95]
1 x 10'° @4000 nm
2018 HgTe CQDs 4000/4500 1 % 101 @4500 nm 1.62 @4500 nm - [105]
2018 HgTe CQDs/Ag,Te 5000 3.3 x 1011 1.3 - [98]
2019 HgTe CQDs 5000 5.4 x 100 - - [89]
2019 HgTe CQDs 2200 7.5 x 1010 - - [107]
2019 HgTe CQDs 2500/4500 1 x 10%0 -- -- [103]
2020 HgTe CQDs 4000 5.4 x 1010 0.23 - [90]
2020 HgTe CQDs/P3HT 2400 >1 x 101 - <1.5 s [96]
1.1 @2350 nm
11 —
2022 HgTe CQDs 2350/4000 2% 10 1.6 @4000 nm [106]
7.6 x 10° @3500 nm @300 K
2.7 x 10" @4200 nm @80 K
2023 HgTe CQDs 3500/4200 51 % 101 @400 nm @200 K 2.7 - [91]
>1 x 10'° @4200 nm @280 K
2023 HgTe CQDs/Bi»S3 2200 1 x 101 - 8 us [99]
1 x 10" @700 nm 0.5 @700 nm
2023 HgTe CQDs/CdTe CQDs 700/2100 45 % 101" @2100 nm 11 @100 nm - [104]
11
2023 HgTe CQDs 2500/5500 2 x 10 © @250 nm - - [112]

8 x 10! @5500 nm

3. Research on HgSe CQDs
3.1. Synthesis of HgSe CQDs

HgSe CQDs are naturally n-doped in ambient conditions. They typically present sev-
eral carriers per nanocrystal and consequently exhibit interband and intraband absorption
in the mid-infrared range [113-117].

In 2014, Deng et al. conducted a study on the photoconductivity of doped HgSe CQDs
with intraband transitions [118] (Figure 7a—c). HgSe CQDs also exhibited intraband photo-
luminescence. Compared with the interband transitions of CQDs, intraband transitions
provided a selective spectral detection, which opens up the possibility for more materials
to be applied to infrared applications.

The intraband carrier lifetime is vital in device applications, which are mainly limited
by nonradiative processes and a low photoluminescence quantum yield. A core/shell
nanocrystal structure can significantly enhance photoluminescence [119-122] and improve
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the chemical and thermal stability of materials. The shell can passivate surface states of the
core, reducing non-radiative recombination pathways. Based on this, in 2015, Deng et al.
synthesized HgSe/CdS core/shell CQDs and investigated the changes in their optical
absorption and emission [123]. The intraband photoluminescence of HgSe /CdS films was
higher than for HgSe films. However, the shell greatly improved the film’s resistance. After
annealing at 200 °C, HgSe/CdS films maintained narrow intraband emission and higher
laser power at a wavelength of 5 pm. In 2018, Shen et al. synthesized HgSe /CdSe core/shell
CQDs, achieving the brightest emission at 5 um, with a quantum yield of approximately
1073 [124] (Figure 7d).

In 2021, Kamath et al. conducted an in-depth study of the core—shell structure [125].
They reported the synthesis and spectral analysis of thick-shell n-type HgSe/CdS core/shell
CQDs. Under the milder conditions, HgSe/CdS CQDs with thick shells were synthesized
via a two-step growth process utilizing highly reactive single-source precursors. It was
found that the intraband lifetime and photoluminescence quantum yield increased with
an increase in shell thickness. The maximum photoluminescence efficiency and longest
intraband lifetime were achieved at 2000 cm~!. This is the brightest solution phase mid-
infrared chromophore reported to date, achieving an internal photoluminescence quantum
yield of 2%. Additionally, this photoluminescence had an intraband lifetime of over 10 ns.
Later in 2023, Shen et al. presented electroluminescence at 5 um by utilizing the intraband
transition between the 1S, and 1P, states located within the conduction band of core-shell
HgSe—CdSe CQDs [126].

To boost the performances, i.e., reducing dark current and improving the time re-
sponse of the HgSe CQDs, Martinez et al. determined the electronic spectrum on an
absolute energy scale for HgSe CQDs with different sizes and different ligands in 2017 [127]
(Figure 7e-h). Subsequently, they introduced a technique involving the grafting of function-
alized polyoxometalates (POMs) onto the surface of HgSe CQDs. This approach resulted in
a substantial tuning of the carrier density (approximately five electrons per nanoparticle)
and conduction properties simultaneously [128]. This method showed great promise for
achieving significant tuning of the carrier density in degenerately doped semiconduc-
tor nanoparticles.

In order to further improve the mobility of CQDs, Chen et al. proposed a method of
hybrid ligand exchange (HgSe /hybrid) to prepare the HgSe CQD film and then compared
it with the solid-state ligand exchange of ethanedithiol (HgSe/EDT) [129]. In contrast, the
mobility of HgSe/hybrid films showed a 100-fold increase in mobility, reaching 1 cm?/Vs
for particles with a diameter of 7.5 nm. Subsequently, they introduced a room-temperature
mixed-phase ligand exchange method that allowed for air-stable doping between the
1Se and 1P, states of high-mobility HgSe CQDs that could be adjusted [130] (Figure 7i).
Moreover, Chen et al. explored how the size distribution of intraband HgSe CQD films
impacts transport and photodetection [131]. The results indicated that enhancing the
uniformity of HgSe CQD sizes leads to a significant increase in mobility that correlates
with the energy distribution resulting from this size consistency.

3.2. HgSe CQD Photodetectors

As HgSe CQD synthesis technology has gradually matured, researchers have delved
into the study of photodetectors based on HgSe CQDs. In 2017, Tang et al. prepared a
kind of plasmonic nanodisk array narrowband photodetector by using HgSe CQD films
as narrowband light absorption sensing materials [132] (Figure 8a,b). The responsivity
at the center wavelength of the narrowband detector was improved by integration with
the plasmonic nanodisk array. This was the first time that plasmonic nanodisk arrays had
been integrated into MIR detectors based on HgSe CQDs. The results showed that the
responsivity at the center wavelength increases significantly and that the full width at
half maximum (FWHM) values of the photodetectors decreases. This work was of great
significance for the development of filter-free narrowband infrared detectors and cameras
operating at room temperature.
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Figure 7. HgSe CQD characterization. (a) Band/intraband doping states of QDs. The red horizontal
arrows represent photocurrent, and the black arrows represent dark current. The dark current is
minimized when n = 2. (b) TEM image displaying HgSe CQDs. The particles exhibit an average
diameter of 6.2 nm, and the standard deviation is 0.76 nm. (c) The blue line represents the Faradaic
current, the red line represents the conduction current at a bias of 10 mV, and the black line represents
the differential mobility of the HgSe CQD film on a platinum interdigitated electrode. The scan rate is
80 mV/s, and the electrolyte is tetrabutylammonium hexafluorophosphate in acetonitrile. The peaks
at 0.5V and 0.15 V in the reversible reduction/oxidation correspond to electron injection into the 1Se
and 1Pe states, respectively. The conduction minimum at approximately 0.35 V signifies the filling of
the 1Se state. The second minimum near 0 V indicates a conductivity gap between the 1Pe state and
higher states. The arrows denote the scan direction [118]. Copyright 2014, ACS Nano. (d) PL spectra
measured in air for HgSe/CdSe films subjected to different treatments [124]. Copyright 2017, Chemistry
of Materials. (e) Absorption spectra of HgSe CQDs with different sizes. (f) Measurement of XPS signals
for HgSe CQD film with an incident photon energy of 600 eV. (g) Photoemission spectrum of Hg 4f
core-level emission in medium HgSe CQDs capped with As,Ss. (h) Electronic spectrum representation
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(valence band in black, 1S state in red, 1P, state in blue, 1D, state in pink, and vacuum level
in green) for medium-sized HgSe CQDs capped with four different ligands. The energy scale is
referenced to the Fermi level and error bars indicate variations in the work function determined
through different methods [127]. Copyright 2017, ACS Appl Mater Interfaces. (i) Illustration of the
mixed-phase ligand exchange process. Step 1 involves liquid-phase ligand exchange. Step 2 includes
doping modification using additional salts. Step 3 consists of solid-phase ligand exchange [130].
Copyright 2022, ACS Nano.

Modifying HgSe CQDs hinges significantly on the selection of appropriate ligands.
Notably, hybrid ligand exchange has made substantial advancements in achieving tunable
doping and high mobility in interband CQDs. However, research on intraband CQD
detectors is still scarce. Therefore, Chen et al. developed a high-performance photodetector
in 2022 [130] (Figure 8e-i). This photodetector could serve as an intraband infrared camera
for thermal imaging, as well as a CO; gas sensor with a range from 0.25 to 2000 ppm. A
relatively high carrier mobility (1 cm?/Vs) in HgSe intraband CQD solids was obtained
by utilizing a room-temperature mixed-phase ligand exchange method. Furthermore, the
high mobility and controllable doping proved beneficial for a mid-infrared photodetector
utilizing the 1S, to 1P, transition, with a 1000-fold improvement in response speed, which
was several us, a 55-fold increase in responsivity, which was 77 mA /W, and a 10-fold
increase in detectivity, which was above 1.7 x 10° Jones at 80 K. In 2022, Sokolova et al.
compared the effects of four different types of ligands (EDT, BeSH, S>~, and SCN) on the sen-
sitivity of infrared photodetectors based on HgSe CQDs [133]. The maximum sensitivity of the
photodetectors was obtained when SCN was used for the ligands. The obtained responsivity
and detectivity of the photodetectors were 0.5 A/W and 3.1 x 107 Jones, respectively.

By mixing with other materials, it is possible to overcome the inherent flaws of the
material itself while preserving its original advantages, thus enhancing the performance
of the detector [134]. In 2019, Livache et al. proposed a design for a CQD infrared pho-
todetector metamaterial from a mixture of HgSe and HgTe CQDs [135] (Figure 8c,d). At
the same time, they integrated this material into a photodiode and achieved a detectivity
of 1.5 x 10” Jones at 80 K, which was two folds higher than HgSe CQDs operating at the
same temperature and wavelength. In 2022, Khalili et al. proposed a dye-sensitization
method to overcome the limitations (high dark current, slow response, low activation
energy) observed from internal materials. They used a mixture of HgSe and HgTe as a
dye-sensitized infrared sensor [136] (Figure 8j,k). This hybrid material maintained the
internal absorption of HgSe CQDs while reducing the dark current, increasing activation
energy, and fixing time response. They also studied carrier dynamics in the material using
infrared transient spectroscopy and measured the coupling between the two materials. On
this basis, they proposed a strategy to improve the optical detection performance of hybrid
materials by coupling internal absorption. The mixed material was coupled with a guided
mode resonator. The detectivity reached 10° Jones at 80 K and the responsivity reached
3 mA/W with a weak temperature dependence.

The design of a core-shell structure can enhance the performance of a photodetector
by improving the intrinsic properties of the material itself. In 2023, Shen et al. designed
a core-shell structure core—shell HgSe-CdSe CQDs [126] (Figure 81,m). They applied this
material in a photodiode; the device exhibited an external quantum efficiency (EQE) of
4.5% at 2 A/cm?, with a power efficiency of 0.05%. This 4.5% EQE was comparable with
that of commercial epitaxial cascade quantum well light-emitting diodes.

Based on the above work, it can be seen that effective ligand exchange, mixing with
other materials, and the design of the core/shell structure are all strategies for improving
device performance.

We summarize the performance of detectors based on HgSe CQDs in Table 2.

18



Materials 2023, 16, 7321

Table 2. The summary of photodetectors based on HgSe CQDs.

. . Detection Detectivity Responsivity Rise Decay
Year Photoactive Material Range (nm) (Jones) (A/W) Time Ref.
Photodetectors based on HgSe CQDs
2014 HgSe CQDs 5000 8.5 x 108 5x 1074 - [118]
0.145 @4200 nm
4200/6400/ 0.092 @6400 nm
2017 HgSe CQDs 7200,/9000 - 0.088 @7200 nm - [132]
0.086 @9000 nm
2019 HgSe CQDs/HgTe CQDs 4400 1.5 x 10° - <500 ns [125]
2022 HgSe CQDs 4000 1.7 x 10° 0.077 - [131]
2022 HgSe CQDs - 3.1 x 107 0.5 -- [134]
2022 HgSe CQDs/HgTe CQDs 5000 1 x 107 0.003 <200 ns [136]
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Figure 8. HgSe CQD photodetector. (a) The illustration shows a visual depiction of plasmonic
disk arrays situated on a SiO, /Si substrate. (b) The graphic illustrates the simulated enhancement
ratio corresponding to the resonance wavelength. The inset provides a detailed cross-sectional view
for a more comprehensive understanding [132]. Copyright 2017, Journal of Materials Chemistry C.
(c) The device structure. Lighting is supplied from the device’s rear, with the sapphire substrate
enabling a 70% transmission of mid-infrared light. (d) The band diagram illustrates the alignment
for the diode structure. HgTe 6k functions as a unipolar barrier, effectively filtering the injection of
dark current into the active HgSe/HgTe 4k layer [135]. Copyright 2019, Nat Commun. (e) Infrared
thermal image obtained with a HgSe intraband CQD photodetector. (f) SEM of top view and cross
section of a photoconductor based on HgSe CQDs. (g) Diagram of the imaging scanning device.
(h) Schematic diagram of a photoconductor based on HgSe CQDs. (i) The current of the HgSe-CQD-
based photoconductor is depicted by the black line in the absence of blackbody radiation, whereas
the red line represents the current in the presence of blackbody radiation. The effective surface area is
approximately 0.3 mm x 0.16 mm [130]. Copyright 2022, ACS Nano. (j) The diagram illustrates the
GMR (giant magnetoresistance) device integrated with an intraband absorbing film composed of the
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HgSe/HgTe nanocrystal mixture. (k) The variation in the intraband photocurrent (induced by
QCL illumination at 4.4 um) to dark current ratio is depicted as a function of temperature. This
comparison is made between reference interdigitated electrodes (without resonance) and GMR
electrodes [136]. Copyright 2022, ACS Photonics. (1) Structure of the device. (m) Energy band diagram
of the device [126]. Copyright 2023, Nature Photonics.

4. HgS-CQD-Based Photodetectors

HgS CQDs are a kind of quantum dots with strong constraint; under ambient condi-
tions, the carriers remain stable in the lowest conduction band state [137].

In 2014, Jeong et al. conducted a comprehensive investigation on HgS CQDs [138].
They demonstrated, for the first time, CQDs with stable electron occupancy in the lowest
quantum state under ambient conditions, as well as the emergence of intraband lumines-
cence. Figure 9 characterizes the properties of HgS CQDs.
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Figure 9. HgS CQD characterization. (a) Energy diagrams for Hg?*-doped and S?>~-treated HgS
CQDs are depicted schematically. (b) Relative to the initial measurement of the ethanedithiol cross-
linked HgS CQD film, this presentation includes the resting potential difference and the integrated
mid-infrared absorption of a HgS colloidal quantum dot (CQD) film. These measurements were taken
after alternate exposure to Hg2+ and $%~ ions, with the resting potential being assessed 40 s after
immersion in the electrolyte. (c) After photoexcitation at 808 nm, the intraband photoluminescence
emission (depicted in red) arises from the 1S.—1P, transition of ambient n-type HgS nanocrystals.
The photoluminescence emission spectrum (in red) is overlaid with the absorption spectrum (in
black) [138]. Copyright 2014, | Phys Chem Lett. (d) As a function of annealing temperatures, the linear
mobility of HgS CQDs thin-film transistor devices is plotted. (e) The XRD spectra of HgS CQDs at the
different temperatures are presented [139]. Copyright 2017, RSC Advances. (f) Interband absorption
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post-sulfide treatment of CQDs with different size, normalized at high energy, is presented, as
measured in solution. The solid black line represents an extrapolation of the absorption at higher
energies, with the x-intercept serving as an estimate for the bulk gap, measured at 0.67 eV. (g-i) TEM
images of HgS CQDs with different sizes spanning from 2.9 to 9.1 nm [140]. Copyright 2016, The
Journal of Physical Chemistry C.

Based on the examination of the electron occupancy of the semiconductor conduction
band’s lowest electronic state (1Se), Kim et al. further investigated the electron mobility of
HgS CQDs using field-effect transistors [139] (Figure 10a,b). The optimum carrier mobility
was obtained by optimizing annealing temperatures and efficient ligand exchange. Finally,
the measured mobility reached an impressive value of 1.29 cm?/Vs.
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Figure 10. HgS CQD modifications. (a) The TFT device structure of HgS CQDs is schematically
illustrated, along with an optical image. (b) Transfer characteristics of HgS CQDs TFTs, with an-
nealing temperatures ranging from 65 to 150 °C, are displayed [139]. Copyright 2017, RSC Advances.
(c) Versatility in ligands for oleylamine-passivated HgS CQDs is demonstrated, transitioning from
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amine to thiol, amine to oxide, and amine to halide atomic ligands. (d) The bottom spectrum (in
red) represents the 1H NMR spectrum of ammonium-chloride-passivated HgS CQDs, indicating the
absence of residual oleylamine ligands except for solvent peaks (marked with a star). For reference,
the top spectrum corresponds to the NMR spectrum of oleylamine-passivated HgS CQDs. (e) The
FTIR image of the identical solid HgS CQDs is presented, with an optical image provided in the inset.
This figure is obtained by FTIR microscope. The point a and b are two different absorption peaks of
the film. (f) The electron doping density of two distinct ligand-passivated HgS CQD solid films is
monitored using an FT-IR microscope. The top part of the image displays the optical view, whereas
the bottom part presents the FTIR image. In the bottom left-hand area (red—yellow), a heavily doped
HgS CQD film exhibits mid-IR intraband absorption at 2275 em L. Conversely, the bottom right-
hand area (blue-purple) represents a sulfide-treated HgS CQD film showing no mid-IR intraband
absorption. The film geometry resembles a p-n junction. The image size is 8356 x 700 um? [141].
Copyright 2016, Journal of Physical Chemistry C.

To further enhance the performance of HgS CQDs, researchers have proposed an
innovative approach for the growth of CQDs. To address the issues of particle aggregation
and poor shape control (size distribution) for HgS CQDs, in 2016, Shen et al. utilized a
dual-phase method to synthesize HgS CQDs at room temperature, resulting in HgS CQDs
with small size dispersion and well-defined optical features [140]. They also employed the
same synthetic method to create HgS/CdS core/shell structures. The findings revealed
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that encapsulating HgS within a CdS shell effectively eliminated the natural n-doping of
the HgS core, leading to interband photoluminescence at 1.5 um with a quantum yield
of approximately 5%. Additionally, the core/shell structure significantly enhanced the
thermal stability of the HgS core.

The strong binding strength between thiol and HgS CQDs makes it difficult for HgS
CQDs to exchange with other ligands species. To solve this problem, Yoon et al. employed
the oleamine passivation method to synthesize HgS CQDs, offering a novel approach for
producing thiol-free nanocrystals with electrons occupying the lowest quantum state of the
conduction band [141] (Figure 10c—f). They achieved heavy doping of HgS CQDs without
thiol ligands for the first time, effectively simplifying the process of ligand exchange. Non-
thiol ligand-passivated HgS CQDs exhibit strong steady-state band-to-band transitions
under ambient conditions. This work provided a direction for the erasable storage, infrared
optoelectronics, and infrared free-space optical communication of CQDs.

At present, there is not much research on HgS CQD infrared detectors. The stability
HgS CQDs needs to be further improved.

5. Conclusions

Mercury chalcogenide quantum dots, owing to their tunable bandgap, high absorption
coefficients, and cost-effective solution processability, are considered promising materials
for IR photodetectors. This article provides a comprehensive overview of the research
progress in mercury sulfide quantum dot photodetectors, covering aspects such as quantum
dot synthesis, material enhancements, device structures, and operating principles. Compre-
hensive analysis of the detector performance based on these materials reveals several key
insights. Compared with other materials, detectors based on HgTe CQDs demonstrate a
broader wavelength coverage and relatively superior performance. However, their stability
is comparatively lower. HgSe CQDs can leverage intraband transitions for photoelectric
detection. In contrast to the inter-band transition in HgTe CQDs, the intraband infrared
luminescence attenuation exhibits little or greatly reduced Auger relaxation. This phe-
nomenon arises from the sparse state density in the conduction band. Consequently, the
utilization of intraband transitions proves advantageous for enhancing the quantum ef-
ficiency of infrared detectors. Nevertheless, achieving precise control over the size and
electronic doping state of HgSe CQDs presents a significant challenge. Consequently, the
yield of HgSe CQD detectors is not high and their performance lags behind that of HgTe
CQD detectors. HgS CQDs are currently hampered by issues such as particle aggregation,
limited shape control, and instability in preparation, resulting in a relatively sparse body
of related studies. Nonetheless, the ongoing development of new technologies, including
core—shell structures, holds the promise of addressing these challenges and enhancing the
application potential of HgS CQDs in the field of detectors.

Over the past decade, significant breakthroughs have been achieved in the field
of colloidal mercury sulfide quantum dots, ranging from single-point detectors to focal
plane arrays. However, the colloidal mercury sulfide quantum dot system still faces
several challenges:

1.  Material Stability: Mercury sulfide colloidal quantum dots may undergo degradation
or deterioration when exposed to prolonged use or high-temperature environments,
limiting their widespread applications. Surface modification of quantum dots with
organic or inorganic ligands is essential to enhance their stability and improve their
dispersion in solutions. This is crucial for the preparation of long-term stable and
reliable infrared detectors.

2. Limited Photodetection Range: Mercury sulfide quantum dots are primarily used in
the near-infrared, short-wave infrared, and mid-infrared spectral range, with fewer
applications in the long-wave infrared range. Expanding their photodetection range
is necessary to achieve broader spectral detection capabilities.

3. Operating Temperature: Theoretically, the quantum-mechanical nature of CQDs
implies higher operating temperatures for IR photodetectors, since thermal carrier
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generation would be significantly reduced compared with the quantum well due to
the energy quantization in all three dimensions. Still, cooling is necessary in most
CQD photodetectors. Further theoretical and experimental research is needed.

6. Outlook

Mercury chalcogenide CQDs for infrared detectors hold immense promise for future
development. Firstly, the simplified fabrication method based on solution manufacturing
significantly reduces production costs. Secondly, infrared detectors based on mercury
chalcogenide CQDs, with their tunable bandgap and extensive absorption spectra, offer a
broader spectral range, making them potentially applicable in various fields. Prospective
applications may span biomedical imaging, communication technology, solar cells, and
more. Additionally, the flexibility of mercury chalcogenide CQDs in terms of compatibility,
allows for application on various substrates, particularly silicon and flexible substrates.
Through optimizing synthesis methods, improving material stability and designing novel
device structures, achieving higher EQE and faster response times is possible. In summary,
mercury-chalcogenide-CQD-based infrared detectors, with their unique properties, demon-
strate extensive prospects for applications such as infrared imaging technology, solar cells,
biomedical imaging, gas sensing, and environmental monitoring.
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Abstract: Spectral analysis is an important tool that is widely used in scientific research and industry.
Although the performance of benchtop spectrometers is very high, miniaturization and portability are
more important indicators in some applications, such as on-site detection and real-time monitoring.
Since the 1990s, micro spectrometers have emerged and developed. Meanwhile, with the development
of nanotechnology, nanomaterials have been applied in the design of various micro spectrometers in
recent years, further reducing the size of the spectrometers. In this paper, we review the research
progress of micro spectrometers based on nanomaterials. We also discuss the main limitations and
perspectives on micro spectrometers.

Keywords: micro spectrometers; nanomaterials; nanoarchitectonics; spectral analysis

1. Introduction

Elements and their compounds known on Earth show specific spectra; these spectra
are thus regarded as the fingerprints that identify the elements themselves. Due to this, the
composition, structures, and physical states of substances can be determined by spectral
analysis. Spectral analysis has a number of advantages, such as being fast, accurate and non-
destructive, leading it to play a remarkable role in substance identification, physicochemical
property analysis and content detection. To resolve such spectra, the incident light must
be analyzed by optical spectrometers, which decompose composite light mixed with
different wavelengths into spectral curves; then, the information regarding wavelengths
and intensity is obtained. There are various types of optical spectrometers; in addition
to those used in the visible band, there are also ultraviolet and infrared types. Today,
spectrometers have a wide range of applications in biosensing [1], industrial inspection [2],
mineral exploration [3], environmental monitoring [4], chemical analysis [5], deep space
exploration, military technology, etc.

Traditional high-performance benchtop spectrometers, which can provide ultrahigh
resolution and a wide spectral range, generally consist of three parts: namely, discrete dis-
persion elements, mechanical movable parts and detector arrays [6-8]. However, because
of this complex structure, spectrometers usually possess many problems such as large
volume, high energy consumption and high cost. For some emerging applications, the need
for spectrometer miniaturization and integration is much greater than the requirement
for high performance. As a result, the development of micro spectrometers has naturally
become an important research direction of spectral instruments. With the development of
micro nanotechnologies, computer technologies and other fields, micro spectrometers have
emerged in recent years [9,10]. Micro spectrometers not only have a low cost, low power
consumption and convenience in field detection, but they can also be redeveloped, so the
application fields are greatly expanded.

Since the early 1990s, researchers have presented micro spectrometers via various
designs and working principles. In the early stage of micro spectrometer development, the
main focus lay in system integration. In 1990, D. Goldman et al. first studied and prepared
the integrated waveguide miniature spectrometer based on the integrated splitter device

Materials 2023, 16, 2253. https:/ /doi.org/10.3390/mal6062253 29

https://www.mdpi.com/journal /materials



Materials 2023, 16, 2253

combining planar waveguide and grating [11]. Afterwards, researchers began paying
attention to shrinking the system components and system structure. In 1992, Dr. Mike,
an American scientist and founder of the Marine company, successfully developed the
world’s first micro-optical fiber spectrometer, namely the micro-optical fiber spectrom-
eter 51000. This micro spectrometer was compact: one-tenth the size of a conventional
spectrometer. As a result, production costs were greatly reduced, and great progress was
made in the portability of the spectrometer. Since then, micro spectrometers have been
developed [12-16] and gradually used in industry. However, in some applications, the
spectrometer needs to be further shrunk. Yet, reducing the size of the optical and detection
elements leads to a significant decrease in the spectral resolution, sensitivity and dynamic
detection range of the spectrometer. Thus, traditional scale methods are facing technical
challenges.

The development of nanomaterials [17-22] provides researchers with a new method
of thinking to shrink the spectrometer. Nanomaterials, such as zero-dimensional nano-
materials (quantum dots), one-dimensional nanomaterials (nanowires or nanorods) and
two-dimensional nanomaterials (graphene, black phosphorus, etc.) have low cost, high
carrier mobility, adjustable bandgaps and a precisely controlled materials growth process.
In particular, nanomaterials exhibit many novel optical and electrical properties due to
the quantum confinement effect; therefore, they show attractive prospects in electrical and
optical devices and have attracted wide attention and research all over the world. Thus, it
is of great significance to use this new nanomaterial for spectral filters or the photodetector
units of spectrometers. In recent years, researchers have designed a variety of spectrometers
by using nanomaterials, some of which do not even require optical components, allowing
the spectrometers to be further miniaturized.

In this article, we review the recent relevant results on micro spectrometers based
on nanomaterials and nanoarchitectonics. Depending on the dimension of nanomateri-
als used for the spectrometer’s filter or detector units, the micro spectrometers can be
divided into three categories: zero-dimensional nanomaterials-based micro spectrome-
ters, one-dimensional nanomaterials-based micro spectrometers and two-dimensional
nanomaterials-based micro spectrometers. The progress in micro spectrometers based on
materials nanoarchitectonics is summarized in Figure 1.
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Figure 1. Progress in micro spectrometers based on nanomaterials. The image in the center presents
the spectrum. The light-gold annulus around it shows the representative nanomaterials. The
green annulus at the outermost area demonstrates some representative structures of these micro
spectrometers based on nanomaterials.
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2. Types of Micro Spectrometers

Micro spectrometers constructed by nanomaterials have different structures and op-
erating modes from traditional spectrometers, as well as a series of advantages, such as
structure, cost, integration, stability and so on. There have been many reports on micro
spectrometers based on nanomaterials at home and abroad. In this review, we divide the
type of micro spectrometers based on nanomaterials.

2.1. Zero-Dimensional Nanomaterials-Based Micro Spectrometers

The typical zero-dimensional (0D) nanomaterial representative is quantum dots (QDs).
QDs have the characteristics of broadband absorption and narrowband emission, and the
absorption spectra can be precisely tuned by varying their composition and size. Thus,
QDs have fine spectral responses over a wide wavelength range. For example, by tuning
the particle size, the optical response of cadmium chalcogenide QDs [23-27] could cover
the visible wavelength, while lead [28-31] or mercury chalcogenide QDs [32—41] could
cover infrared regions to the terahertz region. Due to this property, QDs are excellent for
identifying colors or the spectra of matter.

In 1997, Jimenez et al. proposed a sensitive QD spectrometer which was created in the
InAs/GaAs/AlxGaj_xAs material system. This device consisted of two main parts. An
inhomogeneous QD plane was used to obtain the spectra information, while a resonant-
tunneling device was used to carry out the spectra readout. It could integrate into an array
because its size was small, similar to that of a common semiconductor photodetector [42].
In 2015, Zhang et al. designed an embedded micro spectrometer based on a 64-pixel
QD photodetector array, showing a good spectral response in the 500-1000 nm band,
especially 700-900 nm. This detector was a GaAs n-i-n photodetector with a double-
barrier AlAs, which implanted an InAs QDs into its thin quantum well. The spectrometer
had high sensitivity and could detect weak light down to 10~* W, which was more
suitable for the spectral detection of biological micro-regions [43]. Similarly, in 2018, Wang
et al. also made use of InAs QDs and a Ing 15GaggsAs quantum well to design an AlAs
double-barrier structure. The sensitivity of the photodetector based on this structure was
significantly increased. They combined this 64-pixel QD photodetector with a readout
circuit to create an android-based micro spectrometer. The QD micro spectrometer consisted
of two main structures, namely the optical platform and the optoelectronic system. It had
been experimentally proven that the proposed spectrometer was more sensitive than a
commercial charge-coupled device (CCD) spectrometer. Moreover, this spectrometer had
promising applications in the detection of micro-regions in biological samples [44].

In addition, colloidal QDs (CQDs) can be synthesized by solution treatment and
be processed, molded and integrated with a liquid state, which will greatly miniatur-
ize spectrometers at a low cost. Hence, CQDs are an attractive nanomaterial for micro
spectrometers.

In 2015, Bao et al. demonstrated a micro QD spectrometer, which used CQDs as
a spectral filter array for the first time and integrated it with a CCD. They chose 195
spectra-tunable cadmium sulfide (CdS) and cadmium selenide (CdSe) CQDs materials,
which were obtained by adjusting the size or composition of CQDs and had different
wavelength-selective transmittance in the selected spectral range. The CQD filters and
the integrated QDs spectrometer are shown in Figure 2a. The spectral measurement
of this micro spectrometer was based on the principle of wave-division multiplexing,
computationally reconstructing the original spectrum by measuring the total transmission
intensity of each given CQD filter. A spectral resolution of ~3.2 nm was achieved in the
spectra range of 390-690 nm [45]. This work successfully demonstrates that CQDs are ideal
broadband filter materials for use in micro spectrometers.
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Figure 2. Architecture and schematic diagram of 0D nanomaterials-based micro spectrometers.
(a) CQD filters and an integrated quantum dot spectrometer. On the left are CQD filters. A total of
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195 CQD materials in the form of filters. On the right is a QD micro spectrometer made from the
195 CQD filters and a CCD array detector, which is in the form of a digital camera with electronics
and circuits, comparable in size to a US quarter [45]. Copyright 2015, Nature. (b) The architecture
of the proposed PQDF-based hyperspectrometer [46]. Copyright 2020, Light Science & Applications.
(c) Schematic diagram of the developed NIR QD spectrometer, showing the whole process including
the acquirement of a real sample’s spectrum, construction of a NIR QD spectrometer, measurement of
the spectrum, extraction of the signal and reconstruction of the spectrum by compressive sensingbased
total-variation algorithm [47]. Copyright 2021, Advanced Optical Materials. (d) Schematic diagram
of the proposed algorithm-based spectrometer [48]. Copyright 2021, Photonics and Nanostructures—
Fundamentals and Applications. (e) Schematic of the developed waveguide spectrometer. Waveguide
spectrometer with a monolithically integrated photoconductor and the respective cross sections. The
subwavelength photodetector, created on top of a buried and leaky optical waveguide, contains one
bottom gold electrode operating as a scattering center, a photoactive HgTe CQD layer and a top gold
electrode [49]. Copyright 2022, Nature Photonics.

In 2019, Tang et al. took advantage of the excellent optical properties of HgTe CQDs
to design a CQD hyperspectral sensor, which could acquire hyperspectral image cubes in
the short-wave infrared range. The device consisted of HgTe CQD photovoltaic sensors
and distributed Bragg reflector filter arrays. The spectral measurement of this hyperspec-
tral sensor showed a spectral resolution of up to 180 [50]. In 2020, Zhu et al. reported
a broadband perovskite QD (PQD) spectrometer with a spectra bandwidth of 750 nm
(250-1000 nm) and a spectral resolution of ~1.6 nm, and both parameters were superior
to that of human visualization. In this study, 361 non-emissive in situ fabricated PQD-
embedded films (PQDFs) were selected to form a filter array with which a silicon-based
photodetector array was integrated. Further, a total-variation optimization algorithm based
on compressive sensing was used to reconstruct the spectral information. The architecture
of the developed PQDF-based hyperspectrometer is shown in Figure 2b [46]. To address
the problem of a lack of high-resolution NIR (near-infrared) QD filters, in 2021, Li et al.
proposed a NIR QD spectrometer. They combined 195 PbS and PbSe CQD filters with a NIR
CMOS (complementary metal oxide semiconductor) detector and utilized the compressive
sensing-based total-variation algorithm, achieving a spectra resolution of 6 nm in the NIR
wavelength range between 900 and 1700 nm [47]. The schematic diagram of the proposed
NIR QD spectrometer is shown in Figure 2c.

In 2021, Venettacci et al. fabricated an algorithm-based spectrometer covering the
whole visible-NIR range by utilizing narrowband PbS CQDs. They drop-coated the PbS
CQPD dispersions onto a planar glass substrate as a filter and then placed it over a pho-
toconductive detector whose active layer material was also PbS CQDs, thus forming a
spectra-selective detector. They prepared seven batches of PbS CQD dispersions and
combined the filters with photodetectors, eventually obtaining 28 devices with different
responsivity spectra. The schematic diagram of the proposed spectrometer is shown in
Figure 2d. For the spectral reconstruction and the peak wavelength identification spectral
reconstruction, they achieved a maximum resolution of 40 nm and a mean error of 5 nm [48].
In June 2022, a single-dot spectrometer based on the 5% LiCl-doped perovskite film was
proposed by Guo et al. For the structure of this single-dot spectrometer, the top electrode
was a silver probe, the active layer was the perovskite film (~500 nm thickness), and the
materials located above and below it were the Spiro-OMeTAD layer and the SnO2 layer,
respectively. A 5 nm spectral resolution was achieved in the working area footprint of
440 x 440 umz. Moreover, this spectrometer showed a good linear response in the irradi-
ance range of 0.42 pW cm~2 to 120 mW cm 2. They showed an on-chip integrated spectral
imaging system and obtained spectral information by spectral reconstruction [51].

The interferometric platforms of Fourier transform spectrometers have been shrunk in re-
cent years, but their signal detection still relies on external imaging sensors [52,53]. To further
address the challenge of the sensor miniaturization of waveguide spectrometers, in October
2022, Grotevent et al. integrated a piece of subwavelength HgTe CQD photodetector into
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a LiINbO3 waveguide to demonstrate an ultra-compact (below 100 pm x 100 pm x 100 pm)
miniature Fourier transform waveguide spectrometer (Figure 2e). This short-wave infrared
spectrometer, operating at room temperature, had a spectral response at a maximum wave-
length of 2 um and a moderate spectral resolution of 50 cm~! [49]. The design of this
ultra-compact spectrometer offers a new idea for the miniaturization of the Fourier trans-
form spectrometer, which is expected to be applied to hyperspectral cameras, consumer
electronics, etc., in the future.

Opverall, the QDs spectrometer represents a great breakthrough in the miniaturization
of spectrometers. QDs are highly tunable, tiny and light-sensitive semiconductor crystals.
In theory, the use of QDs can miniaturize the spectrometer without affecting its spectral
resolution, spectral range and efficiency. However, micro spectrometers based on more
environmentally friendly CQD materials, such as ZnSe and InP, should be developed. In the
future, such tiny QDs spectrometers may be used in personalized medicine, microfluidic
chip laboratories, fluid detection [54] and other fields.

2.2. One-Dimensional Nanomaterials-Based Micro Spectrometers

One-dimensional (1D) nanomaterials, such as nanowires and nanotubes, have shown
attractive prospects in electrical and optical devices [55-58] in recent years. Since the
nanowire and nanotube diameter reduces in size, singularities in the electronic density of
states develop at special energies, called van Hove singularities. The electronic density of
states is large and bears closer resemblance to molecules and atoms, but sharply differs from
crystalline solids. Thus, within the limits of small diameters, novel quantum phenomena
associated with this characteristic 1D density of state features are observed. Moreover, with
the development of nanotechnology, the growth technology for nanowires and nanotubes
has been advanced to a level in which the required composition, structure and heterojunc-
tion can be easily synthesized. As a result, the difficulty of micro spectrometer integration
can be greatly reduced. Using 1D nanomaterials can even combine the spectral splitting
unit and detection unit, which will greatly reduce the volume of the spectrometer. In recent
years, there has been much research on 1D nanomaterials-based spectrometers.

In 2011, Cavalier et al. integrated a SiN single-mode ribbed waveguide interferometer
with an array of 24 superconducting epi-NbN nanowire single-photon detectors, exhibiting
an infrared SWIFTS (Stationary Wave Integrated Fourier Transform Spectrometer) device.
The nanowire arrays they designed had a width of 40 nm, a thickness of 4 nm and a space
of 120 nm. After a colored light of around a 1.55 um wavelength was introduced to the
optical waveguide, the nanowire arrays would produce a counter-propagative stationary
interferogram. Using the SNSPD (Superconducting Nanowire Single-Photon Detectors)
operating in single-photon counting mode, the modulation of the source bandwidth was
detected. With 4.2 K optical power modulation, a spectral resolution of 170 nm and a spec-
tral width of 2 um were achieved. The operating principles of the SWIFTS-SNSPD device
are shown in Figure 3a [59]. In 2017, French et al. demonstrated a hyperspectral imaging
spectrometer making use of 1.7 um thin-layered gallium phosphide (GaP) nanowires as a
multiply scattering medium in combination with a compressive sensing approach. This
scattering medium was only a few microns thick and was characterized by uniformity
and high dispersion. In the illuminated area, there were 100 separate transmission chan-
nels in the nanowire mats, which was sufficient for spectral information encoding. When
light passed through the nanowire mats’ scattering medium, a series of speckled patterns
appeared, which were then imaged onto the camera [60]. In June 2019, Uulu et al. first
presented a Fourier transform plasmon resonance (FTPR) nanospectrometer. In this work,
a metal nanowire or ridge was deposited beside the nanoslit, tilting five degrees to the
nanoslit principal axis (Figure 3b). In this way, the SPPs excited by the Pt nanowire at the
interface between the metal and the dielectric would combine with the incident light whose
polarization was p-polarized, thus generating the interference fringes of SPP waves. After
the transmitted SPPs decoupled from the metal surface, they would be collected by an
objective in the far field and finally detected by a CCD sensor. By applying fast Fourier
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transform (FFT) to the fringe pattern of the SPPs, the spectral information of the incoming
light was acquired. This nanospectrometer, based on the interference of the plasmon wave
in the subwavelength metal nanoslit, can be used to sense the refractive variation and
measure plasmon-exciton hybridization in a small region [61].
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Figure 3. Architecture and schematic diagram of 1D nanomaterials-based micro spectrometers.
(a) Operating principles of the SWIFTS—SNSPD device. An on—chip—located SNSPD detects a part
of the light localized above, within the waveguide [59]. Copyright 2011, AIP Advances. (b) Schematic
drawing of the FTPR nanospectrometer composed of subwavelength slit-nanowire plasmonic inter-
ferometer fabricated by focused ion beam (FIB) etching and metal nanowire (or ridge) deposition [61].
Copyright 2019, Applied Physics Letters. (c) The schematic sketch of the broadband spectrometer.
The on-chip focusing echelle grating is used as a wavelength-discriminating component, while the
superconducting nanowire acts simultaneously as a single-photon detector and a slow microwave
delay line to continuously map the dispersed photons [62]. Copyright 2019, Nature communications.
(d) Operational schematic of the proposed nanowire spectrometer [63]. Copyright 2019, Science.
(e) A top view of the designed spectrometer in a false-color scanning electron microscope (SEM)
image [64]. Copyright 2020, Nano letter. (f) Schematic of the monolithic spectrometer [65]. Copyright
2020, Advanced Optical Materials. (g) Architecture of the single-photon spectrometer [66]. Copyright
2020, Physical Review Applied. (h) Working principles diagram of the superconducting nanowire
single-detector spectrometer. On the right is an SEM of the SNSPD, which meanders in perpendicular
directions to reduce photon polarization sensitivity (painted with two different colors) [67]. Copyright
2021, Nano letter.
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In September 2019, Cheng et al. reported their efforts in the first broadband on-chip
single-photon spectrometer. They used a continuous NbN nanowire with a length of
7 mm to function as a multi-channel spectral-resolving single-photon detector, which was
integrated with an on-chip dispersive echelle grating (Figure 3c). The spectrometer covered
visible and infrared bands from 600 nm to 2000 nm, providing more than 200 equivalent
wavelength detection channels with further scalability [62]. In the same month, Yang
et al. used special CdSxSe;_x nanowires with a graded bandgap to develop a micro
spectrometer with a size of only tens of microns. In their work, they used a process
similar to that used to make computer chips to fabricate an array of photodetectors on
the nanowires. Since each detector had varying responses to different colors of light, the
team reconstructed the spectral information that needed to be measured from the equations
of response functions by solving the inverse problem. The operational schematic of the
nanowire spectrometer is shown in Figure 3d. The photosensitivity of the photodetector
units reached 1.4 x 10* AW !, with a response speed of ~1.5 ms and a recovery time of
~3.5 ms. With further development, this spectrometer may be used for disease surveillance
and food safety testing [63].

Instead of varying composition in a precise manner with the axial position along the
nanowire, as in Yang’s work [63], in December 2019, Meng et al. achieved wavelength
selectivity by controlling the nanowire radius. They reported a micro spectrometer based
on structurally colored nanowires for the first time. This micro spectrometer consisted of
an array of vertical silicon nanowire (5i NW) (doped p+/i(n—)/n+) photodetectors formed
above an array of planar photodetectors (doped n+/i(n—)/p+), covering the entire visible
spectrum from 400-800 nm. The NWs with wavelength selectivity could be regarded as
acting as a filter for the planar photodetector. They utilized the recursive least squares algo-
rithm (for broadband spectra) and lasso regression (for narrowband spectra) to reconstruct
the incident spectra [68].

Arrayed waveguide gratings compatible with waveguide-integrated single-photon
detectors have limitations in bandwidth, thus only providing a limited number of spectral
channels. Therefore, to enable high-resolution broadband optical operation, in March 2020,
Hartmann et al. showed a fully integrated on-chip spectrometer based on tailored disorder
for broadband light scattering. The device, fabricated on a silicon nitride platform (SizNy),
contained fiber-to-chip couplers, the nanophotonic structure and single-photon detectors.
The light was launched by an input waveguide into a semicircular scattering region with a
radius of 100 um and randomly distributed air pores with a radius of 125 nm. The light
diffused and was coupled into 16 output waveguides; eventually, it was detected by 16
SNSPDs, respectively (Figure 3e). Spectral-to-spatial mapping by the transmission matrix
at the system using the SNSPDs allowed the reconstruction of a given signal. The resolution
of this spectrometer reached 4 nm at NIR wavelengths and was improved to 30 pm at
shorter wavelengths. Moreover, such a spectrometer had high sensitivity and was able to
reconstruct the detection signal even at a very low input power of —111.5 dBm [64].

In April 2020, Zheng and co-workers, presented a monolithic spectrometer with a dis-
persive photodiode array integrated into a single composition-graded CdS,Se;_ nanowire
(Figure 3f). The device operated in a waveguide mode. The nanowire, enhancing light—
matter interaction, was the CdS of a 2.42 eV (optical) bandgap on one end and the CdSe of
a 1.74 eV bandgap on the other, and it functioned as a wavelength selective component. A
5 nm spectral resolution and 10'3 Jones room-temperature detectivity were exhibited. This
presentation has made new progress in high-resolution and sensitive detection in on-chip
spectroscopy [65]. In July 2020, Yun et al. demonstrated a design for a single-photon
spectrometer using SNSPDs in cascaded photonic crystal (PC) structures (Figure 3g). The
structure of this spectrometer contained a wavelength division multiplexing filter with
the ability to resolve wavelengths, which was composed of a bus waveguide coupled to a
planar array of PC nanocavities with different resonant wavelengths. Since the supercon-
ducting nanowires were located next to a single cavity, there was an evanescent coupling
between the two, which could allow the nanowires to absorb the light captured in the
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cavity, and thus, detect the presence of a single photon. Through their analysis, absorption
efficiencies reached ~80% in the structure with four cascaded cavities or two cascaded
cavities, and the spectral resolution achieved was about 1 nm [66].

Designing a spectrometer that does not require wavelength-multiplexed optics can
effectively reduce complexity and physical footprint. In 2021, Wu’s research group from
Nanjing University reported an optics-free single-detector spectrometer using a supercon-
ducting nanowire. They used the nonlinear spectral modulation properties of an SNSPD
and computational spectral algorithms to realize spectral detection. This micro spectrom-
eter had a wide spectral response capability covering 660 nm-1900 nm and realized a
spectral resolution of sub-10 nm at the telecom. The operating principles diagram of
the spectrometer is demonstrated in Figure 3h. They also combined a LiDAR with this
spectrometer to demonstrate the multi-spectral LIDAR capabilities [67].

An SNSPD is suitable for detecting the spectrum of weak light. In 2023, Zheng et al.
reported their efforts on a photon-counting reconstructive spectrometer that was formed
on a silicon-on-insulator (SOI) substrate with a silicon layer thickness of 340 nm. The team
fabricated the SNSPDs on metasurfaces with different structural parameters; then, the spec-
tral response of the SNSPDs was modulated according to the corresponding metasurfaces.
Combined with the compressive sensing algorithm, the spectrometer achieved spectral
reconstruction of monochromatic light in the wavelength range of 1500-1600 nm with a
spectral resolution of 2 nm. At the same time, the measurement time in this band was
greatly reduced, and the detection efficiency was 1.4-3.2% [69].

One-dimensional nanomaterials, especially nanowires, have been gradually used in
micro spectrometers because of their excellent light absorption ability and support for
simple line array construction. As can be seen from the reports summarized above, some
nanowire spectrometers no longer require optical components, which greatly reduces
the size of the spectrometer. In the future, such miniature spectrometers are expected
to be used in applications such as electronic consumer and wearable electronic devices.
However, for use in practical production, more research work is still needed to control the
size and growth of high-quality 1D nanomaterials and to address the large-area integrated
positioning problem of 1D nanomaterials.

2.3. Two-Dimensional Nanomaterials-Based Micro Spectrometers

Since the success of the mechanical stripping of graphene in 2004, the exploration
and research of 2D materials have developed rapidly. Two-dimensional nanomaterials
have been at the forefront of research due to their thickness at the atomic scale and their
unique optoelectronic properties. In recent years, 2D nanomaterials, such as hexagonal
boron nitride (hBN), transition group metal sulfides, and black phosphorus, (BP) have
been discovered and developed rapidly, greatly expanding the scope of applications of
2D materials. They show many novel applications and bright prospects in the field of
photoelectric detection [70-74]. The optical detection of 2D materials has advantages due
to their strong light-matter interactions, sharp atomic interfaces and electrically tunable
optical responses. For example, BP [71,75-77] is a 2D semiconductor material with a
controllable band gap and high carrier mobility. The band gap (0.3-1.5 eV) of thin-layer
BP can be adjusted by the thickness. Monolayer BP has a wide photoresponse range
(1-5 um) and can strongly interact with electromagnetic waves. Therefore, 2D materials
are demonstrated as an intriguing material for photodetection and have great application
value in spectrometers.

In 2016, Wang et al. designed a graphene-based spectrometer operating in the mid-
infrared wavelength range. The proposed spectrometer used Fabry-Pérot cavities as
filters. The transmission wavelength of the spectrometer at room temperature varied with
the voltage applied to this cavity. Meanwhile, graphene acted as a surface waveguide,
which could spread the SPPs excitated by periodic grating structures into the Fabry-Pérot
cavities (Figure 4a). This structure had a micron-sized footprint and was compatible
with CMOS processing [78]. In 2018, Liu et al. showed a micro spectrometer with a
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plasmon-tunable graphene photodetector (Figure 4b). This photodetector, based on a
graphene/monolayer MoS; vertical heterostructure, had a photoresponsivity of up to
107 AW~ at room temperature. While the device had merged mini-filters and detectors
needed in a spectrometer, it could still be arranged as a two-dimensional array with different
bias voltages to detect spectral information in the spectrum range of 6-16 um. In this way,
more spectral information would be collected, which was convenient to realize spectral
reconstruction [79].
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Figure 4. Architecture and schematic diagram of 2D nanomaterials-based micro spectrometers.
(a) Schematic diagram of the graphene-based Fabry-Pérot spectrometer. Surface plasmon polaritons
(SPPs) in graphene propagate across two Bragg reflectors and a bridge between them that are
modulated by different voltages. The arrow at the top of the graphene layer indicates the direction of
SPPs propagation [78]. Copyright 2016, Scientific Reports. (b) Schematic of the graphene ribbons and
MoS, vertical heterostructure photodetector [79]. Copyright 2018, Nanoscale. (c) Schematic of the BP
spectrometer. Gr, graphene [80]. Copyright 2021, Nature Photonics. (d) Schematic diagram of a typical
dual-gate BP transistor. The applied top and bottom gate voltages (Vg and Vpg, respectively) can
control the carrier density and the electric displacement field in the sample [81]. Copyright 2022,
Applied Physics Letters. (e) Schematic view of the 2D-vdWH spectrometer. Vs and V), are bias voltage
and back gate voltage, respectively. ‘hv” and the red arrow indicate the incident light [82]. Copyright
2022, Nature communications. (f) Schematic of the MoS,/WSe, heterojunction spectrometer [83].
Copyright 2022, Science.

Taking advantage of the tunable energy band of BP in the mid-infrared band, in 2021,
Yuan et al. produced a BP spectrometer in the 2-9 um spectral range. This spectrometer
was based on a single tunable BP photodetector (Figure 4c); thus, its active area footprint
was very compact at only 9 x 16 um?. The implementation concept of the spectrometer
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was based on the strong photoresponse and Stark effect of the BP photodetectors. There
was an hBN/BP/hBN heterostructure in this device’s structure, which was capped by a
monolayer of graphene. The source-drain electrodes consisted of chromium/gold, while
the silicon substrate and the mid-infrared transparent graphene operated as the back and
top gates, respectively. This compact single-detector spectrometer had medium spectral
resolution and was more suitable for sensing applications of spectral information [80].
In June 2022, Zheng et al. used a dual-gate BP phototransistor to create a BP monolithic
spectrometer. This single-detector spectrometer contained a 10 nm BP channel, and the top
and bottom were encapsulated by two hBN sheets (roughly 10-20 nm in size). Meanwhile,
few-layer graphene sheets (5 nm) functioned as the source, drain and top gate electrode
of the phototransistor (Figure 4d). This single-detector spectrometer operated in the
broadband mid-infrared range with the ultra-fine spectral and temporal resolution, which
were ~2 cm ™! and 2 ms, respectively [81].

Van der Waals junctions (vdW) are artificial materials formed by stacking two-dimensional
materials in a specific order, which have excellent optoelectronic properties. This heterojunc-
tion provides highly tunable functions that can solve the problem of an inadequate energy
band structure modulation of a single 2D material, therefore allowing the realization of high-
resolution broadband spectral sensing. In July 2022, Deng et al. designed a near-infrared
micro spectrometer using a 2D van der Waals heterostructure (2D-vdWH). They chose
ReS, and WSe, materials and introduced Au atoms into this 2D heterostructure to form a
ReS, /Au/WSe; sandwich structure. The heavy metal Au atoms enhanced the excited state
transition dipole moments between the two-dimensional heterogeneous layer; therefore,
the interlayer coupling was significantly enhanced. This structure allowed the spectrometer
to achieve an electrically tunable infrared photoresponse in the wavelength range from
1.15 to 1.47 um. Combined with the regression algorithm, this spectrometer, with an active
area of only 6 um, could accomplish spectral reconstruction and spectral imaging. The
schematic drawing of the 2D-vdWH spectrometer is demonstrated in Figure 4e. However,
this spectrometer has limited resolution and operates at cryogenic conditions [82]. Later, in
October 2022, Yoon et al. demonstrated a micro spectrometer with a single vdW junction
that could operate under ambient conditions (Figure 4f). In their work, a MoS;/WSe;
heterojunction was chosen, and to insulate and passivate it, they encapsulated it with hBN
layers on the top and bottom. This high-performance spectrometer could distinguish the
peak wavelength of monochromatic light and resolve the broadband spectrum, with an
accuracy and resolution of 0.36 nm and 3 nm, respectively. The proposed single-junction
spectrometer, operating in the wavelength range of ~405-845 nm, was compact; it had an
active area of ~22 mm by 8 mm and was able to provide scalability. Its concept could be ex-
tended to other junctions and had the advantage of compatibility with CMOS and photonic
integrated circuits. It was expected to have a broad application prospect in smartphones,
satellite devices, etc. [83].

Two-dimensional nanomaterials possess excellent optical detection characteristics. As
seen in the above demonstrations, several types of 2D nanomaterials have been success-
fully used in micro spectrometers. Moreover, most of these spectrometers have a micron
footprint. However, due to the ultra-thin thickness of 2D nanomaterials, their light absorp-
tion performance may be poor, so further work is needed to optimize device design and
manufacturing techniques. Moreover, there is an urgent need for a micro-spectrometer via
2D nanomaterials with a good light response, wide band and high detection sensitivity.
Therefore, micro spectrometers via 2D nanomaterials will face many challenges in the
future.

In conclusion, over the past three decades, spectrometers have been moving toward
miniaturization. Especially, researchers have designed a variety of spectrometer structures
by utilizing nanomaterials and combined them with computational reconstruction algo-
rithms to develop many novel micro spectrometers. The performance and structures of
micro spectrometers based on materials nanoarchitectonics discussed above are shown in
Table 1.
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Table 1. Progress in micro spectrometers based on nanomaterials.

Year Nanomaterials Used Spectral Spectrfil Footprint Ref.
Range Resolution

1997 InAs/GaAs QDs - - - [42]

2015 InAs QDs 500-1000 nm - - [43]

2018 InAs QDs 500-930 nm - - [44]

2015 CdS/CdSe CQDs 390-690 nm ~3.2 nm 8.5 X 6.8 mm?2 [45]

2019 HgTe CQDs 1.53-2.08 um ~180 - [50]

2020 Perovskite CQDs 250-1000 nm ~1.6 nm 7 x 7 cm? [46]

2021 PbS/PbSe CQDs 900-1700 nm ~6 nm 55 x 55 x 82 mm? [47]

2021 PbS CQDs 400-1600 nm ~40 nm - [48]

2022 Perovskite 350-750 nm ~5 nm 440 x 440 pm? [51]

SWIR . 3

2022 HgTe CQDs (Max. 2 pm) ~50 cm 100 x 100 x 100 pm [49]

2011 epi-NbN nanowires VIS-Mid-IR ~170 nm 6 x 8 mm? [59]

2017 GaP nanowires ~610-670 nm - Thickness: [60]

Micron-scale

2019 Pt nanowires ~600-800 nm - Length: 200 pm [61]

2019 NbN nanowires 600-2000 nm ~7 nm 12 x 20 mm?2 [62]

2019 Single CdSxSe; —x 500-630 nm ~10 nm 75 x 0.5 pm? [63]
nanowire

2019 Multiple Silicon 450-800 nm ~61nm 2 x 2 mm? [68]
nanowires

2020 Superconducting 800-1550 nm ~30 pm Micron-scale [64]
nanowire /4 nm

2020 CdS«Se;_x nanowire ~560-620 nm ~5nm Length: 50 pm [65]

2020 Superconducting - ~1nm Height: 220 nm [66]
nanowire

2021 Superconducting 660-1900 nm ~6nm 6 x 6 pm? [67]
nanowire

2023 Superconducting 1350-1629 nm ~2nm - [69]
nanowire

2016 Graphene Mid-IR - Micron-scale [78]
Graphene

2018 ribbons/MoS, 6-16 um - - [79]

2021 Black phosphorus 2-9 um ~90 nm 9 x 16 pm? [80]

2022 Black phosphorus Mid-IR 2cm! - [81]

2022 ReS;, WSe, 1.15-1.47 pm ~20 nm 6 x 4 um? [82]

2022 MoS,, WSe, 405-845 nm ~3nm 22 x 8 um? [83]

3. Conclusions

Using nanomaterials in miniature spectrometers has greatly reduced the cost and
is successfully moving spectroscopic technology out of the laboratory and into daily
applications—for example, for disease detection and food detection. Nevertheless, there

are still some problems to be considered:

1.  The detection wavelengths of nanomaterials-based micro spectrometers are mainly
concentrated in the visible and near-infrared spectral ranges. Although some of the
reported micro spectrometers reach the infrared range, their spectral resolution is
relatively low and far below the human visual resolution. In addition, the operating

band of most micro spectrometers also needs to be broadened.

2. As the detector and the photon collection area are further reduced, the sensitivity of
each instrument design is an increasingly important factor. Therefore, the sensitivity

of the detector will need to be higher.

3. Many of the micro spectrometers mentioned above operate at cryogenic conditions,

and thus, have limited operations.
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According to the above, there is still room to improve the nanomaterials-based micro
spectrometer. A wide band, high resolution and high sensitivity are important for micro
spectrometers, and for their future development, focus must lie in the following aspects:

1.  Broaden the spectral detection range of nanomaterials-based micro spectrometers.
Micro spectrometers that respond to multiple wavelength bands may offer great
flexibility and enable the development of various spectroscopic applications. In
addition, key parameters such as spectral resolution, responsiveness and efficiency
also need to be considered.

2. Improve the detection sensitivity of micro spectrometers. For applications requiring
low light-level detection, the sensitivity of the spectrometer is an increasingly impor-
tant factor. For example, improving the signal-to-noise ratio is an effective way to
achieve this.

3. Focus on developing micro spectrometers operating at ambient conditions. The
operation of the spectrometer needs to be carried out in certain conditions; if these
conditions are not met, the instrument will not be used effectively. Operating in
ambient conditions can increase the operational flexibility of the spectrometer.

4. Some of the micro spectrometers based on nanomaterials use toxic nanomaterials,
such as cadmium and mercury. Although the performance of such materials is high,
instruments based on such materials cannot be applied in biological applications and
cannot be mass-produced. Therefore, the use of environmentally friendly nanomateri-
als for micro spectrometers is an important trend.

To summarize, micro spectrometers are developing towards a broadband range, high
resolution, high signal-to-noise ratio, high integration, low cost, rapid detection and other
directions. Researchers have geared their persistent exploration and efforts towards new
principles, new technology and new materials. Nanomaterials have potential applications
in spectrometers due to their excellent optical properties. In the future, there may be
a strong trend for nanomaterials to replace traditional materials in the field of micro
spectrometers. By utilizing nanomaterials, optical component-free micro spectrometers
based on photodetectors will become an important development direction.
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Abstract: This investigation focuses on the Goos-Hanchen (GH) and Imbert-Fedorov (IF) shifts on
the surface of the uniaxial hyperbolic material hexagonal boron nitride (hBN) based on the biaxial
hyperbolic material alpha-molybdenum (x-MoO3) trioxide structure, where the anisotropic axis of
hBN is rotated by an angle with respect to the incident plane. The surface with the highest degree
of anisotropy among the two crystals is selected in order to analyze and calculate the GH- and
IF-shifts of the system, and obtain the complex beam-shift spectra. The addition of x-MoOj3 substrate
significantly amplified the GH shift on the system’s surface, as compared to silica substrate. With
the p-polarization light incident, the GH shift can reach 381.76)¢ at about 759.82 cm~!, with the
s-polarization light incident, the GH shift can reach 288.84), at about 906.88 cm ™!, and with the
c-polarization light incident, the IF shift can reach 3.76Ag at about 751.94 cm~! The adjustment
of the IF shift, both positive and negative, as well as its asymmetric nature, can be achieved by
manipulating the left and right circular polarization light and torsion angle. The aforementioned
intriguing phenomena offer novel insights for the advancement of sensor technology and optical
encoder design.

Keywords: Goos—-Hénchen shift; Imbert-Fedorov shift; x-MoO3

1. Introduction

The study of the kinematic effect and physical mechanism of hyperbolic materials
has gained increasing popularity in recent years [1-4]. The momentum space exhibits
hyperbolic behavior on the equifrequency plane. The signs of the principal components of
the dielectric tensor are significant [5], expressed as diag (e, &y, €2). When g, # ¢, = ¢, the
material is uniaxial hyperbolic material, where the characteristic feature of this material
is the presence of hexagonal boron nitride [6-8]. The system possesses two distinct Rest-
strahlen frequency bands (RB), or RB-I corresponding to the longitudinal principal-value
of permittivity and RB-II related to the transverse principal values. When &, # ¢, # ¢, the
material is biaxial hyperbolic material, where the characteristic feature of this material is the
presence of alpha-molybdenum (x-MoQOj3). This crystal exhibits van der Waals bonding and
also possesses an asymmetric crystalline structure, with three dielectric tensor principal
values corresponding to three Reststrahlen frequency bands [9,10]. In contrast to hBN, the
three Reststrahlen frequency bands of alpha-molybdenum trioxide exhibit overlapping
regions that are theoretically more anisotropic. Due to their distinctive optical properties,
these materials have found extensive applications in various fields such as surface phonon
polaritons [11-17], nanoimaging technology [18-20], sensors [21], and waveguides [22,23].

The existing studies indicate that the beam reflected and transmitted from the surface
of the medium will exhibit a certain degree of spatial shift. The GH shift occurs in the
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incident plane, while the IF shift is perpendicular to the incident plane [24]. The GH shift,
initially proposed by Newton, refers to a specific displacement between the incident and
reflected points of a beam in the incident plane during total reflection. This phenomenon
was subsequently experimentally confirmed by Goos and Hanchen in 1947 [25]. The shift
primarily arises from the dispersion properties of the reflection coefficient and refraction
coefficient. The phenomenon of the shift occurs when the incident beam is fully reflected at
the interface, resulting in both a transverse shift within the incident plane and a longitudinal
shift perpendicular to the incident plane. The shift primarily arises from the spin-orbit
interaction [26]. The two types of shift mentioned above have found wide applications
in various fields, including biosensors [27], temperature sensors [28], and high-sensitivity
solution concentration measurement [29]. Consequently, they have garnered significant
attention from scholars. Deng et al. [30] conducted a study on the beam shift occurring at
the surface of a graphene-ITO/TiO, /ITO sandwich structure. The GH shift of a Gaussian
beam incident on a symmetric structure containing two polar dielectric layers separated by
a spacer layer was theoretically calculated by Gupta et al. [31]. The study conducted by
Li et al. [32] examined the occurrence of the GH shift and IF shift on the surface of an hBN
system that was coated with black phosphorus.

The van der Waals structures offer a platform for the design of quantum materials
through the manipulation of weakly bonded atomic layers, employing techniques such as
twisting and stacking [33,34]. The utilization of hyperbolic materials is widespread due to
their unique structural characteristics, which effectively enhance their in-plane anisotropy
through torsional forces. The topological polaron and photon magic angle of the twist
bilayer «-MoO3 molecular layer were experimentally determined by Hu et al. [35]. The
tunable phonon polaron in the twisted molybdenum trioxide system was experimentally
determined by Chen et al. [36].

In this paper, we have chosen an x-MoOj3-based hBN thin film system and successfully
achieved enhanced anisotropy within the hBN plane through torsion. The hBN is a natural
uniaxial hyperbolic material, while x-MoQ3 is a natural biaxial hyperbolic material. The
Reststrahlen frequency band of these two materials partially overlap. Consequently, the
two materials are combined to form a heterostructure. The optical properties at the system'’s
surface differ significantly from those of a single medium. These interface optical properties
can be observed through beam shift on the system’s surface. The shift of the hBN surface
beam has been investigated using both the transmission matrix method and the center
beam method. The x-MoO; substrate demonstrates enhanced anisotropy and enables
greater beam shift compared to the S5iO; substrate. Studies on the beam shift using x-MoOs
as a substrate have been limited. Therefore, beam shifts on the surface of the hBN/x-MoO3
heterostructure is studied. The GH shift on the surface of the hBN/«-MoOj; system is
enhanced by approximately 15 times compared to graphene/hBN [37], without requiring
an increase in bias voltage for the GH shift adjustment.

2. Theoretical Model

The hBN/x-MoOs3; material structure is fabricated, as depicted in Figure 1. The
x-z plane has been designated as the incident plane. The x—y plane is selected as the
anisotropic plane. The solid blue line represents both the incident light and the reflected
light, with the incidence angle set to 6. The hBN film has a thickness of 4, and its anisotropic
axis is torsioned by an angle ¢ relative to the direction of the incident plane. The three
crystallographic directions of the semi-infinite x-MoQOj3 substrate are denoted as x, y, and
z, respectively. Herein, the x direction corresponds to the [100] crystallographic direction,
the y direction corresponds to the [010] crystallographic direction, and the z direction
corresponds to the [001] crystallographic direction. The polarization angle () of incident
light determines its polarization state. When = 0°, the incident light is p-polarization.
At B=90°, it becomes s-polarization. For B = 45°, the incident light exhibits circular
polarization. Ax and Ay denote the GH and IF shifts, respectively. Under this circumstance,

46



Materials 2024, 17, 1625

the reflected light beam on the material surface will generate a transverse GH shift and
longitudinal IF shift in comparison to geometrically reflected light.

d_— 1100
mwl

1001]

inf a-MoO,

ok
B ‘
E,
z

Figure 1. The configuration diagram illustrates the structure of a semi-infinite alpha-molybdenum
trioxide substrate with an hBN film coating.

The hBN film is twisted at a specific angle with respect to the incident plane. The
dielectric tensor matrix is represented by its equivalent form

exx &y 0
e = ¢ |exy &y 0], 1
0 0 &

where e,y = ¢/ cos® ¢ + & sin® @, &, = ¢ cos® ¢ + ¢ sin” @, and ey = (e; — €;) cos @ sin ¢.
The determination of k4 in hBN and k,, in a-MoQOj3 can be achieved by solving
Maxwell’s equations and wave equations

K= Zl—a(—b + /b2 — 4ac), )
ko = /ey f2— K2, 3)

ke = \/(sxezfz —exkZ) /¢ 4)

The detailed solution procedure is in Appendix A.

The electromagnetic boundary condition dictates that the parallel components of both
electric and magnetic fields remain continuous across any interface, thereby enabling the
determination of the transmission matrix T. The detailed solution procedure can be found
in Appendix B. We obtain E ,Ic’,l; =TF,y =TT, 1Fx,y. The representation of each element
in the transmission matrix T is denoted as t;,;;. The expressions of the reflection field
components are

t11t23 — trt tr1t33 — trst
E§ _ tnts — 1ty 13E;Ic+ 21t33 — t23t31 E; — anEL + anEl, )
f11£33 — f13631 f11£33 — f13631

f1ta3 — tn b3 f41t33 — f4331
L= = X - Ey = anE; +ank,, (6)
f11£33 — f13631 f11£33 — f13631

while the reflective electric field (z-component) can be denoted by EX = tan(B)ER.

The amplitude of the electric field for the transverse electric (TE) wave with s-polarization
is accurately represented as ER, while in the reflected beam, the two components of the field
amplitude for the transverse magnetic (TM) wave with p-polarization are denoted by EX
and ER. The reflective electric field is represented in matrix form using the O-xyz coordinate
system. To accurately address the GH and IF shifts in the reflected beam, it is crucial to apply
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rotational transformations to both the incident and reflected central waves. According
to the geometric correlation, the relationship between the transformation of the incident
and reflected electric field can be obtained as EL = E{, cos(B), E; =ELEl = —Eﬁ sin(B),
E}; = —ERcos(B) — ERsin(B), ER = E§, and ER = cot(B)ER. Consequently, the correlation
equation between the incident and reflective fields in the beam coordinate systems can be

formulated as .
(EE) — —im _cosl(2/3) (EI?> (7)
E; ay cos(B)  ax E;

The subscripts “s” and “p” denote the s-polarization and p-polarization of the incident
and reflected central waves, respectively. The previous results were obtained using the
central plane wave. However, if we consider the paraxial wave, the incident beam is
confined to a narrow range of plane waves around the central wave in momentum space.
The incident beam is assumed to be a Gaussian beam, which deviates from the law of
reflection. Equation (7) provides that all elements of the reflection coefficient matrix are
dependent on 6 and ¢. To do so, we can expand the elements of the coefficient matrix
to the first order of 6, in Equations (5) and (6) to solely consider 6, while ignoring ¢s. If
this dependence arises from the anisotropy of the system, it can be anticipated that both
GH and IF shifts may occur for a linearly polarization incident beam. By applying Taylor
expansion to Equation (7), we can derive

app+a’
<E£ ) _ ([ —(antalp,) Tk <Eé> ®)
E; (a21 +ay Bp) cos(B)  axn +anpy Es

Hence, the explanation of the GH shift provided by

d R
3e).

1
Ach = z———=Im( E}
= 27tkoQ m<

with ER = E? +ERand Q = ‘ER‘Z.

The formula for the IF shift is derived as follows. The polarization direction of the
incident or reflected beam can be directly altered by making a slight adjustment to the
orientation of the incident plane. The matrix components in Equation (7), where only ¢s is
considered and 6, is omitted, are also affected. For smaller rotation ¢, the reflected electric

field can be written as X ;
E S11 S12 E

[ - Py, 10

(E§> (521 s22) \E{ (o)

Elements in this coefficient matrix are obtained to be

st = —an + ¢ { [112/c0s(0) + ax cos(0)]/tan(6) ~ a/n}, (11)
S12 = —a12/c08(0) + s (—a11 + a2) /tan(0) — ayy/cos(B)], (12)
521 = a3 cos(0) + s [(an — ay)/tan(f) + ay cos(e)], (13)
$2 = A + s { ay + [112/c0s(6) + 21 cos(6)] /tan(6) }. (14)

The IF shift is computed numerically using Equation (10) and its derivative, which is

defined as . 5
e R R
27tkoQ sin(9)1m<E Bq)SE > (15

If the surface layer and substrate are replaced by an isotropic material, the matrix
elements of Equation (6) will become a1, = ap1 = 0, a;1 = —f, and ax = f; (Where f, and f;

A =
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are the reflective coefficients of the p and s waves). For the high-symmetry configurations
(¢ = 0,90°), the same results can be obtained a1 = a1 = 0,411 = —fp, and an = f;.
Likewise, the expression of the GH and IF shifts upon the isotropic media can be obtained
with the same method. Consequently, Equations (10) and (15) can be simplified to a
well-known result, which was cited in the relevant reference [24].

3. Results and Discussions

The Lorentz model of hBN and «x-MoOj is provided to enhance the analysis of beam
shift on the system’s surface, which is respectively expressed as

€ = oo, {1 + (W%O,i - “J%O,i) / (W%O,i —w? - i“’rﬂ ’ (16)

and
£ = |1+ (o, — who )/ (who, — o —iwly) | 47

The parameters are presented in Tables 1 and 2.

Table 1. The parameters of hBN [38].

t I
€ooi 452 495
wro,; (cm™1) 1610 825
wro,; (cm™1) 1360 760
I'(em™1) 2
Table 2. The parameters of x-MoOj3 [39,40].
x y z
.y 4.0 5.2 2.4
wro,j (cm™) 972 851 1004
wro,j (cm™) 820 545 958
Tj(em™1) 4 4 2

The Reststrahlen frequency band (RB) is defined as the frequency interval in which
the product of the transverse dielectric real part and the longitudinal dielectric real part is
less than 0. The material exhibits hyperbolic behavior within the residual frequency range
and ellipsoidal behavior outside this range. When the real part of the dielectric in only one
direction within the residual frequency band is negative, it manifests as a type I hyperbolic
material. Conversely, when the real part of the dielectric in both directions within the
residual frequency band is negative, it corresponds to a type Il hyperbolic material. The
relationship between the dielectric real part of hBN and x-MoOj3 with frequency is numeri-
cally simulated based on the given parameters. The relationship between the real dielectric
part of hBN and frequency change is illustrated in Figure 2a. Here, & and ¢ represent the
transverse and longitudinal dielectric constants, respectively. It can be observed that the
hBN crystal exhibits two Reststrahlen frequency bands within the mid-infrared region.
The range of w is 760 cm ™! < w < 825 cm ™! (green region), indicating the presence of a
type I hyperbolic material. Similarly, the range of w is 1361 cm™! < w < 1610 cm ™! (pink
region), suggesting the existence of a type Il hyperbolic material. The relationship between
the real part of x-MoQ5’s dielectric and frequency is illustrated in Figure 2b, while ¢y, &,
and ¢, represent the dielectric constants of x-MoOj in three orthogonal directions. The
alpha-MoOj exhibits five residual frequency bands in comparison to hBN. These include
a Type I hyperbolic material with frequencies ranging from 545 cm~! to 820 cm~! (green
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1
1

region), a Type Il hyperbolic material with frequencies ranging from 820 cm ! to 851 cm ™
(blue region), another Type I hyperbolic material with frequencies ranging from 851 cm™
to 958 cm ™! (yellow region), a Type Il hyperbolic material with frequencies ranging from
958 cm~! to 972 cm~! (pink region), and finally, a Type I hyperbolic material with fre-
quencies ranging from 972 cm~! to 1004 cm ! (purple region). The region where the real
part of the dielectric function approaches zero is referred to as the epsilon-near-zero (ENZ)
region, while the region where the dielectric function tends toward infinity is known as
the epsilon-near-pole (ENP) region. This will provide crucial theoretical support for our
subsequent analysis of the beam shift.

(a) I 11 (®) I 11 I 11
L 20 .
I
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I ' - )
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[ P
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: /
=20 1 I L f \ 220 o i . ) : |
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o(em) o(enr!)

Figure 2. Illustrates the relationship between the real part of the dielectric constant and frequency
for: (a) hBN crystal; (b) x-MoOj3 crystal.

The physical mechanism of the beam shift is investigated by employing Comsol
Multiphysics to simulate the beam shift of x-MoOs covered by hBN near the ENP region,
as depicted in Figure 3a. The displacement of the incident light and reflected light centers
can be observed, accompanied by a significant enhancement and localization of the electric
field intensity. The hybridization of hBN and «-MoOs phonon polaron gives rise to the
formation of a surface polaron with enhanced professionalism. The |E| profile of the
hBN/ x-MoOj surface incident and reflected beams is illustrated in Figure 3b. The solid
green line depicts the electric field of the incident light. The solid blue line depicts the
electric field of the reflected light in a precise and technical manner. The presence of a
disparity in height can be observed at the summit of | E| when x = 48 um. The highly
localized electric field strength of the hBN/a-MoOs3 surface enables the construction and
integration of relatively compact devices.

Max 0.6
)
0.12 incident
reflect
__0.08
5]
0.04
0.00 . . L
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Figure 3. (a) The simulation of the GH shift on the hBN/MoO3 surface. (b) The distribution of
electric field for incident and reflected light on the surface of the ENP region.
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The special case is chosen when the torsion angle ¢ = 0°, under which circumstance
the wave vectors in hBN can be expressed as ky = \/e;f2 — kZ and k_ = /e: f2 — e;k% /.
The surface GH shift of hBN/SiO, and hBN/«x-MoOj3 systems is investigated in the current
study. The solid lines of varying colors in Figure 4 depict different thicknesses of hBN.
The relationship between the GH shift on the hBN/SiO, surface and the frequency change
is simulated in Figure 4a. In this case, the GH shift on the system’s surface reaches
up to 1.8A\g. The frequency-dependent variation of the GH shift on the hBN/x-MoOs3
surface under the p-wave incident is illustrated in Figure 4b. The surface GH shift of the
system exhibits rapid transitions from negative to positive within the frequency range
of 759.5 cm™! < w < 760 cm~!. The GH shift can achieve a maximum value of 381.76) at
the frequency w = 759.82 cm~!. At this juncture, in conjunction with Figure 2a, it can be
observed that the value of Re(gj)~2c0 at this frequency is situated within the ENP region of
hBN. The combination of Figure 2a,b reveals an overlap in the residual frequency bands
between hBN and «-MoOj3 within this particular region. Compared with Figure 4a,b,
the GH shift on the surface of the hBN/x-MoOj3 system is enhanced by about 212 times.
The surface of the hBN/SiO, system under s-wave irradiation is depicted in Figure 4c,
illustrating the observed GH shift. The GH shift value generated on the system’s surface
is negligible. However, due to the pronounced anisotropy of the a-MoOj substrate, the
surface of the system also exhibits a significant GH shift under s-wave irradiation, as
illustrated in Figure 4d. Under s-wave irradiation, the GH shift on the surface of the hBN/ -
MoOj3 system exhibits a transition from negative to positive within the frequency range of
906.5 cm ™! < w < 907.25 cm !, with a peak value of 288.84)\ observed at w = 906.88 cm ™.
This frequency falls within the Reststrahlen frequency band of «-MoOs.
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Figure 4. The relationship between the GH shift on the system surface and frequency when ¢ = 0°:
(a) p-polarization light incident on hBN/SiO,; (b) p-polarization light incident on hBN/«-MoOs;
(c) s-polarization light incident on hBN/SiO5; (d) s-polarization light incident on hBN/ «-MoOs.

In the analysis of the beam shift, it is crucial to consider not only the distinct residual
frequency bands of the material but also place significant emphasis on the reflectivity parameter.
The reflection coefficient of p-polarization light is as follows: R, = (¢fcosp — k;)/(efcosp — k). The
reflection coefficient of s-polarization light is being studied: Rs = (fcosp — k) /(fcos + k).
The critical angle is defined as sin’p < ¢, where ¢ is a positive value between 0 and 1. The
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Brewster angle can be defined as the angle of incidence at which the reflectance R ~ 0
corresponds to a specific frequency. The reflectance of the p-wave and s-wave exhibits
frequency-dependent variations for an hBN thickness of 43 nm, as illustrated in Figure 4.
Analysis of Figure 5a,b reveals that the reflectance R ~ 0 coincides with the occurrence of
the GH shift peak at frequencies w = 759.82 cm ! and w = 906.88 cm !, respectively, for
incident p-polarization and s-polarization light, both aligning with the Brewster angle.
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Figure 5. When ¢ = 0° and d = 43 nm, the reflectance of the system surface varies with frequency
under: (a) p-polarization light incidence; (b) s-polarization light incidence.

The previous discussion focused on the GH shift of p-polarization and s-polarization
light, followed by a numerical simulation of the IF shift of the system’s surface. The IF
shift of the system surface is primarily attributed to the interaction of spin orbital angular
momentum, which arises from the interaction between elliptically polarization beams
comprising p-polarization light and s-polarization light. Consequently, our focus lies in
discussing the IF shift under circularly polarization light incidence. When the polarization
angle B = 45°, it corresponds to right-handed circularly polarization light. Conversely,
when = —45°, it corresponds to left-handed circularly polarization light. The frequency
variation of the IF shift for incident right-handed circular-polarization light and left-handed
circular-polarization light on hBN surfaces with varying thicknesses is investigated under
two specific torsion angle conditions, ¢ = 0° and ¢ = 90°, as illustrated in Figure 6. The
dielectric tensor of hBN is represented as diag(e, ¢, &) and diag(e;, €, &) at two torsion
angles, respectively. Similarly, the dielectric tensor of x-MoQj is expressed as diag(ey, €,
€;), both of which are denoted by diagonal matrices. Under identical conditions, it can be
observed that the positive and negative symmetry of the IF shift induced by right-handed
circularly polarization light and left-handed circularly polarization light is attributed to the
material’s dielectric tensor in the form of a diagonal matrix.

We conducted numerical simulations to investigate the reflectance of the system under
circularly polarization light incidence, as depicted in Figure 7. Our findings indicate that
both right-handed and left-handed circularly polarization light have no impact on the
reflectance of the system under identical conditions. Moreover, due to a small incident
angle 6, when the torsion angle ¢ is 0° and the hBN thickness is 100 nm at a frequency
w =852 cm ™!, the reflectance R approaches approximately 0.5. In this scenario, the induced
IF shift can reach up to 1.55Aq. Conversely, when ¢ = 90° with an hBN thickness of 500 nm
and frequency w = 852 cm~!, we observe a similar reflectance R ~ 0.5 leading to an IF
shift of approximately 2.53\g. Notably, the high reflectivity of the material eliminates
the need for weak measurement technology during observation, highlighting its practical
application value.
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Figure 6. The frequency-dependent variation of the shift of an hBN surface with different thickness is
observed at incidence angles 6 = 10°: (a) ¢ = 0°, B =45°; (b) ¢ =90°, B =45°; (c) ¢ =0°, B = —45°;
and (d) ¢ =90°, B = —45°.
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Figure 7. When the hBN thickness of the system varies, the surface reflectance R exhibits frequency-
dependent changes under an incidence angle 6 = 10°: (a) ¢ = 0°, B = 45°; (b) ¢ = 90°, B = 45°;
(c) p=0°, B =-45% (d) ¢ =90°, B =—45°.
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As mentioned above, the positive and negative symmetry of the IF shift generated
by right-handed and left-handed circular-polarization light under identical conditions
is attributed to the diagonal form of the dielectric tensor matrix of the material. The
expression form of the dielectric matrix can be altered through twisting. Subsequently,
hBN with thicknesses of 100 nm and 500 nm, respectively, were selected. By varying the
torsion angle, we explored the positive and negative symmetry of the IF shift as depicted
in Figure 8. It is observed that altering the torsion angle of hBN’s anisotropic axis resulted
in a nondiagonal dielectric tensor matrix for hBN, and therefore eliminated the positive
and negative symmetry in the IF shift on system surfaces under identical conditions. This
unique optical phenomenon provides novel insights for designing and fabricating optical
encoders. The surface anisotropy of the system is enhanced due to the specific twisting
angle of hBN’s main optical axis. The IF shift is observed in the reststrahlen frequency
band of a-Mo0O;3, as depicted in Figure 8b,d. The IF shift with frequency and twisting
angle is depicted in Figure 8b when right-handed circular polarizing light is incident.
Narrow peaks are observed within the Reststrahlen frequency band of «-MoQOj3, specifically
between frequencies 700 cm~! < w < 750 cm~! and 850 cm™! < w < 900 cm~!. The IF
shift with frequency and twisting angle is depicted in Figure 8d when left-handed circular
polarizing light is incident on the surface of the system. Narrow peaks were observed
800 cm ™! < w < 850 cm~!. The frequency range in question is situated at the interface
between the Reststrahlen frequency band of hBN and «-MoOQj3, specifically within the ENZ
region of a-MoQO3. It should be noted that x-MoQOj3 exhibits Type II hyperbolic material
behavior with a notable degree of anisotropy.
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Figure 8. The IF shift of the system surface exhibits frequency-dependent variations when the torsion
angle is altered, with an incident angle 6 = 10°: (a) f = 45°, d = 100 nm; (b) B = 45°, d = 500 nm;
(c) B =-45°,d =100 nm; (d) B =—-45°,d = 500 nm.

Next, we investigate the maximum value of the system’s IF shift, as depicted in
Figure 9a,b. It is observed that for an hBN thickness of 100 nm, torsion angle ¢ = 60°,
incident angle 6 = 10°, and right-circularly polarization incident light, the system exhibits an
IF shift of 3.76A at frequency w = 751.94 cm ™!, thereby enhancing the in-plane hyperbolism
of hBN. Additionally, when the hBN thickness is increased to 500 nm with a torsion angle
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¢ = 45° and left-handed circularly polarization incident light, the IF shift can reach 3.18)
at frequency w = 820 cm~! within the Reststrahlen frequency band of Type II hyperbolic
material x-MoOs. Based on Figure 2a,b analysis reveals that this frequency corresponds to
an overlap between the Reststrahlen frequency band of hBN and «-MoO3.
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Figure 9. When the torsion angle is adjusted, the frequency-dependent shift of the interface on the
system’s surface varies. The incident angle 8 is set at 10°: (a) p = 45°, d = 100 nm; (b) g = —45°,
d = 500 nm.

4. Conclusions

This present study investigates the GH shift and IF shift on the hBN/«-MoOj3 by
using the transmission matrix method and the central beam method. The formula for beam
shift on the structure’s surface is derived using a torsion coordinate system, followed by
numerical simulation. Under p-polarization light incidence, GH shift reaches its maximum
value of 381.76) at frequency w = 759.82 cm ™!, with a corresponding reflectance R ~ 0
and an incidence angle equal to the Brewster angle. We also examine the IF shift of
right-handed and left-handed circularly polarization light reflected on the hBN/a-MoOs3
system’s surface. When the dielectric tensor of the system is diagonal, both right-handed
and left-handed circularly polarization light exhibits positive and negative symmetry under
identical conditions with matching frequencies. However, this symmetry ceases to exist
when torsion coordinates alter the dielectric tensor to a nondiagonal matrix. By applying
torsion at d = 100 nm and ¢ = 60°, an IF shift of 3.76Ag can be achieved. These findings offer
theoretical guidance for advancing novel nano-optical devices and optical encoders.
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Appendix A. Derivation of Wave Vector k+ and ko,

The induced electric field, as described by Maxwell’s equations, can be expressed in
the following manner:

k% —exxfz —exyfz kxks E,
ME = | —exyf? Ktk—eyf? 0 E, | =0, (A1)
kyks 0 ki —ecf?) \E:
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The value of f in Equation (A1) is ypegw?. The satisfaction of Equation (A1) is a

necessary to be satisfied det(M) = 0. The electric field components of the hBN in the x and
z directions can be represented by the electric field components in the y direction under
this condition, thereby indicating that the equation k2 can be transformed into a quadratic
equation with one variable. The wave vector in the z direction of hBN needs to be solved.

Its solution k; is read as
K= i(—b + /b2 — 4ac), (A2)

where 1 = 4,0 = exy (k2 — &1 f2) + e (K2 — ey f2); 0 = exx (k2 — &1 f2) (k3 — ey f2) + exysyx
f? (k2 — &;f2). The three components of the electric field in hBN intersect: EX = (k2 + k3 —
ey fP)E; /eyaf* = ALEj B = kiko ALES / (K — e1f?).

The x-MoQj3 substrate, being a sem1—1nf1n1te crystal, imposes restrictions on the inci-
dent wave vectors, limiting them to only two options: k, and k.. The formulas for both are

— e f2—R2, (A3)

ke = \/(exezf2 —e4k2) /¢ (A4)

The wave vectors k, and k. correspond to the transverse electric (TE) and transverse
magnetic (TM) modes of x-MoOj3, respectively. The TE(s-polarization) mode is perpendicu-
lar to the incident plane while the TM(p-polarization) mode lies within it.

and

Appendix B. Determine the Transmission Matrix forz=0andz=d

The electric field components in the x and y directions in the air and «-MoOj base, as
well as the electric field component in the y direction in the hBN, need to be proposed as

Ery = Ep @ + Ex,e ™%, (2 < 0) (A5a)
E, = Ae*+7 4 Be +7 1 Celf-% 4 De™ %, (0 < z < d) (A5b)
Ex = B’ E, = Fe®?. (z > d) (A5c¢)

The term “z = 0” denotes the interface between the vacuum and hBN; The term

“z = d” denotes the interface between the hBN and bulk «-MoQOj3. In accordance with the

electromagnetic boundary conditions, the correlation transmission matrix of the incident
field and the transmitted field can be derived.

From Equation (A5), the magnetic fields in different directions can be obtained from

= V x E/ippw. The electromagnetic boundary conditions dictate that the parallel

components of both electric and magnetic fields remain uninterrupted across any interface.

The boundary value relationship between the vacuum and hBN can be obtained as follows:

Ey+Ef=A+B+C+D, (A6a)
E,—Ejy = ki(A —B)+ k- (C-D), (A6b)
kz kz
EL+ER=AL(A+B)+A_(C+D), (A60)
EL-ER=A,(A-B)+A_(C-D), (A6d)

where Ay = Aikikze./ (eof 2 _ ki) The interface between the hBN layer and the a-MoO3
crystal reveals

A+ 4 Bem 4 1 Ce*? 4 D1 = F, (A7a)
k 4 4 k_ ) .
k;r (Aezkm . Befzkm) + = (Cezk,d . Defzk,d) =F, (A7b)
0 0
Ay (Acked 4 et ) A (Cet 4 Dem) — F, (AT¢)

56



Materials 2024, 17, 1625

v (Aeik+d + Befikyi) TN (Ceik,d + Defik,d) —F, (A7d)

where v+ = Aikies(e2f? — k2) /kee (erf> — k3). Equations (A6) and (A7) are transformed
into matrix forms for the sake of convenience. The electric field’s amplitude is ascertained by

E! 1+2f —Z{—j 1+’;k—; —Zk—; A A

O IS B L it R O | B I i ) (A8)

E, 21A +Ar Ar—Ay A +A A—A_||C C

E¥ Ay —Ar As+Ay A-—A_ A_+A_) \D D

1 — o fhn — b= A= K4

Ol _ L 1-%  1+% SR o Bl =l B, (A9)
Fy Aty Ap—74 A—v- A -9 || ¢ C C
0 Ay =74 Aetrs Ao—qo Ao —y ) \e ™) AD D

with Ay = kikoe; Ay /(erf? —Kk2) and y4 = ke As (e f> — k2) /keez(e2f*> — k2). Eliminat-
ing the ABCD yields, we obtain Eyy = TFy, = Ty T, 'Fy.

References

1.  Korzeb, K.; Gajc, M.; Pawlak, D.A. Compendium of Natural Hyperbolic Materials. Opt. Express 2015, 23, 25406. [CrossRef]
[PubMed]

2. Palermo, G.; Sreekanth, K.V,; Strangi, G. Hyperbolic Dispersion Metamaterials and Metasurfaces. EP] Appl. Metamater. 2020, 7, 11.
[CrossRef]

3. Pustovit, V.N.; Zelmon, D.E; Eyink, K.; Urbas, A.M. Optical Phase Transitions in Bilayer Semiconductor Hyperbolic Metamaterials.
Photonics Nanostructures Fundam. Appl. 2022, 51,101049. [CrossRef]

4. Diaz-Valencia, B.F.; Moncada-Villa, E.; Gémez, ER.; Porras-Montenegro, N.; Mejia-Salazar, ].R. Bulk Plasmon Polariton Modes
in Hyperbolic Metamaterials for Giant Enhancement of the Transverse Magneto-Optical Kerr Effect. Molecules 2022, 27, 5312.
[CrossRef] [PubMed]

5. Drachev, V.P; Podolskiy, V.A ; Kildishev, A.V. Hyperbolic Metamaterials: New Physics behind a Classical Problem. Opt. Express
2013, 21, 15048. [CrossRef] [PubMed]

6.  Caldwell, ].D.; Kretinin, A.V,; Chen, Y.; Giannini, V.; Fogler, M.M.; Francescato, Y.; Ellis, C.T.; Tischler, ].G.; Woods, C.R.; Giles, A ] ;
et al. Sub-Diffractional Volume-Confined Polaritons in the Natural Hyperbolic Material Hexagonal Boron Nitride. Nat. Commun.
2014, 5, 5221. [CrossRef] [PubMed]

7. Maestre, C.; Li, Y,; Garnier, V.; Steyer, P; Roux, S.; Plaud, A.; Loiseau, A.; Barjon, J.; Ren, L.; Robert, C.; et al. From the Synthesis of
hBN Crystals to Their Use as Nanosheets in van Der Waals Heterostructures. 2D Mater. 2022, 9, 035008. [CrossRef]

8. Giles, A.]J.; Dai, S.; Glembocki, O.].; Kretinin, A.V.; Sun, Z.; Ellis, C.T.; Tischler, ].G.; Taniguchi, T.; Watanabe, K.; Fogler, M.M.; et al.
Imaging of Anomalous Internal Reflections of Hyperbolic Phonon-Polaritons in Hexagonal Boron Nitride. Nano Lett. 2016, 16,
3858-3865. [CrossRef]

9. Wei, C.; Abedini Dereshgi, S.; Song, X.; Murthy, A.; Dravid, V.P,; Cao, T.; Aydin, K. Polarization Reflector/Color Filter at Visible
Frequencies via Anisotropic x-MoOj3. Adv. Opt. Mater. 2020, 8, 2000088. [CrossRef]

10.  Abedini Dereshgi, S.; Folland, T.G.; Murthy, A.A.; Song, X.; Tanriover, I.; Dravid, V.P,; Caldwell, ].D.; Aydin, K. Lithography-Free
IR Polarization Converters via Orthogonal in-Plane Phonons in a-MoO3 Flakes. Nat. Commun. 2020, 11, 5771. [CrossRef]

11. Bergeron, A.; Gradziel, C.; Leonelli, R.; Francoeur, S. Probing Hyperbolic and Surface Phonon-Polaritons in 2D Materials Using
Raman Spectroscopy. Nat. Commun. 2023, 14, 4098. [CrossRef]

12. Konetna, A.; Li, J.; Edgar, ].H.; Garcia De Abajo, FJ.; Hachtel, ].A. Revealing Nanoscale Confinement Effects on Hyperbolic
Phonon Polaritons with an Electron Beam. Small 2021, 17, 2103404. [CrossRef]

13.  Feres, EH.; Mayer, R.A.; Wehmeier, L.; Maia, F.C.B.; Viana, E.R.; Malachias, A.; Bechtel, H.A.; Klopf, ] M.; Eng, L.M.; Kehr, S.C,;
et al. Sub-Diffractional Cavity Modes of Terahertz Hyperbolic Phonon Polaritons in Tin Oxide. Nat. Commun. 2021, 12, 1995.
[CrossRef]

14. Maurya, K.C,; Caligiuri, V.; Pillai, A.LK.; Garbrecht, M.; Krahne, R.; Saha, B. Radiative Volume Plasmon and Phonon-Polariton
Resonances in TiN-Based Plasmonic/Polar-Dielectric Hyperbolic Optical Metamaterials. Appl. Phys. Lett. 2023, 122, 221704.
[CrossRef]

15. Wang, X.-G.; Hao, S.-P; Fu, S.-F,; Zhang, Q.; Wang, X.-Z. Ghost Surface Polaritons in Naturally Uniaxial Hyperbolic Materials. J.
Opt. Soc. Am. B 2023, 40, 1667. [CrossRef]

16. Zhang, Y,; Wang, X.; Zhang, D.; Fu, S.; Zhou, S.; Wang, X.-Z. Unusual Spin and Angular Momentum of Dyakonov Waves at the

Hyperbolic-Material Surface. Opt. Express 2020, 28, 19205. [CrossRef] [PubMed]

57



Materials 2024, 17, 1625

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Pavlidis, G.; Schwartz, ].J.; Matson, J.; Folland, T.; Liu, S.; Edgar, ].H.; Caldwell, ].D.; Centrone, A. Experimental Confirmation of
Long Hyperbolic Polariton Lifetimes in Monoisotopic (10B) Hexagonal Boron Nitride at Room Temperature. APL Mater. 2021, 9,
091109. [CrossRef] [PubMed]

Folland, T.G.; Fali, A.; White, S.T.; Matson, J.R.; Liu, S.; Aghamiri, N.A.; Edgar, ].H.; Haglund, R.F,; Abate, Y.; Caldwell, J.D.
Reconfigurable Infrared Hyperbolic Metasurfaces Using Phase Change Materials. Nat. Commun. 2018, 9, 4371. [CrossRef]
Barcelos, I.D.; Canassa, T.A.; Mayer, R.A.; Feres, EH.; De Oliveira, E.G.; Goncalves, A.-M.B.; Bechtel, H.A.; Freitas, R.O.; Maia,
F.C.B.; Alves, D.C.B. Ultrabroadband Nanocavity of Hyperbolic Phonon-Polaritons in 1D-Like x-MoOs. ACS Photonics 2021, 8,
3017-3026. [CrossRef]

Vasilantonakis, N.; Wurtz, G.A.; Podolskiy, V.A.; Zayats, A.V. Refractive Index Sensing with Hyperbolic Metamaterials: Strategies
for Biosensing and Nonlinearity Enhancement. Opt. Express 2015, 23, 14329. [CrossRef] [PubMed]

Alsalhin, A.A.; Lail, B.A. A Systematic Investigation of Coupling Between Dark and Bright Polaritons for Infrared Sensing Design.
IEEE Sens. . 2021, 21, 14899-14905. [CrossRef]

Janaszek, B.; Tyszka-Zawadzka, A.; Szczeparniski, P. Influence of Spatial Dispersion on Propagation Properties of Waveguides
Based on Hyperbolic Metamaterial. Materials 2021, 14, 6885. [CrossRef]

Zaitsev, A.D.; Demchenko, P.S.; Kablukova, N.S.; Vozianova, A.V.; Khodzitsky, M.K. Frequency-Selective Surface Based on
Negative-Group-Delay Bismuth-Mica Medium. Photonics 2023, 10, 501. [CrossRef]

Bliokh, K.Y.; Aiello, A. Goos-Héanchen and Imbert-Fedorov Beam Shifts: An Overview. J. Opt. 2013, 15, 014001. [CrossRef]
Goos, F; Hanchen, H. Ein Neuer Und Fundamentaler Versuch Zur Totalreflexion. Ann. Der Phys. 1947, 436, 333-346. [CrossRef]
Takayama, O.; Sukham, J.; Malureanu, R.; Lavrinenko, A.V.; Puentes, G. Photonic Spin Hall Effect in Hyperbolic Metamaterials at
Visible Wavelengths. Opt. Lett. 2018, 43, 4602. [CrossRef] [PubMed]

Zakirov, N.; Zhu, S.; Bruyant, A.; Lérondel, G.; Bachelot, R.; Zeng, S. Sensitivity Enhancement of Hybrid Two-Dimensional
Nanomaterials-Based Surface Plasmon Resonance Biosensor. Biosensors 2022, 12, 810. [CrossRef]

Wang, X.; Yin, C,; Sun, J.; Li, H.; Wang, Y.; Ran, M.; Cao, Z. High-Sensitivity Temperature Sensor Using the Ultrahigh Order
Mode-Enhanced Goos-Hénchen Effect. Opt. Express 2013, 21, 13380. [CrossRef]

Cai, Y.-P; Wan, R.-G. Bistable Reflection and Beam Shifts with Excitation of Surface Plasmons in a Saturable Absorbing Medium.
Opt. Express 2022, 30, 20725. [CrossRef]

Ding, Y.; Deng, D.; Zhou, X.; Zhen, W.; Gao, M.; Zhang, Y. Barcode Encryption Based on Negative and Positive Goos-Hanchen
Shifts in a Graphene-ITO/TiO2/ITO Sandwich Structure. Opt. Express 2021, 29, 41164. [CrossRef]

Sinha Biswas, S.; Remesh, G.; Achanta, V.G.; Banerjee, A.; Ghosh, N.; Dutta Gupta, S. Enhanced Beam Shifts Mediated by Bound
States in Continuum. J. Opt. 2023, 25, 095401. [CrossRef]

Li, Y;; Song, H.; Zhang, Y.; Zhou, S.; Fu, S.; Zhang, Q.; Wang, X.-Z. Spatial Shifts of Reflected Light Beam on Black Phospho-
rus/Hexagonal Boron Nitride Structure. Opt. Laser Technol. 2023, 159, 108968. [CrossRef]

Novoselov, K.S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A.H. 2D Materials and van Der Waals Heterostructures. Science 2016,
353, aac9439. [CrossRef]

Ribeiro-Palau, R.; Zhang, C.; Watanabe, K.; Taniguchi, T.; Hone, ].; Dean, C.R. Twistable Electronics with Dynamically Rotatable
Heterostructures. Science 2018, 361, 690-693. [CrossRef]

Hu, G,; Ou, Q.; Si, G.; Wu, Y.; Wu, J; Dai, Z.; Krasnok, A.; Mazor, Y.; Zhang, Q.; Bao, Q.; et al. Topological Polaritons and Photonic
Magic Angles in Twisted x-MoO3 Bilayers. Nature 2020, 582, 209-213. [CrossRef] [PubMed]

Chen, M; Lin, X,; Dinh, TH.; Zheng, Z.; Shen, J.; Ma, Q.; Chen, H.; Jarillo-Herrero, P; Dai, S. Configurable Phonon Polaritons in
Twisted a-MoQOs. Nat. Mater. 2020, 19, 1307-1311. [CrossRef] [PubMed]

Wu, S; Song, H.; Li, Y,; Fu, S.; Wang, X. Tunable Spin Hall Effect via Hybrid Polaritons around Epsilon-near-Zero on Graphene-
hBN Heterostructures. Results Phys. 2022, 35, 105383. [CrossRef]

Dai, S.; Fei, Z.; Ma, Q.; Rodin, A.S.; Wagner, M.; McLeod, A.S; Liu, M.K.; Gannett, W.; Regan, W.; Watanabe, K.; et al. Tunable
Phonon Polaritons in Atomically Thin van Der Waals Crystals of Boron Nitride. Science 2014, 343, 1125-1129. [CrossRef] [PubMed]
Eda, K. Longitudinal-Transverse Splitting Effects in IR Absorption Spectra of MoOs. ]. Solid. State Chem. 1991, 95, 64-73.
[CrossRef]

Py, M.A.; Schmid, P.E.; Vallin, ].T. Raman Scattering and Structural Properties of MoOs3. Nuov. Cim. B 1977, 38, 271-279. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

58



o’ .
Yeel materials
e w

Article

The Effect of the Solution Flow and Electrical Field on the
Homogeneity of Large-Scale Electrodeposited ZnO Nanorods

Yanmin Zhao ?*, Kexue Li 1*{, Ying Hu 12, Xiaobing Hou 1, Fengyuan Lin !, Jilong Tang 1, Xin Tang 3,
Xida Xing 4, Xiao Zhao 5, Haibin Zhu 5, Xiaochua Wang "2 and Zhipeng Wei !

check for
updates

Citation: Zhao, Y.; Li, K.; Hu, Y.; Hou,
X.; Lin, F; Tang, J.; Tang, X.; Xing, X.;
Zhao, X.; Zhu, H.; et al. The Effect of
the Solution Flow and Electrical Field
on the Homogeneity of Large-Scale
Electrodeposited ZnO Nanorods.
Materials 2024, 17, 1241. https://
doi.org/10.3390/mal7061241

Academic Editor: Masato Sone

Received: 11 December 2023
Revised: 18 February 2024
Accepted: 24 February 2024
Published: 8 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of High Power Semiconductor Lasers, Changchun University of Science and Technology,
7089 Wei-Xing Road, Changchun 130022, China; houxiaobingdavid@163.com (X.H.);
linfengyuan_0116@163.com (F.L.)

Zhongshan Institute of Changchun University of Science and Technology, Zhongshan 528437, China

School of Optoelectronics, Beijing Institute of Technology, Beijing 100081, China

Shandong North Optical Electronic Co., Ltd., Taian 271000, China

Northeast Industry Group Co., Ltd., Changchun 130212, China

*  Correspondence: qzymq@126.com (Y.Z.); likx@cust.edu.cn (K.L.)

(S I N N

Abstract: In this paper, we demonstrate the significant impact of the solution flow and electrical
field on the homogeneity of large-scale ZnO nanorod electrodeposition from an aqueous solution
containing zinc nitrate and ammonium nitrate, primarily based on the X-ray fluorescence results.
The homogeneity can be enhanced by adjusting the counter electrode size and solution flow rate.
We have successfully produced relatively uniform nanorod arrays on an 8 x 10 cm? i-ZnO-coated
fluorine-doped tin oxide (FTO) substrate using a compact counter electrode and a vertical stirring
setup. The as-grown nanorods exhibit similar surface morphologies and dominant, intense, almost
uniform near-band-edge emissions in different regions of the sample. Additionally, the surface
reflectance is significantly reduced after depositing the ZnO nanorods, achieving a moth-eye effect
through subwavelength structuring. This effect of the nanorod array structure indicates that it can
improve the utilization efficiency of light reception or emission in various optoelectronic devices
and products. The large-scale preparation of ZnO nanorods is more practical to apply and has an
extremely broad application value. Based on the research results, it is feasible to prepare large-scale
ZnO nanorods suitable for antireflective coatings and commercial applications by optimizing the
electrodeposition conditions.

Keywords: zinc oxide nanorod arrays; large-scale; electrodeposition; homogeneous nanorod arrays

1. Introduction

Antireflective coatings (ARCs) play a crucial role in enhancing the optical absorption
or light extraction efficiency of optoelectronic devices, such as solar cells, solar energy heat
collectors, LDs, LEDs, PDs, and others. Numerous efforts have been made to explore high
energy conversion efficiency, as a significant portion of incident or emitted light is lost due
to surface reflection. In crystalline silicon solar cells, for instance, approximately 36% of
the incident or emitted light is directly reflected, leading to substantial energy utilization
loss [1,2]. To address this issue, it is important to enhance the light trapping or output
by minimizing undesirable surface reflection losses through the use of ARCs. Achieving
an effective antireflective effect involves satisfying two conditions: firstly, antireflective
materials should be transparent, avoiding additional optical absorption, and secondly, the
refractive index (n) of the materials should be between that of air and the device materials.
Conventional ARCs reduce reflectivity by utilizing destructive interference with the waves
reflected from the interface of the ARC with the top of devices and their surroundings.
Typically, these ARCs are thin films with a quarter-wavelength thickness and a certain
refractive index (RI) to minimize the reflectivity. But for ARC thin films, the antireflection
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effect works only at a single wavelength and at the normal incidence of light. In contrast to
bulk materials, nano-scale structures (e.g., NWs, NRs, nanotips, nanocolumns, nanopores)
can increase the incident light path and enhance the light absorption. These structures can
be equivalent to a gradient change in the refractive index in the direction of incident light
according to the formula of effective medium approximation, and a good light trapping
effect can be obtained by adjusting the morphology of the nanostructure [3]. This property
attracts the exploration of nanostructures as effective ARCs. In this work, we pay attention
to the large-scale ZnO NRs fabricated.

Common materials for ARCs include MgF,, CaF,, SiN, ZnS, and ZnO. Among these
materials, zinc oxide is a promising candidate for antireflective coatings due to its abun-
dance in the Earth’s crust and suitability for various manufacturing processes. ZnO is
cost-effective, environmentally friendly, and non-toxic. Moreover, it possesses good trans-
parency, a wide band gap (Eg~3.37 eV at 300 K), an appropriate refractive index (n~1.9),
and the ability to form textured coatings via anisotropic growth. Furthermore, ZnO offers
several advantages. It is a semiconductor with a large exciton binding energy (60 meV), and
high-quality films and nanostructures can be prepared at relatively low temperatures (less
than 700 °C). It is more resistant to radiation damage and has a high mechanical strength,
with a Young’s modulus of 25-150 GPa and a high fracture strain property. Additionally, it
exhibits a thermal expansion coefficient from 5 x 107 to 8 x 107¢/°C within the tempera-
ture range of 25400 °C. ZnO is a favorable material for nanostructure functionality [4-6].
Among all kinds of nanostructures, quasi-one-dimensional ZnO nanostructures, such as
nanorods (NRs) and nanowires (NWs), have garnered significant attention for their po-
tential applications in high-technology fields, including electronics and optoelectronics.
These structures find applications in light-emitting diodes [7,8], photodetectors [9,10], pho-
todiodes [11], gas sensors [12], and solar cells [13]. For ARC applications, ZnO nanorod
arrays, featuring a high length-to-diameter ratio, a high surface area-to-volume ratio, and a
unique morphology, as well as perfect crystalline structures, are expected to significantly
improve light absorption and are considered a new generation of ARCs. ZnO nanorod (NR)
arrays offer several advantageous properties, including good transparency for the solar
spectrum and a subwavelength structure size, as well as an appropriate refractive index of
~2,leading to continuously varying refractive index profiles in the arrays [14,15]. Thus, they
can effectively suppress surface reflection and enhance light coupling through phenomena
such as zero-order grating characteristics or the moth-eye effect [16,17]. Nanostructures
of ZnO with an RI profile between air and bulk ZnO are one of the most promising candi-
dates [18-20] for ARCs, which are physically and technically compatible with the window
layer. Consequently, these characteristics suggest that ZnO NRs are emerging as promising
materials for solar cell antireflective coatings and solar thermal selective surfaces [21-26],
demonstrating remarkable prospects.

In the solar cell region, their effectiveness as antireflective coatings (ARCs) is supported
by the related research. Aé, L. demonstrated that the short-circuit current of a solar cell can
realize a relative increase of nearly 6% before and after the deposition of ZnO NRs [18].
Furthermore, Bai, A. and Tang, Y. fabricated a ZnO NR ARC on Cu(In,Ga)Se; thin-film
solar cells, successfully reducing the weighted reflectance from 8.6% to 3.5% [27]. In
order to realize practical application, deposition at a large scale is necessary and valuable,
paving the way for the industrialized production of ZnO NR ARCs. For production,
various methods have been employed to prepare ZnO NRs, for example, chemical vapor
deposition [28,29], the vapor transport method [30], thermal evaporation [31], and the
vapor-liquid-solid technique [32]. Compared to these methods, electrodeposition is simpler
and more compatible with low-temperature substrates due to its moderate operating
temperature [33-38]. It is also an energy-efficient and cost-effective method for applications
in large-scale fabrication in industry thanks to the use of aqueous solutions in an open
atmosphere. But for large-scale electrodeposition, achieving homogeneity in the ZnO NRs
is crucial yet challenging. Therefore, it is important to analyze and determine the factors
affecting the homogeneity of deposition, facilitating the production of a large-area uniform
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ZnO NR ARC and aiding future industrialization efforts. Among the influencing factors
for homogenous large-scale deposition, the solution flow and the electric field should play
significant roles in zinc electrodeposition. The morphology appears to be susceptible to
the flow field and also dependent on the flow pattern [39,40]. R.D. Naybour’s results
have clearly shown that the hydrodynamic condition of the electrolyte is an important
factor in controlling the morphology of the electrodeposits [41]. Naybour pointed out
that changes in the surface morphology of electrodeposited zinc occur because there is
a large amount of microturbulence in the electrolyte during deposition [42]. Milan M.
considered that toroidal vortices and local fluctuations existed in the electrolyte, bringing a
higher bulk concentration of the reacting species into regions of the electrode surface [42],
thereby providing for faster local and spatially periodic growth of the deposit. These
local concentration fluctuations could contribute to the local current density change [43],
resulting in local growth rate differences.

In our experiments, in order to confirm the influence of the solution flow and electric
field, ZnO NRs were deposited onto a cathode electrode from aqueous electrolyte solution;
the ZnO deposition should also be affected by the solution flow. Besides random thermal
motion, concentration gradient diffusion, and solution flow transportation, ions also are
driven by the electric field between the counter and working electrodes in electrodeposition,
which also will affect the deposition outcomes. Altering the shape of the counter electrode
and the distance between the working and counter electrodes can adjust the electrical
field distribution, thereby impacting the transportation behavior of the reacting species.
Regarding the electrical field factor, we established the significant influence of the electrical
field on the homogeneity of the ZnO NRs by merely changing the counter electrode size at
a fixed distance. In situations with a small counter electrode, the electrical field balanced
the solution flow factor in our electrochemical setup, resulting in relatively homogenous
ZnO NR deposition when combined with stirring. Based on our research and tests, we
successfully fabricated uniform and large-scale ZnO NRs (8 x 10 cm?) by optimizing the
solution flow and electric field distribution.

2. Materials and Methods

In the deposition process, we immersed all samples in an aqueous solution con-
taining 7 mM zinc nitrate (Zn(NOj3); ¢H,0O) and 5 mM ammonium nitrate (NH4NO3)
(purity > 99.99%, purchased from Alfa Aesar, Haverhill, MA, USA), subjecting them to a
potential of —1.4 V in potentiostatic mode. This electrochemical procedure employed a
three-electrode configuration, incorporating a Pt counter electrode and a pseudo-reference
electrode (IviumStat. H, Ivium, Eindhove, The Netherlands), both immersed in a large
water bath to ensure optimal temperature control. The deposition temperature was meticu-
lously maintained at 75 °C. To systematically explore the impact of the solution flow on the
homogeneity of the ZnO nanorods (NRs), we deposited samples 1-3 onto fluorine-doped
SnO, (FTO) substrates. These substrates were strategically paired with a spacious counter
electrode (12 x 12 cm? Pt foil) under various conditions, including stirring at the center,
no stirring, and stirring at the bottom, strategically positioned between the counter and
working electrodes within the electrochemical cell. Additionally, we prepared the ZnO
NRs in sample 4 utilizing a smaller counter electrode (5 x 6 cm? Pt foil, centrally clipped
onto 10 x 10 cm? polycarbonate plates) without employing stirring. This approach was
designed to isolate the influence of the electrical field, allowing for a comparative analysis
against the results obtained using larger counter electrodes. It is noteworthy that these
samples were deposited using a single-contact working electrode (top side). Subsequently,
we cultivated relatively homogeneous ZnO NRs in sample 5 on FTO substrates that were
pre-coated with a ~30 nm undoped ZnO film (i-ZnO/FTO). This innovative process in-
volved utilizing both sides (left and right) of the working electrode and the smaller counter
electrode, with consistent stirring. It is essential to highlight that all the substrates used in
this study were 8 x 10 cm? in size. Prior to the deposition process, each substrate under-
went ultrasonic cleaning in acetone and ethanol, followed a thorough rinsing in Milli-Q
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water for 5 minutes at each stage. Subsequent to this meticulous cleaning procedure, the
substrates were dried using nitrogen gas to ensure a pristine surface for the subsequent
deposition steps.

Assessment of the homogeneity across all the samples was meticulously carried out
employing a state-of-the-art Philips MagiX Pro wavelength-dispersive X-ray fluorescence
(XRF) spectrometer (PANalytical B.V., Alemlo, The Netherlands). This cutting-edge in-
strument facilitated a detailed analysis by converting the detected Zn content in the ZnO
nanorod (NR) region into the film thickness. This innovative approach enabled us to derive
the homogeneity data by meticulously comparing the thickness variations across different
regions within each sample. To delve even further into the structural characteristics, the
morphology of the relatively homogeneous sample was subjected to rigorous scrutiny uti-
lizing a Zeiss LEO 1530 scanning electron microscope (SEM, Zeiss, Oberkochen, Germany)
equipped with a Gemini 4000 column. This advanced microscopic examination not only
provided valuable insights into the structural uniformity but also offered a closer look at the
surface characteristics of the ZnO nanorods. Such detailed observations are instrumental
in comprehending the intricacies of the nanostructures and optimizing their performance
in optoelectronic applications. Moving beyond structural analysis, we conducted room-
temperature photoluminescence (PL) measurements for the aforementioned sample. These
were meticulously recorded utilizing a He-Cd laser, employing an excitation wavelength of
325 nm. The resulting PL spectra serve as a crucial source of information concerning the op-
tical properties and emission characteristics of the ZnO nanorods under ambient conditions.
This spectral analysis is indispensable for understanding the electronic transitions within
the material, shedding light on its photonic behavior. In addition to the PL studies, we
ventured into an assessment of the reflectance spectra within the 400-800 nm wavelength
range. This was achieved using a UV-vis—-NIR spectrophotometer (UV 3600 Plus, Japan
Shimadzu, Kyoto, Japan), coupled with an integrating sphere. The acquired reflectance
spectra furnish valuable insights into the interaction of light with the ZnO-nanorod-coated
substrates. Analyzing the reflectance characteristics is pivotal for gaining a comprehensive
understanding of the optical performance and antireflective properties exhibited by the
deposited ZnO nanorods in this specific spectral range. This multifaceted approach con-
tributes to a holistic exploration of the material’s optical behavior, enriching the scientific
discourse and paving the way for advancements in semiconductor optoelectronics.

3. Results and Discussion

Table 1 provides a comprehensive overview of the X-ray fluorescence (XRF) results
for samples 1-3. The segmentation into Top (T), Middle (M), and Bottom (B) regions,
along with the Left (L), Middle (M), and Right (R) regions within each sample, facilitates
a detailed analysis of the spatial variations in ZnO content. An intriguing observation
emerges from samples 1 and 2, where a discernible reduction in ZnO presence is noted
in the central regions. This intriguing phenomenon suggests a potential disparity in the
density or dimensions of the ZnO nanorods (NRs) within these areas, particularly when
ZnO NRs are deposited under conditions involving central stirring or the absence of stirring.
Our hypothesis is rooted in the notion that the solution flow dynamics contribute to the
observed variations. Specifically, we postulate that the influx of reaction ions onto the
substrate is less pronounced in the central region compared to the surrounding areas. This
discrepancy in the ion concentration is likely a consequence of the solution’s intricate flow
patterns during the deposition process. According to the following equations that were
suggested by Izaki et al. [44,45],

Zn(NO3); <=> Zn>* + 2NO;5 ™~ 1)

NO3;™ +2e + H O — 20H™ + NO, ™ (2)
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Zn** + 20H~ <=> Zn(OH), (3)
Zn(OH), — ZnO + H,0O (4)

Table 1. Normalized XRF results of samples 1-3. Converting Zn content into ZnO thickness in testing

NR region.
Sample TL ™ TR ML MM MR BL BM BR
1 1.46 1.1 1.54 1.21 1 1.30 1.47 1.06 1.43
2 1.41 1.15 142 1.30 1 1.36 1.30 1.07 1.34
3 1.29 1.11 1.30 1.18 1 1.13 1.16 0.95 1.16

These reactions provide valuable insights into the complex processes occurring during
ZnO NR deposition. Notably, we draw attention to the fact that the growth rate of NRs
in the central region is anticipated to be slower. This deceleration can be attributed to the
lower availability of reacting species reaching the substrate simultaneously. Since these
reactions primarily unfold on the substrate’s surface during deposition, it is plausible
that the solution in the central region readily exchanges with a more reacted solution
than in the surrounding areas. To illustrate this concept, we present depositing schematic
diagrams (Figure 1a,b), visually demonstrating the slower NR deposition rate in the central
region under the conditions of central stirring or the absence of stirring. These schematics
serve as a valuable tool for comprehending the dynamic interactions influencing ZnO
NR growth across different regions within the samples. The spatial variations in the ZnO
content observed in samples 1 and 2 align with our hypothesis of differential reaction ion
availability being influenced by the solution flow dynamics. This nuanced understanding
contributes to the optimization of ZnO NR deposition processes, offering insights that can
enhance the uniformity and quality of nanorod structures.
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Figure 1. Schematic diagram of samples 1-3 deposited under stirring in the middle, without stirring,
and stirring away from the center, which correspond to pictures (a—c), respectively. (RE: pseudo-
reference electrode; WE: working electrode).

In the deposition process of sample 3, a unique approach was implemented, with
stirring taking place away from the center and the stirring bar strategically positioned at
the bottom of the counter electrode, as illustrated in Figure 1c. Subsequent to the deposi-
tion, an in-depth X-ray fluorescence (XRF) analysis of sample 3 uncovered a compelling
observation—a discernibly thinner ZnO layer in the Bottom (BM) region, as detailed in
Table 1. This finding serves as a critical piece of evidence, further substantiating the hy-
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pothesis that the dynamic nature of the solution flow exerts a substantial influence on the
homogeneity of the ZnO nanorod (NR) deposition. Upon a meticulous comparison of the
XRF results between sample 1 and sample 3, a nuanced inference comes to light. It becomes
evident that the solution in close proximity to the substrate, particularly facing the stir-
ring center, exhibits a heightened susceptibility to exchange with the surrounding reacted
solution, facilitated by the stirring action. This intricate interplay results in a fascinating
helical structure-like contraction of the solution flow toward the stirring bar, a phenomenon
visualized in Figure 2—a schematic diagram illustrating the dynamic solution flow under
stirring conditions. The consequence of this dynamic behavior extends to local growth rate
differences, particularly near the surface of the large-scale substrate. The fluctuation in
the concentration of the reacting species within both the central and surrounding regions
amplifies the heterogeneity in the growth rates of the ZnO nanorods. This localized growth
rate difference is particularly pronounced in the vicinity of the stirring bar, contributing
to the observed variations in the ZnO layer’s thickness in the BM region of sample 3. In
essence, the stirring-induced solution flow dynamics play a pivotal role in dictating the ho-
mogeneity of the ZnO NR deposition, leading to nuanced localized growth rate differences.
This newfound understanding holds significant implications for optimizing large-scale ZnO
NR fabrication processes, enhancing the precision and uniformity of nanorod structures.

irring

‘—
St

substrate
\ \Rlutw%w /
bar

Figure 2. The schematic diagram of solution flow that was stirred with stirring bar located at center.
(The direction of the arrow indicates the direction of liquid flow and exchange.)

Table 2 provides a detailed comparison of the X-ray fluorescence (XRF) results for
samples 2 and 4, both deposited without stirring, utilizing large and small counters,
respectively. Unlike sample 2, where a higher ZnO content was observed in the surrounding
regions, sample 4 exhibited a more uniform ZnO distribution, showcasing a closer match
between the central and surrounding areas. This notable uniformity is attributed to the
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variations in the electrical field distribution, influenced by the counter size. In previous
studies, researchers like M.-M. Zhang and R.G. Reddy have simulated the electrical field
distribution during electrodeposition in ionic liquids, demonstrating that the main electrical
gradient exists around the edges of electrodes. Their modeling results indicate that the
current density near the edges of the electrode is generally more intensive than elsewhere
within the cross section [46]. Applying this concept to our experiments, the larger counter
likely created a stronger electrical field around the edge of the working electrode, promoting
enhanced ZnO deposition in the surrounding regions. Conversely, in the case of the smaller
counter, the electrical field may have been weakened in the surrounding region near
the substrate, effectively balancing the transportation of the reacting ions toward the
substrate. Consequently, for sample 4, the growth rate of the nanorods (NRs) in the center
approximates that of the surrounding regions. This intriguing observation underscores
the importance of the counter size in controlling the electrical field and, subsequently, the
homogeneity of ZnO NR deposition.

Table 2. Normalized XRF results of samples 2 and 4. Converting Zn content into ZnO thickness in

testing NR region.
Sample TL ™ TR ML MM MR BL BM BR
2 141 1.15 1.42 1.30 1 1.36 1.30 1.07 1.34
4 1.02 0.93 1.22 0.99 1 1.12 0.87 0.96 0.96

Based on the aforementioned details, sample 5 was meticulously prepared on i-
ZnO/FTO with stirring conditions, utilizing Cu foils as a dual-sided working electrode
to mitigate the observed ZnO gradient tendency in sample 4. To address the potential
reduction from top to bottom, both sides of the Cu foils were employed during the nanorod
(NR) electrodeposition. The normalized X-ray fluorescence (XRF) results in Table 3 reveal a
less pronounced gradient from top to bottom in sample 5. This suggests that the observed
gradient in sample 4, attributed to potential reduction, is mitigated or at least not signif-
icantly pronounced. The refined experimental setup emphasizes the role of the solution
flow in influencing the homogeneity of ZnO NR deposition, offering valuable insights for
optimizing large-scale fabrication processes.

Table 3. Normalized XRF results of samples 5. Converting Zn content into ZnO thickness in testing

NR region.
Sample TL ™ TR ML MM MR BL BM BR
5 1.16 1.11 1.12 1.06 1 1.11 0.99 0.95 1.02

By analyzing the XRF data, the average thickness of the ZnO, measured in atom units
(a.u.) after the normalized XRF results, is determined to be 1.06, with a standard deviation
(0) of 0.07 a.u., as illustrated in Figure 3. The SEM results for the TR, MM, and BL regions are
displayed in Figure 4. Top-view images indicate comparable homogeneity across different
regions, and the enlarged insets reveal the hexagonal structure of the ZnO NRs. Cross-
sectional micrographs are presented at the bottom of Figure 4, showing that the diameter of
the NRs is 82 - 5 nm. The density of these NRs is calculated to be (5.9 + 0.2) x 10 cm~2.
The length of the NRs in the MM and BL regions is 480 & 20 nm, while it is slightly longer
in the TR region, measuring 510 =+ 20 nm, aligning with the differences observed in the
XRF results. Furthermore, the room-temperature photoluminescence (PL) spectra reveal a
dominant and intense near-band-edge (NBE) emission at approximately 377 nm, consistent
across different ZnO NR regions, as shown in Figure 5. Additionally, a weak broad defect
emission in the visible spectrum and a near-infrared peak at approximately 750 nm are
observed, as referenced in [47,48]. The optical quality of these large-scale as-grown ZnO
NRs is noteworthy, and the PL results also indicate the homogeneity of the sample. These
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findings from sample 5 suggest that we can achieve relatively homogeneous NRs using the
electrodeposition process.
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Figure 3. Normalized XRF results of sample 5 with an average thickness of ZnO m = 1.06 (a.u.) and a
standard deviation o = 0.07 (a.u.).
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Figure 4. Top-view and cross-section SEM micrographs of ZnO nanorods in the TR, MM, and BL
sections of sample 5. Enlarged images are shown in the insets.

To enhance our understanding of the impact of ZnO NRs as an antireflective coating
(ARC) and to augment its light-trapping capabilities, we conducted an analysis of the
wavelength-dependent reflectance of the sample (referred to as sample 5) both before and
after the application of the ZnO NRs. This investigation spanned three distinct areas, as
depicted in Figure 6. After the deposition of the ZnO NRs, a notable change was observed
when compared with the FTO substrate. Specifically, the interference fringes, initially
present, vanished post the growth of the ZnO NRs. Additionally, there was a significant
reduction in the reflectance across a broad wavelength spectrum ranging from 400 to
800 nm. For comparison, we calculated the parameter of the averaged reflectance (Rave)
without and with the ZnO NR ARCs, including the FTO sample and the TR, MM, and BL
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regions of sample 5, respectively, with the Air Mass 1.5 terrestrial global spectrum in the
wavelength range of 400-800 nm, as given by [25]:

R ~ JF(A)R(A)dA
T [E(A)dA

where R(A) is the surface reflectance in the wavelength range of 400-800 nm, and F(A) is
the photon flux at Air Mass 1.5. The calculated solar average reflectance for the FTO and
the three fabricated NR sections are 6.887%, 2.434%, 2.598%, and 2.267%, respectively. The
average reflectance with the AM1.5 solar spectrum decreases significantly from 6.887% to
2.267-2.434%, so we can notice that the use of ZnO NRs as an antireflective layer on an FTO
surface can significantly increase its light absorption.
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Figure 5. Room-temperature PL spectra of ZnO NRs in the TR, MM, and BL regions of sample 5.
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Figure 6. Reflectance spectra of FTO substrate without ZnO nanorods, and with ZnO nanorods in the
TR, MM, and BL sections of sample 5.

This effect remained consistent across various sections of sample 5, namely the TR,
MM, and BL sections, maintaining a similar spectral shape in these regions. Compared to
FTO, the pronounced decrease in reflectance across this broad range can be attributed to
the so-called ‘moth-eye effect’, which arises due to a continuously varying refractive index,
leading to broadband suppression of reflection within the nanorod structure [49]. The
theoretical analysis of this effect is elaborated upon and usually conducted using rigorous
coupled-wave analysis (RCWA) [50]. The uniform antireflective property in different
regions of the sample, demonstrated by the significant moth-eye effect in different regions
of sample 5, also indicates the achieved homogeneity of the large-scale ZnO NR ARC.

Based on our experimental results and analysis, two primary factors influencing the
homogeneity of large-scale zinc oxide nanorod (ZnO NR) electrodeposition are the solution
flow and the electrical field. By appropriately adjusting the solution flow and the distribu-
tion of the electrical field, we can enhance the homogeneity of large-scale nanorods. This
study further demonstrates that ZnO NRs are effective as an antireflective layer, offering
potential for cost-effective, large-scale production and fabrication. Such advancements
pave the way for increased industrial adoption and eventual commercialization, partic-
ularly in the realm of large-scale solar cells. The homogeneous, large-scale deposition of
ZnO NRs as an antireflective coating (ARC) on solar cell surfaces significantly reduces
sunlight reflection. This, in turn, enhances solar light absorption, boosting the photovoltaic
conversion efficiency of these cells. Moreover, the ability of ZnO NRs to improve solar
energy absorption makes them suitable for various heat collection applications, such as
solar water heaters, greenhouses, etc. The outcomes of this research offer tangible ben-
efits for advancing renewable clean energy resources, conserving conventional energy,
and reducing carbon dioxide emissions. These findings underscore the potential of ZnO
NRs in the field of green energy and highlight their role in promoting more sustainable
energy practices.

4. Conclusions

We investigated the electrodeposition of ZnO NRs under varying solution flow states
and using two sizes of Pt counter electrodes. Using experiments, we demonstrated that
both the solution flow and the electric field significantly influence the homogeneity of
large-scale ZnO NR electrodeposition. Utilizing a small counter electrode and stirring in
the center, we successfully grew relatively homogeneous ZnO NRs on an 8 x 10 cm? i-
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ZnO/FTO substrate. The photoluminescence (PL) results exhibited outstanding properties.
The reflectance of the ZnO NRs, as examined in their reflectance spectra, was broadly
suppressed across the wavelength region of 400-800 nm. We believe that by controlling the
solution flow and adjusting the electric field distribution, larger and more homogeneous
ZnO NRs with enhanced economic benefits can be achieved in future work. The optimized
electrodeposited large-scale ZnO NRs show promise for applications in solar cells and
heat collection systems, improving their light utilization efficiency. Additionally, this
technology holds potential for LED applications, where ZnO NR ARCs fabricated on
LED surfaces could improve the light output flux efficiency. Therefore, these prospective
applications underscore the significance of this technology in energy conservation and
emission reduction, making it worthy of further study and development.
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Abstract: Single-crystal silicon carbide has excellent electrical, mechanical, and chemical properties.
However, due to its high hardness material properties, achieving high-precision manufacturing of
single-crystal silicon carbide with an ultra-smooth surface is difficult. In this work, quantum dots
were introduced as a sacrificial layer in polishing for pulsed-ion-beam sputtering of single-crystal SiC.
The surface of single-crystal silicon carbide with a quantum-dot sacrificial layer was sputtered using
a pulsed-ion beam and compared with the surface of single-crystal silicon carbide sputtered directly.
The surface roughness evolution of single-crystal silicon carbide etched using a pulsed ion beam was
studied, and the mechanism of sacrificial layer sputtering was analyzed theoretically. The results
show that direct sputtering of single-crystal silicon carbide will deteriorate the surface quality. On the
contrary, the surface roughness of single-crystal silicon carbide with a quantum-dot sacrificial layer
added using pulsed-ion-beam sputtering was effectively suppressed, the surface shape accuracy of
the 120 mm sample was converged to 7.63 nm RMS, and the roughness was reduced to 0.21 nm
RMS. Therefore, the single-crystal silicon carbide with the quantum-dot sacrificial layer added via
pulsed-ion-beam sputtering can effectively reduce the micro-morphology roughness phenomenon
caused by ion-beam sputtering, and it is expected to realize the manufacture of a high-precision
ultra-smooth surface of single-crystal silicon carbide.

Keywords: single-crystal SiC; quantum dots; ultra-smooth polishing; pulsed-ion-beam; sacrificial
layer

1. Introduction

The single-crystal silicon carbide (SiC) is a highly promising third-generation semicon-
ductor material with excellent physical and mechanical properties such as large bandgap,
high thermal conductivity, high specific stiffness, low coefficient of thermal expansion, and
good abrasion resistance [1,2]. It has been widely used in high frequency, high temperature,
radiation resistance, photoelectric, and other fields. A smooth surface with low damage is
an inevitable requirement for the application of single-crystal silicon carbide. However,
due to its high brittleness, hardness, and low fracture toughness, defects such as rough
surfaces and microcracks are inevitably formed during the surface processing of SiC [34].
Achieving high-precision single-crystal silicon carbide manufacturing with an ultra-smooth
surface is still a great challenge.
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Polishing is the last step of single-crystal silicon carbide processing, and its surface
quality directly affects the performance of semiconductor materials [5]. The chemical
mechanical polishing (CMP) method is currently a typical method for preparing SiC [6].
However, due to the high chemical inertness of the surface of single-crystal silicon carbide,
its etching efficiency is low. In addition, the process consumes a large amount of slurry
and introduces impurity pollution [7], and the CMP method does not have a polishing
ability for optical elements of free-form surfaces. Ion-beam sputtering (IBS) is based on
the physical sputtering effect, using ions with a certain energy to bombard the surface of
the optical element to achieve atomic-level material removal, which is less affected by the
chemical properties and hardness of the element. IBS can polish complex free-form surfaces
without inducing subsurface damage [8]. In order to improve the machining accuracy of
optical components of high-hardness materials, F. Shi et al. proposed a pulsed-ion-beam
machining technology with sub-nanometer machining accuracy based on traditional ion-
beam machining [9-11]. In light of the evolution of the surface morphology of ion-beam
sputtering elements, researchers have conducted many experimental and theoretical studies.
Allen [12] studied the surface roughness evolution of ion-beam polishing fused silica, and
the results showed that the surface roughness value increased with an increase in the
removal depth. At the same time, experiments have also shown that ion-beam sputtering
can effectively reduce surface roughness [13,14]. Bradley and Harper established the linear
evolution theory (BH model) of surface micro-topography based on the Sigmund sputtering
theory. They pointed out that the local etching rate is related to the local curvature, and
the energy deposited in the local pits is more than that in the bulge, so the etching rate
of the pits is greater than that of the bulge, resulting in the roughening of the surface
micro-topography [15]. At the same time, the thermally induced surface diffusion effect
and surface porosity mechanism make the ion sputtering have a smoothing effect on the
surface [16,17]. Due to the uncertainty of the ion beam smoothing the surface of optical
elements, the IOM Institute [18,19] proposed a sacrificial layer-assisted polishing method.
A material layer such as photoresist, silicon, and SiOj; is uniformly covered on the initial
surface by coating or sputtering deposition, and then the material is smoothed directly
using ion-beam sputtering until an ultra-smooth surface is obtained.

At first, quantum dots were introduced into the machining process as a subsurface
damage detection method. K.L.M Williams et al. [20] used a nano-scale quantum dot
solution to label the subsurface defects formed in the grinding and polishing process.
The depth of the subsurface defect layer was calibrated via fluorescence labeling. M.
Chen et al. [21] showed that improving the size distribution of HgSe quantum dots could
exponentially increase their mobility, and it is necessary to improve the size distribution
when using in-band photodetectors. Benjamin T et al. proved that CdSe nanosheet quantum
wells had a narrow, polarized intersubband and absorption characteristics under light
excitation or external bias [22]. Xin Tang et al. fabricated functional quasi-3D nanophotonic
structures directly into colloidal quantum dot (CQD) films using the one-step imprinting
method, and the diffraction gratings, double-layer wire-grid polarizers, and resonant metal
mesh long-pass filters were imprinted on the CQD films [23]. These studies show that
quantum dots exhibit large specific surface areas with excellent optical, electrical, and
thermal properties due to the quantum confinement effect and boundary effect and can be
used as sacrificial layer materials to introduce the polishing process of optical elements.

This paper aimed to study the roughness evolution of single-crystal SiC surfaces using
pulsed-ion-beam sputtering and to realize the ultra-smooth machining of single-crystal SiC
surfaces. Through experimental research and theoretical analysis, we found that adding a
quantum dot coating as a sacrificial layer on single-crystal silicon carbide could hinder the
roughening phenomenon caused by different sputtering characteristics of traditional ion
beam bombardment of dual-phase materials and achieve high-precision modification of
single-crystal silicon carbide while obtaining a higher surface quality. We anticipate that
this method will apply to industrial-scale ultra-smooth polishing of SiC.
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2. Experimental Setup
2.1. Material

This study used two 4H-5iC lenses provided by TankeBlue Semiconductor Co. Ltd.,
Beijing, China, 120 mm in diameter and 10 mm in thickness. All experiments were carried
out on the most commonly used Si (0001) surface of electronic devices, and the samples
are shown in Figure 1b,c. First, all samples were ultrasonically cleaned with deionized
water (conductivity < 0.5 us/cm) for 30 min, then dehydrated and dried with anhydrous
ethanol. Deionized water and anhydrous ethanol were obtained from Aladdin Scientific
Corp. In this study, we used a commercially available (Mesolight Co. Ltd., Suzhou, China)
water-soluble CdSe/ZnS core—shell structured quantum dot solution with a luminescence
wavelength of 544 nm + 10 nm (Figure 1a).

(b) (c)

Figure 1. Materials used in the experiment. (a) CdSe/ZnS quantum dot solution. (i) Reagent

bottle containing quantum dot solution. (ii) Transmission electron micrograph of a quantum dot.
(b) Single-crystal silicon carbide sample 1. (c) Single-crystal silicon carbide sample 2.

2.2. Pulsed-lon-Beam Etching Equipment

The process of pulsed-ion-beam etching of single-crystal silicon carbide was carried
out on the ion-beam etching machine shown in Figure 2a. Argon (Ar) is ionized into Ar* in
the ion source, forming a plasma in the cavity. The three-grid ion optical system accelerated
and focused the ion beam, which was then energized using the accelerated electric field to
form material removal on the surface of the workpiece.

As shown in Figure 2b, a highly controllable high-voltage pulse power supply was
connected to the screen grid of the ion optical system. The high-voltage pulse power
supply supplied power to the screen grid, and the extraction method of the ion beam was
changed from continuous extraction to pulsed extraction. The continuous ion beam was
also intercepted as a pulsed ion beam. The self-developed pulsed ion-beam processing
equipment used argon as the etching gas, and its pulse frequency was adjusted in the range
of 1-500 Hz. The pulse ion-beam removal resolution can reach 0.07 nm in a single shot,
achieving the optical mirror’s atomic level removal accuracy.

2.3. Method

The experiment was carried out in a self-developed IBE system. The working pressure
was 2.5 x 1073 Pa, the Ar* ion energy was 800 eV, the beam density was 10-25 mA, and
the working temperature was 70 °C.

The surface of sample 1 was left untreated. A layer of quantum dots was coated on the
surface of single-crystal silicon carbide sample 2 using the spin-coating method, in which a
quantum dot solution was dropped on the surface of the substrate. Then, the substrate was
rotated to allow the quantum dots to cover the surface uniformly by centrifugal force, and
then the etching and polishing research was carried out under the same etching parameters.
The same pulse frequency was maintained during the pulse-ion-beam etching and polishing
process to ensure the stability of the removal function. The etching process is shown in
Figure 3. In order to observe the evolution of surface quality, the white light interferometer
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(Figure 4a) was used to observe the surface morphology of single-crystal silicon carbide.
A commercial Zygo New View 700 s white light interferometer was used to detect the
medium and high frequencies of the micron scale on the wafer surface. The lens was
equipped with magnifications of 10x and 50, and the resolution of the data was 1.5 um
and 7.5 pm, respectively. The detection range was 468 um x 351 pm. The VeriFire Asphere
laser wavefront interferometer by Zygo was used to detect low-frequency surface errors,
as shown in Figure 4b. The maximum aperture of the interferometer standard lens was
150 mm, and the maximum resolution was 1024 x 1024 pixels.

_*

Control panel

S \[ss flow
-, controller

(b)

Figure 2. Physical diagram and schematic diagram of the pulsed-ion-beam etching equipment.
(a) NUDT-IBE700 equipment. (b) Pulsed ion source model schematic diagram and pulsed ion source
device physical diagram.
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Figure 3. Quantum-dot sacrificial layer pulsed-ion-beam etching method.

(b)

Figure 4. Measurement equipment. (a) Zygo white light interferometer. (b) Zygo wavefront interferometer.

3. Results and Discussion

Figure 5 shows the change in surface roughness of single-crystal silicon carbide with-
out a quantum-dot sacrificial layer under common etching parameters (ion energy of
800 eV, beam density of 20 mA, and duty cycle of 50%). Two points were taken on the
surface of the original sample to measure the initial roughness. PV (peak to valley) is
the difference between the highest and lowest part of the surface, and RMS (root mean
square) is the root mean square value. The original surface roughness was 0.25 nm RMS
(Figure 5a) and 0.30 nm RMS (Figure 5b). After ion-beam etching for 30 nm, the surface
roughness of the same area became 0.38 nm RMS (Figure 5c) and 0.35 nm RMS (Figure 5d).
The surface roughness of single-crystal silicon carbide increased, and the surface quality
deteriorated. According to the results of the PSD curve (Figure 6), the error of medium- and
high-frequency bands was worse than that of the initial surface after ion-beam sputtering
on the surface of single-crystal silicon carbide, which shows that there is a rough effect on
the surface of single-crystal silicon carbide directly bombarded by the ion beam.

Under the same etching parameters (ion energy of 800 eV, beam current size of 20 mA,
and duty cycle of 50%), 30 nm was etched on the surface of single-crystal silicon carbide
with a sacrificial layer. In contrast, the experimental results in Figure 7 show that the
surface quality was effectively improved by adding quantum dots as sacrificial layers after
pulsed-ion-beam removal. The original surface roughness of the sample was 0.27 nm RMS
(Figure 7a) and 0.29 nm RMS (Figure 7b). After ion-beam etching, the surface roughness of
the same area became 0.21 nm RMS (Figure 7c) and 0.22 nm RMS (Figure 7d). According to
the PSD curve (Figure 8), the results showed that the full-band curve of the surface after
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pulsed-ion-beam sputtering was lower than that of the initial surface. After adding the
quantum-dot sacrificial layer to the surface of single-crystal silicon carbide, pulsed-ion-
beam sputtering could improve the surface quality.
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Figure 5. Detection results of white light interferometer on the surface of sample 1. (a) Surface area a
of the sample before sputtering. (b) Surface area b of the sample before sputtering. (c) Surface area a
of the sample after sputtering. (d) Surface area b of the sample after sputtering.
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Figure 6. The PSD curves of the initial surface without quantum dots and after IBE polishing.
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Figure 7. Surface white light interferometer test results of sample 2 with a quantum-dot sacrificial
layer. (a) Surface area a of the sample before sputtering. (b) Surface area b of the sample before

sputtering. (c) Surface area a of the sample after sputtering. (d) Surface area b of the sample
after sputtering.
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Figure 8. The PSD curves of the initial surface with quantum dots and after IBE polishing.

The roughness and smoothing effect interaction dominates the morphology change
with bombardment time in ion sputtering. For any microscopic morphology m(x,y,t)
combining partial differential equations and statistical methods, the change in surface
morphology m(q, t) and in frequency space with time can be expressed as:

MDD (q,1)M(q) + (0,1 <1>
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For the statistical linear equation of Equation (1), Moselerp [24] and Spiller et al. [25]
derived the relevant solutions and obtained the power density function:

1 —exp(2M(q)t)
M(q)

M(q) depends on the processing parameters of ion-beam sputtering. The 4" compo-
nent in the polynomial represents different sputtering roughness and smoothing processes.
t is the introduced sacrificial layer parameter, namely:

PSDm(q,t) = PSD(q,t = 0)exp(2M(q)t) + A (2)

M(q) = (Mas + Mop)q* — t x Mysq* 3)

Therefore, it can be seen that the evolution of surface micro-morphology is the result
of the combined action of surface roughness and smoothness, and different processing
conditions determine the development trend of surface morphology. If the effect of viscous
flow and elastic diffusion is dominant, M(q) is negative, and the surface develops in a
smooth direction. Otherwise, M(q) is positive, and the surface will become rougher. The
root mean square roughness Rq of the microstructure can be obtained as follows:

Rg = 27'(/0 PSD(q,t)qdq 4)

According to the above theoretical research, the evolution process of the ion-beam
etching of single-crystal silicon carbide was analyzed, and the change in surface roughness
under ion beam bombardment was obtained.

The process of ion-beam sputtering of the single-crystal silicon carbide surface has
both surface smoothing and rough effects. The experimental results in Figure 5 also verified
this theory. When the effect of viscous flow and elastic diffusion on the surface of sputtered
single-crystal silicon carbide cannot eliminate the influence of the roughness effect, the
roughness effect plays a leading role, the surface quality will deteriorate, and the roughness
will increase, as shown in Figure 5¢,d. RMS increased to 0.38 nm and 0.35 nm. The PSD
curve in Figure 6 also shows that the error in the surface’s middle- and high-frequency
bands after ion-beam sputtering deteriorated.

The quantum-dot sacrificial layer added to the surface of single-crystal silicon carbide
made the t X My part negative, while the front positive value was very small compared
to the change in t. It can be seen that M(q) always remained negative, and the surface
of the single-crystal silicon carbide always developed in a smooth direction. The results
in Figure 7 also show that the roughness of the surface was reduced after adding the
quantum dot solution as the sacrificial layer, and the minimum RMS could reach 0.21 nm,
which realizes the ultra-smooth surface manufacturing of single-crystal silicon carbide. The
PSD curve in Figure 8 also shows that the surface’s middle- and high-frequency bands
greatly improved after adding a quantum-dot sacrificial layer via ion-beam sputtering on
the surface.

Figure 9 demonstrates the pulsed-ion-beam sputtering of a single-crystal SiC surface
with a sacrificial layer of quantum dots. Quantum dots were added to the rough initial
surface, as shown in Figure 9b; the added quantum dots filled the surface scratches and pits
and made the surface flat. Then, the surface was etched using a pulsed ion beam to remove
the added quantum-dot sacrificial layer, as shown in Figure 9c. As the pits were filled, the
difference in the energy deposition and etching rate at various ion-beam sputtering pits
was suppressed. Thus, the surface was uniformly removed, and after the quantum-dot
sacrificial layer was completely removed, an ultra-smooth surface was obtained, as shown
in Figure 9d.
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Figure 9. Ion-beam sputtering removal with a sacrificial layer. (a) Initial surface of single-crystal
silicon carbide. (b) Surface after adding the quantum-dot sacrificial layer. (c) Polishing process.
(d) Ultra-smooth surface of single-crystal silicon carbide.

The quantum-dot sacrificial layer was coated on the surface of the single-crystal silicon
carbide with an aperture of 120 mm, and the whole surface was modified by the pulsed ion
beam. After polishing, the surface shape accuracy converged to 7.63 nm RMS (Figure 10),
and the roughness was reduced to 0.21 nm RMS, which realizes the high-precision ultra-
smooth polishing of single-crystal silicon carbide.
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Figure 10. Pulsed-ion-beam sputtering of quantum-dot sacrificial layer single-crystal silicon carbide
processing examples. (a) Physical drawing of the processing sample. (b) Surface shape results
after processing.

4. Conclusions

This paper proposed a pulsed-ion-beam ultra-smooth polishing method for single-
crystal SiC by introducing quantum dots as sacrificial layers. A water-soluble CdSe/ZnS
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References

core-shell quantum dot solution was used to coat the surface of the single-crystal silicon
carbide, and then pulsed-ion-beam sputtering etching was carried out at an ion energy of
800 eV and a beam density of 20 mA. An ultra-smooth surface with a roughness of 0.21 nm
RMS was fabricated. The main conclusions of this paper are as follows:

(1) Pulsed-ion-beam etching based on the material removal mechanism by physical
sputtering can be used as a high-precision and low-damage process to achieve ultra-
smooth polishing of high-hardness single-crystal silicon carbide;

(2) Due to energy deposition and thermal diffusion, the surface roughness of single-
crystal silicon carbide surfaces with different initial morphology can be increased by
ion-beam sputtering, and the surface quality can deteriorate. This phenomenon can
be attributed to the coexistence of the smoothing and roughening effects in ion-beam
sputtering surface material;

(3) The introduction of quantum dots as a sacrificial layer can change the energy de-
position distribution and etching rate to increase the surface smoothing effect of
pulsed-ion-beam sputtering and realize the ultra-smooth surface polishing of the
single-crystal silicon carbide surface. The experimental results showed that the surface
shape accuracy of the quantum-dot sacrificial layer after pulsed-ion-beam sputtering
etching was 7.63 nm RMS, and an ultra-smooth surface of single-crystal silicon carbide
with a roughness of 0.21 nm RMS was realized.

In summary, the introduction of quantum dots as a sacrificial layer in the process of
pulsed-ion-beam etching to polish single-crystal silicon carbide can improve the surface
quality, which provides theoretical and technical support for the acquisition of an ultra-
smooth surface of single-crystal silicon carbide, and also provides a new idea for the
ultra-smooth polishing of high-hardness optical components.
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Abstract: Conventional single-component quantum dots (QDs) suffer from low recombination rates
of photogenerated electrons and holes, which hinders their ability to meet the requirements for LED
and laser applications. Therefore, it is urgent to design multicomponent heterojunction nanocrystals
with these properties. Herein, we used CdSe quantum dot nanocrystals as a typical model, which
were synthesized by means of a colloidal chemistry method at high temperatures. Then, CdS with a
wide band gap was used to encapsulate the CdSe QDs, forming a CdSe@CdS core@shell heterojunc-
tion. Finally, the CdSe@CdS core@shell was modified through the growth of the ZnS shell to obtain
CdSe@CdS@ZnS heterojunction nanocrystal hybrids. The morphologies, phases, structures and
performance characteristics of CdSe@CdS@ZnS were evaluated using various analytical techniques,
including transmission electron microscopy, X-ray diffraction, UV-vis absorption spectroscopy, flu-
orescence spectroscopy and time-resolved transient photoluminescence spectroscopy. The results
show that the energy band structure is transformed from type II to type I after the ZnS growth. The
photoluminescence lifetime increases from 41.4 ns to 88.8 ns and the photoluminescence quantum
efficiency reaches 17.05% compared with that of pristine CdSe QDs. This paper provides a funda-
mental study and a new route for studying light-emitting devices and biological imaging based on
multicomponent QDs.

Keywords: CdSe quantum dots; charge separation; type-I heterostructured semiconductor;
luminescence quantum efficiency and lifetime

1. Introduction

In recent years, colloidal nanocrystals have aroused extensive attention in the fields
of basic research and practical applications due to their excellent optical and photoelec-
trical properties [1-5]. For example, they have broad application prospects in the fields
of fluorescent probes [6], lasers [7], solar cells [8,9], bioimaging [10,11] and luminescent
devices [12-14]. Cadmium selenide (CdSe) quantum dots (QDs) have been studied exten-
sively because of their quantum size effects and because their luminous wavelength can be
extended to the entire visible region. QDs can be synthesized via surface modification of
organic molecules not only to improve their luminescent properties and stability but also to
obtain a narrow size distribution [15]. However, the presence of many dangling bonds on
the surface of the material may lead to defects, which can greatly reduce the stability and
luminescent properties of the material [16]. In order to solve this problem, many researchers
adopt a method of surface modification of inorganic materials to construct type-I semi-
conductor band structures by generating a passivation effect of core@shell heterojunction
on the surface of materials [17,18]. For instance, Zhu et al. [19] synthesized CdSe/ZnS
type I core—shell quantum dots by choosing wide-band-gap ZnS as the shell material and
developed a method to optimize the charge separation rate and lifetime by controlling
the thickness of the shell material. Toufanian et al. [20] prepared type I InP/ZnSe/ZnS
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quantum dots and overcame the inherent brightness mismatch seen in QDs through con-
certed materials design of heterostructured core/shell InP-based QDs. Panda et al. [21]
alloyed CdSe/CdS quantum dots at elevated temperatures to prepare high-quality CdZnSe
quantum dots and obtained very high environmental stability. Research has also found
that heterostructures can effectively resist their own chemical degradation and photo-
corrosion, thereby improving their photoluminescent quantum efficiency. However, type-II
semiconductor heterostructures can reduce the photoluminescent quantum efficiency of
materials by promoting the separation of photo-generated electrons and holes. Therefore,
this method is not conducive to enhancing the luminescent properties of materials [22].
However, there are few reports on the construction of multi-component structures from
type II to type I to enhance the luminescence properties of materials [23,24].

In this study, we first constructed type-II heterojunction with CdSe quantum dots as
the core and CdS as the shell. Then, we used ZnS with a wide band gap for modification
and constructed type-I heterojunction, which enhanced the fluorescence quantum efficiency
and luminescence lifetime of the material. After CdSe was coated with CdS, the UV-vis
absorption spectrum and fluorescence emission spectrum of CdSe@CdS showed a red shift,
the fluorescence lifetime increased from 41.4 ns to 59.0 ns, but the fluorescence quantum
efficiency decreased from 15.89% to 6.32%. Additionally, the effects of different proportions
of ZnS on the surface modification of CdSe@CdS were studied. The UV-vis absorption
spectra and fluorescence emission spectra of CdSe@CdS@ZnS showed a red shift after the
modification of ZnS. When the optimal ratio of Zn:S = 0.6:1.2, the fluorescence lifetime
of the material increased from 59.0 ns to 88.8 ns and the fluorescence quantum efficiency
increased from 6.32% to 17.05%, showing good luminescence properties.

2. Results and Discussion
2.1. Characterization of Synthetic Materials

We synthesized novel CdSe@CdS@ZnS heterojunction nanocrystals (NCs) and stud-
ied their luminescent properties and the lifetime of photogenerated electrons and holes.
The whole synthetic processes are shown in Figure 1a. First, CdSe quantum dots were
synthesized via the thermally injected wet chemical method using CdO as the cadmium
source and a selenium precursor as the selenium source [25]. As shown in Figure 1b,
the representative transmission electron microscope (TEM) image shows that the particle
size of CdSe QDs was 4.3 £ 0.1 nm (Figure 1e). The CdSe@CdS core@shell structure was
obtained by slowly injecting a Cd-and-S-mixed precursor solution. As shown in Figure 1c,
its particle size distribution was 6.8 £ 0.1 nm (Figure 1f). Compared with CdSe QDs,
the size of CdSe@CdS nanocrystals was increased by 2.5 nm. It could be concluded that
CdS was coated on the surface of CdSe, corresponding to the thickness of CdS of about
1.25 nm. Then, we used CdSe@CdS as the core, zinc acetate as the zinc source, and a sulfur—
trioctylphosphine (S-TOP) solution as the sulfur source, which were slowly injected into the
reaction solution to obtain CdSe@CdS@ZnS heterojunction NCs. The TEM image is shown
in Figure 1d, and the size distribution shows that its size was 8.8 £ 0.1 nm (Figure 1g) corre-
sponding to the thickness of ZnS of about 1.0 nm. As the shells were loaded, the size of the
materials gradually increased. The HRTEM image in Figure 1h shows the high crystallinity
of the CdSe@CdS@ZnS, which revealed the existence of the CdSe, CdS and ZnS phases.
The different lattice spacings of 0.32nm, 0.33nm and 0.31 nm corresponded to wurtzite
CdSe (w-CdSe) (101), zinc-blende CdS (w-CdSe) (111) and zinc-blende ZnS (zb-ZnS) (111),
respectively. The HRTEM (Figure 1h), high-angle annular dark-field (HAADF) scanning
TEM (STEM) and STEM-energy dispersive X-ray spectrometry (EDS) mapping (Figure 1i-n)
of CdSe@CdS@ZnS showed that CdSe was coated with CdS and ZnS.

84



Materials 2023, 16, 7007

Cd precursor
——

S precursor

Zn precursor
——

S-TOP

CdSe@CdS CdSe@CdS@ZnS

Counts (a.u.)

N
o
N

43+0.1nm

=3
ird

8.840.1 nm
,;60_ 6.8+0.1nm ’; 7 ]

© 8 404

& 2

v 40 c

c =

3 3
204

O 20

6 7

4 5
Size (nm)

§ 9 1 M
Size (nm)

Figure 1. (a) The scheme of the synthetic processes of CdSe@CdS@ZnS. Representative TEM images
of (b) CdSe QDs; () CdSe@CdS; and (d) CdSe@CdS@ZnS. Size distribution diagrams of (e) CdSe QDs;

(f) CdSe@CdS; and (g) CdSe@CdS@ZnS. (h) HRTEM image. (i-n) HAADF-STEM-EDS elemental
mapping images of CdSe@CdS@ZnS.

The crystal structures of the nanomaterials were characterized via X-ray diffraction
(XRD). As shown in Figure 2, the synthesized CdSe QDs were w-CdSe (Joint Committee
on Powder Diffraction Standards (JCPDS) no. 08-0459) [26]. When CdS was coated on
CdSe to form a CdSe@CdS core@shell structure, only the diffraction peak of zb-CdS (JCPDS
no. 10-0454) showed in the material, which might be due to the thickness of the CdS
coating on the surface masking the diffraction peak of CdSe [27,28]. The diffraction peak
of CdSe@CdS@ZnS had a red shift compared with CdSe@CdS, which was attributed to
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the heterogeneous epitaxial growth of zb-ZnS (JCPDS no. 05-0566) [29,30]. In summary;, it
could be deduced that the synthesized nanomaterials were composed of the three NCs.
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Figure 2. XRD patterns of CdSe QDs, CdSe@CdS and CdSe@CdS@ZnS.

2.2. Optical Properties of Materials

We used a UV-vis spectrophotometer and a fluorescence spectrometer to observe the
changes in the optical properties of the materials. First, as shown in Figure 3a, multiple
exciton peaks could be seen in the absorption spectrum of CdSe QDs, which were caused
by the quantum size effects [25]. The first exciton absorption peak of CdSe QDs was located
at 593 nm. When the CdS shell was grown on CdSe QDs, a red shift of the first exciton
absorption peak was observed. The slight absorption spectrum of the CdSe@CdS core@shell
structure at about 640 nm was attributed to the low-intensity absorption band of CdSe.
However, this phenomenon was not observed in CdSe@CdS@ZnS, indicating a change in
the charge-transfer mode between it. The photoluminescence (PL) spectra are shown in
Figure 3b, which indicate that CdSe modified with CdS exhibited two fluorescence peaks:
509 nm for the outer layer of CdS and 641 nm for the core of CdSe. Due to the quantum
size effects, the characteristic diffraction peaks were red-shifted compared to pure CdSe
QDs [25]. After being modified with ZnS, the fluorescence spectrum of CdSe@CdS@ZnS
still exhibited these two fluorescence peaks, but the fluorescence intensity was improved.
This indicated that ZnS could effectively restrict the photogenerated electrons and holes
within the interior of CdSe@CdS, thus greatly improving the luminescent properties of the
materials [31].

a ——Cdse b —— CdSe QDs

—— CdSe@Cds —— CdSe@Cds
—_ —— CdSe@CdS@2nS — —— CdSe@CdS@2ZnS
=1 5
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8 2 642 nm
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2 £
Q -
< o
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Figure 3. UV-vis absorbance spectra (a) and photoluminescence (PL) spectra (b) of CdSe QDs,
CdSe@CdS and CdSe@CdS@ZnS.
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In addition, the band gaps of CdSe, CdS and ZnS were calculated according to the
UV-Vis absorption spectra (Figure 3a and Figure S1). Since CdSe, CdS and ZnS are all
direct-gap semiconductors, the band gap can be determined via linear extrapolation from
the absorption shoulder to (Ahv)!/2 to hv. According to the Tauc diagram of Figure 4a—c,
the band-gap energy (Eg) of CdSe, CdS and ZnS is 1.94 eV [32], 2.12 eV [33-35] and
3.62 eV [5], respectively. The band positions of CdSe, CdS and ZnS can be calculated using
the following empirical formulae [36,37]:

Eyvg=X — E. + 1/2Eg, 1)
Ecp =Evp — Eg. ()
4 25
——CdSe b —CdS c ——2ZnS
3 2.04
o
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= ——037 & -0.37
s 07 s 0]
> >
S 14 S 14
= VB = VB
8 152 VB 8 152 VB
5, 175 § , 1.75
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o o 257
3 — 3 —
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Figure 4. Tauc plots to estimate bandgaps of (a) CdSe QDs, (b) CdS NPs and (c) ZnS NPs. The band
structure of (d) CdSe@CdS and (e) CdSe@CdS@ZnS.

In the empirical formulae, X is the geometric mean of the absolute electronegativity
of each atom in the semiconductor [38], E. is the energy of free electrons on the hydrogen
scale (E. = 4.5 eV), Eg is the band gap of the semiconductor, Eyg is the valence band
potential, and Ecp is the conduction band potential [39]. The X values for CdSe, CdS and
ZnS were calculated to be 5.05, 5.19 and 5.26, respectively. According to these parameters,
the energy value of the valence band (VB) was calculated to be 1.52 eV, 1.75 eV and 2.57 eV,
respectively, and the energy value of the conduction band (CB) was calculated to be
—0.42 eV, —0.37 eV and —1.05 eV, respectively. The specific values of the band positions are
shown in Table S1. Combined with the above results, the band structure of CdSe@CdS and
CdSe@CdS@ZnS is shown in Figure 4d. It could be concluded that CdSe@CdS constituted a
type-1I band structure. After it was modified by ZnS, CdSe@CdS@ZnS constituted a type-I
band structure.

In addition, we also studied the influences of different synthetic reaction times on the
optical properties of CdSe@CdS. The analysis was performed by taking equal amounts of
the samples (1 mL) from the three-necked flask at different reaction times and immediately
cooled them to room temperature with hexane. As shown in Figure 5a,b, the obtained
samples were tested using the UV-vis absorption spectra and fluorescence spectra. We
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found that, with an extension of reaction time, the UV-vis absorption peaks of CdSe
gradually weakened until they disappeared, and the fluorescence peaks of the CdSe phase
and the CdS phase showed a red shift, indicating that the thickness of the CdS shell had
gradually increased [40].
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Figure 5. UV-vis absorbance spectra (a) and photoluminescence (PL) spectra (b) of CdSe@CdS at
different synthetic reaction times.

At the same time, we also examined the influence of adjusting the amount of Zn
on the optical properties of CdSe@CdS@ZnS while keeping the same molar ratio of Zn
to S. Figure 6a,b show the absorption and fluorescence spectra of the multicomponent
heterostructures. The results show that the fluorescence peaks of the CdSe phase and
CdS phase were still maintained in the multicomponent heterojunctions, indicating that
the fluorescence peaks of the materials were not significantly affected by changing the
amount of ZnS. The limiting effects of ZnS on the photogenic charge in CdSe@CdS were
further proved.
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Figure 6. UV-vis absorbance spectra (a) and photoluminescence (PL) spectra (b) of CdSe@CdS@ZnS
with different amounts of Zn.

2.3. Fluorescence Lifetime of Materials

To further verify the excellent optical properties of CdSe@CdS@ZnS, the fluorescence
lifetime of the materials was characterized using a time-resolved transient fluorescence
spectrometer. Figure 7 shows the time-resolved PL kinetic profiles of the CdSe QDs,
CdSe@CdS and CdSe@CdS@ZnS. In Table S2, the average fluorescence lifetime of single
CdSe QDs is 41.4 ns, while the fluorescence quantum efficiency is 15.89%. Because CdSe @
CdS constitutes a type-II band structure, the spatial separation of photogenerated charges
leads to a decrease in quantum efficiency [41]. Therefore, after CdS coating to form a CdSe
@ CdS core-shell structure, its fluorescence lifetime increased to 59.0 ns, but its fluorescence
quantum efficiency decreased to 6.32%. After it was modified by ZnS, CdSe@CdS@ZnS
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constituted a type-I band structure, and the fluorescence lifetime reached 88.8 ns, which
was about 2 times higher than that of CdSe QDs and higher than the previous report
(Table S3). The quantum efficiency of CdSe@CdS@ZnS was increased to 17.05%. To further
confirm that coating wide-bandgap semiconductors to form a type-I semiconductor hetero-
junction could enhance the luminescent quantum efficiency and extend the lifetime [42],
we synthesized CdSe@CdS@ZnSe for comparison. As shown in Figure S2a,b, the particle
size of CdSe@CdS@ZnSe was 17.2 + 0.2 nm, and the diffraction peaks of zinc-blende ZnSe
(zb-ZnSe, JCPDS no. 37-1463) existed in the material (Figure S2c). Moreover, the fluores-
cence peaks of the CdS phase and CdSe phase still appeared at corresponding positions
in CdSe@CdS@ZnSe (Figure S2d). As shown in Figure 7 and Figure S2 and Table 54, the
fluorescence quantum efficiency of CdSe@CdS@ZnSe is less than 1% and the luminescence
lifetime is 11.5 ns. Therefore, ZnSe and CdS also constituted a type-II band structure
(Figure S3). All photogenerated electrons transfer to the conduction band of CdS, while the
holes transfer to the valence bands of CdSe and ZnSe.
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Figure 7. Time-resolved PL at the main peak for CdSe QDs, CdSe@CdS and CdSe@CdS@ZnS. Best-fit
lines obtained using biexponential fitting are shown in green.

2.4. Charge-Transfer Mechanism between Heterojunctions

Based on the above results, we proposed the conversion of type II to type I in multicom-
ponent heterojunctions, which could greatly improve the fluorescence quantum efficiency
and fluorescence lifetime of the materials. As shown in Figure 8, photogenerated electrons
were transferred from the conduction band of CdSe to that of CdS in CdSe@CdS, while
photogenerated holes were transferred from the valence band of CdS to that of CdSe, form-
ing a semiconductor heterojunction of type II. This was consistent with the results of the
electron-and-hole separation states formed at the fluorescence peak of 641 nm [25]. After
the modification of CdSe@CdS by wide-band-gap ZnS, the type-II heterojunction struc-
ture was transformed into type-I heterojunction structure, and photogenerated electrons
and holes were confined inside the CdSe@CdS@ZnS, which eliminated the surface defect
states, thus improving the fluorescence quantum efficiency and prolonging the fluorescence
lifetime of the materials [40].
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and CdSe@CdS@ZnSe. (b) The energetic band positions of all the samples as comparisons, and
photoinduced carrier transfer in the type-II and type-I band alignments.

3. Experimental Section
3.1. Materials

The materials included tetramethylammonium hydroxide pentahydrate (97%-+,
Adamas-beta), cadmium acetate dihydrate (Cd(Ac),-2H,0, AR, Shanghai Aladdin Bio-
chemical Technology Co., Ltd., Shanghai, China), zinc acetate dihydrate (Zn(Ac),-2H,O,
99.99% metals basis, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China),
cadmium oxide (CdO, AR, Shanghai Aladdin Biochemical Technology Co., Ltd.), stearic
acid (99%, Adamas-beta), octade cylamine (80%+, Adamas-beta), selenium (Se, >99.999%
metals basis, Shanghai Aladdin Biochemical Technology Co., Ltd.), sublimed sulfur (S,
AR, Shanghai Aladdin Biochemical Technology Co., Ltd.), trioctylphosphine (TOP, 90%,
Shanghai Aladdin Biochemical Technology Co., Ltd.), trioctylphosphine oxide (TOPO, 90%,
Aldrich), Tri-n-Butylphosphine (TBP, 98%+, Adamas-beta), oleic acid (OAc, AR, Shanghai
Aladdin Biochemical Technology Co., Ltd.), oleylamine (OAm, C18: 80-90%, Shanghai
Aladdin Biochemical Technology Co., Ltd.), 1-octadecene (ODE, 90%, Sigma-Aldrich, St.
Louis, MO, USA), octanoic acid (Hoc, 99%, Adamas-beta), hexane (AR, General-reagent,
Belmont, NC, USA), trichloromethane (CHCI;3, AR, Shanghai Hushi Chemical Co., Ltd.,
Shanghai, China), methyl alcohol (MeOH, 99.8%, Adamas-beta), and ethanol absolute (AR,
General-reagent).

3.2. Methods
3.2.1. Synthesis of the Cadmium Oleate (Cd(Ol),)

First, 20 mmol (3.6246 g) of tetramethylammonium hydroxide pentahydrate and
6.4 mL of OAc were added to 50 mL of MeOH. The mixture was vigorously stirred to
form homogeneous solution A. Then, homogeneous solution B was formed by adding
10 mmol (2.6653 g) of Cd(Ac),;-2H,0 to 50 mL of MeOH and stirring vigorously. Then,
solution B was slowly added to solution A under stirring and a milky white cadmium
oleate precipitate was immediately produced. After all the mixture was added, the solution
was strongly stirred for 20 min. Finally, the precipitate was centrifuged with methanol
about 3 times and then dried in a vacuum oven at 40 °C. After drying, the product was
stored in a vial.

3.2.2. Preparation of Selenium Precursor

Se powder at 10 mmol (0.7896 g) was dissolved in 2.36 g (2.91 mL) TBP to prepare
0.1 mol/L TBP-Se solution, and then it was diluted with 6.85 g (8.68 mL) ODE to obtain
selenium precursor.

3.2.3. Preparation of Mixed Precursor

First, 0.3 mmol (0.2277 g) of Cd(Ol); and 0.6 mmol (0.0192 g) of S powder were added
to a vial (5 mL). Subsequently, a total of 3 mL of mixed precursor solution was prepared
by adding 1.5 mmol (0.5 mL) of OAm, 1.5 mmol (0.24 mL) of HOc and 2.26 mL of ODE to
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the above vial. The mixed solution was ultrasonically dispersed at 50 °C and stored after
complete dissolution.

3.2.4. Synthesis of CdSe Core Nanocrystals

In this process, 0.2 mmol (0.0256 g) of CdO and 0.8 mmol (0.2277 g) of stearic acid
were added to a three-necked flask with 10 mL of ODE. The flask was then mounted on a
heating magnetic stirrer. The mixture was degassed at room temperature for 30 min and
then heated at 270 °C for 1 h under a nitrogen atmosphere until the liquid turned light
yellow. It was cooled to room temperature, and 0.5 g of TOPO and 1.5 g of stearic amine
were added to the above solution. Then, it was heated to 60 °C and stirred to dissolve the
solid completely. It was degassed again until the solution had no bubbles. Then, it was
pumped with N, and stirred for 10 minutes, before heating to 290 °C. At this temperature,
1 mL of the TBP-Se solution was injected rapidly. After the injection, the temperature was
reduced to 250 °C for 5 min and then cooled to room temperature. The precipitate was
centrifuged 1-2 times with 5 mL of hexane and 15 mL of ethanol and dispersed in 5 mL of
chloroform for further characterization.

3.2.5. Synthesis of CdSe@CdS Core@Shell Structure

CdSe core nanocrystals in 500 pL of chloroform solution and 7.5 mL of ODE were
placed in a three-necked flask. The flask was then mounted on a heating magnetic stirrer.
The mixture was degassed at 120 °C for 30 min until the solution had no bubbles. Then,
it was heated to 230 °C at a rate of 18 °C/min under a nitrogen atmosphere. At this
temperature, 3 mL of mixed precursor started to be injected at a rate of 1.5 mL/h. At the
same time, the temperature was increased to 250 °C at the same rate. When the reaction
time was 10, 30, 60 and 120 min, a small sample was extracted from the mixture for testing.
Finally, the solution was cooled to room temperature and centrifuged 1-2 times with
5 mL of hexane and 15 mL of ethanol. This was then dispersed in 5 mL of CHCl; for
further characterizations.

3.2.6. Synthesis of CdSe@CdS@ZnS

An x mmol (x = 0.3, 0.6, 0.9 mmol) of sulfur powder and 2 mL of TOP were put into a
5 mL test flask for pre-ultrasonic dispersion and dissolution to obtain the precursor. Then y
mmol Zn(Ac),-2H,0 (x:iy = 1:2, y = 0.6, 1.2, 1.8 mmol) was added to a three-necked flask
with 2 mL of OAc and 6 mL of ODE. The flask was mounted on a heating magnetic stirrer.
The mixture was degassed at 120 °C for 30 min and then heated at 250 °C for 1 h under a
nitrogen atmosphere to ensure complete dissolution of the solid. After that, the solution
was cooled to 70 °C, and 1 mL of CdSe@CdS chloroform solution was quickly injected
into the flask and degassed for 30 min, followed by heating at 250 °C under a nitrogen
atmosphere. Then, the precursor was slowly injected into the above solution at a rate of
0.1 mL/min and reacted for another 40 min after the injection processes. The solution was
cooled to room temperature and centrifuged 1-2 times with 5 mL of hexane and 15 mL of
ethanol. Finally, this was dispersed in 5 mL of CHCIj; for further characterizations.

3.2.7. Characterizations

The morphological structures of the samples were measured using scanning elec-
tron microscopy (FESEM, Hitachi S4800), transmission electron microscopy (TEM, Hitachi
HT7820) and high-resolution transmission electron microscopy (HRTEM, Philips CM100).
To determine the crystal phases, X-ray diffraction (XRD) patterns were obtained using a
Rigaku Dmax-3C with Cu K« irradiation (A = 1.5406 A). The UV-vis absorption spectra
were acquired using a Shimadzu 1900i spectrophotometer. Steady-state fluorescence spec-
troscopic measurements were performed using a fluorescence spectrophotometer (Hitachi
F-7000). Fluorescence quantum efficiency and fluorescence lifetime were measured using a
time-resolved transient absorption spectrometer and a spectrometer with an integrating
sphere (Edinburgh Instrument, EI FLS1000).
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4. Conclusions

In this study, CdSe@CdS@ZnS nanocrystals with multi-component heterostructures
were constructed utilizing the band structures between semiconductors to transition from
a type-II to a type-I structure, resulting in improved luminescence quantum efficiency and
increased fluorescence lifetime. Compared with CdSe quantum dots, the luminescence
quantum efficiency of the CdSe@CdS core@shell structure of the type-II heterojunction
decreased by 60%, while the fluorescence lifetime increased by 42.5%. The luminescence
quantum efficiency of the type-I heterojunction CdSe@CdS@ZnS was 17.05%, and the fluo-
rescence lifetime was 88.8 ns. Compared with nanocrystalline CdSe QDs, its fluorescence
lifetime was increased by about 2 times. This study provided a new method and concept for
future research on the construction and charge transfer of multicomponent semiconductor
nanocrystals for enhanced PL properties.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ma16217007/s1. Figure S1: UV-vis absorbance spectra of (a) CdS
and (b) ZnS; Figure S2: (a) Representative TEM images CdSe@CdS@ZnSe; (b) Size distribution
diagrams of CdSe@CdS@ZnSe; (c) XRD patterns of CdSe QDs, CdSe@CdS and CdSe@CdS@ZnSe;
(d) UV-vis absorbance spectra and photoluminescence (PL) spectra of CdSe@CdS@ZnSe; Figure S3:
Time-resolved PL at the main peak for CdSe@CdS@ZnSe. Best fit in green line using biexponential;
Figure S4: Representative TEM images of (a) CdS; (b) ZnS; Size distribution diagrams of (c) CdS;
(d) ZnS; Table S1: X, Eg, Ecp and Eyp of CdSe, CdS and ZnS; Table S2: Time-resolved PL kinetics of
CdSe QDs, CdSe@CdS and CdSe@CdS@ZnS upon the excitation of 400 nm. Fitting procedures are de-
scribed by biexponential function analysis; Table S3: Comparison of the reported photoluminescence
lifetimes of different core-shell materials; Table S4: Time-resolved PL kinetics of CdSe@CdS@ZnSe
upon the excitation of 400 nm. Fitting procedures are described by biexponential function analy-
sis [43-47].
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Abstract: Interface engineering of the hole transport layer in CH3zNH3Pblz photodetectors has
resulted in significantly increased carrier accumulation and dark current as well as energy band
mismatch, thus achieving the goal of high-power conversion efficiency. However, the reported het-
erojunction perovskite photodetectors exhibit high dark currents and low responsivities. Herein, het-
erojunction self-powered photodetectors, composed of p-type CH3NH;3Pbl3 and n-type Mgp 2Zng 3O,
are prepared through the spin coating and magnetron sputtering. The obtained heterojunctions
exhibit a high responsivity of 0.58 A/W, and the EQE of the CH3NH;3PbIz/Au/Mgp27Zn( gO het-
erojunction self-powered photodetectors is 10.23 times that of the CH3NH3Pblz / Au photodetectors
and 84.51 times that of the Mg ,ZnOy g/ Au photodetectors. The built-in electric field of the p-n
heterojunction significantly suppresses the dark current and improves the responsivity. Remarkably,
in the self-supply voltage detection mode, the heterojunction achieves a high responsivity of up to
1.1 mA/W. The dark current of the CH3NH;3PbI3/Au/Mgp2Zn( gO heterojunction self-powered
photodetectors is less than 1.4 x 10~! pA at 0 V, which is more than 10 times lower than that of the
CH;3NH;Pbl; photodetectors. The best value of the detectivity is as high as 4.7 x 1012 Jones. Fur-
thermore, the heterojunction self-powered photodetectors exhibit a uniform photodetection response
over a wide spectral range from 200 to 850 nm. This work provides guidance for achieving a low
dark current and high detectivity for perovskite photodetectors.

Keywords: CH3NH3Pbl; photodetectors; heterojunction; self-powered photodetectors; Mgg »Zny O

1. Introduction

With the rapid development of two-dimensional (2D) materials, such as graphene,
transition metal dichlorides (TMDs), and black phosphorus, 2D perovskites have emerged,
which combine the excellent properties of 2D materials and perovskites, namely the good
solution processability, molecular-scale self-assembly, and film formation of the former
alongside the direct tunable band gap, high carrier mobility, and high absorption coefficient
of the latter [1-7]. Among these, CH3NH;3PblI; possesses excellent absorption and has
been applied to photodetectors (PDs); in particular, self-powered PDs (SPPDs) have drawn
considerable research interest [8]. SPPDs can detect light without the need for any power
supply; furthermore, they can be miniaturized and integrated into nanodevices with remote
wireless control. However, due to the complex production process, existing perovskite
SPPDs show a high dark current and a low detection rate, which greatly limits their
wide application. For example, a common approach to realizing perovskite SPPDs is to
construct p-i-n with vertical multilayer structures, which require complex and rigorous
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processes [9-12]. They are important candidates in the field of renewable photovoltaics
and photoelectric devices [13-16]. Since MAPbl3/TiO, PDs were reported in 2014, various
PDs have been successfully fabricated using MAPbI3. However, it has been shown that
perovskite SPPDs exhibit high dark currents and low responsivities [17]. Furthermore,
perovskite heterojunction PDs are being quickly developed as well [18-21]. The built-in
electric field formed at the junction interface can act as a driving force to separate the
photogenerated electron-hole (e-h) pairs in the depletion region, drive the transport of the
separated photogenerated carriers, and then generate the photocurrent in the PDs without
an external power supply. Herein, heterojunction SPPDs are designed.

Due to their advantages of lightweight and easy processing, perovskites have attracted
more and more attention, and they have shown great application potential in various
fields in recent years. In particular, wideband organic photoelectric detection (OPD) has
been successfully applied in many important fields, such as astronomical exploration,
remote sensing, and infrared imaging. The combination of MgZnO and the advantages of
organic polymers can improve the performance of PDs, so organic PDs show fascinating
characteristics. Perovskite heterojunction PDs performance can be improved by using metal
oxide dense films, such as MgZnO or ZnO, which are usually used as an electron-transport
layer to transport electrons and holes [22-25]. MgZnO and ZnO with wide band gaps
exhibit a large ultraviolet (UV)-light absorption coefficient and high carrier mobility. It is
well known that intrinsic point defects, such as oxygen vacancies and metal interstitials,
have an important impact on the electronic properties of metal oxides. It has been widely
accepted that the presence of oxygen vacancies in Mg »Zn(gO can increase the charge
density of Mgy 2Zn gO to form a native n-type semiconductor [26-29]. Thus, it is urgently
required to fabricate PDs with a simple alternative method that can also endow them with
self-powered functionality. The most common method for fabricating SPPDs relies on the
E}, created by heterojunctions. To date, MggZn gO has been rarely reported for use as
an electron-transport layer in heterojunction SPPDs. Mgy »Zn 3O has a wide band gap
and acts as the n-type layer. CH3NH3Pbl3/Au/Mgg2Zng gO heterojunction SPPDs with
excellent comprehensive properties have been successfully prepared. Therefore, it is very
important to develop CH3NH3Pbls/Au/Mgp2Zng O heterojunction SPPDs with a low
dark current and high detectivity to improve their performance.

Herein, high-quality CH3NH3Pbl; perovskites were prepared as hole-transport layers
through the one-step spin coating method and were then used in Mg >Zn 3O PDs pre-
pared by magnetron sputtering. These devices possess light responsiveness in a broad
range, from UV to near-infrared (NIR), high responsivity, and low dark current. The
CH;3NH;3Pbl; / Au/Mgg2Zng 3O heterojunction SPPDs exhibit an excellent responsivity of
up to 0.58 A/W. In the self-supply voltage detection mode, it achieves a high responsivity
of up to 1.1 mA /W, and the dark current is less than 1.4 x 107! pA at 0 V. The best value of
the detectivity is as high as 4.7 x 10'? Jones. This work presents a new route for designing
SPPDs with a low dark current and high detectivity.

2. Experimental Section
2.1. Materials

All the reagents used in the experiments were of analytic grade and used without
further purification. The conjugated polymers Pbl, and CH3NH;I were purchased from
Xi’an Polymer Light Technology Corp., Xi’an, China.

2.2. PDs Preparation Process
2.2.1. Preparation of the CH3NH;3Pbl3 /Au PDs

Firstly, Au thin films were prepared on a 2 x 3 cm? polyethylene terephthalate (PET)
using radio-frequency (RF) magnetron sputtering (JZ-RF600A). Subsequently, the metal
semiconductor metal (MSM) structure was realized through the following steps: gluing,
exposure, development, etching, and resist removal. The electrode width and spacing were
both 5 pm, and the electrode length was 500 um. We masked the PET film with 5 um-wide
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channels with polyimide tape. In the next step, using a vacuum spin coater (VIC-200), the
CH3;NH3Pbl; layer was deposited on the PET substrate. Briefly, 10 mg of CH3NH;3I and
460 mg of Pbl, were dissolved in 1 mL of N, N-dimethylformamide (DMF) and stirred at
70 °C for 2 h to obtain a homogeneous CH3;NH;Pbl3 precursor solution. Then, the above
precursor solution was spin coated on the PET substrate at an initial speed of 500 r/min for
10 s and then at a speed of 3000 r/min for 50 s. Subsequently, PET with a spin coating was
heated in a vacuum oven at 70 °C for 3 min to remove the residual DMF. After cooling, the
polyimide tape was removed, and the CH3NH;3Pbl; layer was obtained upon annealing at
90 °C for 10 min. Finally, the CH3NH;3Pbl;/Au PDs were obtained.

2.2.2. Preparation of the Au/Mgp»Zn sO PDs

Mgp2ZnggO thin films were prepared on a 2 x 3 cm? PET using RF magnetron
sputtering (JZ-RF600A). The vacuum chamber was initially evacuated to 5 x 10~ Pa, and
0O, and Ar were introduced into the chamber in a flow ratio of 10:40. PET was washed with
acetone, absolute ethanol, and deionized water for 10 min. The Mgy Zng gO films were
sputtered on the PET substrates at a total pressure of 4 Pa and an RF power of 150 W for
30 min to obtain the Mg »Zn( gO thin films, as shown in Figure 1a,b.

) ©

RF DF

) Mg, ;70,50 = L=

H Lithography

() @

> Decice Spin coating
¢ L ==

Figure 1. Preparation process of the CH3NH;3Pbl3/Au/Mgj2Zn( 3O flexible PDs. (a) PET substrate.
(b) Preparation of Mgy ,ZnygO/Au thin films. (c) Preparation of Au thin films. (d) Photolithography.
(e) Preparation of CH3NH;3Pbls thin films. (f) Preparation of CH3NH3Pbl3/Au/Mgg2Zng gO SPPDs.

Next, Au was RF sputtered on the Mgy 2Zng gO thin films to realize the MSM structure,
as shown in Figure 1c,d; the process included gluing, exposure, development, etching, and
resist removal. The electrode width and spacing were both 5 um, and the electrode length
was 500 um. The obtained Au/Mgj2ZnysO UV PDs are shown in Figure 1d.

2.2.3. Preparation of the CH3NH3Pbls/ Au/Mgg 2Zn sO Heterojunction SPPDs

Firstly, we masked the Mgy »Zn( gO film with 5 pm-wide channels with the polyimide
tape. In the second step, using a vacuum spin coater (VTC-200), the CH3NH;3PbI; layer
was deposited on the Mgp2Zn(gO thin film. 10 mg of CH3NH;3I and 460 mg of Pbl,
were dissolved in 1 mL of DMF and stirred at 70 °C for 2 h to obtain a homogeneous
CH;3NH;3Pbl; precursor solution. Then, the above precursor solution was spin coated on
the Mgp2Zn(gO thin film at an initial speed of 500 r/min for 10 s and then at a speed
of 3000 r/min for 50 s. Then, a Mg »Zng gO thin film with spin coating was heated in a
vacuum oven at 70 °C for 3 min to remove the residual DMF. After cooling, the polyimide
tape was removed, and a CH3;NH3Pbl; layer was obtained upon annealing at 90 °C for
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10 min. Finally, the CH3NH3Pbl3/Au/Mgg,Zng gO heterojunction SPPDs were obtained,
as shown in Figure lef.

2.3. Device Characterization

The crystal structures of CH3NH3Pbl3/Au PDs and CH3NH3Pbls/ Au/Mgj 2Zng gO
heterojunction SPPDs were characterized using a Rigaku Ultima VI X-ray diffractometer
(XRD). The morphology was characterized by scanning electron microscopy (SEM) us-
ing a JEOL JSM-7600F microscope. The UV-visible (Vis)-NIR absorption spectra of the
CH3;NH3Pbl;/Au PDs and CH3NH;3Pbls / Au/Mgg2Zng sO heterojunction SPPDs were
measured using a PerkinElmer Lambda 950 spectrophotometer. The dark and photocurrent-
voltage (I-V) curves of the CH3NH3Pbl;/Au PDs and CH3NH3Pbl3/ Au/Mgp 2Zng gO het-
erojunction SPPDs were measured using an Agilent 16442A test fixture. The responsivity
spectra of the CH3NH;3PbI; / Au PDs and CH3NH3Pbl;/Au/Mgp 2Zng gO heterojunction
SPPDs were measured using a Zolix DR800-CUST testing system.

3. Results and Discussion

As shown in Figure 2a, the XRD pattern of the CH3NH;3;Pbl3/Au PDs exhibits diffrac-
tion peaks at 26 = 14.1°, 28.4°, 31.9°, and 40.8°, which are associated with the (110), (220),
(310), and (224) planes, respectively; the strongest diffraction peaks are (110) and (220),
which shows that the materials grow preferentially along the (110) direction, which is consis-
tent with previous studies [30-32]. The still-remaining diffraction peak at 12.65° suggests the
level of the Pbl, impurity phase [33]. The XRD pattern of the CH3NH3Pbls / Au/Mgp 2Zng sO
heterojunction SPPDs shows a peak at 34.51°, which corresponds to the (002) planes of
Mgp2Zng gO [34,35]. The other peaks are coincident with those of CH3NH3Pbl3, indicating
the diffraction peak of Mgy »Zng gO film. The Mg 2Zn(gO thin film has no effect on the
crystallinity of the CH3NH3Pbl; layer.

Figure 2b shows the normalized absorption spectra of the Mg ZnggO/Au PDs,
CH3;NH3Pbl;/Au PDs, and CH3NH;3Pbl3/Au/Mgp2Zng sO heterojunction SPPDs. For
the Mgp2ZnpgO/Au PDs, there is an absorption peak at a wavelength of 330 nm. A
broad absorption band from 330 to 780 nm is observed for the CH3NH3Pbl3/Au PDs.
It is worth noting that the absorption of the CH3NH;3Pbls/ Au/Mgj2Zng gO heterojunc-
tion SPPDs is in the range from 330 to 780 nm, and the absorption performance is better
than that of the CH3NH3Pbl;/Au PDs. Overall, the excellent light absorption properties
make CH3NH;3Pbl3/ Au/Mg 2Zng sO heterojunction SPPDs promising candidates for high-
performance PDs. It can be seen from Figure 2¢,d that the cuboid-shaped CH3NH3Pbl;
grains are uniformly distributed on the substrate. Through the double-layer film of
Mg 2Zny gO and CH3NH3Pbls, it can be seen that the upper layer of the CH;NH;3Pbls
polycrystalline film is more dense; at the same time, the crystal grains of CH3NH3PblI; can
be enlarged. Larger CH3NH;3Pbl; grains mean fewer perovskite grain boundaries. This
result suggests that the Mg »Zng gO film can passivate the surface defects of the perovskite
and that a uniform and flat CH3NH;3Pbl; layer is formed.

Figure 3a shows the responsivity (R) spectra of the CH3NH;3Pblz / Au/Mgp2Zng O het-
erojunction SPPDs in the UV-Vis-NIR range. It can be seen that in the range of 250-850 nm,
the R value is significantly higher than that of the Mg 2Zn gO/Au PDs or CH3NH3Pbl3/Au
PDs under 1 V. For the CH3NH;3Pbl;3/ Au/Mgp2Zng gO heterojunction SPPDs, the highest R
value is up to 0.58 A/W, which is 11.09 times higher than that of the best CH;NH3Pblz/Au
PDs and is 161 times higher than that of the best Mgy ,ZngO/Au PDs. It can be seen that
the CH3NH3Pbls / Au/Mgp 2Znp sO PDs have a higher R than the Mg 2Zng §O/Au PDs and
the CH3NH3Pbls/Au PDs alone.

98



Materials 2023, 16, 4330

(@) PET (b)
CH;NH,Pbl/Au/Mg,,Zn, JO/PET 1.0 f- . —— CH,NH,Pbl/Au/Mg, ,Zn, O/PET
CH,NH,Pbl/Au/PET CH,NH,PbI/Aw/PET
_ =08} AwMg,,Zn, O/PET
5|2 3 !
= | £ s . =
z 7 Au P:: _g 0.6 X
g PET e
) 2
= 204F
L <« Y
y \
Au PET
0.0 1 L 1 z A s
300 400 500 600 700 800
Wavelength (nm)
@

Figure 2. (a) XRD spectra of the CH3NH3Pblz/Au PDs and CH3NH3Pblz/Au/Mgg27ZnpgO SP-
PDs. (b) Normalized absorption spectra of the Mg »ZnggO/Au PDs, CH3NH3Pblz/Au PDs, and
CH3;NH;Pbls /Au/Mgp 2Zng gO SPPDs. (c,d) SEM spectra of the CH3NH;3Pbl; PDs and CH3NH3Pbls/
Au/MgOQZnO,SO SPPDs.

Figure 3b shows a comparison of the external quantum efficiency (EQE) measured
under 1 V. The EQE curve is similar to the absorbance curve of the CH3NH3Pbl3/Au PDs.
The EQE is one of the most important performance parameters of perovskite PDs; the EQE
represents the number of electron-hole pairs generated for a single incident photon. The
EQE of the two groups of devices was calculated using formula (1). In the case of a certain
bias, the EQE of the CH3NH3Pbl;/Au/Mgp 2Znj 3O heterojunction SPPDs is 10.23 times
that of the CH3NH3Pbls/Au PDs and 84.51 times that of the Mg ,ZnOg/Au PDs. The

EQE is defined as:
Rxhxc
EQE() = =5~

The I-V curves of the CH3NH;3Pbl3/Au PDs and CH3NH;3Pbl; / Au/Mgp 2Zng gO het-
erojunction SPPDs under dark and light conditions are shown in Figure 3c,d. The light-dark
current ratio of the CH3NH3Pbl3/Au/Mgp 2Zng gO heterojunction SPPDs is 100 times that
of the CH3NH3Pblz/Au PDs. Additionally, the nonlinear I-V curves indicate that Schottky
metal-semiconductor contacts were formed. By comparing Figure 3c,d, it is found that this
is mainly attributed to the fact that the heterojunction inhibits the rise of the dark current.
From Figure 3d, it can be seen that the dark current of the CH3;NH;3Pbl3/ Au/Mgp 2Zng 3O
heterojunction SPPDs is very low, and the light-dark current ratio is about 10%. The dark cur-
rent of the CH3NH;3Pbl3/ Au/Mgp 2Zng gO heterojunction SPPDs is less than 1.4 x 1071 PA
at 0 V, which is more than 10 times less than that of the CH3NH3Pbl; PDs. Furthermore,
the dark current is very low, which can effectively reduce the lowest detectable optical
power and enhance the capability of detecting weak light [36]. When the CH3NH;3Pbl;
thin film is spin coated on Mg 2Zng 3O, the dark current of the device decreases, the pho-

M
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tocurrent increases, and the photoresponsivity gain is enhanced for the heterojunction.
There are few carrier-donating defects in the bilayer, and the interfacial charge transfer
reduces the carrier concentration in the dissipative region. The higher the light current-dark
current ratio, the better the device detection performance. At the same time, the recom-
bination of the electron pairs in the Mgp2Zn(gO thin film is reduced in the gap between
the CH3NH;3Pbls grains, which is beneficial for the hole separation and transport in the
CH3NH;3Pbl3 / Au/Mgp 2Zng O heterojunction thin film; this enables the realization of a
high response and a very low dark current.
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Figure 3. (a) Responsivity spectra of the CH3NH3Pblz / Au PDs, Mg 2Zng gO PDs, and CH3NH;3Pbl3 /
Au/MgpZny gO heterojunction SPPDs under 1 V. (b) EQE of the CH3NH3Pbl; /Au PDs, Mg 2Zng O
PDs, and CH3NH;3Pbl3/Au/Mgg2Zn) gO heterojunction SPPDs under 1 V. (¢,d) I-V curves of the
CH3NH3Pbl3/Au PDs and CH3NH;3Pbl3/ Au/Mgg2Zng 3O heterojunction SPPDs under dark and
light conditions.

Figure 4a,b show the I-V curves for different wavelengths (namely 330, 550, and
760 nm). Clearly, the photocurrent density increases gradually with the incident light wave-
length. The main reason is that the dark current is ultimately limited by the recombination
current, which is an inherent property of semiconductor materials and heterojunctions.
The built-in electric field of the CH3NH3Pbl;/Au/Mgj2Zn( gO heterojunction with the
increased Fermi level of Mg »Zn( gO provides a strong driving force to separate and trans-
fer the photogenerated carriers, and the depletion layer becomes wider, which decreases
the recombination of the carriers and then reduces the dark current. This endows the
heterojunction devices with a high photoresponse performance under external bias. The
high detection rate of the perovskite PDs is mainly due to their very low dark current under
reverse bias. Such a small dark current explains the reason for its high photodetection and
also shows that perovskite-based PDs can exhibit very good detection capability. Moreover,
the device shows an apparent photovoltaic behavior under illumination, and the offset
voltage is 0 V, which exhibits a self-powered characteristic behavior, as shown in Figure 4c.
In the self-supply voltage-detection mode, the device achieves a high responsivity of up to
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1.1 mA/W. A large number of electron-hole pairs are generated in the film due to the inter-
nal electric field at the surface. The space charges separate and drift in opposite directions,

generating photocurrent at the electrode to produce zero bias.
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Figure 4. (a,b) I-V curves of the CH3NH;3Pbl3/Au/Mgj2Zng gO heterojunction PDs for different
wavelengths. (c) The responsiveness curves of the CH3NH3Pblz / Au/Mgp 27,080 heterojunction
SPPDs at 0 V. (d) D* values of the CH3NH3Pbl;/Au PDs and CH3NH3;Pblz/Au/Mgy27Zn030
heterojunction SPPDs at 0 V.

Figure 5 shows a schematic of the carrier transport mechanism of the CH;NH;3Pblz/
Au /Mg 2Zn( 3O heterojunction SPPDs. Such a mechanism can be explained by the band
diagram. As can be seen from the figure, the band gaps of CH3NH;3Pbl; and Mg 2Zng gO
are 1.45 and 3.89 eV, respectively. When the Mgy 2Zn( O film forms a heterojunction with
the CH3NH3PbI; film, the electrons in the former diffuse into the latter. Furthermore,
the pores in the CH3NH;3Pblj; film diffuse into the Mgy 2ZngO film. When they are in
equilibrium, a self-built electric field is formed at the heterojunction interface, as shown
in Figure 5b. Under illumination, Mg »Zn gO absorbs UV light to produce photogener-
ated electrons and holes, while the CH3NH;3Pbl3 film absorbs UV, Vis, and NIR light to
produce electrons and holes. Under the action of this self-established electric field, the
photogenerated electrons and holes, which are diffused from the dissipative region of
the heterojunction, rapidly separate; the electrons drift to the Mg ,Zng gO film, and the
holes drift to the CH3NH3PbI; film; thus, a stable external current is generated. There-
fore, self-driven CH3NH3Pbl;/Au/Mgp2Zn( 3O devices have a low dark current, a high
light current, and high responsiveness. Due to the high recombination probability of
the photogenerated electrons and holes in CH3NH3Pbl3, the photocurrent enhancement
of the CH3NH3Pbl3/Au PDs is not very significant. However, when the n-Mgg »Zn 3O
layer and the p-CH3NH3Pbl; perovskite material are introduced, a p-n junction with a
well-matched band structure is formed, from p-CH3NH;3PblI; with a high Fermi level to
n-Mg 2Zng gO with a low Fermi level. The Fermi level of p-CH3NH3Pbl; in the p region
gradually increases, while that of Mg »Zn( sO in the n region gradually decreases, thus
increasing the Fermi level [37]. Therefore, when the recombination probability of photo-
generated electron-hole pairs in the CH3NH3Pbl; layer decreases, the photocurrent of the
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CH3NH;3Pbl;/ Au/Mgg 2Zng gO heterojunction SPPDs increases significantly [38—42]. Thus,
lowering the contact barrier on the surface results in a high photocurrent in the device.
Therefore, the heterostructure PD can not only reduce the recombination probability of
electrons and holes but also increase the depletion layer width, as shown in Figure 5¢; the
dark current decreases, so that the CH3NH;3Pblz/ Au/Mgp 2Znj 3O heterojunction SPPDs
have a high optical gain.

¥ g:z J L43eV o

______ e e =Fn

r 3.80eV . v

@ % % % N Jr
|
-7 CH;NH;PbI; . Auw .
Mgo2ZngsO (Bias=0)
(©)
PET e e e m e e e e === E,

—_—
®O®

(Bias>0)

Figure 5. Diagram of the carrier transport mechanism. (a) Diagram of the carrier transport mechanism
of the CH3NH3Pbl3/ Au/Mg( 2Zn0gO SPPDs at 0 V. (b,c) Diagram of the carrier transport mechanism
of the CH3NH;3PblI3/Au/Mgp 2Zn0 gO heterojunction SPPDs under 0 bias and reverse bias.

D* is a measurement of the detector’s sensitivity. Assuming that shot noise from the
dark current is the major contributor to the total noise, it can be written as [43,44]:

Dx = L 2)

1
()
where R is the responsivity, A is the area of the detectors, q is the unit charge, and I; is the
dark current.

Due to the suppressed dark current and the enhanced responsivity of the CH3NH;3Pbl3 /
Au/Mg2Zn( 8O heterojunction SPPDs, as shown in Figure 4d, the best value of D* is as
high as 4.7 x 10'2 Jones at 780 nm, while it is only 3.0 x 10'° Jones in CH;NH3Pbl3/Au
devices. Notably, the CH3NH;3Pbls/Au/Mgp2ZnjsO heterojunction PDs exhibit a pro-
nounced response in the vis-light range as well as in the UV- and NIR-light ranges. It is
found that the detectivity of the prepared perovskite SPPDs is greatly improved in the
range of 300-800 nm, and a detectivity exceeding 2.34 x 10'2 Jones is achieved in most of
the range (320-780 nm). These results are comparable with those of other reports, and a
detailed comparison is provided in Table 1. The table shows that the detection rate of the
device prepared in this paper is higher than that of other devices, which have a detection
rate of 4.7 x 10'? Jones and obtain ultra-low magnitude-dark currents compared to other
devices, which have a dark current of 1.4 x 10! pA. The significant increase in detectivity
indicates that the modification on both sides of the active layer results in a reduced trap
density as well as improved carrier transport and extraction.
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Table 1. The performance parameters of perovskite PDs in this and previously reported work.

Device Structure ( AfW) Ligsk EQE D* (mlg?W) Ref
CH3NH3Pblz/ Au/Mgg »Zng O 0.58 14 x 1071 pA 120 4.7 x 1012 1.1 This work
Ag/NP;3/MAPbI3 /Al 0.25 0.3 uA - 1.53 x 101 - (5]
Al/Si/SiO, /MAPbI; /Pt - 50 pA - 8.8 x 1010 - (6]

ZnO/CsPbBr; 0.01 - - - - [16]
Au/MoQO3z/MAPbI;/ZnO/FTO 0.05 1nA - 45 x 101 - [19]

4. Conclusions

In summary, a CH3NH3Pblj; film was prepared and combined with an Mg »Zn gO
film fabricated via vacuum magnetron sputtering to realize CH3NH3Pblz / Au/Mgp »Zng sO
heterojunction SPPDs. The results show that due to the addition of the Mgy 2Zn gO layer,
the recombination probability of the photogenerated electron-hole pairs is reduced, and
the optical gain is enhanced. Compared with the CH3NH3Pbl3/Au PDs, the photore-
sponsivity is increased by nearly 53.17 times across the entire spectral range, and the EQE
of the CH3NH;3Pbl3 / Au/Mgj2Zng gO heterojunction SPPDs is increased from 12.45% to
120%. Remarkably, in the self-supply voltage-detection mode, the SPPDs achieve a high
responsivity of up to 1.1 mA /W. The dark current of the CH3NH;3Pbl3/Au/Mgp2Zny 3O
heterojunction SPPDs is less than 1.4 x 107! pA at 0 V. The best value of the detectivity is
as high as 4.7 x 10'2 Jones.
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Abstract: Flexible CZTSSe solar cells have attracted much attention due to their earth-abundant
elements, high stability, and wide application prospects. However, the environmental problems
caused by the high toxicity of the Cd in the buffer layers restrict the development of flexible CZTSSe
solar cells. Herein, we develop a Cd-free flexible CZTSSe/ZnO solar cell. The influences of the ZnO
films on device performances are investigated. The light absorption capacity of flexible CZTSSe
solar cells is enhanced due to the removal of the CdS layer. The optimal thickness of the ZnO
buffer layers and the appropriate annealing temperature of the CZTSSe/ZnO are 100 nm and 200 °C.
Ultimately, the optimum flexible CZTSSe/ZnO device achieves an efficiency of 5.0%, which is the
highest efficiency for flexible CZTSSe/ZnO solar cells. The systematic characterizations indicate that
the flexible CZTSSe/ZnO solar cells based on the optimal conditions achieved quality heterojunction,
low defect density and better charge transfer capability. This work provides a new strategy for the
development of the environmentally friendly and low-cost flexible CZTSSe solar cells.

Keywords: Cd-free flexible CZTSSe/ZnO solar cells; ZnO buffer layer; CZTSSe/ZnO heterojunction;
buffer layer optimization

1. Introduction

CupZnSn(S,Se)s (CZTSSe) is one of the most promising absorber materials for thin-
film solar cells due to its earth-abundant, non-toxic constituent elements and tunable
bandgap [1-6]. The maximum power conversion efficiency (PCE) of CZTSSe solar cells
can reach 13.0% [7] and 11.2% [8] on rigid substrates and flexible substrates, respectively.
Flexible CZTSSe solar cells have great development potential in the field of photovoltaic
building integration and indoor photovoltaic applications due to their light weight and
flexibility [9-14]. However, the toxic Cd element in the CdS buffer layer of the solar cell
causes a series of environmental problems, limiting the application of CZTSSe solar cells. In
addition, the narrow energy bandgap (Eg) of CdS (2.4 eV) leads to loss of photons at short
wavelengths (less than 520 nm), which accounts for 24% of the entire solar spectrum [15,16].
Incomplete absorption in the visible spectrum of the CdS buffer layer is thought to be
responsible for the reduced quantum efficiency of CZTSSe-based solar cells [17]. Therefore,
it is necessary to replace the CdS buffer layer in CZTSSe solar cells with a Cd-free and
wider Eg buffer layer.

The ZnO semiconductor has been widely applied in a variety of solar cells, such
as perovskite solar cells [18], organic solar cells [19], SbySes solar cells [20], CIGS solar
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cells [21], CZTSSe solar cells, etc., due to advantages which include excellent N-type
characteristics, wide Eg (3.3 V), non-toxicity, and abundant reserves [22]. At present, the
buffer layers most commonly used in Cd-free CZTSSe solar cells with over 10% PCE are
Zny_4Sn,O (ZTO) films obtained by doping Sn elements into ZnO films [23]. Therefore, the
development of quality ZnO films is key to fabricating efficient Cd-free CZTSSe devices.
Compared with other Cd-free buffer layers, such as Zn;_ Mg,O, In,O3, etc. [24,25], the
use of an ZnO buffer layer with a simple preparation process and low raw material cost
is expected to assist in the development of low-cost environmentally friendly CZTSSe
solar cells. Htay et al. used ultrasonic spray pyrolysis (USP) to deposit ZnO films on
CuyZnSnS, films to fabricate Cd-free solar cells based on CZTS/ZnO heterojunctions [26].
Katagiri et al. fabricated a Cd-free CZTS device with a ZnO bulffer layer using atmospheric
pressure chemical vapor deposition (A-CVD) [27]. In these reports, the poor density
and complex preparation process of the ZnO buffer layers were not conducive to the
preparation of low-cost and efficient CZTSSe/ZnO devices. Meanwhile, high-quality
interfaces are very important for the improvement of device properties [28,29]. Therefore,
improvements in ZnO films and the quality of CZTSSe/ZnO interfaces are beneficial to
the development of low-cost and efficient CZTSSe/ZnO solar cells. However, to date, the
PCEs of CZTSSe/ZnO solar cells, which are the basic component of CZTSSe/ZTO solar
cells, are only 1.3% [30]. Consequently, an investigation of efficient CZTSSe/ZnO solar cells
would lay the foundation for the development of low-cost and efficient Cd-free CZTSSe
devices. In addition, research on Cd-free buffer layers has mainly been focused on rigid
CZTSSe solar cells with soda-lime glass (SLG) as substrates, which can only be applied in
limited planar scenarios, such as roof and ground situation. The application of CZTSSe
solar cells could be extended to curved scenarios such as solar cars and buildings through
the application Cd-free buffer layers to flexible CZTSSe solar cells.

In this work, ZnO bulffer layers are used to prepare flexible CZTSSe solar cells, where
the most flexible CZTSSe/ZnO device is able to achieve a PCE of 5.0%. The effects of the
ZnO film thickness and the CZTSSe/ZnO heterojunction annealing temperature on the
photovoltaic properties of Cd-free flexible CZTSSe solar cells are studied in detail. The
results show that a flexible CZTSSe/ZnO solar cell with high-quality heterojunction and
low defect density can be obtained when using the optimal ZnO buffer layer thickness
(100 nm) and the appropriate annealing temperature (200 °C).

2. Materials and Methods
2.1. Fabrication of ZnO Buffer Layers

The ZnO thin film was prepared using the sputtering method, where the RF power
source was applied to the ZnO target (99.99%, ZhongNuo Advanced Material (Beijing)
Technology Co., Ltd., Beijing, China). The base pressure was below 9.0 x 10~* Pa. The
operating gas was argon. The working gas pressure was 2 Pa. The distance between the
target and the sample was 12.5 cm. The deposition rate of the ZnO film was 0.05 nm/s. The
thickness of the ZnO film (50, 100 and 150 nm) was controlled by the deposition time, and
the flexible CZTSSe/ZnO solar cells were correspondingly named ZnO-50 nm, ZnO-100 nm
and ZnO-150 nm, respectively. The annealing temperature of the CZTSSe/ZnO heterojunc-
tion was further investigated after optimization of the ZnO film thickness. The ZnO film
was annealed on a hot stage at a temperature of 150-250 °C for 30 min after deposition.

2.2. Fabrication of Solar Cells

Flexible CZTSSe/ZnO solar cells based on Mo foil/CZTSSe/ZnO/ITO/Ag were
prepared. Ethylenediamine, ethanedithiol, and elemental powders (Cu, Zn, Sn, S, and
Se) were used to prepare the precursor solution by heating and stirring at 60-70 °C. The
ethylenediamine, ethanedithiol, Sn powder and Se powder were purchased from Alfa Aesar.
The Cu powder was purchased from Macklin. The Zn and S powders were purchased from
Aladdin. Subsequently, in an Ar-filled glovebox, CZTSSe precursor films were prepared
on clean Mo foils using the spin-coating method. Then, the precursor film was placed in a
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graphite box for the selenization process. During selenization, nitrogen was introduced into
the selenization furnace to ensure that the process took place under normal pressure. The
selenization conditions were raised from room temperature to 550 °C within 1 min, held at
550 °C for 900 s, and then naturally cooled to obtain the CZTSSe film (2 pm). A detailed
description of the device fabrication process can be found in our previous work [31]. The
Zn0O and ITO (200 nm) films were deposited by RF magnetron sputtering. The Ag electrode
(500 nm) was deposited by thermal evaporation. Finally, 9 cells with an active area of
0.21 cm? were realized from each sample.

2.3. Characterizations and Measurements

The crystallization of the thin films was achieved by a multifunctional X-ray poly-
crystalline diffractometer (DY1602). The SEM images were characterized by a focused ion
beam scanning electron microscope (Helios G4 CX). The transmittances of the films were
measured using a spectrophotometer (Agilent CARY 5000 Scan, Santa Clara, CA, USA). The
external quantum efficiency (EQE) spectra were measured using a QTEST HIFINITY 5 IPCE
instrument. Under a standard AM1.5 illumination (100 mW/cm?) from a solar simulator
(SUN 2000), a Keithley 2400 source meter was used to measure the current density—voltage
(J-V) curves. The space charge limited current (SCLC) characterizations were conducted us-
ing a semiconductor characterization system (Fs-Pro, Hong Kong). The photoluminescence
(PL) quenching spectra were measured using a Fluorescence Spectrophotometer (F-7000).
Capacitance—voltage (C-V) tests were performed using a Keithley 4200 semiconductor
parametric instrument. Electrochemical impedance spectra (EIS) were obtained using an
electrochemical workstation (SP-200) test setup. The transient photo-voltage (TPV) and
transient photocurrent (TPC) signals were recorded using an LED light source system and
a digital oscilloscope (Agilent, 1 GHz), and then calculated by fitting.

3. Results and Discussion

In order to solve the problem related to the high toxicity of Cd in conventional flexible
CZTSSe solar cells, we designed an environmentally friendly flexible CZTSSe solar cell
with a device structure consisting of Mo foil/CZTSSe/ZnO/ITO/ Ag (Figure 1a). Figure 1b
shows a cross-section SEM image of the flexible CZTSSe device. There is a three-layer
structure (CZTSSe/ZnO/ITO) on the Mo foil. The light transmittance of the buffer lay-
ers and the light absorption of CZTSSe absorber are compared between the device with
CZTSSe/ZnO and the device without CZTSSe/CdS/ZnO. The ZnO and CdS/ZnO layers
are grown on soda-lime glass substrates, denoted as ZnO and CdS + ZnO, respectively.
Figure 1c shows the transmittance of the ZnO and CdS + ZnO layers. It can be seen that the
transmittance of the buffer layer is significantly improved in the range of 400-600 nm after
the removal of the CdS layer. This is because the energy band gap (Eg) of ZnO (3.3 eV) is
wider than that of CdS (2.4 eV), which is conducive to the absorption of more photons and
increasing the short-circuit current density (Jsc) of the device. Next, the EQE curves of the
flexible devices with ZnO and CdS+ZnO buffer layers are shown in Figure 1d. It can be
seen that the EQE values of the Cd-free CZTSSe solar cell are obviously higher than those
of the device with the CdS buffer layer in the range of 400-600 nm, which is consistent with
the results obtained for buffer layer transmittance. This indicates that the flexible CZTSSe
solar cell with ZnO buffer layer exhibits better light absorption capacity. The integrated Js.
of the flexible device with the ZnO buffer layer is greater than that of the flexible device
with the CdS + ZnO buffer layer, which is because more photons enter the CZTSSe absorber.
The electrical properties of the CdS/ZnO and ZnO buffer layers are analyzed using the
space charge limited current (SCLC) characteristic, where the I-V data are acquired from
electron-only devices with the structure of Au/buffer layer/Au. The current and voltage of
the buffer layers are in accordance with Ohm’s law (I = k*V, k is constant) at low voltage.
As shown in Figure 1e, the conductivity (o) values of ZnO and CdS/ZnO buffer layers are
1.56 x 1078 and 2.55 x 10~7 S-cm ™1, respectively. The lower o of the ZnO buffer layer is
not conducive to the fill factor (FF) of the device.
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Figure 1. (a) The schematic diagram of device structure and (b) the cross-section SEM image for
the flexible CZTSSe/ZnO solar cell. (c¢) Transmittances of the ZnO and CdS/ZnO buffer layers.
(d) EQE curves of devices based on ZnO and CdS/ZnO bulffer layers. (e) SCLC of ZnO and CdS/ZnO
buffer layers.

3.1. Optimization of ZnO Buffer Layer Thickness

In conventional flexible CZTSSe solar cells, the CdS and ZnO layers together constitute
the N-type region of the efficient solar cells [32]. The removal of CdS film affects the device
performance. In addition, after the buffer layer thickness is reduced to around 10 nm,
the PCE of the device is only 0.6% (Figure S1, Supplementary Materials). Therefore, the
thickness of the ZnO layer is increased to compensate for the buffer layer effect. ZnO films
with different thicknesses (50 nm, 100 nm, and 150 nm) were deposited on the CZTSSe
absorbers, where the CZTSSe/ZnO heterojunctions were annealed at low temperature
(150 °C). The corresponding CZTSSe solar cells are referred to as ZnO-50 nm, ZnO-100 nm,
and ZnO-150 nm, respectively. The J-V curves of the devices were determined in order to
obtain photovoltaic parameters. The statistical histogram and Gaussian distribution curves
of the PCEs of the three devices are shown in Figure 2a. When the thickness of ZnO films
is increased from 50 nm to 150 nm, the average PCE of the devices first increases from
about 2% to 4% and then decreases to about 3%. The flexible CZTSSe/ZnO solar cells with
100 nm ZnO films exhibit the best performance. The J-V curves of champion devices with
different ZnO film thickness are shown in Figure S2a. Both the open-circuit voltage (Vo)
and Js of the ZnO-100 nm device are higher than those of the ZnO-50 nm and ZnO-150 nm
devices. The best device—the ZnO-100 nm device—achieves a PCE of 4.4%, with a V. of
287 mV, a Jc of 34.9 mA /cm?, and an FF of 44.8%. The charge extraction efficiency of the
devices with optimized ZnO layer are studied on the basis of the PL quenching spectra
of CdS/ZnO and ZnO buffer layers (different thicknesses) based on CZTSSe absorbers.
The CZTSSe/ZnO-100 nm device shows better PL quenching (Figure 2b), indicating that
the charge extraction efficiency between CZTSSe absorber and ZnO-100 nm buffer layer is
higher [33]. The PL spectra of ZnO bulffer layers with different thicknesses are shown in
Figure S2b. The PL intensity of the ZnO-100 nm buffer layer is the lowest, reflecting that
there are fewer bulk defects in the ZnO-100 nm buffer layer. In order to further study the
effect of ZnO thickness on the CZTSSe/ZnO heterojunction, the C-V characteristics were
determined in order to obtain information on the built-in electric field and the width of the
heterojunction depletion region. Figure 2c shows the C~2-V curves of the CZTSSe/ZnO
heterojunction solar cells, where the built-in electric field (V) can be obtained on the basis
of the intersection of the linear region extension of the curve with the x axis. The V},; values
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of the ZnO-50 nm, ZnO-100 nm and ZnO-150 nm devices are 0.30 V, 0.32 V and 0.27 V,
respectively. The Vy,; of the ZnO-100 nm device is the greatest, which is consistent with the
high V. of the device. Figure 2d shows curves of the width of the depletion region (W)
versus carrier concentration (Np), which can be calculated using the C-V data [32,34]. The
W4 of the ZnO-100 nm device reaches 0.31 um, which is wider than those of the ZnO-50 nm
and ZnO-150 nm devices (0.23 and 0.27 um). Wider values of Wy are beneficial to the
collection and transmission of photon-generated carriers, improving the Js. of the device.
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Figure 2. (a) The statistical PCE histogram of the flexible CZTSSe solar cells with ZnO layers with
different thicknesses. (b) PL quenching spectra of the different buffer layers based on CZTSSe
absorbers. (c,d) The C-V characteristics of the devices: (¢) C~2-V and (d) Np-W curves.

3.2. Optimization of Annealing Temperature of CZTSSe/ZnO Heterojunction

High-quality N-type ZnO buffer layers play an important role in the development
of efficient flexible CZTSSe solar cells. The improvement of the quality of ZnO films is an
effective way of enhancing the performance of flexible devices. The annealing temperature
is one of the important factors affecting the growth of ZnO films [35,36]. Temperatures that
are too high can destroy the structure of CZTSSe absorbers, thus deteriorating the device
performance. Therefore, the annealing temperature (150 °C, 200 °C and 250 °C) of the
CZTSSe/ZnO was adjusted to achieve high-quality ZnO film and a flexible device with
improved performance.

AFM and SEM characterizations were performed to characterize the surface rough-
ness and crystal morphology of the CZTSSe/ZnO layers following annealing at different
temperatures. The AFM images of three ZnO films deposited on CZTSSe absorbers are
shown in Figure 3a—c. The root mean square (RMS) values of the surface roughness of the
CZTSSe/ZnO layers produced with three different annealing temperatures are around
60 nm, showing no obvious difference. Figure 3d—f show top-view SEM images of the
ZnO films prepared on CZTSSe with annealing at different temperatures. The larger grains
(about 1.5 um diameter) are the CZTSSe absorber. The fine grains (about 10 nm) on the
surface are the ZnO film. According to Figure 3d—f, the annealing temperature (150-250 °C)
has little effect on the morphology of the CZTSSe absorber.
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Figure 3. Top-view images of the ZnO films on the CZTSSe absorbers prepared at annealing tempera-
tures of 150, 200 and 250 °C: (a-c) AFM images; (d—f) SEM images.

The effects of annealing temperature on the crystal structures of the CZTSSe and ZnO were
analyzed by XRD characterization. Conventional XRD can only detect the phase of the CZTSSe
absorber due to the ZnO film being too thin. Figure 4a shows the XRD patterns of the CZTSSe
absorbers after annealing at different temperatures. The (112), (220) and (312) XRD peaks belong
to the kesterite-type tetragonal phase. The characteristic peaks at 14.8° (marked &) and 30.1°
(marked #) may be Sn(S,Se), and Cu(S,Se), respectively [9,37-39], which are secondary phases.
There are no significant differences among the three samples in terms of peak position,
peak intensity or half width, indicating that annealing temperature in the range 150-250 °C
has not effect on the crystalline phase of the CZTSSe absorber. Subsequently, the crystal
structures of the ZnO films on the CZTSSe absorber were analyzed by grazing incidence
X-ray diffraction (GIXRD), as shown in Figure 4b. The two characteristic peaks perfectly
match those of the ZnO crystal, among which the characteristic peak of 20 at 34.14° is the
strongest, corresponding to the (100) crystal plane of ZnO, and the characteristic peak of 26
near 62.58° corresponds to the (103) crystal plane of ZnO [40,41]. Detailed data regarding
these parameters are summarized in Table S1. With increasing annealing temperature,
the full width at half maximum (FWHM) of the characteristic peaks of XRD decreases
gradually, indicating that the grain size of the ZnO films is gradually increasing. However,
the characteristic peak intensities show different trends. The characteristic peak intensity is
higher for the ZnO film annealed at a temperature of 200 °C compared to the films based
on annealing temperatures of 150 °C and 250 °C. Therefore, the ZnO film shows good
crystallinity at an annealing temperature of 200 °C.
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Figure 4. XRD patterns of ZnO/CZTSSe heterojunctions annealed at different temperatures: (a) conven-
tional XRD and (b) GIXRD patterns. The peaks at 14.8° and 30.1° are marked & and #, respectively.
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3.3. Performance Characterizations of Flexible CZTSSe/ZnO Devices with Different
Annealing Temperatures

The statistical parameters of flexible CZTSSe/ZnO devices produced under different
annealing temperatrues are displayed in Figure 5a—d. As expected, the device parameters
(Voce, Jse, FE, and PCE) show a trend of first increasing and then decreasing as the annealing
temperature increases from 150 to 250 °C. The best device performance is achieved at the
annealing temperature of 200 °C. Figure 5e shows the J-V curves of the optimal flexible
CZTSSe/ZnO solar cells produced under different annealing temperatures, and the de-
vice parameters obtained on the basis of the J-V data are listed in Table 1. The optimal
device performance is realized with the flexible CZTSSe/ZnO solar cell produced with an
annealing temperature of 200 °C, the PCE of which is 5.0%, with a V. of 301.3 mV, a Jsc of
37.8 mA/cm? and an FF of 44.0%. However, annealing at an excessive temperature (250 °C)
significantly reduces the device efficiency, to 1.6%. The diode parameter parameters, such
as shunt conductance (Gg},), series resistance (Rs), diode ideality factor (A), and reverse
saturation current (Jp), can be obtained from the J-V data to analyze the reasons for the
variation in device performance. It can be seen that the flexible device produced under
an annealing temperatrue of 200 °C has the lowest values of Gg}, (8.4 mS/cm?) and R
(1.7 Q2-cm?), as well as a better value of A (2.4), which indicates that the quality of the
CZTSSe/ZnO heterojunction is obviously improved. However, The Gy, of the device in-
creases significantly from 8.4 to 60.2 mS/cm? when the annealing temperature is increased
to 250 °C, resulting in serious interface recombination following by a deterioriation in
device performance. The EQE curves of the three flexible devices are shown in Figure 5f,
with an absorption wavelength range of 350-1300 nm. Compared with the EQE values of
the device produced with an annealing temperature of 150 °C, those of the device based on
the annealing temperature of 200 °C demonstrate a significant improvement, and the maxi-
mum EQE value reaches about 90%. When the annealing temperature is further increased
to 250 °C, the EQE of the device drops significantly, with a maximum EQE value of less
than 50%. This may be because the high annealing temperature disrupts the structure of
the CZTSSe /ZnO heterojunction, increasing interface recombination and thus resulting in
poor performance.
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Figure 5. The statistical photovoltaic performance of the flexile CZTSSe solar cells based on 100 nm
ZnO films produced under different annealing temperatures: (a) Vo, (b) Jsc, (¢) FF and (d) PCE.
(e) The EQE and (f) J-V curves of the champion flexile CZTSSe /ZnO solar cells.
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Table 1. Performance parameters of CZTSSe/ZnO heterojunction solar cells annealed at different temperatures.

Annealing Voc Jsc FF PCE Ggh Rs _ 2
Temperature (*C) mV)  (mAfem? (%) %) (mS/em?) (Qcm) A Jo107°mA/em?)
150 287.0 349 448 44 120 22 26 18
200 3013 378 440 5.0 8.4 17 24 22
250 206.1 243 317 16 60.2 28 26 84

The ZnO layer thickness in the CZTSSe/ZnO heterojunction solar cells is 100 nm.

The SCLC characteristics were measured using electron-only devices with a structure
of Au/CZTSSe/ZnO/Au to assess the electron-trap density at the CZTSSe/ZnO inter-
faces modified using different annealing temperatures. The current and voltage of the
CZTSSe/ZnO films are in accordance with Ohm’s law at low voltages. With increasing
voltage, the defect states in the CZTSSe/ZnO film are filled. The current and voltage follow
the Mott—Gurney law (I o V2) when the voltage reaches the filling limit voltage (Vrrp). The
VrrL and the defect density (N¢) conform to Equation (1):

VrrL = )

where q is the electronic charge, L is the electrode distance, ¢ is the vacuum dielectric
constant, and ¢, is the relative dielectric constant. The I-V curves of CZTSSe/ZnO films
produced with different annealing temperatures are shown in Figure 6a. It can be ob-
served that the Nt values of CZTSSe/ZnO films produced with annealing temperatures of
150 °C, 200 °C, and 250 °C are 1.75 x 10'2,1.50 x 10'2 and 1.69 x 10'2 cm~3, respectively,
indicating that the device produced using an annealing temperature of 200 °C demon-
strates less carrier recombination. The effect of annealing treatment on the CZTSSe /ZnO
heterojunction interface was analyzed on the basis of the EIS characterization [42]. The
equivalent circuit model of the CZTSSe photovoltaic device is an ideal series—parallel
circuit of capacitors and resistors (see inset in Figure 6b). Figure 6b shows the Nyquist
plots of the devices produced with different annealing temperatures. The series resistance
(Rs) and recombination impedance (Ryec) can be determined for high-frequency and low-
frequency signals, respectively. As the annealing temperature increases from 150 °C to
200 °C, the Ryec value of the device increases from 1.2 kQ) to 1.4 k). However, when the
annealing temperature is further increased to 250 °C, the Rye. decreases to below 0.7 k().
This indicates that the highest heterojunction quality and the lowest carrier recombination
is achieved by the device produced with an annealing temperature of 200 °C, whereas
a higher annealing temperature may cause some defects at the CZTSSe/ZnO interface,
thus increasing the carrier recombination in the device. TPV and TPC characterizations
were performed to explore the effect of annealing temperature on the internal defects and
carrier transportation of the device [43,44]. The charge recombination lifetime (t;) obtained
from TPV measurement is the photo-generated carriers recombination time through inter-
nal defects in the open-circuit state. The charge transfer lifetime (t;) obtained from TPC
measurement is the time required for photo-generated carriers to be transferred to the
external circuit. As shown in Figure 6c, the t; values of the flexible devices produced with
annealing temperatures of 150 °C, 200 °C and 250 °C are 65, 117 and 45 us, respectively,
indicating the lowest defect density is achieved by the flexible device produced using
an annealing temperature of 200 °C. The t; values of the three flexible devices are 22, 15
and 18 us, respectively (Figure 6d), indicating that the device produced with an annealing
temperature of 200 °C offers better charge transfer capability.
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Figure 6. (a) The SCLC of CZTSSe/ZnO films produced with different annealing temperatures. The
interfacial characterization of the three flexible CZTSSe/ZnO solar cells: (b) EIS plots, (c) TPV decay
curves, and (d) TPC decay curves.

4. Conclusions

In this work, we demonstrated a Cd-free flexible CZTSSe/ZnO solar cell that satisfies
the aims of environmental protection and low cost. The effect of the ZnO films on the
performance of the flexible device was investigated. The results show that the 100nm thick
ZnO film offers the best buffer layer effect. The most appropriate annealing temperature
for the ZnO for attaining high performance in the flexible devices was explored. The AFM,
SEM and XRD characterizations showed that the annealing treatment (150 °C-250 °C)
did not destroy the structure of the CZTSSe absorbers. Meanwhile, the ZnO buffer layer
exhibited better crystallinity when using an annealing temperature of 200 °C. The optimal
flexible device was able to achieve a PCE of 5%, which is the highest PCE achieved by
flexible CZTSSe/ZnO solar cells. The J-V, EIS, TPV and TPC characterizations showed that
the optimal flexible CZTSSe /ZnO solar cell was able to realize a high-quality heterojunction,
low defect density, and improved charge transfer capability. The investigation of the ZnO
buffer layer in the flexible CZTSSe/ZnO solar cells could provide new concepts in the
development of low-cost, environmentally friendly and efficient CZTSSe solar cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16072869/s1, Figure S1: J-V curves of the flexible CZTSSe
solar cells with 10 nm thick ZnO layers; Figure S2: (a) J-V curves of the flexible CZTSSe solar cells with
different thick ZnO layers. (b) PL spectra of ZnO layers with different thickness; Table S1: GIXRD
results of ZnO films annealed at different temperatures.
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Abstract: Nanocrystals’ (NCs) band gap can be easily tuned over the infrared range, making them
appealing for the design of cost-effective sensors. Though their growth has reached a high level of
maturity, their doping remains a poorly controlled parameter, raising the need for post-synthesis
tuning strategies. As a result, phototransistor device geometry offers an interesting alternative
to photoconductors, allowing carrier density control. Phototransistors based on NCs that target
integrated infrared sensing have to (i) be compatible with low-temperature operation, (ii) avoid
liquid handling, and (iii) enable large carrier density tuning. These constraints drive the search
for innovative gate technologies beyond traditional dielectric or conventional liquid and ion gel
electrolytes. Here, we explore lithium-ion glass gating and apply it to channels made of HgTe narrow
band gap NCs. We demonstrate that this all-solid gate strategy is compatible with large capacitance
up to 2 uF-cm~2 and can be operated over a broad range of temperatures (130-300 K). Finally, we
tackle an issue often faced by NC-based phototransistors:their low absorption; from a metallic grating
structure, we combined two resonances and achieved high responsivity (10 A-W~! or an external
quantum efficiency of 500%) over a broadband spectral range.

Keywords: field effect transistor; solid electrolyte; HgTe; nanocrystals; nanophotonics; light resonator;
infrared detection

1. Introduction

As colloidal growth of nanoparticles has gained maturity, nanocrystals (NCs) have
become viable building blocks for optoelectronics. Using narrow band gap materials, it is
possible to address the infrared (IR) part of the electromagnetic spectrum [1,2]. At such
wavelengths, NCs offer an interesting alternative to epitaxially grown semiconductors to
design cost-effective devices [3]. This has led to the demonstration of efficient light-emitting
devices [4-7] as well as effective light sensors [8-10], including focal plane arrays used to
image near- and mid-IR light [11,12].

Though a high degree of control is achieved for the growth of this material, its doping
remains [13] a challenge, and the material may not behave as an intrinsic semiconductor.
This affects the final device performance. Thus, it is of utmost interest to couple NC films
with a gating method to enable an agile tunability of the carrier density. As a result, the
phototransistor appears to be a remarkable evolution of the photoconductive geometry,
since the gate bias can be used as a knob to control the magnitude of the dark current.
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Phototransistors are built around a field-effect transistor [14] (FET), in which, in addition to
drain/source electrodes and a channel based on a NC film, the gate appears as a central
building block. The gate is used as a capacitor and, under applied bias, it generates charges,
tuning the carrier density in the FET channel.

Various gate technologies have been coupled to NC films [15]. The most conventional
method continues to rely on dielectrics such as SiO; [9,16,17]. Since this material is com-
mercially available and technologically mature, it presents the clear benefit of being easy to
implement. Moreover, the fast gate bias sweep and the ability to operate at low tempera-
tures are other key advantages of this technology. The low dielectric constant of silica, on
the other hand, requires a large bias operation, possibly close to the material breakdown.
High-k materials such as alumina, ZrOy [18,19] or HfO, are the natural alternatives [20-23].
They present the advantage of an all-solid strategy similar to silica but require an additional
fabrication step with the deposition of an insulating layer. Despite a limited number of ex-
amples [24,25], ferroelectric gating coupled with a NC film offers a strategy to achieve even
higher capacitance FETs. The main idea behind ferroelectric gating is to take advantage of
the divergence of a ferroelectric material’s dielectric constant close to its Curie temperature.
However, this limitation tends to reduce the operating temperature ranges. When higher
gate capacitances are required, gating methods based on ion displacement become the
most effective. Contrary to the previous methods, electrolytes allow for bulk gating. This
ability to gate a thick film is critical for the design of phototransistors, which require a film
thickness suitable to the light absorption depth [26,27]. Electrolytes are already commonly
used to control the carrier density of a NC population [28-30]. The usual method is to
introduce a liquid or ion gel electrolyte, which may bring additional constraints related to
liquid handling and moisture sensitivity; this is why a solid electrolyte appears easier to
implement. The use of ionic glasses has been a step in this direction; LaF3 glass presents,
for example, mobile fluoride vacancies which can be used to induce gating [31-33].

When applied to infrared phototransistors, the gate has to fulfill some specific con-
straints, such as being:

1.  Compatible with operations below room temperature;

2. Solid state-based to be conveniently integrated into a device;

3. Associated with a large capacitance to tune the relatively large thermally activated
carrier density observed in narrow band gap NCs.

In this perspective, new materials compatible with this series of constraints must
be identified. For a long time, the battery field was using solid electrolytes, and their
potential for field-effect transistors has been investigated for 2D materials [34-37] and
superconductor-based [38] FETs, but they remain unused for NC-based FETs. Here, we
explore the potential of this strategy to design a FET based on HgTe NCs [39], presenting an
absorption in the extended short-wave infrared. We show in particular that this lithium-ion
glass substrate tends to promote hole injection over electron injection compared to what
is observed with a silica gate. In the last part of the paper, we propose an update of the
design to engineer light-matter coupling in this system and achieve high absorption from
a thin NC film. This strategy allows a large responsivity (R > 10 A-W~1!), three orders of
magnitude larger than the value obtained without a light management strategy.

2. Materials and Methods
2.1. Nanocrystal Growth

Chemicals: Mercury chloride (HgCl,; Sigma-Aldrich, St. Louis, MO, USA, 99%),
Mercury compounds are highly toxic. Handle them with special care. Tellurium powder
(Te; Sigma-Aldrich, 99.99%), trioctylphosphine (TOP; Alfa Aesar, Haverhill, MA, USA, 90%),
oleylamine (OLA; Thermo Fisher Scientific, Illkirch, France, 80-90%), dodecanethiol (DDT;
Sigma-Aldrich, 98%), ethanol absolute anhydrous (VWR, Radnor, PA, USA), methanol
(VWR, >98%), isopropanol (IPA; VWR), hexane (VWR, 99%), 2-mercaptoethanol (MPOH,;
Merck, Rahway, NJ, USA, >99%), N,N dimethylformamide (DMF; VWR), toluene (VWR,
99.8%), acetone (VWR), methylisobutylketone (MIBK; VWR, >98.5%)
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All chemicals were used without further purification except oleylamine, that was
centrifuged for 5 min at 6000 rpm before use.

1 M TOP:Te precursor: The procedure was taken from ref [40].

HgTe NCs synthesis with band-edge at 4000 cm~1: The procedure was inspired by
ref [41].

HgTe ink: The procedure was inspired by ref [42]. Before ink deposition, the substrate
was placed in an oxygen plasma cleaner for 2 min to promote adhesion. The ink was
spin-coated on the substrate at 4000 rpm (with 2000 rpm-s~! acceleration) for 1 min. This
gave a homogeneous film between 100 nm and 250 nm, as can be seen in the height profile
obtained from the profilometer, shown in Figure S1 (Supplementary Materials). The speed
of spin coating and ink concentration were used to tune the film thickness.

2.2. Material Characterization

Infrared spectroscopy: We conducted measurements in attenuated total reflection
(ATR) mode using a Fischer Nicolet iS50. The spectra were acquired with a 4 cm ™! res-
olution and averaged 32 times. The photocurrent spectra were obtained while biasing
the sample with a Femto DLPCA 200 current amplifier; the signal was then magnified
by the same amplifier and the output signal was fed into the spectrometer. For polarized
measurements, a polarizer aligned with the electrode digits (or perpendicular to them)
was added on the optical path. The background was then acquired in the presence of the
polarizer in both polarizations.

Transmission electron microscopy: NC solution was drop-casted onto a TEM grid and
dried on a paper. The grid was degassed overnight to suppress solvent and volatile species.

2.3. Electrical Characterization

Electrode fabrication: The solid electrolyte was purchased from MTI (ref EQ-CGCS-
LD). It is a ceramic based on Li,O-Al,O3-Si0,-P,O5-TiO,. The substrate was cleaned with
acetone and rinsed with ethanol and isopropanol, before being dried by a nitrogen jet gas.
First, LOR 3A, a sacrificial release layer, was spin-coated and baked at 160 °C for 180 s.
Then, AZ 1505 resist was spin-coated and annealed at 105 °C for 90 s. Laser lithography
(Heidelberg uPG 101) was used to conduct the lithography procedure. The resist was
developed for 20 s in AZ 726 developer, and finally rinsed in water. Then, 3 nm of titanium
and 47 nm of gold were evaporated using an e-beam evaporator (Plassys MEB 550s). For
lift-off, the substrate was dipped in a PG remover bath for 1 h, and finally rinsed using
DI water. The substrate was then dried and electrically tested to check that there was no
electrical short. The electrodes were interdigitated electrodes, as schematized in Figure S2,
with 25 pairs of digits (i.e., 49 spacings). Each digit was 700 um long and spaced from its
neighbor by 10 pum.

Electrical measurements: The drain and source contacts of the sample were cleaned
using a cotton swab moistened with acetone. The sample was glued using a silver paste
on a substrate of silicon covered with a gold layer and mounted on the cold finger of a
cryostat. The gold layer was used as a gate. The transfer curves and the IV curves were
measured using a Keithley 2634B SourceMeter; this device controls both the gate-source
and the drain-source voltages, measuring the relative currents.

Photocurrent measurements: The time response measurements and the responsivity
measurements were performed using the scope mode of a MLFI Lock-In Amplifier (Zurich
Instruments, Ziirich, Switzerland). In this case, both the drain-source and the gate-source
voltages were controlled by the Lock-In Amplifier. Figure S4 schematized the setup used
for the responsivity measurements. A wavefunction generator was used to trigger the
laser emission and the oscilloscope; the current was converted into voltage by the Femto
DLPCA-200 amplifier and fed into the oscilloscope (Tektronix MDO 3102). From the time
trace we can extract both the photocurrent amplitude and the time response.

Impedance Measurements: The MLFI Lock-In Amplifier (Zurich Instruments, Ziirich,
Switzerland) was used to perform impedance measurements in the range from 0.1 Hz to
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500 kHz. We used an AC voltage of 100 mV. No DC voltage was applied, exploring the
temperature dependence of the impedance. We first deposited two gold layers on both
sides of a Li-based substrate. The surface of the deposited gold layer was determined a
posteriori using a camera and digital processing of the image. The area of the device was
8.9 mm?. The device was glued on a substrate of silicon coated with a gold layer using
silver paste. The sample was then connected inside the cryostat, and the top and the back
sides were connected to the Lock-In Amplifier.

Noise measurement: Current from the device (at 0.7 V bias, kept in the dark) was
amplified by a Femto DLPCA-200, then fed into a SRS SR780 spectrum analyzer. The
sample was mounted on the cold finger of a closed cycle cryostat.

Detectivity determination: The specific detectivity (in Jones) of the sample was de-

termined using the formula: D* = %, where R (in A-W™1) is the responsivity, S is the
noise (A/+/Hz) and A is the area of the device (cm?).

2.4. Optical Resonator

Determination of the optical index: We used spectrally resolved ellipsometry to
determine the complex optical index of the different materials involved in the device and
later conduct electromagnetic simulations.

Spectroscopic ellipsometry: The procedure was similar to the one used in ref [43].
The spectroscopic ellipsometry measured the change in the polarization state between the
incident and the reflected light. This was done by measuring the angles 1 and A. The
following relation applies:

p
s

r
p:l:

. e!0r=%) — tanpe'® (1)
S

where 7, and rs are the reflection coefficients of p and s polarized light, respectively,
and where J, and ¢, are the phase shifts in reflection in p and s polarizations, respec-
tively. The measurements were performed on a V-VASE ellipsometer (J.A. Woollam) in the
500-2000 nm range with steps of 10 nm and with angles of incidence of 50°, 60° and 70°.
For the Li-based substrate, the real part is shown in Figure 56 and was later used as a free
parameter to fit experimental data; we found that n = 1.8 gives a reasonable fit. To account
for the diffusive character of the substrate, we used k = 1 for the substrate.

Complementarily, note that for the gold complex optical index, we used ref [44].
Figure S7 provides the imaginary part of the complex optical index of the HgTe NC film.
The real part of the optical index was taken as constant and equal to 2.2 according to ref [43].

Electromagnetic simulation: Simulations were conducted using COMSOL 5.6, a soft-
ware using the Finite Element Method. The array of resonators was modelled using the
RF module in 2D geometry. Floquet periodic boundary conditions were used to describe
the periodicity in one unit cell. On both sides (top and bottom), we defined perfectly
matched layers (PML) to absorb all outgoing waves and prevent nonphysical reflections.
The absorption came from emw. Qe, a value corresponding in COMSOL to the power
density dissipated in W-m~3. In air, there is no diffracted order for wavelengths above the
electrode period. For shorter wavelengths, the energy propagating in the diffracted orders
is absorbed by PML. On top of the resonator inside air, a port condition was used to define
the incident wave, either in TE or TM polarization. An automatic mesh was used in these
simulations with a predefined “extremely fine” mesh, which means that the maximum
element size was 140 nm, except for the PML, where a mapped mesh was used with a
distribution of 12 elements.

To enhance the device absorption, we kept the same interdigitated device geometry
and just updated some geometrical factors, as shown in Figures S8 and 512. We tuned the
period, the size of the digit and the film thickness so that light absorption resonances were
generated. Along the TE polarization, we designed a guided mode resonance. This mode
is dispersive and split in two modes with angles as revealed by the dispersion map along
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the TE polarization (see Figure S9a). In TM mode, we observed one main resonance that
we designed to be red shifted compared to the TE mode. This mode is nondispersive (see
TM dispersion map in Figure S9b), and while it is not affected by the digit size (i.e., no
shift of the resonance peak for various digit sizes, as shown in Figure S11), it can strongly
be affected by the film thickness (i.e., a strong shift of the resonance peak away from the
exciton peak, as shown in Figure 510), which suggests a vertical Fabry-Pérot resonance.

Fabrication of the device with resonator The fabrication of the optimized photore-
sponsive device was accomplished in two steps of lithography. First, the main contact
pads were fabricated using optical lithography, and then the interdigitated pattern was
fabricated using e-beam patterning.

Electrodes for electrical contacts: A lithium-ion glass substrate was initially rinsed
with acetone and isopropanol to remove dust and organic contaminants. An additional
O; plasma cleaning step was performed for 5 min. The TI Prime adhesion promoter was
spin-coated onto the substrate and baked on a hot plate at 120 °C for 2 min. Subsequently,
the substrate was spin-coated with AZ5214E photoresist and baked at 110 °C for 1 min 30 s.
The first UV exposure through a mask was 1's, as the substrate was very strongly scattering
light, and this was followed by the image reversal bake step at 125 °C for 2 min. A flood
exposure for 40 s without the mask was then performed. The resist film was developed
in AZ726 MIF with a development time of 30 s, followed by DI water rinse, N, gun and
finally an oxygen plasma over 5 min. The next step was to deposit 5 nm of Cr and 80 nm of
Au on the substrate with a thermal evaporator. Afterwards, the substrate stayed for 2 h in
acetone for lift-off. The obtained pattern is shown Figure S12a.

Fabrication of gold nano-stripes: The procedure was similar to the one used in ref [45].
We used a Raith eLine e-beam lithography system for the fabrication of the nano-stripes.
First, a 400 nm thick PMMA layer was spin-coated onto the substrate patterned with
macroscopic electrodes. The resist was then baked at 180 °C for 2 min. We deposited 10 nm
of Al with a thermal evaporator in order to reduce the charging effect. The operating bias
of the electron beam was set to 20 kV, and the aperture was set to 10 um. The dose was
set to 170 pC-cm 2. The resist was first dipped for a duration of 15 s in a KOH solution
in order to remove the aluminum layer, and then it was developed in a solution of MIBK:
isopropanol (1:3 in volume) for 45 s and rinsed with isopropanol. An oxygen plasma over
5 min was done to remove traces of resist. 5 nm Cr and 80 nm Au were then deposited
with a thermal evaporator. The substrate stayed in hot acetone (45 °C) for 2 h after letting it
overnight for lift-off. The obtained pattern is shown in Figure S12b-d.

For resonator measurements, a thicker film compared to transistor measurements was
needed (>200 nm). Thicker films can be obtained mostly by updating the spin coating
condition, which is conducted at reduced speed. The ink is spin-coated on the substrate at
1500 rpm (at 500 rpm-s~! acceleration) for a duration of 5 min (after initial DMF deposi-
tion on the substrate with the same speed in order to help adhesion), followed by a fast
spin coating step to dry the edges (3000 rpm for 2 min, with 500 rpm.s~!). This gives a
homogeneous deposition around 225 nm; see Figure S1 for an image of the electrode after
functionalization with the NC film.

3. Results and Discussion
3.1. Material of Interest with Short Wave Infrared Band Gap

To design a short wave-infrared (SWIR) absorbing phototransistor, we proceeded in
two informative steps. In the first step, we relied on a doped silica substrate. We used HgTe
NCs as the material for the FET channel, since HgTe combines both a tunable absorption
edge in the short- and mid-wave infrared together with stable photoconductive properties.
The nanocrystals were obtained using the Keuleyan’s procedure [41]. HgTe NCs present
a tripodic shape according to electronic microscopy (Figure 1b) and a band edge at 2 uym
with a cut-off wavelength around 2.5 um (see the absorption spectrum in Figure 1a). In
addition to the electronic interband transition attributed to HgTe, the absorption spectrum
depicts a doublet that is attributed to the C-H bond resonance at around 2900 cm~!. Several
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steps of cleaning were conducted in order to reduce the relative magnitude of the C-H
resonance close to the one of the NC exciton. When a similar magnitude was obtained,
thin conductive and photoconductive films of such NCs were obtained by preparing an
ink [16,42]. In this case, the native insulating long ligands (dodecanethiol) were stripped
off and replaced by a mixture of a short thiol (mercaptoethanol) and ions (HgCl,) dissolved
in dimethylformamide (DMF). The obtained ink can be spin-coated to form a thin film. The
film thickness can be tuned with the deposition conditions in the 100 to 300 nm range for
the device under investigation in this study.
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Figure 1. (a) Absorption spectrum of the HgTe NCs measured in attenuated total reflection mode.
The doublet at around 3.4 um is related to the resonance of the C-H bond. (b) Transmission electron
microscopy image of the HgTe NCs. (c) Transfer curve (drain Ipg and gate current Igg as a function of
applied gate bias under the constant drain-source bias of 100 mV) measured at 150 K for a field-effect
transistor whose channel is made of a HgTe NC film while the gate is SiO, (300 nm SiO, on top
of highly doped Si). (d) On/off ratio (solid line) and carrier mobility (scatter) as a function of the
temperature for a FET whose channel is made of HgTe NCs and the gate of 300 nm SiO,.

Once deposited on a doped Si/SiO; substrate on which gold interdigitated electrodes
have been fabricated, the material presented an ambipolar character. We observed both
holes (under negative bias) and electrons (under positive gate bias), as shown in the transfer
curve (see Figure 1c). The current modulation was around two orders of magnitude at
250 K and increased to almost four decades at 100 K (see Figure 1d). This increase in current
modulation was mostly due to a reduction in the off current caused by the reduced carrier
density activation when the temperature drops.

122



Materials 2023, 16, 2335

The carrier mobility can be determined from the transfer curve with:

L dlps
~ WCsVps dVis

= @)
where L is the electrode spacing (10 um), W is the electrode length (49 x 2.5 mm), Cy. is
the surface capacitance as measured in Figure 2b and Vpg is the drain source bias. We
noticed a clear thermal activation of the mobility (Figure 1d), which was consistent with
the hopping conduction occurring in a disordered array of polydisperse NCs. Electron and
hole mobilities were similar in magnitude and dropped by a factor of 50 as the temperature
was reduced from 250 to 100 K.
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Figure 2. (a) Schematic of the FET whose channel is made of HgTe NC film and whose gate is made
of a lithium-ion glass substrate. The substrate is used as a gate and the gate electrode is taken on
the back side of the substrate. (b) Capacitance of the lithium-ion glass substrate as a function of the
signal frequency for various temperatures. (c) Transfer curve for the FET depicted in part a at room
temperature (Vpg = 500 mV). On/off ratio (i.e., ratio of the maximum current over the minimum
current in the transfer curve) for the same FET as a function of temperature (d) and gate bias sweep
rate at 200 K (e). Error bars in part d and e are determined by several repetitions of the transfer curve.

3.2. Gating Using Solid Electrolyte

In the second step, we designed a FET using a lithium-ion glass substrate. The latter is
commercially available from MTI and is a ceramic of oxide materials (Li;O-Al,O3-5i0;-
P,05-TiO;) in which the small Li* cations can be displaced under the application of a
gate bias. On such substrates, we fabricated the same set of interdigitated electrodes as
the one used for silica gating (see a schematic of the device in Figures 2a and S2). The
benefit of such gates is best revealed by impedance measurements, shown in Figure 2b.
At high frequency, the capacitance is low. In this regime, ions cannot move, and only the
dielectric behavior of the substrate is observed. As a result of the substrate being thick
(several hundred pm), the resulting capacitance is even weaker than in thin silica films.
At low frequency, on the other hand, ions can move to form an ionic interfacial layer,
and the obtained capacitance becomes high (up to 2 uF-cm~2). The transition frequency
between these two regimes depends on the temperature and reflects the thermally activated
transport of Li* ions within the substrate. In practice, ion displacement limited the gate
sweep rate range, and the strongest modulations were obtained with low bias sweep rates
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(1 mV-s~! typically, see Figure 2e). Note that the capacitance value obtained is similar to
the one obtained with a liquid or ion gel electrolyte, while the device can be air-operated
without handling any liquid.

As bias was applied over the lithium-ion glass substrate, current modulation was
observed in the HgTe NC film (see Figures 2c, S3 and S4). Current modulation was observed
for temperatures down to 130 K (see Figure 2d); below this value, the ions froze. This
enables the operation of the FET from room temperature down to this value, which is a
broader range than the typical one of liquid electrolyte (acetonitrile often used as solvent
freezes at —45 °C) or ionic glass [31-33] (operating range 180-300 K). However, despite the
higher capacitance than with silica, the on/off ratio is not improved due to higher leakage
inherent to the gating method based on ion displacement. Table 1 summarizes some figures
of merit relative to various gate technologies for a HgTe NC-based field effect transistor.

Table 1. Typical ranges of use for solid state gating of HgTe nanocrystal-based field effect transistors.

Gate Technology

Dielectric Ionic Glass Ion Gel Electrolyte Solid State L

Electrolyte
Temperature range 4 K-300 K 180 K-260 K 300 K 150-300 K
Sweep-rate range Fast (several V-s~1) Intermediate (0.1 V-s~1) Slow (1 mV-s~1) Better below 10 mV-s~1
Subthreshold slope 3400 mV /decade 1200 mV /decade 152 mV /decade 1200 mV /decade
. . <3V (electrochemical
<60 V (dielectric .
Gate voltage range breakdown) Up to10 Vat200 K stability of the Testedupto 7V

electrolyte)

A striking feature is the observation of p-type only conduction (Figure 2c), whereas
the material was ambipolar when coupled to silica gate. This means that the lithium-ion
glass substrate behaves as a carrier selective charge injector. This behavior likely results
from an asymmetry in the mobility of Li* cations and their vacancies in the lithium-ion
glass substrate. We have estimated the hole mobility at 250 K to be 6 x 1073 cm?-V—1.s7 1,
This is typically three times lower than the value measured for SiO, gates; this reflects a
carrier density dependence of the mobility.

As the purpose of this device is its use as a phototransistor, we tested its potential under
illumination at 1.55 pm. As expected for such NC films, the material was photoresponsive
and we observed a responsivity around R = 5 mA-W~! (floating gate), which can be
tuned by applying a gate bias, as shown in Figure 3a. Though higher responsivity (up
to R =11 mA-W 1) can be obtained under negative gate bias, the strongest photocurrent
modulation is obtained under positive gate bias since this operating condition makes the
material more intrinsic. As often observed in NC-based phototransistors, the change in the
photocurrent magnitude comes with a change in the response dynamics [27] (see Figure 3b).
Faster responses are obtained when majority carriers are removed (i.e., positive gate bias
here). These changes in dynamics reflect the change in trap filling when the gate bias is
applied [46]. With Li gating, the response time spans from 500 ps to 5 ms depending on the
applied gating bias. The former value is itself a decade longer than the value obtained with
the silica gate, which is also associated with a much weaker photoresponse. In other words,
the FET configuration enables tuning of the device photoresponse while leaving the gain
bandwidth product almost unaffected.
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Figure 3. (a) Dark current (black line) and responsivity (red line) for the device depicted in Figure 2a
as a function of the applied gate bias. (b) Rise and decay time (defined as the time for the signal to
change from 10% to 90% of its final value) as a function of applied gate bias (see Figure S5 for a time
trace). Illumination was ensured by a 1.55 um laser diode at 110 mW.cm™2; spectra were averaged
500 times The drain-source bias was set to 500 mV. Measurements were conducted at 250 K.

3.3. Introduction of a Photonic Structure to Enhance the Absorption

As with most NC-based light sensors in this configuration, the device faces a limitation.
Due to hopping conduction, the mobility and the diffusion length are limited. As a result,
the effective light absorption only occurs over a distance much shorter than the light
absorption depth (>um for HgTe NC in the SWIR [47]). Electromagnetic simulations
revealed that the film absorbs around 10% of the incident light at the NC band edge. To
overcome this limitation, we updated the design of the device to couple the NCs to a
photonics structure [48], while maintaining the same interdigitated geometry (Figure S6).
The initial device relied on interdigitated electrodes with 10 um wide digits and 10 um
spacing between digits. We then tuned the geometrical factors (film thickness, period
and size of the digits) in order to maximize the absorption in magnitude and linewidth.
Compared to the previous work by Gréboval et al. [25], also dealing with a phototransistor
coupled to a light resonator, the change in substrate from a single crystal of SrTiOj3 to a
Li-based ceramic which strongly scatters light (Figures 5S4 and S5) raised the need for an
additional design.

We first matched a resonance in the TM polarization (magnetic field parallel to the
electrode ribbons) with the band-edge energy. This first resonance, at 2.2 pm, is a vertical
Fabry-Perot resonance highlighted by its lack of dispersion (see Figure S7b). The energy of
this resonance is driven by the film thickness (Figure S8b) but is very weakly affected by
the digit width (Figure S9). The obtained mode is spatially located on top of the gold pad
(Figure 4c) as the cavity is formed between the gold and the air interface. By doing so, we
minimized the loss in the metal, which is estimated to be around 5.5% of the total absorption.
Details about the electromagnetic design can be found in the supporting information.
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Figure 4. (a) (resp (b)) Simulated absorption map at the resonance of the TE @1.75 pm (resp TM
at 2.2 um) polarization. (c) Simulated absorption (dashed lines) and experimental photocurrent
(solid lines) spectra within the NC film (i.e., excluding losses in contact) for TE and TM polarization.
(d) Responsivity measured at 180 K for a signal at 1 kHz as a function of applied bias for the device
with light resonators under broadband radiation resulting from a blackbody at 980 °C. (e) Noise
current spectral density as a function of signal frequency measured under various applied biases.
(f) Specific detectivity measured at 180 K (for a signal at 1 kHz) as a function of applied bias for the
device with light resonators.

Furthermore, by tuning the period of the grating we can induce a second resonance in
the TE polarization (electric field parallel to the electrodes ribbons). We chose the period of
the grating and digit size to slightly blueshift this resonance with respect to the band edge
(around 1.75 um). By doing so, we broadened the global response of the device. This mode
is a guided mode resonance [49-51] (GMR), whose energy is driven by the period of the
grating. This mode is dispersive, as revealed by the dispersion map (see Figure S7a), and
spatially located at the top of the gold electrode as revealed by the simulated absorption
map (Figure 4a). The obtained absorption within the NCs (i.e., leading to the generation of
the photocurrent) is expected to reach 40% for non-polarized light (see Figure 4c).

Since the period of the grating was set at 1.5 pm for a 750 nm wide digit, we used e-
beam lithography for its fabrication (see Figure 510). The obtained photoresponse spectrum
was now strongly polarized (see Figure 4c), with a TE mode clearly blue shifted with
respect to the TM mode. Compared to the simulation, the photocurrent presented a good
match both in energy and linewidth as long as we accounted for the scattering of the Li
substrate. It is worth noting that the photocurrent spectrum was also significantly red
shifted from the absorption shown in Figure 1a. This shift was the combination of two
effects: (i) first, we conducted a ligand exchange procedure that tends to increase inter-NC
coupling and lead to a redshift. In addition (ii), the photocurrent was measured at low
temperature (180 K), while the HgTe NC band gap redshifts upon cooling [47,52].

The responsivity of the device was now much higher and reached 10 A-W~!
(Figures 4d and S14) under moderate electric field: this value is three orders of magnitude
larger than the one reported for the same film deposited on conventional interdigitated
electrodes without resonances. As has already been pointed out by Chu et al. [51], the
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enhanced responsivity splits into two contributions: absorption enhancement is responsible
here for a factor of 4 in the performance increase; the remaining factor of 250 is due to
photogain [53] (i.e., recirculation of one of the carriers while the other one stays trapped).
Indeed, the external quantum efficiency of the device is around 500% (R = 10 A-W~! for
2.5 um cut-off wavelength and under broadband blackbody radiation).

In a nanocrystal array, charge transport occurs through hopping. Under illumination,
electron-hole pairs get generated and one carrier can easily get trapped while the second one
is transported to the electrode. To ensure sample neutrality, the electrode will reinject this
carrier, which can recirculate several times until the trapped charge gets recombined [54].
The gain magnitude is the ratio of the trapped carrier lifetime to the transit time. The latter
is directly connected to the device size. Thus, a smaller device favors gain [55].

The factor of 250 for the gain value is further subdivided into a factor of 10 that
arises from an increase in the electric field (i.e., a 10 times narrowing of the electrode
spacing) and a factor of 25 that we ascribe to a more efficient hopping transport as the
device size approaches the diffusion length [51]. Noise in this device is limited by a 1/f
contribution [56,57] (see the inset of Figure 4e), which currently limits the detectivity
around D* 2 5 x 10° Jones and corresponds to a noise equivalent power (NEP) at around
1 pW~Hz’1/ 2fora signal at 1 kHz. This is, nevertheless, a factor of 5 (D* = 10° jones) above
the value obtained for the same material (same band gap and same surface chemistry)
without a resonator compared to that achieved for silica [51].

4. Conclusions

To summarize, we have demonstrated that a lithium-ion glass substrate can be used
as an all-solid back gate for a NC-based FET. This gate leads to a capacitance as high as
2 pF.cm~2, similar to a liquid electrolyte while considerably easing the device’s manipula-
tion and its future integration. Moreover, the gating remains effective over a broad range
of temperatures from room temperature down to 130 K, matching the targeted operating
temperature range for short- and mid-wave infrared sensors. Interestingly, the gating
favors hole injection compared to silica gating. In a second step, we demonstrated a light
management strategy for a phototransistor based on this lithium-ion glass. We demon-
strated the combination of two light resonators, one based on a guided-mode resonance
and the second one relying on a Fabry-Pérot mode. This combination of two resonances
enables broad band enhancement in light absorption and responsivity as high as 10 A.W~1;
this value is a thousand times larger than the one obtained for interdigitated electrodes
without any light management strategy. This enhancement can be split over a factor of 4
for absorption and a factor of 250 for photogating.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16062335/s1, Figure S1: thickness determination of HgTe film
using profilometer. Figure S2: schematic of the field effect transistor. Figure S3: Transfer curve of
the Li-gated FET at various temperatures. Figure S4: schematic of the responsivity setup. Figure S5:
Photoresponse under illumination. Figure S6: refractive index of the Li-based ceramic. Figure S7:
extinction coefficient spectra of the HgTe NC film. Figure S8: Schematic of device with resonator.
Figure S9: Dispersion map in TE and TM polarizations. Figure S10: Absorption spectra for various
film thicknesses. Figure S11: Absorption spectra for various gold digit sizes. Figure S12: Microscopy
images of the resonator. Figure S13: Microscopy images of the resonator functionalized by NC film.
Figure S14: IV curve of the resonator device. Figure S15: Responsivity of the resonator device as a
function of frequency and power.
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Abstract: Infrared detection technology plays an important role in remote sensing, imaging, mon-
itoring, and other fields. So far, most infrared photodetectors are based on InGaAs and HgCdTe
materials, which are limited by high fabrication costs, complex production processes, and poor
compatibility with silicon-based readout integrated circuits. This hinders the wider application of
infrared detection technology. Therefore, reducing the cost of high-performance photodetectors is a
research focus. Colloidal quantum dot photodetectors have the advantages of solution processing,
low cost, and good compatibility with silicon-based substrates. In this paper, we summarize the
recent development of infrared photodetectors based on mainstream lead chalcogenide colloidal
quantum dots.

Keywords: colloidal quantum dots; infrared photodetector; lead chalcogenide; mercury chalcogenide

1. Introduction

Infrared photoelectric technologies use infrared materials to convert infrared radiation
energy into electrical signals. Infrared photodetectors are widely used in autonomous
driving, machine vision, security surveillance, and other fields [1-5]. In recent years, with
the continuous development of infrared detection technology, more and more infrared
photodetectors have been developed. Currently, the mainstream infrared photodetectors
are mainly based on narrow-gap semiconductors such as InGaAs [6,7], HgCdTe [8-10], and
other materials, which have high sensitivity, wide-band detection capabilities, long-time
stability, and good reliability [11]. However, they still have problems such as high cost,
a complex epitaxial growth process, and poor compatibility with silicon-based readout
integrated circuit chips [12-14], limiting their wider application.

The emergence of colloidal quantum dots (CQDs) provides a feasible way for the
development of infrared photodetectors. As a new type of photoelectric material, CQDs
have the advantages of a wide spectral tuning range, low cost of preparation by thermal
injection, and solution processing [15-17], and CQDs have great application potential in
many practical applications. In addition, CQDs can be directly integrated with silicon-based
readout integrated circuits through solution processing, which reduces the fabrication cost
and difficulty [18,19]. As a result, CQD infrared detectors have been a research hotspot in
recent years. Among CQD infrared detectors [20], lead-based [21] CQD photodetectors
have been demonstrated to have high sensitivity and response speed. Lead-based CQDs
include PbTe, PbSe, and PbS CQDs. Their detection bands are mainly in the near-infrared
and visible light range. Among them, PbSe and PbS CQDs have already been applied to
large-array readout integrated circuits [22]. However, lead-based CQDs have the problems
of easy oxidation and interference from humidity in the air [23].
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In this paper, we discuss the progress of lead chalcogenide colloidal quantum dots for
infrared photodetectors. First, we introduce the CQD synthesis method and illustrate the
passivation effect of different ligand exchanges on the surface of CQDs. In addition, the
development of the device structure of CQD photodetectors is also introduced in detail,
and the advancements of photodetectors combining lead chalcogenide CQDs with organic
materials, two-dimensional materials, and other materials are discussed.

2. PbTe CQD-Based Photodetectors
2.1. Synthesis of PbTe CQDs

Lead-based CQDs have received significant attention in recent years due to their
unique optical and electronic properties. PbX (Te, Se, S) possess a cubic crystal lattice
structure [24-26] and are narrow-band-gap semiconductors with 0.32 eV, 0.28 eV, and
0.41 eV, respectively. As a result, PbX (Te, Se, S) CQDs exhibit size-tunable infrared band
gaps from visible to infrared. Benefitting from mature chemical synthesis technology,
they are attractive for a wide range of applications, including infrared photodetectors,
photovoltaics, and thermoelectric devices. PbTe CQDs, in particular, possess a large exciton
Bohr radius (46 nm) [27], a high dielectric constant (1000) [28], and a high multiexciton
generation yield.

In 1995, Reynoso et al. first grew PbTe CQDs in doped glass, and the absorption
wavelength could be adjusted at 1.1-2.0 um by changing the heat time and temperature [29].
The application potential of PbTe CQDs in optoelectronic devices was demonstrated. In
2006, Murphy et al. reported a synthesis method for spherical and cubic PbTe CQDs [30],
whose size distribution could reach 7%, and the diameter of synthesized CQDs ranged from
2.6 to 18 nm. The first exciton transition was achieved from 1009 to 2054 nm (Figure 1a).
The photoluminescence quantum yield of spherical PbTe CQDs was as high as 52 &= 2%.
In the same year, Urban et al. synthesized monodispersed PbTe CQDs [31] with obvious
advantages in size tunability and solution processability compared to the early CQDs in
glass (Figure 1b). In addition, the conductivity of the PbTe CQDs film could be increased
by 9-10 orders of magnitude through chemical treatment. Therefore, PbTe CQDs were
expected to be applied in photodetectors.

Aiming at the problem of PbTe CQDs’ susceptibility to oxidation, in 2009, Lambert et al.
proposed a core—shell structure of PbTe/CdTe [32]. The CdTe shell was grown around PbTe
using the cation exchange method (Figure 1c). It was observed that PbTe and CdTe had the
same lattice orientation, achieving seamless matching. This method effectively resolved the
oxidation problem of PbTe CQDs, but it had an anisotropy problem in the exchange process.
To improve the method for the synthesis of PbTe CQDs, in 2012, Pan et al. proposed a
synthesis method for monodisperse hydrophobic PbTe CQDs [27]. Using oleylamine as the
capping ligand and solvent allowed the hydrophobic PbTe CQDs to be easily transformed
into CQDs with different ligands. The application of PbTe CQDs in biomedicine was
possible. PbTe CQDs could be changed from hydrophobic to hydrophilic through ligand
exchange with 4-mercaptopyridine. In addition, the synthesized PbTe CQDs were found to
be air-stable.

To enhance the photoluminescence (PL) performance of PbTe CQDs, Protesescu et al.
reported the PL properties of core—shell PbTe/CdTe CQDs in 2016 [33]. PbTe/CdTe CQDs
were demonstrated to have stable near-infrared emission within the 1-3 um range. During
the cation exchange process, with the addition of excess cadmium oleate, Cd could replace
Pb to shrink the PbTe core, resulting in a shift of the PL peak to a shorter wavelength
(Figure 1d). Compared with pure PbTe CQDs, the PL stability of PbTe/CdTe CQDs was
significantly improved, even in ambient air.

In 2019, Peters et al. studied the fundamental chemistry of PbTe CQDs [34]. The
relationship between the band gap and the NC diameter was measured, and the results
showed that the energy absorbed by the primary optical absorption had a 1/d relationship
with the diameter of the CQDs. And the connection mode of surface ligand oleic acid and
PbTe CQDs was mostly chelating bidentate coordination. In 2020, Miranti et al. proposed
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a core-shell structure of PbTe/PbS CQDs, which established a type II heterojunction that
enabled PbTe/PbS CQDs to carry out electron transport exclusively [35] (Figure 1f). The
structure exhibited maximum electron mobility of 0.62 cm?/Vs with an n-channel current
modulation ratio of 104, which was significantly higher than that of PbTe CQDs and PbS
CQDs. Enhancing n-type transport made core—shell PbTe/PbS promising for applications
in the thermoelectric and electron transport layers of photovoltaic devices.

PbTe CQDs are highly sensitive to oxygen. Modifying the surface of PbTe CQDs
or using other CQDs to wrap PbTe CQDs could be considered in future development to
prevent the interference of external oxygen. And through the combination of other CQDs
and PbTe CQDs, the expansion of the detection band and performance of PbTe CQDs
was expected.
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Figure 1. (a) The left inset shows the infrared absorption spectra of spherical PbTe CQDs with
different sizes, and the right inset shows the absorption (solid line) and photoluminescence (dotted
line) spectra of PbTe CQDs with a size of 2.9 nm [30]. Copyright 2006, Journal of the American
Chemical Society. (b) Transmission electron microscopy (TEM) images and model diagrams of
cuboctahedron and cubic PbTe CQDs [31]. Copyright 2006, Journal of the American Chemical Society.
(c) TEM image of PbTe/CdTe CQDs in the <110> crystal plane [32]. Copyright 2009, Chemistry
of Materials. (d) PL spectrum of PbTe/CdTe CQDs. (e) The energy band diagram of PbTe/CdTe
CQDs [33]. Copyright 2016, ChemPhysChem. (f) The model and energy band diagram of PbTe/PbS
CQDs [35]. Copyright 2020, ACS Nano.

2.2. PbTe CQD Photodetectors

The exceptional electronic and optical properties, along with the controllable synthesis,
made PbTe CQDs a promising candidate for a wide range of applications in various devices.
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By acquiring a deeper understanding of the coordination chemistry between oleic acid
and PbTe CQDs, we can further optimize the synthesis and properties of PbTe CQDs.
This endeavor will lay a robust foundation for their development in future electronic and
optoelectronic devices.

The weak binding energy of PbTe CQDs, easy oxidation in air, and low photocon-
ductivity limited their application in photodetectors. In 2016, Lin et al. proposed a PbTe
CQD photodetector treated with tetrabutylammonium iodine (TBAI) [36] (Figure 2a,b).
The TABI ligand exchange effectively passivated the surface of PbTe CQDs, reducing the
average spacing between CQDs from 4.2 nm to 2.3 nm. As a result, the TABI-treated
PbTe CQDs film transformed from a nonlinear Schottky contact to a symmetrical Ohmic
contact. The maximum responsivity of the device could reach 1.9 mA /W. Under 150 Hz
laser irradiation, the response time of the device reached 0.39 ms and the recovery time
reached 0.49 ms, which effectively improved the response speed of the device (Figure 2c,d).
Moreover, the detector with TBAI-treated PbTe CQDs had a stable photoresponse in air
due to the protective effect of the upper polymethyl methacrylate (PMMA) layer.

(@) (b) sf

2r ——light1
PMMA ; t;grkz

——light2

D L SRR S SRS SR

Rt DR ER T s R ISIS S

Current (pA)

—2.0 —1. 0 l.) 1.0 2.0
Voltage (V)

(c)

t,=0.49 ms|

t=0.39 ms

PlanejMirror

Voltage (a.u.)

Laser (1064 nm)

—— Decay fittipg

-

~_~
=
<
N’
o
Detector %0 7 . m
=
=
>

Time (ms)
20M Resistance 1—/ |

—
e
Oscilloscope f\‘mm

B2 220 5 . _10 . 0 10
Time (ms)

(e)

SN,

[0111®

Figure 2. (a) Schematic diagram of the structure of the PbTe photodetector. (b) I-V curve of the PbTe
photodetector. (c) Schematic diagram of the experimental setup for testing the photoresponse of
the PbTe photodetector. (d) Photoresponse curve of the PbTe photodetector under laser irradiation
frequency of 150 Hz [36]. Copyright 2016, RSC Advances. (e) Scanning electron microscope (SEM)
image of PbTe device with crystal and magnetic field. (f) Schematic diagram of PbTe device [37].
Copyright 2022, Nano Letters.
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In 2022, Kate et al. proposed a device structure for selectively growing PbTe
CQDs on InP and characterized the CQD devices in both zero and finite magnetic
fields (Figure 2e,f) [37]. The Coulomb charge stability analysis revealed large even—odd
spacing at zero magnetic field. Further study of the devices under a limited magnetic field
showed that PbTe CQDs exhibit a strong Rashba spin—orbit interaction.

The application of PbTe CQD photodetectors had been limited due to the issue of
easy oxidation. To overcome this challenge, the investigation of surface ligand exchange
for PbTe CQDs could be considered to protect CQDs from oxidation and enhance their
stability. Alongside ligand exchange, exploring other surface passivation strategies was
also important. This included the utilization of inorganic passivation materials such as
metal oxides and chalcogenides, as well as the development of hybrid passivation methods
combining organic and inorganic materials. The study of surface passivation strategies
for PbTe CQDs plays a crucial role in improving their stability and enabling their practical
application in optoelectronic devices.

3. PbSe CQD-Based Photodetectors
3.1. Synthesis of PbSe CQDs

PbSe CQDs are a material with strong quantum confinement, having an exciton Bohr
radius of 46 nm [38]. This characteristic contributes to stronger electron coupling, which
leads to improved charge carrier transport within the PbSe CQD film.

In 1997, Lipovskii et al. successfully synthesized size-controllable PbSe CQDs with
a size between 2 and 15 nm and a size distribution of about 7% [39]. In 2004, Pietryga
et al. studied the mid-infrared PL properties of PbSe CQDs [40]. The experimental results
showed that the synthesized PbSe CQDs had excellent fluorescence tunability and narrow
size distribution (Figure 3a,b). In 2007, Baek et al. synthesized monodisperse PbSe CQDs
using solution chemistry and realized the use of two different ligands of acetic acid (AA)
and hexanoic acid (HA) to control the size of CQDs [41] (Figure 3c). The experimental
results showed that AA and HA could replace part of the oleate on the surface of PbSe
CQPDs, resulting in a reduction in steric hindrance and a reduction in the average size of
CQDs. To enhance the antioxidant ability of PbSe CQDs, in 2012, Hughes et al. proposed a
method of ligand exchange for PbSe CQDs using alkyl selenides [42] (Figure 3d). Alkyl
selenides could completely replace the oleic acid ligands on the surface of CQDs. Compared
with the oleic acid ligand, the combination between the Pb atom on the surface of the alkyl
selenide ligand and the alkyl selenide ligand was more stable, thereby improving the
oxidation resistance of the surface of CQDs.

In 2017, Campos et al. proposed a method for the synthesis of PbSe CQDs through N,
N, N'-Trisubstituted selenourea precursors [43]. The size of CQDs (1.7-6.6 nm) could be
well regulated, with a narrow size distribution of 0.5-2% and a narrow spectral absorption
peak (Figure 3e). Experiments had proved that the N, N, N'-Trisubstituted selenourea had a
slower and more controllable conversion reaction than the N, N’-Trisubstituted selenourea
and the N, N, N’, N’-tetrame-thylselenourea. The proposal of trisubstituted selenourea
provided a feasible strategy for other CQDs synthesized from selenium precursors. PbSe
CQDs usually required complex and tedious synthesis steps. In 2020, Liu et al. proposed
a method for the direct synthesis of PbSe CQDs at room temperature in one step, which
simplified the synthesis steps and costs [44] (Figure 3f). The experimental results confirmed
that CQDs had excellent surface passivation ability.
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Figure 3. (a) TEM image of PbSe CQDs. (b) PL spectra of CQDs with different sizes at room
temperature (size distribution = 10%) [40]. Copyright 2004, Journal of the American Chemical Society.
(c) Infrared absorption spectra of PbSe CQDs with different contents of AA and HA. The molar ratios
of PbO:Se:oleic acid (OA): HA = 1:3:4.5:X, where X = 0.002, 0.02, 0.1, 0.2, 0.5, 1.0, (a—f). The molar ratio
of PbO:Se:OA:AA =1:3:4.5:X, where X = 0.02, 0.1, 0.2, (b’-d") [41]. Copyright 2007, Journal of Colloid
Interface Science. (d) Process for surface ligand exchange of PbSe CQDs using alkyl selenides [42].
Copyright 2012, ACS Nano. (e) Absorption spectrum and TEM images of PbSe CQDs synthesized
using N, N, N’-Trisubstituted selenourea [43]. Copyright 2017, Journal of the American Chemical
Society. (f) Procedure for the direct synthesis of PbSe CQDs using a one-step approach [44]. Copyright
2020, ACS Energy Letters.

3.2. PbSe CQD Photodetectors

Due to the gradual maturity of PbSe CQD synthesis technology, photodetectors based
on PbSe CQDs were studied. In 2010, Sarasqueta et al. first proposed an ITO-PbSe-
Al infrared photodetector prepared with PbSe CQDs, and the responsivity could reach
0.67 A/W [45] (Figure 4a). The PbSe surface was passivated by chemical treatment, which
effectively reduced the dark current of the device. The performance of the devices under
different ligand exchanges was also explored, and the current density of the device treated
with benzonedthiol (BDT) was 2 orders of magnitude higher than that of the untreated
device. Treatment with BDT showed a 20-fold increase in hole mobility and an 80-fold
increase in electron mobility. In 2016, Fu et al. enhanced the stability of synthesized PbSe
CQDs by ammonium chloride treatment and prepared Au/PbSe/PMMA /Au photode-
tectors [46] (Figure 4b). The responsivity of the device reached 64.17 mA /W, and the
detectivity reached 5.08 x 10'° Jones at 980 nm. This work on PbSe CQDs demonstrated a
highly promising approach for the development of infrared detectors.
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Figure 4. (a) I-V curves of the PbSe CQD photodetectors treated with EDT and BDT; the inset is
the device schematic of the photodetector [45]. Copyright 2010, Chemistry of Materials. (b) Cross-
sectional schematic of a FET-based photodetector [46]. Copyright 2016, Nanotechnology. (c) Schematic
of a device based on bilayer PbSe CQDs. (d) Schematic diagram of energy bands based on bilayer
PbSe CQDs [47]. Copyright 2019, ACS Applied Materials & Interfaces. (e) Schematic diagram of the
device of Si: PbSe CQDs. (f) Response time curve of Si: PbSe CQDs [48]. Copyright 2021, Journal of
materials science. (g) Schematic diagram of PbSe CQD photodetector. (h) Photoresponse of PbSe CQD
photodetector with different voltage biases [49]. Copyright 2021, ACS Applied Materials & Interfaces.

To extend the detection band of PbSe CQD photodetectors, in 2019, Zhu et al. proposed
a PbSe CQD photodetector with a detection range from the ultraviolet to the mid-infrared
region (350-2500 nm) [47] (Figure 4c,d). The hole-trapping-induced photomultiplication
effect was realized by p-type EDT (ethanedithiol)-PbSe CQDs and an n-type TABI-PbSe
CQDs double-layer film. Experimental results showed that the photodetector had a quan-
tum efficiency of 450% in the visible region and a detectivity of more than 10'2 Jones at
room temperature. In the infrared region, the quantum efficiency could reach 120% and the
detectivity could reach 4 x 10!! Jones. Such photodetectors provided a feasible way for the
development of uncooled, broadband photodetectors.

In order to achieve PbSe CQD compatibility with silicon-based substrates, in 2021,
Chen et al. proposed a photodetector using PbSe CQDs in Si, with an infrared spec-
tral response range of 450-1550 nm [48] (Figure 4e,f). The device achieved a responsiv-
ity of 648.7 A/W and a response time of 32.3 us at 1550 nm. The detectivity reached
7.48 x 10'° Jones, and the external quantum efficiency reached 6.47 x 10%%. The device
had the advantages of being low-cost and easy to integrate with silicon-based readout cir-
cuits. In the same year, Peng et al. proposed a near-infrared detector using PbSe CQDs [49]
(Figure 4g,h). PbSe CQDs were created using the method of one-step synthesis at room
temperature and directly introduced iodide ions, which realized in situ passivation of
iodide ions and avoided redundant ligand exchange processes. The device had a respon-
sivity of 970 mA /W and a detectivity of 1.86 x 10'! Jones at 808 nm. Compared with the
pure PbSe CQD detector, the photocurrent of the heterojunction detector increased from
76 x 1072 A to 7.4 x 1078 A, and the dark current decreased from 1.3 x 10~° A to
7.7 x 10~ A, effectively reducing the dark current of the device.

Since pure PbSe CQDs were easily oxidized, which led to the degradation of the device
performance, the concept of combining PbSe CQDs with other materials had been proposed.
A composite material was prepared with materials such as organic polymers and metal
oxides, enabling the interaction between different materials to optimize device performance.
It provided a novel way to achieve an extended band and improve device stability.

In 2015, Wang et al. proposed a near-infrared photodetector with a field-effect tran-
sistor structure combining PbSe CQDs and poly (3-hexylthiophene-2, 5-diyl) (P3HT) [50]
(Figure 5a). Responsivity and detectivity reached 500 A/W and 5.05 x 10'? Jones, respec-
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tively. Two-dimensional materials became a research hotspot because of their excellent
optical and electrical properties. Two-dimensional materials have high carrier performance,
so combining with CQDs could make up for the shortcomings of CQDs. In this combi-
nation, a quantum dot layer is used as a photosensitive material, and a two-dimensional
material can improve the mobility of carriers and other properties. Therefore, devices
combining zero-dimensional and two-dimensional materials could effectively improve
the performance of detectors. In 2019, Luo et al. reported a device combining PbSe CQDs
and BiyO,Se [51] (Figure 5b,c), realizing 2 pm short-wave detection. The responsivity was
greater than 103 A/W, and the response time could reach 4 ms. High sensitivity and quick
response were realized. In 2022, Peng et al. reported a photodetector integrated with PbSe
CQDs and two-dimensional material MoS; [52] (Figure 5j). The photo—dark current ratio
of the heterogeneous photodetector could reach 102, the maximum responsivity could
reach 23.5 A/W, and the maximum detectivity could reach 3.17 x 10 Jones under 635 nm
illumination. And the detection band of the detector could be extended to the near-infrared
region. Under the illumination of 808 nm, it achieved a responsivity of 19.7 A/W and a
detectivity of 2.65 x 10'° Jones. The proposed heterojunction photodetector improved the
performance of photodetectors based on zero- and two-dimensional materials.
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FET-based photodetector Au(Gate)/PMMA /P3HT:PbSe/Au(Source, Drain) in dark [50]. Copyright
2015, IEEE Photonics Technology Letters. (c) Schematic illustration of PbSe/BiyO,Se photodetector.
(d) I-V curves of bare Bi;O,Se, PbSe, and PbSe/Bi,O,Se hybrid photodetectors under dark and
illumination (532 nm, 3.7 mW/cm?) [51]. Copyright 2019, ACS Nano. (e) Schematic diagram of
CsPbBr3 /PbSe photodetector. (f) Typical I-V curves of the CsPbBr;/PbSe heterostructure-based
PDs under 365 nm [53]. Copyright 2021, Journal of Materials Science & Technology. (g) Schematic
diagram of PbSe/CsPbBr; 511 5. (h) Energy band structure diagram of PbSe/CsPbBr; 51 5. (i) I-V
curves of photodetector ITO/ZnO/PbSe:CsPbBr 51; 5/P3HT/Au in dark and under 405 nm [54].
Copyright 2022, Advanced Functional Materials. (j) Schematic diagram of PbSe/MoS, fabrication
process [52]. Copyright 2022, Journal of Materials Chemistry C. (k) Schematic diagram of PbSe/Pbl,
photodetector. (1) Schematic diagram of the imaging process of the camera. (m) “AE” logos obtained
by the camera [55]. Copyright 2021, Scientific Reports.
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Due to the rise of perovskite materials, in 2021, Hu et al. proposed a flexible broadband
photodetector based on a CsPbBrs /PbSe CQD heterostructure, which took advantage of the
excellent properties of perovskite nanocrystalline materials and detected a wide range of
wavelengths, from ultraviolet to long-wave infrared [53] (Figure 5e,f). The responsivity of
the device was 7.17 A/W and the detectivity was 8.97 x 10'2 Jones under 365 nm light and
5V voltage. Response rise and decay times were 0.5 ms and 0.78 ms, respectively. Moreover,
the flexible detector could retain 91.2% of its initial performance even after being bent
thousands of times. It provided a feasible strategy for the development of flexible devices.
In 2022, Sulaman et al. proposed a self-powered broadband photodetector combining PbSe
CQDs with CsPbBr; 515 5 [54] (Figure 5g—i). The responsivity could reach 6.16 A/W, and
the detectivity could reach 5.96 x 10'3 Jones.

Due to the excellent electrical and optical properties of PbSe CQDs, in 2021, Dortaj et al.
suggested a 10 x 10-pixel high-speed mid-infrared (3-5 um) camera based on PbSe/Pbl,
core—shell CQDs [55] (Figure 5k—-m). The procedure involved spin-coating PbSe /Pbl, CQDs
onto the substrate of interdigitated electrodes, followed by surface passivation with epoxy
resin. Subsequently, the imaging results were obtained on the display through the readout
circuit, as shown in Figure 5, m. Experimental results showed that the response rise time of
the detector could reach 100 ns. The camera could achieve 1 million frames per second, so
high-resolution images were obtained.

As a new type of photoelectric conversion device, PbSe CQD photodetectors offer
several advantages, including fast response, high sensitivity, low cost, and easy preparation.
The performance of PbSe CQDs could be further improved by combining them with other
materials. To further improve performance, one approach is to employ a new ligand
solution for surface modification of PbSe CQDs. Additionally, the integration of new
materials or optical devices can also be considered to achieve performance enhancements.

4. PbS CQD-Based Photodetectors
4.1. Synthesis of PbS CQDs

PbS CQDs have a wide tunable band-gap range (0.6-1.6 eV), a high molar broadband
absorption coefficient (=~10° M~! cm~!), and a large Bohr exciton radius (~18 nm) [27].
These characteristics make PbS CQDs excellent candidates for low-cost broad-spectrum
photodetectors.

In 1990, Nenadovic et al. first prepared 4 nm PbS CQDs in an aqueous solution [56].
In 2011, Lingley et al. proposed a new method of ligand exchange by replacing the oleic
acid ligands on the surface of PbS CQDs with nonanoic and dodecanoic acid ligands [57]
(Figure 6a). And a high quantum efficiency (55%) could be maintained. In 2013, Zhang et al.
synthesized PbS CQDs with good size distribution using H,S as a sulfur source, and the
stability and reproducibility of CQDs prepared by this method were better [58] (Figure 6b).
In addition, the long ligand of oleic acid on the surface of PbS CQDs was replaced by a
short ligand (butylamine), which could effectively extend the carrier lifetime. In 2017, Lin
et al. proposed a liquid-phase ligand exchange method for PbS CQDs, transferring PbS
CQDs to the polar solvent DMF for ligand exchange [59] (Figure 6¢). The ligand-exchanged
PbS CQDs could achieve enhanced mobility and were stable for several months, which
laid a solid foundation for the development of photodetectors in the future. In the same
year, to produce stable PbS CQDs, Shestha et al. proposed a method of pre-combining
thiol ligands with Pb?* before ligand exchange [60], which effectively improved the ligand
exchange efficiency of PbS CQDs (Figure 6d). Experimental results showed that 78%
of the original oleic acid-terminated CQD photoluminescence quantum efficiency could
be maintained after ligand exchange in PbS CQDs by Pb-thiolate. To further study the
influence of reaction conditions on PbS CQDs, in 2020, Shuklov et al. proposed a method
to synthesize 1.7-2.05 pm PbS CQDs through a mixture of oleic acid and oleylamine [61].
The experimental study showed that the reaction temperature could significantly affect
the size of PbS CQDs, while the reaction time had little effect on the PbS CQDs. Good
monodisperse PbS CQDs could be obtained when Pb: S = 3: 1. At present, most of the
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syntheses of PbS CQDs use PbO as the precursor of lead, but it increases the hydroxyl
ligands on the surface of PbS CQDs. In 2023, Wang et al. used lead (II) acetylacetonate as
the lead precursor to reduce the influence of the hydroxyl ligands on the surface of PbS
CQDs [62], and the synthesized PbS CQDs could achieve better binding to iodine ligands
during the ligand exchange (Figure 6e). Thus, the surface passivation of PbS CQDs was
improved, and the carrier transport ability was enhanced.
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Figure 6. (a) Schematic diagram of ligand exchange [57]. Copyright 2011, Nano Letters. (b) Diagram
of the synthesis setup for PbS CQDs [58]. Copyright 2013, CrystEngComm. (c) Schematic diagram of
the ligand exchange process. The right inset is the phase transfer photo of PbS CQDs [59]. Copyright
2017, Journal of the American Chemical Society. (d) Schematic diagram of the ligand exchange using
Pb-thiolate [60]. Copyright 2017, Small. (e) Schematic diagram of PbS CQD synthesis process using
lead oxide and lead acetylacetonate [62]. Copyright 2023, Advanced Science.

4.2. PbS CQD Photodetectors

PbS CQDs are widely used in photodetectors because of their simple preparation,
spectral tunability, and wide wavelength response. In 2006, Konstantatos et al. reported an
infrared photodetector based on PbS CQDs [63] (Figure 7a,b). The normalized detectivity
of the device at 1.3 um at room temperature reached 1.8 x 10'® Jones, and the responsivity
reached 103 A/W. Its performance was comparable to that of epitaxially grown InGaAs
detectors. In 2014, Liu et al. first reported a flexible NO, gas sensor based on PbS CQDs [64]
(Figure 7c,d), which achieved high sensitivity and reproducible performance at room
temperature. The experimental results showed that p-type doping was achieved by adding
NO; on the surface of PbS CQDs. The smaller binding energy was favorable for the rapid
desorption of NO; from the surface of PbS CQDs, which led to the rapid recovery of the
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(@)

signal. In order to promote the development of photoconductive devices, in 2016, lacovo
et al. proposed a photoconductive device based on PbS CQDs [65] (Figure 7e). The device
achieved high responsivity and detectivity at 1.3 pm under 1 V bias, and the maximum
values could reach 30 A/W and 2 x 10'° Jones. It was expected to realize applications in
silicon integrated circuits.
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Figure 7. (a) Schematic diagram of PbS CQD device. (b) Responsivity as a function of applied bias.
Necked nanocrystal devices show comparable responsivities, consistent with similar carrier mobilities
and trap state lifetimes [63]. Copyright 2006, Nature. (c) Schematic illustration of NO; gas sensors.
(d) Response of PbS CQDs sensors to different gases (50 ppm) [64]. Copyright 2014, Advanced
Materials. (e) Schematic diagram of PbS CQD photodetector on interdigitated contacts [65]. Copyright
2016, Scientific Reports. (f) Schematic diagram of PbS-EDT/PbS-TABI photodetector. (g) Band
diagram of PbS-EDT /PbS-TABI photodetector. (h) I-V curves of the three devices under a white light
illumination of 0.20 mW /cm? [66]. Copyright 2017, Advance Materials. (i) Schematic diagram of
PbS-EDT/PbS-Pbl, photodetector [67]. Copyright 2017, RSC Advances. (j) Schematic diagram of PbS
CQD photodetector. (k) Dark current density of Si/PbS PD made using light-doped, medium-doped,
and heavy-doped Si wafers [68]. Copyright 2020, ACS Applied Materials & Interfaces. (1) Schematic
diagram of PbS-EDT/PbS-TABI/Si photodetector [69]. Copyright 2020, Nanotechnology.

Due to the low performance of single-layer CQDs, in 2017, Ren et al. proposed a
photodetector combining PbS-TABI and PbS-EDT [66] (Figure 7f-h). The detectivity of
the double-layer CQD device could reach 1.71 x 10'? Jones under 580 nm illumination,
which was about 3 times higher than that of the single-layer CQD device. The photo—dark
current ratio of the bilayer device was 152.35, much larger than that of PbS-EDT (13.41) and
PbS-TABI devices (36.9). In the same year, Qiao et al. further improved the double-layer
CQD device and proposed the photodetector structure of Pbl, /PbS-Pbl, /PbS-EDT [67]
(Figure 7i). The detector could increase the photocurrent while reducing the dark current
and achieved a detectivity of 1.3 x 10'3 Jones and a responsivity of 0.43 A /W. Since silicon-
based photodetectors were gradually applied to the field of photodetection, in 2020, Xu et al.
proposed a photodetector combining n-type silicon with p-type PbS CQDs [68] (Figure 7j k).
The device had a lower band offset and better charge trapping. Under 1540 nm illumination,
a detectivity of 1.47 x 10! Jones and a responsivity of 0.264 A/W were achieved. In the
same year, Shi et al. proposed a silicon-compatible PbS CQD photodetector that could be
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integrated into a chip [69] (Figure 71). The detectivity reached 3.95 x 10'2 Jones, and the
external quantum efficiency could reach 4.96 x 10°%. This photodetector could realize a
broadband response wavelength in the 405-1550 nm range. The mature silicon processing
technology and rational band optimization of CQDs further enhanced the capabilities of
PbS CQD-based photodetectors.

Detectors based on pure PbS CQDs were still limited in the detection band, so the
purpose of extending the band and improving performance was achieved by combining
them with other materials. In 2009, Krisztina et al. proposed a photodetector combined
with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and PbS CQDs (Figure 8a), and its
spectral range covered the visible and near-infrared regions [70]. The detectivity obtained
at 1200 nm was 2.5 x 10'° Jones. In 2014, He et al. reported a flexible photodetector
combined with Ag nanocrystals (NCs) and PbS CQDs (Figure 8b—e), which could effectively
reduce dark current and enhance photocurrent [71]. Experiments proved that adding 0.5%
to 1% Ag NCs could effectively improve the detection ability of the device. Ag NCs
could capture photogenerated electrons, effectively prolonging the lifetime of carriers,
thereby improving the photocurrent. The detectivity of the flexible device could reach
1.7 x 10'° Jones. The combination of Ag NCs and CQDs opened up a new strategy for
future detector development.
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Figure 8. (a) SEM of the PbS/PCBM device [70]. Copyright 2009, Advanced Materials. (b) Schematic
diagram of PbS CQD/Ag NC photodetector. (c) -V characteristics of the 1% Ag NC composite
device under different levels of light illumination ranging from 10 to 430 uW/cm?. (d) Current as a
function of time. The inset shows the detector bent at different angles. (e¢) Dynamic current-time (I—T)
curves of PbS CQD/Ag NC composite (100:0, 100:0.5, and 100:1) photodetectors under 36 uW/ cm?
illumination and 40 V voltage [71]. Copyright 2014, ACS Photonics. (f) Photograph of PbS/graphene
photodetector on a silicon wafer. (g) Schematic diagram of PbS/graphene [72]. Copyright 2017, ACS
Nano. (h) Schematic diagram of PbS/CuSCN photodetector. (i) I-V characteristics of the photodiodes
fabricated with and without the CuSCN film in the dark and under illumination with a 532 nm laser
at 0.5 mW/cm? [73]. Copyright 2020, ACS Photonics.
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To realize low-cost and high-performance optoelectronic devices, in 2017, Bessonov
et al. proposed a method of coupling PbS CQDs with CH3NH;3Pbl; (Figure 8f,g), and the
detectivity could reach 5 x 10'2 Jones [72]. The addition of CH3NH;Pbl; enabled PbS
CQDs to generate greater gains. To further reduce the dark current of the device, in 2020, Ka
et al. reported a strategy combining copper thiocyanate (CuSCN) and PbS CQDs to reduce
the dark current of PbS CQD-based photodetectors [73] (Figure 8h,i). The detectivity of the
prepared photodiode could reach 10!! Jones. The dark current was reduced by 2 orders of
magnitude, effectively reducing the dark current of the photoelectric device.

Since PbS CQDs could realize photodetection in the visible to infrared region, and
CQDs had the advantages of solution processability and substrate compatibility, PbS CQDs
were applied in readout circuits. In 2015, Klem et al. proposed a short-wavelength readout
circuit photodiode based on PbS CQDs, which consisted of a linear 320-pixel array [74].
The dark current density at room temperature was 6.8 nA/cm?, and the specific detectivity
could reach 10!2-10'3 Jones, which was comparable to that of the InGaAs photodiode.

Due to the rise of graphene materials, in 2017, Goossens et al. proposed a 388 x 288 array
complementary metal oxide semiconductor (CMOS) imaging system combining PbS CQDs
and graphene [75] (Figure 9a,b). The CQD layer and the graphene layer formed a vertical
heterojunction; the graphene layer trapped holes, and the CQD layer trapped electrons.
The detectivity reached up to 1012 Jones in the range of 300-2000 nm.
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Figure 9. (a) Schematic diagram of graphene transfer process on 388 x 288 array image sensor.
(b) Visible and near-infrared photograph of a standard image reference “Lena” printed in black
and white on paper illuminated with an LED desk lamp [75]. Copyright 2017, Nature Photonics.
(c) Device structure of PbS/CH3NH;3Pbl; photodetector. The right inset shows photoelectric imaging
of the letter “I” under near-infrared light [76]. Copyright 2019, ACS Applied Materials & Interfaces.
(d) Schematic diagram of PbS CQD/InGaZnO photodetector. (e) Imaging schematic diagram of the
PbS CQD/InGaZnO photodetector [77]. Copyright 2020, ACS Photonics. (f) Schematic diagram of
PbS CQD readout circuit. (g) Schematic diagram of PbS CQD imager and cross-section of PbS CQD
imager [21]. Copyright 2022, Nature Electronics.
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In 2019, Zhang et al. further optimized a device combining PbS CQDs with CH3NH;3Pbl;
and fabricated a 10 x 10 array photodetector [76] (Figure 9c). It realized a wide-band
detection capability in the ultraviolet-visible-near-infrared region, the responsivities could
reach 255 A/W and 1.58 A/W at 365 nm and 940 nm, respectively, the detectivities at
365 nm and 940 nm were 4.9 x 10'® Jones and 3.0 x 10!! Jones, and the response time
was 42 ms. The appearance of this detector laid the foundation for the development of
high-sensitivity broadband photodetectors and imagers. In the same year, Georgitzikis et al.
proposed an imager combining a polymer (organic) with PbS CQDs [78]. The photodiode
combined with the polymer and PbS CQDs was integrated into a 512 x 768-pixel focal plane
array to realize imaging in visible and infrared environments. The maximum detectivity
could reach 2.3 x 102 Jones, the minimum rise response time was 13 ps, and the minimum
fall response time was 30 us. High-resolution and high-sensitivity infrared imaging was
realized. In 2020, Choi et al. proposed a 1 X 6 linear array photodetector combined with
PbS CQDs and InGaZnO [77] (Figure 9d). At 1310 nm, the detector achieved a responsivity
of 10* A/W and a detectivity of 10'2 Jones. Imaging of the pattern was finally achieved
(Figure 9e). The surface modification of PbS CQDs with TABI increased the stability and
oxidation resistance of the devices. However, the devices surface-modified with EDT lost
their detection ability within 2 weeks. In 2022, Liu et al. proposed a 640 x 512-pixel
high-resolution imager based on PbS CQDs, with a spectral range of 400-1300 nm [21]
and a detectivity of 2.1 x 10'2 Jones, and the spatial resolution of the imager could reach
40 line-pairs per millimeter (Figure 9f,g). Experiments showed that the imager realized
vein imaging and substance identification, which promoted the development of PbS CQDs.
The PbS CQD imager had the advantages of high sensitivity, high resolution, fast response,
and multispectral imaging.

Consequently, compared with single-photon detectors, array detectors have broad
development prospects. But in future development, further cost reduction and smaller size
are required. Meanwhile, during the synthesis process, PbS CQDs can be susceptible to
oxidation and volatility, necessitating the implementation of additional protective measures
in future developments.

In addition to the aforementioned CQD detectors, lead chalcogenide photodetectors
also encompass bulk semiconductor photodetectors. However, lead chalcogenide CQD
photodetectors have numerous advantages over lead chalcogenide bulk photodetectors.

(1) The band structure of lead chalcogenide bulk materials is relatively fixed and difficult
to control, resulting in a limited spectral tuning range. In contrast, the band structure
of lead chalcogenide CQDs can be adjusted by tuning their size, thereby expanding
the spectral tuning range and leading to broader potential applications.

(2) Lead chalcogenide bulk semiconductor thin films are usually prepared using the
chemical bath deposition method [79,80], which poses challenges in integrating bulk
materials with silicon-based readout circuits. In contrast, CQDs are synthesized using
a thermal injection method, leading to lower manufacturing costs for CQD detectors.
Moreover, CQDs can be directly integrated with silicon-based readout circuits through
solution processing, thereby expanding the potential applications of lead chalcogenide
CQD photodetectors.

(3) Photodetectors based on lead chalcogenide bulk materials need to undergo high-
temperature sensitization at 300-600 °C in a specific atmosphere, such as an oxygen-
rich and iodine-rich atmosphere [81]. However, the existing sensitization process lacks
repeatability, stability, and uniformity, thereby restricting their application [82,83].
Lead chalcogenide CQD photodetectors can operate at room temperature, reducing
the manufacturing cost and difficulty.

(4) Lead chalcogenide CQD photodetectors can be self-assembled in vertical or horizontal
directions, forming more complex structures. The feature provides lead chalcogenide
CQD photodetectors with a distinct advantage in terms of integration and multi-
channel detection.
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5. Conclusions

In this review, we reviewed the development of lead chalcogenide CQD photodetec-

tors in recent years. Table 1 summarizes the performance of lead-based CQD photode-
tectors. The lead-based CQDs include PbTe, PbSe, and PbS CQDs. One can see that lead
chalcogenide CQD photodetectors have developed quickly, developing from single-pixel
photodetectors to large array imagers. However, compared with traditional bulk semi-
conductor photodetectors, CQD-based photodetectors still face challenges, such as low
detectivity and large dark current. There are several challenges that need to be addressed:

Table 1. The summary of CQD-based photodetectors.

. . Detection . . Responsivity Rise
Year Photoactive Material Range (nm) Detectivity (Jones) (A/W) Decay Time Refs.
2006 PbS CQDs 1300 1.8 x 1013 10% - [63]
2009 PbS CQDs/PCBM 1200 2.5 x 1010 1.6 - [70]
2010 PbSe CQDs 1400 - 0.67 - [45]
2014 PbS CQDs/Ag NCs 1100 1.7 x 1010 0.0038 - [71]
2015 PbSe CQDs/P3HT 980 5.05 x 1012 500 - [50]
2016 PbSe CQDs 980 5.08 x 1010 0.06417 - [46]
0.39 ms
2016 PbTe CQDs 1064 - 0.0019 0.49 me [36]
2016 PbS CQDs 1300 2 x 1010 30 16§ ;ns [65]
2017 PbS-EDT/PbS-TABI 580 1.71 x 1012 0.25 365 ms [66]
29.56 ms
2017 PbS-EDT/PbS-Pbl, 850 1013 0.43 Zg ﬁz [67]
2017 PbS CQDs/CH;NH;Pbl; 520 5 x 1012 2 x 10° 18 = [72]
4.9 x 103@365 nm 255@365 nm 42 ms
2019  PbS CQDs/CH3;NH;Pbl; 365/940 30 % 101@940 nm  1.58@940 nm - [76]
102@1300 nm 140 ps
2019 PbSe-TABI/PbSe-EDT 1300,/2400 101@2400 nm 0.05-0.2 410 [47]
2019 PbSe CQDs/Bi,0,Se 2000 - 10% 4 ms [51]
2020 PbS-TABI/PbS-EDT 1540 147 x 10" 0.264 é'gi ﬁz [69]
50 pus
11 -
2020 PbS CQDs/CuSCN 532 10 110 s [73]
323 us
10
2021 PbSe CQDs 1550 7.48 x 10 648.7 732 s (48]
2021 PbSe CQDs 808 1.86 x 101! 0.97 8'2§Z [49]
2021 PbSe CQDs/CsPbBr 365 8.97 x 1012 7.17 0.5 ms [53]
3 : : 0.78 ms
0.36s@635 nm;
317 x 10°@635nm  23.5@635 nm 0.385@808 nm
2022 PbSe CQDs/MoS, 635/808 2.65 x 10°@808 nm  19.7@808nm  0.525@635 nm; [52]
0.86s@808 nm
13 350 ms
2022  PbSe CQDs/CsPbBr; 515 5 532 5.96 x 10 6.16 375 ms [54]
1.15 us
12 -
2022 PbS CQDs 940 2.1x10 049 s [19]
(1) CQD surface passivation. CQD have large surface to volume ratio. As a result, they

are overly sensitive to the environment. Surface modification with organic or in-
organic ligands could improve CQD stability and protect their physical properties.
For instance, PbTe CQDs, are susceptible to oxidation, making them less suitable for
photodetector applications. To address the problem of oxidation, surface modification
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techniques utilizing organic or inorganic ligands can be employed to enhance the
stability and photoelectric conversion efficiency of PbTe CQDs. This improvement is
expected to enhance the overall photoelectric performance and lifespan of photode-
tectors. In addition, the directional assembly of CQDs and the fine regulation of their
optical properties can be achieved through surface modification.

(2) Dark current reduction on CQD-based photodetectors. Compared with InGaAs
and HgCdTe based photodetectors, CQD-based photodetectors typically suffer the
disadvantage on large dark current. The dark current is usually generated by the
surface defects on the CQDs, which can trap and recombine charges. Additionally,
thermal excitation in CQD-based devices can lead to dark current generation. To solve
this problem, reducing the surface defects and band tail regulation should be the key.
In addition, transport property improvement would also be useful such as doping
density and mobility modification.

(3) Large array photodetectors. At present, most research focus on single-pixel CQD
detectors. However, in real application, it is usually necessary to use array detectors.
Large area array photodetectors can be prepared by nanoimprinting technology and
micro-nano processing technology. There are many technical challenges need to
be solved.

(4) Broad band photodetectors. At present, the main research on lead based CQD pho-
todetector could only cover near-infrared to short-wave infrared. More research
is necessary to promote the progress on broad band photodetection. For example,
combining PbS CQDs with graphene, perovskite, and other materials can achieve
detection in the visible and near-infrared bands. Therefore, combining CQDs with
other materials achieves the purpose of broad-spectrum detection.
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