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Fig. 2 Interband transition infrared detectors based on mercury chalcogenide CQDs by the University of Chicago. (a) Schematic of the
device structure™; (b) schematic of the detector structure™’; (¢) cross-sectional scanning electron microscope of the fabricated
detector™; (d) illustration of the structure of a dual-band CQD imaging device, bias voltage is applied between the indium tin
oxide (ITO) and the Au contact (grounded)”; (e) spectral response of the dual-band detector under a bias voltage from positive

(4500 mV) to negative (— 300 mV) voltage at 85 K**
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Fig. 3

Interband transition infrared detectors based on mercury chalcogenide CQDs by Beijing Institute of Technology. (a) Schematic

of spray-stencil lithography platform™; (b) photograph of CQD films on a 4 inch substrate and a glass hemisphere™;

(c) detectivity as a function of wavenumber of detectors fabricated by spray-stencil lithography and drop-coated™”; (d) structure

diagram of the dual-band device™’; (e) energy band structure diagram of the dual-band device™; (f) response spectra of the dual-

band device under positive and negative bias""
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Fig. 4

Interband transition infrared detectors based on mercury chalcogenide CQDs by Beijing Institute of Technology. (a) Illustration

of dual-mode colloidal quantum-dot photodetector (inset: equivalent circuit of dual band infrared photodiode)™; bias-dependent

spectral response under (b) positive and (c) negative bias voltages™”; (d) cross-sectional scanning electron microscopy image of

the dual-band photodetector (scale bar: 1 pm)™”; (e) spectral response of the dual-band detector under a positive (4800 mV) and

negative (—200 mV) bias voltage at 80 K*; (f) spectral responsivity of the short-wave infrared /mid-wave infrared mode with

and without the cavity at 80 K®; (g) schematic diagram of the spectrometer with a homojunction device™”; (h) transmission

measured by homojunction device and Fourier transform spectrometers”™”; (i) absorption with different hexane concentrations in

the air'™”

]
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Fig. 8 Study on infrared focal plane array based on mercury chalcogenide CQDs. (a) Diagram of photoconduction in a CQD detector™”;

(b) map of the dark current for the 320X 256 mid-wave infrared CQDs focal plane array™; (c) mid-wave infrared image of a

person in a doorway"™”; (d) scheme of the device that is plugged in the camera based on a film of HgTe CQDs, picture of the

short-wave infrared camera with a Computar M1614-SW objective”™; (e) visible picture (smartphone camera) of a scene with

four vials containing tetrachloroethylene (TCE), toluene, acetone, and water (H,0), and an ITO covered glass slide and a

2 inch silicon wafer are placed™; (f) same scene as in Fig. (e) taken with the HgTe QD based focal plane array"™”

20224F b U B TR 2 M At T —Fb 55 fef B g3k
HHH ST A 3 A RO AR A H B R (. BTN
55 S B RS S T DL S IR R T A . 5k
T AR S A N TR A R TR F R 2 AN T A
AR T AR, KR BEAIR T 52 9 FEL B AR i 1 1Y) o i
FaMELE 9(a) (b)) o R T 3R AR e, R A
T HLAT BH BT UC B A s R B 7E 8 e T A ] L
A7 i 15 G 5 g o &5 [ 11 9 (o) T FE LT T AR p , FBA
ARG T = FhAS R 2B G 500 A e T A
PRI FR R R R 5% o 6 U o A nT DU 50 1
EME BRI R A R, S EOR UL, RS R
e AR Y RS GES i A B e ) R R SRR Y
I FEL L i AR . SR, A S B ) e AR e, R
AR Bl Ak oK 5 SR B8 F 52 BB 2R AR AT 8 1Y
R R ECHERE T MR AR AL T S SRR BB A
L3 RN N BB L S 4G 5 A — i B ELA ) R UE, SRR
SR ARG e e 4 S . TR e R R O OR L
SRR S VR B AT AR A A i N o AR AR AR RGN e i

XA ME L R A%, AT RCRIE B 175% , 46 % 40 4h
R T AR R 228 2X 10" Jones, I 58 W T I 40
ANRAZ [ 9(d) 177

FE B B T ST TR A SR A 2 AT BB
X BRAT ik EOAN 4 @ AR AR AR (CMOS) 12 IR R 1R
WS 3% 5 B AL B F 0] DL 5% (0. 4~0. 7 pm) #1321 5F
(0.8~1. 1 pm) [y ] &1, 38 5 X460 7 352 Pl 8% B 1) i
i 7 a5 MR B 2] T A B Ok % CMOS
A B Ik B AN LT B T SRR BT SR
F) 48 % 21 40 (300~2500 nm) (R [ & 10(a) | i
TR 5 e 8 1 1 5 7 e i e B ek 2O g G
IF B A HER EG R EY . [8 10(b) ~(d) A £ 3%
B9 60k R X A 7 580 “CHY HL I Ak ik A
RSN B3 S AT g, T LLE B — A4~ 238 B
B 6T BT A I B AL e A AR R I T KA
AT LG % 21 AME B AE L Bk BRI BE 9% 2 15 Tk
R LT AME B R A ROt T B AN R
BB M AN AN RO AR 0 T OB E R i

1500001-9



HENXE -HFBER

243 % F 15 H1/2023 £ 8 A /HFZEH

@ Trapped Electrons () (©
Agio:\llaot ‘E@_p_r’egion
Readout Integrated Circuits
Bl roics [ electrode [ intrinsic cQDs
B \v-type caps OElectron © Hole
(D
PO T R I MR e a5 20 A 45 5 T8I 50 AF 5 () 4 0 280 0 ol 18 00 8% 19 AR BT B TR 5 (b)) 3 4 2ROl Bl 4 0 % 11 Y 1

() 8B i 184 ] 48 150 3 DX By A I R IAT 5 () A 308 R0 AR AR A A S 8 v e 21 41 P A5

Fig. 9 Study on infrared focal plane array based on mercury chalcogenide CQDs"". (a) Illustration of the working process of trapping-

mode photodetectors; (b) energy band diagrams of the trapping-mode photodetectors; (¢) 8 inch silicon readout integrated circuit

wafer and zoomed view of the pixel region; (d) captured short-wave and mid-wave infrared images with CQD imagers
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Fig. 10 Study on infrared focal plane array based on mercury chalcogenide CQDs"™. (a) Multispectral CQD imagers and periphery

circuits; (b) imaging scene: a soldering iron, a silicon wafer, and an ultraviolet lamp; (¢) captured ultraviolet, visible, and short-
wave infrared images; (d) merged multispectral images with an ultraviolet image as the blue channel, visible light as the
grayscale channel, and a short-wave infrared image as the red channel
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Table 1 Device performance comparison of photodetectors with different configurations

. Cut-off ) o o Operating
. Device Pixel . . Detectivity EQE  Responsivity
Institute ) . wavelength Sensing material temperature
configuration array Jones /% A /W
Acurort /Hm /K
UChicago7 Interband 1.7-5 N/A HgTe CQDs S:109 N/A S:0.25 130
UChicagol6  Interband 5.25 N/A HgTe CQDs S:4.2X1010 2.5 S:0.08 90
Sorbonne52 Interband 2.0 640X 512 HgTe CQDs N/A 4-5 N/A 300
F:2X1011 F:2.3
BIT53 Interband 2.5 320X 256 HgTe CQDs 175 300
S:6X1011 S:28
BIT54 Interband 2.5 320X 256 HgTe CQDs N/A N/A F:0.25 300
UChicago28  Intraband 5 N/A HgSe CQDs S:8.5X108  N/A S:0.012 80
Sorbonne35 Intraband 5 N/A HgTe and HgSe CQDs S: 109 N/A S:0.003 80
BIT38 Intraband 5 N/A HgSe CQDs S: 1.7X109  N/A S:0.077 80
BIT35 Upconverter 2.5 N/A HgTe CQDs S:4.86X1010 92.71 1.85 300

Note: S represents single-point device, and F represents focal plane array.
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Abstract

Significance Infrared detectors play an important role in military and aerospace fields including guidance, remote
sensing, and reconnaissance. At present, infrared detectors are mainly based on bulk semiconductor materials such as
mercury cadmium telluride (HgCdTe), indium gallium arsenic (InGaAs), and indium antimonide (InSb). However, these
materials need to be fabricated on a lattice-matched substrate by a high-cost epitaxially grown method and be integrated
with readout circuits through complex flip-chip bonding technology, restricting the further improvement of imaging array
scale and resolution. Thus, it is significant to develop new material systems to replace traditional bulk semiconductor
materials, so as to achieve low-cost, large-scale, and high-resolution infrared detectors.

The colloidal quantum dots (CQDs), as new semiconductor nanocrystal materials, can achieve precise band-gap
regulation in a wide spectrum due to the quantum confinement effect. Besides, CQDs can be synthesized on a large scale
and at a low cost by liquid-phase chemical method. Furthermore, the liquid phase processing technology of CQDs enables
direct on-chip electrical coupling with silicon readout circuits without the need for flip-bonding. Therefore, CQD materials
have gained wide attention and made significant progress in infrared detection and imaging. Among them, mercury
chalcogenide CQDs have been proven to have a wide range of infrared detection bands including short-wave, mid-wave,
and long-wave infrared bands. Besides, two-color or multi-color band detection, focal plane array imaging, and infrared-
to-visible upconverters based on mercury chalcogenide CQDs have been studied and exhibited excellent device
performance. Although infrared optoelectrical detection technology based on mercury chalcogenide CQDs has been widely
studied, there is a lack of review to summarize the recent works. Hence, it is important to summarize the existing research

and propose the future development direction.

Progress First, according to the absorption process of CQDs, the infrared detectors based on mercury chalcogenide
CQDs can be divided into interband and intraband transition. The device performance including cut-off wavelength,
detectivity, external quantum efficiency (EQE), and responsivity are summarized and compared, as shown in Figs. 2-6
and Table 1. In 2011, Guyot-Sionnest professor from the University of Chicago first reported the interband transition mid-
wave infrared photodetector based on the mercury telluride (HgTe) CQDs, exhibiting the detectivity of 10" Jones. In
2014, the same team developed an intraband transition mid-wave infrared detector based on mercury selenide (HgSe)
CQDs with a detectivity of 8.5X10° Jones at 80 K. On this basis, since 2020, the group from the Beijing Institute of
Technology carried out systematic research on infrared detectors based on mercury chalcogenide CQDs and made

breakthroughs in two-color or multi-color band detection. In 2022, the team developed a CQDs single-band short-wave
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infrared imaging and fused-band imaging (short-wave and mid-wave infrared) dual-mode detector capable of detecting,

separating, and fusing photons from various wavelength ranges using three vertically stacked CQD homojunction. The
dual-mode detectors showed a detectivity of up to 8 X 10" Jones at the fused-band mode and 3. 1> 10" Jones at the single-
band mode, respectively.

Infrared-to-visible upconverters converting low-energy infrared light to higher-energy visible light without bringing in
complicated readout integrated circuits have triggered enormous excitement. In 2022, the group from the Beijing Institute
of Technology reported the upconverters using HgTe CQDs as the sensing layer and extended the operation spectral ranges
to short-wave infrared bands for the first time (Fig. 7). Besides, mercury chalcogenide CQDs play an important role in
improving the resolution of infrared focal plane array (FPA) imagers because the pixel pitch is only determined by the
readout circuit array. In 2016, the research team at the University of Chicago reported the first HgTe CQD mid-wave
infrared FPA imagers with EQE of 0.30%, detectivity of 1.46X10" Jones, and noise equivalent temperature difference
(NETD) of 2. 319 K at the temperature of 95 K (Fig. 8). In 2022, the research team of Sorbonne University in France
prepared photoconductive HgTe CQD FPA imagers of 1. 8 um through spin coating technology with 640X 512 and pixel
pitch of 15 um (Fig. 8). On this basis, the group from the Beijing Institute of Technology continued to innovate in the field
of mercury chalcogenide CQD FPA imagers. In 2022, a new device architecture of a trapping-mode detector was proposed
and successfully utilized for HgTe CQD FPA imagers. The complementary metal oxide semiconductor (CMOS) -
compatible HgTe CQD FPA imagers exhibit low photoresponse non-uniformity (PRNU) of 4%, dead pixel rate of 0%,
high EQE of 175%, and high detectivity of 2>X 10" Jones for extended short-wave infrared bands (cut-off wavelength is
2.5 um) @ 300 K and 8X10"Jones for mid-wave infrared bands (cut-off wavelength is 5.5 um) @ 80 K (Fig. 9).
Furthermore, high-resolution single-color images and merged multispectral images from ultraviolet to short-wave infrared
bands were obtained by using direct optical lithography for FPA imagers based on HgTe CQDs (Fig. 10). The
performance of mercury chalcogenide CQDs-based FPA imagers is summarized, as shown in Table 1. In the end, the

problems faced and the ongoing research trends in this field are discussed.

Conclusions and Prospects In the past decade, there have been great breakthroughs in mercury chalcogenide CQDs-
based infrared detectors from single-pixel detectors to FPA imagers. In summary, the physical properties of mercury
chalcogenide CQDs such as carrier mobility and device performance including response speed, infrared detection band
range, detectivity, and photoresponse uniformity still need to be improved, so as to promote the development of mercury

chalcogenide CQDs-based infrared detectors.

Key words mercury chalcogenide colloidal quantum dots; infrared detectors; infrared focal plane array; infrared

upconverter device
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