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Abstract: Broadband photodetectors are of significant application value in fields such as imaging, communication,
and spectral analysis. In this work, high-crystalline-quality micrometer-sized Sb253 single crystals were prepared by
chemical vapor deposition, exhibiting a low defect density of only 4. 8x10' ¢cm™. An Sbh,S;/GaAs heterojunction mod-
el was established using SCAPS-1D software, and simulations indicated that the low defect density in Sh,S; contrib-
utes to enhancing the output current and spectral responsivity of the heterojunction, particularly in the ultraviolet and
visible wavelength ranges. Based on this, a self-powered heterojunction photodetector based on Sbh,S; single crystal/n-
GaAs was fabricated. The device demonstrates excellent photoelectrical response across a broad spectral range from
300 nm to 1 000 nm. Under an optical power density of 0.4 mW-cm™, it achieves a peak responsivity of over
200 mA+W™" at 830 nm, a specific detectivity exceeding 3x10" Jones, a —3 dB bandwidth higher than 1 kHz, and
rise/fall response times of 134 ws and 223 ws, respectively. This study provides a feasible approach for the design

and fabrication of high-performance, broadband, low-power photodetectors, showing promising potential for applications in
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integrated optoelectronics and sensing systems.
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Fig.1 Growth and characterization of Sh,S; single crystal. (a) Schematic diagram of Sh,S; single crystal’s CVD growth. (b)

XRD pattern of Sh,S; single crystals. (¢)SEM image of Sh,S; single crystal and element analysis. (d) Raman spectrum of

Sh,S, single crystal. (e) Absorption spectrum of Sh,S; single crystal
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Fig.2

Optoelectronic properties of MSM structure devices based on Sh,S; single crystal. (a)Schematic diagram and optical mi-

crograph of the device. (b) Dark-state I-V curve of the device. (¢)I-V curves of the device under dark conditions and un-

der illumination with different power densities at a wavelength of 780 nm. (d) /-t curves of the device at 1 V bias under il-

lumination with different power densities at a wavelength of 780 nm. (e) Wavelength-dependent photocurrent of the de-

vice under a power density of 0.5 mW+cm™ at 1 V bias. (f) Spectral responsivity of the device at a power density of 0.5

mW-cm™ at 1 V bias
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Fig.3 Simulation results of the ITO/Sb,S;/n-GaAs/Au heterojunction device. (a) Energy band diagram of the device. (b) J-V

characteristic of the device in the dark. (¢)Spectral responsivity of the device. (d) Energy band diagram under broadband

illumination, illustrating the transport processes of electrons and holes. (e) Dependence of J,, on the defect density in

Sh,S;. (f)Spectral responsivities of the device under different defect densities in Sh,S,
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Fig.4 Photoelectrical properties of the ITO/Sh,S; single crystal/n-GaAs/Cr/Au heterojunction device. (a) Schematic diagram of

the device structure. (b) I-V curve of the device under dark conditions. (¢) Noise spectrum analysis of the device. (d)/-V

characteristics of the device in the dark and under illumination with different power densities at a wavelength of 780 nm.

(e)Photocurrent and on/off ratio as a function of optical power density. (f) Responsivity versus optical power density
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Fig.5

Photoelectrical properties of the ITO/Sh,S; single crystal/n-GaAs/Cr/Au heterojunction device. (a)I-t curves of the device

under different optical power densities. (b) Photocurrent of the device at different wavelengths under a power density of

0.4 mW +cm™. (¢)Spectral responsivity of the device at a power density of 0.4 mW -cm™, with the dashed line indicating

different EQE. (d) Wavelength-dependent specific detectivity of the device at a power density of 0.4 mW+cm™. (e) Nor-

malized photoresponse intensity as a function of modulation frequency. (f) Response speed of the device. (g) Changes in

the photocurrent and dark current of the detector under different days
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Tab. 1 Comparison of performance of Sh,S; and GaAs based photodetector

Structures Bias/V A/nm R/(mA-W™) D’/Jones T /T,/ms Ref.
Au/Sh,S, nanowire/Au 1 638 1. 1x10° 2x10" 37/38 [30]
Ag/Spiro/Sh,S /FTO 1 470 87 2.7x10° 25/25 [44]
Au/(glass/TiO,: )Sb,S,/Au 10 530 240 5.3x10" 0.6/11.8 [45]
GaAs/AlGaAs 2 855 570 7.2x10" —/— [46]
WS,/GaAs 1 365 65.58%103 4.47x10" 30/10 [47]
MoS,/h-BN/GaAs 0 635 419 1.9x10" 0.017/0. 031 [48]
Sb,S./Sb,Se, 0 1064 3.45 1. 44x10" —/— [16]
Au/Sh,S,/Ti0,/FTO 0 650 700 7.4x10" 2.6/3.7 [19]
Sh,S, single crystal/n-GaAs 0 830 200 3%10" 0. 134/0. 223 This work

R ITO/Sh,S; B i /m-GaAs/Cr/Au 5 5t 45 4%
PEHG T B i 25 G PERE L BT IR T35 4 S B e
PECIAS Bk AR 2% ) o X 2R T L
LA 2 (1) B8R ShySs B R 1Y) Bl [ 2% B LA
4.8x10" cm™, {H Sh,S; e A= 2k it F i B B B A [
BT, R ShyS, Y — Fh 32 T g Al R G 2 G
ST RS ] N S W N 1= i i e o 2 % | A = T
WK B AR B ax s BRI T IO F A 6 AL
RO (2) S T 4 S 1A SO A A B T A ) X
B AR RE R Yo YEVE T, 5T Ab Yk B 23 il
AT RSN FIESCE . BT ShS 5
GaAs SR ) 30 B 452 422 fik | 5010 A3 A7 76 R 9k o8 4 il
ey B s G A . (3) 5 Je it g 28 =2
B OG5 U 55 B OOC A5 1 BP0 R IR 2
SEN T AR I 9 A% 00 T B R R 48 i i — 2
A, S e 07 R RD PR B S AR X AR . P AR S
SR sE AT LhaE— 20 B SE 2 il O Ak 5 v G Ak A
A 1 R BT S T R

Z F X #:

ARSCRLII A T —Fp I F CVD il ) =
B Sh,S; FREE 5 n T GaAs w1 19 1T Y 55 i 4% F 2R 5
6 HLER N 2% . 3 5 SCAPS-1D 5 . 5 5216 36 4iF |, 5
IR T ARSI FE S BE (4. 8x10" em™) ) Sh,S; B i 7 11 1l
B A T TG e Iy T ORI . A5
i TS5 0T 4 R AR R 23 [ 4 B AL, S8 A T
T MR 250, S8 T M5 A 330 2141 (300~
1 000 nm) #Y 5 3 B K W, I 7F 830 nm Ab HL 75
200 mA - W {0 I B 3 3%10' Jones [ HL R
T 22 Ab 2 g 1o 388 (b TH/ T BEEFR] 1347223 ps) o
A FEUESE T Sh,Ss B fi/GaAs S J5 45 & 2 16 528
e P RE AT AR B Ol B RN Oy AV A —
B 3K B L 0 A B T RS R S I A

AR SCR FE SO L 52 A 6 UL B A 3 (1 52 9 3 Y
T #Z b Ak : hitp//cjl.lightpublishing.cn/thesisDetails#
10.37188/CJL.20250281

[ 1 JLIX, LIUK X, WU D, et al. Van der Waals hybrid integration of 2D semimetals for broadband photodetection [Jl.

Adv. Mater. , 2025, 37(48): 2415717.
[ 2] F&E, REM, HEE.

LUM H, SONG H W, CHEN C. Perovskite based broadband photodetector (1.

893. (in Chinese)

FEERH LT R AR I [T]. AR 54R, 2024, 45(6) : 876-893.

Chin. J. Lumin. , 2024, 45(6): 876-


http://cjl.lightpublishing.cn/thesisDetails#
10.37188/CJL.20250281

%4 JERETE, % FEF Sh,S, Hfh/n-CaAs SR 45 10 524 B 3K 3% B BRI 4% 689

[ 3] FMix, sk, 37T, F . HETHEMEFWBENZME R EUETTSA DGR (1], £ 53R, 2025,
46(10): 1930-1939.
LIYJ, SHILL, SUN X Y, et al. Highly sensitive broad organic photodetector based on alumina interface modification
layer [J]. Chin. J. Lumin. , 2025, 46(10): 1930-1939. (in Chinese)
[ 4 ] TIAN Y, LIU H, LLJ, et al. Recent developments of advanced broadband photodetectors based on 2D materials [J].
Nanomaterials, 2025, 15(6): 431.
[ 5] YANGGH, LIUTH, LI J P, et al. High-speed and broadband InGaAs/InP photodiode with InGaAsP graded bandgap
layers [J]. Sensors, 2025, 25(9): 2841.
[ 6 ] KUMAR M, HUANG B R, SARAVANAN A, et al. Self-powered broadband photodetectors based on Si/SnS, and
Si/SnSe, p-n heterostructures [J]. Adv. Electron. Mater. , 2024, 10(11): 2400164.
[ 7 ] GOELV, KUMAR Y, RAWAT G, et al. Self-powered photodetectors: a device engineering perspective [J]. Nanoscale,
2024, 16(19): 9235-9258.
8 ] SILVANE, JAYAKRISHNAN A R, KAIM A, et al. Ultra-sensitive, self-powered, CMOS-compatible near-infrared pho-
todetectors for wide-ranging applications [J]. Adv. Funct. Mater. , 2025, 35(14): 2416979.

—

[ 9 ] KIM S, KIM M, KIM H. Self-powered photodetectors based on two-dimensional van der Waals semiconductors [J].
Nano Energy, 2024, 127: 109725.

[10] WAN P, JIANG M M, WEI Y, et al. Junction-enhanced polarization sensitivity in self-powered near-infrared photodetec-
tors based on Sh,Se; microbelt/n-GaN heterojunction [J]. Adv. Opt. Mater. , 2023, 11(3): 2202080.

[11]XUZY, QINQ G, MA X F, et al. Self-powered broadband UV-NIR photodetectors based on InSe/PtS, van der Waals
heterostructure [ J]. Adv. Opt. Mater. , 2024, 12(30): 2401379.

[12] XIAO Y K, HE S X, FAN X F, et al. Realizing enhanced self-powered broadband photodetection via type Il band-
aligned WSe,/SnSe, van der Waals heterostructure with asymmetric contacts [J]. J. Phys. Chem. Lett. , 2025, 16(35) :
8977-8985.

[13] CHENJ W, LIGY, XU ZH, et al. Recent advances and prospects of solution-processed efficient Sh,S; solar cells [ J].
Adv. Funct. Mater. , 2024, 34(18): 2313676.

[ 14 ] SHEN G H, KE A, CHEN S W, et al. Strong chelating additive and modified electron transport layer for 8. 26%-efficient
Sh,S; solar cells [J]. Adv. Energy Mater. , 2025, 15(24): 2406051.

[15] WANG Y, YANG D, JIN M Q, et al. Full-dimensional penetration strategy with degradable PEAT enables 8.21% effi-
ciency in bulk heterojunction Sh,S; solar cells [J]. Adv. Energy Mater. , 2025, 15(36): 2502805.

[ 16 ] PRAJAPAT P, VASHISHTHA P, GOSWAMI P, er al. Sh,S;/Sh,Se;-based high-performance self-power broadband photo-
detector [ J]. Next Mater. , 2025, 6: 100286.

[17] FUSL, LIUX H, DOU HY, et al. Single-crystalline Sh,S; microtubes for high-performance broadband visible photode-
tection [J]. J. Mater. Chem. A, 2024, 12(41): 28012-28022.

[18] FUSL, LIU X H, MAN J X, et al. 2D/1D Pbl,/Sh,S; van der Waals heterojunction for highly sensitive and broadband
photodetectors [J]. J. Mater. Chem. C, 2024, 12(9): 3353-3364.

[19] LIS, XU J P, SHIS B, et al. Self-powered ultraviolet-visible-near infrared broad spectrum Sh,S,/Ti0, photodetectors and
the application in emotion detection [J]. Chem. Eng. J. , 2025, 511: 161890.

[20] ZHAO J F, CHENG Y F, CHEN Y Q, et al. Defects regulation of Sh,S; by construction of Sh,S/In,S; direct Z-scheme
heterojunction with enhanced photoelectrochemical performance [J]. Appl. Surf. Sci. , 2021, 568: 150917.

[21] ZHAIW J, ZHENG W H, ZHANG Z H, et al. Improvement in response speed of a AgShS, photodetector by alloy engi-
neering [J]. J. Phys. Chem. C, 2023, 127(37): 18778-18783.

[22] LIUX Y, LISY, LIZ Q, et al. Enhanced response speed in 2D perovskite oxides-based photodetectors for UV imaging
through surface/interface carrier-transport modulation [J]. ACS Appl. Mater. Interfaces, 2022, 14(43): 48936-48947.

[23] MAY H, MACR, YIHX, et al. 1D Sh,S; with strong Mie resonance toward highly-sensitive polarization-discriminating
photodetection and its application in high-temperature-proof imaging and dual-channel communications [J]. Adv. Opt.
Mater. , 2024, 12(5): 2302039.

[ 24 ] BURGELMAN M, NOLLET P, DEGRAVE S. Modelling polycrystalline semiconductor solar cells [J]. Thin Solid
Films, 2000, 361-362: 527-532.



690 % Jt 2% Eivd %475

[25] SHAH S, HASAN K, BARMAN S C, et al. Enhancing PV performance of Al/Zn0/CdS/GaAs/NiO/Au solar cells through
diverse layer combinations by SCAPS-1D [J]. Next Res. , 2025, 2(1): 100143.

[26] WANG X J, WU Z X, ZHU J W, et al. Design and optimization of the performance of self-powered Sh,S; photodetector
by SCAPS-1D simulation and potential application in imaging [ J]. Opt. Mater. , 2024, 147: 114594.

[27] CHOLY C, SEOK S 1. Efficient Sh,S;-sensitized solar cells via single-step deposition of Sh,S; using S/Sb-ratio-controlled
ShCl;-thiourea complex solution [J]. Adv. Funet. Mater. , 2015, 25(19) : 2892-2898.

[ 28 ] KONDROTAS R, CHEN C, TANG J. Sh,S; solar cells [J]. Joule, 2018, 2(5): 857-878.

[ 29 ] SERENI P, MUSSO M, KNOLL P, et al. Polarization-dependent Raman characterization of stibnite (Sh,S;) [J]. AIP
Conf. Proc. , 2010, 1267(1): 1131-1132.

[30] ZHONG M Z, WANG X H, LIU S J, et al. High-performance photodetectors based on Sh,S; nanowires: wavelength
dependence and wide temperature range utilization [J]. Nanoscale, 2017, 9(34): 12364-12371.

[ 31 ] DUIJNSTEE E A, BALL J M, LE CORRE V M, et al. Toward understanding space-charge limited current measurements
on metal halide perovskites [J]. ACS Energy Lett. , 2020, 5(2): 376-384.

[32] LE CORRE V M, DUIJNSTEE E A, TAMBOULI OEL, et al. Revealing charge carrier mobility and defect densities in
metal halide perovskites via space-charge-limited current measurements [J]. ACS Energy Lett. , 2021, 6(3) : 1087-
1094.

[33] WU JM, WANG L X, FENG A B, et al. Self-powered FA, ssMA, 4sPbl; single-crystal perovskite X-ray detectors with
high sensitivity [J]. Adv. Funct. Mater. , 2022, 32(9): 2109149.

[ 34 ] GIEBINK N C, FORREST S R. Excitonic Shockley-Read-Hall recombination in organic semiconductors [J]. Phys. Rev.
Appl. , 2024, 21(6): 064019.

[35] PENG LS, ZHENG T, WU Z T, et al. High-performance ultrafast broadband photodetector based on van der Waals het-
erojunction through oxygen defect engineering [J]. J. Alloys Compd. , 2025, 1011: 178338.

[36] ZHAO HJ, GUO X H, WANG Y F, et al. High speed photodetector based on 2D organic/inorganic hybrid van der Waals
heterostructure devices [ J]. Laser Photon. Rev. , 2024, 18(12): 2400192.

[37] GUKY, WUK P, ZHANG Z L, et al. Synergistic effect of surface states and deep defects for ultrahigh gain deep-ultravi-
olet photodetector with low-voltage operation [J]. Adv. Funct. Mater. , 2025, 35(14): 2420238.

[38] GUANR Q, XU H, LOU Z, et al. Design and development of metasurface materials for enhancing photodetector proper-
ties [J]. Adv. Sci. , 2024, 11(34): 2402530.

[ 39 ] PIRIYEV M, LOGET G, LEGER Y, et al. Dual bandgap operation of a GaAs/Si photoelectrode [J]. Sol. Energy Mater.
Sol. Cells, 2023, 251 112138.

[40] LIU J J, CHEN Z B, WU C, et al. Recent advances in antimony selenide photodetectors [J]. Adv. Mater. , 2024,
36(41): 2406028.

[41] SUN Z P, ZHANG F Z, CHEN M D, et al. Near fully depleted Pt/Sh,Se;/Zn0 hybrid junctions for high-performance po-
larized detection and encrypted communication [J]. J. Mater. Chem. C, 2024, 12(43): 17490-17499.

[ 42 ] KALIMUDDIN S, DAS B, CHATTERJEE S, et al. Low-frequency 1/f noise and barrier height inhomogeneity in topologi-
cal insulator-based photodetectors [ J1. ACS Appl. Mater. Interfaces, 2025, 17(24): 35781-35789.

[43 ] WAN P, JIANG M M, SU L X, et al. Perpendicularly reversed polarization sensitivity of double-faced photodetection
based on Sh,Se; microbelt [J]. Adv. Funct. Mater. , 2022, 32(45): 2207688.

[ 44 ] BERA A, MAHAPATRA ADAS, MONDAL S, et al. Sb,S;/Spiro-OMeTAD inorganic-organic hybrid p-n junction diode
for high performance self-powered photodetector [ J]. ACS Appl. Mater. Interfaces, 2016, 8(50): 34506-34512.

[45] JIA Y, DENG H, LIN X, et al. Depleted Sh,S; thin film photoconductive detectors with fast response speed and high
polarization sensitivity [J]. Adv. Mater. Interfaces, 2022, 9(2): 2101504.

[ 46 ] DAI X, ZHANG S, WANG Z L, et al. GaAs/AlGaAs nanowire photodetector [J]. Nano Lett. , 2014, 14(5) : 2688-
2693.

[47] LIKL, WANG W J, LIJ F, et al. High-responsivity, self-driven photodetectors based on monolayer WS,/GaAs hetero-
junction [J]. Photonics Res. , 2020, 8(8): 1368-1374.

[48] XU ZJ, LINSS, LI X Q, et al. Monolayer MoS,/GaAs heterostructure self-driven photodetector with extremely high
detectivity [ J]. Nano Energy, 2016, 23: 89-96.



5% 4 JRRET, 4% BE T Sb,S B fh/n-GaAs 5 JBUZE 1Y S8 B K306 H R0 £ 691

[49] YANGZL, WANG X M, CHEN Y Z, et al. Ultrafast self-trapping of photoexcited carriers sets the upper limit on antimo-
ny trisulfide photovoltaic devices [J]. Nai. Commun. , 2019, 10(1): 4540.

[50] SHAH U A, CHEN S W, KHALAF G M G, et al. Wide bandgap Sb,S; solar cells [J]. Adv. Funct. Mater. , 2021,
31(27): 2100265.

[51 ] KUSHWAHA A, RAJ M, ANSHUL, et al. Van der Waals heterostructures for advanced infrared photodetection : innova-
tions in stability and spectral range [J]. Mater. Today Nano, 2025, 29: 100582.

T8 (1992-) , 55, L35 % 2% N 1
4, Bh L, 2023 4 T 5 B A AR K
AR, EENE LRI
RE M AL 2R 115 9 B AR 5K

E-mail: pengwan919@nuaa. edu. ¢n

B ##(1989-) , B e ufkde A1
+ PRI, 2022 4F F g 5N AR K
AR AL, EEMAFE R
REM RHE R 5 P B TS

E-mail: bouncezhou@163. com




