®50% F 18/2023F 1 A/HRE

R IE XX

E AT 4 K TIG aS, 55 Ap 1) 23

RERT BRSO

ENAY
1¢Hﬂ%h*%%ﬂn%#%%ﬁm%ﬂ%iﬁiﬁ§,

o B 5 ke bR 5 O TR T
Ty Ty

CTRRA™, hEE T, Aws
L5 100083;
k3% 100049

Jt3t 100032

FE EIMEH RIS R kLD AN EOE IR BOR 2 J5 R R B — ROl B ERIN B o H P T A B R AR 2o A

BRI S ARG RIS 2 Y T R BT PT Z —

AT S BUXT G B AR RTR A FR A 9

o LA v P AR 5 AR % Y

W, BF 52 T DR B 19 48 551 (T1GaS,) 94K Fr 19 RE Y 45 44 L) BB IS BT, AR T 2 F T1GaS, 49Kk i 5 4h st
MR . SRR, TIGaS, H0K 7 72 5 /M9 2 HE LAl Be 2 HA7 8 e A W ISe o 300 45 Wiy 7, e B 5 00 2 W e 45 2R

— &, X%} 360 nm 1) &AM
B G R TR N7 S B
18,

5 B B A R 1 B

REW WA OCHRIRIAR; 200 WEBRAAK ) RE

FESES TN23 XEARERS A

1 5l El

6 HL BRI 4 R OG T R B S B L T AR 2
— o R O RN AN O S e e o L
5, T S B A 5 AU 5 a0 BT, 7 G A L Rk
BT HL T2 KU T A AR 22 S A A R L Y
PR SR AN 2% 2 4k 2T Ah R BOL BB R 2 )5
ﬁ@ﬁ%m%ﬂ%W&*$MFHMWW I AN
T8 R 2% 37 B IR B3 AR5 10 52 ), DT LA R ) £ e
ttﬁ% 7 LA A R A (RN R Y % R
SRR T R T R A S
H A7 B ) DLk ™, e R R IR O B R e
B 2B T van der Waals JJ i #2  7EF49 30 55 Tl &5
B IO % T mm A% R BL AL i A2 2 T Tz R,
HAE o 5ot P R L A TR R
F045% 1 U 4 BB R AL A W (TMDs) 01 B TV -
VAL A% (I GeSe " Fl SnS!™ ) 45 | 1776 i v, 18 ) 45
BARE] T T AT . (H TR 25 R A R
B BE/NTF 2 eV, il VR A5 B 0 4500 25 0w 1 9 4 b 7E AT
L5 30 21 A0 B M DA S B 4K %&&mamrw
H A SCHk T8 B B SR A6 L R Y FE A B 4 R
£ GeS,™ | BiOBr'” . GaPS, " | Bi,0,"" 45 , #H % H Al i
&mvﬂﬁ%ﬁm,ﬂmﬁfﬁmﬂﬁﬁﬁ%ﬂ
LR YR ST A AR A AR TR R TR

o WEAL R 5 7 W I A S 2 B AR A e e IR A A
MK S5 R U] T Tl(,asz_é’ﬂ/f*ﬂrﬁi%%)‘tEE%%H‘@JH

U B A — S 19T 52 A S A0 AE 19 15

W 1
DOI: 10.3788/CJL221103

e S AN T R A T RS EE AT

TIGaS, & F Il - VI & = 6tk &% TIBX,(B=Ga,
In; X=S, Se, Te) , A7 2R g5 m?ﬁﬁ%ﬁ
¥, T1GaS, B-AG K iR A AR R R 26k e g s ™ =
P2 ETE WOERE SEEUE LR AT B T A
g TIGaS, B A 2.35~2.46 eV (1 ] 43 45 B2 Fi
2.38~2.64 eV WY ELIEA BR, REAE X £ AR S LA 8K
AR WA, A L B R U LA S R T AR, R
E A TAEMRE LT T1GaS, 94 K A 119 48 SR 0 25 14 BE .

AR S I BLAR R 25 0 7 L3RI T T1GaS, 40k k-,
P 2O DL R X SO T RE RS R AE T 40K B,
WERH T HEA R p f R e . BT 7 Hek i 4
Fay, 1145 SR S 0 I XA 3 A R G R — 3,
LA E HEH RN B HAR S, FHBEFHR
W G AR AR TP s D 2 A A — R S
W, KB IE T TIGaS, 48k A 59 6 fa F4 00 45 BE % 52 30X}
WK /N T 400 nm (AN 5 B HE K AME 5 A SR
W, 230 T ARAK A0 15 H 338 FIRG Sk O S5 10 S i) oz 3k S
5 FL L AE S AR F7 76 1077 A S5 9, T 25 R0 58 285 A4 i 1. B
6] 70 A H) T 51. 8 us M 45. 1 ps, it T R LB e e —
2 RERLE AR AR . BRI 8 7 360 nm b B e 4F Y
W 7P BE , JF 5% EE BE A 3k 21 101, M I BE S 57 mA/W,
bR I 2 2.69X 10" em - Hz"?- W', [A] B+ 28 1 B
ARSI EME. RATE R R 47

i BHEE: 2022-08-03; fEEHH. 2022-09-01; RABH. 2022-09-07; MEHZBH: 2022-09-17

EEWHE: FEXEAKRPYEE(62004193)
BIS1EE . 'yjhyjg@semi. ac. cn;

“zmwei@semi. ac. cn

0113015-1


https://dx.doi.org/10.3788/CJL221103
mailto:E-mail:yjhyjg@semi.ac.cn
mailto:E-mail:zmwei@semi.ac.cn

FHIE I8 3L

#5505 £ 18/202345 1 A/0E

T 9 (mapping) WX 48 78 1 T1GaS, #0 &% 19 TAE
J?\‘IEO

2 LIS

2.1 w|EFERIZE

S R R R I AE R T T1GaS, #8  F H R
WK T1GaS, 5 f PEAT HLAR RN 55, 3 2o 2R F L 40t
(PDMS) ¥ Jie s 1= 33 25 45 51 (4 9 K B % %% 3] Si0,/Si
W Fo FEA KR AR BigR — 2 m 7Rk, A
HLF R B R (EBL) X H i 17 R A Ab B, ]
TR 7 B ARUUFE 20 nm/50 nm JEJF 1 Ti/Au LIVE N
TR I 45 PR ity LA, i S R T R R AT R S DL RE T HL R
2.2 MHERERRIGFNK

WAL 45 ¥ B Ak 2 A 4y AR T T P2 6 (&
P R 532 nm) A X B HL T B IS (XPS) . A1 RHE
B G R F O B (AFM) I & . BRI Y 6 3
B 43 O O BE I A AR B, 0 I L R 250~
1000 nm #4514 HL 2% B H P T 343 2ok 2 S R 8 14 o
B 0 A5 2, S H 3 % YR A 360 nm A1 405 nm
S, H Ay I O i 7E SR AT H O 1AL R AR B U K
U8 R A 5]
2.3 EBRHEFAE

RETHEZRMIE, R VASP #0317 T
55— PR DR B A A SGTT L A5 B T MR AY RE AT 45 4 N3

W Horb B S0 T (PAW) Jy iR A 2 1Y
AR AR FLEMBFHOMEEN. A TET
PBE (Perdew-Burke-Ernzerhof) ¥z BR 119 31 55 £ K Al 77
B, DR R AR SCoR T A4k iz R Hoh 24 4R 9Z oA Y
C Mk 0. 15, HAG RECH 0. 3. F M e H 1y
BIMTRE S 400 eV, BERWLELE] 10 ° eV, 7EA HLIH X FH
Ay B i, SR FH Monkhorst-Pack 75 37742 T 4 X4 X 3
B Ao A5 PR A I R A T IR .
3 SrbTitie

K 1Ca) R TIGaS, i fb e 45 16 7 5 (8], FL 45 1 =5[]
BERC2/c, BT AR AR, ol 5 ab Y18 89 2 f 290
100°, i ) 05 FF 2 80 5 0 a=b=1.04 nm, c=
1.517 nm™™ . H % B2 B S 47 T (001) - 1 A9 4 )
JEL - FIBL JE T 28 B A, AR BRI 2 T1GaS, 14
W, B — 2 AT — )2 e T 90°, )2 B id van der
Waals J1 7 # , JZ W R V8 T 0 AR 5 1 640 2 , DR b mT LA
3 3 e A AE e il Oy ) E AT ALARCR) . LA R B Y
TIGaS, 41k i # PDMS #: £ 2 Si0,/Si 44K b L7
HE— g IR, B 1(b) AR B9 K A iyt
OB I R o ALK B 15 B 10 T1GaS, 44>k Fr & B 8
7 50~300 nm, M LA A5 2] )2, 53X ] g & BT H 2 )
MY van der Waals J7 b A1 8845 . B AL 40 55 Hoflh — 4k 44
RH R BT AR B R K, R e gk R
AR BB 1) 800 250 BB 5 40 oK R 10 TR B 22 ) 1 A b SR B

Height /nm

1: ~64 nm
i

,‘ 2 um

(@ ©) ®
323.5 TIf TI4t,, Ga2p Ga’'2p,,
|72 |72 [}
=1 =1 =1
g g g
Sl 184 5 &
387.7
100 200 300 400 128 126 124 122 120 118 116 114 1150 1140 1130 1120 1110
Raman shift /cm™ Binding energy /eV Binding energy /eV

1 SRS Sk B RIS R . (a) TIGaS, MR S5 K 151 5 (b) 990K Fr ot 2% W UEE B 5 (o) By b e UK () ir 2 it 25
(e)TLE TIH (D) ITTE Galy X HFEot i 7 e il 45 £
Fig. 1 Crystal structure and material characterization results. (a) T1GaS, crystal structure; (b) optical microscope photos of nanosheets;
(¢c) AFM test; (d) Raman test result; XPS test results of elements (e) Tl and (f) Ga
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Fig. 2 Theoretical calculation and absorption spectrum test results. (a) Energy band structure of T1GaS, bulk material; (b) density of

states at band edge; (¢) measured absorption spectrum of T1GaS, nanosheet
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Fig. 3

Test results of photoelectric performances of TIGaS, photodetector. (a) Structural diagram of T1GaS, detector; (b) output

curves under dark state and different wavelength light irradiation conditions with optical microscope photo of device shown in

insert; (c) spectral response range of detector; (d) responsivity and specific detection rate versus wavelength; (e) transient

response test results under different optical power densities at 360 nm; (f) photocurrent versus optical power density

AR FFZE 10 YA B2, 75 1 W/ em® 9 A5 % IR IF
KL B T 10 X 5N Y O B R R SRR T K
Fb LR 2 RE AR 107, HLBl 3 A S0 / JF A oG B 9 1
TEVF RN T 8 T 2% BH €00 255 EL A e B 1% o o7 R 15 B
Gk R e AR A O T BE W8 AE 4 1 v T B O
HUMROCEE o 4R BT R[] ) 5 2 8 R 14 ' H 3 A
AT T IS
I, = aP’, (3)
Kb a B HEH 0 MEKFEH. £ ERE L
3 (3) BB S K2 WL Xl (%) 1) FH 28 R J37 RE g, 0
I 12 B AR R X 0 R R e SO
SAEH . A S B E 3D TR ,000.88, ik T 1,
U IR BRI AR o R G AN SE L TR B
HLIE 5 A8
P 1B 25 6 HL I 25 S mT 60, T1GaS, ol B PR I 7%
BT AL A5 Gy R G A T O (TF SRR
1 kHz) 55 SR 5K 7 v o 0 o 1 JHmi )07 s ) . 1 4(a)
T 7R B IR 45 5 7, 7E 360 nm 24 EAE I T T1GaS,
I LI 8 19 TS 5 AT R 43 BIIK B T 51. 8 ps Al
45. 1 ps, TEA7 SCHR R E 1Y 90 2517 48 bR f R 0 2%
AT S TR A PR RE XS LE A0 3% 1 BT o it Rk
B WA R B TS5 A R AR B S ERR Tsh Dy e A G,

B T RESE T AR R AR B DL RS R
() FE B ) B S DRI 422 ik, PR 0 O A= 300 T BE 08 141 37
AIVE TR Peggt o 8 o 151 4(b) J& #R I &% 72 55 L BRI T
F18 50 23 A P Mg 7 0 G 2 2R, L rp S O I S ) SR 3
JE o MR A R W AR 1 Ha UR T BAT B g
L, 290 0.7 pA. R ¥E Hooge 28 3, X £k k47
N

(4)

A S, o Hooge S84 T 0 Tt 26 48 0 48 14 HL 3L 5 /A I
I 5 a F b 35 LA 20 058 LA 15 2 8 2L
a}0.95, 8% HE T 1, U T1GaS, &8 R A IR T &
BER 1/ MR KR R T A A o R R ik TR 5B
B o T AR A M 7S B IS 7R T A S8 AR A% T T L
HWAERNH . [ TIGaS, e M ik #HE T A
B s SR E M, R TE = AN BB B S e R 3 R
PEREFF SC H AN & AR T 3% M 3k, FF G B LA
KA,

B 4(d) A T1GaS, ot s 00 2% 19 % HL 3 mapping
T P 3k BT A A6 R R 0. 1 W B9 405 nm 3056,
2 S L R A 5V, mapping PR AE 4 R 0.3 pm,
NG e Sl E N R B v = 95T o VA W

0113015-4



&E50%5 £ 18/2023 5 1 B/HE

@ 1.5F % (®) 10%— ©
: N
< a=0.95 600L [ d
51.8 u.sp_/,. thf._:45.l us 0% W W ﬂ W
10} V4 5 Y
é / 3 Ly < 400 3 months
- . -26 —_—
= / A % 10°°L W %
<ot 5 s W ~
i 3 ©n |
v.““ 107] . 200
] S
R | n UL l
L T . 1028 L L " L A 0 _J L - L L
2.00 2.08 248 2.56 10° 10" 102 10° 10 10° e
g Jro Frequency /Hz
Current /pA ® jaser

3% ()
- OO
0

K4 TIGaS, ot s RN & i AR PERE S AR R o (a) i R38R 5 (b) 5597 T AR PERE 5 (o) 28 SRR E M 5 (d) Y FLIAD — 461 TAT 4148 00
5 Ce) CE) R 28 1A JL B

Fig. 4 Working performances and principle of T1GaS, photodetector. (a) Response speed; (b) noise performance under weak field;

(¢) air stability; (d) photocurrent two-dimensional plane scanning test; (e)(f) working principle of detector
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Table 1 Performance comparison of ultraviolet photodetectors based on wide bandgap materials

Material Wavelength /nm Responsivity /(mA-W ') Response time (rise/delay) Reference
CuGas, 254 5.1x10° 1.8s/10. 15 [37]
Pbl, 375 510 14.1 ms/31.0 ms [38]
FePS, 254 170 105 ms/120 ms [39]
GaPs, 254 791 ~50 ms (4]
BiOBr 315 1.2X10° 110 ps/160 ps [5]
B1,0, 300 2.21%10° 290 ps/870 s [19]
GeSe, 355 127 <30 ms [40]
h-BN 212 0.1 320 ms/630 ms [20]
GaN 360 251 1.12 ms/2. 80 ms [41]
Ga,0, 254 39.3 84.835/219.19 s [42]
Zn0O 370 10.5 1.4s/6.8s [43]
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Abstract

Objective Ultraviolet (UV) detectors are a new detection technology developed after infrared and laser detection technologies.
Compared with infrared detectors, UV detectors have a higher signal-to-noise ratio because they are not affected by environmental
heat sources. Thus, UV detectors have potential value and development prospects in many fields, including optical communication,
medical treatment, electronics, and fire warning. Two-dimensional materials have been widely studied in the field of photodetectors
in recent years owing to the absence of dangling bonds on the surface, interlayers linked by van der Waals forces, and no lattice
mismatch when constructing heterojunctions. However, research on UV photodetectors based on two-dimensional materials is faced
with the problems of few wide-bandgap two-dimensional materials and poor detector performance, particularly slow response speed.
This work reports the energy band structure and optical absorption characteristics of a novel wide-bandgap two-dimensional
semiconductor, T1GaS,. A UV photodetector based on a T1GaS, nanosheet is fabricated. The detector exhibits a clear response from
the UV to solar-blind UV spectral regions, lower dark currents, and faster response speeds. We hope that our research can broaden
the wide-bandgap two-dimensional material system, and provide new ideas and methods for the realization of high-performance two-

dimensional material UV photodetectors.

Methods

onto SiO,/Si substrates using polydimethylsiloxane (PDMS). The structure and chemical composition of the nanosheets are

In this study, tapes are used to mechanically exfoliate T1GaS,single crystals into nanosheets, which are dry-transferred

determined via Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). The morphology and thickness of the nanosheets
are characterized using atomic force microscopy, and the spectral absorption range of the material is determined using an absorption
spectrum test. The energy band structure and density of states of the T1GaS, material are calculated by first principles to determine its
energy band structure, which uses density functional theory (DFT) theory with projector augmented-wave (PAW) pseudopotentials
and a hybrid functional. The obtained T1GaS, nanosheets are fabricated into devices via a lift-off process using electron beam
lithography and electron beam evaporation to obtain patterned two-terminal electrodes. The optoelectronic properties of the fabricated
detector devices are tested using a semiconductor tester under laser irradiation or a mercury lamp with an added filter.

Results and Discussions According to the first-principle calculation [Fig. 2(a)], T1GaS, is an indirect bandgap semiconductor,
and the valence band maximum is located at the I" point. The bandgap width is 2. 59 eV, and there is also a direct bandgap of 2. 76 eV
at the I" point. The calculated results are consistent with the absorption spectrum test results for the material [Fig. 2(c)]. The T1GaS,
nanosheets absorb energy near 480 nm (2.6 e¢V) through an indirect transition, and there is a transition from indirect to direct near
430 nm (4.85 eV), which shows a steep absorption edge. At the same time, the absorption spectra show that T1GaS, has high
absorption in the UV region, even in the solar-blind UV region. The UV photodetector based on mechanically exfoliated T1GaS,

nanosheets forms a good ohmic contact with the Ti/Au electrode. The photoelectric test (Fig. 3) shows that the detector’s dark
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current is on the order of 107" A. Tt has a certain response to optical signals smaller than 480 nm, and the steep increase in the

photocurrent from 430 nm is consistent with the change trend of the absorption spectrum of the material. The detector exhibits an
obvious photoresponse in the entire UV band. The best performance is achieved at 360 nm, with a responsivity of 57 mA/W and a
detection rate of 2. 69X 10" cm+Hz"*+W '. A transient test shows that the detector has a relatively fast response speed. After testing
[Fig. 4(a)], the T1GaS, detector shows the on-state response time of 51. 8 s and the off-state response time of 45. 1 ps. In addition,
the detector exhibits a good low-frequency noise performance [Fig. 4(b)] and air stability [Fig. 4(c)]. Finally, a photocurrent-mapping
test reveals the working principle of the detector. The material is excited by UV light to separate electrons and holes. They are
affected by the potential difference between the two ends of the detector and move to both ends of the electrode to form the

photocurrent, thus realizing conversion from an optical signal to an electrical signal.

Conclusions In this study, the crystal structure and chemical composition of mechanically exfoliated T1GaS, nanosheets are
examined, and T1 and Ga are found to exist in the form of 4+ 1 and + 3 valences, respectively. The energy band structure and density
of states of TIGaS, are calculated using DFT, and the calculated bandgap value is almost consistent with the optical bandgap
measured by the absorption spectrum experiment. Meanwhile, the absorption spectrum test shows that the T1GaS, material has high
absorption in UV, even solar-blind UV, and a transition occurs from indirect bandgap to direct bandgap at 440 nm. Photodetectors
based on T1GaS, nanosheets are successfully fabricated, and the working principle 1s that the photogenerated carriers generated by the
photoconductive effect form the photocurrent under an external electric field. The working wavelength range of the detector is
consistent with that of the absorption spectrum, which is less than 480 nm. In particular, for UV and solar-blind UV signals, the
detector exhibits a distinct response. The detector has the best responsivity and detection rate under the 360 nm signal, and at the
same time shows the very low dark current (~107" A) and the very fast response time (51. 8 ps for on-state and 45. 1 ps for off-state),
which is better than most wide-bandgap 2D material photodetectors. This work provides a new material choice for studying high
response speed two-dimensional material UV photodetectors or for suppressing the dark current of the detectors.

Key words detectors; photodetector; ultraviolet light; T1GaS,nanosheets; fast response

0113015-8



	2　实验方法
	2.1　器件制作方法
	2.2　材料表征及器件测试
	2.3　理论计算方法

	3　分析与讨论

