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Abstract: Recently, rhenium disselenide (ReSe,) has become a research hotspot due to its
good infrared light response and anisotropic properties. Through the salt-assisted chemical vapor
deposition technology., large-area monolayer ReSe, films with a size of 80 microns were
successfully synthesized on SiO,/Si substrates. The morphology, spectrum, thickness and
element composition of ReSe, films samples were analyzed by means of Raman spectroscopy
(Raman), photoluminescence spectroscopy (PL), atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS), revealing that the as-prepared ReSe, films have high crystal
quality. Field-effect transistor photodetectors were fabricated based on the monolayer ReSe, films
and their photoelectric properties were systematically investigated, and the response time of

millisecond level is achieved.

Key words: ReSe, film; chemical vapor deposition; two-dimensional material; photoelectric properties

ReSe, # JB o9 3 95 & K & 3ok & 4 AT R

DOI: 10. 16818/j.issn1001—5868. 2021. 02. 019

0 5l&

Y E SRR ALY (TMDs) BA 250 A 8 4
B R GE# I AT 1. 0~2.5 eV By Al P84 B, 3%
T A BRI 0 By E OB  7E AR 2ET Ok
FL -2 R AL S U ) R AT R .
fifi {8k (ReSe, ) 1E 0 I 15 TMDs #4 B i) — 51, P H
YR EH:2020— 11— 30.
ELWMB:HEXARBEZRZESTH (11704159 7TLH A H R
Bhf 3400 H (BK20170167) 5 Hh J w5 A% 3k i BF 5% 3k 42 5 H
(JUSRP51726B).
*JEISIEE 4 K E-mail: xiaosq@jiangnan. edu. cn

A AR T IR 1 ] 324 BR (292 1. 30 e VD L i
Xt 2T A0 A R A6 B M RE . I Ah ., ReSe,
A 1TS54 F0 2 18] 25 80 RE R B AY 45 1] S Pk v
ST Aol AR i IR R AR T B AT L R
M S, R4 ReSe, MRHIA R Z L 54
P H FTIZ AR 5 T A e — KBk k.
ReSe, MM AY H £ J7 35 322 0 M AL B8 L
P2 SRR BRI (CVD) ) B b 3 8 v ol 4% 1
TR R ) 2 A0 R JEE B XA S AT 4 HfE DA A A5 R R T2 )
) ReSe, WL, fb#AHDIRL BAR O W H Tl 25
REZH 4k TMDs #iJiE, {5 ReSe, FEIERY 1T 4514

* 259 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 42 No. 2

Apr. 2021

MBI 2 G ER , S80S kA AR AR,
AR MEFS 21 5 B B 1Y L2 ReSe, M,

AR A ER (NaCD 5B CVD A Kk, s Tl 78
Si0, /St wF i b A T 8 BT KT LAY B2 ReSe,
P 38 3 PO RE (Raman) DG EUR EOGIE (PL) |
JF 7 7 W CBE CAFMD Fil X5 28O | 7 E 1% 4 Br
(XPS)UEHI T & ke i A R iR it . R
107 BE AR BT 2 3 AR ARAT T BT 1 % v ) o2
£ i) Sk LT B2 ReSe, MEIRAS S T 6 1 8 I
i ARA T Z R R B

IR

AR SR FH 1 3 %l B Ak 2 SO DU RR O i o 4l XL
XA, LL 300 nm R Si0, /Si 1E b A K A
S . S TF AR I B A R A TR R PR 5 min DA
FeBR R 2% BT, SR 5 U IR A JE K & BE R i
3 min Ph AR T AR A% 79 B L B B e Ui 25
TR, AT & H .

El 1(a) iRl CVD 2 e Eon il . &
AT IR X A i DX A (Se s 99 %6 5 43 BT 4D
YRR, A Tl DX v R R B (NH, Re O, ,99. 99 %4,
BT AR R BRIE L SR Ar/H, IR A S (H, & it
H 20 VOVERERAR . TE LI I IR Z 0, A m A =
Hl A 3 min Ar/H, 1RGSR LUHEBR A b b i 2
Ao 22T DXORN A IR XY IR BE 43 G i B O 400 AN
700 °C o A B A, i 4B 1] R 50 min 35 £ 1115

00000 0000000000000 00
Ar/H, Si/Si0,
: Se Re
L 3 L 3
(XX XX ] 0000000000000 00

(a)  CVD SE55%¢ B /R 2 A

700 -

5004

T/'C

300

100

0 20 40 60 80 100
t/min
(b ARKEEHL
Bl 1 ReSe, HZMPBN CVD L5 3 E/n & B MA KR =
i £&

* 260 -

B R FE 10 min, Z 5 AR HEER . CVD A&
K #oh Ar/H, IRAE KRR &N
80 cm®/min, & 1(b) FF 7~ R Bk U5 1R X m # g #2
R AT ES

Xif A BB )2 ReSe, AR ST 500 R |
GG FICE A RAE . B 4200 Jh2E B
BRI A I A A S R T b R 2 S5 L e 4
P8 G AL F A B2 ReSe, T Y $i7 8 % 1% F1 B
R I 77 s CAFMD I E A i 5 4
I B 25 e B X AT O 1S (XPS) Il 2 #E
v 4 70 2 AR L A1

TR & )2 ReSe, WA LAY I, # i 2%
T 3 200K LA A B F B 2 L 43 ) I T B
JZ ReSe, B8 &5 140 1 i 1 45 1 offy £ L O g g ity £
S ) 7 3 %

2 LEHL 58

Bl 2 Ca) F1 (b) 43l J2 45 Y 3L )24 ReSe,
JEE ) 8 IR s DA BT R BT N ReSe, 8BS R SF AT 5K
80 pm. FIRF 1 W fBE CAFMD 23 M i LR i 19 )5
FELER MK 2 (o iR, NE H e ] B & 3] 5 )2
ReSe, WETERIE FFE . WEE 2o kT
w45 ReSe, F 5 541 Z A A S BE 22290 1 nm.,
WK 2D B8, 3560 ReSe, MK g 2, K 2
() J&H)Z ReSe, HMEMHL 2 (Raman) Yol i HE
TSR TE 100~300 em ', H AR AE UG AE 124,
161 F1 174 cm ' B 7E 124 cm ' b B4R AFE 7 2
e XoF 7 T P PR SRR, AE 161 A1 174 em ! b B ARAE
P e X N T A0 i Bl A 2K, x5 P ) B AR A Y

BJE ReS, WA

P

50 150 250 350 450
of/cm’

ReSe, Y Raman Y3

(a)  #IE ReS, BMIEH (b)

I(a.u.)

L —— e

(¢) ReSe, 1 AFM K (D



LSRG 2021 4F 4 A% 42 55 2 B

HEBR F: ReSe, HBLad A KA L L A B

H/nm

860 880 900 920 940 960 980 1000 0.0 02 0.4 0.6 0.8 Lo
Anm L/pm

() ReSe, ZIHi% (D B o E i B w22
K2 ReS, H70+ 2 KM 10 PEBER AL

ReSe, MBFE 5 A9 Hr 206+ m &7 . B 2
JEHLZ ReSe, wEIFEFE & 0956 BUR OGS, H g (6 78
993 nm Ak, 5 SCHK [ 15 1438 (1 45 B A0 H, 98Ot g 47
FEVEIE RS, X 0] fiE & CVD 2B KA ke S 1E — 5F
F18) B e T 25

Wk X O T RE T (XPS) X L2 ReSe, #
R TC 2R 4 B RN T 2 AT 43 B . Bl 3(a) & Re
JCEM AL, B AL, BYBUIE S5 A AR, WA 4 B T
40,31 f142.70 eV Ab, B 3(b) & Se JLE K 3d;,,
3dy, FIBILIEZE A BE WAL/ BT 53. 57 Fll 54. 35 eV
Ab 5 SCHR AR B A AR — 3 B 3(e) & ReSe,
) XPS 235 3 Hr 5 3L 115 Re il Se MY+ % &
Fede 1+ 2. 11,33 ReSe, WUtk E ., UL L4
Frist Wl CVD il 88 B9 4R A 8 B2 () ReSe, fiA

4f7/2
4f5/2
~
=
3
=
38 30 40 41 42 43 44 45
E/eV
(a) Re W Af HLIEZS A fE
3d5/2
—~ 3d3/2
=
S
~

E/eV
(b)  Se ¥ 3d BLiB %5 & fE

Re4f

/S3d
/e

I(a.u.)

0 50 100 150 200 250
E/eV

(¢) ReSe, 1) XPS 44 #7 45 5t
B 3 ReS, #3128 XPS K4 itk #r 45

ReSe, 651 BT 5 b M B i) 2 U0 AR 56,
P O 1 2 B AR SR 010 4% 1) e P A SO A 0
BALHT B HLZ ReSe, WAL 25 10 S Pk AT T
F7E. SRR 532 e K MIEOE B A ST R
PR T3 i AN 0 B AE B 330°, W45 AN ) A S A Hi
R fhL =05, iE 4 () iR, B TR LA
L BEE A O A BB UL, LR ReSe, W Y47
SOl g 9 & A T R IR AR BT 4(b) BT R

W 3300

I(a.u.)

M\/Wv\/\_/v_oo

100 150 200 250 300

o/cm’

() ReSe, fior Bt AL 2 3%

I@124cm™

270°

240° o - A TNa2oe

180°
(b) 124 cm " Ab A7 S 58 AR AL TR
B4 ReS, H5r T J2 894 1] 5P B 2 00 1% B X 1oz 41 A Ao

. 261 -



SEMICONDUCTOR OPTOELECTRONICS Vol. 42 No. 2

Apr. 2021

L ReSe, WEAE 124 cm ' Ab AL B FRAE 1 53
JIE Bt A S5 i AR A A% Ak TR B O M 2 B
FEARTR) B G A TR L 5 B R A T AR A
T PEAL L) ReSe, R Y HL 24 F1 Y B AR
i I A R R S T 250K )2 ReSe, IRV BOG LR
MEEE, K5 a) JE B )2 ReSe, 1 I G HL 4500 2% 1
SRR B A 50 nm B Au kR R IR
e . St AR SiO, FE RS2, 51)2 ReSe,
YER IR TER B, B 5(b) J& HL )2 ReSe, 2% 14 75
A MR T B R £ P T, 0V, B ARG
(18 28 P AR 5 2R o 136 B R A RN 9 3 R RL 22 (R A R
U A BR A4 i, T 5 (o) & L2 ReSe, 5 HL I 2%
FE 447,520 F1 637 nm P K BOE BT B9 % ma 5 i
2, Bt O I B B G O R B T £ L A

(a) G E RN AR 19 458 15 5 4y P

v

L/(x10% A)

-6 ;
-1 0 1
Vui/V
(b)  7E—20~20 V M F A% H 45 il 2%
637 nm,
=
S 520nm
X
AN
447 nm
0 1 2 3 4 5

tls

(o) AN (AR O BUR T B9 516 Mg Rz 45 1 i 2k

. 262 -

I/(x10% A)

23 24 25 216 27 28 29
t/s

() 520 nm WK BOCBH TR Cm B B EmL ¢, 5 ¢,
43 ) 2 b T[] AT R S )
K5  ReS, HRIM %P GE D 45 51

AR R TR Ko X D e N7 st F% N [ R A 40 A, i 1
5Cd) Frzs o £ 532 nm SO IR T e i B g B T
[i] 1T B[] 235310 2 50 1 60 ms, 5t F5 I 0] ' Ry 22
M

3 i

AR SRR B CVD A K3k 7 Si0, /Si #E
A TR B B A R R T 1 B )2 ReSe,
WL, R ORI DREUR LI R T R
A X2 AT S RE T T T A5 B R S AT R AE 4 AT
) B FH 1 o0 B W Ak 7 2 0% 35 IE 52 CVD 2 A i
ReSe, I HA 6224 53, JET H 2 ReSe,
IS ) 4 P10 25 24 0 B0 H IR T 2 o e, HG Y i 7 7
T B[RRI R BB R 43500 2 50 FT 60 ms. H A KA
F14) ' ) SO P i

S

[1] LiMY. Shi Y, Cheng C C, et al. Epitaxial growth of a
monolayer WSe,-MoS, lateral p-n junction with an atomically
sharp interface[J]. Science, 2015, 349(6247) . 524-528.

[2] Wang Feng. Wang Zhenxing. Yin Lei, et al. 2D library
beyond graphene and transition metal dichalcogenides: a focus
on photodetection[ J]. Chemical Society Reviews, 2018, 47
(16): 6296-6341.

[3] Chhowalla M, Shin H S, Eda G, et al. The chemistry of two-
dimensional layered transition metal dichalcogenide nanosheets
[I]. Nature Chemistry, 2013, 5(4);: 263-275.

[4] Wolverson D, Crampin S, Kazemi A S, et al. Raman spectra of
monolayer, few-layer, and bulk ReSe,: An anisotropic layered
semiconductor[ J]. ACS Nano, 2014, 8(11): 11154-11164.

[5] Lorchat E, Froehlicher G, Berciaud S. Splitting of interlayer

shear modes and photon energy dependent anisotropic Raman



CESAOLE 2021 48 4 45 42 45 2 i HAEMR %. ReSe, B LB A KA L VKR

response in N-layer ReSe, and ReS,[J]. ACS Nano, 2016, 10 based on two-dimensional anisotropic ReS, field-effect
(2): 2752-2760. transistors[ J]. Nature Commun. . 2015(6): 6991.

[6] Hong Min, Zhou Xiebo, Gao Nan. Identifying the non- [12] Zhao H, Wu J B, Zhong H X, et al. Interlayer interactions
identical outermost selenium atoms and invariable band gaps in anisotropic atomically thin rhenium diselenide[ J]. Nano
across the grain boundary of anisotropic rhenium diselenide Research, 2015, 8(11): 3651-3661.

[J]. ACS Nano, 2018, 12(10);: 10095-10103. [13] Xie C, Jiang S, Zou X, et al. Space-confined growth of

[7] Ashish A, Jonathan N, Matthias D, et al. Highly anisotropic monolayer ReSe, under a graphene layer on Au foils[ ] ].
in-plane excitons in atomically thin and bulklike 1T'-ReSe, Nano Research, 2019, 12(1): 149-157.

[J]. Nano Lett. , 2017, 17(5): 3202-3207. [14] Cui F, Li X, Feng Q. et al. Epitaxial growth of large-area

[8] Zhang L, Liu K, Wong A B, et al. Three-dimensional spirals and highly crystalline anisotropic ReSe, atomic layer [ ] ].
of atomic layered MoS,[J]. Nano Lett. , 2014, 14(11) . 6418- Nano Research, 2017, 10(8): 2732-2742.

6423. [15] Jiang S, Yang J. Shi Y, et al. Salt-assisted growth and

[9] Wu]J, Mao N, Xie L, et al. Identifying the crystalline ultrafast photocarrier dynamics of large-sized monolayer
orientation of black phosphorus using angle-resolved polarized ReSe,[J]. Nano Research, 2020, 13(3): 667-675.

Raman spectroscopy[ J]. Angewandte Chemie, 2015, 54(8): {’E%‘” A
2366-2369. Iéﬁ)
[10] Wang X, Jones A M, Seyler K L, et al. Highly anisotropic 3%1%%%(1996* ), B RSN RAL A ,U\?
and robust excitons in monolayer black phosphorus [ ]]. #ﬁii%%ﬁi*ﬁﬂ'@fm,
Nature Nanotechnol. , 2015, 10(6): 517-521. ﬁ DERA980—), B, I é; A Tﬁ'i‘ N Eia /‘}\$

[11] LiuE, FuY, Wang Y, et al. Integrated digital inverters 4_,_%_%7%*]_% ) K A R, Tk 6 BF

O G G S e G G G G e G Y@ G G G O @ Y@ G OGO @ Y@ G OGO @ Y@ G G G @ @ @ G OGO @ @ G OGO @ @ @ OGO @O
p—t ==ttt — it — ittt —t — 8~~~ Lttt —t———t———— s ——

(3% 239 1) ZnGa, O, : Cr'" nanostructures [J]. J. of Sol-Gel Sci.
[13] LiuZC, Zhao L, Yang X X, et al. Long persistent Technol. , 2018. 88(10): 454-464.
luminescence properties of NaBaScSi, O, : Th*" and it is [18] Mhlongo R, Koao L, Kroon R E, et al. Effects of annealing
applications above room temperature[J]. Chem. of Egn. J. period on the structure and photoluminescence of the mixed
2020, 401(12): 126119. phases ZnAl,0,/Zn0/SrAl, O, /Sr; AL, Og * 0. 025% Tb*"
[14] XieFY, Xu D K. Wu Z C, et al. Improving thermal nanophosphor synthesized by sol-gel technique [J]. J. of
stability of novel single-component white-light emitting Mol. Struct. » 2019. 184(5): 92-101.
phosphor Ca,MgLu(PO,), * Tm®", Dy’*" by back-energy- [19] Muenchausen R E, Jacobsohn L. G, Bennett B L. et al.
transfer[J]. J. of Limin. » 2020, 227(11): 117516. Effects of Tb doping on the photoluminescence of Y, 0 * Tb
[15] Gao X Y., Li C R, Li S F, et al. Intense green/blue light nanophosphors[J]. J. of Lumin. , 2007, 126(2) . 838-842.
emission of Zn,GeO, nanophosphors doped Th*" ions under (200 Z=pef=, RUbE, 225, 4. fAkE AL O, MIRMOLIR
265 nm excitation[J]. . of Lumin. . 2017, 190(10); 457- KBPFELI]. S0 2007, 27(T) : 1322-1326.
161. Li Chengren, Song Shide, Li Jianyong. et al. Investigation of
[16] Mahala V K., Sahani R M. Vaijapurkar S G. Study of laser anneal on Yb-Er co-doped Al,O, films[J]. Acta Optica
radiophotoluminescence of Eu doped CaSO, phosphor for Sinica, 2007, 27(7): 1322-1326.
Gamma dosimetric applications[J]. Defence Sci. J., 2020, EEZ- A

170(5): 557-563.
[17] Hussen M K, Dejene F B. Influence of annealing

ERAZ962—) . B . L. HER.ZEHRET S
AR R & A,

temperature on material properties of red emitting

. 263 -



