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Table 1. Synthesis of a-In,Se; under different con-
ditions.
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Fig. 1. Schematic diagram of the CVD synthesis of two-

dimensional a-InySe; material.
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Fig. 2. Raman spectra of a-InySe; synthesized at different

growth temperatures.
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Fig. 4. (a)f(d) SEM images of In,Se; grown at various tem-

()%/NE A K 11 InySey (19 SEM & ; () 4

peratures; (e) percentage content of each element.
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(d) 7E 20 mL/min (bRAEREL) At A FERIBE T, 22K InpSe; #7062 RS ()

40 pm 40 pm

g, 40 plL/lﬁin Ev)O mL/min

40 pm

—(h) 7 440 °C. AFS

Fig. 3. (a)—(d) Optical images of In,Se; flakes grown at gas flow rate of 20 mL/min (standard condition) and different growth tem-

perature; (e)—(h) optical images of In,Se; flakes grown at 440 °C and different gas flow rate (standard condition).

228102-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 228102
(a) In (b) Se
3d3/2
wn wn
B b=
=] =)
3 3
el el
- -
3 3
~ ~
z z
12} n
g g
[} = S— Q
+~ +~
& =
1 1 1 d 1
460 458 456 454 452 450 448 446 444 442 440 60 58 56 54 52 50
Binding energy/eV Binding energy/eV
() (d) /nm
In\ 46.0
E
5 2
e
= S
2 -e 0
2
R Co Se
g |
g
o Se
= /
—46.0
1 1 1 1 1
600 500 400 300 200 100 0

Binding energy/eV

5
AFM AR Bt 1y ) e 12 ) e 1

(a) In 3dyo 1 In 3dyp, 1 XPS REIE ; (b) Se 3dys Al Se 3dy M XPS REIE; (c) & M a-InySey Y XPS AE 5 (d) o-IngSey

Fig. 5. (a) XPS spectra of In 3ds/, and In 3d;5; (b) XPS spectra of Se 3ds), and Se 3ds,,; (c) XPS spectrum of synthesized a-In,Ses;

(d) AFM image of the a-InySes and corresponding height profile.
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SR PR ME LU L 130k, FE R ST & XS 4%

1 5 A7 FL 2 R I K. 3K i A R ] Keithley
26368 B 1ok B AT IR 2 4 LRl 15 5 0 SE
SRAE R . AR EE N 0.1V, B
FH 0 V45 Vo0 Vo5 V0 V. K 6 R T
LY A ASEIEL B AR A, SESE 10 IR E VAR I &
JEEA, BRI REYE (G a4
R ER).

Current/A

-2 0 2 4 6
Voltage/V

B 6  Au/a-IngSes/AufZ B i 10 416 3 J8 B 09 -V 4§

PRI LR (370 P S 25 25 4 7 2 )

Fig. 6. LV characteristic curves of the Au/a-In,Se;/Au

memristor for 10 cycles (inset shows a schematic diagram of

the device structure).
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S Al 1. 5 fil g HRAE S SR T LR R b 22
B0 T, A 20 T 2 5 2 A ) it 38 3k 5 k5 B, %
fil J R4 A2 ) o 20000 T S 43 R A FRLSE AR B2, 9%
RIS A AR A3 ISP 5 o i AR 2% il f
HE, i i R JS IngSes /002 LB 25 & AR A8 fk, A
M2 IEY 2 A TR
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=N W kR O
LI B B S

Conductance/(10-7 S)

0 100 200 300 400 500 600 700 800
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7 20 20T 52 HAR IR R/ N LK g5 S 9 LTP /LTD 154

Fig. 7. LTP/LTD behavior induced by 20 sets of repetitive

identical-sized electrical pulses.

Kl 8(a) N—A 3 RN T AN RER, B
HiA (input) FHZEIG . B2 (hidden) #2850 A%
(output) #£E 7T B, %2 /¥ it Python 5, 7F
Anaconda T [ Spyder 7 5 F iz 17, 151 09 £ g
85 MINIST HHii 4R, ZEI 2R i b B b 515 5L
P A BN A2, RS TERGZ 1T, RIGTE
il BEd . B SRR EE LTP/
LTD FEER ] LU TG, F 7 Ediad A

PNz ER G, itk BRI R B DI 2R R
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Fig. 8. (a) Schematic structure of three-layer neural network ANN structure; (b) recognition accuracy of 8x8 pixels; (c) recognition

accuracy of 28x28 pixels.
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SPECIAL TOPIC—2D materials and future information devices

Controllable synthesis of two-dimensional ferroelectric
o-In,Se; by low-temperature chemical vapor deposition”

WANG Chengyang LI Yuexin? HE Yanyan! LI Meil
ZHONG Lun?  JIE Wenjing VT

1) (College of Chemistry and Materials Science, Sichuan Normal University, Chengdu 610066, China)
2) (School of Microelectronics, South China University of Technology, Guangzhou 511442, China)

( Received 8 August 2025; revised manuscript received 12 September 2025 )

Abstract

Two-dimensional ferroelectric a-Iny,Se; possesses many fascinating physical properties. However, chemical-
vapor-deposited ferroelectric a-In,Sey typically requires high temperatures (>650 °C). In this work, a-In,Se; is
synthesized at 400 to 460 °C by introducing a KC1/LiCl/NH,CI ternary catalyst, resulting in a 200 °C reduction
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’ - K«
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1

~yy
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in growth temperature compared with ferroelectric a-In,Se; synthesized by the traditional chemical vapor
deposition (CVD) method. The surface morphology of the as-prepared material is controlled by temperature
and gas flow rate. As the growth temperature increases from 400 to 460 “C, the synthesized a-InySe; is changed
from discrete hexagonal flakes to a continuous and uniform thin film, which is confirmed by the scanning
electron microscope. Raman spectroscopy shows that the characteristic peaks of InySes are located at 103, 180,
and 195 cm !, respectively, indicating that the CVD-grown In,Se; is a-phase. Furthermore, energy dispersive
spectrometer and X-ray photoelectron spectroscopy indicate that the elemental composition is close to the ideal
stoichiometric ratio, confirming the successful synthesis of the a-InySes. Then, the as-prepared «-InySe; is
transferred onto Si/SiO, substrate for device fabrication. Atomic force microscope indicates that the film is
uniform, with an approximate thickness of 63 nm. The fabricated two-terminal memristors exhibit analogous
resistive switching behaviors. And such memristors are used to achieve synaptic functions of long-term
potentiation/long-term depression. For artificial neural network simulations based on the synaptic memristors,
the recognition accuracy for hand-written digit image exceeds 90%. This work provides a practical method for
growing two-dimensional ferroelectric a-In,Se; at low temperatures for applications in synaptic devices and

neuromorphic computing.

Keywords: a-In,Se;, chemical vapor deposition, memristor, synaptic device
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