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Abstract

Two-dimensional SnSe;, a newly emerging layered semiconductor material, has attracted increasing
attention recently due to its outstanding photoelectric and thermoelectric properties as well as
potential applications in optoelectronic and energy storage devices. So far the preparation of
high-quality and large-scale SnSe; two-dimensional crystals is still a challenge. In the present
work, we demonstrate the successful fabrication of large-scale SnSe; flakes by chemical vapor de-
position. The effects of substrate temperature and carrier gas on the growth of SnSe; have been
investigated, and the optimized growth conditions have been obtained. The as-grown SnSe;
flakes have been characterized by using optical microscopy, atomic force microscopy and Ra-
man spectroscopy. The results provide a valuable reference for the controllable preparation of
high-quality SnSe; two-dimensional crystals.
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1. 5|

TR, LB AR R B2 TR AR, O T R TR
TR [2] [3] [4]. AL (SnSey) & —Fi i IV-VI EJEICE M R EI BB RG2S R, #
b T i SRR LAY, HouRE AR AN EEE BB LF[5] [6]. 4L 84515 —miftdH
FAALL, L 7S AR I Sn A Se DAL B 7 P B Se-Sn-Se = BIVA K, @& H40Ch 0.38 nm,
AN SnSe, B Z MK SETCHE LRI 4E R, BEEEZMMEEE )N 0.62 nm [7]. FRTHEERE, it
e P B Sk, HARBEE 2R D T K, MR RZh 1.07 eV, HZTEFITE 1.69 eV
FeA[7] [8]e MR, KT AN —4ELh KRB SRR FLIESE T SnSe, HA L & #0108 A0k
PRI . 6, DA SR S (1 P PR30, Ik SR M A 43 1 Tl PR T 2 AT R BT RE DR U AT A 1R s R A
BRI R 0 S R 5 [9]-[14). DN T 3745 Ak 85 —4idr k], S2u6 bar DB AU . WAE K. AH
A KSR SB[ 14] [15] [16] [17] [18]. HET, filiAh ) — 4 i M i i) 4 4 i 475 88 A2 RS0 50 Hh i 5 i
YRR D ) 850, XS T ARk G A R M TR IR NI 8 R0 IS B2 IR S A B A 6 B o TEAR S TR, &
TR SR AE K 57, SE 62 EME. R BB 8t SRIETFR, H8KE
FER B SRS LI S HO MR E K sz, B — IR E KSR, B AS3 T s KRS 1 AL
IR YN

2. LT

A SO AR I A R R B AT RS R ) IR AL SR AE K R ET, R —IRIX B
I SOl S8 RS = DX AR A S B A o 7ESREe R, FRATTR A Se #3(99+%, Alfa Aesar)
H1 SnCl, ¥ A (98%, Alfa Aesan)fENRTIRIA, = EBHENEKIIR. HoE, ¥5H Se ¥y Mg & A E T4 %
B LIRS X K 5 mg SnCl, F1 50 mg Se ¥y KA, BAEA TSN HFRE T8 B Kokt
o AR HE VR B 55 =X, ST A SRS 12 em. BEJS, KA AR, R
R aER, BEENETKT 5 Pa, FHEBAGAGERSWKEEANEEETE, FEFHERRO, UES
VE NI AR Jas I, K —IR XN E 300°C LR AE K RGN Se M R InHAE
300°CH-4ERF 10 734h, 115 Se Al SnCl, AR E, )5 FHEREZE 750°C, FFIHF MR THE A K E
BB XOINAE b B E R EEAE KSR Soed KN 16 24, B 5 <t F T
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PUEAE, FIFHNUBEE S HEH B AR EEN RS, BUHEFES . 3D, BROMFI A E M. R
£ BB OISR T 7 B4 (Atomic Force Microscope, AFM)R I il 46 i P 25 46 M 3R HEAT R 415 20
Mo

3. GREHH

Kl 1(a)~(e) S 1 FEANFIAH JER IR SE A AR 1 T ] o5 XU d T P0G 27 S Bl AR e 2 S8 o DR KRR
4 100 scem. BRI LLE B, 4 IR By 420°CHE, FEG R - S BT A SR N
AL RI =M EONLTE, At REEE B — Lo SO R @ AR IO 454, DUBMR A A6
GBI, i 1)k BTR  BEE AT RIREE T 2 450°C, A AR i b T T A P S B R
AFRINUTG . =B =, MHHERST I 420°CHAR BRI K. RN ERATAB — 5 b
TITEE T A FEAS RN G, an 1(b)rh RE 2k DX « A IR By 480°C I, 21 L & A K 2 #bL
ANARHREI, IS AR REE K. S RIBERTTE 510°C, @ RFEE— IR, Hi
FrEEAMMEB SRR, W 1d)Fs. 5 A PR N TR, A — 25 a4
B3RA%, HEIMBONRDG AR SRR — T &2 550°CIRY, iR i AN LR
BB i, TR B — 2N RS R, wnla 1(e) .
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Figure 1. (a)~(e) Optical images of the samples grown at different substrate temperatures. The scale bar is 60
um. (f) The scatter plot of average flake size versus substrate temperature

B 1 (@)~() AREFKEE FHRHE&HERILFEER LR, ETHRRA60um; () & A TR THEWREE
ORI

FATRIZ A FIFT IR L T BT AR i A R AT IR GE vH b, 0 T2 RS ) B P e
B 1) MEIFRTLUE S, M4 EAE 420°C~510°CYE IR, B o iR T, HRIH EHTE R
fi T RCTARRB GG, PR 22.8 pm 3904 40.1 pme e UG IR T 7EIX S8 5% R BT TR HL I i v K
Z UISILEBIE A REAR R, X5 A B SRS A ARRE & o FTIL,  AhJRIRLEE  5  AE A E TAE A R
R BN NG5, A BT IR BORST I e B de o ST, A4 IR B2 IL 3] 550°C, 2R L
TR AR TR 2L T IR AR AL, T HLRGT SRR, PRSI 17.3 pm, R BRI 48 O 28 0 2
T SRR SR, U TR AR SSR R A . WBMACRE, BEEARIEE TR, SR T
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Figure 2. (a)~(e) Optical images of the samples prepared with different Ar flow. The scale bar is 60 um. (f)
The scatter plot of average flake size versus Ar flow

E 2 (a~() TRRSAETHH&EHFROAFEIR, EHFHRRA60 um; () @A FHRTHERSR
EBHMEHXFE

BAREREASSHBE KRS R A S EENEM . T IHRABRSREN e S A K m
S, FRATCRFRATRIRE N 510°C, &0 Ar 3RS & M 50 scem F 300 scem AE4k, WS A SR F T I A
W AR B 2(a)~(e)in T AR E KA NSRRI R . FTLER, M3
SIREAE 50~200 scem YEE BT, FE& L RTIE B R EEAR DS R BB = A TE N AR 2B, 5
HAE 150 scom ZAFRS RILH T N — B /S, Wl 2(c)fim. 1A &l 300 scom B, ffJE%
i RSE SRR, R RGNS S, Wl 2e)Fn, o] LR N riE
BORER, ART g mRE K. BATS A KT & RS T E S, 4P
JFREE SR AR R M2, Wl 2(HFn. rTLOIEHME R, BEE Ar BAMRENIN, FRE
R RAT RIS RS NS, ARG B 150 scom BHA B R, BRI PR
SPIRE] 72,6 pm, XA RS AR EEACT SR B R 45 R RS 2 [15] [16] [17].

FEIGE G T, FRATER BT R T b B i I A F BB A B, X5 8RR
FEGR[2]. RT HEE DGR SRR, TATIERIEA A R4 BRI 1 d R R 70 %
BT AT RAE, Wl 3 fw, JH7E AFM BG b i A I R B Lk . 1] 3(a), diiAid i i )E
JEZ179 3.6 nm, MBS 2 BRI G AT BEZ RN, E2E B R R RERa Lt E B e EeET . BEE
JEEERIHAN, &b S AR A R 2 At B 22 B AR K, 3l ol 2 A T AR By gt AT g . & 3(b),
DGR =202 10.5 nm, 7EJ62: B AE b b fr RASEM A . M A R GRS K, R EIE
S EIHAFEBE. W 3(c)~(d), AFM & 2R d A R 7004 49.1 nm #2615 nm, EAIE
UG A REL AR A IX RPN GAE & b R A T R, AN [ E ) b R T AN [
BRI TG s FCR, BRI aT LSRRI F B . R SRATR I, BEA &
I, & A A T B AR, TE = BRI B TR A 0 LT TR
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Figure 3. Optical images and AFM images of SnSe, flakes with different thickness. The scale bar is
20 pm
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Figure 4. Raman spectra and optical images of SnSe, flakes with
different thickness. The scale bar is 20 pm
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BE— P, FRATERL T WA BAA A FIEARFA R BE 0 S8 5 f R A 3L 5 A Aok 8 ik kAT R AR
ST, DUAS R B 2k 5 06F I K BUR AN ] 4 BIoR o fE B RT DUE B, DU 2476 110 cm ™, 185 cm ™
A1 265 om ™t B BB I B B 2 AR 0 . LR AT 265 em Tt B BIESR 1 2 BERTES, LU 5 BERE 5 T
AR R R A TP R KT /N o 11T 110 et R 185 om T B A A 2 et T 4 5 1) T
PRSI Ey AT AMR SIS Agg HIUEAL[16] [17] [18] [19] [20]. X EL I 4 i i~iv PUAN & 7 (0 iz 2 i 2%
ATLARIL, o Ay (AT T AR, 35 HHBLTE 184.8 cm ™, 17 E U 117 B R 5 1T LA 21 0 B 1) 2 5%,
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SR A B AN SRR R . b, 1 AT i kR B 4y I HEBIAE 105.9 cm A1 108.9 emt, X
6H-SnSe, [MIRFAE I [19] T iii A1 iv iS4k Eg W HIBIAE 115 em™ A1 117 cm™, FREXF RN AT &
FREA AT MMM 7] R, BT3RS 2 AR A E s, ASE R B ) Ey
PRENRILH T WA ISR T A2 5 [20]. BRILZ AL, 1R b8 AT A Y045 25 e 445 ) RS T 0,
T FRATT T 4 (00 A7 A8 o LA e v ) 0 o
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AR ST EE = B R EAE K e, sSEge ki, AP RIR B s B it X
AR T A AR A . I SRR 2R A IARAL, B AR R T AR FE B R B S AE KRS
PLIEE 1, FFIIE T KRS e 8 it it — DRI A2 BB 55 70 B AL 26T xt
FEMBEATRAL 0T, LU T JURIAS [P DRAN JEBE ity B S R P ot S84 R Dy e o B — T P B8 — 44 it
MRz &5 T 5%

SE

[1] Wang, Q.H., Kalantar-Zadeh, K., Kis, A., Coleman, J.N. and Strano, M.S. (2012) Electronics and Optoelectronics of
Two-Dimensional Transition Metal Dichalcogenides. Nature Nanotechnology, 7, 699-712.
https://doi.org/10.1038/nnano.2012.193

[2] Huang, X., Zeng, Y.Z. and Zhang, H. (2013) Metal Dichalcogenide Nanosheets: Preparation, Properties and Applica-
tions. Chemical Society Reviews, 42, 1934-1946. https://doi.org/10.1039/c2cs35387¢

[3] Buscema, M., Island, J.O., Groenendijk, D.J., Blanter, S.1., Steele, G.A., Van DerZant, H.S.J. and Castellanos-Gomez,
A. (2015) Photocurrent Generation with Two-Dimensional van der Waals Semiconductors. Chemical Society Reviews,
44, 3691-3718. https://doi.org/10.1039/C5CS00106D

[4] Fu, Q. Yang, L., Wang, W.H., Han, A., Huang, J., Du, P.W., Fan, Z.Y., Zhang, J.Y. and Xiang, B. (2015) Synthesis
and Enhanced Electrochemical Catalytic Performance of Monolayer WS;(;-,Se,, with a Tunable Band Gap. Advanced
Materials, 27, 4732-4738. https://doi.org/10.1002/adma.201500368

[5] Zhang, Y., Zhou, Q., Zhu, J,, Yan, Q., Dou, S.X. and Sun, W. (2017) Nanostructured Metal Chalcogenides for Energy
Storage and Electrocatalysis. Advanced Functional Materials, 27, Article ID: 1702317.
https://doi.org/10.1002/adfm.201702317

[6] Yang, J.-H., Yuan, N.Q., Deng, H., Wei, S.-H. and Yakobson, B.I. (2017) Earth-Abundant and Non-Toxic SiX (X = S,
Se) Monolayers as Highly Efficient Thermoelectric Materials. The Journal of Physical Chemistry C, 121, 123-128.
https://doi.org/10.1021/acs.jpcc.6b10163

[71 Hien, N.D., Cuong, N.Q., Bui, L.M., Dinh, P.C., Nguyen, C.V., Phuc, H.V., Hieu, N.V., Jappor, H.R., Phuong, L.T.T.,
Hoi, B.D., Nhan, L.C. and Hieu, N.N. (2019) First Principles Study of Single-Layer SnSe, under Biaxial Strain and
Electric Field: Modulation of Electronic Properties. Physica E: Low-Dimensional Systems and Nanostructures, 111,
201-205. https://doi.org/10.1016/j.physe.2019.03.025

[8] Gonzalez, J.M. and Oleynik, I.1. (2016) Layer-Dependent Properties of SnS, SnSe, and Two-Dimensional Materials.
Physical Review B, 94, Article ID: 125443. https://doi.org/10.1103/PhysRevB.94.125443

[91 Sun, B.Z., Ma, Z., He, C. and Wu, K. (2015) Anisotropic Thermoelectric Properties of Layered Compounds in SnX,
(X =S, Se): A Promising Thermoelectric Material. Physical Chemistry Chemical Physics, 17, 29844-29853.
https://doi.org/10.1039/C5CP03700J

[10] Yu, P, Yu, X., Lu, W,, Lin, H,, Sun, L., Du, K,, Liu, F., Fu, W., Zeng, Q. and Shen, Z.J. (2016) Fast Photoresponse
from 1T Tin Diselenide Atomic Layers. Advanced Functional Materials, 26, 137-145.
https://doi.org/10.1002/adfm.201503789

[11] Rai, R.K., Islam, S., Roy, A., Agrawal, G., Singh, A.K. and Ghosh, A.N.R. (2019) Morphology Controlled Synthesis
of Low Bandgap SnSe, with High Photodetectivity. Nanoscale, 11, 870-877. https://doi.org/10.1039/C8NR08138G

[12] Jia, B., Liu, S., Li, G,, Liu, S., Zhou, Y. and Wang, Q. (2019) Study on Thermoelectric Properties of Co-Evaporated
Sn-Se Films with Different Phase Formations. Thin Solid Films, 672, 133-137.
https://doi.org/10.1016/j.tsf.2019.01.017

[13] Li, G., Ding, G. and Gao, G. (2017) Thermoelectric Properties of SnSe, Monolayer. Journal of Physics: Condensed
Matter, 29, Article ID: 015001. https://doi.org/10.1088/0953-8984/29/1/015001

DOI: 10.12677/ms.2020.105043 353 PR R


https://doi.org/10.12677/ms.2020.105043
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1039/c2cs35387c
https://doi.org/10.1039/C5CS00106D
https://doi.org/10.1002/adma.201500368
https://doi.org/10.1002/adfm.201702317
https://doi.org/10.1021/acs.jpcc.6b10163
https://doi.org/10.1016/j.physe.2019.03.025
https://doi.org/10.1103/PhysRevB.94.125443
https://doi.org/10.1039/C5CP03700J
https://doi.org/10.1002/adfm.201503789
https://doi.org/10.1039/C8NR08138G
https://doi.org/10.1016/j.tsf.2019.01.017
https://doi.org/10.1088/0953-8984/29/1/015001

KfE 2

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Su, Y., Ebrish, M.A., Olson, E.J. and Koester, S.J. (2013) SnSe, Field-Effect Transistors with High Drive Current. Ap-
plied Physics Letters, 103, Article ID: 263104. https://doi.org/10.1063/1.4857495

Huang, L., Yu, Y., Li, C. and Cao, L. (2013) Substrate Mediation in VVapor Deposition Growth of Layered Chalcoge-
nide Nanoplates: A Case Study of SnSe,. The Journal of Physical Chemistry C, 117, 6469-6475.
https://doi.org/10.1021/jp400274a

Huang, Y., Xu, K., Wang, Z., Shifa, T.A., Wang, Q., Wang, F., Jiang, C. and He, J. (2015) Designing the Shape Evolu-
tion of Snse, nanosheets and Their Optoelectronic Properties. Nanoscale, 7, 17375-17380.
https://doi.org/10.1039/C5NR05989E

Wu, J., Hu, Z., Jin, Z., Lei, S., Guo, H., Chatterjee, K., Zhang, J., Yang, Y., Li, B., Liu, Y., Lai, J., Vajtai, R., Yakob-
son, B., Tang, M., Lou, J. and Ajayan, P.M. (2016) Spiral Growth of SnSe, Crystals by Chemical Vapor Deposition.
Advanced Materials Interfaces, 3, Article ID: 1600383. https://doi.org/10.1002/admi.201600383

Shao, Z., Fu, Z.-G,, Li, S., Cao, Y., Bian, Q., Sun, H., Zhang, Z., Gedeon, H., Zhang, X., Liu, L., Cheng, Z., Zheng, F.,
Zhang, P. and Pan, M. (2019) Strongly Compressed Few-Layered SnSe, Films Grown on a SrTiO5; Substrate: The
Coexistence of Charge Ordering and Enhanced Interfacial Superconductivity. Nano Letters, 19, 5304-5312.
https://doi.org/10.1021/acs.nanolett.9b01766

Zhang, X., Tan, Q.-H., Wu, J.-B., Shi, W. and Tan, P.-H. (2016) Review on the Raman Spectroscopy of Different
Types of Layered Materials. Nanoscale, 8, 6435-6450. https://doi.org/10.1039/C5NR07205K

Zhou, W., Yu, Z., Song, H., Fang, R., Wu, Z., Li, L., Ni, Z., Ren, W., Wang, L. and Ruan, S. (2017) Lattice Dynamics
in Monolayer and Few-Layer SnSe,. Physical Review B, 96, Article ID: 035401.
https://doi.org/10.1103/PhysRevB.96.035401

DOI: 10.12677/ms.2020.105043 354 PR R


https://doi.org/10.12677/ms.2020.105043
https://doi.org/10.1063/1.4857495
https://doi.org/10.1021/jp400274a
https://doi.org/10.1039/C5NR05989E
https://doi.org/10.1002/admi.201600383
https://doi.org/10.1021/acs.nanolett.9b01766
https://doi.org/10.1039/C5NR07205K
https://doi.org/10.1103/PhysRevB.96.035401

	Growth and Structure of Large-Scale Two-Dimensional SnSe2 Crystals
	Abstract
	Keywords
	大尺寸二硒化锡二维晶体的生长和结构研究
	摘  要
	关键词
	1. 引言
	2. 实验方法
	3. 结果与分析
	4. 总结
	参考文献

