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Abstract

The growth of monolayer WS; on GaN substrate by chemical vapor deposition method is explored,
and the effect of the substrate on its optical properties is investigated. The results show that the
monolayer triangular WS, with good quality can be grown under the growth temperature of 850°C.
When the growth temperature is greater than 900°C, slight decomposition of the substrate surface
occurs, which is not conducive to the growth. In addition, by controlling the flow rate of H; carrier
gas properly, WS, with full coverage can be grown on the substrate. The as-grown triangular WS
on GaN substrate shows 60° rotation symmetry. The most stable structure of WS;/GaN is predicted
by combining the growth of WS, on GaN nanorod and the first-principles calculations. It is found
by Raman characterization that GaN substrate would exert certain tensile stress on WS, resulting
in the redshift of the Raman peak E;, and the photoluminescence peak. Photoluminescence quench-
ing emerges in WS;/GaN sample, which is attributed to the formation of type-II heterojunction
band structure between WS; and GaN substrate. This work provides a reference for the develop-
ment of new 2-dimensional optoelectronic devices.
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AR ESHTIRIEEGaN LIREAK T BREWS,, FHHTR T E M-S RSN HOot 2 5 R .
BIRGRER, EKEEAS50C, JUEKHRERFHERE=MATEWS,; JEZEATI00CH, GaN
REREITIE R AN, IATHEERK. BERHAERT, TERE EAKEHERKAWS:. GaN
R EAEKKN=ZATEWS 20 RIFI60 e Rk, @EidGaNGKi: EWS KA K 55— FEEED
&, R T WS /GaNF S IR E S 1 o B P B RIERH, GaNZE S WS =4 —REKITK M A1EM
FE, P S EMHTFIEHILE, HHBETWS 5GaNERB R IR RERETHEN, WS2/GaNFEF: HIL
RNERAG . AT RFTR 46 TR T — & SRR KIE.
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1. 51§

AR, M BT BA AR B T G L RRZ BT 2 O . RO SRS I A AR A
TRA BRI s, BRI T HAE G AR RS AR 2 7 T R[] BFEFATZEAE H e m e — 4
BE, Horb Bk v 4 R B AL &) (transition metal dichalcogenides, TMDs) R E A H# B AT . w745 &
BE T T 2 b 2 0T 4652 08 F [2] [3] [4] [5] [6]. WS, erbh— ANl AR, it JERE Y, Honrseal
MEAF~1.3 eV [T BRI 52 ~2.0 eV B E BRI AR [7]. 546, B2 WS, BT i/ 25 [A] S AR H
FA 00 (0 [ eI R RS, FEAN A TR L I ~420 meV [ [ S 24[8], S BUHAR HLIH X A AH AT WA
K S AR, MR PE[O] o XU (13 WS, fE LT85, JudLie A e Ty A2l 1 38 1F
pEE = AR 1

NS AE DR S AE, B TR AR B AT RS, Wi R R A e R R A =
GaN & — i 50 B SR (T B~3.39 eV), TG T E QUSRS 2 B AI[10] [11] [12]. fRiEER,
GaN F1ERAEISHERE MoS, M HAbH[13], H MoS,/GaN 7 Jf 45 % I R = i L SR [14]; A4k, HT
TMDs/GaN 57 J57 45 Wil (1 58 S o th R DL A 3 I PR BE[15] [16]. H1T- GaN A1 WS, f F A% SR BCAR /N
(GaN: 3.189 A [17], WS,: 3.153 A [18]), A GaN HJE P HEKH &R, m R $)ZE WS,, IFH
LT AT

ARS8 R P AL 22 S AR TR (chemical vapor deposition method, CVD)#E GaN _Eif#E 4K 7 # 2 WS,
PRI T AR R Hy AT E X AR E K2 DRSS TR e . BA145 & GaN 9Ka: B WS, 4k
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KERGH - VERETE, #ENH T WS,/GaN # ik A E 45 . IS 2 NOEEUR G RAE, BT T
GaN FEJEAR G RN WSy e f MR s i . 45 R o, R IR E RS H, JRATTvr il &t v B 1) = £
TEHLZ WS, B 7 45 1) WS,. J34h, GaN JEJER 2% WS, 7248 — 5 ISR R JJME R HOG M i A — g

B .
2. KIS HE S E
2.1. SKWT5E

FRA VA FH XGR IX 7 gk AT WS, 42K, BL(0001) 77 1) Ga # P THI 1) GaN #hAE A 1 94 Jig (Nanowin,
GaN-T-C-U-C50). “EKAT, BAVKKHHEE . ZEER LB TFAGEH Y GaN # & 10 4080, HH &
AT AT @ R ZEPE AR i DT —)Z 5 nm JE 1) WO3 (ALDRICH, 99.999%)i# /i, 1K
W I RTIRAAIR, R A B A, JFHE GaN A IR SE7ERE ) b, P Z IR IAIBS 500 wm, HA JEAH
R FIFR X . 1 g B4R (Aladdin, 99.999%) F4H7E — AN/ NS A, B FAM EIRX . 4
KA, AEEAEEN 4% 1072 Torr. AKE, BEARFERSE, Ar SRR RFE 50 scom. FRATR A
T 5B (SEM, Carl Zeiss, sigma_HD). J&i1 /) R45i(AFM, NSK, SPA400-Nanonavi) iz 5 i1 i
(TEM, JEOL, JEM-2100)ZR1E 1 F i ()2 TH T S RN 45 44 5 i ik 3 5 4 2 3B (W Tec, alpha 300RA) R AE T 44
B Fr B A1 E0UR 6 (photoluminescence, PL)RE,  #4& I Ky 488 nm.

2.2. B E5*

FRIG T R FH 3L T 25 92 26 P11 (density functional theory, DFT)f 45— B+ 507598, 48 H] VASP
(Vienna ab initio Simulation Package) # /G 3E /T 5 [19]. 8 IT GRS v VA IR A B 7 A B 1 S22 1)
(AR AR FI[20], A6 SUBREE IR BL PBE 2 R NS R IEZ B [21] o BT TR FH B A0 7~ 245 43 3l
N: W-5d'6S?. S-35°3p*. Ga-4S%p' fil N-25°2p%. >R i Monkhorst-Pack J7 ¥4 {8 25 A1 HURE, % IEAE T
Hf 15 x 15 x 1 [RIRS BEAT B . 4 A A BB 0.75 e AR THAN GaN R B &UR T- 1O EHft . Ak
201 DFT-D2 J5 A8 1E 5 i 45 2 G A AR AR TR I [22] 0 z Sl ) BB 28R 20 Ao N ARAE TSR
Z, #WiRESi—1 B 500 eV, Y c HEE T 12 /> GaN IR T EEARTR, TR IS [E 2 i iE 6 4
JRF 2, xRl 6 NMEFEMAE T TMmE, EREEERSEE 10° eV, FFHEANEFZIIMN
Hellmann-Feynman 7377+ 0.01 eV/A yit. AN[EIMES L4 FAXUHAL W AT S Ji -7k a7 B LA 2 A X A
SE IR o

3. &ER5vHe
3.1 REXFEKERNF

N T AE GaN HEJi il % BRI WSy, BATITTL 7 AR . B0 SiE . PR RHE AT
B INAAGIE FE S S HO A RHE R B m, i TR S BRI AR KRR, AT M HTIX
PINZHOS ARG R . 4 18R T AR T GaN R EAKKE M) SEM K%, MEHH
DA, HAEKIREY 800°CH, W AKIREBAR, PRI RR M MY i GE R, (OB
JRRBRFK)/INBIORE o 2435 5 AR I N 1) 850°C Y, GaN i Hh Il 7 /b I =M as kb, SHGER WS, IR
FAA[23], BN Q2T PUER H WS, A1k BATGREERT IR, A% 900°CHY, wnl&] 1(c)Frw,
FLIE I WS, 18 FE RN, (HIIA A0, T H. GaN BRI AR HRE . A2 1R 2 4k S0 I %)
950°CHY, FEJE_E LB R AL (U 15 1(d) 1), HERMMBAH =Mk WS, . A IERR, GaN
HMSE J(E 900°C LA LR IR K, RIS AR A AL R [24] [25], R IEARFSHEE, ZILR 5 |ATHIK
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A WAL RS R TE R T AMESAZ, #43 900°C FAEKM WS, Z N, SR, 4R 73
950°C I, R T TRLHE, WS, TTIEAERIR EKOK, FrPARRER B = A1HK WS,o I R &5 0 L H, 850°C
R MNREEMAEKIRE . EAUIHRE, HESCGE, 2R Sio, JERAE KR, —RIELK
TR EHER 2 5T 900°C, B R AR A T P A R -3 s A Rk ot 5 M DK B it JRST [26] [27] [28].

(2)-800°C

Figure 1. SEM images of WS, crystals grown at different temperature: (a) 800°C; (b) 850°C; (c) 900°C; (d) 950°C. The inset
in (d) is an enlarged SEM image
1. FREKIREHIEH WS, 89 SEM Elff: (a) 800°C; () 850°C; (c)900°C; (d)950°C. (d)EIFPIAEI A= E SEM El

3.2. SSREMNEKEGRAFNT

N T BRI GaN BRI El& WS, IE R, AT SRS SR E#T ik, KRS
WA T —EREMES. F2 BoR T ARSI E T GaN #E FAE KAL) SEM B%. I Ar #00
EIREF 50 scem A, KRN 850°C. AILLEH, BEE H MEIGIN, WS, % EIEM. 4 H,
WY 6 scem I, A R T8 H I 2 BRBR K] = AR WS, T4 Hp LN 9 scem B, WS, FEA 584
T R B R T o X RNV L B A SR 5, WO, VERTRL B2 5 i Hy B0 Hy A1 S OB AR B HLS
I SRR A TRL P24 WO, 8175 4 8 A URAA i WP B BE 38 1, AT (233t 7 A R Ao JE 2 T 110 Bl A% B A= Ko [29]
[30]. 4k, RATER], T 3 scom Hl4EE, 6 scom & RE S I R~ A BT/, XA RE R BB
BREEIN, BEAS E R YR A R AR > S B0 .

(a) U'scem (b) 3 scem

Figure 2. SEM images of WS, crystals grown at different H, flow rate: (a) 0 sccm; (b) 3 sccm; (c) 6 sccm; (d) 9 sccm. The
left part of (d) is a scratch area
& 2. T[E Hy mE5E 189 WS, B SEM Elf&: (a) 0 scem; (b) 3scem; (c) 6 scem; (d) 9 scem. (d)EIZE 34 A RIR X 35
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Figure 3. (a) Optical image of WS,/GaN sample. (b) AFM image of WS,/GaN sample. (c) Cross section TEM image of
WS,/GaN sample. The insets show the EDS mappings of W and S elements. (d) Optical image of WS,/SiO, sample. (e)
AFM image of WS,/SiO, sample

3. (a) WS,/GaN #REHEMEER; (b) WS,/GaN Ef AFM [El; (c) WS,/GaN # @EHEEE TEM &, FEA W
#0'S LR EDS FAES; (d) WS,/SIO, HaaEHERIREIR; (e) WS,/SIO, #i AFM

BE— b, FRATA GaN Bl = A1k WS, #E4T 1 AFM EAiE. 14 3(a) & 3(b) 5 Al IE 2(b)Ff it
Xof 8L AR 4 A R AR LG RT ARM B . BT GaN [y BRECTE, T WG I SR, DRt 4 A S s 1
BT LB - I AFM BRI LUE H, B IR BE 2058 0.89 nm, SEAR 54738 (1) 5.2 WS, JE % —#[23] [28]
3(c)y GaN il &4 5 IR B TEM EIGRT EDS 3 R, W FI S JCER 1/ A i L3 IE T AT &
IM B SICNBE WS,o 5546, AT RS0 HUIFFT GaN 8 X WS, AP F 152, A THAE SiO,/Si
B AR T HRZE WS, (145 7575 0 EE[26]), eI A A BT R R ARM ] 3(d) R & 3(e) fir
e AFM B ZE R B IR, HEFEZN 0.87 nm, ULBHZAE 2 52 WS,.

3.3. WS,/GaN R R4 EEERERIFISR

BATFNE, GaN Fl WS, #2751 diag 2544, MK 2(b)F11E 2(c) T AR H, 78 GaN 4 Jik A= K K3
93 =S WS, #R I RAF (1) 60° FeFE X R, 2 R FIRIE R MoS,/GaN [13] [14]. MoSy/h-BN [31]F
MoS,/Graphene [32]4: K45 REML. HIJE N SiO I, BT ERARGMEL, KK WS, fnt& 7 1 & 5,
W 3(d)FiR. XWBEH, WS, KTy n] LoEd B s . EAUHIKE, 2RH Sio KK, 4K
PAPRE L R AT DUA )L 2 EAEROK, (FR A SB AR BN UL A AR, B i RO LD,
SERRSEANEEIS 2 pm [13] [14], AHRHIEA R — DT, N T dE—BHfie WS, 1 GaN ik R (1 HE
B, BRATFIRNAR GaN KA K T2 WS,. W 4(a) s, 9kR: EAK =M WS, 5%
A 607X R, 3 H =M WS, (i =034 S GaN ki =10 AT R R IRIEXFRME, WS,
Al GaN FEIEPIANFEXTEL M 241, 4508 O 607, BATZET Xt s g7 9 /i, Mok 1 1 4(b) s &5
MR EE. AR —PEEEE R, k8 1 PSR 7 [ A A2 ) B S L 45 G BE By TR

Ep = Epeee — Ews2 —Egan »

Ay Eneter Es, M1 Ecan MBI T4 . WS, Al GaN AfJEEAIAERE, 25 R nlE] 4(c)fE 4(d) . B ag
F b A R AN A H, Aa FI Ab 433l 37 BRI WS, AT GaN ¥y a AT b AN i 25 7 1) I 2 &
FHXHEE f R O, (0, 0) oA /IME 55, H By, A—273.76 meV, 60°I}, A ="ME/AME &S, 4351°5(0, 0.5).
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(0.5, 0)F11(0.5, 0.5), ‘B Ep 735 8—272.79 meV. —271.17 meV Ai-273.41 meV. 0°f#(0, 0) S5 4HA &Kk
e, SWCHSE AT, KA DUHERT WS,/GaN FJ5t 45 (A & 4500 9 W I S J57- 43 B ¥4 78 4 Ji
M N F Ga Ji 71 By, Wl 4(e)fw, BT k4™ R =M WS, B 4(b)h Fir &7 ¥ 0° (W) F1 0° (S)-
B4R AR TRA T B HE B 45 I MoS,/GaN 5 45 1) i b i 54— 34 33]

6 66 00 00 0 'O
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Figure 4. (a) SEM image of WS, grown on a GaN nanorod. (b) Schematic of WS,/GaN heterostructure. (c) And (d) are the
calculated bonding energy of the unit cell at different displacement under the relative angle of 0° and 60°, respectively. (e)
The most stable stacking configuration of WS,/GaN heterostructure

[& 4. (a) GaN K4 L4 AT WS, B SEM Bl; (b) WS,/GaN R REEEHREE; (C)F(d)5 5% 0°F0 60°HIFEXTEE F5
TARMREERT WS,/GaN B IRIESEE; () WAaE WS,/GaN TR B AW

3.4. GaN £JE L WS, M R A5

NPT GaN B WS, #HEAEH, FA1 & T AR 2/ PL . & 5@ 8RR T
WS,/GaN £ 5h(Tri. A& 2(0) = MR, Cont. A 2(d)i % 56 FE i) 1 WS,/SiO, FE S I 2 il . WS, 77
FEPANRFERL 2 0%, S 57 W E-FZET A AR IRBN Ex M S J5 - Z [AIZE T AM J7 [ AR B Agg [34] -
AWFRR, BEEZEEIN, WS, A B RS R, A AR KRR A BRI AR SS, A
LGH B Ay LT RIS R [34]. JEH FJZ WS, (PR 808467 28 /N T 635 et [7]. FRATTHI )
WS,/GaN B,  WANEREIE A7 B 23 ) /& 352.9 cm 1 F1 416.0 cm ™, ZE 4 63.1 cm b, WS,/SIO, K i
PHANRFE U A B 43 512 354.2 cm™ 1 416.0 cm ™', Z{H v 61.8 e ', BULH T EATZ RIZ M WS, [EH15
HEEAE, W 50)ATR, M WS/SIO, M, WS/GaN F i Bl I, 1T Ay WA JLTP AR,
XFEREN GaN [ 5% B L WS, K, WS, 252 %] GaN LIk R /J1ER, AT 2 (506 B 7 ek
(T P R B A A ER 2L F8[35] [36]. AT T Agg U, BRAZIK I 152 23 A R ML B 41 [35] [36], 1 UE AL
SR TIREREMA[37] [38], F HHAE N SMR SR AL 2 2 R BAEH i 2 0685341, ik, A7)
FEMTE WSo/GaN i, BT 2R Z L FEVE G A EAL LA 54k, @ H1E Bl AL B4
EA ARSI 2LA, {F BRI, NIk, H UL A R SEVPHIRE SRR . WnlE 5(b) TR,
WS,/GaN FF i (1] Aqg ¥ 151 55 L WS,/SIO, /N, BEH] GaN kil % 1) WS, BT 4F 1 ki s . 5i5h, 3,
AIXF A K A6 78 s R AL (B 2(d) b AME X SR)3E4T 7 4 B i3, 45 R 5c)fim. AT H WS,
BEAR A SR SRE, HEIhE — eI, B KRR Ml — P .

DOI: 10.12677/ms.2020.105051 417 FHE Rl


https://doi.org/10.12677/ms.2020.105051

S
o

43

~_
.om
~

Intensity/a.u
"
Peak Frequncy/cm
=}

20
—Tri.WSzlsiOZ (b).u(. f —o—9
— TriWs,/GaN |
— Cont.WS /GaN

1
>

1
S a4t E,

356} \’_go_'

M\/ ol 4_\-
' Eza

o]
=
4122 . A §
&
]

L . 352 L
350 400 450 WS,/Si0, WS /GaN
Raman Shift/cm™

Figure 5. (a) Raman spectra of different samples. (b) The positions and FWHMs of the two Raman peaks in WS,/SiO, and
WS,/GaN samples. (c) Two-dimensional scan map of the Raman peaks of the white zone marked in Figure 2(d)

[ 5. () FRMHSBIZIL; (b) WS,/SiO, F1 WS,/GaN #H REIFA N R 2IERIENANESFTE; (c) & 2(d)+ BERXE WS,
R SFHEER — B S H

s [(@) —Trwssio,|
i‘i —Tri.WS /GaN gf
z GaN z
= E
5 £
2 P
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g ~
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Figure 6. (a) PL spectra of WS,/GaN, WS,/SiO, and pure GaN. Lorentz fitting results of (b) WS,/SiO, and (c) WS,/GaN.
Spectrum of (b) has been enlarged by 20 times. (d) Schematic diagram of the band structure of WS,/GaN heterostructure

6. (a) WS,/GaN. WS,/SiO, F1gash GaN B PL iE; (b)FA(c) 4 HI2 WS,/SIiO, F1 WS,/GaN ¥k PLiZHIINES AR,
()EHK 20 f&; (d) WS,/GaN RIREZAMEETHLEMIRER

Kl 6(a) i T =R WS/GaN Al WS,/SiO, ¥ it LA S Al GaN 1)) PL . MEIHRILLEH,
WS,/SiO, FE A 7E 630 nm 72 47 Ab HEBL— NS I R 6T, 1T WS,/GaN Ff fh B BUR Jei KL R, R
FERA A WS,/Si0, B fb 1) /200 R, BATTHRAM T GaN 4+ PL 3. WA CUE H, A
GaN FfBEAREA PL S, UL WS/GaN F i AR G S RIE T WS, N T iE— 2D /BT BRI WS,
RICHITZM, A5 KT WS,/SiO, FI WS,/GaN # 5 I & ik 4k AT I, 45 Bl 6(b) & 6(c)Fir.
T T WS,/SIO, BE i, A& I =ANEA g 624.4 nm. 634.9 nm Al 646.7 nm, 43 5T S Fh PR BT X0 A
e LTI X-A R R (local defect, LD)H)AGIE[39]: TR T WS,/GaN FEih, & X0 A X-A
A LD =/ MEALS3 51 628.6 nm. 639.6 nm 1 658.1 nm. it Xt LA I, WS,/SIO, FE it it s e i 1
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T

I X-A B, 1 WS,/GaN 52 i i 708 X0 A 5, XAl g R WS,/GaN #f 5 A7 5 i 1 di A
B, T WS/SIO, #f i B AR Z 1 S S0 T HA BRI TR BE S B0 [37] [40]. 534k, BATRIL,
WS,/GaN Ff i [ X0 A Fil X-A #7408, X 25K N 152 145 R [36]. A~ T #E— DR WS,/GaN
FERROEIR GG R, BATE T B R R A RE T A5 L an i 6(d) s . BRATHE SiO/Si FAEK WS,
BT S B 2RI N BA R, @R SRS R B R, HIOREEL ST S R[26]. L4+
o JER FH (A2 ARAIE GaN AME B, FE T X SL L R FRATHE N WSo/GaN TE R T 1 6(d) ot 11 B4 55 i 45 e
ik, BEHIEFEE T WS, 5 GaN Z [AfF7E— & Fje e 22[41] [42]. £ PL AR, WS, TRUSCEUR
FReRfa A B0, BT I AREANGERZE, BFS/OHER A RE DS, 437270
MG LK, KIEEEIRIGAROGREE, 143 PL IG5,

4. G5B

AR CVD 748 GaN Eifisd K 782 WS, 5 7 e et . W4 2R, 8507C
e MNEEGE SRR, MSIEE KT 900°CH, GaN HJRRMITIAKR MR, A, SR TH
BHAK . 540, BRI —E R Hy TR SR KL B T . 4 Hy Wi 9 scem B, AT AR H 0 78
1) WSy. AHELT WS,/SiO, #4h, GaN & FAEKM =M WS, L3RI 60° e #Rri%t. £ T GaN
YPRAE 1) WS, A2 45 JE DR — 1 ST A5, JRATAEI T WS,/GaN # i Ase g54, BRI W Al S 74y
BIEAEARS IR N F1 Ga JR 1 1E 77, @2 RIEKIM, GaN JEJR 4% WS, 724 — ik v JifE A,
13 SR F I R A 20 R o [FIIS, JEI PL SRR I, AHXT T WS,/SiO, £ 5k, WS,/GaN FF i (1) o M3 1
U R BRI TR R 5K N AT T L0 RS, I HLih T WS, 5 GaN FE R T Rk 1T R 5 Ji 45 R s 45 1), WS,/GaN
FER IR G K o Ay e e AR A K DL R 2 4 e BT AR T R SR — i Y SE I AR

EHEWmHE

AW FASR T E K HRBIEFE S HES : 61774128, 61974123, 61874092, 61674124)F1)E [ 1T RHY
THRIE KT E (e 5. 35022CQ20191001) ) % Bl o

SE
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