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Abstract

As a typical representative of the two-dimensional materials family, two-dimensional transition
metal chalcogenides have gained extensive interest in the past decade. MoSe; is one of the most
important transition metal sulfides, showing great application potential in many fields due to its
excellent electrical and optical properties. MoSe; films with different shapes were synthesized on
the same substrate at different locations by continuously optimizing the experimental parameters
in the chemical vapor deposition (CVD). In some regions, large and continuous MoSe; bilayer films
were grown with the size of mm. It is inevitable that MoSe; thin films grown by CVD have many
defects, which seriously affect their electrical and optical properties. In this paper, we have stu-
died the annealing of MoSe; continuous films under different atmosphere and different tempera-
ture. Annealing at appropriate temperature can effectively improve the crystal quality and optical
properties of MoSe; films grown by CVD. At the same time, the electrical properties of the FET
based on MoSe; continuous film were measured before and after annealing. The ON/OFF ratio and
the mobility were improved obviously after annealing.
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1. 518

Y i I 4 R AT AL & P (two-dimensional transition metal dichalcogenides, 2D-TMDCs) /& 4k f7 8243 2.
Ja, N—RETN) 2D MRHL]-[6]. BT HAR R M SRR, TMDCs 1] LA SE IR A7 280 247 B 1
fEHAEMEAATE . R AR 2 . ARG R B S S U R F T2 [7]-[13], 51 7 AR K
PeH[14] [15]. MoSe, 1E id & @i b (i 2 — 51, SRS A0 (00 H 2RO SR A ORI T 3 R
. FJZM) MoSe, JEEERZ N 0.7 nm, BA BRI, SECLECRIBFMNAH B2 ZR T om0 E .
fH2&, MoSe, HIRTHIFA I 28 AT) & AL r) B FH 1) 72 E B

H A S8 %= Hil % MoSe, # LA LA RIE T 208 MURRIBE . ARSI 2 F RAMEEFI
SRR (chemical vapor deposition, CVD). {HZEE KA Hil CVD Jrikse A AUl & 77 [16] [17]
[18]c DMERIRTFER M, %7772 AT LA 2% & 5 B K 5= MoSe, 170 = MoSe, [19] [20] [21] [22] [23]. i,
J. C. Shaw ZE[24] NAE 2014 4E 1 VXFIF CVD J7¥5AE 300 nm SiO,/Si 4o JiE i A HiRSF i 30 pm ) 24
J& MoSe,; [A]4F Wang &5 A\ H]FH [FEIRE ) 77926 B 1 RGTiEE I 100 pm (9357 )55 = A1 T MoSe, [25]. 1L
4b, Li %5[261H CVD 1331 T AL HZE MoSe,,  FERIFFT T HIE B«

JRETE CVD il $ MoSe, B2 J71H CAIS 7 —Lepi2h, (E KRR A2 B ar s Kk, N7
SRAFSLPRN T, )45 E BT KA S R Y MoSe,, & B AT ZLHE— 5 SEIG i 7 R A B bR A
WA SH, TEF— R AL E H & H T A FETRE MoSe, #R, B 2 X304 K KT
1] MoSe, HELLHE, JUTIARIZ K, XA BUIRE R EAT I R MR, dE—BUE e fr & s p ek
pn R R AF. A, A7 FRARER A AN s d i i &, dE e i L 2R v R, AT CVD 4%
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1) MoSe, B IEFEAT T A FR T HERKBETL, SR EESGIERE TR AT AARERS CVD 4K
) MoSe, IR IR di A BT B RDG AR . tbAh, FRATHI & 73T 4k MoSe, 7N, [FI @ 200°C
HAIRK, BEIREJE S MoSe, 2 M Hfm# %, Sulk&)E 5 SRz m ) EfhtERe . RS M 4
MoSe, 37 N A B /N e B B, PSR BT = BT R R 2 A 5.4 x 10° Fi1 15 cm?/(V-s).

2. KI§

2.1. CVD & MoSe, Bi&

FER A KRR AR — AR 2.5 T IR X SR S W s, e 1(@)FR. SEsdfE
¥ Se LK MoOs (99.99%)1E Ay [ BT IRIA, 43 5l B T N 88— IR IX F1 28 — IR X (800°C). A 300 nm
Si0, 2 Si A AF AR R TR, TETE TR SiOL/Si A ERMBIFNAESEA MoOs By K &S+ £ BT Se
HAH S BEARKIL A SN 1, (6735 BT Se (1) TMDs (MSe,, ' M = Mo, W)EE & B MS, BENIA
Mo PTG FE R, FRATTE A Hy R Ar R A S B AR (Ho AR B0 6%). BSR4
i LR RCNRESN Se Bl R PVIX HSEE M MoO; 7EBE A KR FRANZEN, KK MoSe,
DUBEAT R b, TER MoSe, I . A= K 2 H il & 8k ST AR HFFTE 150 scem, S AR E7E 60,000 Pa.
B R DR A =R X LR R B S 16°Cmin, 4 9 HRCy (R MoOg ¥ A 4b) L% 1A 580°CHY, FF
GEINFA Se Y5, b =N DX TR I BIIAFR 50 i FE (B — I XA il B2 350°C, B A =i X B e iR FE 35 N
800°C), REFMFIA] 10 434, HIRETHLE NG, KEZRAAE, T HBRAREBER.

(a) a
GH-IZ V/ . -:‘ )
"_ll | Exhaust

Figure 1. CVD preparation of two-dimensional MoSe; films: (a) schematic illustration for the fabrication of 2D MoSe, films
by CVD method; (b) the optical microscopy image of the inner side of the substrate at the junction of the porcelain boat; (c)
the optical microscopy image of the outer and away from side of the substrate at the porcelain boat; (d) the optical micro-
scopy image of the substrate portion directly above the MoO; powder.

1. ZH4E MoSe, SEIEHI CVD % : (a) CVD &I MoSe, BIEHIREREE; O)EARFNFRAAEL; () &
AN ERBEANFRIAL; (d) 4T MoOs # REVIE EFFHIH KRERSY

2.2. MoSe, £ EMIA R R EBFIE

TESREe Y, FRATRI A BRIRE 5 R G4 MoSe, ZIZ 80N KT . B9 B &8 MK Si0,/Si
AR LS fE 754 Pd &8 IEM Au & JE#IE, 1ENREERERNSERNE; REEBRSEMNE, #1554
JR AR Bk A BRUREN R 200K &8 M2 2 MoSe, RN, TR ERARER. ~
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TSI MoSe, MR SR R A7 HEA,  FRATRE B 4 A e 7R s b AT R K, IR E
200C.

2.3. MRIRIER 7%

BAIFIH 4 AH 627 543445 (Optical Microscope, OM). J5-F 77 & 435 (Atomic Force Microscope, AFM).
Fi &t (Raman). LA 63K G (Photoluminescence, PL)X REM KITES . by BG4  th# 4T 1
FAE o HerPhr SO AEBUR IS R K 9 532 nm, OB ITRRERE 1 mw DL . R E SR S5
43 HrAi (Semiconductor Parameter Analyzer)Xt MoSe, 3 75 Mt 1 20N S A 1 v S MEEAT T R AE. g Il
BTE E I T 58 M

AR SIS 1) SR AR A AR 5 M RHE BB AR LR 1:

Table 1. Instruments and materials used in the experiment

1 LWERAMESHR

B e =
B OTF-1200X-11I-S LR BEARA IR 27
S R BA310Met 32 7T Bt Sl B A PR )
JRT 0 B XE7 Park Systems
$r 2 EREA iHR550 HORIBA Instroments Incorporated
RIS HUL 4200A-SCS RRAHARAR
HLT TR FAL604N L OGR A IR A
=5 i/l Alfa Aesar
iy Syttt Alfa Aesar
A Oxidation Layer 300 + 20 nm b5t 57 R TR A F

3. BRE5VE

RIS HERN TR I, A RARALE A A FTEIR MoSe, MERA . i 1b)fin, H£5&
FFAE T AT JE P T 2 b A e K TR HAR T AR T3 1) MoSe, 4L, RFEFIZKER . EEMIE
I8 B RS AT R TA 238 4 A K AN AL FE 1 = f T MoSe, S (G0 ] 1(c) FzR) .« T4k MoOs 4 A f 1E
T3 FAH G 7t AR K KT MoSe, £ I8, (H R IR T KSR 4 58 A4k Y MoO, (4] 1(d)
FIT7R) e ANSCERATTER AR 2 T Aef JES P A 5 A A K H () K THT AR HL R TR 1% 1) MoSe, 3 2L L

TR, FRATEJEREA T = AR MoSe, . 1€ 2(a)F11E] 2(b)+2& = ff17¥ MoSe, ] Raman i Al
JEEURHEPL), Horb Bl 2(a) il AR R = A OM B MK 3@@)rTAEH, M1 2|2 FEl 3
DL E, A VT IERE TN Epg VENI TR, ST IRLSRFEMKIKIM SR, AN Agg VEAI T LARIWT Y, 7% 1. 2 1 3 i)
FESRIARRZE . SUER =2, Kl 2() I 2@ =AM B REEURERE(PL), f2E 1. 2 A 3 KR
U5 BT 797 nm. 806 nm Al 825 nm &b, HHLE . XUZF=JZE MoSe, I REFR— 2. 1A, MIE 2(b)
AL EEL, 8 1 MRGIRER A TAE 2 13, XIHET 52 MoSe, MlE A EHAER, X2
= )2 MoSe, J# I A [ B A0 ik JET 1 BB (AFM) I B3k — DA WAL B 1. 2 A1 3 20 55 b L2
WZFI=)Z, HEJE MoSe, )2 E2975 0.7 nm (ALIE 2(c) & 2(d)).
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Figure 2. Characterization of triangular MoSe; film: (a) and (b) Raman and PL spectra of triangular-MoSe, films at posi-
tions 1, 2 and 3, respectively. The inset in figure (a) is the OM image of the tested sample; (c) and (d) show the AFM image
and height diagram of the sample respectively

2. = MoSe, SEIEHIRIE: @)F(b)DBI=FA MoSe, EREHRALE 1. 2 #1 3 & Raman 1 PL i% &, (a)HhEEN
FRriliEaaby OM Elfg; (c)Fn(d)7 3l AM AR AFM Efis E E

K 3(a)#a 1 T MoSe, ELL Y Raman i, 6 EARE S OM & . 8 T8 T IX 404 I SRR
FHREHERE SR R T —2RR. A28 1 A1 2 41 Raman $5AEI& 67 B 5 = M IEXUZ MoSe, —3, 19
TIHRNBER, HIRER NS AE 1R 2 4R R GIEN B 15 = TE MoSe, WE—5, HIL K
FEER T Ja 7 (i 3(b)). &l 3(c)FME 3(d) 7l an 1 KIHFEER MoSe, i AFM 7~ & BRI 1) /51 FE
B, DR PR AR MoSe, SRR N E, #—PUIUE T Raman 1 PL i Al & 45 R

(a) . — 1 b .
~ 240.082 —2 = 797425 — 2
] —3 sl —3
3 ]
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Sl

AZS&BM 806.074
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Figure 3. Characterization of large area MoSe, continuous film: (a) and (b) Raman and PL spectra of MoSe, continuous film
at positions 1 and 2, respectively. The inset in (a) is the local OM image of the tested sample; (c) and (d) show the AFM im-
age and height diagram of the sample, respectively

3. KEFR MoSe, ELTEEAIRAE: (a)F(b) MoSe, ELESEREFRME 1 4F0 2 489 Raman #1 PL &, (a)HhiEEH
BT ESSEIE SRR OM Elfg; (c)F(d)7 3 A mi AFM EfS EE

T BRAE G RS S K THIAR MoSe, B,  FRATTEMEIR Bk 17 11 ANAFIX AT 7 Raman b
AN PL G 40P 4()~(d) i, MoSe, S AN [F A7 B 1 Agg WEAT PL IR JE A B IRFF—3K.
M 4(c) R A(d) T AR Y, Alg IEIERIAE 240.5 cm™ B ARAL, SR & o8 (FWHM)IILE 4.9 cm™ [t
i, BAB/PNWZ; PL IEIEAIYLE 808 nm (R RLHTBRAY 1.53 eV) i fy, AR/, T H PL K] 58
FEAARAR , X RRY], 155 TR N IB AL AE K H I KTH Y MoSe, B4R AXNE, H A
AW 5. FIRULBAFRIE CVD ik, B A K ST LA B S8 KTHFA ] MoSe, i .
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Figure 4. The optical test of 11 different areas in large area MoSe, continuous film: (a) Raman spectra; (b) Photolumines-
cence spectra; (c) Peak positions of A4 and corresponding FWHM values; (d) The positions of the photoluminescence peak
and the corresponding FWHM values

4. KTHEFR MoSe, ELEUEER 11 MR BMAZFMIN: () FBAIE; (b) ABEHNAIE, (c) Ay, lEIERIFERE
HFETEE, (d) B AIEFHEERNIE BN FEEE
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AR, CVD JiiEAEK M) MoSe, HBEAEAETF 28R, X ™ E N | H AR AT
JEVET, AR KR AR SR BF R A0 R R e (AT SR T AT A U 7 i . AT XUZ MoSe, IE SR EIEAT T4
) SRR (T) PR K7L SR80 4 R B 5), 78 28 SORE 25 AP RO [ 0L (0 de R 3R K IS
51524 200°C, 300°C . MoSe, ) Ag W PL WU AT LA K Y- ey e ARG an 1] 5 Fiom o 7EIR R AR T i tEiR
KURERS, BEEIRJGRIEN T E, A5 5@) K 5(c), 2l Ay WA AN PL GRS H
TEFEREK, hr B v AR, T E A TR 5() A1 5(d), PLWERALIRE Aok R, TWifig
VR FEIR, v AN, (HIEAI B B AR, 525 iR KGR, ZIM R TR R
TP T 2 S A S T MoSe, THLFHBAFT S EUAI[L],  FTRL Agg FRAEUENE 2 KB AR 3,
RUARRAEIE & A T R RIBL S . JLIR, W 61 PL AT LA A 5 B, 248 KRB T iRk
BRERE, PR IR KOG AT Y N R . LT, E A& TR KA LI R = CVD A K1)
MoSe, I 1 & 14 i 2 AN G M R

(a) — RBX (b) AR
I —150C —200C
R —200C 3 —300C
P —300C s —_400C
s E I —500C
= = —600°C
Gt g
g E
= -
g A
L e L —
200 220 240 260 280 300 200 220 240 260 280 300
Raman Shift(cm™) Raman Shift (cm')
©f — KRBk (d) —FiBk
—150°C [ —200C
~1 —200C ar —300C
3 —300C sk —400C
£l =1 —500C
2z = ——600C
7] L g -
g £l
’5 i —
00 750 800 850 900 700 750 800 850 900
Wavelength (nm) Wavelength (nm)

Figure 5. The optical test of double-layer MoSe, continuous film before and after annealing in different ambients: (a) and (b)
show Raman spectra before and after annealing in air and vacuum, respectively; (c) and (d) show PL spectra before and after
annealing in air and vacuum, respectively

[E 5. ME MoSe, ELESEETRFE TR ABIFRAZMR: @Fb)FIAZSNEZFTETRABIGEHRSLIE;
()53 A AESFEZFE PR ARIEH PL &

N T IR KK MoSe, L I AL 2 ME BT RE e, FRATTHIVE 1 25T MoSe, 1 25 5 1) H A 15 M 45
R3S e AR (W ] 6(a) 46 B BT ), 0N & T i3 EIR KT e i i e . 18] 6(a) F A 6(b)4 th
T Vs = =1V I E8AFR JOFMGR KET IR R 42, D6 AT 2% HH ) MoSe, B2 IR B A N Bk
P, 52 HiGERET CVD A K1/ JE MoSe, 15 M 45 14 1) 2800 & A48 1R L 2247 AR — B0 R4 284 1)
AR R 2, B A A AT DAk S R AT S 1) S A I BRI R w [27]

(Al 1L O

oV, G, WV,
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C = &y
d
Hrp, CRFRMANTH SI0, THLZE, & FREA A HH%(8.85 x 102 F/m), &, /& SiO, AR/ H
WH d y Si0, 2 15 (300 nm), L AW 73 5 75 25 T~ MoSe, 14 45 R 1) 17 248 i 74 85 V) 38 11K (59.6
um) F 5 (49.6 pm), gs A1 Vs 73 A FR AR IR 2 (0] (R AT LS, Vg R iR it o R 2 30(2) vT BAAS
Ci=1.16x10° Fem?, @il # /& ik vl LAt ol oV, - BET i1 2 5(1) 7% B KT J5 MoSe, 1208 i
WA (IR 520 1 0.675 em?/(V-s)H1 15 cm?/(V-s). b4k, M 6(a) 1l 6(b)iH 4 H Ve= -1V IFiB k
T J B A A () LR T S L 23 00 9 4.8 x 101 AT 5.4 x 10%, 545 5L 5 0 I 31 B8 19 MoSe, 20 J2 #4281 A
IFi) 7 A 25 ) P R AR () 25 SR AR — 3 [28], ATk — 2B IE B 1 FRAT T 4% tH ) MoSe, 815 55 45 iy 1 )5
o A, WIEFITHESE AR I, 1B KGR ERT R REY KT 22 15, FRitm T =Y,
VUL K G 8RR R T Bk . SBOTHRMIT R SRl FEER T aE . 1) BAT
0 Se AL 2) BAKITFEMEE T 48 S MoSe, I 2 8] L e, A5 R R E o HES
BEAR 7 1m0 A b T A SR L 51N B BRI [29] 0 1 6(c) R E] 6(d) 20 5 s 1 A 76 AS [ £ 1E A et 1 A0 Al
HUE T IO AR . IR I, 4o BE Vg RO3ERTIHE K S R B, 14 B |vg (R DN %N
TR N B SRS, R TR IR R, ARSI ANIER) Vas IR 1y -V, tEWAAAEA T
PR, RIS MoSe, MR EL il b v] REAFAE M FF k5 22, X W REZ HH 9 K BB AT LI U [30]. it — 28
DS A 10 R A P i P DU o i v A o ) T R S R R i ORR R ke THUM R BT, AR A O
Xof FLIR 0 o

@
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Figure 6. Large area and continuous double-layer MoSe, film FET: (a) The transfer curve after annealing at V4 = —1 V and
the corresponding logarithmic coordinates of the transfer curve; (b) The transfer curve before annealing at Vg = —1 V and the
corresponding logarithmic coordinates of the transfer curve; (c) and (d) output curves under different positive and negative
gate pressures respectively

6. REAME MoSe, ELEREIABR BIKE : () Vs = —1 VB A FEETEEREL LUK L BVAE T2 L ST B A AR ; (D) Vs
= -1V IR KBTI AR A R R4 B HE e T B ARAR s (0)FA(d) 7 7l AR K RSB LE Sa it T B3 L Bl 2%
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4. #hig

gr LRk, FAIRAH CVD J7iZ:, iR EKSH, 18R — 4R AR X 3G BT RSFRTE S
[ [ MoSe, FifEL, A oy XS AR K R B UZ, RSFIAS] 1 mm ) MoSe, LR . il Fi 20
WERCEUR SR TR, XFESEEE S, B e R R BESMES MR FESE T E
1B K5 1) Raman I PL 1%, FRATT A I G i B T B K n] DU R4 i CVD A=K 1) MoSe, 3% 45 38 i 1) i 14
R ERE, HAE B A B KSR i . H CVD A K1) MoSe, i S5 T 5 il 1 6 75 il 285 40 1 32 280
A IR K G TR RN 15 em?/(V-s), HLRIT LN 5.4 x 10%, R WIIE KA LA Rt 4R & — 4 MoSe,
REERECI G Y: o

E&WE

E &K H AR5 4 (RS . IB2020054) Al A g iy e J A Bk 45 TIN5t & T H (HLHES -
JB2019051) ¥t Bl (1) 154

&5k
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