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KA S M TORGE, L= E R, W0 7 98, 75 Ho /Ar SR N A K HIAGESK . B
T BT X SR AT RAE LS TR W, MoSen P24 275 M EIR, BRI SHZ) 10 pm, HAT R ) & 440 5 & A 2544
P72 N RAEILLER, 8 HORRUZ YUK Fr. B FER B, e i R TR) 0 XS 40K i) A B A B 5 .
I SR K A A KU RER 7T, HEM L T 3 MK RE: IR T, Mo Y5 A1 Se YR AL R &S
T IR AT B ik B =M IEAME AR K 2 SR (AR SR8 I, 78 2% () A7 PR, B 20 T, i
PLHO R T SO0, AMERR G KIS 2 = AT, BTN A ERBUZGR . Je8URe e 45 Rk,
SRR MoSez BUZ G 1E 1.53 eV AbEAA BN KA 1.78 eV AbELAG a1 307 R, 45 57 Y Bl A0 0K ' it

O TR HLAE e L TR 85 1 A0 L A 9 A 14 O P IS¢

KR ANHA IR MoSey, 12 THIVTRREE, SCEUROE, 2 AL FH A8

PACS: 78.55.-m, 81.07.-b, 81.15.Gh, 81.10.-h

1 5 7

AR, W4 B AP (TMDs) B3
B 5H 8GR 4R P, jF A
BUNIARAE 50 (1.1—1.9 V), 334N T A BIGH T
iz BB BN AR SOMUS. T R R AR IO B, A
MA3E) 2 e . TMDs T B AT R #e s
PEBE. L TIE R R A5 A LTS SRR,
P2 3 i ol R N N 77 YA L £ N SN T W A
AR 25450, 21, TMDs 7] FH 4> 2 M X, K%
~, MAFE Mo, Wt E, X fAKS, Se, Te5 T
#. TMDs JZRMEH BB X-M-X XK« =ik
D7 A M S = 1 s R AR A T T el TS
AU 4R R TR ST )2 PR T B
Pk TR 1) =ES ) =l IE 3 i BUR K JTNER T3]
gh4 B YEHETT, MoSy, WSy Z54 K4k M) B A 1R
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U pJeeE R, AR a0 MoSe, H T B A5
MoSg FAL I - gE 454, fEREUR G, 1Tk i
TS AT AT 5 E B S 1090,

El AU 1] % MoSeo 99K F I 7 V: 47 WM 55725
Jik TR (PLD) /K #AGE Rk 22 S AR DT L
(CVD) %, Larentis 2 U0 ¥ 25 7F n B &E (100)
AR MoSes, i LI 25 12:45 2] MoSe,
2. M ITEAR BIE MoSes E HAR K NA—, B
FEARYS], EEMEALE. Ullan £ 1 Rkl PLD
%, JeAE Si0/Si M A 41 E YT — JZ MoO3
V2, X AT AL, 5 3RS 52 MOSe,
. % 7 VA5 B 1 MoSey MR AR LF, 45 5
. BT VR AA A K T Th SR O s AN SR 1) R
TR AR M P I K A B B S . Tang %5 12
PLSe 34 Se P, NagMoOy4-2 HoO 1E Mo ¥, FEIA
NaBH, /38 757, 18It /K s B 48 h3k 43 B 5
MoSey 2 K I KERIR G5 4. K IR AR AE 7 8 V5
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eI, AR S TV AEA, BT A =4 J Bk DA, 4
K g R A

CVD Vi I ey il A S B AE 3 P AU S
1, SRR T KA OV, SOSATRREE RS IR L.
TR T R SRR, TGS GO B S ) b
TR BT, A 2400 ] % MoSeq 5 — 4 1 B} () 32 22
7792 81 Wang 25 [ L MoOg A1 Se #5 N JF B, Ar
5 Hy WA NSRS CVD L, il T K
MoSes PIKHJZ, X F=WIRAE, KILHA =ML
[ RSFZ1100 pm, 0.8 nm, H A R4
FE. IF K FH L R 28 R BORAE S R T % 4 vl
e, HZERRPEATZR R, H R n B S Bl
i, THEH L IE RS 22929 50 cm?/ Vs,

Shaw 2 191 LRI CVD i, 8 s A
SR KN RIBLIRE, 7E Si0y/Si 3K FAEK T 8
JZ . Z 21 MoSe, #ifIEt, B LR, AKX R &
FZ=AEHEE PR K. R ERE W g 3] )2
MoSe, HIEAE 1.55 eV kb B A #5581 & G 0, 1M XU
JZ MoSe, R 1) A OGIE MR 55 .

Chang % [ F] F#£ R CVD ik, #5800 °C T,
FETE 5 A R B & T T3 5 = £ IR MoSes
B, BRI STZ 5 um, EEZ°80.7 nm. 4K
75 ¥ 5 0 44 R _E ) MoSes B J2 # #% %1 Si04 /Si 4t
JEG bt RO L SRR, AT AR /N R S S I TR
(<25 ms), LRSS0 T i £ 1 MoSs Ot HEL i
FR 6 SIS TE] (30 ms) /).

A SCHE LIMAE CVD 4] %6 MoSeo 9K A4} 2
fill B U7 BE— B MU T &AM, KA T = MBIR
MoSey 5.2 A7 £ B IR MoSeq XUZ #E . Xf
TS A EDRIX A S AR FRIE R = (R 54, BRI T
ARKHUEE, FERE T HORBUR e ERE. H AT T
T2 (R G AR K S5 M BRI, K2 25X MoS,
JEI, T X MoSeq Mo ¥ JZ= 75 M AR 0 78 K WAk
TE. DA, AR SCHR U 25 1 I AR LB A 22
e LA R U FUANME.

2.1 RFI5{EE

Se ¥, 99.99%; MoOgz ¥, 99.9%, 5 F A 4 R
FE (PMMA ) BURL (BT 47 T 46 %307 2 71 ); MoSes
¥, 99.99% (AR H A G B A RER IR A D) S
LB N, SRRE, KR, oK SRE, b a9k
R AL TR A F).

R 46 R = X 2 8 U (R,
HIR); T30 R AEHK A Ultra-55 3% & 5 oL 1 5 1
Bi (fE[E, #A]), IR RS ES R BE L X
SR RE A (EDS) X4 8Lt 2 4 AT RE 1S 53 HT;
AR S5 KSR I X Pert pro B X 522 A7 5% (XRD)
(FF 2%, WAZNAL) A Libra 200 PE A% 5 1 53088
(TEM)(#8[EH, 7)) #47RIE. JeFMERER AR
M InVia $i 26 A (FE, FIBH), BOLLIEA
514.5 nm He-Cd. JGEURGINAR H InVia Yo EUK
il R GE (BOEEYE: 325 nm, FE, FEH) AT
M5E.

2.2 MREE
2.2.1 KK FL

AoF JE P 4 FEE R MoSeo AT JEG 22 T8I YD i 4% UL
e P A RO R, BRI AT JEG PR e XS T 3R 15 ot =
A E IR R E R, BARFERRAEDT:
Je 4% 300 nm JE 1) Si0 /Si 48 J& B T 74 Bl 7 0 4
710 min (24R), Ja H X B FKIGGE, Btk KE
T 5 BV A TS VR 10 min (29K), a4t
JE B T I /K 2B 20 min, [ EHEBE TKIG
Ve 5 N EL 2 T LR 60 min.
222 H&T*

KA =R X R T 1) £ MoSeo 452K
. MoOj (0.05 g) £~ Mo ¥, Se¥3 (0.10 g) fEN
Sei. W 1 Fron: $#02F Se ¥ Al MoOs ¥ HI A 5&
FHr B T AIEE T THRIX; K SiOo/Si e 3]
1T MoOs A 9e#F F 7, & A B 3 47 5 i L =
%5 x 10° Pa. 5 T X M= R INFAZ 540 °C, FHE
AN 14 °C/min; 5 TR X N EENAE 840 °C,
THE#E A 22 °C/min. I, TR X AR FFEEF 15—
20 min &, RAINAGE, HRAH =R, BAm
POt R Hy /Ar AEFHEE 9 1:4.

FoEE
Si0,/SiktiE
Ar+H,
_
Sety MoOs#5;

1 (MTIRE) CVD 2% MoSes 49K J 546 26 B /R
=

Fig. 1. (color online) Schematic illustration for the ex-
perimental set-up of the CVD method growth MoSe2

nanosheets.
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2.2.3 TEM # &%) %

S 56 R I PMMA 4 Bh {8 J5E 5% % 302 U8) 1) 4%
TEM Ff ft. B 564 B0 B 4F 1 PMMA ¥ 0030 3 75
KA S A ER I MoSes 492K F 1 Si04 /Si 4 i
b, BHEHEFERIL L1500 r/min g4 1 min.
RIEE T 60 °C HZ TR M 2 h, 7 PMMA
BT 5 4 Si0o/Si A AU E 7E 3 M KOH ¥
) #E 24 h. AR Si0, JE 4 KOH % il 431 )5
H ¥% MoSe, £ B % PMMA ¥ 2 5 4 & 7 25 1 i
TR, H TEM M 57 6 35 i 3 s, A 2%
BT KIE B SE, T PR R 2 TEM A 1 1)
PMMA. &K MoSes 40K F # 5 i) TEM
W TSCE T LLAMT R .

3 HR5T®

S 56 3R A5 1 MoSes 78 8 1 49 H 7 2
5% (SEM), X HIE ST R AE. EDS g, XRD,
$r 2 (Raman) i @ H 4544, & O 1 R
(TEM) & 7t H S A 250, 85 A BUR KOG
(PL) Rt 7 HOeBUR K e,

B2 (a) I 2 (b) A2 [F—FE S TEAS [FBOK ff %
TN SEM B, AT DLW 2], MoSes 2

10 pm

— ML) =AY, B RSE )8 pm, 4 R
B RIF. ZMIE SR i ) e SR FE R 840 °C,
SN ] 15 min, Ho/Ar it A1 2 4B 3R43 1.
2 A 25 A AN AR I, 38 0 R R I TE] %2 20 min, 3R
13T 75 M 2R MoSey RUZE G K 2544, Wil 2 (c) AN
B2 (d) frs. ARYE SEM B, HEIZ A K 50 2 th #
A=Y MoSes FLZGIK G HES A KM, H
WA =M 2 B A 0 = 60°. /SRR
1] MoSeo 442K Fr 8 i) T 2928 10 pm, BAREF
o R P AR A IR

N T M EHF—JZE MoSey T4 & BT, I
BT 3 (a) O ER 2 AN i A B
T, SR W 3 (c) Frox. G 1AL R 2
1) T T B 0 S T BILAE 239.7 em ! F11286.9 cm !
Ak, 3 5 %F B MoSes [ Ayg Fl Egg FRENAE K, T HH
DAL E 1) A A Eog IRANGE IR HUR U553 71 H AR
241.5 cm ™~ f1285.1 e~ {7 B AL, H A7 B B
BIERE R TIOGAE. WE R R E$ K
MoSeo $i7 & GG IR FUHRIE, PE NI S A7 BN R 1)
WA R D B R S ), T oG A B R XUR S 1,
DRl L 52 56 AT 43 149 75 A 22K MoSes #fl E A 0UZ = £
TEHE B (AR S 4 1195191,

10 pm

2pm

B2 KB MoSey $Hi FL
Fig. 2. The SEM images of the different morphology of MoSe>.
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BATTHF BN /N A1 R XUZ MoSe, B HET T 6
P, s B 3 (b) B, BT MoSe, # il
IR, B4 3 SiOo/Si 4K b, Rl H L T 0
1 Si, O, CRALEE B & B A g K3 ()t
Py Mo M Se Lz MR T HE (1 - 2.1), 5 Mo Al
Se L& M 1.2 4k 2= 1H & L AH T, B 3R 0 & e
)R MoSey. K H XRD X 4= K 7E SiO4 /Si 3R TH 1
MoSes HEATFRAE, LARHIARE S SR S5 8. Xt b
HRMEZE R, X MoSes ¥ R 347 XRD Wl &, HEx)
SR 3 (d) s, W 1 3 B AT S 0E A7 LA Y
X RS FR, fH 2 XUE S5 A4 ) MoSe, T 4T 15 (103)
HILT 72/, JF B T AN 555 IAT 31 (106),

(108). 7~ Ff1 2 45K ) MoSeq AT 5 I 08 7 5 25
MoSeq # A (177 5 e B A5 8. FRATTHE I X 2 |
T CVD A K MoSeo 5 15 J5 B2 AR RN g
YK, F XRD f7T 4 0EAE 5 LA AH 1) MoSe, B,
DR A7 S 0 Bl et o B e 1. J P Moses )
FEAT S AT LU S T7 A MoSes (Dg,, P63 /mme
A ) Bl B 5 5 A T MoSes ¥y K 1)
XRD AT AR — 25 2021 BRI MoSeq A 4544
Fe R AERERT R B, BT DLAT S I A A S i i
(100), (—110), (132), {HEA K I ILARIFIFT 0%, 3
B MoSeo 9K Fr 4l BEAR i, 45 i L AU

Element Atomic%

Se L 67.85
Mo L 32.15
Totals 100

BT = 15.00 Signal & = inLans. Date 27 hew 2018
WE= 81mm Mege BOOKX Rl
- (c) A Center MoSe; powders
—— Edge 1 MoSe; hexangular star
i (103)
2 —— Edge 2 2L : N (100)
Er E |
: Eog il
e ! 2 1 |
=] B —
e 3 Fu 1
= ! > L 1
> > :
F ' ! 21 !
o g )
£ : : 27 : : 1
= | 7 5 (100y 1 | b
\ ! F|(—10), '
1 | .
! ! I Y (106) (008) 1 1(132)

1 1 1 1 1 1 1 1 1 1

160 180 200 220 240 260 280 300 320 340
Raman shift/cm~!

10 20 30 40 50 60 70 80
20/(%)

3 (MTIRM) SMAER MoSey MIEHIFIE  (a) BN A 2K MoSes 4 T2 SEM K; (b) &3 (a) ) EDS
AEIE I (o) M3 (a) PP FIA 2 AL B SR Raman Y3k El; (d) MoSeo ¥ oK FiliE: f R TN AE K 19 MoSes
XRD X}

Fig. 3. (color online) Construction characterization of the hexangular star MoSes monolayer: (a) The SEM
image of single hexangular Star MoSes bilayer; (b) the EDS spectrum acquired from Fig. 3 (a); (¢) Raman
spectrum at center area (red line), edge 1 (blue line) and edge 2(green line) area of the hexangular star MoSes

bilayer; (d) XRD spectrum of the MoSes powders and MoSes sample growth on the SiO2/Si substrate.

RHE— BTN F AR B MoSea 452K 7 (1
PG5 R R AR R 2, R TEM X HL gk 17 R AE, &5
FaE4prR. B4 (a) 2% MoSey M At Jic 4 72 3|
TEM it i _E 3875 1 TEM B35 4%. 3% X H 1 A7 5
K% (SAED) @Kl 4 (b) fias, MEH AT LLE 2] —
BIEMW S m AR S T HAT S IR, R T A

K MoSeq 9K & /8T B di iR 4544, 7F H R A
TRUF 1 AR SR B D01, [ 4 (c) (o IR A2 R i R 4
HEAR ST (HRTEM) BUE, MEIF AT WVT 2 8 &
B FHECPAT I B A% 280 FIH DigitalMicrograph
53 B A 04 ] R 7 R 208 et T[R4 0.285 nm, X
IR A2 K T TR) 9 [100] di 1T 7 7], 5 5L S B 7 45
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2 07y T I b 5 MoSen 492K F 1
FHEAR, AT E 4 (c) HHETTHEX K HRTEM
BUEHEAT T — AN SRR B AL B, B8 T 3 XA ot
B, 218 Bk AR 4R f {8 B AR 460 5 3R 15 T
Bl 4(d) Froosrgs 3. B iE i mg WK & & T 7 )
N (100) FR & 1 25 20, Mo Al Se Ji 1 HE A 1 B v 43
A R 5 AR S TC IR TR

4 MoSep # il [¥] TEM RAE  (a) ## 2] TEM M4
) MoSez 99K /i TEM ; (b) MoSes ##h SAED K %;
(c) MoSe2 492Kk i HRSEM K; (d) %1 4 (c) H a7 fiE
DI BEAT IR AL B P A AR 2 S0, AR IR B AR i
PRI 3 IRTHBE R

Fig. 4. TEM characterization of the as-grown MoSez

sample: (a) TEM image of MoSey nanosheets trans-
ferred to a TEM grid; (b) the SAED pattern of MoSes;
(c) the high resolution TEM image of the MoSes
nanosheet; (d) a simple filtering process to the black
rectangle lines in Fig. 3 (c), inset is 3 pair diffraction

spots chose for the filtering process.

AR 1 RN, B 1A AH MoSes J& 5 12 ik /)
AR E R, AR T R N — A AL B A
BB P2 B 5 (a) 2 BRAN SR RUZ MoSe,
Y BAE S AR I 1R PLOG 1, PL BRSPS A &
R 0. AT Origin 9.0 $0HE 2 #r 4k X
HEAT 73 VUG AL BE, 43 I 4F 696.9 nm F1810.2 nm
AL 3RAF T P BSLIOR W (SR AL it ), R
/Py /NG v M B DA DA e
1.78 eV (696.9 nm, [H]4 1) F11.53 eV (810.2 nm,
B BR). ARYE SCERRE, XS 4544 1) MoSe, PL
S IR, B BB AN (A R, 2T
X MoSeq 731 1 H BE -$UE RS A AH EAEH 29 [

B B2 1) MoSe (K 3 (a) point 1 £ #) [ PL Y%
WA B, 5 H W 5 (b) L TR, RILHE
F£1.55 eV (800.7 nm) ALA7 1R 5 AU U6, Xof BT
A I IX 1 K-8 BT P4 AT s 2 250 1
MoSes, M JZ &5 1) i) MoSe, 7F 1.53 ¢V (810.2 nm)
AL BUR G BR BE IR TS (1] 5 (b) £L (i 2k) H 3L
TR/ R. WZEMoSe, M H 4 R i T )2
B, &7 RN, EEUR 6L S B A AR 5.
I HL L i BRI 55 R R ABL A AN 1 AR IME 2 i T
U 4 R JE T Mo 1) 3d BHUTE AR 5 ¥ 2 P TR E .
RHZEEBEINIE J% 7 ORI 2088, BT B
A 290 S BUR I 45 L5 R S kAol —
H o191 XRS5 K 6 MoSey 7] HL A7 B 3241 B A
[T B, DG BUR GG 1 e R 58, 760G LR
TN EEA 75 TH AT R AE B L.

 (a)

Peak sum
Peak 1
Peak 2
- - - Fit

Intensity /arb. units

1 1 1 1 1 1
600 650 700 750 800 850 900
Wevelength/nm

| Monolayer MoSes (b)
— Bilayer MoSey

Intensity/arb. units

1 1 1 1 1 1 1 1 1
700 720 740 760 780 800 820 840 860 880 900
Wevelength/nm

El5  (MFIEE) MoSes MIEEUR G
Fig. 5. (color online) PL spectra of the hexangular
star MoSeg bilayer.

R I 00U S5 44 1) MoSeq R IE H A
Z, HAERKHIEA KGR WRHELin %230 T
MoSg Bz 43§ 2 18] K8 45 V8 A6 ) F 7 F Lin 45 20
X MoSy Ji 2 A KW 7T 46 AR, 456 S0 U &
(OB S HE— 2 % 75 i IR 1 MoSey (45 K ALELE
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TR T, HEW A KALE T RE A 3 I R Ailifk
Bitz, SMEAEK, EEFEG ALK, w5 R, |5k
TE 5 T, MoOs Fl Se ¥y # S AL A& 4 T AH 8,
5 Ho SR, KA S ST B di i iR #4772
FoE JUM 5B, Mixls 2 =M AMEAE K, BEE
S SEISS ] B 3G, Al A e B gk — 25 3R AT, A5 7S 1Al
FELAG S g2, dn A LG i+ 8 i, 5 —
E =M B ZE MoSes FRMAMER G AEKHE —Z
=, AN ERIZIK

K6
K]
Fig. 6. (color online) The three-step growth process

(M TR ) 75 F T MoSep X4 2 3 35 A Kl

schematic illustration of the hexangular star MoSea

bilayer.

4 % #®

SEEEG SR {8 $11K CVD 2%, 7E SiOo/Si i A=
K ok R 7S M 2R OUZ MoSes, XUZ MoSes
BRI R SFZ98 um, P2 = M 2 18 (LG A R
60°, T3], XRD 315 KT I 5 br i PDF
FXF N, 1 B A K B MoSes S 75 77 M SR AR, 45 &
4. Raman YiEFR B, X FP7S A AR MoSes /& XE
SE Ky, PLOGE 3 B BLE 45 19 () MoSe, [FI B A B
FEty BN T 42 7y B, LA AT 96 B2 430 9 1.55 eV Al
1.78 eV. tR¥E MoSy X5 JZ IS #F 75 fs2 46 25
e, ARSTHEN T XUZ 7S 1 B AR MoSes [T AT BEZ
=AW, SMEAE K, JR RS A K

RPN
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Abstract

Transition metal dichalcogenides (TMDs) have received widespread attention because of their excellent performances
in the field of optoelectronic, nanoelectronic device and photocatalytic exploration. The structures of TMDs can be
expressed by the M Xo, M = Mo, W; X = S, Se, Te, etc. As a typical TMD, MoSes has a graphene-like two-dimensional
periodic structure with perfect physical, photoelcrtonic and catalytic properties. Currently, there are various methods
to prepare the nanolevel MoSe2, such as the mechanical exfoliation, physical vapor deposition (PVD), hydrothermal
method, chemical vapor deposition (CVD), etc, and most studies focused on regular triangular morphologies of the
surfaces of different substrates. The new morphology, such as the hexangular star bilayer, has not been systematically
investigated. In this study, the hexangular star MoSe2 nanosheets are successfully synthesized by using a simple CVD
method in an atmosphere of mixed Hy /Ar with a flow rate ratio of 1 : 4. Molybdenum trioxide(MoO3) and selenium (Se)
powders are chosen to be the Mo and Se source, respectively. Moreover, the structure of the obtained MoSes nanosheet
is characterized by Raman, SEM, EDS, XRD and TEM. The results of Raman spectrum and SEM indicate that the
hexangular star MoSe2 possesses a bilayer structure. The TEM characterization reveals that the MoSe; is a single crystal
with a hexagonal lattice structure and good quality. The heating time at high temperature has a remarkable influence on
the MoSes bilayer growth process. The growth process of the hexangular star MoSez bilayer is inferred to experience a
three-step process. First, Mo and Se sources are gasified into gaseous molecules and then the Mo molecules are selenized
into the MoSes crystal nucleus under high temperature. Next, these crystal nucleus are in a triangular epitaxial growth
under the action of carrier gas. As heating time increases, the space steric effect leads to different interlayer separations
between the two MoSe; layers in various stacking configurations, eventually forming a hexangular star bilayer. The PL
result shows that the spectra split into two main emission peaks, i.e., the direct and indirect bandgaps of the hexangular
star structure appearing at 1.53 ¢V (810.2 nm) and 1.78 €V (696.9 nm), respectively. It might be due to the spin-orbit
coupling interaction between the double MoSes molecules. The wide spectral range of the MoSez bilayer indicates that

it has a potencial application in the photoelectric detectors.

Keywords: hexangular star MoSes, chemical vapor deposition, photoluminescence, the repulsive steric

effects
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