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TEARZS “HERPRL R, R AR AL & W i T R A IR O R R IR 2 T RS B ARk,
T G R B A A W AR S A LA A G b S Y T U S A 2 BRI ST X R R A T
LA I 8 B 08 3500 O U RR R S REEAT 18145, D i/ 22 0l 00 AN D) BE A8 1 O R 4R 3t T F 5 B AR SCH
TR/ AL (CuPc/MoS,) Y78 FLH-r 5 B 46, I X HAOUREIEAT T RAEA 2047, 5 )R MoS,
BRI, TIAAIE A CuPe J5, S BZ5 b &4 TR AYZOLR KA. i 50 b, T LU
FIA CuPc J& 525 i 0 =7 5 P T Z USRS B, Sl 28— IR B & B, 51 A CuPe
ZXTE MoS, B S th o] AP AN BRAS, (75 CuPc 5 MoS, Z IR A R4 S 5 4, i Rl RE 2 S BV HOK 0 & A
CuPc/MoS, 5 i 25 i 5 6 1 I B G T LA S [) 286 05 78 B H- 307 5 o 45 10 e v R P DR F 5 £ (45 2 A JE g

KHEiF : MoS,, CuPc, JETEFLH-Mr 754, SeBE0E

PACS: 81.07.Bc, 79.60.Jv, 42.70.Jk, 78.55.-m
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AL T CuPc/MoS, Ju 8 FL B30T 5 i 45,
3 2k X S B 4 DL S AN L A 2 S RN i
1Y LLEBE A B, SR T 57 o 45 44 v (R 9 ' 1 K
% P —ME R ETHEXT CuPc/MoS, 5 454,
14 B i FYEREHET T34, E5E T CuPc/MoS,
T4 1) A CHLIE. AR TAEXT DGR 58T T3
A FLET SR 2 s A 2 5 Ml [FIRT
3T TMD FIA L AR DGR I R B 5 3 4t
TR

2 CuPc/MoS, 1% T B 57 Jin &

il &
2.1 MoS, B RaH &

ARG XA, RN SARTUR (chemi-
cal vapor deposition, CVD) % il & MoS, ¥ f ,
B 12T RS CVD S g K E. BRI &2 53N
1) ZekE: $ K2 3.0 mg [ = E 4L (MoO;) ¥R
AMFAIX, 100.0 mg BB AR, W25 1]
B2 17.0 cm, A IV iy S8 102 B 2
BAE MoOg MK FJr. 2) W i fE: ey, HE
FRE TS, Pl AR, AR R,
MoOs # A MIE 730 °C, B I W]3E 13 Hhery s
PEIRAE 130 °C, f34F 10 min. £ KA 2E H R
B EE. A SOV R R AR RS
60 mL/min BJES RN B, WEAEK.

‘ B ‘ X1 K2
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Fig. 1. Schematic illustration of the growth of monolayer
MoS, by CVD.

2.2 CuPc/MoS, RR&H&

R PR SARDURR 0 5 2%, e R AERE oAb S
R H)ZE MoS, B FUTAUEE A 5 nm #Y CuPe
WA S50 FH B2 AR R I A AT I, UORRT
P, T BRI RS (<1x10* Pa), FEFHTTR
HRAERFE 0.1-0.2 A/s (1 A = 1019 m), ¥R
FE#EF] 100 C.

3 EBEHEREHITH

3.1 CuPc/MoS, RRERIF IR

2 X MoS, LA CuPc/MoS, S 25 TE 55
MYRAE. HrP ] 2(a) S22 MoS, M+ 1 HH i
% (atomic force microscope, AFM) jll 45 5 |
AT LI H MoS, A =ML, JEEZ R 0.7 nm, 7]
PICAJERLZ. [# 2(b) J& CuPc/MoS, S 4s
T BHEE (scanning electron microscope, SEM)
, BT LLE ) 5 i gs R i CuPe ddf oy Rk, H
CuPc W LA 2], seAMEAER T AFM X 5 it
54T TR EE RN ) AT DA CuPe R K
HEA 5 nm.

4.0 pm
I

B 2 CuPc/MoS, FZ5MIE S E£IE  (a) F)Z MoS, i
AFM [&; (b) CuPc/MoS, 5 &k SEM &

Fig. 2. Morphology characterization of CuPc/MoS, hetero-
structure system: (a) AFM image of monolayer MoS,; (b) SEM
image of CuPc/MoS, heterostructure.

3.2 CuPc/MoS, BRI 8 ML R KKt
g

K 3 2 CuPc 5#¥JZ MoS, & A5 P2t
TEXT L, Ferfhr &tk g I Y 03000 em !
(1% 3(a)), XA RIBS R R A 370420 cm !
(18 3(b)). MKl 3(b) FTLIF i, X T 512 MoS,, 7E
386 cm !l 405 cm ! RT3 L TS B AR
Xof o7 ) 5iR TR A AR SR N5 A BB CARX RE 1Y ThT
AR s AR, 2H-MoS, B~ 2 [a] i (R #E A 24
A 19 em !, HE—2UFBEI S B MoS, ELZ . WX
Tl CuPe MR H 2 B, W LA $I7E 1000—
3000 cm ' JEFEI AL T L2 4FIEEE, 5 MoS,
43 8 PR 1 A T . T CuPe/MoS, 5 Fi4h
TR &R, AT LU B4 2 5 3% v [F] B 3 T MoS, il
CuPc (72 FEAFIE. IEIRATE T CVD 7E 2
MoS, FULRH T 58 & E 3 1% CuPc AR, 155
T CuPc/MoS, 55 i45 k.
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Fig. 3. Raman scattering spectra of CuPc and monolayer MoS, (ML-MoS,) before and after recombination.
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(c)

CuPc/MoS, ML-MoS,

Kl 4 CuPc/MoS, 57 BT 25 92 6 KOG (a) CuPc 5H)2 MoS, & G i J5 i 725t & 6 1 ; (b) CuPc/MoS, 5 Bt 45 1% 6 I

) (c) HZ MoS, Fz 6 m i

Fig. 4. PL spectra of CuPc/MoS, heterostructure system: (a) PL spectra of CuPc and monolayer MoS, before and after recombina-

tion; (b) PL mapping image of CuPc/MoS, heterostructure; (¢) PL mapping image of ML-MoS,.

Kl 4 AP 5 nm CuPc ¥ )5, CuPc/MoS,
SR AR R O GIEE. mad PR R, T
PABRIA S50 ] £ 1 FLJ2 MoS, HAa H—4E nT & 3|
B MoS, B 2¢ G TE 1.85 eV Zi 4y, T CuPe 1)
PEER 1.72 eV FEE A — A Falk. B LR g ik
FRIG, BRI Y WS, R AEDOETRK
M. FATA APPSR IR T 5 T4
(LT S RS I PR B, IXSSAE 3.3 TR AT
A, A SCRHE 5 H CuPe/MoS, SR 45 76 6k
WEUEAT T B 25 A 23 7E MoS, LU CuPc
J&, SRR T (A) A Z, A5
PR A RIS, SBEEOLE KIS,

3.3 CuPc/MoS, RREH L FHIE

Fit—H 431 CuPe/MoS, S5 I EAE L)
JEE, ASCR S — R B T CuPe/MoS,
TRAR BTSSR, IR T2 R B R TR (35

I ST E ). SRAPP IR ) VASP (Vien-
na ab initio simulation package) 175 —
PRI IR P B TR BN I T ok iR B
S5WFZRMMHEEN. it s, RATHE
WrHE A 500 eV. 24 T ik iZ #k B ae 15 2 115
ZORIRERA L, T T BITREE S 2 T 600 eV, &
PR R AE AR T 0.6 meV/JET. KL, 500 eV
AT RE AT 70 o DRE TR AR I B IR S RE R Y
11 3T Perdew-Burke-Ernzerhof (PBE) 28t 5¢
BReREL, A T % 18 MoS, 5 CuPc A HL4rF Z A1)
KBEMEAEH GuiE L E-07), it B rmA
T DFT-D3MEIE. i 1 HERf il R R 5 A9 71
Jii, & H Heyd-Scuseria-Ernzerhof 38 4 5 Ik bR 41
(HSEO06) T35 1 124 8 1) 2525 5 B v fap 2% B 434
1 HSE IS e h, i A S He SB35 e
KRRy, RFEER o B 28 4 R H 2 Hartree-Fock
R F AT — 7 W5 PBE 8 # CHE A5 &
1y 2oL AR 25% BITRA L. XA 0 A
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(a) CuPc/MoS,

Ia—
=34
1 =345

— Data points
— B excitons
—— Excitons (A)
— Trions (A™)
— Cumulative fit

(b) ML-MoS,

Normalized /PL

Iz—

=1.6
Ip

1.6 1.8 2.0

Energy/eV
K 5 (a) CuPc/MoS, 5+ Jii 4%

ANEZA N 1.88 eV, BT EZ N 2.01 eV

Fig. 5. PL fitting of (a) CuPc/MoS, heterostructure and
(b) ML-MoS,, where the negative trions A site is about
1.84 eV, the neutral exciton A site is about 1.88 eV, and

the B exciton site is about 2.01 eV.

(b) )2 MoS, Y %¢ )t 7
WAt gk, b =T A BN 1.84 oV, P T

HIHIX AR A, K Monkhorst-Pack J5 ¥, kK
R 2 x 2 x Lo TRRIETHRAE R, e it
AP AR ERERIEE] 1 x 107 V.
Bl 6 o T 45 P4k 5 B9 CuPe/MoS, 5 it
G5 00 3 U A5 % FE IR LA S5 A R AL 1] S R
B 36 1 Mo JE T . 724 SJET, KIK 14 CuPc
HHLI TR CuPe 5 MoS, Z [HIFE 2 77 [n] 1 [H]
Pk 3 AL KBl ik AR RAE 2 5 i BRARAE B
VEH, BMIAE 2 7 MRS 25 AL JLf
GEREALIS, Mo—S #1241 A, S— Mo S 4
f1°4 80.7°, 5 Choudhury 55 201 it 315545 HLAH T .
& 6(a) fr7n i CuPc/MoS, 5 5t 4 1) 70 % 25 % &
B, o] LIE H7E MoS, Ui CuPc J5, £ MoS,
GEEAF L TS CuPe MSERIRESL (D1 M D2).
I AT E ST, K D1 T C—C 81 sp?
MAEEAS, T D2 IR F N—Cu 809 [ S [FI,
CuPc/MoS, F L 4 Tl (valence band maxi-
mum, VBM) 5 % 7 J& (conduction band mini-
mum, CBM) 43 5] J5 T MoS, Y Bl 5 25 5 K B 2
(WA 6(b) Fi7R), AR 5P BEER 2L
e, A SCGHE i B A E B 53T CuPc/MoS,
S BUAR R P KALE]. K 7 28 CuPe/MoS,
S A UL S A5, B 4R TE VBM M

—
o
Naig

DOS/arb. units

VBM D1 D2

-

B 6 (a) CuPc/MoS, 545 1 I A% REE; (b)—(e) 20518 VBM, D1, D2, CBM Y 717 %5 i 43 17 1]
Fig. 6. (a) Partial density of states of CuPc/MoS, heterostructure; (b)—(e) charge density distribution of VBM, D1, D2, CBM, re-
spectively.
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D1 2. fRGA T, B EIES] D2 8 &% CBM,
JH7E VBM 5 D1 &E A B TFE A B
15: 1) it MoS, #Fl HHEAE A, XA 7 R D;
2) B FH CBM 5t %] D2 i, 2 D1 0§55 51
VBM, Xh & 7 iR Q—@. T+ CBM—D2—
D1-—VBM I HLfif 25 B2 43 A Ab T AN RO, 30
BQ—@DHMEENERIES N ES, HIBA B
26 L. (A2, X B> T 25 MoS, iy
NHEEAGWERTHH, SEEOLE XK. [,
O RRFRER/D T CuPe W T HIEE A, 15
SeIfgh R CuPe BZOE RS FEOICE PN LS.

@ -~
ESEGNEE CB)M

D2
® ,
@

D1

P

EOROROE VBM

7 CuPc/MoS, 545k R FOCE IR E R (L0 K
230 B o AR L S 25 X))

Fig. 7. Schematic diagram of PL quenching of CuPc/MoS,
heterostructure system (Solid and hollow circles represent

electrons and holes respectively).
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SPECIAL TOPIC—Novel properties of low-dimensional materials

Photoluminescence properties of CuPc/MoS,
van der Waals heterostructure”’

Kong Yu-Han?  Wang Rong?? Xu Ming-Sheng V?
1) (State Key Laboratory of Silicon Materials, School of Micro-Nano Electronics, Department of Polymer Science and Engineering,
Zhejiang University, Hangzhou 310027, China)
2) (Hangzhou Global Scientific and Technological Innovation Center, Zhejiang University, Hangzhou 311215, China)

( Received 18 January 2022; revised manuscript received 13 April 2022 )

Abstract

Among two-dimensional (2D) materials, transition metal chalcogenides (TMDs) have attracted much
attention due to their unique photoelectric properties. On the other hand, organic molecules have the
characteristics of flexibility, wide source, easy fabrication and low cost. The van der Waals heterostructure
constructed by the combination of 2D TMDs and organic semiconductors has attracted enormous attention in
recent years. When organic semiconductors combine with TMDs to form van der Waals heterostructure, the
hybridization of organic molecules could improve the photoelectric properties and other properties by taking the
advantages of these two materials, Therefore, the combination of organic semiconductor molecules and TMDs
can provide a research platform for designing many basic physics and functional devices and interesting
optoelectronic applications. In this work, CuPc/MoS, van der Waals heterostructure is built, and its
photoluminescence (PL) properties are investigated. It is observed that after introducing CuPc, a significant PL
quenching phenomenon occurs in the heterostructure compared with the single layer MoS, and pure CuPc only.
After fitting the PL of CuPc/MoS, heterostructure system and monolayer MoS, only, the ratio of trion to
neutral exciton is clearly increased in the heterostructure. Furthermore, it is found that two mid-gap states D1
and D2 related to the CuPc are introduced into the band gap of MoS, by first principle calculation. Through
the charge density analysis, we find that the D1 state originates from the sp? bonding state of the C-C bond
while the D2 state comes from the anti-bonding state of the N-Cu bond. Meanwhile, the valence band
maximum (VBM) and conduction band minimum (CBM) of CuPc/MoS, heterostructure are derived from the
bonding and anti-bonding states of MoS,, respectively. The charge transfer occurs between the mid-gap states of
CuPc and MoS,. However, owing to different positions of charge density distribution of CBM, D2, D1 and
VBM, the charge pathway is dominated by non-radiation recombination, which cannot give new PL peak in
heterostructure. However, this process reduces the number of carriers involved in the direct recombination of
MoS,, which leads PL to quench in the heterostructure. This work would be applied to the manipulation of

photoelectric characteristics and the design of TMD /organic-based photovoltaic applications.

Keywords: MoS,, CuPc, van der Waals heterostructure, photoluminescence
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