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PACS: 74.25.nd, 42.62.Fi, 81.05.Ea, 68.37.Uv

1 5 =

FRIAIGTRPLZ2HU (surface-enhanced Raman
scattering, SERS) J&— i R A1) LR I A
Bz N TR 2 A2 A B AR 1R s
AR IO . SERS HL A 42, B, i 55 10
Bt 4 JR AN RRE R, G SR AL 3 2L LAY B R Dy
&, FEPT AGHGH 5 4 8 AR ORI ) dal
T 45 B RS R 5 | LRG3 9 (electromagnetic
enhancement, EM)™, SKTI i T AT e 48D | 950
TR | AR e ME 22 A ) BRI O . B
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enhancement, CM) [J3E5t 428 SERS JIEAA )
BCARFSE AR . 8 F 25T SERS HEIK 51
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BE R R SERS JEIK HY RE A7 e A i i A
AR MG R HENCAY SERS THVE.

AR (MoS,) S —M IR A | R
TG R KR B AT A g A Y 4 o S R R R
Ling 45 WHIE B - AHXS T 854 F1 7S 07 BAL B A5
TR RE, MoS, T 55 Y HL A 5% A% B A B
FAIEAEH], R B8 fhr 835 ACR (<100).
Muehlethaler 25 M {38 T 7EL 3% T B2 MoS, &
JIE 1 1 4-%i S E 373 3 P 73R $ 3 x 10%; Li
A5 ) 3 3 O s T LA AR 1Y MoS,, UG T
MoS,/MoOs3 , 5l 41y, 75 7] oG-I 214X SR
HH B ZU Y A B AR SR, O B P 6G (rhoda-
mine 6G, R6G) 73 KM FRIXF] 10 mol/L,
AR K 7294 10% Zheng 55 N0 H T B 421
i MoS, %) SERS & ¥ T B, fif R6G 1% K+
RF) 105, KA FRAE 2 107 mol/L. Ftt, MoS,
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JE—Fh B WA AT A e AR R, ST
A 25T Bl LA R GRS SERS 16 M,
RS2 % %) o 28 3t R R 20 1 S 565 2% A T L BELAS T
‘BTE SERS Sy & g, i HH: SERS HPE5 5t 4
JERE LA R K2 .

2,3,5,6- V0 9-7,7,8,8- WU & — H JEXF K i (2,3,
5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane,
F,TCNQ, 43 T3 C,F,N,) 73 FHA U4 4
5, HAMRERMW I 7 REE S, B —FhoR 132
i, EA VLB F2= T2 . Chen 5 17 F H
F,TCNQ i&E AL FH) MoO,, 15 T R fmia
FEME; Mun 2 81 | H F,TCNQ VBN THB 2 IR
s, R T A MR R T el
K. F,TONQ fE N —FEHZE A YL P BB M 8L
HorF 52 R T E B HES HERR, i) T e R Y
B0 191 DL Volmer-Weber #5520 Btk A K B H:
W B 7E MoS, 1, I A S IR e 2 N, B2 1
R 2F ST T 15 MoS, 2R R T I i
WREkFA TSRS, T A HL-JCHLIE A8 L H- o Ui
TS MoS, FIAEREHT 4544, (1L SERS 11
FEAEARAE

A SCHE i WFSEAE MoS, W F 84 Ak K AT
YR LA F /TCNQ, SRARE 4E AR LI it
B HLArF X H: SERS 7 4 202 59 foU AR B AR FBIL
il WF IS SRR, A A KA F,TCNQ/
MoS, FEJIK HH TR 451 A R FBOLR T 2%
JEA A AR AL, (i S IR IR o T =2 (R L A e B
OB, NI FECAF A SERS WM. 1 A BT
[6]24 7 min B9 F,TCNQ/MoS, LJic i TR i HA
I AT B TCONQ 49K 458, n] L)
ARHIEE MoS, TR ST, TR L T,
AT EA B AU HEE SERS 11k, 1Z3LIE WoR
e R H i PR - RGP R T, A T A AR R i
PLHI Y SERS BFSEHR AL T —Fh AT 20 BB S F 1L
5%, It R — AP H I REVE N TR T — 4%

BrgAE.

2.1 MoS, HERH&

MoS, R il 285 R AL G i Ak 2= S AR DT Y
A A rp it Ay, EARRE (Si0,/Si) #HRAK K
N OB, K& FOBFER T, TIRESEE

FUARAEFE 90 s. H5 DU BT AR B BR £ 1A  (0.0125 g
(NH,);MoS,, 1 mL & —%) Jig#& (500 r/min, 5 s;
3000 r/min, 15 s) TEALBREFHY Si0,/Si K, 25
AR, REA (27 Pa, 40 scem (1 scem =
1 mL/min)) YERBRA, IS (550 C, 90 min)
1532 MoS, WAL i

2.2 F,TCNQ/MoS, MK EERFREHH
il &

A A A B R] A T [ 2R 2 A )
F,TCNQ/MoS, £ JiX. ¥ = 4iE F,TCNQ ¥ Rk
DTG, SRE R L ) MoS, IR
T ) T AR 5. AR 5 R 22 () i
K1 em, A KRN 100 °C. AEKmHE] N 5, 7, 10,
15, 25 min ) F,TCNQ/MoS, ¥ & FR435IH T,
Ty, Ty, Ty, Ty F7m.

2.3 REHDFAEES

P 4-FF R R (mercaptobenzoic acid, 4-
MBA). R6G F1E H 3L 5 (methylene blue, MB)
VERTRE 73, W58 TR RA KBS F,TCNQ/
MoS, #k & & 5 A H SERS 5 PE. 45+
(R R B, 20 L& 4 mL 0.1 mol /L 1) 4-MBA
BT . ROG /KA MB K, S8 58t ik
JFE R B ARG R VR BE 1 4-MBA 53 1) S B
W (10107 mol/L), R6G (10 mol/L) Fl MB
I3 T RIZKIEH (10° mol /L).

2.4 SCIGNES

{4 T 20T (scanning electron micro-
scope, SEM, Zeiss, Sigma 500) AL, I
BN 3 kV. FERLEOEE  EEUOE (photo-
luminescence, PL) %l SERS Jt:ii FH 7 2 ik
(Horiba, HR. Evolution) #£17 #1E, £ & YC Mt~
600 grooves/mm, FLAHFE] A 4 s, FLUIRECH 2;
FLESEIEA SERS YU HOEE KN 532 nm, HOE
WORDPROEFRTE 0.48 mW, B3k H 50 < P45, i
FOEBERSTZ 2 pm; PL GREHOE K 325 nm,
BOETIE A 25 mW, Bk vEH 40x ¥, RAE F, T
CNQ A . MoS, #JBEFT T,—T5 A5 i PL 1%}
(O DR B 43 51 R 1%, 100%, 100%, Hofth 5%
AN A i 1 2R T R A FH R IR SO 0 I g
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(Kelvin probe force microscopy, KPFM, Horiba,
SmartSPM) 1 7FRAE. Fr A MAEE =R T iE7.

3 ti#s

[ 1(a) FIE 1(b) 324l MoS, HAEA SEM
328 B A W 4 A BRAG MoS, T E ) SEM K], A
VL B2l MoS, 1 A i R 1 gt i B2k,
A I 2 i R T B — 2/ 0 P R DU Sy 4 0 oK
TR & 1(c)—(g) & MoS, FE K A [A] A= K ]
1) F,TCNQ 4K ZE R TESSE R, 546 MoS,
JLRAT L, F/TCNQ/MoS, FEJi - AT LA i W 5%
#| F,TCNQ 44K 5 A7 7, H MK & Bk 4L

100 nm

100 nm

200 nm 200 nm

HA#/nm

200 nm

A1

B WAL BAR B RAEE 1(h) . @ adx) tenT
1, F,TCNQ 7E MoS, k2 1 LA $ 1 ) Volmer-
Weber #3200 4= K. fifi F,TCNQ ~E | 15} 8] fit) 4
i, 7E MoS, FRIETUARIE BN K 5 Bk AR AN W i,
{EHE B4 K K5 AR 5 S ST B s i/ AR A
#OHE 7 min BEAEIE. EAKEHE KT 25 min
THOUT, R LT J0 S RE5H , T2 % S

Bl 2(a) s T MoS, 1l 2% Ab (1) s+ 71 3
e (AFM) R, HAR R i & R 2(b) R
TGN A 2229k 4.55 nm, 1 B Ak
9 3 21 MoS, HiE 21, 5] 2(c) A 2(d) 791 &
500 nm x500 nm 78 Fl A MoS, H# R AFM & #l
AR B4 e FE PR, FE K RUBE R AT LAER 5] MoS, 1

200 nm

200 nlm

(h)

100
m B

10
H$18) /min

(a) 4l (b) 1% 4 MoS, B F i B F BRI (c)—(g) ARIAEKAFE K F,TCNQ/MoS, (T,—T5) Y414 L+ B il 6%

P (WE4:); (f) MoS, W I F,TCONQ 442K 5 i 450 R B 44 B s i 4 i ]
Fig. 1. SEM images of (a) pure MoS, and (b) gold-sprayed MoS, thin films; (¢)—(g) SEM images of F,TCNQ/MoS, (T,—T;) with
different growth times (gold-sprayed); (f) the quantity and size distributions of F,TCNQ nanoisland deposited on MoS, film over

time.
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(b)
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=
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B2 (a), (b) MoS, Ml Ak i) AFM & FIAR L 59 5 BE 1815 (c), (d) /NG Rl A MoS, 1 5 2 i 19 AFM P& 1K B 5 5 (e)—
(1) Ty—T5 R BT S IET | T 10 v T2 40 40 1 v B2 D4 fh 380 2 i 2k [

Fig. 2. (a), (b) The AFM image and the corresponding height profile of the edge of MoS, film, respectively. (¢), (d) The AFM im-
age and the corresponding height profile of the small range of MoS, film surfaces, respectively. (e)—(i) The topography of T\—Ts

samples, height and CPD spectrum scanned along the line in AFM figures.

2 i AR XS G M, LR 1T A RN S B R 2R
510 nm, M H# F,TCNQ 44k 5 iy R~ (50—
100 pm), RoF2ZH1%EK, fEFH AFM il & F,T
CNQ ZpK By B RS i, AT 220 MosS, i i ik
Xf F,TCNQ 4K 8 Ri42 K /NIEIE . 18] 2(e)— (i)
I T T KA 550 AT 45 1 R fh b 4
7 (contact potential difference, CPD) [¥. MoS,
FLRARALFERT ) CPD {EFIAH I 1) 2% K eG4 [ bk
HIER 1. 549 MoS, WA L, v LI 2 b
MEF| F TCNQ 90K 5 AFTE. I LR A K e
FRIBEAN, MoS, Wil E Y F,TCNQ 44K 5 iy AR
b5 H B R SAATR, 13K 8 R ER T Rk
2 TP i R 30 22 5 2 TRDHELRES 2 =22 1] () M S R o
M. fE T, 1, CPD WX 4k, 590K
AL TEAR N Ty B9 CPD 284k 5 1% 2 T MRS
ZEAFAERES R IROE R Ty—T5 RS CPD
T2, BEMYK B B W BEAR AN AR AR Kl

PR S 1E F,TONQ ZE 8, %A Y k&)=
35 FL faf 43 A . MoS, BT F/TCNQ 40K & 2 [8]
ff) CPD 22 )\ MoS, 7] F,TCNQ 44k % % iz
() FLTH HEL AT AE F TCNQ/MoS, 5 5t 4544 2 I E 1,
TR . L AZ AN OK 5 v B R A3 T RS (RS
TE Ty FEIRCFTH 1Y HL T S AL R B A

F# 1  MoS, Ml T\—Ty FEil KMl /A . CPD Al
AR Y 2% K REGLAE
Table 1. Water contact angles, CPD values and

corresponding Fermi level values on MoS, and T|—T}

substrates.
LivalllE> ;e /() CPD/V  TEKBEH/ eV
MoS, 474+0.2 0.048 -5.08
T, 66.6 £ 1.1 0.1 -5.23
T, 68 £0.9 -0.043 -5.17
Ty 70.7+£1.6 -0.168 5.3
T, 71+£28 -0.083 -5.21
Ty 72.6 £ 2 -0.129 -5.26
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[ SERS T I HEA T2 F A A, 4] 43
TR AR R L s pzs A, gk r—+ LA
T8 AR B A S R 1w, AT 58 sk, IRk,
SERS T 14 5L i 55 4 I 3K 71 22 [0 7 2 fi £ 042 fi
TR RRUA, 225 5 i S0 00 8 02 . 3 o 7k 42 i £ DU 9
7T T—T; IR (B 3(a), SARERKSE
HLATF 14l MoS, WA L, HAZM AR T 19°—
25°, A& F/TCNQ 43 F H B KR C—F
PIAFAERGSR T 9K 2 A 45 B BK PHERE, W0 5 L
PR 2% T 4 i TR P kN T S T 78 kR B O
TREESE, WK SERS 5522, £1 8/,RT
AN IF ] FyTCNQ/MoS, H 7K 42 fil /1, 45 52
HF L IV 1) s 7K Bt o A B A A A B T 38 i
Wrs. 5] 3(b) A MoS,, F,TCNQ #l T,—T; #h
FPLEGEE. K 3(b) iR 382 ecm™ 1l 405 cm™!
Ak B AN T = 0 3 % I T MoS,, M8 9 5F T PN
PR (Eyy) AV AMRENER (A),). PilEZ
[ AT 220 23 em™ ! E—2EIA T4 MoS,
H 32, 5Z AT RIS AT, 54 MoS, #
A EL, T—T5 BEM R E A A MoS, fiz
WA 5 B S8 AR, 0o 2 K P T B S AR . BT
CNQ M7 24350 1107 em™! (FRFifd) ., 1249
em™H(C—C HAASL C=C By Hif#), 1389 em~?
(ARIFIR AR SN C=C By i), 1449 em™ ' (C—C
FHEAH) FI 1640 cm~ (C=C FFhifi) 23, jxsbdiy 5
g 5 T A R I ] P38 I A B i 3 AN
T F,TCNQ 7> FHa iy, A ki F,TCNQ
YR A, MoS, W RS ) i far g6 % 1) s i
K 3(c) R T F,TCNQ, MoS,, T,—T5 FEfh) PL
1. MRE PL 45 R AT A, F,TCNQ B K HY PL g4
T 2.26 eV [T A3 v BB 4b, MoS, ) PL WA/

(a) (b) 17500

T 1.86(A) #12.07(B) eV. 7 T,—T5 HHIE A PL
e 5 5 4A MoS, 19 PL WG AH L, & &k 5 1
AWEIERS T 0.02 eV, Hoaim B B A= 1 isf (] () 34 i S
WS, 7 Ty P58 BE IR B i K B g i 8L T A
[FIAR L ) R IR, I Bt A= A s (] (%) 184 i i B i
Je/NERER, 78 Ty BHEA RE S f/)N; Ak, T—
Ty FEALTE 1.81 eV AbH BT — N, e f it
AL A I ] 3 31 2R 0 S KR e/ o
RIS LIRS, 75 Ty WA RE fE e AR T 4 (B
o, RO A g MoS, PRI a1
T AR, Fh s A B 8 38 M i e A T R A
MIIEREING 5 MoS, IHLARS B Bl ek )
o, R F,TONQ R RISE 5, i B ik
5 A VR RE 220 N Tk B iE-FUEER M
NIRRT K S A S B
[17] fitg et 25 B A RIS ] A A8 4k, 3K 2 MoS, i i Al
F,TCNQ 9K & Z [aA BRI, A7 F 1.81 eV
AE RIS S A 2 5 B, I Hosm e 7 Jey ik
TR EE SRR IR, I R T 5 B g5 G i
W, 5 A W (R Y 25 (B D BRI RE R 5 i T2
(i) A B 20, WA Sy SR o T T AT R RS 1Y
iWIE, W F,TCNQ/MoS, 44K 2 5 5 b k5
TREF 3 Z A A F A e RS 0.

Kl 4 B8 T F,TCNQ/MoS, 44K 5 & 5F i 4
FYFLJEXT 4-MBA 431 1) SERS 161, T #F5E7E
MoS, 4K F,TCNQ 43F i B [6] X 3£ iE SERS
HESRACR IS, 7E T1—T5 B LA R EE Y
4-MBA 4+ F (10 mol/L) ¥k, 14 %] SERS i
W 4(a) FiR. T—T5 3K 4-MBA 43F 1097
F1 1593 em™ M Ab By hr =0 (B 4(b)) Bl A B ] 2
PR N D N AR LA, FE 7 min B, A

—~
le]
N

P Ts \ 190 FTE AN ]
Air 47°40.2° g 15000 T 2 ww_\
2 1osoofA T ] E 100wm
. 3

4 o000 pPMS s S 80F |
5 ) T, Eom N ]

= 7500 S 60F i
., £ oom i — ]

6s°x090 5 5000 MoS g MoS,!
Air E 2500 2 E 20—t

0 A F,TCNQ - 0 F,TONQ
600 1000 1400 1800 1.6 1.8 2.0 22 24 26
Raman shift/cm~—! Energy/eV

B 3 (a) 10 pL/KiHTE4E MoS, MM Al T, K EBYOE2E KR (b) F,TCNQ, MoS, Al T,—T5 B9 261 ; (c) F,TCNQ, MoS, Fii

T—T5 BDEBCROL

Fig. 3. (a) Optical images of 10 pL water droplet on pristine MoS, film and T, substrate; (b) Raman spectra of F,TCNQ, MoS,

and T,—T5; (¢) PL spectra of F,TCNQ, MoS, and T,-Ts;.
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4-MBA (103 mol/L) 600 ((b) = —=— Peak 1097 cm~1 600 F(¢) 123, 10-% mol/L 4-MBA
2 —e— Peak 1593 -1 3 Peak of 1593 cm—!
= 500} o om = 500
3 3
2 (a) & 400} 5400
— -
‘2 600 f < <
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. 480 - 5 £
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< i Ty 3] i °® Q
> 240 |/ £ NN 3
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g 1201 /r,
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1000 }-(d) 1600 [(e) (f) o Peak 1097 cm~1 *
a 2 1400 F 10-3 mol/L 4-MBAQT, @ e Peak 1593 cm—! °
‘d soof El E
z A 1200 7 100k R*=0.972
e 600 e 1000 10~ mol/L 4-MBA@T. e
3 < 800 e 3
g B z .
% 400 ‘w600 10-5 mol/L 4-MBA@T, ‘B
2 10-5 mol/L 4-MBAQT, g AP ] CRE R2=0.951
% 200 et Ll L EMBACETCNG ] = 400 106 mol/L 4-MBA@T, <
- 3 mol/L 4-MBA@MoS, = 200" =
o - (LLINEY \lv LMJKA———H 10-7 mol/L 4-MBA@T, ° 4-MBA
0 10~ mql/L 4-MBAGSiQ, ) 0 . . . . ; : ) ) ;
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800 10-6 10-° 104 10-3
Raman shift/cm~! Raman shift/cm~! Concentration of MB/(mol-L—1)
(g) Phase [ Phase II
o T T o TET T TR E AT ~ . N
/ B/ev MoS, F,TCNQ \\ ’ Coupled energy level \‘
: e 1 I E/ev 7'y !
! —r’ | C A !
s 1 1 CB wn{m— 1
! 1 1 —4r LUMO |
el LUMO | \ .
: J | I =5 DBusuiaaadans 1
1—6F VB 1 < A VB e—— 1
| 1 ‘9«9@» S =6t 1
—7L : .3 ¥ : - F,TCNQ/MoS, 1
1 -7t 1
oo | Wy 3 |
\ Electron @ F / > ‘L{j{ 9 -8 1
~ P4 4 e~ \ & 9]
S=-- -\ -------------- < g \
: F,TCBQ
MOSQ
Bl 4 AMBA 4T (10 mol/L) 7 Ty Ty |- A REE G (a) SR 80 85 B 55 2 4 I ) 2 ] § 96 5 (b); (c) 5 41 4-MBA 40 7

(10 mol/L) 7E T,—T 5 2EJiK 49 1593 cm= Ak By i 5 B 5 A KB E] Z [B] (9 26 &R 5 (d) 10 % mol/L ¥ B (9 4-MBA 43 F 7E A A
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Fig. 4. The Raman spectra (a) of 4-MBA molecules (10 mol/L) on T,—Tj substrates; (b) the interrelationship between the corres-
ponding Raman peak intensities and different growth times in the panel (a); (c) the relationship of the Raman peak intensity at
1593 cm~1! for 5 groups of 4-MBA molecules (10 mol/L) on T;—Tj substrates and the growth times; (d) Raman spectra of 4-MBA
molecules on different substrates; (e¢) SERS spectra of 4-MBA molecules on T, substrate with different concentrations (10 7—
10 mol/L); (f) the relationship between the intensity of the SERS peak at 1097 and 1593 ¢cm™! and different 4-MBA concentra-
tions; (g) the schematic of the charge transfer (CT) pathways in F,TCNQ/MoS, nanocomposite heterostructures and the CT path-
ways between F,TCNQ/MoS, substrate and 4-MBA probe molecule.
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(10°° mol/L) on T,—Tj substrates; (c) the interrelationship between the Raman peak intensities of R6G molecules and growth times;

(d) the interrelationship between the Raman peak intensities of MB molecules and growth times.
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Surface structure effect of F,TCNQ/MoS, nanocomposite
heteromaterials on surface-enhanced Raman scattering”

Liu Wen-Ying Wang Gong-Tang! Duan Peng-Yi Zhang Wen-Jie
Zhang Can  Hu Xiao-Xuan  Liu Mei*
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Abstract

Surface-enhanced Raman scattering (SERS) has been widely used in food and drug detection, biological and
medical sensing. In recent years, the study of non-metallic SERS substrates has gradually become a hot field of
SERS. Here, we investigate the modulation effect on SERS activities of 2,3,5,6-tetrafluoro-7,7,8,8-
tetrachyanoquindimethylene (F,TCNQ) grown on molybdenum disulfide (MoS,) films. The different
nanostructures of F,TCNQ can have an effect on the bound capability of charges transferred from the surface of
MoS,, which changes the electron density distribution on the surface of the F,TCNQ/MoS, nanocomposite
material. Therefore, the interface exhibits different charge localizations in the F,TCNQ/MoS, nanocomposite.
The charge transfer efficiency between the substrate and the adsorbed probe molecules leads the substrate to
show a different SERS sensitivity. The enhancement factor of 4-mercaptobenzoic acid (4-MBA) molecules on
the most optimized 7-min F,TCNQ/MoS, nanocomposite substrate can reach 6.9 x 10*, and the detection limit
concentration is as low as 10% mol/L. The result of research on F,TCNQ/MoS, nanocomposite provides an
effective optimization scheme of energy level regulation for SERS based on the chemical enhancement

mechanism, and opens up a new way to further exploit its functional applications.

Keywords: F,TCNQ/MoS,, surface-enhanced Raman scattering, chemical enhancement, energy level

modulation
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