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DM SRA N R RE I R 26, $ i RE B MR, RS B 1 e DU T A TR 9K RE 1, I FH TR 2K
LIGTERR Y (PSS) BLRTE L 1 5e a5 I 9K DU T 4 (Au@PSS tetrahedra NPs). 4 H 45 4% BIAHUKFIBE
Rt 2 R U 559 T2 [ S Adk, ) P R T 55 8 R IR S R 5 2 X G IR MR AL, AT B v A ALK
FHAE HLI B BE B R, WEAT 7 1B AR E AN PSS W3 B R0t s it PEREROSEMA. 45 AR W BRI N 6%
I, SEPERE R AE, RERFHAERIER] 3.08%; PSS 722 E LA 2.5 nm I, FeHe bR ik 5] 3.65%, Hibrik
MARTT 1 22.9%. FH P RE A D 2 BT < DY T AR 0 RO T R SRR IR AT e 7 T 25 A A IR AL e TR Y, 4
KL T SR LRt 1 28 R, TR PSS 72 I ST NAEHE 73T i B A s A AORE RS, IR R 3R A st 32
TH T HLH L% L S SR TR AL 1 AN R

KR AHUKPHAE i, R4 20T, DYk

PACS: 72.40.+w, 84.60.Jt, 88.40.jr

15 =

K BH it H b 3 5 R R K K B i A e A H
B, A& NI ORI R BH R 1) LR 1R, et
A B TE AR IOE BE VR, T RIS BRI TR A R
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AR 02 BRI R BT R. R @
BRI T2 SE Bt . RTAR S, BN B B R 2%
P LR R S Tz — B0l BEE T L HRAN
OPV K R IF IS 7 E KM kg 68 H T
RS E AR (PCE) D&% 14.9% ). SR 5
TEHLA PH AR L, HBCR A itk — 4 .
AR IR I R 2 ) 20 OPV PEREFR T 1 1 2
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THP AR R R R TR N2, s
JR TV TR ) B AR AR . 6T Au fll Ag Bk
TE QKK F IR 8 B 2, FLAR W JLGIK B L +90
KAGE, ZHK BT AR IUZ (W13,4- 206
TARMEY REW): ROR LIETE RN (PEDOT:PSS))
t, PCE T 7E 5% —30% 141922 Aok
T A 2 B 2K 2 B R B (PSS) 1) 4 4K U T 44 B
T OPV 72 SR BUZ 5 iE M JZ M LT Ak, N2 KL

T AR T LT R IR AR A D A SR S SR G N

1 F R HI SR .

2.1 EHHlIE

P 1 DR A ST ] 46 R AT AL B Lt 25 1 2544
i R FH IR 25 AR 2 44 7 1 Sl i s A

BI1 KRR LA 1 1] R 45 PR M Rk 7 54

Fig. 1. Schematic diagram of organic photovoltaic devices (OPVs) and molecular structures of donor and acceptor.

TEZR AR ] 45 BT, & %64 20 mg P3HT (Rieke)
F120 mg PCs;BM (Nano-C) #& i &t 1 : 11R A
W1 mL¥E R & R, T B R
2924 WMENEVEE BB A . B ezihid i 1TO
53 99 F T B A1 2 AR BR P, PR IR I
B2, 537K A 215 min, 2 J5 RS K%
ITO KM MK, ¥4 ITO BFEHE T-HAH 1, 120 °C
ZAF M2 he B S M TTO /Ay B PE AR il
AR, H R UV SLUA AL B S I ITO B8 B
T AL 7ETTO R M 0 © 3 98 9 X 1) PE-
DOT:PSS J5i#i (Clevious P AI 4083), 4R & #E47 i
URALIE, ORI (8] 23790 79 2000 r/min M40 s; K
1M 74 7% PEDOT:PSS I )2 ¥ ITO 3 35 il & T4t
Farh, 120 °C#UE K 30 min, {248, BRI
PEDOT:PSS #5479 40 nm. {75 f k2%
T, AN [ B2 1) 4 DY THI A4 49 K KL 7 (Au@PSS
tetrahedra NPs) i ¥ T PEDOT:PSS # [, i jig
% PSHT:PCgy BM ¥ 1 J2 ¥ ¥ (800 r/min, 40 s),
ZJE, METFEMHMMR L, 120 °CHIB K
30 min. fEHREAEEEEEN, £ 5x 1074 Pa
DL B AR T, R I8 0 #e kL kAT
ZEAE, TR AR RS 2 TR DR I 28 R T e R AT
W, LiF A KA HIAE 0.02 nm/s, KL

0.8 nm; P F8 A K B I 7E 1—2 nm/s, 42K
29100 nm. A IR 4 VU TH A4 98 K RL - 1 38 4R 1
pREasfF, EVEREXT LA, AERKERE ), REF R
ZORAH L b, By 1k AR A

SR % K HIK FHOGARADES (Oriel Sol3A, 300 W)
TERIEIR, 8% E N AM 1.5G (100 mW /cm?),
14 F Keithley 2400 U5 4 H b (1) B i 25 & R0 HE 5
2ol J-V e 2. SRS ARE J-V s LA il 4k
A DAV H O i M RE S 4L, B4 TT RS HUE (Voo
T FLURL B (Joe) B FER T (FF) BA K PCE.

2.2 Au@PSS tetrahedra NPsBJ#| & &
F=AE

1) ARk AR A DY T4 BT F ) NaBH,y,
CTAB (7 ki =H &R ), HAuCly, CTAC
(TS ket = B S 8), AA (JUIRIMLIER), PSS,
NaCl1¥J14 H Sigma Aldrich 24 7.

2) il % CTAB L % 1) & & 4. 0.6 mL
10 mmol /L #7 B () NaBH, £ 3% i A £ 10 mL 4
% 100 mmol/L CTAB #10.25 mmol/L HAuCly [¥]
TR, B A A 300 r/min #3E F HEHES min,
WG HR ZE 27 cCHIB/KBMTEHES h, #ifk
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NaBH, 7E 1R & ¥ W 1 56 42 73 filt, T8 i CTAB £ 2%
{1 4 1% 1.

3) il & & Fh . 4 A W A2 mL
0.5 mmol/L. HAuCly, 2 mL 200 mmol/L. CTAC
A1.5 mL 100 mmol/L AA %W ATIR A, FHL
0.1 mL 5 — 5 il £ 1) 4 1 VA VO I N 211 8
B, FE27 °C AT FHRFEER Y 10 min. ZJ5
Xof [ B 77 )R AT B 0 AL BE 30 min, RS FER K
B, PP ELE 1 mL 20 mmol /L () CTAC i#
.

4) A B K DY AR, 4253 7 BE i 0.5 mL
100 mmol/L CTAB, 0.75 mL 200 mmol/L CTAC
A11.0 mL 100 mmol/T AA TR A, HL 20 uL
5 I BB AR TR, N 2 R AR
W, BN 0.75 mL £ B 7K, il AR, HIVE
A HUBC #1257 1 mL 0.5 mmol /L HAuCly 3%
ISR EREAT VRS, WCEVESE A 0.25 mL/h,
) A VAT R A8 E N HAuCL ¥ W, 58 52 2 )5,
FAE27 °C TR 10 min. i, B 72908 O AL
10 min, F/KPEECLRIX, K=Y 562 0.5 mL 2
Bk, AT 2 E g A B

5) PSS 4 VUmH A, K &A1 0.5 mL 4
99K VO T AR K ¥ 9 0.4 mL 210 (8%420) mg/mL
PSS /KW AN0.2 mL 45 mmol /L NaCl ¥ iR
&, A 0.75 mL £ B 7K, Id N BIEHR. K B
B THiFE4s L LL800 r/min i+ 3 min, 285
AR 27 cCHIE/KBRHHES h. BTG,
W= 2B 08, B0 10 min, FKLE
BOL IR, BIE ¥ r BERTOK O, KK
R 5 ToK LB SRR E 254 0.5 mL.

6) 4K DU TH A R AE. SR 2R 4h -1 WL 4
JHEE 1T (Lambda 6508). % 41 HL 1 & 4388 (TEM,

Hitachi H7700). 34 H 7 2 8% (SEM, Hitachi
S4800) 73 AR 1 <6 VU A IR s TSR S R~
DL K FAE PEDOT:PSS JIE 2 2 1Hi 1 73 A 15 1.

2.3 BHABEEBISHE

K H I 1A IR 22 4% (FDTD) J7 32 i 5 9 %
K7 50 NS R 25 8 R 33 1 o A i
Bl N OTEAN R, B AK R T 2R
Ai 7 PEDOT:PSS & [f, R4 SEM 753 2 ()KL 1 73
A O, B e B IR B (6%) 15 4% L R T 4y
A JJ N 1700 nm. R % B R, ITO, PE-
DOT:PSS, P3HT:PC¢; BMiE1EE, AlEE 535N
3 pm, 180 nm, 40 nm, 80 nm 100 nm, % & LiF
() JE B ARV (1 nm), 7E M ZBEAS. R Z BT
FEFIH N XY 1, NHHCIEA L mIR G, Wik 7 m
WX, NS R Z ShIE ), Horp o s g i gk
L7 # AL T PEDOT:PSS E#1f, Bl Z = 0, 1fi
P3HT:PCe1BM i 1% JZ M 5 Z 1 080 nm [X 3.
BeAh, 2 % BN R I S R A, Kok T B
IR A 0.5 nm. [R Ay L 3% 3 P55 38 KT 3 o P
FIT CASRELR SR 3803 B A 45 T rIg (AL

3 HRET®

3.1 ARPSSAKMETHE Au@PSS tetra-
hedra NPs &4 &R

i 8 2.2 715 BT 1) 7 VA ) 4% HE 11 4 DY T A
1 TEM 40 &l 2 (a) B, AR R Hh MR g i iz
T-548 nm (B2 (b)), WU [ 15 B AN o] 0L
B ML P KE G 3767 nm yuH, Hp K4
FEHAE (50 £ 10) nm, 41K 2 (c) RiRGE T E s,

1.0l (b) 548 nm
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Fig. 2. (a) TEM, (b) UV-vis spectra and (c) size length statistics of Au tetrahedra nanoparticles.
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K3 &Pk r TEM B, 2 (a), (b) 28BN T 210, 420 mg/mL PSS /K& (0.4 mL) % 0.5 mL 4 IU i {4 %

(c) PSS 5B 4kit

Fig. 3. TEM images of Au tetrahedra NPs with the addition of (a) 210 and (b) 420 mg/mL PSS aqueous solution;

(c) thickness statistics of PSS shells.

TE B0 J 1 4 DY T AR R M PSS J&, T
VY T 44 2 18T A CTAB &£ 1F #EE, 1 F ffL 1 1 PSS
S 51 2 & DY TH AR SR T, B BC— 2 PSS AR
7. B3 B~ 19 4 DY TH A& TEM B 43 51 %5 B7 210,
420 mg/mL PSS /K ¥ W@ 0 &, i A\ PSS 1)
BHAE AT RS FERCR: BE S PSS B N
EFAE, HRZEEHM (2.5 £ 0.5) nm 3 K3
(5.0 = 1.0) nm. #R1, FEFE PSS & 48205 0,
Fo 2 B AR AN T2, AT RE S DU TH] A4 3 T R P
() PSS 5 v b i 5 1 PSS 22 ] W 1 [ 1k AH 5 B
T

3.2 A [EIRE Au@PSS tetrahedra NPs
PO e d=E A !

N T HG 9E ELVBON OG AR SRR, S T
K= 2, ¥4 PSS 2 1) 4 WY i 44 K.+ 51 A\ %2 PE-
DOT:PSS 2 5ifitEZ (PSHT:PCe BM) 2 [H] 1
T AL, J5VEUN R 4218 2.1 1 1) £ b v g 1) 5 1,
4 PEDOT:PSSJZIR K e, # 3 il & T 21k
HLA, LA 2000 r/min [ 56 3iE R 40 s, 115 PSS
H G 9KRL T M % £ PEDOT:PSS 2 |, )5
BT HEAEH, 120 °CIB K 30 min, i p Au@PSS
tetrahedra NPs %55 11K OPV.

STFAZET 5 nm JE PSS 7 ZE I Au gk U HE
1A, B IR E LR 6 vol% I, OPV 28 E A f
Hrh J MPCE %4 51A ] 8.54 mA /em? F13.08%,
FHE T A eSS 14 (A5 1c 4 Control) B 7.59 mA /cm?
A12.80%, 4 HlETH T 12.51% F110.0%, @iz 151
Bl 4 FrR. W LUE H, KT SEB R BN, J. 12
THIE B3/, ik B EAE B FIR LT, T IR IR
H5g, FF WA & K. FFEEINS Augyk DY

PR M P3HT:PCg BM i 14 2 fE 78 7 6l 5 % V)
IR 5, FEFRATZ AT AR, SR s i 22T
WRAMEY T RAA A M e AR T R
fift BT RPR L RS AT IR D DT B IR

F1 1£5nm 5B FAEKE AuQPSS tetrahedra NPs
BIRI B IERE SR

Table 1. Device parameters with different doping con-
centration Au@PSS tetrahedra NPs for 5 nm shell

thickness.

Concentration of

Au@PSS Voo/V  Jsc/mA-cm™2 FF PCE/%
tetrahedra NPs
Control 0.62 7.59 0.59 2.80
1% 0.62 8.05 0.60 2.97
6% 0.62 8.54 0.60 3.08
10% 0.62 7.08 0.57 2.52
0
H
—=— Control i
—e— 4% :
—2F 6% =‘
10% L

Current density/mA-cm~2

0 0.2 0.4 0.6
Voltage/V

4 M PSS5EEANS5 nm i, AEWKE Au@PSS tetrahedra
NPs #7410 OPV 1) J-V St i ih 2%

Fig. 4. The J-V curves of our OPVs with different doping
concentration Au@PSS tetrahedra NPs for 5 nm shell thick-

ness under AM 1.5 G solar illumination.
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GRELTH R, Jo FIFF RO N B, A& ST A 4F
PERE RV AN B, JE T 1B 5 B9 SEM I H] DUE
10 vol% M B IR E T T 9RKL T I RS, X
Toft 141 5 R AN B AR T 55 8 1 SR 51k [ IR A
5, A EUAE SR LR U S T

2 pm

2 pm

5 (a) 4 vol%, (b) 6 vol%, (c) 10 vol% B4k E 11
Au@PSS tetrahedra NPs Jig#k T PEDOT:PSS & Ifi ]
SEM i

Fig. 5. The SEM images for (a) 4 vol%, (b) 6 vol%
and (c) 10 vol% Au@PSS tetrahedra NPs coated onto
the PEDOT:PSS layer.

3.3 A EIPSSTEX A MRERFIM

P SCWR [23—25] o, 9KRL T B ELEE
FEANTE, XF R A Rt B AN R R,
YR T B BB 30 3 SRR A, A8 AR R TR THIR
FEANK 70 28, ghoKoRL & [ 76 1 2 1 R 383
SRR, T DL IR TR SRR, (HESEEE KR
i, B2 T R B AN S L R g Kb 3 TR
B, SRR R R 0], BTk, BRAT
S B 3 PSS 7% (2.5 nm) IR T 15 4 & B
) PEDOT:PSS |2 5i& 2 4t @it — RyI%
TEF-BER N FE QAR5 2 M RE IRz . )k
gk 2 ME 6 . 55 JE PSS 5722 ek
REFAHE, 6 vol% T NI B IR IR, 284F 1 i
K Joe AIPCE A% %] 9.63 mA /cm?® F13.65%, A
FhRE 2 19 8.07 mA /em? F12.97% 43 BIIRTF T
19.33% H122.9%, W] WEHI PSS 7 B 1 S F) T
PR JE RS B LR AR 1 SR g | B R R R
THIA .

Y35 J IR A T 4% 6% I, FF 2 d by vk 23
4 170.60 W& o B8 TH 22 0.61, Bl 35 8% 44 A BE s B
(Rs) M98 /N UA K FE 106 HL B (R ) 38 K, BE R &
PSS 72 2 B 51 NFE A R T A B W S H
TR UL B 6 () B B {F S I ih 2k v] DL
H: Au@PSS tetrahedra NPs# A PEDOT:PSS =
52 2 Ta) () ST A 5 800 T I PR R B, R
U PSS 4 2 5% J= A Kb B g M Z 5
(R % 145 229K B IR 31 10% B LA LR, 9Kk T
B LR AE (K5 (), RiT R 51 & i s
RS PERE R 2 Tt

F£2 1E£2.5 nm ZJE T AFEKE AuQPSS tetrahedra NPs 524145 - M RESHL
Table 2. Device parameters with different doping concentration Au@PSS tetrahedra NPs for 2.5 nm

shell thickness.

Concentration of

Au@PSS Voc/V Jsc/mA-cm~2 FF PCE/% Rs/Q-cm? Rgp/9-cm?
tetrahedra NPs
Control 0.62 8.07 0.60 2.97 12.59 1135
1% 0.62 8.91 0.61 3.32 11.25 1390
6% 0.62 9.63 0.61 3.65 10.61 1445
10% 0.62 7.68 0.59 2.77 12.62 504
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0 100 F
—s— Control —=— Control

~ o 4% ~ —e— 4%
e f | 5 w0p TO%
° —10% v 3 v 10%
: i
£ -4y y £
.‘? o, } *? 1072 o
z e z .

-6 =& 2
S e N ks
- AR Lo - x
E vwvv'"'"“" nan®® o* A E 10-3 ¢ XVﬁ
= (AAAA " 00®® A& = .
; — & assmnsnmm ”.“’... ; y
O nmn»-ﬂ"""“' @) ;

M - (a) % (b)
—10 1 1 1 10—4 ! L 1 ! 1
0 0.2 0.4 0.6 —0.2 0 0.2 0.4 0.6 0.8
Voltage/V Voltage/V

K6 7£2.5 nm PSSEET, AEKE AuQPSS tetrahedra NPs #4%1 OPV 1] (a) YRR/ TR J-V BRI

(b) Hi FELI T 2%

Fig. 6. The J-V curves of our OPVs for different doping concentration Au@QPSS tetrahedra NPs with the

PSS shell thickness of 2.5 nm under (a) standard solar illumination and (b) dark conditions.

x 104
650 nm
2.8
| 2.4
- 2.0
g - 1.6
~
N
E1.2
0.8
0.4
0
—20 -10 0 10 20 30 40
X/nm
g
=
=
N
20 - = 0.6
_ N
0
—20 -10 0 10 20 30 40
X/nm
K7

550 nm

Z/nm

Z/nm

—-20 -10 0 10 20 30

X /nm

£ (a) 650, (b) 550 nm KAk, 51N Au@2.5 nm PSS tetrahedra NPs [f#8EN# (X Z [, Y = 0) #3754 LA

JAE () 650, (d) 550 nm AL, TEARKLTHIFAE IR (X Z 1) Hi5 04
Fig. 7. At wavelengths of (a), (¢) 650 nm and (b), (d) 550 nm, electric field intensity distributions inside devices
(on XZ plane with Y = 0) (a), (b) with and (c), (d) without Au@2.5 nm PSS tetrahedra NPs.

K I FDTD ¥ 4 4 Au DY T 44 i N BT 5 /1
P3HT:PCq; BM iif 1% )7 W 14 HiL 37 1E 47 T i B0
X, FEX AR AL FRFTH (XY, Y Z, X Z) L1 R 3k
Yoy A gl RedhAT 7R, Horh X Z TR A SR 0 )R
37, WK 7 Fs. WE TR R LA 1, 1R
PERS R ZIR K (550 nm) &b, & PRI G

{8145 B3 3 5R 24 20 £ TI7E 650 nm AL, HLIZIGK T
VU2, FWITE PSHT:PCq BM i 1 2 W i
BB IR, S R T R A 5, 55Tk [25]
WL R 5. B84 H T PSHT:PCqy BM i i LA
JAS R B G KR -5 24 ¥ PSHT:PCq1 BM i i
AT WIROEHE. BT BLE 1, BT gk
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R B 5T, BEZ X' IR IR RE 70 BT R4 T, EL%
ST < U T A 5 - 10 28 T S5 1 AR IR AN T
P HEREAE J= a2 3R,

1.0
—— Control
—— 4%
0.8 6%
10%

o
o

Absorption/arb. units
I
=

o
o

%,
. \g‘
600 700
Wavelength/nm

0 1
400 500

800

K8 RIF#E Au@PSS tetrahedra NPs 154 [ HE 5 4%
S AT WHRISOE 1 (PSS 5274 2.5 nm)

Fig. 8. The UV-vis absorption spectra of photoactive
layers with different doping concentration Au@PSS
tetrahedra NPs (the PSS shell thickness is 2.5 nm).

4 % #

AT R PSS HI& U ARG KR T, JF
¥ HB 22 OPV i, B REH 5 AR FE 1 $2
F+. Hrp RIEAZEA 2.5 nm PSS [ Au tetrahedra
NPsf T 28 114 1t e S T e f. 284 i i g /e
TMEE N 9.63 mA/ecm?, PCE N 3.65%, Hbnifk%s
45 SR TE T 19.33% F122.9%, HE TF 2% 5 3R 4 B
. SRR, — 7 YR T PSS E M &N
TR KR T 15 5 55 B 1 LR 2808 7= A= (1) 5 =) 45
%, #EMEHE T PSHT:PCq BM i 2 5 N5 A BH
TR, BEIRE T OPV R R SR, 7 —
J5 T, PSS AL ZE BB 1T /R T
R, T BT R R A PO R, P T
HLVB I FF. 25 T4 8 9 oK JURL 1 55 55 1 1R 3 5 7Y
OPV B #i] 4 12 Ml B M RESRTHIH B AL 3, v]
ATEA BT TS T Bk Bk — P47t
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Abstract

Organic photovoltaic devices (OPVs) have attracted considerable attention because of their advantages of light-
weight, low-cost, large-scale manufacturing process and mechanical flexibility. Unfortunately, in order to achieve efficient
carrier extraction, the photoactive layer in OPVs must be rather thin (100 nm or less) due to its extremely low carrier
mobilities for most of organic/polymer materials (on the order of 107* em?/(V-s)). Such thin photoactive layers lead
to a significant loss of incident sunlight, thereby improving a final low light absorption efficiency and power conversion
efficiency (PCE). To promote the light absorption and thus enhance PCE of OPVs, Au tetrahedron nanoparticles (NPs)
are synthesized in this work and then they are wrapped with poly (sodium 4-styrenesulfonate) (PSS) to form core-
shell structure tetrahedron NPs (Au@PSS tetrahedron NPs). They are further incorporated into the interface of hole
extraction layer and light photoactive layer to improve PCE of OPVs by enhancing their surface plasmon resonance
effect-induced light absorption. The influences of doping concentration and PSS shell thickness of theses Au tetrahedron
NPs on device performances are explored. The results indicate that the best performing PCE occurs at 6% concentration
of Au@PSS tetrahedron NPs, reaching 3.08%, while it is further improved to 3.65% with an optimized PSS shell thickness
of 2.5 nm, showing an enhancement factor of 22.9% compared with that of the control counterpart. The performance
improvement of OPVs mainly originates from the promoted light absorption of donor due to the location of the resonant
absorption peak of Au@PSS tetrahedron NPs in the absorption region of donor. Simultaneously, the introduction of
the PSS shell promotes the dissociation of excitons and charge transfer. All of these contribute to the increasing of
short-circuit current, fill factor and PCE of OPVs.
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