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FATKs Bis-PCro BM AE NEE Rl L P2 AN ET PTBT:PCroBM HI R AWK FHAE AL, #1457 =JC
REREVKIHEE M. HHEET PCrBM, Bis-PCroBM MR ALK 7> 7 #1iE (lowest unoccupied molecular
orbital, LUMO) B8 Z% % i, FT LA #5 A Bis-PCroBM J& #8411 I T #% B (Voo ) 1343 T 427+, Bis-PCroBM ££
PTBT7 #1 PC7oBM Z [AE R 42 E H, IAE SR 1k /2 AR SR A& T 30 2 i s A5 ko . 1f BN 0
ERERHRMNESERRE, LIBANREL N 3% 1 Bis-PCroBM J& # IR 5 T4, ~FXHIRE A
JRSR ) 1.87 nm [ 3] T 1.80 nm. BEEFEHMEK (power conversion efficiency, PCE) 1A E] 7.00%, 41 284411

Y4

Voc N0.77 V, EH I (Jsc) N13.92 mA-cm™2, Ltk PTB7:PC7oBM HI#F 0% 6.07% 2  1 15%.

¥E4#217): Bis-PCroBM, PTBT:PCroBM, A L= 70K HAE HL

PACS: 88.40.jr, 88.40.H-, 85.60.—q, 73.50.Pz

1 58 =

DA PR 85575 G v @it H 2 ™ 5, AL St R P A
vy, KFHAER LW G 7 AT 2 B 9%E, Rl
Fe R T 45 R AWK BE g HL it (bulkheterojunction
polymer solar cells), 1XFh K BH 58 Lt B & 1 il %
AT B PR R AR S i 2R R, DR i
Fe AR AT AU R A5 000, AR SRR 45 K PH B
T2 B = BVR S5 TTO VENFEMK, KT ek 2L
(< JEAE B AR, Hh a] D 2 L 50 SR -G M 2 AR N 2 A4
RS 2 101 D 7 42 K BH A FLH 1 B B 3 3
% (PCE), AT#EAT 7 AR J5 o e 1 -1e], 2
TR RGBS AE 7] WLOE AT 2040 X A
A L SRR, DL R DL BC K BH G, [
N30 LA e B R GRS 2R, NI RE A Akt A%
BT, FEA R T BRES AATRL L R AL R A PR

DOTI: 10.7498/aps.65.028801

PHAE R AETT I, & H 28 D ft it TS 2%
71. BT, 25 H 0 AR BRI G 4A R I K FH g
B PCE CL4 5% 17 10% 14161,

AR, A HL= 0 K FH g B 5] B AT R
R B D4R, FHEL T o, = E e
W s b B 3G s AL A3 AT PCE R & 2012 4F, Li
SEWF TR I, R T 48 32 Rk 2 T B, mT R
B A ML= 0K BH A H it (G % HELUE 7). Bonac-
corso Z54RiE, £ PCDTBT:PC7oBM G K PHfE
M mATh et A £ 299K v (GNF-EDNB) Jir il
% PCDTBT:GNF-EDNB:PC7oBM = JG K fH fit
HAL B (1) PCE A EE X B ) — o L it 4R i 1 18% 1181,
Balis %41, /£ PCDTBT:PC7oBM 7t A BHAE
A IR SR AT S5 0 TR BR (rGO-SbeS3) TR
G AEREE R P =R A 5y, Pl & 45
B = e I 2R 1 e Y 5.53% 3= T F

* FEFARPIEES (IS 61575019, 11474018) # A #i 1 £ sk 4 (HHES: 20130009130001) Flrh sy B A A FH ML %% 2 %

T 4 (HEAES: 2012JBZ001) BB IR,
T #E/E#H. BE-mail: zhengxu@bjtu.edu.cn
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6.81% 191, Goh %5l % T 3 T PTB7, P3HT LA &
PC7oBM ] = JC K FH Re FLith, PCEL 2 T 8B & i1
8.2% 12l Gupta %5 i % ) 3£ T PCDTBT:PTBT:
PCr7oBM [ = 76 K BH it Hth, PCE =ik 8.9% 2.
Lu%4RiE, £ PTB7-Th:PCroBM — 5t A RH i HL b
HHN I iE & PID2, PCE i — o Hth (1) 7.88% #& Tt
FEZIUHMAT 9.20% P2 SRERATETAN, H RTIEEA
¥ Bis-PCroBMAE N =M H 5345 N —JC BHI HL
Tt HR ) £ = 70 KPR e FRIth R iR IE .

HAR ) 52 PR R R B B B I B AR R
5y T HIE (LUMO) Re g, LAIRAS 80 1T % B &
Voo, B 1T IE 2 % DL 90 I 7 o A
A S, AT PTBT A1 PCroBM H 35 A Bis-

PCroBMAE NEE M 724k, =& I F 451
R 1 iR, Bis-PCroBM A EL T PCroBM B
BER LUMO R, KA1 Voo 153 7 #2771
Bis-PCroBM it 7] LLZE PTBT7 #ll PCroBM [AJ#2 2 #F
FERVER, DR AE 25 44 /52 Ak 5 T HA A 1R A% i A2 45
TN . T H R 77 AR (AFM) B AT B
FH], YRR A 3% I Bis-PCroBM J5 i fik
() 2 T T 35 58 O 7 % S S50 RS B2 A D K 1Y) 1.87
nm PE#] 7 1.80 nm. B A 3% Bis-PCroBM 1) % 1F
WSS B, AR T s JE A PEDOT: PSS
) ()4 SR TS 8%, H PCE MR B 41
f16.07% #KF] 1 7.00%, tb PTB7: PC7oBM —-JC
ARSI T 15%.

F1 g (a) PTBT; (b) Bis-PCroBM; (c) PCroBM

Fig. 1. Chemical structures: (a) PTBT; (b) Bis-PC7¢BM; (¢) PCroBM.

2 SZBHEL

TR TTO R #EAT I e, R I Pe il AT
Y, 23R B ORL K T5 T, ARG IKIRE T 4
B AR 25 51K aEAT B8 A S U 15 min, )5 H
T8 10 SO B S BRI TTO #F R T, R Je
ITTO #F I HEAT 5 min S 40 AL, Ko b3
A I 695 R 254 nm K AM G, BE 55 1TO £ 1
20 mm, H7EAH SRR OB NS, I R A
AR (EAER S ITO R T PEDOT:PSS #
e, B EGE N 3000 r/min, BN 40 5. fE45K
HT iR A PEDOT:PSS [ ITO 4 J& 3E 47 #Ab 3,
B H A RK S, B KL 150 °C, 1B KB EI2H 15
min, K5 FREFEANFERM S, #7120 °CH

B AL, B KA IAIN 5 min, B EARA . K
FE&EMPTBT (#KJF 16 mg/ml) M1 PC7BM (K
F 24 mg/ml) L1 - 1 BB AR, FFEEAT 3%
5% I Bis-PCroBM [ 4%, 5 /£ FEM H
SE VR #5729 1000 r/min, B89 120 s. & £
B AP EALZEHE 1 nm (1) LiF A1 80 nm (45 48
LA, A FH A T R R e SRR [ 28 40 /N2

6 mm?2.

s 1 AR 22 Ry 1 il 2 R H TF SR 0L 95 ) Y
Keithley4200 % 7 5 & 0l &, J6 ¥ v 150 WARAT
JGUR, BAL T AN OG5 100 mW /em?. R &
PRk SO B iEE UV-3101 B0t i 4G
8. EQE it # Fi] Zolix Solar Cell Scan 100 75
AFM f§ H Digital Instruments (DI) Nanoscopellla
FEFEARAL T BEAT DI &
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Fig. 2. Device structure.
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1l 2% (1 H b 45 M9 TTO/PEDOT:PSS/PTBT:
Bis-PCroBM:PC7(BM/LiF/Al. PTB7 1 PC7BM
IR LN 1.5, B3 (a), (b) 25 NIBA PTBY
A PCroBM 1 [ Bis-PCroBM f H & L A 0% (ks
), 3% F5% B Lt 11 J-V il £ K& EQE il £&.
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K3 A Bis-PCroBM ik B HJ#AF6 L RF

Bis-PCroBM ¥ J¥ N 3% i}, PCE t /& = F 221} vh
5 =, N 7.00%, HAEER Voe N0.7T V, Jsc
413.92 mA-cm™2, FF N 65%. 4 Bis-PCroBM ¥
FE i — 30 W K B 5% I, 35 48 16 T 2% H R A o B
K F0.75 V, T B2 2% AN IE 78 K1 R AR,
PCE F#1K £ 6.79%. Ak B A 5% & 1 R 2% B,
913.94 mA-cm~2, {H /2 H I B% i R R 78 R 7
DL K BE % B ROR AR R = AR, N
0.74 V, 59% LA} 6.07%. FATTE0IE, F 5K o P
KFEIEMEZ BN T 5 Al P &1 mrm,
AN TR ¥R B Bis-PCroBM F %% 14 1 3 B H BH K /N IR
IR N 3% > 0% > 5%. XEtE X4 4% Bis-
PCroBM I3 5 N 3% B, v M )2 308 1
/DL AR R R I B AR AT A R
TR EQE M2 kafik. w3 (b)), #4H EQE
1) e KEE K 60.5%, 4% 3%Bis-PCroBM # £ 1
EQE & KHUE 7 60.3%, 544 5%Bis-PCroBM 2544
() EQE 5t K EUH N 60.7%, 1 1 EQE 543 31 (1)
Jsc MH AR bRAE13.78 mA-cm™2, 3% 54 284
13.68 mA-cm™2, 5% 44 1F 13.69 mA-cm™2. =
Rl a8 fF EQE 2 BB/, X WAL 1o =Rl 284+ 1
Jsc BUEAR WA K ZTFE 1.

. H
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(a) J-V hZ; (b) EQE %k

Fig. 3. Photovoltaic characteristics of devices with different amount of Bis-PCroBM: (a) J-V curves;

(b) EQE spectra.

R1 SECHTERESH

Table 1. Photovoltaic performance parameters.

Bis-PC70BM/% Voc/V Jsc/mA-cm™ FF/% PCE/% Rgp/Q-cm?
0 0.74 13.94 59 6.07 824.1
3 0.77 13.92 65 7.00 902.5
5 0.75 13.92 65 6.79 711.3
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4 NZ=FANE Bis-PCro BM ¥R JE () 2815 135
PEZ WU . AT = S i B G LT E A, B
B I\ Bis-PCroBM F£ 3% A 3 5 % 14 J2 19 IR g
71, ZEERWIEIF R T 1598 )5 24 1 R 2% rR &

H R .
0.6 T T T T
—a— pRff
0.5 —e— 3% A
—A— 5%
3
2 04
=
o
g 03
g o
X
=
= 0.2
X
0.1
0 " 1 " 1 " 1 " 1 "
300 400 500 600 700 800
Pk /nm

4 (MTIR) RE Bis-PCroBM ik I 2 1F 51 )2
AR Pl

Fig. 4. (color online) Absorption spectra for the films
with different amount of Bis-PCroBM.

—3.91 eV

PC7BM

—5.31 eV

&_/ —6.10 eV

5 PTB7, Bis-PCr7oBM LK PCroBM [IREL K]
Fig. 5. Relative energy levels of PTB7, Bis-PC7oBM
and PC7oBM.

BI5N = Bl A kL B 2% B, PTB7, Bis-
PC7oBM Al PC7oBM = % ] LUMO f& 2% 7 5l N
—3.49 eV 121 —3.80 eV 2] DL K 3.91 eV ) F i
P& THUIBRED 73 B N —5.31 eV P4 —6.10 eV [
PLJ —6.20 éV. Bis-PCroBM 1 PCroBM #HEH %
ML 4% 38 B [ M. KA Bis-PCroBM Lt PC7oBM
I LUMO BE £ 55, 544 1 Bis-PC7oBM [ %8
P, Voo 15 3|42 5. Bis-PCroBM B A Hf B4 H,
FTA#B N T Bis-PCroBM I B 45 14 / 52 7 5 1H Ak

) AR 515 2] T 2 HE. I\ Bis-PCroBM f =
TG X A A H i E e AR S = AN AR, i) a2
PTB7-Bis-PC7oBM, Bis-PC7oBM -PCr7oBM LA K&
PTB7-PC7oBM, T1fi b fF ) — oo it A F — %1%
& (PTBT7-PC7BM). [FAIi}, PCroBM A LA ff—
ANBKE 7, ¥ Bis-PCroBM HLUMO A8 2% () H
T4 33 B AR B PC7oBM ) LUMO fg 2k |, X 7]
DL PTBT L HL 47 17] Bis-PCroBM [ £ 3#:. Bis-
PCroBM & A\ =t MLt i LR &) Voo, FF il
73 PCE 13 22 =

10.0 20 nm

(a)
7.5

505 10 nm

2.5

0 0 nm
10.0 pm

(=)

2.5 5.0 7.5
RMS = 1.869 nm

10.0 20 nm
7.5

5.0 i 10 nm

0 0 nm
0 2.5 5.0 7.5

RMS = 1.797 nm
10.0 20 nm

7.5
5.0 g 10 nm

2.5

0 0 nm
10.0 pm

[}

2.5 5.0 7.5
RMS =1.861 nm

K6 (MTIRG) ARSMH AFM REEHE  (a) #5
15 (b) 3% Bis-PC7oBM,; (c) 5% Bis-PC7oBM

Fig. 6. (color online) Atomic Force Microscopy (AFM)
images of different devices: (a) 0% Bis-PCroBM;
(b) 3% Bis-PCroBM; (c) 5% Bis-PCroBM.

6 2 15 42 A [ Bis-PCro BM ¥ J5 75 M 2 11
AFM E. ME R[4, Bis-PCroBM NN, I
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A5 BRI, kR 205 R R RS
N 1.87 nm, fEB 24 T 3% 1) Bis-PC7oBM J&, #%1F
) 223 75 AR REDRE B2 B& %1 1.80 nim, A AR 75 58 i
W, A F T E AT PEDOT:PSS LA K 4 J&
W 2 IB) ) fih, BRI AT AR IE AR, TEB A%
(1) Bis-PCroBM J&, #1455 (1) 35) 75 AR i 386 K 2]
1.86 nm.

B 7 72 AR LU FE T A1 RUCHL TR Viege 1)
RKEK. TonH AKX Jpn = Ji, — JpfF 5], Hrp
Jr, A T 43 i R O BT RIS R B R A FR R R
Vet = Vo — Va, VL 2 Jon NORHIHLIE, V, 22
AR . AT RLUR AR PR RIS 4% 3% Bis-PCroBM
(1 25 F 10 Jon BB AR AL B — DR EKF. 8, W
F Ton 22 B8 BT A (00 A2 ST #0840 B9 % el FELAR,
I HL BT A 11 F A TS At R AN BT USC 4 T 3 A AT T XL
SFME AR FERANT LR, s
FH HL U 3 T Joae (Jpn 76 Ver = 1.3 VETIIMH)
13.91 mA/cm?, T2 T 3%Bis-PCroBM ] & 1F
(] Joas N 14.44 mA Jem?. IR Jyo, 550K 5 2344
HR R TR P 7 Vg < 0.3 VIITER A,
P B Ton-Veee FEMER LB K 2 7. 1F
Vo = 0 VI, bR H145 2% 3%Bis-PCroBM 1 Jpn,
IR H Tear 196% F197%. RN Jon [ Jear A3
T B 2SR o A S R A TR AR B0 i LA
Jpn/ Jsat FIFRFH R A B2 2 BT B R i e, 2
2R RCR IR . ANE L ATA, kR A 2
3% Bis-PCroBM K &A1 1] FF 43 53l & 59% #1 65%.
IR R ER LG E T 544 3% 1 Bis-PC7oBM
B T I f B RT F T SR

10.00 p

s 100

S

<

g

=

)

= 0.10
—a— pif
—— 3%

0.01 . .
0.01 0.10 1.00

Vest/V

7 FRERIBA T 3%Bis-PCroBM IR Jpn-Vere Rtk
Fig. 7. Jpn-Vesr characteristics of standard device and
device with 3% Bis-PC7oBM.

N T HE— 2D EA I T B T s A
W R 16 B0, AT 7oAl A X g E,

ren T R B 4 S8 A AR [ A% SR BH 44 HL T
A. B8N NITO/PEDOT:PSS/PTBT:Bis-
PC7oBM:PC7oBM/Au (70 nm) (K] 2% {76 B 4%
TR J-V R N7 I R I XA 2
B, 327 ) H A AR SR R I, SR ) B o 1
23 Ak A 2 52 B PR ). 4 18] i e R A1) B (space
charge limited current) AJ i1 A FE R 5233 4

P LA T

8 a3 8 a3’

Hoeg 2 B BN EHE, o RIREGHEHIN
R, p R B IOT R, VRSN ERE, d
e EVEZ R R R, 23 T DAk ITO AR Ui £, X
FA B 2 A i FR B AL AR J-V
4R, 3% 15 44 1A 38 AR RBR A (1 723 /X LI 2% P T,
HIFHHRT 5% BRI S, ZUHBRIEED
Bis-PCroBM I %A U g 4H 1) 2 7GR 2.

109 F
10-1 ¢

1072 ¢

J/A-cm—2

—A—5%

1
0.1 1.0
V/V

B8  (MTI% M) 4k~ I1TO/PEDOT:PSS/PTBT:
Bis-PC79BM:PC7oBM/Au (70 nm) FIZ{EH) J-V b4
Fig. 8. (color online) J-V characteristics of the de-
vice with the structure ITO/PEDOT:PSS/PTB7: Bis-
PC70BM:PC7BM/Au(70 nm).

4 % #®

A1 #£ PTB7:PC7BM Hi it # 45 A Bis-
PCroBM il & 7 = JCiR & A HUKBHAE s, J@ i
B0t EE R BN, BRI Bis-PCroBM ) LUMO REZK L
PC7oBM 1, fT LAl N Bis-PCroBM ] PR & Hith
) Voc. Bis-PCroBM 7E PTB7 1 PC7oBM 2 [a] 2
BT HRERE R, RSS2 Ak S AR SR T
ZH AL RIE. 5 o B, 4B AR
N 3%Bis-PCroBM H = JC LA, #8F N IIE &
TH UL, RIETE I E P8, R I 1 Voo,
FF M1 PCE, &4 PCEIAZE] T 7.00%, HH Voc
NO0.77V, Jsc N 13.92 mA-cm—2, FF N 65%. $#Ai]
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(s 25 R R B, 8 Bis-PCroBM 5 % il % = It
K BH R FRL LA B i 2R 5 0 R B RE R R B 1 — A
IS R R 75 7.
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Abstract

In recent years, solar cells, especially the bulk heterojunction (BHJ) polymer solar cells (PSCs), have attracted
considerable attention. BHJ PSCs have several advantages such as easy fabrication, light weight, low cost and flexibility.
The research on ternary BHJ PSCs will become a hot topic since incorporating near infrared region (NIR) low bandgap
polymer materials into the donor/acceptor system can easily extend the absorption spectral range and improve the
photon harvesting. In this paper, we investigate the ternary PSCs based on poly{4, 8-bis[(2-ethylhexyl)-oxy]|benzol[1,
2-b : 4, 5-b’]dithiophene-2, 6-diyl-alt-3-fluoro-2-[(2-ethylhexyl) carbonyl|thieno[3, 4-b]thiophene-4, 6-diyl} (PTBT7): Bis
adduct of phenyl-Cr;-butyric acid methyl ester (Bis-PC7oBM): [6, 6]-phenyl-Cr7i-butyric-acid-methyl-ester (PC7oBM).
The performance of PSCs based on PTB7 and PC7BM may be improved by doping with Bis-PC7oBM which is used as
an electron-cascade acceptor material. Ternary blend PSCs with 3% Bis-PC7oBM exhibit a power conversion efficiency
(PCE) of 7.00%, higher than that (6.07%) of the PTB7 :PC7oBM binary blend. The open-circuit voltage (Voc) is 0.77 V,
the short-circuit current (Jsc) is 13.92 mA-cm ™2 and the fill factor (FF) is 65%. However, in our research, the absorption
spectra for the films with different amount of Bis-PC7oBM are hardly changed, implying that doping with Bis-PC7oBM
would not improve the photon harvesting. The LUMO (HOMO) energy levels of PTB7, Bis-PC7BM and PC7oBM are
—3.49 eV (—5.31 eV), —3.80 eV (—6.10 eV) and —3.91 eV (—6.20 eV), respectively. Due to the higher LUMO energy
levels of Bis-PCr7oBM relative to PC7oBM, the V¢ increases when Bis-PC7oBM is used. The cascade-like energy levels
of ternary blend PSCs can facilitate the charge transfer at the donor/acceptor interface owing to the bridging effect.
There are three routes for charge transfer (PTB7-Bis-PC7oBM, Bis-PC7BM-PC7BM and PTB7-PC7,BM) in ternary
PSCs, more than that one in the binary PTB7:PC7oBM counterpart. Moreover, PC79BM can provide a driving force
to transfer the electrons on the LUMO of Bis-PC7oBM to a lower energy orbital (the LUMO of PC7oBM), which can
facilitate charge transfer from PTB7 to Bis-PC7oBM. Atomic force microscopy images show that when 3% Bis-PC7oBM
is used, the film of the ternary blend active layer becomes smoother and the root-mean-square (RMS) roughness decreases
from 1.87 nm to 1.80 nm. The decreased roughness is likely good for the contact between the PEDOT:PSS and the active
layer, improving the transport rate. We have fabricated hole-only devices using a high-work-function material (Au) as
the cathode to block the back injection of electrons in order to investigate charge carrier transport and collection in the
PSCs. Result shows that doping with Bis-PC79oBM may not change the hole mobility in the device. Besides, the Jpn-Vesr
characteristics shows that doping with 3% Bis-PCr7oBM can facilitate exciton dissociation and charge collection at a low
voltage. Our results indicate that using Bis-PCroBM as an electron-cascade acceptor material in PTB7:PC7oBM blend
to fabricate ternary blend PSCs is a promising way to improve the PCE.
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