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24 LU A B Ak A8 4 1 s B AR, i HLR A
W R AT HRGB K AL B SE H A o R S R R
WHAE J1FB, HATHTRIE R P3HT/PCBM L]
AR KR BE— 5 140 °Cl¢1718291 | Jonathon 2517
7 140 °C R X} P3BHT/PCBM i I 28 4FHE 4T T #GE k.
AbFE 20 min, IX{ETFEELEHIE EFEH R 1.2%38
nE 2.9%. MATRASEASR X $2667 5 (Grazing
Incidence X-ray Diffraction, GIXRD)F1/)N i HF4iT
SR 7R N T 3K — G HE R e IR i ) 32
BRl: (1) B K4 K KSE T P3HT 4 F1&
P3HT/PCBM i A7 Fedt, i P3HT Y edge-on
SERYI SRR ST 9 nm BEINF] 16 nm, K T B £
HER R 45 75585 (2) B KR T
PCBM % T 438, ffif3 P3HT 5 PCBM L T R
U B2 M, BORHER S T P3HT 5 PCBM Kl
FHAH > B AE L, (ERARANEYL TELHEA
FERAR S R T, A ROt s T R B LR
A T B 2

SRT 48K 2 0 5T i 1 GIXRD IS
— B [ s N A (0 0.20°8% 0.30°)117 1820,
XAEOL T X FLRFE T T RAE A NLZE R R
R, XEERTHEE R TR RS A VLSRN P3HT
HABEE R FRMERE R, AR Bt R
e g8 AN [) DX 85 1) JR S 5 MM U o TR 1) 3R T
PR 08 B S THT PRI 25 A R e A2 TR 2 TS 28 1 A 2
fill, XL RE S AR E B, T HRTIR DA
N W7~ P3BHT/PCBM FHLHERZE. WZELLKL
SR AL P3HT 4311 edge-on £ face-on 1448 M 4F
A, X PR EEHITYE P3HT 4 3248 77 1A F 4 1%
) - HER 5 T R T A i il s i AR KB, Rl
K FES ST GIXRD Jrik, Bl X G4k 58
JIES 2RI 1) 92 £ SR 20 A8 XS 2R PR IR B, I 7TaB -k
A PEAT JE IR R R AW E R A RIRE AR P3HT 4>
T H AN E T BB XA EBREA R R
FEARH P3HT 70 H ARG 0L, BEXFRE] P3HT 1)
gk e PR gy 1 o B PR L, th ok R F
P3HT/PCBM VR A 8 5 o AN [R] 3 2 X 38 1) ok 7 o
TR ARG, R AT 1 B AR AN R
SR T R g R RO, e &
GER 2R AR RCE 2 H A 71
R CT AN g st A fnidaE, i oG BT
REIENMANUKPHRE M. AL SRR AR S Sk
IRBSAE ' L R R P00 R, JRAT TR LR
Ji&& P3HT/PCBM i T AFIRE AR K, FHRH [F2
9T GIXRD 9T 7 AR R B v A AN [
JEAL P3HT 43 F AR R 55

1 SKqy
1.1 SR

1l 2% A ALV BT 436 FH A4 L P3HT W H Sigma,
#3515 Mn=30 000, #{ %2 (Regioregularity, RR)
N 95%; PCBM (4l 99%) W4 [ fif *% Solenne B.V
AN SERG IR AN EIAMRMEE— S At kb3 .
SEE6 A BT A I BT AL 2R e E [ 2541, H
KA — ot kb3 .

1.2 AHEERE

1.2.1  HWRECH

#%HX 20 mg 1] P3HT A1 PCBM [E 44K K 5] i 5
T 2 mL B 12-FKF, AR E 5N
20mg-mL~ (AW, FEETFER TR 240 ULE,
LU#E PCBM 5 P3HT 74 A, B 51 HL 4 8T P3HT
REW T
1.2.2 %

¥ 1TO S HIBEE LG TE L/ A, L8
HE AR 20 min, Bl R 258 KPR LR T T
LW, EJETEEMEFEANER 150°C T %
30 min; £ ITO ‘T FLILFE IR [ iEER(2 000 r/min, 60 s)
P3HT/PCBM ¥, #4252 P3HT/PCBM i fiE,
HIMEEFEFRPIET, R BRI R
JEREZ)M 80 nm.
1.2.3 B kabE

Bl S EEE TR MES, oalfE
30°C. 80°C. 140 °C FiB-KALHE 20 min, iR KAbH
SERJE I EEFEMF 10h BLE.

13 MiRkAEE

LI JE R 22 B A2 = 1) Alpha-500 2 [ #8 56
AR . GIXRD U A& 1E 1 [F] 25 4 5 2 B A7 S 2%
ui BL14B1 58, BL14B1 NZELRLL, f#1F
HHIBEREN 3.5 GeV, X HFHZLHIP£K1=0.124 nm. —
HETH 7 GIXRD {5514 F Nal s 2sUscsE, sk
BN 0.02°, KAERTE 0.5, MEJLEN 1°-31°,
NG A AT 2 0.1°-0.30°, —4E GIXRD
15 b ifg R R AT S s A, SR Mar345 THERN
ASCE AT, BN MAE N 0.3°, BEYGHTE
960 s. N T IHRBEKIISM, GIXRD Elig AL bR
KT R q(q=4nsin@/A). 75} SZIRHS & 78 % i
A2, GIXRD (& seis A 1), H
HFOn Iins Toop 1 Ip 0 ARER X BHER NS M. A
SSPORBE L THAN 7 ) AT S i DL ST P 7 1] PR AT S
SRR, B 1(b) AN P3HT 4 FilvEEH T H KM

020101-2



Wi E % HHE-E Y P3HT/PCBM 3 IR 1) [R5 58 S NS X S 2R AT 5

(edge-on) FH~F-17 T+ 8 I 3 1 (face-on) 5 4™ J7 7] 1) H
AR EPY, Horb o ESEZN 1.61 nm,
b FIFE R LI 0.38 nmo SEHGH X 5 LR RE i 0 5
BRI O X SR IR NS A SR SE R, 5K
B AN RIS AR X S 2 R 38 ) 3 2 X g

1(c) BT 7 o TS 5 A 4 IO RIING 5 F R o 207910159,
MINS A a<a B, FEEREL DT BRI E
=ARm(ol—a®)'?, TSNS o>a. I, BRI
27710 R A=sina/2u, INH u NEES
U ES /G

()

a>a.

a~a.

a<a.

Thin Film

lmm;l a

P3HT Edge-on

& 1

X
P3HT Face-on

NS X S RATH IR L5 M 7~ = Bl (2) P3HT 4+ H A 2511 58 1 W il 437 &5 #HUA) face-on AT edge-on (17 5 K (b)

AN A1 R B X S Pr500 2 (¥) P3HT/PCBM BT X 45 ()
Fig.1 GIXRD experimental setup (a), two types of self-organized microstructure of P3HT (edge-on and face-on) (b) and penetration
of X-ray in the P3HT/PCBM thin films at different incidence angles (c).

HRDhSTHE

Bl 2(a)—(e) 73 7l % H A R 45 N 55 £ B2 (0=
0.10°, 0.14°, 0.17°. 0.20°F1 0.30°)ill &= P3HT/PCBM
VIS 20 AN ()L P B K A 385 (30 °C 80 °C Al 140 °C)
)—4E GIXRD K. MAEFE ST FEXT R X
SR (IR T IR FE Ay LA E R B 80 nm [1)F

2

FEAF2], B 2(a) R (b) PRI 21 1) 3= 222 R I 3R 2 7
SRR, B 2(c)FI(d) 3= ZER 2 R Z R A
EERE R, TR 2e)FTE R g /S SN R
AMNEERZ . NERFIH =X IRE P . RA—
A e 307 R B0, A P 2 HR R (100) 77 569 U6 75 31 2 A1F 1 gt
1 P3HT 731 edge-on fK1(100) 5 i 145 15512,

0.10 0.12 " 0.12
(a) 01n=0.10° A =5.66 nm (b) #1x=0.14°, 2,=18.80 nm (¢) 01n=0.17°, >80 nm
s 2 L 4 (100 1
2 0,080\ (100) i 0.10} § (100) 3 010
z £ 008 £ 008
Iz} =
g 0.06 140 °C < £
E i 2 s = 0.06 140 °C £ 0.06
R E ¥ g
g 80 °C g 0.04 80 °C € 0.04
T th b i <
£ o0t £ o0l - £,
= N 30°C av 30°C a v
Y A
ol vy vy e (1) S S A S S A A S
345678 9101112131415161718 345678 9101112131415161718 S e T RO N 23 45161718
¢; /nm™! 0.12 q; /nm™ q; /nm™!
0.12 - 0.10 0.14
(d) 71x=0.20°, A;> 80 nm (e) ¢1n=0.30° 2;>80 nm (100) (f) Annealed at 140 °C
5 0.10} 3 (100) 5 012}
N 2008 s (200) 5 ~0.30°, 2,>80
o g = 010 IN—ULU% AL nm
£ 0.08 £ z 0
2 £ 0.06 z o
ﬁooo» (200) ﬁ 52 0.08 0 1x=0.20°, 2;>80 nm
5 ool 5004 s 006 0 =0.17°, ;>80 nm
he 80 °C S b
g g g 0.04f 0 1n=0.14°, 2;=18.80 nm
E 0.02F o E 0.02f = .
aY 30°C a 2 002} 0 x=0.10° 4;=5.66 nm

0
34567 8 9101112131415161718
q; /nm™!

0
345678 9101112131415161718

0
345678 9101112131415161718

q; /nm™! q: /nm™!

2 P3HT/PCBM AN [ NS A FEAE = ANAN R KGRLE T GIXRD 4558 ((a)—(e))F! PZHT/PCBM i JIEAE 140 °C I8 ki 4k
BE ARG A E GIXRD & R(f)
Fig.2 GIXRD results measured at five different incidence angles with thin films annealed at three temperatures ((a)—(e)) and those
measured with the thin film annealed at 140 °C (f).

K 3@—(c) Bk & 7B H PIHT 71
edge-on Z5 4111 (100) & 11 AH XS U TR A (Relative area)s
i [ () PR @ DA R Stk )R] L i I8 i AN ER I o i

AR . Ford, B 3(a)H Relative area NTE T°C
TR IR KIS P3HT(100)A7 51 1§58 area(T) 5 [Fl—
OB EE 30 °C 3B KA FR R PIHT(100)47 5104 30
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B area(30) A ELAR, X FEANN B 473 S B[R] — X 5
NI M E TS DA E R KR B R
P3HT(100) 77 5 e 5 B2 I AR X A2 Ak, T B AR AR B 4
BEG T RN S AR AN R 1T 5 30 XS 2 A =
PRFAS R T 7 SR 2 s 1] 3(b)H dn i (Al R @ FHAR
Pk 52 2asing=2 FLHP & 3(c)IRaE i Sk R~

L B R AR 1=0.89/(AcosO) B T, i R 4
P3HT/PCBM [ GIXRD SZI6 45 5, 43 it 16
JEELE A [F)E P IR K AN [R] DX R sk 45 4 AR AR A O
FEXH e IR IR E (140 °C) AL BE [ 78 K 5% 2 [X 35 11
TSR R U0 DA 3R

24 1.67 0.10°
Le6r— "
——0.14°

1.65F
1.64F
1.63f
1.62F
1.61p

Relative Area / a.u.
a-spacing / nm

0.9

1.54

(b) 17.5F

Grain Size / nm

30 40 50 60 70 80 90 100 110120130140 150
T/°C

T3040 50 60 70 80 90 100110120 130140 150
T/°C

ll'030 40 50 60 70 80 90 100110120 130140150
T/°C

3 AHLHE P3HT/PCBM H P3HT 731~ edge-on 45 #4) fIRH AT 5 2 BB IR J EEMHER IR FE ) 224k
(a)~ (b)H(c)Z3 3179 P3HT 43 T-1¥) edge-on 4544 [1(100)T 5 0 AH X W TET AR L & T T B B ot 1R~ i iR PS8 RN ¢ 52 11 A8 4L,
Fig.3 Structural parameters of P3HT in P3HT/PCBM thin films deduced from the GIXRD. (a), (b) and (c) are relative area, a-space
and grain size of the edge-on structures of P3HT at different annealing temperatures and probing depths, respectively.

M 2@)—(e) & i, =R kiR E A5
P3HT/PCBM Wi 7E ¢.=3.8 nm ' JT i I 1 4 ik
IfTEIE, XN F P3HT 401 edge-on £5H41#1(100)
AR T, 0P 1(b) 22 B TR - B 2(e) B (D ¢.~15.4 nm ™!
BT AOAT SR B T At SRR . Szt v R BRI
BISCHER[20]1 74 BT AR ) PCBM B B ATSHIE, X%
HA7E A 5256 rH (1) P3HT/PCBM i Hh PCBM F A 45
di, HCE R R AT g A2 P3HT 4T B0 BE A1 40K &
FLT4E T PCBM 9455820, & 2(a)—(e)F I (100)4H
ST O TR A L T 1A P DA% ok R~ 3R K L
ORI L AR 75 50, w61 3 0 AT 4] i o

K 3 R BRI HIRHRZEE 5%LLA. HE
3(@)F A L, LR K5 P3HT 43+ edge-on 45
F) B 435 A A S A 5 B R FBEAN () % 5 A 48 o s 1
I, BAER— X SRR B B KRN 140 °C
AR AH AR A R, X ARKFRRE b s B 1 i
ZER BRI, SBUE £ P3HT 4> 1B A edge-on
gt [EIN, BB 3t E A ERE R e LR
GHEREZEN: SHAAS A, B
N 0.1°H] Relative area BZF L/, X et TIE K
Kb FER A S I 45 R PR A R T G LU BR s T BN S
A2 0.17°, Relative area [fHiB K i5 & B nfgE &
KIEFRTE, Sk 7N &R P3HT 731 edge-on
SERA) 3 I FE S N i KRB s b B
$H #4131 0.2°, Relative area [ 18 IR #8900 FH 3
w, HEARGES, A A S ng 0.30,

Relative area [ifiR K FIBE I 5 N5 £ 4 0.14°1)
A T AE 2 o 2 2 N S A B 1 R R M R
HE— 2R, R R 0 ST Ak DRI K,
SR Relative area [ iE iR Z 2 AL IH A PR 5
JIB5 PR 508 R ASE RO 186 It B, 3R R BN, T AT 4 i 7
[H AL P3HT 4 edge-on 2514 [ iR KL B AR A%
T B o ] — R R o IR 2 B 55 ik [ 171 [20]
[23]s [24]. [271% 8805 P3HT A1 PCBM 3 B
Sy AIE DLW G, RLR K ALBEIESE T P3HT 4111
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RSP PCBM ki, s 2 S 30 py 45
PCBM &5 /0 [ X 8 i1, Wi 7 1T o A 358
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HIE 3b)T LLEH, HIEG0 °O)N L Z
edge-on 45 K] 14D & THI [ B S /DN - B8 R S5 1 0, X 3R
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e, It ] S e 7 SClR[23] 70 B A R
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NSHAH 010981 0.14°) edge-on 45 K4 f) 5 1 18] #H,
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K5NERMFAZ Y, N ERSHER
s T 1) B AR AU R FE B /N o PR AR I — B 5 1 D R T
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iR E S YRS P3HT/PCBM I [P HR 5T NG X G2 ATt

1.55 nm™™¥, 244 PCBM 4> 79 £ £ P3HT 7 12
Z AliF, PCBM 5 P3HT 41218 i A HAE AR
s, Bl H edge-on 454 & T [ PR 48 KA
1.64 nm. X % BB KA 5 2 ) PCBM 43 T3
Z R PIHT B SR A T i R T 10 T 27 X 4% 45
FUI24281 N T R R 2 BOBAR SR T, B
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RS TLF- UM R 3o, (ET I P 2 S okr
JSFHEINA A, 140 °C 1B K ALHEE{E P3HT [ & ki
RSFH 11.2 nm 8% 17.26 nm. X E BB K AL FR
i P3HT 43¥ edge-on Z5HJ 1 kiR K, I H iR
P2 PIHT B oL R S 34 KN BA &2, iX Ui B PBHT
E T B PN B R AT 5 (1) edge-on Z5 #4172,

ZR Eor M, B SRR 222 140 °C IR K AbEE
J& P3HT 731 edge-on 4514 2 25 255 , AT ] 2(c)—(e)
f1 ¢=7.6 nm ' BHIHEZEHIL T P3HT 21 edge-on

OOP

(300)

(200)

q: / nm

12 1p
gy /nm™

q: / nm

GERE S = 2R VR 1 (200) AT SR 0611 336 6 R [ 9 B A 45
FIAS [F S5 015 B AR U R AN RN 5 0 P AT
—# GIXRD FALHILENE, KZHoopl 7820
KR X SIS 0.30°8 0.20°, X—METR
GIXRD & H 24 H T 8AE A TR s M s
By FEASRE VR AR 71 H R B 5 ) 2 A e R R
PR DL . W 2(OFTR, BEE X S5 E
T A AT, 140 °C 3B K b B I 1R 7 56T i
RUHHEAFEMLSE R, FHik, RARSEN
GIXRD J5ik, BRI iAs X 52k 5 e im i e /
R X LR IR IER S, B 9008 KA B AT fE X 2%
REYHEIEP A FEREA R P3HT 21 BN
e b ER

T EAmMEAE PABHT/PCBM i P3HT
AR E A O, F 4 GIXRD X i 715
A BT T RAE, SList RunE 4 s, B
4(a)F(b) 73 12N 30 °C Al 140 °C B K AbF ) i I
i I 4 GIXRD KEli, FHH1(100). (200)LL % (300)
Sy H%F R P3HT 23 1) edge-on 454 —%%. — 2%
DA S =R Ao, AR IIATH AR B TA K.

OOoP

(300)

(200)

(100)

|
12 1p

B4 P3HT/PCBM AL AN [FIAR GRS T R — PR LV A 9 P3HT ) — 4 GIXRD f4t 44 fa B b
(a)30°C, (b)140°C
Fig.4 Edge-on and face-on microstructures of P3HT in these thin films annealed at two different temperatures, respectively.
(a) 30 °C, (b) 140 °C

g B3R WY B 9 4 T Ak 5 19 (OOP) 78
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KL PR LS ¢.=7.6 nm ' Al ¢.=11.4 nm ' BfHif kb
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V8 R 5 A i B L ke g0, AT T
DAFR S 31U P3HT 401 8 5 mife il % . i
T-(200)F1(300) A7 5 e ()5 FE A 55, (RG] 2 A g 1
WEIFARERSTE M LRI X — 45 R, H4h, el A
7 1] (TP) P 98 A AR 32 tH B 17 AR Bl e B 2 190 (100) A7

WU, AR K Kb 3R A b AT S e ik B B 5 AR
K, XK 140 °C B K ACFE fe I HBL T & &4
%1% HE A F K face-on 45K 154, i 1(b)A
BTN, AT AT B3R 3 735 P3HT 2 T8 [ n-n
HEW) 7 o) AR B R . 3 6B 4(a) I (b) BT 7S 1
(L00)AT S ¥R UY J5 57 £ J7 ) AR [0 AR 23 40 H7 2 Le,
1B KACEE S (100) AT AR EE AR K 428 ) B8 BE AR /)N
T TTIR B AR R, XA P3HT (1) edge-on
SERIRERAE 2 SRDRSTAR R, R ) 43 A B
ML 38 hn UO21230 J Sz ik [16] AT [25] Hh i At 3R 1
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P3HT R 7E SIS A 30t 0 T RSFAR K SCik[16]
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SERII S EAE RIS N e s (2) 1Bk Ad
A P3HT/PCBM (81 B T 45 i i ELAR XS
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i, B KACEAT DLGE R Z 1 PCBM 4> F1E
P3HT i b A 1 20 A, R LA K K388 i 8 JEE ) 350 1)
P3HT f4h st ik, M Fl T iR m .
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P3HT/PCBM polymer thin films studied by synchrotron-based grazing
incidence X-ray diffraction
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FENG Shanglei'” LI Xiaolong' GAO Xingyu'
1(Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Zhangjiang Campus, Shanghai 201204, China)

2(University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Background: The microstructures of P3HT (poly(3-hexyl-thiophene)) in P3HT/PCBM ([6,6]-phenyl
C61-butyric acid methyl ester) thin films play a key role in governing the performance of organic solar cells (OSCs)
based on these films. Purpose: We aim to study the self-organization of P3HT in the P3HT/PCBM thin films
annealed at different temperatures. Methods: Using different incidence angles, information about the microstructures
of P3HT at different depths in these films was obtained by synchrotron based grazing incidence X-ray diffraction
(GIXRD). Results: It is shown that the crystalline structure of P3HT has been substantially improved by thermal
annealing. One dimensional GIXRD clearly indicates that P3HT edge-on structures in the inner layers have been
improved with their number increased in comparison with those at the surface and the interface layers. In addition,
thermal annealing also helps the formation of P3HT face-on structures in the films, as evidenced by 2 dimensional
GIXRD. Conclusion: The improved structures in these films lead to more charge transport channels formed to
improve the carrier mobility, which in turn helps the improvement of OSCs. Thus, the present GIXRD results will
improve the understanding of annealing effects at different depths of the PZHT/PCBM thin films for enhanced OSCs
devices.

Key words Grazing incidence X-ray diffraction, PSHT/PCBM thin film, Edge-on structure, Face-on structure
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