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F FEL U 5 - TR (J- ) ki U faildn,  PSCsEE:
PR BEAT I BRI 1 0% Oy ) MR, 3k (A
YERRBIPCEIE TG B PR R Kt iR oe 28 1,
i I X TiO, MR A FR ik vk, wT DA 0k L T F BURN
PEFEBIERAST ST, i, s B HAa A I METL
HHEMIEBE ] An-i-p PSCsH, 950 7HOEE 2 SETL
Z IRl A, B2 T ORA AT AR AE ROR,
M2 M PCEA S T19%LA 12 i, JURMEE
BT F 32 K41 Bl (fused-ring  electron acceptor,
FREA)WHHVEETLEEMZ, AMUE L 41 PCERE
FE120%L |, [ KR B = T PSCsY TAEK ]
Fasg S, BARAE B W R FREA B 2ME J i 7324k
R TR B AR R R Y, (H R T
JE LT A DRI P T DA ) TR R (R BTS2,
FH LA AR GE 0 & e AT AR, BA nl R e
W RRBER LS . RAFH AR T ISRk
FaE M S R, BRI, FREAFE WETLASHEZ i1
Jo7 FH A2 E A2 1 A R e S i — 2 R i PSCs Tk R
AR &R Z —.

ARSI, FATTRIFH — o B B R H T Z AR TIC-
Th** UEHATIO M 1552, RAAHELSHITO/TIOY
ITIC-Th/(FAPbI;)(MAPbHCI,),_./Spiro-OMeTAD/Agiill £
n-i-p IS5 PSCs, 4GB 7 RMEE. 7Ok
TR H Ak BT 3 2 I3t R X PS C AL T A 4544
eSO C R PE S A TR AE S5 047, AR F&5HFIITIC-
Thi) o T-45K9 53 AN E 1 () FI(b) . BFFE4s R R,
Z2ITIC-Th A &1 B PSCHYPCE M A 22 5L 18 15 1 1Y
15.43% 0 F R )18.91%. - H., 72BN H30%
FIAAE T CE 291000 hE HPCEARIR R FEFE R A990%.

1 5
(1) JERL MALAL(ID)(PbI,)(99.999%) M H Alfa-

Aesar. SFNEEEK(IV)(TTIP)(97%) & H kh
(99%) A MLER (HI)(57wt%)« JC7K — 35 B Bk i

(@ Ag Ag

Spiro-OMeTAD

ITO

Glass

Bl 1 (MU )4 4518 () FITIC-Thor T 4544 (b)

(DMF)(99.8%) H FeEhigth(MACI). Jork — H 3L EAR
(DMS0)(99.9%)~ ZNE(99.8%) FEA(99.8%) 4-F T
F M IE (4-BP)(96% ) AR = 55 FF Jo fisf o IV i 24 6 (Li-
TFSI1)(99.95%)4 H Sigma-Aldrich. ITIC-ThAISpiro-
OMeTADI H Ossila. X = F I & fifi 9 W 12 B (FK 209)
) H Dyenanmo. H:Hr, HPKIL(FAD)E FH 2R FF PKER A
R SCHR[26]175 LAY, TiOZ K Uk S AR 8 SCik
(27141238 B 53 TN B R K A 7 72 45 11, PbLL(DMSO)%%
A2 P DM SOF4 IR SCHR[ 281l 45 1. T #4 %k
FEAL AT A e — AR 4l

(ii) #41ERI%. B9, TTOBE ISR i Pk %
. REFK. BTSN EEAS A P15 min, T
JR 2 BN VE10 min; BEJS, 20 mg mL ™' B TIOZN
KSR AEITORA 1244000 r min™ #3iE1450 s,
AR NERR T 28R aR B B TiO N, AR5
P TIO IR AE RS 120°CE k60 min; 7ERSS
SRR TN, #51 mg mL™ AIITIC-Thi 75
TEVRTETIO MR 42000 r min~ 553781450 s, FhfS
120°CHAH IR K20 min. X FHEET 2, KDMFH
1.5mol L™ PbL(DMSO)FIRIAIARTETOC T High, If
FEITIC-Thi& M J2 22 T8 42000 r min~ 558 iEk45 s; B
5470 mg mL ™ BIFATRIMA CLI R & 5 T3 B v Wi A
PbL,(DMSO)HEZE Hi 42000 r min~ 45 iE1840 s, If
120°C#HIR k2 h. ARBEZEZERJG, Spiro-OMe-
TADYE W LA2000 r min~ S48 50 s, PURRTESS LD
FETE. Ho, Spiro-OMeTAD ¥ fif 78 & A&
(60 mmol L™, JEMA30 mmol L™ Li-TFSI
(520 mg mL™ ' LI ), 200 mmol L' 4-rBP Al
1.8 mmol L™ FK209(300 mg mL™"). fx)5, FilFH @ E2s
PR RS EALIEL 107 Paf £L23 404 T 2845100 nm4:
JERAL R, HorP R A AL AR 0.1 e, [FII, FEAH
) 260 T 48 T A TTIC-ThiG i J22 1) X6F BE R St R s

(i) FRAEJ7v. JCHLIE % B -H e (J- V) P REI a2
FEYEIR K100 mW cm 2 IIAM  1.5SGHIBH A BHY T i@

Figure 1 (Color online) Device structure (a) and molecular structure of ITIC-Th (b)
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idKeithley 242001 R GEREATIN R (9. ABPIET-HLT4%
{3 >K (incident photon-electron conversion efficiency,
IPCE) ffi HINewport & FH G FL ith Y15 e I 1t 2R Ge k47
M. SR FH % % 544 FB - 1 fUB% (scanning electron mi-
croscope, SEM, SUPRA 55)%} 54k < BHEE B, 1 A9 FHCU0
TESHEATRAE. RSN WO EIE L (UV-Vis, UV-
2600) FIFR A BE A I 214029 1% { (photolumines-
cence, PL, FLS 980)X 58k A A FH RE H 1t iy P o itk
FYERAE. R A% AA I (SDC-100) X TTIC-ThiZ M
TiO, W AR AT S AL Ml A EA T, A RHL I 2 il
VersaSTAT34k24 T AEui(Princeton Applied Research)iff
AT,

2 g5

[E2(a)F1(b) 43531 A TiO, B FITiO,/I TIC-Thid AR 1)
SEMZEHTESIIAL. ST &, ZITIC-ThE i A TiO, i

400 nm

FONECE AR, S5, ITIC-Th&Mi)Z 0] L
/D TIO M AY FR T B FA, PSS ETLIR)Z R, ¥inS
FEERA I ANAE, DT R T A H A i AL A
2 1esh, E2(c)FI(d)s B TIOBEFITION/ITIC-Th
FEPSCsHISEM#RITITESE . XA, HIRTIOFEA
TiO,/ITIC-ThEE M5 ERA WO 2 HAT FIAE IR A, (HJ2
TiO,/ITIC-ThE A5 ERH™ f bz R (29800 nm) H 1 Lt
TiO,JE S BR ™ Sk R (29400 nm) K, F HLTiO,/
ITIC-ThAEESERH R AE M 1] J7 1) b JL-F- B 28 55
R IOG)Z, M TiOFEE B  WOR 2 A & K 1 i
o AEREW, KITIC-ThEMR TIOLA A T #E 55K
WAL . AR SCHRRE, B5ERT kL I o e s )
HLH G AR T2 6, I LAARRL Y /N i 1 FiL O
% i (short-circuit current density, J, )% G E 5%, G
Sb AR Z2 114 EiL A B BHE T SR 1T 025 FIAR SR S 2 A A R
M, SR A LAY SR R T LR S A Bk K BH g

©)

Bl 2 SEMIESEL. (a) TIO MR (b) TiOL/ITIC-Thili 3R M (c) ITO/TiO,5PSCsHE I ; (d) ITO/TiO,/ITIC-ThA:PSCsH i
Figure 2 SEM images. Top-view of TiO, film (a) and TiO,/ITIC-Th film (b); cross-sectional images of TiO,-based PSCs (c) and TiO,/ITIC-Th-based

PSCs (d)
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F, b F1 % FL R (open-circuit voltage, V) FiJ. '

R T HRFCETLR R IR E S8k S K Y
FHIEPE, 35 FH K FIDME X TiO, I FI TiO,/ITIC-Th
RV TR A . EI3AT LR Y, LITIC-Thi&E
JE W TIO AR, K F B2 il f A4 1o35 ] 55°, DMF{i%
A N 16°HE M E30°. 53, ITIC-ThEHi vl 47
SRR TIO IR A 25K M. T Z B4k ik &
S ETLZR AR A M A SCHR[30]4E, ETL#HEAKL
(Y K PERE AT LAA I SR8 Sohn AR 5 %, A
mife it H A TR, fedb Rk, E2(d)RMIE3RY
SIS A5 A5 SCHR 3200 9 S50 45 SR A — 3L

El4(a) HITOHEJE . ITO/TiO,FEFEFMITO/TiO,/
ITIC-ThEJE M UV-VisE G, aTLLEH, BT
450~550 nmilf K, ITO/TiOJ&JE FIITO/TiO,/ITIC-Th
IR L AR LLITOSS IS, I H., #£550~750 nm

@

X[, ITO/TiO,/ITIC-ThILJFE G 1T KALMAE TITO/
TiO,FEJEE. 5 A, Al e & FHITIC-ThE % X 8] F= A4
A IME T Y. A BILE L3RR 1R
(FAPDL;) (MAPDBCLy), _ BHEKH I, FEX e iR
DGR, SR LE R E 40)FR. v LG, T
ITO/TiO,/ITIC-ThHE A5 LR T R A T (IR e B,
FHAITIC-ThB M — 253458 T ETLXS 203 T 1 IBCR
Tz R, A # T3 = PSCs Y PCE.

K15 (a) F128 143 2 5L T ITO/TiO, 3 HIITO/TiO,/
ITIC-ThHEPSCsJ- Vi £k AR S 5088, nT Ll
FH, ITO/TIO/ITIC-ThIEPSCHYV,., J., HFEHF(fill
factor, FF)HFIPCE/>341.05 V, 23.56 mA cm >, 76.58%
H118.91%, B & TITO/TIOHFPSCHIGIRTERE(V, M
1.02V, J..422.89 mA cm™>, FF}66.10%, PCEJ}
15.43%); Hk, ITO/TiO,/ITIC-ThIEPSCHIIE K41

Tl "

"o Ml k|

B3 Al EIE. (2) TIO MBI HAlA: (b) TIO/NTIC-Thi#f i /K HHEALA; (c) TIOMAEAYDMEWIR Hefl A ; (d) TiOy/ITIC-This i)

DMF& i3l £

Figure 3 Contact angle images. Images of water contact angles of TiO, film (a) and TiO,/ITIC-Th film (b); images of contact angles of DMF droplet

on TiO, film (c) and TiO,/ITIC-Th film (d)
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Figure 4 (Color online) UV-Vis transmittance spectra and steady-state PL spectra. (a) UV-Vis transmittance spectra of ITO, ITO/TiO, and ITO/TiO,/
ITIC-Th; (b) steady-state PL spectra of perovskite films on ITO, ITO/TiO, and ITO/TiO,/ITIC-Th

PCEZ S M4.4%, WAL TFITO/TiO,FHPSCHY
10.4%. [FIEF, PEREAYEETHBIE L GE 50 HTRl 2 T
ZIIITO/TiO, 2 FIITO/TiO,/ITIC-ThIE A PSCs I GAR
SRR 1 2PE S (EI5(b)). —J7 T, AT
TiO,, ITIC-Thi¥ffA i A HiERES (lowest unoccu-
pied molecular orbit, LUMO)Xj(FAPbI,) (MAPbCLy),_,
BEERE I 2 IILUMO 22 5 /N 5 ) o 11
TS 50, fEdEVoc FIFFIGHETE; 55— J7 1, ITIC-Th
BEMAUEE T TIO R R IR ELE, AR T RS
LS ERT R, DT R B0/ 1A 20 i %
R A, ARObE S T MR SR, w1
PSCsff 4T3 % (external quantum efficiency, EQE),
R MES (). ATLVE H, #E400~800 nmf i K E
FlN, ITO/TiO,/ITIC-ThEEPSCs LLITO/TIO B HA
FEHE TR, T ENMEQR LI 4t 5.
AR LR S E 4350 4921.92F122.84 mA em ™, X5
J-VITZR AT BEHIEA B 1eoh, R TR AT
SEITIC-ThB X PSCs Y HLfaf i A% ) 1 4 A2, FEG
54 R XHTO/TiO, 5L FIITO/TiO,/ITIC-ThL i PSCsjiti
hn0.2 VEL 3 H F120 mAR LR, #£0.1 Hz~1 MHz3iE
BBl N O ETSTE 25 SN S(d) . rTLAE L, AL
BFITO/TIOZEMEISHIZL, ITO/TiO,/ITIC-ThAEHIEIS
2y mamit RS /N TR 13, TR (B AR R
TR LR, AR A 4 R R 0 s e (R SR T F A
RSB 127, AR B R T i 2 4 3l 27, 0
AL BT s, B AR, SRS T
ITIC-ThMEMHTIO, A5 1] LA R 2 R PSCsHYPCE. 15

(e) B/ TITO/TiO,/ITIC-ThHEPSCHEA ] i ] 434 4%
G SWA 41 E2 D & = N = 1112 P [ D2 R
e, LAHPCERA RIFmfaett. ok, AT
HE— A AIFITO/TIO,/ITIC-Th3EPSCHYPCE MY i Fa &
PEFN G R R, SR FHTE e K T %5 R EF (maximum
power point tracking, MPPT)MIK 514, BIZENwRIE A
0.87 V, Y100 mW em “HIAM  1.5GIIBHA A
T, 500 o[BG RS, 08 R ) O R L, 2
RWESOFTR. 7T LIE H, FERREEZEIRG, BIAR
TV R B E P B T FF8; 78500 sf&, 1TO/TiOy
ITIC-ThAEPSCHY HL It 2% B A (B LoF- 5 0 - 4 B AR
W 2 H21.10 mA em ™’ HAH A PCEW RS & 7
18.36%, HHAERITAPCE(EIR2ZEINL2.9%, FHIH:
HAT A Tk HhsoE v

)5, N T HFFEITIC-ThEATIO, X TPSCska
FEPERI R, KL AT B2 A ITO/TiOL 3L MITO/
TiO,/ITIC-ThE:AYPSCsTE % I AR 30% Y 5511 T, 1
42 d(Z91000 h) PR R 8 A2 2E A4 7 [ TP G AR 1 fi
iR, LR ME TR, WA H, ITO/TiOy/ITIC-Th
FEPSCsIPCETEA2 dJFTHRRAFIFER 190% A L, A
EHRITIC-ThAYPSCsIPCE & %0 2 J5 R 165%. 5256
SEIRFEI, ITIC-ThA&M P LIME S TiO T 1) S T i,
IR AR H K, (RS AT Sk o, I 54k
W/ETLS BT A, A A3 S 8550 /ETL S Ifi 1
FLfar S IBCR AIE RO, DT a2 14 1) TAE K
WIRaEE. WFST 25 X PSCs R fHEFHFI N He i Mk Ak
N A % B A SE PR AL
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SHERZE; () FETTIOMTiO/ITIC-ThAYPSCSIVEQEFMABU ML IEIE; (d) 7E0.2 VIRIE T, TERE &4 FIFSEET TiO, MTiO,/ITIC-ThAY
PSCsHYZSZE i, 418 E IR 3, (e) LT TiO,/ITIC-ThAYPSCs S 1IN [R5 - Vit 2% () 0.87 VIRE T, AT TiOy/ITIC-ThiX

PSCsHytma ;. 2

Figure 5 (Color online) Photovoltaic performance. (a) J-V curves of the champion PSCs with TiO, or TiO,/ITIC-Th by forward and reverse scan; (b)
statistical deviation of the photovoltaic parameters of 50 PSCs with TiO, or TiO,/ITIC-Th by reverse scan; (c) EQE plots and the integrated current
density of PSCs with TiO, and TiO,/ITIC as ETLs; (d) Nyquist plots of TiO, and TiO,/ITIC-Th based PSCs in the dark at 0.2 V bias with inset showing
a magnification of the high-frequency region; (¢) J-V curves of PSC with TiO,/ITIC-Th under different scanning rates by reverse scan; (f) light response
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and stabilized PCE and photocurrent density of PSCs with TiO,/ITIC-Th measured at 0.87 V bias

Fz1

ETFARFETLsHPSCs B RAR S H

Table 1 Photovoltaic parameters of PSCs based on different ETLs

ETL Scan direction Voe (V) Je (mA cm_z) FF (%) PCE (%)
Ti0 R(champion) 1.02 22.89 66.10 15.43
i
: F(champion) 0.99 22.98 60.38 13.83
. R(champion) 1.05 23.56 76.58 18.91
TiOy/ITIC-Th )
F(champion) 1.03 23.68 74.72 18.08
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MiM15.43% 5 E 452 T15118.91%, I HHH K T J-vith
RIIRAT NG, WFIELE SRR, ITIC-Thiv) S & ik
T TIOHBEAIES, AUk T A5 ER0™ kL i = ot i A
K, Kigaesb 7R M B A, RS T
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ZER R, REPETIONITIC-ThEPSC A AEMPPT
HELLEIRS00 sHIAME T AR DR AR, i HAEE
TRFIVRE 30% 1 57 T HCE 291000 h)5 HPCEMKIR 7
FRIFEHM90%, BH 5 T4l TioFEPSC. A, ITIC-Th
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Figure 6 (Color online) Normalized PCE attenuation of unpackaged
PSCs based on TiO, and TiO,/ITIC-Th
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Perovskite solar cells have recently attracted significant attention as the promising candidate of commercial photovoltaic
devices with high power conversion efficiency, low cost and large-scale processing.

Anatase-type TiO, is often used as an electronic transport layer in a state-of-the-art perovskite solar cells due to its excellent
optical transmittance, semiconductor characteristics, and chemical stability. However, its rough surface with a large number of
surface defects leads to poor crystallization of the perovskite film and serious hysteresis effect. Recent studies have shown that
suitable interfacial modification plays an important role in enhancing power conversion efficiency and long-term stability of the
perovskite solar cells. Several fused-ring electron acceptors have been introduced into n-i-p perovskite solar cells as the
interfacial modifications for the electronic transport layer, which dramatically improve the performance and the long-term
stability of the devices. The fused-ring electron acceptors are widely used as the electron acceptors in organic solar cells, and
their structures are based on an electron donating fused ring with strong electron withdrawing groups, which contributes to
adjustable optical band gap and energy level structure, good electronic transfer capability, excellent thermal and photochemical
stability.

Therefore, a facile interface engineering method for all-solution-processed perovskite solar cells is reported in this paper. The
fused-ring electron acceptor ITIC-Th containing alkylthiophene side chains is applied to modify TiO, electronic transport layer
to prepare the planar perovskite solar cells with excellent performance and stability. The main results and discussions are
summarized as follows:

(1) The ITIC-Th modified TiO, film is much denser and smoother than the original TiO, film. The images of scanning
electron microscope show that the interfacial modification using ITIC-Th improves the morphology and increases the water
contact angle of the electronic transport layer, which effectively enhances the quality and grain size of the perovskite crystals.

(2) The characterizations of the electronic transport layer by UV-Vis transmission and photoluminescence spectroscopy
indicate that ITIC-Th produces additional light absorption in the wavelength interval from 550 to 750 nm, so the transmittance
of the modified electronic transport layer is slightly lower than that of ITO/TiO, substrate; however, ITIC-Th has a strong
fluorescence quenching effect, resulting in beneficial properties on the extraction, transportation and collection of photo-
generated carriers for the modified electronic transport layer, which greatly reduces the surface recombination of charge
carriers.

(3) Planar solar cells with the structure of ITO/electronic transport layer/(FAPbl;) (MAPDCL;),_/spiro-OMeTAD/Ag are
successfully prepared. Consequently, the champion power conversion efficiency of the perovskite solar cells increases from
15.43% to 18.91% after the introduction of ITIC-Th. Moreover, the stability of the perovskite solar cells without encapsulation
is investigated. As a result, the TiO,/ITIC-Th based device exhibits excellent stability with only 10% degradation after 1000 h
in ambient humidity of 30% at room temperature, which is superior to that of the TiO, based device. This work provides an
important candidate in practical application for improving the performance of perovskite solar cells.

fused ring electron acceptor, ITIC-Th, perovskite solar cells, interfacial modification
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