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HReO,, PVDF:DH) 3k 2 & FA[9oMA, osPbl; 45
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5 et P R EL A (), ) PN P S A v TR
FERZ SE R, AL HE T 4000 7 0 5 AL 4,
ARG RS A, WA IS #0503
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2.1 FLWIRFIENUEE

SRR (FTO), 148 10 B IT 2455
REVRBHE AT FR A B 08 MR R, B m fb 21l

A BRAT] SN BRI N . PSSR (TiCly).

KRB (BaTiOg), &AL . A4, Pl Tk (k
) A FRA F; EARER (TiO,) 3k, TTHIEK &
SERRHTREVRA IRA R, oK O, LAY R, H
L AL 2R A BR A F] H Ak g2 (MAL),
T A TR AR RN R A FD Ak A
(PbI,), —HILFA (DMSO), N, N- - F 3t F i iz
(DMF), Sigma-Aldrich H[E; 2, pgatifoF 90K
AR

2.2 HRELTINEERY KFHAE
TZ
1) FTO 33835k
FHEERS R B 4 2 mol /L (9 3h B % FTO 3%
SEHEAT 200, Bl H MUY 00 R T RS | BT ok
F . PR S PR T4 15 min RO E L, 455
FHRERHET.

B &

2) B E A

HE B WBCH: AW, 2530 L (1) 59 R,
35 uL 19 2 mol/L LR, #i+E 5 min; B ¥, 2530 pL
)5, 370 uL EKPER SN TR, BEFE 5 min. 4R
JE s AR B S W2 1E T InE) B IR SV,
TIN5 S PR RE 5 min, B8RRI 52 K.

FOR)Z N Bl B 4 i E A 2000 rad /min
P e R B FTO R, BERMTH N 60 s, HEwR
SERUE K HCE T 3 500 °C #UbEE 30 min.

3) TiO, - fLJZE &

FE WL i TiO, FRH SRS LA 1:7 (Fiht
Fb) AT 24 h FCHISAE ISR, SRR i 47
B35 BE L 3000 rad /min F 5% 3 E R B 8UE 2 #
T, BEVRETE R 30 s, BELR T8 BUE W o E 5 I
P 500 C FALEFE 30 min.

4) TiO, &M JZ i &

FHRS WML 880 pL TiCly i fnAZ] 200 mL
K VKL, 50 °C KB HZ A2 i, FRokss
SV ARG T B TiCL, AK VAT, 61 T ] 4 4 1) SO
RWAE TiCl, KW, #4770 °C 7K 30 min,
S5 FZR KM B i eI e T, B 2
JECE T S 8h b 500 °C #EbFE 30 min.

5) F5EkET 2l A%

5K AT SRR R R 7 Sk DME i DMSO
DA FR LG S 401 Be i) BOTR & VS W, PG B R R
1.2 mol/L ) MAT i1 Pbl, [ {A¥) A 1 ik 76 B il 4
FIVRA TR H, 78 60 °C THiFE 2 h Fl il L Es ke
HTIKIE.

B2 BaTiO; ¥54k0 BIIREECH]: C i, 2400 pL
) DMF, 600 pL ) DMSO, i ¥E¥47; D i, #%
Bt 40 mg () BaTiO4 34, A 1000 uL #Y C #E
W, SRIG S MR85 E L IMA 1500 pL
1) CRE W, TN A 2.4 mol/L ) MAI il Pbl,,
60 °C fit 2 h BEL2EM. Balim 80N 0.5%
BaTiOy F5EKH BTIK——H C K 300 uL. D #F
W 100 pL. E W 400 pL, 60 °C FIR-SHHEL
A1 BRI 1.0% 19 BaTiO; 855k 5 A 9K
W —H C I 200 pL., D %W 200 uL., E % #
400 pL, 60 C FIR AWML B2 a0 5Ch
2.0% BaTiO; #5kH Hidkk——HL D %7K 400 pL.
E A 400 pL, 60 °C FIRAHEFEA).

FHERHT (MAPDLy) v 5 ) 28 o b 34 T i 4
() AT 3K TR DL T A E U B O TR TR B 2 R T
(1000 rad/min, 10 s; 5000 rad/min, 30 s), 7 =i

038801-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 3 (2024) 038801

BESRBIEE 7 s, I 250 wL SR, e 58 ),
J5%%E 60 °C iRk 2 min, F 120 C 1Bk 10 min.

6) Bk FLB ] 5

B OFAHER G FERL 1:9 (Fim k) A Ee il
RE, BFE 2 h B R LV IE i LI LT

YR FAREW, FESGARIR 0.4 g Sl B 1.2 g f1 85

3g LEAYE R FARTE WM 3.8 g F A 2K
1, 300 rad/min 3K 3 h, BRI EHIFEL. 5
1 Tl & G I R ORHER R SR 2 RIS 100 C
iRK 1 h.

A~ M Y 2 R e AR R S P e

2.3 XRUEFE

ffi il ZEISS Merlin Compact %37 %k 5t 4714
ML B (FE-SEM) X v IR i) 2 T80 0 0 T80 9 35 ik 47
FAE. f# ] Nano Measure 3K 4 4t 1145 £k 4 1 JIi
PR AL, Rigaku Ultima IV X 526 A7 5
(XRD) X & AiF 18 JI5E 1Y) i AR 35 44 . 2 1] PR A Pl O
(SCLC) izt (RPER L FEoFFEmE AT Ay F - FiL s
(FV) HhER) FRAE R P 8 H - B A5 285 B RN 1
R, (92 E Oriel 24 A (461 K BH G
# (AML1.5, 100 mW /cm?) 55 5F I Keithley-
2400 XF C-PSCs #F47THLIL % BE-FUE (J-V) Fetkih
e, f# H3EE Oriel A 7] IQE 200 1 &l
R GiE1T C-PSCs M4 FROE (EQE) EAF. fif
FRREZS B i By K SR AF C-PSCs B it L fuf 55 5%
AR ] R AR C660E Hfb2: TR HEAT
L BAATINIR (EIS), R AE C-PSCs a2
EBEPT. S M Rt (Mott-Schottky) Il
fIE C-PSCs WNEBINEEHL Y (Vi) IR/, i PTT
QM40-NIR Y&kt (PL) MR R G4 C-PSCs
PRI T PR ICRE I AT RAE. A G HL s g
RENE C-PSCs NFPARIL TR I %,

3 #XR5i%®

FEOCARERE R, PR | S 0 ) A
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W ATIR ] & WOE)Z, I%F BaTiO:MAPDL; &
W AT AL AL L, R 5T X MAPDI, IS &
(RS MR g 1 P R 1) 52 .

3.1 BaTiO;:MAPbI; & & HIERYSLE 1AL
S

ek T HIE BaTiO; 8 2245 k6™ Aij UK 38 6
PR 25 S VERE R RE I, A SCREAS R BE BaTiO;
$B7% 1) MAPbDL, #EIETT XRD A7 5T RIS RAE, M
KA RWE 1(a) . BASFWEE R BaTiO;
J& , B U R AR A S 0 1 46 JIE B BaTiO;
I A JE A S MAPDL, B 1F 38 SR 454 . 37
T 14.11°F1 28.45° 4047 AN SRAT e, 23 51X g T
MAPDI, B9 (110) F1 (202) fhr 7. Btk 76 12.69°
A 3B WL B POI, W R AETE, Pbl, Y& & id & 2
X} MAPbI; fOGIR W Be 71 7= HEAR K52 i, 0 /b &
Pbl, £77E B 1] LUBE Ak Stokz oy SR B 01, 456k Fn
Pbl, Z [A1 7] LIJE i T B aEHHES, BH Ik 3F A
25 AR Z , T AR B T R AR R a6 2 11920,
RS XF (110) &b T AT SF WA T IH — R AL B, 25 2R
WE 1(b) FioR, K EIE I BaTiOz 44K PORL 5 AT
SRR A T Fe R, RRAEATRLAS J5 R AT 60 it 1 () B
R, BRE M EEER, XERABATHE
PRI KRIYET, T Bat iR T2 KT MAT,
MM 2 B BaTiOs B P #5844. 456 14 A1)
MAPbI; fif SHIE50 EE, % BB A% BaTiO; 44K ik:
JE AT SR SR B B IEAN (K] 1(c)), XY FWHM
(I 1(d)) WA FrREfk, X & BHB S BaTiOs 44
K URE T D3 2 MAPDI, W A 45 5. )5 MR
Pt SR A A B AR RSE, 15 B A BaTiO, 1)
MAPDI i SR R ST A T K.

A SRR [k BE BaTiO, #4819 MAPbDL, #
JE#EFT FE-SEM FAE, VIR SY BaTiO; 15 24 X} #
I 14) 2 T 35 A0 iR RUSE R 2 ), &5 SR an ] 2 fi
K. 2(a) IAABLE BaTiOs 49K B0k MAPDI,
R, WTLLE R SR T I, XS R
HL 4% 4 J2 5 ik Hl A 1 B A, DT 3 K C-
PSCs M L. JLAL, ShRAL 105 17 2 A 6
RRRYI R, O SCHR [21) RTS8 (o NEUR R 7%
4K Pbl,. TMi48 A BaTiO; 44K kL i) MAPbI,
IR T Y S B0 B I AL, BEEBA2HRE
BT, INBURL I Bl B e D, X5 A S
151 XRD 255 —3%.
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11 (a) BaTiOy i BEAS [F) I 7 ) 45 119 MAPDL # /5 39 XRD fif 4] 53 ; (b)—(d) %I )i BaTiOy;:MAPDI, &2 & Wi (110) 477 44 1419
—ALAL I (b), AL (), R IETE (FWHM) Z24L (d)

Fig. 1. (a) XRD patterns of MAPDI; films prepared with different BaTiO3 concentrations. (b)—(d) Corresponding to the (110) dif-
fraction peak of BaTiO3:MAPbDI; composite film: (b) (110) crystal plane normalization treatment; (c) strength variation; (d) full-
width at half-maximum (FWHM) variation.

s SRS B
S P L arar
A2 v 1% (s )51 i

& 2 AR BT 43 BaTiO; £ 7% MAPDI, # R FE-SEM & (a) 0; (b) 0.5%; (c) 1.0%; (d) 2.0%
Fig. 2. FE-SEM images of MAPbI; films prepared with different BaTiO3 concentrations: (a) 0; (b) 0.5%; (c) 1.0%; (d) 2.0%.

R T HEINE REHUL BaTiO; #5444 MAPDI, Je B SRR P A LR ST S, ST AR R
RIAZ A2, i 3f Nano Measurer £{ XT3 2% il W FE-SEM 47 LA 103 18] B B AR B T+,
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MAPDI; HEIE b 4/ iR B R AR, 28 R
i 0.47 um #4 % 0.68 pm, X5 XRD i1 5H 458 —
. T MAPDI v 5 b i & 5 AT DUV S B B
O, B AR R A R E N R P2 i,
AR RS A3 AT LD b BB, 2 AT LA sk
BRI TR A PR, AR HEHE R E AW
K, DI i H sl () T B U (V) A FE R T
(FF). {HJ& & 2(d) i B AT %024 i o 5T = &
2.0%, b R IF R

(&l 3 S4B 2% R i AR 151, Pk DX L AT
DL 1B 2R G MAPDI, 5 1 J5 B VA & A B
89728k, #4600 nm A2 A7 . (B E Hh 4k
e 14t 5 AT LUE HFE AR B 2% BaTiO; B, MAPDI,
T 5 IR ) AE AR (R PR, ik 25 Bk 115 i aE
(T, M7E#84% BaTiOs 7, MAPDI, 5 3t
)2 Z ) S e, 5 T AE B SR
JZ17 TiO, 2 (&% . [ 7] LIF £#52% BaTiO; )5
MAPbDL; R 5 ARAB IR B n-F-52, i
S A 2 18T AT LA MA P 3 555 5% f A =2 )
TR R 1) S T Bz i, TR E 2 AR A 4, A K
MR T A

B 3 (a) FTO/TiOy/MAPDI; fl (b) FTO/TiO,/BaTiOs:

MAPDI 7 5 4 8 i ]

Fig. 3. Film cross-section of (a) FTO/TiOy/MAPDI; and

(b) FTO/Ti0,/BaTiO5:MAPbI;.

R T WG R BE BaTiOs $8 24 X 58K K

FBH i Fh o P R B B2 W, 225 25 K FTO/TH0,/
BaTiO3:MAPDIL;/C [ LI, 75 AM1.5 b i K BH
JCWET, Rrgs e T SV I, REs e SV

HIZR NP 4 iR, 3 1 XA C-PSCs FYGIRE
eS8 A 4 F 1l &/, B AR Y
BaTiO; AT DL A5 5k B (80K, 3 248
Ze A ECN 1.0% B, B PERE B AR (A 248
e Ay B — 2 R B 2.0% B, H MR
MIFERRRAL, 4543 1 TTRIAE H il PCE K%
FHEH N FF HIFEIL.

—a— Pristine
—=—0.5%
—=— 1.0%
—u—2.0%

juy
0 [
T

Current density/(mA-cm~—2)
S

(=)

0.2 0.4 0.6 0.8 1.0
Voltage/V

[}

% 4 BaTiO; W EEA [FIBT BT il 45 1) MAPDI; C-PSCs ) J -V
LERERIIES

Fig. 4. J-V curves of MAPbI; C-PSCs prepared with differ-
ent BaTiO; concentrations.

# 1 AFME BaTiO Bl # 1) MAPbI; C-PSCs 1)
JefRPERESHL

Table 1.  Photovoltaic parameters of MAPbI3; C-PSCs
prepared with different BaTiO5 concentrations.

Voo/V  Jso/(mA-cm?)  FF/% PCE/%
Pristine  0.868 10.39 4826  4.35
0.5%  0.885 12.41 46.92 5.15
1.0%  0.904 12.72 50.99 5.87
20% 0921 11.92 4370 4.80

J T L5852 BaTiO, J5 % MAPbDI, #
IR PN 8 F o B 2 28 N, T I R AR S ), AR S
X HA ETL #sF (FTO/TiO,/BaTiO5:MAPbDI;/
Cg/C) #47T SCLC M INF ST HE T WA FE (AL
B ke R 23L& 5 B, Mgl Aoy 3 4 X
(J-V™): o= 10, R, BRsESH
JERLMESR; n > 30, ZREBHEFEX, Bk
H PR A AR MRS IS, B SN RSSO, R
AR B T ARSI 70, 24 o Hs K B0 R
BRI IR n = 2, J& SCLC IX. RRUFFIRABHE
T 0] 3 S SR SRR B FEBR i FL R Vi -
FEBF SR E Ny 5 Vippy, KER N P

(1)
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Horp, e MR, LONESERT IR, e
BT RIAXT A R, e WEAS AR HE 5
AT, $84% BaTiO 45 Bk 8 5 5 [ 1h A 11 4H
e, Vi, M 0.85 V EE(RZE 0.61 V, H (1) 2XnT I
th X 7 D TR R R s 5 5 BE N 1,21 10" em® [
K E 8.58x10'7 cm3, Vg, MK ERE B ARG
FHERHT L N A BB B D, X5 FE-SEM £54K4
B rp LI IS DU AF & S TR T

104
_ o FTO/TiOs/MAPbl;/Cg/C
5 o FTO/TiOs/BaTiO3:MAPbI;/Ceo/C
5 10°F ;
o
<‘n C
£ 10%f “
~ —n=1
z o g —n>3
£ 10} % =2
]
3 T o—
= b0
g 10%% Varr = 0.61 V
E : TS| Vi, = 0.85 V
10-1E ) vy .
10-2 10-1 100 100
Voltage/V

K 5 3T MAPDI; fll BaTiO;:MAPDI, B 1 8% {1 1 23
Jia] He, i R 1 L 3 (SCLC) 4ty 2

Fig. 5. Space charge limited current measurement curves for
MAPbDI; and BaTiO3:MAPDbI; single-electron device.

(a)

—o— Pristine
—@— With BaTiO3

Current density/(mA-cm~2)

0 0.2 0.4 0.6 0.8 1.

SCLC X}, BEAT Y I-V IhZAFE Mott-Gurency
AP
2

9520[,;V ’ @)
Ho o BB B 3, VR E i S . R
(2) A HE SCLC XIS MG L T v 15, KBt
BaTiO4 1Y) MAPDI L T2 5825 iAHEL,
TIE B R uM 5.43x10° cm?/(V-s) #TFE 5.73%
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Fig. 6. MAPDbI; and BaTiO3:MAPbI; C-PSCs: (a) Dark current curves; (b) EQE curves; (c) steady-state output current curves;

(d) electrochemical impedance spectroscopy (dark state, 0.6 V bias, illustrated as equivalent circuit diagram).
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Fig. 7. J -V curves of BaTiO3:MAPbI; C-PSCs treated with

different polarization voltages.
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Table 2.  Photovoltaic parameters of BaTiO;MA
Pbl; C-PSCs treated with different polarization

voltages.
Voo/V Jsc/(mA-cm )  FF/% PCE/%
Pristine 0.888 13.47 47.10 5.64
0.5 V/um  0.989 15.72 55.66 8.65
1.0 V/pm  1.005 15.59 56.40 8.83
2.0 V/um  0.940 14.92 50.57 7.09
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Fig. 8. BaTiO3::MAPbDI; C-PSCs before and after polarization treatment: (a) Mott-Schottky curves; (b) steady-state PL spectrum.
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Table 3. Ny, Vi;, W values of BaTiO3:MAPbI; C-PSCs

before and after polarization treatment.

Ny/em™ W/nm Vis/V
With BaTiO4 5.82x10% 75.23 0.926
After Poling 3.91x10% 86.30 1.002
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Fig. 9. BaTiO3:MAPbI; C-PSCs before and after polarization treatment: (a) Relationship between —d V/dJ and (Jsc — J)!; (b) rela-
tionship between d(J/Jsc)/dV and V — V; (c) electrochemical impedance spectroscopy; (d) R,.. with different bias.
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Fig. 10. BaTiO3::MAPbDI; C-PSCs before and after polarization treatment: (a) Dark current curves; (b) voltage decay curves.
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Fig. 11. BaTiO3:MAPbI; C-PSCs: (a) Polarization schematic diagram; (b) performance improvement schematic diagram.
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Improvement of performance of perovskite solar cells through
BaTiO; doping regulated built-in electric field
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(College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)
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Abstract

The preparation of hybrid perovskite solar cells is expensive and environmentally demanding. Carbon-based
HTL-free perovskite solar cells (C-PSCs) have attracted much attention because they replace the expensive
precious metal electrode and remove the poor stability of the hole transport material. However, the
improvement of efficiency is hampered by poor carrier separation and transport performance within C-PSCs,
while the enhancement of the built-in electric field can improve the carrier transport performance, thus
enhancing photoelectric performance. The built-in electric field can be regulated by doping. The anomalous
photovoltaic effect and the built-in electric field of ferroelectric material play an important role in the field of
optoelectronics. In this work, a simple and effective method is developed to improve the performance of
perovskite solar cells via the combination of internal doping of ferroelectric polymer and external control of
electric field. Ferroelectric material barium titanate (BaTiOj3) powder is added into perovskite precursor
solution as an additive to prepare C-PSCs, which can improve the perovskite film morphology, reduce the film
defect density, and enhance the carrier transport performance of C-PSCs. The results show that when the
addition of BaTiO3 is 1.0% (mass fraction), the perovskite film is uniform and dense, and the photoelectric
conversion efficiency of the cell is the highest. After the forward voltage polarization treatment, the residual
polarized electric field of ferroelectric material BaTiOs; increases the built-in electric field, which provides
sufficient power for realizing carrier transport and extraction, thus inhibiting the occurrence of non-radiative
recombination. At the same time, the depletion layer width is increased, and the reverse saturation current is
reduced, so the cell performance is significantly improved. The optimal device efficiency is 9.02%. This work

provides an efficient strategy for regulating the built-in electric field by doping perovskite absorption layer.
Keywords: perovskite solar cells, built-in electric field, ferroelectric materials, carrier transport
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