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CsPbIBry: 0.3120 g CsI + 0.4404 g PbBrs,,
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0.3964 g PbBr,,

CsPbl, ,Br ¢ 0.3120 g CsI + 0.1106 g Pbl, +
0.3524 g PbBrs,,

CsPbl, ¢Br 4 0.3120 g CsI + 0.1660 g Pbl, +
0.3082 g PbBr,,

CsPbl, ¢Bry »: 0.3120 g CsI + 0.2212 g Pbl, +
0.2642 g PbBr,,

CsPbLBr: 0.3120 g CsI + 0.2766 g Pbl, +
0.2202 g PbBrs.
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35BN 30 pL, 50 pL A1 70 pL 4 PEABr/DMSO
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A

) 2 Annealing
-

40 °C-3 min
250 °C-10 min

Dripped at 10 s of
the 2nd steps

T T A R 42 SR g o 50 B AR ) R R

Fig. 1. Schematic diagram of the process for preparing perovskite films based on component control strategy.
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Fig. 2. Schematic diagram of the process for preparing perovskite films based on additive engineering.
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.
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AR S i FHAE 5t s S DO B R A BR A 7 K
PHAEH AR LRl & R 55, Hoh R BB 25 75
S8 SS150; FFIRFR M) R R A R ER A
i), #5512 KEITHLEY /2400; MiR#4 Lab Tra-
cer. X HFERATHHUE H #9752 Bruker, D8 focus.
UV-vis MR A EHLSA Cary 5000, Palo Alto,
CA, USA B3 66RET. S8kt (PL) IR R
() & %5 Fluoro-Max, Horiba B GHEAY, YT
AT EIS W R H Y 02 895 2 TviumStat.h,
Ivium Technologies ¢ Ak 24 T AE it i & 4
0.5 V, MG, A MR Zview.

3 #R5itk
3.1 @AHNEE

& 3(a) 78 N AS Al CsPbI,Bry , 55 8k 47 A
UK 28 v hd FE 5 09 B R 81 3(b) s i AN [
CsPbl Bry , F50 ATIRT U5 A, A—F 4K
U CsPbI,Brs , (v =1, 1.2, 1.4, 1.6, 1.8, 2).
¥ 3(a) ATLAE Y, CsPbIBr, il CsPbl, ,Br; ¢ Pi4

(P A FI B) %l 2 L EHORES ) B T & &4k
T, BrIKWEE . WE 3(b) Uras, H 0.45 pm
AL UE S AT IS, ABEKE RTIR TR I B, H
Bt 1 ST, Wl R R, R i
M2 {1 T CsI, Pbl, fl PbBr, ££ DMSO H i 75 i
FEART], SRR BRSO h s
BRLI2OL, R 1o AR, LU A g i de 7t

3 PSRRI AR A (a) i UEET; (b) SR
Fig. 3. Photograph of perovskite precursor solution: (a) Be-
fore filtration; (b) after filtering.

K 4(a) it 78 N AR CsPbLBry, 78 JE KB &
JE I, WA B AR R CsPbIBrs (z = 1,
1.2, 1.4, 1.6, 1.8, 2). NEIHATLULEE, BEE 1 & &
AR, BHERDT IS T €0 PR A 21 (2R T IR 2 A
o, SR T 1R TR Br iR, b5 1 S8
BER, BRI AS Y T N, LA R Y
W PR AE i, SRR (ot S B P R IR AR A

K 4(b) fF 75 9 A Al CsPbLBry , ¥ I 7E K
SABETHE - AENREF, NEZELGKK N
CsPbLBr; , (z=1,1.2, 1.4, 1.6, 1.8, 2). 5[4 4(a)
Hh ISR B Ak A IR G EERT AR B, B3k A
CsPbL,Br H# B4, F A v B5E 21 (5 34 oK & A B 4
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(a)

5 5 2 = T S

e

& 4  CsPbLBry , B A () NIER AJG; (b) REWEE FiE—F)5E

Fig. 4. Photograph of CsPbI,Bry , films: (a) Just after annealing; (b) after being placed in ambient air environment for one week.

Ak, T 1S 2 1) CsPbI,Br #HfE I H BLBELE
Oy LG, TEASERD M AT Br R, TXF
FRAAREE P K BN UK, BT 2104 5
M, X4 CsPbl,Bry , B HHY I & id 200, HAE
RAGM N e AT, X BAAAH T2
Ji il 2 A AR R AR

J9 T i — 455 CsPbLBrs , TR # 61 ii
P, EHM-FT DLW O G 25 R A& 5 B . A
UV-vis B LIE H, AN[A] CsPbl,Bry_, W YK
WE A AR, B T3 A3k, A5k s
(RS BIR T BT 2T, 3 2 Pl T 25 9 3 2
W/, WY R AR B, XL ANE] 4 FhARERET
B P 2 € A8 A A4 — B A, IR TT LU
BEE T2t A, ESERE VRS A M s o BE AT
Frd .

—— CsPbIBr,
—— CsPbl; sBry g
E— CSPbIl_4Br1_6
—— CsPbl; ¢Bri4
—— CsPbl,; gBry»
—— CsPblIyBr

Absorbance/arb. units

450 500 550 600 650 700
Wavelength/nm

Kl 5  CsPblBrs , #EH UV-vis JEiE &l
Fig. 5. UV-vis spectra of CsPbl Br; , films.

AN[F) CsPbILBry , AR PL a0 & 6
i, AR A IR 400 nm. AE] 6 1L
BH, 6 U4 T SR WY PL WA 4R H
], XA T TH Br i LB RIS 0 T 454K i
BB, XA UV-vis 45 FAH—30 ah, MK
AL BL CsPbl, Bry , MY PL 385 ek, X%
B A T Sk R ) s S A B AR B o

9T BT A [E CsPbl,Bry , HERHI A0 2%

PR ERPERE, FESE R KA T (i, AR
JEZ 30%—40%) il #& T 25 7 A% i [ 45 AE) 18 Tl i R
PHAE HE 3, AR 454 FTO/C-TiO,/M-TiO,/
Perovskite/Carbon. CsPbl Brs , AN[A] I-Br BC T
M AERR R VI 7 s, # 2R
FARSBESEAER 1P N LV & s T 4
H L EE B A 1A E A R 35 K, #5104 T I R
BN, i 1.29 VIsVNE] 1.21 V; [FRHE
HL U B B TG K, M 7.74 mA Jem? B iR &
13.61 mA /em?, 33X FIES B ¥R 1 2547 58 B A 1L
LA,

—— CsPbIBr, —— CsPbl, 3Bry»
—— CsPbl; 3Br; g —— CsPbl;Br
—— CsPbl; 4Brig

—— CsPbl;¢Bri4

Intensity /arb. units

550 600 650 700
Wavelength/nm

Kl 6 CsPblBrs , MM A PLOGIEE
Fig. 6. Steady state PL spectrum of CsPbl,Br; , films.

14

12

10

- —— CsPbIBr,

Current density/(mA-cm~2)

— CSPbIl_QBl‘l_g
4 —— CsPbl; 4Br ¢
— CsPbl, ¢Bri4
2 —— CsPbl; gBri

—— CsPblyBr

0 0.2 0.4 016 018 110 112
Voltage/V
[l 7 CsPblBrsy , AN[A I-Br it Lt F S BSR4 J- Vil 4k

Fig. 7. -V curves of optimal devices with different I-Br
ratios for CsPbl, Brs ,.
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# 1 CsPbLBry , A I-Br Bt LT ARS8
HANERSH

Table 1. The specific photovoltaic parameters of
CsPbl,Brs , devices with different I-Br ratios.

Device Voc/V  Jso/(mA-cm?) FF/% PCE/%

CsPbIBr, 1.29 7.74 50.68 5.09
CsPbl; oBr;g  1.27 9.47 54.63 6.57
CsPbly ,Br;g  1.26 10.46 55.54 7.32
CsPbl; ¢Br;,  1.25 11.99 56.91 8.53
CsPbly gBrj,  1.22 12.95 63.93 10.10

CsPbl,Br 1.21 13.61 62.30 10.26

WAk, B3R 1 ATLURIR, B T SR, i
fEER 1) PCE g 4 = (76 5 m 44 T il ),
M CsPbIBr, 1 5.09% $&m; CsPbl, ¢Br; , #710.10%
F1 CsPbLBr ) 10.26%. i 4k CsPbLBr ) PCE
e, (HSRAS G B A RS T il — ]
PIZEIR, 25 R R TR HAE KRR T il & e 14
MIRRE PR 22, S T AEUROR AR e Al A5, i
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Fig. 8. XRD patterns of perovskite films treated with differ-

ent concentrations of PEABr.
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Fig. 9. Steady state PL spectrum of perovskite films treated

with different concentrations of PEABr.
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# 2 ARG HE PEABr ARSI RAOLIR S8

Table 2.  Specific photovoltaic parameters of devices treated with PEABr at different concentrations.
Device Type Voc/V Jso/ (mA-cm ?) FF/% PCE/%
Max 1.23 13.18 62.59 10.18
w/o-PEABr
Average 1.22 4+ 0.02 13.22 + 0.22 60.08 4 2.45 9.66 4 0.41
Max 1.26 14.15 65.92 11.73
30-PEABr
Average 1.25 + 0.02 14.01 £ 0.68 62.55 + 1.79 10.93 + 0.49
Max 1.28 15.19 64.98 12.61
50-PEABr
Average 1.28 + 0.02 14.71 £ 0.62 63.14 4+ 1.65 11.84 + 0.54
Max 1.27 14.92 63.72 12.05
70-PEABr
Average 1.27 £ 0.02 14.24 + 0.45 61.96 + 1.03 11.18 £ 0.49

TE: R T2 402883 (R S5 P L0 ) TS 1T

AR PEABr Zb PR B e AL 2809 -V R an
K10 iR, #e i BARFOC RS EUR S5 e 3R 2 .
M J- VTR R EAE 1 4 b 8K B B A S F A 50-
PEABr, i it 50-PEABr £b 35, #84¢F1 PCE &
AR (FE R AT D), MO REZH B A AR 1
1 10.18% #& /=% 12.61%.

15 RS R

10 |

 —o— w/o-PEABr

30-PEABr
—o— 50-PEABr
—o— 70-PEABr
00 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Voltage/V

Current density/(mA-cm~2)

Bl 10 RIE & & PEABr &b B 1 B g AR -V itk
Fig. 10. J-V curves of optimal devices treated with differ-

ent concentrations of PEABr.

Hi [ 10 F15k 2 AT LIE Y, 51 A PEABr J5, JF
6 FL R O R A B L LA I DA S e e R
RCRBA AR 4. BARITA A PEREHR
A, (HRERREZE Voo MRIRE M. 55X
1A EL, 50-PEABr 40 F 5 #4417 X5 TF % HL R
M (1.22 + 0.02) VHEREF] (1.28 + 0.02) V. Ak,
i {7 P - 28 e % U 28 RSP S SR FE A 40 S
(13.22 + 0.22) mA/em?#2 & F| (14.71 + 0.62)
mA /em?, LIK (60.08 + 2.45)% %] (63.14 4 1.65)%,
30 FT T PR A kA TR ) 2 1

R T RAEZO R R AT A, SRR
BT e 40 AR, IR AT VI, 1511
FiR M i PEABr AMHS (9 K BHBEFL b A

Raeit. BAR, TR LR M E A S A 5 4k
WA, TR SEERR ) T8I, SRR
SR EIE TIZ07 L .

UEAN, AT B IEZ B N A R A T Y
SerasErE, 43 HEA JC PEABr IS R X CsPbl, ¢
Bry o fifc 55 K BH A A i 38 T Hd R IR ST
(0.82 V 1 0.88 V) HFRZS G Uit Ml i1} PCE, &5
B 12 Fros. WE 12 7] LI i A PEABr
J&, w4 B R B R OB R A PCE (82 E i
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Fig. 11. Photovoltaic statistics of devices treated with different concentrations of PEABr: (a) Voc; (b) Jso; (¢) FF; (d) PCE.
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Fig. 12. Steady state photocurrent and output PCE of

devices with or without PEABr processing at maximum

power point.
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Fig. 13. Dark state J-V curves of devices with or without
PEABr treatment.
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Fig. 14. SCLC curves of devices with or without PEABr

treatment.
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Fig. 15. Electrochemical impedance spectroscopy of devices
with or without PEABr treatment (illustrated as equiva-
lent circuit diagram).
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Table 3. Nyquist plot simulation results of devices

with and without PEABr processing.

Device RS/Q Rre(:/Q
w/o-PEABr 68.89 6776
with-PEABr 48.53 24866
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Abstract

The new all-inorganic CsPbX; perovskite material is expected to be used as an absorbing layer to prepare
solar cells for efficient and stable commercial devices. However, the problems of high cost and poor stability,
caused by precious metal electrodes and hole transport materials, urgently need solving. Therefore, carbon-
based perovskite solar cells (C-PSCs) based on the HTL-free all-inorganic system have attracted widespread
attention. This work adopts a strategy of finely regulating the ratio of I to Br in X-site of perovskite. Using the
one-step anti-solvent method, CsPbl,Brs , films and HTL-free C-PSCs are prepared under ambient air
condition. By comparing their light absorption characteristics, carrier transport, and corresponding
optoelectronic properties, a balance point between efficiency and stability is found. Finally, HTL-free C-PSCs
achieve an optimal efficiency of 10.10% and can be stably prepared under ambient air conditions. In order to
further improve the performance of the corresponding devices, phenylethylammonium bromide (PEABr) is
introduced into the perovskite, and the crystallinity, carrier transport, defect situation, and corresponding
optoelectronic properties of perovskite films and devices are compared under different conditions. Ultimately,
the perovskite film treated with PEABr reaches better crystallinity and lower defect density, while generating a
small amount of two-dimensional perovskite which can passivate the perovskite film and suppress non-radiative
recombination of charge carriers. After appropriate PEABr treatment, the photoelectric conversion efficiency
(PCE) of the device is significantly enhanced, increasing from 10.18% of the optimal device in the control group
to 12.61%. Thus, this method provides an optimal approach for preparing efficient and low-cost HTL-free C-

PSCs under ambient air environments.
Keywords: all-inorganic perovskite, solar cells, component control, additive engineering
PACS: 81.05.—t, 81.15.—z, 84.60.Jt DOI: 10.7498/aps.73.20241439
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