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Fig. 1. Schematic diagram of perovskite structurel4l and ionic valence bond structure.
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Fig. 2. Perovskite solar cell structure: (a) Mesoporous; (b)
mesoporous-planar hybrid; (c) n-i-p; (d) p-i-n; (e¢) ETM-
free; (f) HTM-free.
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Fig. 3. Schematic diagram of nucleation-growth of supersaturated solution (261 (a) Homogeneous and hetero-

geneous nucleation; (b) free energy as a function of nucleus radius; (¢) nucleation rate with supersaturation

rate; (d) nucleation and growth rate changes with temperature.
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Fig. 4. Images of films prepared by one-step with dif-
ferent solvents: (a) GBL; (b) DMSO.
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DMF, NMP, GBL) # [A] #H (intermediate phases),

1331 of perovskite films with different lead sources.

WK 6 (a) fian. Hf, MAL-PbI,-DMSO &) AH 4
F 3 MA,Pbs X5 (DMSO), 431, &6 (b) Hy & Fi
rh LA A AR PEAF . X MAL-PbI,-GBL, HA7E
IS o i B AR A, MAT A Pbl, J1F 56 4 ) B
A MAPbDI3; HTE50 °C Bk 5 min &, HEH5E4E
4%, XS T MAI-PbI,-DMSO, BI{#7E 100 °C I8
K5 min JEIA TR A, BRIk, PO A R A R
SE PSR G N MAI-Pbl,-DMSO > MAIPbI,-
DMF > MAI-PbI,-NMP > MAI-Pbl,-GBL, Al¥&
5 Pb2 87 (B AL A8 1A — E L opa) AR Y
A BB Rk % 5 BRI R R 26 MATL AT Pbly &
NI RR, W0y IR VR, RS R AR &, vl B 3L
SN )0 B By AR, R BIHLEE 4 B 6 (c) B
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Bl W E. < Ey ~ Euo, WA 7] I
17, W GBL IO FIBS, fER7IREH, T3
F o T N I A RE 77, A7 1E K & 1) I A SR
[PbLLe—n] "2~ (1 < n < 6)1=%1 R RHL
VISP o RS 5 R IRV R 2 A TR 0%, B
PRI TR] R K, o RO 3K D7) LR DR R 5
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FR L THT P DA Ay JiAZe v 1 a5, 4 v AR 48 5 Jlidz i
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ST AR AL RS, (B, WP 1R 51 A% 1
H8 5,0 T I Y P o A PR R AR (0] AR 2 B
M) A G 9 THT 4D A% T8 56 RN A 2 8. TR, Y70 0
TSR B C A A, At el el A% 1 AR R, A

(a)
FTO
« FroFro FTO FTO
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Z i se K Al
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3 A A A
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E rr— A A__A 1 i
& I\'l,-\ll_-l’hl:-l)!\lS()
g A A
]
o MAI-PbL,-DMF
A A X
A 3 PbI,(DMS0),
. T MAI
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(e)

Reactants

Perovskite

I PR B L BEAR, G 4 oS, A AN [R] 2 Az A
N S, RIVAST DA, T RAURHE S B 1L
5, LASE I o ple Az s B AN 31 ] PR A 1) H R,
T PSS (Y e s

£1 EFIKSFMMR (1 mmHg = 1.33322x 102 Pa) [40-42]
Table 1. Various properties of solvents (1 mmHg = 1.33322x
102 Pa) [40-42]
DMSO NMP DMF GBL
0O
HER \% L
FEIR i /gmol ! 78.13 99.13 73.09  86.09
HEPE /gemL ™, 25 °C 1.0955 1.030 0.9445 1.124
#IRE /mmHg, 20 °C 042 0.53 (25 °C) 2.7 1.5
Wtk 7.2 6.7 6.4 —
3% /mPa-s, 25 °C 2.0 1.67 092 1.7
Whei/°C 189 202 152.8 204
BN 0.49 0.10 0.12  0.01
AHgoy /keal- mol=1  —399 —392 —393 —377

I

o

=
o
i

—a— DMF
—+—DMF/DMSO
—4—GBL
—v»— NMP

=
-
L

=
[
i

Intensity ratio/(IP/MAPbDI;)
=
=8
L

=
i

L 4
L

50 60 70 80 90

Annealing temperature/°C

100

(d)

Reactants

Intermediate
phases/products

Perovskite

6 (o) BEEKH TR FIAE X STARATAT (XRD) Bl (410, (b) A5 MAPDI3 FOIESRAE HBEIE R BERIAE 1L 1411, (¢) Pbly,

(d) PbCly 1 CH3NH3I Z [8] J5J82 F AT Geff1 30 77 %5t 12

Fig. 6. (a) The X-ray diffraction (XRD) spectra of intermediate phases (411, (b) the peak intensity ratio of intermediate

phase over MAPbDI3 as a function of annealing temperature [41]; possible dynamics process for the reactions between (c)

Pbly and (d) PbCly with CH3NH3al.
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SRR AT N, R R RO HR ] R HR ] AH
A 2 S AR TR I AE K AR PR AR . AL
AL DLLE AT BRI N O H 5N — S N 7K 240 B
2 ) B 10 2 3 R0 8 R (19000 i 4 DOl J@ i
FERT R R I MACL A IR M 45 & 1 7 8, 8
R A K J5 (F2/E MAPDCls 1 MAPDI, C,,
B AH) T A JER 2 THI (1) A% 2B K R 389 0, 7E.90 °C
RN H & T P f A RS N 3.6 pm (85 2k 0™
VIR, R R B AN 13.26% R = B T 18.34%. Li
282 57) 76 i 3K P ¥R I DMSO A1 MACI, K¢ 5 KL
JFMZ100 nm #2752 1 29500 nm, fmki RSP
120 nm $ R 71 pm. SEERUH] CL- K5I NH B
TRERA KSR RE, Rk T 22, &5, @ik
P MACH IR, 4 SRR ST R F] T 3 wm, Hit
MRIEF) T 19.14%.  Si %% P81 % F NH, I MR
A, FT NH4PbI A (AR 0 7= A R 3% 7 85 8K0
FE I A A AE KL R, $ v T I R i, BRR T
BB A2 . Wu 2 B9 78 Pbl, A1 MAI () DMF #%
RN T S R H I (MA Ac) FI& L 6% IR (TSC),
DA F ] 65 10 TR S0 R 85 R, 3RS T R R R

SPIS BUR . BT KB R 2SR S R
) @ [
Thiourea-containing Ethyl acetate
precursors

A T IR BRI AR E B, Huang 25 190 7645
BRI B AR I T N R AR A R SR = R (PU), fE
45 45 BT M A% DR 2% L 4 T R 11 [ B
PEE TSR R I T M A, Fei 2 O 7
ORI ) N IR, BE e AE e vl R 2R R
(EA) BELEAL 3 DARR 2 o T8 IR 22 7 AR 1) (] AR
Pbly-S=C(NHa)o, * A% AR BAT 115,
e 2 4% T U IR RST dfoR I (G P 7 B,
BEAR T R I ERFAZS, (22F 7 S A i fa far 4 55 3R
137 18.46% [P % 4 25 22, F ity 1Y) B 52 14 RVAR i 1
R FRE. Zha %5 92— B0 70 R B, Bk
1S JR-1 A1 PbIy JE R rh B 44 HAT e i e e 1k,
AR M B TR oK 25 B (R T TR ) B AR G TR
PR k. TR H DMSO AR 2 LR AL, 5K
LT S R ) SR AE G, fR e T Rt
(ke FIAR e P, Li 55 031 R BN I A% FH AR 55 1)
CLN R (CPL) AR AE IR 5l ABITIRE H, H
Pbly AE F I H ) A4 ] g dek S8 S 3 75 AT K 53 i
¥ CPL 5 Pbly Nk it & LLEF, 2 RIEFI A HE 5
B AR 1) CPL 7E #R JOE R A R dF T b 1 34 Ak A=
KIS AR, A SRR R S OR, $ v 1 L ) R4 ; [T
<

Ethyl acetate

R e

B
| —

Spinning Fast crystallization Post processing Perovskite film
() (b1) (b2) (b3)
2 pm 2 pm 2 pm
(b4) (b5) (b6)
1 pm 1 pm 1 pm

7 (a) BRI S 5L RR; (b) ARSI &S TR I BT BB (SEM) B (b1), (b4) RIFMBLIR; (b2),

(b5) FRIMBINR; (b3), (b6) FANBRIRA 2./ 2. sk w (61)

Fig. 7. (a) Preparation process of perovskite film; (b) scanning electron microscope (SEM) micrographs of samples
under different conditions: (b1), (b4) without additive; (b2), (b5) thiourea; (b3), (b6) thiourea and ethyl acetate [61].
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5 M. Foley % 1101 SR F ¥ 71144 B 77 5 5 ) U . FH &
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Spin-coating

SR, AERTINR I AC B FE i, MAY B 74
RAEE TR T R L, T AT 4 R K R T
(MA), @1 (4) 2. [N, WP T BT T4
b, i (5) 3. 45 5 S0 A b e AR KR I i s
(Vi) IR AL (Va), BONARSRE 2 A 0, i
P (0 P R PR . Yang 25 (091 ZE 5390 P 51N B4 1)
PSS 7 (B8 (a)), BRAK TIRJZ Vi BRI B0 E, A7)
T AR b b 3R I8 3 22.1%, 781 em? EWIER %
B 19.7%. Liv % U4 78 §TOR RN 7 FR R,

110

(b) =M= Control method
100 -_. .\+\ -@®- MA+HPbI; A
o
o 90 é |
~
2
= 804 -
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-
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=
E
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-
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2
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B8 (a) B3 Hib i AE RO R (051 (b) PbIa A HPbIs 1F A8 IRFT ] 4 0 dith (e st (01, A3 75 701 ) 45 1 1
HIBESHEUE e (c) (67 A1 XRD # 8 () 98] () ANAIF7 i 4 FVEE ) SEM A1 XRD [ (6]
Fig. 8. (a) The effect of iodine addition on device performance 65], (b) the stability of devices prepared using Pbls

and HPbI3, respectively (661, (c) the transient photoluminescence spectroscopy 67 and (d) XRD patterns of thin
films prepared with different solvents [68]; (e) SEM and XRD patterns of films prepared by different methods (691,
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BE A% A 2003 i o o 1 A . TR R, O o T A7 A
FH I 42 1 BRI ) R R N, BRI 22 B - B A )
(DA B2, 3 T 52 e 5 R AT R B 1 ok B et R % i
JRE. Ak, — B K SR N AL e 6
R &5 i B R 9 B T R, AR R A B R
K, T B S S AR RE A R R . ad i
X — 8] B ) gk, R TR B N 650 nm [ 1
VS 1) 5 BR AT R BH FRL M 3R A3 T 20.02% 1K #5 E AL
SR RL 19% 1152 52 i H 3R, Long 2 991 R A
HPI; VENEIER, A & (0 F s iR &, i 7 vy
FIVaa BI7= 42, S T H I R B 4 0% R Fa e M
(K18 (b)). fHJZ, Wk X seE R, —J
T 2 55 P M A AR 7= 3 0 A7 1) 7] A B 1) R R
PE R 5 — T T B S A R K AR R i T A
FETRA. Noel %5 [07] SR AR i KB BE 10 206
(ACN) FE NPT, [RS8 N S LA = AT Bk A7)
TEV R VIR, SR T JE, 7T E B K
FEH B AR BRI AS AR h HEE (B18 (),
H H LS T 19.0%. Fang 2% 08 5% H DM Ac
(PR3 Z B ) AN NMP YR AR VR, AE R
FAL B FE A, AT AR P S I I ) R R A
K (B8 (d)), H3KA T 17.09% I HE AR, 5%
100°C 3B K AL HE 3R (17.38%) #H24. Chen %5 (0]
43 4 ISR BR ) Phly AT MAT 5 MA® S AK & M,
4 % Pbly- nMAO 1 CH3NH3I-mMAC f1{a) 74, A
HIRA G I e )5 B RS . AN
FETC TR0, MRS EUA L 350, BA R RS I dboki
(K18 (e), H 5 TSLBLKHEA G, 36 cm? 54K
W FHAESCR N 12.1%.

Pbly + MAT 225, PbI; - 2DMF + MA*

< HPbI; - 2DMF + MA?,  (4)

A 2 L +1 ;. (5)

3.2.2 RALY

FERERIEFE A, AT IR (0 B FE 5 PR LI 3
RN (35 R Ve 5%, W 9 (a) Fros (70 &30t
o, VR, VAT R M, R RS
TN TR SR S BN, AR AR ms AR S S
A R TSRS R . AR S
W, BTV R, BT IKROE B AR A, i
TFEETE . B 453 50 BUE AT R, A 5 A
O T b 7 AT R i AR A AR R A
PR B3 5 A RS 51 % . X B SR A

i R )N ] P B () IR A5 v A A R, BB s
TP B ) 4 A B s R 2R FH B IR R B
RITIERR T IR Ge Ab, 18 mT 38 2 ) e v
I A SRR RS AUR, WINROA TS, YuZ M R R
THHPUREOR, Hd R 9 (b) Fios, 1 & e
VRO R N 5 A IR 7 DME AR 1)L 5 15
KW IE &% (n-hexane), BT 4T 208 AF DMF
R PEIE SR, 7E n-hexane/DMF i [ it ifx 1 17 DR
FH SR R I R R R G R, T 3 A %, I
Ie) o JEG R 1 R 00T, O 3R 10 1 A 35 &) Az #k AT 4k 78,
0T Hob IR SR THI R A% B B T OB IS R T
JE. i n-hexane BRI K )G, HT RN KE K
WAIHFE, 500 R B H U IR, B & DMF
(AR SRAE R, I OO BB AN TG %
AR, TE 2 FLI R 2514

Zheng % B0 RGUHF 7T T He iR Ao G IR L %
ALK RUAR R R S B T A S e, O E A TR TR
FEN 150 °C AT N Hl4 T KRR 430 pm
(R, Nie 25 2] 5] X7 #4813 (hot-casting tech-
nique) #E3, R T 2K KL, AR
2718%. Liao 25 7314 FUAR ) Aef JEC 7 117 BRI T3
REUGRAT 7 BUE B KA 85 B0 38, (H &
W RSN, ) £ 0 B H b 20038 43 il R 18.2%
(0.09 cm?) F115.4% (~ 1 cm?), 5 cm x 5 cm # HK
HIFIIRAR N 12.0%.

Huang %5 ") 78 @ e i f2 v, )4 SR e i
Wk Ar S, B TR B4R R R VAR S
HUEESGIN, BAZ I 2N LG R B 24 4% 1 30%
S A ERA B, FRB Y B S AR A B T 17.0%.
Bai % Bl G NF R R, /BT R E
(R (HAR A G4l R, LiZe ™R T
— ] B PR B TR 2K VRUAR ) 4% U775 (vacuum flash-
assisted), 7] LA1S 2K THIAR 1) S0 09 RS 85560
MR, A B0 1 e THIR R HL I IR A v AR Tk
20.5%, IIE I3 19.6%. Ding 25 6144 7 2% #]
i, W GGPM (gas-flow-induced gas pump) %,
fEVE IR K, Wl — B A T &I AL, i
TR, il 5] B8 ORI (144 cm?)
A5 ER A L. THIAR O 1.1275 em?® 1A L 1) 0
BN 1T.03%, TR N 15.63% +0.80%. KL,
BRAFBURE 1) SRR 1 53 IR, 200 ] AR
K, 18 B SE BURIRAS, 7E 48 JEC 3 T TR B 1 i
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Fig. 9. (a) Effect of rotation speed in spin-coating process
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; (b) schematic diagram of interface precipitation (711,
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BRI SR % R, e 1R B e, IR
il 7 IR, R RO TR T i I 1R A sl g
TR 1) A7 B b e SRk, H T BB (i PR L Ak
JR B AR B T M O AR, AR RO
TN — S8 378 0 7510 AT DB Ak i 5 2 T R & R [
G BB 5480 Zhang %5 87) 78 S0 ¥ 77 5
A T a-bis-PCBM A] LAHRHL/K 73 % 5 1 (1) 42 o,
WD 2= AR 2 e AR ) A BR BT FL, 380 T
PEMURR, (R HE TR 45 dh, $Em T b ReR
MIRGENE. b, 075 B2 18 S 77 i R
(SRS . B AR RV R R R, mT AR OIS TRIHE R
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RE S 078 70 b 6T 117 BX VB0 FRIEAT 2R, 8 B S )
TEYAIRE AT A2 1E fiA% s [ IS R DA AT X il 2
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Table 2. Properties of commonly used anti-solvent.

HA

LS LTk LR LT

Cl
CHj 0]
| O )j\o/\\

Paasabae
JEE IR Jii /g mol ~1 112.55 92.14 74.12 88.11
P /gemL ™, 25 °C 1.11 0.87 2.6 0.902
77 JE/mmHg, 20 °C 1.33 4.89 (30 °C) 58.93 13.33 (27 °C)
ek 2.7 2.4 2.9 4.3
%% /mPa-s, 20 °C 0.80 0.58 2.95 (0 °C) 0.45
W /eC 132.2 110.6 34.6 77.2
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Fig. 11. (a) Effect of MA® gas treatment on film properties (102], (b) schematic diagram of film composition during
FA9 treatment [110]; (¢) SEM morphology of the film after pyridine treatment [111]; (d) SEM morphology of the film

after annealing in MA? gas [112]
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Fig. 12. The diagram of MAC gas treatment.
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Abstract

The energy extracted from solar radiation is the most abundant and accessible source of renewable energy, which will
become progressively more important as time goes on. Solar cells are regarded as one of the most promising candidates
for generating renewable clean energy. Recently, a new class of semiconducting material called organic-inorganic halide
perovskite has received great attention of academia, and the record power conversion efficiency (PCE) of perovskite
solar cell (PSC) rapidly increased from 3.8% in 2009 to 22.7% in late 2017 through intensive research due to some
advantages as follows. 1) Excellent optoelectronic property. Perovskite materials exhibit excellent properties, including
long diffusion length, high carrier mobility, and high absorption coefficient. 2) Low cost. The ingredients of perovskite
materials are cheap, and PSCs can be manufactured by a solution process. 3) Tunable bandgap. Perovskite materials
have highly tunable bandgap (1.2-2.2 €V), contributing to the further improvement in PCE of single junction PSCs
by realizing the ideal bandgap (1.3-1.4 €V) as demonstrated by the Shockley-Queisser detailed balanced calculation.
The basic architectures of PSCs are divided mainly into mesoscopic and planar heterojunction structures. Compared
with the former configuration, the later configuration combined with low-temperature processable interlayers provides a
method of fabricating flexible PSCs and tandem PSCs. Furthermore, the nonuse of the mesoscopic structure simplifies
the structure of PSCs and reduces the cost and time of fabrication. The key requirement to achieve an efficient and
reproducible planar heterojunction PSCs is that the perovskite layer should be uniform, continuous, and “pinhole free” to
minimize “shunting” pathways. So, significant research effort is being devoted to the quality management of perovskite
films with the goal of achieving the controllable preparation, including the optimization of their morphology (uniformity,
coverage, roughness) and microstructure (grain size/distribution, texture), and the elimination of defects (voids, pinholes,
grain boundaries), which influence the PSC performance directly. Especially for the one-step solution coating method,
the film quality of perovskite on different planar substrates under varied deposition conditions exhibits a large difference,
due to the complex crystallization process and the heightened sensitivity to environmental conditions. In this paper, the
characteristics of perovskite materials, the nucleation-growth mechanism of films in the one-step solution method, and
the evolution of cell structures are described briefly. The latest quality control methods of high-quality perovskite films
prepared by solution method are then discussed emphatically. Finally, to provide references for the future research, the

development and existing problems of PSCs are addressed and prospected.

Keywords: perovskite solar cell, planar heterojunction, quality control, high efficiency
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