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Research Progress of Optoelectronic Devices Based on All-Inorganic
Halide Double Perovskite Materials

GONG Jue, ZHANG Zhiyu, LI Faming, LIU Mingzhen
(School of Materials and Energy, University of Electronic Science and Technology of China, Chengdu 611731, China)

Abstract: All-inorganic halide double perovskites are a class of environmental-friendly lead-free materials with the superior
photoelectric properties and stabilities. These materials exhibit a great potential in solar cell applications, detectors and light-emitting
diodes. This review mainly represented the crystal structures and photoelectric properties of all-inorganic halide double perovskites as
well as their synthesis methods and applications. Meanwhile, This paper summarized the scientific bottlenecks of these inorganic
materials and their corresponding devices, thus providing insightful guidelines for further improvement of their properties suitable for

optoelectronic devices.
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(a) Crystal structures of two types of halide double perovskites
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Table 1 Band gap and application of A,BB’X all-inorganic double perovskites

Material Bandgap/eV Form Application References
Cs,AgBiClg 2.62-2.77 SC,NC Solar cell, Photodetector [25-27]
Cs,AgBiBrg 1.95-2.19 SC, Powder, NC Solar cell, Photodetector, LED [25,27-28]
Cs,AgBils 1.77 NC - [28]
Cs,AgInClg 3.23 SC,NC Photodetector, LED [29-30]
Cs,AglInBrg 1.5 Calculation - [30]
Cs,AgSbClg 2.60 SC Solar cell, photodetector [31]
Cs,AgSbBry 1.64 SC Solar cell [32]
Cs,AgSblg 1.68 Calculation - [23]
Cs,NaBiClg 3.73 Powder Solar cell, Photodetector [33]
Cs,NaBiBrg 3.07 Calculation - [33]
Cs,NaBilg 1.66 Powder Solar cell [34]
Cs,AgTIClg 2.00 Powder - [35]
Cs,AgTIBrg 0.95 SC, Powder Solar cell [36]

SC—Single crystal; NC—Nanocrystal.
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Fig. 2 Electronic structures and total/projected densities of states (DOSs) of Cs,AgBiBrg as calculated by the PBE+nonSOC (upper

panel) and HSE+SOC (lower panel) methods?”
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(a) Steady-state PL and absorbance spectra of Cs,AgBiBr, film

(c) Time-resolved PL decays of Cs,AgBiBr; film

(b) Steady-state PL and absorbance spectra of Cs,AgBiCl, film

(d) Time-resolved PL decays of Cs,AgBiCl, film

B3 s AASERT Cs,AgBiBrg fl Cs,AgBiCly (IR A MEBUR 6 Sk 52 a2 itk Ji 41

Fig.3 Steady-state PL and transient PL decay properties of Cs,AgBiBrs and Cs,AgBiClg
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(a) Molecular orbital levels of Cs,Snlg from the Sn—I bonds

(b) Molecular orbital levels of Cs,Tels from the Te—I bonds

B4 FTHISE Cs,Snlg l Cs,Telg 4> T Hitd g5 #4118

Fig. 4 Theoretically calculated molecular orbitals diagrams of Cs,Snls and Cs,Telg
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(a) Synthetic process of Cs,Snls anchored with Pt nanoparticles for photocatalyst

(b) Time-resolved PL spectra of
Cs,Snlg-based photocatalysts

(c) Time-resolved photocurrent response spectra of

Cs;,Snlg-based photocatalysts

Bl'5  CsSnlg KL IEGERT G M Pe A it

Fig. 5 Photoelectric and photocatalytic properties of Cs,Snlg and the Pt-anchored double perovskite composites

[51]
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(a) Hot injection method

2. Solution
application

1. Preheating step
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(b) Antisolvent-induced crystallization method

3. Film formation 4. Annealing step

(c) Solution method

(d) Vacuum deposition method
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Fig. 6 Preparation methods of all-inorganic halide double perovskites

[52-54, 59-60]
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(a) Planar-view SEM images of solution-processed halide

double perovskite film

(c) Cross-section SEM images of solution-processed halide

double perovskite devices
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(b) Planar-view SEM images of vapor-deposited halide

double perovskite film

(d) Cross-section SEM images of vapor-deposited halide

double perovskite devices

Bl 7 VA S B DU 4% 1) o A0S SR B A0 EE > O

Fig. 7 Morphological comparison between solution-synthesized and vapor-deposited halide double perovskite films

[59, 61]
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£ PSCs MIEAAMEL. SHFEERT ML, 2TEHL
B AL OUES BT R BH RE FL Vb (1 R IE 582>, 284 PCE
AT RAK (R 2). BHil, REASTLHL
BB R R BE Rt T I ) E R A 1)
] i) 2% e T B VS BRI 2) — S TRl K1k
S AT B o e e AR ' e R AR B

2017 4, Greul 26570 Cs,AgBiBrg N HI7E A FH
RerL iy, 8 — DU RV 45 11 Cs,AgBiBrs
KPAAEE I B3RS T 2.43%0) PCE, H Voc i
1V, Ning 2521 % 7 3T Cs,AgBiBre 15 1 F i
SR A5 KPHAE FEIt,  EREHOR BR T8 B &
Kk 110 nm /e 45, (HEF 1) s PCE UM 1.22%,
AR ZE GBI T AL Cs,AgBiBrg H 7
A BPCAEBR T VAR S iE 2R RIZ . R
M, Wik 8afzw, IEMIARA A7 R I-V i

& LT RAIERINS .. Pantaler 23R 718
IRV R I Cs,AgBiBre XFHAEHLIE, H A iEm 5
R IEAZEE PCE 730508 1.11%M 1.14%. %R
it D0 G 0 P U1 R o AR B T A SRR 2 ok
RORL I B DA KBS T IE R I R ) o [,
17 spiro-OMeTAD Hll PTAA 2 Fft 38 5 AL Sy A4 B
X FH i I AR 23 3R A3 T 0.90% A =il 1.26%
] PCE.
=2 %ﬁﬁﬁmﬁwm%ﬁﬁmxm% SRR AR
Bk

Table 2 Summary of solar cell PCEs based on all-inorganic
halide double perovskites'”"!

Device structure PCE/%

As absorbing layer

ITO/Sn0O,/Cs,AgBiBrg/Au 1.44
ITO/Sn0O,/Cs,AgBiBre/P3HT/Au 0.86
ITO/Cu-NiO/Cs,AgBiBrs/Cso/BCP/Ag 2.23
ITO/TiO,/Cs,AgBiBre/

H/LS2AE 6 122

Spiro-OMeTAD/Au
FTO/c-TiO»/m-TiOy/

Cs,AgBiBry/PTAA/Au 126
FTO/c-TiO5/m-TiO,/ 550
Cs,AgBiBre/Spiro-OMeTAD/Au

FTO/c-TiO,/

Cs,AgBiBry/P3HT/Au 137
FTO/c-TiOy/m- TiO,/Cs,NaBily/ 042
Spiro-OMeTAD/Au

FTO/TiO,/Cs,TiBr¢/P3HT/Au 2.26
FTO/TiO,/Ce/Cs,TiBre/P3HT/Au 3.28
FTO/c-ZnO/m-ZnO/Cs,Snl¢/P3HT/Ag 0.86
FTO/TiO,/Cs,Snl¢/P3HT/Ag 0.96
As hole transport layer /
FTO/c-TiO,/m-TiO,/dye with 3D PhC/ Cs,Snl¢/Pt/FTO 7.80
FTO/mutilayered Ti0,/Z907 dye/Cs,Snle/Pt 423
FTO/c-TiO»/m-TiOy/ 163
Z907dye/Cs,Snl;Brs/Pt

FTO/Ti0,/CsPbl,Br/Cs,Snlg/carbon 14.67

2019 4, Liu MR 07— Ffoify B 425 1) S5 i
KA 5 CsoAgBiBrs X FHAE LB PCE, 8 —Fjd
PR AL B T3, FIF SO BURM R 75%11)
Bi*". FT# %) Cs,AgSby.osBio7sBre HfE A s
(2 i BE AL AL S ) #vEe e M. 5 R AR T Cs,AgBiBrs
KPHAE AL, VA PH B T 28416 Voc M1 PCE {8
ST 64%A1 31%(E 8b). Zhang 5] X
Rb B Cs,AgBiBre 3£ A PHAE I Cs™PHE T
oy o (CsixRby)AgBiBre UG ERH 7 I B X 480
WS N, RS BEEAK, B Z43R15 PCE N 1.52%
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(a) Schematics of device structure of solution-processed

Cs,AgBiBr; solar cells

(c) Device structure of Cs,AgSb,Bi; xBrs solar cells

(e) J-V curve and cross-section morphology of

vapor-deposited Cs,AgBiBry solar cells

. KBRTFHaMEBNR T EN Cs,AgBiBrg
M, ST 2.51%0 KFHAEHL PCE.

(b) Schematics of J-V curves (right) of solution-processed

Cs,AgBiBrg solar cells

(d) Bandgap variation of Cs,AgSbyBi; xBrg solar cells

(f) J-V curve and stabilized PCE/current density of
vapor-deposited Cs,AgBiBr, solar cells

Bl 8 T A ToHL i A U SR 1 A B Bt 2% P 45 4 . 48T TR SRR AR P gL 2 04

Fig. 8 Device structure, cross-sectional morphology, and photovoltaic performance of perovskite solar cells based on all-inorganic

halide double perovskites!®"6264

BUR I BRI SR AL 1A o 5 s i i
e PEREAS AR KB AE UM SCBE . [RIL, AN 5
N T 34T T R RE A A TE AL A XU BT H Ttk s
£, Xt Cs,AgBiBr MR IREAT 7 REMAL
Gao “5 ORI T A FH ST TRV R i S K S ) 611
R Cs,AgBiBre R, FIT15 111 57 i 45 A FH

BEHLIL PCE 1551 2.23%, HIGIEWMM S, Figso
KA ESLSMHUIR 5614 T Cs,AgBiBrg 115,
I #32E T Cs,AgBiBrg ][ K BH B HL it () 5 £ PCE
N 1.37%, (EREIAM FERM 240 h 52814 PCE
PR BB UGE T RE KT 90% (1 8c).

Bk T FH Y Cs,AgBiBre, VF2 20 7 14T
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MU B A U5 BRR™ tH 4% 2R 2% N FH T K BH A LT 28 1 o
Qiu M 4 3 FH BN 1.48 eV (1 Cs,Snlg £ A
FLAESARA K PBA RS I I IRIRZ, #8450 PCE 1A%
1%4 4. Lee 2582048 B Cs,Snlg ,Bry JR& K441
R RIENEIEE R3S T PCE N 2.03%M) %4
Chen Z5IMEARIR 78I & 1K Cs,TiBre MEETI A
BSPH F S5 K FHRE vt R, R T 3.3%1Y
PCE AL 5 PR A2 e M

A, Cs,Snl KL 571025 AL S e &
3T PR REAT 5 443 N FH T A BE A FLIBAAR 2R e 1 23 X
L2 . Lee &U7E 2014 KM Sn* 5 24
Cs,Snls WAL RO p B S HEMR, HE/GT
MM 42 em®/(V-s), R TFIREL N 10 em™,
W 9a Fizn, # CsySnlg B T 4otk Bt o 1

(a) Grain morphology of DSSCs based on Cs;Snlg HTMs

(c) Energy band structures of PSCs with and without Cs,Snls HTMs

N TAE R EMEHTM) G, Fife 2907 Ykl
#FI PCE N 4.7%, 15T NIRRT & Yekh 2814
PCE 4 7.8%. Zhang ZOF 9% K I Cs,Snls &g i
Py i KA B (—5.55 eV)TE CsPbl,Br/Cs,Snlg/carbon
T R RORE BE BB R HES . BE S 0N S A AR T
B H MR 0 2 B, TR b ST A Y AR R
HaWk, £ CsPblBr £5EKH" A1 % Al 2
W 5] N CsySnlg 99K fAE A2 7L fi b BHHTM)
Ja, BT Hib3s 4 PCE M 13.16%42 & 2
14.67%(0 B 9b). Cs,Snlg HI T8 5 (1) % B k5 1
B N T OKBH RE ik &R = Utk 2, (=
H T Cs,Snls B R 41 p/n FEVEA B AR 45
WHRIE, MFEXT CsoSnlg M HEAS I 5 T e 33 —
I

(b) J-V curves of DSSCs based on Cs,Snlg HTMs

(d) J-V curves of PSCs with and without Cs,Snl¢ HTMs

B9 BT CspSnlg %8 /LA R AR BE it P AL

Fig. 9 Performance of solar cells based on Cs,Snlg HTMs

3.2 EERNEE

2oL s A RS R B KR T3 Buk
B mER IR A E R, 0] R ERS R
BN SO I A . Lei PR — i
LS4 T Cs,AgBiBre # G HHERIZS, %A1
RIHL R B ERE, BA =R Z(7.01 A/W). &

[12,70]

PRI Z(RE A 10 1), 2146% 148 T RCR L AL 5
(s ERa (& 10a). Yang 257 SEFHARAL G
I T 2% 7 Cs,AgBiBrg Yo HLRM#S . Ak
fy B ELA IR S ER(17 ns) RS 22 256329 x 10" 1)2%
Koo BEAh, iZBREAE 150 T4k 2 300 h 54 1R
Fr HATUE 6 B R (1) 94% . F 84S i A S
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T HOE SR T B AL 1 Cs,AgBiClg 57
AR ZE (W 10b). iZRMEE HA L 370 nm A

(a) Device structure of Cs,AgBiBre photodetector

(c) Device structure of Cs,AgBiCls UV photodetector

(e) Schematic illustration of Cs,AgBiBrs X-ray detector

O AR R, WA RIEFE N 67 nm, K
B LR BE 28 107 mA/em?, BRI 214 1012 ]
ARy B4 P B 5 R0 R R e ke

(b) Photo-responsive curves of Cs,AgBiBrs photodetector

(d) Performance of Cs,AgBiCls UV photodetector

(f) Performance of Cs,AgBiBrg X-ray detector

Bl 10 T 2TEHL R UL R FPRHE S5 5 X R 23 loh 27

Fig. 10 UV and X-ray photodetectors based on all-inorganic halide double perovskite materials

ETEHL B S R AR 0 TR T
Fiff] Cs. Bi &F7nER, HX X G2 BA ORI
ARk, DAL RT DUAR 45 1 2 v 1 i XS e A8
I H, AR XS A RER A X R R
e, ok B KIERE RN i AR (ur) X i
HIBH AR SO0 RARRIE, 2 XS 2R PRI 5% 1t B ARk 1k
X SR HLARI 2 BBk ik 2 — o B T IE R AT R AR
N 7 D s P AL i R, TR 1 000 A0 e 1 A
e T, Pan 25UYRIR T —Fhilid #B KRN K

[61,72,74]

MEEREBRE TR Tk . I BRI T
(A BENYIRE FIF (R AL B, SO 6kG),

FEAIK T Cs,AgBiBre HLAn R GG B, M9 1
W TSR E . A 2R R A & R/ 4
TN s A B R/ 4 R S N 5 1, R
4 105 uCAGysirem®), KiHBRA 59.7 nGyu/s(in
Bl 10c), 75 X SRl A =30 o 1 R iR A
fti. Li %R Cs,AgBiBrs 5 R AR ME &
WRAENEYES, S0l T X SRR % . &



5551 &5 9 3 5B AF T ATl ORES ERE MORHIK L LA PR U < 2283 -

AREE R R G & T 2 AR —
P, B T R R RS T 2R 3RAS v SO B K T
TR JE T A X 2R BRI 2% 1) R N
40 uC/Gyair-em’)o FEH B, X IARM 4% 0] LA
TER AWM SZ 5% hL i 45 A% 1 A8 52 M
REdie. AMUANLt, Tailor 53R stk XS LR
Cs:AgBiCls ¥, LT EAAMHE. & w 8
(5.36x107 em® V). R EE(325.78 uC/Gys-ent’))
(¥ X 521 ohBel. T Zhu 255 2 F ) B 54
(1) CsaAgo 6Nag alny yBiyCle H. i (AR,  SEHL 1K)
B X B gl BEETSH. ek
AT S ASIE I X BER R BR 75 R H 251
Ko ARERA T E I A e AL i A DU R AT A4 AL T
THEfRREZ MR .
33 KA

HAG 3@ 7 B 1 A O B A0 BV Bt m] T
WA RSN, BT AEA N E R E S,
Cs,AgBiXs (X =Cl, Br, DEIXUBERY C )72 FI1E
RAFRITE ., Horb, A TEHL s AU BT 1 &
e T DA 2 R A D EAT R . Ning 2507
AT BB AR N AR T Cs,AgBiBrs AU EL
WA R R, ARl AT AR N T RE B AT
A RS R . Yang S5OV F S A ) A B 45 ik
AT Cs,AgBiXe (X=Cl, Br, DAk, SR K
K AL, BRI gk B E 10 50l k
o7 reE, H, Cs,AgBiCls IR ERE N
6.7%(K FH: 395nm), Cs,AgBiBre N 0.7%(K 5t
I: 465nm). H—F Cs,AgIn,Bi; (Cls BEBELH H
AR R LR CR I 570 nm)®. H In*'
£ 75%F1 90%1) Bi'"(Cs,AgBiy «InCls, x=0.75 I
0.9)J5 ,» R4 BH BT XU AR 40K i A DA S B 5% v
N 36.6%MIE IR . SHFEAERY AR, ETHL
B AL U ™ (14075 B J8 2 T LUE i 5 6 B AL PH B8
ST TR B B B B A e A i@ Rt B A 4
JRES T RIB%, AT LAHE— S0 i S B 2 (1 K
etk fg.

£ BUDFL s H Bt |, Liu PR H
CsrAglng oBio 1 Cls G A XU BRA 90K /B
Joft, SCHLT VW4 LED 28k, HE KT
AIEE] 58 cd/m®, W HFRZCE A 0.013 cd/A. Jin
2835 T 5 2 (Ln* ) F- 51 AF Bi:Cs,AgInClg
SEP L SeN G VNG /U o X E A R DA Y 12
i E T ROBER AR R TR @ A W
() — ol 55 R 45 44 5 7 FH 48 8ot LED 28 4R 2E 4T 48

&, BEFRN DL A& T R W40 A0 T AT (400 ~
2000 nm)¥e¥H. Gray ZPUFIH L E TR A
39%[H] Cs,Aglng g33Big 167Cls 72 YA F1EE 4P LED 2%
R4 T AR IR N 3119 K. B EIEECh 85 MINE
{4 LED,

HAL), {EBAILERBAH, Luo & HRIE T
B2 0.04% B’ CsyAgeNag4InCle F54KH B A K
TERE R (86+5)% L G R Rt . X 2e kL
TG RR HoATOHL S, IR I AL 7 1
AFE . IR R H &R T RE LED #%
fF, BT AL S R 7E FRBUR e 28 1 77
THT PRIV 72 R T 5

4 RHEHRZ

A TCAL A RS ERAT R T AR S ) H R AN
FE e, TERPHEEHIE. o BRI &8 AR 2855
SRR I IR S AT ST, WG] T Ak Y A oG
BTN TR R I o A ZEIR A TEHL 1 A1 U5 4k
W ERAREEF R SRR %, N T AL A XL
R ) S ER ) 45 T2 ARSI N H o B
Jei s KA IO s AOBUES BR A 75 5 FRL AR R H A7 R
SURA KA 5T 77 [ AT R

AT A RS ERAT AR A R AT Ak T 5 BARY
B, 12 ZRAPRL O s S S LB A £ A
RN TEASKRIIWEF TAEH, ATLAEESE R
JUANTTTH : 1) fEKPHAE b2 At 78 b, $27t 4
T A AU AR AR B T s R, ot
BN TIER R, KRS, I RIZEMERE
WaFE, BRI R EE R, EARERA
A AR CsoInSbClg A1 Cs,InBiClg B 2K 5
AR, 3240 LA K PH A b 10398 J15 2) 10
RIS B AL b, ¥ FLAE SR A0 I e R 4w S 4R
W7 H AL, MR, mERI R, EAR e
PRI EST7 MR R, U2 45 & M kL5 R 1 S i
A vy d B S ABUOAR B AR IE B A7 4 & B 25 71
TN 5 0 ik, S I S R B 0 BE A A L Y
oy R ERTUTR I G 3) TERIEHAF T
[fi, X Cs,AgBiXs (X=Cl, Br, DA EHA R, Wil
I EBRTF B PR RN E TR, L
BAm R EE AR . thah, a4l
RS RN PR B T AR B SR AT 413,
1E Cs,Snlg (1] p/n 2 SARKEIERE 755 AH B 1) AAE 7 PR
TH AN, 5S40 Cs,Snlg - FARME IR 1 o8 K &=
W fEIE— RN .



2284 -

CRERR &1

J Chin Ceram Soc, 2023, 51(9): 2271-2286

2023 4F

ZrERTA, B el s AU ERAT AT UK

IR AT 5, FLAEGRBEPERT . B4R, R R

i

PERE AR AFRIE T 25 R KRR Z A HOE R -

AR AR TT LA A A0 XS BB R4 ) 2 T /A4 AR A

EZN

B0 Ja RN SR M R 45 R T kAT

BB R, DUETRARIEE AN R I 52 AT 2K
R S

SEH:

(1]

[2]

B3]

(4]

(3]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

KOJIMA A, TESHIMA K, SHIRAI Y, et al. Organometal halide
perovskites as visible-light sensitizers for photovoltaic cells[J]. ] Am
Chem Soc, 2009, 131(17): 6050-6051.

PARK J, KIM J, YUN H S, et al. Controlled growth of perovskite
layers with volatile alkylammonium chlorides[J]. Nature, 2023,
616(7958): 724-730.

HU M Y, WANG G P, ZHANG Q H, et al. Antioxidative solution
processing yields exceptional Sn(Il) stability for sub-1.4eV bandgap
inorganic perovskite solar cells[J]. J Energy Chem, 2022, 72: 487-494.
LI M, LI F M, GONG J, et al. Advances in tin(II)-based perovskite
solar cells: from material physics to device performance[J]. Small
Struct, 2022, 3(1): 2100102.

LI J M, CAO H L, JIAO W B, et al. Biological impact of lead from
halide perovskites reveals the risk of introducing a safe threshold[J].
Nat Commun, 2020, 11(1): 310.

HAO F, STOUMPOS C C, CAO D H, et al. Lead-free solid-state
organic—inorganic halide perovskite solar cells[J]. Nat Photonics, 2014,
8(6): 489-494.

YANG S D, FU W F, ZHANG Z Q, et al. Recent advances in
perovskite solar cells: efficiency, stability and lead-free perovskite[J]. J
Mater Chem A, 2017, 5(23): 11462—-11482.

FILIP M R, LIU X L, MIGLIO A, et al. Phase diagrams and stability
of lead-free halide double perovskites Cs,BB’Xs: B = Sb and Bi, B’ =

Cu, Ag, and Au, and X = Cl, Br, and I[J]. J Phys Chem C, 2018, 122(1):

158-170.

XIANG H M, LIU P Y, WANG W, et al. Towards highly stable and
efficient planar perovskite solar cells: Materials development, defect
control and interfacial engineering[J]. Chem Eng J, 2021, 420: 127599.
CAI Y, XIE W, DING H, et al. Computational study of halide
perovskite-derived A;BXg inorganic compounds: chemical trends in
electronic structure and structural stability[J]. Chem Mater, 2017,
29(18): 7740-7749.

JAIN A, VOZNYY O, SARGENT E H. High-throughput screening of
lead-free perovskite-like materials for optoelectronic applications[J]. J
Phys Chem C, 2017, 121(13): 7183-7187.

LEE B, STOUMPOS C C, ZHOU N J, et al. Air-stable molecular
semiconducting iodosalts for solar cell applications: Cs,Snl6 as a hole
conductor[J]. J Am Chem Soc, 2014, 136(43): 15379-15385.

RAJ A, KUMAR M, ANSHUL A. Recent progress in cesium-based
lead-free halide double perovskite materials
applications[J]. Phys Status Solidi A, 2022, 219(22): 2200425.

JI G Q, XIAO Z W. Jahn-teller distortion-stabilized halide double
perovskites with unusual rock-salt-type ordering of divalent B-site
cations[J]. Chem Mater, 2022, 34(18): 8207-8212.

HAN C Z, JI G Q, HU sanlue, et al. B-site columnar-ordered halide

for photovoltaic

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

311

[32]

double  perovskites  A,B(I)’osB(IDXs  with
disordering[J]. Chem Mater, 2021, 33(17): 7106-7112.
JI G Q, HAN C Z, HU sanlue, et al. B-site columnar-ordered halide
double perovskites: theoretical design and experimental verification[J].
J Am Chem Soc, 2021, 143(27): 10275-10281.

YIN H, XIAN Y M, ZHANG Y L, et al. Structurally stabilizing and
environment friendly triggers: Double-metallic lead-free perovskites[J].
Sol RRL, 2019, 3(9): 1900148.

MAUGHAN A E, GANOSE A M, SCANLON D O, et al. Perspectives
and design principles of vacancy-ordered double perovskite halide
semiconductors[J]. Chem Mater, 2019, 31(4): 1184-1195.

ZHAO X G, YANG D W, REN J C, et al. Rational design of halide
double perovskites for optoelectronic applications[J]. Joule, 2018, 2(9):
1662-1673.

GOLDSCHMIDT V M. Die gesetze der
Naturwissenschaften, 1926, 14(21): 477-485.
MANSER J S, CHRISTIANS J A, KAMAT P V. Intriguing
optoelectronic properties of metal halide perovskites[J]. Chem Rev,
2016, 116(21): 12956-13008.

YIN W J, YANG J H, KANG J, et al. Halide perovskite materials for
solar cells: a theoretical review[J]. J Mater Chem A, 2015, 3(17):
8926-8942.

ZHAO X G, YANG J H, FU Y H, et al. Design of lead-free inorganic
halide perovskites for solar cells via cation-transmutation[J]. J Am
Chem Soc, 2017, 139(7): 2630-2638.

DENG Z Y, WEI F X, SUN S J, et al. Exploring the properties of
hybrid  double
computational-experimental approach[J]. J Mater Chem A, 2016, 4(31):
12025-12029.

MCCLURE E T, BALL M R, WINDL W, et al. Cs,AgBiX; (X = Br,
Cl): new visible light absorbing, lead-free halide perovskite
semiconductors[J]. Chem Mater, 2016, 28(5): 1348-1354.

LITS, ZHAO X G, YANG D W, et al. Intrinsic defect properties in
halide double perovskites for optoelectronic applications[J]. Phys Rev
Applied, 2018, 10(4): 041001.

BEKENSTEIN Y, DAHL J C, HUANG J M, et al. The making and
breaking of lead-free double perovskite nanocrystals of cesium
18(6):

B(II)’/vacancy

krystallochemie[J].

lead-free perovskites using a combined

silver-bismuth halide compositions[J]. Nano Lett, 2018,
3502-3508.

CREUTZ S E, CRITES E N, DE SIENA M C, et al. Colloidal
nanocrystals of lead-free double-perovskite (elpasolite) semiconductors:
synthesis and anion exchange to access new materials[J]. Nano Lett,
2018, 18(2): 1118-1123.

ZHOU J, XIA Z G, MOLOKEEV M 8§, et al. Composition design,
optical gap and stability investigations of lead-free halide double
perovskite Cs,AgInClg[J]. J Mater Chem A, 2017, 5(29):
15031-15037.

VOLONAKIS G, HAGHIGHIRAD A A, MILOT R L, et al
Cs,InAgClg: a new lead-free halide double perovskite with direct band
gap[J]. J Phys Chem Lett, 2017, 8(4): 772-778.

DENG W, DENG Z Y, HE J W, et al. Synthesis of Cs,AgSbCls and
Cs,AgSbCl¢/TiO,
heterostructure driven by the interface effect for lead-free double
perovskites solar cells[J]. Appl Phys Lett, 2017, 111(15): 151602.

WEI F X, DENG Z Y, SUN S J, et al. Enhanced visible light
absorption for lead-free double perovskite Cs,AgSbBrg[J]. Chem
Commun, 2019, 55(26): 3721-3724.

improved optoelectronic properties of



51 ESE oM

5B AF T ATl ORES ERE MORHIK L LA PR U .

2285 -

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

ZHAO S, YAMAMOTO K, IIKUBO S, et al. First-principles study of
electronic and optical properties of lead-free double perovskites
Cs;NaBXs (B = Sb, Bi; X = Cl, Br, )[J]. J Phys Chem Solids, 2018,
117: 117-121.

ZHANG C, GAO L G, TEO S, et al. Design of a novel and highly
stable lead-free Cs,NaBilg
application[J]. Sustainable Energy Fuels, 2018, 2(11): 2419-2428.
SLAVNEY A H, LEPPERT L, SALDIVAR VALDES A, et al.
Small-band-gap halide double perovskites[J]. Angew Chem Int Ed,
2018, 57(39): 12765-12770.

LU L, PAN X, LUO J H, et al. Recent advances and optoelectronic
applications of lead-free halide double perovskites[J]. Chem Eur J,
2020, 26(71): 16975-16984.

XIAO Z W, MENG W W, WANG J B, et al. Thermodynamic stability
and defect chemistry of bismuth-based lead-free double perovskites[J].
ChemSusChem, 2016, 9(18): 2628-2633.

LEI H W, HARDY D, GAO F. Lead-free double perovskite Cs;
AgBiBrs: fundamentals, applications, and perspectives[J]. Adv Funct
Mater, 2021, 31(49): 2105898.

double perovskite for photovoltaic

GIUSTINO F, SNAITH H J. Toward lead-free perovskite solar cells[J].

ACS Energy Lett, 2016, 1(6): 1233-1240.

FILIP M R, HILLMAN S, HAGHIGHIRAD A A, et al. Band gaps of
the lead-free halide double perovskites Cs,BiAgCls and Cs,BiAgBrs
from theory and experiment[J]. J Phys Chem Lett, 2016, 7(13):
2579-2585.

HOYE R L Z, EYRE L, WEI F X, et al. Fundamental carrier lifetime
exceeding 1 ps in Cs,AgBiBrg Double perovskite[J]. Adv Mater
Interfaces, 2018, 5(15): 1800464.

SLAVNEY A H, HU T, LINDENBERG A M, et al. A bismuth-halide
double perovskite with long carrier recombination lifetime for
photovoltaic applications[J]. J Am Chem Soc, 2016, 138(7):
2138-2141.

BARTESAGHI D, SLAVNEY A H, GELVEZ-RUEDA M C, et al.
Charge carrier dynamics in Cs,AgBiBrs double perovskite[J]. J Phys
Chem C, 2018, 122(9): 4809-4816.

THI DAO LIEN T, DAI N T, THANH N T, et al. Tin fluoride assisted
growth of air stable perovskite derivative Cs,Snl, thin film as a hole
transport layer[J]. Mater Res Express, 2019, 6(11): 116442.
FEDOROVSKIY A E, DRIGO N A, NAZEERUDDIN M K. The role
of Goldschmidt’s tolerance factor in the formation of A,BXgDouble
halide perovskites and its optimal range[J]. Small Methods, 2020, 4(5):
1900426.

MAUGHAN A E, GANOSE A, BORDELON M, et al. Defect
tolerance to intolerance in the vacancy-ordered double perovskite
semiconductors Cs,Snlg and Cs,Telg[J]. J Am Chem Soc, 2016,
138(27): 8453-8464.

MAUGHAN A E, GANOSE A M, ALMAKER M A, et al. Tolerance
factor and cooperative tilting effects in vacancy-ordered double
perovskite halides[J]. Chem Mater, 2018, 30(11): 3909-3919.

XIAO Z W, ZHOU Y Y, HOSONO H, et al. Intrinsic defects in a
photovoltaic perovskite variant Cs,Snlg[J]. Phys Chem Chem Phys,
2015, 17(29): 18900-18903.

KALTZOGLOU A, ANTONIADOU M, PERGANTI D, et al.
Mixed-halide Cs,Snl3Br3 perovskite as low resistance
hole-transporting ~ material in  dye-sensitized solar  cells[J].

Electrochimica Acta, 2015, 184: 466-474.
TAN Z F, LI J H, ZHANG C, et al. Highly efficient blue-emitting

(511

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Bi-doped Cs, SnClg perovskite variant: photoluminescence induced by
impurity doping[J]. Adv Funct Mater, 2018, 28(29): 1801131.

ZHOU P, CHEN H, CHAO Y G, et al. Single-atom Pt-I3 sites on
all-inorganic Cs,Snl6 perovskite for efficient photocatalytic hydrogen
production[J]. Nat Commun, 2021, 12(1): 1-8.

WANG A F, YAN X X, ZHANG M, et al. Controlled synthesis of
lead-free and stable perovskite derivative Cs,Snlg nanocrystals via a
facile hot-injection process[J]. Chem Mater, 2016, 28(22): 8132-8140.
RAVI V K, SINGHAL N, NAG A. Initiation and future prospects of
colloidal metal halide double-perovskite nanocrystals: Cs;AgBiXe (X =
Cl, Br, [J]. J Mater Chem A, 2018, 6(44): 21666-21675.

WANG F, HAN Y, LIM C S, et al. Simultaneous phase and size
control of upconversion nanocrystals through lanthanide doping[J].
Nature, 2010, 463(7284): 1061-1065.

TAILOR N K, LISTORTI A, COLELLA S, et al. Lead-free halide
double perovskites: fundamentals, challenges, and photovoltaics
applications[J]. Adv Mater Technol, 2023, 8(1): 2200442.

GAO W Y, RAN C X, XI J, et al. High-quality Cs,AgBiBrs double
perovskite film for lead-free inverted planar heterojunction solar cells
with 2.2% efficiency[J]. Chemphyschem, 2018, 19(14): 1696-1700.
YANG X Q, WANG W, RAN R, et al. Recent advances in
Cs,AgBiBrg-based halide double perovskites as lead-free and inorganic
light absorbers for perovskite solar cells[J]. Energy Fuels, 2020, 34(9):
10513-10528.

LI P Z, GAO W Y, RAN C X, et al. Post-treatment engineering of
vacuum-deposited Cs, NaBils double perovskite film for enhanced
photovoltaic performance[J]. Phys Status Solidi A, 2019, 216(23):
1900567.

GREUL E, PETRUS M, BINEK A, et al. Highly stable, phase pure
Cs,AgBiBrg  double perovskite optoelectronic
applications[J]. J Mater Chem A, 2017, 5(37): 19972-19981.

WANG M, ZENG P, BAI S, et al
sequential-vapor-deposited Cs;AgBiBre thin films
perovskite solar cells[J]. Sol RRL, 2018, 2(12): 1800217.
WANG M, ZENG P, WANG Z H, et al. Vapor-deposited Cs,AgBiCls
double perovskite films toward highly selective and stable ultraviolet
photodetector[J]. Adv Sci, 2020, 7(11): 1903662.

NING W H, WANG F, WU B, et al. Long electron-hole diffusion
length in high-quality lead-free double perovskite films[J]. Adv Mater,
2018, 30(20): 1706246.

PANTALER M, CHO K T, QUELOZ V I E, et al. Hysteresis-free
lead-free double-perovskite solar cells by interface engineering[J].
ACS Energy Lett, 2018, 3(8): 1781-1786.

LIU Y, ZHANG L, WANG M, et al
double-perovskite thin films by solution processing[J]. Mater Today,
2019, 28: 25-30.

ZHANG Y N, SHAH T, DEEPAK F L, et al. Surface science and
colloidal stability of double-perovskite Cs,AgBiBrs nanocrystals and
their superlattices[J]. Chem Mater, 2019, 31(19): 7962-7969.

IGBARI F, WANG R, WANG Z K, et al. Composition stoichiometry
of Cs,AgBiBrg films for highly efficient lead-free perovskite solar
cells[J]. Nano Lett, 2019, 19(3): 2066-2073.

QIU X F, JIANG Y N, ZHANG H L, et al. Lead-free mesoscopic

Cs,Snlgperovskite solar cells using different nanostructured ZnO

thin  films for

High-quality

for lead-free

Bandgap-tunable

nanorods as electron transport layers[J]. Phys Status Solidi RRL, 2016,
10(8): 587-591.
LEE B, KRENSELEWSKI A, BAIK S I, et al. Solution processing of



2286 -+ CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(9): 2271-2286

2023 4

[69]

[70]

(711

[72]

(73]

[74]

(73]

[76]

Cs,Snlg4Bry, for
potential solar cell applications[J]. Sustainable Energy Fuels, 2017,
1(4): 710-724.

CHEN M, JU M G, CARL A D, et al. Cesium titanium(IV) bromide
thin films based stable lead-free perovskite solar cells[J]. Joule, 2018,
2(3): 558-570.

ZHANG G Z, ZHANG J X, LIAO Y Y, et al. Cs,Snls nanocrystals
enhancing hole extraction for efficient carbon-based CsPbl,Br
perovskite solar cells[J]. Chem Eng J, 2022, 440: 135710.

BIBI A, LEE I, NAH Y, et al. Lead-free halide double perovskites:
toward stable and sustainable optoelectronic devices[J]. Mater Today,
2021, 49: 123-144.

LEI L Z, SHI Z F, LI Y, et al. High-efficiency and air-stable
photodetectors based on lead-free double perovskite Cs,AgBiBrs thin
films[J]. J Mater Chem C, 2018, 6(30): 7982—7988.

YANG J, BAO C X, NING W H, et al. Stable, high-sensitivity and
fast-response photodetectors based on lead-free Cs, AgBiBrs double
perovskite films[J]. Adv Opt Mater, 2019: 1801732.

PAN W C, WU H D, LUO J J, et al. Cs,AgBiBrg single-crystal X-ray
detectors with a low detection limit[J]. Nat Photonics, 2017, 11(11):
726-732.

LI H R, SHAN X, NEU J N, et al. Lead-free halide double
perovskite-polymer composites for flexible X-ray imaging[J]. J Mater
Chem C, 2018, 6(44): 11961-11967.

TAILOR N K, GHOSH J, AFROZ M A, et al. Self-powered X-ray
detection and imaging using Cs,AgBiClg lead-free double perovskite
single crystal[J]. ACS Appl Electron Mater, 2022, 4(9): 4530-4539.

air-stable molecular semiconducting iodosalts,

(771

(78]

[79]

(80]

(81]

(82]

[83]

[84]

(85]

ZHU W J, MA W B, SU Y R, et al. Low-dose real-time X-ray imaging
with nontoxic double perovskite scintillators[J]. Light Sci Appl, 2020,
9(1): 1-10.

DAHL J C, OSOWIECKI W T, CAI Y, et al. Probing the stability and
band gaps of Cs,AgInCle and Cs,AgSbClg lead-free double perovskite
nanocrystals[J]. Chem Mater, 2019, 31(9): 3134-3143.

NING W H, ZHAO X G, KLARBRING J, et al. Thermochromic
lead-free halide double perovskites[J]. Adv Funct Mater, 2019, 29(10):
1807375.

YANG B, CHEN J S, YANG S Q, et al. Lead-free silver-bismuth
halide double perovskite nanocrystals[J]. Angew Chem Int Ed, 2018,
57(19): 5359-5363.

YANG B, MAO X, HONG F, et al. Lead-free direct band gap
double-perovskite nanocrystals with bright dual-color emission[J]. J
Am Chem Soc, 2018, 140(49): 17001-17006.

LIUZY,SUNY Y, CAIT, et al. Two-Dimensional Cs,Agln,Bi;«Clg
alloyed double perovskite nanoplatelets solution-processed
light-emitting diodes[J]. Adv Mater, 2023, 35(19): 2211235.

JIN S L, LI R F, HUANG H, et al. Compact ultrabroadband
light-emitting diodes based on lanthanide-doped lead-free double
perovskites[J]. Light Sci Appl, 2022, 11(1): 1-13.

GRAY M B, MAJHER J D, STROM T A, et al. Broadband white
emission in Cs,Agln; 4BixCle phosphors[J]. Inorg Chem, 2019, 58(19):
13403-13410.

LUO JJ, WANG X M, LI S R, et al. Efficient and stable emission of
warm-white light from lead-free halide double perovskites[J]. Nature,
2018, 563(7732): 541-545.

for

B, 2018 ARV 36 [ AL RIVE R K5, SRAF 2 AL . N 2021 SRAZINN FEL T RHEOR 24
RHG RIS Be, TRFID RN, WA SN, BT O R R R A R AL S R

MORL A DTAR ) & 5 SR ME S ER T R B AE M i, #E4E Materials 1 Recent Patents on
Nanotechnology #iZs, FHFEK HARIEEEGH FRESETH, EAERD K FHRE it Sk
% SCIiE3C 30 &8, Hh 3% Advanced Materials 1 Angewandte Chemie 25 =i /KF-H1F), #%

BUR B FI 5 T

KA,

HL PR R R0, A2 . 2012 450 2015 4553 5 T 5% B S H K2 A0 2R R 2

SRAFWLANE L2206 NG E S m B IR AA TR, DR PR =M LS B R 2 B
RIBEK, RSP FR O, RIUIE HEERSE, REERAESS L. HARTH
BLAEEERTRKBHAE Fh, FEHE S R KB AR s, 7ERT AR R SR A K dERE AT, Ok
RV RE DL K A e M 90 55 5 T HUAS S B 3T e, T Nature, Advanced Materials, Angewandte
Chemie %5 /KT B R R TTIRSL, 20 PP 2 ME /R v [ i 51 223



