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Abstract: Solar thermal radiant energy is abundant in storage and pollution-free, and is one of the most competitive
clean energies in the future. In recent years, halide perovskite quantum dots (PQDs) are widely used in solar cells
and luminescent concentrator solar cells due to their excellent photoelectric properties and unique advantages such
as quantum confinement effect and solution processing, and possess vast application prospects, but they are still
facing many challenges in future commercial applications. In this review, optimization strategies for improving cell
performance are emphatically summarized based on the domestic and foreign research progress in the field of PQD
solar cells. The application of PQDs in luminescent concentrator cells is introduced. Finally, the current challenges
in this field are elaborated, and its development trends are prospected. This review provides some ideas for the
design and development of the photovoltaic technology in the future.
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Schematic diagram of perovskite quantum dot solar cells with (a) mesoporous structure and (b) planar heterojunction
structure, and (c) schematic diagram of energy levels and electron transfer processes of perovskite solar cells
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Fig. 2 (a) Crystal structure diagram and composition regulation of PQDs (1 A=0.1 nm); (b) Illustration of the A site cation
exchange process and the corresponding photoluminescence (PL) spectra of PQDs?%; (¢) Illustration of the electronic
band structure of typical defect intolerant semiconductors and defect tolerant perovskites®®; (d) Schematic of Pb*" at

B site partially substituted by various metal ions to improve stability

(19 ARLZH 5y 4% Bh T AR B AH S M, A2 m F it ik
RE IR RIS 2 —

B A7 B 0 R (1 o PR T R R AR S A
HELM, Pb” R B AR T, S X fir
1 2 T BRI [P X 6]\ TR AR W R T 495 KA 485 g (10 3
AHERE, (DMK (2) 7R B AL FH & 7555 i A4
et E R EE, B 2(c)TES Si B2 SRR B
TE Jl B BIUIE (o) RIS BEBLIE (o*) Z TR T B, A 35 B B
BTSSR A IRS BRI, 3%
TR RES R BEPT, TS ERE™ 1A BRAE A o* 2 ]
TE R, REASDANTERBER LR, Bk e 5
7 T P, X U0 B S BRI H A M R N A R R R
THT (P e B LA AR 3 I 25 20, It A2 A5 KA A RHE
LT AR A ) — R . Ak, BT ) A
JK5 Pb 1) 6p PUE A %, Ml TS =i & 1) Sp HLiE
Pb (1) 6s BLIEH 5, DRk, oA i 264 iy B 3K,
] Pb f) 6p HUIE T G 47 5w 42 (it 3= 2 5T kCs 7,

B0 e SL A1) B A2 P Jn R B R, SRR
R EBEMERICR, XHERRBIK R
. BT RNIELAE R, X PQDs HI B AT B
Fe G AL BT A A A X AL BRI AR SR F B
TR 7 LI . CsPbX; BT AU %A 0 R is
W gk (I TR R, WE BT ¢ iFE AT,

[41]

BN e MAHSE ), JRERHE AR
P HE /NI B B TR AT 5 A B BAR, XA R EUE K
WedE, 4harmets . A RS e B A F AR )
Sn**. Ge*'. zZn®Fl Mn*, i B Ag'. SR
Bi' %, K 2(d)ER T AREBE TS B H P
DL 3% CsPbBrs £l CsPbl; A i P i JR B/ B, B AT
B BERE S 1 KT A AR ¥, ERe 4 = IE
JRBE, AT 1 B A B i At e AR e PR, A,
B 75 4430 BE W AL S R (B, S0 dRSE S B
&, #ifE PCE., Fst b, AR B ALt A
PR A 1 S B L BIARAIG, H H AT 2 X5 2k A
(1 225 K R B 7 A A KR

TeHTE PQDs 72 SC A 1w Fe i, [F ik
] Sn Al Ge, 5 Pb AL H T 454, Sn % PQDs
(IBIE FE e T V2, & B A I AR o 5 A BAR A
Rz B Sn™ WS AR Sn*, Sl R E
BRI, MR R B SRS R . T R = SRR 1
NFLEALFITT LA H Sn® AL, 445 CsSnl; &
F &1 SC ) PCE 1A% 5.03%, #efFrKiifa et
B3 7T %E, Sn/Ge ALK CsSng¢Geo 45 AET
Btk Sn 207, WD REEG, K3 SC IR FIf
P,

bR TS ET, BUEISTTERA, RARN S



ER

SRR, & BFSERT R T DR S PO RO BUIR 5 ki 121

JBBHE F(Na", Ag’, Bi*', Sb*, In*") x5 k™ 45 14
W SEBLCH L IR I AT AT J7 . o Cs,AgBiBry
BT CE I R T T R R 4 45 0 AR 2R
PR B AR B8 1 PCE BK(0.46%), {H A2 XS Ak~
T TE AR N A A I T AT AR B T IRAIE .

X AL F(CL, Br, D)AHSERE i £ 5
PEF, JE o g 2 2 7 A RRTRC b, PT BAK
FERST PQDs K24k, BT PQDs B &1 i
EEME . mEERTLRM KRR A2, Fil
X AR G A, A RET. B EEEE
FEH AN F R R B T3 sE . T e
FLERA R I X3RRI, TR i I X AL
B, HA2 T IR TE R R A N R 5 A AR Bk
7 BRI 0 A, AHAR e MR PR TR A A DL FHES T,
HLPERE R Br BB EEE IR S PQDs 14 fiffe,
M A W, ERIINNMRTHEE TS
s B, KA A IR, R AT 4H
VB A L, 7ERRE MERIGAR BR8] 3R P17
22 PR EFLREREBE

PQDs T Bt & (194 HLEC A (il R 5l i) A2 3
15 R4 WM RRR s T ) S, TR IR BB B Ak e P
T S B0 5 0 YRR, L T S K 1) 4 T Ak 2>
PHAS AR B Tt . LAk, FR7E PQDs FKIH
(I B 2 — A B A& I AR, W5 7E alifk J B i) i A%
HE e, N5 80 2 R T Eh A, BRAS e U
g 5 (b4 KA s R PQDs 18 B M MV 77 R 11 S A
FHAZ o DAL, PQDs B [T S0P 0 T S B v 2808 i 1Y)
SC #XHE,

REFECAR IR, B E A S50 PQDs
PR S Fe e . B a-CsPbl; fE s oA,
K 3(a)fTas, HIRTHE BN ZE T SR 05
A S TR AR S JH2 (C8) PR R B 8 DK T % 1100 ek 1 R ek e
(C18), ik, C18 & RN T F K, TERCK=#
(1) T S5k B L 22 AR AR S RS R0 AH (B 3(b)), T C8/
C18 JRA ALK S PQDs 2 [H B A HsR 45 & 1F
H, Fe e B CEE T, (R A  BE I A O B % e 3t
HLURFAEH, i FL it (K PCE M 7.76%32 71 %5 11.87%,

B T AE A B AR R 5] N A R Bl S 1 2 T G A
] DAE A B R FH 8 T A 5 4 ke b e 0 A G A
B I 4 ) G A 8 R 5 3 T UM DT VR R W PQDs
AR ERE . i, 6 BE 1R SR (SCN)H A 2 3
= LIRS (PTABD) ™ 3 ISk 5 CsPbl; BT 4 10
B M A AT T VR A A 4, ANELRE NS 45 i i S5
BT A S, SCEEIR T, mH T LU
e RS AL EE, s tERE. &4 S Mn B
4 FA SRTB LA L 2500 FE 7 IR 45 5 S mes fe 284

PCE 1A% 14.45%. Bb4h, FIHIE K/ LR F B
(MeOAC)¥ FIAL B J7 324 CsPbBr,l PQDs [#14 T
BCfA%iE, 115 PQDs WL & . Hifaf 78 F%E
PEREAS B K o B — 2B X RIR k(330 C)IFT
o A IE G R B3 ST, 15 PCE M 5.9%32 =1 2
12.2% ), 1% J7 L R RERE R F T R % o S, iE
W T 2% SR s fE P RO,

FEAR PQDs M TR AS DUR Sy JE 1 (] A4 W A 78
JEL 0 75 SR FH 2 2 i () 7 i 4, TR R
Bl 3(c)fiw, PQDs BEiR B H IR T Pb(NOs), 5(
Pb(OAc), ] MeOAc 1AAR H, FH¥ A MeOAc %
WA, R 3~5 RZRE, B R REN
PQDs W2, i B AT X Al Ak i 1 4 B H
FR LAt ] DAE ¥ IR Pb(NOs), K&K TH . 4l
LB, ¥ PCE M 11.69%32 T+ % 13.66%°2.

fE Bk PQDs [H] 25 v I IR A e s fE
WE 3R, WRASNEKSFAAE, WAKSF
5 MeOAc KA KRR N, A2 ERBEFER, F38 2 B
TR K A B A ) DRk, B R AR AT 1R N
(RIBH B 7 A2 R Y T R RO R R, 51N
FEBERCAR (0 MAT A1 FAT)R] LL 59 i kA2 B 122
e o TP R B IO A AS e 22 4 i B A TR) R R] R,
AT 384 5 5 A 2 ) Y LR B, (R AR R T 1
W AiE, KF$2TF PCE 9 H . Sanehira 217
R A F B AX #(A=FA, MA f1 Cs*, X=Br fI11")
BEAT R AL B (K 3(e)), B3 T S AFENOEE R H
fif fiiz, PCE K15 1 A [A) #2 B (1) 32 F+ (& = i
13.43%). BRULZAh, A[EVEEK 18 (PAT), 3t
HLBADFIZE 2 & (PEAT), ANFI ) Cs #(4n CsAc,
Cs,COs, CsNO3) & AX A2 H: 14360, i i
F IR NT(GASCN)BCARAZ #ie b F1, P-4 Bl il A IR Kt
AJ LLSE 8 CsPbI; 5 4K0 18] 1) LA & (B 3(D)), PCE &
£ 1521%, X5 GA 3 FEH . 1% KM 7E CsPbBr;
1 FAPbI; BT stk R 2, BAm AR,

g5 L RTIR, PQDs ¥ 1 75 R [E] 25 i 2% T e M
LA TR 110 i 8 AR ol fe A (1 28 2 R P AN T 3k
T4 1 1) R, A EE SR P A A R P e ) R T A
AT H s, AR m R R R et — K
B
23 #SmHESREIRE

i DURYHE 22 3230153 Herbert Kroemer it
ok ST AR, BB T AT LR A AR P O B AR
F o SC H A 2 B faf $2 HU R 1 ZEORUELTF (1) PQDs T
SRl T EENUCHL I RE R S5 M. R TR S
Pefph o R, A RESAF A TREEAT E A



122 T AL A R R

537 %

(@ OA-CPBL,  OctAc-CsPbl,

Ey=2.449eV E;=2993 eV Eu=4.599¢eV E,=5.022¢eV

OLA-CsPbl,  OctAm-CsPbl; ~(®)  CI8-CsPbly

~ Loss of ligands i &A
—

- Surface defects .

Cubic phase
C8/C18-CsPbl;
NULYRIY)

Stronger Eas
Less surface defects

: Higher PLQY = :
Dttt Better stability R 1T

<
=
=

Cubic phase Cubic phase
Solution T Solution TI Solution Il
© 7 (d)  Car=RCHNH, PbI, Cs* R ..,
T ‘ MeOAc MeOAc CoumioT Qe N An=RCOO",CHLCOO", I o or ROH
N : H

Coupled QDs II

- Coupled QDs I
Coupled QDs | Coupled QDs Lot NP L Coupled QDs
N N
- > MeOAc

N(e)
(®©  Coupled High-mobility ®
QD array QD array L

n=N AX in EtOAc
: —_—
n=1 )

A=FA*, MA*, Cs*
X=I", Br-

Transport - Transport,

Electron distribution overlap

CsPbl; QDs with GA-matrix

L]
® 0--50 0--%0 O

N
R=CH,(CH,;HC=CH(CH,); { 'ap-
R'=CH,, Ph R

B3 () ANAEE KA R o-CsPbls B R i A BLIR B K IR T BE; (b)CsPbl; QDs 7 C8 A1 C8/C18 BiiAfk 2 hiK)
FesE ML 7R 2 U (c)PQDs 112 2 425 = B2, (d)PQDs JHE A1 B BH 25 e 4 52 4 o B & BB,
(e)PQDs [ AX #h 5 A HE I 20, (DGA HF3ifi ) PQDs [] R T £ ] SE U /I~ 117 FiL A% 5 389 3t ) 2 I B7)

Fig. 3 (a) Theoretical model and adsorption energy for various ligands with different chain length adsorbed on the
surface of a-CsPbl; QDs; (b) Schematic of the stabilization mechanism of CsPbl; QDs in C8 and C8/C18 ligand systems!?;
(¢) Schematic of layer-by-layer assembly of PQDs!'?; (d) Schematic of anion and cation ligand exchange reaction of
PQD films®*; (e) AX salt post-treatment process of the PQD films™; (f) Illustration of enhanced electrical coupling

between the GA-capped PQDs as a result of reduced interdot distance

PQDs W62 T S it 45 ] DA% By L 47 78 S T
(i 43 s 1124758991 fgil 1 Zhao 22V 4 B 3(c) it
AR ZEHRTTE, MARES P CsiFAPbL; 5
CsPbly & F fUIRJZ U, BInE 7 R 45 45 M i a
JEE, B 4(a)y Cs;_FA,PbI; &1 55 & H P2 1
BE AT 45 0, /I [ 5 6 B R IR P9 350 S J5 45 T BA
I E F i 75 A 52 ST AR 9 4, AT S0 o A 2R
W3R, [FIN, 51N FA W3R 7Oakva L
2% CsgosFAg7sPbIs/CsPOI;(JEFELL Ry 12 3) ) 5 i 45
AR PCE 353 T 17.39%, SN H RiRIE 1 5 =i
o DRBE, R EEIX Rl R S5 MO )2 R R
R 3 AR A BRI SRS

HR DA 3232 2 41255 PQDs IIUZ, 75 B2
At fg, XIS DU A2 A ) b 3 AR, 78
F2 BRI KB BC A I (R 4l B ) 4% f5 8 i & PQDs
2. Br T PQDs WOL)EH SRR R4 2 4, Bk
I BAOME 2,182 2. 18 I #5750 b 51N 3R 5E/ 43 T (ITIC),
HEF A2 RE ), ITIC 41 Al DL L4
AT AT A B OB g, HEm AR TR S, H

[571

SR E R 4b), & HEET FAPbL &1 Sk
RE&1E) PCE iK% 12.7%. 2208 K, HoAt i B e
AT 2,3,5,6-PY 9-7,7",8,8'- DU i — F 3L X6 2K
B (F4-TCNQ) Mt ft ik 3% 2 — . hAh, PQDs IE 1] LA
5 H AR SRR 7 S PbSelH, 4 )@ A AL i
TiO,, NiO PV i 5 5 45 4, 76 AR 3 1 3 285 14 [+
B KR o5 2 28 1R AR e

PQDs RIHEA MALFEKEEA VAR RE T
K ECARAE e 2 A, AT L 51N & 5 F P (4 )
ANTF, WK R ST 10 F 8806 (n-A 58 00), EARE5 1
A LA7E Y ARSI, 3 AT CAAE B A BT B
PO AN RIR L S PQDs R 5 AN RR 2 1, AHK
FIHLERARBT A 4(c) B, TR s gy SR B 45 2%
f PCE M 10.17%$2 T+ % 11.40%, = E [ 1E 60%
MIIERERT 100 CF, S TR dr K, X By
A SRR R TR RE, A pe 48 25 T 4k FB 17
BRI ZE I i) AR T R

FAR A% A 1 LAt ) B8 2 1 5 T ) RS 7 2
M. TiO, 5 PQDs fe il 25 #) NIULIEL, J& SC AU M.



SROUE, 5 SRR T ROBR 5 SO ROt BUR S Bk

123

1
1
1
1
l
> 403 396 3. i
1
P T 519 518 508! iy
B N :
g —6f 567 564 | 5,56 22 REECH
s3] 1
_7 - 1
QO » 1
Q| (=)
8 oo
oF - il
10 1 1 1 1 1 e 1 1
TCO ETL QD films HTL Metal

Charge transport channel Agglomeration spacer

Moisture barrier

(®)

PQDs
‘/solution

: [ Film side
v ¥y C’PGX;Br
Glass/TiO2

Glass side J

(G

N

PCE=14.32%

0 02 04 06 038
Voltage / V

K4 (TR % PQDs I SC

1.0

® PCE=9.82% 12.55% 10.60%  8.20%
447eV | 490ev | 446V |4.51 eV

00 eV - v g >

LUMO/CB G

2 o

E; g I
TR =TT T ey
HOMO/VBIEI  p3p PTB7  pTBJ-Th  Spiro-

“'(stg:’h Doping-free polymeric ~ OMeTAD

hole conductor

REAF SRR, KT R E R PR AL B, (b) FAPDI; QD/ITIC {H i ] 4% i 34 P16,

(c)p-Fi BEJAHAC Ik PQDs A P Bt L Fr L A iz o P B s WL s 3 1Y, ()AL TiO, 1 Cs AbFE/RFE I, LARAR R B
P FLEER SC 17 73 AN L 2 FE — L T 261, (e)P3HT 244if¥) PQD MR () BA AR RIZR A4 HTM SC (¥ R Hi 45 U

Fig. 4 (a) Energy band structures for SC based on PQDs with different compositions

2] with horizontal dotted line

indicating the Fermi level positions; (b) Schematic of FAPbI; QD/ITIC film fabrication!®”; (¢) Schematic of the charge
transport process and stabilization mechanism for SC based on p-graphene crosslinked PQDs!®Y; (d) Schematic of

Cs-treatment on mesoporous TiO,, and schematic view and J—V curve of corresponding SC with mesoporous structure
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(e) P3HT modified PQD film!""; (f) Energy band structures of SC with different polymeric HTM!?
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(a) Operating principle of a luminescent concentrator cell’™; (b) Photos of Yb*>" doped PQDs luminescent solar concentrator

(LSC) under sunlight and ultraviolet radiation and its light conversion diagram™; (c) Schematic illustration and energy transfer (ET)
process of Mn*"/Yb*" co-doped CsPbCl; quantum dots!; (d) Top: near-infrared LSC using triphenylphosphine treatment strategy,

below: optical efficiency of the luminescent concentrator cell coupled with LSC and silicon cell as a function of G-factor
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