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Optical Properties of Quasi-2D Organic-inorganic Hybrid
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Abstract: The structure of two-dimensional perovskites and their corresponding unique exciton
properties were introduced, especially the characteristics of phonon in the spectrum. It was analyzed
that the strong electron-phonon interaction may be the physical reason why n—3-based mixed two-di-
mensional perovskites were suitable for photoelectric materials. Finally, the further problems were

clarified in order to provide ideas for the optimization of two-dimensional perovskite optoelectronic ma-
terials and devices.
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Fig.1 Three typical device structures of perovskite solar cells
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Tab.1 Efficiency and stability of typical 2D perovskite (n<C5) cells
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Fig.2 Structural diagrams of 3D and 2D perovskite lattices

N F A5G RER R Epoy = 4Ep 500 BEE & T Bf
P JEEBE d 380, o DA 2 T 6 38 5 328 i #2303 i LA
A LA s IR 00 I A RE i B 2D A5 8K B K i
TRARE MR

2D E5 k0 A HLZE A HLE B (o) EE EHL)Z
(e) /N BT A e BRI ™, e 2% A5 HILFH 25 7 1)
A HLUE BRI T A AR AR B R L A0,
T 454 BE M (C H, NH,),PbL[ & 3b(i)]H A 320 meV
A% 2] PEALPDI, [ 3b(ii)] (4 220 meV , i% % 2
Ko PEAT 14 HLR B L C HLNH, K. R RIA
PLZFTCHLE A e RO [] 78 2D 55 5K 0 1 8}
T 245 A RE AT IEBIR R

e 2

AE,;N2(€1+€2)(EIZ()d)I @)
H g REARA e R ES M HE TR
L 1A PR A T A X A5 40— 4 4 Bk
oA A R BR800 S T — A TR LA HEZE o AR
BTSRG0T 2 A &2 A R AT
BLAI TC AL B B 09 1 BT A AT g 45 ] MBE(43 -+ 3R 4b
HE) 7 ¥R AR S i - BEIRRE AT UL =488
SRS . S T BT A AL o> AL o)
Z (6] 22 AR B DL B B e -0 1 5 %00, i 22
TEANTHS e85 Bk 1 BEAT 454 o TE W 2k S K
oL o B pBUE A, A s BUE . X RR S
R LE A Ty o S 28 P () A o % 28 00 (HAE ety
FIEARSM, 52 M, 3D At 2D 24 AL 45 4k B 1)

R A p- LB S R B R ) sBILIE 224k
L, B R AR p P A K . ] an E AR Y Ay
AL AS KT T, A BLE R T 5p A Pb 6s, 1 S 2
J& Pb 6p™, 2D 24k 85 5k 5 4- UK £ Jk e AR 4
(4FPEA,PbI,, PEA = CH,C,H,NH, ) i fig #5 45 k4
AR WK 3Ca) Fra™, Won TS0 M2 4%
TXFP A 2% 1 BE AT 45 44 5 5 P JR 7 (LA SR ALY 1< 1k
PSR v JE P B0 /NI Sn R ) 19 25 6 AE =l
HE A W A E-FLIE R A (SOC) |, 78 AFPEA,
PbLEPEI’JHuW/\E'F% $1.2eV 2.1 eV ZIH][£4 (0,

() —DIHE RGN B BEPIE 77 M Agoo TR
'%%i(ﬁéﬁ’]ﬂ’]fi{;ﬁﬂﬁ@%ﬁlﬁﬂT R4 AF HL g
) A E B 3 R TT B B AR K Y Rashba 43 2407,
i F Rashba & b 25 5 30 5 7 IS A 7 02 A K A
(9 2l HE, DT 7 AR 55 ] 42 7 Al B 0% BR A 45 4, D9 59
T E G IR, KRR T HFEamy ik
B UL, WS R T Y Rashba 800K T 68 5%k
A A P BE Y — Fh T B

22 BHERM

2D Z AL EG ER T 1Y RE Al 25 B O 2 M TR e
% 16) 5 Pk B9 . Ishihara %8 AW 4 n=1 % (C,,H,,
NH,),PbL 5 & 1.6 K K65, & 30 246 B T o il
LRI (k_Le, RISEAT T IRHLE 2L, 8T W s
Wi it = 77 1) () AR ARAR K. MR i E_L (Bl 5 L
B APAT)I L 7E 2.55 e V] 4(a) ik A 1R 5 19 3801 1



Ham X1

HE A5+ TR FH BB R Tt B4 o — i A AL TC B 1 B BB T A Ol 2 P 233

1
roXx

z r
(a) 4FPEA PG B iE-FIERR & (R )
B iE- LR A (F R 2 1% Bz iR
R A, (SR E) B E-BUE S RA,,
() (C,,H,NH,),Pbl,
(ii) PEA,PbI,
T=10K , (iii) PEA,MAPb,],
5l £ )
H
Bt /)\\E‘V(ﬁ)
i
R M (iii)
2'.5 3'.0
HFREE eV
(b) 10 KR Yrk i

3 4FPEA,PbL, % B2 V2 oR BLIE A Y 25 457 L) B AE 10 K
BT =BG Bk AR RO 1

Fig.3 Calculated density-functional theory band structure of

4FPEA,PbI, and

perovskite materials at 10 K temperature

absorption spectra of three

W e 4R 5 R R B S AR T RO O R
TORE KRB Y . MR, Y E/ o H T EILE )
i, T AR 55 (18] 4(a) ], R TR E L N E L e iy 1/
200 X LELE L], BRAE AR AL n=1 " 4E 55 Bk
ORI AL ZEBUR 1 o LA AT T Rl R i
(k//c, B TEHAELR) , A E Le, 3Bk 20
TRRAE (& 4(b)]e AT, 75 BE P AR 4 ) R A
3.2 eV BET , 5 SR A7 1 M AL AH 5GP, e W AR 1A f) a
b il 2 AT — SE O[] 4 L R

23 H F -7 F i & (electron - phonon coupling,
EPC)

L R R R T AR T S AR IR B (1)
Z B B AR AR RSB T T R T 5
PR OCHE™ WA B R O X R T R T A R
B F] T BRI IR T RO T e A AR T
HAE® RS R TE . LT 3D A8k 4™, 2D #5 4K

16K Ele

X
3 KL¢
E/le

V 3

S5 1 AERS B

5 3.|0 3.|5 4I.0 4.I5 5.0
KT/ eV
(&) NSO FRALA R

N

L6K
k//c

S5 1 AHRS BT
|
i

215 3I.0 3.I5 4;0 4;5 5.0
HTFHEEE eV
(b)) NHHEETTHEER
K4 7£ 1.6 KHF, (C,H, NH,).PbL, 8 & i S 51 3% 5 0%
& 45"
Fig.4 Reflection spectra of a single crystal of (C,,H,,NH;),Pbl,
at 1.6 K with light propagating

R AR o - RS . RN, 5 3D A5 K
AR, 2D A5 5K A B K 7 45 G REAE L 5 T
5 RES B H TGS T oW 2] P 5(b)FH B £
7% T PEAPBLE 15 K i WO 3% , 7ERE & 1, 1
= A ] HE A W R IR AR AC o, By, RE B E] RS N
~ 40 meV., 7t PL(Photoluminescence Spectrosco-
py . 6B RO IE) B B [F] B A T RRAE ol
PLi§ 4 y[ ¥ €, ¥ (5b)] 45 B AR B8 £ 378 0 AHBG 40
meV. AN, PL Y o Fl B[ 55 (0, (&1 (5b) )& LA HiT A
R TE 1 S G T O, sk S BT YO R Y
5O I B AR TR A RE B B eR BB T S
FeOL 1 40 meV 1Y BE 18] b 55 A7 BB B 1 AH G 1)
TR R A BN S, R (R Ak K5
()]MPLH A —~14 meVHEF, B EAAH
MICHLIR & M REE  fEfE i B 5 POL A A LO 5 ¥
(longitudinal optical phonon)#i . 288 P& 6 3h 1)
M, o MR ROCH A A A 1 ps, il HBEE
ATTHY E BBl , o A1 0 A 5 JBE A B84 0, 3 A 8l g 2 1 52
B 45 R SR T o f B UK IR 3 A7 AR 1Y PL Y



234 it ) T E5a VN 408
2 I % e R EL A T D ) SR 5, AT S R i I 4 R 0

VLA HLES R A5G B R 5 rp s (9 5l L -
TR A R AE A 2D B AR B 8 R Bk B, A
I3 A B G A 2D 2% 4085 B BT R AT RE R 3 3 A7 E
i . [, Zhu 558 NI AE 3D 44 A6 45 Bk rhoul il £
BN N8 B FUR ZS BV F0 A AR L (H 2 T B A WL %R
2 2D BBk Fp B i BEAY 7 R [ 5(b)].

\
hv \ v_~
\o ‘)/
N——"

(a) PEA,PbL 3t 5t F o 2

LiThe
HBR
JEHRIEX 60

2.35

2.30
fEE /eV

(b) 15 KIEFE T, PEA,POI, 78 I8 (1) 1 Wi (28 €6) FIPL(HK ) K i,
PL X 60(%% £8) 28 HH A FPLIL RS

5 PEA,PbL ¥4t % a3 F2 /8 & B DL & PEA,PDL, 5 (1) 0%

3z (41
R

Fig.5 Schematic of relaxation processes in PEA,PbI, and the
spectra of a PEA,PbI, thin film.

2.4 BEIEEF (self-trapped excitons)

IS T V2 2D IR A A5 ER T AE Al T T
A AR Y o TSR AT G R AE . M = YRk
B A5 ER T 19 2 0 R S R IO B N 8] 6(a) BT R ™Y, 2
N T BRI OEBOE B T IE 5245 BN A7 A
59 W% W 19 O 3% 45 fF . Dohner 2 AP M 15 K 19
PEA,PDI, B & [ £5 , 18 6(b) ] R4E T PLOGHE. Y
FA X B A AR, £ 600 nm AT 700 nm 22 8] , 1] LA %8
Hb o B 5 b R 1 [ Sk B 6(b) JAH
Fb, b PL 7R & bR B KR JF o= A T
PSS ) 0 e 0 [ €577 3k, 18 6(b) ] 3k R WA iy

RN IR R AL, EEIRT X EREEE
W n=1~3 ) BALMA, Pbnl, , B PL A Xf #k £ &
R BB T R AR5 RS
ISR S RPN T <3S S RS SO v/ & | B g
PR B W R - 2 ] 2 7 AR i B R S R0 A
M 51 A f A Y P e AR i — DR RO A+ B
A A A% A B B AR B AR L gkl ot A RO
I SR CRE &, R B T8 608 & S T oA B
H BE B PL B A W 454 68 KJLAE A e 52
Hrfi#%, B2 — A SRR A e — D AA
/N Stokes 137 # 14 78 PL A Ffll— 4~ B 45 K Stokes v
() 58 PL A,

SR TR AR A DL S R 4 A Ak e
A HLIH B 700 L BvE ", D H R Y EAT7E 2D 45
BT LGRS e, Sy [ B A T A X T
=1~3 ) BA,MA, ,Pb,I, Al MAPbL Y PL i 1Y Ht
BRI, 2D FS R0 T Y [ BN TE W BR T ARG
BEZH, AR FT DA RS E A0 A B
B 5 U 3 1 Ak 2 A o B 5 U Y Al B PL
iR — 2, P Ry fh 2% BT A8 5 | AT AT 38 Jmy 1l Ak R
s 7 T RE R M R B

B R T B0 A% JE 7 T 4555 5K 07 7Y PL % 4R
R X S BR AT R /R (NH,C,H,NH,CH,)" (N-ME-
DA) Fl (NH,C.H,OC,H,OC,H,)(EDBE) % % & + #
5 2D EERE TPIE R . ATREER TETFRKE
A5 0 LS AR HLAE R S BR A A A% 2 4 F1L it (100)
[EDBEPDLCL], % 4 th 8L 80 (110)[(N-MEDA)Pb-
Br,, EDBEPbBr, #1 EDBEPbL]JE HL 2 , 11 & 6(c)
B0 T3 S o] S T 45 A B 25 A AR Bl B R T BR
B0 PL & > %, 1 & T A #L 2 EDBE 1 N-
MEDA 3 (1) 4k 3 {045 Bk 0 DA 5 5 BR ES #3 o Fnin
Vo U AT T A 1 22 R R R A T & R A R S
FPLEV, HOGAMEARIER S . £T 50 5M
e, PEALPDL W B (Y F B 3G 5 , 5 AEU6E P 10 45 44 19
T I (A 455 A 2 ke B, g 8 i 20 DA R 5 ) 23 3K 3
Jry B AR TT A SR F B o BT 2 0 B ST RR 0 3
LT R 5 Bl B B 2D B5 8K b B R T s i S
TTRHZHM KR,

25 BATHMHW _HSBHKRTES

SR AT DA BE AR KT Y 2 A (TR
T 0 AR A T R A AN TR e (R AR . A
BB R A P A R A B (e=4)i



541 X HE LA T R BHAE FL Y 0 v 2 A HL G A A 5 B S I A O 2 1 R 235
1.001

;Ei?_‘{_‘ E: l’ E '3—‘
i 0.75r g = ;E;
< ] B &
= 0.50f 2 e =
Fod ] s EE
ﬂé oasl | 500 600 700 800 § g
| A/ nm BE
o A

8 = 0= itk . . ) . . '

500 600 700 500 600 700 800 200 300 400 500 600 700

A/nm A/ nm A/nm
(a) BA,PbL 1 %= BRSO RE, (b) PEA,PbI (2 ) F1 38 54 (15 £2)IPL  (c) EDBEPbBr & B E RS, AT R A
KPS AR ERMTS Tl 22 1) A £ A0 o B (R ) %0 BRI B RS RRRER

P16 BAPDL 1% B A W BOLIE™  PEA, PO, 5 A1 5 5 ) PLOLIE™ LA K ok H EDBEPbBr, 58 (1 11 & 5 %35
Fig.6 Room-temperature transient absorption spectrum of BA,Pbl,, PL from a PEA,PbI, thin film and single crystal as well

as white light emission from a single crystal of EDBEPbBr,

VA VR AL 3 O B 2 W OB A B =1~ 5(H 2 R Y
A 2D E5ER W H 3D 54K (n~co) BUTR A 4. E 7
(a) 2 1 4 45 Bk R 9 52 Ah -] DO b i 2
BT IEAC R T AR B n (B A . TR 23X 8N ] Y
HH 2 A0 AT 43 A7 7F 3% S 55 Bk I B Y 7 Lin 58 A
5 W B AT BN n (R A A A IS Y 32 R A T
AR A B 23 ST . AT 25K A 2] T
(BT ) Aeb JEC ) 60 22 A 93 2 1 605 k0 TR 5 =2 [ AN )
M4 9635 % 5 (PL) RTGE 25 W (T A [ (9 R E . 24
N (5 388 Ao JEC ) (R 35 T )38 & B, 1T LA 37 A b R 5% 3]
AN T] o HH 1 PL W RIS 1 06 5 AH B2, 4 DA 23 S0 (R i
T )3 & BE DU AT LA OE 5 B 2D A5 Ak BT Y 5 5 AR 55 AR
%, 3D FHAR T B WA 7 S AL [ T 7(b)], i A
W ik — 25 3 B, A I R S TR A 22 100 77 7 BE R Bk
WA X AT 26 T 3L T v 2D A9 45 8K 07 19 K BH g
b (4 25 16

26 RBAHEZHSKT HAFER

Zhang %5 N"WHESE T AR o (BB 2D 58k 57 8
(PEA),(CH,NH,), ,Pb,L,,.,(n=1,3), Hh n—=1 Y 7
JE {7 #% oA PEPL, =3 ¥ 3 B2 151 F5 oy PMPL,. A0 T
W, 4l 1Y =3 PR I LA A5, SE PR BB R
ZA~ 2D BEER A A 40 Y . PEPI B ZE 80 K Al 300 K
T PL IOk i BE AR G R AN A 8(a) it i, B
NN LRIEE T T RN . EERER
A DL RS R 25 1 v, R 75 1A AR R B ST
PL 5 £ Fifi il 5 38 0 1 JR8 S A B2 . SR A R A
TR 2% S5 ROl VR T RE 2 5 BT HUR 545 PL R
Vi FEZSTT R BB SN N  PLIRSE/E Ml T 4
RAMA, R TR S 35,0 PL &
Wi 5 T B2 1% T T e . T T 8(b)Hh B LA

2.0
1.5¢
et
bl
;ﬂ” Lof !
= i
= P
051 P
. P .
500 600 700 300
A/nm
(2) (BA),(MA),Pb, 1, R 58 #h AT IR e 6 i
rop  #m i HE e
3 § %
& 08¢ - s : '0
;*;g pom W SRR
Y o6f : :
g HE(X1.7) [
HY
ﬁ 04F 5
X n=.4 1
§§ 02t i .
v AT \
0 . .
500 600 700 80
A/nm
(b) MIETE R3S HEOE I (BA),(MA),Pb,I
BRI
El7 (BA),MA)Pb,L, B (1) 55 2 1T UL Ui 6 3% 1'% 80 &
ST

Fig.7 UV -vis absorption spectrum and photoluminescence

spectrum of (BA),(MA),Pb,1L; film

Jei B R £ L R A f PR 2% B 3l 3 Frohlich A B /E
FH7Z 09 LO S iU 2 PL R SE A EE LR . 78
PEPT 3 JI5 b, A LA 200§ 75 24 75 1 FL 2% T A 52 00, A



236 it ) E5d 7N FA04

10°E o
& [ [
;lﬂg = 10’ 3
H # i
~ . ﬂm [
2w g 10
R = b
R B ool
= £ 10 E
R g
1000 H I
i . . R 10 3
1 10 100 ;

BRI / (mW « cm®) 1000 ' : y

1 10 100

(a) PLAR LA R B0 D 22 10 B B (7 5 B s S BRI / (mW » om”)
£/ (mW ¢ cm

48 R R BN 80 K300 KK F &R S & 15 21 117)

65F I=ry+r,,
I=30+1 meV

70=70£9 meV
E ;=29+2 meV

60
55F

50+
45t
40t
35+

F %/ meV

30

100 150 200 250 300
T/K

(b) 2 IR FE BRI PLL IEFWHM(F 5 2 504 5
LRI hLR)

I8 PEPTWEEAY i B2 AT G PL %™
Fig.8 Temperature-dependent PL spectra of PEPI film

S PL ORI W N; H 5 2 e i~ 30 meV 1Y FHE G
M5 .

9(a)fi 78 T 7E 80 K #1300 K, PMPL, i Jii
PLRJE 5 A ME KR (Tocl) . afffE 80 K
UE 1, R R SRR T, XS e s ek
B E S AT — 8GR, o (E7E 300 K423 1.5,
IR R Ot AR B R TR 2T M O R T
MAPDBL Fl MAPBL, ,CL 8 i ip /R % WL . X 2 i F
Jerk AR R SRR T AR AR e T T L
JOE T A BH fil FRL A4 B R IR . 2 % AT S 5K
PUA B 1 PL SR R B2 () 2846 ¢ R, & 3 PMPI,
1 LO 5 (Frohlich) 85 i 54 58 B2 (231 meV ) K
2y )& PEPLH 19 345 (70 meV), 76 HoAth 11 2D £ #H 5
B b i 2K B 26 LAY 25 RN X R K AR A
S8 AT BRI R 4 2 AR AS Bk 6 i P A P
A OB A R 3 T AR . B 9(b) R T %
Bk e W {E RE B B UL B A9 28 4 < AF 150 K DLF 3B
FEPH0.12 meV/K, H PEPT B 1 (14 {8 5 [R] B

(a) 80 K300 KR T, PLERE S HURBOL TR MR EUOL R,
SRR R IR R B SR AT IS B EI

1.66|
>
2 1.65f
]
;E{
64t
@ !
s
1.63F
e
RE
1. 62}
1.61— : s s |
100 150 200 250 300
T/K
(b) PLIERE B (IR B ARG, R4 X150 KA T #1200 K
DA sk LA
| =T,
120 I=79£1 meV
716=231£22 meV
110} E~49t2 meV
>
o
=
& 100f
iz
;H_
90r
80
100 150 200 250 300
T/K
(o) PLYGIEMFWHMCE = 5) 5 iR E RO R,
B A L

19 PMPT M8 2 A5G PL %
Fig.9 Temperature-dependent PL spectra of PMPI, film

£ 220 K A L, 8% F 0.25 meV/K, #3F 3D MAPbDI,

HE (0.3 meV/K)™, R, 45 & 18] 9(a) B 7 1 45
A, Al PMPT, 3 B AE AR IR R 2681 F 2D 458k 47, (B



Ham X1

HE A5+ TR FH BB R Tt B4 o — i A AL TC B 1 B BB T A Ol 2 P 237

FEE T2 T 3D E5 80, X Fl 2D-3D % A8 AL
K24 PL K Y Stokes {7 #% , it 5 [t PEPI fil MAPDI,
W R LA B L 75 A VR R A O . X B
UL R AT A B Z AR AW 0 445 k0 (n
PMPL ) AT LLAE Sy oK BH A8 HL it (9 15 1 )2
3 & i

TS B i T BRI AN DL R A B
BN HA L = R AR TE R T 45 A RE L B LA
KA AR M o SR, KB 45 & e
PR A SR ETFREENEALELES.
S TR AR OGO T B KR T RE A R U N
F O R S B R R . 2D BBk R I AR g
Y HL -7 TR A, L B 7 IO AR BRI T
THEBER B TFIRARE TR ERT
1) Joe 26U R 7 T A n=3 (FZ PR J& LA n=3H
F TR AR ) 0 A A BRI 8 A2 1 K BH e
S HL AR L BRI TE U GRS R BT R R H A A
HAEHEMSE LED ADGH b i) B2 B f 2
AIREJE R E e B . A O+ REBEADLZ Ty
e 2 5 B RO TR B L s S LR
R N7/ B PO T A R U I O i D G TR
W AR AR A B B BRI B RO R A T
456 RE R LS B9 4G e 0 6 7%, JF B & 6 e
$i B KL AT T HOE LED # il 45

TR A R 53 A — A R RE A 45 A A
2 M TR A5 ) S 1, S B A AT RS R AE 1R
T YR S5 A B 7 1) R R ER /N o RO A o 4 S R
A X T4 I 1 45 & 5 1) DA I AR 2 D' A= FEL T A
LRGN — AN o el 35 TN [\ A AT HL )
A RN 45 K DL SI2 B A 20 T 1 o R0 A n iy S
I B ) Ao A v X TR A L 5 B R R RS 5 A
i LA K ] 847 56 P R A RO LR MR RS T R AR
A5 o B n] AR AT B — D IRAWESR .

& £ x W

[1] Kojima A, Teshima K, Shirai Y, et al. Organometal halide
perovskites as visible-light sensitizers for photovoltaic cells [J].
Journal of the American Chemical Society, 2009, 131(17) :
6050-6051.

[2] KimHS, Lee CR, Im J H, et al. Lead iodide perovskite sensi-
tized all-solid-state submicron thin film mesoscopic solar cell
with efficiency exceeding 9% [J]. Sci Rep, 2012, 2(1): 591.

[3] National Renewable Energy Laboratory, Research cell record ef-
ficiency chart [EB/OL].
ciency.html, 2020-04-06.

https://www. nrel. gov/pv/cell-effi-

[4]

[14]

[15]

[16

—

[21]

Meng L., YouJ, Guo T F, et al. Recent advances in the invert-
ed planar structure of perovskite solar cells [J]. Accounts of
Chemical Research, 2016, 49(1): 155-165.

Tsai H, Nie W, Blancon J, et al. High-efficiency two-dimen-
sional ruddlesden-popper perovskite solar cells [J]. Nature,
2016, 536(7616): 312-316.

Li N, Zhu Z, Chueh C, et al. Mixed cation FA,PEA, ,Pbl;
with enhanced phase and ambient stability toward high-perfor-
mance perovskite solar cells [J]. Advanced Energy Materials,
2017, 7(1): 1601307.

Zhang F, Lu H, Tong J, et al. Advances in two-dimensional
organic - inorganic hybrid perovskites [J]. Energy and Environ-
mental Science, 2020, 13(4): 1154-1186.

Zhang J, Qin ] J, Wang M, et al. Uniform permutation of qua-
si-2D perovskites by vacuum poling for efficient, high-fill-factor
solar cells [J]. Joule, 2019, 3(12): 3061-3071.

Luo T, Zhang Y, Xu Z, et al. Compositional control in 2D
perovskites with alternating cations in the interlayer space for
photovoltaics with efficiency over 18% [J]. Advanced Materi-
als, 2019, 31(44): 1903848.

Min H, Kim M, Lee S, et al. Efficient, stable solar cells by us-
ing inherent bandgap of a-phase formamidinium lead iodide [J].
Science, 2019, 366(6466): 749-753.

Lian X, Chen J, Zhang Y, et al. Solvation effect in precursor
solution enables over 16% efficiency in thick 2D perovskite so-
lar cells [J]. Journal of Materials Chemistry A, 2019, 7(33) :
19423-19429.

Wu S, LiZ, Zhang J, et al. Efficient large guanidinium mixed
perovskite solar cells with enhanced photovoltage and low ener-
gy losses [J]. Chemical Communications, 2019, 55 (30) :
4315-4318.

Saparov B, Mitzi D B. Organic - inorganic perovskites: struc-
tural versatility for functional materials design [J]. Chemical
Reviews, 2016, 116(7): 4558-4596.

Lin H, Zhou C, Tian Y, et al. Low-dimensional organometal
halide perovskites [J]. ACS Energy Letters, 2018, 3 (1) :
54-62.

Goldschmidt V M. Die Gesetze der Krystallochemie [J]. Natur-
wissenschaften, 1926, 14(21): 477-485.

Stoumpos C C, Cao D H, Clark D J, et al. Ruddlesden - pop-
per hybrid lead iodide perovskite 2D homologous semiconduc-
tors [J]. Chemistry of Materials, 2016, 28(8): 2852-2867.
HulJ, Yan L, You W. Two-dimensional organic - inorganic hy-
brid perovskites: a new platform for optoelectronic applications
[T]. Advanced Materials, 2018, 30(48): 1802041.

Ma S, Cai M, Cheng T, et al. Two-dimensional organic-inor-
ganic hybrid perovskite: from material properties to device ap-
plications [J]. Science China Materials, 2018, 61(10) : 1257-
1277.

Kumagai M, Takagahara T. Excitonic and nonlinear-optical
properties of dielectric quantum-well structures [J]. Physical
Review B Condensed Matter, 1990, 40(18): 12359-12381.
Keldysh L. V. Coulomb interaction in thin semiconductor and
semimetal films [J]. Soviet Journal of Experimental & Theoret-
ical Physics Letters, 1979, 29(1): 658-661.

Hong X, Ishihara T, Nurmikko A V. Dielectric confinement ef-

fect on excitons in Pbl,-based layered semiconductors [ J]. Phys-



238 ot H

E5d 7N o540 %

revb, 1992, 45(12): 6961.

[22] Ishihara T, Hong X, Ding J, et al. Dielectric confinement ef-
fect for exciton and biexciton states in Pbl,~based two-dimen-
sional semiconductor structures| J]. Surface Science, 1992, 267
(1-3): 323-326.

[23] Cao D H, Stoumpos C C, Farha O K, et al. 2D homologous
perovskites as light-absorbing materials for solar cell applica-
tions [J]. Journal of the American Chemical Society, 2015, 137
(24): 7843-7850.

[24] Yang X, Zhang X, Deng J, et al. Efficient green light-emitting
diodes based on quasi-two-dimensional composition and phase
engineered perovskite with surface passivation[J]. Nature Com-
munications, 2018, 9(1): 570.

[25] Quan L N, Yuan M, Comin R, et al. Ligand-stabilized reduced-
dimensionality perovskites [J]. Journal of the American Chemi-
cal Society, 2016, 138(8): 2649-2655.

[26] Smith I C, Hoke E T, Solisibarra D, et al. A layered hybrid
perovskite solar-cell absorber with enhanced moisture stability
[J]. Angewandte Chemie, 2014, 53(42): 11232-11235.

[27] Miyata A, Mitioglu A A, Plochocka P, et al. Direct measure-
ment of the exciton binding energy and effective masses for
charge carriers in organic-inorganic tri-halide perovskites [J].
Nature Physics, 2015, 11(7): 582-587.

[28] Koh T M, Thirumal K, Soo H S, et al. Multidimensional
perovskites: a mixed cation approach towards ambient stable
and tunable perovskite photovoltaics [J]. Chemsuschem,
2016, 9(18): 2541-2558.

[29] Milot R L, Sutton R J, Eperon G E, et al. Charge-carrier dy-
namics in 2D hybrid metal-halide perovskites [J]. Nano Let-
ters, 2016, 16(11): 7001-7007.

[30] Dohner E R, Jaffe A, Bradshaw L. R, et al. Intrinsic white-light
emission from layered hybrid perovskites [J]. Journal of the
American Chemical Society, 2014, 136(38): 13154-13157.

[31] Mathieu H, Lefebvre P, Christol P. Simple analytical method
for calculating exciton binding energies in semiconductor quan-
tum wells [J]. Physical Review B, 1992, 46(7): 4092-4101.

[32] He X. Excitons in anisotropic solids: the model of fractional-di-
mensional space [J]. Physical Review B, 1991, 43(3): 2063~
2069.

[33] Andreani L. C, Pasquarello A. Theory of excitons in GaAs-
Ga Al As quantum wells including valence band mixing [J].
Superlattices & Microstructures, 1989, 5(1): 59-63.

[34] Sze S M. Physics of semiconductor devices[M]. 2nd Edition,
Amsterdam : Wiley, 1981:1438.

[35] Even J, Pedesseau L., Jancu J, et al. Importance of spin-orbit
coupling in hybrid organic/inorganic perovskites for photovolta-
ic applications [J]. Journal of Physical Chemistry Letters,
2013, 4(7): 2999-3005.

[36] Pedesseau L., Sapori D, Traore B, et al. Advances and promis-
es of layered halide hybrid perovskite semiconductors [J]. ACS
Nano, 2016, 10(11): 9776-9786.

[37] Yu Z G. Effective-mass model and magneto-optical properties in

hybrid perovskites [ J]. Scientific Reports, 2016, 6(1): 28576.

(381 #nisk, # &, HW . ASEE" A Rashba %0 M H 2 1
SRR [T]. B AR, 2019, 68(15): 7-26.

[39] Ishihara T, Takahashi J, Goto T. Optical properties due to
electronic  transitions in two-dimensional semiconductors
(CnH,,,NH3) ;Pbl, [J]. Physical Review B, 1990, 42(17) :
11099-11107.

[40] JR@ U, A 3R . 4RSS Bk 45 A8 I 45 ROt Yy 38 M Re 0F o i
e LT]. AR, 2019, 56(8): 6227630, 635.

[41] Straus D B, Parra S H, Iotov N, et al. Direct observation of
electron - phonon coupling and slow vibrational relaxation in or-
ganic ~ inorganic hybrid perovskites [J]. Journal of the Ameri-
can Chemical Society, 2016, 138(42): 13798-13801.

[42] Cortecchia D, Yin J, Bruno A, et al. Polaron self-localization
in white-light emitting hybrid perovskites [J]. Journal of Materi-
als Chemistry C, 2017, 5(11): 2771-2780.

[43] Zhu H, Miyata K, Fu Y, et al. Screening in crystalline liquids
protects energetic carriers in hybrid perovskites [J]. Science,
2016, 353(6306) : 1409-1413.

[44] Wu X, Trinh M T, Niesner D, et al. Trap states in lead iodide
perovskites [J]. Journal of the American Chemical Society,
2015, 137(5): 2089-2096.

[45] Straus D B, Kagan C R. Electrons, excitons, and phonons in
two-dimensional hybrid perovskites: connecting structural, opti-
cal, and electronic properties [J]. The Journal of Physical
Chemistry Letters, 2018, 9(6): 1434-1447.

[46] Pratt F I, Wong K S, Hayes W, et al. Springer series in solid-
state sciences [J]. Journal of Physics C Solid State Physics,
2000, 20(3): L41.

[47] Dohner E R, Hoke E T, Karunadasa H 1. Self-assembly of
broadband white-light emitters [J]. Journal of the American
Chemical Society, 2014, 136(5): 1718-1721.

[48] Liu J, Leng J, Wu K, et al. Observation of internal photoin-
duced electron and hole separation in hybrid two-dimentional
perovskite films [J]. Journal of the American Chemical Soci-
ety, 2017, 139(4): 1435.

[49] Zhang Y, Wang R, Li Y, et al. Optical properties of two-di-
mensional perovskite films of (C¢H;C,H,NH;) , [Pbl,] and
(C4H;C,H,NH;) , (CH3NHs), [Pbsly] [J]. Journal of Physical
Chemistry Letters, 2019, 10(1): 13-19.

[50] Thirumal K, Chong W K, Xie W, et al. Morphology-indepen-
dent stable white-light emission from self-assembled two-dimen-
sional perovskites driven by strong exciton-phonon coupling to
the organic framework [J]. Chemistry of Materials, 2017, 29
(9): 3947-3953.

[51] Ramirez D, Ignacio Uribe J, Francaviglia L., et al. Photophys-
ics  behind highly luminescent two-dimensional hybrid
perovskite (CH; (CH,) ,NH;) , (CH3;NH;) ,Pb;Br,thin films
[J]. Journal of Materials Chemistry C, 2018, 6(23) : 6216~
6221.

[52] Wu K, Bera A, Ma C, et al. Temperature-dependent excitonic
photoluminescence of hybrid organometal halide perovskite
films [J]. Physical Chemistry Chemical Physics, 2014, 16
(41): 22476-22481.



