Perovskite Light-Emitting Diodes based on
Solution-Processed Perovskites
A Thesis Submitted to
Nanjing Tech University
For the Academic Degree of Master of

Engineering

BY
Lu Cheng

Supervised by
Prof.Jianpu Wang

June 2016



b X

|
ceo e

e
———
——
e —

S MR BB HI& T AR OISR, A AR S AR EEFR S
EATFH&RBRGEME. RiUEWSEKY Kt —RE &M (Perovskite
light-emitting diodes, PeLEDs) & 5@ tHa R . A0BEH&E—FME
H L2 BT BIE, R TEAT MEPRTESB TELREEK
RS R THT 7R R o B B, L T PR OB B L BUR b B K KB
THRBEME. FERRAASBUTILATE:

(1) B4y B R E SR A BN QBTG Z R L1506 MAPBr;
Pdﬂhﬁ%%ﬂ%%%igﬁﬁoH%%ﬁ&ﬁﬁ&ﬁ%ﬁ%%ﬁ%ﬁﬁ@%
ERRBEHREOEN. SRRV ENREAERTIINERR (HBo HN
ﬂu%%MMMm%ﬁE%ﬁmmﬁﬁﬁ;:%%ﬂ%(mmmﬂ&@mmm
. DMSO) HHB KA KM MG EHEMNRME R F; ERW
( Tetrahydrofuran, THF ) 3 [ 844k AT AT 2% 40 BRI A5 £K 2 1 RO BREE: -

Q) SR ME TR TEZRTASRERKSUSBMHEZER T TE
W, e 2 =+ 2 A BT T4 MR R EUROL B R R
218, WAL, HIE T AR T TEM ZESKE Sotan, 1R
HIEN 3.4V, B BIET 2 BTRE N 55T SO 24 V, S BTRERAN
0.002 %, BAZEH 0.75cdm’, FEBEH34V.

(B) BWHIET HEE S B THEHRSRT EE, 51507 HtmREd
RALSEST BBRGRhN A B RAH&E T, RET BiREEN
Y45k PeLEDs, HIFBHE. BEAETHRE. BREEHEE. REBEHWL
AN 1.3 Ve 11.7 %, 82.5 Wisrm® F1 8.1 %. #8#F7E 100 mA/em’® FHIHE
ALRER 5.5 %, &T BTt R LR EETIREE & A TLRBR S
BAEHFABREE THELECEE. SAREUBIARENE, £ 10
mA/em’ WEFRFEET, R4HGEEMSHEET [ 100 215, Mo,
T2 BTG WET B NRTE =R, ST, TUH%RFERS
P BE A KA PeLEDs.



W&

(4) *EtEAE PeLEDs MG RURIHBEAT T ST . BH BT RGN TR
MAREE B F B, 7E ITO/ZnO/polyethylenimine ethoxylated( PEIE )/perovskite/ poly(9,
9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine) (TFB) /MoOs/Au 2544,
Y HIEAANRNZ B TSRS, FEATESTOTERRABEXIE,
MITAT A @R R BUR b R

KEHE SH mBUOE s BK BT

1



REFAERL

ABSTRACT

Organic-inorganic hybrid perovskites have received considerable attention due to
their unique properties of easy process, tunable color, high color purity and low cost
However, the perovskite light-emitting diodes (PeLEDs) have encountered enormous
difficulties in achieving high efficiency and reliablity. In this paper, we fabricated
solution-processed hybrid perovskite films with self-organized multiple quanfum
wells (MQWs), which have good morphologies and high photoluminescence quantum
efficiencies. Based on perovskite MQWs, we achieved PeLEDs with high external
quantum efficiency (EQE) and stability

(1) The electroluminescence (EL) efficiencies in three-dimensional (3D) PeLEDs
are limited by imperfect film morphologies and defects. We investigated the effect of
deposition methods on efficiency, i.e. additive, solvent annealing and passivation. We
found that HBr can improve the exciton lifetime of MAPbBr; perovksite film. Solvent
annealing of dimethyl sulphoxide (DMSO) can greatly affect the surface coverage of
perovskite film. Tetrahydrofuran (THF) can effectively passivate defects on the
surface of perovskite film.

(2) The exciton quenching of two-dimensional (2D) perovskites in room
temperature makes device workingtr at large turn-on voltage. We optimized the device
structure based on 2D perovskites. We demonstrated that PeLEDs based on 2D
material can work in room temperature with an EQE of 0.002 %, a maximum
Jluminance of 0.75 cd/m* and a low turn-on voltage of 3.4 V, which is much lower than
that of previously reported 24 V.

(3) We firstly demonstrated solution-processed hybrid perovskite films with
MQWs and investigated their electrical and optical properties. The MQWs-based
PeLEDs exhibits a low turn on voltage of 1.3 V, a record-high EQE of up to 11.7%, a

high radiance of 82.5 W/sr-m® and a wall-plug efficiency of 8.1 %, The device has a
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ABSTRACT

high wall-plug efficiency of 5.5 % under 100mA/cm?, which is more efficient than
that of state-of-art vacuum-deposited organic light-emitting diodes (OLEDs) at the
same current density. The stability of MQWs LEDs was significantly improved (by
two orders of magnitude) compared with LEDs based on the 3D perovskites, which
can only survive ~1 minute. Further, it could be prepared in a large arca with higher
performance because of its good morphologies.

(4) We have investigated the origination of high efficiency in MQWs based
LEDs. The Transmission Electron Microscope (TEM) and Energy Dispersive X-Ray
Spectroscopy (EDX) investigations suggested that perovskite MQWs film has a
special spatial distributionis of components, which makes carriers can radiatively

recombine in high photoluminescence quantum efficiencies (PLQESs) area.

KEYWORDS Perovskite; Electroluminescence (EL); Defect; Quenching; Quantum
well (QW)
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Fig. 1-1 Crystal structures of perovskites. Schematic representation of 3D perovskite (a) and 2D

perovskite (b) ")
FAPBI
MASHE FAPbBI Tolerance
| | l factor (t)
085 | 090 | 0.95

MASnCl, FAPbCl, FASnCl,

P 1-2 W 4SS MR A 2R T

Fig. 1-2 Tolerance factors (t) of some common used 3D perovskites [*
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Fig. 1-3 Energy-level schemes for 2D perovskites. Quantum well structure with inorganic sheets

as wells (a), quantum well structure with organic as wells (b), heterogeneous structure (c) g
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1.4.1 R TR EHKAE |
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K, Res Ra Ry BRMTFHEH. DHEREEE. Ray Ryop  Paey B
MR TR EE., SEAR%. BRATOER. BREHSLTSE
RAGE, FREEE FHARTRERRBETHRTREIISHPE, 1 Rk
SERREE, d RATHR RNER  TIOE 1 1B M DHARLA SR BRI B
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1.4.2 SR BERAE
1 HRRIRAE
(1) EF /1 EME (Atomic force microscope, AFM) 14

AFM RF R R 5 RS A 40 B4R A D B IR 1 () BB i 2R A K AL R R 1B 3
FEsh RIS . LR TRIFEEERDN, B r58 USSR BKHFF
JIRTHE TEZZBKKRS ) B FRIFEEERE, B 5B AR5
ATRTSBETFULZSEZBHHF . 7T RRR XA TR

£=do| &=Ly -0
oy

RIFELULEDATURE, RFARHMBERBIAELSA: 1 FRRETENHF
ERRGEN R RIEER. EXMEATET, HRESHmZREEER D,
—RAEF LR, Fiboixd TERERREEMIE. 2 FH R FRARGER
FHWHGAREEE, EXHEXTHET, REeSEMIERNREBRK, —K
FILEME, BrLLXfh TR AR R A =

ELFH AFM WS, EAKEEBM —wEE, »RmE5EAFERH
REEH, JFEBBUCREEHMEBB AR . Wil RENMERE R RIBOE
RAMHEBEALE . HFREHGRAAMN, A THRREMLAE, R
SHaRER T EERNIBEEMERNZLTEE, BLHUEBE S REARR
BRERAEM. USRI REHELE, HEEXNMETRIBRERS. RE
WX TFTEMES, HABRRHEHLZERERY. FRERN, REBTEN
FSIL BB RNRERFE.

(2) HHh-TT MR (Ultraviolet and Visible absorption spectra, UV-Vis) 14241
HEYFEHARKBERTEFTRENSTFA K EARERY, B:
ho > hoy 2 E, | (1-7)

M EATLVE Y, FAERTFE A MEEMRCH, HERER —MKERK
PR wo, 7E wo LA LA TREBFBRIMRIL, 7 wo LU FHE T REBEAER
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TR, BRSO b, 75 0o MMFERT —ABEISE S A,
B UK RETIN 0o 1, MTRARERE E,.

ST WAERLEANT oo HIKME & T R AT . (ETR AR
TR, Mt iaTRAKIHET, BREFLUHASEHRAELET, &
AT AT S T AR AR 42, DR B B2 7 T, MR fE
PR T 2 7R AN BT X B0 TR R s TR, AT AL
KRR o SHTRE KN TREZANEE, HEEHE R T s
B, WRBTLARNWECHEANLESE, TRTHAE (5T 25 meV) &
BAF T BN, AT MBI TR . 5 ] LAZE (S
BFARATRICI. (ERA L SRR T2 RN, (L SR 5
RAEWTE, XRHUR SIS R RIS M TR,

(3) AB KL (Photoluminescence spectrophotometry, PL) 43

FEFEMERBOET B TEEAS, BASHEFREBEBRRE KN
FIEIEE, mRUBHSE AN RBEERMEBOLB A . ERTEFIRE
EAHBIMARAT LIS A: 1| BHBRTFES. 2 H#ECHEAANRENE TSR
MEEBREOC TR RBIESURBBRTES. 3 REBTRS. 4 &it
FHRE LB THEAHTENEERABERZFHRE LWTFNEARETHES
K. 5 IR LMBTFEZFRE EHTNEE. 6 BFZ7GHEITFEREY
B4 . AR ABABREAET LREEFEME N ROCEALE, RIACK A E L
MERE, UKL SEMENSEER.

2 BAHERERIE
PeLEDs TEEHEFMBSHAREEHFMERITR, HERXLHEE Hit
—SRESHERMERSE.

(1) BHFE-BEMLZ (Current density-voltage curve)
RAETIRERETEBRR. BRATEHREMAE. RALES, HEXH
ST EEER S FHEM, FIREMNLEIREMEEMAR, XL
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KRB R R R MW N & N AE ], (KBt PeLEDs Xf BV ELERIMGRN, RIXLER
[l b N 2 Al B TR R R AR, TR B AR AR A R 1
LA R F A5 VR A B R 3  S 18 B o X 7T LLAS Bh IR TER AR 380 7 1030 0 %
LR LME Bevt AP AR 454

(2) %% (Luminance) .

BOCHAERS ETT . BAEAR FROt B E MR AN RE . BE EETR
Jass R DO ERE R . JEEELE TR EETRUM RS, MR BK
IR HR A, HEERTUSESH IR 44 THRACET . HEHBES TR
RIBI AR R TR TRORER . IRIE L AE oy LA 3

_nh (1-8)
eA
14
780 (1_9)
=K, [®,,V(A)dA
380
.92 (1-10)
dQ
=4 1-11)
dA

PO RFEHEE (W) n Kb T4; h RFERRES: vRARETH
SR, t RORITIEI(s); PRR G E (Im); Km R B A M BE(683Im/W);
V)FRIREG LRR R IBE (cd); QR FLAEA (S LERZE (ed/m®);
A BRBAMHER (m®.

FERFRPEERED, FRARSBRRERG R NET, RGBS HN S
R LAAIE S R F R AT, BERUR R R B RESEE, W
AARBEEBEGEE. HBHZTE.

MABEREXFTLUES, REEE. RE. AEENHSRER T X
BB WFRIGBE LI, BNSHBEARBEM. 7T HBERSSELLS
JeRRITERE, RINFEMSERBH BEOBSRMERE.

() BHEE (Irradiance)
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IR R — AN RK T AR B Z AR B, 305 X AT Y B AR b %E
SHEE.

PO, =— (1-3)
L=¢4 (1-12)

L AEHEE (Wmb.

(4) . A4R (Chromaticity coordinate)

RIBHAILAEIE, LT T =MEALE, KT r s T4 LA
X=MECERNEX L DRER, HATUMER S =AM S B EEA K
RIAMRESR E B AR R A, X SAIREBESRRREP R T CIE-1931
B2 [R) R %C B

HIRBE I HINEH R — MK, B RREN =R BEN %% T
BB KN =R ETUFE T ZE KR, ARFERERETHA:

X= nf PARAV (A)dA (-13)

380

780 1-14
Y= [PAPQAW (A)dA (-14)

380

780 1-15
Z= [PRAEMRIV(A)dA (1-13)
380

X (1-16)
T X1Y+2)

Y (1-17)
Y XY +2)
z=1-x-y (1-18)

KF (), ¥(A), 2() RABEEAAB AN ZRIBLE; PQ) BrlELiEd
KR A BHREAHIIE. x, v, z £ CIE-1931 445,

(5) SFEFFE (External quantum efficiency, EQE)
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&% LEDs #8{F. Hal=4454kp &% LEDs MAUECLBET 8%. HE
=% MAPbBr; §5EAH b7 7E () v IR 7 o 0 7 o 0 85 5 B3 K 1) R PR 461 T
BIREROH— SR & WA RSy R R ILR R, (BRM R
HETETETAESREER, FRBMEERT TR Z i g
K" PeLEDs MJF)a BBEmIA 24 V, SLABRTT /S R M 4545460 2 0E R
Z=E2T 7 T SRS IR 1O NG SR R IR o A At e v S

152 AXFTEHARAR
HX DS M REEERZRE. FESEN 4y MR 745

RAVERE A, A BEe 5 7 = 4455k R 2 1 7 o R A AR BREE, 4
FEBTRY LR TEMNRITEBRE _EE4Y BENmtties B FH &0
B RABURIF, FEAFWT:

() B—ENEBTELT HERES, SR BHNERNIEURSRATES
MR —LRE, [45EHEONTEMRIERFENEESE

(2) B_EWHRT &R BE L Z ST B RS A R O et B R B

() B THEY LEDs #4451, Hl& TRABRE. SHEITEMZ
454K LEDs.

@) BUEHXRGEET AESETHEHMNSHY BIE, S0t r T
Fo MACHIE TEEM, KRBT BAIERSN PeLEDs, 3Bkt i45eks™
A RRUR F#AT T R . '



$oF ZHUHBRTLRALEHS

BOE SR BBt

21 B®

BH-EH ST R R BRI B RCNE .. 5 BRI MENH
HHSERTFIBE. SESEOMNS, TR EMIURIKS 7 E XK.
Emw$§&ﬁﬁ%%£%ﬁm&ﬂ%%%ﬁﬁﬂﬂmkm%%%uﬁdﬁi
i SRR AR R R, HEBRUNREEBIT 20% W Ft, 44555
B A LR R R A R IR B G S & B BURG . 2014 4F Friend
R & TR T AT RS SRS RIE LA ot %
BRI,

I TFAEERH AR PR A E S R B, PeLEDs WRAREHFEFZHRIE.
TEMEEE. BEHLBEN. TLRMSKY EE. f£RMeEdEns, bT
SRER B E A U E AN LA (TiOy) SFEEME (ALO) Lk, FEE
BE—RERE, BHFAFEXFRM. BL% PeLEDs F, REBERFHY
ﬁ&ﬁﬁﬂTﬁ*ﬁﬁmw,@%ﬁ@%%ﬁ%%%ﬁﬁ?%ﬁﬁﬁ%;%%ﬁ
BRI AEFTRKAERTFE A ER ST ANTTE KRR RK . X E
5K PeLEDs IS4 I E R RENERTENFLAE LT, R NARERE. XL
HAEBAIA B E B AR B P I RE R AR B & R BEBEM T PeLEDs
PRI .

R, Eay R P RRTHEEES TR BB TREREE
ESE 4, Wik PeLEDs B|AERKFEANBAT HERFEANEARE. B
E R &S AY BIRFERS M, MAXLEEANNBAT RS R EIFESN
& RHBMHHRERR T RAPINEEENSEN, Fid & ERE SRy #EE
STSEBLE MK PeLEDs EXEE. EHEAY AMBEBBGBCERRER TR
1R R TR B T2, (B R R VA R P S 4 B 4T K TR
(>100nm). Beoh, BT RS MBI 7 RRSRE, SEHIEZERN.
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ISR TEERRAOFS A RIS PR E I A . AT ETHASF ST
SXESERE RS LR G RERI R .

2.2 SERAFIA{LER
% 2-1 AZTRRHA)

Table 2-1 Materials used in this chapter

WA S PR T

“HETHR (DMSO) HPLC Grade, 99.9+%  Alfa Aesar

R (MABr) >99 % (i 457

BRALEY (PbBr) 99.999 % trace metals Aldrich
basis

_REHER (DMF) Tk Alfa Aesar

BEEET R (PED) average Mn 2500, PDI Aldrich

' <1.2

FEM LB (C3Hs0,)  anhydrous, 99.8 % Sigma

1245-T(ZHFH) % American Dye Source

(TFB) |

[8) FEZE (CgHyo) 99+ %, extra pure Acros

=S4k (MoOs) 99.95% Alfa Aesar

&KX (Au) 99.999 % FiEEM

SR (HBr) 48 %, 99.9999 Y%(metals Alfa Aesar
basis)

ViEBkhg (THF) 99%, 250-350 ppm BHT Alfa Aesar
5y il

#E (CB) 99.8 % SuperDry I1&K




Fo% ZHPKTLHEAABH

* 22 XELKNE

Table 2-2 Instruments used in this chapter

X AR TR A5/ AR R
BEERAX KW-4A R B b AL
FEH 0,, H,0<1 ppm KELZ MR
m#ks RCT basic IKA

BHA BN <2.0x10™ Pa RS
A QES6S Pro Y 2
BAFEER Keithley-2400 2 BRI B8 7]
E(EEPADEEE 3 Keithley-2000 EL e NG
LREAHEBTFERE SU-T0 = A

(SEM)

B HBEME (AFM)  XE-70 Park

BEA TR FLS-920 BTRIYZENT
23 LRIPW

2.3.1 FHEGKE (Zn0) HERS R

(1) ARk

HREARFHERENLKURESSLE S ANERE _RRETRML
B2, W RAESSMAERBRZEHMAIRERERRT, BEHFE S 500
ul ZEFARMAN LRBEERF. &£ 30 CRKAMBERTRM 24h. ¥ 5ml R
FEHS Sml ZBIBEHSRE, BN ARMER. KXLEHBE 3000 pm
HEONTED 3 min 5, EBREERESIACESE. A 2 m ZEREEHE
EEBEE A BKBME, A 20u HWZBEEEENEBBIESY, B
BWRFMA 2ml ZRR2EE, BREXSIEERT A, HERE 3000 pm 4
BONTEL 3min, ZBREIHERSIAGHEKE. B 1m WZEEAGEE

R, BE, HIPGEGE2EE.

) At

14
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Y187 B 1 B LA B R B 200 OD (BIBAE), 7E 5000 rpm 34K 7]
45 sHITEIT, % ZnO WERE|IT A ITO L. HEgid ZnO K ITO %
RTE 150 C #h& BiBK 30min /5, FRBEMLERERIKE SRR, #ITRF
71 B IR URAE R E T R

23.21TO KA #

B ITO BIEH eI TE LR 50 S R h 4 DL & B R T Mt o
iSRRI RS R LRI Y. YDA r) ITO B3R
BB A POE VN R RETEGEPE . 8 T/KEE 8. CBEEEME. ITO 3
BAEMEHZAA BB E A SRPGER T, BAFE FHEEN 4 E
10min )5, SZEMEM.

2.3.3 I AIECHI

BHERA ZnO GKEFT/K ZE#HBEE] 200 0D; # I MABr:PbBr,= 1:3
(molmoD) tLFIBLHIRESEH 10 % KD SRk ®, HmEE 120 )5
f£H.

2.3.4 MAPbBr; LEDs K%

RIS LEEESERNAZ ATHGER SR AL TH ITO #
B B 200 OD ) ZnO K, LA 4000 rpm [ALAER, RREERTE] A 45 s,
KRIE¥ ZnO HEEEZE 150 C & LBK 30 min. Zf5¥ ZnO HRKE
B %R, EHRERHM PEL ¥, UL 5000 rpm KHEEERR, FFLERTIALY 50,
MIEH PEI HEHBZE 100 C K#AE LiBK 10 min. ZJ5¥% PEI EEKE
FERFEBATOKEATFES T . % DMF BHH B PELRE, LA 3000 rpm
WEEBERENR, RPLERTIAY 45 s. BB B IRRASERY BIIR AR, LA 4000 rpm 1)
WRERERR, TR 45 s. FRRT TR AEREAEH T 50 C MG LB
K 105120 s. KT MM G ERUFRIKE R ER, KT HIEREE
Hn TFB ¥¥R, LA 2000 rpm HEMERER, FREERTRA 30 s. KEHl &4 i8R0
BB I ETHREENR, ETEIBARKERMT 2.0x10* Pa i, TF

15
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FH7EPE Snm ) MoO;, EEFHE 50nm ) Au. REXH 30min f5, FTIT
ZREOU 884, BHAT A AR

2.3.5 SHFMERERIE

BHEMERBRERMAN Au Rk, AHEE ITO k. #H
keithley-2400 {77 3 2l i JE A S th S LA 0K, FF Rl o Rl 88 1R 0 R M L L
B[RS e F MRS BRP B 0A, WL EMBDEEND, SO
SRR, HRE R A MBI P ROCIRE, S SO R AR S
Rk S SR B UE  HFiC R T oK. Hid Labview BAHEE, WLIGRIRMF
R HMb MRS 2

24 SREWR
2.4.1 ZnO V¥ L AL

ZnO MM AFM MRS RIE 2-1 FiR. EREHLIY 5x5 pum® FEFE P A
fI¥ 5 HRAHBERE (Root mean square, RMS) 24 2.22 nm.

Bl 2-1 #£ 5% 5 pm’ TN ZnO WK AFM B
Fig. 2-1 AFM image of ZnO film with a area of 5% 5 um’

2.4.2 MAPbBr; 406 33 1F R AE .

AT X AR AT BRI T 2% MAPbBr; 23 fFtEferm, HaMm®k
A2 ARE MBS TZHEEE T MAPBr FrEasfF, HREA T #H
M, HERA SEM.



AR 438 S

B 2-2 Jy MAPbBr; # R IK I 0] 73 B9 6065 I, 20 0 B b Bl vl LLAS
FIEBAREHFEHN 13 ns. WGHEE SEM TR ME R LA G2 B
MAPbBr; #RAEAS AR T8 o R 3.

10004
1004 \Pﬁ
104 Sg‘?__

10 10’ 10°
Time (ns)

Counts (a.u.)
s

Bl 2-2 7C PEI 54589 ZnO # K L #I 4 () MAPbBr; # R 1083 6) 3 B3¢ e 6 1
Fig. 2-2 Time-resolved PL decay transient of the CH;NH3PbBr; film formed on top of the
PEI-modified ZnO layer

B 2-3 B7E ZnO/PEI #1JE L#I%& ) MAPOBr; # A SEM E. MAPbBr;
HRELIEKNSEENABHHK T EAN, BREFAELEZES S, REER

NEE AR REEN. XA IBETEHEE ST/ tWE B R,
AT IE AR B R AR

Bl 2-3 7 PEI #1619 ZnO #!JX_L #4517 MAPbBr; R/ SEM
Fig. 2-3 SEM image of CH;NH3PbBr; film formed on top of the PEI-modified ZnO layer

17
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(zw/pd) soueuIwnT

Voltage (V)
(a)
10°
NE lOz
(2]
< 10 e
E =
z2 N — m
Z 10" $
S 107 - =
-
g 10 2
= P 3
© 10%4 v v 10
0 2 3
Voltage (V)
(b)

B 2-4 BfEE. () RAEE-LEBREMTE-BEML, (b) BHFEE-BEBLM)
BTk
Fig. 2-4 Device performance. Current density-voltage curve (left) and luminance-voltage curve
(right) (@), current density-voltage curve (left) and EQE-voltage curve (right) (b)

B 2-4 REMAVBEATEE-BE, RE-LENIETHR-AEML. NE
(a) ATCABBIBMHMITREEA 23V, SERTHRNENEEEARE, i)
REEA IR EEM A W2 8L FRATEAD L2 SAERF TR Z 6 BRsK,
RSB HEERER. SHETBZE, REREREK, R BREEHEK
MRk, XEERBTESKY M, SBEATERAHERATENES
BOAN, 35kt (a) 1 (b) BLIBE, BMAERRRFETHRERRAMRS, BE
BANRBHNIBETHECEA R TR, SHRERRAEET, BHERT
HES B S MRS A RN EA, BRFEHESEMOLFBLIENES.
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SEHEE SEM S BAFEIF IR Z BRI IG B A, HERI ) & 454K
VRMRCR IR EE R Z RS W RN E R E NS, REBRTNEAEE
SIX LSRN A AL T ARS8 A . AR e 45 G S A0 R 1 3 e R RIS A AL
AR SR FA B

2.4.3 FRINFIXT MAPbBr; 44 5% & & B0

5 CERIRIE, 7 MAPbBr; A IRKAA¥EH T 51\ HBr £ 5¥8 Il o] LA 3R 454k
WK R O ANEBI T HBr dRINFIXT MAPOBrs £5EKH 1 A & 14
e e .

HAERH HBr A 05% F 1% MFSET GI0EA%E K. € ZnO/PEI 41
J&& A% FE AN R £ A S0 A & OB A R B F fr n I 2-5 B BTARLK
W, AR HBr SR8, ST MR P 8T 95t bl 18 .
12ns (0.5%) vs26ns (1.0%), {8 1.0% HBr S EBHTEAE RS FHERE
M ZnO W2 EREM, BARHSBiERE. 53R KY BRI b G ar
(Control, 13 ns) AHtk, ¥8HN 0.5 % HBr HRTIRVAE A& ML BRI L
Fdr (12 ns) WHRE, BLH HBr ZEREAEROSEME 1.0 % B, &
KFEEINT —1%, Nt b RNEA T Zn0 BFERE. Fik, £1XE HBr
REWMEFERIEM, —5 HBr qTLEESHAT MRBERE; H— A
HBr #&#34 Zn0O.

-
(=]
iy
o® 3
=]

s

Counts (a.u.)
au
€ 4

i
O.
2

. 1
10 Time (ns) 10

Bl 2-5 HBr % nFRUXT 85 460" fa i I B A B0
Fig. 2-5 Impacts of HBr additive on crystal quality of perovskite
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Kt HBr MIRGEW IR SRS AN #E (<100 nm) MIRERRE, 25
MBS G. (82 HBr BaBIR Zn0 2, BRIARER 2 2 H i
PR, (B2 AT LA A 30 At i R S T+ JeE

MABr &2 8 HBr, A EHMSITILAE L JEREMN
HBr Sk BBl 1.0 %t SBIA ZnO W7 ikim/z, REER Zn0 & HAb
AT R R EME A AL 20, X4 MABr B ITE BRI ER .

2.4.4 FBFIB KA MAPbBrs MR 2% £ H 5% 0W
BRIB KT UE R MRS LGN L SEmERER S, wigRkEs
MAPbI; B9 BE &Y, 753X B9 7 2% MAPbBrs A 35 R 1050 .

(c) (d)

B 2-6 DMSO X 454k5 4R B . 4 DMSO REFHE (a) 0 min, (b) 1 min, (c) 3 min
F (d) 5min J§ MAPbBr; R HR ISR
Fig. 2-6 Influence of DMSO on perovskite surface topographies. SEM images of MAPbBr; films
treated in DMSO atmosphere for 0 min (a), 1 min (b), 3 min(¢) and 5 min (d)

FERRITFED, & MAPLBr; R7E 50 CTH#E LiRK 30 s SHRBRIBIH
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Think
矩形


B F it

SRR, PR SR MBI 1 ul ) DMSO ##RILUHEH— 7% DMSO (4R
BRI FR058, 345 5kn M RETE B 9% L rh R 48 — Bt ) 5 B 384T SEM k. 45 R
i’ 2-6 Fi7R.

SR EATLUE 1, DMSO B THEkH BEE X H RN 2w, b
A5 IR (] ) 598 N5 AT A A1) R T 28 58 A SR B . 1R ALY DMSO BReE s
EHERT RO R I AR

SR ERKY, DMSO RESS BEREMEKT MBEMRMESE, FkF
ERHM SR SRR IR AT RN, R RIEFEM P ML
DMSO XA ¥ HI & BIFH R4 fg xR m+.

2.4.5 REHMWIXT MAPbBr; MR 12

PEERT MR B F i, RS R KR P AT R RS AT A
GRAE, B RS RAE T AN BIRTIRARY, £ MAPOCLLI P HMET
A HRARP AR RS BRREB T SWE FRAL FBRERMEEK
BEY), B 5 BAE S BRI RSB TR, FBREE TR,

A/PNERST THF X MAPbBr; M8i{L1EA. H45ERH THF: CB=1: 10
(volivol) ¥ (74 THF/CB). # THF =& THF/CB L. 3000 rpm K
%A HEVRE] MAPBBr; MR E LI RE IS BRIGH W, XL (Control) 1
THF LA THF/CB A3 U85 8K5 BRI ZOCFamm s 2-7 Fir.

o Control
o THF
& THF/CB

Counts (a.u.)

10° N 10°
Time (ns)

B 2-7 THF REH{L% MAPbBr; # i P % dr O R W
Fig. 2-7 Influence of THF surface passivation on lifetime of carriers in MAPbBT; film.
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S34FE 2-7 WJLAE ) Control. THF I THF/CB 421 ) MAPbBr; #ERLH]
FHBEMPIA: 141 ns. 45ns F192ns. HIR THF AbFRROSHERT WEHIH S
A EA THF/CB JRA BRSSO F MK (45 ns vs 92 ns),
1B R B AT Ao b 5B A0 4% EKH R ¢ S 3 d RO B kS o IX AT BE & 1 THE AT R —
S PMMA S35 HRT, XSRS AR B R — M ESR L+, THF A& IRid A945
Ry HRRMERHRDOEN THF 407, o7 LS RIEATRE LIRS
SR FE SR TH 40 B F AL, PRAK T 5B oh O GR P BE . a2 RaX AN HEWR IE TR 3E,
MARARFERLOEN THF HEESESET BB A RERS.

AT WAL, B SIS ST EBUREER R M, JEERFMY
Z20 1 ul B9 THE %7, BFF0AN R b BRE [8) f5 45400 M) R e WA 2-8
AT LLE 4,0 min.2 min 1 10 min 4385 A4S KT AR R DS 62 4 93 5 4 2 2 ns.
86 ns A1 162 ns.

o o 0 min
1021; oo o 2 min
& & 10 min
;:', 1074
..
5 1
LCJ 101 . ;‘
[=]e ns_ = salei o] (e ee
10 1 [ een k] o
10°
I'me (ns)

[ 2-8 THF # &1L % MAPbBr; # 185 ¢ a0 %M

Fig. 2-8 Influence of THF surface passivation on lifetime of carrier in MAPbBrs film,

EREMAMNLREMHT (@ 2-9), Hi—HEREKPFIAFARE
20 ns. XAIAERHTRTEELS RN THF RENRSHT KERE, BEFE
FAMSERAE W T THF X558 REAELER.
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MEF kL

10:1u 10 min

10:1 \

10'4

Counts (a.u.)

10:.! PP —

10°
Time(ns)

B 2-9 THF 144k %) MAPbBr; i B 4¢ S 55 2

Fig. 2-9 Influence of THF surface passivation on lifetime of MAPbBr; film

2.5 AENG -

AEEGFT T AR DNAUR A BRH 5 LT 4 A 30 00, 5 A K R LA 7 T B 2 )
50 UL % 2% TS A0 70 3o 45 AT 786 R R B O S

(1) BFHEMENALREWHEN Zn0 REEH T, WHXFHH Zno
40K SATEBLTT LUE A% PeLEDs KM TF-&Hibkt.

Q) BFR T AISRAM ST HBr H LA K0S Bt 454ky B R B XA
BRFUK B HBr 70T LIRS 454K R R BRI L HE &

(3) BT DMSO WHE-KXEMREEERNP M. SEM KL RE
B, %@ DMSO #tasH] 5 EFSEkA BRI AR L A8 i R KPR,

(4) HRT THF REGL RS AT REEBIOER. FRARN. AF
EMERN THF AT LR KRR A ST R T R%E S, MTHHG AL R
) 2 ns ¥ ME 162 ns.
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BE THEEEY BEUOLART

31 BlE

THASET MR R RRE TG B0, IRSEBRNEMATIRE
THFRMP, FIAEXIH L GE68 1 i d8 € 18T (Binding energy, Ey > 200
meV) ", 3t &R R SR AE RIS R ket o ifu BLAS SR M RO B R R 6
HEALGES MEBIE T &R 8 X RE T MR T iRE, AR
T LA BB B0 AT T A0 T 4B SR ER R M B B T X LR BRI RS
ZHEAEERE AR BN AR R B0 R, 8 1R B VR TRV VE R T A& B
AT '

BIE_EAMER 90 SEARETITE TR IR B R e R E U6, 3648
FTZE (10000 cd/m?®). 4 CEFS 10 nm) REMNSOLEMF (FLBK 520
nm). {ERIXLERA NG EBEAE T A RIEFE LE, JF BERINBERE (24 V).
BEJE, BRFCE TR & R I S MR R T X ) B, {BRKRFARE
YL, AfeEdEEEIZ N RE). Wi, 5EITERENESAE
Ho, SFRESERT 204 B R ERIET HOEHR AR, R R eI =
HEESERD M RLE R BUR B SRR A R '

B, EdERJL+ER, E%:é’é%ﬁ(ﬁfﬁ BB AR ERRIEESR
8. ERER—NE, R RETELI T EDMERE, TRENERT
RZ MR RITHRERD B . A5 T TR A X 3 B — 5 K0 MM 190 ik 3
., EREREHSBIEETE. KRENEERNACEST.
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3.2 SERFAFRNAE
#* 3-1 AREELER

Table 3-1 Materials used in this chapter

ER B Rk AP RN TS
PEDOT:PSS Clevios P VP .Al 4083 Heraeus

Bphen 98+% - Alfa Aesar
B4PyMPM >99%(HPLC) fifreecE Lot
R (AD 99.999% i TR

R 4S5 ATER AR R (NMAD BA LK E B S/ .

# 3-2 AELHAUSS

Table 3-2 Instruments used in this chapter

INE T RS A P R B
AR AL F-4600 Har

HAbE A 2R SR AT SRS E 22

3.3 SERPHRE
ITO REMBSE 3.3.2 FH AL

3.3.1 B ECH

PEDOT:PSS: WHEMBEZEIAKEFTE, EZE FHE 30min DAL,

SRIGH 0.45 pm BIKHEIS I8 KT8 .

3.3.2 (NMA),Pbl, LEDs %

HRTEAIRIFN ITO HHA LR PEDOT:PSS ¥, LA 4000 mpm M4
TREEHR, FREERTEIH 60 s, #R/5¥% PEDOT:PSS HEH#HH 150 C Mg LB
‘k 10 min. ZJ5# PEDOT:PSS #Ek R FIZREHBIFER T . UFRME
BE, SEEERTIEN 45 s MM IERSHT IR RER . AR5 ARk R
BETERBITFERENRE LB KRR HEAY #RKEIRREHBE
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B2 BRI LBRAARH

WA BT HREMES EI AR NERNT 2.0x10™ Pa, XBf A7
YT EREN) Bphen, &R 100 nm Al, RS04 A 30 min BT FFZEEEAX,
W A5 5K B ARl AT SR TR RE R AL .

3.3.3 S RERIL

B BN LED M B op, IEAR#ESE 1TO Hik, fikiRE Al B
th. EF keithley-2400 FFIRFIFHIMENREERNZK, RN &SI HH
OB B RS BT R EE LRSS (Photo-diode array, PDA) W4k,
PDA K5 1 M 3 19 % F $ 45 Ab BE E 354t B keithley-2000 &, H i@l
keithley-2000 1& 31 %) 63 ixi - FC % T K. 8 Lavbiew ZH 7] LA B H A RAE2S
HHERER B . ERHEE RBCE SR 7, B A MAZDEIE T, o
AT A F IR R AN BT B F 8, 8 67 UMY R 3
KBBBMHRAEIEI .

3.4 ER5HHE

3.4.1 AEFABHEH

(NMA),PbLy 281445 #nE 3-1 Fizas. {#H PEDOTPSS {EAZ S iLimEM
RFMHEE, THSET MEHEN AR B (NMA)PbL, HIfE T 2%
REBREN R EEBTRE (NMA)Pbly 5544 8 5 038 K 50 B ] |
FRERD R R AT SRR R E P M . B4, BT iR T R R A
FE B (3 NOBOR T A 58 SR BIZE (NMA),PbL, EFIHEHE & KK,

ITO

¥ 3-1 (NMA),Pbl, LEDs 2384 45 #7m 8 i&
Fig. 3-1 Device structure of (NMA),Pbly; LED

3.4.2 Y BRI RERE
(NMA),Pbl, # AR [FIR K &4 T H5SM-0T RO (UV-Vis) R

26



L EX 25X e

Jeil (PL) Wi 3-2 FiR. SHiRBOLEATEAAGE], #£90 C, 110 'C, 130 C
Bk 20 min £44 FHIZROMBEZE 508 nm A — MR RAEBFRKIE, FBHIX
i B T —4EEKT 4549, (NMA),PbLs #E7E 150 C iBK 5 min R%&H
WP FAER g (ify LXRT#ER O AR A E), 3R KRR SRS
B MBI 2. N PL hEHXAMER THMEBEH OLE, B THEE

iy

0.64

Absorbance (OD)

=—0— 90°C 20 min
—o—110°C 20 min
& 130°C 20 min
——150°C 5 min

0.0

400 500
Wavelength (nm)

300

(a)

600

400 4

200 4

PL intensity (a.u.)

)

=—0—90°C 20 min
—0—110°C 20 min
—&— 130°C 20 min
——150°C 5 min

e

480

520

Wavelength (nm)

560

(b

600

B 32 IRAARARIEB (2) TR (b) EBURIGHIEW

Fig. 3-2 Influence of annealing conditions on absorption (a) and photoluminescence (b) of 2D

perovskite film

PLQE MRALEREM: M 130 C B 20 min BIEKHTH PLQE H
1.1 %, HAh %4 T Hl&AEEA PLQE #/h T 1 % (H FRR X3S HERERRF, 1 %
LA R PLQE T & ) AHERD
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B=F —HPHRTLHREEABH

(NMA),Pbl, #RTEA AR KA T H9 AFM JR45 R an e 3-3 B

(a) (b)

(c) )

B 3-3 AR AR i TR E A8 £ 5 x 5 pum” S R A ARAE 130 °C B K ()0 min,
(b) 10min, (¢) 20 min, (d) 30 min £f F ) AFM K.
Fig. 3-3 Influence of annealing conditions on surface roughness. AFM images of perovskite film
annealing at 130 'C for 0 min (a), 10 min (b), 20 min (c) and 30 min (d)

AP 3-3 ATLAE R, MRRYE 130 C iBK 0 min, 10 min, 20 min, 30 min
S AT 3 A2 T RLRE 4 504 4.256 nm. 0.978 nm. 1.297 nm Al 1.728 nm. #
JEAEIR K BT TR 8 TE RS ERT 454, RIHAREERG . B XUBESKY 41
ZIERMARTR, (HRMEEER KRN, REHEEREEREK.

UV-Vis 1 PL MRS REH, 5T Ay B AMERAE 90 ] 130 'C Z[AIATR
KEPE &M TR RS ET 44, JEEEE 150 C MHARMSRT ER K
4R, PLQE MRS REM, 76 130 C Bk 20 min &4 TFraILABRREEH
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gEFERL

PLQE. AFM iR 4E R, 454k M RR & DR Kl A 8 4 1R K e () 9 48 Do
K, 1B/ PLQE BB K F|—E Wkt 8] 4 A ik B B KM, BIIneE 130 CiR2K 20 min
&MFF, B PLQE ATLUAE] 1.1 %, {HiXA HRFMAERILT]) 1.297 nm,
Bk 10 min Y MREAAKS . (K28R 4R & PLQE FZR 0 F RS B2 AR B Z th RO 45
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Fig. 3-4 Influence of annealing conditions on device performance. Dependence of current density,
luminance (a) and EQE (b) on driven voltage
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Fig. 3-6 Influence of perovskite film thicknesses on device performance. Dependence of current
density, luminance (a) and EQE (b) on driven voltage
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Fig. 3-7 Influence of solvents used in perovskite pecursor solution on device performance.
Dependence of current density, luminance (a) and EQE (b) on driven voltage
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Fig. 3-8 Influence of electron transport material on device performance current density, luminance
(a) and EQE (b) on driven voltage
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3.4.7 mARAS LR
f FH B — 4 #5 4k B LEDs Ry 2% ¥ 4 ¥ A4 ITO/PEDOT:PSS/

(NMA),Pb,l,/Bphen/Al, FE&A4LH) PEDOT:PSS F1 (NMA),Pb.l, B EE5 5 A
50 nm A1 35 nm, Bphen A1 Al 1/ A 7 nm # 100 nm.
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0.75 cd/m’®, B&EIHETFREN 0.002 %,

0.020- —a—3 gV
—_ —0—42V
3 0.015 -4 6V
N’

ol

2 0.0104

8

R=

+ 0.005

20
0.0004

500 550
Wavelength (nm)

B 3-9 BEEARBE T HESREH

Fig. 3-9 Electroluminescence spectra of perovskite device driven under different voltages.
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B ANRES b B R 9 R AR T R A 24

35 EFENG

FFEFHA NMAI # Pol, 7KL, {EAIEREHEIE TR TS ER TR
TSR SO . BRINBHNBERIIETRER 0.002%, BKRREN
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FFEBINT BERSFATFRE T - EE4T HHNETRS.
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43 SERIPE
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4.4 ZERTBHEHSET MRNRE

5 R ML S 4 T 454k MRS (NFPI). B RBOEHE. EBUREERB
REHR T H ¥R, TEM H EDX FIR T HERMREH . ZLERRERK
B NEPL S4kH B AL £ B THEH (Multiple quantum wells, MQWs).
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Fig. 4-1 Absorption and PL spectra of NFPI, (a) and FAPbI; films (b)
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NFPL; #5 k4" # IE B 0L Bk b ¥ K #  ( Photoluminescence excitation
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Fig. 4-2 PL Excitation spectra of NFPI; perovksite film
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RN F7EE Kb n BB EFH. RHE/ n HBEFHK PLQE RIK, EREXE
ME MR PLQE A1 ®, XXM ER K n ENE THIFLE, WLURENK
REBF B IR LIRS PLQE. XU WIREBEANR n HHNE FH 2 RMEIER

39



FU¥F S TMAMBRSERAALEHN

4-3 R AR AR R BOR AR TR (K 9¢ ok i 9 BE B B 1) ) 2 AL 4t - 2R
BR: ARARHBEKHEFRAARRMENCFH. L 579 nm/2.14 eV, 650
nm/1.91eV, 690 nm/1.80 eV, 732 nm/1.69 eV, 765nm/1.62 eV, 795 nm/1.56 eV &
ST M S S, BT A AR R AT KB N T4 N . 765nm/1.62 eV
REBE KB T EA 10ns H%5 6, XAMEM CERIRE ) = ES 8T M am EA
%, XUBES BB EIRREa B AR . s HFmR, KR
KA ar KBIEB T 2 & F RIS EY MIh AL TRERE

=01k - 579 nm214eV

2 1§%. Wavelength  + 630nm/1.91 eV

;_'-_.: i increase - 690 nm/] 80 eV

= IR B « 732 nm/1.69 eV

= 1 -, «< 765 nm/1.62eV

c | o L .

2 LU B o  + 795 nm/1.56 eV

— i i o,

Z i . R .

= : »

[= ?

o i S,

=i

=107 §

- i = A R il Y
0 25 50 75 100 125

I'ime (ns)

A 43 SR mERRBERKRELER

Fig. 4-3 Dependence of charge carrier lifetimes on excitation wavelengths
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Fig. 4-4 EDX mapping of NFPI; perovskite film (a), Fast-Fourier-transform-filtered HRTEM
image and FFT analyses of a perovskite crystal close to the TFB/perovskite interface (b)
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Fig. 4-5 AFM image of NFPI; perovskite film
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Fig. 4-7 Influence of annealing conditions on device performance. Dependence of current density,
radiance (a) and EQE (b) on driven voltage, normalized electroluminescence spectrum (c) under a
driven voltage of which EQE is maximum.
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Fig. 4-8 Influence of halogens on device performance. Dependence of current density, radiance (a)
and EQE (b) on driven voltage, normalized electroluminescence spectrum (c) under a driven
voltage of which EQE is maximum.
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KERM BN E L/ NIRSMW 172 26, % BRI #4mR L/ iR
RAH 20 B, MABHROBEATRT —¥h, HHASKT HRNFEIFSE
m OXRAERMAET 335V, Z2EAXNFARIETRORCEEL TR0
s EA I EPR ).

it T 70 MR TR & RS RITERE T, SR WA 4-11. AESRT
DAEH, R ETHEN 8.8 %, BUMEMRHETEN 11 %, HHAK
FhE% BRI T LA )% AT SEAD LEDs 23

48



HMEF4iE T

50

I

[\ N ¥ T -
S .. 3

Number of devices
o

4-11 70 MRS E TR G
Fig 4-11 Histograms of peak EQE measured from 70 devices.

NFPI(B £54KH™ 3844 ) (K155 i 1%t L ) =2 FAPDL; 88 04 1055 i 8] 4-12 BT 7
TR 10 mA/om® HIIKBHELE K, KAIET 76 s, BRI T2 T R
KHI 50 %, Wi NFPIB f54K0 88/ ELIL 110 min 4 & FREERXAKFE. X
B NFPIB 54k B4 A U@ T 8RS, B AKR S T 8H/M4K 5.

22

—_
=3
i
N
o
—

g
n
.

Normalized EQE
lad N
O o
(A) 98ei10A

=
=
—
-]

0 50 . 100 150
Time (min)

(a)

49



Fu¥ ZFTOHAMPHATEREAASH

(%)

L

Normalized EQE

0 20 40 60 80
Time (s)

(b)

K 4-12 £ 10 mA/em’ FISRBNRA L~ (a) NFPIGB F1 (b) FAPbI, 281 it 2 Z biti %5 e )
ORI T AT DA
Fig. 4-12 Dependence of efficiencies on time for NFPIsB device (a) and FAPbI; device (b) tested
at a constant current density of 10 mA/cm’.

4.6 RWHEREETBHEHERERE

/AT AT T 238 TEM LK, 45 R 4-13 fios. S8R m 2
S5H5E, NERITFREKREHERE (80nm), TFB/MoO; 2 (40 nm), 54k
B (30nm), ZnOE (30 nm), & FHEIMKE ITO k.

[¥ 4-13 1TO/ZnO/NFPI/TFB/Mo0O3/Au £ 2 A #E T TEM E
Fig. 4-13 Cross-sectional scanning transmission electron microscopy (STEM) image of
ITO/ZnO/NFPI,/TFB/MoQ3/Au multilayer

£ 4.4 T CERAEARFIZEH TR E 1 PSS SR B BAA R BR8] 5
i, TEHIE TFB TREAMBD ZAEHKK n ERGKT ik, B THZ n
EHE NS RT A5 . RS & THPHSRT B 0FF, EANETHEZLE 30 nm £
1 ZnO, B&EJLFEAMERY HRERE 2IER AR, SR, ENEE

50



FEFERL

£t 40 nm B H TFB RA454kE 5 TFB MR H ALK 6, XM R4 ZnO I,
FIIBEREKRT TFB HE/OTBE, YB FRIZEGHKY E5 TFB BRI,
FTUBIELFiE TFB R 584 BRF ML 2 R ERN 6. BEXHTH
MBRFEENE 2, BEANBR PTG REIREGITE TFB 550 IS m
REH) @ PLQE KIE, SHlmBMBEHES.

B2, Zn0 5 TFB EAMBR FIBRER UREKRY EEFAHETH

GRS )40, A3 T RIS A B R S E NIRRT, ATTSEILE M
(945 5K5 LEDs 3844 .
4.7 EE/NGG

AEHRHETRELETHEMNEKY B, JfE Zn0 R ENLT
T2, &8 7T B M454E LEDs.

(1) HEHETEELETHEWNSRT &, BatBURthE, A8
RICGERE, RAFARRERIMETERNT HIEHSUT HERR LB TS
1.

Hl% 7 LB THH45EKE LEDs 24, WK

(2) 7 ZnO /€L, ZEKBEN 100 C, BARIEY 20 min £HF, 2/
HHRREE. RFEAE. BEARTHER. BREHRE. BRBEAN
RABIH 13V, 1.7 %, 82.5 Wisrm® F 8.1 %. 2RF7E 100 mA/em® FHIHN
BUWREN 55 %, BT R LA ERNETIAES&REI RO
RAEMF BRE E TR ANE.

(3) BFSLT S EXT B IO BB . FRFT AT, 454K 380 Y R LA b
Br, Cl, 1F4%, BEHZBr, ClL, 1KBUFEAD.

(4) HI% THMEAR A 64 mm” FKERBRAE, BEGBRBEN 6.2%, L
B ATIRE & mRIE LS54T LEDs FIBREE &

(5) BFFL T iXF454KF" LEDs BUE T M eI, FEAHRNKIELIET, &
WT 70 MBS, RIABHNBENEN 11.7 %, FEHEN 8.8 %,
FEH U %, REFRXHELN—PEERTZ U & EERHRSHS

51



FwWE ZETHEMPRTLHAAEH

HAGERH LEDs #8814

(6) BFFL 7454k LEDs X iR Iia e . RIMEMRIMBREESET,
BB Z BT AT SHNE AR A4S UT S 45 mE 100 4.

(7) AR T =t BeES 5K LEDs RIJEREE . #E ZnO A1 TFB BRI
FIEB RSN B R EA 5 R T 8 4 A, BRI TR AT ORI
HBITE A X A], AT AT LASEER @ R s BUR it 72

52



MLt

B E RS

=HAV-TH SR SHAEE/VENNERE T CEN AR, H
TERPA M SR EREAE LT 2 REERF AR, 4£ LEDs 4, 8%
BURECKLLER) T 8.5 %. B2 LEDs SURANARTFEF T Z W&, £EH:
R E I S

FExpix e B, M7 MM ADEWT:

(1) AT HBr A IFIXT A5 R0 BB BB 1 2 9, DMSO ¥ FIR ko
R 4 2 R R WA THF R AL RS IR ER . BIERM,
HBr e R ES AN AR RIS E: EM DMSO RESIR KN a8 EAH
BAOKEE %, THE o LA R 5 65 T ORI, |

Q) MHT —ASHRy SBHEH, HIEHAEZRTREEE LENSN
LEDs 84, HEBKHKIETHEH 0.002%, BKZER 0.75 cd/m?, BUHHITF
BrE (3.4V) HZATHRERHIFE BERKEEK (24 V) FESRGESAIEFK
B 4587 MENBTFEEES.

B) BRHET —MABZETHEMNEKY B, M HLBRMEHITT
o, IFHEHER L BTSSR EEL A 2855 R BUROLEM . 18
HMAETE, H&EBBERRNSSY LEDs, KFBHRE. B&EIE TR
R.BEBHEE, BEEREUEES N 1.3 V117 %.82.5 Wsrm’, 8.12 %.
ZRME7E 100 mA/em” FRIEEEUEER 5.5 %, &HTHWHR EHRRENE
FIRNEFIE BN BSOS AR B RE E TR BT B4R
WAL REIFRENE, £ 10 mA/em® KA ET, BENEGREM LT
RFEI 100 5. B4, BT ZETHEAWSHY BENEREZES. REDY
sy, wTUHIE R B R &M AR K PeLEDs.

(4) R T WX 45EY LEDs WRERERE. FRRKM, SHy EEPARA
DR Z R Zn0 5 TFB EXNBATIBRER, FHRATEEPL
BIRHIERIOCNER I, ISR R SR 2.

AW LG NMAI #8, BT H S8y S40M%ee; BdHl&RH

53



BEERA

ZERTFHAHMSET EEL, LI T BB RS54k LEDs. {B2MXH
TAEVMREBRANNT, BAREIELUTILAJIH:

(1) BBy BER AR 05A7, IXF AR 3R18 mALEs
HEREEHAEXMIEEBRERL, X HERM N FIRRIDVEAT #.
WRET LA A WEHIXNTRE, HEEMETIRE, TLlHEESMREERN
PeLEDs #8814,

) TEEAANSRSKY S84, EAMMEDESERCE, B8
TEMNAENAGEE —2EE. DI E-—HIT ISR TE, T BRgR
FRAMEHE, HERTEFNREAFEENEX.

BRI BRSBTS Fhia) &, (A2 BEEEKT LEDs 881U
KRR, X R B AR

54



AMEFERL

27 3k

(1] R FEAFRT- AT R ¥ —a B HARRD11992, (21)

[2]1 H S Kim, S H Im, N G Park. Organolead halide perovskite: New horizons in solar cell research.
The Journal of Physical Chemistry C [J]. 2014, 118 (11): 5615-5625.

[3] G Kieslich, S Sun, A K Cheetham. Solid-state principles applied to organic—inorganic
perovskites: new tricks for an old dog. Chemical Science [1].2014, 5 (12): 4712-4715.

[4] Z Fan, K Sun, J Wang. Perovskites for photovoltaic: a combined review of organic-inorganic
halide perovskites and ferroelectric oxide perovskites. Journal of Materials Chemistry A
[J].2015, 3 (37): 18809-18828.

[5] Y Kawamura, H Mashiyama, K Hasebe. Structural study on cubic—tetragonal transition of
CH;NH;Pbls. Journal of the Physical Society of Japan [J]1.2002, 71 (7): 1694-1697.

[6] T Baikie, N S Barrow, Y Fang, et al. A combined single crystal neutron/X-ray diffraction and
solid-state nuclear magnetic resonance study of the hybrid perovskites CH;NH3PbX; (X= 1,
Br and Cl). Journal of Materials Chemistry A [J].2015, 3 (17): 9298-9307.

[7]1 D B Mitzi, K Chondroudis, C R Kagan. Organic-inorganic electronics. IBM journal of
research and development [1].2001, 45 (1): 29-45.

[8] A Kojima, K Teshima, Y Shirai, et al. Organometal halide perovskites as visible-light
sensitizers for photovoltaic cells. Journal of the American Chemical Society [J]1.2009, 131
(17): 6050-6051.

[9]JH Im, C R Lee, J W Lee, et al. 6.5% efficient perovskite quantum-dot-sensitized solar cell.
Nanoscale [J].2011, 3 (10): 4088-4093.

10] H S Kim, C R Lee, J H Im, et al. Lead Iodide Perovskite Sensitized All-Solid-State Submicron
Thin Film Mesoscopic Solar Cell with Efficiency Exceeding 9%. Scientific Reports [J].2012,
2:591.

[11] P Docampo, J M Ball, M Darwich, et al. Efficient organometal trihalide perovskite
planar-heterojunction solar cells on flexible polymer substrates. Nature communications
[7].2013, 4:2761.

[12]J W Lee, D J Seol, A N Cho, et al. High - Efficiency Perovskite Solar Cells Based on the
Black Polymorph of HC (NH) ,Pbl;. Advanced Materials [J1.2014, 26 (29): 4991-4998.

[13] W A Laban, L Etgar. Depleted hole conductor-free lead halide iodide heterojunction solar
cells. Energy & Environmental Science [J]. 2013, 6 (11): 3249-3253.

[14] B Cai, Y Xing, Z Yang, et al. High performance hybrid solar cells sensitized by organolead
halide perovskites. Energy & Environmental Science [1].2013, 6 (5): 1480-1485.

[15] J Qiu, Y Qiu, K Yan, et al. All-solid-state hybrid solar cells based on a new organometal
halide perovskite sensitizer and one-dimensional TiO, nanowire arrays. Nanoscale [J]. 2013,
5(8): 3245-3248.

[16] D Bi, S J Moon, L Hiaggman, et al.Using a two-step deposition technique to prepare
perovskite (CH;NH;Pbls) for thin film solar cells based on ZrO, and TiO; mesostructures.
Rsc Advances [J]. 2013, 3 (41): 18762-18766.

[171 Q Chen, H Zhou, Z Hong, et al. Planar heterojunction perovskite solar cells via

55



B LAk

vapor-assisted solution process. Journal of the American Chemical Society [J]. 2013, 136 (2):
622-625.

[18] Y Ogomi, A Morita, S Tsukamoto, et al. CH;NH;S, « Pb (1) I3 Perovskite Solar Cells
Covering up to 1060 nm. The journal of physical chemistry letters [J]. 2014, 5 (6):
1004-1011.

[19] E Edri, S Kirmayer, D Cahen, et al. High open-circuit voltage solar cells based on organic-
inorganic lead bromide perovskite. The journal of physical chemistry letters [J]. 2013, 4 (6):
897-902.

[20] S Colella, E Mosconi, P Fedeli, et al. MAPbI;_,Cl , Mixed Halide Perovskite for Hybrid Solar
Cells: The Role of Chloride as Dopant on the Transport and Structural Properties. Chemistry
of Materials [J]. 2013, 25 (22): 4613-4618.

[21] K Mahmood, B S Swain, H S Jung. Controlling the surface nanostructure of ZnO and
Al-doped ZnO thin films using electrostatic spraying for their application in 12% efficient
perovskite solar cells. Nanoscale [J]. 2014, 6 (15): 9127-9138.

[22] A Mei, X Li, L Liu, et al. A hole-conductor—free, fully printable mesoscopic perovskite solar
cell with high stability. Science [J]. 2014, 345 (6194): 295-298.

[23] D Liu, T L Kelly. Perovskite solar cells with a planar heterojunction structure prepared using
room-temperature solution processing techniques. Nature photonics [J]. 2014, 8 (2): 133-138.

[24] J S Manser, P V Kamat. Band filling with free charge carriers in organometal halide
perovskites. Nature Photonics [J]. 2014, 8 (9): 737-743.

[25] C S Ponseca, Jr, T J Savenije et al. Organometal halide perovskite solar cell materials
rationalized: ultrafast charge generation, high and microsecond-long balanced mobilities, and
slow recombination. Journal of the American Chemical Society [J]. 2014, 136 (14):
5189-5192.

[26] P Schulz, E Edri, S Kirmayer, et al. Interface energetics inorgano-metal halide
perovskite-based photovoltaic cells. Energy & Environmental Science [J]. 2014, 7 (4):
1377-1381.

[27] M Era, S Morimoto, T Tsutsui, et al. Organic-inorganic heterostructure electroluminescent
device using a layered perovskite semiconductor (C¢HsC;HsNH;3) ,Pbly. Applied physics
letters [J]. 1994, 65 (6): 676-678.

[28] T Hattori, T Taira, M Era, et al. Highly efficient electroluminescence from a heterostructure
device combined with emissive layered-perovskite and an electron-transporting organic
compound. Chemical physics letters [J]. 1996, 254 (1): 103-108.

[29] K Chondroudis, D B Mitzi. Electroluminescence from an organic-inorganic perovskite
incorporating a quaterthiophene dye within lead halide perovskite layers. Chemistry of
materials [J]. 1999, 11 (11): 3028-3030.

[30] F Deschler, M Price, S Pathak, et al. High photoluminescence efficiency and optically
pumped lasing in solution-processed mixed halide perovskite semiconductors. The journal of
physical chemistry letters [J]. 2014, 5 (8): 1421-1426.

[31] G Xing, N Mathews, S S Lim, et al. Low-temperature solution-processed wavelength-tunable
perovskites for lasing; Nat. Mater [J]. 2014, 13 (5): 476-480.

[32] ZK Tan, R S Moghaddam, M L Lai, et al. Bright light-emitting diodes based on organometal

56



Al F A2

halide perovskite. Nature nanotechnology [J]. 2014, 9 (9): 687-692.

[33] ] P Wang, N N Wang, Y Z Jin, et al. Interfacial Control Toward Efficient and Low-Voltage
Perovskite Light-Emitting Diodes. Advanced Materials [J]. 2015, 27 (14): 2311-2316.

[34] G Li, Z K Tan, D Di, et al. Efficient light-emitting diodes based on nanocrystalline perovskite
in a dielectric polymer matrix. Nano letters [J]. 2015, 15 (4): 2640-2644.

[351 Y H Kim, H Cho, J H Heo, et al. Multicolored Organic/Inorganic Hybrid Perovskite
Light-Emitting Diodes. Advanced Materials [J]. 2015, 27 (7): 1248-1254.

[36] Y C Hsiao, T Wu, M Li, et al. Magneto - Optical Studies on Spin-Dependent Charge
Recombination and Dissociation in Perovskite Solar Cells. Advanced Materials [J]. 2015, 27
(18): 2899-2906.

{37] F Zhang, H Zhong, C Chen, et al. Brightly luminescent and color-tunable colloidal
CH;NH;PbX; (X= Br, I, Cl) quantum dots: potential alternatives for display technology. ACS
nano [J]. 2015, 9 (4): 4533-4542.

[38] L Protesescu, S Yakunin, M I Bodnarchuk, et al. Nanocrystals of cesium lead halide
perovskites (CsPbXs, X= Cl, Br, and I): novel optoelectronic materials showing bright
emission with wide color gamut. Nano letters [J]. 2015, 15 (6): 3692-3696.

[39] K Gauthron, J S Lauret, L Doyennette, et al. Optical spectroscopy of two-dimensional layered
(CsHsC,H4NH3) 2Pbly perovskite. Optics express [J]. 2010, 18 (6): 5912-5919.

[40] J Lee, E S Koteles, M O Vassell. Luminescence linewidths of excitons in GaAs quantum
wells below 150 K. Physical Review B [J]. 1986, 33 (8): 5512.

[41] S D Stranks, V M Burlakov, T Leijtens, et al. Recombination kinetics in organic-inorganic
perovskites: excitons, free charge, and subgap states. Physical Review Applied [J]. 2014, 2
(3): 034007.

[42] EHFEK, BF¥5E THMBRER MR KRBT RZEHRRE, 2001

[43] XIB#, KFFH, FEHLE ¥SEPEFM]. FLR AT BFIAHEME, 201

[44] AAKE, FRBZ, FREM HEFM] b PETESRRY, 2010

[45] National Renewable Energy Laboratory (NREL), Research Cell Efficiency Records, 2015

[46] M M Lee, ] Teuscher, T Miyasaka, et al. Efficient hybrid solar cells based on
meso-superstructured organometal halide perovskites. Science {J]. 2012, 338 (6107):
643-647.

[47] L Wang, C McCleese, A Kovalsky, et al. Femtosecond time-resolved transient absorption
spectroscopy of CH3NH3Pbl; perovskite films: Evidence for passivation effect of Pbl2.
Journal of the American Chemical Society [1]. 2014, 136 (35): 12205-12208.

[48] C S Ponseca, Jr, T J Savenije et al. Organometal halide perovskite solar cell materials
rationalized: ultrafast charge generation, high and microsecond-long balanced mobilities, and
slow recombination. Journal of the American Chemical Society [J]. 2014, 136 (14):
5189-5192.

491 H Oga, A Saeki, Y Ogomi, et al.Improved understanding of the electronic and energetic
landscapes of perovskite solar cells: high local charge carrier mobility, reduced
recombination, and extremely shallow traps. Journal of the American Chemical Society [J].
2014, 136 (39): 13818-13825.

[50] Y Zhao, A M Nardes, K Zhu. Solid-state mesostructured perovskite CH;NH;PbI; solar cells:

57



A LAk

charge transport, recombination, and diffusion length. The journal of physical chemistry
letters [J]. 2014, 5 (3): 490-494.

[51] Y Zhao, A M Nardes, K Zhu. Mesoporous perovskite solar cells: material composition,
charge-carrier dynamics, and device characteristics. Faraday Discuss [J]. 2015, 176: 301-312.

[52] D Bi, A M El-Zohry, A Hagfeldt, et al. Unraveling the effect of Pbl, concentration on charge
recombination kinetics in perovskite solar cells. ACS Photonics [J]. 2015, 2 (5): 589-594.

[53] T Leijtens, B Lauber, G E Eperon, et al. The importance of perovskite pore filling in
organometal mixed halide sensitized TiO,-based solar cells. The journal of physical
chemistry letters [J]. 2014, 5 (7): 1096-1102.

[54] C Wehrenfennig, G E Eperon, M B Johnston, et al. High charge carrier mobilities and

lifetimes in organolead trihalide perovskites. Advanced materials [J]. 2014, 26 (10): 1584-1589.

[55] S D Stranks, G E Eperon, G Grancini, et al. Electron-hole diffusion lengths exceeding 1
micrometer in an organometal trihalide perovskite absorber. Science [J]. 2013, 342 (6156):
341-344.

[56] K Liang, D B Mitzi, M T Prikas. Synthesis and characterization of organic-inorganic
perovskite thin films prepared using a versatile two-step dipping technique. Chemistry of
materials [J]. 1998, 10 (1): 403-411.

[57] J H Heo, H I Han, D Kim, et al. Hysteresis-less inverted CH;NH;Pbl; planar perovskite
hybrid solar cells with 18.1% power conversion efficiency. Energy & Environmental Science
[J1]. 2015, 8 (5): 1602-1608.

[58] J H Heo, D H Song, H J Han, et al. Planar CH;NH;Pbl; perovskite solar cells with constant
17.2% average power conversion efficiency irrespective of the scan rate. Advanced Materials
[J1. 2015, 27 (22): 3424-3430.

[59] M Xiao, F Huang, W Huang, et al. A fast deposition-crystallization procedure for highly
efficient lead iodide perovskite thin-film solar cells. Angewandte Chemie [J]. 2014, 126 (37):
10056-10061.

[60] E D Gaspera, Y Peng, Q Hou, et al. Ultra-thin high efficiency semitransparent perovskite
solar cells. Nano Energy [J]. 2015, 13: 249-257.

[61] J H Heo, D H Song, S H Im. Planar CH;NH:PbBr; Hybrid Solar Cells with 10.4% Power
Conversion Efficiency, Fabricated by Controlled Crystallization in the Spin-Coating
Process .Advanced Materials [J]. 2014, 26 (48): 8179-8183.

[62] X Liu, H Wang, T Yang, et al. Solution-processed ultrasensitive polymer photodetectors with
high external quantum efficiency and detectivity. ACS applied materials & interfaces [J].
2012, 4 (7): 3701-3705.

[63] G Li, Y Yao, H Yang, et al. “Solvent Annealing” Effect in Polymer Solar Cells Based on Poly
(3-hexylthiophene) and Methanofullerenes. Advanced Functional Materials [J]. 2007, 17 (10):
1636-1644.

[64] Z Xiao, Q Dong, C Bi, et al. Solvent Annealing of Perovskite-Induced Crystal Growth for
Photovoltaic-Device Efficiency Enhancement. Advanced Materials [J]. 2014, 26 (37):
6503-6509.

[65]1 W ] Yin, T Shi, Y Yan. Unusual defect physics in CH;NH;3Pbl; perovskite solar cell absorber.
Applied Physics Letters [J]. 2014, 104 (6): 063903.

58



AEF R

[66] A Abate, M Saliba, D J Hollman, et al. Supramolecular halogen bond passivation of organic—
inorganic halide perovskite solar cells. Nano letters [1]. 2014, 14 (6): 3247-3254.

[67] N K Noel, A Abate, S D Stranks, et al. Enhanced photoluminescence and solar cell
performance via Lewis base passivation of organic—inorganic lead halide perovskites. ACS
nano [J]. 2014, 8 (10): 9815-9821.

[68] T Ishihara, J Takahashi, Goto T. Exciton state in two-dimensional perovskite semiconductor
(C1oH21NH;),Pbl,, Solid state communications [3]. 1989, 69 (9): 933-936.

[69] T Ishihara, J Takahashi, T Goto. Optical properties due to electronic transitions in
two-dimensional semiconductors (C,H;,+1NH3),Pbl, .Physical review B [J]. 1990, 42 (17):
11099.

[70] X Hong, T Ishihara, A V Nurmikko. Dielectric confinement effect on excitons in Pbls-based
Jlayered semiconductors. Physical Review B [J]. 1992, 45 (12): 6961.

[71] H Cho, S H Jeong, M H Park, et al. Overcoming the electroluminescence efficiency
limitations of perovskite light-emitting diodes .Science [J]. 2015, 350 (6265): 1222-1225.

[72] D H Cao, C C Stoumpos, O K Farha, et al. 2D Homologous Perovskites as Light-Absorbing
Materials for Solar Cell Applications. Journal of the American Chemical Society [J]. 2015,
137 (24): 7843-7850.

[73]1 1 C Smith, E T Hoke, D Solis-lbarra, et al. A layered hybrid perovskite solar-cell absorber
with enhanced moisture stability. Angewandte Chemie International Edition [J]. 2014, 53
(42): 11232-11235.

[74] Tsai S C, Fang H C, Lai Y L, et al. Efficiency enhancement of green light emitting diodes by
improving the uniformity of embedded quantum dots in multiple quantum wells through
working pressure control [J]. Journal of Alloys and Compounds, 2016, 669: 156-160.

[75] Y Qiu, Y GAQ, P Wei, et al. Organic light-emitting diodes with improved hole-electron
balance by using copper phthalocyanine/aromatic diamine multiple quantum wells [J].
Applied physics letters, 2002, 80(15): 2628-2630.

{76] K Tanaka, T Kondo. Bandgap and exciton binding energies in lead-iodide-based natural
quantum-well crystals. Science and Technology of Advanced Materials [J]. 2003, 4 (6):
599-604.

[771M T Weller, O J Weber, Frost JM, et al. Cubic Perovskite Structure of Black Formamidinium
Lead Iodide, a-[HC (NH2) 2] PbI3, at 298 K. The Journal of Physical Chemistry Letters [J].
2015, 6 (16): 3209-3212.

[78] K R Graham, Y Yang, ] R Sommer, et al. Extended conjugation platinum (II) porphyrins for
use in near-infrared emitting organic light emitting diodes. Chemistry of Materials {J}.2011,
23 (24): 5305-5312.

[79]1 M G Helander, Z B Wang, J Qiu, et al. Chlorinated indium tin oxide electrodes with high
work function for organic device compatibility. Science [J]. 2011, 332 (6032): 944-947.

[80] C C Lai, M ] Huang, H H Chou, et al. m-Indolocarbazole Derivative as a Universal Host
Material for RGB and White Phosphorescent OLEDs. Advanced Functional Materials [J].
2015, 25 (34): 5548-5556.

59



m R

B R

1. LCheng ,R Ge ,N N Wang, S T Zhang, Y F Miao, W Zou, C Yi, Y Cao, R Yang, Q Guo, Y Ke,
M T Yu, Y Liu, Q Q Ding, H Tian, C H Jin, F Gao, Y Z Jin, ] P Wang & W Huang .Perovskite
Light-Emitting Diodes based on Solution-Processed, Self-Organised Multiple Quantum Wells.
Nature Photonics (submitted)

2 L Cheng ,Y Cao ,Y Q Wei, N N Wang, ] P Wang & W Huang. Sky-Blue Perovskite
Light-Emitting Diodes based on Quasi-Two-Dimensional Layered Perovskites. Chinese

Chemical Letters 2016. (accepted)

3 N N Wang, L Cheng, J ] Si,X Y Liang, Y Z Jin, ] P Wang & W Huang,. Morphology control of
perovskite light-emitting diodes by using amino acid self-assembled monolayers. Applied Physics
Letters, 2016. 108(14), 141102.

4Y M Wang, S Bai, L Cheng, N N Wang, J P Wang, F Gao & W Huang High - Efficiency
Flexible Solar Cells Based on Organometal Halide Perovskites. Advanced Materials.
doi:10.1002/adma.201504260

5 JP Wang, NN Wang, Y Z Jin, J J Si, Z K Tan, H Du, L Cheng, X L Dai, S Bai, HP He, Z Z

Ye,M L Lai,R H Friend & W Huang. Interfacial Control Toward Efficient and Low-Voltage
Perovskite Light-Emitting Diodes. Advanced Materials. 2015, 27 (14): 2311-2316.

60



A it T

oW

ZEMBLAEERRAE R, BIEEE, HKARISE SN 4B — 5
FREMAC, RETEHZIYEMESESN BT ONIRT T, BEEL
XTSRS, RIL B ARHASH IR FERE, B e B KR RMEZ
SRR R %, S ILFIIR R ZmEsh AL H)iETE .

W TR Z A T E I3 AR SO LR Rt Eie T B R
B PTG SLI6G 1 & BT R BB KSR, F g2 T AR < A AN 1 A ER 1R 40 IR
BRIFARIBEN T [, TEEEIT U E WL AR A TR B ISk br
e T IR S M BE . R HTTL R % & — BCE IR 40 ) S8 F il i 3R it
AT HRAT R RN S5 . |

AR XHER RS, Bl &AL IMEMFR 7M. BEEZ
Ui RN 7 T 2 Oy BAR M M S i) . R TR 35 IR AE 88 4 AL i A
WEY; B REINS. IIPTITLR. BRALRIT A FEBIMR XRD, PLQE, AFM.
TR AR U 26 SR AR 2R 0 L IR AN B R 5 RS IR, BB TID RN XM
MR STEM 1 EDX.

BAHR B A H AT 5Tk B . BB RARZ . 2R EMRLE S TR
SHREAVLRZEZI AN, FEEER AN EFHRYLMER.

B fa B i T R et iR A B R AR # 20 F & .

125
2016 %E 5 A

61



	封面
	摘要
	英文摘要
	目录
	第一章 绪论
	1．1 引言
	1．2 有机-无机杂化钙钛矿材料简介
	1．3 钙钛矿器件的研究进展
	1．4 载流子复合相关问题以及器件的性能表征
	1．4．1 载流予复合相关问题
	1．4．2 器件的性能表征

	1．5 本论文的设计思想及研究内容
	1．5．1 钙钛矿电致发光器件存在的问题
	1．5．2 本文主要研究内容


	第二章 三维钙钛矿电致发光器件
	2．1 引言
	2．2 实验试剂和仪器
	2．3 实验步骤
	2．3．1 氧化锌纳米晶(ZnO)的合成与表征
	2．3．2 ITO表面处理
	2．3．3 溶液的配制
	2．3．4 MAPbBr3 LEDs的制备
	2．3．5 器件性能袭征

	2．4 结果与讨论
	2．4．1 ZnO平整度表征
	2．4．2 MAPbBr3绿光器件的表征
	2．4．3 添加剂对MAPbBr3晶体质量的影响
	2．4．4 溶剂退火对MAPbBr3薄膜覆盖率的影响
	2．4．5 表面钝化对MAPbBr3晶体质量的影响

	2．5 本章小结

	第三章 二维钙钛矿电致发光器件
	3．1 引言
	3．2 实验试剂和仪器
	3．3 实验步骤
	3．3．1 溶液配制
	3．3．2 (NMA)zPbl4 LEDs制备
	3．3．3 器件性能表征

	3．4 结果与讨论
	3．4．1 本章所用器件结构
	3．4．2 钙钛矿薄膜的性能表征
	3．4．3 退火条件对器件性能的影响
	3．4．4 钙钛矿薄膜厚度对器件性能的影响
	3．4．5 钙钛矿前驱体溶剂对器件性能的影响 
	3．4．6 电子传输层对器件性能的影响
	3．4．7 最优器件性能

	3．5 本章小结

	第四章 多量子阱结构钙钛矿电致发光器件
	4．1 引言
	4．2 实验试剂和仪器
	4．3 实验步骤
	4．4 多量子阱结构钙钛矿薄膜的表征
	4．5 器件制备与表征
	4．5．1 本章所用器件结构
	4．5．2 退火条件对器件性能的影响
	4．5．3 卤素对器件性能的影响
	4．5．4 最优器件性能

	4．6 高性能多量子阱器件形成的原因
	4．7 本章小结

	总结与展望
	参考文献
	成果
	致谢

