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9 H, Tan 45 B A28 T il 4 T 3T = 4E85%5K0 1
L1 PeLEDs #3#44, L1 MAPbI, ,Cl, #1 MAPbBr,
VE R KA RHIE LT /MY PeLEDs 4% PeLEDs
MR SME TR (EQE) 43910 0.76% 1 0.1%,
EHERIE T A5 PeLEDs AYIFST %) 0-14,
KT p-i-n 45 H) PeLEDs #efFHY 28 AL 4 )2
i % b PEDOT:PSS, 1 PSS B A e Pl —
BERLE ST n-i-p G5HIABERE K G aS Rk
il PEDOT:PSS #1k+, FHof e 73 AR n-i-
p i PeLEDs #R{FHERERZ MR K. Yu &9 5] A2
i (EA) W56 TiO, JZER M TALEE, I TiO,
JEFESERET 2 Z R AR 2T 6L T TiOo, 13k
T, G T T RIBOTE A 1D Ti0, 21kt
Féa, DI SR AL A Bk Y i - 14, 38 T 4%
3% PeLEDs #4540 ITO/Ti0,/EA /MAPbHBr;/
SPB-02T/MoO3/Au, f K5E N 544 cdm?, fix
X EQE 5 0.051%. Friend #-5if 16 £ ZnO ML ¥
5 2 SRR K OLZ Z 5 AR LM (PEI)
W] 2, PEL 91513 1 1 2 1A 2 = o 5 k™ i
AR, 3 BT EerE ZnO J2 17 FEAK ZnO A3 85
BUIMGE B FTE AL Hi#5 1Y PeLEDs ##F 4544 4
ITO/ZnO/PEI/454k W /TFB/MoO,/Au, HIF 3
HLRARAIG, B T 80 A S AR A 19 5
THABLAY S m, Wang 55 081 7E ZnO J2 B TR ]
TR AR T 2, ZnO FIREESE,
AT LIS ZnO JZ2 B IR E DL E i MAPDBr,
FHERET I B AR X R ER T PR SRR, S R
Bl pesigd ok i A, PRG035
B AR T R R D B A A R, A A Y
PeLEDs 2£FL T 0.43% i EQE 1 5000 cd-m 2 #
SLRE . Shi %5 19 i il CsPbBrs 7 S/E N A )2,
n-MgZnO YE R F 1AM EL, p-MgNiO 14757
HEAMEL n-MgZnO H A7 B3 RS54, Wb 1)
MgZnO JZ AL AT LXK 434 HiE 2 B 1E H
1M HAE AT DRSSk LR 5 & m e B ok, JBR
T B3R E W PeLEDs, fx fEf) PeLEDs S P T
3809 cd-m 2 5, fe K EQE 4 2.39%. Zhang
45 201 5% Fl JE ML CsPbBrs; 554k 7 5 /0 MABr IR
GIE B BT SRR, 7E ZnO JZ2 S ERT )2
Z IS A R AR BEER (PVP) 425 2 50 BT iy
25 7GEA, 158K EQE R 10.4% B4t
PeLEDs #§4:. it Chiba % 21 {fi [ & K & & 1
() e 3 8% (OAM-T) il 5% 2 4% & (An-HI), ik 3

I 5 CsPbBry 5%k 5 1Y Br B85 152 #, (#1451
FEERA T M R OCLI RS & 649 nm. fl FHERIA R Z
i T (AcOES) VE A YEIE FIR IR #56k 0 & 7
SR IIBHE T EE, 2 TT A EQE 2C%iA 21.3%
H s sl IR A A B i i RO GaeF.

A SCHE R FH AF B T 1 5 Ak 2 AU TR
(PECVD) 4 J7 % il % n A 44 K & i % (n-nc-
SiO:H) T AR, I N FH B850 & 6A%
P, AHEE T SnO, #RHE, A0 & B m T Be iy
RERLEH . TR, T 4h, Mk
RIS TE A B R R AR (MABr) KA
gl A —E &R H i (PMA), i i MABr il
PMA W HMRIVE R E— 25 o038 T 55k AR 1 245 iy
o fe, WD TR AR R R AR R A T,
HGE T R T A, T T PeLEDs (4%
PFPERE.

2.1 MRES

BT FHEE (MAPDBr,) B4 4] DMF £
DMSO (3 : 7 v/v) IRAHR, FfEH#% 0.65 mol/L
0 Y38 R AR e (MABr, b 64 i3 2 &), 4l
99%) LA} 0.5 mol /L AJR{EAT (PbBry, 2 Sigma-
Aldrich A 7], 4l 99.999%), 60 °C AI#AHEFE 12 h
VS I S8 A .

SEERHT AR (CsPbBry) B4 5 324l FRIX
10 mmol FJ7R L4 (CsBr, 3 Sigma-Aldrich 23
A, 4l 99.999%) ¥% T 3 mL K 1, 1] PbBr, %
¥ (10 mmol, ¥ T 8 mL EIRMRIE) T, —ih$i
FE— BRI CsBr W, 7= AR R O A4S
KA UIUE. FTC/K & BEPR A 25O 85 BT DT TE DU,
W5 BN AR B A DTTE Y B TR T 60 °C T TR
12 h LIl A.

SR (OB, 4lifE 99.5%) . K H e (PMA, 4li i
99.00%) . ZRER (48 wt.% ) HBr /KIFR) A1 =4
AR A (MoOs, 4l 99.9%) W4 Aladdin 23 #];
4,4-7" (9-Hmg) BEA (CBP, 4l 99.9%) L A 1Y
Y FIHNF AT

2.2 SEHEHE

ITO BEHEMUP AU AE T Tl i e« £ 5
TR ORGSR B 4 20 BRI IR T T U
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A BEFFEE 15 min. FHE VRS 9 ITO 3538 A
MR TG, 78 ITO Fifi R H PECVD 7k Ui
n B4 K i (n-ne-Si:H) 1 n BIG0K G AL (n-
nc-SiO:H), A J5 i FH 48 25 i BEALAL B ITO 3k
I 15 min LU N TTO M. S50 2R A
— BT R B 70 L ARSI N B B A
JZ2R0, 5 —B B e 1000 v/min BER 5 s, 2
T BERA 4000 r/min BEWR 50 s, 100 pL FR A
FILESE B BEdEAT 26 s BRI, #5152 54k
TR IEL H- L)L 90 °C 1B K 5 min, B AJFHIIE A T
BRI ZEER. A5, fE5R L 2000 r/min
BEWRWE 23 mg-mL ! () CBP &R 2 #8141 25
TOEAR, R R AR R LS S RN
4 x 10° Pa I, 43Ik 0.1 A/s 1 1.0 A/s 78K
HRZEHE 20 nm JEH) MoO, JZ M1 80 nm JEAJ4H H
W, ARG R 8.565 mm?.

2.3 X5 FRAE

FHERA AR ) I o P 1ok 58 -] DL-
VTLLAMERESCRIMIE (Cary 5000 UV-vis-NIR), il
R KL 300—800 nm. 5Bk TR i 2 1 K
S NORELRE B2 FR i ) S s R4S (NanoNavi-
SPA400). %58k 2= 11 04 45 4 L 7 S BB 1 e

(JEOL JSM-7500F) 345, £S48k 9 Wil 1) PLQY .

JEE (PL) SGiE Rt B 4» B E AL (TRPL)
Stk B BTSN (Edinburgh Instruments,
FS5) M FRAS . M) BT 2548 AR A F X o3
AT Hr I (Rigaku ATX-XRD), P Cu K, fF
HPERTR (A = 1.5405 A), 7E 10°—90°fY 20 J5 [
PR R A 5k & O 1 i L BUR SR
Keithley 2400 %t 7% Ui % 3k 1%, 506 3% £ #5 1X
(Photo Research PR-735) it &8 FH, I3 BT Jin fis
JER 0 VE 6V, EREAS 0.2V, 2GR
HEAT PR, MRS R =R T AU

3 Z#XR5%®

3.1 EF n-nc-Si0,:H BJ PeLEDs i) 4514
it
Jii T PeLEDs # £ 176 HIL2S 70 AR BHE
M TFEER (~104-102 cm2V s V) 3@ H FLH
FHEAM BB TR R S — P g, i
BB R AR R oL T N2 70 AR IR

ffir, FEAK T PeLEDs [ & G0 23, fimT LABIA
L 3B A5 R AR = B LR T AR, 40 ZnO,
TiOy Al SnO, %53k #1 % n-i-p Kl PeLEDs. {H 245
B MBHE ZnO TR BB BT i 22, 1 Ti0, 1S
PEAE, SR EL 1.1 x 10° S.em !, A
FI T B SR RO G AT 1 1) R 24261,
WE 1(a) iR, SnOy MEH AT AR 4.2 eV, 5§
BEERA 2 2 (B A AR I iR A&, tBANTE
VE A = 80 FE 1 AR R L N TS k™ &0
Al T

Mg FEAFRS B Richardson-Schottky 7z 28):

3/2
J =2e <W> / uwEy exp (—:;) exp (5Eé/2) ’
(1)
Hdt, B = (e/kT) (e/nzoK)'/?, 2ol HL5 A HLH
B, KA BUE L, By IS R,
@ M FHEEAS L. ] UE B AR EE AR ZS ]
HLfr J A A S22 @ IR RO R K, B
T HL 32 AR L BB 0 AN DT R (i 75 4 1 2800
TEARIXE, @t ny I ia B 29 BRI As 1 9 &
DGR, FE B Ao TAE.
AR SCHH 25 B9 n-i-p B PeLEDs Y 2% 14 25 #4 UL
K 1(b): ITO/HL AR /E58k5° /CBP /MoO,/Al
mEfh, SR PECVD Jr i il s AP AL s 1
AMEL, n BIGEK 6 (n-ne-Si:H) Fl n B 44K 5
iE% (n-ne-Si0:H). BEAT A & 5 VAL I BE N K
BEMHE SR, nnc-SiOH W H - FER LN 3.20 x
102 S-em™!, n-nc-Si:H B HL SR 24 3.26 S-cm ™.
AEF n-nc-Si:H, n-nc-SiO:H /&7 PECVD il £
b A A B AR AR (CO,) 1R AR S
AR T B 4, HAR AT 90 B i — PR 9 B 2
2.5 eV, HOGZEHT IR KR AL BO3Y, 3 {75 n-
nc-SiO:H 1E N L FHEAZ B A F|F PeLEDs ##+4
SR RISy €/ e

3.2  E-F n-nc-Si:H #1 n-nc-SiO,:H BIF5%K
T AXBHNTHAR

ME 2(a) ATLLE H, n-ne-Si:H 1Y 2 AVHLRS &
(13.2 nm) B &% n-nc-SiO,H (5.4 nm) ¥ &,
7 3 T3 B A -7 A2 T A2 K9 MAPDBry £5
R LR R b JECAS [R] T A 25 5. FEARTIS R —
T U T R ) G R R B T T T 1)
EHEAT X S ZAi it o3 A, 25 R A& 2(b) fios. LA
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(a) PeLEDs #1452 A B R L4544 [&]; (b) PeLEDs a4 /145 1 &l

Fig. 1. Energy-level diagram and device structure: (a) band alignment of each functional layer; (b) structure diagram of PeLEDs

device.

RMS =13.2 nm

() «

Intensity/arb. units
] >‘ | | IQ
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(©) n-nc-Si:H
n-nc-SiO,:H
FWHM =21 nm
——\\ FWHM = 22 nm
L
450 500 550 600 650

Wavelength /nm

(a) A TR) o] )i 2% 1T A9 J5L T~ 20 S AOBE BT () S ) Aef RS A= Aty 5 B TS X 2 £ 437 5 1415

Fig. 2. Influence of different substrates on perovskite films: (a) Atomic force microscopy images of different substrate surfaces;

(b) X-ray diffraction patterns of perovskite films on different substrates; (c¢) photoluminescence spectra of perovskite films on differ-

ent substrates.

n-nc-Si:H Al n-nc-SiO :H A H, F{EAJZ T K
PHERH W TE 14.94°, 30.14°H B T W1 2 A A
533X ¥ MAPDBr; fi A (4 (001), (002) 477 5 1.
Rt 1A JZ M n-ne-Si:H 2 n-nc-SiO,:H A9
AR XEREF (001), (002) T 5 4t 320 9 2 5, 15681
A AR 2 b AT T . 1] 2(c) v, R A T

AT PLOEE 4T, W LAEH, FEF n-ne-Si:H B
FHEAZ D IR PL GERAL, Hf v
722 nm. 4% n-nc-SiO :H 1l B 713 A JZ
FABERA R, H PL I S R TR T
W E A KIEG, W PL & S0 A FEAK, JRIE
Y AH S 605 A YR B P 4 o o B . TR 1 A,
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DL n-ne-SiO:H A HL 7 AJZ Bl 2 i a4, Hotk
A ERI, MR THE (L) 55 2100 cdm?,
KR REAZE (CE) N 1.37 cd-Al, 5t K EQE Jy
0.43%, 9246 %M T n-nc-SiO:H ] LIAE 7 8
HL 7 E AR B T PeLEDs Hr.

# 1 ETHWAARETFEAZK PeLEDs &4
TERER LR
Table 1.  Performance of PeLEDs based on differ-

ent electron injection layers.

HFEARE  Lpw/cdm?  CE/cdA'  EQE/%
n-ne-Si:H 650 0.4 0.1
n-nc-SiO:H 2100 1.37 0.43

3.3 EF n-nc-SiO:H BJ PeLEDs &5 41§
BRI R

T AR T AR R AL

CsPbBry B0 Bk, HRH 20 3.6 eV, MK T

(a)

MAPDBry #%F, BT ABRZRL T 2. WM,
JoHl CsPbBry #5407 B AT B 4F () AR E M, 1
B T2 OB R (ur), BRI R
T (2.5 ps) FL A P2 HZTEHL CsPbBry £5
BRU VIR S R I, WAL R 2 R B A E S
JEH.
Pl 3(a) Az AR F = RS sk U T 258 i
PGSR MR . 7k — AR — ATk e
WL, RAECE R, 1551/ CsPbBrs F54k#
W, H R HTHLRE o 28.7 nm, MK 3(b) AIE H,
PLER M FLIRAR 2, a8 MBS Bk RO T
BIASE, T RCE.

7k T EFE CsPbBry S5k AT IR P I AR
[ BEJR L (20%, 40%, 60%, 80%, 100%, 120%) HY
MABr, — VA e TR 58 A AR RS (14 2 18 LI ]
B>, HRE Y T RS 14.3 nm, (A2 A
MESER T HEGR K 2 )5, H PL K G AR ™

o @ —_ @
) CB CB PMA+CB
CsPbBrj3 CsPbBr3+MABr CsPbBr;+MABr
RMS = 28.7 nm RMS =14.3 nm RMS =6.2 nm

(b) ¢

K3 BSERE B T
il L PR 1A

(a) =R ESERAT W 2 120 BN I 09 S S B L AN SE PR (b) =T 2T A B v R R T 1 4

Fig. 3. Synthesis of perovskite film: (a) Different fabrication processes of perovskite films and the corresponding atomic force micro-

scopy images and photographs; (b) planar scanning electron microscopy images of the perovskite films based on different fabrica-

tion processes.
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#, AR MABr ¥ T B850 A PLQY 3
RAIK (< 10%), Frifiles L6 EQE KT 0.5%.

J7 1 = PR AE @R SO 7 oA — 2 IR
PMA 7], PMA R —Fh KA R ECAA, 5
HKIH S ERD 45 6 5334 Sl i BBk A% it
i MABr il PMA (2L FEH, (17555 8k8 %
T FELRE B8 i — 2 R 6.2 nm, JHEJIE 2 1 114 L3R
g 20 FRATTHEN P A — IR Y SRR e — 2
AR % FE D, 4B TCHLESEKHT CsPbBry 5
AW F PMA ZIMEE G 82, TikAREHE
FERSERAT LR T, DRI O YA Bk (R PR 2
mE R A, R s EISFEW CsPbBry "HAEFE
KRN (Vi) SFEHTBR N A BEE, 7T RERLR
5P Z A o B R FIF IR S5 I A5 R0 &
St AR BT 5| A MABr, —J7 &K N
MABr AJ L6 AT K7 b B fik g 201, i SR 4475
s & Br ST Vi, BB R, M REAGEE
WY E A B—J7 i T MABr 7E DMSO Ay
i B 28 KT CsPbBry, [ 7 — 25 3 e i i A2
Hi CsPbBrg 56 AT H A%, MABr Bl 5 A1 542
FM7E CsPbBry f bz 2R T8 P9, HA i A Y U 48 S
F ) PMA A HL5r T MABr 2 [0 5 R IHHY
454 77, T H453 PMA FiI MABr 4t [7] /5 H 3k 7
SRR LA R ARG, el B v B e Y LR
WE 4(a) i, 24 MABr 19 ¥ B A KT 60%
MABr 5 PMA 1P [RI/E R A By T30 6 55 2K 0™ Y
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Fig. 4. Optical characterization of perovskite films: (a)
PLQY of perovskite films before and after annealing at dif-
ferent concentrations of MABr; (b) absorbance spectra of
perovskite films; (c¢) normalized PL spectra of perovskite

films.
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Organometal halide perovskites featuring solution-processable characteristics, high photoluminescence

quantum yield (PLQY), and color purity, are an emerging class of semiconductor with considerable potential

applications in optoelectronic devices. Electron injection layer is an important component of perovskite light-

emitting device, which determines the growth of perovskite film directly. In this paper, the perovskite light-

emitting diodes (PeLEDs) based on n-type nanocrystalline silicon oxide (n-nc-SiO,:H) electron injection layer
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are designed and realized. This novel electron injecting material is prepared by the plasma enhanced chemical
vapor deposition (PECVD), and its smooth surface and matched energy band result in superior perovskite
crystallinity and low electron injection barrier from the electron injecting layer to the emissive layer,
respectively. However, the external quantum efficiency (EQE) of PeLED is as low as 0.43%, which relates to
defects and leakage current due to the incomplete surface coverage of perovskite film. The fast exciton emission
decay (< 10 ns) stems from strong non-radiative energy transfer to the trap states, and represents a big
challenge in fabricating high-efficiency PeLEDs. In order to obtain desirable perovskite film morphology, an
excessive proportion of methylammonium bromide (MABr) is incorporated into the perovskite solution, and a
volume of benzylamine (PMA) is added into the chlorobenzene antisolvent. The perovskite films suffer low
PLQY and short PL lifetime if only MABr or PMA is introduced. When the molar ratio of MABr is higher than
60%, the luminescence quenching arising from Joule heating is depressed by employing PMA, contributing to a
higher PLQY (> 30%) and a longer carrier lifetime. The synergistic effect of MABr and PMA increase the
coverage and reduce the trap density of perovskite film, inhibit the luminescence quenching in the annealing
process, and thus facilitating the perovskite film with higher quality. Finally, the n-i-p PeLED exhibits green-
light emission with a maximum current efficiency of 7.93 c¢d-A! and a maximum EQE up to 2.13% is obtained.
These facts provide a novel electron injecting material and a feasible process for implementing the PeLEDs.
With further optimizing the perovskite layer and device configuration, the performance of n-i-p type PeLEDs

will be improved significantly on the basis of this electron injection material.

Keywords: perovskite, light-emitting diodes, n-type nanocrystalline silicon oxide, photoluminescence quantum

yields
PACS: 81.07.Bc, 81.16.Be, 81.20.-n, 85.60.Bt DOI: 10.7498/aps.68.20190258
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