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Abstract: Due to its excellent photoelectric characteristics and solution processability, perovskite has made un-
precedented radical progress in the fields of display and lighting. In this paper, in order to reduce the content of Pb
ion, we proposed to introduce germanium ions (Ge™) into the perovskite lattice and realize partial substitution of
Pb*, then we explored ways to improve the performance. Because Ge alloying can make perovskite tolerance factor
closer to 1, it is expected that device stability can be improved. The experimental results showed that the photolumi-
nescence stability of Ge-alloyed perovskite films is greatly improved in a certain time under water and oxygen environ-
ment, and the PeLED device performance and operation stability are improved, which is mainly attributed to GeO,
formed on the surface of alloyed perovskite after the water and oxygen treatment. As a result, a green-light Ge-al-
loyed perovskite light-emitting diode was obtained with a maximum external quantum efficiency (EQE,,,) of 11. 8%,
maximum luminance of 8x10° cd/m®. What’s more, the device’s lifetime was extended three times by germanium al-
loying, and the Ts; of the device was improved from ~2 h to ~6 h with an initial brightness of 100 c¢d/m*, which is the

longest luminous life of Ge-alloyed PeLEDs.
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Fig.1 (a)Schematic diagram of Alloying process. (b)The structure of our light-emitting device.
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Fig.2 Performance of perovskite devices with different Ge content: (a) current density-voltage-luminance ( J-V-L) characteris-

tics, (b) efficiency-luminance (EQE-J) characteristics, (c¢) electroluminescent(EL) spectra. (d) Energy level spectrum

of PeLED before and after 10% Ge-alloyed.
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Tab. 1 Performance parameters obtained from different Ge contents as shown in Fig. 2
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Fig.3 (a)-(b)Absorption spectra of perovskite films with different amounts of Ge substitution. (¢) XRD patterns’ transform af-

ter alloying.
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Fig.4 (a)PL spectra of the Ge-alloyed perovskite films un-

der continuous irradiation with 365 nm ultraviolet
lamp in ultra-clean room atmosphere over time. (b)

PL trend curves under different conditions.
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Fig.5 Perovskite film characterization: top-view SEM images and AFM images of pure Pb perovskite (a) and Ge-alloyed

perovskite(b). (¢)=(f) XPS core level spectra for pristine perovskite film, Ge-alloyed perovskite film before and after ar-

gon etching( ~ 10 nm depth) with Br 3d, Ge 3d, Ge 2p and O 1s elements.
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Tab.2 Area ratio of two peaks after peaking of Br element

as shown in Fig. 5

Peak Atomic/%

e Pristine (10% Ge)  10% Ge etched
Br3d,, 32.29 76.25 40.32
Br3d,, 67. 61 23.75 59. 68
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Fig.6  PL spectra of perovskite films exposed to the ultra-clean chamber air: (a)pure Pb perovskite, (b)Ge-alloyed perovskite,

(¢)PL spectra of the final stable film, (d)Variation of perovskite thin-film PLQY with time in air. Contact angles of deion-

ized water on pure Pb perovskite(e) and water and oxygen(f) treated Ge-alloyed perovskite films.



5 8 ]

WOURE, 5. 8 & S 4R am ek ROt A

1459

PR E R R e . BT RRST AL T
(PEA") AT , K43 F FF A 23 Ik ) 43 figt o — 4k 55
R . ARSI T A A S B R R R
AT 4 25 5 /K P IR B TR0 1 s, O HL & B7E 25
BT I B A Bk WA A S s P, 2 Mk AR
I TG W A5 Ak, 1 B A 030 AR eT DLHE B 4 Ak
1 3408 IS ) 3 S 85000 4 50 S v e 1 R 42
HE 6(e)  (£)) 0] I, 4 Ph 458k W 3 I I A% 322 fi
12909 33°, K SN B Ge 45 42 55 Bk B THE 5% 10 422
il £ 2 25 25 467, R BT T L R T GeO, 1 F7 £ Al
Ge B 4 H5 AR 122 38 10 14 00 /K 1 386 58, G T K
(0 4= oh | SE 27 1 605 A6k 1 YR 1 o fgp o R T o
T EERT M PLQY F R IR BE RN LS

'o
A

N, atmosphere

90 °C, 30 min

annealing

5%

X

Stage 1: Ge-alloyed perovskite film preparation

3.3 KEHFIERN Ge A ST LB HH

=AU

7(b) ~ (BT Ge s ST #R1F1 K
JEPERE XN £ S TR 3. UL, 10s LA
PR 7K A B AT DU i S A B R KOG AR R 1AL
RS, R K EQE# T T 33%, (H EL g4 3%
HARAL LI K EAE G Ge & 4 F5 5k B S A% B0 A
AR o AR SCLC 1Y 43 B 45 SR (&1 87 F 3k ST,
S2), MR F AL FR AT ) Ge 45 4 H5 5K B 55 FE (23 7k
B %% B R 1. 95%10"7 em™, HL T Bl 2 & 4 3. 92x
10" em™) , 7K G4 3 I L I o 2 %% 1 (25 i B
JE R 1.63x10"7 em™, HL T 6l B % & S 1. 72x10"
em”™) BEAR T, Ud BH AL i SR T R A AR A AR 3R ik

Air atmosphere or the ultra-clean chamber

Humidity: 55%
Temperature: 22 C

/ H,0
02

X

Stage 2: Water and oxygen treatment for 10 s

Transfer

(b) 10— 10 () (d) peioti
L 5| —=—Pristine s Pristine
& 107 F—e10% Ge o 10° = 1.0F 10% Ge
£ 10!'}10% Ge with water = z 10% Ge with water
© ) and oxygen treatme; 10° -~ g and oxygen treatment]
< 10 1 2 =
E o B =
310 10 £ 2 =05
2107 1 £
_qg 107 110 “5’ .é
g10” T E
£ 107 00~ 0 e i ER . . .
© 6 0.1 10 100 ~ 480 520 560 600 640
Current density/(mA -cm™) A/nm
1800
(e) 6 10% Ge with water and oxygen treatment| <f) 32 : ( g) Pristine
5k 34 i 10% Ge with water
. 3' 3 "r\ 1500 and oxygen treatment
= . | '
r g 42 : 3 L=16458 cd-m”
z 4l z e 43 = 12007 F52min
53 z 4.8 i : 50
S 3 | v-g
“ ot E : e = 900}
= i =
1| = '
AT 600
AN A L I L A . \ h | \
98 30 32 34 36 38 40 42 44 440 480 520 560 600 640 0 1 2 3 4 5 6
Current efficiency/(cd-A™") A/mm Duration/min

K7 (a) KA RS BRA™ )2 B IR 2078 B 5 A ) b 3R 20 4 T A A5 AR ¢ (PR RE - (b) J-V-L il 2k, () EQE-J it £k, (d)
ELKE 5 (e) B F /K HAL#E Y Ge & 4 PeLEDs (U4 {H EQE T )5 &1 5 (O) AR TAE UK R /) EL B3 i B H Ge & 42

PeLED ) & 6 F; (¢) PeLEDs i & R E M o
Fig.7

(a) Schematic description of spin-coating process for perovskite devices based on water and oxygen treatment. Perfor-

mance of the PeLEDs: (b) J-V-L characteristics, (c) EQE-J characteristics, (d)EL spectra. (e)Peak EQE histogram of

Ge-alloyed PeLEDs with 10% Ge inclusion. (f) The EL spectra across a range of operating voltages. Inset: a photograph
of a working Ge-alloyed PeLED. (g) Luminous stability of PeLEDs.
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Tab.3 Performance parameters of PeLEDs under different conditions as shown in Fig. 7

A 5 A SE LR/ ﬁ%ﬁ%?/ ﬁ-f'cj(({E/ ®AREQE/ W KNI/
A% (ed*m™) (ed-A™) % nm
Pristine 2.8 13 407 47.9 11. 69 526
10% Ge 2.8 3460 29.4 8. 83 517
10% Ge with water and oxygen treatment 2.9 7778 38.2 11.78 516
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