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Fig. 1. (a) Device structure; (b) cross-sectional SEM image of the device; (c) energy band diagram; (d) XRD diffraction pattern of

the FAPbBr; NCs (inset: TEM image of the FAPbBry NCs).
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Fig. 2. (a) Normalized electroluminescence and photoluminescence spectra of the device; (b) J-V characteristics, (¢) L-V character-
istics, and (d) CE-EQE-V characteristics of the PEDOT:PSS- and NiO-based device.
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Fig. 3. Operating  lifetime  characteristics of  the

PEDOT:PSS and NiO-based devices.
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Fig. 4. (a) J-L-V characteristics of the devices with Cs: NiO; (b) CE-EQE-V characteristics of the devices with Cs: NiO; (¢) JL-V
characteristics of the devices with Li: NiO; (d) CE-EQE-V characteristics of the devices with Li: NiO at different concentrations (2,

4 and 6 mol%).
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Table 1. The performance of devices with metal-

doped NiO.
2 mol% Cs 3 2970 43.0 11.0
4 mol% Cs 3 2610 27.8 7.1
6 mol% Cs 3 2090 8.7 2.2
2 mol% Li 3 2500 32.3 8.3
4 mol% Li 3 3490 41.8 10.7
6 mol% Li 3 2950 16.0 4.1

JEEHLE, SRR od-m 2 B HLE; Pi s RS ol
I LA Ui IS M TR0

£ 2 Cs 2R NiO W B 2 AR
Table 2.  Electrical properties of Cs-doped NiO

films.

EEBMEE  p/Qem?®  p/em2Vis'P  plem3e

0 2.6 x 10! 1.7 2.1 x 10'®
2mol% Cs 1.8 x 10! 1.5 5.3 x 10'8
4 mol% Cs 1.7 x 107! 0.5 6.0 x 10'®
6 mol% Cs 1.4 x 10! 0.2 7.4 x 1018
2 mol% Li 2.2 x 107! 1.3 4.6 x 10'®
4 mol% Li 1.8 x 10! 1.1 5.7 x 108
6 mol% Li 1.5 x 10! 0.3 6.9 x 108
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Abstract

Formamidinium lead bromide (FAPbBr;) perovskite nanocrystals (NCs) have attracted great attention due
to their remarkable performances of low cost, high color purity and tunable band gap. However, in a typical
FAPbBr; perovskite light-emitting diode(LED), PEDOT:PSS, with hygroscopic and acidic nature, serves as a
hole injection layer (HIL), thus leading to the device stability to decrease seriously. Device stability is one
critical issue that needs improving for future applications. Here in this study, the nickel oxide (NiO) film
prepared by the solution method is adopted as the HIL of the FAPbBr; perovskite LED to substitute
detrimental PEDOT:PSS. Compared with the control device with PEDOT:PSS HIL, the resulting LED based
on NiO film has the operating lifetime twice as great as that based on the PEDOT:PSS film. For further
enhancing the performance of FAPbBr; LED, two metal dopants (Cs and Li) are introduced to improve the
hole injection capability of NiO film and the charge carriers’ balance of device. With Hall measurements, both
NiO and Cs/Li-doped NiO demonstrate a full p-type semiconductor characteristic. Increasing the doping
concentration in the film can increase the carrier concentration and reduce the carrier mobility. This decreased
carrier mobility results from the increased scattering due to grain boundaries and impurity phases, seriously at
high Cs/Li concentration. As a result, the device, based on the NiO film (doping 2 mol% Cs) shows the best
performance with a maximum brightness value of 2970 cd/m?, current efficiency of 43 cd/A and external
quantum efficiency (EQE) of 11.0%, thus its efficiency is increased nearly by twice compared with that of the
PEDOT:PSS-based device. The results pave the way for making highly efficient and stability perovskite LEDs
based on FAPbBr; NCs.

Keywords: formamidinium lead bromide perovskite nanocrystals, nickel oxide, metal dopants, light emitting
diodes
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