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A B S T R A C T   

PEDOT:PSS has been widely used in perovskite light-emitting diodes (PeLEDs) due to its high hole current 
conductivity and work function. However, the unbalanced charge injection and severe exciton quenching in 
PEDOT:PSS restrict the EL performance of PeLEDs. In this work, a facile interface modification method is 
introduced in which an ultrathin LiF layer is inserted at the interface between PEDOT:PSS and MAPBBr3 
perovskite film. Our results indicate that the inserted ultrathin LiF layer contributes to an efficient interface 
passivation effect between the PEDOT:PSS layer and the perovskite film, which significantly suppresses both the 
exciton quenching by the conductive PEDOT chains and the perovskite film defect density at the interface. 
Moreover, balanced charge injection is realized by adjusting the thickness of the LiF layer, which also serves as 
an electron blocking layer, in order to preferentially hinder electron current over hole current. Consequently, the 
optimal PeLED with a 2 nm LiF layer exhibits a significantly decreased turn-on voltage of 2.8 V compared to 4.9 
V of the pristine device without a LiF layer, combined with an over 100-fold enhancement in the maximum 
luminance (10415 cd/m2), current efficiency (12.1 cd/A), and external quantum efficiency (3.5%).   

1. Introduction 

Perovskites have been used prominently in light-emitting diodes 
(LEDs) [1–3], solar cells [4–6], and photodetectors [7–9] due to their 
excellent photoelectrical and solution processability properties. The 
external quantum efficiency (EQE) of perovskite LEDs (PeLEDs) has 
increased from 0.1% in the first device [1] to a high EQE of over 20% 
[10–14] in recent years. This increase is mainly due to improved photon 
management [10–12,15] and defect passivation in perovskite crystals 
[13,14,16,17] by using additives such as TPBi, BCP, BTBABr, and others. 
Generally, non-radiative recombination is induced by defects occuring 
at the boundaries of the perovskite crystals and the interface between 
the perovskite emitting layer (EML) and the carrier transport layer (CTL) 
[18–21]. 

PEDOT:PSS is one of the most promising HTL materials for PeLEDs 
due to its excellent hole transport ability, high transmittance and flexi
bility, and relatively high work function [22,23]. However, there are 

still some shortcomings that limit the efficiency of PeLEDs using PEDOT: 
PSS as the HTL. Firstly, the direct contact between highly conductive 
PEDOT chains and the perovskite film leads to severe exciton quenching 
[24,25]. Secondly, the energy barrier between the work function of 
PEDOT:PSS (~5.0 eV) and the highest occupied molecular orbital 
(HOMO) of perovskite (~5.7 eV) is so large that the injection of hole 
current into the perovskite layer is heavily suppressed [26,27]. Thirdly, 
the polycrystalline perovskite films that are spin-coated on the surface of 
conventional PEDOT:PSS usually have poor morphology, which may 
lead to huge leakage current and degraded device performance [28,29]. 
Therefore, the surface defects and morphology of PEDOT:PSS should be 
improved. 

One efficient method to solve the above issues is the additive engi
neering of PEDOT:PSS. Cho et al. [2] modified the self-organized 
conductive polymer by adding tetrafluoroethylene-perfluoro-3, 
6-dioxa-4-methyl-7-octene-sulfonic acid copolymer (PFI) into PEDOT: 
PSS solution to increase the work function (WF), and successfully 
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fabricated the first high-efficiency PeLED with 8.53% EQE. However, 
the conductivity of PEDOT:PSS decreased with increasing incorporation 
of PFI, limiting the further improvement of device performance. Other 
additives such as Au-nanoparticles [24], Nafion [30] and SDBS [31] 
were used to increase the conductivity of PEDOT:PSS. However, the 
large energy offset remains unchanged, which is detrimental to effective 
charge injection. To achieve the synergistical improvement of both WF 
and conductivity of PEDOT:PSS, Lee et al. [32] added both MABr and 
PFI into the solution and successfully decoupled the WF and conduc
tivity. With this strategy, the PeLED with high current efficiency of 
52.86% was fabricated. However, the increased category of additives 
inevitably increases the complexity of the PEDOT:PSS solution, which 
imposes limitations on the fabrication process. Another effective method 
to modify the PEDOT:PSS is to insert a buffer layer such as TFB [33], 
Di-NPB [34], PTAA [35] and PVK [36] between the PEDOT:PSS and the 
perovskite film. These interlayer buffers can efficiently reduce the en
ergy barrier between the PEDOT:PSS and the perovskite layer because of 
their deeper HOMO compared to PEDOT:PSS, and achieve balanced 
current injection and transport due to the lowered hole injection barrier. 
However, most of these organic polymers have low resistance to strong 
nonpolar solvents. This places restrictions in the fabrication process of 
the perovskite films, for example by precluding the use of the 
anti-solvent method. 

In this work, a facile interface engineering method is adapted by 
inserting an ultrathin LiF layer (high resistance of solvents) between 
PEDOT:PSS and the archetype 3D perovskite film of methylammonium 
lead tribromide (MAPbBr3). The influence of the LiF layer on the 
PEDOT:PSS and perovskite film morphology, as well as the photo
luminance (PL) of the perovskite film are studied by adjusting the 
thickness of the LiF layer. The electroluminescence (EL), including the 
hole/electron defects and the injection balance, of PeLEDs employing 
LiF layers of different thicknesses are then measured. The optimal device 
with 2 nm LiF layer exhibits an over 100-fold enhancement in the 
maximum luminance (10415 cd/m2), current efficiency (CE) (12.1 cd/ 
A) and external quantum efficiency (EQE) (3.5%), as well as a lower 
open voltage of 2.8 V compared to the 4.9 V of the reference device. 

2. Experiment section 

2.1. Materials 

PEDOT:PSS Celvios P Al 4083 (4083) was purchased from Heraeus 
Electronic Materials Division. Methylammonium bromide (MABr, 
>99.99%), lead bromide (PbBr2, >99.99%) and TPBi (>99%) were 
purchased from Xi’an Polymer Light Technology Corp. DMF, DMSO and 
chlorobenzene (HPLC, >99.9%) were purchased from Aladdin. All 
chemicals were used as received without further purification. 

2.2. PeLED fabrication 

Patterned ITO substrates were cleaned using toluene, isopropanol 
and ethanol in a sonic bath successively, followed by drying in a vacuum 
oven. Prior to device fabrication, the substrates were treated by argon 
plasma for 30 s. PEDOT:PSS was spin-coated on the ITO substrates at 
4000 rpm, followed by baking at 120 �C for 15 min under ambient 
conditions. The substrates were then transferred into a vacuum chamber 
inside an Ar-filled glovebox (H2O and O2 � 0.1 ppm), followed by 
thermal evaporation of LiF (1 nm–4 nm) at an evaporation rate of 0.1 Å/ 
s. The perovskite precursor solution (20 wt%) was prepared by dis
solving MABr and PbBr2 at the molar ratio of 1.1:1 in DMF/DMSO mixed 
solution (VDMF: VDMSO ¼ 7:3). To form the perovskite layer, 75 μL pre
cursor solution was spin-coated on ITO/PEDOT:PSS/LiF substrates at a 
speed of 3000 rpm for 60 s. After 15 s of spin-coating, 50 μL chloro
benzene was quickly dropped onto the center of the substrates, followed 
by baking at 60 �C for 10 min. TPBi (60 nm), LiF (1.5 nm) and Al (100 
nm) were then successively evaporated on top of the perovskite film 

under high vacuum of 4 � 10� 5 Pa with evaporation rates of 1 Å/s, 0.1 
Å/s and 3 Å/s, respectively. 

2.3. Characterization 

The film thichnesses were measured using an SQC-310C thin film 
deposition system (Inficon). The AFM images of PEDOT:PSS/LiF layers 
were obtained using a Bruker edge atomic force microscope. The contact 
angle of PEDOT:PSS/LiF layers were measured using Dataphysics OCA. 
The transmittance spectra were recorded using a UV–vis spectrometer 
(Shimadzu) in the wavelength range from 300 nm to 800 nm at 1 nm 
intervals. The SEM images of perovskite films were obtained using a 
field-emission SEM (Zeiss, Merlin). The XRD patterns of perovskite films 
were measured by a X-ray diffractometer (D8 Advance, Bruker). The PL 
spectra of the perovskite films were recorded using a fluorescence 
spectrophotometer (RF-6000, Shimadzu) using a Xe lamp as the exci
tation source. The time-resolved fluorescence spectra were recorded on 
a steady-state fluorescence spectrometer (FLS1000, Edinburgh). The 
impedance measurements were conducted using a DH7000 electro
chemical workstation. The current density (J)-bias (V)- luminance (L) 
measurements were performed using a Keithley 2450 source meter and a 
Konica Minolta Chroma Meter CS-200. The EL spectra were recorded by 
a PhotoResearch PR-705 photometer. The EQE was calculated from the 
luminance, current density and EL spectra data assuming a Lambertian 
distribution. 

3. Results and discussion 

The morphology of PEDOT:PSS films with different thicknesses of LiF 
was observed by AFM as shown in Fig. 1(a–e). The relationship between 
the RMS roughness of PEDOT:PSS and the thickness of LiF is plotted in 
Fig. 1(f). Compared to the pristine film, the 1 nm thick LiF layer on the 
surface of PEDOT:PSS effectively decreases the surface RMS roughness 
from 2.48 nm to 1.29 nm, thereby improving the electrical contact be
tween PEDOT:PSS and the perovskite layer. As we know, PEDOT:PSS 
film comprises of conductive PEDOT chains in the bulk and insulated 
PSS chains at the surface. The direct contact of the PEDOT chains and 
perovskite film leads to exciton dissociation and nonradiative recom
bination. Li and coworkers [3] demonstrated that PEDOT:PSS film is 
rough and the perovskite crystals can fill into the voids at the surface of 
PEDOT:PSS. We postulate that the higher RMS roughness of the pristine 
film reflects the uneven distribution of the PSS chains, and the evapo
ration of 1 nm thick LiF can effectively fill the PEDOT:PSS voids on the 
film surface. As a result, applying a thin LiF layer at the surface of 
PEDOT:PSS not only improves the surface morphology but also prevents 
the direct contact of the conductive PEDOT chains and perovskite film. 
The surface roughness of the PEDOT:PSS/LiF film increases gradually 
with further increase of the LiF thickness. The surface roughness of 
PEDOT:PSS with 2 nm, 3 nm and 4 nm thick LiF is 1.58 nm, 2.25 nm and 
2.26 nm respectively. The increase in surface roughness is due to the 
random directional distribution of the evaporated LiF. 

The top view SEM images of perovskite films prepared on ITO/ 
PEDOT:PSS substrates with different thicknesses of the LiF layers are 
shown in Fig. 1(a’-e’). All perovskite films were prepared by adopting 
the anti-solvent method with chlorobenzene as the nonpolar solvent. As 
shown in Fig. 1(a’), perovskite film prepared on ITO/PEDOT:PSS sub
strate exhibits a poor morphology with voids and pinholes. However, 
these pinholes are absent for the perovskite films prepared on ITO/ 
PEDOT:PSS/LiF substrates with LiF layers, while the grains become 
large and amorphous. The density and uniformity of the perovskite films 
increase with the LiF thickness. This is beneficial for the suppression of 
leakage current. XRD results are presented to demonstrate the 
improvement of the perovskite film quality (Fig. S1). CH3NH3PbBr3 
films prepared on ITO/PEDOT:PSS substrates without and with LiF 
layers exhibit the same diffraction peak positions at 15.04�, 30.24� and 
45.97�, which can be assigned to the (100), (200) and (300) planes of the 
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cubic MAPbBr3 phase, respectively. However, the intensities of these 
peaks increase significantly for substrates modified by LiF layers, 
demonstrating that the LiF layers have enhanced the crystallinity of the 
perovskite films. The wettability of ITO/PEDOT:PSS substrates without 
and with LiF layers were also investigated as shown in Fig. 1(g) and 

Fig. 1(h), respectively. The contact angle of mixed DMF/DMSO solution 
on the ITO/PEDOT:PSS substrate is 25.8�, and decreases to 21.1� on the 
substrate modified by the LiF layer. The decreased contact angle in
dicates the improved wetting property of PEDOT:PSS modified by the 
LiF layer. This improved wetting property is beneficial for the deposition 

Fig. 1. (a-e) Atomic force microscope (AFM) images of ITO/PEDOT:PSS/LiF films with LiF thicknesses from 0 to 4 nm, respectively. (a’-e’) Top view scanning 
electron microscope (SEM) images of perovskite films on ITO/PEDOT:PSS/LiF (0–4 nm) with LiF thicknesses from 0 to 4 nm, respectively. (f) The surface RMS 
roughness of ITO/PEDOT:PSS/LiF films verses LiF layer thickness. (g-h) The contact angles of mixed DMF/DMSO solution on (g) ITO/PEDOT:PSS substrate and (h) 
ITO/PEDOT:PSS/2 nm LiF substrate. 

Fig. 2. Normalized steady-state (a) and time-resolved (b) PL spectra of perovskite film deposited on ITO/PEDOT:PSS/LiF substrates with different LiF thicknesses. 
Dark current-voltage curves from (c) electron-only and (d) hole-only devices with LiF thicknesses varied from 0 nm to 4 nm. (e)The electron and hole trap states of 
perovskite film calculated from the dark J-V curves versus the LiF thickness. 
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of perovskite films from mixed DMF/DMSO solution and improves the 
film morphology. However, the grain sizes of the perovskite film become 
larger and more unevenly distributed when the LiF thickness is further 
increased to 4 nm, which leads to an increased surface roughness. 
Therefore, an optimal LiF thickness on PEDOT:PSS can improve the 
morphology of the perovskite film. In addition, it is important to note 
that the LiF ultrathin film is nearly intact after spin coating the perov
skite precursor solution. As shown in Fig. S2, the transmittance spectra 
of the glass/LiF substrate before and after washing by DMF/DMSO 
mixed solution and chlorobenzene overlap, indicating that the LiF only 
exists at the interface between the PEDOT:PSS and the perovskite film. 

The influence of the LiF modified layer on the optical characteristics 
of the perovskite film is investigated. The PL spectra of perovskite films 
deposited on ITO/PEDOT:PSS substrates with different LiF thicknesses 
are given in Fig. 2(a). Perovskite films deposited on ITO/PEDOT:PSS/LiF 
substrates have the same PL peaks at 534 nm regardless of the LiF 
thickness, indicating that the LiF modified layer has negligible effect on 
the crystal phase. However, the PL intensity is successively enhanced 
with increasing LiF thickness, demonstrating that the LiF layer con
tributes to an interface passivation effect. The results of the steady-state 
and time-resolved PL measurements carried out at an excitation wave
length of 365 nm to investigate the interface passivation effect are 
shown in Fig. 2(b). The PL decay spectra can be well-fitted to the 
following equation: 

A ¼ f1e� t1=τ1 þ f2e� t2=τ2 ; (1)  

where A is the normalized PL intensity, and the fast PL lifetime τ1 and 
the slow PL lifetime τ2 represent the time constants of nonradiative and 
radiative decay processes, respectively. f1 and f2 are the corresponding 
refraction of these two decay processes. The average PL lifetime can be 
calculated according to the following equation: 

τavg ¼ f1τ1 þ f2τ2; (2) 

The fitted results of all the samples are shown in Table 1. The 
perovskite film deposited on ITO/PEDOT:PSS substrate shows the 
lowest τavg of 12.75 ns, indicating a trap-mediated recombination pro
cess. As the thickness of LiF increases from 1 nm to 4 nm, τavg increases 
to 17.46 ns, 25.64 ns, 28.54 ns and 59.08 ns, respectively. The excitons 
formed in the perovskite film can be easily dissociated by the conductive 
PEDOT chains. The ultrathin LiF layer evaporated on the surface of 
PEDOT:PSS prevents direct contact between the PEDOT chains and the 
perovskite film, suppressing the exciton transfer at the PEDOT:PSS/ 
perovskite interface. As the LiF thickness increases, exciton dissociation 
is suppressed owing to the increased insulator property of the LiF film. 
Therefore, the enhanced PL intensity and increased PL lifetime suggest 
that exciton quenching induced by the PEDOT:PSS layer is successfully 
alleviated by the LiF modified layer. 

To illustrate the interface passivation effect of the LiF modified layers 
on perovskite films, the dark current of electron-only devices (ITO/ZnO/ 
LiF/perovskite/TPBi/LiF/Al) and hole-only devices (ITO/PEDOT/LiF/ 
perovskite/Ag) with different thicknesses of LiF modified layers are 
given in Fig. 2(c) and (d), respectively. The J-V curve can be divided into 
two regions: the linear region at low voltage is regarded as the ohmic 
contact region, while the region that the J-V curve increases 

significantly is regarded as the trap-filling region. For each J-V curve in 
Fig. 2(c) and (d), the two kinds of fitting lines represent the theoretical J- 
V curves of the ohmic contact region and trap-filling region, respec
tively. Accordingly, the trapping-filling limited voltages (VTFL), defined 
as the voltages at the intersections of these two kinds of fitting lines, are 
obtained from the linearly fitted J-V curves to calculate the trap density. 
The trap density can be calculated according to the following equation: 

nt ¼
2VTFLεε0

eL2 ; (3)  

where ε is the relative dielectric constant of MAPbBr3 (25.5 [37]), ε0 is 
the vacuum permittivity (8.854 � 10� 12 F m� 1), e is the elementary 
charge (1.6 � 10� 19 Coulombs) and L is the perovskite layer thickness 
(~400 nm from Fig. 1(f)). The VTFL of electron-only and hole-only de
vices modified with different thicknesses of LiF layers were obtained and 
shown in Fig. 2(e). Without the LiF modified layer, the trap density of 
the electron-only device is 3.69 � 1016 cm� 3, suggesting a large number 
of defect states in the perovskite film. As the LiF thickness increases, the 
trap density of electron-only devices reduces gradually from 3.51 �
1016 cm� 3 for the device with 1 nm LiF layer to 1.35 � 1016 cm� 3 for the 
device with 4 nm LiF layer. Similarly, the hole trap density decreases 
sharply from 6.86 � 1016 cm� 3 to 2.13 � 1016 cm� 3 with only 1 nm LiF 
layer and remains nearly constant when the LiF thickness is further 
increased. As VTFL corresponds to the ionic and electronic trans
portation, the reduction of both electron and hole trap densities dem
onstrates the passivation effect of the LiF modified layer. Since the LiF 
layer has strong resistance to wetting by the DMF/DMSO mixed solution 
and chlorobenzene as shown in Fig. S2, the passivation effect occurs 
mainly for the ionic defects at the interface between the perovskite film 
and PEDOT:PSS. 

To analyze the effect of the LiF modified layer on the electrolumi
nescence (EL) performance, PeLEDs with the conventional structure of 
ITO/PEDOT/LiF/perovskite/TPBi/LiF/Al were fabricated. The device 
structure and energy levels are diagrammatically shown in Fig. 3(a) and 
(b), respectively. A cross-section scanning electron microscope (SEM) 
image of the PeLED modified with 2 nm LiF is shown in Fig. 3(c). The EL 
spectra of PeLEDs modified with 2 nm LiF under different voltage biases 
are given in Fig. 3(d). All PeLEDs modified with LiF layers exhibit a pure 
green EL peak at 532 nm with narrow FWHM of 22 nm, suggesting a 
high color purity for display applications. Furthermore, the EL peak 
remains unchanged and symmetrical as the voltage increases from 5 V to 
9 V, indicating a stable crystal phase under working condition. The EL 
peak shift usually happens in the mix-halide perovskite system due to 
the halide migration. The stable EL peak position when increasing the 
applied bias demonstrates that little Liþ or F� incorporated into the 
perovskite crystal lattice, as the ionic radii of Liþ and F� is too small to fit 
the tolerance factor and form stable perovskite structure. Fig. 3(e–g) 
show the voltage-dependent luminance, current density, and current 
efficiency (CE) of PeLEDs modified with different thicknesses of LiF 
layers. In Fig. 3(e), the control device exhibits the lowest luminance 
(<100 cd/m2) and the highest turn-on voltage (the voltage when 
luminance>1 cd/m2) of 4.9 V. The poor EL performance of the control 
device is due to leakage current. As shown in Fig. 3(f), the current 
density of the control device remains at a high level even though the 
applied voltage is below the turn-on voltage, indicating a high level of 
leakage current that originates from the pinhole defects of the perovskite 
film. However, very low current is observed below the turn-on voltage 
after modification with the LiF layer, demonstrating that the leakage 
current is effectively suppressed by the morphology improvement. In 
addition, the device exhibits a large enhancement in the maximum 
luminance (3271 cd/m2), CE (1 cd/A), and a lowered turn-on voltage 
(2.8 V) when a 1 nm LiF layer is inserted. The optimal EL performance is 
obtained by increasing the LiF thickness to 2 nm, at which the highest 
luminance of 10415 cd/m2, maximum CE of 12.1 cd/A, and EQE of 3.5% 
are exhibited. These performances are 100-fold over than the references. 

Table 1 
PL lifetime and diffraction of perovskite film on substrates without and with 
different thicknesses of LiF layer, obtained from the fitting curves using a bi- 
exponential decay model.  

Sample τ1 (ns) f1 (%) τ2 (ns) f2 (%) τavg (ns) 

w/o LiF 4.1 78.9 45.1 21.1 12.8 
1 nm LiF 5.7 73.1 49.5 26.9 17.5 
2 nm LiF 6.8 65.4 61.2 34.6 25.6 
3 nm LiF 6.3 70.8 82.4 29.2 28.5 
4 nm LiF 9.0 60.7 136.5 39.3 59.1  
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The reason for the relatively poor performance of device with 1 nm LiF 
can be refer to the severe exciton quenching and the large existence of 
electron trap-states. According to the preceding discussion on the 
interface passivation effect introduced by the LiF layer, the improved EL 
performance originates mainly from the reduction of trap density and 
exciton quenching at the PEDOT:PSS/perovskite interface, and the 
resulting increase in radiative recombination. The operational stability 
for device with 2 nm LiF layer was test, as shown in Fig. S6. The device 
was tested at an initial luminance of 100 cd/m2, and the time for the 
luminance declined by half can be regarded as the reference of opera
tional stability. It took 16.6 min for the luminance declined by half for 
device with 2 nm LiF layer, while the controlled device burned out in 
several seconds with a much lower initial luminance. 

However, the luminance degrades as the LiF thickness increases 
beyond 3 nm as shown in Fig. 3(e). The luminance is 1938 cd/m2 and 
174 cd/m2 for PeLEDs modified with 3 nm and 4 nm LiF layers, 
respectively. The EL parameters of PeLEDs without and with varied 
thickness of LiF are listed in Table 2. Some possible explanations for the 
luminance reduction are as follows. Firstly, the increased surface 
roughness of PEDOT:PSS/LiF film, as shown in Fig. 1(f), leads to inferior 
ohmic contact between the PEDOT:PSS/LiF substrate and the perovskite 
film. Secondly, the tunneling effect through the ultrathin LiF layer is 
eliminated as the thickness increases. The insulator property of the LiF 

layers impedes electron/hole injection, thereby decreasing the current 
density when the LiF thickness increases, as shown in Fig. 3(f). It is 
important to note that the PeLED with 1 nm LiF layer exhibits higher 
luminance than that with 4 nm LiF layer, as shown in Fig. 3(e). However, 
the 4 nm LiF layer still contributes to a higher CE when the voltage is 
below 5 V. The enhanced CE is mainly due to the reduced trap density at 
the PEDOT:PSS/perovskite interface. When the voltage is over 5 V, the 
luminance and CE of PeLEDs modified with 3 nm and 4 nm LiF layers 
drop significantly. The large reduction probably originates from the 
increased joule heating by the increased series resistance of the device. 
To confirm this hypothesis, impedance measurement of PeLEDs with 

Fig. 3. (a) Structure diagram and (b) energy band alignment of PeLED with LiF modified layer. (c) Cross-section SEM image of PeLED modified with 2 nm LiF layer. 
(d) EL spectral of the PeLEDs at various applied voltages. The emission image of the device with 2 nm thick LiF is shown in inset. (e) L-V, (f) J-V and (g) CE-V spectra 
of PeLEDs with LiF thicknesses varying from 0 nm to 4 nm. 

Table 2 
EL parameters for PeLEDs without and with varied thickness of LiF inserting 
layer.  

Sample Lmax [cd/m2] CEmax 

[cd/A] 
EQEmax 

[%] 
Turn-on voltage [V] 

w/o LiF 82 0.026 0.007 4.9 
1 nm LiF 3271 2.0 0.58 2.8 
2 nm LiF 10415 12.1 3.5 2.8 
3 nm LiF 1938 10.1 2.9 2.8 
4 nm LiF 174 5.1 1.5 2.8  
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different thicknesses of LiF layers was carried out (Fig. S4). All devices 
were tested with applied bias at turn-on voltage (4.9 V and 2.8 V for 
PeLED without and with LiF layers, respectively). The radius of the 
Nyquist plot enlarges as the LiF thickness increases, indicating an 
increased series resistance of the PeLEDs due to the increased insulator 
property of thicker LiF layers. 

Similar to the luminance, the CE decreases when the LiF thickness is 
larger than 3 nm as shown in Fig. 4(d). Generally, an unbalanced charge 
injection can bring about charge carrier accumulation at the interface, 
resulting in the shifting away of the recombination zone away from the 
perovskite layer and hence a reduction of the CE. The influence of LiF 
modified layers on the charge injection equilibrium of current injection 
is therefore further investigated. Electron-only and hole-only devices 
with different thicknesses of LiF layers were fabricated as per the earlier 
discussion on the electron/hole trap states. It should be mentioned that 
when the applied voltage surpasses 5 V, the perovskite films of the 
electron-only devices tend to burn up due to the high current density 
which originates from the high electron conductivity of the TPBi and 
ZnO layers. As a result, the J-V characteristics of the single carrier de
vices is measured with applied voltage under 5 V. The J-V characteristics 
of electron-only devices (ITO/ZnO/LiF/perovskite/TPBi/LiF/Al) and 
hole-only devices (ITO/PEDOT/LiF/perovskite/Ag) with different LiF 
thicknesses are shown in Fig. 4(a) and Fig. 4(b), respectively. Both the 
electron and hole current density generally decrease as the thicknesses 
of the LiF layers increase. The current density decrease can be attributed 
to the increased insulating ability of thicker LiF layers. The current 
densities of electron-only devices are compared with those of hole-only 
devices with the same LiF thickness, as shown in Fig. 4(c) and Fig. S6. 
For the control group without LiF layer (Fig. S6(a)), the electron current 
density is ~2 times higher than the hole current density. This is because 
the disparity between the work function of PEDOT:PSS (~4.9 eV) and 

the highest unoccupied molecular orbital (HOMO, ~5.7 eV) is so large 
that the transportation of hole current is hindered, even though 
MAPbBr3 has been confirmed to be a P type semiconductor. After 
inserting the LiF modified layers, the disparity between the electron and 
hole current density is decreased. In particular, the current density of 
electron-only and hole-only devices become nearly identical with 2 nm 
LiF layers as shown in Fig. 4(c), indicating balanced charge injection. 
However, the hole current density surpasses the electron current density 
when the LiF thickness becomes larger than 3 nm (Fig. S6(c)), and be
comes dominant when the LiF thickness is 4 nm (Fig. S6(d)). These 
trends are due to the significant enhancement of the electron blockage 
with increasing LiF thickness while the obstruction to hole injection is 
limited — the change in electron current is one order of magnitude 
larger than the change in hole current. Consequently, balanced current 
injection is reached using 2 nm LiF layers, which is consistent with the 
PeLED with the best EL performance. 

Previous research on organic LEDs and polymer LEDs have proven 
that the inserted thin LiF layer between the ITO and emitting layer can 
effectively improve the hole current density. This improvement is 
attributed to the tunneling effect [38,39]. The tunneling effect is sig
nificant for hole current injection only for a large energy barrier. For a 
small energy barrier, the insulator property of LiF plays the leading role 
in hindering the hole injection. In our experiments, the hole current 
density decreases with increasing LiF thickness, indicating that the 
enhancement of EL performance by inserting a thin LiF layer does not 
originate from the tunneling effect. This is mainly because the energy 
offset between the WF of PEDOT:PSS and the HOMO of MAPbBr3 is not 
large enough. To further investigate this issue, ITO/LiF substrates with 
large energy barriers between the Fermi level of ITO (~4.8 eV) and the 
HOMO (~5.7 eV) of the perovskite layers were used to fabricate PeLEDs. 
The EL performances of devices deposited on ITO/LiF substrates are 

Fig. 4. J-V curves of (a) electron-only and (b) hole-only device with LiF thickness varying from 0 nm to 4 nm. (c) Selective comparison of J-V curves of electron-only 
and hole-only devices with 2 nm thick LiF. (d) The working mechanism of device without and with LiF layer. 
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shown in Fig. S4. The maximum luminance of the best device is 6713.9 
cd/m2 with a turn-on voltage of 3.8 V, while the control device without 
LiF shows a poor maximum luminance of 879.5 cd/m2 with high turn-on 
voltage of 4.6 V. Although the LiF is also present at the interface of 
ITO/perovskite film, the maximum luminance and turn-on voltage 
achieved are still far inferior to the PeLEDs on ITO/PEDOT:PSS/LiF 
substrates. Moreover, the current efficiency of 3.1 cd/A for PeLEDs 
deposited on ITO/LiF substrates is also lower than our optimal PeLEDs. 
The current density of PeLEDs deposited on ITO/LiF and ITO/PEDOT: 
PSS/LiF substrates are given in Fig. S6. The current density of PeLEDs 
deposited on ITO/PEDOT:PSS/LiF substrates is much higher than the 
PeLEDs without PEDOT:PSS regardless of the LiF layer thickness. These 
results can be attributed to the insufficient hole injection without 
PEDOT:PSS despite the tunneling effect at the large energy barrier of the 
LiF layer. Consequently, the EL enhancement resulting from the 
tunneling effect of the LiF layer through a large energy barrier, such as 
that in the ITO/perovskite in the previous study [40], is not comparable 
with the EL enhancement achieved by introducing a PEDOT:PSS/LiF 
hybrid layer. The working mechanism of the devices modified without 
and with the LiF layer is shown in Fig. 4(d). The improved performance 
of our optimal PeLEDs is mainly due to the modified morphology, 
interface passivation effect, and balanced injection discussed above. It is 
important to note that our work mainly focuses on the modification of 
the interface between PEDOT:PSS and the perovskite layer, and the 
device efficiency can be further improved by passivation at the grain 
boundaries of the perovskite layer through various means such as 
doping, alloying, and polymer blending [41]. 

4. Conclusions 

In summary, a facile and effective interface modification method 
that involves inserting an ultrathin LiF layer between the PEDOT:PSS 
and perovskite film is presented. By inserting a LiF modified layer, better 
perovskite film surface morphology is achieved owing to the improved 
surface roughness and wettability of PEDOT:PSS. Steady-state and time- 
resolved PL measurements confirm the effective suppression of exciton 
quenching by the conductive PEDOT chains with increasing LiF thick
ness. The reduced electron and hole trap densities at the interface of the 
perovskite film are also confirmed by calculations from the dark J-V 
measurement. The above results indicate a dual-passivation effect of the 
LiF layers on both PEDOT:PSS and perovskite interfaces. We further 
investigate the charge injection properties of electron-only and hole- 
only devices modified with LiF layers. The results suggest that both 
electron and hole current densities decrease with increasing LiF layer 
thickness. Moreover, equilibrium between the electron and hole current 
injection can be achieved by tuning the thickness of LiF due to the 
preferential hinderance of electron current compared to hole current. 
The optimal PeLED with a 2 nm thick LiF layer exhibits a maximum 
luminance, current efficiency and EQE of 10415 cd/m2, 12.1 cd/A and 
3.5%, respectively, with a decreased turn-on voltage of 2.8 V compared 
to the 4.9 V of the pristine device. 
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