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Abstract
This work describes the effect of a rubidium chloride (RbCl) interlayer in C
 sPbBr3 perovskite light-emitting diode
(LED) structures. RbCl crystallites exhibited polyhedral structures and lattice parameters similar to those of C
 sPbBr3
perovskite crystallites. The lattice mismatch between the RbCl interlayer and C
 sPbBr3 active layer was only approxi‑
mately 2%. The devices exhibited the best quality and performance when RbCl was used as the nucleation and carrier
confinement layer. The crystallite sizes of CsPbBr3 with 0.2-, 0.5-, and 1-nm-thick RbCl bottom layers were 55.1, 65.4,
and 55.1 nm, respectively. The full width at half maximum (FWHM) of the photoluminescence (PL) emission peak for
CsPbBr3 with the RbCl bottom layer was 0.096 eV.
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Background
Halide perovskite materials have been extensively studied and are often applied in different photocatalytic and
photovoltaic devices owing to their high absorption coefficient and low-cost processing [1–6]. Perovskite is a
light-emitting diode (LED) material that shows potential
for use as a display light source in future because of its
impressive properties, including high color purity, high
photoluminescence quantum yield, and low nonradiative recombination ratio [7–9]. A common engineering
method used to boost the luminance of perovskite LEDs
is to modify the interfaces between the cathode, electron
transport layer, perovskite active layer, hole transport
layer, and anode, thereby maximizes carrier injection to
the fullest extent possible, except for optimizing the perovskite grain size and conductivity of the layers.
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Rubidium chloride (RbCl) has been used as an electron transport layer (ETL) with organic light-emitting
diodes (OLEDs) to increase electroluminescent efficiency
by lowering the effective electron-injecting barrier
height and enhancing the electron–hole pair recombination rate [10–12]. Alkali metal cations have also been
used to prevent phase segregation of perovskite materials and dopants in PEDOT:PSS used in perovskite solar
cell structures, thereby modifying the interface between
PEDOT:PSS and the perovskite active layer [13–15].
In addition, RbCl has been employed with the solution
method to dope C
 sPbBr3 perovskite films used for blue
LEDs [16]. However, interface engineering is important
for optoelectronic device structures. Therefore, in this
work, we investigate the effect of the RbCl layer used as
an ETL in C
 sPbBr3 perovskite light-emitting diodes to
improve carrier injection and the buffer layer between
PEDOT:PSS and 
CsPbBr3 perovskite active layers to
increase the power conversion efficiency.
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Methods
Materials and Syntheses

CsPbBr3 perovskite LEDs were fabricated on indium tin
oxide (ITO)-coated glass substrates (Ruilong Ltd., Taiwan). Cesium bromide (CsBr, 99.99%), lead iodide (PbI2,
98%), dimethyl sulfoxide (DMSO, 99.9%), rubidium
chloride (RbCl, 99.8%), polyethylene oxide (PEO, Mv
400,000), and 1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole (TPBi, 99%) were obtained from UniRegion
Bio-Tech Ltd. (Taiwan).
First, a 
CsPbBr3 perovskite solution was prepared:
96 mg of cesium bromide (CsBr) and 110 mg of lead
bromide (PbBr2) were dissolved in 1 mL of dimethyl sulfoxide (DMSO) and then stirred and degassed at 70 °C
overnight to produce solution A. Then, 10 mg of polyethylene oxide (PEO) was dissolved in 1 mL of DMSO
and stirred and degassed at 70 °C overnight to produce
solution B. Then, 0.5 mL of solution A and 20 mg of TPBi
powder were added to solution B and stirred until it
became completely transparent.
Device Preparation

ITO glass substrates were cleaned with acetone, alcohol, and isopropanol by ultrasonic cleaning for 15 min.
PEDOT:PSS was spin-coated on the ITO substrate at
5000 rpm for 60 s and then baked at 140 °C for 15 min.
For structure 2, the 
CsPbBr3 perovskite solution was
spin-coated on the PEDOT:PSS layer at 3000 rpm for 60 s
and baked at 80 °C for 10 min. The RbCl upper layer was
deposited on the C
 sPbBr3 perovskite layer by the thermal
evaporation method. Subsequently, 13-nm-thick TPBi
and 100-nm-thick Ag were sequentially deposited by
thermal evaporation on the RbCl upper layer. The whole
LED structure and process flow are shown in Fig. 1a.
For structure 3, the RbCl layer was deposited on the
PEDOT:PSS layer by the thermal evaporation method.
The CsPbBr3 perovskite solution was spin-coated on the
RbCl bottom layer at 3000 rpm for 60 s and baked at
80 °C for 10 min. Subsequently, 13-nm-thick TPBi and
100-nm-thick Ag were sequentially deposited on the
CsPbBr3 perovskite by thermal evaporation. The whole
LED structure and process flow are shown in Fig. 1b. In
this work, three thicknesses (0.2, 0.5, and 1 nm) were
employed for the RbCl layer.
Characteristics

The morphologies of C
 sPbBr3 films with and without the RbCl layer were observed using field-emission scanning electron microscopy (FESEM, ZEISS
Sigma, ZEISS, Munich, Germany). Crystallite sizes
and lattice parameters were estimated using X-ray
diffraction (X’Pert PRO MRD, PANalytical, Almelo,
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Netherlands). Optical characteristics were measured
by a fluorescence spectrophotometer (F-7000, Hitachi,
Tokyo, Japan). The optoelectronic properties of LEDs
were measured using a Keithley 2420 source meter
and PR-670 spectroradiometer (JADAK, New York,
USA). All characterizations were measured at room
temperature.

Results and Discussion
Three structures were studied in this work, as shown in
Fig. 2a. Figure 2b–h show top-view FESEM images of
the three structures. Figure 2b shows the morphology of
structure 1, which is a control sample without the RbCl
layer, for comparison with other structures. Figure 2c–e
are top views of structure 2 with various thicknesses of
the RbCl upper layer. The particle sizes on the surface are
larger than those of the control sample without the RbCl
layer. Figure 2f–h are top views of structure 3 with various thicknesses of the RbCl bottom layer. The insets of
FESEM images in Fig. 2b–h are particle size distribution
histograms. The average particle sizes were 120, 180–230,
and 80–120 nm for structures 1, 2, and 3, respectively.
The particle on the surface were smaller and denser than
those of the control sample without the RbCl layer. This
may be because the RbCl bottom layer assists nucleation
of the CsPbBr3 perovskite film.
Figure 3 presents the XRD patterns for various structures and thicknesses of the RbCl layers. For the structure
without a RbCl layer, six clear diffraction peaks at 15.28°,
21.43°, 30.42°, 35.28°, 37.63°, and 50.73° were observed.
They correspond to the (110), (112), (220), (210), (211),
and (044) planes of orthorhombic C
 sPbBr3 crystallites,
respectively [17–19]. For the structure with a RbCl layer,
one diffraction shoulder at 30.72° was observed that corresponds to the RbCl dopant due to diffusion effect [20,
21]. The ionic Rb+ and Cs+ have similar ionic radii and
the Rb+ substitution could stabilize the orthorhombic CsPbBr3 phase, as a resulting of diffraction peak of
orthorhombic RbPbBr3 [20, 22]. To compare 
CsPbBr3
film quality, crystallite sizes were estimated by Scherrer’s
equation [23, 24]. The crystallite sizes of CsPbBr3 without
and with 0.2-, 0.5-, and 1-nm-thick RbCl bottom layers
were 53.5, 55.1, 65.4, and 55.1 nm, respectively. Therefore, the RbCl bottom layer improved the CsPbBr3 crystallites due to their similar polyhedral structures.
Figure 4 shows absorbance spectra for C
 sPbBr3 films
with and without RbCl layers. The absorption edges of
all samples appeared at 520 nm in the absorbance spectra. The optical band gap of the samples was calculated to
be approximately 2.385 eV. This result is consistent with
the band gap of the CsPbBr3 film. The band gap of the
RbCl layer is approximately 4.8 eV. Thus, it was transparent to visible light. Additionally, a noticeable absorption
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Fig. 1 Process flow of CsPbBr3 perovskite LEDs with a a RbCl upper layer and b a RbCl bottom layer

band was seen at 425 nm and is attributed to absorption
by the trans-isomers of 4-(nitrophenyl)azo groups in the
PEDOT:PSS layer [25, 26].

Photoluminescence (PL) emission spectra of the
 sPbBr3 films with and without the RbCl layer are
C
shown in Fig. 5a. The emission peaks in the PL spectra
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Fig. 2 a Sketch of the three structures studied in this work. Top-view FESEM images of b structure 1, c–e structure 2 with various RbCl layer
thicknesses, and f–h structure 3 with various RbCl layer thicknesses. The insets in FESEM images are particle size distribution histograms
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Fig. 5 a Photoluminescence spectra (PL) and b time-resolved PL spectra of the CsPbBr3 films with and without a RbCl layer

Table 1 Summary of parameters derived from fitting TRPL
spectra
A1 (%)

τ1 (ns)

A2 (%)

τ2 (ns)

τave

w/o RbCl

80.83

0.26

19.17

0.75

0.4

upper-RbCl-0.2 nm

92.88

0.23

7.12

0.73

0.3

upper-RbCl-0.5 nm

76.18

0.44

23.82

1.31

0.6

upper-RbCl-1 nm

82.97

0.65

17.03

2.2

0.9

bottom-RbCl-0.2 nm

75.76

0.58

24.24

1.58

0.8

bottom-RbCl-0.5 nm

78.73

0.76

21.27

2.28

1.1

bottom-RbCl-1 nm

50

2.21

50

2.21

2.2

of all samples are at 518 nm. This peak corresponds to a
band gap of 2.394 eV [27, 28]. Clearly, the intensities for
CsPbBr3 films with the RbCl bottom layer are higher than
those for CsPbBr3 film alone and C
 sPbBr3 films with the
RbCl upper layer. The PL intensity responds to the carrier
lifetime caused by defect-induced recombination. The
FWHM of the emission peak of C
 sPbBr3 with the RbCl
bottom layer is 0.096 eV. It is less than 0.1 eV for C
 sPbBr3
with the RbCl upper layer and 0.126 eV for CsPbBr3 without the RbCl layer owing to the better crystallite quality.
The charge carrier recombination kinetics of C
 sPbBr3
films with and without a RbCl layer were investigated
by time-resolved photoluminescence (TRPL) measurements, as shown in Fig. 5b. Table 1 lists the parameters
obtained from fits of the TRPL spectra. The RbCl bottom layer obviously improved the carrier lifetime, and
the carrier lifetime was increased slightly by the RbCl
upper layer. In other words, RbCl positioned as the bottom layer of the CsPbBr3 film had a better impact than
the upper layer on the quality of CsPbBr3 films.
Figure 6a and b are plots of the energy levels of
structure 2 and structure 3. In structure 2, the RbCl

layer was formed as an electron transport layer on
the CsPbBr3 active layer. In structure 3, the RbCl
layer was inserted as a carrier confinement layer
under the C
 sPbBr3 active layer to improve the efficiency of electron–hole recombination and enhance
the performance of 
CsPbBr3 perovskite LEDs [29].
Figure 6c–f plot the electroluminescence (EL), current density, luminescence, and external quantum efficiency of CsPbBr3 perovskite LEDs with and without
a RbCl layer. Remarkably, the performance of CsPbBr3
LEDs with RbCl bottom layers was superior to that of
CsPbBr3 LEDs without and with a RbCl upper layer
owing to improvement in crystallite quality for the
CsPbBr3 active layer and carrier confinement effect of
the RbCl bottom layer, although the turn-on voltage
increased from 5 to 5.5 V due to insertion of the RbCl
layer, as shown in Fig. 6d. Another factor of performance improvement may be contributed to that Rb+
dopant reduces the surface defects and non-radiative
recombination of C
 sPbBr3 active layer due to passivation, and then increases the carrier lifetime, as shown
in Fig. 5b [16, 20, 21]. As shown in Fig. 6c, the emission peaks for all devices appeared at approximately
514 nm and were consistent with the peaks in the PL
spectra, as shown in Fig. 5. The inset of Fig. 6c shows a
photograph of an operating LED. The intensities of the
EL spectra for C
 sPbBr3 LEDs with RbCl bottom layers
were higher than those of CsPbBr3 LEDs without and
with a RbCl upper layer. The best luminescence and
external quantum efficiency were 9718 cd/m2 at a bias
of 8.5 V and 1.29% at a bias of 7.5 V, respectively. These
values constituted improvements of 33% and 262%,
respectively. In addition, in this work, CsPbBr3 LEDs
with RbCl upper layers did not show the effects of an
electron transport layer, similar to an OLED structure,
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Fig. 6 Diagram of the energy levels for a structure 2 and b structure 3. c Electroluminescence (EL), d current density, e luminescence, and f external
quantum efficiency of CsPbBr3 perovskite LEDs with and without RbCl layers. The inset in (c) shows a photo of an operating LED

according to Fig. 6c–f. It means that the RbCl impossibly behaves as an electron transport layer in perovskite
LEDs.

Conclusions
In summary, the effect of rubidium chloride (RbCl) interlayers in CsPbBr3 perovskite structures of light-emitting
diodes (LED) was studied. When using RbCl as the nucleation layer, the C
 sPbBr3 perovskite exhibited the best
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quality and performance. The crystallite sizes of C
 sPbBr3
with 0.2-, 0.5-, and 1-nm-thick RbCl bottom layers were
55.1, 65.4, and 55.1 nm, respectively. The performance
of CsPbBr3 LEDs with RbCl bottom layers was superior
to those of CsPbBr3 LEDs without and with RbCl upper
layers. The best luminescence and external quantum efficiencies were 9718 cd/m2 at a bias of 8.5 V and 1.29%
at a bias of 7.5 V, respectively. These values constituted
improvements of 33% and 262%, respectively. This may
be due to several factors: the crystallite quality of the
improved CsPbBr3 active layer, stabile CsPbBr3 crystalline, surface passivation strategy of the CsPbBr3 active
layer, and the carrier confinement effect of the RbCl layer.
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