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Transparent displays are one of the development directions of
future displays, and have great application potential in smart
windows, wearable electronic products, virtual reality technology,
touch screens and other fields. Perovskite materials have high
fluorescence quantum efficiency and high color purity, which make
a thin luminous layer achieve high device performance, making
us foresee their potential application in the field of transparent
displays in the future. However, due to the limitations of the
modulation of the luminescent layer and top transparent electrodes,
the performance of transparent perovskite light-emitting diodes
(TPeLEDs) still has a certain gap compared to the traditional per-
ovskite light-emitting diodes (PeLEDs). In this work, the first blue
emitted TPeLEDs were prepared by using quasi two-dimensional
perovskite materials and multilayer transparent top electrodes. By
designing and optimizing the performance of the luminescent layer
and the structure of the top transparent electrode, the transmittance
and device efficiency of TPeLEDs were enhanced. The best TPeLED
shows a maximum transmittance of nearly 70%, and displays a
maximum brightness of 2294 cd m~2
quantum efficiency (EQE) of 11.73%.

and a maximum external

Introduction

To address the growing demand for future electronic devices,
portable, miniaturized, flexible, and transparent optoelectronic
components have garnered significant attention."™ Perovskite
materials, serving as efficient semiconductor materials, exhibit
commendable photoelectric capabilities, including extended
fluorescence lifetime, a tunable bandgap, high carrier mobility,
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wide color gamut, high fluorescence quantum efficiency,
and superior color purity.”® These intrinsic characteristics of
perovskite materials show promising development prospects in
flexible transparent photoelectric devices. Leveraging the
advantageous features of high quantum efficiency and color
purity, a thin emitted film comprising organic metal halide
perovskite materials demonstrates the potential to yield high-
performance devices. This technological advancement will also
have practical applications in transparent display devices such
as smartwatches, head-mounted displays, glass displays, and
other similar devices."*™"?

Recently, perovskite light-emitting diodes (PeLEDs) have
achieved notable external quantum efficiencies (EQEs), with
the red PeLED reaching 20%," the green PeLED surpassing
26%"* and the sky-blue PeLED exceeding 21%,"> which provide
prerequisites for the further development of transparent per-
ovskite light-emitting diodes (TPeLEDs). Nonetheless, there
exists a notable research gap in the domain of transparent
perovskite light-emitting diodes (TPeLEDs) when compared
to traditional PeLEDs. The choice of transparent electrode
material, especially the top electrode, and efficient luminescent
layer together determines the final performance of TPeLED
devices. How to achieve efficient TPeLEDs through the selec-
tion, design and optimization of materials and structures is the
key problem to be solved in TPeLEDs.

Currently, transparent electrode materials such as silver
nanowires (AgNWs), graphene, transparent conductive oxides,
metal films, and dielectric-metal-dielectric (DMD) multilayer
electrodes'® ! are employed in perovskite optoelectronic devices.
Silver nanowires (AgNWs) have excellent mechanical flexibility,
conductivity, optical transparency, and other advantages when
applied in flexible PeLEDs."” Graphene has the advantages of high
transparency, high conductivity, and high chemical stability when
used as an electrode in flexible optoelectronic devices.'® The DMD
multilayer electrodes can control the optical transmission wave-
length and transmittance by selecting the material and thickness
of the dielectric layer and metal layer, and have been used as
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transparent electrodes in many optoelectronic devices. However,
there are limited reports on the application of DMD multilayer
electrodes in TPeLEDs. In 2017, our research team reported the
first TPeLED, in which a DMD transparent electrode was used as a
transparent top electrode. TPeLEDs achieved an optimal average
transmittance of 47.21% in the wavelength range of 380-780 nm,
together with a total EQE of 1.21%.> In the same year, Zhang
et al. used a MoO,/Au/MoO, multilayer electrode as an anode to
prepare green TPeLEDs with a total EQE of 0.58% and a max-
imum transmittance of 58%.>* Recently, the Zhi-Kuang Tan team
reported a near-infrared TPeLED, which employed an Al/ITO/Ag/
ITO multilayer structure as the top electrode, and introduces
10 nm Al to help protect the active layer from charge accumula-
tion and electrical breakdown during ITO sputtering. The final
device shows an overall transmittance of 55% in the visible band
and a total EQE of 5.7%.>" It can be seen that the DMD multilayer
transparent electrode is a very feasible top electrode material
for TPeLEDs and the research on the blue TPeLED is still
blank. However, the above reported TPeLEDs all adopted three-
dimensional (3D) perovskite materials, which suffer from large
grain size and rough surface morphology, not conducive to the
continuity of the ultra-thin metal layer in the top DMD electrode,
leading to loose connections between top electrodes and light-
emitting layers, and thus current leakage, and ultimately hinder
device efficiency. Therefore, the selection of perovskite lumines-
cent layer materials and the regulation of crystal morphology are
very important for TPeLEDs.

Thanks to the introduction of organic long-chain cations,
quasi two-dimensional (quasi-2D) perovskite materials exhibit
the controllability of the crystal morphology compared to 3D
perovskite materials.>>*® Dense and smooth perovskite films
are easily achieved by regulating quasi-2D perovskite compo-
nents, which will be beneficial to the deposition of the DMD
top electrode and the realization of efficient TPeLEDs. On the
other hand, quasi-2D perovskites can achieve a quantum limit-
ing effect by regulating phase distribution, which is conducive
to blue light emission.””

In 2019, Cao et al. prepared quasi two-dimensional perovs-
kite thin films emitting blue light through composition and
size engineering, and activated most quasi two-dimensional
perovskite crystals by adjusting the position of the composite
region. They obtained blue quasi two-dimensional perovskite
light-emitting diodes with an emission peak at 480 nm, a
brightness of 3780 ¢d m™>?, and an EQE of 5.7%.>% In 2020,
Tan et al. introduced two preparation systems to prepare two-
dimensional perovskite films, which significantly enhanced the
color stability and device stability, and finally blue quasi-two-
dimensional PeLEDs were obtained with a luminous peak at
485 nm, a maximum brightness of 1130 cd m™?, and a maximum
external quantum efficiency (EQE) of 7.84%.%° In 2021, Yang et al.
enhanced the performance of quasi two-dimensional perovskite
sky blue light-emitting devices by incorporating hypophosphoric
acid as an additive, resulting in a maximum EQE of 7.9% and a
maximum brightness of 7300 cd m >?° In 2023, You et al
improved charge carrier injection efficiency and induced growth
of quasi two-dimensional perovskite layers with enhanced
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emission properties by doping alkali metal salt cesium chloride
into the hole injection layer. This led to the development of a blue
quasi two-dimensional perovskite light-emitting diode with an
impressive EQE value reaching up to 16.1%."

Therefore, in this work, the first blue TPeLED has been
fabricated by using a quasi-2D perovskite luminescent layer
and a DMD transparent top electrode. By controlling the
structure of the top electrode, the TPeLED’s transmittance
and electroluminescence (EL) performance have been opti-
mized. The final device transmittance is 68.75% and a max-
imum EQE of 11.73% is achieved with a light emitting
wavelength of 494 nm.

Results and discussion

Efficient light-emitting materials are the prerequisite for realizing
efficient TPeLEDs. Fig. 1a illustrates the structure and interaction
of the quasi-2D blue emitted perovskite with an addition of
2-bromoethylamine hydrobromide (BEABr) used in this work,
which has been recently reported by our team.** The bifunctional
molecular BEABr effectively reduces the van der Waals gap and
enhances the interaction between the perovskite layers and the
emitted wavelength can be shifted to the blue range by controlling
the concentration of BEABr. The XRD peaks at 15.5° and 30.8°
correspond to the (100) and (200) crystal planes in the perovskite
cubic crystal, respectively (Fig. S1, ESIT). And the diffraction peaks
located at the (200) crystal planes shift towards lower diffraction
angles, indicating that BEABr is introduced into the quasi-2D
perovskite lattice as an A" site spacer cation (Fig. 1a). Fluorescence
quantum efficiency (PLQY) and fluorescence lifetime (zayg)
are also measured by controlling the BEABr concentration
of 10%, 20%, and 30%, respectively. As the BEABr concentration
increases, the emitting wavelength of the perovskite films shifted
from 494 nm to 480 nm, and further to 469 nm, which is
consistent with the blue-shifted absorption edge (Fig. S2, ESIf).
The detailed mechanism of the effect of BEABr has been discussed
in our previous work.>” The corresponding fluorescence lifetime of
quasi-2D blue emitted perovskite films gradually decreases. The
PLQYs at 10% and 20% BEABr concentrations are 37% and 38%,
respectively, which are not significantly different, while the corres-
ponding 7, values are 6.89 ns and 6.10 ns, respectively. But as the
BEABr concentration further increased to 30%, the PLQY and 7,y
are all reduced. The equation for PLQY and t, is:

1

avg = ————— 1

e = gk @
K;

PLQY = ——— 2

Q K + Ky ( )

Here K, represents the radiative recombination rate, while K,
represents the non-radiative recombination rate. Obviously, the
Ky, of the thin film is related to its PLQY and 1, is inversely
proportional. Therefore, the higher the PLQY of the perovskite film,
the longer the fluorescence lifetime, indicating a lower non-
radiative recombination rate, which means a better luminescence
efficiency. The calculated non-radiative rates are 0.9 x 10%, 1.0 x
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Fig. 1
containing 10%, 20% and 30% BEABr.

10%, and 1.6 x 10% s~ for the concentration of BEABr of 10%, 20%,
and 30%, respectively. By comparison, TPeLEDs were fabricated
with a BEABr concentration of 10%, which has been verified to
enable better blue PeLED device performance.**

As mentioned above, the dense and smooth surface mor-
phology is of importance for the top electrode deposition. To
observe the morphology of the quasi-2D perovskite films, a
120 nm thick quasi-2D perovskite film (Fig. S3, ESI{) was
prepared and tested by scanning electron microscopy (SEM)
and atomic force microscopy (AFM), as shown in Fig. 2. Fig. 2a
provides an overall view of the surface of the quasi-2D perovs-
kite films with 10% BEABr, displaying good uniformity and
flatness despite the potential conductivity decrease resulting
from the addition of the organic macromolecules BEABr. While
the SEM image appears slightly blurry, the surface uniformity
remains discernible. And the surface morphology of 10%
BEABr perovskite material films is better than that of perovskite
films without BEABr (Fig. S4, ESIt). Fig. 2b illustrates the
roughness of the quasi-2D perovskite film as observed through
AFM, showcasing a root mean square (RMS) value of 1.288 nm,
indicating a smooth surface morphology, which will be con-
ducive to reduced scattering loss and enhanced suitability for
subsequent physical vapor deposition of the interfacial layers
and the adjustment of DMD electrodes.

Fig. 3a presents a schematic representation of the TPeLED
device’s overall structure, delineating the various material
layers employed. All materials are either thermally evaporated
or spin-coated onto the transparent indium tin oxide (ITO)
substrates. The sequential arrangement of layers from top to
bottom includes MoO3/Ag/Cs,CO;/BPhen/TPBi/Perovskite/PED-
OT:PSS/ITO/Glass. Each sample utilized in device fabrication
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(@) Schematic diagram of the quasi-2D perovskite crystal structure. (b) PLQY and (c) fluorescence lifetime of the blue quasi-2D perovskite

comprises four distinct functional zones. Light output mea-
surements are conducted on both of the bottom electrode (ITO
side) and top electrode (MoO; side) of each functional zone,
along with assessments of TPeLED light transmittance. In this
device structure, TPBi and Bphen not only serve as the electron
transport layer and electron injection/hole blocking layer,
respectively, but also serve as the dielectric layer of the DMD
transparent top electrodes. The Ag layer, as the metal layer in
the DMD transparent top electrode, mainly plays a conductive
role. The high refractive index MoO; layer serves as another
dielectric layer to adjust the coupling output of light and reduce
light loss. In order to ensure electron injection, the thicknesses
of TPBi, Bphen, and Cs,CO; are fixed to the values of the
opaque device with a fully reflective metal top electrode. And to
balance the electrical and optical properties of TPeLED, 20 nm
Ag was deposited on the top electrode, and a high refractive
index dielectric layer MoO; with varying thickness was used to

Fig. 2 (a) SEM and (b) AFM images of the quasi-2D perovskite films with
10% BEABr.

This journal is © The Royal Society of Chemistry 2024
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(a) Device structure schematic of the blue TPelLED. (b) Transmittance spectra of the blue TPeLED with different MoOs thicknesses. (c)

Transmittance at the emission wavelength (494 nm) and the maximum transmittance of the blue TPeLED at different MoOs thicknesses.

meet the requirements of high EL efficiency and high transmit-
tance. The principle is to exploit the interference between the
reflected light waves generated by the front and back surfaces
of the film. When the thickness of the film is appropriate, the
light reflected on the two faces of the film has a distance
difference equal to exactly half a wavelength, and thus cancels
each other out. This greatly reduces the reflection loss of light
and enhances the intensity of transmitted light. The changes of
transmittance of TPeLEDs with different MoO; thicknesses
(ranging from 10 nm to 50 nm) are given in Fig. 3b and c.
Notably, both of the maximum transmittance and the trans-
mittance at a wavelength of 494 nm of the TPeLED devices
exhibit an initial increase followed by a decrease as the MoOj;
thickness increases from 10 nm to 50 nm. And the average
transmittance peak values are 68.75% and 65.35%, respectively,
which are both achieved at a MoO; thickness of 30 nm. More-
over, the maximum transmittance shifts from the short wave-
length region to the long wavelength region with increasing
MoO; thickness (Fig. S5, ESIT), which further proved the effect
of MoOj; thickness on the regulation of TPeLED transmittance.

In order to further study the influence of MoOj; thickness on
the electrical properties of TPeLED devices, we tested the EL
properties of TPeLEDs. Since a light-emitting device is trans-
parent, the light emitted by the TPeLEDs will be emitted
separately from the two electrodes (ITO side and MoOj; side),
so we tested the EL performance from the different electrodes
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ess (cd
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o
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Fig. 4
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separately (Fig. S6, ESIT). Fig. 4 displays the changes in the
maximum brightness and the EQE of the TPeLEDs with varying
MoO; thicknesses, and the detailed spectra are shown in Fig. S7
(ESIY). Both of the changes in Fig. 4 are nearly consistent with
the change of the TPeLED transmittance. The peak EQE is
obtained at 30 nm MoO; and the maximum brightness is
achieved around 30-35 nm MoO;. This is mainly because the
thickness change of MoO; does not affect the electron injection
performance of the cathode, but only affects the optical per-
formance of the device, so its impact on the device EL perfor-
mance is also reflected by the impact on the brightness. The
test resistances of the device are 100.45 Q cm* (30 nm MoOj)
and 102.25 Q cm” (0 nm MoOy;), respectively, which can prove
that MoO; does not affect the electron injection efficiency of
the device (Fig. S8, ESIt).

The EL performance, including EQE, current density-voltage
(J-V), and brightness, and EL spectrum of the best TPeLEDs
are displayed in Fig. 5 and the device parameters are listed in
Table 1. The highest EQEs of the best TPeLED with 30 nm MoO;
are 8.54% on the ITO side and 3.19% on the MoO; side, thus
obtaining a total EQE of 11.73% (Fig. 5a). The highest current
efficiencies (CEs) of the best TPeLED with 30 nm MoOj; are
8.59% on the ITO side and 2.91% on the MoOj; side, thus
achieving a total CE of 11.50% (Fig. 5b). The corresponding
brightness is 1650 cd m > and 644 cd m~ > measured from the
ITO side and MoO; side, respectively. Simultaneously testing

—+— ITO+MoO,
1047+ MoO;
~~ 8 N
S
%
£6+
m
g 4]
2 _/./4——\
0 . . y
10 20 30 40 50
Thickness(nm)

(a) Brightness and (b) EQE of the blue TPeLED measured from the ITO side and MoOs side, and the total value varies with the thickness of MoOs.
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EL spectrum of the blue TPeLED.

Table 1 Summary of the best TPeLED device performance

Current efficiency Brightness

(edA™ (cdm™)  EQE (%) Transmittance (%)
ITO 8.59 1650 8.54 68.75
MoO; 2.91 644 3.19 68.75
Total 11.50 2294 11.73 68.75

the PLQY on both sides of the device revealed little difference in
optical performance between the two sides (Fig. S9, ESIt). The
calculated overall brightness of the blue TPeLED is 2294 cd m >
(Fig. 5c¢). In order to obtain the light-emitting performance of
each side of the electrode, it is necessary to test the light-
emitting performance of both sides, so there will be a little
inconsistency in the two-sided J-V performance of the device, as
seen in Fig. 5b. The blue TPeLED shows a maximum transmit-
tance of 68.75% and a transmittance of 65.35% at an emitted
wavelength of 494 nm (Fig. 5c-f).

Conclusions

In summary, a blue TPeLED has been proposed for the first
time. Here a BEABr controlled quasi-2D perovskite is intro-
duced to provide a blue emission and a smooth surface for the
preparation of a high-quality top electrode. The top transparent
electrode employs a DMD structure electrode, and by adjusting
the MoOj; thickness in the top electrode, the TPeLED’s trans-
mittance and EL characteristics have been optimized. The best
blue TPeLED exhibits a high EQE of 11.73%, an emitted
wavelength of 494 nm, together with a high transmittance of
nearly 70%, which is competitive performance among the

7166 | J. Mater. Chem. C, 2024, 12, 7162-7168
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(a) EQE, (b) CE, (c) brightness, and (d) transmittance of the device when the MoOs thickness is 30 nm. (e) Physical image of the working TPeLED. (f)

reported TPeLEDs. This work not only provides a feasible device
structure for preparing efficient TPeLEDs, but also paves the
way for the modulation of TPeLEDs to achieve high transmit-
tance and efficiency of the same device.

Experimental
Materials

Cesium bromide (CsBr) and lead bromide (PbBr,) were purchased
from Xi’an Yuri Solar Co, Ltd. Phenylethylammonium bromide
(PEABr) was purchased from Sigma Aldrich. Benzyltrimethylam-
monium bromide (BEABr) was purchased from Aladdin. All
materials were used directly without further purification.

Preparation and characterization of perovskite films

The powders of CsBr, PbBr,, and PEABr (in a molar ratio of
6:5:4) were added to anhydrous DMSO solvent and stirred at
40 °C for 2 hours. A transparent perovskite precursor solution
with a concentration of 0.175 mM was obtained. Afterwards,
0.015 mmol, 0.03 mmol, and 0.045 mmol of BEABr were added
to 2 ml of transparent perovskite precursor solution, respec-
tively, to form 10%, 20%, and 30% BEABr blue-emitted quasi
two-dimensional perovskite solutions with different concentra-
tions. Then the obtained solution was spin coated on glass at
4500 rpm for 60 seconds. After spin coating, the substrate was
baked on a hot plate at 70 °C for 10 minutes. The morphology
of films was characterized using a Hitachi 4800 scanning
electron microscope. The surface roughness was analyzed with
a Shimadzu SPA-9700 atomic force microscope. The absorption
spectra of the films were measured with a Shimadzu UV-
3101PC spectrophotometer. The PL spectra of the films were
measured by using a Hitachi F-7000 fluorescence spectrometer.

This journal is © The Royal Society of Chemistry 2024
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Time-resolved EL spectra of the films were measured with
an Edinburgh FLS920 fluorescence spectrometer, on which
fluorescence quantum yield measurements were performed
with a calibrated integrating sphere. The XRD patterns of
perovskite films were measured by using a Rigaku SmartLab
X-ray diffractometer. The reflectance spectra were measured
using a UV-visible-near infrared spectrophotometer (Lambda
1050, PerkinElmer). All measurements were performed at room
temperature under ambient conditions.

Device fabrication and characterization

The device structure of TPeLEDs, from top to bottom, consists
of a MoO;/Ag/Cs,CO;3/BPhen/TPBi/Perovskite/PEDOT:PSS/ITO/
Glass stack. PEDOT:PSS layer and perovskite luminescent layer
are prepared by spin coating. PEDOT:PSS was spin coated on
glass with ITO at 2500 rpm for 40 seconds. After spin coating, the
substrate was baked on a hot plate at 140 °C for 15 minutes.
Afterwards, perovskite thin films were prepared. TPBi, BPhen,
Cs,CO0s3, Ag, and MoO; layers were deposited by thermal evapora-
tion in a vacuum of 3 x 107" Pa, with deposition rates of 1 A s™*,
1As™',1As™*,7-10As7!, and 3-5 A s7*, respectively. Scanning
electron microscopy (SEM) imaging was conducted using the
Hitachi S4800 instrument, while atomic force microscopy (AFM)
analysis was performed using the Shimadzu SPA-9700 system.
Electroluminescence (EL) spectra were measured using the
Shimadzu F-7000 spectrometer. The transmission spectrum
was collected using the Shimadzu UV3101PC spectrophot-
ometer. For electrical characterization, a Keithley 2611 source
measurement unit in conjunction with a Konica Minolta LS-110
brightness meter was employed to obtain the current density-
voltage (J-V) and brightness-voltage (L-V) characteristics.
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