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Perovskite light-emitting diodes (PeLEDs) have attracted much attention in the past two years due to
their high photoluminescence quantum efficiencies and wavelength tuneable characteristics. In this
work, transparent PeLEDs (TPeLEDs) have been reported with organic-inorganic multilayer transpar-
ent top electrodes that have more convenient control of the organic/electrode interface. By optimizing
the thickness of the MoO; layer in the top electrode, the best average transmittance of 47.21% has
been obtained in the TPeLED in the wavelength range of 380—780 nm. In addition, the TPeLED exhib-
its a maximum luminance of 6380 cd/m?, a maximum current efficiency (CE) of 3.50 cd/A, and a max-
imum external quantum efficiency (EQE) of 0.85% from the bottom side together with a maximum
luminance of 3380 cd/mz, a maximum CE of 1.47 cd/A, and a maximum EQE of 0.36% from the top
side. The total EQE of the TPeLED is about 86% of that of the reference device, indicating efficient
TPeLED achieved in this work, which could have significant contribution to PeLEDs for see-through

displays. Published by AIP Publishing. https://doi.org/10.1063/1.4992039

Organometal halide perovskite materials have attracted
a great deal of attention over the past few years owing to
their specific optoelectronic properties,' such as tuneable
bandgap,® high carrier diffusion length,* and low exciton
binding energy,®’ making them widely used for photovoltaic
applications. Recently, organometal halide perovskite based
films with high photoluminescence (PL) quantum efficiencies
and narrow full width at half maximum (FWHM) have been
employed for electroluminescence (EL) applications.®'*
Encouraging performance of green emitted organic-inorganic
hybrid perovskite light-emitting diodes (PeLEDs) based on
CH;NH;PbBr; (MAPbBr3) materials have been reported. A
high current efficiency (CE) of 42.9 cd/A has been achieved
by Cho et al.,'> which boosts the research and development
of PeLEDs.

For the high PL quantum efficiencies and high color
purity,'® a thin perovskite emission layer could achieve a
high device performance, rendering that the device can be
designed as a transparent PeLED (TPeLED) for application
in see-through displays, such as window displays, automo-
tive wind shield displays, eyeglass displays, and head-
mounted displays. In a transparent light-emitting diode, light
must be emitted from both sides of the device, so a transpar-
ent top electrode is of importance in the device construction,
which directly determines the device performance. During
the past few years, different kinds of transparent electrodes
have been introduced as the transparent top electrodes into
the transparent organic light-emitting diodes (OLEDs) and
quantum-dot light-emitting diodes (QD-LEDs), for example,
transparent conductive oxides,'”'® graphene,'® silver nano-
wire:s,20 thin metal ﬁlms,zl*23 and dielectric-metal-dielectric
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(DMD) multilayer transparent electrodes.”*” But actually,
so far there have been few works on TPeLEDs. Therefore,
the investigation of TPeLEDs will open a door for special
applications of perovskite materials. For the transparent top
electrodes of TPeLEDs, high transparence and low sheet
resistance are two essential requirements. Moreover, the top
electrodes deposited on perovskite films must be processed
at low temperature since perovskite materials are sensitive to
temperature.”® Among the transparent top electrodes dis-
cussed above, DMD multilayer transparent electrodes can be
highly designed to achieve high transmittance and low sheet
resistance through adjusting the materials and thicknesses of
the dielectric and metal layers.29’3° For example, semi-
transparent organic solar cells and semi-transparent OLED
have been made by using a DMD multilayer transparent
electrode.”*! Importantly, the DMD multilayer transparent
electrodes can be thermally deposited at room temperature,
which is fully compatible with perovskite processing.
However, most reported DMD multilayer transparent elec-
trodes are constructed with inorganic semiconductors as the
dielectric layers, which possess high refractive indexes to
ensure high transmittance; at the same time, there are also
some interfacial issues introduced at the electrode/organic
interface in organic material-based photoelectric devices. On
the other hand, organic semiconductors have seldom been
used as the dielectric layers owing to their low refractive
indices, which have little help to improve the electrode trans-
mittance. Considering that organic semiconductors have
excellent mechanical flexibility and controllable energy
level, which are usually employed as interfacial or carrier
transport materials, then a DMD electrode with an organic
dielectric layer inside and an inorganic dielectric layer out-
side is proposed and expected to satisfy the high transmit-
tance requirement and at the same time form a favorable

Published by AIP Publishing.
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electrode/organic interface in hybrid TPeLEDs that have more
convenient control of interface potential barrier and better
charge injection in comparison to the normal inorganic-
dielectric DMD structure.

Thus, in this work, organic-inorganic multilayer trans-
parent electrodes with the DMD structure of TPBi/LiF/Al/
Ag/MoOswere designed and employed as transparent top
electrodes for TPeLEDs. The top electrodes were equipped
with several properties, such as high transmittance, low sheet
resistance, low temperature processing, and efficient electron
injection. The optimized TPeLED shows a maximum aver-
age transmittance of 47.21% over the visible range and a
maximum transmittance of 59.58% at the wavelength of
543 nm. The optimized TPeLED also exhibits good lumines-
cent properties, with the maximum bottom and top lumi-
nance of 6380 and 3380 cd/m? and the maximum bottom and
top CE of 3.50 and 1.47cd/A, respectively. The proposed
TPeLED in this work will provide a special application of
PeLEDs, and we hope that this work can provide some
exploratory effort in TPeLEDs.

Figure 1 shows the device configuration of a complete
TPeLED used in this study, and the corresponding layers have
been marked in the cross sectional scanning electron micros-
copy (SEM) image. All devices are constructed on a transpar-
ent indium tin oxide (ITO) electrode, which was cleaned with
acetone, alcohol, and deionized water successively in an ultra-
sonic bath at 60 °C and then oven dried. Before a 40 nm-thick
poly(3,4-ethylenedioxythiophene) doped with polystyrene sul-
fonic acid (PEDOT:PSS, Clevios P Al 4083) was spincoated
on the ITO, the ITO substrate should be treated with UV-ozone
for 20 min. Subsequently, the samples were baked at 140°C
for 10 min and then transferred into a nitrogen-filled glovebox.
A mixture of PbBr, (Xi’an Polymer Light Technology
Corp., >99.99%) and CH3NH;3;Br (Xi’an Polymer Light
Technology Corp., >99.5%) in a 1:2 molar ratio dissolved in
anhydrous N, N-dimethylformamide (DMF) (10 wt. %) was
spincoated onto the samples (4000 rpm, 30's). During this spin-
coating processing, 300 ul chlorobenzene (CB) was dropped
onto the sample at about 7 s to accelerate the crystal formation.
Subsequently, the samples were annealed at 80 °C for 20 min
on a hot plate. The formed perovskite layer is about 60 nm-
thick. Finally, TPBi (30nm), LiF (I1nm), Al (2nm), Ag
(10nm), and MoO5 with different thicknesses were thermally
deposited by using a vacuum deposition system at a pressure of
about 3.0 x 10~ *Pa. The active area of the TPeLED was
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FIG. 1. Device configuration and the corresponding cross sectional SEM
image of the TPeLED used in this study.
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0.12cm?. Before the measurement, all devices were encapsu-
lated in the glovebox. The aforementioned device processes
were carried out without exposing to air.

SEM images were obtained from Hitachi S4800, and
X-ray diffraction (XRD) spectra were measured using a
Bruker Advance D8 X-ray diffractometer. The absorption and
transmission spectra were collected using a Shimadzu UV-
3101PC spectrophotometer and PL spectra were measured by
using a Shimadzu F-7000 spectrometer with an excitation
wavelength of 360 nm. Atomic force microscopy (AFM) was
carried out on a Shimadzu SPA-9700. The film thickness of
each layer was measured using an Ambios XP-1 surface pro-
filer. Current density versus voltage (J-V) and luminance ver-
sus voltage (L-V) characteristics were determined using a
system combining a Keithley 2611 source-measure unit and a
Konica-Minolta LS-110 Luminance Meter.

For an efficient PeLED, crystal properties and morphol-
ogy control of the perovskite film are two critical issues dur-
ing the PeLED processing.”'*'? In this work, the perovskite
morphology must be controlled accurately, which would
seriously affect the photoelectrical properties of the top
deposited electrode. This is because a rough perovskite layer
would result in a disconnected Ag layer in the top electrode
followed by a failed device, whereas a smooth perovskite
film favors the formation of other films on top and reduces
current leakage.*> Therefore, the optimized growth condi-
tions of perovskite films, including the spin-coating and
annealing processing, were adopted which were reported in
our previous work.*> The optimized MAPbBr; film exhibits
a PL peak around 530nm (Fig. S1 in the supplementary
material), which is consistent with the other reported value. >
The optimized MAPbBTr; film also shows well crystal nature,
which is revealed by the XRD measurement and shown in
Fig. 2(a). In the XRD patterns, there are two sharp diffrac-
tion peaks at about 15.20° and 30.32°, which correspond to
(100) and (200) planes, respectively.'>* The sharp diffraction
peaks and the absence of the PbBr, XRD pattern suggest that
the formed perovskite film has high crystal quality without
any degradation.*® Figure 2(b) shows the AFM image of the
MAPDBBT;film used in this work. The optimized MAPbBr;film
is uniform and dense, with a calculated coverage of 98.2%,
and the grain size distribution of MAPbBr; is concentrated
around 30 nm (Fig. S2 in the supplementary material).

In TPeLEDs, transmittance and luminous efficiency are
two important parameters to evaluate the EL properties. In
the TPeLED construction, the ITO transparent anode and
PEDOT:PSS anode interface layer remained unchanged,
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FIG. 2. (a) XRD pattern and (b) AFM image of the MAPbBr; film used in
this work.
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while the top transparent DMD electrode structure (TPBi/
LiF/Al/Ag/Mo00O3) was varied to adjust the transmittance of
the whole TPeLED. As is known, the transmittance of the
DMD electrode can be optimized by changing the thickness
of each layer in the DMD structure, and the sheet resistance
of the DMD electrode mainly depends on the thickness of
metal layer.29’30 Herein, the thicknesses of TPBi and LiF
layers were the same values as the reference device, which
have been optimized to ensure efficient electron injection.
The metal layers were constituted by Al and Ag. An ultrathin
Al (2nm) seed layer was used to improve the transmittance
by optimizing the morphology of the Ag surface.?’*
According to our previous work, the transmittance of the
DMD transparent electrode can be adjusted by changing the
thicknesses of the dielectric and metal layers,”’30 and a thin-
ner Ag layer (less than 10 nm) would result in a large sheet
resistance, while a thicker Ag layer (more than 10—12 nm)
would result in a bad transmittance, so in order to obtain a
high quality TPeLED, the thickness of the Ag layer was
fixed at 10 nm-thick to ensure suitable sheet resistance and
transmittance. It is known that MoOj3 has a high refractive
index, which has been employed as the dielectric layer in
DMD electrodes.>’® Thus, the optical transmittance of the
top transparent electrode in this work was optimized by
changing the thickness of MoOj. The transmittance of the
multilayer electrode that changes with varying MoOs thick-
nesses can be explicated by an optical out coupling effect
based on thin-film optic theory. The optical phase thickness
(9) of thin film can be expressed as follows:*

0= z)—nndcos 0,

L

6]

where / represents the wavelength of incident light, n and d
denote the refractive index and thickness of the thin film,
and 0 is the angle of incident light. The optical thickness
(nd) and optical phase thickness () change with varying
physical thicknesses (d) of the film. When the optical thick-
ness is a multiple of 4/2, the transmittance of the multilayer
electrode achieves the maximum value.

Appl. Phys. Lett. 111, 213301 (2017)

In order to obtain a high transmittance, a series of top
electrodes with different MoOj thicknesses (0—122nm) have
been fabricated. Figure 3(a) shows the transmittance spectra
of the top electrodes with varying MoO; thicknesses. It is
seen that the maximum transmittance of the top electrode can
be adjusted from the short wavelength region to the long
wavelength region with the increase in the MoOj layer thick-
ness. Figure S3 (supplementary material) shows the transmit-
tance and reflectance changes of the top electrodes with a
wide range of MoOj; thicknesses. The transmittance value
increases quickly as the MoO; thickness increases from 0 to
30nm and then shows a fluctuation in a certain range and a
gradual decrement trend with a further increase in the MoQOj;
thickness. Compared with the transmittance values, the reflec-
tance changes appear an opposite trend, which decreases sig-
nificantly as the MoOj thickness increases from 0 to 30 nm
and then fluctuates with the further increasing MoOj thick-
ness. In order to achieve an optimized top electrode, the
MoOj; thickness was further adjusted in a narrow range of
24-40nm, as shown in Figs. 3(b) and S4 (supplementary
material). As the MoQOs thickness increases from 24 nm to
40nm, the transmittance of the top electrodes and the
TPeLED devices presents a similar variation trend, which
increases first and then decreases. A maximum average trans-
mittance (380nm-780nm) of 73.48% of the top electrode
was achieved with a 32 nm-thick MoO3, and the correspond-
ing average transmittance of the TPeLED device was 47.21%.
In order to maximize the light emitting from the TPeLED, the
transmittance values at the peak emission wavelength of
530nm with different MoOj5 thicknesses are also shown in
Fig. 3(b), which have a similar variation trend to the average
transmittance values. The maximum transmittance values at
530 nm are 81.52% and 55.63% for the top electrode and the
TPeLED device, respectively, which were also achieved with
the 32 nm-thick MoOs. The obvious decrease in the transmit-
tance spectra of the TPeLEDs with 36 nm and 40 nm-thick
MoOs; can be attributed mainly to the absorption of the perov-
skite film (Fig. S5 in the supplementary material).
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To further verify the effect of the MoOj thickness on the
device performance, TPeLEDs with different MoOj5 thick-
nesses have been prepared, and the electrical properties of the
transparent top electrode together with the device perfor-
mance as a function of the MoOj3 thickness are shown in Figs.
3(c) and 3(d). Actually, the sheet resistance of the top elec-
trode only increases slightly from 6.12 Q/[] without MoO; to
7.2 Q/0 with 122 nm-thick MoOs. The slightly increased
sheet resistance of the top electrode has no apparent effects
on the carrier injection of TPeLEDs, while only the turn-on
voltage of TPeLEDs increases slightly from 3.7 to 3.9 V. As
seen in Fig. 3(d), the average transmittance of the TPeLEDs
with different MoOj5 thicknesses shows the similar change
trend to the transmittance of the top electrodes (Fig. S3 in
the supplementary material), resulting in the corresponding
change of EL emission intensity. Consequently, the thickness
of 32 nm is the optimal one of MoOj; for the TPeLEDs.

Figure 4(a) shows the J-V-L characteristics of the opti-
mized TPeLED compared with the reference device, and
Fig. 4(b) gives the external quantum efficiency (EQE) and
CE characteristics of the TPeLED and reference PeLED as a
function of luminance, respectively. The device parameters,
including turn-on voltage, maximum luminance, maximum
CE, and maximum EQE, are listed in Table I. From the
angle-dependent emission profile of the TPeLED and refer-
ence PeLED shown in Fig. S6 (supplementary material), it is
found that their emission profiles are very similar to that of
Lambertian. So the EQE values listed in Table I were calcu-
lated based on this emission profile. In Fig. 4(a), the lumi-
nance measured from the bottom electrode is higher than

TABLE I. Device parameters of the TPeLED and the reference PeLED.

Turn-on Max. luminance Max. CE Max. EQE
Device voltage (V) (cd/m?) (cd/A) (%)
Reference 3.2 13000 5.80 1.41
Bottom 3.7 6380 3.50 0.85
Top 3.7 3380 1.47 0.36

that measured from the top electrode, resulting in higher CE
and EQE from the bottom electrode [Fig. 4(b)]. In Table I, it
is seen that the maximum bottom and top luminance are
6380 and 3380 cd/m? at 7.5 V, respectively, and the ratio of
the bottom to top luminance is about 2:1. The maximum CE
and EQE at the bottom side are 3.50 cd/A and 0.85%, respec-
tively, while the maximum CE and EQE at the top side are
1.47 cd/A and 0.36%, respectively. The asymmetric light
emission can be attributed to the different optical reflection
of the two transparent electrodes in the TPeLED.'®?*%” This
device performance shown above is at an average level, and
the EL performance of the other five devices with the same
structure is listed in Table S1 (supplementary material). For
comparison, a reference device with the structure of ITO/
PEDOT:PSS/MAPDbBr;/TPBi/LiF/Al was fabricated, which
is a typical bottom-emitting structure owing to the top non-
transparent electrode of Al (100nm). The reference device
exhibits a maximum CE of 5.80 cd/A, a maximum luminance
of 13000cd/m? at 6.6V, and a maximum EQE of 1.41%.
Figure 4(c) shows EL spectra of the TPeLED and reference
device. The double-side EL spectra of the TPeLED are simi-
lar to those of the reference device with an EL peak of
530 nm in accordance with the PL spectrum of the perovskite
film. Although the EL performance of the TPeLED is a little
poor in comparison with the reference device, the TPeLED
can provide an average transmittance of 47.21% over the vis-
ible range as seen in the photographs shown in Figs. 4(d) and
4(e). Moreover, the total EQE (bottom plus top) of the
TPeLED is 1.21%, which is about 86% of that of the refer-
ence device, indicating only a small amount of photon loss
in the TPeLED device in comparison to the reference device.
The photon loss originates likely from the difference in
charge injection between the thin top contact electrode in the
TPeLED and the thick one in the reference device and the
difference in absorption loss between these two electrodes.
In summary, TPeLEDs with an organic-inorganic DMD
electrode as the transparent top electrode have been proposed
in this work. The transmittance of the TPeLED device can
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be adjusted by changing the structure of the DMD top elec-
trode, especially the thickness of MoO;, and an optimized
average transmittance of 47.21% over the visible range has
been achieved with the maximum bottom and top luminance
of 6380 and 3380 cd/m” at 7.5V, respectively, together with
the maximum bottom and top CE of 3.50 and 1.47 cd/A,
respectively. Compared with the reference device, the total
EQE of the TPeLED is 1.21%, which is about 86% of that of
the reference device, illustrating small photon loss and effi-
cient device performance in the TPeLED. We believe that
the TPeLED presented in this work will be of great value for
PeLED applications in see-through displays.

See supplementary material for absorption and PL spec-
tra of the MAPDLBr; film, the grain size distribution of
MAPDBr; crystals in the perovskite film, optical transmit-
tance spectra of the top electrodes with different MoOj;
thicknesses, optical transmittance spectra of ITO/
PEDOT:PSS, ITO/PEDOT:PSS/MAPbBr;, and TPeLED
with different MoOj thicknesses, and angle-dependent emis-
sion profile of the devices.
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