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High-performance top-emitting quantum dot
light-emitting diodes by balancing electrical
conductance and light outcoupling†
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We present a method for fabricating top-emitting quantum dot light-emitting diodes (TE-QLEDs) with

high performance through a solution-based process. The ITO as an interfacial layer can effectively

improve the hydrophilicity of the glass substrate/Al, addressing the difficulty in depositing a smooth

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) film on the Al electrode.

Additionally, the ITO layer also reduces the barrier of hole injection between the glass substrate/Al and

the PEDOT:PSS film. Simulation reveals that the wide-angle interference in the normal direction

becomes destructive as the ITO thickness increases. The waveguide mode confines more photons and

inhibits the light outcoupling, thus decreasing the efficiency of the TE-QLEDs. By balancing electrical

conductance and light outcoupling, an optimized performance is achieved at an ITO layer thickness of

5 nm. The red-emitting TE-QLEDs exhibit a maximum luminance and external quantum efficiency of

175 000 cd m�2 and 20.1%, respectively. The consistency between the experimental data and the

simulation results supports the significance of the ITO thickness in determining the device’s efficiency.

This study provides important insight into the preparation of high-performance TE-QLEDs through the

interfacial modification of the metal oxides.

Introduction

Semiconducting colloidal quantum dots (QDs) have attracted great
interests owing to their exceptional optoelectronic properties, such
as high photoluminescence (PL) quantum yield, narrow linewidth,
low-cost solution process, and tunable emission wavelength by
controlling the size of QDs. Quantum dot light-emitting diodes
(QLEDs) have emerged as a promising technology for displays and
solid-state lighting, due to their unique advantages.1–9 With rapid
progresses in QLEDs, their performance especially the external
quantum efficiency (EQE) has reached the theoretical limit of

about 20%.10–14 The excellent performance has further promoted
the development of QLEDs for commercialization, especially the
solution-processed QLEDs.

At present, the conventional bottom-emitting structures
have been widely employed for QLEDs, which emit light
through the glass substrate. This would limit the aperture ratio
of pixels for display and restrict the devices to transparent
substrates. On the contrary, top-emitting architectures could
effectively contribute to high aperture ratios, because the light
in each pixel could be emitted from the top electrode without
being hindered by the driving circuit elements.15 Moreover, the
top-emitting (TE) device also expands the selection of substrate
materials that even include opaque or flexible substrates.16 So
far, although some TE-QLEDs have been reported to exhibit
high efficiency, they often require the use of organic functional
materials as hole transport layers (HTL) or electron transport
layers (ETL).17–21 This reliance on expensive vacuum equip-
ments deviates from the all solution-based process. In contrast,
the solution-process approaches including ink printing, spin-
coating, spray-coating, etc., are beneficial for low-cost deposi-
tion of large-area and flexible thin films, which is also one of the
main advantages of QLEDs.22 The hydrophilicity to the sub-
strate in solution processing limits the selection of substrates.23

Usually, metallic materials including silver (Ag) and aluminum (Al),
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are applied as the bottom electrode in TE-QLEDs because they
have high reflectivity in the visible range and suitable energy
levels that match the charge transport layer.17,18 Nevertheless, the
thermal evaporation of the Ag electrode results in a rougher
surface than that of the Al electrode. This can lead to the
formation of small and sharp silver grains on the substrate,
which can influence the following film formation of the device.24

On the other hand, the deposition of a homogeneous film over
the Al bottom electrode by solution process is especially difficult
due to the poor surface wettability of the Al film, which will affect
the morphology of the subsequent functional layers.25 If the Al
electrode is subjected to surface cleaning treatment like
ultraviolet-ozone (UVO) to improve the surface hydrophilicity, it
would generate adverse metal oxides on the surface and incon-
sistent surface properties between Al and oxides.

Generally, in order to improve the performance of TE-QLEDs
by solution process, the interfacial modification layer is applied
to minimize the charge injection barrier between the electrode
and the hole injection layer (HIL). At the same time, the
interface layer can also improve the surface wettability of the
Al electrode without the generation of insulating oxides during
the surface cleaning treatments. The anode interfacial modifi-
cation layer should be selected reasonably to improve hole
injection and maintain the long-term reliability of devices. It’s
worth noting that various inorganic transition metal oxides are
utilized as hole injection interfacial modification layers to
enhance hole injection through suitable energy levels, such as
nickel oxide (NiOx), vanadium oxide (V2O5), tungsten oxide
(WO3) and molybdenum oxide (MoO3).26,27 For example, Jiang
et al.28 conducted thermal evaporation of a MoO3 thin film
instead of PEDOT:PSS over Al electrode, the EQE of TE-QLEDs
reached 6.4% due to improved hole injection by MoO3 film.
Thereafter, Tang et al.29 reported a solution-processed MoO3

film as the HTL deposited on top of Al electrode to manufacture
high-performance green emitting TE-QLEDs, whose EQE was as
high as 7.4%. Our group30 has applied indium tin oxide (ITO),
MoO3 and NiOx as the interface modification layer to improve
the wettability of the Al electrode and reduce the hole injection
barrier with appropriate energy levels at the metal/organic
interface. The red TE-QLEDs demonstrated a maximum EQE
of 11.8% with an ITO interlayer. However, our previous study
did not give enough consideration to the impact of ITO layer
thickness on the light outcoupling. In this work, we further
significantly improve the device by taking the microcavity effect
into account.

Here we find that the ITO interface modification layer can
improve the wettability of the Al electrode, so that the PEDOT:
PSS film exhibits a flat, continuous surface on the glass substrate/
Al, facilitating the charge injection of devices. Simultaneously, the
cavity length of the device varies with the thickness of the ITO
interlayer, which can significantly enhance the optical properties
of the devices. As observed in the experimental investigation, the
efficiency of TE-QLED is highly dependent on the cavity length,
which corresponds to the theoretical analyses with a rigorous
electromagnetic simulation model. Consequently, when the ITO
interlayer is 5 nm, the TE-QLEDs show the maximum luminance

and EQE of the TE-QLEDs are 175 000 cd m�2 and 20.1%,
respectively, which is twice that of the device without an ITO layer.
These performance enhancements are mainly attributed to the
optimal strategy between charge injection balance and light out-
coupling by optimizing the thickness of the ITO interfacial layer.
Our method provides feasible guidelines for high-performance
TE-QLEDs by solution-processed.

Results and discussion

Fig. 1a shows the schematic structure of the TE-QLEDs with
glass/Al/ITO/PEDOT:PSS/TFB/QDs/ZnMgO:PVP/ITO. The corres-
ponding cross-sectional scanning electron microscopy (SEM)
image of the device based on the ITO interlayer is shown in
Fig. 1b, from which an orderly multilayer structure could be
clearly observed. To address the microcavity effect from TE-
QLEDs, we use the highly transparent ITO as the top electrode to
decrease light reflection and enhance the light outcoupling. The
transmittance of the 80 nm ITO cathode on top is E93% at
630 nm as shown in Fig. S1 (ESI†). To protect the QDs from
being damaged during the sputtering of ITO electrodes, a
composite buffer layer was introduced consisting of ZnMgO
nanoparticles and polyvinylpyrrolidone (PVP).31,32 In addition,
the work function (WF) of the ITO interlayer was investigated by
ultraviolet photon spectroscopy (UPS). As we can see in Fig. 1d
and e, the WF with the 5 and 10 nm of the ITO interlayer is
estimated to be �4.9 eV, which is the same as that of 15 nm ITO
interlayer as our earlier report.30 According to the energy level
alignment of the device (Fig. 1c), there exists a large energy
barrier of about 1 eV between the WF of the Al anode (�4.2 eV)
and HIL of the PEDOT:PSS (�5.2 eV).10,29 It is difficult for holes to
be injected from the anode into the QD layer of the TE-QLEDs.
However, the introduced interface modification layer ITO on the Al
bottom electrodes can effectively reduce the hole injection barrier
between Al and PEDOT:PSS film, and improve the hole injection by
the cascade energy alignment.

The commercialized PEDOT:PSS materials possessing excel-
lent hole-injection properties can work as the HIL in QLEDs
and spin-coating fabrication of PEDOT:PSS on the ITO sub-
strate is usually adopted.33 Nevertheless, a major difficulty in
preparing the TE-QLEDs is depositing a uniform film of PEDOT:
PSS over the Al electrode by spin-coating. Due to its aqueous
nature, the PEDOT:PSS has low wettability on the surface of the
Al film. As a representative transparent conducting oxide, ITO
has been widely used in photoelectric devices for its excellent
conductivity and stability, the surface of which could be sub-
jected to various surface cleaning treatments.34 Hence, the ITO
film as the interface modification layer was deposited on the Al
electrode, which can effectively improve the surface properties
of the Al. To investigate the hydrophilicity of the ITO interlayer,
the contact angles of PEDOT:PSS solution on the Al electrode
with and without ITO layer were measured after UVO treatment for
30 s. Fig. 2 exhibits the change of contact angles of PEDOT:PSS
solution on the Al layer with/without the ITO interlayer. The
contact angle of the Al electrode without the ITO interlayer is
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about 571 as shown in Fig. 2a, which means a poor hydrophilicity
property of the aqueous solution on the Al film. The contact angle
reduces from 481 to 311 when the thickness of ITO interface
modification layer increases from 5 nm to 15 nm (Fig. 2b–d),
suggesting a good hydrophilicity of the Al electrode with ITO
interlayer. When the thickness of the ITO interlayer exceeds
20 nm (Fig. 2e and f), the contact angle increases slightly, which
may be caused by the rough surface of the ITO layer. Nonetheless,
the surface property of the Al electrode can be effectively modified
after depositing the ITO modification layer, which facilitates the
formation of a homogeneous PEDOT:PSS film.

In addition, the ITO interlayer could effectively improve the
surface morphology of the following functional layers by solution
processing. Atomic force microscopy (AFM) was utilized to mea-
sure the surface smoothness of the PEDOT:PSS layer over the Al
electrode with a changing thickness of the ITO layer. Fig. 3a
shows the PEDOT:PSS film on the bare Al electrode and exhibits a
root mean square (RMS) roughness of about 2.4 nm. With 5 nm
ITO interlayer modification of the Al electrode, the RMS rough-
ness of the PEDOT:PSS film is drastically reduced to 1.4 nm, as
seen in Fig. 3b. Comparison of the surface roughness of the
PEDOT:PSS film on the bare Al, suggests that the wettability of

Fig. 2 Contact angle images of PEDOT:PSS solution on the Al films with varying thickness of ITO interlayer.

Fig. 1 (a) Device structure, (b) cross-sectional SEM image, and (c) energy level diagram of the TE-QLEDs. (d) Secondary-electron cut-off and (e) valence
band edge regions of the ITO films with thickness of 5 nm and 10 nm.
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the Al electrode is significantly improved by interfacial treatment
of the ITO layer. However, when the thickness of the ITO interlayer
continuously increases from 10 nm to 40 nm, the roughness of the
PEDOT:PSS film increases slightly from 1.8 nm to 2.0 nm, as
shown in Fig. 3c–f. Although the increasing thickness of the ITO
interlayer would increase the roughness of the PEDOT:PSS film to
some extent, it is still better than that of the bare Al electrode,
consistent with the contact angle measurement.

To illustrate the influence of the ITO interface modification
layer on the performance of devices, the TE-QLEDs with a series

of ITO thicknesses were prepared. Fig. 4a shows the current
density ( J)–voltage (V)–luminance (L) characteristics of the red-
emitting TE-QLEDs with 0, 5, 10, or 20 nm of the ITO layer. The
turn-on voltage of the devices without ITO interlayer is about
4.9 V, which also shows lower current density and luminance at
the region of greater than 5 V. This suggests the formation of an
Al2O3 insulating layer on the Al electrode after UVO treatment.
With the introduction of the ITO interlayer, the current density
increases greatly and the turn-on voltage of the TE-QLEDs
rapidly reduces to about 1.7 V as expected, demonstrating the

Fig. 3 AFM surface morphology images of solution-processed PEDOT:PSS film on the Al surfaces with different thicknesses of the ITO interlayer.

Fig. 4 (a) EQE–J, (b) J–V–L characteristics of the TE-QLEDs with 0, 5, 10 and 20 nm ITO interlayer. (c) EQE–J, (d) J–V–L characteristics of the
TE-QLEDs with 40, 60 and 80 nm ITO interlayer. (e) The normalized EL spectrum and (f) Angular emission pattern of the devices with different
thicknesses of ITO interlayer.
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effective radiative recombination of carriers. It is worth men-
tioning that the maximum luminance has been improved to
175 000 cd m�2 (ITO = 5 nm), which is nearly five times higher
than that of the device without ITO interlayer. As the thickness
of ITO further increases to 10 and 20 nm, the maximum
luminance at the driving voltage of 15 V decreases to 157 200
and 145 000 cd m�2 respectively. The introduction of the ITO
interface modification layer results in a significant improve-
ment in the performance of devices, as shown in Fig. 4b. The
TE-QLEDs with 5 nm ITO interlayer display a maximum current
efficiency (CE) of 26 cd A�1 (Fig. S2, ESI†) and a highest peak
EQE of 20.1%, which is twice that of the device lacking the ITO
interlayer. This high efficiency and brightness are attributed to
the balance of carrier injection and the reasonable cavity length
of the device. The photograph of the fabricated TE-QLEDs with
5 nm ITO interlayer driven at 4 V demonstrates high color
purity and bright red emission (Fig. S3b, ESI†). However, when
the thickness of the ITO interlayer increases from 10 nm to
20 nm, the maximum EQE of the device is 18% and 15.1%,
respectively, as shown in Fig. 4b. The EQE and luminance of the
device decrease probably owing to the destructive interference
microcavity with a thicker ITO interlayer, because the destruc-
tive interference suppresses the light outcoupling from the top
electrode and the photons are limited in the waveguide mode.
To verify our speculation, the thickness of the ITO interlayer
was further increased from 40 nm to 80 nm, and the EQE and
brightness of the TE-QLEDs reduces sharply as seen in Fig. 4c
and d. This result implies that the thickness change of the
ITO interlayer significantly modifies the microcavity interfer-
ence. The operational T50 lifetime of TE-QLEDs based on 5 nm
ITO layer was measured to be 471.5 h at an initial luminance
of 2200 cd m�2 (Fig. S3a, ESI†), equivalent to over 122 000 h at
100 cd m�2 by assuming an acceleration factor of 1.8.35,36

The EL spectrum of the TE-QLEDs lacking an ITO interlayer
is depicted in Fig. 4e with a peak wavelength of 627 nm and a
full width at half maximum (FWHM) of 20 nm (ultraviolet-
visible absorption and normalized PL spectra of red QDs can be
seen in Fig. S4, ESI†). The EL spectrum of TE-QLEDs gradually
red-shifted to 631 nm with increasing the ITO interlayer from
5 nm to 80 nm. Simultaneously, the FWHM of devices also
slightly increases to 24 nm, which originates from the changes
in their cathode-to-anode distance.37 The Commission Inter-
nationale de l’Eclairage (CIE) chromaticity coordinate diagram
provides a clearer way to observe the shift of the EL spectrum
when changes the thickness of the ITO layer, as shown in
Fig. S5 (ESI†). These results suggest that the resonant wave-
length of the TE-QLEDs exceeds the emission peak of the
films.38 The details about TE-QLEDs performance with and
without ITO interlayer are summarized in Table 1. The micro-
cavity resonance effect of our TE-QLEDs can be confirmed by
the angular emission pattern plotted in Fig. 4f. The angular
emission distribution of the TE-QLEDs with 5 nm and 10 nm
ITO interlayer is closer to the standard Lambertian pattern,
indicating that the emission is mainly in the normal direction
due to the enhanced constructive interference. With increasing
thickness of ITO interlayer over 20 nm, the emission of the

devices is suppressed in the normal direction and forced to
escape from off-axis directions, so that the devices exhibit relatively
lower forward brightness and EQE, as depicted in Fig. 4c and d.
Therefore, the interference effects can be modified by manipulat-
ing the thickness of the ITO interlayer, dramatically altering the
optical properties and overall performance of the TE-QLEDs.

To validate our claim of the microcavity effects, we per-
formed optical simulations using semiconducting thin-film
optics simulation (SETFOS) software to analyze the light out-
coupling of the devices. The simulation results clearly show that
the efficiency of TE-QLEDs decreases with increasing thickness of
the ITO interlayer, suggesting that devices have an obvious
optical cavity effect. In our device, there is wide-angle interference
for the light generated inside the devices.17,39 Interference arises
within the cavity when the directly emitted light and reflected
light from the bottom electrode with the same wavevector over-
lap, as shown in Fig. S6 (ESI†). The resonance conditions are
established by

2p
l

2n d1 cos yþ Fbottom ¼ m2p

where n is the refractive index of the functional layers, l is
resonance wavelength, Fbottom is the phase shift of the Al bottom
electrodes, d1 is the distance between the emitting center and the
Al bottom electrode. When the resonant wavelength of the cavity
matches the emission wavelength of the film, the constructive
interference occurs, leading to enhanced emission from the
devices. On the contrary, the emission can be suppressed from
the microcavity due to destructive interference. The resonance
wavelength of the cavity can be regulated by changing the
thickness d1, which can be realized by adjusting the thickness
of the ITO interlayer. The microcavity thus can explain the spectra
redshifts and the change of emission direction in devices (Fig. 4e
and f). As the ITO thickness increases from 40 to 80 nm, the
emission wavelengths do not satisfy the constructive resonant
conditions in the outcoupling direction. Furthermore, it is noted
that the cavity length is controlled by the ITO interlayer, while the
appropriate thickness of the carrier transport layer can ensure the
balance of carrier injection.

The contributions from the different optical modes in red
TE-QLEDs have been calculated and shown in Fig. 5a, and the
major optical channels are described in Fig. 5b. The oscillation
of the direct emission part clearly indicates that the thickness
variation of the ITO interlayer significantly alters the TE-QLED

Table 1 The performance of the TE-QLEDs with varying thickness of the
ITO interlayer

ITO
(nm)

Von

(V)
EL peak
(nm)

FWHM
(nm)

Lmax

(cd m�2)
CEmax

(cd A�1)
EQEmax

(%)

w/o 4.9 627 20 35 980 13.3 10.1
5 1.7 627 20 175 000 26 20.1
10 1.7 627 20 157 200 23.7 18
20 1.7 627 20 145 000 19.1 15.1
40 1.9 628 21 105 300 14.3 11.3
60 2.0 630 22 71 570 9.2 7.9
80 2.1 631 24 25 370 3.5 3.4
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cavity. When the ITO is 2 nm, the air mode reaches 29.4% of all
optical channels. While the ITO changes to 90 nm, the air mode
has been rapidly suppressed to only 3.7% but the waveguide
mode of the devices will be enhanced. This means that the
waveguide mode competes with the air mode (outcoupled light)
primarily. More energy is transferred from the air mode to
the waveguide mode as the thickness of the ITO interlayer
increases, resulting in degraded performance of the TE-QLEDs.
Our simulation model’s validity is confirmed by the good
agreement between the simulation results and the experi-
mental data. To further investigate, we compare the power
dissipation spectra calculated for the TE-QLEDs with 5 nm,
40 nm, and 80 nm ITO interlayer at the wavelength of 627 nm.
Fig. 5c demonstrates that the waveguide mode transitions from
three peaks to four peaks when increasing the thickness of the
ITO interlayer. Furthermore, the waveguide peaks exhibit a
shift as the thickness of ITO layer increases, and the emission
of the devices in the normal direction is suppressed due to the
destructive interference. Fig. 5d–f illustrate the wavelength-
dependent optical power distribution of the TE-QLEDs with
5 nm, 40 nm and 80 nm ITO interlayers. It clearly manifests
that the optimal TE-QLEDs with a 5 nm ITO layer exhibit a
significantly lower waveguide and SPP losses, and the outcou-
pling efficiency of the TE-QLEDs reaches 30% at the resonance
wavelength of 627 nm, which is the highest among the devices.
Experiments and simulations have shown that utilizing ITO
as the interface modification layer is an effective technique for
TE-QLEDs. This approach not only improves the balance of
carrier injection in the devices but also ensures optimal out-
coupling efficiency of the TE-QLEDs.

Conclusion

In summary, highly bright and efficient TE-QLEDs have been
designed and fabricated by a solution process, in which ITO of
different thicknesses is employed as an interfacial layer on the
Al surface. With an optimized thickness of the ITO interlayer, a
uniform PEDOT:PSS film is spin-coated over the Al electrode,
which effectively improves the hole injection. Simultaneously,
the height of the cavity in the TE-QLEDs is controlled by the
thickness of the ITO interlayer. The thickness of the interlayer
plays a crucial role in controlling the optical properties of the
devices. By optimizing the ITO interfacial layer, the red-emitting
TE-QLEDs can achieve a maximum brightness and EQE of
175 000 cd m�2 and 20.1%, respectively. It should be noted that
the efficiency of the device is strongly influenced by the thick-
ness of the ITO layer, which is consistent with the optical
simulations.
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