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ABSTRACT
Quantum dot (QD) materials have found increasing use in display applications because of their high color purity and fluorescence quan-
tum yield, enabling devices with higher brightness and efficiency. However, to access large-area printing and coating methods that are
carried out in ambient conditions, it is necessary to, first, move away from toxic cadmium, and second, to target materials that can be
air-processed. Herein, we synthesize zinc selenide-based blue QD material and air-fabricate light-emitting diodes (LEDs) and single-carrier
devices. The encapsulated devices were also measured under ambient conditions. Multi-shell-structured ZnSeTe/ZnSe/ZnS (core/shell/shell)
QDs show pure deep blue/purple fluorescence emission with a high photoluminescence quantum yield of 78%. The blue QD-LED devices
are fabricated in a conventional structure with bottom light emission with two electron transport materials (ZnO and ZnMgO). The QD-
LED devices with ZnO electron transport layer show a maximum luminance of ∼6200 cd m−2 at 9 V with a turn-on voltage of 3.5 V and
current efficacy of 0.38 cd A−1, while with ZnMgO electron transport layer, the devices show a maximum luminance of 3000 cd m−2 at
7 V with a turn-on voltage of 3 V and current efficacy of 0.6 cd A−1. Electron-only and hole-only devices were fabricated to show and confirm
the underlying charge transport mechanisms. To our knowledge, these results show for the first-time air-fabricated ZnSe-based QD-LEDs,
paving the way for scaling up display applications and moving toward high-performance printed electronics.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0152650

Quantum dots (QDs) have been extensively studied for
use in a range of applications such as displays,1 solar cells,2,3

photodetectors,4,5 and biomedical applications.6 Their use in elec-
troluminescent displays is particularly interesting due to unique
combinations of their intrinsic properties, e.g., the size-tunable
emission wavelength for full-color RGB displays and their high pho-
toluminescence quantum yield (PLQY). Examples of red, green,
and blue QDs show that they can provide high brightness and
efficiency and realize material and mechanical stability in light-
emitting devices.2,7,8 However, the first efficient QD nanocrystals

mainly contained environmentally toxic cadmium (Cd).9 Also, QD-
light-emitting diodes (LEDs) based on blue QDs showed inferior
photophysical properties compared to red and green QDs due to
higher injection barriers for charge carriers.10 As Cd is toxic and its
use in electronic devices has been highly regulated by the European
Union since 2003,11 it is crucial to specifically study Cd-free blue
QDs.

Previously, indium phosphide (InP)- and zinc selenide (ZnSe)-
based QDs have been researched as Cd-free alternatives with
great potential due to their favorable optical properties covering
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the visible wavelength range.12 Various studies have also focused
on improving the device performance and lifetime of InP-
based QD-LEDs through the optimization of QD materials and
device structures.12–14 In particular, QD-LEDs fabricated from
InP/ZnSe/ZnS QDs as emitters were reported with an external quan-
tum efficiency (EQE) of over 20%, where their calculated lifetime
reached up to 1 × 106 h at 100 cd m−2.15 Furthermore, inkjet-
printed RGB QD-LEDs with InP-based QDs also demonstrated
good air-processability.16 However, the toxicity of InP is also crit-
ical at this point. Therefore, ZnSe-based QDs remain important
alternatives.

Previously, Kim et al. reported the first blue ZnSe-based
QD-LED with an EQE over 20%, a maximum brightness of
88 900 cd m−2, and a calculated lifetime of over 15 000 h at 100 cd
m−2.17 However, most current lab-scale devices are produced in an
inert atmosphere, and the air-processing of blue QDs, in particu-
lar, remains a critical issue, while their performance remains behind
red and green QDs.15,17,18 Therefore, to move forward to applica-
tions, new QD materials should provide the potential for printability
and large-area production, which, in many cases, initially would
require handling the materials in air.16 Here, in our study, we
demonstrate the synthesis of ZnSe-based blue multi-shell QDs and
the fabrication of blue QD-LEDs and single-carrier (i.e., electron-
only and hole-only) devices (EODs and HODs) under ambient
conditions.

The multi-shell structured ZnSeTe/ZnSe/ZnS (core/shell/shell)
QDs were synthesized by a hot injection method.19 Figure 1
shows the transmission electron microscopy (TEM), x-ray diffrac-
tion (XRD) analysis, and PL and UV absorption spectra of
ZnSeTe/ZnSe/ZnS QDs. In Fig. 1(a), the TEM image shows the aver-
age diameter of the QDs as 8.23 nm determined from over 200
particles. Their particle size distribution is shown in Fig. S1. In
Fig. 1(b), three reflection peaks of the (111), (220), and (311) planes
of zinc blende ZnTeSe cores are gradually shifted toward higher
2θ after the subsequent growth of ZnSe inner and then ZnS outer
shells. This data indicate that the intended core/shell/shell struc-
ture was well synthesized without the adjunctive formation of a
secondary phase. To further observe the influence of morphology
of QDs on optoelectronic properties, UV–vis absorbance, PL spec-
trum, and PLQY were measured. The absorbance (black line) of the
QD in toluene shows an onset at around 450 nm [Fig. 1(c)], and
the PL spectrum of the solution (red line) shows a deep blue/purple
peak emission at 436 nm with full width at half maximum (FWHM)
of 20 nm. The PLQY of 98% was measured after ZnS outer shell
synthesis, indicating a narrow size distribution and high quality of
crystal growth of QDs as correlated with the results of TEM and
XRD measurement. The PLQY remained at 78% even after multi-
ple purification processes and the surface condition and purification
process not fully optimized.

Compared to the PL of the QD solution [Fig. 1(c)], the PL peak
maximum wavelength of the film sample was slightly red-shifted
from 436 nm toward a longer wavelength of 443 nm, which might
be attributed to a decreasing trend of interparticle spacing between
QDs in the processing of the QD film. In addition, it accompanied
a slight increase of full width at half maximum (FWHM) from 20 to
23 nm, which alludes to a generation of unintended aggregation and
self-absorption between QDs. The resulting color coordinates for the
CIE color space (Fig. S2) are x = 0.160, y = 0.035 for the solution

FIG. 1. (a) The TEM image shows evenly distributed ZnTeSe/ZnSe/ZnS QDs of
∼8 nm size; (b) the maximum peaks of the XRD patterns of core, core/shell,
and core/shell/shell are in line with the reference diffraction data of the JCPDS
database; (c) UV–Vis absorbance of QDs in toluene solution (black) and photolu-
minescence of the QDs in solution and film (red and blue, respectively) confirm the
blue emission characteristics of the material. The inset shows a schematic of the
core/shell/shell architecture employed in the synthesized QDs.

and x = 0.162, y = 0.060 for the film and both lie in the deep blue
region.

Having characterized the properties of the QD material
itself, we air-fabricated blue QD-LEDs with TFB [poly(9,9-
dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)] as hole
transport and ZnO or Mg-doped ZnO (ZnMgO) nanoparticles
as electron transport materials. The resulting QD-LED device
has the architecture of ITO (110 nm)/PEDOT:PSS (35 nm)/TFB
(7 nm)/QDs (20 nm)/ZnO or ZnMgO (50 nm)/Ag (200 nm). The
Ag top electrode is vacuum deposited onto spin-coated layers and
then the devices are encapsulated. A detailed description of QD syn-
thesis and QD-LED fabrication can be found in the supplementary
material.

Charge carrier imbalance, e.g., superior electron mobility to
hole mobility, in semiconductor materials such as QDs leads to
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unbalanced transport of charge carriers and lower LED perfor-
mance.20 Therefore, carefully adjusting the layer thicknesses of the
electron transport layer (ETL), hole transport layer (HTL), and QD
layers or changing HTL/ETL layers can be utilized to control elec-
tron and hole carrier injection to individual QDs. The increase in the
layer thickness of ETL and the QDs would cause a longer carrier path
for the electrons and a shift of the recombination zone close to the
interface between the QD and ETL layers. Decreasing the layer thick-
ness of HTL, conversely, causes an increase in holes injected into
the QD layer while still maintaining its electron-blocking property.
Hence, the number of holes in the QD layer will be increased.21 Con-
sidering these points, we adjusted first the QD layer thickness. A QD
layer thickness of 20 nm led to overall better device performance,
although devices with a QD layer thickness of less than 20 nm
showed electroluminescence (EL) and would allow for a very thin
LED architecture. We focused on two widely used electron transport
materials: ZnO to ZnMgO. In this case, ZnMgO can improve charge
carrier injection because of its higher conduction band than ZnO
and thereby could lower the turn-on voltage.22 Moreover, ZnMgO
has lower electron mobility, which can potentially help to balance
electron and hole transport in our device.23

The device architecture and the energy levels of the materials
are shown in Fig. 2(a), depicting the valence band, conduction band,
and energy bandgap; based on measurements of the QD valence
band and work function (see Fig. S4) by ultraviolet photoemis-
sion spectroscopy (UPS). Figure 2(b) shows the electroluminescence
emission spectrum of devices with ZnO and ZnMgO. In ZnMgO-
containing QD-LED [red color in Fig. 2(b)], the main emission
peak at 443 nm (deep blue/purple) and a small contribution at
around 480 nm are observed. This contribution is most likely a
result of a small number of charge carriers that can recombine in
the TFB layer.24 A similar contribution can be also seen in the EL

spectrum of the ZnO-containing device [blue color in Fig. 2(b)].
The higher contribution in the ZnO-containing device can be a
result of the higher mobility of ZnO compared to ZnMgO, therefore
enabling more electrons to be injected and shifting the recombina-
tion zone toward the anode. The current density-voltage-luminance
(J-V-L) characteristics of the fabricated devices with ZnO (blue) and
ZnMgO (red) are shown in Figs. 2(c) and 2(d). The J-V curve of the
ZnMgO-containing device shows a lower leakage current than the
ZnO-containing QD-LED [Fig. 2(c)].

Finally, the QD-LED architecture with ZnO shows a maxi-
mum luminance of 6271 cd m−2 at 9 V, which is two times higher
than the maximum luminance of ZnMgO-containing QD-LEDs
(2800 cd m−2 at 7 V) [Fig. 2(d)]. Yet, ZnMgO-based devices show
a turn-on voltage of 3 V, which is 0.5 V lower than the ZnO-based
devices (3.5 V). This difference comes from the higher work func-
tion of ZnO (3.5 eV) compared to ZnMgO (3.3 eV).23 Therefore,
the injection barrier into the QD layer is lower for the ZnMgO-
based devices. In addition, our I–V measurement has a step size of
0.5 V; we are therefore limited by the accuracy of the measurement
and have a higher turn-on voltage difference than the work func-
tion difference of 0.2 eV. The lower turn-on voltage with the ZnMgO
electron transport layer is also reported in other publications.25 Both
devices show a low decrease in current at high voltages (over 8 V)
despite some indication of luminance drop, indicating good stability
of the device. The ZnO-containing device obtains a maximum lumi-
nance at 9 V [blue color in Fig. 2(d)] and shows maximum current
efficacy of 0.38 cd A−1, and this is maintained from 4.5 V up to 9 V
(Fig. S5). Overall, the additional small emission at 480 nm and the
low current efficacy in the ZnO-containing devices are addressing
persistent charge carrier imbalance within the device. The ZnMgO-
containing device shows a higher maximum current efficacy with
0.6 cd A−1 but has a steep efficacy roll-off (red color in Fig. S5).

FIG. 2. (a) The energy levels of the indi-
vidual layers in the QD-LED structure
are vacuum aligned in this schematic
and do not consider interfacial effects.
(b) The electroluminescence spectrum
of ZnMgO (red line) and ZnO (blue
line) containing QD-LED at 7 V shows
the deep blue emission, as seen in
the inset, indicating a ZnO-containing
QD-LED pixel under operation just after
turn-on; (c) current density-voltage (J-V)
characteristics of the QD-LEDs contain-
ing ZnMgO (red squares) and ZnO (blue
circles) as ETL; (d) luminance of the
same devices shows lower turn-on volt-
age of ZnMgO-containing device (red)
and higher luminance of ZnO-containing
(blue) device.
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QD-LEDs are known for showing a steep efficiency roll-off that is
usually caused by charge carrier imbalance. This leads to charged
QDs that induce Auger recombination. Typical strategies in the lit-
erature to improve this are limiting the electron injection by adding
interlayers or using different materials or ligands to improve the
core/shell structure to avoid lattice mismatch.26 Here, we attribute
the steeper efficacy roll-off to the degradation due to Joule heating.
The higher resistance of ZnMgO reduces the electron injection but
also provides more resistive heating, which can lead to the degrada-
tion of the QDs. As a result, the loss of ligands can introduce surface
traps and consequently lower the efficiency.26

At this point, single-carrier devices were fabricated to help
understand the existing charge transport characteristics. The hole-
only devices (HODs) and electron-only devices (EODs) were fabri-
cated under the same ambient air conditions as the main QD-LEDs.
HODs contain PEDOT:PSS/TFB as the hole-injection layer in the
structure of ITO/PEDOT:PSS/TFB/QDs/MoO3/Ag, while EODs are
fabricated with different thicknesses of ZnMgO as an electron-
injection layer in the structure of ITO/ZnMgO/QDs/ZnMgO/Ag.
It is known that, in blue QD-LEDs in particular, a deeper valence
band energy level introduces a higher barrier for hole injection.27

This causes higher charge carrier imbalance and together with
the higher mobility of electrons promotes the accumulation of
electrons through TFB. In such cases, Mg-doped ZnO, with its
lower electron mobility than ZnO, can help to suppress electron
transport. In addition, it has been shown in the literature that
ZnMgO in humid air can also alter the charge transport bal-
ance with the help of a decrease in hole leakage and trapped
electrons.28,29 EODs were fabricated with two different thicknesses
of ZnMgO: 45 and 70 nm, with a QD layer thickness of 20 nm.

In Fig. 3, the J-V characteristics of HODs and EODs are shown
together with power-law relations of current density (J) to the
applied voltage (V). Devices could be measured up to 4 V and such
a low voltage regime has characteristic regions with different slopes
of exponentials, resulting in different power-law relations: Ohmic
regions with a slope of 1, trap-limited space charges limited region
(T-SCLC) with 1 < slope < 2, and trap-filled-limit (TFL) regions with
slopes > 2. A higher voltage regime is characterized by the space
charge limited region with a slope of 2 and the power-law relation
of J-V2. In Fig. 3, the overall shape of the J-V characteristics follows
a similar trend in EOD and HOD with an indication of T-SCLC and
TFL regions at low voltages.30

In EODs, there is a steeper increase in current density at TFL
regions. In the case of the lower thickness of ZnMgO (green trian-
gle symbols) in EODs, electron and hole currents have a crossing
point at low voltages, which can indicate more balanced charge carri-
ers.30 Electron current is decreased (red circle symbols) to half of the
hole current and there is an indication of a possible crossing point
at higher voltages, i.e., higher electron than hole current. The cor-
responding QD-LEDs for the low and high thicknesses of ZnMgO
layers are shown in Fig. 2(c) and Fig. S6, respectively. The latter, with
high ZnMgO thickness, results in lower luminance.

In addition, we tested also the case of higher QD layer thickness
(70 nm) for EODs and HODs. Electron and hole current showed
one and two orders of magnitude difference for the low and high
thickness of the ZnMgO layer (Fig. S7), respectively. The findings
show the nature of charge transport in air-fabricated single-carrier
devices with blue QDs. J-V characteristics indicate and confirm once

FIG. 3. J-V characteristics of EODs and HODs are shown in open sym-
bols. EODs have ITO/ZnMgO/QDs/ZnMgO/Ag structure and HODs have
ITO/PEDOT:PSS/TFB/QDs (20 nm)/MoO3/Ag structure. EODs were fabricated
with two different thicknesses (70 and 45 nm) of ZnMgO. The J-V characteristics
are shown compared to HOD (squares), indicating better charge carrier balance
with a low thickness of ZnMgO (green triangle symbols). Lines indicate the power-
law dependence of J-V at high and moderate voltages for respective EODs and
HODs.

more that charge carrier balance is highly sensitive to adjustment of
each functional layer. The suppression of electron current leads to
better balance in both carriers; however, too low electron current
will lead to poor charge carrier balance, resulting in overall inferior
performance.

In summary, we have shown the synthesis of Zn-based blue
QDs and the handling of transport materials and QD material
under ambient conditions from which QD-LEDs, EODs, and HODs
were air-fabricated. The synthesized QDs have multi-shell struc-
tured ZnSeTe/ZnSe/ZnS (core/shell/shell) and show pure deep
blue/purple emission. QD-LEDs with ZnO ETL show maximum
luminance values of ∼6200 cd m−2 with a turn-on voltage of 3.5 V
that results in a current efficacy of 0.38 cd A−1. Devices with ZnMgO
as ETL reached maximum luminance values of ∼3000 cd m−2 with
a turn-on voltage of 3 V, i.e., at bandgap for our blue QD material,
and a current efficacy of 0.6 cd A−1.

Single-carrier devices show that the suppression of electron
transport is crucial for better-balanced charge transport, which
requires adjusting layer thicknesses of transport layers and the emit-
ting layer. The efficiency and luminance values of QD-LEDs fabri-
cated under inert conditions still out-perform most air-fabricated
QD-LEDs; nonetheless, our study provides a step forward in air-
processed blue QDs from Cd-free and less toxic materials, which
can be further adapted to printing and large-area applications. To
our knowledge, these are the first examples of blue QD-LEDs with
a ZnSe-based QD layer, processed and measured under ambient
conditions. This confirms the efficient and promising nature of
these materials to be studied further and improve air-fabricated
QD-LEDs.

The supplementary material contains the particle size distri-
bution, CIE, PL, and UPS measurement of QD films, as well as
additional QD-LED and single-carrier device characteristics. It also
contains the experimental details of QD synthesis as well as the
QD-LED and single-carrier device fabrication and characterization.
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