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ABSTRACT: We investigate the operational instability of
quantum dot (QD)-based light-emitting diodes (QLEDs).
Spectroscopic analysis on the QD emissive layer within devices
in chorus with the optoelectronic and electrical characteristics of
devices discloses that the device efficiency of QLEDs under
operation is indeed deteriorated by two main mechanisms. The
first is the luminance efficiency drop of the QD emissive layer in
the running devices owing to the accumulation of excess
electrons in the QDs, which escalates the possibility of
nonradiative Auger recombination processes in the QDs. The
other is the electron leakage toward hole transport layers
(HTLs) that accompanies irreversible physical damage to the HTL by creating nonradiative recombination centers. These
processes are distinguishable in terms of the time scale and the reversibility, but both stem from a single origin, the
discrepancy between electron versus hole injection rates into QDs. Based on experimental and calculation results, we
propose mechanistic models for the operation of QLEDs in individual quantum dot levels and their degradation during
operation and offer rational guidelines that promise the realization of high-performance QLEDs with proven operational
stability.
KEYWORDS: quantum dot based light-emitting diodes, operational stability, charge injection balance, Auger recombination,
degradation of organic hole transport layer

Nanocrystal quantum dots (QDs) exhibit broad
absorption but narrow emission spectral bandwidth,
size-dependent emission tunability over the entire

visible region, and near-unity luminescence quantum yield.1,2

Accompanied by the capability of cost-effective solution
processing, these advantageous features of QDs promote
their use in a variety of light-emitting systems.3−17 Among
potential applications, QD-based light-emitting diodes
(QLEDs),3,8−17 in which electrically injected charge carriers

recombine to emit photons, have received particular interest as
next-generation displays due to their excellence in color gamut,
brightness, and efficiency. Since the first demonstration,3 the
research area of QLEDs has witnessed a tremendous amount
of progress in the last two decades with respect to the external
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quantum efficiency (EQE) and brightness, satisfying require-
ments for use in light-emitting devices.10,12−14,16,18

Stable operation of QLEDs at desired brightness is essential
for their practicable use in displays and lightings. Despite
substantial progress made in the device performance, the state-
of-the-art QLEDs still suffer from poor operational stability.
For instance, even QLEDs with a peak efficiency close to the
theoretical limit (i.e., EQE ≈ 20%) show an abrupt drop of
luminance efficiency during operation (50% decrease in the
luminance efficiency from the initial luminance after 2 h of
operation).12 Nevertheless, understanding the origin of the
operational instability of QLEDs is lagging behind, which in
turn limits advancement of QLEDs toward commercialization.
Herein, we explore the origin of operational instability of

QLEDs with organic/inorganic hybrid charge transport layers
(CTLs). We conduct a comprehensive study across electrical
and optoelectronic characterization of QLEDs under operation
and spectroscopic analysis of the QD emissive layer in
corresponding devices. On the basis of the experimental and
calculation results, we construct a mechanistic model for the
operation of QLEDs in individual quantum dot levels and their
degradation during operation. At the end, we discuss a
practical strategy for the realization of high-performance
QLEDs with proven operational stability.

RESULTS AND DISCUSSION

QLEDs consist of multiple layers of functional materials that
are potentially responsible for the operational instability of
devices. To avoid unwanted complications that originate from
the materials’ intrinsic instability, we have conducted an

operational stability test on QLEDs that employ materials with
proven performance and stability. Specifically, as light-emitting
materials we have chosen CdSe(radius (r) = 2.0 nm)/
Zn0.5Cd0.5S(thickness (h) = 2.5, 3.0, 4.5, and 6.3 nm) type I
core/shell heterostructured QDs14 (PL QYs ≈ 80%) and
CdSe(r = 2.0 nm)/CdS(h = 5.5 nm) quasi-type II core/shell
heterostructured QDs (PL QY = 50%),11,17,19 whose photo-
physical properties are extensively understood (Figure S1,
Table S1). An inverted QLED that employs a 40 nm thick
ZnO nanoparticle film and 60 nm thick 4,4′-bis(N-carbazolyl)-
1,1′-bipheny (CBP) as electron transport layer (ETL) and hole
transport layer (HTL) is used as the device platform (Figure
1a). In such a device configuration, electrons and holes drift
from ZnO//ITO and CBP//MoOX//Al, respectively, and
recombine within the QD emissive layer to yield photons. The
fabricated QLED employing CdSe(r = 2.0 nm)/Zn0.5Cd0.5S(h
= 6.3 nm) QDs exhibits a turn-on voltage as low as the optical
bandgap of QDs (2.2 eV), a peak EQE of 7.48%, and a peak
brightness over 100 000 cd/m2 (Figure 1b).
We characterized the operational stability of QLEDs by

monitoring the time-dependent change in the device character-
istics (e.g., luminance (L), voltage (V), and efficiency) under
the constant current density operation. To examine the
relationship between the luminance efficiency of the QD
emissive layer and the device efficiency, we compared
photoluminescence quantum yields (PL QYs) of the QD
emissive layers over time with internal quantum efficiencies
(IQEs) of the devices. The absolute PL QY of the QD emissive
films before operation is measured to be 44%. The discrepancy
between PL QYs of solution samples (∼80%) and the film

Figure 1. Representative characteristics of QLED investigated in the present study. (a) Schematic illustration (top left) and the energy band
diagram (bottom right) and (b) current density (J)−voltage (V)−luminance characteristics (L) (inset: external quantum efficiency (EQE)
versus J) of an inverted QLED imploying CdSe(radius (r) = 2 nm)/Zn0.5Cd0.5S(thickness (h) = 6.3 nm) type I core/shell heterostructured
QDs. (c) Operation time-dependent traces of the internal quantum efficiency (IQE, black solid line) and the operation voltage (black broken
line) of a QLED under a current density of 30 mA/cm2 (black solide line) and the phololuminescence quantum yield (PL QY) of the QD
emissive layer in the corresponding device (red filled circle).
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(44%) is attributed to the energy transfer processes among
adjacent QDs in films that escalate the probability of
nonradiation recombination processes for excitons.14 IQEs
are estimated from EQEs on the basis that the out-coupling
efficiency of the current device structure is approximately 0.2
in the chosen device architecture. Figure 1c displays device
efficiencies and PL QYs of the QD emissive layer under
operation at the current density of 30 mA/cm2 (L0 = 2400 cd/
m2). The device efficiency falls rapidly from its initial value
during the early device operation and continues to decrease
gradually under operation. By contrast, the PL QY of the QD
emissive film remains unchanged after the sudden decrease
during the early device operation. Interestingly, the tendency
observed in PL QYs of the QD emissive film match that of the
device efficiencies during the early decay stage (stage I),
indicating that the initial rapid drop of the device efficiency is
related to the luminescence efficiency loss of the QD emissive
layer.
To identify the origin of PL QY loss of the QD emissive

layer during device operation, we conducted photophysical
characterization on the QD emissive layer in the early decay
stage (Figure 2). PL QY of the QD emissive film decreases by
37% from its initial value in 30 min of operation at a current

density of 30 mA/cm2 (Figure 2a,b). Time-correlated single
photon counting (TCSPC) measurement on the QD emissive
layer clearly demonstrates that PL QY loss accompanies the
rise of fast decay components (Figure 2c), implying that fast
nonradiative recombination pathways emerge in the QD
emissive layer during the early operation stage. Once the
development of fast decay is complete, noticeable change in
the QD emissive layer is not observed upon continuing
operation (Figure 2d). Surprisingly, the time scale of the fast
decay component (ca. 2.5 ns) agrees well with the negative
trion (two electrons and one hole, X−) lifetime of QDs
obtained from comparison between PL decay under the static
and stirred conditions (ca. 2.7 ns, Figure S2).19−21 This
demonstrates that the fast nonradiative decay pathways
originate from the accumulation of excess electrons in QDs
during the device operation, which escalates the probability for
the nonradiative Auger recombination processes.11,22,23

To validate the idea that the early stage loss originates from
the charge accumulation in the QD emissive layer, we have
applied reverse bias through the QLED to extract excess
electrons and neutralize QDs. After applying reverse bias (−7
V), the fast decay component disappears (Figure 2e) and the
PL QY of the QD emissive layer recovers to 93% of its initial

Figure 2. Changes in optical characteristics of the QD emissive layer under the device operation. (a) Operation time-dependent traces of
IQE (black solid line) and the operation voltage (black broken line) of the QLED employing CdSe(r = 2.0 nm)/Zn0.5Cd0.5S(h = 6.3 nm)
QDs under continuing operation at a current density of 30 mA/cm2 and PL QY (red cirlce) of the QD emissive film in the corresponding
device. PL QYs of the QD emissive layer in 90 min-operated QLED after applying reverse voltage (−7 V, cyan square) and additional
cooling for 1 h (blue triangle) are overlaid for comparison. (b) Contributions of charging, heat, and the permanent degradation of QDs to
the reduction of luminescence efficiency of the QD emissive layer in a 90 min-operated QLED. Normalized PL decay curves of the QD
emissive layer (c, d) after operation for 0, 5, 30, 60, and 90 min and (e) after applying reverse voltage (−7 V, cyan) and cooling for 1 h
(blue) (insets: PL decay curves normalized with the PL intensities at 10 ns of time delay).

ACS Nano Article

DOI: 10.1021/acsnano.8b03386
ACS Nano 2018, 12, 10231−10239

10233

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b03386/suppl_file/nn8b03386_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b03386


value (Figure 2a,b). The series of experiments coherently attest
that PL QY loss in the QD emissive layer mainly originates
from the accumulation of excess electrons in QDs during
device operation that promotes nonradiative Auger recombi-
nation of injected charge carriers. Near-complete recovery of
PL QY of the QD emissive layer (∼98% of the initial value) is
observed after 1 h of cooling, signifying that PL QY loss of the
QD emissive layer is in part contributed by the heat generated
during device operation. We attribute minor but apparent PL
QY loss (1−2%) of the QD emissive layer to the permanent
degradation of QDs under the device operation condition.
The lowest quantized state of the conduction band (1Se) of

CdSe QDs (4.2 eV) resides close to the conduction band edge
(CBE) energy level of ZnO (4.2 eV), and thus electrons
readily migrate from ITO//ZnO into QDs (Figure 1a, Figure
S4). By contrast, the hole injection from CBP into QDs is
largely hindered by the energy level offset (0.2 eV) between
the lowest quantized state of the valence band (1Sh) of CdSe
QDs (6.2 eV) and the highest occupied molecular orbital
(HOMO) of CBP (6.0 eV). The asymmetry in charge
injection rates readily yields accumulation of excess electrons
within QDs that promotes the probability of nonradiative
Auger recombination processes. The fraction of negatively

charged QDs within the QD emissive layer increases during
the early operation stage, which in turn leads to the decrease in
the luminescence efficiency of the QD emissive layer and
thereby the device efficiency.
The PL QY of the QD films remains unchanged after the

early efficiency drop. We note that this trend is not a particular
event but generally observed in QLEDs regardless of the
operation conditions (Figure 3a), the structural formulation of
QDs (Figure 3b), or other references (Figure S6). Spectro-
scopic analysis corroborates that the fraction of negatively
charged QDs (F = C(t)/N, where C(t) = the number of
charged QDs per unit area at time t and N = the number of
QDs per unit area) reaches saturation after the early decay
stage, which reflects that electron and hole injection rates into
the QD emission layer equalize after the fraction of charged
QDs within the emissive layer reaches a certain value (Fsat).
The electron−hole recombination is a dominant component of
overall current density and determined by the hole injection
rate because the hole injection rate is inferior to its
counterpart. Since the hole injection rate is fixed over time
at constant current operation, the balanced charge injection
rate indicates the reduction of the electron injection rate from

Figure 3. Influence of the structural formulations of QDs on the early efficiency drop in QLEDs. Operation time-dependent traces of the
fraction of charged QDs (F) in the QD emissive layer of (a) QLEDs implementing CdSe(r = 2.0 nm)/Zn0.5Cd0.5S(h = 6.3 nm) type I QDs
under the current densities of 10, 20, 30, 90, and 180 mA/cm2 and (b) QLEDs implementing CdSe(r = 2.0 nm)/Zn0.5Cd0.5S type I QDs with
varying shell thicknesses (h = 2.5, 3.0, 4.5, and 6.3 nm) operated under similar charge carrier injection rate per individual dots ( J

N
≅ 106/s

per dot). (c) Repulsion rate per dot (
αJ

N

(0)e ) versus initial electron injection rate per dot (
J

N

(0)e ) in QLEDs implementing CdSe(r = 2.0 nm)/

Zn0.5Cd0.5S type I QDs with varying shell thicknesses (h = 2.5, 3.0, 4.5, and 6.3 nm) (inset: the repulsion coefficient (α) as a function of the

total radius (R, R = r + h) of type I QDs). (d) Initial charge injection imbalance (
−J J

J

(0)

(0)
e h

e
) in QLEDs employing QDs with varying structural

formulations (i.e., CdSe(r = 2.0 nm)/Zn0.5Cd0.5S(h = 2.5, 3.0, 4.5, and 6.3 nm) type I QDs (red circle) and CdSe(r = 2.0 nm)/CdS(h = 5.5
nm) quasi-type II QDs (black square)).
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ZnO into QDs along with the accumulation of negative
charges in the QD emissive layer.
To explain the saturation of PL QY loss of the QD emissive

layer after the early decay, we build a model that takes into
account the fact that the electron injection from ZnO ETL into
QDs is hindered by the presence of excess electrons in the QD
emissive layer. The fraction of charged QDs (F(t)) at a given
time t can be expressed as below.

α
α

= =
−

− −F t C t N
J J

J

J

N
t( ) ( )/

(0)

(0)
1

1 exp
(0)e h

e

e
i

k
jjjjjj

i

k
jjjjj

y

{
zzzzz
y

{
zzzzzz

(1)

where Je(t) and Jh are the number of injected electrons and
holes into QDs in unit area (cm2) at time t, N is the number of
QDs in unit area (cm2), C(t) is the number of charged QDs in
unit area (cm2) at time t, and α is the repulsion coefficient that
hinders electron injection from the ZnO ETL into QDs (see
the Supporting Information). We note that the number density
of each sized QDs is obtained from TEM images and taken
into account to calculate the fraction of charged QDs.
Figure 3a displays operation time-dependent traces of the

fraction of negatively charged QDs (F(t) = C/N) in QLEDs
operated at varying current densities from 10 to 180 mA/cm2,
where the initial device efficiencies are similar (EQE0 = 7.00 ±
0.14%). For all conditions, the charging fractions (F) of QDs
obtained from spectroscopic analysis fit well with eq 1,

supporting the credibility of our proposed model. By
modulating applied current densities, we could obtain the
repulsion coefficient (α) for a series of CdSe/Zn0.5Cd0.5S type
I heterostructured QDs with varying shell thicknesses (Figure
3c) and observe that the repulsion coefficient for electrons
residing in QDs and electrons in ZnO nearby QDs is inversely
proportional to the total radius of the QDs (R1.5, R = r + h) in
type I heterostructured QDs, in which the electron and hole
wave functions are strongly confined within the CdSe core
phase and surrounded by the Zn0.5Cd0.5S shell.
The multiple runs of experiments from the series of samples

verify the validity of our model that the electron injection rate
from ZnO into QDs is obstructed by the presence of excess
electrons in CdSe emissive cores. Given that the saturated
fraction of charged QDs is inversely proportional to the
repulsion coefficient (Fsat ∝1/α), the use of thin-shell QDs that
have a greater repulsion coefficient is expected to benefit the
charge balance and thereby the operational stability. Contrary
to the expectation, in the present study, QLEDs implementing
thick-shell type I QDs display better operational stability than
ones with thin-shell type I QDs or thick-shell quasi-type II
QDs. We attribute this to the fact that a thick Zn0.5Cd0.5S shell
impedes the electron injection from ZnO into the CdSe core

and helps reduce the charge injection imbalance (
−J J

J

(0)

(0)
e h

e

) in

the QD emissive layer by the extent that sufficiently
compensates the penalty imposed on the repulsion coefficient

Figure 4. Electrical and optoelectronic characteristics of QLEDs under operation. Operation time-dependent traces of the operation voltage
of QLEDs employing CdSe(r = 2.0 nm)/Zn0.5Cd0.5S(h = 6.3 nm) QDs (a) under constant current operation (J = 10, 20, 30, 60, and 90 mA/
cm2) and (b) under a current density of 30 mA/cm2 with pulsed applied reverse voltage (−7 V) (signified with arrows). (c) Operation time-
depdendent luminance trace of LEDs under varying current densities from 10 to 90 mA/cm2, where the initial device efficiencies are
comparable (EQE0 = 7.00 ± 0.14%). The normalized luminance traces of devices are shown from the point (Lsat) where the PL QY of the
QD emissive layer becomes constant. (d) Rate for the slow decay (1/T90, where T90 denotes the time when the luminance become 90% of
Lsat) as a function of the applied current density (inset: cross-sectional TEM images of devices as prepared (left) and after 90 h of operation
at 30 mA/cm2 (right); scale bar, 100 nm).
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(Figure 3d). We note that the trend, the enhancement of
charge injection balance in thick-shell QDs, is consistent with
our previous results11,14 and recent reports by other research
groups.7

The presence of excess electrons in the QD emissive layer
not only hinders the electron injection from the ETL into the
QDs but also promotes the hole injection from the HTL into
the QDs. The Coulombic attraction between excess electrons
in the QDs and holes at the CBP HTL nearby the QDs is
experimentally evinced with the reduction of the operation
voltage at the constant current density operation (Figure 4a)
and also with the increase in the operation current density at
the constant applied voltage (Figure S6). Specifically, the
operation voltage for applying 30 mA/cm2 falls by 0.13 V from
its initial operation voltage (3.64 V) in 5 min of operation. The
reduced operation voltage recovers to the high level after
discharging the QD emissive layers (Figure 4b). This validates
that the hole injection from the CBP HTL into the QDs is
facilitated by the presence of excess electrons.7,24,25 The
operation voltage starts to increase after the saturation of QD
charging and continues to rise beyond the initial operation
voltage under operation (4.43 V after 90 h operation). Since
the hole injection rate is fixed over time at the constant current

operation condition, the increase in the operation voltage is a
result of the rise of the electrical resistivity of hole injection/
transport layers (MoOx/CBP) due to the materials’ degrada-
tion of hole injection/transport layers.26,27 We note that the
increased operation voltage does not recover to its original
value by applying reverse voltage or cooling.
The electron in organic HTLs is known to cause structural

deformation of organic materials and create nonradiative
recombination centers in HTLs.26−30 In the present QLEDs
the electron injection rate exceeds the hole injection rate, and
thus electrons readily overflow toward the organic HTL, which
results in permanent material degradation and in turn
exacerbates the device performance as observed in the increase
in the operation voltage and the reduction of the luminance
efficiency of the devices. To better understand this, we
conducted current-density-dependent operational stability tests
on QLEDs. In order to exclude the influence of charging on
the device efficiency, we plotted the luminance (device
efficiency) of devices from the point (Lsat) where the PL QY
becomes constant (Figure 4c). The rate for the slow decay (1/
T90, T90 denotes the time when the luminance becomes 90% of
Lsat) is linearly proportional to the applied current densities
(initial luminance) (Figure 4d). Since the device efficiencies

Figure 5. Mechanistic overview of QLED operation. (a) Calculated lowest quantized electronic states for an electron (up) and hole (down)
of singly positively charged (QD+), neutral (QD0), and singly (QD−) and doubly negatively charged QDs (QD2−). (b) Energy level offsets
for electron injection from the CBE energy level of ZnO into the lowest quantized electronic energy level of each charged state of QDs (ΔEe,
blue circle (left)) and hole injection from the HOMO energy level of CBP into the lowest quantized hole energy level of each charged state
of QDs (ΔEh, red square (right)) at static conditions (without external electric field). We note that the energy offsets for electron and hole
injection at working devices are different from (b). (c) Sketch of the relationship among probable QD charged states in an operating QLED.
Charge injection of an electron (blue arrow) and hole (red arrow), radiative recombination (yellow arrow), Auger recombination (gray
arrow), charge hopping (improbable), and energy transfer (ET, broken gray arrow) are noted. The electronic energy levels of neutral QD
(gray dashed line) are superimposed on that of charged QDs for comparison.
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that are linked with the extents of charge injection balance are
similar in chosen variations of the applied current density, the
linear relationship between the rate for the slow decay (1/T90)
and the applied current density verifies that excess electrons
that leak from the side of ITO//ZnO//QDs toward CBP are
indeed responsible for the degradation of CBP that creates
nonradiative recombination centers and thereby the decrease
in the device efficiency. We note that the sign of HTL
degradation under operation is also observed from cross-
sectional TEM images of devices. A Ga+ ion beam readily
damages the organic HTL during sample preparation via a
focused ion beam and readily leaves void marks in the as-
prepared QLED (0 h operation), but these marks are not
observed from the 90 h-operated one (Figure 4d (inset),
Figure S7). From the comparative TEM images along with the
change in the electric resistivity of devices, we speculate that
the electrons in CBP decompose chemical bonds of molecules
and cause the cross-linking of molecules.
The optical characteristics of the QD emissive layer and the

optoelectronic properties of devices enable us to comprehend
the device operation mechanism that describes the sequences
of charge carrier injection into individual QDs within the
operating device (Figure 5). To quantitatively evaluate the
injection feasibility of the electron and hole into each charging
states of QDs, we assessed the lowest quantized electronic
states of QDs depending on their charging states (Figure 5a,b)
by performing the quantum mechanical calculation including
self-consistency and dielectric mismatch effect in three
dimensions (Figure S8).31,32 The interaction between the
electrons residing in the core phase of QDs and its own
imaginary charges escalates the lowest quantized electronic
states for the electron and hole by 0.07 eV (0.25 eV) and 0.19
eV (0.36 eV) for singly (doubly) negatively charged QDs,
respectively, as does the shell energy. Likewise, the presence of
a hole in the core lowers the lowest quantized electronic states
for the electron and hole by 0.20 and 0.07 eV, respectively. We
note that the changes in the energy levels of charged QDs are
directly linked to the repulsion coefficient (α).
The calculated energy levels of QDs at each charging state

along with the experimental results enable us to outline the
relationship among probable charging states of QDs under
device operation (Figure 5c). Due to the larger energy barrier
for hole injection than that of electron injection (ΔEe − ΔEh =
−0.20 eV), a neutral QD is more likely to accept an electron to
turn into singly negatively charged QDs (QD0 + e− → QD−).
The hole is energetically preferred to be injected into singly
negatively charged QDs than its counterpart (ΔEe − ΔEh =
0.07 eV), but the extent of injection rate difference is less
significant than the case of neutral QDs. The majority of singly
negatively charged QDs become neutralized by accepting holes
(QD− + h+ → QD0 + hν), and the remainder accommodate
extra electrons to change into negatively charged QDs (QD− +
e− → QD2−). The ionization energy level of doubly negatively
charged QDs resides higher than the HOMO of CBP (ΔEh =
−0.17 eV), so that doubly negatively charged QDs
spontaneously accept a hole from CBP to turn into singly
negatively charged QDs after undergoing a nonradiative Auger
recombination process (QD2− + h+ → QD−). Likewise, the
CBE energy level of singly positively charged QDs resides
lower than that of ZnO by 0.20 eV (ΔEe = −0.20 eV), and
thus immediate injection of an electron takes place to
neutralize singly positively charged QDs (QD+ + e− → QD0

+ hν).

We note that neutral (QD0) and singly negatively charged
QDs (QD−) are energetically stable under the unbiased
condition (Vapp = 0) and thereby observed with TCPSC
measurement. By contrast, singly positively charged (QD+)
and doubly negatively charged QDs (QD2−) spontaneously
accommodate electrons and holes, respectively, and therefore
these charged states are rarely monitored with TCSPC. We
speculate that the presence of higher charge state QDs (e.g.,
QD2+ or QD3−) is unlikely in chosen device operation
conditions due to the large energy barrier (>0.25 eV) for
electrons (holes) to be injected into doubly negatively charged
(singly positively charged) QDs.

CONCLUSION
In summary, we have identified the operational instability of
QLEDs originates from the disparity between electron and
hole injection rate. The charge injection imbalance causes
accumulation of extra charge carriers (electrons) in the QD
emissive layer that promotes nonradiative Auger recombina-
tion processes, resulting in the reduction of the luminance
efficiency of the QD emissive layer and thereby the device
efficiency. Simultaneously the charge injection imbalance yields
the leakage of electrons toward organic HTLs that causes
material degradation. The device efficiency drop by QD
charging arises promptly (less than an hour) but can be
recovered by extracting the extra charge carriers, whereas the
gradual HTL degradation leads to the permanent deterioration
of device performance.
The device degradation mechanisms are distinguishable with

respect to the time scale and the reversibility, but both
originate from the same origin, the disparity between electron
versus hole injection rates into QDs. The charge injection
imbalance in current QLEDs results from the large energy
offset for hole injection from the HTL into QDs. The apparent
next step to overcome this issue is either changing the
composition of the emitters to ones whose ionization energy
levels dwell close to the HOMO energy level of organic HTLs
or adopting HTLs that are capable of reducing the energetic
barrier for hole injection or taking a combination of both. At
the same time, the development of QDs with suppressed Auger
recombination7,11,33 or chemically robust HTLs18,34 will also
enable the enhancement in device efficiency and stability of
QLEDs under operation. We believe that innovating materials
and optimizing device structure will result in high-efficiency
and stable QLEDs, which will foster their practical uses in
displays and lightings.

EXPERIMENTAL METHODS
Materials. All QD synthesis was conducted under an inert

condition by using the Schlenk line technique. CdSe(r = 2 nm)/
Cd0.5Zn0.5S(h = 2.5, 3.0, 4.5, and 6.3 nm) type I QDs (PL QYs ≈
80%) and CdSe(r = 2 nm)/CdS(h = 7.5 nm) quasi-type II QDs (PL
QY = 50%) were synthesized by previously reported methods.14,19

The resultant QDs were purified five times via the precipitation/
redispersion method and dispersed in toluene for further experiments.
A ZnO nanoparticle solution was prepared via the sol−gel
method.11,35 CBP was purchased from OSM (Organic Semiconductor
Materials). MoOx and Al were purchased from iTASCO (Korea).

Device Fabrication and Characterization. A ZnO nanoparticle
dispersion (20 mg/mL in n-butanol) was spun-cast on patterned ITO
substrates with a spin rate of 3000 rpm for 30 s to form ZnO films.
The ZnO films were then annealed at 300 °C under air for 1 h. QD
dispersions (20 mg/mL in toluene) were then spun-cast onto ZnO//
ITO at 4000 rpm for 30 s. CBP, MoOx, and Al electrode layers were
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thermally evaporated under a vapor pressure of 2 × 10−6 Torr onto
QDs//ZnO//ITO substrates at deposition rates of 0.8−1, 0.3, and
4−5 Å·s−1, respectively. The current−voltage−luminance (J−V−L)
characteristics of the devices were obtained with a Keithley-236
source-measure unit, a Keithley-2000 multimeter unit coupled with a
calibrated Si photodiode (Hamamatsu S5227-1010BQ), and a
photomultiplier tube detector. Luminance and efficiencies of
QLEDs were measured and calculated from the photocurrent data
obtained with the Si photodiode. Electroluminescence spectra were
obtained using a spectroradiometer (Konica Minolta CS-2000).
Time-dependent J−V−L characteristics of devices were measured
with an LED lifetime test system (McScience MC620S). The absolute
PL QY of the QD emissive layer before operation (t = 0) was
measured with the PL measurement system coupled with the
integrating sphere. The time-dependent PL QYs of the QD emissive
layer were estimated by comparing PL intensities of the QD emissive
layer that were measured under unbiased condition (applying voltage
= 0) after device operation with the initial PL intensity. We note that
the PL intensity and PL decay dynamics of the QD emissive layer
remain constant during the ex situ measurements (∼3 min).
Optical Characterization. UV−vis absorption and photo-

luminescence spectra were obtained with a Lambda 35 spectrometer
(PerkinElmer) and a Fluoromax-4 spectrometer (Horiba Science),
respectively. The absolute PL QYs of film samples were obtained at an
excitation wavelength of 520 nm with a C11347-01 (Hamamatsu
Photonics). The measurements to characterize the PL decay dynamics
were conducted with a TCSPC system from Horiba-Jovin Yvon,
which has a resolution of about 100 ps. The samples were excited at
2.38 eV at a repetition rate of 200 kHz.
Modeling and Simulation. The fraction of charged QDs and the

electronic injection rate at a given time are assessed by taking into
account the Coulombic interactions between the charge carrier within
the QD emissive layer and the charge carrier in charge transport
layers. The lowest quantized electronic states of QDs are calculated by
performing the quantum mechanical calculation including self-
consistency and dielectric mismatch effect in three dimension (see
Supporting Information).
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