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C
olloidal quantum dot (QD)-based
electroluminescent light-emitting
diodes (QLEDs) have been consid-

ered as one of the future display technolo-
gies, featuring high color purity, flexibility,
transparency, and cost efficiency based on
low-temperature, solution-based proces-
sing methods. This ever-increasing atten-
tion stems from distinct optical properties
of QDs, such as convenient band gap tun-
ability, narrow emission bandwidth, and
high photoluminescence quantum yield
(PL QY), which far surpass those of conven-
tional organic dyes or inorganic phosphors.1

Since the first demonstration of QLEDs,

multilateral efforts have been continued to
exploit the excellent optical properties of
QDs in the framework of an electrolumines-
cence (EL) mechanism. Advances in synthetic
chemistry enabled structural engineering of
QDs into various shapes with atomic scale
precision. The representative example is the
synthesis of highly monodisperse, efficient,
and stable core@shell heterostructured QDs
with tailored photophysical properties.2�7

In addition, deeper understanding on de-
vice operational mechanism guided the
structural engineering of QLEDs to realize
efficient charge carrier injection and exci-
ton recombination in QD active layers. As a
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ABSTRACT We demonstrate bright, efficient, and environmen-

tally benign InP quantum dot (QD)-based light-emitting diodes

(QLEDs) through the direct charge carrier injection into QDs and the

efficient radiative exciton recombination within QDs. The direct

exciton formation within QDs is facilitated by an adoption of a

solution-processed, thin conjugated polyelectrolyte layer, which

reduces the electron injection barrier between cathode and QDs

via vacuum level shift and promotes the charge carrier balance

within QDs. The efficient radiative recombination of these excitons is

enabled in structurally engineered InP@ZnSeS heterostructured QDs,

in which excitons in the InP domain are effectively passivated by thick ZnSeS composition-gradient shells. The resulting QLEDs record 3.46% of external

quantum efficiency and 3900 cd m�2 of maximum brightness, which represent 10-fold increase in device efficiency and 5-fold increase in brightness

compared with previous reports. We believe that such a comprehensive scheme in designing device architecture and the structural formulation of QDs

provides a reasonable guideline for practical realization of environmentally benign, high-performance QLEDs in the future.
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result of the continued innovation, QLEDs evolved to
have multilayered structures with balanced charged
injection into QDs with device efficiency as high as the
theoretical limit.8 Moreover, the knowledge accumu-
lated on unit devices prompted research on new
fabricationmethods such asmicrocontact printing9�11

or inkjet printing,12,13 enabling successful demonstra-
tion of active matrix-driven full-color QD displays.11,14

Despite rapid improvement and promising outlook,
the commercialization of QLEDs is strictly restricted by
the use of hazardous substances in QDs (i.e., Cd and
Pb). Although tight encapsulation technology and
recycling policy could potentially mitigate the envi-
ronmental concerns, fundamental solutions are still
needed to prevent the use of heavy metal elements
and thus to promote the persistent development of
QD-based optoelectronic devices. Among other po-
tential replacements of Cd-based II�VI compounds,
InP QDs3,4,23�25 have been suggested as the most pro-
mising candidate for light-emitting applications due to
their bandgap tunability covering the entire visible range
and narrow spectral bandwidth. For that reason, the
preparation of high-quality InP QDs has been actively
pursued in the framework of electroluminescence or
down-conversion light-emitting applications.
Although ever-increasing attention to InP QDs is

now leading to applied research on InP QLEDs, their
full potential has not been demonstrated yet. To date,
the best InP QLEDs recorded only 0.26% of EQE and
700 cdm�2 ofmaximumbrightness.15 These values are
indeed far inferior to QLEDs with other alternative
materials with relatively lower solution PL QY, such as
Si (up to 1.1% of EQE for red emission)16 or CuInS2 (up
to 2100 cdm�2 of maximum brightness for orange-red
emission).17 In addition, the color purity of previous InP
QLEDs was lower than expected from solution PL
spectra, deteriorated by unexpected contribution
of broad parasitic emission from adjacent charge-
transporting layers. Considering that InP QDs possess
comparable energy levels with alternative emitting
materials (valence band maximum (VBM): 3.5�4 eV
and conduction band minimum (CBM): 5.5�6 eV) and
they employ similar device structures, the reason for the
inferior performance of InP QLEDs has still been veiled.
Herein, we demonstrate bright, efficient, and envir-

onmentally benign green-emitting InP QLEDs ex-
hibiting EQE as high as 3.46% and brightness up to
3900 cd m�2. This breakthrough in device perfor-
mances is achieved by the device architecture for
direct charge carrier injection into QDs and the struc-
tural formulation of InP@ZnSeS core@shell hetero-
structured QDs for efficient exciton recombination.
The direct charge carrier (particularly electron) injec-
tionwithinQDs is assisted by a solution-processed, thin
conjugated polyelectrolyte layer (poly[(9,9-bis(30-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctyl-
fluorene) (PFN)). The PFN layer essentially acts as an

interfacial dipole layer between the ZnO electron
transport layer and QDs, reduces the electron injection
barrier into QDs through the vacuum level shift, and
promotes the charge balance within QDs. On the basis
of this tailored device structure, we employ highly ef-
ficient green InP QDs with thick composition-gradient
ZnSeS multishells (PL QE > 70% with ∼6 monolayers
of ZnSeS alloy layers). The thick ZnSeS composition-
gradientmultishells provide a sufficient potential barrier
for the effective confinement of generated excitons
within the InP core domainaway from the surfacedefect
states. As a result of the finely tuned device structure
along with the protection of excitons from quenching
by surface defect states, the radiative recombination of
electrically generated excitons was considerably en-
hanced, realizing InP QLEDs with high efficiency and
brightness.

RESULTS AND DISCUSSION

We designed green-emitting InP@ZnSeS core@
composition-gradient shell heterostructured QDs, in
which the majority of Se resides close to the InP core
domain and S dominantly locates outward of the
shells.18 The presence of high Se contents (Supporting
Information Table S1,∼55%) near the InP core alleviates
the compressive lattice strain between the InP core
phase and the ZnS outermost shell phase (lattice mis-
match = 8.5%) and thus suppresses the formation of
interfacial defects, which is responsible for the nonra-
diative exciton recombination process. For the uniform
growth of highly crystalline ZnSeS composition-gradient
shells on top of InP cores, we adopted precursors with
low reactivity (i.e., 1-dodecanethiol for S precursors
instead of S-trioctylphosphine) and proceeded the shell
growth at elevated reaction temperature (300 �C) to
induce thermodynamic shell growth conditions. The
reaction schemes involve multiple shell growth steps
for the thick ZnSeS shell in order to prevent the inho-
mogeneous shell growth or homogeneous nucleation of
ZnSeS particles under high precursor concentration.
Figure 1 represents the characteristics of prepared

InP@ZnSeS QDs. We started from the same sized InP
QDs with an average diameter of 1.1 nm (estimated
from first excitonic transition peak) and proceeded
with themultiple ZnSeS shelling with different compo-
sitions and shell thicknesses. Surprisingly, InP@ZnSeS
QDs showed excellent PL QY for the optimized content
of Se even with large shell thickness (see Table S1): PL
QY over 80% for InP@ZnSeS QDs with 1.1 nm shell
thickness (Figure 1a) and over 70% for InP@ZnSeS with
1.7 nm shell thickness (Figure 1b) in the green emission
range (λmax: 500�520 nm, fwhm ∼50 nm). Compared
with previous InP-based QDs reporting 40�60% of PL
QY only for thin ZnS2 or ZnSe/ZnS shells (thickness
below 1 nm),5,19 such high PL QY of QDs in the present
study strongly supports that the composition-gradient
ZnSeS multishells effectively mitigate the lattice strain

A
RTIC

LE



LIM ET AL. VOL. 7 ’ NO. 10 ’ 9019–9026 ’ 2013

www.acsnano.org

9021

even for large shell thickness. No significant changes
were observed either in the PL wavelength or in the
single exciton decay dynamics for a series of In-
P@ZnSeS QDs with different shell thicknesses, indicat-
ing that charge carrier wave functions are effectively
confinedwithin an inner shell (1.1 nm) and not affected
by the additional ZnSeS shell layers. The combined
consideration of the energy offset between InP core
and ZnSeS shell (CBM offset ∼0.3 eV, VBM offset
∼0.8 eV)18 and the effective mass of charge carriers
(me = 0.077,mh = 0.64 for InP) suggests that the hole is
strongly confined within the InP core domain, whereas
the electron is rather delocalized to the ZnSeS shell
phase only to a limited extent (∼1.1 nm) (Figure 1c),
similar to the case of CdSe@CdS core@shell hetero-
structures.20�22 Prepared InP@ZnSeS QDs recorded
∼5.9 eV for VBM and ∼3.5 eV for CBM, as estimated
from ultraviolet photoelectron spectroscopy (UPS) and
UV�visible absorption measurements (Figure S1 and
Table S2). We note that the energy level positions of
InP@ZnSeS QDs are closer to the vacuum level when
compared with Cd-based green QDs.23

We adopted the inverted device structure, where a
transparent ITO electrode serves as a cathode and Al as
an anode (Figure 2a). The inverted device structure
with hybrid (organic and inorganic) charge-transport
layers is known to be particularly useful to optimize
the carrier transport in QLEDs.23 The underlying metal
oxide electron transport layers (ETLs) facilitate the

barrier-less injection of electrons from the cathode
(ITO) and also provide mechanical robustness for the
deposition of QDs based on solution-processing meth-
ods and hole-transport layers (HTL)/anode processed
by vacuum evaporation or sputtering methods. In ad-
dition, the inverted device structure enables the full
utilization of commercially available hole-transporting
materials with proven electric property and stability.
In the present study, we adopted ZnO nanoparticle
thin films as ETL and 4,40,400-tris(N-carbazolyl)triphenyl-
amine (TCTA) as the HTL. The ZnO nanoparticle thin
film is highly advantageous for electroluminescence
devices due to its optical transparency in the visible
region (band gap ∼3.3 eV) and solution processability
at low temperature (<100 �C).23 TCTA was chosen for
HTL as a counterpart of ZnO ETL under the considera-
tion of highest occupied molecular orbital (HOMO)
energy level (5.7 eV)23 close to VBM of InP@ZnSeS QDs
(5.9 eV) and a hole mobility of 4 � 10�4 cm2 V�1 s�1

similar to the electron mobility of ZnO ETL.
Unlike the case of QLEDswith II�VIQDs, inwhich the

electron injection takes place rather simultaneously
even without applied voltage and the hole injection
occurs under the assistance of electric field, the pres-
ent QLEDs have a higher energetic barrier for electron
injection from ZnO into InP@ZnSeS QDs (∼0.5 eV)
rather than the hole injection from TCTA into QDs
(0.2 eV). The difference in the injection barrier for the
electron and hole is likely to lead to asymmetric charge

Figure 1. High-resolution transmission electron microscopy (TEM) images of InP (diameter = 1.1 nm)@ZnSeS QDs with (a)
1.1 nm shell thickness and (b) 1.7 nm shell thickness (scale bars: 5 nm). (c) Band structure of InP@ZnSeS QDs with 1.1 nm shell
thickness (left) and 1.7 nm shell thickness (right). While hole wave functions are mostly confined in the InP core phase,
electron wave functions are delocalized to the shell phase (∼1.1 nm shell thickness). A dashed line on the right scheme
denotes a confinement region of electron wave functions. (d) Absorption (dotted lines) and photoluminescence (solid lines)
spectra of InP core (black), InP@ZnSeS QDs with 1.1 nm shell thickness (red) and InP@ZnSeS QDs with 1.7 nm shell thickness
(green). Schematic illustrations are included.
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injection and the charge imbalance within QDs (with
excess of holes), which is responsible for the nonradia-
tive exciton decay pathways via Auger recombination.
In addition, such an injection barrier also increases
the operational voltage (electric field) for QLEDs, which
gives rise to the decrease in PL QY of QDs and sub-
sequent operational efficiency loss in devices.24

A clear first step for the improvement in device
performances is to facilitate the electron injection from
ZnO into InP@ZnSeS QDs. From the aspect of the de-
vice structure, we have introduced a thin layer of poly-
[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-
alt-2,7-(9,9-ioctylfluorene)] (PFN) at the interface of
ZnO with InP@ZnSeS QDs to reduce the electron in-
jection barrier. The PFN, conjugated polyelectrolyte,
serves as an interfacial dipole layer and is known to
achieve a vacuum level shift over 0.5 eV.25�28 In ad-
dition, PFN possesses poor solubility against non-
polar solvents (such as hexane or toluene) and enables
orthogonal processing to realizemultilayered structure
(i.e., ZnO nanocrystal layer/PFN thin layer/colloidal QD
layer). On the basis of PFN, we could realign the carrier
transport levels in the present QLEDs using the follow-
ing architecture: on top of an ITO cathode, ZnO nano-
particle layer, PFN thin layer, and InP QD emission layer
were sequentially spin-coated. TCTA, molybdenium

oxide (MoO3), and Al anode layers were then sequen-
tially evaporated on top of the solution-processed ITO/
ZnO/PFN/InP QD layer (Figure 2a).
The formation of an interfacial dipole layer and the

corresponding vacuum level shift (Δ) at the interface of
ZnOwith InP@ZnSeS QDswere characterized with UPS
spectra (Figure 2b). The extent of the vacuum level shift
of the ITO/ZnO/PFN thin films could be adjusted up to
0.6 eV with the concentration of PFN solution (see the
inset of Figure 2b). We note that the extent of the
vacuum level shift saturates at 0.6 eV at a deposition
with 1.5 mg mL�1 of PFN concentration. Any signifi-
cant change in surface morphology or roughness of
ZnO ETLs was observed on PFN-covered ZnO films
(Figure S2 and Table S3), which leads us to conclude
that the difference in the device characteristics is
essentially attributed to the changes in the electron
injection properties between ZnO and InP@ZnSeS QDs
via the vacuum level shift (Figure 2c) rather than the
morphological changes in ZnOQDs or QD active layers.
To investigate the influence of the extent of the

vacuum level shift on the electron injection character-
istics, device performances were characterized as a
function of PFN concentration (Figure 3). For system-
atic comparison, the other electronic components
in QLEDs were optimized as 2�3 monolayers for

Figure 2. (a) Schematic illustration (left) and a cross-sectional TEM image (right) of QLED in an inverted device structure. (b)
Expanded UPS spectra near the binding energy cutoff region of a bare ZnO film and PFN-coated ZnO films on ITO substrates.
The UPS spectra of PFN-coated ZnO films are vertically shifted for clarity. Inset: Change in the vacuum level shift (Δ) vs PFN
concentration. (c) Flat band energy level diagrams of QLEDs illustrating the reduction in electron injection barrier between
ZnO and QDs due to the presence of the PFN layer.
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InP@ZnSeS QD emission layers (1.7 nm shell thickness),
40 nm for the ZnO nanoparticle layer, 50 nm for TCTA,
and 10 nm for MoOx. The presence of a thin PFN layer
(0.5 mg mL�1 of PFN) facilitated the electron injection
from ZnO into InP@ZnSeS QDs, as evidenced by the
significant decrease in the turn-on voltage (VON) from
2.8 to 2.2 V (Figure 3b) (which is close to the optical
band gap) and the increase in J and L when compared
with the reference device (without PFN) (Figure 3b).
Interestingly, further increase in the PFN concentration
did not guarantee improvement in device perfor-
mances. Indeed, it resulted in a deleterious tenden-
cy in spite of the reduction in the electron injec-
tion barrier; the increase in PFN concentration above
0.5 mg mL�1 led to the increased VON as well as the
decreased J and L. This trade-off in device perfor-
mances can be rationalized with the competing effects
of PFN on charge injection from ZnO into QDs. A thin

PFN layer acts as an interfacial dipole layer, reduces the
potential difference between ZnO and InP@ZnSeS QDs
via the vacuum level shift, and facilitates the elec-
tron injection from ZnO to QDs across the PFN layer
(tunneling process). A thick PFN layer reduces the
potential barriers further, but at the same time, ex-
pands the width of the tunneling barrier (the thickness
of PFN itself) and thus impedes the tunneling of elec-
trons from ZnO into the InP@ZnSeS QD emission layer.
The summarized characteristics of QLEDs as a function
of PFN deposition concentration are listed in Table 1.
The comprehensive adjustments of carrier transport

layers facilitate the electron injection into InP QDs and
consequently enhance the charge balance within QDs,
as clearly evidenced by the dramatic increase in the
device efficiency (Figure 3c). The optimized devicewith
the thinnest PFN layer showed enhanced performance
with 3.46%maximum EQE and 3900 cdm�2 maximum

Figure 3. (a) Current density�voltage�luminance (J�V�L) characteristics, (b) turn-on voltage (VON), and (c) EQE vs J
characteristics of InP@ZnSeS (1.7 nm shell thickness) QLEDs prepared with varied PFN concentrations. Vacuum level shift
by PFN and corresponding arrangement of energy levels are illustrated as an inset in (b); the increase in the PFN thickness
impedes electron tunneling from ZnO to QDs, thus VOC is increased again after optimal condition (green square). (d)
Normalized EL spectra of InP@ZnSeS (1.7 nm shell thickness) QLEDs at different current densities (J). Inset: Photograph of
large-area and flexible InP@ZnSeS QLED on a polyethersulfone substrate; pixel size = 1.2 cm � 1.2 cm.
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brightness without parasitic peaks from adjacent
carrier transport layers under varied current densities
(Figure 3d). Moreover, the large-area (1.2 cm� 1.2 cm)
and flexible InP QLEDs with uniform brightness over
the entire pixel could be demonstrated on the device
platform (inset in Figure 3d), validating the process
capability of PFN layers for practical applications to-
ward large-area displays or lightings. To the best of our
knowledge, the EQE, maximum brightness, and spec-
tral purity of the present QLED devices record the
highest values among Cd-freeQD-based LEDs emitting
visible light.
The direct injection of carriers and their charge

balance are regarded as the key factors for efficient
EL devices, which are clearly demonstrated in the
current case. In the meantime, we found that the shell
thickness of InP QDs is also responsible for the perfor-
mance of InP QLEDs. On the basis of the optimized
device structure, we compared the device perfor-
mances of QLEDs employing InP@ZnSeS QDs with
different shell thicknesses (1.1 and 1.7 nm). This com-
parison was possible by the advanced synthetic meth-
od presented above, preventing the formation of in-
ternal defect states in the shell phase while increasing
the shell thickness (without the reduction in PL QY
upon the increase in shell thickness due to lattice
strain). It is surprising to note that InP@ZnSeS QDs with
thicker shells clearly show better device performance
in terms of EQE and maximum brightness than one
with thinner shells (Figure S3 and Table 1).
Such distinct difference in EL efficiency of two QDs

implies that the external conditions such as high
electric field, large amount of charge carriers, or Joule
heat are encountered during device operation. Con-
sidering the small CBM offset of InP@ZnSeS QDs and
the light effective mass of the electron of InP, a high
electric field could amplify the localization of electrons
to the shell phase29 (by pushing the electron cloud) or
to surface states. The surface states have been known
as a major origin of QD quenching, leading to the
nonradiative exciton decay via the surface-state re-
combination or the Auger recombination activated by
QD charging.30�32

J-dependent EL spectra of InP@ZnSeS QDs for dif-
ferent shell thickness provide intuitive clues to the
contribution of extended ZnSeS shell phase on QLED

performance. In the semilogarithmic plots of normal-
ized EL spectra (Figure 4), two QLED devices based on
two different types of QDs show faint emission tails
(contribution to overall EL spectrum less than 10%), not
detectable in solution PL. Interestingly, InP@ZnSeS
QDs with 1.1 nm shell thickness show more distinct
tails and increase with the increase in J. By contrast,
InP@ZnSeS QDs with 1.7 nm shell thickness produce
less significant tails which are almost independent of J.
In general, broad emission below the optical band gap
is known as a surface-state emission, originating from
the carrier recombination occurring at surface states.
Hence, the evolution of EL emission tails from In-
P@ZnSeS QDs with the thinner shell reflects the in-
creased accessibility of electrically generated excitons
to the surface states; under applied bias, the electric
field drags electron wave functions outside and facil-
itates the surface-state-mediated recombination. At
the same time, at high current density, a large amount
of charge carriers can be trapped on surface states of
QDs and increase the probability of surface-state emis-
sion, too.
In this context, we believe that the InP@ZnSeS QDs

with 1.7 nm shell thickness buffer the delocalization of
electrons from the inner part of the QDs by the electric
field, resulting in the improved quantum efficiency of
QLEDs. While the 1.1 nm shell thickness provides a
marginal potential barrier and electrons are prone to
access surface states, the increased shell thickness

TABLE 1. QLED Performance Based on Two Different QDs as a Function of PFN Concentrationa

t (nm) PL QY (%) EL λmax/fwhm (nm) PFN (mg mL�1) VON (V) max EQE (%) EQE at 100 cd m�2 (%) max LE (cd A�1) max L (cd m�2)

1.1 81 520/65 0.5 2.1 0.480 0.201 2.0 428
1.7 72 518/64 0 2.8 0.825 0.677 1.53 4182

0.5 2.2 3.46 2.90 10.9 3900
1 2.5 1.47 1.17 4.6 1138
1.5 2.9 1.26 0.811 3.06 801

a Abbreviations and their full meanings: t (shell thickness), PL QY (photoluminescence quantum yield of QDs), PL (photoluminescence), EL λmax (electroluminescence, at 1 mA/cm
2),

VON (turn-on voltage), EQE (external quantum efficiency), LE (luminous efficiency), and L (luminance).

Figure 4. Semilogarithmic normalized EL spectra of In-
P@ZnSeS QLEDs at different current densities: 1.1 nm (red)
and 1.7 nm (green) shell thickness.

A
RTIC

LE



LIM ET AL. VOL. 7 ’ NO. 10 ’ 9019–9026 ’ 2013

www.acsnano.org

9025

provides sufficient potential barrier width against
those processes. Interestingly, even an addition of
0.6 nm shell thickness resulted in the 7-fold enhance-
ment in EQE, and it is attributed to an exponentially
decreasing probability of electron wave functions in
the potential barrier. Summing up, to minimize the
surface-state-mediated exciton decay during device
operation, we can conclude that the shell phase needs
to be designed to possess the large band offset as well
as the wide barrier width.

CONCLUSIONS

In summary, we demonstrated environmentally be-
nign, highly efficient, and bright InP@ZnSeS QLEDs
based on the advanced synthetic method for InP QDs
and the tailored device structures. From the practical
point of view, the results given here certainly narrowed
the gap between the device performance of Cd-free
QLEDs and the industrial requirements for practical

applications. The EQEs of InP QLEDs in the present
study are the highest among other alternative tech-
nologies for Cd-free QLEDs available at the moment.
More importantly, this could lead to important direc-
tions in terms of the structural design of devices and
the core@shell formulation of QDs for further improve-
ments of InP QLEDs. For the device structure, the
proper choice and optimization of carrier transport
materials were proven to be crucial for InP QLEDs to
facilitate the direct injection of carriers. At the same
time, we have shown that the thick ZnSeS heterostruc-
tured shell is important to increase EQEs of QLEDs,
which protects electrically generated excitons from
surface states. In a forthcoming study, we believe that
deep investigation of nonradiative multicarrier decay
during device operation and minute engineering
in core@shell heterostructure minimizing such pro-
cesses will guide us one step further toward high-
performance InP QLEDs.

EXPERIMENTAL METHODS
Synthesis of InP@ZnSeS QDs. Modified synthetic procedure by

Lim et al. was adopted for the synthesis of InP@ZnSeS QDs.18

Briefly, 0.1mmol of InCl3 in 1mL of tetrahydrofuran, 2mL of zinc
oleate (Zn(OA)2, 30 mmol of zinc acetate reacted with 19 mL
of oleic acid (OA) under vacuum and diluted with 41 mL of
1-octadecene (ODE)), and 8 mL of ODE were loaded in a 100 mL
flaskwith a condenser anddegassed for 30min to removewater
and oxygen species. After backfilling the reactor with N2, tem-
perature was increased to 280 �C and a mixture of 0.1 mmol of
P(TMS)3 and 0.4 mmol of STBP (0.4 mmol of sulfur dissolved in
0.5 mL of TBP and 0.5 mL of ODE) was rapidly injected into the
reactor. After 20 s, 0.2 mL of SeTOP (0.2 mmol of Se dissolved in
0.5 mL of n-trioctylphosphine and 0.5 mL of ODE) was slowly
added for 20 s and reacted at 280 �C for 10 min. Next, 4 mL of
Zn(OA)2 and 1.8mLof 1-dodecanethiol were added and reacted
for 90 min at 300 �C. Finally, 6 mL of Zn(OA)2 and 0.72 mL of
1-dodecanethiol were added, and the mixture was reacted for
120 min (for InP@ZnSeS QDs with 1.1 nm shell thickness, this
step was omitted). After the reaction was terminated, the mix-
ture was cooled to room temperature to terminate the reaction.
For the purification of QDs, a precipitation/redispersionmethod
was employed; the crude solution was precipitated with an
excess amount of acetone and redispersed with toluene. After
repeated purification processes (typically 4 times), the precipi-
tated QDs were dried under N2 flow for 5 min and dispersed in
hexane (around 50 mg mL�1).

Photoluminescence Quantum Yield (PL QY) Measurement. The PL QY
was obtained by comparing their fluorescence intensities
with the intensity of a primary standard dye solution (Coumarin
545, QY = 95% in ethanol) at the same excitation wavelength
(400 nm). PL measurements were conducted on diluted solu-
tions with absorbance below 0.05 at the excitation wavelength
to minimize reabsorption between QDs. Specifically, the PL QY
was calculated by the following equation:33

PL QY ¼ 0:95� IQD
Idye

� Adye

AQD
� nhexane

2

nethanol2
(1)

In this equation, I is the integrated area of a PL spectrum, A is the
absorbance of a solution at 400 nm, and n is the refractive index
of solvent used.

Synthesis of ZnO Nanoparticles. ZnO nanoparticles were synthe-
sized modifying the method reported by Pacholski et al.34 First,
3 g of zinc acetate dehydrate and 120 mL of methanol were
placed in a three-neck round-bottom flask and heated to 60 �C.

At that temperature, 60 mL of potassium hydroxide solution
containing 1.51 g of KOH was injected dropwise into the zinc
acetate dihydrate solution with strong agitation. The reaction
mixture was kept at 60 �C for 2 h 15 min. At the end of the
reaction, the product appeared as a milky solution. After being
precipitated by centrifugation at 4000 rpm, the product was
washed with methanol twice. Finally, the product was centri-
fuged again and redispersed in 5 mL of butanol.

Determination of VBM and CBM of InP@ZnSeS QDs. To estimate the
energy levels of InP@ZnSeS QDs, a thin film of InP@ZnSeS QDs
was fabricated on a ITO/ZnO substrate by spin-coating of
5 mg mL�1 of a QD solution and dried under vacuum for
1 day. The UPS spectra were acquired using Kratos AXIS-NOVA,
employing a He I light source and a hemispherical analyzer. A
gold layer was introduced as a reference. The VBM position was
determined by using the incident photon energy (21.2 eV), the
high binding energy cutoff (Ecutoff), and the onset point in
valence band region (Eonset) according to the equation below:

VBM ¼ 21:2 � jEcutoff � Eonsetj (2)

The CBM value was obtained by using the VBM and the
excitonic band gaps of QDs, estimated from the PL spectra of
QDs. UPS spectra of two different InP@ZnSeS QDs and optical
band gap are provided in the Supporting Information.

Device Fabrication and Characterization. InP QLEDs were fabri-
cated on patterned ITO glass substrates, cleaned with isopropyl
alcohol, acetone, and methanol in an ultrasonic bath. First,
30 mg mL�1 of a ZnO solution was spun on a patterned ITO
substrate at 2000 rpm for 60 s and baked in N2 atmosphere at 90
�C for 30 min. The resulting film thickness was 45 nm. Then, 0.5
mg mL�1 of PFN (purchased from 1-materials Inc.) solution in
methanol/acetic acid solution (methanol/acetic acid = 2 μL/
1 mL) was spun on the ZnO layer and dried for 30 min under
vacuum. Then, a 5 mg mL�1 QD dispersion was deposited by
spin-casting at 4000 rpm for 30 s, equivalent to the 2�3
monolayers of QDs. Finally, TCTA (50 nm), MoO3 (10 nm), and
Al (100 nm) were sequentially evaporated with a deposition
rate of 0.5�1, 0.2, and 3�5 Å s�1, respectively. The current�
voltage�luminance characteristics were measured using a
Keithley 236 source measure unit and a Keithley 2000 multi-
meter coupled with a calibrated Si photodiode. Electrolumines-
cence spectra of QLEDs prepared in the present study were
obtained using a Konica-Minolta CS-1000A spectroradiometer.
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