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ABSTRACT: We fabricated hybrid light emitting devices based on colloidal
CdSe/ZnS core/shell quantum dots and a solution-processed NiO layer. The use
of a sol−gel NiO layer as a hole injection layer (HIL) resulted in overall
improvement in device operation compared to a control device with a more
conventional poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) HIL. In
particular, luminous efficiency increased substantially because of the suppression
of excessive currents and became as large as 2.45 cd/A. To manifest the origin of
current reduction, temperature- and electric field-dependent variations of currents
with respect to bias voltages were investigated. In a low bias voltage range below
the threshold for luminance turn-on, the Poole−Frenkel (PF) emission
mechanism was responsible for the current−density variation. However, the
space-charge-limited current modified with PF-type mobility ruled the current−
density variation in high bias voltage range above the threshold.

KEYWORDS: CdSe/ZnS quantum-dot LED, nickel oxide, Poole−Frenkel emission mechanism, space charge limited current,
Poole−Frenkel mobility

■ INTRODUCTION

Recently, nickel oxide (NiO) thin films have been widely used
as a p-type material in organic light emitting devices (OLEDs)
and quantum dot (QD) based light emitting devices (QLEDs)
because they are easy to form and have good physical
properties.1−9 Typically, NiO thin films were deposited by
using vacuum techniques. For example, Chan et al. fabricated
OLEDs with a sputter-deposited thin NiO layer.1,2 Insertion of
a NiO layer between an indium tin oxide (ITO) anode and an
organic hole transport layer (HTL) in their devices with an
emitting layer (EML) of tris-(8-hydroxyquinoline)aluminum
(Alq3) resulted in current−density and luminance increases.
Compared to control devices without a NiO layer, current
density increased from 450 to 650 mA/cm2, and luminance
increased from 8000 to 10000 cd/m2. Another example of Alq3
devices with a vacuum-process NiO was reported by Im et al.3

They formed a NiO layer by combining thermal evaporation
with subsequent oxidation at 500 °C. Their devices showed a
significant improvement in device performance and the
luminous efficiency as large as 2.7 cd/A. One of the first
examples of QLEDs with a NiO layer was reported by Caruge
et al.4 However, the maximum quantum efficiency and
luminous yield of their red-emitting CdSe/ZnS−QD device
with a sputter-deposited NiO layer were only 0.18% and ∼1
cd/A, respectively.
Metal-organic chemical vapor deposition (MOCVD) is an

advanced technique to deposit high-quality NiO layers that are
appropriate for electronic devices because of a large band gap
and a high permittivity.5−9 Epitaxial NiO layers on AlGaN/
GaN heterostructures, the conduction mechanism of which

Fiorenza et al. studied, are an example of high-quality NiO
layers. They showed that the current conduction through such
a NiO layer was ruled by a Poole−Frenkel (PF) emission
mechanism and that there were preferential current spots that
were associated with the defects responsible for PF emission.10

In this work, a p-type NiO layer was deposited by using a
two-step process that consisted of spin-coating of a precursor
solution and subsequent thermal annealing11 to form a hole
injection layer (HIL) for green-emitting QLEDs based on
CdSe/ZnS QDs. Colloidal core/shell QDs are promising EML
materials because they cover a large spectral range with high
color purity and good luminous efficiency.12−18 However, the
formation of a uniform QD layer is not easy. To alleviate this
difficulty, a layer of poly-(N,N′-bis(4-butylphenyl)-N,N′-bis-
(phenyl)benzidine) (poly-TPD) that had facilitated the
formation of a neat QD EML19 was deposited onto a sol−gel
NiO layer. The use of a poly-TPD HTL in combination with a
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) HIL is common in OLEDs and QLEDs. In our
previous study on CdSe/ZnS QLEDs, the combination of a
PEDOT:PSS HIL and a poly-TPD HTL resulted in hole-
dominant devices.19 However, the substitution of a solution-
processed NiO layer for a PEDOT:PSS HIL induced a
substantial change in QLED operation. To elucidate the origin
of a large change in luminous efficiency, we investigated the
temperature dependence of current density−voltage (J−V)
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characteristics. In particular, we studied temperature- and
electric field-dependent current−density variations in reference
to models such as the PF emission mechanism and the space-
charge-limited current (SCLC) model modified with a PF-type
mobility.20−22

■ RESULTS AND DISCUSSION
Figure 1 shows the comparison of the variations in current
density (J) and luminance (L) with respect to the bias voltage

(V) between two QLED devices having either a NiO or a
PEDOT:PSS HIL, the thickness of which is 20 nm. Both the
current−density and luminance variations are large in high-bias
ranges, whereas those in low-bias ranges are small. One
distinctive feature is the difference between the J−V and L−V
curves. The L−V curves show almost identical turn-on
threshold of ∼3 V and similar luminance levels at above-
threshold voltages up to 12 V for both types of devices.
However, the J−V curves show that the current of the
PEDOT:PSS device is about an order of magnitude larger than
that of the NiO device in the same bias voltage range. The
luminance of the NiO device is as large as 1850 cd/m2 at the
bias voltage of 16.5 V.
Figure 2 shows typical EL spectra measured at 10 V, the

luminance of which are 765 and 780 cd/m2 for the NiO and
PEDOT:PSS devices, respectively. We note that there is no
apparent features corresponding to Alq3 emission in the
normalized EL spectra of both devices. Compared to a PL
peak in the inset, the PEDOT:PSS device’s EL peak is red-
shifted by 20 nm and broader by 4 nm in fwhm (full width at
half-maximum). However, the EL peak of the NiO device at
549 nm, the fwhm of which is 37 nm, is narrower than the PL
peak by 5 nm and red-shifted only by 12 nm. Such a narrow
green EL peak results in good color purity with the CIE color
coordinates of (0.17, 0.74). Moreover, sharp EL spectra without
any Alq3-emission contamination indicates that electron-hole
recombination in CdSe/ZnS−QD layers is responsible for the
measured luminance for both types of devices.
Similar luminance at lower current density results in higher

device efficiency for the NiO device as shown in Figure 3. The
luminous efficiency of the NiO device that is as large as 2.43−
2.28 cd/A in the luminance range of 170−1000 cd/m2 is 6−8
times larger than that of the PEDOT:PSS device. Similarly, the
power efficiency of ∼0.4 lm/W of the NiO device at the

luminance of hundreds of cd/m2 is 5−6 times larger than that
of the PEDOT:PSS device. The maximum QE of 0.86% of the
NiO device is about 3.4 times larger than that of the
PEDOT:PSS device as well (data not shown). Moreover,
NiO-device’s QE exceeds 0.5% up to current−density of 120
mA/cm2 and is significantly larger than those of other recently
reported QLEDs that used NiO as a p-type charge transport
layer.4,11,23

We attribute the higher efficiency of the NiO device to the
suppression of excessive hole currents. The energy-level
diagram in the inset of Figure 1 indicates that both types of
QLEDs are hole-dominant devices as previously reported.19,23

Hole currents start to flow first at low bias voltages and remain
as a dominant component throughout the operation to a high
bias voltage range. On the contrary, noticeable injection of
electrons coincides with the luminance turn-on, and moreover,
similar luminance values indicate that electron currents in these
two devices are similar at above-threshold voltages.
To elucidate the origin of hole-current suppression in the

NiO device, we examined temperature-dependent variations of
currents with respect to bias voltages. Figure 4 shows a series of

Figure 1. Variations of current density and luminance with respect to
bias voltage at room temperature. Inset is an energy-level diagram for
QLEDs with a NiO hole-injection layer, showing electron affinity,
ionization energy, and/or work function of each layer. In the case of
control devices, a NiO layer is substituted with a PEDOT:PSS layer.

Figure 2. Normalized EL spectra of the QLEDs with either a NiO or a
PEDOT:PSS hole-injection layer. The position and fwhm of NiO-
device’s EL peak are 549 and 37 nm, whereas those for the
PEDOT:PSS device are 555 and 46 nm. The inset shows the PL
spectra of CdSe/ZnS−QD and Alq3 films. The peak position and
fwhm of CdSe/ZnS QDs are 537 and 42 nm, respectively.

Figure 3. Comparison of luminous and power efficiencies between the
QLEDs with a NiO or a PEDOT:PSS HIL. Both efficiencies were
estimated from the J−V curves in Figure 1.
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J−V curves of the NiO device measured at temperatures of 268,
228, 198, and 168 K. The log−log J−V plots show two
distinctive regions corresponding to different temperature
dependence. Above the threshold bias of ∼3 V for luminance
turn-on, all the J−V curves in log−log scale show a similar
slope. However, there is a significant slope variation below the
threshold bias, from 1.7 to 5.2 (log A)·(log V)−1 corresponding
to the temperature decrease from 268 to 168 K. Such large
temperature dependence indicates that a thermal activation
process must be responsible for the hole-only currents below
the threshold bias.
A systematic study has shown that the PF emission

mechanism that refers to electric-field-enhanced thermal
emission of charge carriers from Coulombic traps into a bulk
band10,20,21 is appropriate to account for the variations of hole-
only currents in subthreshold bias voltage range. According to
the PF emission mechanism, the current density that depends
on both temperature and electric field is given as

φ πε ε
=

− −⎡
⎣
⎢⎢

⎤
⎦
⎥⎥J CE

q qE

kT
exp

( / )
NiO

t
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NiO NiO0
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where ENiO is the electric field in the NiO layer, q is the electron
charge, ϕt

NiO is the barrier height for charge-carrier emission
from the trap states, εNiO is the relative dielectric permittivity of
a NiO layer, ε0 is the permittivity of free space, T is absolute
temperature, and k is Boltzmann’s constant. Within a rigid-band
model, ENiO is proportional to the corrected bias voltage (V −
Vbi) that takes into account a built-in potential Vbi, the value of
which is estimated to be 0.5 V from the difference between the
work functions of the ITO anode (4.8 eV) and the Al cathode
(4.3 eV).24,25 Integration of the electric field inside the NiO
device that consists of four layers having thickness di and
relative dielectric permittivity εi (i = NiO, Poly-TPD, QD, or
Alq3) must be equivalent to the corrected bias voltage under
appropriate boundary conditions. For example, if there are no
interfacial charges, ENiO is directly related to the corrected bias
voltage as V − Vbi = ΣdiEi = (Σdi/εi)εNiOENiO, and we can define
ENiO in the low bias voltage range as ENiO = (V − Vbi)/(εef fd) in
terms of effective dielectric permittivity εef f and inter-electrode
gap d (=Σdi).
The data corresponding to the subthreshold bias voltage

range in Figure 4 are re-plotted in Figure 5 to show the current
density divided by the corrected bias voltage in a log scale as a

function of the corrected bias voltage in accordance with a
rearrangement of eq 1:

− = − +J V V m T V V b Tln[ /( )] ( ) ( )bi bi (2)

where temperature-dependent slope m(T) and intercept b(T)
are
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A linear variation of ln[J/(V − Vbi)] with respect to (V −
Vbi)

1/2 indicates that the PF emission mechanism is indeed
responsible for the hole-only currents.
The values of m(T) and b(T) corresponding to best-fit lines

in Figure 5 are determined from linear regression analyses and
plotted in Figure 6. Both m(T) and b(T) are inversely
proportional to T as expected from eqs 3 and 4. The values of

Figure 4. Variations of current density with respect to bias voltage of
the NiO device at different temperatures. The inset shows an AFM
image of a NiO film on an ITO substrate.

Figure 5. Poole−Frenkel emission plots, ln J/(V − Vbi) versus (V −
Vbi)

1/2, of the current variations with respect to bias voltage at different
temperatures. These plots correspond to the J−V curves of the NiO
device (see Figure 4) in a low bias voltage range below the threshold
for luminance turn-on.

Figure 6. Variations of the temperature-dependent coefficients m(T)
and b(T), the values of which were extracted from the best-fit lines in
Figure 5, with respect to 1/T.
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εNiO and ϕt
NiO are determined from a detailed analysis of 1/T-

dependent variations of m(T) and b(T). If we assume that the
relative dielectric permittivity is 3.5 for both organic layers
(Poly-TPD and Alq3)

26−28 and 8 for a QD layer,29,30 then that
of a NiO layer is deduced as 3.0 ± 0.1. Concomitantly, the
value of ϕt

NiO is determined as 0.27 ± 0.01 eV. The relative
dielectric permittivity of 3.0 ± 0.1 is consistent with that of
sol−gel NiO films in a previous report.31 The emission barrier
height of 0.27 ± 0.01 eV is larger than the previously reported
value of 0.2 eV for MOCVD-grown epitaxial NiO films on
AlGaN/GaN heterostructures.10 We attribute the discrepancy
in emission barrier heights to the difference in crystal quality
and morphology between NiO films. As a typical atomic force
microscopy (AFM) image in the inset of Figure 2 shows, sol−
gel NiO films had a granular morphology in contrast to
epitaxial MOCVD films. Nevertheless, a root-mean-square
(RMS) roughness estimated from the AFM image is only 0.63
nm, and therefore, devices with a neat and compact QD EML
can be fabricated with a sol−gel NiO HIL.
Beyond the threshold voltage for luminance turn-on, both

hole and electron flows contribute to the measured currents.
Hence, it is not straightforward to quantitatively elucidate
current variations with respect to applied bias voltages without
a rigorous full-scale simulation. However, the current−density
variations show a distinctive dependence on the corrected bias
voltage, which is given as22

α β= − −J T V V T V V( )( ) exp[0.89 ( ) ]bi bi
2

(5)

where α(T) is an overall proportional coefficient and β(T) is a
coefficient that determines the electric field dependence of the
mobility. We note that eq 5 resembles a SCLC model modified
with a PF-type mobility that depends on temperature and
electric field.22 Such a mobility is consistent with charge
transport by hopping between adjacent localized states induced
by disorder.32

Plots of 1n[J/(V − Vbi)
2] with respect to (V − Vbi)

1/2 in
Figure 7 show a linear variation in accordance with eq 5. It is

interesting to note that α and β, the values of which correspond
to the best-fit lines determined from linear regression analyses,
have contradistinctive temperature dependence. As functions of
1/T, α decreases exponentially, and β increases linearly. Both
the Arrhenius-like behavior of α and the linear 1/T-dependence
of β are consistent with the PF-type mobility that represents
thermally-activated hopping transport of charge carriers.33

Among many factors lumped into α(T), only a zero-field
mobility has the Arrhenius-like behavior with an energy barrier
for hopping. Therefore, the magnitude of hopping barrier Δ
can be deduced by fitting α(T) to the functional form of α0
exp(−Δ/kT) with a constant α0. The activation energy
corresponding to the Arrhenius plot in the inset of Figure 7
is 0.11 ± 0.01 eV.

■ CONCLUSION

We have demonstrated that the charge transport in the QLED
device based on colloidal CdSe/ZnS QDs and having a NiO
HIL can be elucidated by taking into account localized trap
states which are bound to occur in sol−gel NiO films with a
granular morphology. In particular, the PF emission mechanism
referring to electric-field-enhanced thermal emission of charge
carriers from Coulombic traps and the SCLC model modified
with the PF-type mobility to account for the charge transport
by hopping between adjacent localized states rule the current−
density variations with respect to (V − Vbi)

1/2 in bias voltage
ranges below and above the luminance turn-on threshold,
respectively. The suppression of excessive hole currents in the
NiO device, which led to a substantial luminous-efficiency
increase compared to the PEDOT:PSS device, was the most
important contribution of the sol−gel NiO HIL. Other
measures of efficiency were improved as well, and additionally,
light emission with high color purity occurred from the NiO
device. The use of sol−gel NiO films is important because it
can be a good platform for easy implementation of photonic
structures by using techniques such as contact printing.

■ EXPERIMENTAL SECTION
QLED devices having a multilayer structure of ITO/NiO/Poly-TPD/
QD/Alq3/LiF/Al were fabricated and characterized. An ITO layer
having 22 Ω/sq. sheet resistance is a transparent conducting anode, a
20 nm NiO layer is a HIL, a 20 nm poly-TPD layer is a HTL, a 20 nm
QD layer is an EML, a 40 nm Alq3 layer is an electron transport layer
(ETL), and a combination of LiF/Al is a cathode. For comparison,
control devices were fabricated by replacing the NiO HIL with a
PEDOT:PSS layer.

Device fabrication, the details of which were previously reported,23

is only briefly described here. First, a piece of ITO glass was
thoroughly cleaned, and the ITO layer was patterned into an anode.
Second, a patterned ITO anode was plasma treatment prior to spin-
coating a precursor for a sol−gel NiO layer, which was a
diethanolamine-added solution of nickel acetate tetrahydrate in
methanol. Third, we carried out thermal annealing in a tube furnace
at 425 °C for 10 min to transform the precursor coating into a dense
film of polycrystalline NiO.5 Next, a poly-TPD HTL was spin-coated
from a chlorobenzene solution, and a QD EML was spin-coated from a
solution of colloidal CdSe/ZnS QDs in toluene. Both a poly-TPD
HTL and a QD EML were spin-coated in a glovebox. Finally, an Alq3
ETL and a LiF/Al cathode were deposited by thermal evaporation at
the vacuum of 3 × 10−6 Torr. The growth rates for Alq3 and Al were 1
Å/s and that for LiF was 0.1 Å/s. The area of a square pixel defined by
the anode−cathode overlap was 3 × 3 mm2. All fabricated devices were
hermetically sealed by glass encapsulation with enclosed getter.

A Keithley 236 source-measurement unit was used to measure
currents with respect to bias voltages, and a Minolta CS-100A was

Figure 7. In accordance with the SCLC model modified with a PF-
type mobility, the J−V curves of the NiO device (see Figure 3) in a
high bias voltage range above the threshold for luminance turn-on are
redrawn in the form of ln J/(V − Vbi) versus (V − Vbi)

1/2 at different
temperatures. Inset shows the Arrhenius plot of deduced α(T) values
together with a best-fit line.
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used for concomitant luminance measurement. Electroluminescence
(EL) and photoluminescence (PL) spectra were measured by using a
Darsa Pro-5000 System and an F-7000 spectrofluorometer,
respectively. The conduction mechanism of NiO layers in a QLED
device was investigated by comparing the temperature dependence of
J−V characteristics measured in high vacuum (∼10−7 Torr) at
temperatures of 168, 198, 228, and 268 K.
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