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nic structure between a W-doped
In2O3 transparent electrode and a V2O5 hole
injection layer for inorganic quantum-dot light-
emitting diodes

Su Been Heo,a Jong Hun Yu,a Minju Kim,b Yeonjin Yi,b Ji-Eun Lee,c Han-Ki Kim c

and Seong Jun Kang *a

The interfacial electronic structure between a W-doped In2O3 (IWO) transparent electrode and a V2O5 hole

injection layer (HIL) has been investigated using ultraviolet photoelectron spectroscopy for high-

performance and inorganic quantum-dot light-emitting diodes (QLEDs). Based on the interfacial

electronic structure measurements, we found gap states in a V2O5 HIL at 1.0 eV below the Fermi level.

Holes can be efficiently injected from the IWO electrode into poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-

(4,40-(4-sec-butylphenyl)diphenylamine)] (TFB) through the gap states of V2O5, which was confirmed by

the hole injection characteristics of a hole-only device. Therefore, conventional normal-structured

QLEDs were fabricated on a glass substrate with the IWO transparent electrode and V2O5 HIL. The

maximum luminance of the device was measured as 9443.5 cd m�2. Our result suggests that the IWO

electrode and V2O5 HIL are a good combination for developing high-performance and inorganic QLEDs.
Introduction

Light-emitting diodes based on electroluminescence from
quantum-dots are one of the most promising devices as next-
generation displays due to the narrow emission spectrum
characteristics and the high luminous efficiency.1–3 Quantum-
dot light-emitting diodes (QLEDs) can be fabricated using
a low-cost solution process that enables a large-scale exible
display.4 Moreover, the band gap of quantum-dots (QDs) is
controllable by changing the dimensions of QDs due to the
quantum connement effect.5 Therefore, full-color QLEDs and
white QLEDs have been successfully demonstrated.6–8

Conventional indium-tin-oxide (ITO) lm is the most
commonly used transparent electrode for light-emitting diodes
and photovoltaics.9,10 Sputtered ITO lms have a low sheet
resistance and high carrier mobility with a high carrier
concentration.11 Although a high process temperature (300 �C)
is required to form an ITO lm with a high conductivity, ITO is
a typical transparent electrode to fabricate QLEDs.12 Generally,
ITO is used as a transparent electrode and poly (3,4-ethyl-
enedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) is
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used as a hole injection layer (HIL) for the QLEDs.13 However,
the hygroscopic and acidic nature of PEDOT:PSS can damage
the surface of the ITO, and degrade device performance
parameters such as the electroluminescence (EL) and life-time
of the device.14 Therefore, ITO and PEDOT:PSS is not a good
combination for stable and high-performance QLEDs. Recently,
several attempts to replace ITO in optoelectronics were made.
The candidates to replace ITO are Al-doped ZnO, Ti-doped
In2O3, and W-doped In2O3 (IWO) due to the desirable proper-
ties of high mobility, low sheet resistance, and high trans-
mittance.15–17 Among the alternatives to ITO, IWO is considered
as a suitable transparent electrode for the QLEDs. Tungsten (W)
dopants in the In2O3 can generate an abundance of electron
carriers due to the W6+ substitutions in the In3+ sites.18 As
a result, the IWO requires less dopant than ITO, which can
improve the impurity scattering effect. Therefore, IWO lms can
have a higher carrier concentration and higher mobility than
ITO lms. Moreover, the fabrication temperature for the highly
transparent and conductive IWO lm is lower than that of the
ITO lm.19

Meanwhile, there are many reports to suggest an alternative
to PEDOT:PSS in QLEDs. Transition metal oxides (TMOs) are
proposed as an HIL for the device because TMOs do not have
acidic and hygroscopic properties. TMOs lms may be formed
using a solution coating process as well as the vacuum sput-
tering process. Vanadium oxide (V2O5), molybdenum oxide
(MoO3), nickel oxide (NiO), and copper oxide (CuO) have been
used as a HIL in QLEDs.20–23 QLEDs with TMOs as the HIL
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (Color online) (a) measured UPS spectra of the IWO, IWO/TFB,
IWO/V2O5, and IWO/V2O5/TFB at the SEC and HOMO region. Inter-
facial energy level diagram of (b) IWO/TFB and (c) IWO/V2O5/TFB.
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exhibited superior characteristics including stability upon
exposure to oxygen, hydrogen, and heat.24 Also, the adhesion
force of V2O5 is strong enough to form a stable thin lm on
a substrate.25 Therefore, the IWO transparent electrode and
V2O5 HIL could be a suitable combination for developing the
high-performance and inorganic QLEDs.

In this study, we fabricated inorganic QLEDs with the IWO
transparent electrode and V2O5 HIL. The hole injection mech-
anism from the IWO electrode into the V2O5 HIL was investi-
gated using ultraviolet photoelectron spectroscopy (UPS), and
we found gap states inside the band gap of V2O5. The gap states
can provide a hole carrier injection pathway through the wide
band gap of the V2O5 HIL. The hole injection characteristics
between the IWO and V2O5 was investigated by characterizing
a hole-only device (HOD), and efficient hole injection was
observed. Conventional normal-structured QLEDs were fabri-
cated successfully on a glass substrate with the IWO transparent
electrode and V2O5 HIL. Our result suggests that the IWO
transparent electrode and V2O5 HIL could be a good combina-
tion for the production of high-performance and inorganic
QLEDs.

Experiments

We fabricated conventional-structured QLED devices on IWO
electrodes with inorganic V2O5 HILs. A 100 nm thick layer of
IWO lms were deposited on a glass substrate using a plot-scale
ion plating system with IWO tablets (99 at% In2O3 – 1 at%W) at
room temperature.26 During deposition of the IWO lm, the
working pressure, DC power and Ar/O2 ow rate were constantly
maintained at 3 mTorr, 3000 W and 300/90 sccm, respectively.18

The V2O5 solution was prepared using vanadium oxi-
triisopropoxide (Alfa Aesar, 96%) and isopropyl alcohol at
a volume ratio of 1 : 70.20 The V2O5 HIL was spin-coated on the
IWO surface at 3000 rpm for 30 s, followed by annealing at
150 �C for 30 min. Then poly[(9,9-dioctyluorenyl-2,7-diyl)-co-
(4,40-(4-sec-butylphenyl)diphenylamine)] (TFB) was coated onto
the V2O5 surface as a hole transport layer (HTL). The emissive
layer of CdSe/ZnS QDs (Nanosquare, NSQDs-HOS) and the
electron transport layer of ZnO (Avantama, N-10) were spin-
coated onto the HTL. Finally, a 130 nm thick layer of
aluminum (Al) cathode was deposited onto the device using
a thermal evaporator with a shadow mask. The same procedure
was used to fabricate the HOD. Interfacial electronic structures
of the IWO, V2O5, and TFB were measured using UPS (SPECS,
PHOIBOS 150) with UV (He I) light sources. High-resolution
transmission electron microscopy (HRTEM, JEOL, JEM-2100F)
was used to investigate the cross-sectional structure of the
device. The current–voltage (I–V) characteristics of HODs and
current–voltage–luminance (I–V–L) characteristics of QLEDs
were measured using the conventional measurement system
(McScience, M6100).

Results and discussion

Fig. 1(a) shows the UPS spectra of IWO, IWO/TFB, IWO/V2O5,
and IWO/V2O5/TFB at the secondary cutoff (SEC) and highest
This journal is © The Royal Society of Chemistry 2019
occupied molecular orbital (HOMO) regions. All spectra were
normalized and were removed the Shirley-type background. The
work function of the IWO was 4.75 eV as shown in the SEC
region of the IWO spectrum. The HOMO level of TFB on IWO
was measured to be 1.75 eV from the Fermi energy level (EF) as
shown in the HOMO region of the spectra. The valence band
maximum (VBM) of V2O5 and the HOMO of TFB on V2O5 were
2.4 eV and 1.15 eV below the EF. Notably, density of state (DOS)
exists between the VBM and the EF in the V2O5 spectrum. The
DOS revealed the gap states of the V2O5 lm, which play a key
role to inject and transport hole carriers through the V2O5 lm.
The onset of the gap states was measured to be 1.0 eV below the
EF. The HOMO level of the TFB on V2O5 wasmeasured as 1.15 eV
from the EF. According to the different under layers of TFB, the
HOMO levels of TFB vary due to the specic interfacial elec-
tronic congurations. The interfacial energy level diagrams of
the IWO/TFB and IWO/V2O5/TFB were evaluated from the UPS
spectra, as shown in Fig. 1(b) and (c). The hole injection barrier
from the IWO into the TFB is 1.75 eV, as shown in Fig. 1(b). The
large hole injection barrier can be improved by inserting a thin
V2O5 layer between the IWO and TFB. The VBM of V2O5 was
located 2.4 eV below the EF, while the gap states exist at the
RSC Adv., 2019, 9, 11996–12000 | 11997
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Fig. 3 (Color online) (a) schematic of the QLEDs on the IWO trans-
parent electrode. (b) Energy level diagram, aligned to the EF, of the
QLEDs. The hole can be injected through the gap state of the V2O5 HIL.
(c) Cross-sectional HRTEM images of the QLEDs. The inset shows the
FFT pattern of the IWO.
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1.0 eV below the EF. Moreover, the HOMO level of the TFB on
V2O5 was 1.15 eV below the EF. The hole injection barrier from
the IWO into the V2O5 is 1.0 eV by considering the gap states,
and the hole injection barrier from V2O5 into TFB is 0.15 eV.
Therefore, we can expect that the hole injection barrier can be
reduced by inserting a thin layer of V2O5 between the IWO and
TFB.

The HOD has been fabricated to evaluate the hole injection
and transport process from the IWO into the TFB through the
V2O5 inserting layer. As shown in the inset of Fig. 2, the struc-
ture of the HOD is composed of IWO/V2O5/TFB/Al layers. In this
conguration, holes can easily ow from the IWO to Al elec-
trodes, while electrons have difficulty owing from Al to the
IWO electrodes due to the high electron injection barrier.
Therefore, the HOD is useful to evaluate the hole injection and
transport behavior. Fig. 2 shows the current density–voltage (J–
V) characteristics of the HOD. The slope of the J–V curve was
calculated as �1.5 at the low voltage region, which indicates
that the ohmic conduction (J f V) is dominant. The slope
changed to�2.2 when the voltage exceeded 3 V, which indicates
that the space charge limited conduction (SCLC, J f V2) is
dominant. Consistent with the interfacial energy level diagram
of Fig. 1(c), holes can efficiently inject from the IWO into TFB
through V2O5. Moreover, the measured hole mobility was 27.8
cm2 V�1 s�1, which is high enough for the HIL layer. Therefore,
the gap states of V2O5 play a key role in injecting hole carriers
into the device.

Fig. 3(a) shows the schematic of the QLEDs with the IWO
transparent electrode and V2O5 HIL. The IWO layer was sput-
tered on a glass substrate, and V2O5, TFB, QDs, and ZnO layers
were spin-coated on the IWO surface. Then Al was deposited
using a thermal evaporator with a shadowmask. Fig. 3(b) shows
the energy level diagram of the QLEDs. All energy levels were
aligned according to the EF. Holes can inject from the IWO into
QDs through the gap states of V2O5, and HOMO of the TFB.
Although there is a possibility of charge generation effect by
moving electrons from the HOMO of the TFB into the conduc-
tion band minimum (CBM) of V2O5, it hardly occurs due to the
high barrier from the HOMO of TFB to the CBM of V2O5 (1.8
eV).27 Fig. 3(c) shows the cross-sectional HRTEM images of the
QLEDs. Clearly, all IWO, V2O5, TFB, QDs, ZnO, and Al layers
were uniformly coated and well dened, as shown in the image.
Fig. 2 (Color online) voltage–current density characteristic of the
IWO/V2O5/TFB/Al HOD. The inset shows the schematic of the HOD.

11998 | RSC Adv., 2019, 9, 11996–12000
The inset shows the Fast Fourier Transform (FFT) of the IWO
lm, which clearly indicated the crystalline structure of the IWO
lm with the (222) preferred orientation even though it was
prepared at room temperature. Fig. 4(a) shows the normalized
electroluminescence (EL) spectrum of the QLEDs with the IWO
anode and V2O5 HIL. The emission peak of the spectrum was
located at 536 nm, and the full-width at half maximum was
measured as 30.5 nm. The inset shows a photographic image of
the turned-on QLEDs. Fig. 4(b) shows the luminance and
current density as a function of applied voltage. The maximum
luminance was measured as 9443.5 cd m�2 at the applied
voltage of 7.6 V. The turned-on voltage was 2.6 V. The maximum
luminance of QLEDs with ITO/PEDOT:PSS/TFB structure
showed the maximum luminance of 9710.6 cd m�2 and turn-on
voltage of 3.5 V. The current density of QLEDs expressed the
behavior of hole and electron current through the device.
Fig. 4(c) shows the current density vs. voltage in a log scale of
each axis. Under the voltage of 2.2 V, the slope of J–V was �1.5,
which indicates that the ohmic conduction was dominant. The
slope was changed to �4.2 at the applied voltages between 2.2
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (Color online) (a) EL characteristics of QLEDs on a glass/IWO
substrate. The inset shows the turned-on QLEDs. (b) Luminance and
current density vs. applied voltage curves. (c) J–V curve in a log-scale.
The inset shows the life-time characteristics of the QLEDs.
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and 4.6 V. In this range, the trap limited SCLC (Jf Vn, n > 2) was
dominant. Above the voltage of 4.6 V, the slope approached
�2.1, which shows the SCLC (Jf V2) behavior is dominant. The
inset shows the life-time characteristics of the QLEDs with IWO/
V2O5. The initial luminance was 1000 cd m�2, and the curves
were measured under ambient conditions at room temperature.
Consistent with the interfacial energy level diagram shown in
Fig. 1(c), the QLEDs with the IWO anode and V2O5 HIL worked
well due to the hole injection through the gap states of V2O5.
Conclusion

In conclusion, the hole injection mechanism from the IWO
electrode into the TFB through the V2O5 HIL was investigated in
detail using UPS. Complete interfacial energy level diagrams of
the IWO/TFB and IWO/V2O5/TFB were evaluated from the UPS
spectra. We found gap states inside the band gap of V2O5,
This journal is © The Royal Society of Chemistry 2019
located at 1.0 eV below the EF. These gap states can provide
a hole injection pathway, and the hole injection behavior was
conrmed by characterizing the HOD. Conventional-structured
QLEDs were successfully fabricated on a glass substrate with the
IWO transparent electrode and V2O5 HIL. The maximum
luminance of the device was measured as 9443.5 cd m�2. Our
result suggests that the IWO electrode and V2O5 HIL are a good
combination for developing high-performance and inorganic
QLEDs.
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