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High-luminance, efficient quantum-dot light-emitting diodes (QLEDs) have been achieved by
optimizing the balance between the hole injection layer (HIL) and the hole transport layer (HTL).
Different concentrations of vanadium oxide (V20Os5) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-
(4-sec-butylphenyl)diphenylamine)] (TFB) solutions were used to form the efficient HIL and HTL,
respectively, for the QLEDs. The hole injection and transport behavior was characterized by using
hole-only devices (HODs). The QLEDs, which were prepared with 0.5 wt.% of V2Os and 0.1 wt.%
of TFB as HIL and HTL, respectively, showed a maximum current efficiency of 2.27 cd-A~! and a
maximum luminance of 71,260 cd-m~2. Moreover, the turn-on voltage of the device was as low as
2.2 V due to the efficient carrier injection and transport. The results provide useful information for

fabricating high-performance QLEDs.
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I. INTRODUCTION

Quantum dots (QDs) have been used in various opto-
electronics, such as light-emitting diodes (LEDs), pho-
todetectors, and solar cells, because of their superior
electrical and optical characteristics [1-4]. Due to the
quantum confinement effect, the optoelectrical proper-
ties of QDs can be controlled by varying their size, shape,
and composition [5]. In particular, the emission wave-
length of QD-based LEDs can be easily controlled with
excellent color purity [6]. Generally, the full width at half
maximum of the QDs is as narrow as <40 nm [7]. There-
fore, QDs are widely used in displays, and quantum-dot
light-emitting diodes (QLEDs) have been considered for
next-generation displays [8,9].

Transition-metal oxides (TMOs) are inorganic ma-
terials that can be used in the hole injection layer
(HIL) in QLEDs due to their high stability to oxy-
gen, hydrogen, and heat [10, 11]. Among TMOs,
vanadium oxide (V20s5) is a good candidate QLED
HIL because it is processable in a low-temperature
solution process [12]. Poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4’-(4-sec-butylphenyl)diphenylamine)] (TFB)
is widely used as a hole transport layer (HTL)
in QLEDs [13]. It is known to have a higher
hole mobility than other HTL materials, such as
poly(9-vinylcarbazole) (PVK) and poly[bis(4-phenyl)(4-
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butylphenyl)amine| (poly-TPD) [14,15]. Meanwhile, the
balance between hole and electron injection is a key fac-
tor affecting the device performance [16-18]. When the
charge balance is inefficient, QDs are negatively charged,
and a quenching effect of fluorescence occurs through a
nonradiative Auger recombination process [19]. The key
to improving the charge balance is inhibiting electron in-
jection while enhancing hole injection into the device [20,
21]. One method is to insert an additional layer into the
QLEDs to modify the balance of charge injection and
transport [22]. Another way for improving the charge
balance is composing a multilayer HIL to decrease the
hole injection barrier [23]. Therefore, although V2Os5
and TFB are a good combination when used as the HIL
and HTL, respectively, a detailed study should be car-
ried out to optimize the two layers such that efficient
QLEDs based on a V505 HIL and a TFB HTL can be
fabricated.

In this study, we changed the concentrations of the
V505 and the TFB solutions to improve the hole injec-
tion and the transport behavior. Various mixtures of
the vanadium precursor and isopropyl alcohol were pre-
pared, and the TFB precursor was mixed into p-xylene
at various concentrations. Hole-only devices (HODs) and
electron-only devices (EODs) were fabricated to charac-
terize the carrier injection and the transport behavior.
The QLEDs, which were prepared with 0.5 wt.% of V5O5
and 0.1 wt.% of TFB as the HIL and the HTL, respec-
tively, exhibited a maximum current efficiency of 2.27
cd-A~! and a maximum luminance of 71,260 cd-m~2.

(©2019 The Korean Physical Society
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Fig. 1. (Color online) Energy level diagram for the (a)
HODs and (b) EODs. J-V characteristics of the EODs
(ITO/ZnO/QDs/ZnO/Al) and HODs (ITO/V:05/TFB/
QDs/TFB/Al) (c) with different TFB solutions and (d) with
different V2Os5 solutions.

Moreover, the turn-on voltage of the device was as low
as 2.2 V due to the efficient carrier injection and trans-
port. The reported results provide useful information for
fabricating high-performance QLEDs.

II. EXPERIMENTS

Vanadium (V) triisopropoxide oxide (96%) liquid was
purchased from Alfa Aesar (USA), and TFB was pur-
chased from Lumtec (Taiwan). CdSe/ZnS QDs were ob-
tained from UNTAM (Korea) while zinc oxide (ZnO) was
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purchased from Avantama (Switzerland). Isopropyl al-
cohol and p-xylene were purchased from Daejung (Ko-
rea) and Sigma-Aldrich (USA), respectively. The HTL
solution was prepared by mixing the TFB precursor in a
p-xylene (0.861g ml~!) solution at different ratios, that
is, 0.5:1, 1:1, 3:1, and 5:1, by weight. The HIL solu-
tion was prepared by mixing the vanadium precursor in
an isopropyl alcohol solution in 0.5:1, 1:1, 1.5:1, and 2:1
ratios by weight. Both were stirred for 30 min under
ambient conditions.

To fabricate the QLEDs, we cleaned a patterned
indium-tin-oxide (ITO) glass substrate with acetone, iso-
propyl alcohol, and deionized water (DI water) in se-
quence in a sonicator. After sonication, the substrate was
treated with ultraviolet ozone to increase its hydrophilic-
ity and the work function of the ITO surface. The V2035
solution was then spin-coated onto the ITO surface at
3,000 rpm for 30 s, followed by an annealing process at
25 °C for 15 min. The TFB solution was spin-coated
onto the Vo053 layer at 3000 rpm for 30 s, followed by
annealing at 180 °C for 30 min. The colloidal CdSe/ZnS
QDs were spin-coated onto the surface of the TFB and
annealed at 180 °C for 30 min. The entire procedure
was carried out under ambient conditions. Finally, an
aluminum cathode was deposited on the device by using
a shadow mask and thermal evaporator. The current
density - voltage (J-V) characteristics of the EODs and
the HODs and the electroluminescence (EL) character-
istics of the QLEDs were measured using a conventional
current-voltage-luminance (I-V-L) measurement system
(M6100, McScience, Korea) under ambient conditions.

III. RESULTS AND DISCUSSION

HODs were fabricated to characterize the hole trans-
port behavior in the HIL and the HTL based on differ-
ent concentrations of the VoO5 and the TFB solutions.
EODs were also fabricated to compare the electron trans-
port behaviors. The electronic structures of the HODs
and the EODs were ITO/V,05/TFB/QDs/TFB/Al and
ITO/ZnO/QDs/ZnO/Al, as shown in Figs. 1(a) and
1(b), respectively. Values of the energy levels of ITO,
V205, TFB, QDs, ZnO, and Al were taken from the
literature [12,24,25]. In Fig. 1(a), the lowest unoccu-
pied molecular orbital (LUMO) level of the TFB is suffi-
ciently high to block electrons injected from the cathode
through the QDs. Therefore, HODs can be used to char-
acterize the hole carrier transport through the device.
Likewise, the valence-band maximum level of ZnO is low
enough to block holes injected from the anode, as shown
in Fig. 1(b). Through the HODs and the EODs, we were
able to compare the hole current and the electron cur-
rent in VoO5/TFB and ZnO, respectively. Figure 1(c)
shows the J-V characteristics of HODs based on different
TFB concentrations for a fixed concentration of V,Os5
(1.0 wt.%). The J-V characteristics of EODs (Fig. 1(b))
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Fig. 2. (Color online) (a) Energy level diagram for the var-
ious layers of the QLED. (b) Luminance-voltage (L-V) curves
of the QLED devices for four specific cases.

0 1

are shown in Fig. 1(c). The current density of the ZnO
EOD is more than two orders of magnitude higher than
that of the TFB-controlled HOD, which can be explained
by considering that the electron mobility of ZnO is higher
than that of TFB and that the barrier height between the
Al cathode, ZnO, and the QDs is small [26]. As shown in
Fig. 1(c), the current density increased as the concentra-
tion of TFB decreased, and 1.0 wt.% of TFB showed the
highest current density when compared with the other
HOD conditions. However, for the HOD with 0.5 wt.%
of TFB, the current density was decreased due to the
reduced thickness of the TFB layer. Figure 1(d) shows
the J-V characteristics of the HODs based on different
concentrations of VoOs5 for a fixed TFB concentration of
1.0wt.%. The HOD with 0.5 wt.% of V5Oj exhibited the
highest value among the four conditions. Therefore, the
most efficient hole injection and transport occurred when
0.5 wt.% of V205 was used as the HIL and 1.0 wt.% of
TFB was used as the HTL.

We fabricated QLED devices with various TFB and
V505 concentrations to confirm the effects of the con-
centrations of the TFB and the V505 solutions. The
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Fig. 3. (Color online) (a) J-V characteristics and (b) cur-
rent efficiency-luminance characteristics of the QLED devices
for four specific cases.

electronic structure of the prepared QLEDs is shown in
Fig. 2(a). Gap states are present between the highest
occupied molecular orbital (HOMO) and the LUMO of
V3205, which originate from oxygen vacancies [27]. The
dependence of the luminance on the applied voltage is
presented in Fig. 2(b) for various TFB and V205 concen-
trations. QLEDs with 0.5 wt.% of V505 and 1.0 wt.%
of TFB showed the highest luminance value of 71,260
cd-m~2, as expected based on the HOD and the EOD
study (Fig. 1). Devices with V205 1.0 wt.% - TFB 1.0
wt.%, V205 2.0 wt.% - TFB 1.0 wt.%, and V505 1.0
wt.% - TFB 5.0 wt.% showed 48,570; 39,400; and 8,680
cd-m~2, respectively.

The concentrations of the VoOs5 and the TFB solu-
tion corresponding to the best device performance based
on the J-V characteristics of the prepared QLEDs were
different from those based on the HOD characterization.
The QLED fabricated with 0.5 wt.% of V505 and 1.0
wt.% of TFB showed the lowest current density, as shown
in Fig. 3(a). However, the current density of HODs with
0.5 wt.% of V505 and 1.0 wt.% of TFB exhibited the
highest value as compared with the other HODs made
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Table 1. Summary of the electrical characteristics of the
QLED devices fabricated by using different concentrations of
TFB and VQ 05.

V205 TFB Viurn—on  Lmas CE
concentration concentration V] [cdm™2] [cd-A™!]
1.0 wt% 0.5 wt% 2.2 43,020 1.34
1.0 wt% 1.0 wt% 2.4 48,570 1.52
1.0 wt% 3.0 wt% 2.4 15,330 0.55
1.0 wt% 5.0 wt% 2.6 8,680 0.26
0.5 wt% 1.0 wt% 2.2 71,260 2.27
1.0 wt% 1.0 wt% 2.4 43,350 1.53
1.5 wt% 1.0 wt% 2.4 40,290 1.17
2.0 wt% 1.0 wt% 2.4 39,400 1.08

with different concentrations of VoO5 and TFB. This re-
sult implies that when the concentration is moderately
low, the thickness of the layer is reduced, meaning that
the hole injection increases and balances the electron in-
jection from the opposite side. Under this condition, the
recombination rate increases, therefore, the current den-
sity is reduced in the QLEDs. Due to the increase in
the recombination rate, a maximum luminance was ob-
served in QLEDs with 0.5 wt.% of V505 and 1.0 wt.%
of TFB, as shown in Fig. 2(b). Moreover, the highest
current efficiency was observed in the same QLEDs due
to the reduced current density and increased luminance,
as shown in Fig. 3(b). The highest current efficiency was
2.27 cd-A~!. For comparison, the turn-on voltage, max-
imum luminance, and maximum current efficiency of the
QLEDs made under various conditions are summarized
in Table 1. The maximum luminance and current ef-
ficiency of the QLEDs with 1.0 wt.% of V205 and 5.0
wt.% of TFB were only 8,680 cd-m~?2 and 0.26 cd-A~!,
respectively. Therefore, the luminance and the current
efficiency of the QLEDs were improved when using ap-
propriate concentrations of VoO5 and TFB solutions.
The EL spectra of the QLEDs made under different
conditions are shown in Fig. 4(a). The working voltage
was fixed to 7.2 V. The inset shows the QLED with 0.5
wt.% of V505 and 1.0 wt.% of TFB in the turn-on state.
The EL spectra were consistent with the behaviors pre-
sented in Figs. 2 and 3. The peak of the EL spectrum
from the QLED made with 0.5 wt.% of V205 and 1.0
wt.% of TFB was measured to be nine times larger than
that of the QLED made with 1.0 wt.% of V205 and 5.0
wt.% of TFB. The QLED with 0.5 wt.% of V505 and 1.0
wt.% of TFB featured an emission peak at 525 nm, and
the full width at half maximum was 36 nm at 7.2 V. To
characterize the green-light emitted from the QLEDs, we
plotted the location of each QLED emission on a Com-
mission Internationale de I’Eclairage (CIE) 1931 color
space chromaticity diagram, as shown in Fig. 4(b). The
CIE coordinate of the QLEDs is (0.17, 0.73), which re-
sides outside the sRGB color gamut. This value has a
high color reproducibility for green when compared with
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Fig. 4. (Color online) (a) EL spectra of the devices at a
driving voltage of 7.2 V. The inset shows the luminance photo
of the QLED device (0.5 wt.% V205 and 1.0 wt.% TFB). (b)
The CIE 1931 coordinate corresponding to the EL spectra of
the QLED devices in (a).

that of sSRGB [28]. The color coordinates of QLEDs made
under other conditions were insignificantly different, in-
dicating that the color coordinates barely changed for
different concentrations of the VoO5 and the TFB solu-
tions.

IV. CONCLUSION

The purpose of this study was to find the optimized
concentrations of VoOgs for the HIL and TFB for the
HTL solutions to increase the hole injection and the
luminance of QLEDs. The QLED prepared with 0.5
wt.% of Vo035 and 0.1 wt.% of TFB as the HIL and the
HTL, respectively, exhibited a maximum current den-
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sity of 2.27 cd-A~! and a maximum luminance of 71,260
cd-m™2. At specific concentrations 0.5 wt.% of V5O
and 0.1 wt.% of TFB solutions, the charge balance was
improved. Therefore, the hole injection was increased
as the recombination of holes and electrons increased.
These results should provide useful information for fab-

ricating high-performance QLEDs.
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