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Solution-processed nickel oxide nanoparticles
with NiOOH for hole injection layers of
high-efficiency organic light-emitting diodes†

Jeonggi Kim,a Hui Joon Park,b,c Costas P. Grigoropoulos,d Daeho Lee*e and
Jin Jang*a

Nickel oxide (NiOx) nanoparticles (NPs) were synthesized by a solution-based method and NP films were

used as hole injection layers (HILs) in organic light-emitting diodes (OLEDs). To evaluate the hole injection

functionality of the NiOx NP HIL, we compared the performance of OLEDs with three types of HILs: spin-

coated PEDOT:PSS, thermally evaporated HAT-CN, and spin-coated NiOx NP films. The considerably high

component ratio of NiOOH on the air-annealed NiOx NP film surface results in an enhanced hole injec-

tion functionality even without UV–ozone treatment. Consequently, the OLEDs using the NiOx NP HILs

show significantly higher performances than those of the OLEDs using PEDOT:PSS along with a more

than doubled lifetime. Moreover, the OLEDs using the NiOx NP layers show higher external quantum

efficiency (EQE), and current and power efficiency values than those of the OLEDs using HAT-CN at a

high luminance level. Most notably, the device shows considerably higher current and power efficiency

values than those of the recently reported state-of-the-art OLEDs using other types of metal–oxide or

metal-based HILs.

1. Introduction

Organic light-emitting diodes (OLEDs) have attracted signifi-
cant attention in industry and research because of the increas-
ing demand for flat panel displays for televisions,
smartphones, tablets, etc., and solid-state lighting applications
including flexible and transparent displays.1–4 Most high-
efficiency OLEDs, however, are based on vacuum processes,
which have several issues such as high equipment cost,
difficulty in processing large areas, and inefficient material
use. To address these issues, all or partly solution-processed
OLEDs have been studied extensively over the past few years to
develop OLEDs via a simple and cost-effective manufacturing
process on a large area.5–16 Although significant progress has
been accomplished, the device performances of the solution-

processed OLEDs are still inferior to those of the vacuum-
processed OLEDs. Here, we focus on developing a new
solution-processed hole injection layer (HIL) material. To
achieve high OLED efficiencies, addition of a HIL between an
anode and a hole transport layer (HTL) is necessary because
the energy barrier for hole injection from the indium-doped
tin oxide (ITO) anode to the HTL limits hole injection into the
device, which leads to performance degradation.17 Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is
one of the most commonly used hole injection materials for
solution-processed OLEDs because of its good hole injection
efficiency and high conductivity.18 Additionally, it can reduce
the surface roughness of the ITO and the energy barrier from
the ITO to the HTL.19–25 However, its acidity, inability to block
electrons, and tendency to absorb moisture are critical issues
that lead to the degradation of device performance and
stability.26–28 On the other hand, 1,4,5,8,9,11-hexaazatripheny-
lene-hexacarbonitrile (HAT-CN) is commonly employed as a
HIL to realize high-efficiency OLEDs. However, vacuum
deposition29–31 is preferred for better performance even
though solution-processed HAT-CN13 has been reported.

Recently, nickel oxide (NiO) has attracted a lot of interest as
a semiconducting electrode for supercapacitors,32 batteries,33

resistive switching memories,34 thermistors,35 and
sensors.36,37 Furthermore, non-stoichiometric NiO (NiOx) with
a large density of Ni2+ vacancies is known as one of the rare
p-type metal oxides with good hole selectivity and a deep
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valence band that aligns well with the highest occupied mole-
cular orbital (HOMO) levels of many p-type organic semi-
conductors, whereas near-stoichiometric NiO is a wide band
gap insulator with a room temperature conductivity of ∼10−12

S cm−1.38 Therefore, NiOx as a HIL and/or HTL in opto-
electronic devices is attracting increasing interest. So far, most
NiOx layers have been deposited using vacuum-based pro-
cesses such as thermal evaporation,39 sputtering,40 and
pulsed-laser deposition,41 which require expensive and compli-
cated equipment. Recently, several research studies on
solution-processed NiOx have been reported for solar cell
applications.42–47 For OLED application, sol–gel-derived NiOx

as a HIL has been reported, however, the sol–gel precursor
requires a long and high-temperature annealing process
(500 °C for 1 h) along with subsequent UV-ozone treatment for
enhanced performance.48

In this study, we report the development of NP-ink-based
NiOx HILs for high-efficiency OLEDs that can be deposited
simply by spin coating. Because the NiOx NP ink contains
ultra-small precrystallized NiOx NPs, the annealing tempera-
ture and time can be decreased significantly, and the resultant
thin films have a uniform surface. The results show that the
NiOx NP films can function as effective HILs even without UV-
ozone treatment. The OLEDs employing our NiOx NP HIL
show a maximum current efficiency of 73.44 ± 0.39 cd A−1 and
a power efficiency of 88.32 ± 0.30 lm W−1, which are signifi-
cantly higher than those of the control OLEDs using PEDOT:
PSS, and even higher than those of the control devices using
thermally evaporated HAT-CN.

2. Experimental
2.1 NiOx NP synthesis

NiOx NPs were synthesized modifying the procedure intro-
duced in the previous studies.49–51 Under ambient conditions,
257 mg of nickel(II) acetylacetonate (C10H14NiO4) was added to
15 mL of oleylamine (C18H37N) and kept at 110 °C for about
1 h to remove the dissolved oxygen and moisture. After cooling
the mixture to 90 °C, 0.339 mL of the borane–triethylamine
complex ((C2H5)3N·BH3) mixed with 2 mL of oleylamine, acting
as a reducing agent, was rapidly added to the solution. Then,
the resultant solution was maintained at 90 °C for 1 h with vig-
orous stirring. After cooling down the solution to room temp-
erature, 30 mL of ethanol (C2H6O) was added to the solution
followed by centrifugation at 3000–4000 rpm to collect the NPs
and wash out the organic residuals. The washing step was
repeated several times. After discarding the supernatant, the
precipitated NPs were dispersed in tetradecane (C14H30). The
NiOx NP dispersion was stable for more than 3 weeks in a
sealed vial stored in the shelf even though we did not test the
stability for longer periods.

2.2 OLED fabrication

OLEDs were fabricated on ITO-precoated glass substrates. The
sheet resistance of the substrate with a 170 nm thick ITO layer

was 9 Ω sq−1. The ITO substrate was cleaned by ultrasonication
in acetone, methanol, and isopropanol sequentially for 15 min
each. Then, it was treated with UV-ozone for 15 min to increase
its work function and to improve adhesion to HILs. We used
three different HILs on the ITO substrates: thermally evapor-
ated HAT-CN, solution-processed PEDOT:PSS, and NiOx NP
thin films. PEDOT:PSS was spin-coated on the ITO substrate
and was cured at 160 °C in a glove box filled with N2 to remove
the solvent. NiOx NP ink was spin-coated on the ITO, and then
annealed at 100–300 °C for various times in air or under an N2

environment. HAT-CN layers were deposited by thermal evap-
oration. The reference thickness of the HILs was fixed at
20 nm. Then, NPB as a HTL, TCTA as an exciton blocking layer
(EBL), TCTA:TPBi:Ir(ppy)3 (3 : 7 molar ratio and 12 wt%) as an
EML, TPBi as an electron transport layer (ETL), and LiF and Al
as cathodes were deposited consecutively by thermal evapor-
ation in a vacuum chamber. To investigate the thickness effect
of the NiOx HIL, various thicknesses of NiOx layers were pre-
pared by controlling the ink concentration and spin speed.

2.3 Device characterization

XRD data of the prepared films were obtained using a Rigaku
Ultima III high-resolution X-ray diffractometer. AFM and TEM
images were obtained using a PSIA XE 100 and a JEOL
JEM-2100F, respectively. The transmittance and absorbance
data of the NiOx NP film were obtained at room temperature
with a SCINCO S4100 spectrophotometer. A Konica Minolta
CS100A luminance meter and a Keithley 2635A source meter
were used to measure the J–V–L, and current and power
efficiencies, respectively. A CS1000A spectrometer coupled with
a Keithley 2635A source meter was used to measure the EL
spectrum and the EQE. The lifetime was measured using a
PolaronixTM M6000 OLED lifetime system in air.

3. Results and discussion

The as-synthesized NiOx NPs observed using transmission
electron microscopy (TEM) are 3–5 nm in diameter, as shown
in Fig. 1a. The high-resolution TEM (HRTEM) and selected
area electron diffraction (SAED) pattern displayed in the inset
of Fig. 1a and b, respectively, confirm that the NPs have a well-
defined cubic crystalline structure even without any post-treat-
ment. The NiOx NP thin film was prepared by spin coating the
NiOx NP ink. The atomic force microscopy (AFM) image of the
surface of the film prepared by spin coating the NiOx NP ink
on an ITO-precoated glass substrate is presented in Fig. 1c. It
confirms the formation of an ultra-smooth surface of the NiOx

NP thin film with a root mean square (RMS) roughness value
of 1.18 nm, which is attributed to the well-dispersed ink con-
taining evenly sized, very small NPs. The crystal structure of
the NiOx NP thin film, annealed in air at 270 °C for 10 min to
remove organic residuals was analyzed by X-ray diffraction
(XRD). The recorded XRD pattern displayed in Fig. 1d shows
sharp peaks at 2θ = 37.2°, 43.3°, 62.9°, 75.4°, and 79.4°, which
correspond to the (111), (200), (220), (311), and (222) crystal
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planes of the NiOx NP with a face-centered cubic (FCC) system,
respectively.52 It is worth noting that since the film is com-
posed of precrystallized NPs, the annealing temperature and
time required for a crystallized NiOx NP thin film can be sig-
nificantly decreased compared to those for the sol–gel-derived
NiOx film.45 It is also noted that increasing annealing time at
270 °C shows no additional effect on the properties of the
layer. The transmittance and absorbance spectra of the 20 nm
thick NiOx NP film which was spin-coated and annealed on bare
glass are shown in Fig. 1e. The transmittance is over 94% in the
visible region when bare glass is used as a reference. As the
thickness of the NiOx NP layer increases from 20 to 145 nm, the
transmittance at 550 nm wavelength decreases from 98.0% to
86.4% (Fig. S1†). The optical band gap of the NiOx NP thin
film, which can be obtained from the absorbance spectrum and
calculated using Tauc’s equation,53 is 3.36 eV.

To investigate the chemical and electronic states of the
elements in the NiOx NP film, we analyzed the surface compo-
sition of the film by X-ray photoelectron spectroscopy (XPS).
Because the properties of the metal oxide are influenced by
the annealing environment, an analysis of the NiOx film
annealed in N2 was also conducted for comparison. Fig. S2†
shows the XPS spectra of Ni 2p3/2 and O 1s obtained from the
NiOx NP films annealed in N2 or air at 270 °C for 10 min. As
depicted in Fig. S2a and b,† the Ni 2p3/2 spectrum of the N2-
annealed NiOx NP film indicates three distinct peaks at 854.28,
856.28, and 861.18 eV that correspond to Ni2+ in the standard
NiO, Ni2+ in the nickel hydroxide (Ni(OH)2), and a shake-up

peak, respectively, while the O 1s spectrum of the N2-annealed
film shows two distinct peaks at 529.68 and 531.38 eV that are
ascribed to NiO and Ni(OH)2, respectively.

54–56 The Ni(OH)2
peaks are attributed to defective NiO with hydroxyl groups
adsorbed on the surface.57,58 Fig. S2c and d† show the XPS
spectra of the air-annealed NiOx NP film. The three peaks
located at binding energies of 853.99, 855.48, and 860.98 eV in
the Ni 2p3/2 spectra correspond to Ni2+ in standard NiO, Ni2+

in Ni(OH)2, and a shake-up peak, respectively,54–57,59–62 which
are also found in the N2-annealed film. The two peaks at
529.38 and 531.08 eV in the O 1s spectrum confirm the pres-
ence of NiO and Ni(OH)2, respectively. Interestingly, new
species were found on the air-annealed NiOx NP film, which
can be confirmed by the additional peaks at 856.68 eV in the
Ni 2p3/2 spectrum and at 531.98 eV in the O 1s spectrum. The
peaks indicate the presence of Ni3+ in oxy-hydroxides
(NiOOH).59 The component ratios calculated from the XPS
peak intensities of NiOOH on the air-annealed NiOx NP film
are 23.05% and 21.18% for Ni 2p3/2 and O 1s, respectively. The
binding energies and the component ratios of the Ni 2p3/2 and
O 1s signals on the air-annealed NiOx NP film are summarized
in Table S1.† It should be noted that our air-annealed, UV-
ozone untreated NiOx NP film has a much higher component
ratio of NiOOH than those reported in the literature for the
sol–gel-derived NiOx film (15.3% for Ni 2p3/2, and 14.7% for
O 1s).48 Considering that the origin of the conductivity of NiOx

comes from Ni2+ vacancies accompanied by compensation of
the holes or Ni3+,48,64 the air-annealed NiOx is expected to have

Fig. 1 (a) TEM image of NiOx NPs. The inset shows the HRTEM of the 3–5 nm NiOx NPs. (b) SAED pattern of the NiOx NP. (c) AFM image of the NiOx

NP film. (d) XRD pattern of the NiOx NP film. The peaks at 2θ = 37.1°, 43.4°, 63.1° 75.4°, and 79.4° are attributed to the (111), (200), (220), (311), and
(222) crystal planes, respectively, of the NiOx NP with a FCC structure. (e) Optical transmittance (referenced to bare glass) and absorbance spectra of
the 20 nm thick NiOx NP film deposited on glass. The optical band gap of the NiOx NP, 3.36 eV, was calculated from the absorbance spectra.
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higher conductivity. Moreover, we can appropriately infer that
a higher dipolar NiOOH component ratio induces enhanced
hole injection from the NiOx NP layer to the HTL because the
dipolar NiOOH surface species on the film result in an
increase in the band gap energy level via a vacuum-level
shift.64 These hypotheses are verified by experimental data
which will be presented later.

To evaluate the hole injection functionality of the NiOx NP
layer, we fabricated OLEDs having a structure of ITO/NiOx/
N,N′-di(naphthalene-1-yl)-N,N′-diphenylbenzidine (NPB)/4,4′,4″-
tris(carbazol-9-yl)-triphenylamine (TCTA)/TCTA:2,2′,2″-(1,3,5-
benzenetriyl)-tris-[1-phenyl-1-H-benzimidazole] (TPBi):12%
tris(2-phenylpyridinato-C2,N)iridium(III) (Ir(ppy)3)/TPBi/LiF/Al,
and characterized their performance. UV photoelectron spec-
troscopy (UPS) was utilized to investigate the energy band
structures of the air-annealed NiOx NP film. In addition, the
band structures of HAT-CN and PEDOT:PSS, which were used
as the HILs of OLEDs for performance comparison in this
study, were also investigated. The work functions can be
obtained by the intercept between the background level and
the extrapolation of the leading edge in the secondary electron
cut-off region in the UPS spectra. As shown in Fig. 2a, the work
functions of the ITO, HAT-CN, PEDOT:PSS and NiOx NP were

determined to be 4.21, 5.34, 4.55, and 4.86 eV, respectively.
Fig. 2b–e show that the HOMO level of the HAT-CN on the ITO
is found to be about 3.72 eV lower than the Fermi level of the
ITO, while the valence band edges of the PEDOT:PSS and NiOx

NP films are 0.59 and 0.53 eV below the ITO Fermi level,
respectively. The ionization potentials (Eion) are calculated by
the sum of the work functions and the valence band edge
energy.63 Therefore, the values of Eion for the HAT-CN, PEDOT:
PSS, and NiOx NP films are determined as follows:

Eion ðHAT-CNÞ ¼ 5:34 eV þ 3:72 eV ¼ 9:06 eV:

Eion ðPEDOT : PSSÞ ¼ 4:55 eV þ 0:59 eV ¼ 5:14 eV:

Eion ðNiOx NPÞ ¼ 4:86 eV þ 0:53 eV ¼ 5:39 eV:

The Eion of the NiOx NP is deeper than that of PEDOT:PSS,
and is adjacent to the HOMO levels of hole transport materials
(5.3–5.5 eV). Therefore, the NiOx NP is a suitable HIL for
OLEDs. The optical band gaps of HAT-CN were obtained from
the absorption onsets, which are calculated to be 3.80
(Fig. S3†). As a result, the energy level band diagram and the
cross sectional schematic of OLEDs using NiOx can be illus-

Fig. 2 He(I) UPS spectra of HAT-CN, PEDOT:PSS, and the NiOx NP deposited on the ITO substrate; (a) secondary electron cutoff regions. (b), (c), (d),
and (e) Valence band edge regions of the ITO substrate, HAT-CN, PEDOT:PSS, and NiOx NP on ITO, respectively. The work functions are calculated
from the secondary electron cutoff positions of ITO (16.99 eV), HAT-CN (15.86 eV), PEDOT:PSS (16.65 eV), and NiOx NP (16.34 eV), which are 4.21,
5.34, 4.55, and 4.86 eV, respectively. (f ) Energy level band diagram of the green phosphorescent OLEDs using the air-annealed NiOx NP HIL.
(g) Cross sectional schematic of the OLEDs.
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trated as shown in Fig. 2f and g. The energy level band dia-
grams of OLEDs using other HILs are depicted in Fig. S4.†

Fig. 3 shows the current density–voltage ( J–V) character-
istics of the OLEDs using 20 nm thick NiOx NP HILs annealed
for 10 min under different conditions. As shown in Fig. 3a, the
OLED using the air-annealed NiOx NP HIL exhibits superior
J–V characteristics with a low turn-on voltage, whereas the
OLED using the N2-annealed HIL exhibits negligible current
flow. As mentioned above, the conductivity of the NiOx film
depends strongly on the defect structure of NiOx and it
increases as more Ni3+ (NiOOH) ions occupy the vacant posi-
tions of Ni2+. Because NiOOH was not detected in the N2-
annealed NiOx NP film, the NiOx NP film becomes less con-
ductive, hence, resulting in negligible current flow. To further
support this argument, we fabricated hole only devices (HODs)
using each NiOx layer to investigate the electrical conductivity
characteristics. As shown in Fig. S5,† the current density of the
HOD using air-annealed NiOx is higher by two orders of mag-
nitude at 2.5 V which is near the turn-on voltage of the OLEDs,
and over 1000 times higher at 6 V than that using the N2-
annealed one. This experimental data supports that the air-
annealed NiOx NP layer has a higher hole conductivity. We
also investigated the energy level difference of each NiOx as
shown in Fig. S6 and S7.† Air-annealed NiOx has a substan-
tially low injection barrier to the HOMO of NPB, and thus has
enhanced hole transport characteristics. Fig. 3b shows the J–V
characteristics of OLEDs using the NiOx NP HILs annealed in
air for 10 min at different temperatures. The current density
increases as the annealing temperature increases from 100 °C
to 270 °C, whereas an increase in the annealing temperature
from 270 °C to 300 °C shows almost no difference in the J–V
characteristics. The low current density is possibly due to the
residual organic compounds in the HIL, which is verified as
shown in Fig. S8–S10.† Further details are discussed in the
ESI.† To investigate the thickness effect, the NiOx film thick-
ness was adjusted to 20–145 nm by controlling the ink concen-

tration and spin coating speed. The current density–voltage–
luminance ( J–V–L) characteristics of the OLEDs using the NiOx

NP HIL with different thicknesses are shown in Fig. S11a and
S12a.† The devices with thinner HILs have a higher current
density, which indicates that thinner HILs have higher conduc-
tance due to the shorter distance that the holes have to travel.
The OLEDs with thinner NiOx show a higher luminance as
well at a certain voltage, which is ascribed to the balanced
charge carriers in the EML and higher transmittance of the
NiOx NP layer. The OLEDs with thinner NiOx also have higher
current efficiency and power efficiency as presented in
Fig. S11b and S12b.† However, the difference of the efficiency
values is not evident for NiOx layers over the range of
20–45 nm, which reveals that no remarkable current leakage
occurs. Whereas, as the NiOx layer becomes thinker than
45 nm, noticeable efficiency degradation is observed, which
may be attributed to the high resistance of the NiOx layer and
high current leakage through the layer owing to the long
carrier path. Further performance characterization was per-
formed for the OLEDs with 20–45 nm thick NiOx layers as
shown in Fig. S13 and Table S2.† Normalized electrolumines-
cence (EL) spectra of OLEDs at the same brightness of 10 000
cd m−2 show almost the same EL spectrum regardless of the
HIL thickness (Fig. S13a†). To investigate the stability, we
measured the luminance over time while the OLEDs were
driven at constant current with an initial luminance value L0 =
1000 cd m−2. The OLED using the 20 nm NiOx NP HIL shows a
longer lifetime than the OLEDs using thicker HILs
(Fig. S13b†), which may be due to the lower driving voltage
and current density at the same luminance compared to the
OLEDs using thicker HILs (Table S2, Fig. S13c†).

The performance of OLEDs with the three types of HILs
(thermally evaporated HAT-CN, solution-processed PEDOT:
PSS, and NiOx NP) was compared. The OLEDs with all the
HILs have the same structure, ITO/HIL/NPB/TCTA/TCTA:
TPBi:12% Ir(ppy)3/TPBi/LiF/Al. To determine the reproducibil-

Fig. 3 (a) J–V characteristics of the OLEDs using the NiOx NP annealed at 270 °C for 10 min in different environments. The OLED using the NiOx

NP upon annealing in N2 exhibits negligible current flow. (b) J–V characteristics of the OLEDs using the NiOx NP annealed in air for 10 min at
different temperatures. The current density increases as the annealing temperature increases from 100 °C to 270 °C. Meanwhile, the OLEDs using
the NiOx NP HIL annealed at 270 °C or 300 °C show almost identical J–V curves.
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ity of the device performance, a total of 63 devices (21 devices
for each HIL) were fabricated. The performance plots of the
representative OLED samples with each HIL are presented in
Fig. 4. Fig. 4a shows the J–V–L characteristics of OLEDs with
each HIL, and the representative values are summarized in
Table S3.† The OLED with the NiOx NP HIL has a lower turn-
on voltage of 2.46 V and a lower driving voltage of 3.67 V than
OLEDs with the HAT-CN and PEDOT:PSS HILs. Moreover, the
OLED with the NiOx NP HIL exhibits a higher luminance,
more than 1.4 times at 8 V, than OLEDs with other HILs.
Fig. 4(b) shows the current efficiency–luminance and power
efficiency–luminance characteristics, which confirm the
superior efficiencies of the OLED with the NiOx NP HIL. The
histograms of the maximum current and power efficiencies of
21 OLED devices with each HIL are shown in Fig. S14.† The
solid lines in the plots indicate Gaussian fittings. The average

values of the maximum current and power efficiencies, the
current and power efficiencies at 1000 cd m−2 and 10 000
cd m−2 of the 21 OLEDs using each HIL are summarized in
Table 1. The average values of the maximum current and
power efficiency of the OLEDs with the NiOx NP HILs are sig-
nificantly higher than those of the OLEDs with the PEDOT:PSS
HIL, and are even higher than those of OLEDs using the ther-
mally evaporated HAT-CN HIL. In particular, the OLEDs with
the NiOx NP HIL have 34% higher power efficiencies than
those of the OLEDs with PEDOT:PSS at 1000 cd m−2, and have
10% higher power efficiencies that those of the OLEDs with
HAT-CN at 10 000 cd m−2. The average values are also pre-
sented as graphs in Fig. S15† for easy visual comparison.
Fig. 4c shows the external quantum efficiency (EQE) character-
istics of representative OLED samples with each HIL. The
OLED with the NiOx NP HIL has the highest EQE of 25.54%,

Fig. 4 Performance of OLEDs with various HILs; (a) J–V–L characteristics, (b) current efficiency–luminance and power efficiency–luminance
characteristics, (c) EQE as a function of luminance, and (d) lifetime (L90) with an initial luminance L0 = 1000 cd m−2 of the OLEDs with various HILs.

Table 1 The average current and power efficiencies of the OLEDs at the maximum, at 1000 cd m−2, and at 10 000 cd m−2, collected from
21 devices

HILs

Maximum At 1000 cd m−2 At 10 000 cd m−2

Current efficiency
(cd A−1)

Power efficiency
(lm W−1)

Current efficiency
(cd A−1)

Power efficiency
(lm W−1)

Current efficiency
(cd A−1)

Power efficiency
(lm W−1)

HAT-CN 68.69 ± 0.27 82.52 ± 0.34 67.96 ± 0.65 54.31 ± 0.13 63.22 ± 0.62 31.72 ± 0.96
PEDOT:
PSS

55.42 ± 0.13 57.41 ± 0.14 54.27 ± 0.42 44.03 ± 0.36 50.26 ± 0.22 28.44 ± 0.45

NiOx NP 73.44 ± 0.39 88.32 ± 0.30 69.23 ± 0.37 59.00 ± 0.25 62.40 ± 0.72 34.87 ± 0.15
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which is higher than that of OLEDs with PEDOT:PSS (20.19%)
and HAT-CN (24.22%) HILs. The stability of the OLEDs was
evaluated by measuring the luminance over time while the
OLEDs were driven at constant current in air. The L90 lifetime
characteristics of OLEDs with an initial luminance of
1000 cd m−2 are shown in Fig. 4d, where L90 is defined as the
time taken for the luminance to drop to 90% of the initial
value under continuous operation. The lifetime of the OLED
employing the NiOx NP HIL is more than twice that of the
OLED using PEDOT:PSS. More importantly, the OLED with the
NiOx NP HIL shows a similar lifetime curve compared with the
OLED with HAT-CN. Table S4† shows a summary of the per-
formance of a green phosphorescent OLED with different
types of metal–oxide48,65–67 or metal-based68 HILs in the
recently published literature. Notably, our device using the
NiOx NP HIL and exhibiting current and power efficiency
values of 69.23 cd A−1 and 59.00 lm W−1 at 1000 cd m−2,
respectively, outperforms other devices in the list.

4. Conclusions

In conclusion, NiOx NPs with a particle size of 3–5 nm were
synthesized and NP films were introduced as a new HIL,
replacing conventional materials, to fabricate OLEDs. The con-
siderably high component ratio of NiOOH on the air-annealed
NiOx NP film surface results in an enhanced hole injection
functionality even without UV-ozone treatment. OLEDs with
the NiOx NP HIL show a maximum current and power
efficiency of 73.44 ± 0.39 cd A−1 and 88.32 ± 0.30 lm W−1,
respectively, which are significantly higher than those of the
OLEDs with PEDOT:PSS, and are even higher than those of the
OLEDs with thermally evaporated HAT-CN. Moreover, OLEDs
with the NiOx NP HIL have a power efficiency of 34.87 ±
0.15 lm W−1 at 10 000 cd m−2, which is 10% and 22% higher
than those of the OLEDs with HAT-CN and PEDOT:PSS HILs,
respectively. The devices with the NiOx NP HIL also have lower
turn-on and driving voltages, and have a higher maximum
EQE (25.54%) than those with HAT-CN (24.22%) and PEDOT:
PSS (20.19%) HILs. Most notably, the device shows current
and power efficiency values of 69.23 cd A−1 and 59.00 lm W−1

at 1000 cd m−2, respectively, which are considerably higher
than those of the state-of-the-art green OLEDs using other
types of metal–oxide or metal-based HILs. The L90 lifetime of
the OLEDs employing the NiOx NP HIL is more than 2 times
that of the OLEDs using PEDOT:PSS, and is similar to those
using thermally evaporated HAT-CN. We believe the results of
this study will be of great interest to those involved in research
on OLEDs as well as a variety of optoelectronic devices.
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