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ABSTRACT: A high-performance 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HATCN)/molybdenum oxide (MoO3)
hybrid buffer layer with high hole-injection efficiency and superior plasma resistance under the sputtering process was developed.
The HATCN enhances the hole-injection efficiency, and the MoO3 effectively protects the underlying organic layers from plasma
damage during deposition by sputtering. This improves the characteristics of inverted top-emitting organic light-emitting diodes
using a top transparent conductive oxide electrode. The device using the hybrid buffer layer showed the highest
electroluminescence characteristics among devices with other buffer layers. The high hole-injection efficiency of HATCN was
shown by the J−F curve of hole-only devices, and the plasma protection performance of MoO3 was shown by atomic force
microscope surface morphology images of the buffer layer film after O2 plasma treatment.

KEYWORDS: inverted top-emitting organic light-emitting diodes (ITEOLEDs), buffer Layer,
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1. INTRODUCTION

Organic light-emitting diodes (OLEDs) have attracted
increasing attention for use in future displays and lighting
because of various factors such as flexibility or transparency, low
power consumption, and high color purity.1 Active-matrix
OLEDs (AMOLEDs) are already used in commercial products
such as mobile cell phones, tablets, and televisions. In
AMOLEDs, low-temperature polysilicon (LTPS) is used as
the thin-film transistor (TFT) backplanes that underlie the
OLED pixels. LTPS is a superior p-type doped TFT with high
carrier mobility and stability. However, when large displays are
fabricated, LTPS has disadvantages such as nonuniformity and
costly fabrication. To avoid the disadvantages of LTPS, many
research groups have studied an oxide TFT. Unlike p-type
LTPS, oxide TFT backplanes have mainly n-type transistor
characteristics.2−6 Consequently, the inverted OLED structure
with the bottom cathode directly connected to the drain line of
the n-type TFT is more suitable for AMOLEDs with an oxide
TFT than the conventional OLED structure with the top

cathode and bottom anode. Using the inverted OLED structure
decreases the driving voltage, and the voltage drop that causes
image sticking in AMOLEDs with the conventional OLED
structure and n-type TFT backplanes is minimized.7,8

The top-emitting (TE) structure is suitable for high-
efficiency AMOLEDs because it allows the design of a large
aperture ratio for high-resolution displays without being
affected by the pixel circuits.9,10 For this reason, the inverted
top-emitting OLED (ITEOLED) is the ideal OLED structure
in AMOLED displays. The main concerns in fabrication are
obtaining a (semi)transparent top anode and a highly reflective
bottom cathode and supplying superior carrier injection
efficiency to the organic layer. Ag and Al have typically been
used for the bottom cathode because they have excellent
reflective performance.10−12 Lithium fluoride (LiF) and cesium
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carbonate (Cs2CO3) have been used for the bottom cathode to
obtain high electron injection efficiency.7,10,11 As a (semi)-
transparent top electrode, thin transparent metals such as Ag
have been used, and as a multilayered electrode, materials such
as tungsten oxide (WO3)/Ag/WO3, and molybdenum oxide
(MoO3)/Ag/MoO3 have been used.7,13,14 Such electrodes and
other type of electrodes can form an excellent electrical contact
with the organic layers and have a low sheet resistance of less
than 10 Ω□−1 and a high transparency of around 80% in a
certain spectral range; however, their transmittances were not
as high as those of a transparent conducting oxide (TCO) such
as indium tin oxide (ITO), indium zinc oxide (IZO), or
aluminum-doped zinc oxide when the entire visible light
spectrum was considered.7,13−16 To achieve high transmittance,
TCOs have been used as a transparent top electrode. However,
they are usually deposited by a sputtering process under various
gas plasmas such as oxygen and argon, and the plasma easily
causes critical damage to the organic materials, which thus
degrade easily during the plasma deposition process. To
prevent degradation of the organic materials during the
sputtering process, a stable buffer layer must be additionally
formed between the TCO and the organic layers. In addition,
high transparency at visible wavelengths and excellent charge
injection from the TCO are essential characteristics of the
buffer layer in the fabrication of highly efficient ITEOLEDs.
Many research groups have introduced various organic and
inorganic buffer layer materials such as copper phthalocyanine
doped with F4-TCNQ,

17 1,4,5,8,9,11-hexaazatriphenylenehexa-
carbonitrile (HATCN),18 Ni(acac)2,

19 WO3,
20 poly(3,4-ethyl-

enedioxythiophene) poly(styrene-sulfonate),21,22 penta-
cene,22,23 3,4,9,10-perylenetetracarboxylic dianhydride,24 and
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline/Li,25 and
MoO3.

26 Although these buffer layers reported to show a
possibility of using as a buffer layer followed by TCO
sputtering, and some of them were reported to show a good
protection ability (especially WO3

20 and MoO3
26), but there is

still an argument of correlation between the plasma damage,
protection ability, and injection ability after TCO sputtering
deposition. In this work, we demonstrated the HATCN/MoO3

hybrid type buffer layer having perfect plasma protection ability
and high hole-injection ability compared to single buffer layers,
and reported the ITEOLEDs utilized by this hybrid buffer layer.
HATCN was reported to be plasma damage sustainable18 and
to have 100% injection efficiency,27 but it was found to suffer
from plasma damage during TCO deposition. By using MoO3

upper layer on HATCN structure hybrid buffer layer, the
HATCN enhances the hole-injection efficiency, and the MoO3

protects the underlying organic layers from plasma damage.

2. EXPERIMENTAL DETAILS
First, the hole-injection performance was measured in “hole-only”
devices using the current density versus average applied electric field
(J−F) characteristics, and the plasma protection performance was
investigated using the electroluminescence (EL) characteristics of the
OLED and a plasma treatment test at the buffer layer. Both the
bottom-emitting (BE) and ITE structures were investigated. The
results showed that HATCN has superior hole-injection performance
compared to MoO3 at the interface between the sputtered IZO top
electrode and the N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-
benzidine (NPB) hole transport layer. However, although HATCN
has been reported to have high plasma durability and showed better
performance in the BEOLED, the HATCN buffer layer devices
showed a degraded surface (visible in optical images) and EL
characteristics compared to the MoO3 device in the ITEOLED. Thus,
HATCN has a much lower plasma durability than MoO3. In other
words, MoO3 offers much better plasma protection than HATCN and
thus shows much higher current injection in the ITEOLED but not in
the BEOLED. Finally, the ITEOLED with the HATCN/MoO3 hybrid
buffer layer exhibits the best performance.

Figure 1 shows the structures of the hole-only devices and OLEDs
with BE and TE structures. All the devices were fabricated on
chemically cleaned substrates. Eagle XG glass substrates were cleaned
in an ultrasonic bath with acetone, methanol, and deionized water for
15 min each. They were then dried in an oven at 120 °C. After the
cleaning process, different functional layers were sequentially
deposited on the cleaned substrates by thermal evaporation under a
vacuum of 10−6 Torr. The NPB was used as the hole-transport layer,
tris(8-hydroxyquinolinato)-aluminum (Alq3) was used as the emitting
layer and 4,7-diphenyl-1,10-phenanthroline (Bphen) was used as the
electron transport layer. Cs2CO3 was used as the electron-injection
layer, and Al was used as the cathode. As a buffer layer and hole-
injection layer, MoO3 and HATCN were used. The deposition rates of
all of the organic materials and metals were 1 and 3 Å/s, respectively.
Then, the IZO used as an anode was deposited by radio frequency
(RF) magnetron sputtering. All the devices have a 4 × 4 mm active
area.

The O2 plasma treatment for investigation of the plasma protection
performance of the buffer layers was performed for 40 s under O2
filling a 30 mTorr vacuum reactive ion etching chamber. The plasma
RF power was 50 W.

The EL and current density−average applied electric field (J−F)
characteristics of the fabricated OLEDs and hole-only devices were
measured using a high voltage source measurement unit (Model 237,
Keithley Instruments, Inc.) and a spectroradiometer (PR-670
SpectraScan, Photo Research, Inc.). Surface topology images of the
buffer layer films on NPB were taken using an atomic force
microscope (AFM) (XE-100, Park Systems AFM).

3. RESULTS AND DISCUSSION
In this study, we used four different buffer layers, as
summarized in Table 1. Types A, B, C, and D have buffer
layers consisting of HATCN (40 nm), MoO3 (40 nm),
HATCN (1 nm)/MoO3 (39 nm), and HATCN (39 nm)/

Figure 1. Structure of fabricated devices: (a) hole-only device, (b) BEOLED, (c) inverted hole-only device, (d) ITEOLED.
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MoO3 (1 nm), respectively, between the NPB hole transport
layer and IZO anode. In our approach to a buffer layer with
high hole-injection efficiency and plasma protection to improve
the OLED performance, we investigated two hole-only devices
and two OLEDs for BEOLEDs and four inverted hole-only
devices and four OLEDs for ITEOLEDs with various types of
buffer layers. The structure of the hole-only device for
BEOLEDs (Figure 1a) is IZO (200 nm)/buffer layer (40
nm)/NPB (80 nm)/Al (100 nm); that of the OLEDs for
BEOLEDs (Figure 1b) is IZO (200 nm)/buffer layer (40 nm)/
NPB (60 nm)/Alq3 (80 nm)/Cs2CO3 (2 nm)/Al (100 nm).
The structure of the inverted hole-only device is Al (100 nm)/
NPB (80 nm)/buffer layer (40 nm)/IZO (200 nm); that of the
OLEDs for ITEOLEDs is Al (100 nm)/Cs2CO3 (2 nm)/Bphen
(50 nm)/Alq3 (30 nm)/NPB (60 nm)/buffer layer (40 nm)/
IZO (200 nm).
For the hole-only devices and BEOLEDs, we show the hole-

injection efficiency of the buffer layers with IZO anode. As
shown in Figure 2, the J−F characteristics of the Type A hole-

only device reveal a higher current density than the Type B
device at the same electric field (from the ohmic response
region of below 200 kV/cm to operational region of over 200
kV/cm). This result indicates that the hole-injection ability and
mobility of the HATCN acting as a buffer layer between the
IZO and NPB is superior to that of MoO3. In 2012, So et al.
reported the characteristics of two hole-injection materials
HATCN and MoO3; they demonstrated HATCN has higher
hole-injection efficiency than MoO3 as a hole-injection layer
between the ITO and NPB.27 Generally, ITO and IZO have
similar work functions, 4.728 and 4.77 eV,29 respectively. Thus,
hole-injection ability of HATCN is higher than MoO3 in based
on IZO anode device.

Next, to investigate the hole-injection performance of the
HATCN and MoO3 buffer layer in the OLEDs, we performed
an additional experiment and obtained the current density−
voltage−luminance (J−V−L) and current efficiency−lumi-
nance−power efficiency (CE−L−PE) characteristics of BEO-
LEDs with the buffer layer, as shown in Figure 3. Because

HATCN has higher hole-injection efficiency than MoO3, Type
A (BEOLEDs with a HATCN buffer layer) has a lower
operating voltage and more superior carrier balance with
Cs2CO3/Al cathode structure than Type B (BEOLEDs with a
MoO3 buffer layer). Thus, BEOLEDs with the HATCN buffer
layer show higher current density, luminance, CE, and PE
characteristics than those of BEOLEDs with the MoO3 buffer
layer as in Figure 3.
Although HATCN has higher hole-injection efficiency than

MoO3, it yields different results in the inverted devices. Figures
4 and 5 show the hole-injection performance and electro-
luminescence characteristics, respectively, of inverted hole-only
devices and ITEOLEDs with four different types of buffer
layers. The J−F characteristics of the inverted hole-only devices

Table 1. Types of Buffer Layers

buffer layer

type conventional structure inverted structure

A HATCN (40 nm) HATCN (40 nm)
B MoO3 (40 nm) MoO3 (40 nm)
C MoO3 (39 nm)/HATCN (1 nm) HATCN (1 nm)/ MoO3 (39 nm)
D MoO3 (1 nm)/HATCN (39 nm) HATCN (39 nm)/ MoO3 (1 nm)

Figure 2. J−F characteristics of hole-only devices.

Figure 3. EL characteristics of BEOLEDs. (a) Current density and
luminance versus voltage. (b) Current and power efficiency versus
luminance.
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are shown in Figure 4. It shows the same order of current
density at overall applied electrical field (ohmic behavior region
of below 200 kV/cm, operational region of over 200 kV/cm):
Type C (HATCN 1 nm/thick MoO3 39 nm) > Type D
(HATCN 39 nm/thin MoO3 1 nm) > Type B (MoO3 40 nm)
> Type A (HATCN 40 nm). In contrast to the hole-only
devices for the BE structure, the J−F behavior of the inverted
hole-only devices differ depending on the buffer layer; the
MoO3 buffer layer (Type B) shows higher current injection
than the HATCN buffer layer (Type A). This result indicates
that although HATCN has high hole-injection efficiency, it was
damaged by plasma during sputtering deposition. Thus, its
hole-injection efficiency decreased, and the plasma-stable
MoO3 buffer layer has a higher current density. Although
HATCN was reported as a plasma-stable buffer layer in
ITEOLEDs,18 our results show remarkable damage to HATCN
by plasma during the sputtering process. For further
comparison, a double-layered hybrid buffer layer (HATCN/
MoO3) was tested. HATCN was used to provide hole-injection,
and MoO3 on HATCN was used to provide plasma protection.

The hybrid buffer layers, Types C and D, show much higher
hole-injection efficiency than the single buffer layers of Types A

Figure 4. J−F characteristic of inverted hole-only devices; (a) log scale
and (b) linear scale.

Figure 5. EL characteristics of ITEOLEDs. (a) Current density and
luminance versus voltage. (b) Current and power efficiency versus
luminance. (c) EQE versus current density.
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and B. Compared to the Type D device [thick HATCN (39
nm)/thin MoO3 (1 nm)], the Type C inverted hole-only
device with thin HATCN (1 nm)/thick MoO3 (39 nm) shows
much higher hole-injection performance. This result indicates
that the HATCN in Type C was damaged less than the
HATCN in Type D because of the thicker MoO3; thus, the
Type C inverted hole-only device exhibits more efficient
current injection than the Type D device. This result for the
hybrid buffer layer confirms that the MoO3 buffer layer is more
stable than HATCN under sputtering. The plasma protection
performance is also visible in the optical microscope images in
Figure S1 (Supporting Information). In addition, the hybrid
buffer layer increases the J−V characteristics. This result also
contributes to the large increase in the EL efficiency of the
ITEOLEDs.
The EL characteristics of ITEOLEDs with different buffer

layers are shown in Figure 5 and summarized in Table 2.

According to the preceding experimental results, MoO3 is more
suitable as a plasma protection buffer layer than HATCN, and
HATCN outperforms MoO3 as a hole-injection layer. Thus, the
J−V−L characteristic of the ITEOLEDs is similar to those in
Figure 4. In Figure 5a, the Type C device shows the highest
current density (40.19 mA/cm2 at 15 V), compared to that of
Type A (Type A, 26.35 mA/cm2 at 15 V; Type B, 32.93 mA/
cm2 at 15 V; Type D, 37.24 mA/cm2 at 15 V). In addition,
Figure 5b,c shows that the Type C device has the highest CE,
PE, and external quantum efficiency (EQE): 5.44, 1.2 at 1000
cd/m2, and 1.87 at 50 mA/cm2, respectively) than the others
(Type A, 3.91, 0.82 at 1000 cd/m2, and 1.4 at 50 mA/cm2;
Type B, 4.41, 0.97 at 1000 cd/m2, and 1.57 at 50 mA/cm2;
Type D, 4.91, 1.07 at 1000 cd/m2, and 1.81 at 50 mA/cm2,
respectively). These results show that the hybrid buffer layer
type C has superior plasma protection ability and hole-injection

efficiency in ITEOLED with IZO top electrode and ITEOLEDs
with hybrid buffer layer have more powerful efficiency than
devices with single buffer layer.
To confirm the stability of the various buffer layers under

sputtering, we investigated surface topography images of the
deposited buffer layer on the NPB using an AFM (before and
after O2 plasma treatment). For the comparison, two different
structures were used [NPB (40 nm)/HATCN (40 nm) and
NPB (40 nm)/MoO3 (40 nm)], and images of these structures’
topologies are shown in Figure 6. Figure 6a shows bare NPB/
HATCN, Figure 6b shows bare NPB/MoO3, Figure 6c shows
the NPB/HATCN after plasma treatment, and Figure 6d shows
the NPB/MoO3 after plasma treatment. The topology changes
when the buffer layer materials are deposited onto the NPB
film. The surfaces of the HATCN and MoO3 have a peak-to-
valley roughness (Rpv) of 16.67 and 6.81 nm, respectively. After
O2 plasma treatment for 40 s, the HATCN surface became
rougher, with an Rpv value of 34.83 nm, whereas the MoO3
surface became smoother, with an Rpv value of 3.42 nm. In
addition, the root-mean-square roughness (Rq) of the HATCN
film increased from 2.13 to 3.60 nm; on the other hand, the Rq
value of the MoO3 film decreased from 0.63 to 0.36 nm after
O2 plasma treatment. Compared with HATCN, the surface
roughness of MoO3 changed less, and the surface became
smoother after O2 plasma treatment. This result indicates that
MoO3 has a higher plasma resistance under O2 plasma
treatment than HATCN when used as a buffer layer, which
supports the experimental results in Figures 4 and 5a. The
results of a multilateral roughness analysis of all the samples
(Rpv, Rq, and the average roughness (Ra)) are summarized in
Table 3.

Table 2. EL Characteristics of Fabricated ITEOLEDs

type

turn-on
voltage

(at 1 cd/m2)
V at

500 cd/m2

CE (cd/A)
at

1000 cd/m2

PE (lm/W)
at

1000 cd/m2
EQE (%) at
50 mA/cm2

A 5.98 13.71 3.91 0.82 1.40
B 5.52 13.05 4.41 0.97 1.57
C 5.30 12.56 5.44 1.20 1.87
D 5.35 12.60 4.91 1.07 1.81

Figure 6. Surface topology images of (a) 40 nm thick HATCN grown on the NPB (40 nm)/glass substrate and (b) 40 nm thick MoO3 grown on the
NPB (40 nm)/glass substrate measured using an AFM before O2 plasma treatment and topology images of (c) HATCN and (d) MoO3 films after
O2 plasma treatment.

Table 3. Morphological Characteristics of Thin Films from
AFM Measurements before and after O2 Plasma Treatment

Rpv (nm)a Rq (nm)
b Ra (nm)c

NPB/HATCN (before O2 plasma) 16.67 2.13 1.67
NPB/HATCN (after O2 plasma) 34.83 3.60 2.78
NPB/MoO3 (before O2 plasma) 6.81 0.63 0.49
NPB/MoO3 (after O2 plasma) 3.42 0.36 0.28

aPeak-to-valley roughness. bRoot mean square roughness. cAverage
roughness.
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Next, we research the lifetime of ITEOLEDs with buffer
layers. Figure S3 (Supporting Information) shows the lifetime
of ITEOLEDs. Device 3 (HATCN 1 nm/MoO3 39 nm/IZO
100 nm) has +492%, +149%, and +443% longer LT50 lifetime
than Device 1 (HATCN 40 nm/IZO 100 nm), Device 2
(MoO3 40 nm/IZO 100 nm) and Device 4 (HATCN 1 nm/
MoO3 39 nm/Ag 30 nm), respectively. This result indicates the
hybrid buffer layer type C (thin HATCN/thick MoO3) has not
only perfect protection ability from the gas plasma but also
stability.

4. CONCLUSION
In summary, we successfully demonstrated a high-performance
hybrid buffer layer between a hole-transport layer (NPB) and
top electrode (IZO) for a high-efficiency ITEOLED. Although
HATCN has been reported as a highly plasma-durable buffer
layer for ITEOLEDs, it still showed remarkable degradation;
however, the hybrid buffer layer demonstrated here (thin
HATCN/thick MoO3) shows high plasma durability and highly
improved current injection characteristics. The two buffer layer
materials, HATCN and MoO3, each have an important role.
HATCN has high hole-injection efficiency and can effectively
inject holes to the hole-transport layer from the anode. MoO3
has high plasma resistance and can be used to fabricate OLEDs
with a TCO top electrode deposited by sputtering. The plasma
durability and degradation characteristics of the buffer layers
were confirmed well by AFM measurements and a systematic
analysis of the device characteristics. And the lifetime of
ITEOLEDs shows that the ITEOLED with the hybrid type
buffer layer is more stable than the single buffer layer device
and the thin Ag top electrode device. These results demonstrate
that the HATCN/MoO3 hybrid buffer layer has excellent hole-
injection and plasma protection performance. In addition, we
expect that the hybrid buffer layer developed in this study can
be directly adapted to a high-performance AMOLED display
with a TCO top electrode based on an oxide TFT.
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