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Characterization of a Pentacene Thin-Film Transistor with
a HfO2 /Al2 O3 Gate Insulator
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We fabricated pentacene thin-film transistors on HfO2 /Al2 O3 gate insulator layers in an ultrahigh vacuum system for the first time. The HfO2 /Al2 O3 was used as a gate insulator to decrease
the operating voltage of the pentacene thin-film transistors. The field-effect mobility of the devices
with HfO2 /Al2 O3 was obtained by using the I-V characteristics, and the value was 0.024 cm2 /Vs.
The threshold voltage of the pentacene thin-film transistors with HfO2 /Al2 O3 was decreased dramatically compared to that for devices using SiO2 (15.3 → − 0.25 V). Therefore, a thin HfO2 /Al2 O3
gate insulator layer can be used in pentacene thin-film transistors to lower the operating voltage.
PACS numbers: 61.66.Hg, 73.61.Ph, 85.30.De, 85.30.Tv
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I. INTRODUCTION

thin Al2 O3+x gate dielectric layer delivered an improved
threshold voltage of about − 10 V, it was still high [11].
Choo et al. reported a better threshold voltage of − 5
V in a pentacene TFTs using thin SiNx [12]. Other approaches using organic dielectrics, such as poly-chloro-pxylylene and polyvinyl alcohol, have been studied. Unfortunately, to now, most of the known organic dielectrics
have had small dielectric constants, and the pentacene
TFTs using these layers have had high threshold voltages of around − 20 V [13,14].
Here, we report pentacene TFTs with a thin
HfO2 /Al2 O3 layer as a gate insulator to lower the threshold voltage. We carefully studied and compared the dielectric constants, the field-effect mobilities, the on/off
ratios, and the threshold voltages of the two different
pentacene TFTs, one on a HfO2 /Al2 O3 gate insulator
layer and the other on a SiO2 gate insulator layer.

Pentacene has been the most attractive material for
organic thin-film transistors (OTFTs) because its properties are known to be comparable to those of hydrogenated amorphous silicon thin-film transistors (a-Si : H
TFTs) [1,2]. Until now, many useful methods have been
developed to fabricate optimized pentacene TFTs with
the highest field-effect mobility. Normally, the silicondioxide surface is modified via an octadecyltrichlorosilane (OTS) treatment before the pentacene-layer deposition to improve the interface and the organic layer properties [3–6]. Post-annealing of the pentacene layer facilitates grain growth, which decreases the grain boundary
density and increases the field-effect mobility [7]. The
use of a purified pentacene source is also crucial to minimize conduction via impurity levels in the device [8,9].
The highest value of field-effect mobility is 2.1 cm2 /Vs,
which was reported by Jackson’s group [10].
Although much progress has been made, pentacene
TFTs still have problems. One is that the operating
voltage is still too high to achieve useful organic semiconductor devices. Regardless of its importance, fewer studies have been aimed at lowering the operating voltage
than have been aimed at improving the field-effect mobility. Recently, researchers tried to decrease the threshold voltage by using new gate dielectrics, such as highκ dielectrics or organic dielectrics. Though adopting a
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II. EXPERIMENT
The typical structure of the pentacene TFTs used in
this experiment is shown in Fig. 1. We fabricated pentacene thin-film transistors on a HfO2 /Al2 O3 gate dielectric. Heavily doped Si substrates were chemically
cleaned using the RCA method and dipped in dilute
HF to remove metallic residue and native oxide [15,16].
HfO2 /Al2 O3 insulator layers were grown at 300 ◦ C by
using alternating surface saturating reactions in a hotwall-type, high-vacuum atomic layer deposition (ALD)
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Fig. 1. Schematic diagram of the pentacene TFTs used in
this experiment. The device had a top contact structure with
a 100-nm-thick pentacene layer on a 3-nm thin HfO2 /Al2 O3
layer.

chamber [17]. At first, Al2 O3 films were grown on a Si
substrate using TMA (Trimethtylalminum [Al(CH3 )3 ])
and H2 O at a growth rate of 1.05 Å/cycles. After the
growth of Al2 O3 with a 1-nm film thickness, HfO2 films
were deposited on the Al2 O3 /Si heterostructures by using a precursor of HfCl4 and H2 O at a growth rate of 0.8
Å/cycles until a 2-nm film thickness had been achieved.
N2 gas was supplied as the purge and the carrier gas for
the processes to deposit the Al2 O3 and the HfO2 insulator layers via ALD.
A 100-nm-thick pentacene active layer was thermally
evaporated onto the prepared HfO2 /Al2 O3 layer at a
chamber pressure lower than 2.0 × 10−9 Torr. The deposition rate for pentacene was maintained at 0.1 Å/s
with an evaporation temperature of about 180 ◦ C in
our system. We used as-received Aldrich pentacene with
97 % purity without additional purification. After the
pentacene layer deposition, the sample was moved from
the organic deposition chamber to the metal deposition
chamber without breaking the vacuum for the formation
of 50-nm-thick source and drain electrodes of gold. The
channel length and width in our pentacene TFTs were
50 µm and 1000 µm, respectively.
The electrical properties of the HfO2 /Al2 O3 layer were
studied by using capacitance-voltage measurements (HP
4280A capacitance meter). The structural properties of
the pentacene layer were investigated by using atomic
force microscopy (AFM) and X-ray diffraction (XRD).
The study of current-voltage characteristics for the pentacene TFTs was done by using a Keithley 4200-SCS
source measurement unit.

III. RESULTS AND DISCUSSION
Figure 2 exhibits the current density versus
electric field characteristics measured from the
Au/HfO2 /Al2 O3 /Si (heavily doped) structure. The
breakdown field of the HfO2 /Al2 O3 insulator layer was
measured to be 0.3 MV/cm. The leakage current density

Fig. 2. Plot of the current density versus electric field for
the Au/HfO2 /Al2 O3 /Si (heavily doped) structure.

Fig. 3. (a) X-ray diffraction pattern taken from the pentacene layer on a HfO2 /Al2 O3 layer. (b) The AFM image of
the pentacene film on a HfO2 /Al2 O3 gate oxide layer.

was about 1 × 10−4 A/cm2 at a gate-source bias of − 3
V. In comparison to the values for SiO2 , this breakdown
field was slightly lower and the leakage current was
large. Considering the thickness of our oxide (3 nm),
HfO2 /Al2 O3 was very useful in the breakdown field and
the leakage current for the gate insulator. The dielectric
constant of our thin HfO2 /Al2 O3 film was measured
to be 3.29. The dielectric constant is smaller than
previously reported values, due to the double layers and
the thickness of the HfO2 /Al2 O3 (3 nm).
The crystalline structure of the pentacene film on the
HfO2 /Al2 O3 dielectric layer was investigated by using
XRD. All the diffraction peaks appearing in Fig. 3(a)
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Table 1. Summary of the dielectric constant, the fieldeffect mobility, the on/off ratio, and the threshold voltage of
identical pentacene TFTs on different gate oxide layers.
Gate insulator
HfO2 /Al2 O3
(2 nm/1 nm)
SiO2 (100 nm)

Dielectric Mobility
Threshold
On/off ratio
constant [cm2 /Vs]
voltage [V]
3.29

0.024

102

−0.25

3.9

0.19

103

15.3

current-voltage behaviors are similar to those of a typical p-type transistor. The ID -VD plots agree with the
well-known formula [21,22]
W Ci
µ(VG − VT )2 ,
(1)
2L
where W is the channel width, L is the channel length,
µ is the mobility, VT is the threshold voltage, and Ci is
the capacitance of the 3-nm thin HfO2 /Al2 O3 film. With
this equation, a field-effect mobility of 0.024 cm2 /Vs was
obtained for VD = − 3 V. Figure 4(b), showing plots of
the drain current (ID ) and the square root of the drain
current versus the gate voltage (VG ) for VD = 3 V, exhibits the typical ID -VG behavior of a transistor. The
obtained threshold voltage was − 0.25 V, dramatically
decreased compared to that for TFTs on a SiO2 gate
insulator, as expected. The threshold voltages of pentacene TFTs on a SiO2 gate insulator are still high even
after an optimized post-annealing process [7]. These results indicate that lowering the operation voltage of a
device is possible by adopting a thin HfO2 /Al2 O3 gate
insulator, which is advantageous for achieving useful organic semiconductor devices.
The on/off current ratio of about 102 obtained from
the plot in Fig. 4(b) is much smaller compared to the
previous reports for pentacene OTFTs [3–5,9]. Although
other researchers have used pentacene purified by employing vacuum gradient sublimation, we used an unpurified 97 %-pure pentacene source material in our experiment. We suggested previously that the observed huge
leakage current values (∼ 10−8 A) between the drain
and the source even in the off-state of the device could
be attributed to conduction via impurity levels originating from structural isomers of pentacene [7]. A summary
of the dielectric constants, the field effect mobilities, the
on/off ratios, and the threshold voltages of identical pentacene TFTs on two different gate oxide layers are shown
in table 1 for HfO2 /Al2 O3 and SiO2 layer.
ID =

Fig. 4. (a) Drain current-drain voltage characteristics of
the pentacene TFTs on thin HfO2 /Al2 O3 layers, where the
channel width was 1000 µm and the channel length was 50
µm. (b) Drain current (right y-axis) and the square root of
the drain current (left y-axis) vs. gate voltage for VD = − 3
V.

correspond to the (00l) Bragg peaks of the pentacene,
showing a well-developed single-phase pentacene film
with a thin-film phase, which our previous study suggested was mainly due to the film formation at a low
deposition rate in an ultra-high vacuum [18]. From the
Bragg peaks appearing at 5.68◦ , 11.46◦ , 17.22◦ , 23.06◦ ,
and 28.90◦ in the 2θ scan, we accurately determined the
repeat-unit length to be 15.43 ± 0.07 Å. If the wellknown c-axis lattice constant of the pentacene molecule
is considered [19, 20], the tilt angle of the pentacene
molecules on HfO2 /Al2 O3 layer was 15.41◦ from the upright position whereas it was 15.5◦ on SiO2 layer [7].
Additional study on the same sample was done by using AFM in the tapping mode. Figure 3(b), obtained
from the 100-nm-thick pentacene film on a HfO2 /Al2 O3
dielectric layer, reveals a polycrystalline feature. The average grain size of the polycrystalline pentacene film was
about 1.5 µm. In comparison to the results for a pentacene film on a SiO2 layer [7], the average size of the
pentacene domains on a HfO2 /Al2 O3 dielectric layer is
dramatically increased.
Figure 4 shows the measured electrical properties of
the pentacene TFTs with a thin HfO2 /Al2 O3 gate insulator, where the 100-nm-thick pentacene active layer had
a 1000-µm channel width and a 50-µm channel length.
Figure 4(a) shows plots of drain current (ID ) versus drain
voltage (VD ) at various gate voltages (VG ). The observed

IV. CONCLUSION
We fabricated and characterized pentacene thin film
transistors (TFTs) on thin HfO2 /Al2 O3 gate insulator
layers for the first time. The dielectric constant of the
thin HfO2 /Al2 O3 film was about 3.29. The XRD data
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indicated that the pentacene molecules were packed in
parallel and stood upright with a tilting angle of 15.41◦
on the HfO2 /Al2 O3 gate insulator layer. The AFM
image showed that the grain size of the pentacene on
HfO2 /Al2 O3 was increased dramatically. Compared to
that of the pentacene on SiO2 the obtained field effect mobility was 0.024 cm2 /Vs, and the on/off ratio was about 102 for the pentacene TFTs on thin
HfO2 /Al2 O3 gate insulators. We observed a huge decrease in the threshold voltage (15.3 → − 0.25 V) when
a thin HfO2 /Al2 O3 layer was used instead of a SiO2 layer.
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