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Pentacene and ZnO hybrid channels for complementary thin-film transistor
inverters operating at 2 V
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We report on the fabrication of complementary thin-film transistor �TFT� inverter with
organic-inorganic hybrid channels. By adopting organic-pentacene p channel and inorganic-ZnO n
channel, we have fabricated a model device of hybrid complementary TFT inverters at a low
channel deposition temperature below 100 °C. Although those p and n channels were deposited on
high-temperature-processed thin gate oxide/p-Si here, our complementary device demonstrated
good potentials toward air-stable logic applications, operating with an excellent voltage gain of �26
at 2 V as well as with a dynamic response of �10 ms. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2785852�

Pentacene thin-film transistors �TFTs� and ZnO-based
TFTs have been studied over the last few years as the new
representatives of organic TFTs �OTFTs� and inorganic
TFTs, respectively, which may replace conventional
amorphous-Si TFTs in potential. Since those TFTs could be
fabricated at a low process temperature, they are anticipated
to open the age of new electronics integrated onto plastic or
glass substrates.1–6 Currently available complementary thin-
film transistor �CTFT� inverters are mostly composed of OT-
FTs for both p channel and n channel.7–10 However, the field-
effect mobility of n-channel OTFTs is generally low �less
than 0.1 cm2/V s� compared to that of the p-channel coun-
terpart ��1 cm2/V s�, causing substantial difficulties in de-
signing the complementary device,7–12 and moreover
n-channel organics are generally known to be more suscep-
tible to atmospheric decay than p-channel ones �for example,
pentacene is known to be quite stable in air as a p
channel�.13–16 In order to break through all those difficulties
from n-channel organics, we recently adopted inorganic
n-type ZnO on AlOx dielectric/glass substrate for a new
CTFT device because ZnO is known to be an air-stable
promising n-channel semiconductor with quite a high mobil-
ity. As a result, the new CTFT successfully operated al-
though the ZnO channel actually showed much higher field
mobility than the organic pentacene which must have been
very sensitive to the dielectric surface state.17 In the present
work, the hybrid CTFT with p-channel pentacene and
n-channel ZnO was again investigated as a model device to
provide symmetric electron and hole current behavior when
fabricated on a highly capacitive thin gate oxide/p-Si sub-
strate with smooth surface. Here our CTFT inverters with the
organic-inorganic hybrid channels demonstrate an excellent
maximum voltage gain of �26 with a dynamic response of
�10 ms at a low operating voltage of 2 V.

Our CTFT inverters were fabricated on 12.5-nm-thick
Al2O3/SiO2 dielectric double layered oxide. The dielectric

was composed of a 10-nm-thick atomic-layer-deposited
�ALD� �at 450 °C� top Al2O3 layer and 2.5-nm-thick high
quality thermal SiO2 on a p-Si substrate �obtained from Sam-
sung Electronics Inc.�. After dielectric substrate cleaning,
60-nm-thick ZnO channels �area of 500�500 �m2� were
deposited through a shadow mask at 100 °C by 100 W rf
sputtering of ZnO targets �99.999%� in a vacuum chamber.
Then 50-nm-thick pentacene �Aldrich Chem. Co., 99% pu-
rity� channels were patterned beside ZnO channels through
the same shadow mask �area of 500�500 �m2� by thermal
evaporation at room temperature. We fixed the deposition
rate to 1 Å/s for thermal evaporation using an effusion cell
in a vacuum chamber. Aluminum �Al� and gold �Au� source/
drain �S /D� electrodes were sequentially deposited by ther-
mal evaporation for n-type ZnO and p-type pentacene chan-
nels, respectively; the two metals are known as standard
electrodes for ZnO and pentacene. The channel length �L�
was 90 �m and the width �W� was 500 �m. Indium was
used as an ohmic-contact electrode for the p-Si back gate.
After the electrical properties of n- and p-type TFTs were
separately measured, the ZnO and pentacene TFTs were con-
nected by thermally evaporated thin aluminum bar, which is
the final process for the fabrication of a CTFT inverter with
organic-inorganic hybrid channels. All electrical characteris-
tics of our hybrid CTFTs, unit ZnO TFTs, unit pentacene
TFTs, and the quasistatic C-V were measured with a semi-
conductor parameter analyzer �HP4155C, Agilent Technolo-
gies� at room temperature in the dark and in an air ambient
with the relative humidity of �45%. The dynamic response
of our CTFT device was measured with a function generator
�AFG310, Sony/Tektronix� and an oscilloscope �TDS210,
Tektronix�. The C-V measurements at 1 MHz were per-
formed with an LCR meter �HP 4284, Agilent Technologies�.

Figures 1�a� and 1�b� show a three-dimensional sche-
matic view of our CTFT inverter and a photographic plan
view of two inverter sets, respectively. In particular, we ex-
amined the interface between organic-pentacene channel and
Au and that between inorganic-ZnO channel and Al, magni-
fying those two channel/electrode borders taken from the
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19th inverter set. Figure 1�b� displays the atomic force mi-
croscopy �AFM� images �XE-100, PSIA� of these borders.
Due to the geometry of our TFT devices, the surface images
for the Al and Au sides appear much brighter than those of
pentacene and ZnO, which appear similar to those reported
previously.18,19 The capacitance-voltage �C-V� characteristics
of our Al2O3/SiO2 gate dielectric film are in Fig. 1�c�. For
the C-V measurement, we used 300-�m-diam Al and Au
dots as patterned between the hybrid channel inverters �see
Fig. 1�b��. In the accumulation state �negative bias on the Al
or Au electrode� of the p-Si substrate, a high capacitance of
350 nF/cm2 was observed from the 12.5-nm-thin double
layer dielectric in a high frequency �1 MHz� C-V measure-
ment and the dielectric displayed an inversion of the p-Si
substrate at less than +1 V under a quasistatic measurement
condition, confirming that the dielectric/p-Si interface is of
high quality. The thickness of the double layer oxide was
examined by high-resolution transmission electron micros-
copy �HRTEM� �JEM 3010, JEOL�, as seen in the inset mi-
crograph. The root-mean-square �rms� roughness of our
double layer dielectric was less than 0.3 nm.

Figure 2�a� displays the drain current–drain voltage
curves �ID-VD� obtained from the p-channel pentacene and
the n-channel ZnO TFT. Under a low gate bias �VG� of 3 V,
quite a high saturation current of more than 2.5 �A was
achieved from both devices, with almost full saturation at a
drain bias of 3 V. Although the current level of the pentacene

TFT appeared slightly higher ��3.5 �A� than that of the
ZnO TFT, our hybrid TFT pair was expected to operate well
as a complementary device with the same width �W� and
length �L� dimensions for the two channels. Figure 2�b�
shows the �ID-VG curves obtained at a drain bias of 3 V for
the ZnO TFT and −3 V for the pentacene TFT. For the pen-
tacene TFT the estimated saturation field-effect mobility is
1.03 cm2/V s and the threshold voltage �VT� is −0.57 V,
while for the ZnO TFT, the saturation field-effect mobility is
1.12 cm2/V s and the threshold voltage �VT� is 1.05 V. Since
the mobilities and threshold voltages of the pentacene and
ZnO TFTs are similar, the transfer curves for the two devices
appeared almost symmetric while retaining simple device ge-
ometry with the same W /L ratio for the p and n channels.
Each device exhibited a weak hysteresis resulting in a rela-
tively small VT shift of �0.15 V for both TFTs. In the case
of the pentacene TFT, the relevant hysteresis mechanism has
already been reported and it is attributed to certain interfacial
electron traps �such as hydroxyl groups, OH–� that initially
existed on hydrophilic dielectric oxide surface.20,21 For the
ZnO TFT, some electrons of the ZnO channel may be in-
jected into the very surface of Al2O3 during a positive gate
bias swing so that the electron-induced �negatively charged�
surface causes the positive VT shift during a reverse swing.22

Figure 2�c� shows the log10 ID vs VG curves for the two TFT
devices. The on/off current ratios of the pentacene TFT and

FIG. 1. �Color online� Organic-inorganic hybrid CTFT device
schemes and C-V characteristics of our dielectric substrate. �a� three-
dimensional schematic view of our CTFT inverter. �b� Photographic
plan view of two inverter sets and atomic force microscopy �AFM�
images of organic-pentacene–Au and inorganic-ZnO–Al borders as
taken from the 19th inverter set. �c� Capacitance-voltage �C-V� char-
acteristics of our Al2O3/SiO2 gate dielectric film. For the accumula-
tion state, a negative bias was applied on Al or Au electrode.

FIG. 2. �Color online� Electrical properties of p-channel pentacene TFT and n-channel ZnO TFT. �a� Drain current–drain voltage �ID-VD� output curves
obtained from the p-channel pentacene TFT and n-channel ZnO TFT. �b� �ID-VG curves obtained at a drain bias of 3 V for ZnO TFT and −3 V for pentacene
TFT. Field-effect mobilities were 1.12 and 1.03 cm2/V s for ZnO and pentacene TFTs, respectively, while VT were 1.05 and −0.57 V. �c� log10 ID vs VG

transfer curves for the two TFT devices. S.S. values were 0.11 and 0.17 V/decade for ZnO and pentacene TFTs, respectively, while on/off current ratios were
1.2�104 and 2.1�104.
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ZnO TFT turn out to be about 104 while their subthreshold
swings �S.S.=dVG /d log10 ID� are 0.17 and 0.11 V/decade,
respectively. These S.S. values are good enough for the two
channels of our CTFT to operate properly. The maximum
gate leakage current �IG� was less than 1 nA for both TFTs
�dotted lines�.

Figure 3�a� shows the static behavior of our CTFT in-
verter with the hybrid channels fully operational at a low
supply voltage �VDD� of 2 V although a weak hysteresis of
80 mV is also shown, reflecting the hysteresis of the unit
TFT devices. The schematic of the inverter circuit consisting
of a pentacene TFT and a ZnO TFT for p and n channels,
respectively, is shown in the left inset. The inverter response
to stage switching was clearly observed between 0 and 2 V
for both input directions, displaying a high maximum voltage
gain �−dVout /dVin� of �26 �see the right inset�. The origin of
the hysteresis during inverter action is due to that of indi-
vidual organic TFTs or inorganic TFTs. When the inverter is
swept from 0 to 2 V via input voltage, the pentacene channel
itself experiences a substantial sweep from −2 to 0 V while
the ZnO channel does so from 0 to 2 V. On the other hand,
when the inverter is swept from 2 to 0 V, the two TFTs go
through the bias sweep in opposite directions. Considering
the hysteresis behavior of the two TFTs in Fig. 2�b�, we now
understand the nature of the hysteresis in our inverter. As a
matter of fact, the performances of our CTFT inverter are
quite comparable to or surpassing those of previously re-
ported complementary thin-film devices in terms of voltage
gain and driving voltage.7–10 In Figs. 3�b� and 3�c�, the dy-
namic actions of our CTFT inverter are demonstrated. At a
low frequency �1 Hz�, the inverting action was clearly ob-
served along with the discharging- and charging-induced sig-
nal peaks �or RC delays at on and off switching�. This RC
time delay was unavoidable because of a large overlap ca-
pacitance between Vin and Vout probes in our simple inverter
structure. Measurements at an elevated frequency �10 Hz�,
carried out to observe the RC time delay in detail, show that
the rising �tr� and falling times �tf� in our inverter are sub-
stantially different, about 4 and 13 ms, respectively. This is
also understandable if we consider the difference between

the on-state current levels of the pentacene and ZnO chan-
nels under 2 V gate bias �Fig. 2�a��. �Channel carriers will
discharge the overlap capacitance region and the channel
current for pentacene is approximately three times larger
than that for ZnO.� These delays can be minimized with
more practical designs avoiding the overlap between the
source/drain and gate electrodes.

In summary, the essence of our approach is the fact that
ZnO can be deposited at a low temperature ��100 °C�, serv-
ing as a stable n-channel semiconductor, with a high field-
effect mobility, equivalent to that of pentacene employed as a
p-channel semiconductor. Based on the high gain and decent
dynamic actions of our model device of CTFT inverter, we
now conclude that our complementary device technique us-
ing organic-pentacene �p-type� and inorganic-ZnO �n-type�
hybrid channels is quite a simple and promising way to re-
alize stable low-voltage low-temperature-processed thin-film
electronics.
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FIG. 3. �Color online� Device performances of our hybrid CTFT inverter.
�a� Static behavior of our inverter circuit composed of p-channel pentacene
TFT and n-channel ZnO TFT �left-side inset�. It operates well at a low VDD

of 2 V with a high gain �−dVout /dVin� of �26 �right-side inset�. �b� Dy-
namic actions of the CTFT inverter at a low frequency �1 Hz� and �c� those
at an elevated frequency �10 Hz�.
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