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The authors have examined the field effect behavior of nanocomposite field effect transistors
containing ZnO �zinc oxide� tetrapods or nanocrystals dispersed in a polymer matrix of
poly�2-methoxy,5-�2-ethylhexyloxy�-1,4-phenylenevinylene� �MEH-PPV�. The electrical
characteristics of ZnO tetrapods/MEH-PPV composite devices exhibit an increase in hole mobility
up to three orders of magnitude higher than the polymer MEH-PPV device. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2740478�

Nanocomposite materials are of growing interest particu-
larly for their potential practical applications in various elec-
tronic devices, especially light-emitting diodes and
photovoltaics.1 Despite these advances, using nanocomposite
materials for organic field-effect transistor �OFET� applica-
tions remain scarce. OFETs have been recently reported in
the fabrication of active-matrix displays and integrated cir-
cuits for logic and memory chips.2 Even though numerous
reports exist in this area, OFET devices based on nanocom-
posite materials fabricated using solution processing are still
not well known. In this context, dispersing nanomaterials in
a polymer matrix to obtain solution processed devices with a
high mobility is of interest for both basic research and
application.

In this work, we dispersed ZnO nanocrystals or tetrapods
in the poly�2-methoxy,5-�2-ethylhexyloxy�-1,4-phenylene
vinylene� �MEH-PPV� polymer matrix for the construction
of inorganic/organic hybrid devices for OFET applications.
We chose ZnO nanomaterials and MEH-PPV polymer be-
cause these two materials are widely studied for their intrigu-
ing optoelectronic properties.3 In literature, there have been
reports on inorganic tetrapods mixed with polymers to fabri-
cate hybrid photovoltaic devices.4 Herein, the electrical prop-
erties of solution processed MEH-PPV ZnO nanocomposite
devices have been found to have enhanced p-type mobility
up to three orders of magnitude higher than the polymer
MEH-PPV device.

The ZnO nanocrystals were prepared via a modified Pa-
cholski’s method.5 An ethanol solution of sodium hydroxide
�NaOH� �0.3 M, 20 ml� was slowly added to a solution of
zinc �II� nitrate hexahydrate Zn�NO3�2 ·6H2O in ethanol
�0.3 M, 10 ml� at 0 °C which was vigorously stirred for 2 h,
and subsequently heated further for 2 h. A precipitate of

nanocrystals was obtained, which was washed with ethanol
and toluene.

ZnO tetrapods were synthesized according to a proce-
dure described in Ref. 6. In a typical synthesis, about 0.5 g
of pure Zn �99.99%� was kept in an alumina boat as a source
material. Later the source was transferred into a long quartz
tube. A tube furnace with the temperature ramped up to
1000 °C at a rate of �50 °C/min was used for chemical
vapor deposition and the tube furnace was kept at 1000 °C
for more than 20 min under a constant flow of nitrogen and
oxygen mixture �1:1�. The ZnO tetrapods were formed by
moving the quartz tube inside the tube furnace to place the
alumina boat with the source at the heating center �1000 °C�
for around 20 min. After the furnace was cooled to room
temperature, the ZnO tetrapods were removed.

A number of different nanocomposites have been made
that contained ZnO nanocrystals or tetrapods dispersed in the
polymer matrix, MEH-PPV. In this work, the nanocompos-
ites which contained polymer with nanocrystals or terapods
were made in various conditions with the following weight
proportions: 10 mg of polymer to X mg of ZnO tetrapods or
nanocrystals where X=1, 3, 5, 7, 9, and 10. Therefore, the
weight percentage of ZnO in MEH-PPV polymer in these
devices are 9%, 23%, 33%, 41%, 47%, and 50% respec-
tively. The ZnO tetrapods or nanocrystals were dispersed in a
toluene solution of MEH-PPV �molecular weight of 500 000
from H.W. Sands Co.� using an ultrasonic bath.

The transistors were fabricated on bottom-gate transistor
structure with a spin coated ZnO/polymer nanocomposite
thin film as active layer. Gate oxide SiO2 layer �100 nm,
relative permittivity=3.9� was thermally grown on heavily
doped n-type Si substrates �the gate electrode�. An image
reversal photolithography technique was used to form an
opening on the photoresist layer for the source and drain
patterns on the gate oxide. Source and drain metal layers,
consisting of Ti adhesion film �10 nm, lower� and Au con-
ductive film �50 nm, upper�, were deposited by thermal
evaporation. After metal film deposition, a standard lift-off
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process in acetone was used to remove the metal film on top
of the photoresist pattern, leaving behind the Ti/Au source/
drain contact patterns. The transistor output and transfer
characteristics were measured with a probe station under a
nitrogen atmosphere using a Keithley K4200 semiconductor
parameter analyzer. The transistor channel length and widths
were 10 and 600 �m, respectively.

The fabricated devices that contained a layer of MEH-
PPV only exhibited p-channel behavior with a hole mobility
up to 10−4 cm2/V s, similar to those previously reported.3

Figures 1�a� and 1�b� show the transmission electron micro-
scope �TEM� images of ZnO nanocrystals or tetrapods dis-
persed in MEH-PPV solutions, respectively. The size of the
nanocrystals is around 5 nm �Fig. 1�a�� and the legs of the
tetrapods are around 100 nm in width �Fig. 1�b��. Figure 2
shows the electrical behavior of the devices fabricated from
MEH-PPV and nanocomposite with ZnO nanocrystals or tet-
rapods. In Fig. 2, the I-V characteristics and the transfer
curves of the devices based on MEH-PPV �Figs. 2�a� and
2�b�� 9 mg of ZnO nanocrystals in 10 mg of MEH-PPV or
47% of ZnO in weight �Figs. 2�c� and 2�d�� and 9 mg of ZnO
tetrapods in 10 mg of MEH-PPV or 47% of ZnO in weight
�Figs. 2�e� and 2�f��, are depicted. A saturation of the hole
mobility is observed in the nanocomposite devices when the
concentration of ZnO tetrapods or nanocrystal exceeds 40%
in weight, as shown in Fig. 3. From the I-V characteristics,
incorporation of ZnO nanocrystals or tetrapods in the poly-
mer enhances the drain current and the mobility. The calcu-
lated hole mobility was up to 0.08 cm2/V s for the ZnO

nanocrystals/MEH-PPV devices and up to 0.15 cm2/V s for
the ZnO tetrapods/MEH-PPV devices, at the saturation re-
gime. Whereas in the linear regime, the hole mobility was up
to 0.071 cm2/V s for the ZnO nanocrystals/MEH-PPV de-
vices and up to 0.096 cm2/V s for the ZnO tetrapods/MEH-
PPV devices. A decrease in the threshold voltage up to
−15 V was found for both nanocomposite devices �ZnO
nanocrystals or ZnO tetrapods/MEH-PPV�. The subthreshold
swing was found to be 2 V/decade for the ZnO/MEH-PPV
nanocomposite devices and up to 10 V/decade for the MEH-
PPV devices. The on/off ratio was calculated as 105 for the
nanocomposite devices where it was only 103 for MEH-PPV
devices. Furthermore, a reduction in density of traps, given
by NT=−VTCox/q, has been observed, as shown in the inset
of Fig. 3, while the weight percentage of ZnO increases in
the polymer. However, the trap density seems to saturate
when the concentration of ZnO tetrapods or nanocrystal in
the polymer exceeds 40% in weight.

Incorporation of ZnO nanomaterials �nanocrystals or tet-
rapods� into the MEH-PPV polymer—a p-type semicon-
ductor—did not change the nature of charge transport, as the
nanocomposite devices were found to behave as p-channel
transistors. However, the hole mobility was enhanced in the
nanocomposite devices. We also fabricated ZnO tetrapod de-
vices, containing only ZnO tetrapods, by drop casting the
solution of ZnO tetrapods dispersed in ethanol on a bottom
contact device. The aggregated tetrapods exhibited ambipo-
lar behavior �Fig. 4, available at supplementary information7�
as evidenced from their electrical characteristics in which
case the current increased at higher gate voltages in both
positive and negative drain-source voltages. Since a clear
saturation was not observed in both the positive and negative
gate biases, the charge mobility was calculated from the lin-
ear regime and it was found to be 10−3 cm2/V s for holes.
This value is lower than the ZnO tetrapods/MEH-PPV com-
posite devices. Moreover, no electron current was observed
in these composite devices. This indicates that charge trans-
port takes place only in the MEH-PPV polymer. In addition,
the energy diagrams of MEH-PPV and ZnO are well known.
The highest occupied molecular orbital �5.3 eV� and lowest
unoccupied molecular orbital �3.0 eV� levels of MEH-PPV
and the valence �7.6 eV� and conduction �4.4 eV� bands of
ZnO show clearly that a huge energy barrier exists for holes
to be transferred from ZnO to MEH-PPV for transport.8 Con-
sequently, holes are confined in MEH-PPV and we suggest
that the effect of ZnO is to reduce the density of traps in the

FIG. 1. TEM images of �a� ZnO nanocrystals and �b� ZnO tetrapods dis-
persed in MEH-PPV �the inset picture shows a selected area electron dif-
fraction �SAED� pattern of tetrapods�.

FIG. 2. I-V characteristics and the transfer curves for devices containing
MEH-PPV ��a� where VGS=0, −25 to −40 V in steps of 5 V and �b� where
VDS=−40 V�, 9 mg of nanocrystals in 10 mg of MEH-PPV ��c� where
VGS=0 to −40 V in steps of 5 V and �d� where VDS=−40 V�, and 9 mg of
ZnO tetrapods in 10 mg of MEH-PPV ��e� where VGS=0 to −30 V in steps
of 5 V and �f� where VDS=−30 V�, respectively.

FIG. 3. Correlation between the mobility and the concentration of ZnO in
the form of nanocrystals �solid circles� or tetrapods �open circles� in MEH-
PPV. The lines are guides to the eye. The inset shows the density of traps as
a function of ZnO concentration, calculated on basis of the found threshold
voltage, NT=−VT Cox/q. We propose that the increased mobility is mainly
due to the reduction of traps in MEH-PPV.
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polymer which probably is a reason for the enhanced mobil-
ity and the reduced threshold voltage.

Photoluminescence �PL� measurements were done for
ZnO tetrapods, MEH-PPV, and ZnO tetrapods/MEH-PPV
composite films �Fig. 5, available at supplementary
information7�. The PL measurements explained that the sur-
face state green emission from the ZnO tetrapods was
quenched in the composite film. This suggests that the poly-
mer MEH-PPV covered the surface of ZnO tetrapods; the
latter were distributed randomly in the MEH-PPV polymer
matrix. The nonaggregated and nonoriented �random� distri-
butions of ZnO tetrapods in MEH-PPV matrix have also
been observed from the TEM image �Fig. 1�b��. Hysteresis
measurements �Figs. 6�a� and 6�b�, available at supplemen-
tary information7�, a close loop measurement by scanning
VGS from 0 to −40 V and back to 0 V with constant drain-
source voltage, for both MEH-PPV and ZnO tetrapods/
MEH-PPV composite devices have been undertaken in this
work. Since the backward curve falls below the forward one
there is an increase in threshold voltage during operation of
the MEH-PPV device. The MEH-PPV device significantly
exhibited more hysteresis effect than the ZnO tetrapods/
MEH-PPV composite devices. In literature, there are several
reports revealing that the planar charge transport and charge
mobility of OFET devices are affected by the presence of
“traps” in the organic semiconductors.9 In this work, we did
transient measurements where a constant voltage was applied
to the gate and drain �−30 V�, while the current was mea-
sured as a function of time on the MEH-PPV and ZnO
tetrapods/MEH-PPV devices. The results are depicted in Fig.
7 at the supplementary information7. The decrease in the
channel current with time is much more dramatic for the
MEH-PPV than for the ZnO tetrapods/MEH-PPV devices.
This finding, together with considerably less hystersis effects
observed for the composite device depicted in Fig. 6�b�, sug-
gests that trapping is reduced in the ZnO tetrapods/MEH-
PPV devices. We suggest that a reduction of the density of
traps �Fig. 3� is probably the reason for the increased perfor-
mance of the devices.10 The nanocomposite devices with
high ZnO concentration �ZnO tetrapod to polymer weight
ratio above 5:10� were found to be stable for more than a
month.

In summary, we have fabricated ZnO/MEH-PPV based
nanocomposite devices with enhanced p-channel FET char-
acteristics by a simple solution processing approach. Devices
containing various concentrations of ZnO nanomaterials �tet-
rapods and nanocrystals� in MEH-PPV were fabricated and

analyzed. This revealed that incorporation of ZnO nanoma-
terials into the polymer matrix enhances the hole mobility of
the devices by up to three orders of magnitude. For the ZnO
nanocrystals/MEH-PPV composite device, the hole mobility
is up to 0.08 cm2/V s and for ZnO tetrapods/MEH-PPV
composite device is up to 0.15 cm2/V s. We note that current
hysteresis was significantly reduced in ZnO tetrapods/MEH-
PPV composite devices in contrast to the hysteresis effect
observed for the MEH-PPV devices.
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