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Abstract
A study of the characteristics of bottom gate enhancement-mode thin film transistors (TFTs) based on zinc oxide (ZnO) as
an active channel layer deposited by two different methods e.g, radio frequency magnetron sputtering (RF-sputtering) and
sol-gel technique at room temperature is reported. The SiO2 is used to serve as the gate dielectric insulating layer for both
the TFTs. Simulation of these TFT is also carried out by using the commercial software ATLAS™ from Silvaco. The
simulated results of the device were compared and contrasted with those measured experimentally. The experimental
results are in fairly good agreement with those obtained from simulation. The difference in electrical behavior of the
devices is attributed to different characteristics of the interface between the channel and dielectric layers.
Keywords: ZnO; Thin film transistor (TFT); Sol-gel; RF-sputtering; Bottom-gate; Simulation.

I. INTRODUCTION
ZnO is one of the most promising materials among
various semiconducting metal-oxides, because of
its range of electronic, optical, magnetic and
chemical properties. ZnO is most widely used
oxide semiconductor with applications ranging
from medical, agriculture, ceramic, chemical to
electronics and photonics [1, 2]. ZnO has been
recognized in recent times as one of the most
potential candidates for the next generation of
transparent and flexible electronics for display
systems in the form of transparent thin film
transistors (TTFTs) [3-6]. The current technology
based on amorphous or polycrystalline Si and
organic semiconductors has severe electronic
limitations due to low mobility (≤ 1cm2/V s) and
inadequate light sensitivity. Currently it has been
suggested that wurtzite structured ZnO thin films
could be used as the active channel layer in TFTs
because of its low cost, easy availability, high
mobility and no environmental concerns.
Furthermore, unlike Si TFTs and poly-Si TFTs,
ZnO based TFTs are transparent in the visible
region of the spectra and less visible light sensitive
because of the large bandgap (3.4eV) of ZnO [7].
Another possible application involves use of ZnO
TTFTs as transparent select-transistors in each
pixel of an active-matrix liquid-crystal display

(AMLCD) [8]. The important figures of merit that
determine the performance of TFTs are the
magnitude of the field effect mobility, threshold
voltage, and the drain current on/off ratio. A high
value of channel mobility ensures a higher drive
current density and a faster switching speed of a
TFT. Considerable effort has been made to achieve
high field-effect mobility and to understand the
mechanism of operation of TFTs in order to realize
the key factors behind high performance and
stability of these devices. In the recent past the
field-effect mobility was reported to be ~25
cm2/Vs in a polycrystalline channel layer [9, 10]
and as high as ~70cm2/Vs in a single-crystalline
channel layer [11]. Ever increasing interest in the
ZnO TFTs, has motivated the researchers to
explore various techniques for growing ZnO films.
These include RF-sputtering [3, 4] pulsed laser
deposition (PLD) [12], spray pyrolysis [13], atomic
layer deposition (ALD) [5], sol-gel [14, 15],
thermal oxidation of Zn thin films [16] and
chemical bath deposition [17]. Among these
techniques sol-gel method has certain advantages,
such as good reproducibility, simplicity, low cost,
and high throughput that enable the fabrication of
high-performance and low-cost electronics. In
addition to these merits, it may also be possible to
use sol-gel technique to realize high electron
mobility
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information on how ZnO films (grown by different
methods) influence the mobility  FE and hence the
performance of TFTs is not available in the
literature. In this paper, we investigated the
characteristics of a suitable ZnO thin film for an
active channel layer of ZnO TFT. It was found that
different deposition techniques of ZnO layer
produce different electrical properties for the final
devices. Theoretical study of these above
mentioned TFTs is also carried out by ATLAS
simulator; these theoretical results were further
compared with experimental results.

II. EXPERIMENTS
Fig.1 (a), (b) and (c) show the schematic structure
of ZnO based bottom gate TFT and sol-gel and RF
sputtered ZnO TFTs respectively. The devices
were fabricated using p-type Si (100) (~380 μm
thick with a resistivity of 2-7 Ωcm) as the substrate
and, thermally grown 50 nm thick SiO2 layer as the
TFT gate dielectric. ZnO thin film was used as
channel layer for both the TFTs. The ZnO thin
films were deposited over these SiO2/Si substrate
samples, by two different methods via RFsputtering and sol-gel methods. The SiO2 surface
was ultrasonically cleaned with acetone, isopropyl
alcohol (IPA) and DI water sequentially before
ZnO deposition. The details of ZnO thin film
deposition parameters pertaining to sol-gel and RF
sputtering techniques could be studied from
elsewhere [3, 14].
After deposition of the ZnO thin film, source
and drain electrodes were patterned using standard
photolithography. The values of channel width and
channel length for sol-gel derived ZnO TFTs and
RF-sputtered ZnO TFTs were kept the same;
W=200µm and L=50μm (i.e. W/L=4:1).
Aluminum (Al) metal is used for source, drain and
gate contacts. The thickness of Al metal was kept
90-100 nm for all electrodes.

Figure 1: (a) The schematic structure and (b) &
(c) Images of sol-gel and RF sputtered ZnO
TFTs

TFTs using indium doped ZnO (IZO) as channel
layer [18]. In view of these facts, there has been an
increasing interest in the recent past to develop
ZnO based TFTs that employ channel layers grown
by sol-gel technique. To date sol-gel deposited
ZnO TFT with mobility in the range from 0.020
cm2/Vs to 1.29 cm2/Vs have been demonstrated by
various researchers [19, 20, 21]. For device
applications of sol-gel grown ZnO TFTs,  FE is
one of the parameters which requires improvement
and higher values of  FE are highly desirable. In a
TFT using polycrystalline ZnO films as channel
layers, it has been understood that the c-axis
crystal orientation [22, 23] and grain size [24, 25]
of the channel layers affect  FE of carriers. This
indicates that one key approach to improving
carrier transport in TFTs is to obtain highly c-axis
oriented films with large grain size. The

III. CHARACTERIZATION
The surface topography of the sample such as the
surface roughness, the grain size etc. are measured
by using e-line scanning electron microscope
(SEM)
from Raith GmbH, Germany. The
thickness and resistivity of the ZnO thin films were
measured by Ellipsometer (Model: M2000U, USA)
1544
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sol-gel derived ZnO films. A few clusters were
also found to be formed in sol-gel derived ZnO
thin films. A qualitative investigation of the SEM
image of sol-gel derived ZnO thin film reveals that
the observed clusters consist of closely packed
nanoparticles of smaller sizes (20 nm). The SEM
images for RF-sputtered ZnO films reveal that a
good homogeneous film across entire surface can
be grown by this technique. The nanocrystalline
structure of both the films has a special
significance in the context of electrical
characteristics of transistors based on these films.
Grain size is understood to be directly correlated
with device performance, because the grain
boundaries act as a barrier to electron hopping [17,
26]. For example, in a thin film transistor (TFT)
application, the active channel layer with larger
grain size and less grain boundary is desirable in
order to achieve high electron mobility [8]. The
thickness of ZnO thin films was measured by
Ellipsometer. The thickness of the film was found
to be in the range of 200-300nm for both the ZnO
films. The sheet resistance ( R sh ) was measured by
using a four-point probe setup. The value of
resistivity is 2.04699E-1 Ω.cm and 6.20744E-3
Ω.cm for RF-sputtered and sol-gel ZnO thin films
respectively. This optical property of the ZnO thin
film can be exploited for the detection of optical
signal in PL spectra. Fig. 6 presents the room
temperature PL spectra of all the ZnO thin films.
The shapes of all the spectra, similar to those
reported by others, are dominated by strong near
band edge UV emission. The UV emission peak
originates from free exciton emission as shown by
other researchers [27], and it can be seen from Fig.
3 that the peak intensity and peak position of the
UV emission is different for sol-gel derived and
RF-sputtered ZnO films. The PL spectra of RFsputtered ZnO film exhibited a weak deep level
emission along with near band edge (NBE)
emission. The deep level emission in the PL
spectra of RF-sputtered ZnO film can be attributed
to both the native defects like oxygen vacancies
and impurities unintentionally introduced during
the film deposition. However, the exact origins of
these emissions are not clearly understood yet [16,
27].

Figure 2: SEM images of sol-gel and RF
sputtered ZnO thin films

and by four-probe measurement setup respectively.
Optical properties of both ZnO films were
measured by photoluminescence spectroscopy.
Ellipsometer is used to measure for thickness of
ZnO thin films. The I–V characteristics were
measured by using HP Semiconductor Parameter
Analyzer (SPA) from Hewlett-Packard (Model No.
4145 B, USA) at room temperature (300 K).
IV. RESULTS AND DISCUSSIONS
The crystal structure of the ZnO films was
examined by SEM, which is shown in Figure 2 (a)
and (b). The SEM images of both the ZnO films
show that the film in each case is composed of
closely packed hexagonal particles. The grain size
of sol-gel deposited ZnO film ranges between 20
nm to 100 nm, while the grain size ranges between
10 nm to 20 nm for RF-sputtered ZnO films. The
sizes of crystals were uniform for RF-sputtered
ZnO films whereas they were not so throughout for

IV.1. Evaluation of Performance Parameters
ZnO based TFT devices
1545
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Figure 3: PL spectra of sol-gel and RF sputtered
ZnO thin films.

(a)
Thin film transistors fabricated by using ZnO film
grown by two techniques were tested subsequently
for electrical characterization. The measurements
were performed at room temperature. The drain
current versus drain voltage characteristics for
various applied gate voltages for the TFTs grown
by two different techniques are shown in Fig.4.
Device performance is assessed through an
analysis of the turn-on voltage ( VON ), drain current
on-to-off ratio ( I ON I OFF ), and incremental
channel mobility (  FE ). Hoffman [9] and Hong et
al. [28] have defined VON as the gate voltage at
which I D begins to increase when plotted against
VGS on a logarithmic scale. It is clear from the
Fig.4 that with the increase of source-to-drain
voltage ( V DS ) at a positive gate bias ( VG ), the
source-to-drain current ( I DS ) increases markedly,
confirming that the channel was n-type. The device
operated in enhancement mode because very little
amount of drain current flows at zero gate voltage.
Pinch-off and current saturation are clearly
observed. It is seen that the entire channel region
could be depleted of electrons, which is desirable
for most circuit applications. The I D - VG
characteristics of the TFT can be approximated as
[29]
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Figure 4: (a) Output characteristics (ID-VD) of sol-gel
and RF sputtered ZnO based TFT,
(b) Comparison between experimental and simulated IDVD characteristics of experimental and simulated results
of sol-gel and RF sputtered ZnO based TFT.

width and length respectively ; VD and VG are the
drain-source voltage and gate-source voltage
respectively ;the field effect channel mobility is
denoted by μFE .The transfer characteristics of solgel and RF-sputtered ZnO TFTs have been used to
extract the values of mobility and threshold
voltage, which are 11 cm2/Vs, 1.3V and 0.6134
cm2/Vs, 3.1V for sol-gel and RF sputtered ZnO

 CiW FE 
2
I DS  
VG  Vth  for VD VG  Vth 
 2L 
(1)

In this equation, Ci is the capacitance per unit area
of the insulating layer, W and L are the channel
1546
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TFTs respectively. It is clear that the threshold
voltage is positive showing that both the TFTs
operate in the enhancement-mode (normally-off
characteristics). In an enhancement-mode TFT
device, the channel conductivity increases with
positive gate bias voltage, which is preferable for a
TFT being used as a switching device in
electronics circuits because the power dissipation
is minimized [30].
Further, it can be seen that even though the device
structure (W: L) and thickness of oxide layer are
identical for both the TFTs, the RF-sputtered ZnO
TFT presents higher threshold voltage and lesser
field effect mobility than that of the sol-gel derived
ZnO TFT. Our ZnO channel layer deposited by RF
sputtering at room temperature is likely to contain
a higher density of point defects that may mainly
consist of natural mid-gap acceptor states induced
by Zn vacancies (single-charged) or O interstitials
in ZnO as observed by others [31, 32]. The
comparative less efficient electrical performance of
the RF-sputtered ZnO TFT may also be due to the
degradation of ZnO/SiO2 interface and due to the
higher resistivity of the RF-sputtered ZnO thin film
in comparison to sol-gel derived ZnO thin film.
Smaller grain size of RF-sputtered ZnO thin film
may also be responsible for low mobility of the
device.

measured data and the simulated results.

V. CONCLUSION
Bottom gate ZnO thin film transistors were
fabricated by sol-gel and RF-magnetron sputtering
with same structure and same thickness of the
dielectric layer (SiO2 film). Dense, high quality,
polycrystalline ZnO films deposited by RFsputtering and sol-gel method were used to form
the channel of the TFTs. Electrical characteristics
of these TFTs show that the performance ratings of
the ZnO-TFT not only depend on the device
structure but on the thin film deposition conditions
as well. Enhancement-mode TFTs with sol-gel
derived ZnO channels are found to exhibit better
field effect mobility as compared to RF-sputtered
TFTs. But the other parameters of both the TFTs
are of the same order. The reason of low value of
on/off ratio for both TFTs, is attributed to the
degradation of ZnO/SiO2 interface, smaller grain
size and high resistivity of ZnO thin films in both
the cases. The deposition condition for both kind
of ZnO thin films need further optimization for
getting improved performance of TFTs. Further,
the simulation tool can be used to optimize
predicted performance of sol–gel and RF-sputtered
TFT for specific applications.

IV.2. Study and Comparison of Experimental
Results with Theoretically Simulated Results
The two-dimensional (2D) device simulator of
ATLAS from Silvaco, Singapore was used to
simulate the ZnO TFT structure. The parameters of
ZnO were taken from literature [33]. All necessary
material constants of ZnO have been collected
from different sources [34, 35]. The simulation by
ATLAS, involves solution of the Poisson’s
equation, continuity equation and carrier
transportation equations in a coupled manner.
Drift- Diffusion (DD) model of carrier
transportation was utilized to simulate the structure
from the available models (Drift-Diffusion (DD),
Energy valance (EV) and Hydrodynamics (HD)) in
ATLAS library. The experimental output
characteristics of sol-gel and RF-sputtered TFT
shows good agreement with ATLAS simulated
results for VG = 8.0 V. The variation of normalized
drain current with the applied drain voltage is
shown in Figure 6 for both the experimental
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