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In this paper, the electrical properties of top-gated thin-ﬁlm
transistors with low-cost chemical bath deposition (CBD) of
ZnO as active material and a high-k rare-earth oxide La2O3 as
gate dielectric have been reported. The source-drain and gate
electrodes and dielectric layers are fabricated by thermal
evaporation techniques in high vacuum of the order of
106 Torr in a coplanar electrode structure. The channel length
of the TFT is of 50 mm. The fabricated TFTs are annealed at

500 8C in air. The TFTs exhibit a ﬁeld effect mobility 0.58
(cm2 V1 s1). Use of a high dielectric constant (high-k) gate
insulator reduces the threshold voltage and subthreshold swing
of the TFTs. The TFTs exhibit a low threshold voltage of 4 V.
The calculated values of gain–bandwidth product and
subthreshold swing are also evaluated and presented. The
ON/OFF ratio of the TFT is found to be 106.
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1 Introduction During the last decades the studies of
ZnO thin ﬁlms have received much attention due to their
potential applications as gas sensors, transparent conducting
electrodes, solar cell windows, etc. Due to the wide bandgap
(3.37 eV) and high excitation binding energy (60 meV) ZnO is a
strong candidate for light-emitting diodes and other photovoltaic devices [1]. ZnO is also widely used in high-temperature
electronics devices that are reliable for space and other high
environments. Nowadays, ZnO is widely used as the active
material in TFTs because of its transparency and high ﬁeld
effect mobility, high mechanical, thermal, and chemical
stability [2–4]. Many investigators have reported that siliconbased TFTs have limited applications due to their low ﬁeld
effect mobility, light sensitivity, and small drain current. Also,
ZnO thin ﬁlms required a relatively low deposition temperature
to grown as crystallite material on various substrates such as
silicon or glasses than that of silicon [5]. Therefore, ZnO-based
TFTs have received signiﬁcant attention in recent years as an
alternative to silicon-based TFTs [6–10].
ZnO thin ﬁlms have been fabricated and synthesized by
variety of processes, namely thermal deposition, chemical

bath deposition, metal organic chemical vapor deposition
spray pyrolysis, sol gel, etc. Among the various techniques,
chemical bath deposition is one of the simplest and costeffective techniques for the deposition of semiconductors
and ceramic ﬁlm deposition that provides a thin ﬁlm
having uniform surface [11, 12]. More generally in CBD
techniques, an aqueous solution made up of some mixture of
precursor solution and complexing agents and the substrates
for the deposition of the ﬁlms are required.
The rare-earth oxide La2O3 exhibits very high dielectric
constant (14.77) [13] and low leakage current and hence is
reliable as a dielectric in microelectronics, and recently
La2O3 is under intense investigation for replacing conventional SiO2 [14, 15]. Due to the properties of insensitivity to
impurities and being more stable owing to the absence of
grain boundaries, amorphous dielectrics are suitable for gate
dielectrics. Up till now many investigators have successfully
used La2O3 as a gate insulator in TFTs [16–18].
In this paper we report the chemical bath deposition of
ZnO thin ﬁlms, their characterization and performance of
ZnO thin ﬁlm as active material in TFTs. The electrical
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characteristics and the various parameters are evaluated
using theoretical model and presented. The CBD method
used to prepare ZnO thin ﬁlm is a modiﬁcation of the
method used by Chatterjee et al. [19].
2 Experimental details The ZnO ﬁlms are deposited
by a chemical bath deposition method. First, glass slides are
cleaned ultrasonically to use as substrates. For the deposition
of ZnO on glass substrates, a sodium zincate (Na2ZnO2) bath
is prepared. For the preparation of the Na2ZnO2 bath, ﬁrst
100 ml of 0.1 M ZnCl2 aqueous solution is prepared using
deionized water. Then, NaOH is added into the ZnCl2 solution
to prepare the (Na2ZnO2) bath. The mixture is then stirred by a
magnetic stirrer for 30 min. Initially, a white precipitate of
zinc hydroxide (Zn(OH)2) is formed. A clear solution is
obtained after addition of 60 ml of 4 M NaOH solution into the
bath. The mixer is again stirred for 30 min. In the entire
process the bath temperature is maintained at 40 8C. The pH of
the solution is 11. The chemical reactions are as follows:
ZnCl2 þ 2NaOH ¼ ZnðOHÞ2 þ 2NaCl;
ZnðOHÞ2 þ 2NaOH ¼ Na2 ZnO2 þ 2H2 O:
The ZnO thin ﬁlms are deposited on the substrates by
alternate dipping into the (Na2ZnO2) bath and then into a hot
water bath. This leads to the reaction
Na2 ZnO2 þ H2 O ¼ ZnO þ NaOH:
The zinc hydroxide is formed due to hydrolysis of
deposited ZnO during subsequent immersions in hot
water [20]. The ﬁlm thickness can be increased by increasing
the immersion time in the bath. In this investigation the
number of immersion is 20–25 and the immersion time is 5 s
into the two baths for deposition of each ZnO ﬁlms. The asdeposited ﬁlms are then annealed at 500 8C for 1 h in air. The
thicknesses of the ﬁlms are measured using Tolanky’s
multiple mean interference method [21].
The TFTs are fabricated in a top-gated coplanar
electrode structure. The source-drain and gate electrodes
and the dielectric layer are deposited by a thermal
evaporation method under high vacuum of the order of
106 Torr. The different fabrication steps of the TFTs are as
follows:
(i) The ZnO thin ﬁlms of 500 Å are deposited on the glass
substrates by the CBD technique as mentioned above.
(ii) Al source-drain electrodes are deposited over the ZnO
ﬁlm maintaining a channel of length 50 mm. and
channel width of 0.1 cm.
(iii) Grade purity rare-earth oxide La2O3 without further
puriﬁcation is deposited over the source–drain electrodes as gate dielectric layer of 800 Å.
(iv) Over the dielectric layer Al is deposited as a gate
electrode.
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A schematic diagram of the fabricated TFT is shown in
Fig. 1.
3 Results and discussion The polycrystalline structure and the surface morphology of the ZnO ﬁlms are
investigated through an XRD spectrum (Fig. 2) and SEM
analysis (Fig. 3). In Fig. 2, curves a and b show XRD spectra
without annealing and with annealing at 500 8C, respectively. No distinct peaks are observed in case of ZnO ﬁlms
without annealing (curve a). But four distinct peaks (100),
(002), (101), and (110) of ZnO are observed in the XRD
spectrum in case of the annealed ﬁlms at 500 8C in air, which
conﬁrms the preparation of ZnO thin ﬁlms by the CBD
method (curve b). The SEM micrograph shows a uniform
granular structure of the ZnO ﬁlms. The average size of the
ZnO crystallites is calculated from the XRD pattern using
the Debye–Scherer’s formula (Eq. (1)) as follows and found
to be 117 nm.
d¼

kl
;
bcosu

ð1Þ

where l is the wavelength of X-ray radiation used, b is the
angular line width at half of the maximum intensity, u is the
Bragg diffraction angle and k is a constant.
Well-modulated ID–VD characteristics at various gate
voltages (VG) of the fabricated TFTs with an air-annealed
sample are observed, which are shown in Fig. 4. The drain
current is signiﬁcantly increased and shows well-saturated
characteristics from 12 V gate voltage onwards and complete
pinch off occurs at 2 V gate voltage. The TFTs are operated in
enhancement mode. Figure 5 shows the ID–VD characteristics
of TFTs in a sample without annealing that shows low drain
current with respect to drain voltage than that of the TFTs
with an air-annealed ZnO sample.
The (ID)1/2–VG plots for the TFTs at constant drain
voltage VD ¼ 10 V are shown in Fig. 6. In Fig. 6, curves a
and b are for the TFTs with air annealing and without air
annealing, respectively. From the extrapolation of the linear
portion of the graph to the VG axis of the plots, the threshold
voltages (VT) of the devices are calculated. In the saturation
region VD ¼ VG–VT, the drain current is given by Eq. (2) [22]
on the basis of which the electrical parameters are evaluated.

Figure 1 Schematic diagram of the coplanar electrode structure of
the TFTs.
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Figure 2 XRD spectrum of the ZnO thin ﬁlm. Curve (a), without
annealing; curve (b), annealed at 500 8C in air.

I Dsat ¼

W
m Ci ðV G  V T Þ2 ;
2L FE

ð2Þ

where W is the channel width, L is channel length, Ci is the
gate capacitance per unit area, VT is the threshold voltage
and mFE is the ﬁeld-effect mobility. The ﬁeld-effect mobility
mFE is calculated from the slope of this plot. The gain–
bandwidth product is the measure of high-frequency
performance of the devices. The gain–bandwidth (G.Bw.)
product of the device is evaluated from Eq. (3) [23]
G:Bw: ¼

gm
:
2pCi
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Figure 4 ID–VD characteristics of air annealed ZnO TFTs at
constant VG.

represent the TFTs with air annealing and without air
annealing, respectively. The subthreshold swing is calculated from the slope of these graphs using the relation [24]

s¼

1

:

ð4Þ

The drain current ON–OFF ratio of the device is
calculated from the relation [20]
I ON
Ci mFE ðV G  V T Þ2
¼
;
I OFF
sdV D

ð3Þ

The plot of log (ID) versus VG at a constant drain voltage
(VD ¼ 10 V) is shown in Fig. 7 in which curves a and b

dðlogI D Þ
dV G

ð5Þ

where s and d are conductivity and thickness of the
semiconductor of the TFTs, respectively.
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Figure 3 SEM image of the ZnO thin ﬁlm.

Figure 5 ID–VD characteristics of without annealed ZnO TFTs at
constant VG.
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Figure 8 J–V characteristics of Al/La2O3/Al structure.
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Figure 6 √ID–VG plots for ZnO TFTs at constant drain voltage
VD ¼ 10 V. Curves (a) and (b) are for TFT with air annealing and
without air anneal, respectively.

The J–V characteristic of the dielectric ﬁlm in Al/La3O3/
Al conﬁguration is shown in Fig. 8. From Fig. 8 it is seen
that the dielectric ﬁlm shows a very low leakage current and
thereby proves the suitability for use as a dielectric layer in
thin-ﬁlm transistors.
The calculated values of mobility, threshold voltage,
subthreshold swing, a gain–bandwidth product and drain
current ON–OFF ratio of the devices are presented in
Table 1 and the results are compared with the TFT with and
without annealed ZnO thin ﬁlms. Table 2 contains a
comparison of the calculated parameters with some previous
results [16, 25, 26], which shows signiﬁcant improvement
over that of the previous investigations. The slightly lower
value of the mobility in the present investigation (0.58 cm2/

0.01
1E-3

b

1E-4

log ID Ampere

-6

Voltage (in Volt)

0.0

V s) than that of the previous [16] (0.77 cm2/V s) is due to
the use of a nonpatterned ZnO channel layer, whereas they
have used patterned channel layer that reduces the off
current. From the results mentioned in Table 2 it can be
inferred that good electrical properties are exhibited by the
fabricated TFT with the air-annealed sample. High values of
ﬁeld effect mobility and ON–OFF ratio are exhibited by the
TFTs. The threshold voltage and subthreshold swing are
found to be relatively low. The gain–bandwidth product of
the TFTs is also high, which is due to the high ﬁeld effect
mobility. The high value of the mobility of the TFT is due to
the fact that as the TFT is annealed in air at high temperature
(500 8C), the oxygen content in the ﬁlms may increase,
which provides good-quality ZnO ﬁlms. At high annealing
temperatures passivation of the oxygen atoms into the
interstitial positions of the ZnO crystals and reduction of the
trapping of charges in the grain boundaries occur. This leads
to the reduction of potential barrier at the grain boundaries
and consequently the mobility of the carrier increases. The
mobility of the devices may further be increased by
annealing the devices in an oxygen atmosphere that can
passivate the oxygen vacancies that create deep levels in the
bandgap structure [25, 27]. No signiﬁcant results are
observed in case of the TFTs using ZnO ﬁlms without
annealing because trapping of charge carriers in the grain
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Table 1 Comparison of the measured values of electrical
parameters of TFTs with air annealed and without annealed
sample.
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Figure 7 The plots of log (ID)–VG at constant drain voltage.
Curves (a) and (b) are for TFT with air annealing and without air
anneal, respectively.
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mobility (mFE) (cm2/V s)
threshold voltage (VT) (V)
ON–OFF ratio
subthreshold swing (V/decade)
gain–bandwidth product
(G.Bw.) (kHz)

TFT with air
annealed
sample

TFT without
annealed
sample

0.58
4
106
1
0.04

0.024
6.6
104
1.1
0.039  103
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Table 2 Measured values of ﬁeld effect mobility (mFE), threshold voltage (VT), gain–bandwidth product (G.Bw.), drain current ON–OFF
ratio, and subthreshold swing of the fabricated devices and comparison of these parameters with some previous results with different gate
dielectrics and method of preparation.
parameters

mobility (mFE) (cm2/V s)
threshold voltage (VT) (V)
ON–OFF ratio
subthreshold swing (V/decade)
gain–bandwidth product (G.Bw.) (kHz)

present results
(La2O3)
(annealed in air)

previous results
(PVP) [25]
(oxygen-annealed)
(CBD method)

previous results
(SiO2) [26]
(sol–gel method)

previous results
(La2O3) [16]
(sputtering method)

0.58
4
106
1
0.04

0.05
2.1
102
—
—

0.06
15.6
105
—
—

0.77
—
105
1.2
—

boundaries of the ZnO polycrystals occurs, which acts as a
potential barrier and decrease the mobility as well as other
electrical parameters.
4 Conclusions The ZnO-based TFTs with La2O3 gate
dielectric were successfully fabricated by CBD and thermal
evaporation techniques. The TFTs exhibited high ﬁeld effect
mobility, high ON–OFF ratio and low threshold voltage. From
this investigation it can also be concluded that the high-k rareearth oxide La2O3 can act as a good dielectric material in
TFTs and the ZnO-La2O3 is a good semiconductor–insulator
combination for TFTs. Furthermore, the effect of other dielectric
materials and doping effects of ZnO are also under investigation
for the improvement of performance of the ZnO TFTs.
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