%529 % 55 W * B
2008 45 H

& % %

JOURNAL OF SEMICONDUCTORS

Vol.29 No.5
May,2008

Fabrication of Bottom-Gate and Top-Gate Transparent ZnO Thin
Film Transistors”

Zhang Xin’an"'*, Zhang Jingwen'", Zhang Weifeng*, Wang Dong', Bi Zhen',
Bian Xuming', and Hou Xun'*

(1 Key Laboratory of Photonics Technology for Information, Xi’an Jiaotong University, Xi’an

710049, China)

(2 School of Physics and Electronics, Henan University, Kaifeng 475001, China)

Abstract: Transparent zinc oxide thin film transistors (ZnO-TFTs) with bottom-gate and top-gate structures were con-

structed on 50mm silica glass substrates. The ZnO films were deposited by RF magnetron sputtering and SiO, films served

as the gate insulator layer. We found that the ZnO-TFTs with bottom-gate structure have better electrical performance

than those with top-gate structure. The bottom-gate ZnO-TFTs operate as an n-channel enhancement mode, which have

clear pinch off and saturation characteristics. The field effect mobility, threshold voltage, and the current on/off ratio
were determined to be 18. 4cm? /(V « s), — 0.5V and 10", respectively. Meanwhile, the top-gate ZnO-TFTs exhibit n-chan-
nel depletion mode operation and no saturation characteristics were detected. The electrical difference of the devices may

be due to the different character of the interface between the channel and insulator layers. The two transistors types have

high transparency in the visible light region.
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1 Introduction

Transparent electronic circuits are promising
technologies because of their potential use in next
generation optoelectronics devices. A critical element
to realize transparent circuits is the transparent tran-
sistors') . Recently, oxide semiconductors such as zinc
oxide (ZnO) have been investigated as active channel
layers to construct transparent thin film transistors
(TFTs)'*~".ZnO is a wide band gap compound semi-
conductor with hexagonal wurtzite structure. It is at-
tractive because high quality ZnO films with high
transparency and moderate Hall mobility can be de-
posited on various substrates at relatively low temper-
aturet®® .

Many methods have been used to deposit poly-
crystalline ZnO films, such as sputtering, pulsed laser
deposition, molecular beam epitaxy, etc. , and p-type
ZnO films'" . ZnO films would enable the design of
complementary logic circuits with a ZnO semiconduc-
tor. However, considerable efforts are under way to
improve the field effect mobility, decrease the pro-
cessing temperature,and develop strategies to reduce
the carrier density in the channel™®' . There are few re-
ports on the construction of different structures of
transparent ZnO-TFTs.
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In this work, we report the fabrication of top-
gate and bottom-gate ZnO-TFTs. Both of the devices
were fabricated by RF magnetron sputtering on 50mm
silica glass substrates. We find that different struc-
produce different electrical properties. The
ZnO-TFTs with bottom-gate structure have better
electrical performance than those with top-gate struc-

tures

ture.

2 Experiments

Figure 1 shows the schematic cross-sectional
views of bottom-gate (a) and top-gate (b) structures
of transparent ZnO-TFTs. The ITO films were used as
gate, source, and drain electrodes and SiO, films
served as the gate insulator layer. All of the patterned
films (ITO, SiO;, ZnO films) in both the transistors
were achieved by standard photolithography and lift-
off techniques. The only difference between the two
devices is the deposition sequence of the films,i.e.,
the structures. The ZnO films were deposited by RF
magnetron sputtering at room temperature, using a
ZnO
(99.99%) . The sputtering was carried out in a mixed

commercially available ceramic target
atmosphere of Ar and O, with the flow rate ratio of
3 - 1. The background pressure was pumped to 6 X

107" Pa and the sputtering pressure was maintained at
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Fig.1 Schematic cross-sectional illustrations of bottom-gate
(a) and top-gate (b) structure ZnO-TFTs
micrograph (c¢) of a finished bottom-gate ZnO-TFT taken by an

Top view optical
optical microscope

0. 8Pa. The distance between the target and the sub-
strate was 70mm and the RF power was 100W. The
thickness of ZnO film, measured by surface profilo-
meter, was 80nm. Since they were insulating, the as-
deposited ZnO films were submitted to post-thermal
annealing at 500C in oxygen with a pressure of 10°Pa
for 1h to improve the conductivity. The ITO films
with the thickness of 80nm and the SiO, films with
the thickness of 300nm were deposited by sputtering
at room temperature. The channel width ( W) and
length (L) of the ZnO-TFTs were 100 and 40pm, re-
spectively. Figure 1 (¢) shows the photograph (top
view) of a finished bottom-gate structure ZnO-TFT
taken by an optical microscope.

The crystal structure of ZnO films were investi-
gated by X-ray diffractometry (XRD; DX2000) with
CuKo radiation (1 =0.154184nm) in @20 scan mode.
The operation voltage and current were 35kV and
30mA, respectively. The optical transmittance of the
ZnO film and ZnO-TFTs was performed with a UV-
VIS-NIR double beam spectrophotometer ( Varian
cary 5000) in the wavelength from 200 to 2000nm.
The electrical characteristics of the ZnO-TFTs were
measured by a semiconductor parameter analyser
(KEITHLEY 4200).

3 Results and discussion

Figure 2 shows the XRD patterns of ZnO films
deposited on silica glass substrates. The scan ranged
from 20" to 80°. The films have a single hexagonal
wurtzite structure with two predominant diffraction
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Fig. 2
(the inset) of the ZnO films deposited on silica glass substrate

X-ray diffraction patterns and optical transmittance

peaks corresponding to ZnO(002) and ZnO(004) re-
flections. The result indicates that the ZnO films were
grown with a preferred c-axis orientation perpendicu-
lar to the substrate plane. Using the full-width at half-
maximum (FWHM) of the ZnO(002) peak from the
recorded spectra,the average grain size was on the or-
der of 31nm based on Scherrer formulation'® . The in-
set of the Fig. 2 is the optical transmittance of ZnO
films. A sharp absorption edge at about 382nm corre-
sponding to the band gap of ZnO was detected and
the film has high optical transmittance in the range of
382 to 2000nm. The maximum transmittance is 90%.
The electrical properties of the ZnO films were meas-
ured by the van der Pauw method at room tempera-
ture. The results revealed the electrical resistivity, e-
lectron concentration, and Hall mobility of the ZnO
films to be 46Q « cm,1.5X10%cm ™ ?,and 89cm?/(V -
s) . respectively. All these characteristics demonstrate
the ZnO semiconductors can be used in transparent
electronic circuits.

Figure 3 shows the output characteristics of bot-
tom-gate ZnO-TFTs. The measurements were per-
formed in the dark at room temperature. As the
source-to-drain voltage ( Vpg) at a positive gate bias
(Vgs) increased,the source-to-drain current (Ipg) in-
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Fig.3 Output characteristics of the bottom-gate structure ZnO-
TFTs
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Fig.4 Output characteristics of the top-gate structure ZnO- Fig.5 Transfer characteristics of the bottom-gate ZnO-TFTs
TFTs (The threshold voltage (V) was extracted by fitting the linear

creased, which implies that the ZnO channel is n-type
because a positive Vs is required to induce a conduc-
ting channel. The device operated in enhancement
mode because of the small drain current at a gate
voltage of OV
rent saturation and pinch off characteristics, which is

. The device also exhibited clear cur-

desirable for most circuit applications.

Figure 4 shows the output characteristics of top-
gate ZnO-TFTs. Even though the deposition condi-
tions of the ITO,ZnO.,and SiO, films are the same as
those of bottom-gate ZnO-TFTs, the device presents
depletion mode performance. There is a large drain
current at a gate voltage of OV and this device has
poorer saturated drain current properties. The chan-
nel layer is also n-type,but it needs a higher gate bias
than bottom-gate ZnO-TFTs to increase drain cur-
rent. The poor electrical performance of the top-gate
ZnO-TFTs may due to the degradation of the ZnO/
SiO; interface. In our experiment,the sputtering pow-
er of SiO, films was 200W. The radio frequency in-
duced high energy ions and electrons in the plasma to
bombard the deposited ZnO layer, which increased
the channel defects. More defects lead to higher carri-
er concentration and cause the normal-on characteris-
tics of top-gate ZnO-TFTs"'"'. Thus, additional work
should be done to optimize the deposition of SiO,
films for high performance top-gate ZnO-TFTs.

The filed effect mobility (ur:) and the threshold
voltage (V1) can be calculated by the following equa-
tion''* (for the saturation region, Vps™>Vgs— V1) :

Tos = e Con (Vs = Vi)* (D
W and L are width and length of the channel respec-
tively. C, is the capacitance per unit area of the gate
insulator. The transfer curves of the bottom-gate
ZnO-TFTs measured at a fixed drain voltage of 10V
were shown in Fig. 5. The V1 was extracted by fitting
a straight line to the plot of the square root of I
versus Vgs of —0.5V. The device exhibited a current
on/off ratio of 10* and the off current was approxi-

portion of the (Ips)'* versus Vgs curve)

mately 3X 107" A. The pwe was calculated on the or-
der of 18. 4cm*/(V ¢ s) according to Eq. (1) ,which is
an order of magnitude larger than that of amorphous
silicon TFTs. The subthreshold swing (S), defined as
the gate voltage required to increase the drain current
by a factor of 10,is given by Ref.[13]
d VGS

ddlglps)

The S was estimated on the order of 1V /decade at the
maximum slope in the transfer curve.

S = (2

Figure 6 presents the optical transmittance of the
two types of transparent ZnO-TFTs (including the
glass substrate). The devices were highly transparent
at higher wavelengths than the absorption edge and
exhibited oscillations due to the interference effects.
The average transmittance values were on the order
of approximately 80% ,which indicates that transmis-
sion losses due to the ZnO-TFTs in comparison with
the substrates are negligible. The inset of Fig. 6 is a
photo of a 50mm glass substrate with 44 bottom-gate
ZnO-TFTs. Through it, the underlying text is visible,
which demonstrates the high transparency of the
transistors. All of the results indicate ZnO films can
be used as a channel layer of a transparent thin film
transistor and will play an important role in future
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Fig.6 Optical transmittance of the two ZnO-TFTs types (in-
cluding the glass substrate) The inset shows a 50mm silica glass
substrate with 44 bottom-gate ZnO-TFTs.
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transparent electronic circuits.

4 Conclusion

Transparent ZnO thin film transistors with bot-
tom-gate and top-gate structures were fabricated by
RF magnetron sputtering and lift-off techniques. The
crystal structure and optical transmittance of ZnO
films were investigated by XRD and spectrophotome-
ter. Electrical measurement revealed that the bottom-
gate ZnO-TFTs have better behaviors than the top-
gate devices. The bottom-gate transistors operate as
an n-channel enhancement mode, having clear pinch
off and saturation characteristics. The field effect
mobility, threshold voltage,and the current on/off ra-
tio were determined to be 18. 4cm®/(V +s), — 0.5V,
and 10", respectively. Both of the devices have high
transparency in the visible light spectrum.
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