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Abstract

We fabricated a schottky barrier metal oxide semiconductor field effect transistor(SB-MOSFET) by applying indium-tin-oxide(ITO) to
the source/drain on a highly resistive GaN layer grown on a silicon substrate. The MOSFET, with 10 μm gate length and 100 μm gate
width, exhibits a threshold gate voltage of 2.7 V, and has a sub-threshold slope of 240 mV/dec taken from the IDS-VGS characteristics at a
low drain voltage of 0.05 V. The maximum drain current is 18 mA/mm and the maximum transconductance is 6 mS/mm at VDS=3 V. We
observed that the spectral photo-response characterization exhibits that the cutoff wavelength was 365 nm, and the UV/visible rejection
ratio was about 130 at VDS = 5 V. The MOSFET-type UV detector using ITO, has a high UV photo-responsivity and so is highly
applicable to the UV image sensors.
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1.  INTRODUCTION

Gallium nitride(GaN) is one of the most promising
materials for both opto-electronic devices, such as high
sensitive ultraviolet(UV) detector, visible light emission
diode(LED) and high temperature / high frequency / high
power electronic devices, such as high electron mobility
transistor(HEMT)[1-3], metal insulator semiconductor
field effect transistor(MISFET)[4, 5].

At least until recently, there has not been much interest
in enhancement mode transistors, even though there are
many applications for integrated UV image sensors as well
as high power logic integrated circuit applications.
Schottky barrier source/drain(S/D) structure MISFET and
silicon implanted S/D MISFET have been presented in [6]
and [7], respectively. The schottky barrier S/D is an
attractive solution because it excludes the use of the high
cost S/D ion implantation process and very high
temperature activation at over 1500 。C[1]. Indium-tin-
oxide(ITO), on the other hand, has been widely applied to
many other opto-electronic devices because of its highly

conductive and visible-transparent properties[8].
In this study, we investigated both the electrical and the

UV responsive characteristics of a fabricated enhancement
mode n-channel SB-MOSFET using ITO schottky barrier
S/D on a highly resistive GaN layer grown on a silicon
substrate in the near UV and visible regions for the various
gate/drain bias conditions. The fabricated devices exhibit
very promising behaviors, such as a very high on/off
current ratio, high transconductance, and a good
UV/visible rejection ratio.

2.  THE DEVICE FABRICATION

Fig. 1 shows a schematic of the cross-sectional view of
the epitaxial GaN layer structure. The epitaxial GaN layer
for the MOSFET was grown on an n-type Si(111) substrate
using metal-organic chemical vapor deposition(MOCVD)
by using TMGa, TMAl, and NH3 as the precursors for Ga,
Al, and N, respectively. First, a Si(111) substrate was
cleaned by diluted HF in other to remove the native oxides,
and then a 150 nm-thick high-temperature(HT) AlN buffer
was grown at 1100 。C in other to prevent an occurrence of
the meltback etching attributed to the Ga-Si reaction. To
release the strong tensile stress between the GaN and the Si
substrate caused by the large differences in the lattice
constant and thermal expansion coefficient, a 170 nm-thick
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high temperature(HT) GaN and a 30 nm-thick low-
temperature(LT) AlN interlayers were periodically grown
by five times. The LT-AlN interlayer, especially, plays a
main role in the tensile stress reduction[9, 10]. Finally, a
0.7 um-thick crack-free and highly resistive GaN layer was
grown at 1070 。C. The growth pressure of proposed
structure was fixed at 100 torr. 

In order to measure the transmittance of the ITO contact
electrode, we first deposited ITO onto glass substrates by
an RF sputtering system from a target composed of 90 %
In2O3 and 10 % SnO2. During the ITO deposition, we kept
the deposition condition at 10 mTorr in Ar/O2

atmosphere(Ar : O2 = 1000 : 1). The thickness of the ITO
layers was kept at 1000 Å throughout this study. In some
cases, the as-deposited ITO films were thermally annealed
in air atmosphere from 300 。C to 700 。C for 15 min. The
transmission spectra of the as-deposited ITO, the thermally
annealed ITO were measured using a VARIAN UV-VIS-
NIR spectrometer.

Fig. 2 shows a schematic of the cross-sectional diagram
and the top-view image of the fabricated SB-MOSFET.
Before the deposit of the gate dielectric and the S/D ITO’s,
the wafers were dipped in a diluted hydrochloric acid water
solution(HCl : H2O = 1 : 1) for 3 min to remove the native

oxides. We then deposited a 1000 Å ITO layer at room
temperature onto the GaN epitaxial layers to apply for the
schottky barrier source and drain. SiO2(320 Å) deposition
was followed for the gate dielectric using the PECVD
method at 300 。C. Finally, Ni(400 Å)/Au(500 Å) was
deposited as the gate metal and bonding pads of S/D by e-
beam evaporator. An Agilent 4156C semiconductor
parameter analyzer was used to measure the current-
voltage(I-V) characteristics of the fabricated SB-MOSFET.
A xenon arc lamp was used as the optical source for the
spectral responsivity measurements. A calibrated UV-
enhanced Si detector was used for signal detection.

3. THE RESULTS AND DISCUSSIONS

Fig. 1. (a) The schematic cross section and (b) the growth
temperature as a function of growth time of the epitaxial layer
structure grown on silicon, which incorporates multiple HT-
GaN and LT-AlN interlayers.

(b)

(a)

Fig. 2. (a) The schematic cross section and (b) the top-view image of
the fabricated SB-MOSFET.

(b)

(a)

Fig. 3. The optical transmittance characteristic variations regarding
the annealing temperature for 1000 Å-thick ITO films under
air atmosphere for 15 min.
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Fig. 3 shows the transmission spectra of the as-deposited
ITO and thermally annealed ITO layers. In this figure, the
transmittance of each film was normalized with respect to
the transmittance of the glass substrate. It can be seen that
the as-deposited ITO has a peak 80 % transmittance at 400
nm. However, after a 15 min thermal annealing at 300 。C
in air atmosphere, we observed a significant improvement
in its optical properties. We found that ITO became more
transparent in all of the wavelengths of interest. We also
found that the peak transmittance increased from 80 % to
86 %. The peak wavelength was also blue-shifted from 400
to 375 nm. Table 1 shows the ITO electrical properties
evolution with the annealing temperature in air. We can
confirm that the as-deposited ITO film has 5.0×10-4 Ω·
cm at room temperature(25 。C). The ITO film properties
are not strongly affected by the annealing temperature at
300 。C, as can be seen by analyzing the ρand n values.
The obtained results are not presented here due to space
limitations, but the air annealing over 300 。C leads to films
with deteriorated properties. For instance, the ρof the ITO
films increases from ~ 5.0×10-4 Ω·cm at R.T. to ~ 7.4×
10-3 Ω·cm at 700 。C and the mobility(μ) decreases from ~
22.8 cm2/V·s at R.T. to ~ 0.2 cm2/V·s  at 700 。C.

The fabricated GaN SB-MOSFET with 10 μm gate
length and 100 μm gate width on the silicon exhibited
normally-off   operation with threshold voltage of 2.7 V, by
extrapolation of the transfer I-V characteristics in the linear
region at VDS = 0.05 V. Observing the photoluminescence
(PL) spectrum of the highly resistive GaN epitaxial layer
grown on the silicon, as shown in Fig. 4, it exhibits a band
edge peak at a wavelength of 360 nm. This is a meaningful
result for the possibility of GaN MOSFET and its
applications to high power logic, switching, and opto-
electronic devices.

The output I-V characteristics of the fabricated SB-

Fig. 4. The photoluminescence spectrum of the epitaxial GaN layer
grown on silicon used in this work.

Fig. 5. The IDS-VDS characteristic of the SB-MOSFET using ITO
source /drain.

Fig. 6. The IDS-VGS characteristics of the SB-MOSFET using ITO
S/D at VDS = 0.05 V.

Fig. 7. The IDS-VGS and transconductance of the SB-MOSFET using
ITO S/D at VDS = 3 V.

n [ cm-3 ]

μ[ cm2/V·s ]

σ[ 1/Ω·cm ]

ρ[ Ω·cm ]

as-deposited

5.461E+20

2.281E+1

1.995E+3

5.011E-4

300  。C annealed

7.639E+20

1.220E+1

1.493E+3

6.696E-4

Table 1. The electrical properties of the ITO films on glass.
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MOSFET with ITO S/D is shown in Fig. 5 which exhibits
better characteristics compared to those of the SB-
MOSFET with Al S/D fabricated similarly[4]. The
workfunction of ITO is 4.3 eV that is almost equivalent to
the electron affinity of GaN, there is only a slight
conduction band energy barrier caused by the interface
states between ITO S/D and GaN. The fabricated device
with ITO S/D has 18 mA/mm of the maximum drain
current and 6 mS/mm of the maximum transconductance at
VDS = 3 V. Fig. 6 shows the typical linear and logarithmic
ID-VGS characteristics of the fabricated SB-MOSFET. The
fabricated device has 240 mV/dec of a sub-threshold slope
and 109 of on/off ratio at  VDS = 0.05 V. The superior
on/off ratio can be attributed to the high schottky hole
barrier at the source and drain contacts. 

Fig. 8(a) shows the variations in the spectral responsivity
of ID according to the drain biases VDS at VGS = 0 V, which
is the same condition as that of the MSM-type
photodetector. This shows that the UV/visible rejection
ratio increases by augmenting the drain voltage. The cutoff

wavelength was about 365 nm, and the highest UV/visible
rejection ratio of 130 was observed at VDS = 5 V. The high
photocurrent and high UV/visible rejection ratio might be
attributed to the high transparency of the 300 。C annealed
ITO S/D electrodes, since the transparent ITO electrodes
could increase the effective active areas and thereby
increase the number of photo-generated carriers. The
slowly increasing responsivity in accordance to the bias,
which is above the cutoff wavelength, is due to the surface
leakage current through the incompletely passivated GaN
surface under the PECVD gate oxide layer. In addition, the
traps, related to the yellow peaks seen in Fig. 4, may
degrade the UV sensitivity and selectivity. If the higher
quality SiO2 is applied and we can optimize the GaN layer
quality, the UV responsivity and selectivity will be much
improved. Fig. 8(b) shows the spectral response of drain
current according to the gate biases VGS at a constant VDS

of 5 V. No spectral dependence of the gate voltage has
been observed.  The ratio decreased rapidly down to 0 at
VGS > 1 V, where the inversion electrons become the major
player of the channel current. Therefore, if we tightly
control between VGS = 0 V and 1 V, the GaN layer would
be depleted and UV/visible rejection ratio could be
increased as the drain voltage increases.

4.  CONCLUSION

We demonstrated the schottky barrier metal oxide
semiconductor field effect transistor applying ITO
transparent electrodes as the source and drain on the highly
resistive GaN layer grown on the silicon substrate. The
ITO S/D MOSFET exhibited excellent characteristics, such
as the maximum current of 18 mA/mm and the maximum
transconductance of 6 mS/mm at VDS = 3 V. We also
investigated the UV responsive characteristics of SB-
MOSFET. Through the spectral UV response
characterization, the cutoff wavelength was 365 nm, and
the UV/visible rejection ratio was about 130 at VDS = 5 V
and VGS = 0 V. Therefore, ITO is a promising material for
the source and drain of GaN SB-MOSFETs. If we
optimize the GaN layer quality, the UV responsivity and
selectivity will be greatly improved. In addition, it is easy
to integrate this type of photodetector with an enhancement
type MOSFET logic circuit on the GaN layer.

Fig. 8 (a) The spectral responsivity variations according to drain
biases at VGS = 0 V and (b) the spectral responsivity variations
according to gate biases at VDS = 5 V.

(b)

(a)
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