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Effects of photowashing treatment on electrical properties of GaAs metal–semiconductor
field-effect transistors~MESFETs! were investigated using x-ray photoemission spectroscopy. The
binding energy of the Ga–As bond shifted toward lower binding energies and the ratio of Ga/As was
increased, namely the formation of the Ga-rich surface. This suggests that acceptor-type defects
GaAs

2 were produced by the photowashing treatment and the level for Fermi energy pinning at the
surface moved to acceptor states. The Fermi energy pinning caused by GaAs

2 results in an increase
of the depletion layer width at the ungated region of the MESFET via the increase of band bending
from the surface. Therefore the drain current density at a positive gate bias and the leakage current
at gate-to-drain were simultaneously reduced. ©2002 American Vacuum Society.
@DOI: 10.1116/1.1434970#

I. INTRODUCTION

Surfaces of compound semiconductors are very active for
the chemisorption of impurities, oxygen atoms, and metallic
elements, even in relatively small quantities on the clean
surface. Oxygen atoms chemisorbed at the clean surface of
GaAs can induce point defects through dissipation of the
heat of condensation, resulting in the formation of point de-
fects on the surface, such as vacancies and antisites.1 Such
surface states play a role in pinning the Fermi level at energy
levels which are positioned near the center of the forbidden
band.

Surface states act as recombination centers for free carri-
ers, leading to undesirable electrical properties, such as the
transconductance dispersion, the hysteresis in current–
voltage (I –V) characteristics, and the low breakdown volt-
age behavior in field-effect transistors~FETs!.2,3 Thus, a
number of works have been conducted in order to understand
the origin of surface states. Recently, it was reported that
dipping GaAs wafers in de-ionized water under intense light
source~photowashing treatment! resulted in the rapid growth
of an oxide layer whose thickness is a linear function of the
photowashing time.4,5 After the treatment, the photolumines-
cence intensity was sharply increased, which was explained
by the reduction of the surface state density and the unpin-
ning of the surface Fermi level.6 However, no works were
conducted on the effects of photowashing treatment on elec-
trical properties of GaAs metal–semiconductor FETs~MES-
FETs!, even though de-ionized water rinsing of the GaAs
wafer is inevitable during device fabrication.

In the present work, we investigated effects of photowash-
ing treatment on electrical properties of GaAs MESFETs.

X-ray photoemission spectroscopy~XPS! was adopted for
the analysis of chemical composition at the surface of GaAs
and possible origins for changes of outputI –V and gate
leakage current characteristics were suggested.

II. DEVICE FABRICATION AND MEASUREMENTS

The layer structure of a MESFET was prepared by
molecular-beam epitaxy on a semi-insulating GaAs sub-
strate, as shown in Fig. 1. Details on the epitaxial structure
are described elsewhere.7 The active region was isolated by
mesa etching with H3PO4:H2O2:H2O etchant. Ohmic metal,
Au/Ge/Ni, was deposited by an electron-beam evaporator,
followed by postannealing at 380 °C for 1 min. The typical
value of specific contact resistivity was about 2
31026 V cm2. The single recess structure was adopted for
the gate region. The Ti/Pt/Au gate was then deposited on the
top of the low-doped channel layer. In this study, dual-finger-
gate MESFETs with a total gate width of 400mm were in-
vestigated. The gate length was 0.8mm, and gate-to-source
and gate-to-drain separations were 1.0 and 1.5mm.

Formally photowashing treatments were performed under
an intense projector bulb or laser. In this study, however,
GaAs wafers and the fabricated MESFETs were photo-
washed under yellow room light, which is an identical envi-
ronment in the fabrication of the device. As a result, the
ungated surface region between gate and source/drain elec-
trodes was photowashed. The treatment time was varied
from 5 to 10 min.

The chemical composition at the surface of GaAs before
and after the treatment was characterized using XPS mea-
surements. As and Ga 3d photoelectron spectra in the XPS
analysis were recorded with MgKa radiation ~1253.6 eV!
operating at 15 kV. In order to improve surface sensitivity of
each photoelectron line, the take-off angle between the GaAs
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surface and the trajectory of the emitted electron was
changed from 10° to 90°. The binding energies of the pho-
toelectron spectra of XPS signals were calibrated based on
the assumption that the binding energy of C 1s was 284.5 eV.
The operation pressure was about 4310210Torr.

III. RESULTS AND DISCUSSION

Effects of photowashing treatment on electrical properties
of GaAs MESFETs were investigated through measurements
of output I –V characteristics and two-terminal gate-to-drain
leakage currentI GD. Figure 2 shows the change ofI –V
characteristics by the photowashing treatment. The fabri-
cated device has a pinch-off voltageVp of 21.6 V. The
maximum drain currentI MAX , measured atVGS510.8 V, is
26.2 mA. After the treatment, the current levels at positive
gate biases were decreased but there were no significant
changes at negative gate bias. In other words,I MAX was de-
creased from 26.2 to 22 mA without any change inVp . Note
that the two-terminalI GD was decreased significantly by the
photowashing treatment, as shown in Fig. 3.

Figures 4~a! and 4~b! display XPS spectra of Ga 3d and

As 3d core levels before and after the photowashing treat-
ment. The take-off angle between the GaAs surface and the
trajectory of emitted electrons was 90°. As shown in Fig.
3~a!, the Ga 3d photoemission line before the treatment is
composed mainly of the Ga–As bond at the binding energy
of 18.88 eV. However, the Ga 3d spectrum showed asymme-

FIG. 1. Cross-sectional view of GaAs MESFET used in this work.

FIG. 2. Change of outputI –V characteristics before and after 10 min pho-
towashing treatment. Top curve corresponds toVgs510.8 V, and DVgs

50.6 V.

FIG. 3. Change of gate-to-drain leakage current before and after 10 min
treatment.

FIG. 4. ~a! Ga 3d and ~b! As 3d photoemission spectra with photowashing
time.
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try, which means that additional bonding is superimposed on
the Ga 3d spectrum. The binding energy of the superimposed
peak was determined to be 19.73 eV from the deconvolution
of the Ga 3d spectrum. The peak was identified as the Ga
oxide (Ga2O3), because its binding energy is in good agree-
ment with previously reported values for Ga2O3.8,9

In the Ga 3d spectra after the photowashing treatment, the
intensity of the Ga–O bond was linearly increased with the
treatment time, but its binding energy was nearly constant,
irrespective of the treatment time. On the other hand, the
binding energy of the Ga–As bond in a 5 min treated sample
shifted by 0.48 eV toward lower binding energy and 0.59 eV
in a 10 min treated one. The peak shift means the movement
of the Fermi level at the surface of GaAs, namely the in-
crease of band bending from the surface.

Figure 4~b! displays the As 3d photoemission spectra
with the photowashing time. The binding energy of the
As–Ga bond was decreased with the photowashing treat-
ment. Energy shifts were 0.50 and 0.63 eV in 5 and 10 min
treated samples, which are in good agreement with the result
for the Ga–As bond. The binding energy of the As–O bond
was observed at 43.40 eV. The difference in the binding en-
ergy between As–O and As–Ga bonds was;3.1 eV, which
corresponds to the13 oxidation state (As2O3) for the As.8,9

The intensity of the As–O bond is very weak and not linearly
increased with the treatment time. This could be explained
by the washing away of the soluble As oxide in deionized
water during the photowashing treatment. Thus, the oxide
produced by the photowashing treatment is primarily com-
posed of Ga2O3 with a small amount of As2O3.

In order to obtain depth information on chemical compo-
sitions below the surface of GaAs, XPS measurements were
performed as a function of the take-off angle, as shown in
Fig. 5. At a smaller angle, the intensity of photoelectrons
emitting from the surface becomes dominant due to the in-
elastic mean-free path of photoelectrons. As the take-off
angle was decreased, the intensity of the Ga–O and As–O
bonds was increased compared with that of substrate peak
intensities.

Figure 6 shows the relative Ga/As ratios with the take-off
angle. The ratio of Ga/As was determined from the atomic
concentrations of each element, which was calculated from
the integral peak intensities of Ga 3d and As 3d spectra. The
value of the Ga/As ratio at the normal detection~u590°! was
set as 1.0 for reference. Ga/As ratios after the treatment were
higher than that before the treatment in the whole range of
the take-off angle. This means that the surface is Ga rich.

Shallow and deep levels within the band gap of a semi-
conductor can be divided into donor- and acceptor-type de-
fects, depending on whether their energy levels are located
near the conduction or valence band. In GaAs, AsGa acts as a
donor and GaAs as an acceptor. The energy level of GaAs is
;0.3 eV above the valence band. In a Ga-rich region, the
excess Ga could promote the creation of acceptor-type GaAs

defects at the surface of GaAs through a reaction with As
vacancies given by

VAs1GaGa→GaAs1VGa. ~1!

This reaction is highly probable since the formation energy

FIG. 5. ~a! Ga 3d and ~b! As 3d photoemission spectra as a function of
take-off angle between GaAs surface and the trajectory of emitted electrons.

FIG. 6. Change of Ga/As atomic ratio~set as 1.0 for reference atu50°! with
the take-off angle before and after photowashing treatments. Intensities were
obtained by integrations of Ga 3d and As 3d photoemission spectra at vari-
ous take-off angles.
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of antisite defects is much lower than that of the vacancies.10

Thus, it can be suggested that the Fermi level moved toward
the energy level of acceptor-type GaAs

2 .
The decrease ofI DS at positive gate biases, in Fig. 2, can

be explained by the movement of the Fermi level at the
ungated surface between gate and source/drain electrodes.
Namely, the movement of the Fermi level causes the increase
of the depletion width under the ungated surface. At positive
gate biases, the thickness of the depletion layer under the
ungated surface between the gate and source/drain electrodes
is larger than that under the gate contact, leading to the de-
crease ofI DS. At negative gate biases, however,I DS was not
affected because the thickness of the depletion layer under
the gate contact is larger than that under the ungated region.

The decrease ofI GD in Fig. 3 can be explained by the
increase of negative charge at the ungated surface region
between gate and source/drain electrodes. Namely,I GD in
FETs was known to be decreased with the increase of nega-
tive charge in surface states near the drain end of the gate.11

Negative charges in surface states play a role in reducing the
electric field strength at the drain end of the gate, leading to
the decrease ofI GD. Since the decrease of donor-type sur-
face states and the increase of acceptor-type ones mean the
increase of net negative charge,I GD was decreased by the
treatment.

IV. SUMMARY

The effects of photowashing treatment on electrical prop-
erties of GaAs MESFETs were investigated using XPS. After
the treatment,I MAX was decreased from 26.2 to 22 mA with-
out change inVP and two-terminalI GD was decreased. In
XPS spectra, the chemical composition of the oxide was
found to be primarily composed of Ga2O3 with a small
amount of As2O3, which is due to the washing away of the
soluble As oxide in deionized water during the photowashing

treatment and the binding energy of the Ga–As bond was
shifted toward lower binding energy by;0.48 eV and the
Ga/As ratio was increased. From these, it was suggested that
acceptor-type GaAs

2 was produced by the photowashing treat-
ment, leading to the movement of the Fermi level toward the
energy level of acceptor-type GaAs

2 . Using these results, the
decrease of drain current was explained by the increase of
depletion width at the ungated surface via the movement of
surface Fermi energy toward acceptor-type GaAs

2 . On the
other hand, the decrease of gate leakage current was attrib-
uted to the reduction of electric field strength at the drain end
of the gate, through the increase of net negative charge,
namely the increase of GaAs

2 .
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