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A low-temperature ( - 250 ·C) high-pressure oxidation technique is used for the thermal
oxidation of gallium arsenide in an ambient of oxygen and water vapor. It is shown that a
uniform and chemically stable oxide with high band-gap energy can be grown on GaAs by this
process. The role of water vapor and oxygen is studied in detail to obtain information on the
oxidation mechanism. The electrical characteristics and the composition of this oxide are
presented to demonstrate its suitability for surface passivation and metal-oxide-semiconductor
devices.

I. INTRODUCTION

It is well known that the ultimate success of the III-V
compound semiconductor technology in high-speed integrated circuits depends upon the monolithic integration of
small-dimension devices with adequate surface passivation t
and on the development of an appropriate metal-oxidesemiconductor (MOS) or metal-insulator-semiconductor
(MIS) field-effect-transistor (FET) technology. Consequently, extensive research efforts have been spent recently
in the development of the oxides of compound semiconductors like gallium arsenide. 2--6
Among the several techniques reported, the thermal
oxidation ofGaAs is attractive compared to anodic and plasma oxidation, for more than one reason. First, the thermal
oxide is much more chemically stable7 than the anodic oxides. Second, thermal oxidation takes place at the GaAsoxide interface 3 .4 due to in-diffusion of oxygen, whereas the
oxidation during chemical and plasma anodization takes
place at the outer surface8 •9 by out-diffusion of gallium and
arsenic through the oxide layer. An important consequence
of this difference is that the thermal oxidation results in a
fresh interface region, with surface contaminants on the
original GaAs substrate ending up on the oxide surface, as
opposed to the anodic oxidation where the original wafer
surface contaminants remain at the interface. Therefore, the
anomalous frequency dispersion of the accumulation capacitance observed in GaAs MOS capacitors and attributed to
the presence of a U-shaped high-density interface-state
band 10 should be greatly reduced if a thermal oxide of good
quality is used as the dielectric in GaAs MOS devices.
In spite of these advantages, thermal oxidation of GaAs
has not proved successful mainly due to the loss of AS 20 3
when the oxidation is carried out at a temperature above
400 ·C. As reported in literature,2-4 reasonably uniform and
amorphous oxide films can be thermally grown only in the
temperature range of 450--500 °C, and any attempt to carry
out thermal oxidation below 400 °C to prevent the loss of
arsenic trioxide resulted in negligible oxide growth.
The purpose of the present paper is to demonstrate that
thermal oxidation of GaAs can be easily carried out at a
substrate temperature in the range 230-270 "C, when the
oxidation is performed at high pressure in an atmosphere of
5500
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oxygen and water vapor. In the present set of experiments,
the oxidation pressure ranges from 1.0 to 2.0 atm. The resulting oxide films show excellent uniformity and high dielectric
breakdown strength. The band-gap energy of this oxide is
found to be greater than 6.5 eV. MOS capacitors fabricated
using this oxide as the dielectric show very little frequency
dispersion under accumulation conditions and negligible
hysteresis compared to those of anodic and plasma grown
oxides of GaAs<
The paper also presents the results of investigations carried out to study the dependence of the oxide growth rate on
the different process parameters, namely, oxidation temperature, pressure, and the gas flow rate, during the oxidation of GaAs substrates of (100) as well as <111) orientations. The actual oxidation mechanism and the role of water
vapor in the oxidation process is carefully analyzed by carrying out high-pressure thermal oxidation in different atmospheres involving three different experiments: (1) oxidation
in the presence of water vapor and oxygen which is termed as
"wet" oxidation, (2) oxidation in oxygen alone, termed as
"dry" oxidation, and (3) oxidation in the presence of water
vapor using nitrogen as carrier gas, oxygen being absent.
The experimental setup and the related techniques of
high-pressure oxidation are described in Sec. II. Section III
gives the experimental data on the variation of the oxide
growth rate with the oxidation temperature, pressure, and
substrate orientation. The actual oxidation mechanism and
the role of water vapor are discussed in Sec. IV. The chemical and electrical properties of the oxide film are given in Sec.
V . The capacitance-voltage characteristics oLMOS capacitors fabricated using this oxide as the dielectric are presented
in Sec. VI.

u. EXPERIMENTAL SETUP
Figure 1 shows the schematic diagram of the high-pressure oxidation unit. The GaAs wafer to be oxidized is kept on
a molybdenum disk mounted on a heating coil inside a Coming glass enclosure. The pressure inside the chamber is controlled by adjusting the gas inlet pressure. The heater is
switched on after the chamber has been pressurized to the
required level, and the substrate temperature is monitored
within ± 5 ·C ofthe preset oxidation temperature by means
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of a thermocouple and a temperature controller. For carrying out oxidation in presence of water, a beaker of deionized
water is kept in close proximity to the heating coHo The temperature of this water is around 95 °C during the oxidation
and this supplies the water vapor inside the chamber. In all
cases of oxidation, a continuous and steady outflow of gas is
permitted to keep the system under dynamic equilibrium.
III. EXPERIMENTAL RESULTS ON THE OXIDATION OF
f7>0GaAs IN THE PRESENCE OF WATER VAPOR

n-type GaAs wafers are used as the starting material.
The wafers are sequentially cleaned in trichloroethylene,
acetone, hydrochloric acid, and deionized water and dried in
nitrogen prior to the oxidation process.
In the set of experiments discussed in this section, oxidation is carried out in presence of water and oxygen ("wet"
oxidation). The dependence of the oxide growth rate on the
oxidation temperature, pressure, and also on the substrate
orientation is studied. The oxide thickness in all cases is measured by a Gaertner ellipsometer using a software GC5A
supplied by Gaertner.

A. Oxidation of (100}-oriented n-GaAs at 2-atm
pressure
In this set of experiments, n-type GaAs wafers of (100)
orientation are used for the purpose of studying the oxide
growth kinetics. Figure 2 ( a) shows the oxide thickness d as a
function of the oxidation time t at different oxidation tem5501
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peratures ranging from 200-270 dc. The oxidation is carried
out at a pressure of 2 atm while maintaining a steady outflow
of oxygen at 125 llh during the oxidation. It can be seen that
at any temperature, the oxide growth is linear with time,
satisfying the relation

0)

d=K(t +1'),

where K and l' are constants for each temperature. The linear
growth rate K varies from about 45 A/min at 270 ·C to about
0.6 A/min at 200 ·C. From the linearity observed in these
growth rate plots, it is concluded that the oxidation is reaction-rate-limited in these ranges of temperature and time.

B. Effect of pressure on the oxidation rate
The measured oxide thickness d as a function of the
oxidation time t at different oxidation pressures varying
from normal atmospheric pressure to a pressure of 2 atm is
plotted in Fig. 2(b). The oxidation temperature in aU these
cases is 250 ·C and the gas outflow rate is kept constant at
12511h. It is seen from this figure that the oxide growth rate
decreases as the oxidation pressure is reduced from 2 to 1.6
atm. Since the partial pressure of water vapor remains approximately constant in all these cases (equal to about 0.1
atm under the experimental conditions), it is only the partial
pressure of oxygen that is changing when the oxidation pressure is varied. Hence, it is clear that the partial pressure of
oxygen plays an important role on the growth rate of the
oxide. However, at normal atmospheric pressure, the oxide
N. Basu and K. N. Bhat
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FIG. 2. Oxide thickness vs oxidation time for the wet oxidation of <lOG> nGaAs at (a) different temperatures, (b) different pressures. (c) Oxide lineal" growth rate vs reciprocal oxidation temperature at two different pressures for the same substrate and similar oxidation conditions as in (a) and
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growth rate is found to be marginally higher than that in the
case of oxidation at a pressure of 1.6 atm. A possible reason
for this anomaly is the change in the boiling point of water
when the pressure is reduced. It is found that the water kept
in the beaker boils under this condition. As a result, the rate
of vaporization of water increases and consequently the partial pressure of the water vapor inside the chamber atmo~
sphere also increases. However, since the amount of oxygen
passing through the chamber is much larger than the
amount of water that is vaporized, the effect of the increase
in the water vapor partial pressure on the oxide growth rate
is only marginal. The combined role of water vapor and oxygen in the oxidation process is investigated in greater detail
in Sec. IV.
The linear growth rate constant K versus the reciprocal
5502
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oxidation temperature is plotted in Fig. 2(c) for two differentoxidationpressures (2and 1.6atm). Theactivationenergy (EK ) is calculated from the slope of these plots which
follows the relationship
K

= Cl exp( -

EKlkT),

where K is the linear growth rate, E K the activation energy in
eV, T the oxidation temperature in K, C 1 a constant, and k
the Boltzmann constant.
At the oxidation pressure of2 atm, the activation energy
is found to be 1.34 eV, whereas it is reduced to 0.99 eV when
the oxidation pressure is 1.6 atm. This dependence of the
activation energy on the oxidation pressure has also been
observed previously by other workers l l during high-pressure oxidation of a silicon substrate.
N. Basu and K. N. Bhat
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C. Orientation dependence of oxidation
In order to study the orientation dependence, the oxidation of a (Ill> GaAs substrate is now carried out under
identical processing conditions discussed in Sec. II A. Figure 3 shows the resulting oxide thickness versus the oxidation time plots at different oxidation temperatures, while the
oxidation pressure is kept constant at 2 atm and the gas flow
rate is 125 l/h. A comparison between Figs. 2(a) and 3 reveals that the oxide growth rate is much faster on the <111)
substrate than on (100), confirming that the oxidation is
reaction-rate-limited. The (111) B face, being more chemically reactive, oxidizes faster, However, it is seen from Fig. 3
that the linear growth rate plot, when extrapolated, intercepts the oxide thickness axis at a negative value. This is
attributed to a change from slow to rapid oxide growth during the initial phase of oxidation, as will be explained in the
next section.
IV. OXIDATION MECHANISM AND ROl.E OF WATER
VAPOR ON THE OXIDE GROWTH

A. Effect of oxidation ambient
The role of water vapor in the oxidation process is investigated by conducting separate sets of experiments. In the
first set, (lOO) wafers are oxidized in oxygen alone ("dry"
oxidation), ensuring that water vapor is not present. Oxygen
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is allowed to fJ.ow in and out ofthe system at the rate of 1251/
h, the substrate temperature is kept at 250°C, and the pressure inside the chamber is maintained at 2 atm. It is found
that the oxidation rate in this dry oxidation is smaller than
the wet oxidation rate even though the oxidation temperature and pressure are the same in both cases. Figure 4 shows
the two growth rate plots for comparison purposes. It can be
seen from this figure that up until about 15 min of oxidation,
the oxide thickness is same in both the cases and the growth
rate is rather slow (- 8 A/min). After this initial period, a
very fast growth phase is observed in the case of wet oxidation (growth rate ~24
A/min) whereas the dry oxidation
maintains the original growth rate. However, this rapid
growth phase in wet oxidation is terminated in a short time
and the growth rate decreases to the final steady value of 12.5
A/min. This final growth rate is more than 1.5 times the
growth rate observed in the dry oxidation. So, it is concluded
that in the case of the wet oxidation, water vapor aids the
oxidation process and oxygen is no longer the sole oxidizing
agent.
To determine if water vapor is the only active oxidizing
agent or if oxygen also plays a role in the oxidation process
when the GaAs is being oxidized in an atmosphere of water
vapor, a second set of experiments was performed. In this
experiment, oxidation of a <100> substrate was carried out at
2-atm pressure in the presence of water vapor while nitrogen
gas is passed through the chamber instead of oxygen (other
processing parameters remaining the same as before), This
process results in an oxide growth rate considerably smaner
than that in either of the two previous dry and wet oxidation
cases, thus demonstrating that the presence of water vapor
alone cannot account for the fast oxidation in the wet oxidation step. These experiments also demonstrate that the presence of oxygen along with water vapor enhances the oxide
growth rate.
From the above experiments, it is concluded that the
actual oxidation reaction, in the case of the wet oxidation,
involves both oxygen and water. The faster growth is probably due to the fomation of a OH-group compound on the
oxide surface which reacts faster with the substrate. The

2400

w
Z

'"~
::t:

2000

l

>-

j

0

/

I

!
I

1

I
I

BGal

I

400L

I

I

PRESSURE

= lAllA

OXYGEN FLOW RATE

= 125 [t/nr

l

I

t

.~

-

800

~

~

2 A1M

OXYGEN FLOW R A1E .125 It/h'

I

I

l

,

~

60e

'"u

:z:
:

400

Cl

I

/
!

PRESSURE
1000

I

I

I

1200

r------------------......,

J2001

-,I

uJ

SO 1600
x

I

'"o
I

I

OXIDAliON lEMPERATURE ZOO'C

20

30

40

SO

60

ZO()

70

OXIDATION TIME (MINUTES) - -

10

to

]0

40

50

60

10

80

OKIDATION TIME (MINUTES) -
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FIG. 4. Comparison of oxide growth rates between dry and wet oxidation.
N. Sasu and K. N. Bhat
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identical oxidation rates in both dry and wet cases during the
first 15 min (see Fig. 4) indicate that a thin layer of oxide
already grown on the substrate is necessary to break the H 2 0
molecule to form hydroxyl groups.

I
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=250'C

I
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B. Effect of 02uNZ flow rates on the oxidation rate

Figure 5 shows the measured oxide thickness as a function of the gas flow rate for three different oxidation condi~
tions. viz. (a) wet oxidation (oxidation in the presence of
H 20 and O 2 ), (b) dry oxidation (oxidation in O 2 alone without H 2 0). and (c) oxidation in an H 2 0 atmosphere alone by
passing N z instead of O 2 through the chamber. In all the
three cases, the oxidation is carried out for 30 min at a pressure of2 atm with the substrate at 250 "c. It can be seen from
Fig. 5 that the oxidation rate depends strongly upon the oxygen flow rate in the case of wet oxidation. In contrast, the
oxidation rate is independent of the oxygen flow rate in the
case of dry oxidation. Similarly, the oxidation in water vapor
alone in nitrogen ambient is small and is independent of the
N2 gas ftow rate. These experiments clearly demonstrate
that the oxidation in water vapor depends upon the availability of oxygen as wen. This is attributed to the release of additionalOH groups by the reaction of oxygen with the nascent
hydrogen liberated during the break-up of H 20 into hydroxyl gronps. Increasing the flow rate of O 2 in wet oxidation therefore enhances the growth rate by an additional supply of the hydroxyl groups which take part in the oxidation
reaction.
This phenomenon of increased growth rate observed in
the case of the wet oxidation gives a clue to the apparent
anomaly of negative intercepts in the oxide growth rate plots
when the oxidation is carried out on <111) substrates. In
order to demonstrate this phenomenon, (100) n-GaAs substrate is oxidized at 250 °C in a pressure of 2 atm in the
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presence of water vapor using two different flow rates of
oxygen. The results are plotted in Fig, 6. It can be seen from
here that the growth rate plot intercepts the y axis at a negative value for the case of the higher oxygen flow rate of 150 1/
h, whereas the intercept is positive for the case flow rate of
125 llh, As pointed out earlier, there is an abrupt transition
of the oxide growth rate from a low initial value to a higher
value during the wet oxidation. If the final growth rate is
considerably larger than the initial growth rate (as in the
case of the 150-1/h oxygen flow rate), the extension of the
final linear portion (with a larger slope) intersects the oxide
thickness axis at a negative value. The negative y-axis intercept observed in the (111) GaAs (see Fig. 3) is therefore
attributed to the high growth rate after an initial slow oxidation rate.
V. COMPOSiTION AND PROPERTIES OF THE OXIDE
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FIG. 6. Oxide thickness vs oxidation time for two different oxygen flow
rates, illustrating the possibility of It negative intercept.
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It is concluded from the above investigations that the
native thermal oxide on a GaAs substrate can be grown at a
reasonably fast rate when the oxidation is carried out at high
pressure in the presence of both water and oxygen. Therefore. the properties of this oxide grown by wet oxidation are
studied. These oxide films show good uniformity. Measurements taken on various points on the wafer surface reveal a
maximum deviation of only about 50 A for oxide thickness
in the range of 1000 A. Reflectance measurements carried
out on this oxide using a spectrophotometer show no absorption peaks in the 190-900-nm wavelength range, indicating
that the band gap of the oxide grown is larger than 65 eV.
The oxide composition is analyzed using x-ray photoelectron spectroscopy (XPS). Figure 7 gives the atomic percentage of gallium, arsenic, and oxygen in the oxide film as
calculated from their relative photoemission intensity. Although the surface is arsenic deficient, it can be seen that the
N. Basu and K. N. Bhat
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arsenic-to-gallium ratio approaches unity in subsequent layers below the oxide surface. There is no excessive arsenic
pile-up at the interface. The presence of excess oxygen
(80%) at the surface may be due to a change in the oxide
composition and the presence of AS 20 5 or GaAs04 as well as
due to the residual oxygen in the milling chamber.
The oxide is etched in various etchants and the etch
rates are found to be 200, 100, 50, and 90 A/min, respectively, in hot concentrated HeI, in concentrated Hel at room
temperature, in a 1: 1 mixture of Hel and water at room
temperature, and in a 1:5 mixture of HF and water. The
experiment demonstrates that the thermal native oxide film
grown on GaAs by high-pressure oxidation can be used in
conventional chemical technology for planar processing,
The breakdown strength of this oxide film is estimated
by probing directly on the oxide surface and applying a voltage using a Philips curve tracer. The breakdown voltage is
found to be 60-80 V for an oxide fUm of thickness 1000 A,
giving a breakdown strength of ( 6-8) X 106 V I em, which is
comparable to that obtained for the best anodic oxide and
also for the thermal oxide grown in AS 2 0 3 vapor phase. 7
The chemical stability, large band gap, and high breakdown strength of this oxide film clearly demonstrate the suitability of the oxide for surface passivation purpose.

Fig. 8. Slight hysteresis is observed in the characteristic with
.6.C';;O.6 pF. The dielectric constant of the oxide film, as
calculated from the zero-bias capacitance measured at a frequency of 1 MHz, is 4.84. Schottky diodes are also fabricated
on the same substrate, using the same metallization step, and
the substrate doping concentration is found to be 1017/cm3
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VI.

C~VHARTEIS

The suitability of this oxide for GaAs MOS technology
is tested by fabricating a set ofMOS capacitors by evaporating aluminum dots of area 1.96 X 10- 3 cm2 over an oxide
film of 2800 Athickness grown on <lOO} GaAs. Typical C- V
characteristics obtained on this MOS structure are shown in
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from their 1/C 2 versus voltage plots, From these data and
the experimentally observed inversion voltage of 16 V, the
fixed oxide charge is estimated to be about L9X 101I/cm2 •
The zero-bias accumulation capacitance of these MOS
capacitors is measured at different frequencies ranging from
1 kHz to 1 MHz, and this capacitance as a function of frequency is given in Fig. 9. It can be seen that the frequency
dispersion is considerably small compared to that reported
in literature for the case of anodic oxide MOS devices. 12

VII. CONCLUSIONS

In conclusion, it is shown here that thermal oxidation of
GaAs can be carried out even at 250°C to obtain a uniform,
dense oxide and that the stoichiometric composition of the
oxide can be preserved by carrying out this oxidation at a
pressure of 2 atm. The oxide growth mechanisms and the
dependence of the oxide growth rate on different process
parameters and ambients have been studied in detail to establish the role of water vapor and oxygen partial pressure
on the oxidation kinetics. The reasonably high breakdown
strength accompanied by a band-gap energy greater than 6.S
e V and adequate chemical stability clearly demonstrate the
suitability of this oxide for surface passivation purposes"
c- V characteristics of MOS capacitors fabricated using
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this native oxide show very small hysteresis and frequency
dispersion. Further work is being carried out to optimize the
oxide growth conditions to minimize these effects and reduce the fixed oxide charge density.
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