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Platinum-enhanced oxidation of GaAs
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Platinum-~Pt-! enhanced oxidation of GaAs has been investigated using high-resolution x-ray photoelectron
spectroscopy~XPS!. A thin oxide layer of thickness in the range 0.5–1.6 nm is formed on the GaAs surface
and then a Pt layer is deposited on it. Heat treatments at 200 °C in oxygen increase the oxide thickness to
2.4–4.7 nm. Measurements of the take-off angle dependence of the XPS spectra show that the oxide layer has
nonuniform layerlike structure, consisting of gallium oxide, arsenic oxide, and elemental arsenic; each oxide
component is present between the Pt overlayer and the Si substrate, but is not on the Pt layer. Arsenic oxide is
present just below the Pt layer, while gallium oxide and elemental arsenic are present below it. Oxygen atoms
produced at the Pt surface are suggested to be the diffusing species through the Pt layer. On the other hand, the
moving species in the oxide layer are arsenic and gallium atoms as well as oxygen atoms. The oxide thickness
depends on the nature of the oxide layer formed before the Pt deposition, and is mainly attributed to the
different composition of the oxide layers. Gallium oxide is suggested to suppress the diffusion of the reacting
species.@S0163-1829~97!09136-4#
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I. INTRODUCTION

Oxidation of group IV and III-V semiconductors at low
temperatures attracts much interest not only from the a
demic viewpoint but also for the technological application
metal-oxide-semiconductor~MOS! devices. Metal-promoted
oxidation is a good candidate for the low-temperature oxi
tion method. For oxidation of GaAs as well as Si, gold~Au!,1

chromium ~Cr!,2,3 aluminum ~Al !,4,5 alkali metals,5–8 and
rare-earth metals9,10 are used as oxidation catalysts. In t
presence of a Au overlayer, GaAs and Au react to fo
GaAu and As, and the oxygen exposure results in the for
tion of As2O3 and Ga2O3 on the Au layer.1 In the case of a Cr
overlayer, interdiffusion of Cr occurs, forming arsenideli
species, and the oxygen exposure leads to the formatio
As2O3-like and Ga2O3-like species. However, these tec
niques cannot be applied to the device technology beca
the oxide layers are formed on the surface, but not betw
the metal overlayer and the GaAs substrate.

Alkali metals such as K, Cs, and Na greatly enhance o
gen adsorption on the GaAs surfaces and the enhancem
attributed to the charge transfer from alkali metals to Ga
which in turn results in the charge transfer from GaAs
oxygen forming O2

2 or O2
22, i.e., strong oxidizing

species.6,7 Another possibility is the formation of alkali
metal oxide, which easily changes into oxide of GaAs
heating.6,8 Using rare-earth metals such as Sm~Ref. 9! and
Yb ~Ref. 10!, an oxide layer is also formed between t
metal and GaAs. However, the oxide layers formed by th
560163-1829/97/56~12!/7428~7!/$10.00
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methods are too thin for the device application.5–10

We have recently developed a method for the format
of silicon oxide layers between metal overlayers and the
substrates at low temperatures by use of the catalytic act
of the platinum11–13 ~Pt! or palladium14 ~Pd! overlayers. In
this method, a thin oxide layer of ca. 1 nm thickness
formed before the Pt~or Pd! deposition to prevent the direc
contact between the Pt~or Pd! layer and the Si substrate, thu
avoiding the silicide formation. Heat treatments at 30
400 °C in oxygen increase the oxide thickness to 4–5 n
The enhanced oxidation is attributed to the formation of o
gen atoms at the Pt~or Pd! surface, which diffuse to the
oxide/Si interface and react there. In the present study,
noble method using the catalytic activity of Pt is applied
the oxidation of GaAs at low temperatures.

II. EXPERIMENT

Si-dopedn-type GaAs~100! wafers with a donor density
of 4.131016 cm23 were cut into 535-mm2 pieces. The wa-
fers were cleaned in boiling acetone and distilled water a
then etched in a 5 wt. % potassium hydroxide~KOH! aque-
ous solution at room temperature for 3 min. For some sp
mens, the wafers were heated at 500 °C for 5 min in
oxygen atmosphere. Then, an approximately 3-nm-th
platinum ~Pt! layer was deposited by an electron bea
evaporation method. The substrate temperature and
evaporation rate were 50 °C and 0.01 nm/s, respectively
some cases, the specimens were heat treated at 200 °C
h in oxygen after the Pt deposition. The specimens thus
7428 © 1997 The American Physical Society
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56 7429PLATINUM-ENHANCED OXIDATION OF GaAs
ricated were exposed to air for;1 h and then transferred t
a UHV chamber with a base pressure of 1.5310210 Torr for
x-ray photoelectron spectroscopy~XPS! measurements.

XPS spectra were measured using a VG SCIENTIF
ESCALAB 220i-XL spectrometer with a monochromatize
Al Ka radiation source. X-rays were irradiated at the in
dent angle of 45° and photoelectrons were collected in
surface-normal direction, i.e., the take-off angle,u t of 90°, or
at u t545°. The electron pass energy in a semispherical a
lyzer was set at 10 eV. For measuring the XPS spectra of
specimens with~or without! a Pt overlayer, photoelectro
signals were accumulated for;20 min ~or ;5 min!. Pro-
longes x-ray irradiation was found to decompose As oxi
especially in cases where the Pt film was deposited on
KOH-treated GaAs surface.15 In the XPS measurements o
the specimens with the Pt overlayer, the Pt layer was eart

III. RESULTS

Figure 1 shows the XPS spectra in the As 3d @spectra
~a!–~d!# and Ga 3d @spectra~e!–~h!# regions for the GaAs

FIG. 1. XPS spectra in the As 3d @spectra~a!–~d!# and Ga 3d
@spectra~e!–~h!# regions for the oxide layers formed in the KO
solution:~a!, ~e! with no Pt layer and no heat treatment;~b!, ~f! with
no Pt layer after the heat treatment at 200 °C in oxygen;~c!, ~g!
with a Pt layer and no heat treatment;~d! and ~h! with a Pt layer
after the heat treatment at 200 °C in oxygen.
-
e

a-
he

,
e

d.

surfaces treated with the KOH solution. For the GaAs s
face with no heat treatment and no Pt deposition@spectrum
~a!#, sharp doublet peaks due to As 3d5/2 and 3d3/2 levels of
the GaAs substrate were observed, and a broad peak
present at 3.3 eV with respect to the substrate As 3d5/2 peak,
which was attributed to As31 of As2O3 @hereafter abbreviated
to As31~As2O3!#.

16–19 In the Ga 3d region @spectrum~e!#,
double structure due to the Ga 3d5/2 and 3d3/2 levels of the
substrate was also observed. A broad shoulder was prese
the higher-energy side and attributed to Ga31~Ga2O3).

16,20

The total oxide thickness was roughly estimated to be
nm. When this surface was heated to 200 °C in oxygen fo
h, the intensities of the peaks due to As2O3 and Ga2O3 in-
creased slightly with the peak energies almost unchan
@spectra~b! and~f!#. The total oxide thickness was estimate
to be 0.7 nm.

The energies of the substrate peaks depended on
sample preparation methods, mainly due to the change in
band bending in GaAs. In the present report, however, the
3d5/2 and Ga 3d5/2 peaks of the GaAs substrate were taken
the energy references for simplicity. The detailed discuss
of the energy of the substrate peaks will be given elsewh

The dotted lines in the As 3d and Ga 3d spectra show the
As 3d5/2 and Ga 3d5/2 components obtained from the curv
decomposition. In the curve decomposition method,
background was subtracted using the Shirley method,
the method in which the inelastic background intensity
binding energyEb was assumed to be proportional to th
integration of the signal intensity with the energy lower th
Eb . For the spectra in the As 3d region of the specimens
with the Pt overlayer, a broad background due to the Pt ov
layer in this energy region was measured and this ba
ground was subtracted from the As 3d spectra. Then, the
observed spectra were fitted by several peaks conside
that the intensity ratio of the 3d5/2 component was23 and the
energy splitting between these components was 0.70 eV
As 3d and 0.44 eV for Ga 3d. ~The peaks only due to the A
3d5/2 and Ga 3d5/2 components are included in the figure f
simplicity.! The peak energies shown below were det
mined by the curve decomposition.

When a Pt layer was deposited on the KOH-treated Ga
surface, prominent changes occurred in the XPS spectra
the As 3d region, new peaks appeared at 4.5 and 0.65
@spectrum~c!#, and they were attributed to As51 of As2O5
and As0 of elemental As, respectively.16–18 The structure of
the Ga 3d spectrum changed because of an increase in
intensity of the Ga31~Ga2O3) peak@spectrum~g!#.

When the Pt-covered GaAs surface was heated at 20
in oxygen for 1 h, the intensity of the As51~As2O5) peak
increased markedly, and that due to GaAs decreased@spec-
trum ~d!#. The intensity of the Ga31~Ga2O3) peak became
much stronger than that of the substrate peak@spectrum~h!#.
The total thickness of the oxide layer after the heat treatm
at 200 °C was estimated to be 4.7 nm, as described la
Comparison of spectra~d! and ~h! with spectra~b! and ~f!,
i.e., the spectra for the specimens with and without a Pt la
after the heat treatment at 200 °C in oxygen, clearly sho
that the Pt overlayer greatly enhanced the oxidation of Ga

The first row in Table I shows the XPS intensity ratioRox
of the oxide species to that of the GaAs substrate meas
at the take-off angleu t of 90° for the specimens in which
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they were treated with the KOH solution and no heat tre
ments were performed after the Pt deposition. The sec
row in Table I showsRox for u t545° divided by that for
u t590°, Rox(45°)/Rox(90°). It can be concluded from th

TABLE I. Ratio of the areal intensity of the oxide peak to th
of the substrate peakRox and the thickness of the oxide layerd for
the ^Pt/KOH oxide/GaAs~001!& specimens with no heat treatmen

As As2O3 As2O5 Ga2O3

Rox(90°) 0.95 0.93 0.81 0.54
Rox(45°)/Rox(90°) 1.1 1.5 1.8 1.6
d ~nm! 1.0 0.8c 0.6 0.5c

Calc.Rox(45°)/Rox(90°)a 1.6 1.9 2.2 1.9
Calc.Rox(45°)/Rox(90°)b 1.6 1.9 4.6 1.9

aValues for the~Pt/As2O5 /As2O31Ga2O3 /As/GaAs! structure.
bValues for the~As2O5 /Pt/As2O31Ga2O3 /As/GaAs! structure.
cPartial oxide thickness for the~As2O31Ga2O3) layer ~see the text
for details!.
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Rox(45°)/Rox(90°) values that the oxide layer has nonun
form layerlike structure composed by various oxide spec
as described below. For oxide layers consisting of sev
layers,Rox of a certain oxide species increases with a d
crease inu t for the following two reasons:~i! Enlarged path
of photoelectrons in the oxide layer due to the oblique in
dence and~ii ! enlarged path of photoelectrons in the laye
present between the oxide layer and the GaAs subst
Therefore, it is expected that due to effect~ii !, the larger the
distance between the GaAs substrate and the oxide layer
larger theRox(45°)/Rox(90°) value.

It is seen from Table I thatRox(45°)/Rox(90°) had differ-
ent values for different oxide components, i.e., almost un
for As0, ;1.5 for As31~As2O3! and Ga31~Ga2O3), and;1.8
for As51~As2O5), verifying the nonuniform layerlike struc
ture. On the basis of this result, the above considera
shows that the most probable structure
(Pt/As2O5/As2O31Ga2O3/As/GaAs!. Once the structure o
the oxide layer is determined, the thickness of each ox
component,d, can be estimated using the following equ
tion:
Rox~90°!5

DoxidesoxideE
0

d

exp~2x/loxide!dx

DGaAssGaAs exp~2d/loxide!expF(
i

~2di /l i !G E
0

`

exp~2x/lGaAs!dx

, ~1!
is

e
uch

ture

at

nt
whereD is the number of As~or Ga! atoms per unit volume
s is the ionization cross section,l is the mean free path o
photoelectrons, and subscripts GaAs, oxide, andi denote the
values for the GaAs substrate, the oxide species, and thi th
component present between the oxide layer and the G
substrate, respectively. Assuming thatsoxide/sGaAs is unity
and adopting 2.5 nm forl of all the species,21,22 Eq. ~1!
reduces to

Rox~90°!5
Doxide

DGaAs
@e~a1d!/2.52ea/2.5#, ~2!

wherea is the thickness of the layer between the oxide lay
and the GaAs substrate in nm.

For the layer of oxide mixture such as th
~As2O31Ga2O 3) layer, the oxide thickness can be dete
mined using the following equations:

Rox
1 ~90°!5

Doxide
1 c

DGaAs
1 @e~a1d!/2.52ea/2.5#, ~3!

Rox
2 ~90°!5

Doxide
2 ~12c!

DGaAs
2 @e~a1d!/2.52ea/2.5#, ~4!

where superscripts 1 and 2 denote oxide species 1 an
respectively, andc is the concentration of oxide species 1
the mixture. The partial oxide thicknessdp of species 1 is
defined as
As

s

-

2,

dp5cd. ~5!

Using Eqs.~2!–~5!, the thickness of each oxide component
estimated from the intensity ratio,Rox(90°), shown in the
first row of Table I and it is depicted in the third row. Th
total oxide thickness was estimated to be 2.9 nm, m
larger than that before the Pt deposition~0.5 nm!.

Once the thickness of each oxide species and the struc
of the oxide layer are determined,Rox(45°)/Rox(90°) can be
calculated using the following equation:

Rox~45°!

Rox~90°!
5

eA2~a1d!/2.52eA2a/2.5

e~a1d!/2.52ea/2.5 . ~6!

TABLE II. Ratio of the areal intensity of the oxide peak to th
of the substrate peakRox and the thickness of the oxide layerd for
the ^Pt/KOH oxide/GaAs~001!& specimens after the heat treatme
at 200 °C in oxygen.

As As2O3 As2O5 Ga2O3

Rox(90°) 0.95 1.96 2.87 2.05
Rox(45°)/Rox(90°) 1.3 2.4 2.7 1.4
d ~nm! 0.7b 1.0 1.1 1.9b

Calc.Rox(45°)/Rox(90°)a 1.9 2.5 2.9 1.9

aValues for the~Pt/As2O5 /As2O31Ga2O3 /As/GaAs! structure.
bPartial oxide thickness for the~Ga2O31As) layer.
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56 7431PLATINUM-ENHANCED OXIDATION OF GaAs
The calculated values are shown in the fourth row in Tabl
They were larger than the experimental values but not v
different. The most probable cause for the difference
tween the experimental and calculated values is the pres
of roughness at the interfaces, i.e., the interface rough
makesRox less take-off angle dependent. On the other ha
the uncertainty of the photoelectron mean free path w
found to cause only a small error in the calculation
Rox(45°)/Rox(90°). For example, a change inloxide from 2.5
to 3.0 nm withlGaAs of 2.5 nm decreases the ratio only b
;5% for the total oxide thickness of 3 nm.

In the calculation, the interfaces between oxide layers
assumed to be sharp although the real interfaces are not p
ably so sharp, with the concentrations of the oxide spe
changing gradually with the depth. However, this assump
increaseRox(45°)/Rox(90°) for one oxide species but de
creases that for other oxide species. The calcula
Rox(45°)/Rox(90°) values for all the oxide species are larg
than the experimental values, and hence, the errors cann
attributed to this assumption but to the interface roughnes
described above.

The calculatedRox(45°)/Rox(90°) value assuming a
structure in which some species is present on the Pt sur
is always far from the experimental values, e.g., the fifth r
for the (As2O5/Pt/As2O31Ga2O3/As/GaAs) structure, veri-
fying that all the oxide species are present between the
layer and the GaAs substrate.

Table II showsRox(90°) ~first row!, Rox(45°)/Rox(90°)
~second row!, the oxide thickness~third row!, and calculated
Rox(45°)/Rox(90°) ~fourth row! for the KOH oxide layer
with the Pt film after the heat treatment at 200 °C in oxyg
The ratio,Rox(45°)/Rox(90°), abbreviated toR, was in the
following order:

R~As2O5!.R~As2O3!.R~Ga2O3!'R~As!.

This result indicates that the oxide has
~Pt/As2O5/As2O3/Ga2O31As/GaAs) structure. Compariso
of Table II with Table I shows that the heat treatment
oxygen increased the thickness of Ga2O3 and As2O5 greatly,
and increased that of As2O3 slightly, while that of As de-
creased. The total oxide thickness increased to 4.7 nm.

TheRox(45°)/Rox(90°) value for elemental As contains
large error of620% because the As 3d3/2 peak due to the
GaAs substrate overlaps the As 3d5/2 peak of As0. However,
measurements of the ratio for many specimens confirm
that the As layer~or As1Ga2O 3 layer! was always presen
just above the GaAs substrate.

Figure 2 shows the XPS spectra for the thermal oxi
covered GaAs~100! substrate in the As 3d @spectra~a!–~c!#
and Ga 3d @spectra~d!–~f!# regions. The thermal oxide lay
ers were formed by heating the GaAs~100! substrate at
500 °C in oxygen for 5 min. In the As 3d spectrum for the
specimen with no Pt layer, a weak peak due to As31~As2O3)
was observed, but no peak due to As51~As2O5) was seen
@spectrum ~a!#. In the Ga 3d spectrum, a peak due t
Ga31~Ga2O3) was present with a considerably high intens
@spectrum~d!#. These results show that the thermal oxi
layer was composed mainly by Ga2O3, in agreement with the
previous studies.23,24The total oxide thickness was estimat
to be 1.6 nm.
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When a Pt layer was deposited on the thermal oxide la
the spectral feature was changed mainly because of lo
energy shifts of the peaks due to As2O3 @spectrum~b!# and
Ga2O3 @spectrum~e!#. The ratios,Rox(90°), for Ga2O3 and
As2O3 were nearly unchanged by the Pt deposition. The to
oxide thickness was estimated to be 1.6 nm.

By heating thêPt/thermal oxide/GaAs~100!& specimen at
200 °C in oxygen for 1 h, the intensity of the peak due

TABLE III. Ratio of the areal intensity of the oxide peak to th
of the substrate peakRox and the thickness of the oxide layerd for
the ^Pt/thermal oxide/GaAs~001!& specimens after the heat trea
ment at 200 °C in oxygen.

As As2O3 As2O5 Ga2O3

Rox(90°) 0.17 0.96 1.35
Rox(45°)/Rox(90°) 1.2 1.9 1.2
d ~nm! 0.2b 0.7 1.5b

Calc.Rox(45°)/Rox(90°)a 1.7 2.0 1.7

aValues for the~Pt/As2O3 /Ga2O31As/GaAs! structure.
bPartial oxide thickness for the~Ga2O31As) layer.

FIG. 2. XPS spectra in the As 3d @spectra~a!–~c!# and Ga 3d
@spectra~d!–~f!# regions for the thermal oxide layers formed
500 °C:~a!, ~d! with no Pt layer and no heat treatment;~b!, ~e! with
a Pt layer and no heat treatment;~c!, ~f! with a Pt layer after the hea
treatment at 200 °C in oxygen.



e
at

he
0

o
at
th
,
es
ir
nt
s

-o
ed
a
n

ta

ci
d
ta
ir
er
P

. I
id
th
id
is

y
e
p
G
th

i
om
o-
se

ke
to
u
xi

ni-
a-
lk.
he
is
the
eci-
ve

e,
Ga

he
ted

is

of
in

ate
i
are
of

i-
use

is
ide
Pt
er

t

by

just
re-
ing
ws

en-
for-

ion

7432 56KUBOTA, NAKATO, YONEDA, AND KOBAYASHI
As31~As2O3) increased markedly@spectrum~c!#, and that
due to Ga2O3 increased only slightly@spectrum~f!#.

Table III shows Rox(90°) ~first row!, R
5Rox(45°)/Rox(90°) ~second row!, the oxide thickness
~third row!, and calculatedRox(45°)/Rox(90°) ~fourth row!
for the thermal oxide layer with the Pt film after th
postdeposition heat treatment at 200 °C in oxygen. The r
R was in the following order:

R~As2O3!.R~Ga2O3!'R~As!.

This indicates that the oxide has~Pt/As2O3/Ga2O3
1As/GaAs! structure. Assuming this layered structure, t
thickness of each oxide component was calculated to be
nm for As2O3, 1.5 nm for Ga2O3, and 0.2 nm for As, and
thus, the total oxide thickness was 2.4 nm.

IV. DISCUSSION

The thickness of the oxide layer formed in the KOH s
lution is ;0.5 nm before the Pt deposition. The heat tre
ment of this specimen at 200 °C in oxygen increases
oxide thickness only slightly to;0.7 nm. On the other hand
after the deposition of the Pt overlayer, the oxide thickn
increases to 2.8 nm just by leaving the specimen in the a
room temperature. For this specimen, the heat treatme
200 °C in oxygen markedly increases the oxide thicknes
4.7 nm. These results show that the oxidation of GaAs
promoted greatly by the Pt overlayer.

Comparison of the XPS spectra measured at the take
angle of 90° and 45° clearly shows that all the oxidiz
species are present between the Pt overlayer and the G
substrate, but not on the Pt layer. This result is in stro
contrast to the cases of the noble metal– or transition me
promoted oxidation of GaAs,1–3 where the oxide layer is
formed on the metal surfaces, and thus, the moving spe
through the metal layers are As and Ga formed by the
composition of GaAs due to the interaction between me
atoms and the GaAs substrate. In the present study, the d
contact between the GaAs substrate and the Pt overlay
prevented by the thin oxide layers formed before the
deposition, thus avoiding the interaction between them
the cases of Pt- or Pd-enhanced oxidation of Si, a thin ox
layer is also found to prevent the direct contact between
metal overlayer and the Si substrate, avoiding the silic
formation, and consequently, the silicon oxide layer
formed between the metal layer and the Si substrate.11–14

Since the Pt film increases the thickness of the oxide la
between the Pt film and the GaAs substrate but no oxid
formed on the Pt, it can be concluded that the moving s
cies through the Pt layer is an oxidizing species but is not
or As atoms. We think that the moving species through
Pt layer is oxygen atoms or oxygen ions~O2 or O22! initially
produced at the Pt surface. It is well known that oxygen
adsorbed dissociatively on the Pt surface at ro
temperature.25,26 Oxidation of GaAs by these species pr
ceeds much faster than that by oxygen molecules becau
a low activation energy.

After the Pt deposition, the oxide layers have layerli
nonuniform compositions. If the oxidation reaction were
proceed at the GaAs/oxide interface, the oxide layer wo
possess a more uniform composition because both Ga o
io
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and As oxide would be formed simultaneously. The nonu
form oxide composition is likely to be caused by the oxid
tion reaction at the Pt/oxide interface and in the oxide bu
Namely, in cases where the diffusion of As atoms in t
oxide layer is faster than that of Ga atoms, As oxide
formed above Ga oxide. This expectation is supported by
experimental result that after the heat treatment of the sp
mens with the Pt layer in oxygen, the oxide layers ha
~Pt/As2O5/As2O3/Ga2O31As/GaAs) and ~Pt/As2O3/Ga2O3

1As/GaAs) structures for KOH oxide and thermal oxid
respectively. Therefore, it can be concluded that As and
formed by the decomposition of GaAs diffuse toward t
Pt/oxide interface, and react with oxygen atoms injec
from the Pt layer. The proposed oxidation mechanism
shown schematically in Fig. 3.

The oxidation mechanism of GaAs is in contrast to that
Pt-enhanced oxidation of Si where the diffusion species
the silicon oxide layer is oxygen atoms.11–13 The different
mechanism is likely to be caused by the higher diffusion r
of As ~and Ga! atoms in the oxide layer than that of S
atoms. Namely, in the case of Si oxidation, oxygen atoms
needed to diffuse to the Si/silicon oxide interface because
the low diffusion rate of Si in the oxide layer. For the ox
dation of GaAs, on the other hand, As and Ga atoms diff
in the oxide layer at low temperatures. This expectation
supported by the result that the thickness of the GaAs ox
layer formed at 200 °C using the catalytic activity of the
film is 4.7 nm, thicker than that of the silicon oxide lay
formed at the same temperature~3.8 nm!.11,13

When the~Pt/KOH oxide/GaAs! specimen is heated a
200 °C in oxygen, the thickness of As2O3 increases, while
that of As slightly decreases. This result can be explained
the following mechanism~cf. Fig. 3!: the decomposition of
GaAs is enhanced by heating. Elemental As present
above GaAs diffuses toward the oxide/Pt interface, and
acts with oxygen atoms near the Pt/oxide interface, form
As2O3. The decrease in the thickness of the As layer sho
that the diffusion and reaction of As atoms are more
hanced by heating than the decomposition of GaAs. The
mation of As2O3 occurs by the following reactions:

FIG. 3. Model of the mechanism for the Pt-enhanced oxidat
of GaAs.
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56 7433PLATINUM-ENHANCED OXIDATION OF GaAs
~ i! 2As13O→As2O3, DH521403 kJ mol21, ~7!

~ ii ! 4
5 As1 3

5 As2O6→As2O3, DH52100 kJ mol21.
~8!

The changes of enthalpy are estimated simply from the h
of formation. For reaction~i!, As atoms react with oxygen
atoms in the oxide layer that are injected from the Pt lay
For reaction~ii !, on the other hand, As atoms react wi
As2O3, and consequently, the As2O3 layer is formed beneath
the As2O5 layer, in good agreement with the experimen
result.

When As2O3 is formed near the Pt/oxide interface, it
further oxidized to As2O5 by the reaction with oxygen atom
injected from the Pt layer:

As2O312O→As2O5, DH52768 kJ mol21. ~9!

As2O5 is likely to be formed only where the concentration
oxygen atoms is sufficiently high. Namely, the concentrat
of oxygen atoms in the oxide layer decreasing with the d
tance from the Pt/oxide interface may be another reason
the oxide structure in which As2O5 is above As2O3.

Ga atoms diffuse toward the Pt/oxide interface to so
extent, and react with oxygen atoms that are injected fr
the Pt layer and diffuse in the oxide layer:

2Ga13O→Ga2O3, H521837 kJ mol21. ~10!

The oxide structure in which Ga oxide is located below
oxide results from the lower diffusion rate of Ga atoms in t
oxide layer than that of As atoms.

The decomposition of GaAs may be caused by
following mechanism: since the oxide layer is thin initially,
small number of oxygen atoms~or oxygen ions! reach the
oxide/GaAs interface, and the following reaction occurs:

2GaAs13O→Ga2O312As, DH521655 kJ/mol21.
~11!

This reaction is most likely because elemental As and Ga2O3
are present near the GaAs substrate after the oxidation
described before. Due to the largely exothermic reacti
Ga-As bonds~bond energy 1.7 eV! are broken, forming As
and Ga atoms. Once these atoms are produced, the de
position of GaAs is enhanced by the oxidation of these ato
@reactions~7!–~10!# because all the reactions are exotherm

The thickness of the KOH oxide layer with the Pt film
;2.9 nm before the heat treatment, and it increases mark
to ;4.7 nm after the heat treatment at 200 °C. On the ot
hand, the thickness of the thermal oxide layer with the
film is ;1.6 nm before the heat treatment and it increase
only ;2.4 nm by the heat treatment. The thermal oxide la
consists mainly of Ga2O3, while the KOH oxide layer con-
tains only a small amount of Ga2O3 @cf. Figs. 2~e! and 1~g!#.
at

r.

l

n
-
or

e
m

e

as
,

m-
s
.

ly
r
t
to
r

Therefore, the above results can be well explained by ass
ing that Ga2O3 retards the diffusion rates of the reacting sp
cies. Namely, once a thick Ga2O3 layer is formed, the Pt-
enhanced oxidation does not proceed any more. It is a
likely that the KOH oxide layer has a lower atomic dens
than the thermal oxide layer, which enhances the diffusi
and consequently, after the heat treatment, the KOH ox
layer becomes thicker than the thermal oxide layer. A sim
phenomenon is observed for the Pt-enhanced oxidation o
i.e., when the oxide layer formed before the Pt deposition
a low atomic density due to the presence of high amount
suboxide species, the increase in the oxide thickness ca
by the Pt-enhanced oxidation is large.13

After the Pt deposition, all the observed oxide peaks s
by 0.4–0.7 eV toward the lower binding energy with resp
to the substrate peaks. In the absence of the Pt overla
positive charges are accumulated in the oxide surface re
due to photoemission. The positive charges induce a po
tial drop across the oxide layer, shifting the oxide ban
downward toward the oxide surface, and consequently,
core levels of the oxide shift in the higher-binding-ener
direction. In the presence of the Pt overlayer, on the ot
hand, such a charge-up effect does not occur because th
layer is earthed, and consequently, the oxide peaks are
served at the lower binding energy. The effect of final-st
screening by electrons in the Pt layer may also contribute
the lower-energy shifts.

V. CONCLUSIONS

A Pt layer formed on the thin oxide-covered GaAs e
hances the oxidation of GaAs. The heat treatment of
^Pt/thin oxide/GaAs~100!& specimens at 200 °C in oxyge
increases the oxide thickness to 2.4–4.7 nm. The take-
angle–dependent XPS measurements show that the o
layer has a nonuniform layerlike structure, consisting of
oxide, Ga oxide, and elemental As, and all the oxide com
nents are present between the Pt layer and the GaAs
strate. The diffusing species through the Pt layer is oxyg
atoms initially produced at the Pt surface. As atoms form
by the decomposition of GaAs diffuse in the oxide lay
toward the oxide/Pt interface and react with oxygen ato
near the interface. Ga atoms do not diffuse far from
GaAs/oxide interface, and thus react with oxygen atoms
the oxide bulk, which are injected from the Pt layer. Con
quently, Ga oxide is formed below As oxide. It is sugges
that Ga oxide suppresses the diffusion of the reacting s
cies. The thermal oxide layer consists mainly of Ga ox
and hence the oxide thickness increases only slightly by
Pt-enhanced oxidation, while the thickness of the oxide la
initially formed in the KOH solution increases markedly b
cause the oxide layer contains only a small amount of
oxide.
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