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Semi-insulating GaAs wafers have been implanted with 250 keV In* ions at a fluence of 3 x 10'® cm™2. The
samples prepared in this way were subsequently annealed at a temperature of 600 °C or 800 °C for 2 h. Thicknesses
of the native oxide layers on implanted GaAs after samples storage in air were evaluated using the Rutherford
backscattering spectrometry with the nuclear reaction O'%(a, a)O'® method. The chemical composition of native
oxide layers on In" implanted and annealed GaAs has been studied using X-ray photoelectron spectroscopy. As2Os3,
As205, Gaz03, GaAs, InAs and InAsO4 compounds were detected in these layers.
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1. Introduction

In recent years much interest has been devoted to in-
vestigations of the chemical composition, thermal desorp-
tion processes, thermal annealing and chemical etching of
oxide surface layers covering A3Bjs crystals [1-3]. Trans-
parent conducting oxides on semiconductor surfaces play
an important role in electronics and optoelectronics, for
example the indium oxide/n-GaAs junctions have been
used in fabrication of diodes [2].

High quality layers of ternary In,Ga;_,As solid solu-
tions are commonly grown on substrates of various A3Bj
compounds, such as GaAs, InAs, InP using epitaxial
techniques. Composition and concentration of the com-
ponents in the ternary compounds can be controlled by
ion implantation and post-implantation annealing condi-
tions. The annealing is needed to recover a disordered
crystalline structure and allow the implanted atoms to
occupy specific sites in the lattice of A3B5 compounds [3].

In the paper the results of the study of subsurface lay-
ers of semi-insulating GaAs implanted with indium ions
and subsequently annealed are presented.

2. Experimental

The samples of semi-insulating (ST) GaAs (100) were
used in the experiment. SI GaAs wafers were chemicaly
cleaned before ion implantation [4]. They were irradiated
with 250 keV In™ ions using the UNIMAS ion implanter
at Maria Curie-Sktodowska University [5]. The fluence
of implanted InT ions was 3 x 10'6 cm~2 at the ion cur-
rent density below 1 A em™2 to avoid 4n situ annealing.
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After ion implantation the sample surface was covered
with a 100 nm thick protective layer of SigN4. Ther-
mal annealing process was carried out at temperatures:
600°C or 800°C. Annealing time was 2 h for both tem-
peratures, and after the process the SigNy layers were
chemically removed.

The post-implantation investigations have been per-
formed by two nuclear methods: the Rutherford
backscattering spectrometry (RBS) [6] and the nuclear
reaction (NR) O(a, )0 [7], and also X-ray photo-
electron spectroscopy (XPS) [8]. The thickness of sur-
face layers enriched in oxygen was determined using the
NR method. The so called native oxide layers have been
grown on surfaces of In* implanted GaAs in contact with
ambient air during over one week storage. It was assumed
that the native oxide layers are homogeneous and atomic
concentrations are constant. The obtained values of layer
thickness were less than 8.0 nm with the 0.5 nm accuracy.
The RBS/NR spectra of the scattered a particles were
collected for the following energies of the incident beam:
3.035, 3.045, 3.050, and 3.060 MeV. The detector resolu-
tion was 12 keV and the scattering angle § = 170°.

The chemical composition of the native oxide layers
was analyzed by the XPS spectrometer equipped with the
monochromatized Al K, radiation [9]. The XPS spectra
for all samples have been collected in the energy ranges:
38.5 to 48.5 eV, 101.0 to 113.0 eV, and 441.0 to 454.5 eV,
according to the binding energies of As 3d, Ga 3p and
In 3d, respectively. The measured bands were fitted with
a Gaussian/Lorentzian function [10].

3. Results and discussion

The typical RBS/NR spectrum measured on the GaAs
sample after In* implantation is shown in Fig. 1. Two
features near the channel numbers: 330 and 850 are ob-
served, assigned to « particles scattered on oxygen and
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indium nuclei, respectively. It is also noticed that the
edge in the vicinity of channel 800 consists of two steps
(Figs. 1, 2). They are related to the « particles scattered
on Ga and As nuclei. It was observed for all the mea-
sured samples that these edges near channel 800 are quite
sharp. This fact can be explained by a good quality of
the studied GaAs surfaces. The position of the band with
respect to the implanted indium indicates that the atoms
are in the near-surface layer. The results presented in [11]
confirm that during the thermal annealing indium atoms
diffuse to the surface and the atomic concentration of
indium increases. At the same time, the decreasing scat-
tering yield is observed in the part of the spectrum near
channel number 800 for implanted and annealed GaAs
(Fig. 2). This effect can be explained by the fact that
arsenic atoms leave the surface layers during thermal an-
nealing. The same effect was described in [12], where
the XPS data measured for GaAs indicate the removal
of As;Oj3 oxide after annealing at above 500°C [13].
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Fig. 1. RBS/NR spectrum of In* ion implanted GaAs.
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Fig. 2. Part of RBS spectra measured on virgin, In™

implanted and annealed GaAs.

The thicknesses of the native oxide layers were deter-
mined using the RBS/NR method. Four spectra for en-
ergies of the «a particles between 3.035 and 3.060 MeV
have been collected, for each studied sample. Interest-
ing parts of the spectra are presented in Fig. 3. It was
found for all samples that the intensity of the oxygen

band changes with the energy of « particles below and
above the resonance energy E, = 3.045 MeV. This effect
confirms that on the investigated surfaces there are thin
layers containing oxygen atoms. They are homogeneous
within the limits of a measurement error. It is observed
that the collected spectra at E, = 3.045 MeV for all
samples differ only in the yield of the band maximum at
channel number 330. It indicates that the thicknesses of
the native oxide layers on the investigated samples are
different.
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Fig. 3. Fragments of RBS/NR spectra collected for

virgin GaAs near the band associated with the o parti-
cles scattered at oxygen atoms.

TABLE I

Thickness of native oxide layers on in-
vestigated samples.

Thickness [nm

GaAs samples 105 an |
virgin 4.2
implanted 7.6
annealed 600 7.1
[°C] 800 5.6

In the calculations it is assumed that the homogeneous
native oxide layers have a sharp border between the layer
and GaAs. The oxide layer thickness increases after im-
plantation, and then it decreases following the thermal
annealing at 800°C (Table I). This behavior can be ex-
plained by oxidation of two kinds of implanted GaAs sub-
surface layers. The first one is structurally amorphous af-
ter InT ion implantation and the second kind of the layer
after annealing, especially at 800 °C is characterized by at
least moderate crystalline quality. The samples structure
was rebuilt and enriched in indium [14].

It is known that due to the exposure of virgin GaAs
samples to air at room temperature, oxidation of As
atoms proceeds according to the reaction [15]:

4As + 302 — 2A8203. (].)
The same is true for Ga atoms and a mixed oxide layer
consisting of AsOsz (and then AssOs5) and GasOs is
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formed. As;O3 and As;Os are the most unstable and
they are easily removed and converted to GasO3. Their
stability causes difficulty in their removal during typical
chemical processing or thermal desorption at low tem-
peratures.

Additionally, after implantation InAsO4 and In, O3 are
also formed. In order to predict composition of the mix-
ture, the analysis of the Gibbs free energy is useful.
The Gibbs free energy, being a function of the enthalpy
and entropy changes, indicates which compounds under
normal conditions are thermodynamically stable (hav-
ing more negative values) [16]. Additionally, the ther-
modynamic analysis is also useful for determination of
the type of reaction and whether or not the reaction will
occur. Specifically, a value of the Gibbs free energy indi-
cates whether the reaction is oxidizing, reducing or if the
system is in equilibrium. Additionally, thermodynamic
modeling can be used to study the effect of temperature,
oxygen partial pressure, moisture etc. and their impor-
tance in oxide film growth. The analysis of these values
also suggests the possibility of conversion of less stable
oxides to more stable ones.

For example, at higher temperatures less stable ar-
senic oxides (As203, AG = —137.7 kcal /mol and As50Os,
AG = —187 kcal/mol [11]) become less predominant
in the system due to the evaporation process or con-
version to the most stable oxides, e.g. GaxO3, AG =
—238.6 kcal/mol [16].

As505 is present only on significantly oxidized samples
due to its high oxidation state and decomposes at temper-
ature in the range 250-300°C. Therefore, the conversion
process can be summarized according to the reactions

3ASQO5 + 4GaAs — 3A8203 + 2Ga203 + 4AS, (2)

2As5,05 + GaAs — GaAsOy4 + AsyOs. (3)
For GaAsO4 the Gibbs free energy is equal to
—212.8 kcal/mol [16]. As follows from the literature data
and the phase diagram [11, 16], in the system proba-
ble existence of GaxO (AG = —75.3 kcal/mol), GaAsO4
(AG = —212.8 kecal/mol) and less possibly Ga(AsO3)3
and GaO as well as bonding configurations similar to un-
stable species such as As;O, AsO and As;O4 should be
also taken into account. The temperature of GaAsQy4 de-
composition is unknown. Probably, it should be at lower
temperatures, according to the following reaction:

2GaAsOy — GasO3 + AssO3+ 05 1. (4)
Decomposition of AssO3 occurs when the oxide is heated
to temperatures between 285-500 °C:

Asy03 + 2GaAs — GaoO3 + 4As. (5)
Therefore after the post-implantation annealing at 600 °C
the intensity of GayO3 peaks in the XPS spectra should
increase significantly.

Moreover, Gas O3 when heated to a temperature in the
range of 550-700 °C is expected to decompose according
to

GapO3 + 4GaAs — 3GaO T +4As 1. (6)
The elemental As is localized at the oxide—GaAs inter-

face, although some of As atoms may subsequently dif-
fuse through GasO3 to form GaAsO, regions. It was
found that arsenic atoms concentration also decreases
during thermal annealing, the same results were de-
scribed in [17]. Any arsenic oxides that may be formed
via this elemental arsenic diffusion to the surface are
likely to be highly unstable and therefore easily evap-
orate.

It should be also mentioned that the chemisorption
of atomic oxygen onto gallium arsenide is based on the
atomic oxygen insertion between gallium—arsenic bonds
(As—0-Ga), adjacent gallium—arsenic bonds, gallium—
gallium bonds on defect sites (Ga-O-Ga) and non-
-bridging atomic oxygen (As=0 or Ga=0) [18-20].

Under analogous condition formation of stable metal
oxides InAsO4 (AG = —209.4 kcal/mol) and InpOj
(AG = —198.6 kcal/mol) was reported. However, for
thermally grown oxides at above 350°C, the oxide con-
sists almost entirely of ternary InAsOy4 [12].

The XPS spectra of virgin GaAs as well as for the
samples after ion implantation and thermal treatment
at 600 °C and 800°C are presented in Fig. 4. Two As 3d
lines, one near the energy 41.5 €V and the second at about
45.5 eV are observed (Fig. 4a). They are connected with
As bonds in GaAs, As;O3 and AsyO5. The intensity of
these bands suggests that the concentration of arsenic
oxides is higher compared to that of GaAs.

Intensity [arb. u]

Intensity [ab. u]

Binding energy [eV]

Binding energy [eV]

Fig. 4. Experimental and best-fitted XPS spectra for
all samples (As 3d band). Solid line — best fit, stars
— measurement. The deconvolution results: (m) GaAs,
(o) As20s3, (A) Asz0s, (A) InAs, (0) InAsOy.

The obtained results were confirmed by the XPS spec-
trum measured near the Ga 3p band (Fig. 5). The spec-
trum has been fitted with 3 bands attributed to Ga bonds
in Gay03 and GaAs compounds. From the XPS results
described above we can conclude that the native oxide
layer on the virgin GaAs surface is a mixture of Gay0Os,
As503, AssO5 and GaAs compounds.

Additionally, it is found that after the implantation
and thermal annealing the relative intensities of the lines



946 M. Kulik et al.
Fig. 4c and d is different which indicates that the content
10k of As oxides decreases in the native oxide layer. Addi-
';: tionally, it is observed that the lines As 3d and Ga 3p
€ assigned to GaAs disappear after implantation and the
1k band of In 3d appears (Fig. 6). The band is superposition
'% of In 3d lines in indium oxides: In,O3 and InAsQOy4. This
] effect can be due to amorphous subsurface layer and con-
'_'0. 1L \ nected with the diffusion of indium atoms to the surface
during implantation.
7 %
105 110 -
Binding energy [eV] sl In 3d GaAs impl In
Fig. 5. Experimental and best-fitted XPS spectrum E /:i\
(Ga 3p band) from native oxide on unimplanted GaAs: & H
(o) measured values, solid line — best fit. The dashed g’ [31,'
lines — after deconvolution, Ga 3ps/s: circles — GaAs, g P
triangles — Ga2O3 and Ga 3p, /o stars — GaAs. E f ."‘\
[
I
are changed (Fig. 4b—d). Table II presents the calculated 0 MPJQS\" 450
values of peak areas corresponding to the Ga 3p bands Binding energy [eV]
in GaAs and GagOg3. The influence of ion implantation
and annealing on composition of the oxide layers is very Fig. 6. Experimental and best-fitted XPS In 3d band

strong.

TABLE II

Ga 3p band areas obtained from the best fit to the XPS
spectra measured from 101.0 to 113.0 eV.

from native oxide on implanted GaAs: (0O) measured
values, solid line — best fit. Deconvolution results:
(o) In203, (+) InAsOy.

GaAs impl I’

In3d

GaAs impl In"

—-
o

In3d
ti=600°C R

Peak area [arb. u.]
Sample Ga 3p3/2 Ga 3py /2

GaAs | Gax0s3 GaAs H
virgin GaAs 4330 | 20556 | 2.224 s
implanted GaAs 0.059 23.594 0.027 E,
impl. anneal. GaAs =

600 °C 0.963 22.299 0.438

800°C 1.311 20.969 0.656

TABLE III

In 3d band areas obtained from the best

spectra in the 441 to 454 eV energy range.

fit to the XPS

Peak area [arb. u.]
Sample
InsO3 3d5/2 InAs 3d5/2 InAs 3d5/2 InAsOy4 3d
virgin GaAs 0.0 0.0 0.0 0.0

implanted GaAs 3.420 0.0 0.0 4.760
impl. anneal. GaAs

600 °C 2.930 10.282 5.853 3.621

800 °C 2.157 12.450 7.135 1.692

Comparing the intensity of the lines in Fig. 4c and d
we find that they change with the increasing tempera-
ture of annealing. This is accompanied by arsenic oxides
disappearance and InAs and GaAs compounds increase.
During thermal annealing InAs and GaAs are formed in
the surface layers. These effects are in a good agreement
with the results showing the increase of arsenic concen-
tration in the near surface layers as presented in Fig. 2
(RBS measurements). However, the intensity of lines in

n

450
Binding energy [eV]

Binding energy [eV]

Fig. 7. Experimental and best-fitted XPS spectra of
In 3d bands from native oxide on implanted and an-
nealed at 600 (a) and 800 °C (b) GaAs samples: (O) ex-
perimental results, lines — the best fit. Deconvolution
results: (o) InpO3 3ds)2, (A) InAs 3ds /2, () InAs 3d, /2,
(+) InAsOy4 3d.

The process of thermal annealing leads to appearance
of a line at 452 €V (Fig. 7). This corresponds to forma-
tion of InAs in the surface layer during post-implantation
thermal annealing. The band shape at about 445 eV
evolves also during rebuilding of the implanted layers.
This effect can be explained by transformation of indium
compounds from InyO3 and InAsO,4 to InAs with the
increase of annealing temperature, which is correlated
with the Gibbs free energy. The intensity of lines In 3d
referred to InAs also increases with the temperature an-
nealing growth (see Table III). This effect is confirmed
by the increase of the peak area in Fig. 7.
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4. Conclusion

Investigations of a few nanometer thick native oxide
layers on In"-implanted and annealed at 600 °C or 800 °C
GaAs have shown formation of InAs compound in the
native oxide layer. As,O3, AssOs5, Gaz0O3, and GaAs
compounds were also detected by XPS in native oxides
on virgin and ion-implanted GaAs. Following In*-ion
implantation, InoO3 and InAsQ4 become present in the
native oxide layer. After annealing, the In 3d line from
InAs starts to dominate the XPS spectra. Most proba-
bly indium atoms diffuse to the surface during thermal
treatment and the atomic concentration increases in the
near surface layer, however, the atomic concentration of
arsenic decreases. This is the evidence that the arsenic
atoms leave the disordered near-surface layer during im-
plantation.
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