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ABSTRACT Defects created in rapid thermally annealed n-GaAs epilayers capped with
native oxide layers have been investigated using deep-level transient spectroscopy
(DLTS). The native oxide layers were formed at room temperature using pulsed an-
odic oxidation. A hole trap H0, due to either interface states or injection of interstitials,
is observed around the detection limit of DLTS in oxidized samples. Rapid thermal
annealing introduces three additional minority-carrier traps H1 (EV + 0.44 eV), H2
(EV +0.73 eV), and H3 (EV +0.76 eV). These hole traps are introduced in conjunc-
tion with electron traps S1 (EC −0.23 eV) and S2 (EC −0.45 eV), which are observed
in the same epilayers following disordering using SiO2 capping layers. We also pro-
vide evidence that a hole trap whose DLTS peak overlaps with that of EL2 is present
in the disordered n-GaAs layers. The mechanisms through which these hole traps are
created are discussed. Capacitance–voltage measurements reveal that impurity-free
disordering using native oxides of GaAs produced higher free-carrier compensation
compared to SiO2 capping layers.

PACS 67.80.Mg; 68.55.Ln

Impurity-free disordering (IFD) of III–V
semiconductor structures has been ac-
tively researched over the past two
decades for the monolithic integration
of optoelectronic and photonic devices
with different functionalities [1, 2]. IFD
is often achieved using dielectric cap-
ping layers, such as SiO2 [1–5] or the
native oxides of the compound semicon-
ductors [1, 6–8], followed by annealing.
However, as pointed out in a recent re-
view of point defects and diffusion in
thin films of GaAs, the technological vi-
ability of IFD has been limited by repro-
ducibility and controllability issues [9].
These issues can be related to the current
poor understanding of two critical suc-
cess factors, namely (i) the influence of
dielectric layer quality on IFD and (ii)
the defect engineering underlying the
disordering process. Although the first
factor has received some attention in the
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past few years [3–5, 10–12], the second
has remained mostly untouched. Pre-
vious studies have provided evidence
that IFD proceeds via the diffusion of
point defects on the group-III sublattice,
namely the gallium vacancy (VGa) in
GaAs-based systems [8, 9, 13–15]. The
use of defect engineering to tailor the
properties of semiconductors requires
knowledge of the structure and energy
levels in the forbidden gap, as well of as
the diffusion mechanism of defects and
the influence of processing parameters
on their introduction rates.

In this communication, we report on
the electrical properties of defects cre-
ated in n-GaAs epilayers by rapid ther-
mal annealing (RTA) of native oxide
layers. Pulsed anodic oxidation is used
to form thin native oxide layers on the
surface of GaAs at room temperature.
A comparison is also made with defects

created in the same epilayers using SiO2
capping layers.

Epitaxial n-type GaAs layers of
(100) orientation and doped with
∼ 1.1 ×1016 Si/cm3 were grown by
metalorganic chemical vapor deposi-
tion (MOCVD). Pulsed anodic oxida-
tion was used to form ∼ 25- or ∼ 50-nm
thick layers of native oxides on sam-
ples (samples AO1 and AO2, respec-
tively) using the setup and conditions
described in [7]. The native oxides on
one sample were etched away using di-
luted HCl, and this sample, thereafter
referred to as AO0, did not undergo an-
nealing. Another set of samples was
capped with 200-nm SiO2 by plasma-
enhanced chemical vapor deposition
(sample SO). RTA was performed on
samples AO1, AO2, and SO at 900 ◦C
for 30 s under Ar flow in order to initiate
the disordering process. Gold Schottky-
barrier diodes of 200-nm thickness and
0.77-mm diameter were fabricated on
the chemically cleaned samples. Deep-
level transient spectroscopy (DLTS)
was used to study the IFD-induced
defects, and high-frequency (1 MHz)
capacitance–voltage (C–V) measure-
ments were used to determine the dop-
ing concentration, ND, in the samples.

Figure 1 shows the depth profiles of
free carriers, ND, in as-grown (open tri-
angles) and IFD n-GaAs samples (solid
circles, open circles, and open diamonds
corresponding to samples SO, AO1, and
AO2, respectively). It is evident that
the extent of free-carrier compensation,
∆ND, is more significant in epilayers
disordered using the native oxide layers
compared to using a SiO2 capping layer.
The presence of one electron trap with
surface concentration, NT0, and char-
acteristic decay length, λ, can be used
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FIGURE 1 Free-carrier profiles of as-grown
(open triangles) and impurity-free disordered
(solid circles, open circles, and open diamonds
correspond to samples SO, AO1, and AO2, re-
spectively) n-GaAs epitaxial layers. The solid
lines through data points for samples AO1 and
AO2 are fits to (1)

to adequately account for ∆ND. The
spatial variation of the free-carrier con-
centration, ND(x), can, therefore, be
expressed as

ND(x) = ND(∞)

− NT0 exp(−x/λ), (1)

where ND(∞) ≈ 1.1 ×1016 cm−3 is the
uncompensated free-carrier concentra-
tion. The solid lines through the data
points for samples AO1 and AO2 are
fittings to (1). The values of the fitting
parameters are (NT0 ≈ 6 ×1015 cm−3,
λ ≈ 0.78 µm) for AO1 and (NT0 ≈
1 ×1016 cm−3, λ ≈ 0.32 µm) for AO2,
which suggest that defects with different
diffusion lengths dominate in the two
samples.

We now turn to the electrically ac-
tive defects introduced by IFD in the
n-GaAs epitaxial layers. DLTS spec-
tra (a) in Fig. 2 were taken from as-
grown epilayers (dotted line) and sam-
ple AO2 (solid line) prior to annealing.
Only EL2 (∼ EC − 0.79 eV), which is
commonly observed in MOCVD-grown
n-type GaAs epilayers, is detected in our
as-grown epilayers with concentration
∼ 1013 cm−3. A hole trap H0 is observed
in samples following anodic oxidation,
but no distinctive change in the concen-
tration of EL2 is apparent. It is pointed
out that the DLTS spectrum measured
from sample AO0 is identical to the
one shown by a solid line in Fig. 2a.
IFD introduces additional hole traps H1,
H2 (∼ EV +0.73 eV), and H3 (∼ EV +
0.76 eV), as shown by the DLTS spectra

FIGURE 2 DLTS spectra taken from (a) as-
grown n-GaAs layers (dotted line) and pulsed
anodically oxidized sample AO2 (solid line) using
Vr = −2 V and Vp = 2 V. Spectra (b), (c), and
(d) are taken from impurity-free disordered epi-
layers AO2 using Vr = −4 V and Vp = 2 V, Vr =
−2 V and Vp = 1.5 V, and Vr = −2 V and Vp =
2.4 V, respectively. Spectrum (e) is from rapid
thermally annealed SiO2-capped n-GaAs samples
using Vr = −2 V and Vp = 2 V. All spectra were
measured using a filling pulse width of 50 ms and
a rate window of (2.56 s)−1

(b) and (c) in Fig. 2. Spectra (b), (c), and
(d) were taken from annealed sample
AO2 using different quiescent biases,
Vr, and filling pulses, Vp (Vr = −4 V;
Vp = 2 V, Vr = −2 V; Vp = 1.5 V, and
Vr = −2 V, Vp = 2.4 V, respectively).
Hence, the differences between these
three spectra relate to the different depth
distributions of H1, H2, and H3. The ap-
parently single-defect peak at ∼ 216 K
in spectrum (d) is due to the superposi-
tion of the defect peaks of H2 and H3,
and being broad it masks the smaller de-
fect peak of H1. A comparison of spec-
tra (b), (c), and (d) also reveals that EL2
could be observed in the annealed an-
odically oxidized GaAs epilayers only
by probing a region far from the native
oxide/GaAs interface. Issues related to
the detection of EL2 in our samples
will be treated later. It is worth noting
here that it is generally assumed that
the occupation of traps in a Schottky-
barrier diode is everywhere determined
by the electron quasi-Fermi level (i.e.
only majority carrier traps can be de-
tected). However, as explained in [20],
hole traps may also be detected using
Schottky diodes, especially in a region
close to the metal. We will demonstrate
later that electron traps are also intro-
duced in samples disordered using na-
tive oxide layers.

The electronic signatures (i.e. acti-
vation energy, Ea, and apparent capture

cross section, σa) of defects were ex-
tracted from the Arrhenius-like plots
of ln(T 2/en) versus 1000/T depicted
in Fig. 3 (T is the measurement tem-
perature and en is the emission rate).
The signature of a hole trap was ex-
tracted from the slope of a least-squares
fit (solid line) through the data points
(open symbols) in Fig. 3. The defect
signatures are: H1 [Ea ∼ (EV +0.44)±
0.04 eV, σa ∼ 10−13 cm2], H2 [Ea ∼
(EV +0.73)±0.08 eV, σa ∼ 10−9 cm2],
and H3 [Ea ∼ (EV + 0.76)± 0.08 eV,
σa ∼ 10−10 cm2]. The Arrhenius plots
for H2 and H3 deviate from linear-
ity because of their overlapping peaks,
and also because they overlap with
an electron trap S2 as will be shown
later. Consequently, a fairly large error
(±0.08 eV) is associated with the values
of Ea for H2 and H3. There are two fur-
ther points worth noting concerning the
signatures of the defects. Firstly, small
deviations from linearity of Arrhenius
plots may result in large variations in
σa, which is determined by extrapolat-
ing the least-squares fit through data
points to T → ∞. This could well ex-
plain the unusually large values of σa

determined for H2 and H3. Secondly,
the value of Ea obtained from Fig. 3
also includes an energy component for
minority-carrier capture, which we have
not measured.

The origin of traps in IFD n-GaAs
is now discussed. Although we have not
been able to determine the electronic
signature of H0, we can speculate on the
possible causes for its creation. Anodic
oxidation of GaAs has previously been
shown to create interface states, which

FIGURE 3 Arrhenius plots of ln(T 2/en) versus
1000/T from which the activation energy, Ea, and
the apparent capture cross section, σa, of defects
are extracted
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have discrete energy levels in the band
gap [16–18]. Those investigations have
shown that the electronic properties
of interface states were specific to the
surface-oxidation process, and their cre-
ation was not understood. Alternatively,
defects could be created during the ox-
idation of GaAs analogous to the in-
jection of silicon interstitials during the
thermal oxidation of silicon, as has re-
cently been proposed by Yuan et al. [6].
No levels related to the isolated inter-
stitials of gallium (Gai) or arsenic (Asi)

can be observed in GaAs [19]. However,
defect reactions involving excess Gai or
Asi can produce both electron and hole
traps in GaAs. For instance, excess Gai

may produce the double-acceptor gal-
lium antisite, GaAs, with hole traps at
EV + 0.07 eV (0/−) and EV + 0.23 eV
(−/ =), in the presence of arsenic va-
cancies, VAs (i.e. Gai + VAs → GaAs).
However, GaAs has a relatively high en-
ergy of formation, which is predicted
to be ∼ 10 eV [19], and its formation
should be inhibited during simultaneous
injection of Asi (since Asi +VAs → 0).
Since no study has yet reported the for-
mation of defects resulting from the
injection of intrinsic defects during elec-
trochemical oxidation of GaAs, further
investigation of defects, such as H0, is
required.

The disordering-induced defects cre-
ated using native oxide layers arise
during metallurgical reactions between
GaAs and the native oxides of Ga and
As [8]. Although the exact interfacial
reactions are not known, we have re-
cently proposed that chemical reactions
could involve the oxidation of Ga atoms
in the near-surface region of GaAs epi-
layers by (a) reaction with moisture in
the anodic oxide layer and (b) reduc-
tion of the thermodynamically unstable
oxides of As [7]. Two scenarios can
be envisaged here, namely (1) oxida-
tion of out-diffusing Ga atoms into the
anodic oxide layer resulting in the gen-
eration of excess VGa and/or (2) oxi-
dation of Ga at the anodic oxide/GaAs
interface, which creates an increase in
the ratio of Ga:As, and hence, hole
traps resulting from defect reactions
involving Gai and GaAs as discussed
above. The oxidation of As may occur
simultaneously but As2O5 being ther-
modynamically unstable at 900 ◦C is
either reduced by Ga atoms or is de-
composed. The low thermal stability

of oxides of arsenic may also produce
a porous layer of gallium oxide through
which As from the near-surface layer
of GaAs may desorb. This loss of As
will also increase the ratio of Ga:As in
the near-surface region of GaAs. At this
point in time, the exact origin and struc-
ture of traps H1–H3 remain unknown.
Nevertheless, it can be concluded that
IFD using native oxides of Ga and
As, and SiO2 capping, are significantly
different. Spectrum (e) in Fig. 2 il-
lustrates the three dominant electron
traps S1 [Ea ∼ (EC − 0.23)± 0.02 eV,
σa ∼ 7 ×10−15 cm2], S2 [Ea ∼ (EC −
0.45)± 0.02 eV, σa ∼ 5 ×10−15 cm2],
and S4 [Ea ∼ (EC − 0.74)± 0.03 eV,
σa ∼ 4 ×10−14 cm2] that are created in
rapid thermally annealed n-GaAs epi-
layers capped with a SiO2 layer. We
have previously reported that these de-
fects are related to VGa, Asi , AsGa, or
complexes thereof [14].

We now demonstrate that electron
traps are also introduced in n-GaAs
samples disordered using native oxide
layers. Figure 4 illustrates DLTS pro-
files measured from IFD sample AO2
using different bias conditions. Spec-
trum (a) shows that hole traps H2 and
H3 are dominant when the diode is
placed under forward bias (i.e. in a re-
gion near the metal), as is the case
in sample AO2 (Fig. 2c, d). However,
when sample AO1 is probed further
away from the metal contact (Fig. 4b),
hole traps H2 and H3 are not resolved.

FIGURE 4 DLTS spectra taken from IFD sam-
ple AO1 using (a) Vr = −2 V and Vp = 2.4 V
and (b) Vr = −2 V and Vp = 1.5 V. Spectrum (c)
is similar to spectrum (e) in Fig. 2. The broad
DLTS peak in the temperature range marked by
the double-ended arrow in spectrum (b) suggests
the creation of both hole traps H2 and H3, and the
electron trap S2 in sample AO1. The electron traps
S1 and S3 are also observed in this sample

A broad defect peak is instead detected
over the temperature range marked by
the double-ended arrow in Fig. 4b (i.e.
∼ 170 K < T <∼ 240 K), which arises
from the superposition of an electron
trap with H2 and H3. This electron trap
could be S2. Figure 4a shows that elec-
tron traps S1 and S3 are also detected in
IFD samples using native oxide layers.
The defect peak of S1 is asymmetric be-
cause of the presence of the hole traps
at the higher temperatures. S1 and S2
are dominant defects in IFD n-GaAs
samples using SiO2 capping layers as
discussed above. We have previously
shown that S3 is produced in rapid
thermally annealed uncapped n-GaAs
epilayers [14], and proposed that it re-
sulted under conditions giving rise to an
increase in the ratio Ga:As in the epi-
layers. Based on these results, we may
conclude that the presence of traps S1
and S2 in the sample AO2 is masked by
a high concentration of hole traps shown
in spectra (b), (c), and (d) in Fig. 2. Fig-
ures 2 and 4 reveal that the relative im-
portance of the two scenarios proposed
above for defect creation in impurity-
free disordered GaAs depends on the
thickness of the native oxide layer. It
is worth noting here that we have re-
cently observed both hole and electron
traps in rapid thermally annealed Si3N4/

n-GaAs structures [15].
We now explain why EL2 could not

be measured in the near-surface region
of samples AO1 and AO2 after RTA as
illustrated by Fig. 2c, d and Fig. 4a. Fig-
ure 5 shows the variation of the peak

FIGURE 5 Dependence of the peak intensity of
EL2 on the filling pulse width, tp. A quiescent
bias, Vr = −4 V, and a filling pulse, Vp = 4.4 V,
were used. The decrease in peak height for the
larger pulse widths is characteristic of the capture
and emission from a hole trap
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intensity of EL2 as a function of filling
pulse width, tp, for Vr = −4 V and Vp =
4.4 V. The initial increase of peak inten-
sity for tp ≤ 1 µs is followed by a satu-
ration level for 1 µs ≤ tp ≤ 20 µs. Any
further increase in tp results in a mono-
tonic decrease in peak intensity, which
is characteristic of the filling of a hole
trap with a capture cross section much
smaller than that of EL2. EL2 has σa ∼
10−13 cm2 and is easily filled using sub-
µs filling pulse widths.

In summary, we have investigated
the electrical properties of defects in-
troduced in rapid thermally annealed
n-GaAs epitaxial layers capped with
native oxide layers grown by pulsed an-
odic oxidation. A hole trap H0, which
could be due to either interface states or
the injection of interstitials of Ga or As
during oxidation, is observed in the ox-
idized epilayers. Additional hole traps
H1 (EV +0.44 eV), H2 (EV +0.73 eV),
and H3 (EV +0.76 eV) are introduced in
the annealed samples. We demonstrated
that electron traps S1 (EC − 0.23 eV)
and S2 (EC −0.45 eV) are also observed
in the same epilayers, but are masked
by the larger concentration of hole traps,
especially close to the surface. The pos-
sible mechanisms responsible for the

creation of defects in the disordered epi-
layers using native oxide layers have
been discussed. Disordering using na-
tive oxide layers produced more car-
rier compensation than a SiO2 capping
layer.
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