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Protection effect of a SiO2 layer in Al0:85Ga0:15As wet oxidation�
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Abstract: The Al0:85Ga0:15As layers buried below the GaAs core layer with and without the SiO2 layer were
successfully oxidized in a wet ambient environment. The experimental results show that the SiO2 layer has little
impact on the lateral-wet-oxidation rate of the Al0:85Ga0:15As layer. The contrast of the SEM image of the oxidized
regions and the absence of As-related Raman peaks for samples with the SiO2 layer arise from the removal of As
ingredients with the largest atomic number, which leads to improvements in the thermal stability of the oxidized
layer. The PL intensities of samples with the SiO2 layer are much stronger than those without the SiO2 layer. The PL
emission peak is almost unshifted with a slight broadening under the protection of the SiO2 layer. This is attributed
to the SiO2 layer preventing oxidation damage to the GaAs capping layer.
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1. Introduction

The lateral wet oxidation of the buried AlxGa1�xAs layer
has been widely used in the fabrication of various optical de-
vices due to its optical mode and current confinement. For
example, in vertical cavity surface emitting lasers (VCSELs),
single-photon emitters, metal–insulator–semiconductor field
effect transistors (MIS-FETs) and electrically pumped pho-
tonic crystal lasersŒ1�7�. The oxidation rate increases with in-
creasing oxidation temperature and layer thickness, whereas
there is a significant reduction with decreasing Al contentŒ8; 9�.
In order to control the oxidation rate precisely, it is appropriate
to use the buried AlxGa1�xAs layer with a lowAl content (x <

0.90).
Semiconductor quantum dots (QDs) exhibit discrete opti-

cal transitions with ultra-narrow linewidths, and they are ap-
plied as an emitter in various nanoscale photonic devices. Up
to now, a number of works on devices with an active region
made up of single or multiple In(Ga)As QDs sheets in a GaAs
matrix have been reported by various groupsŒ5�7; 10; 11�. Gen-
erally, the GaAs core layer with QD sheets is grown epitaxially
on top of the buried AlxGa1�xAs layer. In the process of lateral
wet oxidation, it has been reported that oxidation damage to the
GaAs capping layer is induced at about 450 ıCŒ12�. Because the
GaAs capping layer is extremely thin, even a small amount of
oxidation would degrade the optical characteristics of the QD
ensembleŒ13�. Furthermore, an additional annealing is needed
for removing the remaining oxidation product, As, in the ox-
idized region, improving the thermal stability of the oxidized
layerŒ14�. It is imperative to find a way in which the lateral wet
oxidation of the buried AlxGa1�xAs layer has little impact on
the GaAs capping layer, and the remaining reaction products

are removed at the same time. In this paper, we present an ef-
fective method to protect the GaAs capping layer and eliminate
the remaining reaction product (As) in a wet oxidation ambient
environment.

2. Experimental details

The sample structure for the oxidation experiments is
shown in Fig. 1. We used an n-type GaAs-based heterostruc-
ture: a single layer of high density InAs QDs was grown by
molecular beam epitaxy (MBE) at the center of a 180 nm
GaAs membrane. The membrane was grown on top of a
420 nm Al0:85Ga0:15As sacrificial layer. The 160 nm SiO2

layer was deposited by plasma enhanced chemical vapor de-
position (PECVD) on the top of the GaAs membrane. Circu-
lar mesas with a diameter of 50 �m were defined by the use
of photoresist, reactive ion etching and inductively coupled
plasma etching. After photoresist, the patterns were transferred

Fig. 1. Schematic of the sample structure for the oxidation experi-
ments.
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Fig. 2. (a) and (b) plan-view optical microscope and (c) and (d) cross-sectional FE-SEM images of the samples after the lateral wet oxidation.
(a) and (c) are without the SiO2 layer; (b) and (d) are with the SiO2 layer.

from the resist to the SiO2 layer using reactive ion etching. Fi-
nally, mesas patterns were transferred from the SiO2 layer by
chlorine-based gases inductively coupled plasma etching, and
the process was stopped until the buried AlxGa1�xAs layer
was etched completely. For a comparison, a circular mesas
without the SiO2 layer was also fabricated.

Prior to wet oxidation, samples were heated to the reaction
temperature in dry nitrogen. The oxidation was carried out in a
quartz-tube furnace at 550 ıC in an H2O vapor atmosphere,
which was created by bubbling N2 carrier gas at 1.5 L/min
through the water bubbler at 90 ıC. Oxidation proceeds later-
ally in the Al0:85Ga0:15As layer beneath the GaAs core layer.
The samples were oxidized for 2.5 h. The reaction was termi-
nated by switching to a dry nitrogen flow. After the oxidation,
the Al0:85Ga0:15As (n � 3.4) is converted into a stable native
oxide and its refractive index is changed (n � 1.6). Therefore,
when we look at the surface using an optical microscope, the
color is different between oxidized and unoxidized parts.

The morphologies of the oxidized samples were observed
by optical microscope and field emission scanning electron mi-
croscopy (FE-SEM). Photoluminescence measurements were
performed using the 532 nm solid state laser as the excita-
tion source and the signal was collected using the Fourier
Transformed Infrared Spectrometer with an In(Ga)As detec-
tor. Micro-Raman spectra were measured using an excitation
wavelength of 514.5 nm line of an ArC laser.

3. Results and discussion

The plan-view optical microscope morphologies of the
oxidized samples are shown in Figs. 2(a) and 2(b). We can
see that the Al0:85Ga0:15As layer is laterally oxidized from a
mesas edge in the steam environment. The oxidation lengths
are about 22.4 �m and 23.4 �m, and the oxidation rates are

about 9.0 �m/h and 9.3 �m/h, respectively. That is to say, the
SiO2 layer has little impact on the lateral-wet- oxidation-rate
of the Al0:85Ga0:15As layer. The cross-sectional FE-SEMmor-
phologies of the oxidized samples are shown in Figs. 2(c) and
2(d). It can be found that the oxidized and unoxidized regions
exhibit different colors, and the oxidized region is marked as
AlxOy . It can be also observed that the color of the oxidized
region with the SiO2 layer is much darker than that without
the SiO2 layer, but there are almost the same colors in other
corresponding regions.

Figures 3(a) and 3(b) display Raman spectra for samples
without the SiO2 layer. Raman spectrum of the as-prepared
samples are shown in Fig. 3(a). The peaks at 293 and 269 cm�1

are separately attributed to longitudinal optical GaAs (LO-
GaAs) and transverse optical GaAs (TO-GaAs). The weak
peak intensities at about 400 and 362 cm�1 are AlAs-related
peaksŒ15; 16�. The curves I, II, III and IV indicate Raman spec-
tra for the thermally oxidized mesas, and the distances of the
measuring position to the center of the mesas are 22.5 �m (I),
15 �m (II), 7.5 �m (III), 0 �m (IV), respectively. It can be
seen that crystalline As peaks appear at 198 and 257 cm�1 be-
sides the GaAs-related peaks after the wet oxidationŒ15; 16�. The
signal intensities of the As-related peaks grow stronger as the
distance between the measuring positions to the center of the
mesas decreases. Figures 3(c) and 3(d) indicate Raman spectra
for samples with the SiO2 layer. The GaAs-related and AlAs-
related peaks are the same as those without the SiO2 layer for
as-prepared samples. After wet oxidation, in all Raman spec-
tra, crystalline As-related peaks at 198 and 257 cm�1 are not
detectable. Because the band gap (5.2 eV) of the SiO2 is much
larger than the energy (2.4 eV) of the ArC laser beam, the in-
cident laser power is little affected by the SiO2 layer. It can be
concluded that the absence of As-related peaks attributes to the
inexistence of As ingredients in the oxidized region.
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Fig. 3. Raman spectra ((a) and (b)) without and ((c) and (d)) with the SiO2 layer. (a) and (c) indicate Raman spectrum of as-prepared samples,
and Raman spectrum of the oxidized samples are shown in (b) and (d). The distance of the measuring position to the center of the mesas are
22.5 �m (I), 15 �m (II), 7.5 �m (III), 0 �m (IV), respectively.

In the process of the wet oxidation, the Al0:85Ga0:15As
layer may change to As, As2O3 and Al2O3

Œ14�16�. The oxida-
tion layer is a porous structure, providing a natural channel for
the escape of volatile reaction products such as As and As2O3.
However, when the wet oxidation proceeds towards the center
of the mesas, the escape of volatile products will be increas-
ingly difficult. Therefore, there are increasingly rising intensi-
ties of crystalline As peaks at 198 and 257 cm�1.

It is reported that the As atoms can fill Ga vacant (VGa/

sites forming arsenic antisites (AsGa/Œ17�19�. Day et al.Œ20� also
demonstrated that AsGa defects can be created and their con-
centration can be enhanced by high temperature annealing due
to VGa defects arising from the out-diffusion of Ga atoms into
the dielectric film. In our experiment, the VGa defects can also
be created near the SiO2 layer/GaAs interface during the heat
treatment. Additionally, because GaAs has a much larger ther-
mal expansion coefficientŒ21� (6.03� 10�6 ıC�1/ than SiO2

Œ22�

(0.52 � 10�6 ıC�1/, a compressive stress in the GaAs layer is
created during the wet oxidation, which helps VGa defects dif-
fuse rapidly from the sample surface towards the depth over
several microns and distribute in a relatively uniform concen-
trationŒ23�. At the same time, As ingredients in the oxidized
region can diffuse into the GaAs layer by a concentration gra-
dient. Therefore, it is possible that the As atoms can fill the
VGa sites forming AsGa. Along with the constant consumption

of As atoms in the GaAs layer to fill VGa sites, As ingredients
can diffuse constantly into the GaAs layer, and the concentra-
tion of As ingredients in the oxidized region decreases drasti-
cally. When the concentration is under the detecting limit, the
As-related peaks are absent in Raman spectra.

For samples without the SiO2 layer, annealing can result in
the loss of As atoms from the sample surface, hence, generat-
ing As vacancies (VAs/

Œ24; 25�. Additionally, surface oxidation
of the GaAs capping layer can be inducedŒ12� due to the wet
oxidation at 550 ıC. Therefore, the surface oxide layer can pre-
vent the further out-diffusion of As atoms. It can be concluded
that there exist a limited number of As vacancies in the GaAs
layer. In other words, it is possible that only a minority of As
atoms in the oxidized region can diffuse into the GaAs layer to
fill As vacancy sites. Therefore, a majority of As ingredients
reside in the oxidized region, which leads to the appearance of
crystalline As peaks in the Raman spectra.

It is known that the secondary electron image contrast
of SEM images results from surface irregularities and differ-
ent compositionsŒ26; 27�. In the experiment, the samples have
smooth cross-sections, so the contrast of the oxidized regions
with and without the SiO2 layer in Fig. 2 arises from the
composition contrast. Essentially, the composition contrast at-
tributes to the differences of the average atomic number in
different regionsŒ27�. It is reported that the secondary electron
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Fig. 4. (a) PL spectrum of the as-grown QD ensemble at room temperature. GS indicates the ground state emission and ES the excited state. (b)
PL spectra of the QD ensemble at room temperature after the wet oxidation.

yield increases with the increase of the average atomic num-
ber, and the larger the average atomic number is, the brighter
the corresponding region isŒ28�. The atomic numbers of O, Al,
Ga and As are 8, 13, 31 and 33 respectively. When As ingre-
dients with the largest atomic number are removed from the
oxidized region with the SiO2 layer, the average atomic num-
ber decreases. So it leads to the composition contrast in the
oxidized regions with and without the SiO2 layer.

Figure 4(a) shows the photoluminescence (PL) spectrum
for an as-grown QD ensemble at room temperature. The spec-
tral peak positions of the ground state and the excited state are
around 1260 nm and 1200 nm, respectively. The full width
at half maximum (FWHM) of the ground state peak is about
46 nm. After the wet oxidation, the PL spectra of the QD en-
semble at room temperature are displayed in Fig. 4(b). In order
to explain the protection effect of the SiO2 layer convincingly,
three groups of samples are used, which are indicated by dot-
ted (sample 1), dashed (sample 2) and solid (sample 3) lines,
respectively. It can be clearly observed that the PL intensity
of samples with the SiO2 layer is much stronger than those
without the SiO2 layer. The emission peak and the FWHM are
nearly unchanged under the protection of the SiO2 layer. How-
ever, for no-SiO2 samples, the wet oxidation leads to a redshift
and a broadening of optical emission from QDs.

Thermal annealing has been widely performed to improve
the quality of QDsŒ29�31�. The interdiffusion of the In and Ga
atoms at the interface between the QD and the GaAs barrier
can result in an emission blueshift, a peak narrowing, and, in
some cases, a decrease in PL intensity. It is reported that an-
nealing temperatures below 600 ıC have little impact on the
optical properties of the QD ensemble. Therefore, annealing is
usually carried out above 600 ıC in an argon or nitrogen am-
bient. Under the protection of an inert atmosphere, the GaAs
capping layer is almost thermally unoxidized.

In the experiment, the oxidation is carried out at 550 ıC in
a wet ambient environment, as it is believed that the annealing
effect has little impact on the optical properties of the QDs en-
semble. In the process of the lateral wet oxidation without an
inert atmosphere, surface oxidation damage to the GaAs cap-
ping layer is induced at about 450 ıCŒ12�, which may cause
strain relaxation. It is reported that strain relaxation can give

rise to a change in both conduction band edge and valence band
edgeŒ32; 33�. So the energy band gap of InAs QDs may be re-
duced due to strain relaxation, which results in a redshift of the
PL peak position. Additionally, for no-SiO2 samples, the wet
oxidation can induce a large number of nonradiative recom-
bination centers at the surface of the GaAs capping layer. So
the reduced emission intensity is due to the strong nonradia-
tive recombination at the surface of the GaAs capping layer.
The lifetime of carriers in InAs QDs is shortened due to non-
radiative recombination at the surface, which leads to a much
broader PL linewidth. However, the SiO2 layer on top of the
GaAs capping layer can prevent the oxidation of the GaAs cap-
ping layer. Therefore, the optical properties of the QDs ensem-
ble with the SiO2 layer are similar to those of the unannealed
samples.

4. Conclusion

In summary, the SiO2 protection for the GaAs capping
layer in the wet oxidation ambient environment has been stud-
ied using SEM, Raman and PL spectroscopy measurements.
The experimental results show that the SiO2 layer has little
impact on the lateral-wet-oxidation rate of the Al0:85Ga0:15As
layer. The contrast of the SEM image of the oxidized regions
and the absence of As-related Raman peaks for samples with
the SiO2 layer arise from the removal of As ingredients with
the largest atomic number, which leads to improve the thermal
stability of the oxidized layer. The PL intensity with the SiO2

layer is much stronger than that without the SiO2 layer. The
PL emission peak is almost unshifted with a slight broadening
under the protection of the SiO2 layer. They are attributed to
the SiO2 layer preventing the oxidation damage to the GaAs
capping layer. Our results are of vital importance to improve
the potential performance of the nanodevices.
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