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Abstract: Vertical optical confinement is a critical requirement for a wide range of III-V
photonic devices where Al2O3 material is the typical oxide used due to its low refractive index.
This oxide layer can be formed from the oxidation of AlAs in an epitaxial GaAs/AlAs/GaAs or
AlGaAs/AlAs/GaAs stack, with the advantage that the top layer remains single-crystalline. The
thick film oxidation of AlAs is required for photonic applications. In this article, we report the
oxidation processes developed to fully convert AlAs to AlOx films by analyzing both thin (100 nm)
and thick (500 nm) AlAs films on GaAs (001) and 2° miscut GaAs (111)A substrate. Systematic
microscopic characterization is performed to demonstrate the absence of any delamination at the
oxide interfaces and the evolution of the diffusive oxidation process microscopically characterized
is compared with an optical (µ-Raman) characterization. We demonstrate the selectivity of the
AlAs oxidation process with respect to the active Al0.18Ga0.82As layer and the GaAs substrate.
Finally, the proposed method is adopted to create a high refractive index contrast between the
active optical material and the environment in the specific case of a III-V photonic crystal device,
highlighting the potential of this approach for non-linear photonic applications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonic crystals (PhC) and metasurfaces are causing a paradigm shift in nonlinear optics [1–5].
Indeed, they may become the long-sought breakthrough in the quest for miniaturized, robust,
and efficient nonlinear photonic devices [4–6]. In literature, both second and third harmonic
efficiencies have been shown by engineering the photonic crystal band structure and by introducing
a resonance at the first harmonic wavelength. Recently, double resonant photonic crystals have
been demonstrated in which both the fundamental and the second harmonic frequencies are
resonant and thus spatially and temporally confined [7].

To gain efficiency, it is critical to opt for a PhC material with a relatively high second order
susceptibility χ2. Group IV semiconductors are ruled out since they are centrosymmetric, whereas
one of the most promising materials for the telecommunication range is Al0.18Ga0.82As [8].
Working with a pump source at 1550 nm, this alloy offers the highest refractive indices both at
the first and the second harmonic, while AlGaAs with lower Al concentration would absorb light
in the second harmonic wavelength range.

Yet, the implementation of such photonic crystal systems remains hampered by the difficulties
in controlling the fabrication process. A critical demand stems from the requirement for a high
index contrast between the layer and the environment to establish vertical optical confinement
in the PhC. In this work an AlAs film has been epitaxially deposited on a GaAs substrate and
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capped by an Al0.18Ga0.82As active layer. The AlAs layer was then thermally oxidized into AlOx.
This should result in optical confinement in the active because of the refractive index contrast
between Al0.18Ga0.82As (n≈3.3) and AlOx (n≈1.6). Commonly, a high quality Al2O3 layer can
be deposited through atomic layer deposition (ALD), but often this technique is not available
and it is quite expensive, hence the conversion of AlAs into AlOx is a suitable alternative. AlAs
oxidation has been extensively studied for thin material layers, of the order of 100 nm, since it
was fundamental to create both electrical and optical confinement in VCSELs [9,10], but not
many data are present in literature on thick AlAs layers [11]. Due to the difference in lattice
parameters between AlAs and AlOx the accumulated stress during the oxidation might lead to
delamination between the top layer and the oxide. Specifically, AlAs has a lattice parameter
equals to 0.566 nm whereas the Al0.18Ga0.82As lattice parameter is slightly larger than 0.565 nm.
Regarding AlOx, despite being in an amorphous phase, it has been simulated as an isotropic
cubic material with a lattice parameter of 0.526 nm in literature [12]. For this reason, although
thin AlAs layer oxidation is a known process [8,9,13–15], to date only few papers have reported
thick AlAs oxidations in real optical devices and most of them do not delve into the process’
details [16–19]. This limits the possible applications of such thick oxidized layers to create
vertical optical confinement in photonic devices for linear and non-linear optical applications.
Considering the delamination another possible cause suggested by Ashby et al. [20] is the
sublimation of trapped As2O3 during the thermal treatment.

The aim of this paper is to obtain and characterize high-quality Al-based oxides starting both
from thin (100 nm) and thick (500 nm) epitaxial AlAs layers, the latter both grown on a (001) and
(111) GaAs substrate. Additionally, results of a combination of microscopic and spectroscopic
characterizations are shown, which demonstrate that we have selectively controlled the AlAs
oxidation process preserving the AlGaAs active layer. In the last part of the paper, to validate the
process at the nanoscale, this method is adopted in the specific case of a Al0.18Ga0.82As photonic
crystal grown on an AlAs layer, proving the potential of this approach for novel class of photonic
devices.

2. Experiment

To optimize the oxidation process preventing any damage or alteration of the top active layers,
systems with different AlAs thicknesses have been deposited by molecular beam epitaxy (MBE)
on GaAs (001) and GaAs (111) substrates, as listed in Table 1, indicated as GROWTH A,
GROWTH B and GROWTH C. An X-ray diffraction (XRD) reciprocal space (224) map of the
GROWTH B wafer is presented in Fig. 1(a).

Table 1. GROWTH A, GROWTH B and GROWTH C samples’ structure.

Epitaxial growth “GROWTH A” “GROWTH B” “GROWTH C”

Active layer 250 nm GaAs 115 nm Al0.18Ga0.82As 115 nm Al0.18Ga0.82As

BOX 100 nm AlAs 500 nm AlAs 500 nm AlAs

Substrate GaAs (001) GaAs (001) GaAs (111)A

Specifically, all GROWTH A samples are a stack of 250 nm GaAs layer on the top, a 100
nm AlAs layer in the middle and a (001) GaAs substrate [21]. In the case of GROWTH B,
a 500 nm AlAs layer is embedded between a 115 nm Al0.18Ga0.82As layer and (001) GaAs
substrate. Finally in GROWTH C, the layers are identical to the GROWTH B ones, but they are
epitaxially grown on a 2° miscut (111)A GaAs substrate. Both (001) and (111) substrates have
been investigated since non-linear effects in photonic crystals depend on the crystal orientation
[22]. All the growths were performed at 600°C with an As flux corresponding to beam equivalent
pressure 1.5×10-5 torr. The growth rate was 0.5 µm/hour. To examine the oxidation process in
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Fig. 1. XRD reciprocal space (224) map for a GROWTH B sample (1.a). In Fig. 1(c),
a generic sample covered by exposed and developed resist, then the wet etching process
defines the mesa down to the substrate (1.d). Finally, the resist is removed and the sample is
ready to be oxidized (1.e). In Fig. 1(b), a SEM cross view of a GROWTH B sample after the
oxidation, where AlGaAs thickness is 115 nm while the AlOx around 500 nm, epitaxially
growth on (001) GaAs substrate.

the presented systems, rectangular mesas with different sizes have been realized: 7 µm× 200 µm,
20 µm× 200 µm, 40 µm× 200 µm and 80 µm× 200 µm. These structures were fabricated with
a combination of optical lithography and selective wet etching as reported in Fig. 2. The wet
etching process was carried out using a H3PO4:H2O2:H20 solution (8:2.5:1 in volume) at room
temperature for 5 to 10 seconds to define mesas down to the GaAs substrate. AlAs oxidation was
then performed in a furnace with water vapor flow and N2 as gas carrier [13–14]. The furnace
temperature was set at 350 ° C (± 10 ° C) whilst the water was heated to 90 °C.
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Fig. 2. On the right of Fig. 2(a), a planar view of several mesa structures after being etched
and before the oxidation. On the left, a schematic side view of the patterned structures. In
Fig. 2(b), planar and side views of a single mesa structure after being oxidized for 60, 100
and 120 minutes. Two lateral stripes whose extent grows in time are clearly observable. This
is due to the AlOx formation beneath the top layer.

3. Results and discussion

Several models have been proposed to describe the formation of AlOx in time [23–26]. Deal
and Grove present a simple model of thermal silicon oxidation which can be adopted for AlAs
oxidation [26]. According to this, here we consider that the oxide extent (dox) evolves in time
based on:

d2
ox + Adox = Bt (1)

where B is the coefficient that describes the diffusion of reactants inside the already formed AlOx,
while the ratio B/A takes into account the oxidation rate at the interface between AlOx and AlAs.

For short times, dox shows a linear behavior and the Eq. (1) becomes:

dox =
B
A

t (2)

So, at first, the oxidation is limited by the reaction of the chemical species at the AlAs/AlOx
interface and not by the water vapor diffusion through the oxide. As from the data reported below,
this is the linear regime that characterizes our oxidative process.

For longer times, indeed, the reaction regime is different: the water vapor supply is the limiting
factor, and a parabolic growth of the oxide will be observed.

Both the oxidation coefficients depend exponentially on temperature according to the Arrhenius
relationship.

From physical-chemical perspective, the redox reactions are described by the following
equations (3) (4) (5):

2AlAs + 6H2O = Al2O3 + As2O3 + 6H2 ∆G = −473 kj/mol (3)

As2O3 + 3H2 = 2As + 3H2O ∆G = −131 kj/mol (4)

2GaAs + 6H2O = Ga2O3 + As2O3 + 6H2O ∆G = 10 kj/mol (5)

where ∆G is the Gibbs free energy of the process [14]. At constant temperature and pression, a
negative ∆G implies a spontaneous reaction whereas a non-spontaneous reaction would present
a positive ∆G. In the series GROWTH A, the top layer is made of GaAs which is not going to
oxidize since the reaction is non-spontaneous, as apparent by the Eq. (5).

In the case of GROWTH B and GROWTH C, the top layers have an Al concentration of
only 20% and, since the AlxGa(1−x)As oxidation rate strongly depends on the Al content, their
oxidation is negligible [15]. Concerning AlAs, both As and Al are oxidized. As2O3 reacts with
H2 and becomes As (Eq. (4)). In the end, both As2O3 and pure As sublimate.
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To check the residual chemical species after the oxidation, a GROWTH B sample was heated
up to 500°C in a vacuum chamber after the oxidation. The chamber atmosphere was analyzed
via mass spectrometry and no specific signals, including As2O3 and pure As, were detected.
Specifically, the atomic mass of pure As is equal to 75 a.m.u. whereas the one associated to
Arsenic monoxide is 91 a.m.u. Furthermore, around 75 a.m.u. is located the range related to
Arsine and its dissociation products (AsH3, AsH2, AsH). The spectra of GROWTH B’s samples
recorded at room temperature, then at 350°C and finally at 500°C, show similar residual chemical
species and no signal neither around 75 a.m.u. nor around 91 a.m.u. are detected (see Supplement
1 for the spectra).

Regarding Al, it has been suggested in literature that the resulting AlOx is in an amorphous
hydrate phase such as Al(OH)3 or AlO(OH) [13–14,27] and at 400 °C, it dehydrates to form
amorphous Al2O3 [28].

All the samples have been fully characterized by scanning electron microscopy (SEM) before
and after the various oxidation treatments at different annealing times. Compared to other
characterization techniques, SEM analysis is fast and not destructive, and it is an ordinary tool
present in many laboratories. Since SEM imaging is based on both secondary and backscattered
electrons, a slight variation in chemical species results in a different optical contrast.

In Fig. 2(a), a SEM image of the patterned structures on a GROWTH B sample is reported.
The same mesas are characterized after 60, 90 and 120 minutes of thermal treatment at 350°C
(Fig. 2(b)). The observed contrast across a patterned structure is ascribed to the formation of
AlOx at the borders of the mesa while AlAs remains in the central part of the structure. Similar
contrast is reported for all mesas fabricated on GROWTH A and GROWTH C samples (not
shown). Observing the evolution of the contrast in time, the oxidation rates have been inferred.
In this way, through a non-invasive technique, it is possible to control the selective oxidation
process of AlAs with respect to an alloy of AlGaAs, on samples of varying sizes. The absence of
delamination confirms the rapid desorption of As2O3 during annealing process, preventing stress
and consequently delamination on top AlGaAs layer.

At 350 °C, which corresponds to the optimal temperature to avoid any delamination processes,
the oxidation rate is equal to 7.3 µm/hour for GROWTH A, 8.3 µm/hour for the GROWTH B,
and 11.2 µm/hour for GROWTH C. Regardless of the AlAs film thickness, the oxidation rates
were constant in the considered time range. Hence, oxidation proceeds in the reaction limited
regime, as descripted by Eq. (2) .

A systematic µ-Raman characterization followed each step of the oxidation process. The
adopted instrumentation (Labram Aramis Jobin Yvon Horiba) relies on a 3 µm spot diameter
which allows the oxidized borders to be distinguished from the center of the mesa. The importance
of this characterization is two-fold. Firstly, it allows the results obtained with SEM imaging to be
validated; secondly, it confirms that the oxidation process is selective for AlAs, leaving unaltered
the AlGaAs or GaAs films deposited on top.

In Fig. 3, a µ-Raman spectrum for a GROWTH B sample is reported and the main peaks are
la-belled. AlAs peaks are located at 402 cm−1 (LO) and at 360 cm−1 (TO). GaAs peaks are
located at 292 cm−1 (LO) and 269 cm−1 (TO). The LO peak positions of Al0.18Ga0.82As have
been calculated using the following relations [29]:

ωGaAs
LO = 290.2 − 36.7x cm−1 (6)

ωAlAs
LO = 364.7 + 46.7x − 9.4x2 cm−1 (7)

Considering x= 0.18 ωGaAs
LO = 282 cm−1 and ωAlAs

LO = 373 cm−1 are obtained.
The orange curve was acquired at a mesa border, whereas the blue curve was acquired at the

mesa center. As SEM contrast suggests, the AlAs peaks vanish on the orange curve confirming
the removal of AlAs and the AlOx formation in the darker regions as shown in the inset.

https://doi.org/10.6084/m9.figshare.17868512
https://doi.org/10.6084/m9.figshare.17868512
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Fig. 3. Raman spectra acquired in a back-scattering configuration using a 532 nm laser for
a GROWTH B sample after the oxidation process. The orange curve is obtained focusing
on a the darker lateral region of the mesa whilst the blue one at the center of it. Both LO
and TO AlAs peaks are no longer pre-sent on the spectrum acquired on the mesa border in
account of the AlOx formation.

Figure 4 displays µ-Raman characterizations for the oxidized samples from both GROWTH A
and GROWTH B series. In Fig. 4(b), LO AlAs and LO GaAs peak intensities across a GROWTH
A mesa structure (line scan) are reported. The same analysis for a GROWTH B sample is shown
in Fig. 4(d), showing the LO GaAs like peak related to the Al0.18Ga0.82As top layer instead of the
LO GaAs peak.

In both systems, the AlAs peaks are present only at the mesa center and drop in intensity at the
border areas where AlAs is oxidized. GaAs and Al0.18Ga0.82As peaks do not change across the
structure, suggesting that the oxidation rate for the top layer is negligible, in accordance with
Eq. (5).

A GROWTH C sample, based on a GaAs (111)A substrate, was also treated for 60 minutes at
350° C and characterized by both by SEM imaging and µ-Raman spectroscopy, as before. A
clear contrast after the thermal process is evident in the SEM images (inset of Fig. 5) and Raman
analysis (Fig. 5).

The (111) orientation is appealing in second-harmonic generation devices since it has been
demonstrated that its efficiency depends on the crystal growth direction [22].

Finally, a photonic crystal (PhC) was fabricated to demonstrate that the proposed method would
also be advantageous for creating a valuable low refractive index material in III-V nanophotonic
devices. This result is related to the fabrication of periodic optical nanostructures to improve
light-matter interaction at the nanoscale, making them useful in optical communication, sensing
and spectroscopy. AlGaAs platforms, in fact, have already proved to be a crucial tool in non-linear
nanophotonic, thanks to their high intrinsic second order non-linearity together with the absence
of absorption of two photons at telecommunication wavelengths. Here we demonstrate the ability
to realize such platforms starting from an AlGaAs / AlAs / GaAs heterostructure, adapting the
oxidation process only on the AlAs layer. PhC was prepared by electron-beam lithography (EBL)
upon a substrate descripted as “GROWTH B” cleaned by an ultrasonic treatment with organic
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Fig. 4. (a): a spectrum acquired for a GROWTH A sample after 60 minutes of oxidation
on a 20 µm X 200 µm mesa structure. In the inset, a zoom of the LO AlAs peak. (b): the
evolution of the normalized intensities, after background removal, of the LO AlAs and LO
GaAs peaks across the same mesa. In Fig. 4(c) and Fig. 4(d), the correspondent analysis
are shown for a GROWTH B sample. In ac-count of the fact that the top layer is made of
Al0.18Ga0.82As, in Fig. 4(d) the LO GaAs peak intensity is replaced by the LO GaAs like
one’s. The LO AlAs peak intensity difference between Fig. 4(a) and Fig. 4(c) stems from
the different AlAs layer thicknesses in GROWTH A and GROWTH B samples.

Fig. 5. Raman spectrum obtained focusing on a single mesa structure of a GROWTH C
sample after the oxidation. In these spectra, TO peaks are much more intense compared to
previous materials. This is due to the fact that in backscattering situation TO peaks should
be theoretically forbidden for the [001] crystal orientation while they are allowed in the [111]
one. In the inset, a SEM planar image of the analyzed mesa structure, superimposed the
schematic cross view of the material stack after the oxidation process.
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solvents such as acetone, isopropanol and N-methyl-2-pyrrolidone. During EBL, different doses
were used to create holes with final radius of 180–200 nm and a hole center spacing of about 0.5
µm [30]. By wet etching of H3PO4:H2O2:H20 solution (8:2.5:1 in volume) at room temperature
for 5 seconds roughly 120 nm of AlGaAs were etched. Oxidation was then performed at 350°C
for 20 minutes. Water vapor diffusion was carried out through the PhC holes that were etched
down to the AlAs layer.

Figure 6 shows the µ-Raman characterization of a generic PhC structure in which the defects
(holes) were not tuned to a specific resonance, but it is a demonstration that our approach allows
a tailoring of the oxidation process even on nanostructures.

Fig. 6. Raman spectrum obtained focusing on the photonic crystal (orange curve) and in a
flat area distant from the PhC (blue curve). In the inset, a zoom-in image of the photonic
crystal. This has a hexagonal lattice and a hole radius of 190 nm.

A SEM characterization shows a contrast between the area close to the PhC and the area far
from it; therefore µ-Raman measurements (Fig. 6) were performed focusing on these two regions.
The LO AlAs peak is absent in the PhC area whereas the peak associated with the PhC layer (LO
GaAs like) does not change after the oxidation.

4. Conclusion

To conclude, the selective oxidation of AlAs with respect to AlGaAs and GaAs is confirmed
for a thin layer of AlAs (100 nm) and demonstrated for a thick one (500 nm). The optimal
temperature for the oxidation processes is found around 350 °C: faster treatments carried out at
higher temperatures (430 °C and 380 °C) led to delamination processes on the top layer. Then, we
demonstrate the evolution of the diffusive oxidation process can be monitored not only by Raman
spectroscopy but also by scanning electron microscopy. Compared to other characterization
techniques, indeed, SEM analysis is fast and not destructive: since SEM imaging is based on both
secondary and backscattered electrons, a slight variation in chemical species results in a different
optical contrast. This oxidation process in relaxed films is valid not only for substrates (001) but
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also for (111), demonstrating that the oxidation of AlAs does not depend on the orientation of the
crystals. Finally, it has been shown that the suggested method can be exploited in a photonic
device of real interest to develop new platforms for linear and non-linear photonic applications.”
Funding. Ministero dell’Istruzione, dell’Università e della Ricerca (2017MP7F8F).
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