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We report experimental and theoretical results on the lateral wet oxidation of bidimensional thin
aluminum-rich layers into AlOx. We introduce a reaction-diﬀusion model of oxidation front propagation
that includes eﬀects of anisotropies and compare it to experimental results. This model can be used with
any starting geometry, possibly nonconvex, and is deduced from the chemical reactions of wet oxidation
of Alx Ga1−x As -based layers. Numerical simulations performed with simple and complex geometries are
in excellent agreement with the experimental observations. Our method is general and can apply to other
oxides. It opens the way to the ﬁne control of wet-oxidation fronts and to the formation of AlOx layers
with a desired geometry that has numerous practical and relevant applications for, e.g., waveguiding or
carrier conﬁnement in photonics.
DOI: 10.1103/PhysRevApplied.11.044067

I. INTRODUCTION
The wet oxidation of aluminum rich layers is of prime
importance for the manufacturing of electrical injected
vertical-cavity surface-emitting lasers (VCSELs) [1–4],
but also in many other areas in photonics [5], such as,
e.g., to easily fabricate low-loss waveguides [6]. This technique is commonly used in VCSELs for current and optical
conﬁnement [7]. The wet selective oxidation of aluminumrich layers produces an oxide (AlOx), which has a low
refractive index, is transparent from visible to infrared
wavelengths, and is an electrical isolator. Technically, the
wet oxidation is obtained by inserting an Alx Ga1−x As
material with a high aluminum content (typically x > 0.9)
in a furnace saturated with water vapor at a high temperature of the order of 400 ◦ C. If the Al-rich layer is thin
and sandwiched between two layers with low Al content,
oxidation of a mesa can proceed from the etched borders
and progress in time essentially along the layer plane, as
a two-dimensional process [8]. Water vapor reacts with
the Al-rich layer to form a stable porous oxide [9]. For
a thin aluminum-rich layer surrounded by Ga-rich layers, we can consider that there is no three-dimensional
eﬀect and the oxidation front that is produced forms a
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clear edge separating the oxidized material from the unoxidized one. This edge is called an oxidation front in the
following. The front can progress in the structure thanks
to the oxide porosity that allows for oxidant (water vapor)
and volatile by-products (arsenic, arsine) to pass through.
Interestingly, the wet oxidation process is not an isotropic
process and the speed of the oxidation front depends on
the crystallographic orientation, as shown in Refs. [10] and
[11]. With present-day techniques, current apertures with
micron-size diameters can be obtained, but they are diﬃcult to control and to manipulate [12]. A better control can
be achieved with an optical in situ monitoring [13]. Especially, it is diﬃcult to ensure a perfectly circular shape,
or any other given shape, that would, e.g., allow us in
a VCSEL to control the polarization state of the emitted
light [14–16] and ﬁne-tune or select the emission mode
[17]. Also, submicron-size apertures may be desirable to
obtain high-quality factor microcavities [18] or for selective current injection of a single quantum emitter [19–21].
It is thus essential to understand and to be able to model
the wet oxidation process in its dynamical and geometrical
aspects.
II. LATERAL WET OXIDATION
The problem of the dynamics of wet oxidation of Al-rich
thin layers has been tackled in several works [12,22,23].
Most models assume either planar or circular oxidation
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geometries disregarding any anisotropies. It is worth noting that the initial mesa shape has a strong inﬂuence on
the oxidation kinetics. Indeed, circular fronts with small
radii of curvatures have larger velocities than planar ones,
in a nontrivial way. A method able to predict the oxidation front dynamics with anisotropic front velocities
has been developed [24] in the case of mesas with convex polygon shapes (possibly having a large number of
facets, thus giving rise to smooth edges) but is limited to
speciﬁc geometries. A method applicable to any geometry and able to include eﬀects of oxidation anisotropies
is missing. This is the subject of this paper, in which
we will present our approach to this issue. Contrary to
the model developed in Ref. [12], we do not aim at
calculating an equation for the front position directly.
Instead, we consider the reaction-diﬀusion dynamics of a
two-dimensional ﬁeld corresponding to the water vapor
concentration in which we include an anisotropic reaction term. Also, the reaction term is a nonlinear term
in our case and is deduced from the chemical model of
wet oxidation considered. This term, which includes the
chemical reactions’ kinetics, determines together with the
ﬁeld shape itself the front propagation dynamics, in contrast with many other approaches where the front speed
is an external parameter. As such, the method applies
to any kind of initial geometry and is valid as long
as the oxidation process can be considered as a twodimensional one, i.e., for not-too-thick aluminum-rich layers. The model is described below and is compared to
experimental results. Examples of complex initial geometries are given to demonstrate the powerfulness of our
approach.
(a)

(b)

(c)

The experimental data are obtained from a sample
grown by molecular beam epitaxy on a (100) GaAs wafer
[cf. Figs. 1(a)–1(c)]. The vertical structure includes a 70nm-thick AlAs layer capped by a 30-nm GaAs layer. We
realize a photolithography masking step to deﬁne the studied square-shape mesas, followed by a dry etching down to
below the AlAs layer. The sample is then oxidized in a furnace equipped with an in situ infrared reﬂectometry imaging system, allowing us to monitor the time-dependent
evolution of the oxidation front with a spatial resolution
of 0.8 μm. The sample is oxidized in conditions leading to anisotropic oxidation [11], more precisely, using a
reduced-pressure (0.5 atm) environment, a substrate temperature of 400 ◦ C, and a mixed H2 , N2 and H2 O gas
steam generated by an evaporator-mixer system operating
at 95 ◦ C.
III. THEORETICAL DESCRIPTION
The wet oxidation process corresponds to the propagation of the oxidized state over the nonoxidized one in a
thin ﬁlm. Both As2 O3 and As are present as intermediates
in the wet oxidation process of AlAs. Their presence can
be explained by the chemical reactions [25]
2AlAs + 6H2 O  Al2 O3 + As2 O3 + 6H2 ,
As2 O3 + 3H2 

2As + 3H2 O,

As2 O3 + 6H 

2As + 3H2 O.

As can be seen, the presence of water vapor is fundamental for the propagation of the oxidation. Most importantly,
one can see from inspection of the set of Eq. (1) that
water is a catalyst in the process of wet oxidation. Hence,
we introduce the water vapor concentration u(r, t), where
t and r(x, y) account for time and the horizontal coordinates, respectively. The role of mass transport of other
compounds has already been studied in this context in
Refs. [25–27] and is neglected here in the ﬁrst approximation. First, we consider that the wet oxidation process
is isotropic. From the chemical reactions (1), the water
vapor concentration satisﬁes the reaction-diﬀusion partial
diﬀerential equation [28]


∂t u = u3 K1 − K2 u3 + D∇ 2 u,

FIG. 1. Lateral wet thermal oxidation of Alx Ga1−x As to AlOx.
(a) Schematic representation of AlOx front propagation in a mesa
containing an aluminum-rich layer. (b) Sequence of experimental
images taken from the top of the mesa at diﬀerent times. The
dark gray and light gray regions account, respectively, for AlAs
and AlOx. The dashed line (red) indicates the front interface. (c)
Schematic representation of intrinsic coordinates, where n̂(s) is
the normal vector to the interface, ζ (s) is the angle between n̂ and
the horizontal axis, and s is the arch element coordinate.

(1)

(2)

where K1 and K2 are the rate constants of creation and
destruction of water vapor, respectively, which involve the
collision cross section of the required molecules times the
probability for the reaction. D is the diﬀusion coeﬃcient.
A. Characterization of stability properties of the states
The reaction-diﬀusion model described by Eq. (2) has
two homogeneous equilibria: u ≡ u0 = 0 and u ≡ us =
(K1 /K2 )1/3 . The stability of these homogeneous equilibria
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can be intuitively demonstrated by rewriting Eq. (2) as
follows:
∂t u = −

δF
,
δu

(a)

(b)

(c)

(d)

(3)

where
the Lyapunov functional F has the form F =

[V(u) + (∇u)2 /2] dxdy. This Lyapunov functional F
corresponds to a free energy for Eq. (2), where V(u) ≡
−u4 /4 + u7 /7 is the potential energy and the last term of
the free energy accounts for the spatial coupling. Figure
2(a) depicts the potential V(u), where u0 and us are respectively a local maximum and a local minimum. Indeed,
these states correspond to an unstable or a stable state,
respectively. In the experimental context, the stable equilibrium corresponds to the stable phase (the oxidized material, AlOx), while the unstable one corresponds to the
unstable phase (the aluminum-rich material). Note that,
for simplicity, we only consider the stoichiometric reaction leading to the formation of Al2 O3 . There can exist
fronts connecting these two phases [see Figs. 2(b) and
2(c)] whose dynamics is entirely governed by Eq. (2), with
the necessary initial and boundary conditions. The front
interface position rp is characterized by u(rp , t) = ui ≡
(K1 /K2 )1/3 /2 and has a width
√ given by the square root of
the diﬀusion coeﬃcient ( D); see Figs. 2(c) and 2(d). A
front that connects a stable and an unstable uniform state is
usually called a Fisher-Kolmogorov-Petrosvky-Piskunov
(FKPP) front [29–31]. The front propagates from the stable
state toward the unstable one [32]. One of the main features
of these fronts is that their propagating speed is not unique,
but determined by the initial conditions. When the initial
condition is bounded, and after a transient state, the front
propagates with a deﬁnite speed [29,31,32]. The reactiondiﬀusion Eq. (2) exhibits pushed FKPP fronts [32]; hence,
there is no general method to derive an analytic expression for the front speed. We therefore rely on numerical
simulations. Figure 2 shows an example of a front propagation in the isotropic case as described by Eq. (2). All
numerical simulations are conducted using either a fourthorder Runge-Kutta method in time and a ﬁnite diﬀerence
in space or with a split-operator, spectral method [33].
To compare the experimental and numerical contours, we
scale the numerical simulation time, matching the ﬁrst and
the last experimental and numerical contour with a similar
shape.
For a large mesa, the front speed goes asymptotically to
a constant that depends on the local curvature of the front
[34]. When fronts propagate, they end up making the oxidized contour interfaces smoother. Starting from a square
interface, as a result of the eﬀect of curvature, the front
evolves to a circular shape [cf. Fig. 2(d)]. However, the
dynamics previously described is not concordant with that
observed experimentally, because the oxidation process
must include the oxidation rate anisotropy [11] depending

FIG. 2. Front propagation in the reaction diﬀusion model, Eq.
(2), with K1 = K2 = 1 and D = 1.0. (a) Potential of the free
energy F of the model in Eq. (2). u0 and us account for the
unstable and stable equilibria. (b) Two- and (c) one-dimensional
proﬁle of water vapor concentration u(r, t) at a given time. (d)
Temporal sequence of the evolution of the interface characterized
by u = ui (red).

on the front orientation relative to the [110] and [100]
crystallographic orientations, respectively [cf. Fig. 1(b)].
B. Anisotropic front propagation
To take this eﬀect into account, we modify the nonlinear
term in Eq. (2) by
∂t u = u3 (K1 − K2 u3 )[1 + b sin2 (2ζ )] + D∇ 2 u,

(4)

where ζ ≡ arctan(∂x u/∂y u) is the local angle in intrinsic
coordinates between the normal to the interface and the
horizontal axis [see Fig. 1(c)] and b is a small parameter that accounts for the strength of anisotropy [24]. If
b > 0, then the front speed is larger for the [100] direction, whereas if b < 0, then it is larger for the [110]
direction. According to the sign of b, we call the Ox
(respectively Oy) orientation the slow axis and the π/4
tilted axis with respect to the slow axis is the fast axis. For
a nonzero anisotropy, the shape of the oxidation contour
can evolve from a square to a diamond as the front propagates [11]. Figure 3 shows the evolution of the interface
for the anisotropic model. Depending on the initial condition, we can observe diﬀerent geometric evolutions of
the interface. From the experimental data, we can extract
the evolution of the interface. Figure 3(a) shows a direct
comparison between the experimental and the numerical
oxidation front progression for three diﬀerent orientations
and measuring the distance of the front r to the center of the
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(b)

FIG. 3. Oxidation front propagation in the experiment and
in the anisotropic model with K1 = K2 = 1, b = 0.4, and D =
0.0777. (a) Front dynamics in the experiment (dots) and in the
model (solid line) along the slow, fast (π/4 tilted), and π/6
tilted axis. The radius r is taken from the center of the mesa.
(b) Best matches between experimental and numerical oxidation
fronts. The green arrow indicates the temporal evolution. The
dots correspond to the experimental points for the three diﬀerent
orientations.

mesa. The agreement is satisfactory given the experimental uncertainties. In Fig. 3(b), we display for the overall
contour of the oxidized mesa the best matches between the
numerical simulations and the experimental observations
and they show excellent agreement.
From the theoretical point of view and as previously
mentioned, the analytic formula for the front speed of
a ﬂat pushed front is generally not possible to obtain.
Dimensional analysis is a simple strategy to obtain a functional formula for the front speed v [35]. Starting with the
dimension of [u] = ML−3 and [D] = L2 T−1 , we deduce by
dimensional analysis that [K1 ] = L6 T−1 M −2 and [K2 ] =
L15 T−1 M −5 , b being a dimensionless parameter. Introducing the parameter k ≡ [1 + b sin2 (2ζ )](K15 /K22 )1/3 , which
has dimensions of the inverse of time ([k] = T−1 ), one can
build a unique quantity
with
√
√D and k having dimensions
of speed: [v] = a kD = a Deﬀ , where a is a constant
to be determined and Deﬀ ≡ D[1 + b sin2 (2ζ )](K15 /K22 )1/3 .
Without loss of generality, we can choose ζ = 0 and ζ =
π/4 for the slow and the fast axis. The parameter a can be
determined by ﬁtting with the previous formula the speed
observed numerically for diﬀerent parameter settings (cf.
Fig. 4). Note that the diﬀerent numerical values of√front
speed collapse on a single curve described by v = a Deﬀ
with a ≈ 0.64, in good agreement with the dimensional
analysis.
One of the interesting technological questions related
to the problem of wet oxidation in planar structures is to
know whether one can predict the evolution of the oxidation interface for arbitrary initial conditions. Figure 5
shows the interface evolution for a complex photonic
structure displaying a ring resonator coupled to a waveguide [36]. Oxidation of the complex geometry induces at
the same time inward and outward fronts and includes

FIG. 4. Comparison between numerical simulations of the ﬂat
front mean speed with anisotropy, according to diﬀerent parameters K1, K2 and orientations
ζ . All the points collapse to the line
√
deﬁned by v = a Deﬀ , taking a ≈ 0.64.

sharp edges. The qualitative agreement between theory
and experiment is again very good. We point out that our
approach allows us to characterize front break-ups, as illustrated in Fig. 5, or front disappearance, in contrast to other
approaches only considering the advection front dynamics
and not the evolution of a whole ﬁeld (here, water vapor
concentration).
(a)

(b)

FIG. 5. Front propagation for a complex geometry. (a) Experimental image of the oxidized structure as seen from the top:
substrate (dark gray), planar mesa with an Al0.98 Ga0.02 As layer
(medium gray), and aluminium oxide (light gray). The lighter
spot corresponds to the microscope-illuminated area. The numerical simulation uses b = 0.2, K1 = K2 = 1, D = 0.005. The
initial contour is shown with experimental and numerical results
(dashed red). The contours after t = 7.8 and t = 10.8 are shown
in dashed blue and cyan, respectively. (b) Three-dimensional
view of the structure. The aluminum-rich layers are in yellow and
sandwiched between Ga-rich layers. The horizontal waveguides
are 36 μm in width.
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IV. TARGET SHAPE: INVERSE FRONT
PROPAGATION
A key problem from the point of view of applications
(e.g., the ﬁne control of oxidation apertures in VCSELs)
is to know whether is it possible to ﬁnd the starting mesa
shape that will evolve, after a given time of oxidation,
toward a target shape. The dynamics of front propagation is not reversible in time since any bounded initial
condition relaxes to the same front solution. Indeed, the
front is an attractive nonlinear wave [32]. The dynamics described by the reaction-diﬀusion equations (2) and
(4) is of an irreversible nature, as one would expect for
such a physicochemical process. Figure 6(a) shows the
temporal evolution of water vapor concentration for the
one-dimensional model equivalent to Eq. (2), given a small
perturbation of the water vapor concentration at the edge
of the mesa as an initial condition. This initial condition
accounts for the launch of the oxidation process from the
unstable phase. At time t = 0, the water vapor concentration is zero inside the material, except for a small and
local perturbation near x = 0. As time increases, the front
starts to form and then to propagate inside the material to
be oxidized. Notice that the front initially accelerates until
it reaches an asymptotic speed as illustrated in Fig. 6(b).
We can calculate the typical time of the transient to be
τt ∼ (K22 /3K15 )1/3 . This time is eﬀectively quite short and
corresponds to the initial stage of the oxidation. During
this time, the front advances only a distance of the order
of the front width, as can be seen in Fig. 6(a). In real
experiments, this would correspond to a distance of a
fraction of a micrometer. The dashed curve in the spatiotemporal diagram in Fig. 7 accounts for the asymptotic
interface trajectory. In order to study the evolution toward
the past of the front, one can use the temporal reversibility

(a)

(b)

FIG. 6. Numerical simulations of front propagation in onedimensional model Eq. (4) at the beginning of the oxidizing
process with b = 0.4, ζ = π/4, K1 = K2 = 1, and D = 0.0777.
(a) Temporal evolution of the water vapor concentration proﬁle with a small perturbation in the left side of the mesa as an
initial condition, u(x = 0, t = 0) = 0.1 and u(x = 0, t = 0) = 0.
(b) Spatiotemporal propagation of the water vapor concentration.
The dashed line indicates the asymptotic trajectory, in which the
front has reached its stationary behavior.

FIG. 7. Forward and backward spatiotemporal evolution of the
water vapor concentration of the model in Eq. (4) in one dimension, when one applies the temporal inversion t → −t and D →
−D at time 200. This numerical simulation considers b = 0.4,
ζ = π/4, K1 = K2 = 1, and D = 0.0777 for the one-dimensional
approach of Eq. (4).

transformation t → −t and D → −D. The latter operation
corresponds to reverting the oxide into the semiconductor
material or equivalently considering the inverse chemical reaction of Eq. (1), but keeping the normal diﬀusion.
Figure 7 illustrates how the temporal evolution is modiﬁed when one makes the temporal inversion. Numerically,
one observes that essentially the direction of propagation
of the front is reversed. Nevertheless, the system does
not return to its initial condition. Note that the evolution
governed by this time-reversed transformation is diﬀerent
from an oxidation process in the opposite direction, which
only depends on the initial conditions (e.g., starting with
a hole in an unoxidized material vs starting with a mesa).
Also, notice that the speeds of forward and backward front
propagation are diﬀerent.
In two dimensions, the problem to ﬁnd the shape that
the mesa should have to achieve a ﬁnal target shape of
the oxide—the inverse problem—is even more complex.
In addition to the eﬀects of transients due to the mesa initial condition and to the nonreversibility of the dynamics
when the front kinetics is reversed, as we illustrate in the
one-dimensional case, there are curvature eﬀects that come
into play. To illustrate the complexity of the inverse problem, let us consider the ﬁnal target shape obtained from
a square mesa as an initial condition (at time t1 ) for the
reversed evolution of Eq. (4) as displayed in Fig. 8. The
mesalike initial condition is deﬁned by an abrupt transition
across the interface between the nonoxidized (unstable)
phase with u = 0 and air (absence of material) with u =
us /2 = 0.5. This latter boundary evolves quickly toward
the stable phase since it cannot oxidize. After oxidation
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FIG. 8. Temporal evolution of the forward and backward oxidation process in the anisotropic model of Eq. (4) with K1 =
K2 = 1, b = 0.4, and D = 0.05. (a) Three-dimensional representation of the contour evolution of the water concentration
u(x, y, t). Forward oxidation from t1 to t2 and t3 to t4 . Backward
propagation from t2 to t3 and t4 to t5 . (b) Two-dimensional plot
for the contour at the respective instants t1 , t2 , t3 , t4 , and t5 . (c)
Real-time representation of (a) for the water vapor concentration
front.

and at time t2 , we obtain an interface shape (target) in
the form of a rounded diamond. Subsequently, we perform
the temporal inversion transformation starting from the
reversed mesalike initial condition with the diamond shape
(t2 ) and let the system evolve (backward) up to having an
interface area of the order of the original mesa (t3 ). Note
that the shape found for the interface at time t3 is close
to a square but with rounded, or soft, vertices. This result
is reminiscent of the fact that oxidation is an irreversible,
memoryless process that tends to wash out any sharp edges
due to the eﬀect of nonlinear diﬀusion. Now, one can consider the square mesa with a rounded vertices interface
with the mesalike initial condition (t3 ) for the evolution of
model Eq. (4) with normal evolution. After propagation of
the front (t4 ), we ﬁnd a ﬁnal interface shape similar to the
target shape obtained at t2 . The diamond-shaped interface
found at t4 has slightly sharper edges than the one found
at t2 but both look alike. Even more, repeating the process
of temporal inversion, one obtains an interface shape at t5

(a)

(b) 20

20
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y

y
t3

0

0

t1

–20
–20

x 0

t2

t3

t1

222
20 0

111

t

–20
–20

0

x

20

FIG. 9. Same simulation as in Fig. 8 but starting from a triangular mesa as initial condition. (a) Temporal evolution of the
time-reversed process from t1 to t2 and of the normal oxidation
process from t2 to t3 . (b) Comparison of the front interface shapes
obtained at times t1 , t2 , and t3 .

that is close to the one found at t3 . Therefore, diﬀerent initial mesas evolve to similar interface shapes. The above
may be understood as a result of the fact that the diamond
shape is the attractor of the system; i.e., any initial condition evolving after a suﬃciently long time will always
converge to a diamond shape, and an arbitrary target is
forbidden. The diamond interface shape results from the
crystallographic anisotropy, i.e., the [1 + b sin2 (2ζ )] contribution in the model and from the oxidation chemistry
under study. To illustrate the latter eﬀect, let us consider an
initial (target) interface with a triangular shape (see Fig. 9)
that we evolve with the time-reversed process and then forward again. In the initial stage of the reverse evolution (t1
to t2 ), the front relaxes and then propagates outward, losing
memory of the initial shape. After a normal evolution, from
t2 to t3 , the ﬁnal interface shape [cf. Fig. 9(b)] is, this time,
signiﬁcantly diﬀerent from the target proﬁle because the
system has evolved toward its attractor, a diamond shape
here, and because the target shape’s sharp edges are harder
to obtain since they are rounded by the reverse (or normal)
evolution. This example illustrate that, for long oxidation times, the inverse problem only exhibits a tractable
solution if the target shape is on the path to its attractor
shape. Reaching a substantially diﬀerent target shape at a
nonzero evolution time is, however, deemed to be achievable as long as the oxidation time is taken to be suﬃciently
short (or equivalently, the mesa shape is close to the target
shape) to limit the edge-rounding eﬀects induced by the
diﬀusion nonlinearity and the geometric inﬂuence of the
attractor.

V. CONCLUSION
In conclusion, we introduce a simple model based
on physicochemical processes to describe the evolution
of planar oxidation fronts in arbitrary two-dimensional
geometries with anisotropies, which agrees well with
experiments even in the case of complex, nonconvex starting mesas. This model is expected to be valid also for other
alloy compositions provided the parameters K1 , K2 , and
b are adjusted to match the new oxidation kinetics. The
present study can also be applied to the oxidation of other
materials if, in addition to the kinetic parameters, one also
adjusts the nonlinear part of Eq. (4) to match the oxidation chemistry. Likewise, we study the reversibility of the
oxidation process and show how the system consistently
evolves toward its attractor after a suﬃciently long evolution time. Unsurprisingly, the process of oxidation is not
reversible and so is our model. However, we show that
some target interface shapes can be obtained with diﬀerent
starting conditions. The obtention of speciﬁc target oxidation interface shapes is not always possible if the inverse
problem has two many constraints. In the case where
a solution exists, it may require either a trial-and-error
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approach or necessitate the use of more reﬁned numerical
techniques.
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