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In the present work a so-called diffusion and reaction related model �DR model� is derived based on the notion that the overall etch
rate in the epitaxial lift-off �ELO� process is determined both by the diffusion rate of hydrofluoric acid to the etch front and its
subsequent reaction rate in the process. In contrast to the model that was previously described in the literature, the DR model
yields etch rates which are in quantitative agreement with those obtained experimentally. In order to verify the DR model, the ELO
etch rate of AlAs1−yPy release layers is determined as a function of the phosphorus percentage, the release layer thickness and the
temperature. In accordance with the DR model, it is shown that the etch rate is reaction rate related by the dependence on the
phosphorus percentage in the release layer, and that the etch rate is diffusion rate related by the dependence on the release layer
thickness. From the temperature dependence, an activation energy of 0.31 eV could be deduced for the ELO process under the
present conditions.
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The “epitaxial lift-off” �ELO� technique �see Fig. 1a�, in which a
III/V device structure is separated from its GaAs substrate by using
selective wet etching of a thin AlxGa1−xAs �x � 0.6� release layer
and transferred to a foreign carrier, allows the production of single-
crystalline thin films of III/V materials.1 Application of this tech-
nique is interesting for the optoelectronics industry, because use of
thin-film devices potentially results in a more efficient transfer of
generated heat from device to carrier or heat sink and significantly
reduces the amount of material needed by reuse of the substrates.2

This is of particular importance for an intrinsically large area, thus
expensive devices like high efficiency III/V solar cells,2,3 and the
integration of III/V based components with, e.g., silicon-based
devices.4,5 Recently, at our institute thin-film GaAs solar cells were
made based on the ELO technique, which reached record efficien-
cies of 24.5%.6 This is close to the highest efficiency of 25.1%
reported for regular GaAs cells on a GaAs substrate,7 which indi-
cates that the ELO process is not detrimental to the quality of the
thin-film device.

In 1978 Konagai et al.8 described the separation of devices from
a GaAs substrate using the extreme selectivity of hydrofluoric acid
�HF� for AlxGa1−xAs with a high Al fraction. A wax layer was ap-
plied to support the 30 µm thick fragile films during the process.
Yablonovitch et al.9 noted that the tension induced by the wax
caused the thinner films, of micrometer thickness, to curl up with a
radius of curvature r as they became undercut. This was concluded
to be beneficial for removal of the etch products, leading to an
increased lateral etch rate Ve of the AlAs release layer. By assuming
that three moles of hydrogen �H2� gas are produced for each mole of
AlAs etched and that the ability of dissolved H2, which has a low
solubility, to diffuse away limits the etch rate during the ELO pro-
cess, they derived an expression for Ve

Ve =
�2

��rh

D�H2�
3�AlAs�

�1�

where �H2� and �AlAs� are the molar concentrations of dissolved H2
and solid AlAs, D the diffusion coefficient of H2 and h the release
layer thickness. Based on Eq. 2, Maeda et al.4 argued that Ve in Eq.
1 increases exponentially with temperature T as a result of the tem-
perature dependence of D
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D = D0 exp�− Ea,d

kBT
� �2�

where D0 is the diffusion coefficient at infinite temperature, Ea,d the
activation energy, associated with the diffusion of H2, and kB the
Boltzmann constant.

According to the Yablonovitch model, the maximum etch rate is
reached when the concentration of dissolved H2 at the etch front
equals the maximum allowable concentration of H2 �i.e., the solu-
bility of H2� in the solution ��H2�max = 0.78 � 10−3 M at 298 K10�.
For the diffusion of H2, D is given by 5.11 � 10−5 cm2/s at 298 K
and Ea,d is calculated to be 0.167 eV.10 The molar concentration of
AlAs N is given by 1/�molar volume of AlAs� � �density of AlAs�/
�molar mass of AlAs�. With a density of 3.729 g/cm3 and a molar
mass of 101.9 g/mol,10 N is calculated to be 36.6 M. In the past, the
ELO process was typically conducted with r = 50 mm, h = 5 nm
and T = 298 K. Under these conditions an etch rate of 3.7 �m/h is

Figure 1. �Color online� Schematic cross section of the �a� weight induced
ELO �WIELO� setup, and �b� detail of figure �a� indicating the diffusion and
reaction regime of the process. Note that the dimensions are not to scale.
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predicted by the model. In the actual experiments, however, much
larger etch rates of several mm/h were obtained.11-13

Nevertheless, the experiments11 did show qualitatively the pre-
dicted linear relation between Ve and h−0.5, indicating that at least
under some conditions diffusion does play a limiting role in the etch
process. On the other hand, there is also experimental evidence that
points to a reaction rate related process. It was, for example, found
that the etch rate could be varied significantly by the introduction of
strain to the system. The strain could either be applied using an
external force �bending the sample during etching14� or an intrinsic
force �application of strained layers surrounding the AlAs release
layers13�. In the present work a model is derived based on the idea
that the overall etch rate in the ELO process is determined both by
the diffusion rate and the subsequent reaction rate of a certain spe-
cies in the process. Furthermore, this diffusion and reaction related
model �DR model� is tested with several series of experiments.

Recently, it was shown that arsine �AsH3� instead of hydrogen is
produced during the ELO process.15 It was found that the reaction
between AlAs and the HF etchant is most likely described by a set
of overall reactions given by

AlAs + 3HF + 6H2O → AsH3 + �AlFn·�H2O�6−n��3−n�+

+ �3 − n�F− + nH2O �3�

with n = 0,1,2,3. So instead of H2, the ELO etch rate should be
determined by either HF, AsH3 or one of the aluminium fluoride
complexes. In HF solutions, gaseous AsH3 is expected to have a low
solubility of �1 � 10−3 M, comparable to the solubility in water.16

Hence, in a similar way as shown for H2 in the introduction, diffu-
sion of AsH3 would limit the ELO etch rate to a maximum of only
a few micrometers per hour under the applied conditions. Because
the experimentally obtained etch rates are several orders of magni-
tude larger, we have to assume that AsH3 is removed quickly from
the solution, e.g., via gas bubble transport. In HF solutions, HF and
the aluminium fluoride complexes have a high solubility ��1 M�.
We assume that HF limits the overall etch rate in the ELO process
and that the aluminium fluoride complexes are removed quickly
from the etch front.

According to Eq. 3, the etch process consumes three moles of HF
per mole of etched AlAs. The concentration of HF is the lowest at
the etch front where it is consumed ��HF��=0� and gradually in-
creases with the distance from the etch front until the bulk concen-
tration ��HF��=L� is reached at � = L �see Fig. 1b�. In this way the
AlAs etch rate related to the diffusion of HF becomes

Ve,d =
��HF��=L − �HF��=0�

Rd
�4�

with ��HF��=L − �HF��=0� as concentration difference and Rd the
diffusion related resistance. In a similar way as deduced for the
diffusion of H2 �see Eq. 1 and 2�, it can be shown that

Rd =
��rh3�AlAs�

�2D0

exp�Ea,d

kBT
� �5�

where �AlAs� is the molar concentrations of AlAs, h the release
layer thickness, r the radius of curvature of the thin film, D0 is the
diffusion coefficient at infinite temperature and Ea,d the activation
energy associated with the diffusion of HF.

During the last few years, experiments were performed without
diffusion limitations.12,14 These experiments, the so-called bulk-etch
experiments, showed that in the absence of restrictions imposed by
the diffusion process the reaction-limited etch rate of AlxGa1−xAs
layers depends on the Al fraction, the HF concentration, and the
strain on the layers. For AlxGa1−xAs layers over a composition range
from x = 0.65 to x = 1, it was shown that the etch rate increases
linearly with the HF concentration.12 Based on this result, the reac-
tion related etch rate V for AlAs can be expressed as
e,r
Ve,r = −
dAlAs

dt
= k�HF��=0 �6�

where �HF��=0 is the concentration of HF at the etch front and k the
reaction constant. It should be noted that k increases exponentially
with temperature according to

k = A exp�− Ea,r

kBT
� �7�

where A is the Arrhenius constant and Ea,r the activation energy
associated with the reaction barrier. Rewriting of Eq. 6 and 7 results
in the following expressions

Ve,r =
�HF��=0

Rr
�8�

with Rr the reaction rate resistance given by

Rr =
1

A
exp� Ea,r

kBT
� �9�

The overall etch rate for the ELO process is determined by both
the diffusion of HF towards the etch front and its reaction with the
release layer. Analog to an electric circuit with two resistances, R1
and R2, coupled in series �see Fig. 2� where the currents through
both resistances are the same and equal the overall current, I = I1
= I2, the overall etch rate Ve is given by

Ve = Ve,d = Ve,r �10�
Substitution of Eq. 4 and 8 results in an expression for the concen-
tration of HF at the etch front �HF��=0

�HF��=0 =
Rr

Rd + Rr
�HF��=L �11�

Substitution of Eq. 10 and 11 in the expressions for Ve,d or Ve,r
yields

Ve =
�HF��=L

Rd + Rr
�12�

in which, analog to an electric circuit, Ve is the current I, �HF��=L

the potential U and Rd + Rr the total resistance of the process.

Experimental

The layer structure of the samples used in this study is schemati-
cally represented in Fig. 3. A series of samples with 10 nm thick
release layers and small P fractions ranging from y = 0.00 to y
= 0.08 �the AlAs1−yPy series� is used to study the influence of misfit
strain on the etch process. In the case of a layer coherently grown on
top of a relatively thick substrate, the in-plane strain � on the
AlAs1−yPy release layers is described by

� =
asub − arel

arel
�13�

where asub and arel refer to the unstrained lattice parameters of sub-
strate and release layer, respectively. The strain can be either com-
pressive �a � a � or tensile �a � a �. Note, that the lattice

Figure 2. An electric circuit with two resistances, R1 and R2, coupled in
series. Note, that the current through both resistances is the same, and equal
to I = U/�R1 + R2�, with U the potential.
sub rel sub rel
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constants of the ternary compositions are determined from those of
the binary compounds, taken from Sze17 �see Table I�, using Veg-
ard’s law. A second sample series �the thickness series� with a P
content corresponding to the maximum lateral etch rate �y = 0.02�
and release layer thicknesses h varying from 3 to 40 nm, is used to
study the diffusion related part of the ELO process. Previous
experiments11 showed that the ELO etch rate Ve linearly depends on
h−0.5, but the interpretation of these results was partly hampered
because the single HF droplet, used to etch the layers, evaporated
before the ELO process was completed. Therefore, these experi-
ments were repeated for the present work utilizing an improved
ELO setup. This setup allows for a continuous flow of the HF solu-
tion towards the sample and has an improved temperature control
system. A third sample series �the temperature series� having both
the optimum P composition and the optimum release layer thickness
�10 nm� is used for ELO experiments performed at temperatures
ranging from 23.4 to 71.2°C. For convenience, the samples in this
work will be referred to by the composition of the release layer, the
release layer thickness or the temperature at which the ELO process
was performed.

All samples were grown on 2 in. diam undoped GaAs wafers
with crystal orientation �001�, 2° off towards �110� using low-
pressure metallorganic chemical vapor deposition in a horizontal
Aixtron 200 reactor. Source materials were trimethyl-gallium and
trimethyl-aluminium as group-III precursors and arsine and phos-
phine as group-V precursors. Disilane was used as dopant precursor
to obtain n-type doping for the AlAs1−yPy release layers; all other
layers were undoped. Each growth run was performed at a tempera-
ture of 650°C and a pressure of 20 mbar. Under these conditions the
AlAs1−yPy release layer was grown at a rate of �1.5 �m/h �V/III
ratio ranging from 192 to 255 depending on the P concentration�,
and the GaAs layers were deposited at 1.87 �m/h �V/III ratio
= 121�. The solid composition of the AlAs1−yPy layers was deter-
mined by X-ray diffraction using a Bruker D8 diffractometer.

After deposition, the wafers were cleaved in pieces of 10
� 10 mm2. Then, a flexible carrier was mounted on top of the
samples using double sided tape. The samples were etched using a
weight induced ELO �WIELO� process �see Fig. 1a�. In this process

Figure 3. Schematic cross section of the grown layer structures with the
thin-film GaAs layer and GaAs substrate �plus buffer layer� separated by an
AlAs1−yPy layer.

Table I. Lattice constants (at 300 K) of the binary compounds
used in the calculations.

Binary compound Lattice constant �Å�

AlAs 5.660
AlP 5.4635
GaAs 5.65325
lift-off of the thin-film structure from its substrate was obtained by
mounting of the sample with its flexible carrier and a weight upside
down on a support rod in a plastic container. Note, that the weight
induced a radius of curvature r = 40 mm of the thin film. A 20% HF
solution was stored in a separate reservoir in which the temperature
could be regulated with an accuracy of about 0.5°C. Unless other-
wise stated, this temperature was regulated in such a way that the
etch temperature was 64.7°C for the experiments described in this
work. From the reservoir, a continuous HF flow was applied to one
side of the sample, and the etch time required to completely loosen
the thin film from the substrate was measured. A more detailed
description of the process can be found in previous work.13

After etching, the samples were rinsed in nanopure water and
delicately blown dry with nitrogen. For each composition, thickness
and etch temperature of the release layers 5–7 samples were pro-
cessed to determine the average lateral etch rate and corresponding
standard deviation. The surface morphology and roughness of the
separated thin films and the substrate with buffer layer, from which
they were released, were studied using a Digital Instruments Dimen-
sion 3100 atomic force microscope �AFM� in contact mode with a
Si3N4 tip.

Results

Etch rate.— The lateral etch rate of the ELO process as a func-
tion of the phosphorus percentage y in the 10 nm thick AlAs1−yPy
release layer is shown in Fig. 4. The results reveal a maximum etch
rate of 41 ± 2 mm/h for the AlAs1−yPy samples with a P content of
2%–3%. Over a composition range varying from y = 0 to y = 0.02
the etch rate increases for increasing P content from 30 ± 2 mm/h
for the AlAs sample up to 41 ± 2 mm/h for the AlAs0.98P0.02
samples. The compositional change results in a reduction of the
compressive strain from −0.119% to −0.050%. A linear fit through
these data points is given by

Ve = 570y + 29.7 �14�

with Ve the etch rate in mm/h. Over the composition range varying
from y = 0.03 to y = 0.08 the etch rate decreases linearly for in-
creasing P content from 41 ± 2 mm/h for the AlAs0.97P0.03 samples
down to 28 ± 2 mm/h for the AlAs0.92P0.08 samples. This composi-
tional variation results in a change in the intrinsic strain from a
compressive strain of −0.015% to a tensile strain of +0.159%. A
linear fit through these data points can be described by

Figure 4. �Color online� Lateral etch rate in a 20% HF solution as a function
of the phosphorus percentage y in the 10 nm thick AlAs1−yPy layer of the
structure represented by Fig. 3. The width of the error bars is given by the
standard deviation, the lines are the best linear fits through the data points
corresponding to a composition range varying from y = 0 to y = 0.02 and
varying from y = 0.03 to y = 0.08.
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Ve = − 248y + 48.4 �15�
Thus, it is found that the correlation between etch rate and strain
differs significantly for the two different composition regimes under
the same etching conditions.

Based on these results an AlAs0.98P0.02 release layer was chosen
as a standard for the release layer thickness series. Figure 5 shows
the lateral etch rate as a function of the release layer thickness. A
maximum etch rate of 41 ± 2 mm/h is obtained for the 10 nm thick
AlAs0.98P0.02 samples, which is very similar to the optimum release
layer thickness of �5 nm for Al0.85Ga0.15As layers11 and �10 nm
for AlAs layers.18 From Eq. 5, 9, and 12 it can be deduced that
according to the DR model the relation between Ve and h is de-
scribed by

Ve =
�

�h + 	
�16�

with � and 	 being constants. Experimentally, this relation is indeed
found for samples with h 
 10 nm �see Fig. 5�. From the best fit
through the data points in this range, it can be deduced that under
the present conditions � = 0.085 mm1.5/h and 	 = −0.0011 mm0.5.
For h � 10 nm, there is a clear deviation from the behavior pre-
dicted by the DR model. For samples with release layer thicknesses
of 3 and 5 nm etch rates are obtained of 0.0 ± 0.5 and 30 ± 4 mm/h,
respectively. Note, that for the 3 nm AlAs0.98P0.02 samples no visible
separation of the thin film and the substrate was observed after 2 h
of etching. Therefore, the ELO process of these samples was termi-
nated prematurely. After removing the foil and the double-sided
tape, all 3 nm thick AlAs0.98P0.02 samples were carefully examined,
especially the rims which were exposed to the HF flow. No traces of
etch damage, like broken-out thin-film remnants, were found indi-
cating that indeed no etching had occurred.

Corresponding to the optimum etch rate a 10 nm AlAs0.98P0.02
release layer was chosen as a standard for the experiments con-
ducted at different temperatures the results of which are shown in
Fig. 6. The average times to separate the thin film from the substrate
are 61 ± 9 and 12.0 ± 0.2 min at 23.4 ± 0.5 and 71.2 ± 0.5°C, re-
spectively. For the 10 � 10 mm2 samples, this corresponds to mini-
mum and maximum etch rates of 10 ± 1 and 47.6 ± 0.8 mm/h at
23.4 and 71.2°C, respectively. From Eq. 5, 9, and 12 it can be
deduced that according to the DR model the relation between Ve and
T is given by

Ve � �Rd,o exp�Ea,d/kBT� + Rr,o exp�Ea,r/kBT��−1 �17�

with Rd,o and Rr,o being the diffusion rate and reaction rate resis-
tances, respectively, at infinite temperature. For Rd,o exp�Ea,d/kBT�
� R exp�E /k T�, V is diffusion controlled and the activation

Figure 5. �Color online� Lateral etch rate of the AlAs0.98P0.02 release layer in
a 20% HF solution as a function of layer thickness h. The dashed line is to
guide the eye and the solid line indicates the best linear fit through the data
obtained for h 
 10 nm.
r,o a,r B e
energy of the overall etch rate given by Ea,d. For
Rd,o exp�Ea,d/kBT� � Rr,o exp�Ea,r/kBT�, Ve is reaction controlled
and the activation energy of the overall etch rate given by Ea,r. If the
diffusion rate resistance is of the same order of magnitude as the
reaction rate resistance, then the difference in temperature depen-
dence of the two processes can be used to alter the activation energy
of the overall etch rate for the ELO process.19 This transition from
the diffusion controlled regime �at low temperatures� toward the
reaction controlled regime �at high temperatures� is continuous.
Measurements of the activation energy in the transition regime will,
therefore, lead to an activation energy that lies between the activa-
tion energies Ea,d and Ea,r. As shown in Fig. 6, the experimentally
obtained data can be described by

Ve = Ve,o exp�− Ea

kBT
� �18�

with Ve,o the etch rate at infinite temperature, and Ea the activation
energy of the overall process. The best fit of this relation through the
data points indicates that under the present conditions Ve,o
= 1.73 · 106 mm/h and Ea = 0.31 eV.

Surface morphology and roughness.— After separation the
newly exposed surfaces at both sides of the release layer �i.e., the
surfaces of the thin film and of the substrate with buffer layer from
which they were released� were studied in detail using atomic force
microscopy �AFM�. The surface morphology of the thin film and
substrate sides appeared highly similar. However, because their flex-
ible carriers generally were slightly curved it was more difficult to
obtain a high resolution AFM image from the thin-film side of the
samples. Therefore, all images shown in the present work were ob-
tained from the easy to handle substrate side of the samples.

The surfaces resulting from the 10 nm thick AlAs1−yPy samples
with various phosphorus compositions are shown in Fig. 7. Surfaces
obtained from samples with AlAs release layers �y = 0� reveal ir-
regularly shaped deposits with typical lateral dimensions of
0.05–0.10 �m covering the entire surface �see Fig. 7a�. For the
AlAs0.98P0.02 samples �see Fig. 7b�, these deposits have become
larger, typically 0.1–0.3 �m in lateral size. The AlAs0.96P0.04 and
AlAs0.94P0.06 samples yield similar surfaces revealing deposits of
0.1–0.2 �m in size with more rounded boundaries as shown in Fig.
7c. This figure also shows that for these samples the surfaces are
only partly ��70%� covered; the rather smooth areas in between are
probably the GaAs surface. For the AlAs0.92P0.08 samples, the typi-
cal dimensions of the deposits have abruptly increased to
0.5–1.0 �m. Figure 7d shows that on the entire surface of these

Figure 6. �Color online� Lateral etch rate of 10 nm thick AlAs0.98P0.02 re-
lease layers in a 20% HF solution as a function of temperature. The solid line
is the best linear fit through the data points from which an activation energy
Ea = 0.31 eV is deduced.
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samples a substructure of slowly sloping deposits �0.2–0.4 �m in
size� has formed. AFM examination of the surface morphology was
also conducted for the samples of the thickness series. For the 5 nm
samples, slowly sloping deposits are found of 0.2–0.4 �m in lateral
size covering the entire surface area �see Fig. 8a�. As already shown
in Fig. 7b, deposits of typically 0.1–0.3 �m in size are encountered
on the 10 nm samples. For the 20 nm samples, a similar morphol-
ogy is obtained as for the 5 and 10 nm samples �see Fig. 8b�. For the
40 nm sample, however, the morphology changed: surfaces are only
partly covered with slowly sloping deposits having typical dimen-
sions of 0.3–0.5 �m �see Fig. 8c�. Between the deposits a rather
smooth surface is found with locally some deposits of �0.1 �m in
size. For all samples of the temperature series, a surface morphology
is found with sloping deposits of 0.1–0.4 �m in lateral size, which
is very similar to the morphology of the AlAs0.98P0.02 and
AlAs0.96P0.04 samples �see Fig. 7b and c�.

For the AlAs1−yPy samples over a composition range from y
= 0 to y = 0.06 the root-mean-square �rms� roughness as deduced
for 1 � 1 �m2 AFM scans varies between approximately 2 and
6 nm. For the AlAs0.92P0.08 samples, however, the rms values show
an abrupt increase to 29 ± 5 nm for surfaces covered with the large
scale deposits with substructure on top and between these deposits.
Detailed measurements of the substructure, between the large scale
deposits, revealed a surface roughness of 12 ± 4 nm. The
AlAs0.98P0.02 samples with various release layer thicknesses show
for the 10 and 20 nm samples roughness values between approxi-
mately 2 and 6 nm. For the 5 and 40 nm samples the highest rms
values are found of 7 ± 3 and 9 ± 3 nm, respectively. For the 10 nm
AlAs0.98P0.02 samples exposed to temperatures varying from
23.4 to 71.2°C, the surface roughness varies approximately between
2 and 7 nm, with the highest rms values measured for the 23.4 and
71.2°C samples.

Experimentally, it is found that the deposits on all samples could
be wiped away by firm polishing with a cotton bud. After this pro-
cedure, the samples reveal relatively flat surfaces with a rms value
�1 nm �see Fig. 9�. This roughness is similar to that of the GaAs
wafer before growth.13 In previous work,15 it was shown that
AlF3·3H2O is the only solid reaction product of the AlAs reaction
with HF �see Eq. 3�. Therefore, it is likely that this compound is
deposited on the GaAs surfaces during the ELO process.

Discussion

Qualitative correlation of experimental findings with the DR
model.— In the present work, it is found that the lateral etch rate of
the AlAs1−yPy samples is highest for a P fraction of 2–3%. At this
composition the AlAs1−yPy layer is almost lattice matched with the
surrounding GaAs layers, thus it can be concluded that the maxi-
mum etch rate is obtained for an almost unstrained release layer.
This correlates well with the fact that in previous work13 it was
observed that the ELO etch rate maximizes for layer structures with
the least amount of strain in the two InxGa1−xAs or two GaAs1−yPy
layers surrounding the AlAs release layer. This dependence of the
lateral etch rate on the strain in the release layer structure is a strong
indication that under these conditions the ELO process is hampered
by reaction rate limitations. Strain changes the bond lengths and
angles between the bonds, thereby affecting the reaction rate con-
stant k of AlAs1−yPy etching in HF.

For release layer thicknesses 
10 nm, a Ve = �/��h + 	� rela-
tion is found between Ve and h, which is in accordance with the DR
model presented in this article. For h � 10 nm the lateral etch rate
of AlAs0.98P0.02 decreases rapidly and is zero for release layers with
a thickness of 3 nm. These findings are consistent with the results
obtained in previous work.11 The data obtained for Al0.85Ga0.15As
release layers etched at room temperature in a 10% HF solution
could also be fitted with a Ve = �/��h + 	� relation yielding �
= 0.0025 mm1.5/h and 	 = −0.0012 mm0.5. In that situation, the re-
lation was found to hold down to a thickness of 5 nm before the etch

Figure 7. AFM images of the substrate
surface sides of the 10 nm thick AlAs1−yPy
samples with phosphorus percentage of
�a� 0%, �b� 2%, �c� 4% and �d� 8%. The
scale of the images is given in microme-
ters. Note that the scale of �d� is different
from the others.
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rate decreased and became zero at 2 nm. This clearly indicates that
for small values of h, the etch process is blocked in some way, such
as via the formation of deposits �probably solid AlF3·3H2O� close to
the etch front.

As schematically illustrated in Fig. 10, the deposition of reaction
product on the thin film and substrate surfaces decreases the height

Figure 8. A typical AFM image of the substrate surface sides of the
AlAs0.98P0.02 samples with a layer thickness of �a� 5 nm, �b� 20 nm and �c�
40 nm. The scale of the images is given in micrometers. Note that the scale
of �c� is different from the others.
h of the etch slit to an effective height heff � h, thereby changing
the diffusion resistance �see Eq. 5�. For the 5 nm samples, a surface
roughness of �7 nm is observed on the thin film as well as the
substrate surfaces. This deposited layer might locally fill the etch slit
and thereby limit the ELO process. For the 3 nm samples, no etch-
ing was observed, indicating that the deposition of reaction product
completely blocks the ELO process. The narrowing of the etch slit
by the deposition of reaction products might also explain why in
both the present and a previous study11 negative values were found
for constant 	 in Eq. 16, while based on Eq. 5 a positive value is
expected. In previous work, it was argued that the negative value
could be related to evaporation of the single droplet of HF used at
that time. However, in the present study evaporation of the HF drop-
let is excluded as a possible cause by use of a modified setup that
allows for a continuous flow of HF solution towards the etch front.

Quantitative correlation of experimental findings with the DR
model.— Earlier ELO investigations performed by Schermer et al.11

showed that the ELO process is associated with an activation energy
Ea of 0.22 eV for AlAs release layers etched by a single 10% HF
droplet, compared to Ea = 0.31 eV obtained in the present work for
AlAs0.98P0.02 release layers etched by a continuous 20% HF flow.
This difference in activation energy is consistent with a situation in
which the rate limitation of the ELO process shifts from diffusion of
HF to the chemical reaction at the release layer surface. For
In0.5Ga0.5P etching with a HCl solution a similar change in activa-
tion energy was reported in the literature.20 At a 4 M HCl solution,

Figure 9. A typical AFM image of the substrate surface sides of the
AlAs1−yPy samples after the cleaning procedure. The scale of the image is
given in micrometers.

Figure 10. �Color online� Schematic representation of the situation after
deposition of reaction product �probably solid AlF3·3H2O� on the thin-film
and substrate surfaces during the ELO process. The height h of the etch slit,
as shown in Fig. 1, decreases to an effective height h � h.
eff
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the In0.5Ga0.5P etch process appeared to be limited by the diffusion
of HCl �with Ea = � 0.11 eV�, while for increasing concentrations
a transition takes place to the reaction-limited regime, yielding Ea
= � 0.38 eV for a 12 M HCl solution.

The question remains how to extract Ea,d and Ea,r from Ea �see
Eq. 17 and 18�. Since virtually nothing is known about the reaction
kinetics of AlAs with HF,15 information is required on the diffusion
data �D and Ea,d� for HF in HF solutions. Unfortunately, we were
also unable to trace these data in the literature. However, we could
find data related to the self-diffusion of HF �i.e., diffusion of HF in
HF� from Ref. 21. So for the time being, we will use these data
�D = 5.51 � 10−5 cm2/s at 283.7 K and Ea,d = 0.10 eV� as a first-
order approximation to describe the diffusion of HF in a 20% HF
solution.

In the present work, the ELO process is typically conducted with
r = 40 mm, h = 10 nm �except for the thickness series� and T
= 64.7°C �except for the temperature series�. Substituting these val-
ues in Eq. 4 and 5 results in

Ve,d = 7.94 · ��HF��=L − �HF��=0� �19�

with Ve,d the etch rate in mm/h and the HF concentrations �HF��=L

and �HF��=0 in M. With a density of �1.00 g/cm3 and a molar mass
of 20.00 g/mol,10 �HF��=L is calculated to be 10 M. For the
AlAs1−yPy series with etch rates between 28 and 41 mm/h, �HF��=0
values are deduced between 6.4 and 4.8 M, respectively. Since the
diffusion of HF and its reaction with the release layers are connected
in series, under these conditions Eq. 12 becomes for the
AlAs0.98P0.02 layers

Ve,r = 8.5 · �HF��=0 �20�
Using this equation for the thickness series with etch rates between
16 and 41 mm/h �for h 
 10 nm�, we obtain �HF��=0 values be-
tween 1.9 and 4.8 M, respectively. For the temperature series, with
etch rates between 10 and 47.6 mm/h, �HF��=0 values between 8.1
and 4.2 M respectively, are obtained. These results indicate that the
DR model gives realistic �HF��=0 values for all conditions �h

 10 nm� applied in the present work, i.e., the concentration differ-
ence for the diffusion rate as well as for the reaction rate lies be-
tween 0 and �HF��=L. By fitting Eq. 5, 9, and 12 to Eq. 18, the
values A = 1.5·10−10 m4/mol s and Ea,r = 0.43 eV are obtained. Un-
fortunately, we were unable to derive comparable data for the
Arrhenius constant A. However, we could find data related to the
activation energy for kinetically controlled reactions, which is in the
order of �0.4 eV.20,22 This shows that the first-order approximation
to describe the diffusion of HF in HF solutions by the self-diffusion
of HF gives realistic values for the activation energy of the reaction-
limited process.

Conclusion

In the present work a DR model is derived based on the notion
that the overall etch rate in the ELO process is determined both by
the diffusion rate of HF to the etch front and its subsequent reaction
rate in the process. In contrast to the model that was previously
described in the literature, the DR model yields etch rates which are
in quantitative agreement with those obtained experimentally. In or-
der to verify the DR model, the ELO etch rate Ve of AlAs1−yPy
release layers is determined as a function of the phosphorus percent-
age �and corresponding strain�, the release layer thickness and the
temperature. For the AlAs1−yPy series, it is found that Ve is maxi-
mum for a P content of 2%–3%, which corresponds to an almost
unstrained release layer. Furthermore, it is shown that the etch rate
decreases significantly for increasing compressive and tensile strain
in the release layer, clearly indicating that the ELO process involves

a reaction rate related component. For the thickness series, a maxi-
mum etch rate is obtained for h = 10 nm, while in accordance with
the DR model a Ve = �/��h + 	� relation is observed h 
 10 nm.
For the temperature series, the minimum and maximum etch rates
found are 10 ± 1 and 47.6 ± 0.8 mm/h at 23.4 and 71.2°C, respec-
tively. From this series, an overall activation energy Ea of 0.31 eV is
deduced for the ELO process. Using the diffusion coefficient �D
= 5.51 � 10−5 cm2/s at 283.7 K� and the activation energy �Ea,d
= 0.10 eV� for the self-diffusion of HF as a first-order approxima-
tion for the diffusion of HF in a 20% HF solution an activation
energy of 0.43 eV and an Arrhenius constant of A = 1.5
� 10−10 m4/mol s could be deduced for the reaction of
AlAs0.98P0.02 with HF.

AFM measurements revealed deposits �probably solid
AlF3·3H2O� from the etch process on the surfaces at both sides of
the etch slit. It is found that these deposits form continuous layers
with a surface roughness of several nanometers. For release layers
with a thickness �10 nm, these deposits start to have a large influ-
ence on the etch process, resulting in a rapid decrease of the etch
rate from a maximum of 41 ± 2 mm/h at 10 nm to 0 mm/h at 3 nm.
The occurrence of this mechanism for h � 10 nm was also observed
in several former studies and is not yet accounted for in the DR
model.
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