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Wet-Chemical Approaches for Atomic Layer Etching of
Semiconductors: Surface Chemistry, Oxide Removal and
Reoxidation of InAs (100)
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An approach for wet-chemical atomic layer etching (WALE) of semiconductors is described. The surface chemistry of InAs was
investigated for HCl/H2O2 solutions suitable for controlled etching in the low etch rate range (<0.1–10 nm min−1). Kinetic studies
were performed using inductively coupled plasma – mass spectrometry (ICP-MS). As for GaAs and InGaAs, the importance of
the Cl− ion for the etching kinetics is demonstrated and a chemical reaction scheme is presented to help understand the surface
chemistry. A detailed study of an alternative two-step etching process was performed. A quantitative ICP-MS analysis of the oxide
formed in O3/H2O solution and the dissolution in HCl was performed suggesting that the removal of oxidized In products is the
slow step in the dissolution reaction. The reoxidation of oxide-free InAs (100) surfaces in air is discussed. The etch rate range and
the surface morphology control after etching show that the investigated wet-chemical approach for atomic-layer etching is a valid
candidate for advanced CMOS processing.
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The scaling limit of the Si-based complementary metal-oxide semi-
conductor (CMOS) technology is rapidly approaching.1 The perfor-
mance enhancement for Si-based transistors can no longer be guaran-
teed due to intrinsic mobility issues. The considerably higher electron
mobility of III-V compound semiconductors (e.g. InGaAs, InAs, InSb)
has led to renewed interest and a following phase in the development
of future transistors for the 5–7 nm technology node.2 For successful
integration of these semiconductors on Si platform wafers, many wet-
chemical processing steps (e.g. bulk material recess, removal of native
oxides and metal/particle contamination) are required. Mild etching
of the surface is often needed for these purposes.3 The aggressive
downscaling of the transistor in size requires an ever increasing etch-
ing selectivity and ultimately a control at the atomic-layer scale. Since
it is well known that the carrier mobility in scaled channel materials
is degraded by the surface roughness,4 atomically smooth surfaces
are targeted after any surface treatment. In addition, the anisotropy in
etching is of concern, as different crystal orientations may be exposed
simultaneously to the etchant. In order to design wet chemical etchants
that allow for appropriate surface conditioning, a thorough under-
standing of the interactions between the substrate and the chemical
solution is therefore required and the underlying etching mechanisms
need to be resolved. Furthermore, a kinetically controlled etching pro-
cess is preferred (i.e. a surface reaction is the rate-limiting step) as
hydrodynamic conditions are generally difficult to control, especially
for the etching of sub-micron features.5

The wet etching of semiconductors generally requires an oxidizing
agent in a suitable chemical solution to remove the oxidized surface
products. For this form of “open-circuit” dissolution, two types of
etching need to be considered.6,7 In chemical etching, valence elec-
trons are transferred directly from surface bonds to the oxidizing
agent, giving rise to rupture of the bonds and dissolution of the solid.
In electroless etching, the oxidizing agent removes electrons from the
valence band of the solid; this is equivalent to injection of holes. The
holes are mobile and, if localized in surface bonds, cause bond rup-
ture and dissolution. For open-circuit etching of III-V semiconductors
H2O2 is widely used.7–10 It has been shown that HCl/H2O2 solutions
show the lowest degree of anisotropy in etching10,11 and are therefore
preferred.

∗Electrochemical Society Fellow.
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In this present work we use H2O2 in HCl solution for the etching
of InAs in the low etch rate range (<0.1–10 nm min−1). This solution
has interesting features and allows for controlled etch rates. In most
cases the etching of III-V semiconductors follows a chemical mecha-
nism. However, an electrochemical study by Theuwis and Gomes has
shown that in the case of InGaAs in H2O2/H2SO4 solution a com-
bined chemical/electroless mechanism operates.12 It seems likely that
such a mechanism will also operate in the H2O2/HCl case. As we will
show, the etching mechanisms for InAs and InxGa1-xAs are similar
and the difference in etch rate between these semiconductors may be
attributed to the hole injection rate, which can depend on the position
of the valence band edges. This is currently under investigation and
beyond the scope of this work.

Although preferred, a kinetically controlled etching process may
have an important drawback: in the vicinity of a crystallographic
defect (e.g. stacking faults, dislocations), the local etch rate can be
higher than that of the bulk (the chemical stability of the defective
region is lower). Hence, for defect densities significantly higher than
that typically found for bulk materials, the etch process may induce
surface roughening as a potential issue. To circumvent this, a two-
step etching process can be used. In a first step, a self-limiting oxide
is grown. In the second step, the oxide is removed selectively in a
suitable wet-chemical solution. This “digital” type of etching allows
for highly controlled layer removal. A method was reported by Lin
and coworkers. They used a low-power O2 plasma oxidation followed
by a diluted H2SO4 treatment which can etch a combination of InP,
InGaAs, and InAlAs in a precise and nonselective manner.13 An etch
rate of 0.9 nm/cycle was achieved.

In this paper we are investigating a wet-chemical approach allow-
ing for etching at the atomic-layer-scale (denoted as WALE): a tech-
nique similar to that used for the cleaning of Si surfaces.14 In this case
the surface oxidation is performed in O3/H2O solution followed by na-
tive oxide removal in HCl. A detailed and quantitative analysis of the
oxide formation process as well as the oxide dissolution kinetics for
InAs (100) is reported. Finally, the reoxidation kinetics of an oxide free
surface upon air exposure is examined at the sub-atomic-layer scale.

Experimental

Bulk p-type (100) InAs substrates were purchased at AXT Inc.
The 2 inch wafers were Zn doped (5-20E18 cm−3) and had an etch pit
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Figure 1. Etch rate of InAs as a function of H2O2 concentration measured for different HCl concentrations (a). Dependence of etch rate on the composition of
the etchant: 0.02 M H2O2 in HCl (black squares) and H2SO4 (red triangles) for InGaAs. The etch rate is plotted versus H+ concentration.

density <2E4 cm−2. Prior to use, the wafer surface was prepared by
immersion in a saturated O3/H2O solution followed by oxide removal
in 2 M HCl and rinsing in ultra-pure water.

Chemicals were purchased from Sigma Aldrich and were of p.a.
quality: 37% HCl (12.0 M) and H2O2 (9.7 M).

Etching experiments were performed in a clean room environment
using a dedicated Polytetrafluoroethylene (PTFE) etching cell with
a Kalrez O-ring to selectively expose 6.16 cm2 of the (100) surface
to 100 ml of etching solution. For the oxide removal and reoxidation
experiments 10 ml HCl solution was used. Etch rates were determined
by measuring the total amount of dissolved 115In and 75As with induc-
tively coupled plasma – mass spectrometry (ICP-MS, Agilent 7500cs).
This technique enables detection of substrate loss at sub-monolayer
level assuming bulk density. The measurement error for the etch rate
is <10% under these conditions.15

Wetting properties were determined by depositing 3 µl Milli-Q
water droplets onto the treated InAs surface. Side-view images were
recorded with an optical microscope. The contact angle was analyzed
using a DataPhysics OCA 230L Contact Angle System. The average
value for the different treatments was determined by measuring at
least three different positions on the wafer.

Surface composition during reoxidation in air for an oxide free
surface was studied by X-ray photoelectron spectroscopy (XPS) mea-
surements. A Theta300 system from ThermoInstruments was used
equipped with a monochromatized Al Kα X-ray source (1486.6 eV).
The exit angle was 22 degrees as measured with respect to the normal
of the sample and the spot diameter was 400 microns.

Results and Discussion

Chemical etching in HCl/H2O2 solution.— Figure 1 shows the in-
fluence of the H2O2 concentration on the etch rate for InAs (100)
in 0.001-1M HCl solution. The etch rate (vetch) is low for 0.001 M
HCl over the whole H2O2 concentration range (∼0.2 nm min−1).
Poor solubility of the oxidized products results in “passivation” of
the surface. At this pH, dissolution is limited by the solubility of
oxidized group III species.16 The solubility increases rapidly when
the HCl concentration is increased to 0.01 M and the compound
semiconductor is etched. Two etching regimes can be distinguished.
For ≤0.02M H2O2, the etch rate increases linearly with increas-
ing concentration of the oxidizing agent, while at higher concentra-
tion (>0.02M) the etch rate levels off to a value of 8.0 nm min−1.
The latter case, can be explained by a kinetic effect; desorption
of oxidized group III products limits the reaction rate.8 A lower
etch rate is observed that increases linearly with increasing H2O2

concentration for a higher HCl concentration of 0.1 M. The etch
rate decreases further when the HCl concentration is increased to
1 M. For <0.005 M H2O2, etch rates on the atomic-layer scale are

achieved and the dissolution of the semiconductor is under full kinetic
control.

It was observed that the decrease in etch rate with increasing HCl
concentration is accompanied by a marked change in the wetting
properties of the semiconductor; the surface is hydrophobic for a HCl
concentration ≥1 M while below 1 M HCl it is hydrophilic. This sur-
prising trend was recently also demonstrated for InGaAs and GaAs.17

The marked change in wetting properties of the semiconductor could
be related to either to H+ or Cl−. We were able to exclude the im-
portance of H+ on the dissolution of III-As by etching experiments in
H2SO4/0.02 M H2O2. This is demonstrated in Figure 1b, which shows
the dependence of the etch rate for InGaAs on the H2SO4 concen-
tration for a 0.02 M H2O2 solution (red triangles). The etch rate is
plotted versus the H+ concentration given on a log-scale. In the range
0.001–0.01 M HCl, a substantial increase in vetch is observed from
1.3 nm min−1 to 10.9 nm min−1 due to an increase in the solubility of
the oxidized group III products (the solubility of oxidized As species
is high over the whole pH range).16 For the H+ range 0.01–1 M a
hydrophilic surface was observed and the etch rate was constant. This
etch rate is comparable to that found for the 0.01 M HCl solution.
The marked change in wetting properties and the gradual decrease in
vetch from 9.8 to 3.6 nm min−1 in the range 0.01–1 M HCl points to
the importance of Cl at the surface. Total Reflection X-ray Fluores-
cence measurements could be used to support the observations. Other
XPS studies attributed the hydrophobicity of GaAs (100) surfaces to
Cl termination.18,19 For GaAs (111) the importance of Cl was also
shown.20,21

The strong effect of the anion on the etching behavior formed the
basis of a dissolution model we developed. A schematic overview of
the chemical etching mechanism for InAs in HCl/H2O2 solution is
given in Figure 2. The first etching step involves chemical attack by
H2O2 on the In-As surface bond via a synchronous exchange of bonds;
the original HO-OH and In-As are replaced by In-OH and As-OH.6–8

It is generally assumed that breaking the first bond at the surface is the
slow step in oxidation reactions.22,23 At high HCl concentration reac-
tion 2A occurs: the replacement of surface OH by nucleophilic attack
of the Cl− on the polarized surface bond is faster than the rupture of
the back bond (see inset 2A). Cl termination renders the surface hy-
drophobic. The weaker electronegativity of Cl with respect to O leads
to a stabilization of the back bond. The surface is stabilized and the
vetch lowered. Further oxidation of the back bonds results in the forma-
tion of surface products (reaction 2B). For medium HCl concentration
reaction 2A is not important. The surface is mainly OH terminated and
hydrophilic. The larger back bond destabilization results in a higher
vetch (reaction 3). At medium and high HCl concentration the rate of
dissolution of the surface products is fast (reaction 4A/B). This is not
so for low HCl concentration (reaction 4C). The rate of dissolution is
lower than the rate of oxide formation. This gives rise to passivation
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Figure 2. Schematic overview of the chemical etching mechanism of InAs in
HCl/H2O2 solution.

of the surface under removal of water (inset 4C). Very likely a mixed
oxide is formed.

As discussed earlier, electroless reactions between the oxidizing
agent and the semiconductor may be essential to understand surface
stoichiometry after etching. For instance, such a mechanism can cause
preferential oxidation of the group (III) element and consequently
results in the formation of a group V rich layer.24–27

AFM measurements showed an increase in surface roughening
after etching InAs (100): the RMS value increased from 0.37 nm for
the untreated (as-recieved) wafer to 0.69 nm after 10 nm of etching in
1 M HCl/0.01 M H2O2 solution. The observed surface roughening is
attributed to the presence of reactive surface sites.17 These sites can
be effectively passivated by increasing the Cl− content and results in
a smooth surface finish: for 6 M HCl/0.01 M H2O2, an RMS value of
0.28 nm was measured for InAs after 10 nm of etching. The importance
of Cl− for surface passivation during a wet-chemical epitaxial lift off
for GaAs was also suggested by Cheng and co-workers.28

Chemical etching in HCl solution.— No significant etching occurs
when InAs is exposed to ≤8 M HCl solution; vetch is ∼0.1 Å min−1

(Figure 3, top). This concentration range allows for (highly) selec-
tive oxide removal. The etch rate increases rapidly to 20 nm min−1

for 10 M HCl and 1.1 µm/min at 12 M HCl. For comparison, InP
etches at much lower HCl concentration (>2M). The mechanism of
the chemical dissolution of semiconductors was initially proposed
for symmetric chemical etchants.29 Later Notten extended the model
to asymmetric chemical etchants by showing that InP is etched by
molecular HCl30 and HBr31 species. A similar dissolution mechanism
is expected for InAs. The first etching step involves coordination of the
molecule to the surface (Figure 3, bottom). A synchronous exchange
of bonds occurs resulting in In-Cl and As-H surface bonds (k1). Sub-
sequently, the remaining surface bonds are broken in analogous way
to remove the group III and group V atoms from the lattice. Soluble
InCl3 complexes are formed and arsine gas is evolved. By contrast,
GaAs and InGaAs are chemically stable in HCl at room temperature.
This indicates that surface reaction kinetics may be important.

Although the described etching behavior in HCl solution can be
exploited for layer selective etching purposes as was recently demon-
strated for the fabrication of gate-all-around nanowire devices32 and
the formation of nanogaps in InAs nanowires,33 the use of HCl for
atomic layer etching applications is not preferred. Highly anisotropic

Figure 3. Etch rate of InAs (100) as a function of HCl concentration (top).
InGaAs, GaAs and InP have been added for comparison. Schematic represen-
tation of the etching mechanism of InAs in HCl solution (bottom), reproduced
after Notten.30

etching behavior, as evidenced by the formation of distinct etching
pits, induces significant surface roughening.34 In addition, formation
of highly toxic AsH3 is of important concern. Recently we demon-
strated that these issues can be circumvented by using an oxidizing
agent in the chemical solution.11

Two-step etching process: wet-chemical oxide formation and
dissolution.— Wetting of (100) GaAs and InGaAs surfaces after im-
mersion in HCl solution has been investigated by contact angle (θc)
measurements.17,18,35 The surface is hydrophilic (θc < 5◦) when it is
covered by the native oxide. After oxide dissolution the surface be-
comes hydrophobic with a contact angle in the range of 60–70◦ at
room temperature.

We studied the removal of native oxide from InAs in HCl solution,
by also measuring the contact angle after immersion. The wafer was
immersed for 10 minutes in a saturated O3/H2O solution. The presence
of the strong oxidizing agent results in a chemical reaction with the
formation of In(III) and As(III)/As(V) oxides:

2InAs + 2O3 → In2O3 + As2O3

2InAs + 3O3 → In2O3 + As2O5 + 1/2O2

Figure 4a shows θc as a function of immersion time for InAs
and two HCl concentrations. The as-prepared sample with the oxide
has a good wetting behavior as evidenced by the very low contact
angle. θc shows a strong increase after 2 minutes of immersion in 2 M
HCl followed by a gradual increase to 55◦ after 25 minutes. For the
lower HCl concentration a comparable trend is observed. The lower
contact angle suggests that the removal of the oxide is less effective.
A maximum θc of 60◦ was observed after 60 minutes of immersion.
This indicates that the oxide removal on InAs is difficult, as suggested
earlier by Losurdo and coworkers.36 In contrast, the maximum value
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Figure 4. (a) Influence of immersion time in HCl solution on the contact angle of an oxidized InAs surface. Two HCl concentrations are shown. (b) Etch rate for
InAs as function of immersion time in 2M HCl. Bulk etch rates were calculated using the In (black squares) and As concentration.15 (c) In and As concentrations
plotted cumulative as function of immersion time in 2M HCl.

of θc was reached much faster for GaAs and InGaAs, indicating a
much higher oxide solubility.

Quantitative information on the oxide formation and the oxide
dissolution kinetics could be obtained by analyzing the etchant com-
position during oxide removal by ICP-MS. In the case of an oxide free
InAs (100) surface, chemical etching leads to stoichiometric dissolu-
tion of the semiconductor with an etch rate of ∼0.1 Å min−1 (Figure 3).
As long as a native oxide is present on the surface, the etch rate will be
higher than this value. In Figure 4b the etch rate is given as function of
immersion time in 2 M HCl solution for the O3/H2O treated starting
surface. The etch rates calculated from the As concentration suggest
that the arsenic oxides are removed within 1 minute. By contrast, the
formed indium oxides are far more resistant as evidenced by the slow
decrease in etch rate for ≥2 min of immersion. After 25 minutes the
etch rate is still a factor 2 higher than the background etch rate in-
dicating that the oxide product is not fully removed within this time
frame. This indicates that the removal of the In oxidation products is
the slow step in the dissolution reaction. After 60 minutes the etch
rates were equal; the oxide is fully removed which is supported by
the contact angle measurements. Figure 4c shows the measured In
and As concentration, corrected for the background values found for
the oxide free surface, plotted cumulatively as function of time. The
trend observed for the total In concentration (black squares) is com-
parable to that for the contact angle. The strong initial increase in the
In content corresponds to the removal of 2.5 equivalent monolayers
of oxidized InAs within the first minute. Subsequently, the increase in
the In concentration levels off and the remaining oxide is removed at a
lower rate. Approximately 4.6 equivalent monolayers dissolve during
the first 25 minutes. This is about 95% of the total indium surface
oxide. Our data suggest that the last equivalent monolayer is removed

in 50 minutes which corresponds to an increase in θc from 50◦ to
60◦. By calculating the equivalent thickness from the measured As
concentration, insight in the oxide stoichiometry could be obtained.
Approximately 50% of the expected As content was detected. This
points to a nonstoichiometric oxide layer after the O3/H2O treatment
and is attributed the amphoteric properties of the arsenic oxide which
dissolves in water and in solutions of pH between 1 and 8.16 Under
these conditions the etch rate amounts to ∼1.4 nm/cycle. The reported
oxide thickness for an O3/H2O treatment is in good agreement with
the native oxide thickness measured by spectroscopic ellipsometry.36

Further optimization of the oxidation step is required to reduce the
material loss to the single atomic-layer range. AFM measurements
indicated no significant surface roughening after 1 cycle.

Reoxidation kinetics for an oxide free InAs (100) surface upon
air exposure were investigated. Prior to each experiment, the O3/H2O
treated wafer was immersed for 60 minutes in 2 M HCl solution result-
ing in a (predominantly) Cl-terminated surface (see references.21–25

The air-grown oxide was dissolved in 2 M HCl solution and the
composition of the etchant was analyzed by ICP-MS. Figure 5a
shows the measured In and As concentration as function of air ex-
posure time. Both elemental concentrations gradually increase with
increasing time. Although Cl proved to have passivating properties in
our etching experiments, the semiconductor surface is not stable in
air.

The observed trend for the In concentration suggests that an equiv-
alent of up to 0.2 monolayer of InAs is oxidized during the first 10
minutes of air exposure. The oxide thickness increases gradually and
approximately 0.7 monolayer of oxide is formed after 60 minutes of
air exposure. It is noted that θc decreased from 60◦ to 50◦ after 1 hour
of air exposure, which is in good agreement with the oxide removal
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Figure 5. Measured In and As concentrations as function of air exposure time for an oxide free InAs (100) surface (a). Measured In concentrations after 1 hour
of air exposure as function of HCl immersion time (b).

Table I. Atomic concentrations measured by angle integrated XPS

measurements.

Angle Integrated (a.u.) In As

Bulk (expected) 0.50 0.50
5 minutes 0.34 0.66
15 minutes 0.34 0.66
35 minutes 0.36 0.64
45 minutes 0.37 0.63
65 minutes 0.38 0.62

experiments shown in Figure 4. In contrast, the total amount of As
is somewhat higher than it would be expected for a stoichiometric
oxide, 1.0 and 0.7 equivalent monolayer respectively. This observa-
tion is attributed to an additional oxidation of elemental As present at
the surface originating from the oxide removal step in HCl solution.
Arsenic enrichment in acidic solutions has been also observed for
InGaAs37 and GaAs.38,39 With angle integrated XPS measurements,
we have demonstrated that the zero-valent As is formed on the InAs

(100) surface as well: measuring the surface composition after various
air exposure times revealed an excess of the element (Table I). The
dissolution rate of the elemental As is expected to be low.

The influence of the HCl immersion time on the reoxidation ki-
netics was studied. After the O3/H2O treatment and HCl immersion,
the wafer was exposed to air for 60 minutes and the total amount of
oxidized In was quantified (Figure 5b). As expected, a decrease of the
In concentration with increasing immersion time was observed. For
≥60 minutes of HCl treatment, the In concentration was found to be
constant; the formed oxide is solely related to the air exposure. These
results confirm that minimum 1 hour is required to remove the native
oxide on InAs effectively.

Surface oxidation was further examined by analyzing the XPS
spectra measured at a fixed angle of 78◦. Figure 6 shows the As 3d
(a-e) and In 3d5/2 spectra (f) for various air exposure times. The As 3d
spectrum shows an oxidized As peak at a binding energy of 44.5 eV.
The oxide peak is visible after exposing the wafer to air for a minimum
of 5 minutes. This result is in good agreement with the ICP-MS
data discussed above. The pronounced increase in the peak intensity
with increasing air exposure time shows that the As oxidation occurs
progressively in time. The interpretation of the In 3d5/2 spectrum is

Figure 6. XPS spectra showing the As3d and the In3d5/2 peaks of InAs for various air exposure times after native oxide removal in 2M HCl for 60 minutes.
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difficult due to the small chemical shift of the In3+ peak with respect
to the substrate peak. In this case the asymmetry of the peak points to
the presence of oxides. A clear increase in asymmetry of the In peak
is observed after 60 minutes of air exposure.

Conclusions

The surface chemistry of InAs (100) was investigated for
HCl/H2O2 solutions suitable for controlled etching in the atomic-
layer-range. Kinetic studies were performed using ICP-MS. The semi-
conductor can be etched in >0.001 M HCl; at lower concentration
surface passivation occurs due to the limited solubility of oxidized
In products. In the higher HCl concentration range, the etch rate in-
creases with increasing H2O2 concentration. It was demonstrated that
the etch rate strongly depends on the presence of Cl− (and not H+),
and decreases with increasing HCl concentration; this is accompanied
by a marked change in the wetting properties of the semiconductor.
Hydrophilic surfaces are observed for concentrations <1M HCl while
for ≥1M HCl the surface is hydrophobic. This is attributed to chlo-
rine termination of the surface. Furthermore, the solution composition
can be used to control the surface morphology. A chemical reaction
scheme is presented which describes the surface chemistry of InAs in
HCl/H2O2 solution.

InAs (100) surfaces are chemically stable in ≤8M HCl solution.
At higher HCl concentration the semiconductor is etched chemically
and significant surface roughening occurs.

A detailed study of an alternative two-step etching process was
performed. Dissolution kinetics of a surface oxide formed by O3/H2O
treatment were studied for HCl solution. Contact angle and ICP-MS
measurements show a comparable trend: the oxide removal rate in 2
M HCl is low and quantitative analysis of the etchant indicates that
the removal of oxidized In products is the slow step in the dissolution
reaction; 60 minutes are required to dissolve the oxide. Group V oxide
products are highly soluble and removed within 1 minute.

Reoxidation of an oxide free InAs (100) was examined by ICP-MS
at the sub-atomic-layer-scale. The surface is not stable toward oxida-
tion in air. Up to 0.2 equivalent monolayer of oxidized In-As were de-
tected after 10 minutes of air exposure. The oxide thickness increases
gradually and approximately 0.7 monolayer of oxide is formed after
60 minutes of air exposure.

Angle integrated XPS measurements were used to study the surface
composition. Elemental arsenic is formed on the InAs (100) surface
during the oxide removal step in HCl solution. XPS spectra show a
clear increase in the oxidized As peak and the asymmetry of In peak
with increasing air exposure time. These results in good agreement
with the ICP-MS measurements.

The etch rate range and the surface morphology control after etch-
ing show that the investigated wet-chemical approach for atomic-layer
etching is a valid candidate for advanced CMOS processing.
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