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Evolution of the native oxide composition on Aly ;Ga, ;As(100) surface
under interaction with the aqueous solution of sodium sulfide
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Morphology and composition of the oxide layers formed on Alp3Ga.7As(100) surfaces under air exposure for
several months, as well as their evolution under treatment with concentrated aqueous sodium sulfide solution are
investigated by atomic-force microscopy and X-ray photoelectron spectroscopy. It is shown that the native oxide
layer formed at the Alg3Gag7As(100) surface is non-uniform. In particular, its upper part contains III-group metal
oxides and arsenic oxides, whereas the semiconductor/oxide interface is enriched with elemental arsenic. Treatment
with concentrated aqueous sodium sulfide solution causes almost complete removal of oxides. After treatment the
elemental arsenic coat of about ~ 1 nm thick remains, which roughness increases with the time of surface treatment.
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1. Introduction

AlGaAs alloys are actively used in modern
nanoheterostructured devices [1-8]. The technology of their
formation often combines various epitaxial growth and
post-growth processes. In addition, AlGaAs-based shells
are widely used for passivation of nanowire surfaces [9,10].
Chemically active surfaces of III-V semiconductors,
especially those containing aluminum, are covered with
a disordered native oxide layer after just a short-term
contact with air, which degrades semiconductor device
characteristics. Therefore, the development of methods for
removing the native oxide from the surface, while leaving it
atomically smooth, is one of the priorities of semiconductor
technology.

Treatment of the surface with various acidic solutions in
an inert air-free environment enables removal of the native
oxide layer from the surfaces of binary III-V semiconduc-
tors. However, aluminum oxide, which is part of the native
oxide layer on the surface of aluminum-containing alloys, is
difficult to remove even with the help of multi-component
chemical etchants used in semiconductor technology [11,12].
It has also been found that various methods of so-
called ,,dry*“ etching in gaseous media cause stoichiometry
disruption in the near-surface region of alloys [13,14].

One of the efficient ways to remove the native oxide layer
from the surfaces of III-V semiconductors is treatment
with sodium sulfide solutions (Na,S). It was previously
demonstrated that pre-epitaxial surface preparation of va-
rious substrates in an aqueous sodium sulfide solution can
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significantly improve the quality of the formed epitaxial
layer/substrate [15-18] interfaces. It should also be noted
that the interaction between sulfide solutions and the surface
of most binary III-V semiconductors is studied in detail,
while the investigations of the interaction of aluminum-
containing solid solutions (such as AlGaAs) with sulfide
solutions are rather few [15,19], and the mechanism of such
interaction is still far from being understood.

Recently it has been shown that treatment of the
AlGaAs(100) surface with a concentrated aqueous sodium
sulfide solution (Na,S) leads to almost complete removal of
gallium, aluminum and arsenic oxides, so that the surface
remains covered by a layer of elemental arsenic with
phenocrysts of residual gallium and aluminum oxides [20].
This work is concerned with the study of the morphology
of native oxide layer formed on the AlxGa;_xAs(100)
surface (X ~ 0.3) under air exposure, as well as its change
as a result of treatment with concentrated aqueous sodium
sulfide solution.

2. Experiment procedure

Layers of Aly3Gag7As:Si and Aly3Gag;As:Be (100),
respectively of n- and p-type conductivity, a lum
thick and an (1-3)-10'7 cm™> doping level were grown
on n-GaAs(100) substrates by molecular beam epitaxy.
After growth, the samples were incubated in air for
10 (n-AlGaAs) and 6 months (p-AlGaAs) to form a stable
oxide layer on the surface [20].
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The native oxide-covered Aly3Gap7As(100) layers were
treated with concentrated (4.7 M) aqueous Na,S solution
for various times (1—12min) and then analyzed by atomic-
force microscopy (AFM) and X-ray photoelectron spec-
troscopy (XPS).

The surface morphology of the samples was analyzed by
AFM under atmospheric conditions on a domestic device
NTegra Aura (NT-MDT, Moscow) operating in semi-contact
mode using NSG11 probes with a stiffhess coefficient of
5N/m and a radius of curvature of the probe needle tip of
10nm. The scanning fields were chosen to be 3 x 3um,
and measurements were made in three different areas of
each sample. The root mean square deviation (RMS —
root mean square) was chosen as a quantitative measure
of roughness. Statistical processing of AFM topography
was performed using Nova software (NT-MDT). The RMS
value for each sample was determined by averaging.

XPS studies were carried out using an Escalab 250Xi
photoelectron spectrometer and an AlK, source with a
photon energy of 1486.6eV. The binding energy scale
was calibrated by measuring the spectra of the Au 4f;/,
(84.0eV) and Cu 2ps;; (932.7¢V) core levels of a special
calibration sample. The vacuum level in the measuring
chamber was at least 1 - 10~° mbar.

3. Results and discussion

The morphology of the n- and p-Aly3Gag7As(100) sur-
faces covered with native oxide layer is shown in Figure 1.
It can be seen that, despite relatively long air exposure,
the surfaces remain quite smooth, so that the RMS surface
roughness value is 1—1.5 monolayer.

To study the components distribution over the samples
depth from the surface, the spectra of different core levels
with different binding energies and, thus, with different
information depths defined as 34, where 1 is the inelastic
mean-free path for the corresponding photoelectrons [21],
were analyzed. In particular, the core levels of gallium
Ga 3d (31 ~ 9.1nm) and Ga 2p3/; (31 ~ 3.3 nm), arsenic
As 3d (34 = 9.1nm) and As 2ps;; (34 ~ 2.0nm) and alu-
minum Al 2p (32 ~ 8.9nm) were analyzed. The 1 values
for Aly3Gag7As were calculated using the database [22]. It
should be noted that there is no aluminum core level with
high binding energy suitable for analysis of chemical bonds
in the near-surface region of the semiconductor.

Typical spectra of the Al 2p, Ga 3d and As 3d core levels
for n- and p-Aly 3Gag7As(100) surfaces covered by a native
oxide layer have been presented in [20]. Figure 2 shows
the comparison of the spectra of the As 3d and As 2p3),
as well as Ga 3d and Ga 2ps;; core levels for the native-
oxide-covered n-Aly3Gag7As(100) surface. The arsenic
core level spectra can be decomposed into four components:
the bulk As—Ga/Al, the elemental arsenic component AsY,
and the two oxide components As;O3; and As;Os. The
increased width of the oxide component As,O3 (compared
to the width of the bulk component) in the spectrum of
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The thicknesses (in monolayers) of the various native oxide layer
components on the n- and p-Aly3Gag7As(100) surfaces calculated
using formula (1). The Ga—O component in the Ga 2ps,» spectra
represents the sum of the Ga,O and Ga,O3 components

n-Alo_3Ga0_7AS(100) p—Alo_3Ga0_7AS(100)
Component
3d [20] 2p3/2 3d [20] 2p3/2
As° 36 0.9 43 1.1
As;03 29 3.1 2.6 2.5
ASzOs 03 03 — 0.05
Ga—-0 49 49 53 5.1

the As 2p;,, level indicates the presence of oxides with
other oxidation degrees (e.g., AsO and As;O [23]). The
large width of the As® component in the spectrum of the
As 2ps,, level is apparently due to the presence of several
nonequivalent positions of elemental arsenic on the surface
having different charge states, e.g., in ,hollows“ and on
,»hills®.

The surface-sensitive Ga 2p3/, core-level spectrum can
be decomposed into three components. In addition to the
bulk component Ga—As the spectrum has the components
shifted relative to the bulk component by 0.75 and 1.3 ¢V,
which can be identified, respectively, with the oxides Ga,O
and Ga,Oj3 [23]. Tt should be noted that these oxides do not
display bulk compounds of the appropriate stoichiometry,
but rather surface/interface chemical bonds whose atoms
may have the appropriate charge state. In the bulk-sensitive
Ga 3d core level spectrum, these two components are
difficult to distinguish and thus they are represented by
a single Ga—O component with chemical shift of ~ 1eV
(Figure 2).

The layer thicknesses of each of the surface components
were estimated by the formula [21]

d=2In((Is/lp) + 1), (1)

where |s is the intensity of the surface component in a
core level spectrum, and |y is the intensity of the bulk
component in the corresponding core level spectrum. The
layer thicknesses for gallium and arsenic oxides, as well
as elemental arsenic on the n- and p-Aly3Gag7As(100)
surfaces, calculated by formula (1), determined on the
basis of decompositions of the bulk-sensitive and surface-
sensitive spectra of the As 3d, Ga 3d, As 2ps;;, and
Ga 2p3/, core levels, respectively, are listed in the table.
It should be noted that the layer thicknesses for the surface
components obtained from Ga 3d and As 3d spectra were
presented earlier in [20]. The thicknesses of aluminum oxide
layers on the n- and p-Aly3Gag7As(100) surfaces obtained
from decompositions of the Al 2p spectra were 6.6 and
7.5 monolayers, respectively [20)].

It can be seen that the amounts of gallium and arsenic
oxides obtained from the analysis of surface-sensitive and
bulk-sensitive spectra are almost the same, while the amount
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Figure 1. AFM images (a,¢) and the corresponding surface profiles along the white lines (b ,d) for the native-oxide covered

n-Alo3Gag.7As(100) (a, b) and p-Aly3Gag7As(100) (¢, d) surfaces.
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Figure 2. Spectra of As 3d (31 ~ 9.1nm) and As 2p3;2 (34 ~ 2.0nm), as well as Ga 3d (341 ~ 9.1nm) and Ga 2p3;» (34 ~ 3.3nm)
core levels for n-Aly3Gag7As(100) surface exposed to air for 10 months. (A color version of the figure is provided in the online version

of the paper).
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Figure 3. Schematic representation of the near-surface region of
AlGaAs(100) and the structure of the native oxide layer.
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Figure 4. Variation of the RMS surface roughness of n-

and p-Alo.3Gag7As(100) when treated with 4.7M Na,S aqueous
solution.

of elemental arsenic in the decomposition of the surface-
sensitive spectra of As 2p3» in ~ 3.8times less than that
in the decomposition of the bulk-sensitive spectra of As 3d
(see Table).

This result can be explained by assuming the roughness
of the interface between the semiconductor and the native
oxide layer (Figure 3). From the analysis of the thicknesses
of the surface component layers, it is evident that the
thickness of the native oxide layer on the considered
AlGaAs(100) surfaces should not exceed 2nm. This value
approximately corresponds to the depth of the analyzed
region for the photoelectrons of the As 2p3» (3dasn2p)
core level. On the other hand, the oxidation of the surface
does not occur layer by layer, resulting in a rough semi-
conductor/oxide interface, so that some areas of the oxide
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layer are located deeper than the 3Aasp value (Figure 3).
As has been shown [20,24,25], the boundary of the oxide
layer with (Al)GaAs consists mainly of elemental arsenic
(Figure 3) due to the movement of gallium and aluminum
atoms towards the surface to compensate for mechanical
stresses arising from the introduction of oxygen atoms
into the semiconductor lattice during oxidation [25,26].
Therefore, it can be assumed that part of elemental arsenic
is located in the surface inhomogeneities at a depth below
32as2p and, accordingly, is not represented in the As 23,2
core level spectrum, but is clearly visible in the As 3d core
level spectra. On the other hand, the information depth for
the Ga 2ps;» photoelectrons (34gazp) is noticeably larger
than 34as2p (Figure 3), and, accordingly, the thicknesses of
the gallium oxide layers estimated from decompositions of
the spectra of surface-sensitive and bulk-sensitive Ga 2ps3/»
and Ga 3d core levels are almost the same (see Table).

Treatment of the native-oxide-covered n- and
p-Alp.3Gag 7As(100) surfaces with 4.7M aqueous sodium
sulfide solution resulted in a slight increase in the RMS
surface roughness (Figure 4). At the same time, the
roughness of the n-Aly3Gag7As(100) surface increased
monotonically with processing time, while the temporal
variation of the surface roughness of p-Aly3Gag7As(100)
was more complex (Figure 4).

Figure 5 shows the spectra of As 3d and As 2p;3),
as well as Ga 3d and Ga 2p3;; core levels for the
n-Alp 3Gag7As(100) surface treated with 4.7M Na,S
aqueous solution for Imin. It can be seen that after
treatment with 47M Na,S aqueous solution, arsenic
oxides disappear almost completely, and the content of
gallium oxides (as well as aluminum oxides [20]) decreases
significantly. The thicknesses of the oxide components
remaining on the surfaces of n- and p-Aly3Gag7As(100)
after treatment with 4.7 M aqueous sodium sulfide solution,
calculated by the formula (1), are shown in Figure 6. The
values calculated on the basis of decompositions of the bulk-
sensitive As 3d, Ga 3d and Al 2p core level spectra [20],
and the values calculated based on decompositions of the
surface-sensitive As 2p3;, and Ga 2ps,, core level spectra
are given.

As in the case of the native oxide layer (see Table), after
treatment of the surface with 4.7M aqueous Na,S solution,
the thickness of the elemental arsenic layer obtained from
the decomposition of the spectra of the surface-sensitive
As 2p3,, core level is significantly less than the thickness
of the elemental arsenic layer estimated from the decompo-
sition of the spectra of the bulk-sensitive As 3d core level,
which indicates that part of the elemental arsenic is still
located in the inhomogeneities of the semiconductor/oxide
boundary below the depth of 3A4sp (Figure 3). At the same
time, the thickness of the gallium oxide layer obtained from
the decomposition of the spectra of the surface-sensitive
Ga 2p3/» core level appears to be significantly less than
the thickness of the gallium oxide layer estimated from the
decomposition of the spectra of the bulk-sensitive Ga 3d
core level (Figure 6). This fact can be associated with the
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Figure 5. Spectra of As3d (31 ~ 9.1nm) and As 2ps;2 (34 ~ 2.0nm), as well as Ga 3d (31 ~ 9.1nm) and Ga 2ps;> (31 ~ 3.3nm)
core levels for the n-Aly 3Gay 7As(100) surface measured after treatment with 4.7 M Na,S aqueous solution.
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Figure 6. Changes in the thicknesses of various oxide layer components on the n- (a) and p-Aly3Gag7As(100) (b) surface after treatment
with 4.7M aqueous Na,S, solution, calculated on the basis of decomposition of the bulk-sensitive As 3d, Ga 3d and Al 2p core level
spectra [20], as well as the surface-sensitive As 2p3;, and Ga 2ps/, core level spectra.
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Figure 7. The scheme of photoelectron emission of the Ga 3d
and Ga 2ps/; core levels from a rough AlGaAs(100) surface.

observed increase in surface roughness (Figure 4), taking
into account that the surface treatment with 4.7M Na,S
aqueous solution does not lead to a significant change in
the thickness of the elemental arsenic layer (Figure 6).

The rough surface is characterised by the presence of a
large number of hollows and hills with height differences
reaching several nanometres, comparable to the thickness
of the elementary arsenic layer and the depth of the
analyzed region for the photoelectrons of the Ga 2ps;»
(34Ga2p = 3.3 nm) core level. The depth of the analyzed
region for the Ga 3d compose 31Ga3¢ ~ 9.1nm, i.e., notice-
ably higher than the observed values of height differences.
Therefore, when analysing the Ga 3d core level spectra,
the surface can be considered flat, while when analysing
the Ga 2p;3,, core level spectra, it is necessary to take into
account the roughness leading to an increase in the effective
surface area (Figure 7). An increase in the effective surface
area, however, will lead to a proportional decrease in the
effective thickness of the gallium oxide layer, which was
observed experimentally (Figure 6).

Sodium sulfide is a salt formed by a strong base (NaOH)
and a weak acid (H,S), so its aqueous solution has a
strongly alkaline environment (pH > 13), and the hydroxide
ions OH™ available in such a solution in large quantities
interact with gallium, aluminum and arsenic oxides, forming
soluble hydroxide complexes [20] with them. This results
in the removal of oxides without significantly changing the
amount of elemental arsenic on the surface (Figure 6).
The small As—O component (Figures 5,6) observed in
the spectra of the As 2p3/, core level after treatment with
sodium sulfide solution is most likely due to the undissolved
arsenic hydroxide As(OH)s; [27] formed after interaction
with hydroxide ions in the sulfide solution. The gallium
and aluminum oxide components remaining in the spectra
of the surfaces after treatment with sodium sulfide solution
may also contain contributions from the corresponding
hydroxide [27,28].

Removal of the native oxide layer from the
n-AlGaAs(100) surface occurs after contact with the solu-
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tion for 1 min (Figure 6,a). Further soaking in the solution
does not change the chemical composition of the surface
layer (Figure 6,a), but leads to a significant increase in
surface roughness (Figure 4) due to the rearrangement of
the amorphous layer of elemental arsenic due to interaction
with the solution. On the other hand, the removal of oxides
from the p-AlGaAs(100) surface is slower (Figure 6,5 ) and
the surface roughness of p-AlGaAs(100) changes in a more
complex way (Figure 4). The fact that the rates of the native
oxide layer removal from n- and p-type surfaces are different
indicates a redox mechanism of oxide layer interaction with
the aqueous sodium sulfide solution.

4. Conclusion

The morphology and composition of the oxide layer
formed on Al 3Gag 7As(100) surface under air exposure for
several months as well as its evolution under treatment with
concentrated aqueous sodium sulfide solution are investi-
gated by atomic-force microscopy and X-ray photoelectron
spectroscopy. It is shown that aluminum, gallium and
arsenic oxides are located in the upper part of the native
oxide layer, while the interface region of the oxide layer
with the semiconductor surface consists mainly of elemental
arsenic. Treatment with 47M aqueous sodium sulfide
solution causes almost complete removal of oxides and does
not significantly change the thickness of the arsenic layer.
The surface remains covered with the elemental arsenic
coat ~ 1 nm thick, the roughness of which increases as the
processing time increases.
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