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Abstract: The mechanism of the chemical bonding of oxygen and fluorine on the GaSb(111) surface
depending on its termination is studied by the projector augmented-waves method within density
functional theory. It is shown that on an unreconstructed (111) surface with a cation termination,
the adsorption of fluorine leads to the removal of surface states from the band gap. The binding
energy of fluorine on the cation-terminated surface in the most preferable Ga-T position is lower
by ~0.4 eV than that of oxygen, but it is significantly lower (by ~0.8 eV) on the anion-terminated
surface. We demonstrate that the mechanism of chemical bonding of electronegative adsorbates with
the surface has an ionic–covalent character. The covalence of the O–Sb bond is higher than the F–Sb
one, and it is higher than both O–Ga and F–Ga bonds. Trends in the change in the electronic structure
of the GaSb(111) surface upon adsorption of fluorine and oxygen are discussed. It is found that an
increase in the oxygen concentration on the Sb-terminated GaSb(111) surface promotes a decrease in
the density of surface states in the band gap.

Keywords: AIIIBV semiconductor; (111) surface; adsorption; electronic structure

1. Introduction

The study of the atomic and electronic structure of the surfaces of AIIIBV semiconduc-
tors is fundamentally important for technological applications in microelectronics and the
improvement in modern nanotechnologies, as well as for the development of novel semi-
conductor materials based on them [1–4]. It is known that metal–insulator–semiconductor
(MIS) heterostructures are used in the production of devices in microelectronics. The key
problem for such MIS structures is the formation of the insulator–semiconductor interface
with a low density of interface states [5].

There are various ways of modifying semiconductor surfaces, which can lower the
density of surface states (DSS) [5,6], one of which is associated with a change in the chemical
composition of the oxidizing medium. In a number of works [7,8] and references therein, it
was shown that the fluorination of GaAs, InAs, and other AIIIBV semiconductor surfaces
leads to a significant decrease in the DSS. It was found in [9–14] that an intermediate
fluorine-containing anodic oxide layer is formed at the oxide–semiconductor interface,
which contributes to a decrease in the density of surface states. Moreover, it was shown that
the formed oxide layers on the semiconductor surface contain Group III element fluorides
and Group V element oxyfluorides. Since it is rather difficult to establish the nature of
the states in the forbidden gap by experimental methods, the use of theoretical methods
is required. It is obvious that the complex composition of the transition region between
the native oxide and the semiconductor makes it difficult to carry out the corresponding
theoretical calculations. At the same time, it is possible in a theoretical approach to establish
the effect of electronegative adsorbates (F and O) on surface states.
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It should also be noted that the properties of the surfaces of AIIIBV binary semiconduc-
tor compounds significantly depend on their orientation, termination, and reconstruction,
as well as existing defects [15]. Although the properties of ideal and reconstructed surfaces
of AIIIBV semiconductors have been intensively studied by methods within the density
functional theory, there are currently not enough works in which the adsorption of oxygen
or fluorine has been studied [16–26]. In our early works [20–27], we studied the interaction
of halogens (F, Cl, Br, I) with the AIIIBV(001) and (111) surfaces. It was found that, irrespec-
tive of the reconstruction of the AIIIBV surface, halogens prefer to form bonds with cations.
The adsorption of oxygen and the co-adsorption of fluorine on the cation-terminated sur-
face were studied in [21,25–27]. In particular, in [21], the oxygen binding energy on the
unreconstructed InAs(111) − (1 × 1)and reconstructed (2 × 2) surfaces was studied. It
was shown that the adsorption of atomic oxygen in all considered positions leads to the
appearance of surface states in the band gap, in contrast to the results obtained on the
GaAs(001) surface [16–18]. However, with an increase in the oxygen concentration, defect
states on the reconstructed In-terminated InAs(111) surface [21] are localized only at the
Brillouin zone boundary and shift to the bottom of the conduction band (CB) or to the top
of the valence band (VB).

When fluorine is adsorbed on both unreconstructed and reconstructed In-terminated
InAs(111) surfaces, the surface states induced by oxygen adsorption are completely or
partially removed from the band gap if fluorine forms bond with surface indium atoms. A
similar situation was observed on the Ga-terminated GaAs(111) surface [25]. It is interesting
to note that the sequence of adsorption of fluorine and oxygen insignificantly affects
the surface states in the band gap [26]. In [27], the effect of the anion on the revealed
peculiarities upon fluorine and oxygen co-adsorption and on the electronic energy spectrum
of the cation-terminated InSb(111) surface was studied. It was also established that oxygen-
induced surface states are completely or partially removed from the band gap during O
and F co-adsorption depending on the fluorine concentration. On the whole, observed
significant structural changes in the near-surface layers of the semiconductor are due to the
penetration of adsorbates in the substrate that leads to the breaking of the In–Sb bonds and
the formation of new F–Sb and O–Sb bonds. The latter can be considered as the initial stage
of the formation of a fluorine-containing anodic oxide layer. At the same time, adsorption
of oxygen alone leads to opposite effects depending on the termination of the InSb(111)
surface; additional states appear in the band gap in the case of the In-termination, whereas
the density of surface states decreases on the Sb-termination of the surface [27].

At present, it remains unclear whether the replacement of the cation will lead to
a change in the features of the effect of oxygen on the electronic structure of the anion-
terminated AIIIBV(111) surface. In this regard, the aim of present work is to study the
electronic properties of the GaSb(111) surface upon the adsorption of oxygen and fluorine in
order to reveal the effect of the cation on the mechanisms of surface passivation depending
on its termination.

2. Computational Details

Calculations of the atomic and electronic structure of the GaSb(111) surface, as well
as the bulk semiconductor, were carried out by the projector augmented-wave (PAW)
method in a plane-wave basis [28,29] implemented by VASP code [30]. A generalized
gradient approximation for the exchange-correlation (XC) function in the form of GGA–
PBE [31] was applied. It is known that GaSb has a zincblende structure (B3, space group
216–F43m), with gallium atoms occupying 4a Wyckoff positions, and antimony atoms–4c
(Figure 1a). The theoretical lattice parameter of GaSb, equal to 6.236 Å, is in agreement
with the experimental value of 6.096 Å [32]. For visualization of the atomic structure and
electron density distribution, the VESTA program was used [33].
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Figure 1. Atomic structure of bulk semiconductor GaSb (a) and the models of its surfaces under
study: the (111)A (b) and (111)B (c). The side view of GaSb(111) surfaces is given.

In the <111> direction, the atomic structure of the semiconductor is an alternation
of atomic layers of Ga and Sb, and the [111] and [111] directions are nonequivalent (Fig-
ure 1b,c). In accordance with commonly used notation of the AIIIBV surface with {111}
orientation (e.g., [34]), the Ga-terminated (111) surface is called GaSb(111)A, and the Sb-
terminated (111) one – GaSb(111)B. In the present calculation, the GaSb(111) – (1 × 1)
surface was simulated by eight-layer films. The distance between the films in two adjacent
cells along the z axis was no less than 10 Å, which allowed us to exclude the interaction
between them. The dangling bonds of Sb (Ga) atom on one side of the film were saturated
with pseudo-hydrogen atoms (one H* atom for each Sb (Ga) atom) with a fractional charge
of 0.75e (1.25e) [35]; therefore, this side of the film was bulk-like. The equilibrium Sb–H*
(Ga–H*) bond length was 1.761 Å (1.604 Å). The positions of the pseudo-hydrogen atoms,
as well as the atoms of the two nearest atomic layers, Ga and Sb, were fixed, while the
positions of the atoms of other layers were optimized until the forces at the atoms were
less than 0.01 eV/Å. The maximum energy of plane waves from the basis set was 500 eV.
Integration over the Brillouin zone was carried out using a 7 × 7 × 1 k-point grid generated
by the Monkhorst–Pack scheme [36].

The binding energy of oxygen/fluorine atoms with the substrate was calculated using
the following formula:

Eb = E(O/F) + E(GaSb)− E((O/F)/GaSb) (1)

where E((O/F)/GaSb) is the total energy of the system with the adsorbed oxygen or fluorine
atom, E(GaSb) is the total energy of the surface without the adsorbate, and E(O/F) is the
energy of the oxygen/fluorine atoms.

Note that the DFT–1/2 method was also used to calculate the electronic spectrum of a
bulk semiconductor and its surface, which assumes the use of the standard Kohn–Sham
potential with eigenvalues obtained for the potential of a partially ionized anion. In our
case, the occupancy of the 5p shell of antimony was 2.5 electrons instead of 3. Details of
the DFT–1/2 method can be found in [37–40]. Here, we note that the Coulomb potential of
such an anion is replaced by some short-range potential by multiplying the former by a
function of the form [1 − (r/rcut)n]3, where rcut is the cutoff radius (for r = rcut, the Coulomb
potential tends to zero), and n is a parameter that controls the damping rate.

The value of the cutoff radius rcut is chosen so that it corresponds to the maximum
value of the band gap (Eg) of the semiconductor, and the value of n should be as large
as possible. In calculations, as a rule, n = 8 is chosen, but for compounds with covalent
or weakly ionic bonds, the value of n should be increased if there are no problems with
convergence [40]. The obtained values of the band gap width in the case of a bulk GaSb
compound for n = 8, 25, and 50, depending on rcut, are shown in Figure 2a. It is seen
that even in the case n = 50, the band gap was ~19% less than the experimental value of
0.812 eV [32]. In this case, the degeneracy of states at the Γ point near the Fermi level (EF)
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was removed in the electronic energy spectrum of semiconductor (Figure 2c). Note that the
HSE06 hybrid functionals [41] and metaGGA (mBJ) [42] also partially solved the problem
of the band gap width (Figure 2b,d), but the former significantly increased the computation
time, and the latter had problems with convergence in the case of low-dimensional systems
with vacuum. In this work, we used the values rcut = 1.9 Å and n = 50.
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Figure 2. Width of the forbidden gap (Eg) in bulk semiconductor GaSb depending on the cutoff radius
rcut and power index n (a); the value of Eg for bulk GaSb (b) and electron band spectra (c,d) obtained
by different methods: PAW–PBE–1/2 and PAW–PBE (c), and PAW–PBE–1/2, HSE06, and mBJ (d).
Numbers in (b) correspond to underestimation of Eg in calculations. The horizontal dotted line in
(a,b) shown the experimental value of the forbidden gap width from [32].

3. Results and Discussion
3.1. Atomic and Electronic Structure of Clean GaSb(111) Surface

The relaxation of the interlayer distances in the case of a clean GaSb(111) surface was
calculated using the following formula:

∆ij =
(
dij − d

)
/d (2)

where d is the distance between the atomic planes in the bulk, and dij is the distance
between the atomic layers i and j. The results are presented in Table 1 in comparison
with the corresponding data for other AIIIBV semiconductors. It is seen that regardless
of the GaSb(111) surface termination, the relaxation had an alternating character and
decayed deep into the film. The first interlayer distance was compressed in the case of the
GaSb(111)A surface. A similar behavior was observed in the case of the cation-terminated
InAs(111), GaAs(111), and InSb(111) surfaces [25,27]. One can see from Table 1 that the
compression of d12 correlated with the ionicity of the anion–cation chemical bond (with the
difference in the electronegativity of the anion and cation, ∆χ). An increase in the ionicity
of a bond led to an increase in its “rigidity”, which contributed to a decrease (in modulus)
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of ∆12. At the same time, in the case of the GaSb(111)B surface, the relaxation had the
opposite sign in comparison with GaSb(111)A.

Table 1. Relaxation (∆ij) of the interlayer distances for two terminations of the GaSb(111) surface.

Surface ∆12, % ∆23, % ∆34, % ∆45, % ∆χ, eV1/2

GaSb(111)A −6.0 +1.5 −1.7 +0.4 0.24
InSb(111)A [27] −5.5 +2.4 −3.3 +0.4 0.27
GaAs(111)A [25] −5.4 +2.0 −1.0 − 0.37
InAs(111)A [25] −3.8 +2.0 −1.0 − 0.40

GaSb(111)B +3.4 −0.3 +0.6 −0.1 0.24

It is seen in Figure 3a that in the case of the GaSb(111)A surface, there was one
partially filled band (curve 1), which was responsible for pinning of the Fermi level. It
was located near the bulk conduction band minimum and spread over almost the whole
two-dimensional Brillouin zone (2D BZ). Note that hereinafter, the projection of the bulk
states is shown by gray filling, and the surface states of the Ga and Sb atoms are given by
blue and yellow balls, respectively. The size of these balls was proportional to the degree
of localization of the electronic states on the corresponding atoms. The spectrum of the
surface and the bulk state projection was adjusted by the low-lying Sb s-states. It is seen in
Figure 3b that the states of gallium atoms of the surface layer (Ga1) and antimony atoms
of the subsurface layer (Sb2) contributed to the sharp peak of the density of surface states
at the Fermi level. This conclusion was confirmed also by the calculations of surface state
localization at atoms (insert in Figure 3b), which illustrates that the Ga1 pz-states (dangling
bonds) and Sb2 px- and py-states (hybridized with Ga1-states) contributed to this band. A
similar trend was observed in the spectrum of the cation-terminated (111) surface in the
case of other AIIIBV semiconductors [25,27]. On the GaSb(111)B surface, one could see
only one surface band near the Fermi level as well. It was located near the bulk valence
band maximum and spread over almost the whole 2D BZ (Figure 3c). As a result, a peak
in the density of surface states connected with this band can be seen in Figure 3d. This
peak was mainly conditioned by Sb1 pz-states and an insignificant contribution of Ga2
px- and py-states. It should be noted that the electronic structures of both GaSb(111)A
and GaSb(111)B surfaces were very similar up to the replacement of a cation by an anion
and vice versa, and the only difference was in the position of the band which pinned the
Fermi level.

Figure 3. Electron energy spectra of the GaSb(111)A (a) and GaSb(111)B (c) surfaces; local density of
states for surface atoms and partial charge densities (in the inserts) corresponding to states near the
Fermi level (b,d). The horizontal dashed line shows the Fermi level position in the film. The zero
energy corresponds to the valence-band maximum in the projection of bulk states shown by gray
color fill in (a,c). The surface states localized on surface and subsurface Ga (Sb) atoms in (a,c) are
shown by blue (yellow) balls. The larger balls correspond to the higher localization degree.
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3.2. Oxygen and Fluorine Adsorption on the GaSb(111)A Surface
3.2.1. Oxygen

The atomic structure of the GaSb(111) surface with two possible terminations (top
view) is shown in Figure 4. The considered positions of oxygen and fluorine atoms on both
surfaces are also given here. On the Ga-terminated surface, the following positions were
considered: the bridge position (Ga-B) between the surface gallium atoms, the top position
above the surface gallium atom (Ga-T), as well as the positions above the antimony atoms
of the second and fourth layers from the surface (Sb2-T and Sb4-T).

Figure 4. Atomic structure of the GaSb(111)Ga (a) and GaSb(111)Sb (b) surfaces (top view) and the
considered adsorption positions of oxygen (or fluorine).

The values of oxygen binding energy for different adsorption sites on the Ga-terminated
GaSb(111) surface are presented in Table 2. It is seen that oxygen had the highest binding
energy in the Ga-B position. Almost the same value (5.93 eV [27]) was obtained in the
case of oxygen adsorption on the InSb(111)A surface. The preference of this position for
adsorption is connected with the fact that oxygen binds to two Ga1 atoms (the bond length
is 2.22 Å) and an Sb2 atom (the bond length is 2.05 Å) to which it shifts during the relaxation
process. It is seen from Figure 5a that the probability for oxygen to be adsorbed in the
Ga-B position was substantially higher than in the other positions. It is known that the
probability Ps of adsorption in position s is proportional to the binding energy in this
position Eb(s). Thus, it can be estimated as the weighted arithmetic mean:

Ps =
ns exp(Eb(s)/kBT)

∑
i

ni exp(Eb(i)/kBT)
, (3)

where ni is the multiplicity of position i, kB is the Boltzmann constant, and T is temperature;
the summation is carried out over all positions of adsorption.

Figure 5. Probability of the oxygen (a) and fluorine (b) atom to be adsorbed in specific positions on
the GaSb(111)A surface versus temperature. Inset graphs show the differences in probability given at
higher temperatures.
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Table 2. Mechanical (MC) and chemical (CC) contributions to the binding energy (Eb), charge transfer
to adatom (∆Q) obtained by DDEC6 and Bader (in brackets) methods, height of adatom above surface
(h), distance between adatom and surface atoms (d), as well as corresponding overlap population (θ)
in the case of oxygen and fluorine adsorption on the GaSb(111)A surface.

Surface Position Ga-B Ga-T Sb2-T Sb4-T

O/GaSb(111)A

Eb, eV 5.99 5.11 4.98 5.08
MC, eV −0.39 −0.12 −1.08 −0.05
CC, eV 6.38 5.23 6.06 5.13
∆Q, e 0.58 (1.05) 0.45 (0.62) 0.61 (1.09) 0.65 (1.12)
h, Å 0.25 1.76 −0.23 −1.00

d(O–Ga1), Å 2.22 × 2 1.76 2.56 × 3 2.73 × 3
d(O–Sb2), Å 2.05 3.83 × 3 1.98 2.55 × 3
θ(O–Ga1), e 0.33 × 2 0.78 0.20 × 3 0.12 × 3
θ(O–Sb2), e 0.68 0.02 × 3 0.81 0.30 × 3

F/GaSb(111)A

Eb, eV 4.43 5.62 4.19 4.31
MC, eV −0.01 −0.02 −0.15 −0.05
CC, eV 6.00 5.13 5.13 5.13
∆Q, e 0.48 (0.75) 0.40 (0.65) 0.41 (0.72) 0.57 (0.78)
h, Å 1.12 1.81 1.61 0.94

d(F–Ga1), Å 2.49 × 2 1.81 3.01 × 3 2.72 × 3
d(F–Sb2), Å 2.48 3.71 × 3 2.11 3.02 × 3
θ(F–Ga1), e 0.15 × 2 0.60 0.05 × 3 0.10 × 3
θ(F–Sb2), e 0.28 0.02 × 3 0.55 0.10 × 3

For the other three adsorption sites on the surface, the difference in the oxygen binding
energies did not exceed 0.13 eV. It should be noted that in the case of adsorption in the
Sb2-T position, the oxygen atom formed a bond with the subsurface Sb2 atom (the bond
length is 1.98 Å) and located by 0.2 Å below the surface layer, while in the Sb4-T position,
oxygen was substantially incorporated into the substrate and was located at 1.0 Å below
the surface. A slightly smaller value of 0.88 Å [27] was obtained in the case of oxygen
adsorption on the InSb(111)A surface. However, oxygen located by 0.24 and 0.34 Å [25]
above the surface in the case of InAs and GaAs, respectively. The reason for the oxygen
penetration into the substrate is connected with larger values of the lattice parameter for
semiconductors with antimony. Table 2 also lists the values of the charge transfer to oxygen
atom from the substrate, the distance between the adatom and near-surface atoms, and
the overlap populations of bonds (the adatom–substrate atoms). Note that both DDEC6
(Density Derived Electrostatic and Chemical) [43,44] and Bader [45] methods were used
to estimate the charge transfer. The former method allows one to calculate the overlap
population, but the latter was used for such estimates in our earlier works [25,27]. It is
seen from Table 2 that within both approaches, similar tendencies in charge transfer were
observed, although the values obtained by the Bader method were higher. The charge
transfer to the adatom can serve as an indicator of the ionicity of the chemical bond, while
the overlap population reflects the degree of bond covalence. The smallest charge transfer
to oxygen was obtained in the Ga-T position; in this case, both Ga1 and Sb2 atoms lost
their charge (~0.40e and 0.16e, respectively). At the same time, the charge states of atoms
in deeper layers practically do not change. Hereinafter, the values obtained by the Bader
method are discussed. Note that a direct comparison of charge transfer with the preference
of positions for oxygen is difficult, since its coordination differs for different adsorption
positions. In particular, in the Sb2-T and Sb4-T positions, the adatom interacts with a
larger number of substrate atoms. In the most preferred Ga-B position, the contribution
to charge transfer from the antimony atom is higher than that from gallium atom (0.62e
and 0.21e). Overlap population analysis demonstrates that the O–Sb bond is stronger than
the O–Ga bond. In general, a large charge transfer and a high overlap population indicate
the ionic–covalent character of the oxygen bonding with the semiconductor substrate. In
addition, the mechanical (MC) and chemical (CC) contributions to the chemical bonding of
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the adatom with the surface were calculated according to the model proposed by Lozovoi
with co-workers [46]. It can be seen from Table 2 that, in all cases, the chemical contribution
was dominant, and the greatest deformation of the substrate occurred in the case of oxygen
adsorption in the Sb2-T position.

3.2.2. Fluorine

The fluorine atom needs only one electron to fill completely its p-band. As seen from
Table 2, its highest binding energy with GaSb(111)A surface corresponded to the Ga-T
position. We recall that the state at the Fermi level (Figure 3a) was a partially filled Ga1
pz-orbital. Since the Ga states were empty, the charge for chemical bonding with fluorine
was transferred from the Sb atom of the subsurface layer due to strong hybridization of Ga1
and Sb2 states, which can be seen from Figure 3a,b. The fluorine binding energies in the
other three positions were lower by 1.2–1.4 eV than in Ga-T. A similar trend takes place for
other AIIIBV semiconductors also [21,25,27]. Although fluorine has a smaller atomic radius
than oxygen, it did not incorporate into the substrate but located at some distance from the
surface. As was shown in our earlier work [47], there are regions above the surface with a
charge due to the tails of the electron wave functions. Therefore, the charge above the Sb2
and Sb4 atoms was estimated. Indeed, integrating the charge inside the sphere centered
at the point corresponding to the fluorine atom in the Sb2-T or Sb4-T positions gave the
values of 0.71e and 1.08e, respectively. Since the charge depends strongly on the radius
of sphere, we used the ionic radius of fluorine (1.33 Å). In the case of Sb4-T position, the
charge was somewhat higher, since fluorine was closer to the surface. Taking this charge,
fluorine lost its reactivity.

3.2.3. Electronic Energy Spectra

Figure 5 shows that oxygen and fluorine had the highest probability to be adsorbed in
the Ga-B and Ga-T positions, respectively. In this section, we will discuss the features of the
electronic energy spectra for these positions only. Oxygen adsorption on the GaSb(111)A
surface led to the appearance of additional surface states in the band gap (Figure 6a). As
was shown in [21,25,27], the structure of surface states strongly depends on the position
of the adsorbate on the surface. These surface states are due to the hybridization of the O
s,p-states with Ga and Sb s,p-states. It is seen in Figure 6a that the surface states localized
near the Fermi level at the Γ point were predominantly due to the antimony atoms of the
subsurface layer, whereas the surface states at energies of −0.8 eV and −1.0 eV (at the K
point) were mixed states of oxygen and antimony atoms. Note that in the other positions,
the band, which determines the pinning of the Fermi level on a clean surface (Figure 3a),
was shifted towards CB, while the low lying states were shifted to the band gap. Since the
structure of the energy spectra of the surface with oxygen in the Ga-T, Sb2-T, and Sb4-T
positions differs only slightly from those obtained earlier for the InSb(111)A surface [27],
therefore they are not presented in this work.

The electronic energy spectra of the InSb(111)A surface with fluorine atoms in several
adsorption positions [27] demonstrated a lower density of surface states in the band gap,
although the structure of these states strongly depends on the fluorine position. Almost the
same trend was observed on the GaSb(111)A surface. Figure 6b shows that the adsorption
of fluorine in the most preferred Ga-T position led to a complete depletion of the band
responsible for pinning of the Fermi level on a clean surface and to an insignificant depletion
of states near the VB top at the Γ point. The fluorine states were located at approximately
−1.0 eV (K point) and below, whereas they were at energies of approximately −2.5 eV on
the InSb(111) surface [27]. A similar effect of fluorine on the surface states was observed
in the case of the semiconductors InAs and GaAs [21,25]. Note that in the latter case, the
surface states of arsenic were located below the VB top at the Γ point. Moreover, in the case
of the GaAs(111)A surface, the fluorine states were also located closer to the VB top at the
K point, as in the present case.
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Figure 6. Atomic structure (3D view) and electron energy spectrum in the case of GaSb(111)Ga surface
with O adatom in Ga-B site (a) and with F adatom in Ga-T site (b). The surface states localized on
Ga1, Sb2, O, and F atoms are shown by blue, yellow, red, and cyan balls, respectively. The denotations
of the zero energy, the bulk states, the Fermi level, and the size of balls are the same as in Figure 3.

We did not consider in this work the co-adsorption of fluorine and oxygen, since the
obtained trends were in good agreement with the results presented earlier [21,25,27]. As
in the case of the other AIIIBV semiconductors, the adsorption of fluorine on the (111)A
surface completely or partially removed the surface states induced by oxygen. In general,
a universal character of changes in the electron energy spectra was observed during the
interaction of electronegative adsorbates with the AIIIBV(111)A surface.

3.3. Adsorption on the GaSb(111)B Surface

In the case of the GaSb(111)B surface, the adsorption positions were the same as on
the GaSb(111)A surface with the replacement of cations by anions and vice versa, i.e.,
Sb-B, Sb-T, Ga2-T, and Ga4-T (Figure 4b). It is seen from Table 3 that oxygen preferred to
be adsorbed in the Sb-B position. The corresponding binding energy was by 0.8–1.3 eV
higher than those in other positions. The binding energy of an oxygen atom above Ga2 and
Ga4 atoms differed insignificantly. Thus, Figure 7a shows that the probability of oxygen
adsorption in the Sb-B position was substantially higher than in other positions. The
oxygen binding energy in this position on the GaSb(111)B surface was by 0.3 eV higher
than the corresponding value on the GaSb(111)A one. In contrast to the cation-terminated
surface, the oxygen atom incorporated into the substrate only in the case of the Ga4-T
position. Fluorine on the GaSb(111)B surface preferred to be adsorbed in the Sb-T position
(Figure 7b), as on the GaSb(111)A one. The binding energy was ~1.5 eV less than that of
oxygen on the same surface.
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Table 3. Mechanical (MC) and chemical (CC) contributions to the binding energy (Eb), charge transfer
to adatom (∆Q) obtained by DDEC6 and Bader (in brackets) methods, height of adatom above surface
(h), distance between adatom and surface atoms (d), as well as corresponding overlap population (θ)
in the case of oxygen and fluorine adsorption on the GaSb(111)B surface.

Surface Position Sb-B Sb-T Ga2 Ga4

O/GaSb(111)B

Eb, eV 6.29 5.45 5.04 4.95
MC, eV −0.23 −0.01 −0.71 −0.24
CC, eV 6.52 5.46 5.75 5.19
∆Q, e 0.57 (1.15) 0.40 (0.75) 0.52 (1.05) 0.63 (1.08)
h, Å −0.21 1.86 0.13 −0.22

d(O–Sb1), Å 2.22 × 2 1.86 2.55 × 3 2.56 × 3
d(O–Ga2), Å 1.94 3.85 × 3 1.92 2.83 × 3
θ(O–Sb1), e 0.49 × 2 0.94 0.29 × 3 0.31 × 3
θ(O–Ga2), e 0.52 0.01 × 3 0.57 0.11 × 3

F/GaSb(111)B

Eb, eV 4.04 4.83 3.82 3.56
MC, eV −0.34 −0.02 −0.37 −0.13
CC, eV 4.38 4.85 4.19 4.85
∆Q, e 0.29 (0.77) 0.28 (0.65) 0.38 (0.68) 0.50 (0.74)
h, Å −0.09 1.95 1.75 1.10

d(F–Sb1), Å 2.26 × 2 1.95 3.09 × 3 2.78 × 3
d(F–Ga2), Å 2.51 3.73 × 3 1.92 3.02 × 3
θ(F–Sb1), e 0.39 × 2 0.67 0.07 × 3 0.15 × 3
θ(F–Ga2), e 0.15 0.01 × 3 0.49 0.05 × 3

Figure 7. Probability of the oxygen (a) and fluorine (b) atom to be adsorbed in specific positions on
the GaSb(111)B surface versus temperature. Inset graphs show the differences in probability given at
higher temperatures.

It is seen from Table 3 that CC was the dominant contribution to the mechanism of the
chemical bonding of both adsorbates with substrate. It is interesting that oxygen adsorption
resulted in a larger deformation of the GaSb(111)A surface than that of GaSb(111)B, while
in the case of fluorine, the opposite trend took place (MC in Tables 2 and 3). The overlap
population demonstrated that θ for O–Sbi bonds was higher than for O–Gai ones (i = 1, 2),
irrespective of surface termination. It is seen from Figure 8 that in the case of O adsorption
in the Ga(Sb)-B position, the dominant factor was hybridization of states, since a change
of Eb correlated with a change of overlap population of bonds between O and surface
atoms. At the same time, in the case of F adsorption in the Ga(Sb)-T position, the ionicity of
chemical bonds had an important role.
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Figure 8. The binding energy (Eb), charge transfer to adatom (∆Q), and total overlap population (Σθ)
for oxygen in Ga(Sb)-B and fluorine in Ga(Sb)-T positions on both GaSb(111)A and GaSb(111)B surfaces.

The adsorption of oxygen on the GaSb(111)B surface also led to significant changes
in the surface electronic structure (Figure 9a). It can be seen that there were surface states
(curves 1 and 2) near the VB top, which were predominantly oxygen states at the Brillouin
zone boundary in the vicinity of the K point, while the unoccupied states of curve 2
localized on the antimony atoms were concentrated at the Brillouin zone center around
the Γ point. In addition, there were surface states (curve 3) near the CB bottom, which
were also a consequence of the interaction of oxygen with surface antimony atoms. In this
case, the states of antimony were mainly localized at the Brillouin zone boundary as well.
In general, as in the case of the GaSb(111)A surface, oxygen adsorption led to depletion
of the band pinning the Fermi level on the clean surface and its shift to the conduction
band, while the low lying states shifted to the band gap, which resulted in re-pinning of
the Fermi level.

Figure 9. Atomic structure and electron energy spectrum in the case of GaSb(111)B surface with O
adatom in Sb-B site (a) and with F adatom in Sb-T site (b). The surface states localized on Sb1, Ga2, O,
and F atoms are shown by yellow, blue, red, and cyan balls, respectively. The denotations of the zero
energy, the bulk states, the Fermi level, and the size of balls are the same as in Figure 3.
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A similar trend was observed in the case of fluorine adsorption on the surface. The
antimony bands (curve 1 in Figure 9b) compared to the clean surface was strongly displaced
into the conduction band. However, exactly this band pinned the Fermi level near the Γ
point. Surface states of fluorine were observed mainly at the K point. It should be noted
that a lower charge (0.77e) was transferred to fluorine than to oxygen (1.15e) at the same
adsorption position. Thus, in contrast to the GaSb(111)A surface, on the Sb termination, the
fluorine adsorption did not lead to de-pinning of the Fermi level.

3.4. Oxygen Concentration

Finally, let us consider the effect of the oxygen concentration on the surface states in
the band gap. Figure 10a shows the electron energy spectrum for the GaSb(111)B surface
with three adsorbed oxygen atoms. Two additional oxygen atoms were located initially also
in the most preferred Sb-B positions on the surface. It was seen that the states, which were
responsible for the pinning of the Fermi level in the case of three oxygen atoms, differed
insignificantly from the case of adsorption of one oxygen atom (Figure 9a). However, above
the Fermi level of 1–2 eV energy, additional states localized on oxygen atoms occurred.
They were shifted to the CB bottom. It should be noted that in this case, all three oxygen
atoms penetrated into the substrate and located 0.78 Å below the surface. Despite the
oxygen states being observed at the Fermi level, they had very low density (Figure 10b).

Figure 10. Electron energy spectra (a,c) and local density of states of surface atoms (b,d) in the case of
GaSb(111)B surface with three O adatoms in Ga-B positions (a,b) and GaSb(111)A surface with three
O adatoms in Sb-B positions (c,d). The surface states localized on Ga, Sb, and O atoms are shown by
blue, yellow, and red balls, respectively. The denotations of the zero energy, the bulk states, the Fermi
level, and the size of balls are the same as in Figure 3.

For comparison, Figure 10c shows an electron energy spectrum of the Ga-terminated
surface with three oxygen atoms. It is seen that the electron energy spectrum had a
very similar structure as in the previous case. However, in the present case, there were
significantly more surface states at the Fermi level. Basically, these surface states were
localized on oxygen atoms, and only states at the edge of the 2D BZ were localized on
subsurface antimony atoms. The degree of their localization on Sb2 atoms was too weak,
and the corresponding circles are not shown in Figure 10c. Although the structure of
unoccupied surface states was similar for both surface terminations, their number in the
case of the Ga-terminated surface was greater (Figure 10d). Thus, the obtained results allow
us to conclude that the native oxidation of the GaSb(111)B surface leads to a decrease in the
density of surface states at the Fermi level in comparison with the ideal surface. This is in
agreement with earlier theoretical results obtained for InSb and with experiment [48].
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4. Conclusions

The interaction of electronegative adsorbates (O and F) with the GaSb(111) surface, de-
pending on its termination, was studied using the projector augmented-wave method. The
atomic and electronic structures of the ideal surface and with adsorbates were calculated.
It was shown that regardless of the surface termination, the most preferred position for
oxygen adsorption is the bridge Ga(Sb)-B position between the surface gallium (antimony)
atoms, and for fluorine, the top Ga(Sb)-T position above the surface gallium (antimony)
atom. The binding energy of oxygen in the most preferred position on the Ga-terminated
surface is ~0.4 eV higher than that of fluorine. A larger difference in the binding energies of
adsorbates of ~1.5 eV was obtained on the anion-terminated surface.

The adsorption of fluorine on the GaSb(111)A surface, as in the case of GaAs, InAs,
and InSb, leads to the elimination of surface states formed by pz-orbitals of cations on
unreconstructed surfaces and to unpinning of the Fermi level. However, this trend is not
valid on the GaSb(111)B surface. Oxygen adsorption leads to similar effects regardless
of the termination of the GaSb(111) surface—additional states appear in the band gap.
The established trends in the changes of the atomic and electronic structures upon the
adsorption of fluorine and oxygen on the GaSb(111) surface are consistent with those
revealed previously on the surfaces of semiconductors GaAs, InAs, and InSb [21,25–27],
which indicates a weak effect of both anions and cations on the interaction of electronegative
adsorbates with the AIIIBV(111) surface.

In general, the obtained results contribute to a deeper understanding of the electronic
properties of the (111) surface of AIIIBV semiconductors, which is important both for their
practical application and for predicting the electronic properties of ternary semiconductor
compounds based on them.
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