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Gallium antimonide exhibits a high unintentional p-type conductivity, which is conventionally attributed to
native point defects. Our first-principles calculations, based on density-functional theory with inclusion of
spin-orbit interactions, provide evidence that isolated hydrogen in GaSb acts as a source of p-type doping; it
can be incorporated in high concentrations and acts as a shallow acceptor. We also report results for diffusion
barriers, for frequencies of local vibrational modes, and for interstitial H2 molecules.
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I. INTRODUCTION

GaSb is an interesting material from both a fundamental
and an applied perspective.1 Its optical and electronic prop-
erties allow applications in the areas of high-speed electronic
devices, infrared �IR� optics, and renewable energy.1 Its high
electron mobility together with a unique combination of
band gaps and band offsets with several lattice matched com-
pound semiconductors makes GaSb suitable for high electron
mobility transistors. Its relatively low band gap �0.82 eV at 0
K� �Ref. 1� makes it useful for IR detectors and sources.
GaSb-based structures can also be used as booster cells in
tandem solar cell arrangements and high efficiency thermo-
photovoltaic �TPV� cells.2,3

When not intentionally doped, GaSb invariably exhibits
unintentional p-type conductivity with a typical carrier con-
centration of �1017 cm−3 regardless of growth technique
and conditions. Native point defects have traditionally been
invoked to explain this conductivity.4,5 Understanding the
underlying causes of this conductivity, and controlling the
concentration of electrically active impurities and defects is
key to the development of advanced devices based on this
material.

Hydrogen is known to have important effects on the elec-
tronic properties of many semiconductors. The phenomenon
of hydrogen passivation—the ability of hydrogen to diffuse
through the lattice and complex with dangling bonds associ-
ated with point defects, thus, neutralizing their electrical
activity—is well known and technologically important. Hy-
drogen can also passivate electrically active dopants.6 Hy-
drogen typically behaves as an amphoteric impurity: in
p-type material, it appears in a positive charge state �H+�,
and thus, neutralizes the electrical activity of acceptors while
in n-type material, it appears as H− and neutralizes the activ-
ity of donors. It has been found, however, that in certain
semiconductors, such as ZnO �Ref. 7� and InN �Ref. 8�, hy-
drogen behaves exclusively as a donor and therefore acts as a
source of conductivity.

Hydrogen can easily be incorporated in materials. Fur-
thermore, hydrogen is intentionally or unintentionally
present in most semiconductor growth environments, as well
as during post-growth processing. Understanding the electri-
cal activity of hydrogen in the material is therefore impor-
tant. Several experimental studies of hydrogen interactions
with GaSb have been published9–11 but they have reported

inconsistent results. All studies find that the passivation of
donor and acceptors is asymmetric but Polyakov et al.9 and
Dutta et al.10 report that hydrogen is more effective in pas-
sivating acceptors. Sestakova et al.11 report that donors are
more readily passivated. Our current work addresses the be-
havior of hydrogen based on first-principles calculations and
aims to resolve these controversies.

In this paper we used first-principles calculations to study
the incorporation of hydrogen in GaSb in atomic as well as
molecular form. For monatomic interstitial hydrogen we re-
port on the formation energies and local lattice relaxations,
the diffusion barrier, and the local vibrational frequencies.
Our results show that interstitial hydrogen in GaSb is not
amphoteric but acts exclusively as an acceptor. Hydrogen
can therefore be a source of p-type conductivity in GaSb and
may contribute to the observed unintentional conductivity.

II. METHODS

We perform first-principles calculation based on density-
functional theory �DFT� �Refs. 12 and 13� and the projector
augmented wave �PAW� method.14 We consider relativistic
effects by including scalar-relativistic effects �through the
pseudopotentials� and also spin-orbit interactions. PAW po-
tentials with valence states 4s23p1 for Ga, 5s25p3 for Sb, and
1s1 for H were used, as implemented in the Vienna ab initio
simulation package �VASP�.15 The electron exchange-
correlation energy was evaluated using the local-density ap-
proximation �LDA�. Impurity calculations were performed in
a supercell geometry with 64 atoms in the supercell. The
Brillouin zone was sampled using the Monkhorst-Pack
technique;16 a shifted 2�2�2 grid was found sufficient for
a 64-atom supercell. The cut-off energy for plane-wave ex-
pansions was 200 eV.

III. RESULTS AND DISCUSSION

A. Bulk GaSb

The crystal structure of GaSb is zinc blende with the

F4̄3m space group. The calculated lattice parameter a
=6.06 Å is 0.5% smaller than the experimental value of
6.0959 Å.17 The total energies for bulk Ga and Sb were
calculated in their respective crystal symmetries, Cmca and

R3̄m. The calculated enthalpy of formation of GaSb is
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−0.48 eV, which agrees well with the experimental value of
−0.43 eV.18 The measured low-temperature band gap of
GaSb is Eg=0.8 eV.1 Our calculated value �without spin-
orbit splitting� for Eg is 0.12 eV, exhibiting the well-known
shortcoming of DFT-LDA, related to the self-interaction er-
ror and the absence of a discontinuity in the exchange-
correlation functional derivative with respect to electron oc-
cupation number. However, it is expected that LDA
adequately represents exchange and correlation in the
valence-band states, and although Kohn-Sham eigenvalues
do not have a strict physical meaning �except for the highest
occupied level19�, they often compare reasonably well with
experiment.

GaSb exhibits substantial relativistic effects, evidenced by
large spin-orbit �SO� splittings.1 Here we focus our attention
on the SO splitting of the topmost valence band at the center
of the Brillouin zone as the position of the valence-band
maximum �VBM� is relevant for the determination of the
formation energy of charged impurities. In the nonrelativistic
limit, the highest valence band at the � point ��15� is sixfold
degenerate �including the spin degeneracy� and dominated
by p-like atomic orbitals. Spin-orbit interactions split this
degeneracy into fourfold-degenerate ��8� and twofold-
degenerate ��7� states. The �8 states are shifted up by 1

3�0
and the �7 states are shifted down by 2

3�0 with respect to
�15.

20 The calculated eigenenergies at the � point with and
without inclusion of spin-orbit interaction are compared with
experiment in Table I. The experimental value of the spin-
orbit splitting energy in GaSb is �0=0.80 eV, which is of
the order of the band gap.1 Our calculated value of 0.73 eV is
in reasonable agreement with experiment. We find an upward
shift in the VBM by 1

3�0=0.24 eV. This shift reduces the
band gap at the � point, leading to a negative band gap in our
fully relativistic calculation. Because of the large magnitude
of the spin-orbit splitting, it is clearly important to take these
relativistic effects into account when studying electronic lev-
els in GaSb.

Table I shows that the calculated valence-band energies
agree reasonably well with experiment except for a slight
overestimate of the bandwidth �by �0.3 eV�. The conduc-
tion bands, on the other hand, are too low in energy by
�0.8–0.9 eV. At the � point, the lowest conduction band
��6� crosses below the valence band. This negative gap ac-
tually does not create any problems for our total-energy cal-
culations. Indeed, the incorrect ordering of valence and con-
duction bands occurs only over a very small portion of the
Brillouin zone in the immediate vicinity of the � point. As
mentioned above, our integrations over the Brillouin zone
are performed using a set of k points determined by a shifted
2�2�2 grid in the Monkhorst-Pack scheme.16 This grid
does not contain any points in the vicinity of the � point
where the gap would be negative. At each of the k points that
are included in the grid, the bands are correctly occupied and
hence produce the correct contribution to the total energy.
The negative gap that occurs over a small portion of the
Brillouin zone therefore has no consequences for the calcu-
lated total energies.

B. Interstitial monatomic hydrogen

The first-principles approach allows us to calculate the
local structure and formation energy of a hydrogen impurity
in the lattice. The formation energy is expressed as23

Ef�Hq� = Etot�Hq� − Etot�bulk� − �H + qEF. �1�

The first two terms are the total energy of the supercell con-
taining a hydrogen interstitial in charge state q and the total
energy of bulk GaSb in the supercell geometry, respectively.
EF is the energy of electrons that are exchanged between a
defect and the reservoir of electrons, i.e., the electron chemi-
cal potential or Fermi level. Below we will reference EF to
the VBM of bulk GaSb. The shift in the reference level for
electrostatic potentials between the bulk and the defect su-
percell was taken into account by properly aligning the
two.23 The reference for the hydrogen chemical potential �H
is the ground-state energy of an H2 molecule at 0 K.

First, we address an isolated hydrogen interstitial in GaSb
in three possible charge states q �+1, 0 , −1�. For each
charge state, different possible interstitial sites were explored
in order to locate the equilibrium position. These include
sites of Td, C3v, C2v, and Cs symmetry, as well as other sites
where the hydrogen atom was randomly displaced from a
high-symmetry site and no symmetry was assumed. In tetra-
hedral symmetry we consider interstitial sites surrounded by
four Ga atoms, TGa, or by four Sb atoms, TSb. In C3v sym-
metry we consider sites that are commonly referred to as the
bond center �BC�, antibonding sites located on the extension
of a GaSb bond near either a Ga �ABGa� or an Sb atom
�ABSb�, and the hexagonal site �Hex�. Sites of C2v symmetry
include the CGa and CSb sites, which occur midway between
two adjacent Ga or Sb atoms. The symmetry sites are illus-
trated in Fig. 1.

Table II lists formation energies �Eq. �1�� for various low
energy stable and metastable sites, with �ESO

f � and without
�E f� inclusion of spin-orbit interactions. The stable configu-
ration �global minimum� for neutral �Hi

0� and positively

TABLE I. Band energies in eV at the � point relative to the
valence-band maximum. The bands calculated with SO splitting are
labeled in double group notation.

Symmetry Degeneracy Eigenvalue Experiment

at �

Without SO

�1v 2 −11.69

�15v 6 0

�1c 2 0.12

�15c 6 2.16

With SO

�6v 2 −11.92 −11.64 a

�7v 2 −0.73 −0.82 a,−0.76b

�8v 4 0

�6c 2 −0.11 0.82b

�7c 2 2.38 3.19b

�8c 4 2.59 3.40b

aReference 21.
bReference 22.
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charged �Hi
+� interstitials is found at the bond-center site.

Similar local lattice relaxations are observed for Hi
0 and Hi

+.
For Hi

0, the hydrogen impurity at the bond center pushes the
surrounding Ga and Sb atoms outward along the bond, and
away from their equilibrium positions, resulting in a Ga-H
distance of 1.75 Å and an Sb-H distance of 1.82 Å. The Ga
and Sb atoms are displaced by 0.45 and 0.49 Å from their
equilibrium positions, respectively. In the case of Hi

+, inter-
stitial hydrogen is equidistant �1.78 Å� from the adjacent Ga
and Sb atoms, which are displaced by 0.50 and 0.44 Å from
their equilibrium positions. Negatively charged hydrogen in-
terstitials, Hi

−, favor an antibonding site near a Ga atom
�ABGa� and cause significant local lattice relaxations, as
shown in Fig. 2. The H atom bonds with the Ga atom, re-
sulting in a breaking of the bond between that Ga atom and
its Sb neighbor along the Ga-H bond axis. The Ga atom that
bonds to the H atom is displaced from its bulk equilibrium
position by 1.01 Å toward the TGa site while the Sb atom
adjacent to this Ga atom moves by 0.32 Å in the direction of
the Ga atom. The Ga-H bond length is 1.66 Å.

The comparison of calculations with and without spin-
orbit interactions indicates that there are significant differ-
ences in the formation energies. However, these differences
are almost completely attributable to the different position of
the VBM in the calculations that include spin-orbit interac-

tions. This upward shift of the VBM �by our calculated value
of 1

3�0=0.24 eV� leads to an increase in the formation en-
ergy of positively charged defects and a decrease in Ef of
negatively charged defects.

Figure 3 shows formation energies of the hydrogen inter-
stitial as a function of Fermi energy. The Fermi energy is
referenced to the VBM �which includes spin-orbit interac-
tions�. It is clear from Fig. 3 that Hi

− is the most stable state
for any position of the Fermi level in the band gap �and
down to 0.12 eV below the VBM�. As a consequence, inter-
stitial hydrogen in GaSb behaves exclusively as an acceptor,
accommodating two electrons in the defect level, and con-
tributing a hole as a free charge carrier. Combined with the
modest formation energies, which indicate a high solubility,
these results indicate that interstitial hydrogen can be a
source of unintentional doping in GaSb. Our results indicate
that if we try to bind a hole �or two holes� to the hydrogen
center �i.e., if we try to make hydrogen neutral or positively
charged�, these holes will not be localized near the hydrogen
since their energy level is resonant with the valence band;
instead, the hole would be bound to the negatively charged
hydrogen center in a “hydrogenic effective-mass state.” The
ionization energy of the hydrogen acceptor will thus be de-
termined by effective-mass theory, and can be estimated
based on the hole effective mass and the dielectric constant
of the host material, just like for other shallow acceptors.

Sb

TSb

TGa

ABGa

CGa

CSb

Ga

Sb

Hex

AB

BC

FIG. 1. �Color online� Schematic of high-symmetry sites for

interstitial hydrogen in the �11̄0� plane.

TABLE II. Calculated formation energies E f �as defined in Eq.
�1�� for an interstitial hydrogen impurity in all three possible charge
states at various stable and metastable sites in GaSb. The Fermi
level EF is assumed to be at the valence-band maximum.

Charge state Site Ef ESO
f �eV�

H− ABGa 1.14 0.90

H− ABSb 1.42 1.18

H− CSb 1.23 0.98

H+ BC 0.90 1.14

H+ CSb 1.28 1.52

H+ ABSb 1.40 1.64

H0 BC 1.33 1.33

H0 TSb 1.69 1.69

SbGa

H

FIG. 2. �Color online� Local atomic relaxations around a hydro-
gen interstitial at an ABGa site in the negative charge state. Note the
large displacements of the Ga atom and its Sb neighbor.
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FIG. 3. Calculated formation energies of hydrogen interstitials
in GaSb as a function of Fermi level. For each charge state the
energy of the most stable configuration is shown �see Table II�.
Spin-orbit interactions are included and the valence-band maximum
�including spin-orbit splitting� is set to 0.
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Using published values,1 this leads to an ionization energy of
0.02 eV.

Vibrational spectroscopy is an important tool for estab-
lishing the presence of hydrogen in the lattice as well as for
identifying its microscopic structure. We have therefore in-
vestigated local vibrational modes related to Hi

− at ABGa. The
vibrational frequencies are calculated here within the har-
monic approximation. The Ga-H stretching and wagging
mode frequencies are 1518 and 610 cm−1, respectively. The
stretching mode is well above the GaSb phonon spectrum
and should easily be identified in experiments. Anharmonic
corrections were not included here; they tend to shift the
frequency of the stretching mode down by an amount that
could be on the order of 50 cm−1.24 The values reported here
may be useful in the interpretation of future measurements.

We also address the mobility of the hydrogen interstitial
by calculating the minimum-energy diffusion path for Hi

−, as
shown in Fig. 4. The calculations of the diffusion path and
barrier were performed using the nudged elastic band
method.25 Hydrogen diffusion between two global minima at
ABGa is symmetric with respect to TSb, which is a local mini-
mum. The calculated energy barrier for hydrogen diffusion is
0.57 eV; the saddle point corresponds to the hexagonal inter-
stitial site. Experimental measurements of diffusion coeffi-
cients for hydrogen in GaSb suggested barrier heights of
0.45 eV in p-type material and 0.55 eV in n-type material.9

Our results in this section pertain to isolated interstitial
hydrogen with the key conclusion that only the negative
charge state is stable. We have not explicitly performed cal-
culations for hydrogen interacting with other dopant impuri-
ties or with native defects. Nevertheless, based on experience
relating to hydrogen in other semiconductors,26 we can make
some qualitative comments about the pattern of interactions
between hydrogen and other dopants. Figure 3 shows that the
formation energy of interstitial hydrogen depends on the
Fermi level. Let us assume that the concentration of intersti-
tial hydrogen is much lower than that of other electrically
active impurities or defects; the Fermi level in the material is
then determined by those other impurities or defects. Figure
3 tells us that for any Fermi-level position, interstitial hydro-
gen occurs as H−, i.e., it is always negatively charged. This
conclusion immediately provides insight into the qualitative
interaction between hydrogen and dopants: since H− is elec-
trostatically repelled by negatively charged centers, it will

not approach dopants or defects that act as acceptors. Inter-
stitial hydrogen in GaSb is therefore not able to compensate
or passivate acceptor dopants. This is in contrast to the be-
havior of hydrogen in the majority of other semiconductors,
such as Si, GaAs, or GaN �Refs. 26 and 27�: in those mate-
rials, hydrogen behaves as an amphoteric impurity and
would be stable in a positive charge state �H+� in p-type
material. In this charge state, hydrogen is able to neutralize
the electrical activity of acceptors. Since H+ is never stable
in GaSb, neutralization of acceptors cannot occur.

One could speculate that complexes between hydrogen
and other defects or impurities could be formed already dur-
ing the growth of the material; however, such complexes
rarely have sufficient binding energy to be stable during
growth or processing.23 Our findings about isolated intersti-
tial hydrogen are therefore likely to be relevant to the overall
behavior and stability of hydrogen-related species in GaSb.

Comparisons with experiment9–11 may be complicated by
the fact that during hydrogenation experiments, hydrogen
may interact not only with the dopant impurities that were
intentionally introduced but also with other electrically ac-
tive centers �impurities or native defects� that are uninten-
tionally present. In addition, it is possible that hydrogen in-
duces the formation of new defects. Such phenomena would
complicate the interpretation of experimental results.

C. Interstitial hydrogen molecules

We have also studied incorporation of molecular hydro-
gen in the GaSb lattice. Table III lists the formation energies
and H-H bond lengths for H2 molecules at tetrahedral inter-
stitial sites in the GaSb lattice in two different orientations
��111� and �100��. The lowest energy position for the H2
molecule is at the TGa site. Different orientations lead to very
similar energies, the �111� direction leading to an energy
only 0.009 eV higher than the �100� direction. This suggests
a very small barrier for reorientation and rotation at the TGa
site. The formation energy at the TSb site is �0.2 eV higher
than at TGa, consistent with the trend observed in other com-
pound semiconductors:28 H2 at the tetrahedral site sur-
rounded by cations systematically has a lower energy than at
the tetrahedral site surrounded by anions. The presence of the
H2 molecule does not induce any significant local lattice re-
laxations. As shown in Table III, the molecular distance of
the H2 molecule incorporated in the GaSb lattice is slightly
longer than the calculated bond length in vacuum �0.767 Å�.
The vibrational frequency of the H2 molecule at the TGa
site, calculated within the harmonic approximation, is
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FIG. 4. Calculated energies of Hi
− along the minimum-energy

migration path. The path starts and ends at the global minimum
�ABGa�. A local minimum is at ABSb. The highest energy represents
the barrier height and corresponds to the hexagonal interstitial site.

TABLE III. Calculated formation energies Ef for an interstitial
hydrogen molecule with its center of mass situated at various high-
symmetry sites in the lattice, as well as in different orientations.

Site Orientation Ef �eV� dH−H �Å�

TGa �100� 0.209 0.785

TGa �111� 0.218 0.787

TSb �111� 0.409 0.786

TSb �100� 0.403 0.784
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3610 cm−1. In spite of the low formation energy of H2, the
concentration of interstitial H2 is expected to be rather small.
Indeed, hydrogen is usually incorporated into semiconduc-
tors in atomic form, and since monatomic H in GaSb occurs
exclusively in the negative charge state, subsequent forma-
tion of H2 will be inhibited due to Coulomb repulsion be-
tween the monatomic species.

IV. SUMMARY AND CONCLUSIONS

We have presented a first-principles study of the proper-
ties of monatomic and molecular hydrogen in the GaSb
semiconductor. Unlike the amphoteric behavior of hydrogen
in other III–V semiconductors, monatomic hydrogen intersti-
tials in GaSb occur exclusively in the negative charge state.
Hydrogen therefore acts as a shallow acceptor, suggesting
that interstitial hydrogen can act as a source of p-type con-
ductivity in GaSb. Significant lattice relaxations are present
when Hi

− is incorporated in the GaSb lattice with formation
of a Ga-H bond and breaking of a Ga-Sb bond. The large
spin-orbit interactions in GaSb and consequent splitting of

the VBM have to be taken into account when determining
the electrical behavior of interstitial hydrogen. The energy
barrier for the Hi

− diffusion is 0.57 eV. Hydrogen molecules
located at the TGa are also quite stable in GaSb but their
formation will be suppressed due to Coulomb repulsion be-
tween the monatomic species, which are always negatively
charged. Our study suggests that hydrogen can be used to
passivate donors in GaSb but not to control the unintentional
p-type conductivity; indeed, hydrogen is found here to con-
tribute to that unintentional conductivity.
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