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The equilibrium sites, vibrational frequencies, and electronic properties of interstitial H in
GaAs doped with Si have been studied by first-principles calculations in the local density ap-
proximation within a supercell approach. Two different Si sites in GaAs have been examined: Si
replacing a Ga atom (Siga donor) and Si replacing an As atom (Sias acceptor). We find that the
stable configuration for the H-Sig. complex is the antibonding-Si site. The lattice undergoes a
large relaxation and the Si-As bond is almost broken. The stable site for the H-Sias complex
is along the Sij;-Ga bond. H binds to the Si and Ga atoms forming a three-center bond. In
both cases the lattice relaxation is essential in order to obtain the passivation of the impurities.
The computed localized vibrational frequencies and dissociation energies of the H-Si complexes

agree reasonably well with experimental results.

I. INTRODUCTION

Si is one of the most widely employed shallow dopants
in GaAs because of its high incorporation coefficient and
its very low diffusivity. By varying the growth condi-
tions it is possible to n-dope or p-dope GaAs with Si
atoms.! Usually, Si is incorporated on the Ga site (Siga)
and forms a donor level, some 5.8 meV lower than the
conduction-band minimum. On the other hand, Si can
be incorporated on an As site (Sias), where it behaves as
an acceptor with a binding energy of 34 meV. More in-
terestingly, a recent calculation? suggests that the donor
impurity is metastable. In addition to the shallow state,
a deep level is formed as the donor traps an electron and
undergoes a large lattice relaxation. This deep level is
identified with the DX center, which is typical of the
Al;Ga;_,As alloy and causes detrimental effects to the
electronic properties of the alloy.3

It is now well established that the introduction of
atomic H in semiconductors causes the passivation of
a variety of centers, shallow as well as deep.? In GaAs
the reduction of the electrical activity of Si donors has
been demonstrated.> The physical mechanism for the
passivation of shallow impurities is the bonding of the
H atom to the dopant, with the formation of a neutral
complex. Localized vibrational modes have indeed been
observed for the H-Si complex both in n-type GaAs and
in p-type GaAs.®~38 The localized vibrational frequencies
measured by far-infrared transmission spectroscopy are
summarized in Table I. The H sites are of C3, symme-
try along the < 111 > axis. In the Al,Ga;_,As alloy,
the DX-center density is reduced by H diffusion but the
microscopic details of the passivation are still unclear.

In our previous work®, we discussed neutral H in GaAs.
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An amphoteric behavior has been found: H induces a
deep donor level in the band gap when placed in the
bond-center (BC) site and a deep acceptor level when
placed in a high-charge-density region out of the bond.
Hence, we have suggested that the passivation of impu-
rities occurs through their neutralization, which follows
the pairing between the H and the impurity (this is not
merely a compensation mechanism because of the bond-
ing between H and the impurity). The stable site for
undoped GaAs is an antibonding site (AB) with an As
atom as a first neighbor. Very recently, calculations of
passivation of Si-donors and Be-acceptors in GaAs were
presented.'® Both impurities studied in Ref. 10 are sub-
stitutional on a Ga site.

In this paper, we present state-of-the-art first-
principles calculations of the H passivation of Si impu-
rities in GaAs. We have studied several high-symmetry

TABLE I. Vibrational frequencies of the H-Si localized
modes in GaAs. v, is the stretching frequency and v, is the
bending frequency of the complex. Experimental data are
given at liquid-helium temperature. Theoretical data enclosed
in parentheses are from 32-atom supercells; the other data are
from 16-atom supercells.

Expt. Theor.
vs (em™!) v (em™!) v, (cm™!)  wp (emT?)
n-type 1717 897° 1590 (1460) 790 (850)
GaAs
p-type 2095° 2240 (2100) 400 (260)
GaAs

® Reference 7.
> Reference 8.
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sites for H introduced in the GaAs lattice doped with
Siga or with Sigs. In this way, we have studied the pas-
sivation of impurities that are substitutional on both the
Ga or As sublattice (see Fig. 1).

We have performed total-energy and forces cal-
culations in the framework of the local-density-
approximation (LDA) pseudopotential method. The
technical details are similar to those of Ref. 9. A 16-
atom supercell has been used to determine the lowest-
energy H sites. These sites have also been studied with
a 32-atom supercell, containing 16 As (Ga) atoms, 15
Ga (As) atoms, 1 Si atom on a Ga (As) site, and 1 H
atom. All calculations have been performed at the bulk
theoretical equilibrium parameter ag = 5.61 A, with spe-
cial points equivalent to the two special points in the
zinc-blende Brillouin zone, and with plane waves up to a
kinetic energy of 12 Ry.

A correct description of shallow impurities, such as
Si in GaAs, requires very large supercells because the
impurity wave function extends over several lattice pa-
rameters. With the supercells we have used (in the 32-
atom cell, two neighboring H or Si atoms are at 9.72 A)
the band structure of GaAs with substitutional Si (ei-
ther Siga or Sias) strongly resembles that of pure GaAs.
The impurity level is at the bottom of the conduction
band for Siga and at the top of the valence band for
Sias. On the other hand, convergence tests and previous
experience® ! indicate that our supercells are appropri-
ate for the study of H-Si complexes.

Tables II and III summarize the results for p and n-
doped GaAs. The labels of the different sites show the
initial position of H in the GaAs lattice before the relax-
ation (see Fig. 1). All atoms in the cell are allowed to
relax. In each case the displacements of H are along the
bond direction.

II. SILICON DONOR

When Si substitutes for a Ga atom (Table II), the
lowest-energy site turns out'to be the AB site. The
energy differences between this site and the others are

FIG. 1. Sketch of the high-symmetry interstitial sites for
the H atom studied. The cube contains two Si atoms to de-
scribe the notation for both Siga and Sia,. BC is the bond-
center site, AB is the antibonding site (with a Si atom as a
nearest neighbor), BB is the antibonding site (with a Ga or
As atom as a nearest neighbor), and T is the tetrahedral site
with the subscript indicating the nearest-neighbor atoms in
the (111) direction.
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TABLE II. Total-energy differences for interstitial H in
n-doped GaAs. The Si atom substitutes for a Ga atom. The
zero of the energy is the total energy for H in an antibonding
position. The last three rows give the distances between H
and the nearest-neighbor atoms in the (111) direction, and
the Si-As bond length. The resulting Si-As bond length in the
relaxed crystal without the H interstitial atom turns out to
be 2.39 A (2.41 A). (The asterisk denotes a 32-atom-supercell
calculation.) In GaAs the theoretical bond length is 2.43 A.
The different columns correspond to the results for H in the
different high-symmetry interstitial sites shown in Fig. 1. The
data refer to 16-atom supercells unless specified otherwise.

BC AB Tas Tsi
(eV) 0.81 0.00 0.62 0.36
du—si (A) 1.53 1.61 (1.63*) 1.93
di-as (A) 2.11 2.43
dsi—as (R) 3.64 2.68 (2.67%) 2.42 2.59

higher than those found for neutral H in GaAs.® The Si
atom relaxes from its lattice site away from the As atoms
(0.51 A) towards the H atom and becomes almost copla-
nar with its three nearest-neighbor Ga atoms. The As
atom moves towards the Si atom of 0.26 A. The H-Si
distance is somewhat. larger than the typical bond length
found in a silane molecule (about 1.5 A),!! indicating a
slight weakening of the bond. The energy gain during the
relaxation is 2.3 eV. A similar relaxation of the nearby Si
is found for the donor passivation in Si (Ref. 12), though
the H-Si distance (~1.66 A) is larger than in GaAs. It is
interesting to remark that in Si the H does not bind to the
donor impurities but to the host lattice.!? In GaAs, the
configuration with H in the T%; site has a higher energy
with respect to the AB site, and the Si atom relaxes only
by 0.27 A towards the H atom. The Tas site has a neg-
ligible relaxation. The BC site has a higher energy than
both the AB and the Tas sites. When H sits along the
bond, it is nearer to the Si atom than to the As atom,
with a H-Si distance similar to the bond length in the
silane molecule. The BB site is unstable, and when H is
placed in this position it relaxes towards the Tas.

TABLE III. Total-energy differences for interstitial H in
p-doped GaAs. The Si atom substitutes for an As atom. The
zero of the energy is the total energy for H in a bond center
position. The last three rows give the distances in the (111)
direction between H and the nearest-neighbor atoms, and the
Si-As bond length. The resulting Si-Ga bond length in the
relaxed crystal without the H interstitial atom turns out to
be 2.36 A (2.41 A) (The asterisk denotes a 32-atom-supercell
calculation.) The different columns correspond to the results
for H in the different high-symmetry interstitial sites shown in
Fig. 1. The data refer to 16-atom supercells unless specified
otherwise.

BC AB BB Tca Tsi
(eV) 0.00 0.36 1.17  1.61  0.40
du-si () 1.53 (1.55*)  1.56 1.57
du_ca (A) 1.66 (1.70*) 1.57 243
dsi—ca (A)  3.19 (3.25%) 251  2.38 243  2.60
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Figure 2 shows the contour plot of the calculated
charge density in the (110) plane for the H-Si complex.
We can see that the total charge density has a large value
at the H site and is distributed along the H-Si line. The
bond between the Si atom and the As atom is strongly
weakened: The Si passes from a sp® bonding configura-
tion to a sp? configuration, and the surplus electron is
taken by the bonding between the Si and H. The defect
level induced by the Sig, atom in bulk GaAs is at the
bottom of the conduction band. When H is introduced
in the AB site, and relaxation is not allowed, the defect
level does not move. After the relaxation, the defect level
is pushed toward the valence band. The Fermi level for
the neutral H-Si complex at the AB site is located at the
bottom of the conduction band. Hence the gap state in-
duced by the donor Si impurity is full, and the donor is
neutralized. The gap state has an antibonding character
between the Si and As atoms and bears no charge on the
H atoms. The bonding level, whose charge density is lo-
calized on the H atom (see Fig. 2), is deep in the valence
band.

In view of the analysis of DX centers, we have per-
formed a calculation for the H-Sis) complex in AlAs and
found similar results for the stable site and lattice relax-
ation to those presented here for GaAs. The model of
the DX center proposed in Ref. 2 indicates a stretching
of the bond (which becomes 3.6 A long) between the As
and the Si atoms when Si binds an extra electron (i.e., it
passes from a simple substitutional donor to a negatively
charged DX~ center). Our finding of a large lattice re-
laxation of the Si atom when H is introduced (see Table
IT) fits well the H passivation of the DX center, assum-
ing that this model is correct. The total charge density
shown in Ref. 2 for the DX center is compatible with our
Fig. 2, where H shares its electron with the neighboring
Si atom. Globally the H-Si complex is neutral. We re-
mark that in order to have passivation one needs to place
the H atom near the Si atom in the AB position. H in

FIG. 2. Contour plot in the (110) plane of the valence
charge density for interstitial hydrogen in relaxed n-doped
GaAs. The H (indicated in the figure by a small solid-circle)
was initially placed at the antibonding site with a Si atom
as a nearest neighbor. The new positions of H and of the Si
atom after the relaxation are indicated by the arrow tip. The
unrelaxed atomic positions of the Si, Ga, and As atoms are
indicated by solid circles (the bigger ones are for Ga and the
smaller ones are for As). Due to the small relaxation of the As
and Ga atoms, the relaxed positions have not been indicated.
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the Tg; site does not interact enough with the Si atom
to form a complex and drive the Si atom into the sp?
configuration.

III. SILICON ACCEPTOR

When Si substitutes for an As atom (Table III), the
stable site turns out to be the BC. A large bond enlarge-
ment occurs. The H atom is positioned in about the
middle of the bond, slightly closer to the Si atom than to
the Ga atom. The Si and Ga atoms move away from the
H atom a distance of 0.38 and 0.45 A, respectively (for
neutral H placed along the bond of a GaAs lattice, the H
moves toward the Ga atom and away from the As atom,
and the Ga-H distance becomes 1.68 A). The energy gain
during the relaxation amounts to 3.5 eV. The AB site has
an energy higher by only 0.36 eV with respect to the BC
site and the distance between the H and the Si is similar
for the two configurations. In Si, detailed calculations
have been reported for the passivation of the B acceptor
impurity.!® The stable site turns out to be the relaxed
BC site, as in GaAs. The energy differences between
the AB, BB, and BC sites turn out to be very similar to
what we have found for the passivation of the acceptor in
GaAs. In the BC site of Si, H is positioned closer to the
acceptor (a distance of 1.36 A) than to the Si atom (1.65
A), where H is positioned nearer to the Si impurities.

Figure 3 shows the contour plot of the calculated
charge density in the (110) plane. The charge density
has a large value at the H site and is distributed along
the Si-H-Ga line. A three-center bond is formed. The
Fermi level is located in the band gap between the top of
the valence band and the unoccupied gap states. Hence
the acceptor has been neutralized. The H atom supplies
the missing electrons and binds together the Si and Ga
atoms. The charge density of the gap states is localized
on the H atom and behaves as an antibonding state be-
tween the Si and Ga atoms.

IV. VIBRATIONAL AND DISSOCIATION
ENERGIES
The vibrational energies of the H-Si complex have been
evaluated by moving the H atom and calculating the
Hellmann-Feynman restoring forces, which act on the H

» B
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FIG. 3. Contour plot in the (110) plane of the valence
charge density for interstitial hydrogen in relaxed p-doped
GaAs. The H was initially placed at the bond center between
the Ga and the Si atoms. The same notations as in Fig. 2
have been used.
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atom (see Ref. 11 for more details). The values for the

"stretching and bending mode energies are reported in Ta-
ble I for the stable H sites. The computed vibrational
frequencies are in overall agreement with those found in
experiments considering that the theoretical estimates for
the silane stretching and bending mode frequencies point
toward an underestimate of the H-Si interaction.!! For
comparison, neutral H has a stretching frequency of 1945
em™! in the BC site of pure Si,'* 2400 cm™~! in the BC
site of pure GaAs,® 1600 cm™! in the As antibonding site
of pure GaAs,® and 1460 cm™! in the Si antibonding site
of n-doped Si.1?:12 The vibrational frequencies we find
for H-Sig, confirm that the donor passivation of Si in
GaAs is similar to the complexing between H and Si in
n-doped Si. For the H-Sia we find a value of the stretch-
ing vibration frequency that is between the values found
for the pure H-Si bond and the Ga-H-As bond. This fact
confirms our picture of the formation of a three-center
bond when the acceptor is passivated. Indeed, a depen-
dence of the localized vibrational energy on the acceptor
atoms has been experimentally found (2036 cm~! for Be
acceptors and 2147 cm~?! for Zn acceptors).”

Our results show that the line at 972 cm™! found in
p-type GaAs (Ref. 8) is not due to the H-Si vibrational
mode, but it could be due to more complex configura-
tions. In addition, in p-doped GaAs the bending mode
for H in the BC at 260 cm™! is not experimentally ob-
served because it is degenerated with the longitudinal-
optical-phonon Raman frequency.

We have found a qualitative agreement with the results
of Ref. 10 obtained by a cluster calculation. However
the details of the lattice relaxation, and consequently the
vibrational frequency of the hydrogen-dopant complex,
are different. In particular, a H-Si bond length shorter
than in our calculation has been found (possibly due to a
stronger H-Si interaction). Moreover, for the H-acceptor
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configuration, we have not found any tendency for the H
to move off of the axis.

Dissociation energies of about 1.6 .eV for H-Zng,
(where Zng, is an acceptor) and of about 2 eV for a
H-donor complex were found by thermal recovering of
the passivated dopants.!®> To compute the dissociation
energy of the H-Sig, complex one has to consider the
following reaction:

(H — Siga)® — Siga + H? ,

where the H-Sig, complex is dissociated in a donor Siga
and a H atom in the GaAs lattice. The dissociation en-
ergy (E4) is the energy difference between the initial and
final configuration of the reaction

Eq = —E(H — Siga) + E(Siga) + E(H°) — E(GaAs) ,

where E(H — Sig,) is the total energy of the Sig, doped
lattice with H in the AB site, E(Siga) is the total energy
of Siga doped GaAs, and E(HO) is the total energy of the
GaAs lattice with a H atom in the minimum energy site.
We find Eg ~2.2¢eV.

For the H-Sias, the dissociation reaction is

(H — Sias)® — Sias + H®

and the corresponding dissociation energy is E4 ~ 1.75

eV.
In conclusion, the stable configuration for the H-donor

complex in GaAs is an antibonding donor site, and the
stable configuration for the H-acceptor complex in GaAs
is a site along the bond near the bond center. The relax-
ation is very important to obtain the passivation of the
impurity.
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