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Microscopic structures of Sb-H, Te-H, and Sn-H complexes in silicon
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The microscopic structures of hydrogen-antimony, -tellurium, and -tin complexes in silicon have been
studied using first-principles total-energy calculations, in order to obtain a more definitive understanding
of the various dopant-hydrogen complexes in n-type crystalline silicon. We find that for neutral SbH,
TeH, and SnH complexes, the lowest-energy configurations are similar and of the type AB-Si (the H is
located at the antibonding site of a Si atom that is adjacent to the impurity). The reaction SbH +
H~SbH2 turns out to be exothermic. The results are consistent with recent experimental results using
Mossbauer spectroscopy. For SbH2 various configurations are found that difFer only slightly in energy.
The lowest-energy configuration of SbH& complexes exhibits electrical properties similar to those of sub-
stitutional Sb. This suggests that the formation of SbH2 not only competes with that of SbH and H2, but
may also electrically activate the sample.

I. INTRODUCTION

Hydrogen interacts strongly with dopants in crystalline
silicon (c-Si), often causing a qualitative change in the
electrical and optical properties of the dopants. ' Because
hydrogen is present in practically every step during the
processing of Si devices, a substantial body of research
has been stimulated to provide an information base for
prediction and control. ' H passivation of the shallow
dopants is now known to be caused by the formation of
neutral dopant-hydrogen complexes. Microscopic struc-
tures of the hydrogen-associated complexes are also stud-
ied in great depth. The central issue here is a more
definitive understanding of the various dopant-hydrogen
complexes in n-type c-Si and their contributions to the
electrical properties. One of the important questions is
why the passivation efficiency for shallow dopants is gen-
erally lower in n-type Si than in p-type Si. Furthermore,
although a considerable level of understanding of the hy-
drogen passivation of shallow-level impurities in c-Si has
been achieved, little is known about the microscopic na-
ture of the interactions between H and deep-level impuri-
ties (for example, the chalcogens). Experimental evidence
has been given for the hydrogen passivation of chalcogen
impurities in c-Si. However, the passivation mechanism
was not clear.

Recently, Mossbauer data on donor-H complexes in n-

type c-Si have been presented, which provide evidence for
the formation of various donor-H complexes. ' In these
studies, two visible lines and an "invisible fraction" are
observed both in Sb-H and in Te-H systems (the invisible
fraction manifests itself as a decrease of the total resonant
absorption). The visible lines are attributed to fourfold
coordinated substitutional donors and donor-one-H corn-

plexes (SbH and TeH}, respectively, whereas the invisible
fractions are assumed to be associated with donor-two-H
complexes (SbH2 and TeHz}. Moreover, to account for
the observed data in the Sb-H system, it is necessary to
introduce three species in thermal equilibrium; the well-
known SbH complex, the SbH2 complex, and a reservoir
consisting of H clustered in the form of H2. From a de-
tailed analysis of the time-dependent Mossbauer spectra
of the Te-H system it has been suggested that the H sites
in TeH and SbH complexes are very similar.

As far as we know, no theoretical calculations have
been carried out on Sb-H and Te-H complexes in c-Si.
There are a number of theoretical studies reported on the
PH pair in c-Si. While in all cases the results indicate
that for a H atom in the neutral PH complex the anti-
bonding site of a Si that is adjacent to the P atom ( AB-Si)
is the global energy minimum site for H, there are de-
tailed structural differences, resulting in different calcu-
lated H vibrational frequencies. Ab initio Hartree-Fock
cluster calculations have been performed on the PH2 sys-
tem, suggesting two possible configurations.

In this paper, we focus on the study of the microscopic
structures and properties of donor-hydrogen complexes
in c-Si, using the first-principles pseudopotential-density-
functional method. In order to make a connection to the
Mossbauer experiments, we also investigate the proper-
ties of Sn-H complexes, because in the Mossbauer experi-
ments ' one actually measures the y ray emitted from
the excited " Sn nucleus. For neutral SbH, TeH, and
SnH complexes, the lowest-energy configurations are
found to be similar and of the type AB-Si (the H is locat-
ed at the antibonding site of a Si that is adjacent to the
impurity). This is consistent with the Mossbauer re-
sults. ' For the Sb-H system, the binding energies of H
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atoms in the complexes are calculated. The results indi-
cate that the formation of SbHz is indeed exothermic, in
agreement with the experiment. Furthermore, we find
that SbH2 exhibits electrical properties similar to those of
substitutional Sb. This suggests that the formation of
SbH2 not only competes with that of SbH and H2*, but
may also electrically activate the sample. Microscopic
structures of the various impurity-H complexes are pro-
posed. We find a different lowest-energy configuration
for SbHz (and PHz) complexes than that proposed by
Korpas, Corbett, and Estreicher.

Knowledge about impurity sites and precise positions
of the crystal nuclei in the neighborhood of defects in
semiconductors is important in order to achieve a better
understanding of the impurity electronic structure, the
hyperfine interactions, diffusion properties, formation
and reaction energies, solubilities, and the interchange
of atoms at heterojunctions. Therefore, we have also
performed calculations for the relaxations of the host
crystal around a fourfold-coordinated substitutional (Sn,
Sb, and Te} impurity in c-Si, which is of interest in itself
and also helpful for further calculations where the H
atoms are taken into account.

This paper is organized as follows. The calculational
details are described in Sec. II. In Sec. III, we present the
results for fourfold-coordinated substitutional impurities,
i.e., Sn, Sb, and Te. Then the results for impurity-one-
hydrogen and impurity-two-hydrogen complexes are
given in Sec. IV and Sec. V, respectively. In Sec. VI, we
calculate the binding energies of various complexes. In
Sec. VII we try to understand the invisible fraction in
Mossbauer experiments based on the theoretical results.
Conclusions are drawn in Sec. VIII.

II. CALCULATIONAL DETAILS

The calculational procedure used in this paper is based
on density-functional theory (DFT}, using the local-
density approximation (LDA) and ab initio norm-
conserving pseudopotentials. The method is well docu-
mented' and has been shown to accurately reproduce
and predict ground-state properties of bulk and defective
semiconductors, in particular, for applications to H and
H-impurity complexes in Si." ' The Hamiltonian in
the Kohn-Sham equations for the valence electrons in a
crystal is constructed using norm-conserving pseudopo-

tentials to describe the interaction between atomic cores
(nuclei plus core electrons) and valence electrons. For
the exchange and correlation interaction we use the LDA
to the exchange and correlation functional that was
parametrized by Perdew and Zunger using the Monte
Carlo simulations of an electron gas by Ceperley and Ald-
er 10

The Kohn-Sham equations are solved by expanding all
functions of interest (one-electron wave functions, poten-
tials, etc.) in plane waves and solving the resulting matrix
eigenvalue problem. This procedure is iterated until a
self-consistent solution is obtained, i.e., until the effective
potential for the valence electrons that enters the Hamil-
tonian equals the effective potential that is calculated
from the wave functions that are solutions for this Hamil-
tonian. From the self-consistent one-electron energies
and wave functions the total energy is calculated using a
momentum-space formalism. '

The properties of different impurities (Sb, Te, and Sn)
and impurity-hydrogen complexes in Si are studied in a
supercell geometry. For every configuration that we con-
sider, the atoms of the host crystal are allowed to relax by
minimizing the total energy with respect to the host-
crystal atomic coordinates. Relaxations up to second-
nearest neighbors of the impurity and H atoms are al-
lowed during the calculations.

A. Norm-conserving pseudopotentials

The Si pseudopotentials are generated according to the
Hamann-Schliiter-Chiang scheme, and have been success-
fully used in previous work. " ' For Sb, Al, Sn, and Te
we use the tabulated pseudopotential of Bachelet,
Hamann, and Schliiter. ' No spin-orbit coupling (relativ-
istic effect) is taken into account in these pseudopoten-
tials. For hydrogen we have used the exact I /r Coulomb
potential of the proton. Test calculations were done in
Ref. 13 to show that no gain in convergence properties
was obtained by using a pseudopotential for hydrogen,
and that the l/r divergence of the Coulomb potential
near the core presented no difficulties. '

We test these pseudopotentials by calculating the total
energies of Si, a-Sn in the diamond structure and of A1Sb
in the zinc-blende structure as a function of the lattice
constants. The calculated values are obtained using a
two-atom supercell with the kinetic-energy cutoffs (E~
and Ez) being 20 and 40 Ry (see Sec. II C for the nota-

TABLE I. Comparison of calculated equilibrium properties with experiments for Si, AlSb, and a-Sn.
a,q and Bo denote the equilibrium lattice constant and bulk modulus, respectively. The calculated pres-
sure derivative (B') is also given.

Calc.
Si

Expt. Calc.
Alsb

Expt. Calc.
o.-Sn

Expt.

a, (A)
Bo (Mbar)
Bt

5.41
0.95
4.45

5.429 (0 K)'
0 99'

6.08
0.56
4.31

6.135 (RT)b
0.58"

6.39
0.45
4.87

6.483 (90 K)'
053

'Reference 15.
Reference 16.

'Reference 17.
Reference 18.
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D. Brillouin-zone integrations

In two distinct stages of the calculation of the total en-

ergy, an integration over the first Brillouin zone has to be
performed: (1) calculation of the valence charge density
from the one-electron wave functions and (2) calculation
of the band-structure energy term from the one-electron
energies. ' In our calculations integrations over the first
Brillouin zone are performed using the special-points
scheme. ' ' The special points sets are generated with
the parameter q equal to 2 for most of the calculations.
The number of special points created with q =2 depends
on the symmetry of the configuration, i.e., the positions
of the H and the impurity atoms. ' It is also different for
the different supercell sizes that we use. When H is locat-
ed at a position on the extension of a Si-impurity bond,
q =2 results in two special points for the 32-atom cell.
For less symmetric H positions this number can be as
high as 4 in the 32-atom cell.

E. Charge states

ue problem.
Dispersion of the defect levels due to interactions be-

tween neighboring supercells places an error bar on the
derived position for any defect level. Yet, the main
sources of uncertainty in the calculations are the wel1-

known intrinsic deficiencies of the LDA —in particular,
the fact that LDA predicts conduction bands and hence
conduction-band-derived energy levels to be too low.
However, as pointed out by Van de Walle et al. ,

' a qual-
itative distinction between various positions of the H-
induced level can still be made. Furthermore, while the
absolute position of the defect level is uncertain, its rela-
tive shift induced by displacements of the impurity or by
changes in the charge state is quite reliable. These obser-
vations will allow us to derive conclusions about the
inAuence of H on the electrical properties of impurity-H
complexes.

F. Hydrogen vibrational frequencies

The calculation of charge states requires a careful
treatment, since the LDA pseudopotential expressions for
the total energy are all derived assuming charge neutrali-
ty in the unit cell. Such neutrality is indeed necessary to
avoid divergence of the long-range Coulomb terms. We
refer to Ref. 13 for a detailed description of the approach
for performing the calculations on a charged system. Ba-
sically, in this approach one extra electron is taken out or
put in the supercell. Then, the neutrality of the system is
recovered by assuming that the extra charge is compen-
sated by a charge of opposite sign induced somewhere
else in the lattice. In order to avoid the use of very large
supercells, the neutrality condition has been satisfied by
computing the charge density and the related quantities
with the desired number of electrons and by forcing the
neutrality condition for the electrostatic contributions
(e.g., the Ewald energy). This procedure is justified if the
results are shown to be converged as a function of the su-
percell size.

To avoid confusion, we feel it necessary to make clear
the definitions of an electrical level and a defect level in
our calculations. An electrical level (or occupancy level)
is defined as the position of the Fermi energy for which
the ground state switches from N to N+1 (for a
negative-U center 1 is replaced by 2), where N is the num-
ber of electrons trapped at the defect labeling the formal
charge state of the defect. To give an example: an electri-
cal level 0/+ is that position of the Fermi level for which
the total energy of the neutral complex equals that of the
positively charged complex with the unbound electron at
the Fermi level. This definition includes both electronic
and lattice readjustment energies and thus is not given by
a one-electron eigenvalue calculation. It is only these
levels (characteristic of the boundary between two charge
states), and not the one-electron eigenvalues, that can be
measured in a quasi-equilibrium experiment. By a "shal-
low" or a "deep" level we mean a shallow or a deep elec-
trical level in the band gap. In contrast, by a defect level
we mean a level induced by the presence of the defect in
the band-structure calculation of a one-electron eigenval-

When a minimum-energy configuration is found, we
can calculate the hydrogen vibrational frequencies. We
move the H atom away a little from its equilibrium posi-
tion in directions according to the displacement pattern
of the mode of interest (stretching or wagging) and then
compute the frequency from the curvature of the energy
curve. ' Because H is so much lighter than the other
atoms, the positions of these atoms are kept in the
minimum-energy configuration. The H is moved over
distances that should be small enough to guarantee the H
is moving in a harmonic potential but large enough to in-
duce total-energy differences beyond the error in the con-
vergence. Typically, the H atom is moved over distances
up to 4%%uo of a Si-Si bond length, and the induced energy
change is up to about 25 meV. These energy differences
b,E are fitted to a parabola bE = —,'fxu, where xII is the
displacement of the H atom and f the force constant of
the vibrational mode. The frequency co can then be ob-
tained by calculating co=(f/m~)'~, where m is the
mass of the proton. In this way, vibrational frequencies
are calculated with an estimated accuracy of 100 cm
We expect to find a higher frequency in going to larger
64-atom cells. '

III. SUBSTITUTIONAL Sn, Sb, AND Te IN c-Si

In Table II we list the calculated results of the bond
lengths between Si and these substitutional impurities in
different charge states, which are compared with other
theoretical results for Sn (Refs. 9 and 22) and with the ex-
perimental data using the extended x-ray absorption
fine-structure technique (EXAFS) for Sb obtained at
room temperature for a sample doped with 3.5X10'
crn Sb. No experimental data are available for Te in
Si. In all cases, the nearest-neighboring Si atoms move
outward to accommodate the larger impurity atoms, and
the second-nearest neighbors also relax outward by 0.04
A.

In Si, Sn is an isovalent impurity, while Sb and Te are
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Charge state
Impurity (++ ) (+ ) (0) Other theory EXAFS

Sn
Sb
Te 2.59

2.49 2.473,' 2.509"
2.53 2.54
2.61 2.63

2.53+0.02'

'Reference 22.
Reference 9.

'Reference 23.

TABLE II. The calculated bond lengths (in A) of Si impurity
in different charge states, compared with the EXAFS result and
other theoretical results. Here the Si-Si bond length in c-Si is
2.35 A.

IV. IMPURITY-ONE-HYDROGEN COMPLEXES
IN c-Si

We have performed total-energy calculations for
impurity-one-hydrogen complexes. The lowest-energy
configuration of H in different charge states of the com-
plex was determined by examining several interstitial po-
sitions for H as shown in Fig. 1. These include the bond-
center (BC), antibonding (AB), tetrahedral (Td ), hexago-
nal (Hex), and C sites, where C labels the position at the
center of the rhombus formed by the two neighboring Si-
Si bonds. There are inequivalent Hex and C sites in the
presence of an impurity, which are denoted by Hex' and
C'. The four nearest neighbors to a Td site are shaded.

heterovalent impurities that are, respectively, shallow-
and deep-level dopants. Isovalent impurities have the
same valence electronic structure as the atom they re-
place. Therefore, they do not change the character of the
perfect-crystal chemical bonds. As a consequence, it is
possible to calculate the impurity-induced lattice distor-
tions quite accurately, just using information from per-
fect crystals. ' ' " As exhibited in Table II, our result for
Sn agrees very well with the results obtained from simple
models, such as a valence force field model and a re-
laxed universal parameter tight-binding theory.

On the other hand, for heterovalent impurities simple
models no longer apply. Using state-of-the-art theoreti-
cal methods, we obtain results for Sb that are in very
good agreement with the EXAFS data. Note that the lo-
cal distortion for Sb seems to be larger than for Sb+,
which may not be expected for a shallow donor like Sb
since the hydrogenic state corresponding to such a shal-
low level is known to extend over several tens of
angstroms. This may be due to the finite supercell size
effect. To demonstrate this effect we have performed cal-
culations using 8-atom cells for Sb in neutral and positive
charge states. The difference of bond lengths between
these two charge states in this case is 0.05 A, consider-
ably larger than 0.01 A for the 32-atom cells. This indeed
suggests that the charge-state dependence of the local dis-
tortions for shallow donors is negligible when the super-
cell size is large enough.

Chalcogens in Si are double donors, hence we investi-
gate the charge-state dependence of the lattice relaxations
of Te in all three possible charge states. As shown in
Table II, the outwards distortions are larger for the neu-
tral state than for the positively charged states (increas-
ing by about 0.02 A per electron). Similar behavior has
been found for S in Si. It is not clear if these small
differences are significant; however, the trend can be ex-
plained as follows: this charge-state dependence for a
chalcogen defect, which possesses a very localized wave
function, is a consequence of the antibonding character
of the gap-level wave function, which has a node between
the s-orbital character at the impurity and the largely p-
orbital character at the nearest neighbors. Occupying
this wave function with electrons weakens the bonds be-
tween the impurity and its nearest neighbors, which im-
plies that the neighbors move away from the impurity.

A. SbH complexes
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FIG. 3. (a)—(c) Three structural models of neutral SbH com-
plexes in c-Si called AB-Si, BC, and AB-Sb configurations.
Their energies (using 20 Ry and 32-atom cells), relative to model
(a), are also shown. For comparison the relaxations around the

0
substitutional Sb are shown in (d). The numbers in A are dis-
placements of the atoms from their perfect Si lattice sites, which
are shown with dashed circles (for H these sites are perfect BC,
Td sites).

Figure 3 displays three structural models of neutral
SbH complexes [Figs. 3(a)—3(c)] with trigonal symmetry.
The energies relative to model (a) are also shown. The
numbers in A are displacements of the atoms from their
perfect Si lattice sites, which are shown with dashed cir-
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cles (for H these sites are perfect BC or Td sites). More-
over, we find that the C and C' sites are about 1.9 and 1.5
eV higher in energy than the lowest-energy configuration
[Fig. 3(a)], respectively, and that the Hex and Hex' sites
are about 0.7 eV higher in energy and practically do not
involve any relaxations of the neighboring atoms. We
will not further discuss these sites. For comparison the
relaxations around the substitutional Sb are shown in Fig.
3(d). Figure 4 shows the total valence charge density in

FIG. 4. Total valence charge density in the (110) plane for
the three structural models shown in Fig. 3. The black dots in-
dicate atomic positions and the straight lines connect bonded
atoms. Dashed lines indicate the broken bonds. The contour
spacing is 5.0e/0, where A=160 A is the unit volume of the
8-atom cell {which contains 32 electrons). The lowest-density
contour is given for each configuration and the highest-density
contour is shown to be around the H atomic position.

the (110) plane for the three configurations displayed in
Figs. 3(a)—3(c).

The lowest-energy configuration for the SbH corn-
plexes is the one called AB-Si. The same lowest-energy
configuration was also found for PH and AsH com-
plexes. " In this configuration H is located close to the
Td site of a Si atom bonded to Sb. This Si atom relaxes

0
towards the H atom over a large distance of 0.58 A from
its ideal lattice position, and the Sb atom relaxes by only
0.20 A in the direction of the H atom. This results in an
effectively broken Si-Sb bond and the formation of a H-Si
bond, as can be seen from Fig. 4(a). Bonding is indicated
by the fact that the charge density around the H atom is
clearly modified from the spherical form it has when H is
positioned far away from other atoms; see, for example,
Fig. 4(c) where H is at the AB-Sb site. The H-Si distance
is 1.70 A, which is larger than a typical value of about
1.48 A for a H-Si bond distance in SiH&. This indicates
a weakening of the H-Si bond, which will lead to a lower
stretching frequency than for a typical H-Si bond
[-2000—2200 cm ' (Ref. 13)]. Indeed, we calculate a
stretching frequency of 1393 cm, which is, in view of
the error bar of 100 cm ', close to the experimental re-
sult of 1562 cm '. We expect to find a higher frequency
in going to 64-atom cells. ' Also the calculated frequency
of the H wagging mode of 739 cm ' is in agreement with
the experimental number of 810 cm '. As will be
presented later, other configurations give very different
frequencies. The identification of the experimentally ob-
served complex with this AB-Si configuration is strongly
supported by the agreement of both calculated frequen-
cies with experiment and the fact that the AB-Si
configuration has the lowest energy of all configurations
studied. Table III lists the stretching frequencies ob-
tained from infrared measurements in hydrogen passivat-
ed Si doped with P, As, and Sb, and from theoretical
calculations with the AB-Si model.

Two other local minima configurations shown in Figs.
3(b) and 3(c) are called BC and AB-Sb configurations.
They are, respectively, 1.08 and 0.47 eV higher in energy
than configuration (a). We note that for PH complexes
the total-energy differences among these three
configurations have been found to be much smaller: they
all lie in an energy range of only 0.5 eV." In the AB-Sb
configuration the H is located nearly at the Td site closest
to the Sb atom, with little relaxation of other atoms. The
charge density around H is shown in Fig. 4(c) to be spher-
ical, indicative of an isolated H atom (not bonded to oth-
er atoms). The stretching vibrational frequency of H is
calculated to be 665 cm ', which cannot account for the
value experimentally observed. The configuration highest
in energy of the three shown in Fig. 3 is the one in which
H resides between a Si and an Sb atom [Fig. 3(c)], form-
ing a bond with the Si. The bond length of H-Si in this
configuration is 1.55 A, which is typical for a Si-H bond.
The Sb atom relaxes away from the H atom by 1.09 A
from its ideal position, going through the plane of its
nearest three neighboring Si atoms, which is the conse-
quence of the H breaking the Si-Sb bond and saturating
the Si dangling bond. The calculated stretching frequen-
cy is 2011 cm ', much larger than the experimental
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TABLE III. Frequency (cm ') for the H stretching mode in P-, As-, and Sb-doped c-Si. The energy
cutoff used in the theoretical calculations is given in parentheses.

Expt. data'

Si:P 1555.2
Si:As 1561.0
Si:Sb 1561.7

'Reference 28.
Reference 26.

'Reference 11.

Zhang and Chadi

1290 (11.5 Ry)
1260 (11.5 Ry)

Theoretical value
Denteneer et al. '

1460 (20 Ry)

This work

1393 (20 Ry)

value (Table III).
Furthermore, we examined for Sb the other two

configurations derived from the Si-Sb BC site, which were
viewed as possible metastable configurations by Zhang
and Chadi [Figs. 1(d) and 1(e) in Ref. 26]. In one of these
configurations the H atom is at a BC site with both of its
two neighbors relaxing simultaneously away from it, end-
ing up nearly in the plane of their three neighboring
atoms. The other configuration is structurally the same
as the one shown in Fig. 3(b), yet in this case the Sb and
Si atoms are interchanged (so the H atom is bonded with
Sb and Si is threefold coordinated). We find that these
two configurations are higher in energy than the BC
configuration shown in Fig. 3(b). Moreover, they will
change into the BC configuration without any barrier by
basically moving Si-H-Sb as a whole and by simultane-
ously moving the Si neighbors of Sb first out and then in
again ("opening and closing the gate"). Therefore, we ex-
clude these two configurations as metastable structures,
at least for Sb.

For some configurations the relative stability is also ex-
amined with energy cutoffs of 10 and 20 Ry, as listed in
Table IV. It is demonstrated that the total-energy
differences between different H positions only change
about 0.1 eV when increasing energy cutoffs from 6 and
12 Ry to 10 and 20 Ry. Denteneer, Van de Walle, and
Pantelides' have investigated in detail the energy-cutoff
dependence of the calculated energy differences by exam-
ining a large set of positions for the H atom in B-doped
Si. They find that it is useful to subdivide the different
positions for the H atom into three regions. In region I
the valence-electron density is very high (e.g. , the BC
site); in region II the electron density is lower but still
considerable (e.g., the AB, C, and C' sites); and in region
III the electron density is very small (Td, Hex, and Hex'
sites). Regarding convergence with respect to increasing

the energy cutoffs, they observed the following: energy
differences between sites in the same region change by
less than 0.05 eV by going from cutoffs of 6 and 12 Ry to
cutoffs of 10 and 20 Ry and therefore may be considered
fairly well converged at 6 and 12 Ry. Energy differences
between sites in different regions change by about 0.1 eV
when the combination of sites is region I and region II.
This observation is useful if one wants to extrapolate cal-
culated energy differences to very high-energy cutoffs,
which because of computational limitations cannot be
handled together with large supercells. When the com-
bination of sites is region I and region III, the energy
differences will probably be larger than 0.1 eV.

For the positively charged SbH complex, we note that
the AB-Si site is 0.65 eV lower in energy than the BC site
for H (Table IV), in contrast to the results for H in posi-
tively charged AsH and PH obtained from ab initio
Hartree-Fock calculations where the BC site was found
to be lowest in energy. It is not clear whether this
disagreement is due to different dopants or different
theoretical methods used in the calculations.

Previous studies of H in c-Si (Refs. 12 and 13) have
shown that the behavior of a H atom as an electrically ac-
tive impurity is intimately tied to the position it assumes
in the crystal: the BC (high-charge-density) region giving
rise to donor behavior, while the interstitial (low-charge-
density) region is linked to acceptor behavior. Hydrogen
behaves as an amphoteric impurity, and it counteracts
the electrical activity of dopant impurities in the sample.
Whether the impurity is deactivated or activated by H is
merely a consequence of the specific site that H occupies
near the impurity, combined with already present defect
levels in the gap. Indeed, for the SbH pair we find that,
similar to the case of the PH pair, " H is located in a
low-density region (AB-Si) and the H-related level is lo-
cated slightly below the top of the valence band. This

TABLE IV. The energy difference {in eV) with respect to the lowest-energy configuration of the
same charge state for H in the SbH complexes. The energy-cutoff dependence of the calculated energy
differences can be seen by comparing the values inside (for 20 Ry) and outside (for 12 Ry) the
parentheses.

(+)
(0)

( —)

AB-Si

0.00
0.00 (0.00)
0.00

BC

0.65
1.17 (1.08)
1.17

H sites
AB-Sb

0.18
0.45 (0.47)
0.50

1.9

C'

1.5

Hex

0.7

Hex'

0.7
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level is acceptorlike and becomes occupied by two elec-
trons (one from H and one surplus electron from Sb).
The (empty) donor defect level is pushed into the conduc-
tion band by the rebonding of the Sb-Si-H complex.
The resulting pair is neutral and electrically inactive.

B. TeH complexes

For neutral TeH complexes we have also examined the
three configurations shown in Figs. 3(a)—3(c). The results
show essentially the same behavior as for the case of SbH
complexes. The lowest-energy configuration is of the
type AB-Si. In this configuration the H atom is again
found at the Td site. The Si atom relaxes towards the H

0
atom by as much as 0.75 A, ending up in the plane of its
three neighboring Si atoms. The bond length with the H
atom is 1.62 A. The Te atom relaxes by only 0.19 A in
the direction of the H atom, leading to a Si-Te distance of
2.90 A. The Si-Te bond is effectively broken. The calcu-
lated stretching frequency of H is 1545 cm ', which is
slightly higher than the calculated one for the SbH com-
plex (Table III). This may be merely due to the fact that
the Si-H bond length is slightly shorter in the TeH com-
plex than in the SbH. No frequencies from experiment
are reported, as far as we know, for the TeH complexes in
Si.

The other two metastable configurations are very simi-
lar to the ones shown in Figs. 3(b) and 3(c) but the relaxa-
tions of the Si atoms that are Te neighbors are larger in
this case, simply due to the different relaxations of the Si
atoms that are nearest neighbors of the impurity (see
Table II). With respect to AB-Si, the BC configuration is
0.97 eV higher and the AB-Te configuration is 0.79 eV
higher in energy.

Furthermore, we have calculated the total energy of
these three configurations with proper lattice relaxations
for the TeH complexes in the positive charge state. We
find that the corresponding structures have few
differences between positive and neutral charge states.
The implication of this will be discussed in the following
section. For the positive charge state, the BC
configuration is 1.10 eV higher and the AB-Te
configuration is 0.87 eV higher in energy with respect to
the AB-Si configuration.

C. SnH complexes

In order to compare with Mossbauer experiments, in
which the signals from " SnH complexes were measured,

we also performed total-energy calculations for SnH com-
plexes in three different charge states (positive, neutral,
and negative). We find that the AB-Si configuration is
the lowest-energy configuration for neutral and negative
charge states, whereas the BC configuration is lowest in
energy for the positive charge state. Figure 5 shows three
configurations of neutral SnH complexes [Figs. 5(a) —5(c)]
with the energies relative to the AB-Si configuration.
Comparing the AB-Si configuration of SbH and SnH, one
sees that Sn-Si-H moves as a whole towards the substitu-
tional site of Sn. Figure 5(d) displays the configuration of
fourfold-coordinated substitutional Sn with relaxations of
its first- and second-nearest neighboring Si atoms. Since
Sn is an isovalent impurity in Si, one might expect there
is no difference for stable sites of H in Si and in Si:Sn.
However, we find that the BC site, a lowest-energy
configuration for neutral H in pure Si, ' is no longer a
lowest-energy configuration for H in a neutral SnH com-
plex (Table V).

The energy differences for C, C', Hex, and Hex' sites
with respect to the lowest-energy configurations in
different charge states are given in Table V. We note that
H in SnH+ as well as in SnH complexes has rather low-
energy barriers to move around and that for these two
charge states the energy differences between different
configurations are small.

Figure 6 gives, the Si-H distance of the AB-Si
configurations for SnH and SbH complexes as a function
of charge state of the complexes. The Si-H distance does
not change for the SbH complexes with the AB-Si
configuration, but clearly increases in the SnH complexes
when going from positive to negative charge state. As we
mentioned before, the Si-H distance in TeH shows a simi-
lar behavior as in SbH. According to the argument
presented in Sec. III, the charge-state dependence of the
local distortion of SnH complexes may be the conse-
quence of the antibonding character of the gap-level wave
function, indicative of the presence of a H-induced deep
level in the gap. In contrast, the charge-state indepen-
dence of the local distortion of SbH and TeH complexes
suggests that these systems have no defect levels in the
gap.

Figure 7 shows the relative formation energies of SnH
complexes for different charge states, as a function of
Fermi-level position. To simplify the plot, we only show
the formation energies for the H positions that corre-
spond to the global minimum for a particular charge
state, i.e., BC for SnH+, and Td for SnH and SnH
Figure 7(a) shows the values directly obtained from the

TABLE V. The energy difference (in eV) with respect to the lowest-energy configuration of the same
charge state for H in the SnH complexes. The energy-cutoff dependence of the calculated energy
differences can be seen by comparing the values inside (for 20 Ry) and outside (for 12 Ry) the
parentheses.

(+)
(0)
( —)

Ab-Si

0.29 (0.40)
0.00 (0.00)
0.00 (0.00)

BC

0.00 (0.00)
0.30 (0.17)
0.87 (0.74)

H sites
AB-Sn

0.51 (0.66)
0.22 (0.27)
0.17 (0.19)

0.32
0.70
1.40

C'

0.04
0.36
1.00

Hex

0.35
0.24
0.51

Hex'

0.38
0.23
0.47
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FIG. 7. Relative formation energies for difFerent charge
states of the SnH complexes. (a) shows the uncorrected LDA
values, while (b) results from applying a simple correction
scheme to the energy levels (see text). The zero of energy is ar-
bitrarily chosen as the energy of a neutral H at the AB-Si site.

2.0

o 18-
ccrc

1.7—

HSiSn

—HSiSb

FIG. 5. (a)—(c) Three structural models of neutral SnH com-
plexes in e-Si. Their energies (using 20 Ry), relative to model
(a), are also shown. For comparison the relaxations around the

0
substitutional Sn is shown in (d). The numbers in A are dis-
placements of the atoms from their perfect Si lattice sites, which
are shown with dashed circles (for H these sites are perfect BC,
Td sites).

LDA calculations. As pointed out in Sec. IIE, these
suffer from an uncertainty in the position of the defect
level. Since the antibonding state is derived primarily
from the conduction bands, its defect level position is ex-
pected to be similarly underestimated with respect to the
valence-band maximum. A correction to the underes-
timation of the gap will affect, therefore, the total ener-
gies for SnH and SnH where the antibonding levels are
occupied whereas the energy of SnH+ will not change.
Figure 7(b) displays the results after the "scissor opera-
tion" to bring the band gap into agreement with experi-
ment. ' As is shown in Fig. 7, the inhuence of H on the
electrical activity of the SnH complex depends on the
Fermi level position. As in calculations for monatomic H
in c-Si, ' Fig. 7 predicts that the SnH complex has the
negative-U property; it is donorlike in n-type Si and ac-
ceptorlike in p-type Si. In view of the uncertainty in the
LDA energy levels and the use of the scissors operation
this prediction is debatable. However, recent experi-
ments have shown that for H in c-Si the theoretical pre-
diction is indeed borne out. Therefore the present con-
clusion for SnH is likely to be correct.

{0)

Charge state of the complex

FIG. 6. Si-H distance of the AB-Si configurations for SnH
and SbH complexes as a function of charge state of the com-
plexes.

V. IMPURITY- TWO-HYDROGEN COMPLEXES
IN c-Si

A. SbH& complexes

Previous Mossbauer results provide evidence for the
formation of SbH2 complexes in n-type c-Si. However,
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no vibrational frequencies have been reported so far for
H atoms in these complexes. Furthermore, the micro-
scopic structures of these complexes are not well studied.
We have explored a number of configurations for neutral
SbH2 complexes using an energy cutoff of 20 Ry. Figure
8 displays six configurations [(a)—(f)j and their energies
relative to (a). The small energy differences leave open
the possibility of the occurrence of other configurations.
Configuration (a) consists practically of a substitutional
Sb plus a H2* complex. In the H2* complex, a Si-Si bond
is replaced by two Si-H bonds, with one H close to the
BC site and the other at an antibonding site. '* Figure 9
shows the total valence charge density in the (110) plane
for configuration (a). From Fig. 8(a) and Fig. 9, it is
clearly seen that a Si-Si bond is replaced by two Si-H
bonds. The H(BC) is only slightly displaced from the per-
fect BC site and bonded to the Si atom that is remote
from the H(Td), with a bond length of 1.58 A. The
H(Td ) is located practically at the Td site bonded to its
nearest Si atom in this complex with a bond length of
1.60 A. The stretching frequencies are calculated to be
1921 cm ' for H(BC) and 1727 cm ' for H( Td ). We find

that virtually the same values are obtained using an ener-

gy cutoff of 12 Ry. It is interesting to compare the calcu-
lated frequencies for H atoms in an SbH2 complex with
infrared data of 2061.5 cm ' for H(BC) and 1838.3 cm
for H(Td) in an Hz complex. '

In Fig. 8(b) the two H atoms are located at AB-Si sites,
shifted from the Td sites towards the Sb atom by 0.18 A.

(a) 0.00 eV (b) 0.10 eV

(c) 0.12 eV (d) 0.31 eV

(e) 0.39 eV (f) 0.45 ev

Q Qgg I~I

FIG. 8. Six structural models for neutral SbH2 complexes in

Si. Their energies calculated using a 20 Ry cutoff, with respect
to model (a), are also shown. The dashed circles indicate the
perfect lattice sites (for H these are perfect BC and Td sites).

FIG. 9. Total valence charge density in the (110) plane for
structural model (a) shown in Fig. 8. The contour spacing is 6.0
e/0 (see Fig. 4). It is clearly seen that a Si-Si bond is replaced
by two H-Si bonds.

The two Si atoms relax towards the H atoms by 0.45 A
from their ideal lattice sites, and form bonds with H, with
a bond length of 1.71 A. The Sb atom moves slightly to-
wards the H atoms symmetrically along a (100) direc-
tion. Attempts to break the symmetry by moving the Sb
along a ( 111) direction towards one of the H atoms have
been found to lead to an increase of the total energy.
This configuration is found to be 0.1 eV lower in energy
than configuration (a) when using the lower-energy cutoff',
reflecting that the convergence of the energy difference
between these two configurations is worse (-0.2 eV) than
that for many cases of impurity-one-H complexes ( -0. 1

eV). The stretching frequency of the H atoms is calculat-
ed to be 1163 cm '. Configuration (c) has the Sb and
both H atoms along the same trigonal axis: one H bridges
an Sb-Si bond at a near BC site, the second H is AB to
that Si atom. Now the Si-H distance is 1.62 A. The cal-
culated stretching frequencies are 1665 and 1801 cm
for H at AB-Si and at BC, respectively.

Furthermore, we note that we find configuration (a) to
be the lowest-energy configuration also for the PH2 com-
plexes. For PH2 we find that configuration (a) is 0.65 eV
lower in energy than (b) and only 0.05 eV lower in energy
than (c). Configuration (a) was suggested for P-H com-
plexes in hydrogenated amorphous silicon. In this
configuration, the distances of P-H (Td) and P-H (BC)
are found to be 2.73 and 2.87 A, respectively, which com-
pare well with the P-H distance of 2.6+0.3 A found for
half of the P in hydrogenated amorphous silicon using
NMR spin-echo double-resonance spectroscopy. The
other half of the P in this experiment has a P-H distance
of 4. 1+0.3 A, close to the P-H distance of 4.4 A calcu-
lated for a PH complex in c-Si."

In previous ab initio Hartree-Fock calculations, two
possible lowest-energy configurations for the PH2 com-
plexes were put forward. The lowest-energy
configuration is the one similar to Fig. 8(e) and the
second lowest-energy one is similar to Fig. 8(c). We find
that (e) is 0.6 eV higher in energy than (a) for PH2. Such
a large difference in energy cannot be accounted for by an
error in the method. Therefore, we exclude configuration
(e) as the global energy minimum configuration for PH2
complexes.
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For the SbH2 complex [Fig. 8(a)] because the symmetry
is lower than trigonal, it is no longer easy to identify the
defect levels by comparing with complexes with trigonal
symmetry. However, based on the arguments in the end
of Sec. IVA, we expect the SbH2 complex to have a
shallow-donor property. The two H atoms in the SbH2
form a H2*-like structure which has the electrons of the
H atoms being paired with the energies lying in the
valence bands, and therefore, the behavior of the SbH2
complex is largely determined by the behavior of Sb. By
inspecting the relative formation energies for different
charge states as a function of Fermi level in a way similar
to that in Fig. 7 we find that the SbH2 complex indeed
shows similar behavior to Sb. Thus, the formation of
SbH2 not only competes with that of SbH, but also may
depassivate the sample.

B. SnH2 complexes

We have calculated the total energy for neutral SnH2
complexes with configurations similar to those shown in
Fig. 8. The lowest-energy configuration of SnH2 com-
plexes is found to be the one similar to Fig. 8(c). This is
not surprising as the same configuration as (c) [and (a)
since Sn is then replaced by Si] was found for Hz" in c-
Si. Once again, since Sn is an isovalent impurity in Si,
the behavior of H atoms is the same as if there was no Sn
impurity. H2* is found to be electron-spin-resonance
(ESR) inactive, consistent with the experimental failure
to detect any ESR signal from H in Si. Furthermore,
we find that configurations (a) and (b) are 0.1 and 0.7 eV
higher in energy, respectively, than configuration (c).

Concerning the electrical properties of the SnH2 com-
plex [Fig. 8(c)], we find no defect level induced in the gap.
Furthermore, we find that the resulting complex is neu-
tral and electrically inactive. Again, the SnHz behaves
like H2*.

VI. BINDING ENERGIES OF IMPURITY-H COMPLEXES

We determine binding energies Eb of complexes by cal-
culating the energy difference in the reaction leading to
the formation of the complex. When comparing total-
energy differences, one has to make sure that the compar-
ison is made between exactly the same number of atoms
of each type. For example, consider the following reac-
tion: H (Td )+Sb+ ~SbH. The binding energy of SbH
in this reaction is obtained by calculating the following
total energies: (1) E(SbH), the total energy of the neutral
SbH complex as shown in Fig. 3(a); in this case the super-
cell contains 1 Sb, 1 H, and 31 Si atoms; (2) E(Sb+ ), the
total energy of the fully relaxed Si crystal with a substitu-
tional Sb+; the supercell contains 1 Sb and 31 Si atoms;
(3) E(H ), the total energy of a fully relaxed Si crystal
with a H at the Td site; the supercell contains 1 H and
32 Si atoms; (4) E(Si), the total energy of a pure Si crystal;
the supercell contains 32 Si atoms. Now, the binding en-
ergy of this reaction is given by

Eb= —E(SbH)+E(Sb+)+E(H ) —E(Si) .

Strictly speaking, one should take into account the con-
tributions from zero-point energies in calculating the

TABLE VI. Calculated binding energies per H atom in the
complexes for some reactions. The energy cuto6's of 20 and 12
Ry are used in these calculations.

Reactions
Binding energy (eV)

20 Ry 12 Ry

H (BC)+H (BC)~H2*
H (Td )+Sb+ —+SbH
H (BC)+Sb—+SbH
H (BC)+SbH~SbH2
H (BC)+P+—+PH
H (BC)+PH —+PH2
H (BC)+Te—+TeH
H (BC)+Sn~SnH
H (BC)+SnH~SnH2

0.8
0.6
1.2
0.2

0.85
0.5
1.3
0.3
0.6
0.7
1.4
0.2
1.3

VII. CONSEQUENCES FOR THE MOSSBAUER EFFECT

The Mossbauer spectra obtained from H-implanted
Si:Sb and Si:Te samples show a line at 2.34 mm/s, which
is associated with the formation of SbH and TeH com-
plexes. Because both " Te and " Sb wi11 finally decay
to " Sn, the fact that the same component is observed for
TeH complexes suggests that in the latter case H is locat-
ed at AB-Si, the same site as in SbH complexes. Our cal-
culations indeed show that in all three cases (SbH, TeH,
and SnH complexes) the energy-minimum configurations
are similar (AB-Si). Furthermore, from the calculations
we find that the decay of" Te and " Sb leads to "down
hill" relaxations to " Sn; i.e., the newly formed " Sn
atom finds its equilibrium position without surmounting
an energy barrier. This relaxation is expected to be much
faster than the Mossbauer lifetime (25 ns), and therefore
we observe the Mossbauer effect from the equilibrium
configuration of" Sn.

The situation for the SbH2 complexes is more compli-

binding energies, since the total energies obtained from
our calculations are the minima of static parabola curves.
However, the zero-point correction has only minor effects
on the binding energies we consider here.

In Table VI we present the binding energies for
different reactions assumed. In all cases, the binding en-
ergies are positiUe, suggesting that these reactions are ex-
othermic. In particular, the calculations indicate that the
formation of SbH2 is indeed possible, in qualitative agree-
ment with the Mossbauer results. This remains true as-
suming the reaction H +SbH+~SbH2 for the forma-
tion of the SbH2 complex, which gives a binding energy
of 0.59 eV. For PH2 complexes we obtain a value of 0.7
eV compared with PH and H (BC). Furthermore, it is
observed that for Sb-H complexes the total-energy
differences differ only by a small amount when going
from 12- to 20-Ry cutoff, implying that these properties
have converged reasonably. Although Sn is an isovalent
impurity in Si, the binding energies of the H atom(s) in
SnH and SnH2 complexes are positive, indicating that Sn
can also bind H. This also means that the " Sn-H com-
plexes resulting from the decay of " Sb-H complexes will
be stable at low temperatures.
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cated. The disappearance of a large part of the
Mossbauer absorption after introduction of H is associat-
ed with the formation of SbHz complexes. This must be
connected with large displacements of the excited " Sn
nucleus during the emission of the Mossbauer y ray. The
lower limit of the root-mean-square amplitude of the dis-
placement, (x )'~, is estimated to be 0.15 A, which
cannot be associated with ordinary lattice vibrations. As
was pointed out in Ref. 36, a model to explain this
phenomenon must contain the following ingredients: (1)
H atoms must be mobile on the time scale of the
Mossbauer decay; (2) the motion of the H atoms must
lead to many displacements of the " Sn atoms during
their whole lifetime. We now discuss these points in view
of the microscopic structures of the various complexes
presented in this paper.

We have found that there exist configurations with
nearly the same energy (differences of about 0.1 eV) for
both SbH2 and SnH2. This may open-up the possibility
for a H atom to jump between different configurations,
depending on the barrier heights for the H to migrate
from one site to another. At low temperature H can only
move from one position to another by tunneling. Very
recently, Cheng and Stavola have shown that the reorien-
tation kinetics of the BH complex in Si are non-
Arrhenius, which suggests that the motion of H in the
acceptor-H complexes occurs by thermally assisted tun-
neling. However, we think that invoking tunneling does
not explain our observations, because in order to get a
negligible recoilless fraction, the H motion must also in-
volve displacements of the heavy Sn atom, which will
drastically slow down the tunneling rate. There have
been interesting proposals to explain why H in some com-
plexes reorients by thermally activated jumps while in
others it tunnels rapidly at low temperature. ' Watkins
has discussed the qualitative difference between H
motions for defects in which there were substantial relax-
ations of the H's heavier neighbors (Si) and those that
have only small relaxations of the neighbors. It was ar-
gued that for the case of small relaxation with a tunneling
barrier of 0.5 eV, the proton can tunnel at rates of the or-
der of 10 s ' over a distance of 2.35 A. If there are large
relaxations that involve substantial Si motion when the
proton moves, then the appropriate mass for the tunnel-

ing species approaches the Si mass, thereby reducing the
tunneling rate to about 10 ' s

On the other hand, it might be possible that the local
temperature around the decaying atom is not so low as
the bulk temperature, due to the energy released in the
preceding decay. In this case, thermal motion of H could
occur between various configurations with nearly the
same energy. At this stage, we have to say that our cal-
culations, although giving a hint for what may happen
after the decay from" Sb to" Sn, do not provide a com-

piete explanation for the invisible fraction found in the
Mossbauer experiments.

VIII. CONCLUSIONS

We have studied the microscopic structures and the
properties of isolated substitutional impurities (Sb, Te,
and Sn) and impurity-H complexes in c-Si. For isolated
Sb in Si we find a nearest-neighbor distance of 2.53 A,
corresponding nicely with the EXAFS data. For Te in Si
the Te-Si distance is somewhat larger than for Sb; it
seems to increase in going from the double charged state
to the neutral state, which may be due to the localized
character of the defect level. For Sn we obtained a Sn-Si
distance of 2.49 A, in good agreement with previous cal-
culations.

The lowest-energy configuration of the SbH complex
has the H atom close to an AB site of a Si atom neighbor-
ing the Sb impurity. This Si atom forms a stronger bond
with H than with the Sb atom; consequently the Sb-Si
distance is increased to 2.73 A. The structure resembles
that of the PH complex, although the details are
different. The resulting configuration is neutral and there
is no indication of a defect level in the band gap of Si.
This demonstrates the ability of H to passivate Sb. The
calculated vibrational frequencies of H are in reasonable
agreement with experiments. The neutral and positive
TeH complexes show a behavior similar to that of the
SbH complex, consistent with experimental results using
Mossbauer spectroscopy. For SnH complexes a different
behavior is found. Both a donor and an acceptor level
are present, similar to the case of isolated H. The neutral
and negative SnH complexes have structures similar to
the SbH complex, whereas the positive complex has the
H in a BC site, like in BH.

Calculations on neutral SbH2 complexes yield three
configurations that difFer less than 0.15 eU in energy.
The lowest-energy configuration can be described as a
substitutional Sb atom and an H2* complex. The second
complex has two equivalent H atoms, each one in the
same configuration as in the SbH complex. The third
configuration has axial symmetry and can be described as
Sb-H(BC) —Si-H( Td ). For PH2 complexes similar results
have been obtained. In this case the first configuration
has clearly the lowest energy. In all cases we find that the
reaction SbH+H~SbH2 is exothermic, in agreement
with the interpretation of previous Mossbauer data.
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