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Si-P-H complexes in crystal silicon: A theoretical study
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Complexes formed by silicon, hydrogen, and phosphorus atoms in crystalline silicon have been
studied by an ab initio Hartree-Fock method in a cluster approach. Three hydrogen equilibrium
sites have been obtained, with quite dial'erent passivation efticiencies. An estimate of the bending-
and stretching-mode energies of the hydrogen atom is obtained by an analysis of the cluster normal
modes. Finally, an additional local minimum in boron-doped silicon is reported.

Hydrogen passivation of donors in crystalline silicon,
previously observed by Johnson et al. , ' has been recently
shown to be as strong as the most widely known accep-
tor passivation. ' Far-infrared vibrational spectra in hy-
drogenated P-, As-, and Sb-doped silicon show that the
electrical neutralization of these impurities takes place
through hydrogen-donor-complex formation. The lack
of dependence on donor species of the energy of two
hydrogen-induced absorption lines and the trigonal sym-
metry shown by the splitting under uniaxial stress of
these lines suggest a stable equilibrium position for H at
the antibonding site of a silicon-atom nearest neighbor of
the donor atom (ab-Si, see Fig. 1).

This experimental evidence agrees with the results of
an earlier semiempirical tight-binding study in P-doped
silicon, ' confirmed by a more sophisticated first-
principles supercell approach. The latter finds two addi-
tional local minima, at the impurity-antibonding ab-i site
and at the bond-centered bc site, see Fig. 1. The energy
values corresponding to these two minima are 0.57 and
1.13 eV higher than that of the absolute minimum, re-
spectively. In this supercell approach, the ab-Si site is lo-
cated as much as 2.33 A from the nearest Si—i.e., 0.02 A
from the tetrahedra1 site T—and is characterized by a
weak Si—H bond. The estimated energy for the H
stretching mode is therefore much lower (400 cm ') than
the measured experimental values (1555 and 809 cm
for the stretching and the bending mode, respectively, see
Ref. 2).

An alternative approach can be tried in the framework
of an ab initio Hartree-Fock method by reproducing the
local environment around the hydrogen and the impurity
atoms in a suitable molecular cluster extracted from the
silicon matrix. Close values are indeed measured for the
Si—Si bond length in disilane (2.33 A) (Ref. 7) and in c-Si
(2.35 A), and for the Si—H stretch vibrational energy in
silane (2189 cm ') (Ref. 9) and in annealed hydrogenated
silicon (2060 cm '). ' These chemical bonds can there-
fore be adequately described in c-Si in terms of a local en-
vironment picture. Moreover, the Hartree-Fock method
accurately reproduces the structure of molecules, as will
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FIG. 1. Schematic view of the cluster and the sites studied in
this work. Si atoms are numbered 1 —7 and 9—14; the P atom is
number 8. An additional P atom, not part of the investigated
cluster, has been added for the sake of clarity. The hydrogen
sites shown in this figure are the bond-centered site bc, the
tetrahedral site T, the antibonding site ab, the antibonding site
on the impurity side ab-i, and the antibonding site of a silicon-
atom nearest neighbor of the donor atom (ab-Si).

be shown in the following for the disilane, silane, and
phosphine cases. Similar arguments have justified, in the
past, the use of the Hartree-Fock method and a cluster
approach in the investigation of structural properties of
covalent semiconductors. In the present context this
method may therefore provide a sound support to the un-
derstanding of the experimental findings, while comple-
menting the supercell method. The cluster approach ac-
tually underestimates solid-state effects, whereas the su-
percell method cannot avoid impurity interaction effects,
unless exceedingly large cells are used. Preliminary re-
sults" obtained by Hartree-Fock total-energy calcula-
tions in a Si&oPHz6 cluster (Si and P atoms 1 —11 in Fig. 1)
only in part agree with those reported in Ref. 6. In par-
ticular, a much shorter Si-H distance (1.41 A) for the ab-
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Si configuration, and a reversed energy ordering for the
ab-i and bc configuration, is obtained. " A more detailed
investigation of the H-P complex, thus, has been per-
formed in order to check these preliminary results, to ob-
tain an estimate of the far-infrared vibration modes and
to get a qualitative understanding of the donor passiva-
tion mechanism.

In the present work the equilibrium configurations of
different thoroughly relaxed Si-H-P complexes have been
investigated in a Si,3PH3z cluster (Si and P atoms 1 —14 in
Fig. 1) whose surface has been saturated by H atoms
placed at 1.49 A from the outer silicon atoms. ' This
larger cluster allows a better description of the impurity
environment than that obtained in the 10-silicon-atom
cluster previously investigated. All calculations have
been carried out on the Cray Research, Inc. X-MP/48
supercomputer at Centro di Calcolo Elettronico In-
teruniversitario dell Italia Nord-Orientale by means of
the GAUSSIAN-86 program' and by the Fletcher-Powell
energy-minimization procedure. ' The STO-3G (STO
denotes Slater-type orbital; G stands for Gaussian) basis
set' has been extensively used, while the larger 6-31G
basis set' has been utilized to get an estimate of the H vi-
bration modes.

The absolute energy minimum is found for hydrogen at
an ab-Si site located 1.41 A away from the Si atom. The
Si and P atoms nearest neighbors of the H atom move by
0.63 and 0.09 A from their unrelaxed positions, which re-
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suits in a Si-P distance equal to 3.07 A and in a quasipla-
nar configuration for the Si tetrahedral umbrella. A local
minimum —0.19 eV higher in energy —is attained for hy-
drogen at a bc site placed at 1.39 and 2.04 A from the
nearest Si and P atoms, respectively. Finally, a local
minimum —2.37 eV higher in energy —is found for hy-
drogen at an ab-i site, 1.43 A away from the P atom.
These results closely match those obtained for the bc
configuration in a Si7PH» cluster (Si and P atoms 7—14
in Fig. 1) and those already achieved in the Si,oPHz6 clus-
ter, " thus pointing to negligible cluster size effects.

The estimate of the far-infrared —mode energies strong-
ly depends on the choice of the basis set, as will be shown
in the following. Several basis sets' have been tested by
comparing the computed and experimentally observed
equilibrium geometries and vibrational mode energies of
a few simple molecules. In particular, silane, disilane,
and phosphine molecules —the simplest prototypes of hy-
drogenated Si:P—have been investigated. The values for
the equilibrium bond lengths and angles of these three
molecules are described within a few percent by all the
tested basis sets. The vibrational mode energies have
been evaluated only for the STO-3G and 6-31G basis sets,
which give slightly better equilibrium geometries: in par-
ticular, the Si—Si and the Si—H bond lengths in disilane
are equal to 2.38 and 1.49 A, respectively, as evaluated
with the 6-31G basis set, to be compared with the corre-
sponding experimental values of 2.33 A (Ref. 7) and 1.48
A. ' The estimated mode energies, however, strikingly
differ for these two basis sets: as an example, in the silane
molecule the STO-3G, 6-31G, and experimental values'
are, respectively, 2929, 2277, and 2273 cm ' for the
stretching mode and 1170, 960, and 929 cm ' for the

bending mode.
In P-doped silicon the more reliable 6-31G basis set has

given an energy of 2149 cm ' for a stretching mode of
A, symmetry and of 908 cm ' for a doubly degenerate
bending mode of E symmetry, respectively, when the hy-
drogen atom sits at the ab-Si site. These results have to
be compared with the infrared lines observed at 1555 and
809 cm ' and attributed to the vibrational modes of a
hydrogen atom at the same site. A satisfactory agree-
ment is obtained for the bending-mode energy. The lack
of an agreement for the stretching-mode energy points in-
stead to a Si-H interaction weaker than that suggested by
the present results. An analysis of the electronic charge
distribution performed using Mulliken population
analysis shows a strong Si-H interaction slightly per-
turbed by a weak Si-P interaction, which is responsible
for the small decrease of the Si—H stretching energy
with respect to the silane case. A better description of
the H-Si-P complex could be obtained by using a richer
basis set which includes d valence atomic orbitals for the
Si and P atoms. ' This would strengthen a three-center
interaction, resulting in a less uneven interaction of the Si
atom with its H and P partners, in agreement with the ex-
perimental results. Somewhat opposite conclusions have
been obtained in the supercell approach, resulting in a
stretching-mode energy much lower (400 cm ') than the
experimental value.

Further understanding of the hydrogen equilibrium
geometries can be achieved by comparing the present re-
sults with those already obtained by the same theoretical
approach in pure and boron-doped silicon. In pure sil-
icon the absolute energy minimum is found for H at the
bc site, while a local minimum is obtained at the T site.
The introduction of a substitutional impurity perturbs in
a different way the total-energy topography around these
two sites. The bc site, as to equilibrium conditions, is an
absolute minimum in boron-doped silicon ' and
transforms into a local one in phosphorus-doped silicon.
The T region is more drastically perturbed by the pres-
ence of the impurity. In Si:P the local minimum at T
evolves into two different ab sites —ab-Si and ab-i —the
former now being the absolute minimum and the latter a
local one, as discussed above. In Si:B the T region seems
instead to be completely destabilized, at least for the
high-symmetry sites investigated so far, the T and the
ab-i ones. ' However, an investigation performed
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here on the ab-Si site leads to a local minimum at 1.40 A
from the silicon atom, 2.45 eV higher than the absolute
minimum. This new theoretical result is in excellent
agreement with a recent channeling experiment in Si:8,
which locates 17% of the H atoms at an ab-Si site,
1.2—1.5 A away from the Si atom. All these features
can be related to the different valence of donors and ac-
ceptors. The lower valence of 8 atoms with respect to Si
atoms favors a three-center interaction at the bc site; the
higher valence of P atoms instead promotes fivefold-
coordinated configurations, as those obtained at the ab-i
site and at the ab-Si.

For what concerns passivation effects, it should be
mentioned that, due to the neglect of solid-state effects,
the present approach does not allow an accurate descr'ip-
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tion of the electronic properties of an impurity in the sil-
icon matrix. Nevertheless, some suggestions on the pas-
sivation mechanisms come from the following simplified
picture: the electronic donor level in the P-doped silicon
band gap is attributed to an electron weakly bound to the
donor, the passivation to a reinforcement of this electron-
ic binding. The strength of this binding has been investi-
gated for several Si-P complexes, with and without hy-
drogen, by an analysis of the electronic charge distribu-
tion performed by the Mulliken population analysis. In
absence of hydrogen, the resulting picture is well ac-
counted for by the valence three of the phosphorus atom.
Three of the five P valence electrons indeed form bonds
with the nearest-neighbor silicon atoms, while a weak an-
tibonding character is found for the bond with the fourth
silicon atom. The last two P valence electrons are ar-
ranged in an atomiclike 3p lone pair. This lone pair is the
most likely counterpart of the donor level. In presence of
hydrogen, the atomic arrangements found for the Si-H-P
complexes have different effects on the electronic binding.
In the bc case the electronic charge distribution is virtu-

ally unaffected by the insertion of hydrogen, thus suggest-
ing that passivation does not take place. In the ab-i
geometry, the two lone-pair electrons form bonds with
the H and the fourth Si atoms, according to the five
valence electrons for the phosphorus atom. This strong
binding of the lone-pair electrons corresponds to donor
passivation. In the most stable ab-Si configuration a
weak bond replaces the antibonding feature observed in
absence of hydrogen. The two lone-pair electrons are
only involved in part in the bond formation, possibly re-
sulting in the donor passivation experimentally observed
and already theoretically predicted. ' '

Note added in proof We h. ave only now become aware
that D. Tripathi et al. report [Phys. Rev. 8 (to be pub-
lished)] on a Si-H mode energy in P-doped silicon whose
experimental value is equal to about 2100 cm ', in very
good agreement with our theoretical result.

It is a pleasure to thank E. Tosatti for stimulating and
helpful discussions.
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