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Vibrational frequencies of Si-P-H complexes in crystalline silicon:
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Atomic complexes formed by silicon, hydrogen, and phosphorus in crystalline silicon have
been studied by using the pseudopotential-density-functional method in a supercell approach.
The bending and the stretching H mode energies have been estimated for the stable and the
metastable sites of the H atom. Their values for the stable H site (i.e., the antibonding silicon
one) are in very good agreement with those of two infrared-absorption lines.

The passivation of acceptors and donors observed
in hydrogenated crystalline silicon has been the ob-
ject of a great number of experimental and theoreti-
cal investigations.}~1° Infrared- (ir-) vibrational spectra
have shown that the electrical neutralization of shallow
impurities takes place through the formation of silicon-
hydrogen-impurity complexes;!»%:67° the splitting under
uniaxial stress of the ir-absorption lines has given evi-
dence of a trigonal symmetry for the stable equilibrium
position of the H atom.* Experimental values for the vi-
brational energies, reported by several authors, coincide
for the acceptor-hydrogen-silicon complexes and strongly
disagree for the donor ones.7”

The H equilibrium positions and the vibrational fre-
quencies for the corresponding complexes have been
investigated by using somewhat alternative theoreti-
cal methods: the pseudopotential-density-functionall®:13
(PPDF) or an empirical tight-binding® (TB) method,
in a supercell approach, and different approximation
schemes® 11121415 ¢ the Hartree-Fock (HF) method, in
a cluster approach. In the acceptor case (e.g., boron),
the absolute energy minimum for H has been anyway
found at the bond-center site (BC in Fig.1).® Excellent
agreement has also been obtained between experimen-
tal and theoretical estimates of the Si-H-B vibrational
frequencies.® In the donor case (e.g., phosphorus), the
same theoretical methods have found the H stable equi-
librium position at the antibonding silicon site (AB-Si in
Fig. 1). This nicely agrees with the observation, in hy-
drogenated Si:P, of an independence of the energy of the
absorption lines on the impurity species.® However, TB,
HF, and PPDF computational frameworks®%13:15 have
resulted in different values for the H-Si-P vibrational en-
ergies, which are listed in Table I together with their ex-
perimental counterparts. This corresponds to a different
Si-H interaction, also confirmed by the difference in the

42

bond-length values (see Table I). Si—H bond lengths (vi-
brational frequencies) evaluated in the TB and HF meth-
ods are indeed shorter (higher) than those estimated in
the PPDF one. Therefore, neither the theoretical nor the
experimental findings have yet resulted in an unambigu-
ous description of the H-Si-P complex structure, although
some preliminary PPDF calculations® seem to converge
toward the results reported in Ref. 6.

In the present work, the equilibrium configurations
of Si-H-P complexes have been investigated in the
Hohenberg-Kohn density-functional-theory framework!®
by wusing the Kohn-Sham local-density approxima-
tion'®!7 with the Ceperley-Alder exchange-correlation-
datal® and norm-conserving pseudopotentials!® in a
plane-wave basis set;!” k-space integration has been per-
formed with use of the special-points technique.?’ The
pseudopotentials used for P and H have the same form
as for Si,?! with proper parameters.?? These pseudopo-
tentials have been tested by estimating the equilibrium
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FIG. 1. Hydrogen sites studied in the present work: the
antibonding site of a silicon-atom nearest neighbor of the
donor atom, AB-Si; the antibonding site on the impurity side,
AB-P; the bond-centered sites, BC and BC*; the tetrahedral
site, T; the hexagonal site, H; the C site; and the M site.
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TABLE L
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Different theoretical estimates for the Si-P-H complex geometries and for the vi-

brational energy values of the H atom located at the AB-Si site. Atomic displacements from the
unrelaxed positions are assumed to have a positive sign whenever the atom moves in the [111]
direction from the P atom toward the Si one (see Fig. 1). Values of the ir-absorption lines observed
in hydrogenated Si:P are also reported in the last two lines.

Methods AP ASi H-Si P-Si Vs Vb Ref.
(R) (&) (R) (A) (cm™) (cm™?)

HF? —0.54 0.67 1.44 3.56 2140 630 8
HF —0.19 0.74 1.40 3.28 12
HF —0.09 0.63 1.41 3.07 2149 908 15
TBP 1.61 2145 9

PPDF*¢ —0.05 0.09 2.33 2.49 400 13
Expt. 1555 809 6

Expt. ~2100 7

*HF: Hartree-Fock cluster approach.
PTB: tight-binding supercell approach.

‘PPDF: pseudopotential-density-functional supercell approach.

geometries of the crystalline Si and of the SiH4 and PHj;
molecules, and by evaluating the SiH4 vibrational fre-
quencies. Suitable periodicity conditions have been used
in the molecular case. The computed Si—Si, Si—H and
P—H bond lengths are 2.34, 1.523, and 1.460 A, respec-
tively, in good agreement with the experimental values
(2.35 A from Ref. 23, 1.481 and 1.420 A from Ref. 24).
The theoretical estimates for the silane stretching- and
bending-mode frequencies (2000 and 800 cm™!) are in
satisfactory agreement with the experimental ones (2189
and 913 cm~1),%® and point toward an underestimate of
the Si-H interaction. Further critical parameters are the
supercell size, the number of special k points, and the
kinetic-energy cutoff, which determines the basis-set size.
The first parameter has been tested by using supercells
of 8, 16, and 32 atoms to estimate the influence of the
supercell size on the geometries and on the vibrational
frequencies. The second one has been studied within the
Monkhorst-Pack scheme?® by using special-points sets
equivalent to 2, 10 and 28 k-points in the bulk Si ir-
reducible wedge of the Brillouin zone. The third one has
been investigated by using kinetic-energy cutoffs ranging
from 12 to 22 Ry. It has been found that reliable results

TABLE II.

can be obtained by using a 16-atom supercell, a set of
special points equivalent to 10 Monkhorst-Pack k points,
and an 18-Ry cutoff. In this case, the supercell contains
15 Si atoms, 1 P atom, and 1 H atom; the lattice is a fcc
one whose lattice constant is twice that of bulk Si.

In order to find the H equilibrium positions, the high-
symmetry sites shown in Fig. 1 have been investigated
by using the Hellmann-Feynman2® force-minimization
scheme to fully relax the supercell geometry. This proce-
dure results in a stable AB-Si site, in metastable AB-P
and BC sites, and in unstable T, H, C, and M sites.?”
The bond-center site between two silicon atoms, BC*,
has been found to be = 0.5 eV higher in energy than the
BC site and it has not been further investigated. Bond-
length and atomic-displacement values for the stable and
metastable sites of the H atom are reported in Table II,
together with total-energy values. A rough estimate of
the height of the energy barriers around the stable and
the metastable sites has given values of ~ 0.4+0.1 eV.

In the 16-atom supercell, the vibrational energies of the
H local modes have been evaluated by the following pro-
cedures. The H atom has been moved away from its equi-
librium position while keeping the atoms of the host crys-

Si-P-H complex geometries and vibrational energy values for the H atom located

at different sites of the host lattice, as obtained in the present work. Atomic displacements from
the unrelaxed positions are assumed to have a positive sign whenever the atom moves in the [111]
direction from the P atom toward the Si one (see Fig. 1). The fourth and fifth lines give the values
for the ir-absorption lines observed in hydrogenated Si:P and reported in Refs. 6 and 7, respectively.

Sites AE

AP

ASi

H-Si

H-P

P-Si

2 P
(eV) ) A) (A) (&) 4) (em™) (em™)
AB-Si 0.00 0.14 0.52 1.65 2.72 1450 720
AB-P 0.54 —0.38 ~0.16 159 256 1440 560
BC 1.09 —0.40 0.54 1.70 1.58 3.28 1515 980
AB-Si 1555 809
AB-Si ~2100
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tal frozen in the positions of the minimum-energy config-
uration. The force constants have been then estimated by
fitting the total-energy values to a parabola, and, inde-
pendently, by evaluating the Hellmann-Feynman restor-
ing forces which act on the H atom. In both cases, the
H displacements must be small enough to remain in the
harmonicity region, yet large enough to overcome nu-
merical noise. The accuracy of the above procedures has
therefore been tested by a comparison with a phonon
calculation in the 8-atom supercell. In both ways, values
which agree within less than 10 cm~! have been obtained.
The average values for the stretching- and bending-mode
energies are reported in Table II for the stable and the
metastable H sites. The present PPDF picture for the
H stable site closely matches that proposed in Ref. 6 on
the grounds of an analysis of infrared-absorption spec-
tra in hydrogenated n-type Si. Very good agreement?® is
indeed found between the frequency values obtained in
the present work for the stable AB-Si site and the ex-
perimental ones. Moreover, H at the AB-Si site accounts
well for the observation of a trigonal symmetry for the
ir-absorption lines, of an almost complete independence
on donor species of the energies of these absorption lines,
and of donor passivation. The latter has been investi-
gated through a comparison of the electronic density of
states in hydrogenated Si:P with that in unhydrogenated
Si:P. Passivation is positively achieved for H at the AB-Si
site, while it is doubtful for the AB-P case and missing
for the BC case, as will be discussed elsewhere in greater
detail.

The HF results agree with the present PPDF ones ex-
cept for the values of the stretching frequencies, which,
however, have an experimental counterpart. The dif-
ference between the H-Si vibrational frequencies in the
two methods can be related to a different description of
the Si-P interaction, as shown by an inspection of Ta-
bles I and II. In fact, the P and Si atoms move away
in opposite directions from their unrelaxed positions in
all the HF calculations, and in the same direction in the
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PPDF treatments, giving rise to quite different Si—P
bond lengths. This suggests a Si-P interaction still ac-
tive in the PPDF picture, and nearly missing in the HF
one, where the atomic character 1s likely to be excessive.
This residual interaction results in a weakening of the
H—Si bond and in a decrease for the corresponding vi-
brational frequency. Concerning the donor passivation,
this is complete for H in the AB-P site, uncertain for H
in the stable AB-Si site, and missing for H in the BC site
in the HF treatment.!®> The atomic character shown by
the HF picture is weakened in the PPDF picture, where
a full passivation is achieved for H in the stable AB-Si
site, in agreement with the electronic density-of-states
analysis and the experimental evidence. However, both
methods must result in the same geometry and H vibra-
tional frequency values, provided the convergence of the
results with respect to the critical parameters is thor-
oughly achieved and that correlation effects are negligi-
ble. On the PPDF side, the present results seem well
established, although their slow convergence with super-
cell size may suggest further tests. This would require,
however, exceedingly heavy computer resources. On the
HF side, an increase of the basis set and of the finite
cluster size seems advisable.?’ This, in fact, would in-
crease the electronic delocalization, poorly handled in a
HF approach,’® thus resulting in a stronger Si-P interac-
tion. The agreement between the stretching energy eval-
uated by the Hartree-Fock approach and that reported
in Ref.7 would then be accidental.

Note added. After the original submission of this pa-
per for publication, PPDF results virtually identical to
those presented here have been published by two different
groups.30:31
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