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The microscopic structures of hydrogen in donor- and acceptor-doped silicon have been studied
with ab initio calculations based on the density-functional theory. Some results are found to have a
strong dependence on the supercell size. By using a 64-atom supercell and a large plane-wave basis
set (with a 22-Ry kinetic-energy cutoff), quantitative agreements with existing experimental data
have been achieved for the equilibrium geometries and vibrational properties of Si-H-P and Si-H-B
systems. The investigation also predicts a low vibrational frequency for the H-wagging mode in the

Si-H-B complex.

I. INTRODUCTION

Hydrogen is present throughout the manufacture pro-
cess of silicon devices. It passivates donor and acceptor
impurities by forming complexes in the lattice, thus af-
fecting the electronic properties of the system. There-
fore, this passivation phenomenon has been the object of
a large number of investigations.?'? Experiments such as
ion-channeling® and infrared-absorption?™® studies have
been conducted to determine the atom positions and
H vibrational spectra. Theoretically, various techniques
have been applied, including semi-empirical procedures,’
Hartree-Fock cluster calculations,® '° and the approach
based on the density-functional theory.'* *® Results from
these theoretical and experimental studies compare well
qualitatively for many relevant parameters. It has been
agreed upon that if the impurity is boron (an acceptor),
then in the equilibrium configuration H is located close
to a bond-center position of the Si-B bond. For the case
of a phosphorus (a donor) impurity, H is found at the Si
side of the extension of a Si-P bond. In both systems,
the atoms around the H would relax accordingly.

Despite much previous effort, the theoretical studies
are not always satisfactory, there remain significant quan-
titative differences between some calculated results and
the experimental data. For example, in the system of a
B-H complex in Si, the evaluated distance between the
equilibrium and unrelaxed positions of the B atom, AB,
varies from 0.55 A (Ref. 7) to 0.42 A,'® whereas a sub-
stantially lower value of 0.28 A has been observed in an
ion-channeling experiment.? In addition, there has been
a lack of first-principle approaches to the understanding
of properties such as the low-frequency H-wagging vibra-
tion in the Si-H-B complex, because a high resolution is
required to distinguish the slight change in total energy
when the H atom is off the trigonal axis.

A powerful ab initio approach often used in the study
of impurities in semiconductors is the density-functional
method (DFM). It allows one to mimic the environment
around the impurity and obtain reliable results, espe-
cially when the supercell size and the basis set are rea-
sonably large. Unfortunately, this requires tremendous
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computational resources. Therefore, supercells contain-
ing 8 or 16 atoms have been commonly adopted previ-
ously. A 32-atom supercell has been occasionally used!®
with the sacrifice in the size of the basis set. In this work
we wish to examine how these parameters affect the re-
sults obtained using the DFM, and to pursue further im-
provements. By implementing a direct energy minimiza-
tion technique, we are able to investigate the microscopic
structures using relatively large supercells and basis sets.
This is shown to be beneficial in the study of Si contain-
ing P-H and B-H complexes.

The paper is organized as follows: The detail of our
DFM program is discussed in Sec. II. There we also ex-
amine the dependency of calculated electronic structures
and physical properties on the kinetic-energy cutoff and
the supercell size. Using a 64-atom supercell and a 22-Ry
cutoff (which yields over 15000 plane waves in the basis
set), equilibrium structures for hydrogen in boron- and
phosphorus-doped silicon are obtained and presented in
Secs. IIT and IV, respectively, along with the evaluated
H vibrational frequencies in these two systems. Section
V is reserved for conclusions.

II. CALCULATIONAL DETAILS

In this work we carry out ab initio total-energy cal-
culations (within the plane-wave basis) which are based
on the density-functional theory.!®'® In the program,
the Kleinman-Bylander decoupling form!® of the norm-
conserving pseudopotential developed by Troullier and
Martins?? is adopted, and for the exchange-correlation
potential in the local density approximation (LDA)
we employ commonly accepted results of Ceperley and
Alder?! as parametrized by Perdew and Zunger.?? In-
tegrations over the first Brillouin zone are replaced by
summations over special k points generated with the ex-
tended Monkhorst-Pack scheme by Froyen.?® Through-
out the calculation, the Froyen parameter n = 2 is cho-
sen, corresponding to 8 k points in the the first Bril-
louin zone of a lattice with simple-cubic structure. The
Kohn-Sham Hamiltonian is diagonalized by taking ad-

4166 ©1995 The American Physical Society



51 THEORETICAL STUDY OF H-P AND H-B COMPLEXES IN SILICON

vantage of a recently developed direct energy minimiza-
tion technique.?4"26 Equilibrium configurations of the
systems are reached by allowing all atoms within the su-
percell to relax without assuming any symmetry. This
is accomplished by first calculating the force on each
ion using the Hellmann-Feynman formalism,?” then de-
termining new positions of the ions with the geometry
optimization by direct inversion in the iterative sub-
space method?® combined with the Broyden-Fletcher-
Goldfarb-Shanno algorithm?® for updating the Hessian
matrix.

To investigate the properties of semiconductors con-
taining impurities, one can construct periodically re-
peated supercells that are replicas of the impurity com-
plex (e.g., P-H or B-H) and its neighboring host atoms
(Si). In this way, some of the original lattice symmetry
is restored and the microscopic structure of the supercell
can then be determined using the DFM procedure de-
scribed above. To keep the effect of artificially introduced
interactions between the impurity complexes in different
supercells minimal, the size of the supercell should be
as large as possible. Also, in order to obtain an accu-
rate electron density and total energy, it is necessary to
adopt a reasonably large plane-wave basis set, which is
determined by the kinetic-energy cutoff E.. In this sec-
tion we examine how these two parameters (the supercell
size and the kinetic-energy cutoff) affect the calculated
results.

To find a reasonable value for E., we choose to calcu-
late the total energy of a Si-H-B complex with a fixed
geometry: the bond minimum configuration used in Ref.
15. Namely, a H atom is placed near the center of a Si-B
bond, and the Si and B atoms relax outward by 0.24 A
and 0.42 A, respectively, yielding a H-Si distance of 1.64
A. All other Si atoms in the supercell are kept fixed to
their undisturbed lattice positions. Obviously not rep-
resenting the optimized equilibrium geometry, however,
it is sufficient for the purpose of investigating how the
obtained total energy depends on FE..

For 8-, 16-, 32-, and 64-atom supercells (representing
impurity separations of a, v2a, v3a, and 2a, respec-
tively, with a the lattice constant), the Kohn-Sham en-
ergy functional has been minimized for various values of
E., and the results are shown in Fig. 1. For direct com-
parison, in the calculated total energies for each super-
cell, the energy value of pure Si obtained using the same
supercell size at the largest E. has been subtracted. Fig-
ure 1 indicates that reliable results can be reached for an
E. around 20 Ry.

The supercell size also plays an important role in re-
sulted microscopic structures and relevant properties. In
Fig. 2 the band structures for the Si-H-B complex in
8- and 64-atom supercells are shown, which have been
obtained using fully relaxed configurations. Comparing
with the band structure for the pure Si lattice [Fig. 2(c)],
it is seen that the two lowest conduction bands are low-
ered in the presence of B and H, thus reducing the semi-
conducting band gap. The study of partial densities indi-
cates that these two bands, the lowest and second-lowest
conduction bands (at the I" point) are dominated by con-
tributions from H-B and B-Si interactions, respectively.
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FIG. 1. The total energy for a particular configuration of
the Si-H-B complex as a function of the kinetic-energy cutoff
for various supercells. To make direct comparison, the results
have been shifted by corresponding total energy values for the
pure Si lattice.
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FIG. 2. The band structures for supercells containing (a) 7
Si atoms and a H-B pair, (b) 63 Si atoms and a H-B pair, and
(c) 64 Si atoms. The horizontal line in each plot indicates the
top of the valence band. For clarity, only a few bands directly
above and below the band gap are shown. Notice the different
energy scale in (a).
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For a relatively small supercell, the effect of the band gap
reduction can be severe, as seen in Fig. 2(a) where the
band gap virtually vanishes. With increasing supercell
size, the impurity density decreases, thus the effect of in-
teractions between the host Si atoms and the impurities
as well as among impurities from neighboring supercells
should be less drastic. This has indeed been observed,
as the calculations using 8-, 16-, 32-, and 64-atom su-
percells have shown that the band gap increases system-
atically with the supercell size, and the band structure
for the 64-atom supercell resembles that of the pure sili-
con lattice, as shown in Fig. 2. It should be noted that,
with adoption of the LDA, the calculated semiconducting
band gap is smaller than the actual value.3°

Similar dependence of the electronic structure on the
supercell size has been observed for the system of Si con-
taining a H-P pair. Figure 3 shows the band structures
for 8- and 64-atom supercells. Comparing with that of
pure Si [Fig. 2(c)], the band gap for the 8-atom super-
cell is considerably smaller because of an impurity band
rising above the top of the Si valence bands. This effect,
artificially introduced with the use of supercells, is signif-
icantly reduced in the case of a 64-atom supercell, where
a band structure very much like that of a pure Si crystal
has been obtained.

The improvement in calculated electronic structures
by using larger supercells is reflected in the results for
directly measurable physical properties as well. This is
demonstrated in Fig. 4, in which the frequency of the H
vibration along the H-Si bond (the stretching mode) in a
H-Si-P complex has been evaluated for various supercell
sizes. The procedure used to derive these frequency val-
ues will be discussed in detail in the next section. Com-
paring with the experimental value,® it is observed that
the H vibrational frequency is substantially underesti-
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FIG. 3. The band structures for supercells containing (a)
7 Si atoms and a H-P pair and (b) 63 Si atoms and a H-P
pair. The horizontal line in each plot indicates the top of the
valence band. For clarity, only a few bands directly above and
below the band gap are shown. Notice the different energy
scales.
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FIG. 4. Frequency of the H-stretching vibration in a H-Si-P
complex for various supercell sizes. The dashed line indicates
the value obtained from an infrared-absorption experiment

(Ref. 6).

mated if using a relatively small supercell. As the su-
percell becomes larger, the theoretical result converges
steadily toward the experimental data. This is under-
standable since the separation between impurity com-
plexes is determined by the supercell size. Thus by using
a large supercell in the study one can better simulate a
real system.

Above discussions indicate that previous results ob-
tained using the DFM for Si containing a P-H pairll™13
or a B-H pair!%1% can be improved by using a larger su-
percell and a higher kinetic-energy cutoff. In this work,
we adopt a 64-atom supercell and a 22-Ry cutoff, yield-
ing more than 15000 plane waves in the basis set. The
threshold for convergence of the geometry is chosen so
that the largest component of the force on each atom
does not exceed 10™% a.u. Unless specified otherwise, all
calculations are performed using these parameter values.

1.618

oo

FIG. 5. The equilibrium configuration for the system of H
in P-doped Si. The dashed circles indicate unrelaxed posi-
tions.
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TABLE I. Calculated equilibrium geometries of the H-Si-P
complex. ASi (AP) is the displacement of Si (P) from its
unrelaxed position. “8-atom” and “Present” represent the re-
sult obtained using an 8- and 64-atom supercell, respectively.
Results from previous DFM studies are also listed for com-
parison.

Distance Ref. 11  Ref. 12 Ref. 13 8-atom  Present
H-Si (A) 1.69 1.66 1.65 1.645 1.618
Si-P (A) 2.84 2.72 2.883 2.812
ASi (A) 0.66 0.59 0.52 0.710 0.557
AP (A) 0.18 0.14 0.14 0.178 0.096

In addition, we note that the results shown in Figs. 2,
3, and 4 have been obtained for fully relaxed equilibrium
configurations. In the next two sections we shall present
the results obtained for Si-H-P and Si-H-B systems.

ITI. H-P IN Si

The calculated equilibrium configuration for hydrogen
in phosphorus-doped silicon is shown in Fig. 5. The H
atom is found at an antibonding site (at the Si side) of
a Si-P bond, which is in agreement with most of the
previous calculations using the DFM.!1713 In particular,
the obtained structure indicates that P relaxes towards
H, contrary to some earlier results from other models.”?
Resulted positions of the atoms in the H-Si-P complex
are listed in Table I, along with results from other studies
using the DFM.

An examination of Table I indicates that all calcula-
tions yield qualitatively similar results, namely, a slight P
displacement (AP) and a relatively large Si displacement
(ASi) from their corresponding unperturbed Si lattice
sites towards H, giving rise to a threefold coordinated P
atom. Quantitatively, our study shows that ASi is 0.557
A, and its three nearest-neighbor Si atoms relax outward
by 0.095 A, thus reducing the Si-Si bond length to 2.054
A. The calculated AP is 0.096 A, which is lower than the
values from previous works by others.

For comparison, in Table I we have also presented the
equilibrium geometry acquired using an 8-atom supercell,
where not only the value of AP (0.178 A) is comparable
to that obtained in Ref. 11, but also H is located at prac-
tically the same position very close to a Ty site. However,
a careful study shows that the resulted H-Si distance and
ASi are systematically reduced with increasing supercell
size (for example, ASi = 0.710 A, 0.660 A, 0.558 A, and
0.557 A for the 8-, 16-, 32-, and 64-atom supercell, re-
spectively), thus moving H away from the T, site and
closer to the Si-P complex. In the configuration for the
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FIG. 6. The equilibrium configuration for the system of H
in B-doped Si. The dashed circles indicate unrelaxed posi-
tions.

64-atom supercell, the distance between H and the adja-
cent Ty site is 0.176 A, a significant departure from the
equilibrium structure obtained using an 8-atom supercell
and that presented in Ref. 11. Also, it is interesting to
note that the systematic reduction of the H-Si distance
should play a partial role in the increase of the calculated
H vibrational frequency with the supercell size, which has
been observed in Fig. 4.

To evaluate the frequencies for the H vibrations in
the stretching mode (along the Si-H bond) and wagging
mode (perpendicular to the Si-H bond), slight shifts of
H along the P-Si-H axis in both directions are imposed
while other atoms maintain their positions. The total en-
ergies of these configurations are then calculated and fit-
ted to a parabola.l® These shifts have to be small enough
so that the H atom is still within the assumed harmonic
range, yet large enough to yield an energy difference that
can overcome the resolution of the calculation. Here we
selected the shift values to be 2% and 4% of the Si-Si
bond length, resuiting in a maximum energy change of
43 meV in the stretching mode, which is well above the
resolution (approximately 0.2 meV). The derived H vi-
brational frequency is 1534 cm ™! for the stretching mode,
and 847 cm ™! for the wagging mode. In Table II, these
results are compared with the data from an infrared-
absorption experiment, along with those from other the-
oretical studies.!?"13 It is seen that they are very similar
qualitatively, and the H vibrational frequency values ob-
tained from the current work, among all available DFM

TABLE II. Calculated and measured vibrational frequencies (in cm™!) for the H in a H-Si-P

complex.

Mode Ref. 11 Ref. 12 Ref. 13 Present Expt. (Ref. 6)
Stretching 1290 1460 1450 1534 1555
Wagging 715 740 720 847 809
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TABLE III. Calculated equilibrium geometries of the Si-H-B complex. ASi (AB) is the displace-
ment of Si (B) from its unrelaxed position. Results from previous theoretical studies as well as an
ion-channeling measurement are also listed for comparison.

Distance Ref.7 Ref. 8 Ref.9 Ref. 10 Ref.14 Ref. 15 Present Expt. (Ref. 3)
H-Si (A) 1.56 1.46 1.44 1.49 1.63 1.65 1.637

H-B (4) 1.51 1.59 1.66 1.53 1.36 1.351

ASi (A) 0.16 0.22 0.26 0.16 0.24 0.328

AB (A) 0.55 0.48 0.49 0.47 0.47 0.42 0.310 0.28 + 0.03

calculations, are in the best quantitative agreement with
the experimental data. This is not surprising since the
evaluated frequency may have a strong dependence on
the supercell size, as discussed in Sec. II, whereas smaller
supercells and lower kinetic-energy cutoffs have been used
in previous calculations that are shown in Table II.

IV. H-B IN Si

For the system of hydrogen in a boron-doped silicon
lattice, the H atom is located at the bond-center site of
a Si-B bond, as shown in Fig. 6. The converged equilib-
rium geometry is presented in Table III, together with
results from previous theoretical studies. Our result in-
dicates that, in the Si-H-B complex, the H atom is closer
to B than to Si. This is in agreement with previous
calculations using the DFM,'%15 whereas the opposite
has been obtained in other studies based on the cluster
approach.871% Also listed in Table III is the data from an
ion-channeling measurement,® where the B displacement
from its unperturbed substitutional position (AB) has
been measured. It is seen that our calculated value for
AB (0.310 A) is within the error bar of the experimental
data (0.28 £ 0.03 A), while other theoretical estimates
are considerably larger.

The H vibrational frequency for the stretching mode
can be determined following the procedure described in
Sec. III. However, more computational effort is needed
in order to examine properties of the H wagging-mode
vibration in B-doped Si, because the total energy does
not vary rapidly as H is shifted from its equilibrium po-
sition in directions perpendicular to the Si-H bond. For
this reason, to our knowledge there has been no previous
attempt using the DFM. We adapt a stringent conver-
gence criterion in this study, so that the resolution of
the calculated total energy is improved to approximately
0.04 meV. For a H shift of 0.1 A in directions perpendic-
ular to the Si-H-B axis, an energy increase of 0.9 meV

has been obtained, and two wagging modes are found to
be degenerate. Resulted vibrational frequencies for the
stretching and wagging modes are shown in Table IV.
The predicted wagging-frequency value of 233 cm™! is
substantially lower than that for H in P-doped Si, and it
is interesting that no experimental search has been con-
ducted in this low-frequency range.

Our calculation using a 64-atom supercell yields a fre-
quency of 2031 cm™?! for the stretching mode, signifi-
cantly higher than the experimental data of 1903 cm™?
from an infrared-absorption measurement.® This is some-
what surprising, considering the fact that excellent agree-
ment with the experimental data can be achieved by re-
peating the calculation using an 8-atom supercell with
the same 22-Ry cutoff (the resulted frequency is 1897
cm™!). However, this quantitative agreement may be a
coincidence. A careful examination of Table IV shows
that the calculated frequency value increases with the
supercell size, which is also consistent with the observa-
tion made for the system of H-P pair in Si (see Fig. 4).
Therefore, the result obtained using an 8-atom supercell
may not be optimal.

The reason for the overestimate of the H vibrational
frequency for the stretching mode is not yet understood.
We point out, however, the present evaluation of the fre-
quency is based on the curvature of the potential energy
surface (PES) at the H equilibrium site, which may be
insufficient. A comprehensive study of the vibrational
properties requires a full scan of the PES as well as tak-
ing into account the coupling to other vibrational modes
in the system, which is beyond the scope of this work.

V. CONCLUSION

We have examined how the microscopic structures of
Si-H-B and Si-H-P complexes obtained from calculations
based on the density-functional theory depend on the
kinetic-energy cutoff and the supercell size. It is seen that
obtained results for the electronic structures and measur-

TABLE IV. Calculated vibrational frequencies (in cm™!) for the H in a Si-H-B complex.
“8-atom” and “Present” represent the result obtained using an 8- and 64-atom supercell, respec-
tively. Results from previous DFM studies are also shown for comparison, along with the data from

an infrared-absorption measurement.

Mode Ref. 14 Ref. 15 8-atom Present Expt. (Ref. 5)
Stretching 1820 1830 1897 2031 1903
Wagging 233
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able properties vary systematically with increasing im-
purity separation (i.e., supercell size). Using a 64-atom
supercell and a kinetic-energy cutoff of 22 Ry, the equi-
librium structures for the systems of hydrogen in boron-
and phosphorus-doped silicon crystal are reached by al-
lowing all atoms within the supercell to relax. The results
not only further confirm the configurations for the Si-H-
B and H-Si-P complexes proposed in other studies, but
also show quantitative improvements in most calculated
geometry parameters and vibrational properties. In par-
ticular, excellent agreement with the experimental data
has been achieved for the evaluated B displacement in
the Si-H-B structure and for the H vibrational frequency
in the H-Si-P system. Also, the calculation yields a fre-

quency of 233 cm~! for the H wagging-mode vibration
in the Si-H-B system which has yet no experimental sup-
port. The discrepancy between the estimated value and
the measurement for the vibrational frequency of H along
the Si-H-B axis requires further study.
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