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First principle quantum chemical calculations have been performed on a hydrogen molecule in the
silicon crystal using the cluster model of Si10H16. The ab initio molecular orbital theory and the
density functional theory~DFT! calculations have been examined. In all calculations, the tetrahedral
site is the most stable trapping site for the hydrogen molecule. The DFT calculations with
generalized gradient approximation show that the bond length of H2 in the silicon crystal is
comparable to that of gaseous H2. The calculated vibrational frequency of H2 in the silicon crystal
agrees well with the experimental value obtained by Murakamiet al. @Phys. Rev. Lett.77, 3161
~1996!#. © 1998 American Institute of Physics.@S0021-9606~98!01008-3#
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I. INTRODUCTION

Hydrogen is the simplest impurity and plays an impo
tant role in improving the electrical properties of semico
ductors such as termination of dangling bonds and pass
tion of deep level impurities.1 The states of hydrogen in
silicon crystals have been investigated extensively, and v
ous configurations of hydrogen atoms bound to lattice ato
and/or impurities have been reported such as do
acceptor-H complexes,1,2 and$111% platelets.3 Recently Mu-
rakami and co-workers4–6 have studied a silicon wafer ex
posed to hydrogen atoms at around 400 °C using Ra
spectroscopy and found that hydrogen molecules are for
in crystalline silicon. They have observed a vibrational li
(Q1) of H2 at 415863 cm21 and a rotational H2 line @S0(1)#
at 590 cm21, whose Raman shifts are comparable to those
gaseous H2. The Q1 and S0(1) denote the transitions o
~Dn51 andDJ50! and~Dn50, DJ52, andJ51!, wheren
and J are the vibrational and rotational quantum numbe
respectively. Anharmonic effects are important in H2 and the
Q1 frequency includes both harmonic and anharmonic ter
The harmonic frequency of H2 in Si was estimated to be
about 4400 cm21 using an anharmonic value of 121 cm21.

Theoretical calculations have been performed on the
tus of hydrogen in silicon with various techniques and s
gested that hydrogen molecule is stable in silic
crystal.1,7–16 Chadi et al.14–16 calculated the total energie
and the defect level of various hydrogen-related defects
ing the ab initio pseudopotential method, and showed th
the hydrogen molecule is stable at the tetrahedral (Td) inter-
stitial site in silicon crystal with its molecular axis along th
^111& or the^100& direction. The bond length of the hydroge
molecule at theTd site is calculated to be 0.78 Å, about 0.0
Å longer than in the gas phase. Van de Walleet al.7,8 calcu-
lated the total energy of the hydrogen molecule in silicon a
its frequency using the density function theory~DFT! in lo-
cal density approximation~LDA ! with ab initio pseudopo-
tentials and plane-wave functions. He found that a hydro
3220021-9606/98/108(8)/3222/4/$15.00
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molecule is stable at theTd site with its bond length of 0.86
Å and that its vibrational frequency is an unreasonably sm
value (2300 cm21). Although the vibrational frequency is
fingerprint used for a benchmark for theoretical calculatio
systematic calculations on the vibrational frequency of
hydrogen molecule in the silicon crystal has not been p
formed until now.

In previous papers17,18 we have performedab initio
Hartree–Fock~HF! calculations of H2 in silicon using the
Si10H16 cluster and the small Gaussian-type basis set~3-21
G!. The results showed that H2 is also stable at theTd site of
the Si10H16 cluster. The calculated frequency (4849 cm21)
was much closer to the experimental estimate than that of
calculation by van de Walle, but slightly (;200 cm21)
higher than that of a free H2 obtained with the same leve
calculation. In the calculations we neglected a relaxation
the cluster and the electron correlation interaction effect
the present paper, we performedab initio molecular orbital
calculations and the first-principle DFT calculations wi
taking into account the cluster-relaxation, higher basis s
and the correlation interaction. The stability and the diffusi
of H2 in Si will be also discussed.

II. COMPUTATIONAL DETAILS

The silicon lattice was modeled with the clust
(Si10H16) of 10 Si atoms, where H atoms were put in order
hold sp3 configurations of the Si bonds. Figure 1 shows t
10 Si atoms of the cluster and a unit cell of a silicon cryst
Two H atoms were set in the cluster. A full geometry op
mization was performed for the system of H2 in the Si10H16

cluster without assuming constraint in symmetry and geo
etry using initial parameters of the Si–Si bond length of t
Si crystal ~2.352 Å!, the Si–H bond length of the silan
molecule~1.480 Å!,19 and thesp3 configuration. All the cal-
culations were performed withGAUSSIAN 94 programs20 on
the workstations~IBM RS/6000 SP and SGI Indigo 2 Ex
treme R10000!. Ab initio molecular orbital calculations wer
2 © 1998 American Institute of Physics
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3223J. Chem. Phys., Vol. 108, No. 8, 22 February 1998 Nakamura et al.
performed with the restricted-HF~RHF! theory and Mo” ller–
Plesset perturbation theory~MP2!. The DFT calculations
were performed with a local spin density approximati
~LSDA! and a generalized gradient approximation~GGA!. In
the LSDA, the Slater exchange functional, and the Vosk
Wilk–Nusair ~VWN! ~Ref 21! correlational functional were
used. In the GGA, BPW91, BLPY, and B3LYP metho
were used. The BPW91 uses the Becke’s excha
functional,22 which includes the Slater exchange along w
corrections involving the gradient of the density, and Perd
and Wang~PW! ~Ref. 23! correlation functional. The BLPY
uses the Becke’s exchange functional,22 and Lee–Yang–Par
~LYP! ~Ref. 24! correlation functional, which includes bot
local and nonlocal terms. The B3LYP includes nonloc
electron correlation interactions and uses the exchan
correlation energyExc expressed by,

Exc5Exc
LSDA1A~Ex

exact2Ex
LSDA!1BDEx

B881CDEc
LYP ,

whereA, B, andC are semiempirical coefficients to be d
termined by appropriate fit to experimental data,Ex

exact is the
exact exchange energy,DEx

B88 is Becke’s gradient
correction22 to the LSDA exchange,DEc

LYP is the LYP gra-
dient correction for correlation, andExc

LSDA and Ex
LSDA are

exchange-correlation and exchange energies of LS
respectively.25 The geometry optimization was performe
with each level of the method. Used basis sets w
Gaussian-type functions, 3-21G and 6-31G* for RHF, 3-21
G for MP2, 6-31 G* for LSDA, BPW91 and BLYP, and
6-31G* and 6-311G* for B3LYP.

III. RESULTS AND DISCUSSIONS

A. Bond length and vibrational frequency

In order to assess the accuracy of the present calcula
we first compute the equilibrium bond length and vibration
frequency of a free H2 molecule~Table I!. The calculated
bond lengths are underestimated by20.94% to21.75% in
RHF. In accord with the underestimated bond length,

FIG. 1. A schematic drawing of the unit cell of the silicon crystal and t
cluster with 10 silicon atoms. White circles, shaded circles, and black cir
are Si atoms of the unit cell, Si atoms in the cluster, and hydrogen ato
respectively. The cluster size (L) corresponds to the lattice constant of th
silicon crystal.
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calculated vibrational frequency differs from the experime
tal value by 5.77%–5.61%. It is known that HF calculatio
overestimate the vibrational frequency by about 10% due
the neglect of the correlation interaction. The calcula
bond length in MP2, which includes the correlation intera
tion, agrees well with the experimental value but the vib
tional frequency is overestimated by 3.45%. The DFT cal
lation includes the correlation interaction in principle. Th
calculated bond length in the LSDA is overestimated
2.83% and the calculated vibrational frequency diffe
23.93% from the experimental value. It is known that t
bond length of a small molecule is overestimated in the lo
density approximation. The calculated bond lengths in BL
and BPW91 are overestimated by 0.81% and the calcula
vibrational frequencies differ20.52% from the experimenta
value. In B3LYP calculations, which is the highest level c
culation in the present study, the calculated bond length
vibrational frequency agree well with the experimental v
ues. The results show that the nonlocal correlation inter
tion effect is important and that B3LYP would be the mo
suitable calculation method in the present study.

Next we search for stable sites for a H2 molecule in a
silicon crystal using the cluster model. All the calculations
the geometry optimization showed that the trapping site
H2 with the minimum energy was theTd site, and the H2
molecular axis oriented in thê100& direction. Table II shows

TABLE II. The bond length@R(HH), ~Å!#, the harmonic vibrational fre-
quency@v0 , (cm21)], and the energy~hartree! of H2 in the Si10H16 cluster.
Dv0 andDR are the differences in the vibrational frequency and the bo
lengths between free H2 and H2 in the cluster calculated with each metho
respectively. The cluster size@L, ~Å!# corresponds to the lattice constant o
the Si crystal includes H2 ~see Fig. 1!.

Method
Basis
set R(HH) DR v0 Dv0 L

Total
energy

Expt 24400a

RHF 3-21G 0.708 20.027 4849 195 5.5722884.2812
RHF 6-31G* 0.709 20.014 4969 322 5.5122884.3939
MP2 3-21G 0.727 20.014 4649 197 5.5722884.3939
LSDA 6-31G* 0.789 10.026 3773 2454 5.45 22897.0708
BPW91 6-31G* 0.764 10.016 4020 2355 5.46 22905.6232
BLYP 6-31G* 0.747 20.001 4380 3 5.5522905.4424
B3LYP 6-31G* 0.739 20.004 4468 14 5.4722905.7524
B3LYP 6-311G* 0.740 20.003 4470 17 5.5422905.7543

aThe harmonic frequency was estimated from the observedQ1 transition
(4158 cm21) and an unharmonic term of 121 cm21 ~Ref. 6 and 31!.

s
s,

TABLE I. The bond length@R(HH), ~Å!#, the harmonic vibrational fre-
quency@v0 , (cm21)#, and the energy~hartree! of a free hydrogen molecule

Method Basis set R(HH) v0 Energy

Expt 0.742a 4400a

RHF 3-21G 0.735 4654 21.1229
RHF 6-31G* 0.729 4647 21.1403
MP2 3-21G 0.741 4552 21.1403
LSDA 6-31G* 0.763 4227 21.1685
BPW91 6-31G* 0.748 4375 21.1725
BLYP 6-31G* 0.748 4377 21.1652
B3LYP 6-31G* 0.743 4454 21.1755
B3LYP 6-311G* 0.743 4453 21.1755

aReference 31.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



h
o
r
b
n

ge
y

H
on
an
le
d
l
c

e
th

t
e
r

d

e

d
n
d

nd

ak

to
ts

t o

S
na
ll

he

-
-

nal
a

r
he

sion
in

peri-

of
the

est

r

tem

rys-

the

y-

g of
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the results of the calculations. The calculated bond lengt
H2 in the Si crystal in RHF and MP2 was shorter than that
free H2 by 21.89 to 23.67%. In accord with the shorte
bond length, the vibrational frequency was higher shifted
2.13%–6.93%. In the LSDA calculation, the calculated bo
length was longer than that of free H2 by 3.41% and the
vibrational frequency was lower shifted by210.74%. In the
BPW91 calculation, the calculated bond length was lon
than that of free H2 by 2.16% and the vibrational frequenc
was lower shifted by28.07%. The interaction between
atoms and surround Si atoms in LSDA and BPW91 is str
ger than that in HF and MP2. The calculated bond length
vibrational frequency in BLYP and B3LYP are comparab
to those of a free H2 molecule. The difference in the bon
length was20.01% to20.54% and that in the vibrationa
frequency 0.07%–0.31%. There is no significant differen
in calculations with the 6-31G* and the diffused 6-311G*
basis sets. The BLYP and B3LYP calculations agree w
with the recent experimental results, which shows that
observed vibrational frequency of H2 in the silicon crystal is
comparable to that of a free H2 molecule. It is reported tha
B3LPY calculations also reproduce well the vibrational fr
quencies of Si–H on the Si~100! surface using a cluste
model.26

Very recently Van de Walle recalculated the H2 in the
silicon crystal using the LDAab initio pseudopotentails, an
plane-wave basis sets with energy cutoff of 48 Ry.27 Inter-
stitial H2 was calculated in 32-atoms supercells. He obtain
that the H2 molecule orients along thê100& direction at the
Td site. The calculated bond length was stretched~0.817 Å!
and the vibrational frequency was lower shifte
(3396 cm21). Similar results were obtained in the prese
LSDA calculation. LDA gives the longer bond length an
the lower vibrational frequency. In his calculation the bo
length and vibrational frequency of the free H2 molecule
were calculated to be 0.771 Å and 4135 cm21. The obtained
values are very different from the experimental values, m
ing his results unreliable. The similar results of free H2 and
H2 in the silicon crystal were also reported by Okamo
et al.28 using LDA and GGA with the plane-wave basis se
It may not be adequate to calculate H2 using the plane-wave
basis sets.

B. Stability of H 2 in silicon crystal

We studied the stability of the H2 molecule in the silicon
crystal using B3LYP~6-311G* ! calculations. The full struc-
tural optimization gave that the most stable state is H2 ori-
ented along thê100& direction at theTd site. In this compu-
tational level, the cluster size (L) of the cluster including H2
was obtained to be 5.54 Å, which is 1.6% longer than tha
the cluster without including H2 ~5.45 Å!.29 Figure 2 shows
the total charge density calculated with B3LYP~6-311G* !
in the ~001! plane. The charge density of H2 is almost iso-
lated from the surround Si and weakly interacts with two
atoms in the direction of the molecular axis. The rotatio
barrier of H2 at theTd site was calculated to be very sma
~,30 meV!. For example, the energy of H2 oriented along
Downloaded 22 Feb 2010 to 130.34.135.21. Redistribution subject to AIP
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the ^111& direction was 18 meV higher than that along t
^100&. Therefore H2 can rotate at theTd site at room tem-
perature~25 meV!.

The energy of H2 in the silicon cluster has a local mini
mum at the hexagonal (Hex) site during the geometry opti
mization. However the system of H2 at theHex site has one
imaginary frequency which corresponds to the translatio
mode of H2 in the cluster. TheHex site is considered to be
transition state of the diffusion of H2 through aTd-HexTd

path. The energy of H2 at theHex site was 1.22 eV higher
than that of H2 at theTd site. Therefore the diffusion barrie
of H2 in the silicon crystal is estimated to be 1.22 eV. T
barrier is high enough to trap H2 in the silicon crystal at
room temperature. Recently Fukataet al.30 have performed
annealing experiments for H2 in the silicon crystal at tem-
peratures between 250–600 °C and estimated the diffu
barrier to be about 1.6 eV. The diffusion barrier calculated
the present study is in reasonable agreement with the ex
mental estimate.

Figure 3 shows the energy diagram for various forms
the H2/Si10H16 system. The zero energy was set to be
energy of H2 at theTd site. The state of H2 at theHex site is
the transition state for going out of the cluster. The low
energy state was the state that the H2 molecule exits outside
the cluster (H21Si10H16) and its energy was 1.6 eV lowe
than that of H2 at theTd site. If the H2 molecule dissociate to
two H atoms outside the cluster, the energy of the sys
~2H1Si10H16! was 2.9 eV higher than that of H2 at theTd

site. Therefore the hydrogen atoms can enter the silicon c
tal and form the H2 molecule but the gas phase H2 molecule
cannot enter the silicon crystal, which is consistent with
experiment in which the H2 is formed by the hydrogen atom
treatment on a Si wafer.6,30

In summary, first principle theoretical calculations of h

FIG. 2. The contour plot of the charge density for H2 in the Si10H16 cluster
in the ~001! plane calculated with the B3LYP~6-311G* !. Contours are
shown in the range between 0 and 0.5 in the atomic unit with a spacin
0.05.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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drogen molecules in the Si10H16 cluster were performed with
the ab initio HF and the DFT methods. The calculatio
showed that theTd site is the stable trapping site for th
hydrogen molecule. B3LYP calculations showed that
bond length and the vibrational frequency of H2 in the silicon
crystal are comparable to those of the free H2, which repro-
duces well the recent Raman experiment. The diffusion b
rier of H2 in the silicon crystal was estimated to be 1.22 e
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