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Energetics and Vibrational Frequencies of InterstitialH2 Molecules in Semiconductors
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(Received 14 August 1997)

The incorporation of H2 molecules on interstitial sites in various semiconductors is investigated using
a density-functional-pseudopotential approach. The vibrational frequency of the interstitial molecules
is shifted down compared to the free molecule. The results confirm a recent assignment of Raman
lines to interstitial H2 in GaAs [Vetterhöfferet al., Phys. Rev. Lett.77, 5409 (1996)], but contradict
the conclusion of Murakamiet al. [Phys. Rev. Lett.77, 3161 (1996)] that the frequency for H2 in Si
is close to the free-molecule value. The interaction between interstitial molecules and the host is
elucidated, and the significant weakening of the H-H bond is correlated with the semiconductor host
charge density near the interstitial site. [S0031-9007(98)05497-0]

PACS numbers: 71.20.Mq, 61.72.Bb, 63.20.Pw, 78.30.– j
n
s

e

ry

st
-

-
-

e
s
f-

e
-

on

t

t
o

t
re

al
se
t

e
n
r

y

Hydrogen can be incorporated in semiconductors in
number of different configurations: as an isolated inters
tial, bound to impurities, bound to native defects, etc. [1
There have been many indications that hydrogen al
forms interstitial H2 molecules. A number of computa-
tional studies have shown that interstitial H2 molecules
have positive binding energies, though the binding ener
is smaller than in vacuum [2]. Experimental observation
of H2 molecules were lacking until recently, due to th
challenging nature of the measurement. H2 has no dipole
moment, rendering it invisible to infrared spectroscop
In addition, low concentrations of H2 pose a sensitivity
problem.

Two studies have recently appeared in the literature
which Raman spectroscopy is used to study interstit
H2 in Si [3] and in GaAs [4]. The results from these
studies are hard to reconcile: in GaAs [4], the vibration
frequency of the stretch mode is found to be significant
lower, by 227 cm21, than the value in H2 gas. The
results for Si [3], on the other hand, show virtually
no lowering of the vibrational frequency. It is difficult
to understand how immersion of the molecule in th
semiconductor could significantly affect the vibrationa
modes in GaAs, but not in Si. In order to resolv
this apparent conflict and to further our understandin
of the physics of H2 incorporation we have performed
a first-principles computational study of interstitial H2

in five different semiconductors: Si, GaAs, InAs, GaP
and GaN (in the zinc blende structure). Combined wi
calculations for H2 in vacuum, our results enable us
to examine trends and develop an understanding of t
physics of incorporation of a strongly bound molecule i
the semiconducting environment.

Our investigations show that incorporation of H2 in an
interstitial position results in a lowering of the binding
energy, an increase in the bond length, and a loweri
of the vibrational frequency. These features will b
explained on the basis of the interaction between H2 and
the host charge density. Our calculated lowering of th
frequency for H2 in GaAs agrees with the experimenta
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value obtained in Ref. [4]. For silicon, we obtain an eve
larger shift, a result that is also consistent with the physic
of the interaction between H2 and the semiconductor.
Our result conflicts with the experiments of Ref. [3],
and potential explanations for this discrepancy will b
suggested.

The calculations are based on density-functional theo
in the local-density approximation (LDA) [5] andab initio
pseudopotentials [6] to describe the semiconductor ho
atoms. For hydrogen we use the Coulomb potential. In
terstitial H2 is calculated in 32-atom supercells, a size
which was found to suffice to extract properties of iso
lated interstitials [7]. A plane-wave basis set with an en
ergy cutoff of 48 Ry is sufficient to reach convergenc
of the physical quantities of interest, including difference
in bond lengths, vibrational frequencies, and energy di
ferences between various configurations.Absolutevalues
for the bond length are converged to within0.006 Å at
this cutoff, and absolute energies to within 0.15 eV per H
atom. The calculations for the molecule in vacuum wer
performed in a simple cubic supercell with a lattice pa
rameter of8.46 Å and plane-wave cutoffs up to 96 Ry.

We have not used a generalized gradient approximati
(GGA). While use of the GGA brings certain calculated
quantities closer to experiment, the improvement is no
universal. In addition, a variety of choices for the GGA
algorithm is currently available, with no consensus abou
an optimum. We therefore considered it prudent t
adhere to the LDA formalism at this time. Vibrational
frequencies tend to be underestimated in the LDA [8], bu
these deviations are systematic and should not interfe
with the trends that will emerge.

The calculations were performed at the experiment
lattice constant of each of the semiconductors; in the ca
of silicon we verified that this choice of lattice constan
(which differs slightly from the theoretical value) has no
effect on the energetics or vibrational frequencies. Th
H2 molecule was placed at various interstitial positions i
the lattice, in various orientations. In agreement with ou
earlier work [7,9] on Si we found that the lowest-energ
© 1998 The American Physical Society 2177
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state occurs for the molecule placed at a tetrahedral
terstitial sTdd site, oriented along ak100l direction. The
k111l orientation is only 0.01 eV higher in energy; th
barrier to reorientation of the molecule is therefore neg
gible. The vibrational frequencies for these two orien
tions are also very similar. In compound semiconducto
two distinctTd sites exist, one surrounded by cations, t
other by anions; we label these, for the example of Ga
T Ga

d and T As
d . Results will be given for both sites. Th

k100l orientation was found to yield the lowest energy
all the cases studied here; however, thek111l orientation
is only slightly higher in energy (by a few 0.01 eV).

Full energy optimizations were performed, in whic
the H atoms as well as two shells of host atoms w
allowed to relax. In Si, GaP, GaAs, and InAs we foun
that the host-atom relaxations were small (atoms mo
by less than0.03 Å for k100l orientation of H2), lowering
the total energy by less than 0.2 eV, and raising
vibrational frequencies by less than50 cm21. In contrast,
host-atom relaxations turned out to be very importa
in GaN: Because of its smaller lattice constant, t
interstitial space available to the molecule is much sma
than in the other materials, and stronger interactions w
the host atoms are indeed expected.

Once the equilibrium position, orientation, and bon
length of the molecule were established, a series
calculations was carried out for different bond lengths
order to obtain a potential energy curve for determinat
of the vibrational frequencies. The host atoms were k
fixed at the positions appropriate for the equilibrium bo
length. The light mass of the hydrogen justifies th
approach; indeed, the hydrogen vibrations occur at m
higher frequencies than those of the host atoms.

Anharmonic effects are important in H2: for the free
molecule, the harmonic frequency is4400 cm21 [10],
and anharmonic terms lower this value by239 cm21 to
TABLE I. First-principles results for structural, energetic, and vibrational properties of H2 molecules oriented alongk100l at
tetrahedral interstitial sites in various semiconductors. For comparison, values for H2 in vacuum are also listed.a is the lattice
constant,rsTdd is the charge density at the interstitial site,DE is the energy difference between interstitial H2 and H2 in vacuum,
d0 is the equilibrium bond length,k is the force constant,v0 is the harmonic frequency, andDv is the difference in frequency
between the interstitial and the free molecule.

Material a sÅd site rsTdd se2yÅ3d DE seVd d0 sÅd k seVyÅ2d v0 scm21d Dv scm21d
Vacuum · · · · · · 0 0 0.771 31.7 4135 0

InAs 6.08 T In
d 0.012 0.45 0.785 28.4 3917 2218

TAs
d 0.013 1.12 0.789 27.6 3856 2279

GaAs 5.65 TGa
d 0.015 0.85 0.791 27.1 3824 2311

TAs
d 0.019 1.27 0.802 24.9 3750 2385

GaP 5.43 TGa
d 0.019 0.96 0.798 25.5 3709 2426

TP
d 0.021 1.18 0.792 26.6 3789 2346

Si 5.43 Td 0.023 0.80 0.817 21.4 3396 2739

GaN 4.50 TGa
d 0.046 2.90 0.789 27.4 3847 2288

TN
d 0.038 4.35 0.760 33.8 4271 2136
2178
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4161 cm21 [11]. We evaluated both harmonic and an-
harmonic terms by fitting the calculated potential energ
curve to a sixth order polynomial. Around the minimum
bond length,d ­ d0, the potential energy can then be ex-
pressed as (keeping terms up to fourth order)

Esdd ­ Esd0d 1
k
2

sd 2 d0d2 1 asd 2 d0d3

1 bsd 2 d0d4. (1)

The coefficient of the quadratic term yields the harmoni
frequency,v0 ­

p
kyM, whereM is the reduced mass.

To express the frequency in units of cm21, v should
be divided by2pc. The coefficientsa and b describe
the anharmonic contributions. The transition between th
ground state and the first excited state is given by [12]:

v ­ v0 1 Dv ­ v0 1 3
h̄
M

∑
2

5
2

µ
a

k

∂2

1
b

k

∏
.

(2)

For H2 in vacuum we obtaink ­ 31.7 eVyÅ2, a ­
230.9 eVyÅ3, andb ­ 44.9 eVyÅ4, which yield v0 ­
4135 cm21, Dv ­ 2190 cm21, and v ­ 3945 cm21.
The experimental value for the vibrational frequency o
H2 in the gas is4161 cm21 [11]; our computational ap-
proach thus underestimates this frequency by216 cm21,
consistent with previous LDA studies [8].

Table I lists values for the various quantities discusse
above, as well as for the energy differenceDE, which re-
flects the amount by which the energy of interstitial H2 ex-
ceeds that of H2 in vacuum. This quantity is obtained by
taking the calculated total energy of the semiconductor s
percell containing H2, and subtracting the energies of a su
percell without H2 as well as the energy of H2 in vacuum.
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No zero-point energies are included. We note that o
results for energies and structure of H2 in Si and GaAs
are in general agreement with those of previous firs
principles calculations (quoted in Ref. [2]); small quant
tative differences can be attributed to the higher degree
convergence employed in the present work [13]. To o
knowledge, only one calculation of vibrational frequen
cies has previously been reported. Nakamuraet al. [14]
performed Hartree-Fock calculations on a small Si clu
ter and derived a value of the vibrational frequency o
4470 cm21. No results were given for the free molecule
and the convergence of the calculational parameters w
not discussed, making it difficult to assess the reliabili
of the results.

Accurate calculation of the anharmonic terms require
evaluation of the potential energy curve for a larg
number of displacements. Such a determination is beyo
the scope of the present work, in which we want t
examine general trends in the effect of the environme
(type of semiconductor and location in the lattice) o
the vibrational properties. We therefore focus on th
harmonic frequency obtained from the fit [Eq. (1)]. Th
last column in Table I lists the frequency differenc
between the interstitial molecule and free H2.

In order to enable a comparison between our calculat
values and experiment, we make two assumptions:
The anharmonicity in the case of interstitial H2 is compa-
rable to that of H2 in vacuum. Our estimates of the anhar
monic terms indicate that this is true to within100 cm21.
(ii) The correction terms216 cm21d that brings the fre-
quency for free H2 in agreement with experiment also ap
plies to interstitial H2. Since the vibrational properties are
still dominated by the H-H interaction, the LDA error can
indeed be expected to be systematic. These two reas
able assumptions allow us to compare the frequency sh
Dv directly with experiment.

The first conclusion we draw from Table I is that ther
is a clear correlation between the bond lengthd0 and the
force constantk (and hence the vibrational frequency), a
shown in Fig. 1. To a very good approximation,k can be
expressed as

k ­ kf 2 219.0Dd , (3)

where kf is the force constant for free H2 in vacuum
(in eVyÅ2) andDd ­ d0 2 d0f , with d0f the calculated
equilibrium bond length of H2 in vacuum (in Å). The
slope is close to the prediction based on the anharmo
term; indeed, starting from Eq. (1) for free H2 (i.e., k ­
kf andd0 ­ d0f) and taking the second derivative yields

E00sdd ­ kf 1 6asd 2 d0fd , (4)

to first order insd 2 d0f d.
Table I also shows that the vibrational frequency de

creases along with the lattice constanta of the semicon-
ductor—up to a point. For largea there is little direct
interaction between the H2 molecule and the host atoms
ur
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the relaxation of the host atoms is small and its effec
on the vibrational frequency is negligible. The interac-
tion increases as the lattice constant goes down, resultin
in lower values ofv, and higher values ofDE. Repul-
sion between H atoms and host atoms (which would lea
to a stiffening of the force constant and an increase in
frequency) does not seem to play any significant role, ex
cept for TP

d in GaP, and in GaN. In fact, immersion of
the molecule in the semiconductor charge density lead
to a weakening of the bond. This trend obviously breaks
down for semiconductors with a very small lattice con-
stant, such as GaN. In this case strong repulsion oc
curs between the molecule and the host atoms; in essenc
there is not enough room in the interstitial cage to accom
modate the molecule, resulting in a large value ofDE and
an increased value ofv.

We noted above that the vibrational frequency is in-
sensitive to the orientation of the molecule as well as
to relaxation of the host atoms (with the exception of
GaN). These observations indicate that the interactio
between H2 and the host doesnot involve atomic re-
pulsion or hybridization of wave functions. Instead, we
picture the molecule being immersed in the low-density
electron gas near the interstitial site. This description is
supported by Nørskov’s calculations for H2 molecules in
jellium [15], in which a decrease of the binding energy
was found, along with a reduction in the vibrational fre-
quency. Nørskov attributed these effects to a filling of the
antibonding resonance.

We actually find a direct monotonic relationship be-
tween the magnitude of the host charge density at the in
terstitial site and the bond length (or force constant) o
the molecule (excluding the case of GaN): the higher the

FIG. 1. Calculated force constant for interstitial H2 molecules
as a function of calculated bond length deviation (referenced t
the bond length of free H2), as listed in Table I. Data points
are labeled according to the semiconductor host and the type
Td site (surrounded by cations or anions, depending on whic
element is underlined). The solid line is a linear fit.
2179
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charge density, the longer the bond length (and the low
the vibrational frequency). The relationship is linear fo
H2 in semiconductors with lattice constanta $ 5.65 Å;
deviations from linearity indicate that the interaction be
comes more complex for Si and GaP. The shift in vibra
tional frequency is clearly larger for H2 in semiconductors
than in noble gas solids, or in solid N2 or O2; the differ-
ence can be attributed to the larger value of the char
density at the interstitial sites in the semiconducting hos

Finally, we discuss comparisons with experiment. Tw
values have recently been reported for vibrational fr
quencies of H2 in semiconductors observed by Rama
spectroscopy. Vetterhöfferet al. [4] reported a shift of
2227 cm21 for H2 in GaAs, compared to the free mole
cule. Our calculated value for the most stable positio
of H2 in GaAs yields Dv ­ 2311 cm21, i.e., within
84 cm21 of the experimental value, which can be consid
ered reasonable agreement. The small calculated ene
difference between different orientations of the molecu
also agrees with the conclusions of Ref. [4] about the ea
of rotational motion of H2.

Murakamiet al. [3] reported a value of4158 cm21 for
H2 in Si, i.e., within a few wave numbers of the frequenc
in H2 gas. Our calculated value for H2 in Si, on the
other hand, shows a downward shift of over700 cm21. In
addition, given the physical trends discussed above, o
definitely expects the value for Si to be lower than th
value for GaAs [4]. In light of this analysis, we conclude
that the frequency measured by Murakamiet al. is not
representative of interstitial H2. The similarity of this
value to the free-molecule value points towards H2
molecules incorporated in some other form—maybe at
near the surface of the sample, or in voids.

In summary, we have presented a first-principles th
oretical study of H2 incorporation in a variety of semi-
conductors. The H2 interstitial molecules prefer to be
located at the tetrahedral interstitial site, in thek100l
orientation; rotational barriers are very small, howeve
In compound semiconductors theTd site surrounded by
cations is always lower in energy. The vibrational fre
quency is shifted down from the free-H2 value by a sig-
nificant amount; the size of the shift can be correlated wi
the magnitude of the charge density at theTd site. The
relation between the force constant and the bond leng
2180
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was derived (Fig. 1) and is given in Eq. (3); this simple
expression allows predictions of the force constant an
the frequency based on a calculation of the bond leng
alone. Our calculations are in good agreement with rece
experiments for H2 in GaAs [4], but show significant dis-
crepancies with experimental results for H2 in Si [3], sug-
gesting that the frequencies observed in that work arenot
related to interstitial H2.

Thanks are due to C. Stampfl for help with the pseu
dopotentials.
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