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Energetics and Vibrational Frequencies of Interstitial H, Molecules in Semiconductors
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The incorporation of Kl 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 H in GaAs [Vetterhofferet al., Phys. Rev. Lett77, 5409 (1996)], but contradict
the conclusion of Murakamet al. [Phys. Rev. Lett77, 3161 (1996)] that the frequency for,Hn 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

Hydrogen can be incorporated in semiconductors in aalue obtained in Ref. [4]. For silicon, we obtain an even
number of different configurations: as an isolated interstilarger shift, a result that is also consistent with the physics
tial, bound to impurities, bound to native defects, etc. [1].of the interaction between ;Hand the semiconductor.
There have been many indications that hydrogen als@ur result conflicts with the experiments of Ref. [3],
forms interstitial H molecules. A number of computa- and potential explanations for this discrepancy will be
tional studies have shown that interstitiab holecules suggested.
have positive binding energies, though the binding energy The calculations are based on density-functional theory
is smaller than in vacuum [2]. Experimental observationdn the local-density approximation (LDA) [5] arab initio
of H, molecules were lacking until recently, due to the pseudopotentials [6] to describe the semiconductor host
challenging nature of the measurement; hés no dipole atoms. For hydrogen we use the Coulomb potential. In-
moment, rendering it invisible to infrared spectroscopy.terstitial H, is calculated in 32-atom supercells, a size
In addition, low concentrations of Hpose a sensitivity which was found to suffice to extract properties of iso-
problem. lated interstitials [7]. A plane-wave basis set with an en-

Two studies have recently appeared in the literature irergy cutoff of 48 Ry is sufficient to reach convergence
which Raman spectroscopy is used to study interstitiabf the physical quantities of interest, including differences
H, in Si [3] and in GaAs [4]. The results from these in bond lengths, vibrational frequencies, and energy dif-
studies are hard to reconcile: in GaAs [4], the vibrationalferences between various configuratiomshsolutevalues
frequency of the stretch mode is found to be significantlyfor the bond length are converged to withif006 A at
lower, by 227 cm™!, than the value in Kl gas. The this cutoff, and absolute energies to within 0.15 eV per H
results for Si [3], on the other hand, show virtually atom. The calculations for the molecule in vacuum were
no lowering of the vibrational frequency. It is difficult performed in a simple cubic supercell with a lattice pa-
to understand how immersion of the molecule in therameter of8.46 A and plane-wave cutoffs up to 96 Ry.
semiconductor could significantly affect the vibrational We have not used a generalized gradient approximation
modes in GaAs, but not in Si. In order to resolve (GGA). While use of the GGA brings certain calculated
this apparent conflict and to further our understandingjuantities closer to experiment, the improvement is not
of the physics of H incorporation we have performed universal. In addition, a variety of choices for the GGA
a first-principles computational study of interstitiab H algorithm is currently available, with no consensus about
in five different semiconductors: Si, GaAs, InAs, GaP,an optimum. We therefore considered it prudent to
and GaN (in the zinc blende structure). Combined withadhere to the LDA formalism at this time. Vibrational
calculations for H in vacuum, our results enable us frequencies tend to be underestimated in the LDA [8], but
to examine trends and develop an understanding of thihese deviations are systematic and should not interfere
physics of incorporation of a strongly bound molecule inwith the trends that will emerge.
the semiconducting environment. The calculations were performed at the experimental

Our investigations show that incorporation of k an  lattice constant of each of the semiconductors; in the case
interstitial position results in a lowering of the binding of silicon we verified that this choice of lattice constant
energy, an increase in the bond length, and a loweringwhich differs slightly from the theoretical value) has no
of the vibrational frequency. These features will beeffect on the energetics or vibrational frequencies. The
explained on the basis of the interaction betwegnaHd  H, molecule was placed at various interstitial positions in
the host charge density. Our calculated lowering of thehe lattice, in various orientations. In agreement with our
frequency for H in GaAs agrees with the experimental earlier work [7,9] on Si we found that the lowest-energy
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state occurs for the molecule placed at a tetrahedral ird161 cm™! [11]. We evaluated both harmonic and an-

terstitial (7;) site, oriented along &100) direction. The harmonic terms by fitting the calculated potential energy

(111) orientation is only 0.01 eV higher in energy; the curve to a sixth order polynomial. Around the minimum

barrier to reorientation of the molecule is therefore negli-bond lengthd = d,, the potential energy can then be ex-

gible. The vibrational frequencies for these two orientapressed as (keeping terms up to fourth order)

tions are also very similar. In compound semiconductors,

two distinct_Td sites exist, one surrounded by cations, the E(d) = E(dy) + k d — do)® + ald — dp)?

other by anions; we label these, for the example of GaAs, 2

T$* andT7*. Results will be given for both sites. The + B(d — do)*. (1)

(100) orientation was found to yield the lowest energy in

all the cases studied here; however, ¢hel) orientation  The coefficient of the quadratic term yields the harmonic

is only slightly higher in energy (by a few 0.01 eV). frequency,wy = \k/M, where M is the reduced mass.
Full energy optimizations were performed, in which To express the frequency in units of thy » should

the H atoms as well as two shells of host atoms werée divided by27c. The coefficientsa and 8 describe

allowed to relax. In Si, GaP, GaAs, and InAs we foundthe anharmonic contributions. The transition between the

that the host-atom relaxations were small (atoms moveground state and the first excited state is given by [12]:
by less thar0.03 A for (100) orientation of H), lowering

the total energy by less than 0.2 eV, and raising the i 5 /o \2 B
vibrational frequencies by less thaa cm™!. In contrast, w=w)+ Aw = wy + 3 v; [—5 <7> + 7}
host-atom relaxations turned out to be very important

in GaN: Because of its smaller lattice constant, the ()

interstitial space available to the molecule is much smaller

than in the other materials, and stronger interactions wittiFor H, in vacuum we obtaink = 31.7 eV/A2, a =

the host atoms are indeed expected. —30.9 eV/A3, and 8 = 44.9 eV/A*, which yield wy =
Once the equilibrium position, orientation, and bond4135cm™!, Aw = —190cm™!, and w = 3945 cm™ .

length of the molecule were established, a series oThe experimental value for the vibrational frequency of

calculations was carried out for different bond lengths inH, in the gas is4161 cm™! [11]; our computational ap-

order to obtain a potential energy curve for determinatiorproach thus underestimates this frequency2bg cm™!,

of the vibrational frequencies. The host atoms were keptonsistent with previous LDA studies [8].

fixed at the positions appropriate for the equilibrium bond Table | lists values for the various quantities discussed

length. The light mass of the hydrogen justifies thisabove, as well as for the energy differenkg, which re-

approach; indeed, the hydrogen vibrations occur at mucfiects the amount by which the energy of interstitialéx-

higher frequencies than those of the host atoms. ceeds that of KHin vacuum. This quantity is obtained by
Anharmonic effects are important in,Hfor the free taking the calculated total energy of the semiconductor su-

molecule, the harmonic frequency 00 cm™! [10],  percell containing ki, and subtracting the energies of a su-

and anharmonic terms lower this value p§9 cm™!' to  percell without H as well as the energy of-Hn vacuum.

TABLE I. First-principles results for structural, energetic, and vibrational properties,omblecules oriented alongl00) at
tetrahedral interstitial sites in various semiconductors. For comparison, values farvydcuum are also listeda is the lattice
constant,p(T,) is the charge density at the interstitial site is the energy difference between interstitial #hd H in vacuum,
dy is the equilibrium bond lengthk is the force constanip, is the harmonic frequency, anlw is the difference in frequency
between the interstitial and the free molecule.

Material a (A) site p(Ty) (e /A3) AE (eV) dy (A) k (eV/A?) wy (cm™1) Aw (cm™!)

Vacuum . . 0 0 0.771 317 4135 0

InAs 6.08 T 0.012 0.45 0.785 28.4 3917 —218
T 0.013 1.12 0.789 27.6 3856 —279

GaAs 5.65 TS 0.015 0.85 0.791 27.1 3824 —311
T 0.019 1.27 0.802 24.9 3750 —385

GaP 5.43 TS 0.019 0.96 0.798 25.5 3709 —426
T 0.021 1.18 0.792 26.6 3789 —346

Si 5.43 T, 0.023 0.80 0.817 214 3396 —739
GaN 4.50 T3 0.046 2.90 0.789 27.4 3847 —288
Ty 0.038 4.35 0.760 33.8 4271 —136
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No zero-point energies are included. We note that outhe relaxation of the host atoms is small and its effect
results for energies and structure of kh Si and GaAs on the vibrational frequency is negligible. The interac-
are in general agreement with those of previous firsttion increases as the lattice constant goes down, resulting
principles calculations (quoted in Ref. [2]); small quanti-in lower values ofw, and higher values cAE. Repul-
tative differences can be attributed to the higher degree afion between H atoms and host atoms (which would lead
convergence employed in the present work [13]. To outo a stiffening of the force constant and an increase in
knowledge, only one calculation of vibrational frequen-frequency) does not seem to play any significant role, ex-
cies has previously been reported. Nakameiral. [14] cept for7,; in GaP, and in GaN. In fact, immersion of
performed Hartree-Fock calculations on a small Si clusthe molecule in the semiconductor charge density leads
ter and derived a value of the vibrational frequency ofto a weakening of the bond. This trend obviously breaks
4470 cm~'. No results were given for the free molecule, down for semiconductors with a very small lattice con-
and the convergence of the calculational parameters wasdant, such as GaN. In this case strong repulsion oc-
not discussed, making it difficult to assess the reliabilitycurs between the molecule and the host atoms; in essence,
of the results. there is not enough room in the interstitial cage to accom-
Accurate calculation of the anharmonic terms requiresnodate the molecule, resulting in a large valué@f and
evaluation of the potential energy curve for a largean increased value @b.
number of displacements. Such a determination is beyond We noted above that the vibrational frequency is in-
the scope of the present work, in which we want tosensitive to the orientation of the molecule as well as
examine general trends in the effect of the environmento relaxation of the host atoms (with the exception of
(type of semiconductor and location in the lattice) onGaN). These observations indicate that the interaction
the vibrational properties. We therefore focus on thebetween H and the host doesot involve atomic re-
harmonic frequency obtained from the fit [Eq. (1)]. Thepulsion or hybridization of wave functions. Instead, we
last column in Table | lists the frequency difference picture the molecule being immersed in the low-density
between the interstitial molecule and free.H electron gas near the interstitial site. This description is
In order to enable a comparison between our calculatedupported by Ngrskov’s calculations fop lfholecules in
values and experiment, we make two assumptions: (ijellium [15], in which a decrease of the binding energy
The anharmonicity in the case of interstitiaj i$ compa- was found, along with a reduction in the vibrational fre-
rable to that of H in vacuum. Our estimates of the anhar- quency. Ngrskov attributed these effects to a filling of the
monic terms indicate that this is true to withift0 cm™!'.  antibonding resonance.
(i) The correction term(216 cm™') that brings the fre- We actually find a direct monotonic relationship be-
quency for free Kl in agreement with experiment also ap- tween the magnitude of the host charge density at the in-
plies to interstitial H. Since the vibrational properties are terstitial site and the bond length (or force constant) of
still dominated by the H-H interaction, the LDA error can the molecule (excluding the case of GaN): the higher the
indeed be expected to be systematic. These two reason-
able assumptions allow us to compare the frequency shift

Aw directly with experiment. 34
The first conclusion we draw from Table | is that there 1
is a clear correlation between the bond lendghand the 321 vacuum
force constank (and hence the vibrational frequency), as 30_' InAs
shown in Fig. 1. To a very good approximatigncan be ~ _~ ]
expressed as <\ﬁ 28 -
k = k; — 219.0Ad, @ 2 2
where k; is the force constant for free Hin vacuum a4 5]

(in eV/A?) and Ad = dy — dyy, With dos the calculated
equilibrium bond length of K in vacuum (in A). The 221
slope is close to the prediction based on the anharmonic 20_'
term; indeed, starting from Eq. (1) for free, Ki.e., k = ' r

kr anddy = dys) and taking the second derivative yields -0.02 0.00 0.02 0.04 0.06
E"(d) = ky + 6a(d — doy), (4) Ad (A)
to first order in(d — dyy). FIG. 1. Calculated force constant for interstitial kholecules

' ; ; as a function of calculated bond length deviation (referenced to
Table | also shows that the vibrational frequency de the bond length of free §), as listed in Table I. Data points

creases along with fthe lattice constanof 'the_ semipon- are labeled according to the semiconductor host and the type of
ductor—up to a point. For large there is little direct 7, site (surrounded by cations or anions, depending on which
interaction between the Hmolecule and the host atoms; element is underlined). The solid line is a linear fit.
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charge density, the longer the bond length (and the lowewas derived (Fig. 1) and is given in Eq. (3); this simple

the vibrational frequency). The relationship is linear forexpression allows predictions of the force constant and

H, in semiconductors with lattice constamt= 5.65 A;  the frequency based on a calculation of the bond length

deviations from linearity indicate that the interaction be-alone. Our calculations are in good agreement with recent

comes more complex for Si and GaP. The shift in vibra-experiments for Bl in GaAs [4], but show significant dis-

tional frequency is clearly larger for,Hn semiconductors crepancies with experimental results for id Si [3], sug-

than in noble gas solids, or in solid,Nr O,; the differ-  gesting that the frequencies observed in that worknaite

ence can be attributed to the larger value of the chargeelated to interstitial bl

density at the interstitial sites in the semiconducting hosts. Thanks are due to C. Stampfl for help with the pseu-
Finally, we discuss comparisons with experiment. Twodopotentials.

values have recently been reported for vibrational fre-

quencies of K in semiconductors observed by Raman

spectroscopy. Vetterhoffest al. [4] reported a shift of

—227 cm™ ! for H, in GaAs, compared to the free mole-

cule. Our calculated value for the most stable position _ _ .

of H, in GaAs yieldsAw = —311 cm!, i.e., within [1] Hydrogen in Semlconductoredlted by J. 1. I_Dankove and

84 cm! of the experimental value, which can be consid- N. M. Johnson, Semiconductors and Semimetals Vol. 34

(Academic Press, Boston, 1991).

ered reasonable agreement. The small calculated energpé] For an excellent review, see S.K. Estreicher, Mater. Sci.

difference between different orientations of the molecule Eng. Rep.14, 319 (1995).

also agrees with the conclusions of Ref. [4] about the easg3] K. Murakami, N. Fukata, S. Sasaki, K. Ishioka, M.

of rotational motion of H. Kitajima, S. Fujimura, J. Kikuchi, and H. Haneda, Phys.
Murakamiet al. [3] reported a value o#158 cm™! for Rev. Lett.77, 3161 (1996).

H, in Si, i.e., within a few wave numbers of the frequency [4] J. Vetterhoffer, J. Wagner, and J. Weber, Phys. Rev. Lett.

in H, gas. Our calculated value for,Hn Si, on the 77, 5409 (1996).

other hand, shows a downward shift of 0760 cm™!. In [5] P. Hohenberg and W. Kohn, Phys. R&86, B864 (1964);
addition, given the physical trends discussed above, one _ W- Kohnand L.J. ShaITlpld' 14QdA1133h'(1965)'h
definitely expects the value for Si to be lower than the [6] D-R. Hamann, M. Schititer, and C. Chiang, Phys. Rev.

. . . Lett. 43, 1494 (1979); N. Troullier and J. L. Martins, Phys.
value for GaAs [4]. In light of this analysis, we conclude Rev. B43, 1993 (1991),

that the ffe_que”CY mea§yred by Mur_ak_aet.ial. is ”9‘ [7] C.G. Van de Walle, P.J.H. Denteneer, Y. Bar-Yam, and
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