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Abstract—The structural and energy characteristics of interstitial molecular hydrogen in single-crystal sili-
con are theoretically studied. The dependence of the potential energy of the system on the position and ori-
entation of the interstitial defect is investigated, and the mechanism of interaction of a hydrogen molecule
with a silicon crystal is considered. A three-dimensional model is employed to calculate the energy spectrum
of H, in Si, and the obtained dispersion law is analyzed.
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1. INTRODUCTION

Single-crystal silicon is one of the basic materials
for the development and production of semiconduc-
tor devices and elements. Interstitial hydrogen sub-
stantially affects the physical and chemical properties
of the material, which is significant for many techno-
logical processes [1]. Control of diffusion and the
hydrogen distribution in the semiconductor bulk are
important aspects for a number of technologies, e.g.,
such as Smart Cut [2]. A detailed investigation of the
effects of presence of hydrogen in silicon and other
semiconductors is a challenging problem whose solu-
tion will help to decrease the size of semiconductor
elements to the nanometer scale, to develop and
optimize the existing technologies, to increase the
control and controllability of the characteristics of
semiconductor elements, and to simulate technolog-
ical processes and the properties of materials.

An analysis of the available results of experimental
and theoretical investigations of the H,—Si system
(see, e.g., [1-20] and Refs. therein) leads to the fol-
lowing conclusions. Atomic hydrogen penetrates into
the structure of the semiconductor at almost all stages
of technological processes. Some of embedded atoms
form molecular hydrogen [3—6]. An H, molecule
strongly interacts with a silicon matrix, which signifi-
cantly increases the H—H bond length and decreases
the vibrational frequencies [7—11]. In addition, H,
exhibits the properties of a free rotator; that is, rota-
tional degrees of freedom are not “frozen,” and the
spectra of the interstitial defect can be interpreted
using the free molecule model [12—19]. In an equilib-
rium configuration, the center of mass of H, is located
at the tetrahedral site (7 site) of the Si crystal lattice,
and the molecule is oriented along directions equiva-
lent to [100] with a rotational potential barrier of about
0.01eV[13, 19]. According to [20] (where the kinetics

of O—H complexes in crystalline silicon was consid-
ered), the activation energy of diffusion of molecular
hydrogen is about 0.78 eV.

The purpose of this work is to study the structural
and energy characteristics of interstitial molecular
hydrogen in single-crystal silicon in terms of ab initio
calculations. We analyzed the energy of the system as a
function of the position of an interstitial defect, calcu-
lated the minimum energy path (MEP) between the
equilibrium hydrogen sites in a crystal with allowance
for the rotational degree of freedoms of the molecule,
estimated the response of the silicon matrix to the
presence of H,, and considered the mechanism of
interaction of the molecule with the crystal. Since
hydrogen is the lightest molecule and is placed in the
periodic potential of crystalline silicon, we calculated
the energy spectrum of H, in the 3D potential of the
silicon matrix.

2. COMPUTATIONAL METHOD

The atomic and electronic structures of the H,—Si
system were calculated using the density functional
theory with the PW91 exchange-correlation func-
tional [21] in the generalized gradient approximation
[22, 23] implemented in the CRYSTALOQ9 software
package [24].

The system was considered within the framework
of the cubic supercell model with periodic boundary
conditions. The cell size was chosen so that the inter-
action of hydrogen molecule with its periodic images
was excluded. In the calculations, we used superlat-
tices consisting of 4 and 32 primitive cells of crystalline
silicon, i.e., the structures consisting of 8 and 64 sili-
con atoms, respectively. Massive calculations were
mainly performed on the smaller cell, and the calcula-
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Fig. 1. Calculation supercell with a hydrogen molecule at
the T 'site.

tions carried out for certain atomic configurations
were repeated on the larger cell to control the obtained
results and to study critical cases.

Figure 1 shows the small supercell. In calcula-
tions of the potential energy of the hydrogen mole-
cule in of the single-crystal silicon, the Si atoms
were fixed at their equilibrium positions of the ideal
crystal. The energy of the system was analyzed for a
large number of possible H, sites in the cell. Ab ini-
tio calculations were performed using an 8 x 8 x §
grid of k-points for the small cell and a 4 x 4 x 4 grid
for the large one. Based on analysis of the results of
solution of the electronic problem for the model
structure and reproduction of various properties, we
choose the optimized Si basis set from [25] and the
Dunning DZP basis set for the hydrogen atoms [26].
Since the localized basis functions were used, the
basis set superposition error (BSSE) correction was
always taken into account.

The calculated lattice parameter of silicon (a =
5.47 A) differs from the experimental parameter (a =
5.43 A) by at most 0.7%. The bond length in H, was
calculated to be 0.7487 A (which is slightly larger than
the experimental bond length (0.7414 A) [27]) for the
free molecule and 0.7810 A for hydrogen in the silicon
crystal. The last value was used in the ab intio calcula-
tions of the energy of the system for various hydrogen
molecule positions in the single crystal.

According to the adiabatic approximation, the
obtained ab initio values of system energy F were used
as the potential energy of a hydrogen molecule in the
silicon single crystal M(x, y, z, 6, ¢), where 6 and ¢ are
the spherical coordinates with the origin at the center
of mass of the molecule and x, y, and z are the coordi-
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Fig. 2. Potential energy of the interaction of a hydrogen
molecule with crystalline silicon in the (TIO) plane.

Isoenergetic contours are plotted at a step of 1000 em L.

nates of the center of mass of H, in the crystal cell. The
Cartesian coordinate system was chosen so that the
directions of its basis vectors coincided with the calcu-
lation cell vector directions. The zero value of angle 0
corresponds to the molecule orientation along axis z.
For example, the center of mass of an H, molecule in
Fig. 1 is located at the point (1/2, 1/2, 1/2), 6 = 90°,
¢ =0°.

When calculating the energy states of H, in Si, we
took into account only translational degrees of free-
doms. The three-dimensional periodic potential of
interaction of the molecule with the crystal was repre-
sented by the ab initio system energies for various H,
sites in the cell averaged over the angular variables.

The corresponding stationary Schrodinger equa-
tion with periodic boundary conditions was numeri-
cally solved using a variational approach. The Bloch
wavefunctions were represented in the form of plane
wave expansion, and the matrix elements of the system
Hamiltonian were calculated using the discrete Fou-
rier transform. The energy levels of the interstitial
defect e(k) were calculated for the values of wavevector
k that fall in segments L—I'—X/X'—K—T". In this case,
the primitive cell of silicon was used as the element of
a periodic structure. The uniformly distributed calcu-
lation grid contained 54 x 54 x 54 points, and the cut-
off energy for plane wave basis set was 16000 cm™!,
which allowed to ensure good convergence of the
eigenvalues in the considered range of the energy
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Energy and structural characteristics for the equilibrium and transition positions of a hydrogen molecule in a silicon crystal

0. de de Value for fixed Change after Average shift of the nearest
> aeg ®, deg structure, cm™! relaxation, cm™! Si atoms, A
Eeq 90 0 0 —145 0.02
min £, 129.1 45 7961 —881 0.04
max £, 54.7 45 8947 -916 0.04

spectrum. The solution algorithm was implemented in
the form of FORTRAN program.

3. RESULTS AND DISCUSSION

Figure 2 shows the potential energy of interaction
of a hydrogen molecule with crystalline silicon in the

(110) plane averaged over the rotational variables.
The minima at the points (1/2, 1/2, 1/2) and (1/4,
1/4, 3/4) correspond to the equilibrium positions of
the molecule in the matrix, i.e., two neighboring T
sites. The potential barrier between these minima—
a saddle point with the coordinates (3/8, 3/8, 5/8)—
is about 1 eV. The step for the drawn isoenergetic
contours is 1000 cm~!, and the constant-energy con-
tours located at the maximum distance from the
minima correspond to an energy of 12000 cm~!. The
calculated energies that were higher than this energy
were not used to plot these curves because of high
potential gradients.

To estimate the influence of interstitial molecular
hydrogen on the internal crystal geometry and the cor-
responding system energy, we optimized the structure
of Si with H, fixed in the following positions: the equi-
librium, the saddle point with two molecule orienta-
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tions corresponding to the minimum (min £,) and the
maximum (max ;) system energies, as well as along
the MEP. The response of the structure to introduc-
tion of the molecule is illustrated by the data in the
table. The calculations showed that system energy E,,
for the 7 site decreases by approximately 145 cm™' as
a result of restructuring of the nearest environment of
H,: four neighboring Si atoms are displaced from the
molecule by about 0.2 A. The crystal structure under-
goes more notable changes at the saddle point, where
the distance from H, to the nearest silicon atoms
decreases. However, the maximum rotational barrier
in this position, i.e., maxEy, — minE,, changes insig-
nifglcantlly during structural optimization and is about
10°cm—.

Figure 3 shows the MEP of a hydrogen molecule
between the neighboring equilibrium positions. Here-
after, for definition, we consider 7 sites with the coor-
dinates (1/2,1/2,1/2) and (3/4, 3/4, 3/4) and the sad-
dle point (5/8, 5/8, 5/8). According to the structure
and symmetry of the system, all possible MEPs lie in
{110} planes. One can see that the difference between
the potential energies of the system along the MEPs
obtained without and with allowance for silicon atom
relaxation changes in the range 10°—10° cm™' and
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Fig. 3. The minimum energy path of H, molecule between the neighboring equilibrium positions in a silicon crystal. (a): (solid
curve) potential barrier for the fixed structure of Si, (dashed curve) potential barrier after structural optimization, and (dotted
curve) difference between max£ and minZ at the point with displacement (Ax, Ay, Az) relative to the equilibrium site. (b) The

corresponding molecule motion trajectory.
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increases monotonically when saddle point V, is
approached. The maximum rotational barrier
increases when the molecule goes from point V,, to
point V, and reaches an extreme value of ~1600 cm™!
in the vicinity of this point. Then, in the range V,—V5,
the difference between maxFE and minE decreases to
about 800 cm~!. At transition point Vi, the system

energy increases by about 100 cm~!. The average dif-
ference maxFE — minF calculated along the entire path
isabout 900 cm™!. It should be noted that MEP degen-
erates into the straight line coinciding with a [111]
diagonal when the potential energy of the system is
averaged over the rotational variables.

Figure 4 shows the potential energy of the system
as a function of the molecule orientation along MEP.
The magnitude of the radius vector of a point on the
displayed surfaces is V(x, y, z, 08, ¢) minus the mini-
mum energy for the corresponding fixed position of
the center of mass of H, molecule in MEP (see
Fig. 3). From a classical standpoint, this angular
dependence of energy can be interpreted as the
appearance of a preferred axis of hydrogen molecule
rotation, and the classical axis of rotation is predom-

inantly oriented along the [111] direction in the
MEP segment V,—V; (Figs. 4b, 4c). Approximately
on the segment V;—Vs, the orientation of the
assumed axis of rotation changes (Figs. 4c—4e¢), and
the axis is oriented alonga [111] direction in the seg-
ment Vs—V,, (Figs. 4e, 4f). It is also interesting that
the maximum system energy corresponds to the
position of the molecule along a [111] direction at
transition point V,. Thus, the molecule is mainly
directed parallel to the (111) plane during the pas-
sage through the potential barrier, which is not an
obvious consequence of the structure geometry and
becomes clear only when the interaction of H, with
Si is considered on a microlevel.

The mechanism of interaction of the molecule with
the crystal was analyzed using the ab initio calculated
spatial distribution of charge density difference Ap(r),

Ap(r) = py,(r) + psi(r) — pu,si(T), (D

where py  and pg; are the charge densities of the iso-

lated molecule and the crystal, respectively, and
Pu,si is the total charge density of the H,—Si sys-

tem. The presence of regions with negative/positive
values of Ap(r) points to an increase/decrease in the
electron density in the crystal volume when the mol-
ecule is introduced. As an example, Fig. 5 shows
Ap(r) distributions for the following two hydrogen
molecule positions: at the 7 site and at the saddle
point with the bond orientation along [111] direc-
tion. These isosurfaces are the boundaries of the
regions where the electron density is mainly redis-
tributed.
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In the case of the equilibrium position of H, mol-
ecule, the charge redistribution induced by its inter-
action with Si atoms is mainly localized in the vicin-
ity of the introduced molecule (Fig. 5a). Here, the
electron density near hydrogen atoms increases, and
a toroidal region with positive values of Ap arises
around the molecule axis. This charge redistribution
indicates a significant role of ionic and polarization
interactions. Ap distributions with a similar topology
and localization are also observed when the mole-
cule are displaced from the 7 site at a distance up to
0.3 A. For larger displacements (with the corre-
sponding decrease in the distance between H, and
some of the nearest Si atoms), less localized changes
in the electronic structure are observed.

Along MEP, the involvement of crystalline sili-
con in the formation of interatomic bonds is maxi-
mal at transition point V, when a hydrogen mole-
cule is oriented along a [111] direction (Fig. 5b),
i.e., at the position where the system energy is max-
imal (maxE,). At this point, together with negative
Ap regions near hydrogen atoms and a positive tor-
oidal region, a “hexagonal belt” of negative values
of Ap passing through six nearest silicon atoms
arises here. We could assume that the presence of
such a closed region with a high charge carrier den-
sity can cause the formation of collective quasi-
bound electronic states with a nonzero momentum
(or ring microcurrents from a classical standpoint)
under certain conditions. However, taking into
account the dynamics and energetics of the pro-
cesses occurring in the crystal, it is reasonable to
assume that the probability of appearance of such
states should remain extremely low.

The specific features of the band structure of the
energy levels of a hydrogen molecule in a silicon
crystal that were revealed in the study of a two-
dimensional model of the system [28] manifest
themselves to a great extent in the spectrum of H,
calculated for a three-dimensional potential.
According to the system symmetry, the lower energy
levels are degenerate, and additional twofold degen-
eracy at fixed values of wavevector k appears due to
the existence of two equivalent equilibrium sites for
H, molecule in the unit cell of silicon. As the energy
increases, the probability of tunneling transition of
the molecule between the T sites increases, and a
band structure formation takes place.

According to the calculations, the weak splitting
of the energy levels of H, that results in a band for-
mation with the width A = 0.1 cm~! arises for ener-
gies of about 6000 cm~' (hereafter, all energies are
given relative to the ground state £, ~ 1102.2 cm™").
The last value exceeds the corresponding energy
obtained for the two-dimensional model by approx-
imately 35 cm~!. Bands with A ~ 0.6 cm™' are
formed in the range 6603—6606 cm~! (Fig. 6a).
Bands about 7 cm~! wide are observed for energies
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Fig. 4. Potential energy (cm’l) of the system vs. the orientation of a hydrogen molecule. The direction of radius vector Z of the
point on the displayed surfaces is determined by angles 0 and ¢, and its magnitude is equal to the values of the differences £ —
minF that correspond to different positions of the center of mass of the H, molecule in MEP (see Fig. 3): (a) equilibrium position,
Veq; (b) Vy; () V35 (d) Vy; (e) Vs; and (f) saddle point, Vsp.

of 7600 and 7970 cm~!. Figure 6b shows the struc- bands. Note that the (k) dispersion laws in the seg-
ture of energy levels in the range 8030—8080 cm~!, ment X'—L—I that were obtained in this work and
where we have A~ 12cm~!and A = 19 cm~! for two  [28] agree qualitatively with each other.
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Fig. 5. Distribution of charge density difference Ap: (a) hydrogen molecule at the 7 position and (b) H, is located at saddle point
V,p with the bond oriented along a [111] direction. Bright and dark regions correspond to positive and negative values of Ap.
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Fig. 6. Band structure of the energy levels of H, in a Si crystal.

An analysis of the group velocity of the molecule on
the wavevector direction shows that this velocity is
maximal for directions equivalent to [100] and is min-
imal for directions equivalent to [111]. This result
agrees with the observation of hydrogen-containing
planar defects (platelets), which are formed predomi-
nantly in {111} planes [1]. Although a vacancy mecha-
nism is considered to play a key role in the formation of
such defects, this orientation remains predominant
even in terms of the ideal crystal model.

4. CONCLUSIONS

Ab initio calculations of the atomic and electronic
structures of interstitial molecular hydrogen in single-
crystal silicon were carried out. The potential energy
of the system was analyzed as a function of the position
and orientation of the interstitial defect, and the
mechanism of molecule—crystal interaction was con-
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sidered. The MEP of H, molecule between T positions
in silicon was calculated with allowance for the rota-
tional degrees of freedom and the response of the crys-
tal structure. According to the calculation results, the
minimum and maximum energy barriers Eg, for the
fixed structure of Si are approximately 7961 and
8947 cm~'. When structural relaxation was taken into
account, these values decreased by about 1000 cm™!,
approaching the experimental value (0.78 eV). The
maximum energy of the system at a saddle point was
found to be reached when a hydrogen molecule is ori-
ented along [111] direction.

Within the framework of the model proposed here,
the energy spectrum of H, in the three-dimensional
potential of the silicon matrix was calculated. It was
found that a band structure is formed at the energies
that exceed the ground state of the defect (£, =
1102.2 cm~") approximately by 6000 cm~!. The calcu-
lated dispersion law agrees with the occurrence of
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hydrogen-containing planar defects, which are mainly
formed in {111} planes.
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