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Hydrogen Diffusion in Silicon from Tight-Binding Molecular Dynamics
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We present the first tight-binding molecular dynamics simulation of hydrogen diffusion in silicon
for 800 < T < 1800 K. We show that the diffusion law deviates from the high-temperature Arrhenius
plot below T = 1200 K, and we compute the diffusion coefficient in a region where no experimental

data are available.

The diffusion mechanism and path are observed during very long simulations.

We demonstrate that hydrogen diffuses through jumps, avoiding low valence-charge-density regions.
Observation of jumps between non-nearest-neighbor bond-center sites is reported, and the role of the

phonon spectrum of silicon is discussed.
PACS numbers: 66.30.Jt, 61.72.Ji

Hydrogen in semiconductors has long been considered
an outstanding and lively field of solid state physics. Its
importance is related to the capacity of hydrogen (H) to
affect optical and electrical properties of semiconductor
materials and to the fact that it is present in nearly any
step of processing of Si or III-V compounds. Moreover,
H is often intentionally inserted into a host and used to
passivate defect states. When present in a semiconductor
device, H may diffuse and affect the transport properties
of the electrically active region. This is in most cases a
disturbing situation that makes the control of the electric
field in the active region quite troublesome. A detailed
comprehension at an atomistic level of the hydrogen dif-
fusion mechanism is therefore a basic issues to understand
the physics of hydrogenated semiconductors.

Most of the experimental and theoretical investigations
on H diffusion have been in fact focused on crystalline
(c) or amorphous Si [1]. As regards c-Si, despite the
huge amount of work dedicated to this problem, the full
characterization of hydrogen motion and diffusivity mech-
anism is still a matter of discussion. In Fig. 1 we collect
the experimental [2-8] and theoretical data [9], report-
ing the variation of the hydrogen diffusion coefficient D
with temperature. In the low-temperature region (7 <
800 K) the experimental measurements of D (performed
with different techniques and relative to different charge
states of hydrogen) show a sizable spread [3—-8]. On
the other hand, at higher temperatures (7 > 1000 K) both
the experimental data by Van Wieringen and Warmoltz
[2] (VWW) and the first-principle simulation by Buda
et al. [9] (CP) indicate a linear variation of InD against
inverse temperature. This trend can be reproduced by
the Arrhenius law [2] D(T) = Doexp(—E,/kgT), where

Do = 9.41 X 1073 cm?s~! and E, = 0.48 eV (activation -

energy). The extrapolation (dash-dotted line in Fig. 1)
down to intermediate temperatures shows larger and
larger deviations from measurements (apart from the puz-
zling almost exact matching of Seager er al. [4] and
Tavendale et al. [6] room temperature data).

Also the diffusion mechanism and path are not well
established. Both Hartree-Fock [10,11] and density-
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functional-theory [12] (DFT) calculations have been
performed in the cluster and supercell geometry for both
neutral and charged H. The main question there addressed
was the determination of the equilibrium site for interstitial
hydrogen in c-Si at zero temperature. According to all of
the calculations, the bond-center (BC) site—the midpoint
of a Si-Si bond—turns out to be the minimum energy
position. However, conflicting estimations [10—12] have
been given for the energy of other interstitial sites (e.g., the
hexagonal, tetrahedral, C, and M sites, where M indicates
a site located midway between a BC and a hexagonal
site and C indicates a site midway between two M sites).
This prevents the determination of a unique picture for
hydrogen diffusion in ¢-Si as deduced from 7 = 0K
calculations of diffusion path and activation energies. In
order to bypass the limitations of static calculations, Buda
et al. [9] have performed a first-principles molecular
dynamics (MD) simulation of hydrogen (in the H™ state)
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FIG. 1. Diffusion coefficient for hydrogen in c¢-Si. Open
circles: present calculation. Other symbols: experimental and
theoretical data from Refs. [2—9]. Dash-dotted line: Arrhenius-
like extrapolation of VWW data (see text) from Ref. [2].
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in crystalline silicon. They have calculated the diffusion
coefficient for 1200 < T < 1950 K finding a rather good
agreement to VWW experimental data [2] (see Fig. 1).
The high-temperature behavior has been confirmed by
another DFT total energy calculation by Bloch et al. [13]
based on rate theory. Moreover, Buda er al. [9] have
demonstrated that the diffusion mechanism is jumplike
between highly symmetric interstitial sites and that the
inclusion of dynamical effects substantially modify the
picture emerging from zero temperature calculations.
Two possible paths of diffusion have been proposed
in Ref. [9]: (i) a twofold-coordinated path in which
jumps between twofold-coordinated BC and M sites were
observed; and (ii) a onefold-coordinated path in which
hydrogen moves in the regions of low valence charge
density. The two paths have been proposed to alternate
during the diffusion, but it was not possible to estimate
their relative occurrence frequency.

The accurate investigation by Buda et al. [9] is, how-
ever, limited to very high temperatures (7 > 1200 K)
and to very short simulation times (4 ps) because of
the high computational workload of that first-principles
MD. These limitations leave unanswered some important
questions: (i) understanding why the diffusion coefficient
undergoes such a dramatic change (almost 4 orders of
magnitude) in the small temperature interval 900 < T <
1200 K; (ii) fixing the range of validity for the D(T) =
9.41 X 1073 exp[(—0.48 eV)/kzT] cm?s~! Arrhenius ex-
trapolation; and (iii) collecting hydrogen trajectories dur-
ing long simulations in order to fully characterize the
diffusion path. To these aims we have performed tight-
binding molecular dynamics (TBMD) simulations of hy-
drogenated ¢-Si for 1800 < T < 800 K. As discussed
elsewhere (see Ref. [14] and references therein), TBMD
is a simulation scheme where the interatomic forces gov-
erning the atomic trajectories are derived from the under-
lying electronic structure of the simulated system through
the Hellman-Feynman theorem. The electronic structure
is calculated at every time-step of the MD run by means of
a semiempirical tight-binding (TB) Hamiltonian. The re-
sulting computational framework is quantum mechanical
and has both the required accuracy to deal with covalent
materials with directional bonds and a reduced computa-
tional workload. This, in turn, allows for large-scale sim-
ulations. The reliability of TBMD simulations has been
established either for elemental [15—-17] or compound
[18] semiconductors and for carbon-based materials [19].

In the present work we make use of the sp* Good-
win et al. [14] Hamiltonian to model Si-Si interactions.
As for the Si-H interactions, we have determined the
tight-binding (TB) parameters by using a selected set of
properties of the SiH, molecule. The difference between
the diagonal elements for Si-Si interactions was derived
from Ref. [14], whereas the equilibrium values of two off-
diagonal Si-H elements (i.e., sso and sp o), as well as the
H-H and Si-Si diagonal hopping integrals, have been de-

termined by fitting the energy of the first (a7) and second
(t;) bonding and the first antibonding (z; ) level and the
frequency of the symmetric bending mode (SB). Just the
1s orbital was used for H. The full set of TB parameters
used in this work is shown in Table I, while in Table II
we report the results of the present parametrization for the
SiH, molecule together with experimental data [20]. The
fitted Si-H hopping integrals have been scaled upon the in-
teratomic distance according to the Goodwin et al. model
[14]. The repulsive potential [14] for Si-H pairs has been
obtained by the difference between the universal binding
curve of the Si-H bond [21] and the band-structure energy
per bond, as calculated with the above TB parameters.

The reliability of our model Hamiltonian was further
tested by performing static total-energy calculations of in-
terstitial hydrogen in c-Si at zero temperature. As previ-
ously found in first-principles calculations [9—-12], the BC
site turned out to be the minimum-energy site for hydro-
gen. Within the numerical accuracy of the present model
(~0.1 eV/atom) the hexagonal site is almost degenerate
with BC while, relative to BC, all the other interstitial con-
figurations have energy higher by an amount ranging be-
tween 0.2—0.8 eV with the following sequence: M, TD,
C. Similar results are found in Refs. [9,12]. Since con-
flicting estimations exist for the energy of the M, C, TD,
and hexagonal sites, we cannot further comment about our
set of energies. However, it is worth noticing that, despite
the present TB model being quite simple, the correct gauge
for interstitial energies is well reproduced. Moreover, we
have found that hydrogen causes relevant structural relaxa-
tions in the host lattice. In particular, when placed in BC
position, the two first neighboring Si atoms are symmetri-
cally and radially displaced by 0.4 A. The relaxations of
the second and third shells of Si atoms were also calculated
and were found to be much smaller, as in Ref. [12]. On
the other hand, we have found that relaxation of Si atoms
is negligible when placing H at tetrahedral or hexagonal
sites. Both these features result in rather good agreement
with DFT calculations by Van de Walle er al. [12]. Fi-
nally, we remark that we have calculated the equilibrium
Si-H bond length to be 1.6 A, when H is placed at the an-
tibonding position. Again, this is in excellent agreement
to both experimental data [22] and previous calculations
[23]. The above extensive tests of accuracy make us con-
fident that the present tight-binding model is reliable for
attempting to study dynamical properties.

TABLE I. TB parameters (in eV) for Si-Si, Si-H, and H-H
interactions used in the present work. We used the notation
after Ref. [24].

E; E, sso spo ppo ppw
Si-Si —14.843 —-6.548 —1.820 1960 3.060 —0.870
Si-H —2.815 4.265
H-H —8.758
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TABLE II. Energy levels (eV) and vibrational frequencies
(meV) for SiH,.

ay I 5 SB S
Expt. (Ref. [20]) —1820 -—12.70 -540 15.00 33.66
Present work —-1820 —1270 —-540 14.16 34.47

Finite-temperature simulations of diffusion were per-
formed with a periodically repeated cubic supercell con-
taining 64 Si atoms and 1 hydrogen. The density of
the sample was fixed to the experimental value for c-Si.
The classical equations of motion have been integrated
by means of the velocity-Verlet algorithm with a time
step 8§t =05 X 107 s and 61 =1 x 1075 s for T >
1000 K and T < 1000 K, respectively. Taking full advan-
tage of the reduced computational workload of the present
TBMD, we have been able to follow hydrogen during a
simulation as long as 25 ps for T > 1000 K. A special ef-
fort was required for the simulation at 7 < 1000 K: Here
we followed the diffusion for much longer times (up to
300 ps). The observation was preceded at each tempera-
ture by a careful equilibration (2.5 ps).

In Fig. 1 the results of the present investigation are
shown as open circles. The diffusion coefficient was
calculated from the mean square displacement (MSD) of
the hydrogen atom. We can clearly see that at very high
temperatures the agreement with VWW data is excellent.
This is the most striking proof of reliability for our
TBMD simulation. On the other hand, for T < 1200 K
we observe a sizable deviation from the Arrhenius law as
obtained by extrapolation [2,9,13] of VWW data. The
trend shown by our calculations proves that between
1200 and 900 K the variation of InD as a function
of inverse temperature deviates from D(T) = 9.41 X
1073 exp[(—0.48 eV)/kgT] cm?s~!. Such a trend matches
the high- and low-temperature sets of experimental data.
According to our analysis, the extrapolation of the high-
temperature Arrhenius plot down to room temperature
turns out to be questionable.

The mechanism and path of diffusion have been de-
duced by carefully analyzing the hydrogen trajectories
collected during the simulations. In Fig. 2 we report the
H trajectory as obtained at 1200 K for 25 ps. The time
evolution is represented with a suitable site labeling. The
silicon lattice (thick sticks) is represented at rest, omitting
the thermal motion of Si atoms for the sake of clarity.
Figure 2 is representative of most of the diffusive features
observed at any temperature. A clear picture emerges
from it: H moves via a jumplike mechanism visiting pref-
erentially BC sites. This picture is in qualitative good
agreement with the previous findings by Buda et al. [9].
We can, however, give more details about the diffusive
behavior, thanks to the larger statistics we have accumu-
lated. First of all, we can observe that the time spent in
the neighborhood of equivalent BC sites may significantly
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FIG. 2. Hydrogen trajectory at 7 = 1200 K during a 25 ps
long simulation. Silicon lattice (thick sticks) is represented
in its equilibrium configuration. The time evolution of the H
position is given by the following sequence of jumps: 6-7-6-5-
2-1-3-4.

differ from case to case (this corresponds to a more or
less entangled trajectory). H diffusion is, in fact, a se-
quence of stop-and-go processes in which the pauses can
have different durations. Moreover, forward and back-
ward jumps are equivalent and occur with the same fre-
quency. A second important peculiarity is related to the
diffusive path: In Fig. 2 (and, similarly, in all of our simu-
lations) we see that H avoids the regions of low valence
charge density. In other words, we did not observe the
onefold-coordinated path discussed in Ref.[9]. This re-
sult holds both at high and low temperature and does not
depend upon the initial position of hydrogen from which
the trajectory was generated. We must conclude that, ac-
cording to our simulations, the onefold-coordinated path
is a rather infrequent event. However, we remember that
in Ref. [9] they considered H* diffusion, whereas in the
present calculation the charge state of H is given by the
instantaneous occupation of its 1s orbital. A third rele-
vant information that we can extract from Fig. 2 refers to
the length of the jumps: We have observed jumps between
BC sites lying at a distance longer than the first nearest-
neighbor one (jump between site 5 and 2 in Fig. 2). As
a general trend, we found that the higher the temperature
was, the longer the maximum jump length was.

This conclusion is confirmed by Fig. 3 where we report
the MSD of H at three different temperatures. First,
we notice that the frequency of jumps decreases with
temperature. This feature is particularly evident for 7 =
850 K. This temperature corresponds to the minimum
thermal energy (~70 meV) required to excite the highest
optical phonons (~65 meV) in silicon, corresponding
to the stretching mode of a Si-Si bond. When such
vibrations are not thermally activated, the diffusion is
not encouraged because the BC site is an energetically
favorite site for H. However, we believe that it is
not the only factor responsible for the dramatic change
in the diffusion coefficient around 7 = 1200 K. In
fact, one clearly sees that the squared absolute length
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simulation (3 X 10° time steps).

of the jumps (that correspond to the height of the
steps in the MSD plot) changes by about 1 order of
magnitude from T = 1500 K (left panel) to T = 950 and
800 K (central and right panels). This indicates that the
drop in temperature causes the quenching of the longer
jumps. We propose that the combination of these two
mechanisms is the origin of the deviation from the high-
temperature Arrhenius law [2,9,13] for T < 1200 K.

In summary, we have presented the first TBMD
simulation of H diffusion in ¢-Si over a wide range of
temperatures (800 < T < 1800 K). The agreement to
high-temperature experimental data and first-principles
simulations is excellent. Moreover, we have demon-
strated that the diffusion law differs from D(T) = 9.41 X
1073 exp[(—0.48 eV)/ksT] cm?s™ for T < 1200 K. A
full characterization of the diffusion path has been given
as well, and different diffusion mechanisms have been
proposed.
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FIG. 2. Hydrogen trajectory at T = 1200 K during a 25 ps
long simulation. Silicon lattice (thick sticks) is represented
in its equilibrium configuration. The time evolution of the H
position is given by the following sequence of jumps: 6-7-6-5-
2-1-3-4.



