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We investigate the locations, electronic energy levels and motion of hydrogen in diamond with tight-binding
total energy calculations and Molecular Dynamics simulations. A lowest energy site for hydrogen in diamond
is found. It is a sixfold degenerate sit@ith respect to the C-C bomdgiving rise to a dangling bond and to a
deep electronic level in the energy gap. The motion of the hydrogen atom in the diamond crystal is jumplike
between these stable sites, starting at abev0 K. It is a coupled-barrier diffusion, with an activation
energy of 0.9 eV.

I. INTRODUCTION empirical method$&:”° In these calculations, first and second
neighbor lattice relaxatiofi$ were applied to carbon clusters
There is an abundance of hydrogét) in both natural terminated by H atoms, and full relaxation to carbon
and chemical vapor depositi¢€VD) grown diamond-2Its  supercells. The BC site was found to be lower in energy
presence in the lattice may affect the physical properties othan theT site, by amounts of 2.71.9, and 1.6 e\2. More
this interesting material; it has been shown that H is attractegecently, ab initio calculations showed that the energy of a
to boron inp-type diamond:* and passivates electrically ac- H at the BC site is lower by 0.95 eV than at tfig site.
tive defects’. However, a microscopic picture of the motion Different pathways for the motion of H in diamond were also
of H in diamond and the effects of H on the electrical prop_considerec?;ll‘l3and various barriers were predicted for the
erties of diamond are still controversial. migration of H in diamond, ranging from 0.4 to 5.1 &¥*~*3
In the present paper, we present results of tight binding Obviously, reliable results are obtained dly initio meth-
(TB) calculations on the behavior of H in diamond. In con- 0ds, which need to be implemented to verify the present
trast to previous first-principle and semiempirical

calculation&’ where only relaxation of H in several common 2
interstitial sites was carried out, we find the most probable N )

site for H in diamond by simulating the annealing of the

sample. We find thati) the lowest energy position that an H 4

atom occupies in diamond is a new site, that, to the best of ! ) 8
5

our knowledge, has not been studied previously. It is a six-
fold degenerate site with respect to the C-C bond, which we
denote by ET(EquilateralTriangle), and illustrate in Fig. 1.

(i) H at this new site was found to create a dangling bond
that induces an electronic energy leveD.5 eV above the
middle of the energy gap of diamond, i.e., it is a deep donor
state. (i) The diffusion of H in diamond proceeds via a
jumplike mechanism between ET degenerate sites around the
same bond, and at higher temperatures, also via jumps to
neighboring ET sites associated with different bonds. The
latter case also involves the jump of the nearest neighbor C //‘
atom of H; it is therefore a coupled-barrier diffusion

mechanls_n‘cf. _ o _ FIG. 1. Location of selected ET sites for H in the unrelaxed

A detailed comprehension, at an atomistic level, of H ingiamond lattice. Bright spheres are C atoms and dark spheres are
diamond is of basic importance, and requires understandingie positions of the ET sites. The triangles 1-2-3 and 4-5-6 shown in
the relative energetics of different possible sites for H. Thehe figure are equilateral, rotated with respect to each other by 60°
energies of several sites for H in diamond were recently calaround the same carbon-carbon bo#dR), and perpendicular to
culated by different groups, using first-principle and semi-it. The sites 7 and 8 surround an adjacent C-C bond.
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findings. However, comparison of our results to those of -456
Refs. 6,7, and 9 wherab initio and semiempirical methods
were applied, gives confidence in our present approach,as | 4
discussed in more detail below. o 488 o se-mam T x *(:; Io.g@o
% ,© 16 /[“6, -

Il. CALCULATION METHOD AND VERIFICATION % a0 |

In the present calculations, we use a TB model to describe %,’
the interactions between carbon and H atdfriEhe present %
model is made self consistent by the inclusion of local © _462 | i
charge neutrality, and has been shown to be transferable to T E::E:;
environments outside those included in the parameter fitting, %-XT,
like hydrocarbon molecules, diamond surfaces and amor- _464 A . .
phous diamondlike carbort$® We have paid particular at- 0.80 0.85 0.90 0.95 1.00
tention to the Brillouin-zone sampling for convergence of the x

supercell calculation!8 We use a small supercell of 64
+1 atoms and a larger one of 2@ atoms, and different interstitial sites(BC, T4 and ET), as a function of the multiplying

sets of speciak points. For H at high-symmetry sitd8C  fact0r, (see text The energy difference between H at BC and H at

and Td)_' convergence in the energy is already achieved Withl'd, as calculated by others, are indicatél.Ref. 6,(b) Ref. 7,(c)
2 specialk points and the small supercell. For H at the ET Ref. 9, and(d) Ref. 10.

site (to be discussed belgwwe use 10 specidd points for

accuracy with the small supercell. The calculations with thegested to decrease the strength of the Si-H repulsive potential
supercell of 21681 atoms and 2 speciélpoints yield quan-  obtained from Silj, by using a multiplying factog=<1. The
titatively the same results as those with the small one, justioptimum y value found yielded the right hierarchy of ener-
fying the use of the latter. gies for interstitial H inc-Si.

We first consider, like others!**°the BC andT inter- In our case, the tight-binding parameters deduced from
stitial sites for H in diamond. All the atoms of the samplesCH, immediately lead to the right hierarchy for interstitial H
are allowed to relax by the conjugate gradient algorithm. Wen diamond, however with different relative energies than the
initially use the tight binding parametrization of Ref. 14. We ap initio data(see above We find that the agreement of the
find, as found by the others, that H at the BC site is lower inrelative energies withab initio results can be improved by
energy than at th& site, however, by only 0.5 eV, a value reducing the C-H repulsive energy, in the same way as sug-
smaller_than the wide range of estimates obtained byested by Boucher for the case of HarSi. In Fig. 2, the
Other3§'7'9'10 Furthel’more, our results are in full agreementcohesive energy of diamond with H at the BC aWinter-
with those of Ref. 9, regarding the structure of the atoms institial sites is shown, as a function of the multiplying factor
the V|C|n|ty of the H atom at the BC site. In particular, we X- It can be seen that the relative energy between H at BC
calculate the C-H bond length to be 1.17Ref. 19 and the  and H atT, can approach that obtained from other calcula-
C-C bond to increase by 52%, in full agreement with Ref. g.tions (marked in the figure by arrov)/by Changing the value
The nearest neighbor atoms of H affa site are found to  of .
relax by~0.1 A, also in very good agreement with Ref. 9. | the rest of our investigation, the calculations of the
It should be noted that these |engthS are Sl|ght|y shorter tha@nergetiCS, the energy barrier and the motion of H in dia-
those found by others” We speculate that this is probably mond are carried out with two different values for the mul-
because in Refs. 6 and 7, local relaxation was applied t@plying factor: y=1, which corresponds to the initial tight
small H—terminate(_j clusters, while in our work and in that Ofbinding parametrization, ang=0.925, which yields an en-
Ref. 9, full relaxation was applied to supercells. ergy difference of 1.7 eV between H at BC and Hrgt(see

Let us now consider the origin of the small energy differ- Fig. 2, well in the range of Refs. 6,7,9, and 10, and close to
ence found here between H at the BC site and H afTifie  the ab initio pseudopotential result of Ref. 7. In both cases,
site, and show that this has no noticeable effects on the mahe qualitative and quantitative results are similar. We thus

tion and migration barriers of H in the crystal. The tight present below only the results obtained from the initial pa-
binding parameters for the C-H interacti8were obtained  ametrization f=1), unless stated otherwise.

from fitting to properties of the CHmolecule, as calculated

by first principle models. Although the silicon crystal differs
from diamond, we can adopt the approach used to determine
the Si-H interaction parameters to the C-H parameterization As mentioned above, only common interstitial sites for H
needed here. In the case of H in silicon, the reference molin diamond were investigated so far. Estreickeal® sug-
ecule is SiH. However, to extend the tight-binding model to gested that for group-IV elements, bond lengths and bond
H in crystalline silicon ¢-Si), the hierarchy of energies for strength determine the stability of interstitial H in the crystal.
H at different high-symmetry interstitial sites, as obtainedThe C-C bond is the strongest and shortest among group-IV
from ab initio calculations, had to be reproduced. Boucherelements. Thus, in order to incorpagad H atom on a BC

et al?° found that this hierarchy for H ic-Si is not main-  site in diamond, a larger relaxation of the C-C bdB@% of
tained with the tight binding parameters obtained from,SiH the C-C diamond bond length, as found hexgith a larger

To properly describe H ir-Si, the authors, therefore, sug- amount of energy is required, compared to other group-IV

FIG. 2. The cohesive energy of H in diamond at three different

Ill. THE STABLE SITE FOR H IN DIAMOND
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crystals. It is therefore plausible that a sitssplacedfrom 0.6
the C-C bond may be energetically favorable for H in — diamond with Hat ET
diamond? ---- diamond

To search for such a site of lowest energy, we simulate an
annealing process for a diamond samplehveitH atom ini-
tially located at theT 4 site??> We start the simulated anneal-
ing by molecular-dynamics calculations at 1200 K and then
slowly lower the temperature down to 100 K, for 50 ps. We
find that even at high temperatures, the system rapidly enters vl . A
configurations where the H atom oscillates around equivalent 0'0_30 _20 _10
sites(denoted ET awayfrom the BC and thd 4 sites. Upon Energy (eV)
cooling, the amplitudes of oscillations of the atoms are re- ) _ ) _
duced, however with no change in the equivalent configura- F!G: 3. DOS of pure diamon@lashed lingand diamond with H
tions obtained at high temperature. The annealing process, 8sthe ET site(solid liné). The zero of the energies is taken at the
applied here, ensures that the final site of the H atom is a sit&2ttom of the conduction band.
of global minimum energy?

Next, we calculate the energy of the sample with a Helectronic energy levels are calculated within the TB model.
positioned at such an ET site, by fully relaxing the superceliThe calculation of the energy difference between the highest
obtained after the annealing process. We also relax a sampkécupied and the lowest unoccupied orbitals in pure diamond
initially in the ideal diamond lattice configuration, with H Yields~5.8 eV, a value close to the measured energy gap in
near the ET site. The same final configuration is obtainediamond of 5.48 e\ and ~24.1 eV for the width of the
after relaxation, with exactly the same energy. We find thisvalence-band, in excellent agreement with experint2at3
configuration to be lower in energy than that of H at the BCeV).* When we computéwith 60 speciak points the den-
site by an amount of 1.4 eV. This newly discovered ET siteSity of electronic states for diamond with H located on the
is found here to be thlvwest energxsite for H in diamond. neWIy found stable ET Site, and compare it with that of dia-

At this stage, it is important to investigate the effect of themond(see Fig. 3, a new state-0.5 eV above the middle of
multiplicative factor,y, on this result. In Fig. 2, we show the the energy gap emerges; it is caused by the dangling bond
cohesive energy of the sample with H at the ET site, as &reated by the relaxation and the breaking of the C-C ond.
function of y. It can be seen that the ET site remains the site Due to this dangling bond, there is a strong tendency for
of lowest energy for H in diamond, over the complete rangeanother H atom to pair with the second carbon atatomB
of y investigated® With y=0.925(which corresponds to an in Fig. 1). This C-H-H-C complex(one H at site 1 and an-
energy difference of 1.7 eV between H at BC and Hat, other H at site 4 in Fig. 1, for examplés found by us to be
the energy difference between H at the BC site and H at théoWer in energy by 2.5 eV than the configuration proposed
ET site is still rather large;-1 eV. Thus, the ET site found DY P. Briddonet al.’, where one H is located at an antibond-
here is not an artifact of the tight-binding parametrizationing site and the other at a BC site. As expected, we find that
and does indeed correspond to the most favorable site for fhe bonding of the second H atom removes the dangling
in diamond. bond and eliminates the midgap state.

This site is six fold degenerate with respect to the C-C
bond, and located at a distance-©D.77 A from an unre-
laxed C-C bond, near the antibonding site. These six ener-
getically equivalent sites are located around the C-C bond, at The location of H in semiconductof(€, Si is best deter-
the corners of two equilateral triangles, which are rotatednined experimentally by electron paramagnetic resorfance
with respect to each other by 60° around the same unrelaxd@PR or by the measurements of the hyperfine interactions
C-C bond, are perpendicular to it, and are at a distance of 1/8f muonium(the light pseudoisotope of)Hn the crystaf®?’
of the bond length. In Fig. 1, we enumerate selected ET sites. The H1 center measured in EPR by Zhewal! and by
Those numbered 1 to 6 surround one carbon-carbon boriBalbot-Ponsonbyet al? is associated with dangling bonds
(labeledA-B), while the sites 7 and 8 surround an adjacentrelated to the presence of hydrogen in CVD diamond. It is
bond. speculated that H is bonded to one C atom, creating a dan-

In this configuration, the H atom is bonded to one C atomgling bond on the neighboring C atom, which is responsible
(say A-1 in Fig. 3, with a bond length of 1.08 A. The initial for the EPR signal. This is similar to the atomic configura-
carbon-carbon bontA-B in Fig. 1) is broken, and relaxes by tion around H at the ET site that we have found. Zkeoal!
43%. These may be some of the reasons for the ET site to mmnclude that the H atom is1.9 A away from the unpaired
favored over the BC site: it involves less C-C relaxation andelectronic spin, in excellent agreement with our calculations
the C-H bond length remains close to the average bonl.8 A). Talbot-Ponsonbet al? also measured the H1 signal
length in organic molecules. The outward relaxation of the dn polycrystalline CVD diamond. They attribute this signal to
atom that is not bonded to the H atofatom B in Fig. 1) H preferentially located on grain boundaries in the polycrys-
favors hybridization ofsp? character for the bonding to its talline CVD diamond. Although our calculations deal with H
three nearest neighbors, and the creation of one dangling a bulk diamond, the ET site presented here is in accord
bond. We calculate the distance between the H atom and theith the model proposed by Zhcet al!
unpaired C atonfatomB in Fig. 1) to be~1.8 A. Muon spin resonanceSR) measuremerfts indicate

The presence of this dangling bond is confirmed wherthat two paramagnetic forms of muonium exist: the “nor-

04 +

02 r \

DOS (states / eV atom)

IV. COMPARISON WITH EXPERIMENT
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FIG. 5. Energy barrier for the adiabatic coordinated migration of
H and its adjacent C atom. The top and bottom axis indicate the
displacement of these two atoms.

L7

FIG. 4. Trajectory of the H atom at 1200 K, for 30 ps. The gray

scale indicates the relative distance of H from ET si@ark for ~ PS at 1200 K. Finally, at a temperature of1700 K, it

short distances, bright for long distanteShe C atoms are repre- jumps to the nearest ET site of the neighboring bésite 7

sented by spheres, in their equilibrium sites, for clarity. The linesor 8 in Fig. 1, for example At this stage, real diffusion sets

join ET sites of the same equilateral triangle, to guide the eye. in. It has to be noted that the temperatures mentioned above
are not precise, but rather provide a hierarchy of the ener-

mal” muonium (Mu), with an isotropic hyperfine interaction, getic barriers involved in the H motion in diamond. The

and the “anomalous” muonium (MY,%® with an aniso- present results can be compared with the experimental tem-

tropic hyperfine interaction. perature of~450 K at which the Mu-to-Mu transition oc-
Our findings also compared well with experimental re-curs in diamond!
sults on the positions of muonium in diamofidit is now When a second H atom is added to the sample at an ad-

well established that the anomalous muon (Mim semicon-  jacent non-occupied ET sit@as in our C-H-H-C complex
ductors has small and highly anisotropic hyperfine parammentioned above the two H atoms are found to jump be-
eters with(111) axial symmetry. Sahoet al®° suggested tween the ET sites of their respective equilateral triangle,
that in an appropriate model for Muthe unpaired electron even at 1700 K, and are unable to jump to another ET site of
should be in a delocalized orbital, comprised mainly of hostan adjacent bond, for a simulation time of 50 ps. The pres-
atom orbitals directed towards the muon with a relativelyence of the second neighboring H atom should therefore re-
small spin density at the muon. These conditions are fulfilledluce the possibility of diffusion.
by the ET site, which is found to be close to an antibonding In order to quantify the migration process of H in dia-
site. At high temperature, where the H atom jumps betweemond, we evaluate the potential barrier that separates two
ET sites around C-C bondsee beloy, the axial symmetry adjacent ET sites on neighboring boridies labeled 6 and 7
should be recovered when averaging of the H motion is carin Fig. 1, for examplg as it is the relevant barrier for actual
ried out. Furthermore, the dangling bond created when H isliffusion. We notice that the jump of H from one carbon-
at a ET site contributes to the spin density at the protongarbon bond A-B in Fig. 1) to the adjacent onéssociated
giving rise to the small values of the hyperfine parameters.with site 7 involves the rebonding of boné-B and the
breaking of the adjacent one. This change of bonding is due
V. MIGRATION OF H IN DIAMOND to acoordinated motiorof both the H(from site 6 to 7 and
the carbon(labeledB) atoms. Therefore the diffusion of H
Next, we investigate the diffusion of H in diamond. First involves also the passage of the C atom over a barrier. Ex-
we qualitatively follow, for 50 psec, the trajectories that theactly such a coupled-barrier diffusion process has been found
H atom, initially placed at thdy site, assumes at different by Ramamoorthyet al® for diffusion of oxygen in silicon.
temperatures, using MD calculations and visualization We therefore calculate the energy of the sample as a func-
technique® 3! to trace the path of the H atom. Only tfie  tion of the positions oboth atomgH and adjacent & in an
point is used to sample the Brillouin zone in these calculaadiabatic migration process. We move the H atom step by
tions. The equations of motion are solved by a velocity-step from the initial relaxed sittaumber 6 to the final one
Verlet algorithm, with a time step of I3° s, and the tem-  (number 7, along the direction 6-7. Concurrently, the carbon
perature is controlled by a Gaussian thermostat. We find thattom(labeledB) is displaced step by step along the direction
up to a temperature 0f400 K, the H atom vibrates around defined by its initial and final relaxed positioned. At each
the initial T4 site. By~600 K, it already finds its way to the step, we relax the sample such that the H and the C atom are
nearest ET site, and jumps between the three equivalent Edonstrained to remain on the plane perpendicular to their
sites of the same trianglésites 1, 2, and 3 in Fig. 1, for respective directions of displacement. Four atoms are fixed
example. Around 1200 K, the H atom begins to jump back on the faces of the supercell to prevent center of mass mo-
and forth between the six ET sites around the same C-®lon. This procedure yields the shape of the barrier for the
bond. The trajectory of an H atom is depicted in Fig. 4 for 30coupled-barrier diffusion, shown in Fig. 5. As can be seen
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from the figure, the barrier is symmetric, with a maximum of coupled-barrier diffusion. The complex composed of the two
0.9 eV at the center of the paths. It is found that during theH atoms at adjacent ET sites was found to be more stable
coordinated motion, the distance between H and its adjacemihan complexes proposed previously, and when formed, it
C atom remains-1.08 A. greatly reduced the possibility of diffusion of H in diamond.
We hope that the present findings will encourage further cal-

VI. CONCLUSION

In conclusion, a new stable site for a hydrogen interstitial

in diamond was found, with an energy lower than that of H

culations on the energetics and the kinetics of H in diamond,
using more accurate computational methods.
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