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Theory of hydrogen in diamond
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Ab initio cluster and supercell methods are used to investigate the local geometry and optical properties of
hydrogen defects in diamond. For an isolated impurity, the bond-centered site is found to be lowest in energy,
and to possess both donor and acceptor levels. The neutral defect possesses a single local mode with a very
small infrared effective charge, but the effective charge for the negative charge state is much larger. H1 is
calculated to be very mobile with a low activation barrier. Hydrogen dimers are stable as H2* defects, which are
also found to be almost IR inactive. The complex between B and H is investigated and the activation energy
for the reaction B-H→B21H1 found to be around 1.8 eV in agreement with experiment. We also investigate
complexes of hydrogen with phosphorus and nitrogen. The binding energy of H with P is too low to lead to a
significant codoping effect. A hydrogen-related vibrational mode of the N-H defect, and its isotopic shifts, are
close to the commonly observed 3107-cm21 line, and we tentatively assign this center to the defect. Hydrogen
is strongly bound to dislocations which, together with H2* , may form part of the hydrogen accumulation layer
detected in some plasma studies.

DOI: 10.1103/PhysRevB.65.115207 PACS number~s!: 78.20.Bh, 61.72.Bb, 71.55.Cn
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I. INTRODUCTION

Hydrogen is a ubiquitous impurity in diamond, but unlik
other group-IV materials, there is little detailed informatio
about any hydrogen defect. This is to be contrasted w
silicon, where a great wealth of details regarding H cent
exists. For example, in Si, isolated neutral-bond centere
defects have been observed1,2 by electron paramagnetic reso
nance~EPR!, after low-temperature proton implantation an
illumination with band-gap light. Isolated H is a negative-U
defect with a donor level atEc20.175 eV,3 and an accepto
level, due to a structure when H lies at an antibonding
tetrahedral interstitial site, atEc20.5 eV.4–6 A vibrational
mode at 1998 cm21 is attributed to H1 at a bond center,7 but
no local modes are known for the neutral or negative spec
The center is mobile, with a migration barrier of around 0
eV,8 and the defect anneals around 200 K.

Hydrogen dimers have been predicted to exist as2
molecules9 and H2* defects,10 and both defects have bee
observed in infrared-absorption experiments.11,12 The solu-
bility of hydrogen in silicon is activated with an energ
around 1.8 eV.13 In addition, there are numerous complex
containing hydrogen, such as vacancies,7,14 interstitials,15

and impurities. Many of these have been characterized
local mode spectroscopy.

The situation regarding diamond is very different. Mu
implantation experiments16 and theory17–21both indicate that
neutral hydrogen is metastable at a tetrahedral interst
site, with its lowest energy configuration consisting of hyd
0163-1829/2002/65~11!/115207~13!/$20.00 65 1152
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gen at or around the bond center. Although there are m
IR-absorption peaks seen in diamond with frequencies in
range expected for C-H stretch modes, none of them
understood. A commonly detected mode in natural mate
lies at 3107 cm21, but this cannot be due to on-axis bon
centered hydrogen withD3d symmetry, as the defect does n
possess inversion symmetry,22 and involves only one carbon
atom.23 Although stress measurements have been made
the line, no splittings were resolved,24 and the point group
symmetry is not known. The involvement of nitrogen in th
defect was ruled out because there is no significant chang
its frequency with 15N.23 However, more correctly this
means that the effect of any nitrogen in the defect is un
solved. It was suggested24,25 that the concentration of center
giving rise to the 3107-cm21 band in natural material canno
account for all the hydrogen which can reach 1 at % in so
natural26 and polycrystalline chemical vapor depositio
~CVD! @Ref. 27# diamonds. Thus it seems highly likely tha
hydrogen is incorporated in other forms, and it has be
suggested that the hydrogen is contained within inclusion28

grain boundaries, and dislocations.27

Electron paramagnetic resonance has revealed a defe
beled H1 attributed to a dangling bond on carbon near
drogen and located within or close to grain boundaries.29,30

The total infrared absorption in the 2750–3300 cm21 range
associated with C-H stretch modes correlates30 with the con-
centration of H1, implying that most of the IR-active hydr
gen in polycrystalline CVD material is associated with inte
granular regions; however, this does not rule out the prese
©2002 The American Physical Society07-1
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of IR-invisible, diamagnetic hydrogen within crystals. Fu
thermore, there is a number of electronic transitions ass
ated with the presence of hydrogen, such as the absorp
peak at;0.9 eV,23 although, to the knowledge of the au
thors, none has been correlated with IR studies or even
a specific defect.

Impurities and lattice defects might be expected to t
hydrogen, but boron is the only known example to date. T
correlation between the secondary ion mass spectros
~SIMS! profiles of deuterium, introduced by a plasma, and
in polycrystalline CVD material suggest that a single deu
rium atom is complexed with boron. The loss of the ele
tronic IR absorption due to the substitutional B acceptor
plies that boron is passivated.31–33 These experiments wer
carried out on polycrystalline CVD diamond doped with b
ron. Both radio frequency~rf! and microwave~mw! plasmas
were used to introduce deuterium, with the latter being
much less aggressive method, leading to lower levels of
corporated deuterium. For the mw plasma and temperat
<550 °C, the deuterium penetrated about 0.27mm and
closely followed the B profile consistent with the formatio
of B-D. For higher temperatures, deeper penetrations
;1 mm were observed and only a fraction of boron rema
passivated. An estimate of the energy barrier to the disso
tion of B-D comes from the activation energy for the diff
sion, of D as measured by the increase in penetration d
above 550 °C. This yields a barrier of 1.43 eV.

In the rf plasma, an accumulation layer containi
;1022 cm23 of deuterium extending to depths about 0.1mm
is formed. This suggests that H introduced by the rf plas
can create lattice damage or is self-trapped by forming st
multihydrogen centers. Heating to temperatures>290 °C
liberates this hydrogen, whose diffusion is not limited
boron trapping since it exceeds the concentration of bo
The temperature dependence of the penetration depth s
that diffusion is now activated with an energy of only 0.3
eV, and may be related to the migration of free H1. Hydro-
gen effusion experiments indicated that the adsorbed sur
hydrogen was lost at 850 °C and the hydrogen in the ac
mulation layer at 720 °C. The closeness in these temp
tures suggests that at least some of the hydrogen in the
cumulation layer is in the form of C-H bonds possibly
near-surface cracks. Capacitance-voltage studies on a h
pressure synthetic diamond doped with boron, into wh
deuterium had been introduced by a plasma, also dem
strated that B is passivated.34

This accumulation of hydrogen in the subsurface regio
seen in all hydrogenated material.32,33,35–37 Samples that
have been hydrogenated exhibit ap-type near-surface con
ductivity, with a hole activation energy an order of magn
tude lower than that of boron. Several models have b
proposed for the source of the conductivity. One sugges
is that hydrogen is directly responsible for the accep
level,35 although it is hard to understand how any point d
fect could give rise to such a shallow level. A more like
model involves the transfer of electrons from diamond
surface adsorbates,38–40 but the experimental evidence is fa
from clear. As a final point, it has been suggested that hyd
gen introduced by implantationself-traps,41 implying the si-
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multaneous formation of an immobile hydrogen aggregate
a lattice defect.

In this paper we present the results of first-principles c
culations regarding the structure and experimental obs
ables associated with simple forms of hydrogen in diamo
Previous theory produced a range of structures and migra
barriers for isolated hydrogen in diamond. Ear
calculations17–19showed that the presence of hydrogen in t
bond-centered location tends to push the surrounding la
apart. However, the energy associated with this strain is m
than compensated for by the strong chemical bonding, giv
a saving in energy of around 2–3 eV~Ref. 18! relative to the
tetrahedral site. An axial, bond-centered geometry~trigonal
symmetry! is preferred by most theories, although rece
semiempirical calculations21 suggested an off-axis defec
termed the ‘‘equilateral triangle’’~ET! model. The barrier to
migration for bond-centered hydrogen was estimated at
eV ~Ref. 21! and around 2 eV,20,42 with the positive charge
state being much more mobile.43

Models for two nearby hydrogen atoms include the H2*
complex, a molecule or the bridge defect made up from
two H atoms sharing a single C-C bond. In contrast to ot
group-IV materials, theory suggests that the molecule is
the lowest-energy form in diamond, with H2* lying 3.3 eV
lower in energy,19 or between 1.5~Ref. 20! and 3.5 eV~Ref.
19! lower than two separated bond-centered hydrogen
fects.

The structure of the the B-H pair in diamond is qui
different from silicon.44,43 In diamond, the H atom lies ap
proximately 1.1–1.2 Å along the@001# direction from B, but
is displaced closer to one of the two carbon neighbors
boron along this direction ~see Fig. 9!. Previous
calculations43 found the activation energy for the dissociatio
of boron-hydrogen pairs to be 0.3 eV. They also found tha
free H atom outside diamond was 1.54 eV higher in ene
than H bound to substitutional B, implying that boron has
large effect on the solubility of hydrogen.

In Sec. II, we briefly discuss details of the method
calculation, and we describe results on isolated hydro
centers in Sec. III. Section IV discusses the solubility
hydrogen in diamond, while Secs. VI and VII deal wi
hydrogen dimers, H-B, H-N, and H-P centers. Final
the interaction of hydrogen with dislocations is dealt with
Sec. VIII.

II. METHOD

Local-density-functional calculations using both clus
and supercell methods were carried out on hydrogen def
using theAIMPRO code.45,46Previously, the method was use
to successfully explore the properties of nitrog
aggregates47, NV and SiV defects.48 divacancies,49 and inter-
stitial aggregates in diamond.50

Where appropriate, the symmetry of the defect has b
constrained during the relaxation. Calculations employ
hydrogen-terminated clusters ranging from C68H66 to
C181H116, or 64-atom cubic unit cells into which the interst
tial hydrogen atoms were placed. The atoms are treated u
the pseudopotentials of Ref. 51, except for hydrogen, wh
7-2
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THEORY OF HYDROGEN IN DIAMOND PHYSICAL REVIEW B65 115207
the bare Coulomb potential is used. The convergence w
unit cell size was tested by relaxing H2* defects in 64- and
216-atom unit cells. The differences in bond lengths w
less than 0.2%, and the absolute formation energy differed
around 0.2 eV.

Two types of basis were used for the supercell calculat
The first consists of independents, px , py, andpz Gaussian
orbitals with four different exponents, sited at each C s
and two exponents at the central hydrogen atoms. In a
tion, a set ofs and p Gaussian orbitals was placed at ea
C-C bond center. The second consisted ofs, p, andd Gauss-
ian functions centered at the atomic sites with four ex
nents. The advantage of the basis set with bond-cent
functions is the smaller computational effort, but the num
and location of the bond-centered functions varies with d
ferent structures. This disadvantage is removed by usin
basis set includingd functions at the atom sites, but the com
putational effort is increased. The difference in relative to
energies using different basis sets, is generally found to
small ~typically a few tenths of an eV!, except for a few
cases where in both basis sets the structures are high in
ergy relative to the ground state. Both basis sets yield lat
constants and bulk moduli within around 1% and 5%,
spectively, of the experimental values. The direct and in
rect band gaps are in close agreement with the local-den
approximation values of Liberman52 ~5.68 and 4.18 eV!.

For clusters the wave functions were expanded usin
similar basis to the first type employed in the supercell
fixed linear combination of two Gaussian orbitals is sited
the terminating H atoms, and the charge density is fitted w
four ~three! independents Gaussian functions with differen
widths on each C~H! atom. One extras Gaussian function is
placed at each C-C bond center. Supercell calculations w
carried out using an MP-23 set of k points to sample the
band structure. The charge density is Fourier transform
using plane waves with a cutoff of 120 Ry.

Local vibrational modes can be estimated using stand
techniques, with the dynamical matrix being constructed
ing a mixture of calculated values of the energy double
rivatives in the region of the defect, with other regions us
terms generated from valence force potential.

The measured intensity of infrared absorption for a giv
mode is related to the effective charge of the oscillatorh,
where

h2/m5
1

3 ( ~]M /]Q!2.

Herem is the mass of the oscillator,M is the induced dipole
caused when the atoms are displaced according to their
mal coordinates, andQ is the amplitude of the mode. Th
sum is overx, y, andz and over any mode degeneracy.53 For
silicon, the experimentally measured value ofh for the posi-
tively charged bond-centered interstitial hydrogen defec
3e taking m51.7,54 Previous theoretical calculations usin
AIMPRO ~Ref. 55! yielded a value;1e, considerably smaller
than experiment showing the difficulty in evaluating this p
rameter. The calculated values of experimentally observa
parameters quoted in the text are taken from the supe
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method except where stated otherwise, while the effec
charges are found using the cluster method.

III. ISOLATED HYDROGEN CENTERS

The energy and structures of interstitial hydrogen at s
eral sites in the diamond lattice, and in a number of cha
states, were calculated using both supercells and clus
The sites considered were the tetrahedral (T), and hexagonal
(H), C sites, the bond-centered~BC! sites, and the antibond
ing site ~Fig. 1!. For completeness, the BC structure w
relaxed using different starting configurations where the
atom lay on and off the bond axis. Table I lists the relati
total energies for each structure in the neutral, negative,
positive charge states found using a supercell. The ener
found using clusters are very similar. As can readily be se
the BC location is found to be the lowest energy site for
neutral and negative defects, while the puckered BC loca
is the most stable in the positive charge state. We relaxed
ET structure of Ref. 21 in all charge states. In all cases th
atom returned to a location equidistant from two carb
nearest neighbors. We suppose that this structure is an
fact of the semiempirical technique used.

FIG. 1. Schematic showing the bond-centered~BC!, anitbonding
~AB!, tetrahedral (T), hexagonal (H), andC-site interstitial sites in
diamond. TheH andT sites lie halfway and a third of the way alon
the line joining two atoms along the@111# direction. TheC site is
midway between an atom site and a neighboringT site.

TABLE I. Relative total energies~supercell! of the single inter-
stitial H defect in diamond~eV!. The zero of the energy scale fo
each charge state is taken to be the energy of the most stable s
ture examined in this study.

Structure Symmetry 11 0 12

Bond-centered D3d 0.3 0.0 0.0
Puckered bond-center C2 /C1h /C1 0.0 unstable unstable
Anit-bonded C3v 0.4 unstable 1.2
C site C2v 0.0 unstable unstable
Hexagonal site D3d 0.2 1.7 3.0
Tetrahetral site Td 0.6 1.0 1.5
7-3
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The energies of the different configurations give a clue
the hydrogen diffusion path and energy barrier. The re
tively high energy of H0 at theT and H cage sites sugges
that the H atom avoids these. This is in line with a previo
study,20 although other studies have suggested a BC tT
site.42 In silicon, similar calculations show the energy surfa
for neutral H to be very flat and a more elaborate proce
involving jumps between next-nearest bond-centers via
M site ~lying midway between twoC sites! have been
suggested.56 It is unlikely that this mechanism operates
diamond as we find theM site to be unstable: a H atom
placed there moves downhill in energy to reach aT site. The
likely diffusion path then involves either a BC-T-BC or a
BC-C-BC trajectory.

We estimated the migration barriers using cluster calcu
tions by relaxing configurations intermediate to the beg
ning and end points of a diffusion jump, with constrain
which prevent the structure relaxing into local minima. T
barrier for hydrogen to move from a BC site to aT site is
sketched in Fig. 2. Note that the energy for theT site is
slightly higher than that listed in Table I derived from
supercell calculation, but the discrepancy is small. A
shown is an alternative trajectory for moving the H ato
between BC sites in a~110! plane. The barrier for movemen
to the tetrahedral site is around 1.6 eV. Once H reaches
site, it can subsequently move to a number of bond cen
and hence diffuse through the lattice with this barrier. T
barrier height is in agreement with earlier estimates.20,42The
other path involving a direct BC to BC transition is activat
with an energy of 1.8 eV~Fig. 2! with the saddle point found
to be aC2v structure with the hydrogen atom along the@001#
direction. The diffusion through open channels, i.e., fromT
site to anotherT site via theH site, has a barrier of 0.8 eV

HBC possesses a localized level deep in the band gap~Fig.
3!. This level is associated with the highly dilated C-H-
bond ~47% longer than the bulk bond length!; for the D3d
case, the corresponding wave function possessesA2u sym-
metry. One can estimate the location of the donor and ac

FIG. 2. Migration barrier for neutral bond-centered hydroge
The full line and squares indicates the barrier to theC2v saddle-
point with H along the@001# direction, for hydrogen migrating di-
rectly between bond centers in a~110! plane. The dashed line an
the circles show the barriers between the bond-centered inters
~on the left! and the T interstitial~on the right!.
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tor levels by comparing its ionization energy and electr
affinity, calculated in the cluster, with those of know
defects.6 Here we adopt the common terminology that t
donor level is the value of the electron chemical poten
below which the defect would be positively charged a
above which it would be neutral. The acceptor level is d
fined in a similar way. Using the experimental (0/1) level of
P at ;Ec20.6 eV as a marker, the cluster calculations yie
the single donor level of BC hydrogen to lie aroundEc
23 eV. Note that this method for estimation of the electric
level uses entirely ground-state properties of each system

The fact that HBC is a deep donor has implications for an
model involving hydrogen for a surfacep-type conducting
layer. Free hydrogen would be expected to compensate
any shallow acceptors, and since the overall concentratio
hydrogen in the subsurface region is large~up to
;1020 cm23), it cannot be present as an isolated hydrog
species.

In the negative charge state, unlike the case in silicon,
H atom still ‘‘prefers’’ to lie at the BC site. The gap level i
now filled and the defect diamagnetic. There is no propen
for the defect to distort fromD3d . The barrier to migration in
this charge state was also calculated. The BC toT and direct
BC to BC paths have similar energies around 2 eV. Comp
ing the electron affinity of hydrogen with that of boron usin
the cluster method places the (2/0) level of HBC at Ec
21.8 eV. The important conclusion is then that the accep
level of H lies above the donor level, and thus hydrogen i
positive-U center in diamond. This is largely because t
bond center, or one close to it, is the stable site for all cha
states. The acceptor level lies below the (0/1) level of P and
is close to the donor level of N.

In the positive charge state, however, the proton mo
off axis with a C-H-C bond angle around 100 °, although t
energy surface is very flat and relatively large changes in
bond angle do not greatly affect the total energy. This dis
tion from axial symmetry is accompanied by a drop
;0.2 eV in energy. We have examined a number of differ
symmetries for this puckered bond-center configuration,
there appears to be no substantial difference in energy

.

ial

FIG. 3. The spin-polarized Kohn-Sham levels for theD3d nega-
tively, neutral, andC2h positively charged bond-centered interstiti
hydrogen. Only states in the vicinity of the band gap are plott
and the valence-band tops have been aligned to facilitate com
son. The partially occupied gap level hasa2u symmetry.
7-4
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THEORY OF HYDROGEN IN DIAMOND PHYSICAL REVIEW B65 115207
tween different sites around the C-C bond. This suggests
in the positive charge state the proton precesses abou
bond, giving a center withD3d symmetry on average. Sig
nificantly the puckered configuration leads to a reduction
the dilation of the ‘‘bond’’ in which the hydrogen lies so th
the distance between the carbon atoms is only 21% la
than in bulk. As a result the diffusion of H1 is quite different
from that in the other charge states. Figure 4 shows a tra
tory taking the proton from a specific bond-center orientat
to a different orientation in a second bond center. Since
barrier to precession is essentially zero, the proton can ea
rotate into an equivalent site, thus completing a diffus
step. The barrier for this trajectory is estimated to be in
region of ,0.2 eV when using constrained relaxation of
cluster: at least an order of magnitude lower than the di
sion barrier in the other charge states. The supercell appr
yields a transition state~the C site! very close in energy to
the puckered bond center~Table I!. Hence H1 is the most
rapidly diffusing species, and its diffusion energy is not
consistent with the experimental value of 0.35 eV found
deuterium introduced by a rf plasma as described above

Besides the diffusion barriers, we have also calculated
local vibrational modes of these centers. Those lying ab
the Raman edge are listed in Table II. The defects pos
C-H stretch modes lying between 2100 and 2900 cm21, cor-
responding to zero-point energies of 130–180 meV. Spe
cally examining the modes associated with the pucke
structure in the positive charge state, one can see tha
zero-point energy of the defect is of the order of the diffus
barrier. In a more complete analysis of the migration proc
one would therefore wish to consider quantum-mechan
tunneling. However, such a calculation is beyond the sc
of this study, and we simply conclude that the migration
this center occurs at a very small barrier.

For each local mode we have also estimated the effec

FIG. 4. A schematic representation of the rate-limiting step
the migration path for positively charged bond-centered hydrog

The gray circles represent carbon sites in a (110̄) plane, and the
black circle the hydrogen atom. The bond into which the H at
moves must dilate during the migration step.
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charges which govern the intensities of the absorpt
lines.57 These are also listed in Table II. The values for t
neutral and positive defects are very small in comparison
the value of;3e for HBC

1 hydrogen in silicon,7,54 but in line
with the observation that C-H stretch modes for defects in
generally have low integrated intensities.58,59 With such
small effective charges, it is possible that the defects
below the detection limit for infrared spectroscopy. The
fective charge of H2 is much larger;e. However, as its
diffusivity is so low, its penetration depth in say phosphor
or nitrogen doped diamonds would be expected to be m
less.

IV. SOLUBILITY OF HYDROGEN IN DIAMOND

The equilibrium concentration of a hydrogen center
diamond is determined by its formation energy.60,61 Intersti-
tial hydrogen defects are formed through the addition of
drogen atoms to the lattice, but substitutional or vacan
hydrogen defects involve, in addition, the movement
carbon atoms to the surface. In either case, the forma
energy of a single hydrogen defect in charge stateq (q.0
for positively charged defects! is given by

Ef~Hq!5E~Hq1nC!1q~Ev1me!2nmC2mH .

HereE(Hq1nC) is the total energy of the center evaluat
in an n-atom unit cell.mC is the chemical potential of C
taken from the energy per C atom in bulk material.Ev is the
position of the valence band top in the defect free crys
andme is the electron chemical potential measured from
valence-band top.mH is the chemical potential of hydrogen
taken with respect to a standard state. This can be a ga
molecular hydrogen outside diamond, although a gas of n
tral hydrogen atoms can also be considered theoretic
Thus for equilibrium with a gas,62,63

mH5
1

2
E~H2!1

kT

2
lnH S p

kTD S p\2

mpkTD 3/2 1

Zrot/vib
J , ~1!

where the energy of a molecule isE(H2), and includes the
vibrational energy.Zrot/vib is the partition function of the H2
rotovibrator. In the case of equilibrium with a gas of isolat
atoms,

mH5E~H!1kT lnH S p

kTD S 2p\2

mpkTD 3/2J , ~2!

where E(H) is the energy of a neutral atom. Th
temperature-dependent term in each case can be ign

n.
mond
TABLE II. Local vibrational mode frequencies and symmetries for bond-centered hydrogen in dia
(cm21). Frequencies for deuterium follow those for hydrogen~in parentheses!. Also listed is the estimated
value ofh2/m (e2/amu). The modes for the positive charge state are taken from theC1h form.

11 0 12

Mode Symmetry h2/m Mode Symmetry h2/m Mode Symmetry h2/m

2456 ~1797! A8 231023 2919 ~2084! A2u 131024 2730 ~1952! A2u 1
2086 ~1598! A8 131022
7-5
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since, even for temperatures up to 1000 K, the contributio
less than 10%. For atmospheric pressure andT5500 K, the
error in mH is 2.5% and 3.8% for molecular and atomic h
drogen, respectively. Note that the temperature-depen
part of mH tends to increase the formation energy w
temperature.

A question arises as to whether these chemical poten
should be evaluated or taken from experiment. We have c
sen to use the calculated potentials rather than their e
values, so that H is treated in the same way as within d
mond and follows the procedure adopted by Van de Walle
H in silicon.64 The energy of the neutral H atom evaluated
the supercell is212.52 eV compared with the exact value
213.61 eV, while the calculated binding energy of the fr
hydrogen molecule is 5.44 eV compared with an experim
tal value of 4.52 eV. The underestimate of the energy
atomic H is a well known, failing in local-density-functiona
theory, and the value found here compares w
213.03 eV given by Van de Walle.64 These values determin
mH relative to H2 gas to be215.24 eV when the contribu
tions from vibrational and rotational degrees of freedom
excluded. These corrections amount to a few tenths of an
and to some extent are canceled by similar terms aris
from the defects within diamond. The equilibrium concent
tion of H inside diamond is then given by

@H#;NsexpS 2
Ef~Hq!

kT D ,

where Ns is the number of sites the defect can occupy.
similar expression can be written down for the equilibriu
concentration of hydrogen dimers.

The formation energies for HBC are given in Table IV. It is
clear that this energy of;2.6–5 eV is very large, and a
such neutral hydrogen is very insoluble in undoped diamo
We have checked the effect on formation energies using w
wave function basis set. We find that, although the total
ergies vary significantly, the formation energies vary by o
around 0.2 eV when usingmH taken from the hydrogen mol

FIG. 5. Formation energies for the bond-centered H atom in
three charge states using the energy of the free H atom as che
potential for hydrogen.
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ecule. The situation is less converged when using the va
for mH taken from the isolated atom. HereEf(Hbc) ranges
from 1.7 to 2.5 eV.

The formation energy is also dependent on the cha
state. Figure 5 shows its variation with Fermi energy. In t
case, we have takenmH to be given by the free atom, but
similar plot with mH taken from the free molecule simpl
adds around 2.5 eV to the energies. Such a plot allows
energy levels for hydrogen to be estimated. The (0/1) level
occurs at a Fermi energy where the formation energies of
neutral and positive charge states are equal. This lies aro
Ev12.6 eV. Similarly, the acceptor level is found aroun
Ec22.3 eV. Both estimates are in agreement with the val
found in the cluster calculations.

Also plotted in Fig. 5 are the experimental locations of t
acceptor level of boron (Ev10.37 eV) ~Ref. 65! and the
donor level assigned for substitutional phosphorus (Ec
20.6 eV).66 From these, one concludes that the formati
energy for H1 in strongly p-type material is about 0.3–0.
eV, implying an equilibrium solubility at 500 °C of the orde
of that seen in the subsurface region in plasma treated m
rial. The formation energy of H2 in stronglyn-type material
is ;1 eV. However, when the H concentration is comp
rable with that of boron or phosphorus, the Fermi ene
must move close to mid-gap and the equilibrium concen
tion of neutral H becomes essentially zero. Thus the ma
mum equilibrium concentration is pinned by the accept
donor concentration. However, the state of hydrogen in pu
boron-doped or nitrogen-doped diamond need not be the
lated hydrogen defect. There is a possibility that it is mo
stable as a dimer or impurity-hydrogen pair and these
investigated below. Note that including temperature effe
in Eqs. ~1! and ~2! would lead to higher formation energie
than those listed in Table IV and shown in Fig. 5. This wou
only affect the properties of potentially soluble species su
as the positive charge state in heavily boron-doped mate

V. HYDROGEN DIMERS

A possibility alluded to above is that hydrogen dissolv
in the material is in the form of self-trapped hydrogen co
plexes. We have examined a number of possible struct
based on those suggested to exist in silicon. These ar
interstitial hydrogen molecule which is the lowest ener
structure for silicon, H2* ~sites 1 and 3 in Fig. 6!,
previously19,20 found to be the lowest energy structure
diamond, a pair of antibonded hydrogen atoms along^111&

e
ical

FIG. 6. Schematic showing H-atom sites for hydrogen dime
Gray circles represent carbon sites, and black circles numbered
show possible sites for hydrogen.
7-6
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THEORY OF HYDROGEN IN DIAMOND PHYSICAL REVIEW B65 115207
labeled H2** ~sites 1 and 5 in Fig. 6!, and a pair of hydrogen
atoms saturating a single broken C-C bond withC2h symme-
try (H2BC, sites 2 and 4, Fig. 6!.

The total energies of these defects evaluated in a 64-a
unit cell are listed in Table III. As found by previousab initio
calculations, both cluster and supercell methods yield H2* as
the most stable dimer; in particular, it is 2.1 eV lower
energy than the molecule at theTd interstitial site when using
the supercell. The Kohn-Sham levels~Fig. 7! indicate that
the defects might be electrically active, although the cal
lated donor level lies very close toEv . The gap levels are
mainly localized on C-H bonds and the neighboring p
turbed C-C bonds. In the positive charge state, H2BC and H2*
defects are comparable in energy.

The vibrational modes of H2* lie at 3511 and 3882 cm21

(A1) and 1782 cm21 (E). However, like HBC, the effective
charge for each mode is small (h2/m,231022e2). Thus
the defect is electrically inert, diamagnetic, and optica
inactive, making its detection exceptionally difficult.
might then be part of the accumulation layer introduced b
plasmas.

The binding energy of the H atoms in H2* , found by com-
paring the energies of two isolated HBC atoms with the com-
plex, is around 2.5 eV. Its diffusion mechanism involves
partial dissociation into two BC-sited H atoms separated b
C-C bond, and can proceed in two consecutive but equ
lent steps, as illustrated in Fig. 8. The first step~labeled 1 in
the figure! moves the antibonding species into a bond cen

TABLE III. Relative total energies of the interstitial H pairs i
diamond~eV!. The zero for the energy scale for each charge sta
taken to be the energy of the most stable structure examined in
study,viz., H2* .

H2* H2BC H2** Molecule
Neutral 0.0 0.8 1.9 2.1
11 0.0 0.0 1.3 1.2

FIG. 7. The Kohn-Sham levels for the neutral~spin averaged!
and positively charged~spin-polarized! H2* and H2bc defects. Only
states in the vicinity of the band gap are plotted, and the valen
band tops have been aligned to facilitate comparison. Black squ
and arrows represent filled levels, and empty squares indicate
occupied levels.
11520
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The second step is then the reverse of this process wher
second H atom~labeled 2 in Fig. 8! jumps to reform H2*
displaced by one atomic site from the original site. The
tivation energy exceeds 3.5 eV, and is greater than the b
ing energy. This large value implies that H2* would be im-
mobile at temperatures less than about 1000 °C.

In contrast with H2* , the molecule diffuses relatively
freely with a barrier of about 1.6 eV between theT and H
sites. This energy is close to the diffusion energy of HBC in
the neutral and negative charge states.

The formation energies of the dimers are given in Ta
IV. Again, these values are large and positive, showing t
the equilibrium concentrations of these defects will be ins
nificant. In summary, H2* is the most stable dimer but it
equilibrium concentration is negligible. It is nonmagne
and electrically and optically inert. It is a candidate for t
hydrogen defects in the accumulation layer possibly int
duced by the channeling of hydrogen ions from the plasm67

These ions will be accelerated if the diamond is bias
However, this process is also likely to create lattice dam
which might lead to other types of hydrogen species such
hydrogen trapped at dislocations.

VI. BORON-HYDROGEN COMPLEXES

Since the only unambiguous assignment of a point de
in bulk diamond which contains hydrogen is that of t
boron-hydrogen pair, we have investigated this defect in
tail. The formation energy of substitutional boron can be o
tained using the same approach as adopted for hydro
~Sec. IV!, where now a carbon atom is replaced by boro
We suppose the chemical potential of boron is determined

is
is

e-
es
n-

FIG. 8. Schematic of a diffusion path for H2* , as described in
the text. Processes 1 and 2 are sequential, not simultaneous

large gray circles represent C atoms in a (110̄) plane. The small
black and white circles represent the start and end positions, res
tively, for the hydrogen atoms.

TABLE IV. Formation energies per hydrogen atom~eV! for the
neutral bond-centered H atom and two configurations of the
dimer, for which we list the chemical potential in parentheses.

Reference state of H HBC H2* Molecule
H atom (20.92 Ry) 2.6 1.0 2.1
H2 (21.12 Ry) 5.2 3.7 4.8
7-7
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BH3. In this casemB
BH35E(BH3)2 3

2 E(H2). The formation
energy for B in diamond is calculated to be close to ze
broadly consistent with the high doping levels
;1022 cm23 achievable in polycrystalline CVD material.

We now discuss the hydrogenated center. As with ear
ab initio calculations, we found that the structure where
lies approximately along the@001# direction from the B atom
was most stable~Fig. 9!. The total energy is 0.6 eV lowe
than when H lies in the C-B bond center.

The binding energy of the complex can be estimated b
for the case of dissociation into neutral boron and bo
centered hydrogen, and for the case where the products
charged as in H1 and B2, i.e.,

Eb~BH!5Ef~B!1Ef~H!2Ef~BH!

or

Eb~BH!5Ef~B2!1Ef~H1!2Ef~BH!,

where Ef(X) is the formation ofX as defined above. Th
results are 4.0 and 1.6 eV, respectively, indicating, as
pected, that dissociation of the pairs produces H1 and B2.
The dissociation barrier is estimated to be 1.8 eV by mov
H to a bond-center neighboring B. This is in good agreem
with the activation energy for the diffusion of H found i
samples exposed to a microwave plasma where the H
centration is close to that of B.

The vibrational modes of the complex have also been
culated ~Table V!. There are two modes at 2664 an
1975 cm21. The lower is a wag mode lying in the plane
symmetry of the defect, and is much higher in energy th
the barrier to the equivalent site for the H atom in this pla
In practice the system is likely to tunnel between equival
sH sites yielding an effectivelyC2v defect. The effective
charge for the higher frequency mode is estimated to
around 0.1e for an oscillator with unit mass.

Figure 10 shows the charge density in the neighborh

FIG. 9. Schematic diagram for the structure of the boro
hydrogen pair in diamond. Gray circles represent carbon atoms.
white arrows indicate one of localized modes of vibration as
scribed in the text. The bond lengths are shown in Å.

TABLE V. Local vibrational modes of the B-H pair in diamon
(cm21) for the various isotope combinations.

10BH 11BH 10BD 11BD
2664 2654 1973 1956
1975 1971 1530 1525
11520
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of boron, hydrogen, and carbon~as labeled in Fig. 9!. The
low charge density shows that the B-C~2! bond is weaker
than the others due to the presence of the hydrogen atom
still has a bonding character. More significantly, the H-C~2!
bond indicated by the long-dashed line contains a gre
charge density than between the boron and hydrogen~solid
line!. There appears to be a tendency to form a multicente
B-H-C~2! bond which is typical of bond hydrides, e.g., dib
rane (B2H6) in which two BH4 tetrahedra share an edge.

It is worth noting that boron conventionally ‘‘prefers
threefold coordination, i.e., a breaking of the B-C~2! bond,
leaving H to passivate C~2!. Figure 10 shows that the B-C~2!
bond is the weakest and that the H-C~2! bond is far stronger
than the B-H bond. Qualitatively, one can consider this s
tem to arise from a linear combination of the several bond
patterns, one of which is the threefold-coordinated B. O
then includes conventionalsp3 hybrid of Bs with H anti-
bonding. A further contribution arises from the averageC2v
structure@H midway between C~1! and C~2!#, where boron is
sp2 hybridized, with conventional pair bonds to H, C~3!, and
C~4!. An unhybridized Bp orbital ~along thê 110& direction!
then forms a multicentered bond withsp3 hybrids on C~1!
and C~2!.

The Kohn-Sham levels of the complex~Fig. 11! indicate
that there are no deep states in the gap, and hence tha
boron has been passivated by the addition of the H atom

VII. DONOR-HYDROGEN COMPLEXES

The formation energy of the single substitutional N defe
can be found as described above whenmN is determined by
a gas of N2 molecules. This gives a value close to ze
consistent with the observed high solubility of nitrogen
diamond, although the precise value of the formation ene
varies with basis set. Then one would expect that diamo
grown in the presence of nitrogen and hydrogen, such a
the case for polycrystalline material, nitrogen-hydrogen co
plexes will be present in the material. It is known that CV
samples also exhibit sharp IR-absorption lines associa

-
he
-

FIG. 10. A plot of the charge density between the B atom and
five neighbors as a function of position along the bond. The labe
follows Fig. 9. Note that the small values at the B and C sites a
consequence of the use of pseudopotentials. All bonds are scal
the same internuclear distance.
7-8
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with hydrogen that exhibit the same13C shift as the
3107 cm21 band seen in natural material, but with freque
cies shifted upward by;17 cm21.23

The structures and binding of hydrogen to N and P w
found using 64-atom cubic unit cells. We investigated fo
sites for the donor-hydrogen pairs. These are~a! bond cen-
tered, ~b! antibonding to the donor,~c! antibonding to a C
neighbor to the donor, and~d! a configuration similar to tha
found above for the boron-hydrogen complex where the
drogen atom lies approximately along the@001# direction
from the donor impurity.

In the case of nitrogen, structure~a! in which H is located
near a bond center between N and C was the most sta
Structure~d! was unstable and relaxed to~a!. Structures~c!
and ~b! were less stable than~a! by 1.4 and 3.0 eV, respec
tively. In the stable structure~a!, the H-C and H-N bond
lengths are 1.06 and 1.26 Å, respectively, and agree w
earlier semiempirical calculations.43 Figure 12 shows its
Kohn-Sham eigenvalues. These suggest that the com
possesses a deep donor level in the lower half of the b
gap, and thus N is not completely passivated by H, i.e.,
complex is potentially a deep donor. We estimate
(0/1) level of N . . . H-C to liearoundEv11.1 eV compared
to the experimental level of substitutional nitrogen atEc
21.7 eV. However, since these centers would necessa
only exist in large concentrations in material which conta
a high density of substitutional N atoms, the electron che
cal potential is unlikely to lie sufficiently low in the gap t
ionize the center. The presence of an empty Kohn-Sh
level just below the conduction-band minimum is not co
sidered to be significant, since there is some uncertaint
the actual location of the band edge.

The defect can dissociate into neutral or charged spe
and we find binding energies of 3.5 and 4.2 eV, respectiv
for the two cases. These are much larger than the 1.49
found by another method.43 The relatively small difference

FIG. 11. The Kohn-Sham levels for a pure diamond cluster
one containing a B-H complex. Only levels in the vicinity of b
band gap are plotted. No gap states are present for the B-H c
plex. All levels below around24.9 eV are filled, and all othe
levels are empty.
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between the binding energies of the neutral and charged
fects contrasts with B-H, and reflects the proximity of t
hydrogen acceptor level to the nitrogen donor level. T
large binding energy will lower the formation energy of
and increase its solubility. Figure 5 shows that the format
energy of H is then about21 eV for a gas of free H atoms
and about 1.5 eV usingmH derived from molecular hydro-
gen. Thus, in polycrystalline CVD material, the presence
N will encourage the incorporation of hydrogen and the f
mation ofN . . . H-C defects. Once formed, the large bindin
energy implies a very stable defect.

We have calculated the deep donor level of theN . . . H-C
center by comparing the formation energies of the neu
and charged states. This leads to a donor level aroundEv
11.5 eV. The defect does not possess an acceptor leve

A high-frequency stretch mode lies at 3324 cm21, which
shifts by 6 and 910 cm21 with 13C and deuterium, respec
tively. Both shifts are smaller than one would expect f
harmonic oscillators, indicating the importance of anharm
nicity. This is known to be significant for other C-H stretc
modes.68 Of great interest is that the isotopic shift due to15N
is very small and,0.1 cm21. The H-related bend mode o
E-mode symmetry lies at 1400 cm21, and drops below the
Raman to around 972 cm21 in the case of deuterium. Th
1400-cm21 mode shifts by less than 0.5 cm21 when the
nearest neighbors are set to13C or 15N.

It is tempting to assign the commonly occurrin
3107-cm21 band with the defect. Previously the involveme
of nitrogen in the 3107-cm21 band was excluded because
the absence of a shift with15N, but our results show that th
shift is very small. Overtones of the 3107-cm21 band have
been observed22 and, while the symmetry of the defect re
mains unknown, they demonstrate that the center, like
N . . . H-C defect, does not possess inversion symmetry.
13C material, the 3107-cm21 band shifts about 9 cm21, in
fair agreement with the calculated shift of 6 cm21. No
deuterium-related modes around 2256 cm21 were found for

d

m-

FIG. 12. The Kohn-Sham levels of N-H and P-H complexe
Only levels in the vicinity of be band gap are plotted. The gr
shaded areas correspond to valence and conduction bands fo
pure diamond unit cell. The valence bands are aligned to zero.
7-9
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the defect. It may be that they possess a very short lifet
due to decay into two optical phonons.23 The calculated ef-
fective charge of theN . . . H-Cstretch mode is of the order o
1e, and very large in comparison with neutral bond-cente
interstitial hydrogen.

Our calculated stretch mode is around 7% higher than
3107-cm21 band. As a rule of thumb, a 3% error in bon
length would be expected to give rise to a 10% error
stretch mode frequency. For C-H complexes in GaAs,
method employed for this study is known to overestimate
stretch mode by around 10%. Therefore, we conclude
the calculated local modes are consistent with an assignm
of the 3107-cm21 band to theN . . . H-C defect. It is interest-
ing to note that although the 3107-cm21 band is seen in a
variety of materials, it is always seen in nitrogen-rich type
pure diamond, and rarely observed in type-IIa pu
diamonds.24,69,25In summary, the strong binding energy b
tween N and H will increase the solubility of H in nitrogen
doped diamond. TheN . . . H-C defect has a deep donor lev
and a H-related stretch mode with isotopic shifts consis
with the commonly detected 3107-cm21 mode. However, the
calculations are also consistent with the similar band see
CVD material at 3124 cm21,23 and it is impossible to distin-
guish between them from our results.

We now investigate the influence of H on the phospho
donor. The structure of the phosphorus-hydrogen defec
quite different from the nitrogen center. Structure~b!, where
H antibonds to the P atom, is the most stable. Structures~a!,
~c!, and~d! are 3.5, 1.7, and 1.5 eV higher in energy, resp
tively.

The P-H bond is 1.34 Å, and the three equivalent P
bonds are 1.70 Å, while the axial P-C bond is 1.75 Å. T
electronic properties of the defect resembles that of
N . . . H-C defect above. Although the Kohn-Sham leve
shown in Fig. 12 reveal a number of empty gap states c
to the conduction band, the defect only possesses a d
level aroundEc23.0 eV.

The H and D stretch modes lie at 2985 and 2142 cm21,
respectively, although these values are probably overe
mated. The H- and D-related bend modes are calculated t
2016 and 1537 cm21, respectively. The estimated effectiv
charges for the P-H stretch and bend modes are both;0.1e,
and therefore should be detectable. The binding energy
dissociation into neutral or charge components are 3.1
1.0 eV, respectively. This suggests that, unlike theN . . . H-C
defect, the complex is stable only to relatively low tempe
tures.

As with the other impurities, we have estimated the f
mation energy for neutral substitutional phosphorus. Tak
mP from phosphene (PH3) gives formation an energyEf(Ps)
equal to 7.2 eV. It seems clear that the equilibrium solubi
of P in diamond is very low indeed. Its incorporation fro
PH3 in polycrystalline CVD diamond must then be a cons
quence of kinetic factors possibly linked to hydrogen. O
possibility is that P-H itself has a low formation energy, a
that the hydrogen can be removed by a post-growth ann
Therefore an important quantity is the relative formation e
ergies of P-H and substitutional P:
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Ef~PH!2Ef~P!5Ef~H!2Eb~PH!.

From Fig. 5, we see that this quantity is close to zero fo
Fermi-energy locked to the P donor level. Thus, although
equilibrium concentrations of P-H and P defects are com
rable, the solubility of P-H is not significantly greater than
Hydrogen does not then increase the solubility of P,
rather the solubility of H is increased by P. This sugge
that, unlike other systems such as Mg in GaN~Ref. 70! and
C in GaAs,71 a significant increase in the population of pa
sivated dopant atoms does not occur for a vapor-pha
containing atomic hydrogen and phosphorus. Co-doping t
does not seem to be favored, although it is recognized
other mechanisms might operate and lead to a large p
phorus incorporation. For example, atomic hydrogen mi
modify the surface of the diamond which leads to a grea
incorporation of phosporus.

VIII. HYDROGEN IN A STRAIGHT DISLOCATION

A question arises as to the structure of hydrogen in
subsurface reservoir introduced by a rf plasma. One poss
ity is that this is in the form of H2* , which, as explained
above, would be very difficult to detect by infrared
absorption experiments, although channeling remains a
sibility. The high concentration appears to exclude gr
boundaries, and we have examined the possibility that
hydrogen is trapped at a dislocation. Dislocations are pre
in all types of diamonds and, in silicon, it is known that th
can trap hydrogen.72,73

In Si and diamond, the commonly occurring 60° a
screw dislocations lie on$111% planes and are dissociate
into 90° and 30° partials separated by an intrinsic stack
fault. The dissociation reaction is

a

2
@11̄0#→ a

6
@12̄1#1

a

6
@21̄1̄#.

We investigate only the 90° partial here. Earli
calculations74 indicated that all the bonds in this partial a
reconstructed with a dilated C-C bond of length 1.61
across the core. More recent work suggested that the co
more complicated and has periodicity twice that shown
Fig. 13.75 Nevertheless, all bonds are again reconstruc
suggesting that the effect of hydrogen on both forms will
similar.

The binding energy for a single H atom to the core
found to be about 1.9 eV. However, it is to be expected t
its diffusion barrier along the core will be comparable wi
bulk diffusion, with an activation barrier calculated to be 1
eV.76 Thus if it is able to diffuse to the core, then it will als
be able to diffuse along the core possibly leading to the c
ation of hydrogen dimers. The most stable dimer found at
core is H2BC ~sites 2 and 4 in Fig. 6! and 1.7 eV more stable
than H2* . The energy difference between H2BC at the core
and an isolated H2* defect is24.0 eV, showing that H2* is
unstable in the presence of dislocations. The stability of H2BC
at the core is a consequence of the dilated C-C bond th
and thus the defect is expected to be stabilized by any di
7-10
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cation or dilated bonds at grain boundaries. The large b
ing energy of hydrogen with the dislocation is largely due
the breaking of the weakened core C-C bonds and the re
ation of strain. A possibility, suggested by Heggieet al.,76 is
that dislocations are spontaneously formed in the presenc
hydrogen and the subsurface accumulation layer arising f
rf plasmas readily explained.

The local vibrational modes of the H2BC defect at the
dislocation core are found to be 1458, 1787, 3718, a
3775 cm21. Their effective charges are calculated lie b
tween 0.1 and 0.5e for a unit mass. Since the whole disloc
tion line is likely to be hydrogenated, the coupling betwe
modes leads to broadened bands but only the tranverse
modes at the zone center can be infrared active. These
quencies seem too high to correspond to the 3107-cm21

mode seen experimentally, but it is possible that another c
figuration of hydrogen at an extended defect is respons
for this absorption.

Estimates of the dislocation density are difficult to mak
and are very variable, but values up to 1012 cm22 were sug-
gested as an upper limit.77 This would imply a maximum
concentration of core hydrogen of the order of 1020 cm23.
This hydrogen concentration is comparable to that of boro33

around 531019 cm23, but considerably less than the pe
subsurface concentration of 1022 cm23 found in the rf
plasma treatment. Unless dislocations are created by
presence of high concentrations of H~concomitant with the
condensation of H suggested in Ref. 76!, additional hydro-
gen defects must be present with H2* as one candidate.

FIG. 13. Schematics for the dislocation structures investiga
~a! The relaxed dislocation core viewed down the dislocation li
~b!–~d! Sections of dislocation where material to the left of t
dashed line in~a! is removed for clarity.~b! The undecorated dis
loaction; the three reconstructed bonds are indicated by the
atoms. ~c! and ~d! Relaxed structures for the single hydrog
trapped at the core and H2BC, respectively, where the hydrogen
indicated by white atoms.
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IX. CONCLUSION

Calculations have shown that hydrogen, when incor
rated in bulk diamond, is expected to form bond-cente
hydrogen defects, stable H2* defects, B-H, N-H, and P-H
centers, and be strongly trapped at dislocation cores. Th
are similar properties to hydrogen in silicon.

In contrast to H in silicon and many other materials, is
lated hydrogen in diamond is not a negative-U center. This is
due to the fact that hydrogen lies in the bond-centered sit
all three charge states.

The calculated formation energies provide a semiqua
tative estimate of the solubility of hydrogen in diamond. T
large positive values for isolated and hydrogen dimers s
gest that the equilibrium solubility for hydrogen in the lowe
energy states we have found is vanishingly small. Howe
the large binding energy associated with hydrogen at im
rities, lattice damage or in regions of strained material su
as at dislocations or grain boundaries means that hydro
would readily precipitate at these defects.

Unlike silicon, it is only the positively charged bond
centered species that is particularly mobile and if presen
the material is likely to be quickly lost to defects or th
surface. This species may be the fast diffusing one fou
using radio frequency plasmas.32 There the subsurface deu
terium concentration exceeds that of boron, allowing D1 to
diffuse freely to unpassivated boron lying deeper in t
sample.

Neutral bond-centered hydrogen has a local mode wit
very small effective charge implying that it would be invi
ible to IR spectroscopy, but this defect should be observa
via EPR. The negatively charged defect has a greater e
tive charge, and hence should be IR active, but its diffusiv
is much lower suggesting that it may not penetrate dee
into diamond.

Hydrogen dimers such as the diamagnetic and weakly
active H2* center are stable, and may account for the la
concentrations of hydrogen found in many diamonds. T
defect is more stable than molecular hydrogen in cont
with the situation in silicon.

Boron-hydrogen complexes have binding energies
around 1.6 eV, and appear to limit the diffusivity of hydrog
in type-IIb diamond. This is similar to the case in boro
doped Si, and is in agreement with diffusion experime
carried out with microwave plasmas and boron-doped po
crystalline CVD diamond.33 The structure of the defect i
quite distinct from silicon where the H atom bonds closely
the boron atom and lies in the bond center. The H atom
located almost midway between two C atoms and the lo
modes of B-H are likely to be complex due to the tunneli
of the hydrogen between equivalent sites around
impurity.

In analogy to boron, we find that both N and P are ess
tially passivated by hydrogen, although the complexes p
sess donor levels close to the valence-band top. The struc
and vibrational modes ofN . . . C-H areconsistent with the
observed properties of the defect giving rise to the 31
and/or 3124-cm21 absorption bands. Hydrogen antibonds
phosphorus, giving characteristic local modes. The bind
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energy of H with the donors is too low to offset the lar
positive formation energies of hydrogen defects. If the ad
tion of PH3 to the seed gases used in CVD diamond grow
leads to a significant donor concentration, then it is like
that its incorporation is due to a surface effect.

Finally, we find that hydrogen strongly interacts with di
location cores, breaking the core reconstruction and form
C-H defects. The binding energy of H2* with the core is
around 4 eV, implying that this is a particularly stable for
of hydrogen likely to be present in all types of diamond. Th
form of hydrogen, together with H2* may account for the
c

an

v.

ni

an
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an

P.

ll-

a
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subsurface accumulation layer detected when radio
quency plasmas are used to incorporate hydrogen.
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