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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. H
calculated to be very mobile with a low activation barrier. Hydrogen dimers are stabig dsfetts, 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-B~ +H™ 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-chiine, and we tentatively assign this center to the defect. Hydrogen
is strongly bound to dislocations which, together with Hnay form part of the hydrogen accumulation layer
detected in some plasma studies.
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I. INTRODUCTION gen at or around the bond center. Although there are many
IR-absorption peaks seen in diamond with frequencies in the
Hydrogen is a ubiquitous impurity in diamond, but unlike range expected for C-H stretch modes, none of them are
other group-1V materials, there is little detailed information understood. A commonly detected mode in natural material
about any hydrogen defect. This is to be contrasted withies at 3107 cm?, but this cannot be due to on-axis bond-
silicon, where a great wealth of details regarding H centergentered hydrogen with ;4 symmetry, as the defect does not
exists. For example, in Si, isolated neutral-bond centered I'Fbossess inversion symmeﬁ?yand involves only one carbon
defects have been obserdédy electron paramagnetic reso- atom?23 Although stress measurements have been made on
nance(EPR), after low-temperature proton implantation and the line, no splittings were resolvé#iand the point group
illumination with band-gap light. Isolated H is a negatie- symmetry is not known. The involvement of nitrogen in this
defect with a donor level & .—0.175 e\? and an acceptor defect was ruled out because there is no significant change in
level, due to a structure when H lies at an antibonding oiits frequency with *®N.2> However, more correctly this
tetrahedral interstitial site, a@.—0.5 eV*~® A vibrational means that the effect of any nitrogen in the defect is unre-
mode at 1998 cm' is attributed to H at a bond centerbut  solved. It was suggest&tf>that the concentration of centers
no local modes are known for the neutral or negative speciegjiving rise to the 3107-cm* band in natural material cannot
The center is mobile, with a migration barrier of around 0.4account for all the hydrogen which can reach 1 at% in some
eV® and the defect anneals around 200 K. naturaf® and polycrystalline chemical vapor deposition
Hydrogen dimers have been predicted to exist gs H(CVD) [Ref. 27] diamonds. Thus it seems highly likely that
molecule$ and H defects'® and both defects have been hydrogen is incorporated in other forms, and it has been
observed in infrared-absorption experimett¥ The solu-  suggested that the hydrogen is contained within inclusi®ns,
bility of hydrogen in silicon is activated with an energy grain boundaries, and dislocatioffs.
around 1.8 eV In addition, there are numerous complexes Electron paramagnetic resonance has revealed a defect la-
containing hydrogen, such as vacancié$,interstitials’®  beled H1 attributed to a dangling bond on carbon near hy-
and impurities. Many of these have been characterized bgrogen and located within or close to grain boundaies.
local mode spectroscopy. The total infrared absorption in the 2750—-3300 ¢mange
The situation regarding diamond is very different. Muon associated with C-H stretch modes correltesth the con-
implantation experimentéand theory’~?*both indicate that centration of H1, implying that most of the IR-active hydro-
neutral hydrogen is metastable at a tetrahedral interstitiagen in polycrystalline CVD material is associated with inter-
site, with its lowest energy configuration consisting of hydro-granular regions; however, this does not rule out the presence
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of IR-invisible, diamagnetic hydrogen within crystals. Fur- multaneous formation of an immobile hydrogen aggregate or
thermore, there is a number of electronic transitions assoch lattice defect.
ated with the presence of hydrogen, such as the absorption In this paper we present the results of first-principles cal-
peak at~0.9 eV?® although, to the knowledge of the au- culations regarding the structure and experimental observ-
thors, none has been correlated with IR studies or even witBbles associated with simple forms of hydrogen in diamond.
a specific defect. Previous theory produced a range of structures and migration

Impurities and lattice defects might be expected to traglarriers for isolated hydrogen in diamond. Early
hydrogen, but boron is the only known example to date. Thé&alculation$’*?showed that the presence of hydrogen in the
correlation between the secondary ion mass spectroscofPnd-centered location tends to push the surrounding lattice
(SIMS) profiles of deuterium, introduced by a plasma, and Bapart. However, the energy associated with this strain is more
in polycrystalline CVD material suggest that a single deutethan compensated for by the strong chemical bonding, giving
rium atom is complexed with boron. The loss of the elec-@ Saving in energy of around 2—3 ¢Ref. 13 relative to the
tronic IR absorption due to the substitutional B acceptor im-{etrahedral site. An axial, bond-centered geometrigonal
plies that boron is passivatél:®* These experiments were Symmetry is preferred by most theories, although recent
carried out on polycrystalline CVD diamond doped with bo- Semiempirical calculation$ suggested an off-axis defect
ron. Both radio frequencyf) and microwavemw) plasmas te_rme(_j the “equilateral triangle(ET) model. The barrier to
were used to introduce deuterium, with the latter being dnigration for bond-centered hydrogen was estimated at 0.9
much less aggressive method, leading to lower levels of ineV (Ref. 21 and around 2 e¥>*? with the positive charge
corporated deuterium. For the mw plasma and temperaturédate being much more mobifd.
<550°C, the deuterium penetrated about Qua@ and Models for two nearby hydrogen atoms include thg H
closely followed the B profile consistent with the formation complex, a molecule or the bridge defect made up from the
of B-D. For higher temperatures, deeper penetrations ofwo H atoms sharing a single C-C bond. In contrast to other
~1 wm were observed and only a fraction of boron remainsgroup-1V materials, theory suggests that the molecule is not
passivated. An estimate of the energy barrier to the dissocidhe lowest-energy form in diamond, with;Hying 3.3 eV
tion of B-D comes from the activation energy for the diffu- lower in energy® or between 1.3Ref. 20 and 3.5 eV(Ref.
sion, of D as measured by the increase in penetration deptt®) lower than two separated bond-centered hydrogen de-
above 550 °C. This yields a barrier of 1.43 eV. fects.

In the rf plasma, an accumulation layer containing The structure of the the B-H pair in diamond is quite
~ 1022 cm 2 of deuterium extending to depths about un  different from silicon?*** In diamond, the H atom lies ap-
is formed. This suggests that H introduced by the rf plasm#@roximately 1.1-1.2 A along th@01] direction from B, but
can create lattice damage or is self-trapped by forming stablie displaced closer to one of the two carbon neighbors of
multinydrogen centers. Heating to temperature890°C  boron along this direction (see Fig. 9. Previous
liberates this hydrogen, whose diffusion is not limited bycalculation§3found the activation energy for the dissociation
boron trapping since it exceeds the concentration of boror@f boron-hydrogen pairs to be 0.3 eV. They also found that a
The temperature dependence of the penetration depth shofée H atom outside diamond was 1.54 eV higher in energy
that diffusion is now activated with an energy of only 0.35than H bound to substitutional B, implying that boron has a
eV, and may be related to the migration of freé.HHydro-  large effect on the solubility of hydrogen.
gen effusion experiments indicated that the adsorbed surface In Sec. Il, we briefly discuss details of the method of
hydrogen was lost at 850 °C and the hydrogen in the accucalculation, and we describe results on isolated hydrogen
mulation layer at 720°C. The closeness in these temper&enters in Sec. lll. Section IV discusses the solubility of
tures suggests that at least some of the hydrogen in the abydrogen in diamond, while Secs. VI and VIl deal with
cumulation layer is in the form of C-H bonds possibly in hydrogen dimers, H-B, H-N, and H-P centers. Finally,
near-surface cracks. Capacitance-voltage studies on a higthe interaction of hydrogen with dislocations is dealt with in
pressure synthetic diamond doped with boron, into whichSec. VIII.
deuterium had been introduced by a plasma, also demon-

strated that B is passivatéd. Il. METHOD
This accumulation of hydrogen in the subsurface region is
seen in all hydrogenated materiaf>3°—3" Samples that Local-density-functional calculations using both cluster

have been hydrogenated exhibifpaype near-surface con- and supercell methods were carried out on hydrogen defects
ductivity, with a hole activation energy an order of magni- using theaiMPro code?>*° Previously, the method was used
tude lower than that of boron. Several models have beetp successfully explore the properties of nitrogen
proposed for the source of the conductivity. One suggestioaggregate¥, NV and SV defects’® divacancie$? and inter-

is that hydrogen is directly responsible for the acceptorstitial aggregates in diamond.

level *® although it is hard to understand how any point de- Where appropriate, the symmetry of the defect has been
fect could give rise to such a shallow level. A more likely constrained during the relaxation. Calculations employed
model involves the transfer of electrons from diamond tohydrogen-terminated clusters ranging fromggdsg to
surface adsorbaté8;*°but the experimental evidence is far Cyg;H116, OF 64-atom cubic unit cells into which the intersti-
from clear. As a final point, it has been suggested that hydratial hydrogen atoms were placed. The atoms are treated using
gen introduced by implantatioself-traps*! implying the si-  the pseudopotentials of Ref. 51, except for hydrogen, where
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the bare Coulomb potential is used. The convergence with
unit cell size was tested by relaxing; Hlefects in 64- and
216-atom unit cells. The differences in bond lengths were
less than 0.2%, and the absolute formation energy differed by
around 0.2 eV.

Two types of basis were used for the supercell calculation.
The first consists of independestp,, p,, andp, Gaussian
orbitals with four different exponents, sited at each C site,
and two exponents at the central hydrogen atoms. In addi-
tion, a set ofs and p Gaussian orbitals was placed at each
C-C bond center. The second consisted,qf, andd Gauss-
ian functions centered at the atomic sites with four expo-
nents. The advantage of the basis set with bond-centered
functions is the smaller computational effort, but the number
and location of the bond-centered functions varies with dif-
ferent structures. This disadvantage is removed by using a
basis set including functions at the atom sites, but the com-  FIG. 1. Schematic showing the bond-centef®€), anitbonding
putational effort is increased. The difference in relative total(AB), tetrahedral T), hexagonal H), andC-site interstitial sites in
energies using different basis sets, is generally found to bdiamond. TheH andT sites lie halfway and a third of the way along
small (typically a few tenths of an el except for a few the line joining two atoms along tHé 11] direction. TheC site is
cases where in both basis sets the structures are high in emidway between an atom site and a neighbofingjte.
ergy relative to the ground state. Both basis sets yield lattice
constants and bulk moduli within around 1% and 5%, re-method except where stated otherwise, while the effective
spectively, of the experimental values. The direct and indicharges are found using the cluster method.
rect band gaps are in close agreement with the local-density-
approximation values of Liberma&h(5.68 and 4.18 e\ IIl. ISOLATED HYDROGEN CENTERS

For clusters the wave functions were expanded using a
similar basis to the first type employed in the supercell. A The energy and structures of interstitial hydrogen at sev-
fixed linear combination of two Gaussian orbitals is sited on€ral sites in the diamond lattice, and in a number of charge
the terminating H atoms, and the charge density is fitted witl$tates, were calculated using both supercells and clusters.
four (three independens Gaussian functions with different The sites considered were the tetrahedf3l @nd hexagonal
widths on each (H) atom. One extra Gaussian function is (H), C sites, the bond-center¢BC) sites, and the antibond-
placed at each C-C bond center. Supercell calculations wei@d site (Fig. 1). For completeness, the BC structure was
carried out using an MP2set of k points to sample the relaxed using different starting configurations where the H
band structure. The charge density is Fourier transforme@tom lay on and off the bond axis. Table I lists the relative
using plane waves with a cutoff of 120 Ry. total energies for each structure in the neutral, negative, and

Local vibrational modes can be estimated using standarB0sitive charge states found using a supercell. The energies
techniques, with the dynamical matrix being constructed usfound using clusters are very similar. As can readily be seen,
ing a mixture of calculated values of the energy double dethe BC location is found to be the lowest energy site for the
rivatives in the region of the defect, with other regions usingneutral and negative defects, while the puckered BC location
terms generated from valence force potential. is the most stable in the positive charge state. We relaxed the

The measured intensity of infrared absorption for a giverET structure of Ref. 21 in all Charge states. In all cases the H

mode is related to the effective charge of the oscillajpr atom returned to a location equidistant from two carbon
where nearest neighbors. We suppose that this structure is an arti-
fact of the semiempirical technique used.

1
7;2/m= 3 2 (aM/aQ)Z. TABLE I. Relative total energiessupercell of the single inter-
stitial H defect in diamondeV). The zero of the energy scale for

Herem s the mass of the oscillata¥ is the induced dipole each charge stgte is taken to be the energy of the most stable struc-
ture examined in this study.

caused when the atoms are displaced according to their nor-
mal coordinates, an@ is the amplitude of the mode. The ;.\ tire

sum is overx, y, andz and over any mode degeneracyor Symmetry  # 0 !
silicon, the experimentally measured valuespfor the posi-  Bond-centered D3q 0.3 0.0 0.0
tively charged bond-centered interstitial hydrogen defect i$uckered bond-center C,/C;,/C; 0.0 unstable unstable
3e taking m=1."%* Previous theoretical calculations using Anit-bonded Ca, 0.4 unstable 1.2
AIMPRO (Ref. 55 yielded a value- 1e, considerably smaller C site Cyyp 0.0 unstable unstable
than experiment showing the difficulty in evaluating this pa-Hexagonal site Dag 0.2 1.7 3.0
rameter. The calculated values of experimentally observablgetrahetral site Ty 0.6 1.0 15

parameters quoted in the text are taken from the supercel
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FIG. 3. The spin-polarized Kohn-Sham levels for thg; nega-

FIG. 2. Migration barrier for neutral bond-centered hydrogen.tively, neutral, andC,,, positively charged bond-centered interstitial
The full line and squares indicates the barrier to @ saddle- hydrogen. Only states in the vicinity of the band gap are plotted,
point with H along the[001] direction, for hydrogen migrating di- and the valence-band tops have been aligned to facilitate compari-
rectly between bond centers in(&10) plane. The dashed line and son. The partially occupied gap level hag, symmetry.

the circles show the barriers between the bond-centered interstitial | | . . |
(on the lefy and the T interstitialon the right. tor levels by comparing its ionization energy and electron

affinity, calculated in the cluster, with those of known

The energies of the different configurations give a clue todefects’ Here we adopt the common terminology that the
the hydrogen diffusion path and energy barrier. The reladonor level is the value of the electron chemical potential
tively high energy of M at theT andH cage sites suggest below which the defect would be positively charged and
that the H atom avoids these. This is in line with a previousabove which it would be neutral. The acceptor level is de-
study?® although other studies have suggested a BO'to fined in a similar way. Using the experimental ¢J/ level of
site* In silicon, similar calculations show the energy surfaceP at ~E.—0.6 eV as a marker, the cluster calculations yield
for neutral H to be very flat and a more elaborate processhe single donor level of BC hydrogen to lie aroufd
involving jumps between next-nearest bond-centers via the-3 eV. Note that this method for estimation of the electrical
M site (lying midway between twoC site§ have been level uses entirely ground-state properties of each system.
suggested® It is unlikely that this mechanism operates in ~ The fact that Hc is a deep donor has implications for any
diamond as we find th&/ site to be unstablea H atom model involving hydrogen for a surfagetype conducting
placed there moves downhill in energy to reach site. The layer. Free hydrogen would be expected to compensate for
likely diffusion path then involves either a BC-BC or a  any shallow acceptors, and since the overall concentration of
BC-C-BC trajectory. hydrogen in the subsurface region is largep to

We estimated the migration barriers using cluster calcula=10?° cm™3), it cannot be present as an isolated hydrogen
tions by relaxing configurations intermediate to the begin-species.
ning and end points of a diffusion jump, with constraints  In the negative charge state, unlike the case in silicon, the
which prevent the structure relaxing into local minima. TheH atom still “prefers” to lie at the BC site. The gap level is
barrier for hydrogen to move from a BC site toTasite is  now filled and the defect diamagnetic. There is no propensity
sketched in Fig. 2. Note that the energy for thesite is  for the defect to distort fronD 34. The barrier to migration in
slightly higher than that listed in Table | derived from a this charge state was also calculated. The BT &émd direct
supercell calculation, but the discrepancy is small. AlsoBC to BC paths have similar energies around 2 eV. Compar-
shown is an alternative trajectory for moving the H atoming the electron affinity of hydrogen with that of boron using
between BC sites in @110 plane. The barrier for movement the cluster method places the-(0) level of Hyc at E.
to the tetrahedral site is around 1.6 eV. Once H reaches this 1.8 eV. The important conclusion is then that the acceptor
site, it can subsequently move to a number of bond centergevel of H lies above the donor level, and thus hydrogen is a
and hence diffuse through the lattice with this barrier. ThispositivelU center in diamond. This is largely because the
barrier height is in agreement with earlier estima&f&8The  bond center, or one close to it, is the stable site for all charge
other path involving a direct BC to BC transition is activated states. The acceptor level lies below thet{Plevel of P and
with an energy of 1.8 eWFig. 2) with the saddle point found is close to the donor level of N.
to be aC,, structure with the hydrogen atom along {l01] In the positive charge state, however, the proton moves
direction. The diffusion through open channels, i.e., from a off axis with a C-H-C bond angle around 100 °, although the
site to anothefT site via theH site, has a barrier of 0.8 eV. energy surface is very flat and relatively large changes in the

Hgc possesses a localized level deep in the bandigap  bond angle do not greatly affect the total energy. This distor-
3). This level is associated with the highly dilated C-H-C tion from axial symmetry is accompanied by a drop of
bond (47% longer than the bulk bond lengttor the Dy ~0.2 eV in energy. We have examined a number of different
case, the corresponding wave function possessgssym-  symmetries for this puckered bond-center configuration, and
metry. One can estimate the location of the donor and accephere appears to be no substantial difference in energy be-
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charges which govern the intensities of the absorption
lines®’ These are also listed in Table Il. The values for the
neutral and positive defects are very small in comparison to
the value of~ 3e for Hg hydrogen in silicorf;>* but in line
with the observation that C-H stretch modes for defects in Si
generally have low integrated intensit®s® With such
small effective charges, it is possible that the defects are
below the detection limit for infrared spectroscopy. The ef-
FIG. 4. A schematic representation of the rate-limiting step infective charge of H is much larger~e. However, as its
the migration path for positively charged bond-centered hydrogendiffusivity is so low, its penetration depth in say phosphorus
The gray circles represent carbon sites in a@)L plane, and the or nitrogen doped diamonds would be expected to be much
black circle the hydrogen atom. The bond into which the H atomless.
moves must dilate during the migration step.

[110]

/4

. . . IV. SOLUBILITY OF HYDROGEN IN DIAMOND
tween different sites around the C-C bond. This suggests that

in the positive charge state the proton precesses about the The equilibrium concentration of a hydrogen center in
bond, giving a center witlDs4 symmetry on average. Sig- diamond is determined by its formation enef§y* Intersti-
nificantly the puckered configuration leads to a reduction irtial hydrogen defects are formed through the addition of hy-
the dilation of the “bond” in which the hydrogen lies so that drogen atoms to the lattice, but substitutional or vacancy-
the distance between the carbon atoms is only 21% largdrydrogen defects involve, in addition, the movement of
than in bulk. As a result the diffusion of His quite different ~ carbon atoms to the surface. In either case, the formation
from that in the other charge states. Figure 4 shows a traje@nergy of a single hydrogen defect in charge stp{g>0

tory taking the proton from a specific bond-center orientatiorfor positively charged defedtss given by

to a different orientation in a second bond center. Since the ;

barrier to precession is essentially zero, the proton can easily ~ E'(H)=E(H+nC)+q(E, + ne) —nNuc— p.

rotate into an.equivale.nt siFe, thus completing a diﬁ.USiveHere E(HY+nC) is the total energy of the center evaluated
step. The barrier for this trajectory is estimated to be in the;n an n-atom unit cell. uc is the chemical potential of C

region of <0.2 eV when using co_nstrained relaxation o_f 8taken from the energy per C atom in bulk materi).is the
cluster: at least an order of magnitude lower than the diffuyqiion of the valence band top in the defect free crystal,
sion barrier in the other charge states. The supercell approa d . is the electron chemical potential measured from the

yields a transition statéthe C site) very close in energy to valence-band to ; X ;
. - puy is the chemical potential of hydrogen,
the puckered bond cent¢Table ). Hence H is the most taken with respect to a standard state. This can be a gas of

rapidly diffusing species, and its diffusion energy is not in- : ; )
consistent with the experimental value of 0.35 eV found formolecular hydrogen outside diamond, although a gas of neu

S : tral hydrogen atoms can also be considered theoretically.

deuterium introduced by a rf plasma as described above. Thus for equilibrium with a ga

Besides the diffusion barriers, we have also calculated the ’
local vibrational modes of these centers. Those lying above 1 K p\[ mh2\3¥2 1
the Raman edge are listed in Table Il. The defects possess  up==E(H,)+ —In( —)(—) —] (on)
C-H stretch modes lying between 2100 and 2900 tncor- 2 2 KTJAMKT] Ziowsin
responding to zero-point energies of 130—180 meV. Specifiyhere the energy of a molecule B{H,), and includes the
cally examining the modes associated with the puckeregiprational energyZ,qui, is the partition function of the
structure in the positive charge state, one can see that thgtovibrator. In the case of equilibrium with a gas of isolated

zero-point energy of the defect is of the order of the diffusivegtoms,
barrier. In a more complete analysis of the migration process

one would therefore wish to consider quantum-mechanical p\(2mh?\3%?

tunneling. However, such a calculation is beyond the scope MH:E(H)+kT|n{ (k_T>(m T } 2

of this study, and we simply conclude that the migration of P

this center occurs at a very small barrier. where E(H) is the energy of a neutral atom. The

For each local mode we have also estimated the effectiveemperature-dependent term in each case can be ignored

TABLE Il. Local vibrational mode frequencies and symmetries for bond-centered hydrogen in diamond
(cm™1). Frequencies for deuterium follow those for hydrodeanparenthesésAlso listed is the estimated
value of »?/m (e?/amu). The modes for the positive charge state are taken fror@ théorm.

1+ 0 1—
Mode Symmetry z?/m Mode Symmetry z?/m Mode Symmetry z?/m
2456(1797 A’ 2x10°% 2919(2084 A,  1x10°4 2730(1952 A, 1
2086(1599 A’ 1x10 2
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' FIG. 6. Schematic showing H-atom sites for hydrogen dimers.
e 1 ) 3 4 S Gray circles represent carbon sites, and black circles numbered 1-5
Be (V) show possible sites for hydrogen.

FIG. 5. Formation energies for the bond-centered H atom in theécule. The situation is less converged when using the value
three charge states using the energy of the free H atom as chemid@ll 1y taken from the isolated atom. HeE(H,) ranges
potential for hydrogen. from 1.7 to 2.5 eV.

The formation energy is also dependent on the charge

since, even for temperatures up to 1000 K, the contribution ig;astg. \I/:vlgL;l:vSe ?;?;Vms 'i \éaerlg;t\l/oe?] Vg';h”']: ee :‘rrglee;lteorr%y. tl)rl]ttgls
) H 3

less t_han 1.0%' For atmospheric pressure &rcb00 K, t_he similar plot with uy taken from the free molecule simply
error in uuy is 2.5% and 3.8% for molecular and atomic hy- 4qqs around 2.5 eV to the energies. Such a plot allows the
drogen, respectively. Note that the temperature-dependeghergy levels for hydrogen to be estimated. Ther(Olevel
part of uy tends to increase the formation energy with occurs at a Fermi energy where the formation energies of the
temperature. neutral and positive charge states are equal. This lies around
A question arises as to whether these chemical potentials +2.6 eV. Similarly, the acceptor level is found around
should be evaluated or taken from experiment. We have chgg_— 2.3 eV. Both estimates are in agreement with the values
sen to use the calculated potentials rather than their exa¢bund in the cluster calculations.
values, so that H is treated in the same way as within dia- Also plotted in Fig. 5 are the experimental locations of the
mond and follows the procedure adopted by Van de Walle foacceptor level of boronE,+0.37 eV) (Ref. 65 and the
H in silicon® The energy of the neutral H atom evaluated indonor level assigned for substitutional phosphorig, (
the supercell is- 12.52 eV compared with the exact value of —0.6 eV) % From these, one concludes that the formation
—13.61 eV, while the calculated binding energy of the freeenergy for H in strongly p-type material is about 0.3-0.4
hydrogen molecule is 5.44 eV compared with an experimeneV, implying an equilibrium solubility at 500 °C of the order
tal value of 4.52 eV. The underestimate of the energy oPf that seen in the subsurface region in plasma treated mate-
atomic H is a well known, failing in local-density-functional rial. The formation energy of Hin stronglyn-type material
theory, and the value found here compares withilS ~1 eV. However, when the H concentration is compa-
—13.03 eV given by Van de Walf¥.These values determine "able with that of boron or phosphorus, the Fermi energy
uy relative to H gas to be—15.24 eV when the contribu- must move close to mid-gap and t_he equilibrium concentra-
tions from vibrational and rotational degrees of freedom ard!on of neutral H becomes essentially zero. Thus the maxi-
excluded. These corrections amount to a few tenths of an eV'uM equmbrlum' concentration is pinned by the acceptor-
and to some extent are canceled by similar terms arisingonor concentration. However, the state of hydrogen in pure,

from the defects within diamond. The equilibrium concentra-C0roM-doped or nitrogen-doped diamond need not be the iso-
. L : i - 1heeq lated hydrogen defect. There is a possibility that it is more
tion of H inside diamond is then given by

stable as a dimer or impurity-hydrogen pair and these are
investigated below. Note that including temperature effects
Ef(HY) in Egs. (1) a_nd (2) would lead to higher formation energies
[H]NNSeXp( - ) than those listed in Table IV and shown in Fig. 5. This would
kT only affect the properties of potentially soluble species such
as the positive charge state in heavily boron-doped material.

where Ng is the number of sites the defect can occupy. A
similar expression can be written down for the equilibrium
concentration of hydrogen dimers. A possibility alluded to above is that hydrogen dissolved
The formation energies forgd are given in Table IV. Itis  in the material is in the form of self-trapped hydrogen com-
clear that this energy of-2.6-5 eV is very large, and as plexes. We have examined a number of possible structures
such neutral hydrogen is very insoluble in undoped diamondoased on those suggested to exist in silicon. These are an
We have checked the effect on formation energies using witinterstitial hydrogen molecule which is the lowest energy
wave function basis set. We find that, although the total enstructure for silicon, B (sites 1 and 3 in Fig. %
ergies vary significantly, the formation energies vary by onlypreviously®?° found to be the lowest energy structure in
around 0.2 eV when usingy taken from the hydrogen mol- diamond, a pair of antibonded hydrogen atoms alohtyl)

V. HYDROGEN DIMERS
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TABLE lll. Relative total energies of the interstitial H pairs in
diamond(eV). The zero for the energy scale for each charge state is
taken to be the energy of the most stable structure examined in this
study, viz., H} .

H3 Hoge H3* Molecule
Neutral 0.0 0.8 1.9 21
1+ 0.0 0.0 1.3 1.2

labeled H* (sites 1 and 5 in Fig.)$ and a pair of hydrogen
atoms saturating a single broken C-C bond v@t}y symme-
try (H,gc, Sites 2 and 4, Fig.)6 FIG. 8. Schematic of a diffusion path for;H as described in

The total energies of these defects evaluated in a 64-atothe text. Processes 1 and 2 are sequential, not simultaneous. The
unit cell are listed in Table Ill. As found by previoa® initio large gray circles represent C atoms in a @) Jplane. The small
calculations, both cluster and supercell methods yigjdald ~ black and white circles represent the start and end positions, respec-
the most stable dimer; in particular, it is 2.1 eV lower in tively, for the hydrogen atoms.
energy than the molecule at thg interstitial site when using
the supercell. The Kohn-Sham leveBig. 7) indicate that The second step is then the reverse of this process where the
the defects might be electrically active, although the calcusecond H atom(labeled 2 in Fig. 8 jumps to reform H
lated donor level lies very close #,. The gap levels are displaced by one atomic site from the original site. The ac-
mainly localized on C-H bonds and the neighboring per-tivation energy exceeds 3.5 eV, and is greater than the bind-
turbed C-C bonds. In the positive charge statgsdaind Hy ing energy. This large value implies thag Hvould be im-
defects are comparable in energy. mobile at temperatures less than about 1000 °C.

The vibrational modes of Hlie at 3511 and 3882 cirt In contrast with B, the molecule diffuses relatively
(A;) and 1782 cm?® (E). However, like K, the effective  freely with a barrier of about 1.6 eV between tfieand H
charge for each mode is smalh¥ym<2x10 2e?). Thus sites. This energy is close to the diffusion energy @f th
the defect is electrically inert, diamagnetic, and opticallythe neutral and negative charge states.
inactive, making its detection exceptionally difficult. It  The formation energies of the dimers are given in Table
might then be part of the accumulation layer introduced by rflV. Again, these values are large and positive, showing that
plasmas. the equilibrium concentrations of these defects will be insig-

The binding energy of the H atoms irkH found by com-  nificant. In summary, Bl is the most stable dimer but its
paring the energies of two isolategidatoms with the com-  equilibrium concentration is negligible. It is nonmagnetic
plex, is around 2.5 eV. Its diffusion mechanism involves aand electrically and optically inert. It is a candidate for the
partial dissociation into two BC-sited H atoms separated by dydrogen defects in the accumulation layer possibly intro-
C-C bond, and can proceed in two consecutive but equivaduced by the channeling of hydrogen ions from the plama.
lent steps, as illustrated in Fig. 8. The first stigbeled 1 in  These ions will be accelerated if the diamond is biased.
the figure moves the antibonding species into a bond centetHowever, this process is also likely to create lattice damage

which might lead to other types of hydrogen species such as

6.0 — . e — hydrogen trapped at dislocations.

50— — L

40 4 i L VI. BORON-HYDROGEN COMPLEXES
s 30+ i - Since the only unambiguous assignment of a point defect
250 i : i in bulk diamond which contains hydrogen is that of the
& - —& boron-hydrogen pair, we have investigated this defect in de-
§ 10 gn 4 ; i tail. The formation energy of substitutional boron can be ob-

0.0 L | tained using the same approach as adopted for hydrogen

10 : ' ’ (Sec. IV), where now a carbon atom is replaced by boron.

‘ — We suppose the chemical potential of boron is determined by

2.0
TABLE IV. Formation energies per hydrogen atgaV) for the

neutral bond-centered H atom and two configurations of the H
FIG. 7. The Kohn-Sham levels for the neutfapin averaged dimer, for which we list the chemical potential in parentheses.

and positively chargespin-polarized H5 and H,,. defects. Only

states in the vicinity of the band gap are plotted, and the valenceReference state of H 1 H3 Molecule
band tops have been aligned to facilitate comparison. Black squarés atom (—0.92 Ry) 2.6 1.0 2.1
and arrows represent filled levels, and empty squares indicate um, (—1.12 Ry) 5.2 3.7 4.8

occupied levels.
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0.4

— B_H
——- B-C()
= B-C(2)
..... B-C(3) -
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FIG. 9. Schematic diagram for the structure of the boron-
hydrogen pair in diamond. Gray circles represent carbon atoms. Th¢
white arrows indicate one of localized modes of vibration as de-
scribed in the text. The bond lengths are shown in A.

0.0

BHz. In this caseM§H3= E(BH3) — $E(H,). The formation FIG. 10. A plot of the charge density between the B atom and its

energy for B in diamond is calculated to be close to zerofive neighbors as a function of position along the bond. The labeling

broadly consistent with the high doping levels of follows Fig. 9. Note that the small values at the B and C sites are a

~10%2 cm~2 achievable in polycrystalline CVD material. consequence of the use of pseudopotentials. All bonds are scaled to
We now discuss the hydrogenated center. As with earliethe same internuclear distance.

ab initio calculations, we found that the structure where H

lies approximately along tH@®01] direction from the B atom  of boron, hydrogen, and carbdas labeled in Fig. © The

was most stabléFig. 9). The total energy is 0.6 eV lower low charge density shows that the BT bond is weaker

than when H lies in the C-B bond center. than the others due to the presence of the hydrogen atom, but
The binding energy of the complex can be estimated botistill has a bonding character. More significantly, the F2C

for the case of dissociation into neutral boron and bondbond indicated by the long-dashed line contains a greater

centered hydrogen, and for the case where the products agdarge density than between the boron and hydrdgelid

charged as in Hand B, i.e., line). There appears to be a tendency to form a multicentered
B-H-C(2) bond which is typical of bond hydrides, e.g., dibo-
E°(BH)=E'(B)+E'(H)—E(BH) rane (BHg) in which two BH, tetrahedra share an edge.
It is worth noting that boron conventionally “prefers”
or threefold coordination, i.e., a breaking of the B2Cbond,

_ leaving H to passivate @). Figure 10 shows that the B(®)

b —Ef frg+y_ f

E°(BH)=E'(B")+E(H")—E(BH), bond is the weakest and that the H2Cbond is far stronger
where Ef(X) is the formation ofX as defined above. The than the B-H bond. Qualitatively, one can consider this sys-
results are 4.0 and 1.6 eV, respectively, indicating, as extem to arise from a linear combination of the several bonding

The dissociation barrier is estimated to be 1.8 eV by movin%hen includes conventionalp® hybrid of By with H anti-
H to a bond-center neighboring B. This is in good agreemen@onding. A further contribution arises from the averagg
with the activation energy for the diffusion of H found in StructurelH midway between @) and G2)], where boron is
samples exposed to a microwave plasma where the H cos” hybridized, with conventional pair bonds to H(3J, and
centration is close to that of B. C(4). An unhybridized Bp orbital (along the{110) direction
The vibrational modes of the complex have also been calthen forms a multicentered bond wigp® hybrids on €1)

culated (Table V). There are two modes at 2664 andand G2). _ o
1975 cn L. The lower is a wag mode lying in the plane of ~ The Kohn-Sham levels of the complekig. 11) indicate

symmetry of the defect, and is much higher in energy tharihat there are no deep states in the gap, and hence that the
the barrier to the equivalent site for the H atom in this planeboron has been passivated by the addition of the H atom.

In practice the system is likely to tunnel between equivalent

oy sites yielding an effectivel\C,, defect. The effective VIl. DONOR-HYDROGEN COMPLEXES

charge for the higher frequency mode is estimated to lie ) ) o
around 0.& for an oscillator with unit mass. The formation energy of the single substitutional N defect

Figure 10 shows the charge density in the neighborhoo&an be found as described above whagis determined by
a gas of N molecules. This gives a value close to zero,

TABLE V. Local vibrational modes of the B-H pair in diamond consistent with the observed high solubility of nitrogen in

(cm™Y) for the various isotope combinations. diamond, although the precise value of the formation energy
varies with basis set. Then one would expect that diamonds
1%8H HBH 18D 1Bp grown in the presence of nitrogen and hydrogen, such as is
2664 2654 1973 1956 the case for polycrystalline material, nitrogen-hydrogen com-
1975 1971 1530 1525 plexes will be present in the material. It is known that CVD

samples also exhibit sharp IR-absorption lines associated
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6.0
E : B =

0.0 3 E 5.0 % % -

10 3 40 1 i
_ 204 3 3.0+ -
S, ] : -
z 303 3 > 2.0 -
= B E on
2 E : g 1 = - .
S 40 ] 3 a 10 -

50 3 3 0.0

E =
7.0 3 2064
pure B-H N-H P-H

FIG. 11. The Kohn-Sham levels for a pure diamond cluster and FIG. 12. The Kohn-Sham levels of N-H and P-H complexes.
one containing a B-H complex. Only levels in the vicinity of be Only levels in the vicinity of be band gap are plotted. The gray
band gap are plotted. No gap states are present for the B-H conshaded areas correspond to valence and conduction bands for the
plex. All levels below around-4.9 eV are filled, and all other pure diamond unit cell. The valence bands are aligned to zero.
levels are empty.

between the binding energies of the neutral and charged de-

with hydrogen that exhibit the samé3C shift as the fects contrasts with B-H, and reflects the proximity of the
3107 cni ! band seen in natural material, but with frequen-hydrogen acceptor level to the nitrogen donor level. The
cies shifted upward by-17 cm .2 large binding energy will lower the formation energy of H

The structures and binding of hydrogen to N and P weréind increase its solubility. Figure 5 shows that the formation
found using 64-atom cubic unit cells. We investigated fourénergy of H is then about 1 eV for a gas of free H atoms,
sites for the donor-hydrogen pairs. These @ebond cen- and about 1.5 eV usingy derived from molecular hydro-
tered, (b) antibonding to the donokc) antibonding to a C gen. Thus, in polycrystalline CVD material, the presence of
neighbor to the donor, an@l) a configuration similar to that N Wwill encourage the incorporation of hydrogen and the for-
found above for the boron-hydrogen complex where the hymation ofN...H-C defects. Once formed, the large binding
drogen atom lies approximately along th@01] direction —energy implies a very stable defect.
from the donor impurity. We have calculated the deep donor level of the . H-C

In the case of nitrogen, structufa) in which H is located ~ center by comparing the formation energies of the neutral
near a bond center between N and C was the most stabl@nd charged states. This leads to a donor level ardind
Structure(d) was unstable and relaxed ta). Structuregc)  +1.5 V. The defect does not possess an acceptor level.
and (b) were less stable thafa) by 1.4 and 3.0 eV, respec- A high-frequency stretch mode lies at 3324 cmwhich
tively. In the stable structuréa), the H-C and H-N bond shifts by 6 and 910 cm' with *°C and deuterium, respec-
lengths are 1.06 and 1.26 A, respectively, and agree withively. Both shifts are smaller than one would expect for
earlier semiempirical calculatiod3. Figure 12 shows its harmonic oscillators, indicating the importance of anharmo-
Kohn-Sham eigenvalues. These suggest that the complécity. This is known to be significant for other C-H stretch
possesses a deep donor level in the lower half of the ban@odes’® Of great interest is that the isotopic shift due'fl
gap, and thus N is not completely passivated by H, i.e., thiés very small and<0.1 cni *. The H-related bend mode of
complex is potentially a deep donor. We estimate theE-mode symmetry lies at 1400 ¢, and drops below the
(0/+) level of N .. .H-C to liearoundE, + 1.1 eV compared Raman to around 972 cm in the case of deuterium. The
to the experimental level of substitutional nitrogenEt  1400-cmi* mode shifts by less than 0.5 crh when the
—1.7 eV. However, since these centers would necessarilpearest neighbors are set ®C or *N.
only exist in large concentrations in material which contains It is tempting to assign the commonly occurring
a high density of substitutional N atoms, the electron chemi3107-cm ! band with the defect. Previously the involvement
cal potential is unlikely to lie sufficiently low in the gap to of nitrogen in the 3107-cm" band was excluded because of
ionize the center. The presence of an empty Kohn-Sharthe absence of a shift witfPN, but our results show that the
level just below the conduction-band minimum is not con-shift is very small. Overtones of the 3107-Chband have
sidered to be significant, since there is some uncertainty ibeen observeéd and, while the symmetry of the defect re-
the actual location of the band edge. mains unknown, they demonstrate that the center, like the

The defect can dissociate into neutral or charged specie¥...H-C defect, does not possess inversion symmetry. In
and we find binding energies of 3.5 and 4.2 eV, respectively:*C material, the 3107-cit band shifts about 9 cnt, in
for the two cases. These are much larger than the 1.49 efair agreement with the calculated shift of 6 th No
found by another methotf. The relatively small difference deuterium-related modes around 2256 ¢mvere found for
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the defect. It may be that they possess a very short lifetime Ef(PH) —Ef(P)=E'(H)—E"(PH).

due to decay into two optical phonofisThe calculated ef- ) . o

fective charge of th&l .. . H-C stretch mode is of the order of From Fig. 5, we see that this quantity is close to zero for a
1e, and very large in comparison with neutral bond-centered €rMi-energy locked to the P donor level. Thus, although the
interstitial hydrogen. equilibrium con(_:_entratlons_of P-H_an_d_ P defects are compa-

Our calculated stretch mode is around 7% higher than th able, the solubility of P-H IS not significantly greater than P.

3107-cm ! band. As a rule of thumb, a 3% error in bond ydrogen does ot then Increase the solub|I|ty of P, but
length would be expected to give ri,se to a 10% error inrather the solubility of H is increased by P. This suggests

. that, unlike other systems such as Mg in Gdkéf. 70 and
stretch mode frequency. For C.'H complexes in QaAs, th in GaAs!! a significant increase in the population of pas-
method employed for this study is known to overestimate the;, . dopant atoms does not occur for a vapor-phase-

stretch mode by around 10%. Therefore, we conclude thalyhtaining atomic hydrogen and phosphorus. Co-doping then
the calculated local modes are consistent with an assignmefbes not seem to be favored, although it is recognized that
of the 3107-cm* band to theN ... H-C defect. It is interest-  gther mechanisms might operate and lead to a large phos-
ing to note that although the 3107-cthband is seen in & phorus incorporation. For example, atomic hydrogen might

variety of materials, it is always seen in nitrogen-rich type-Ibmodify the surface of the diamond which leads to a greater

pure diamond, and rarely observed in type-lla pureincorporation of phosporus.

diamonds*%°%|n summary, the strong binding energy be-

tween N. and H will increase the solubility of H in nitrogen- VIIl. HYDROGEN IN A STRAIGHT DISLOCATION

doped diamond. Thal...H-C defect has a deep donor level _ _ _

and a H-related stretch mode with isotopic shifts consistent A question arises as to the structure of hydrogen in the

with the commonly detected 3107-cthmode. However, the subsurface reservoir introduced by a rf plasma. One possibil-

calculations are also consistent with the similar band seen iy is that this is in the form of £, which, as explained

CVD material at 3124 cm*,>> and it is impossible to distin- above, would be very difficult to detect by infrared-

guish between them from our results. absorption experiments, although channeling remains a pos-
We now investigate the influence of H on the phosphorugiPility. The high concentration appears to exclude grain

donor. The structure of the phosphorus-hydrogen defect igoundaries, and we have examined the possibility that the

quite different from the nitrogen center. Structubg, where _hydrogen IS trapped ata d|slo.cat|.o_n. Dlr_slgcatlons are present

H antibonds to the P atom, is the most stable. Structi@es M all types of diamonds and, in silicon, it is known that they

73
(c), and(d) are 3.5, 1.7, and 1.5 eV higher in energy, respec—can trap hydrogeFﬁ . o
tively. In Si and diamond, the commonly occurring 60° and

The P-H bond is 1.34 A, and the three equivalent p.cScrew dislocations lie 04111 planes and are dissociated
bonds are 1.70 A whi.Ie the' axial P-C bond is 1.75 A. Theinto 90° and 30° partials separated by an intrinsic stacking

electronic properties of the defect resembles that of thddult: The dissociation reaction is
N...H-C defect above. Although the Kohn-Sham levels

shown in Fig. 1_2 reveal a number of empty gap states close E[lTO]—ﬁ[l?l]JrE[Zl_l].
to the conduction band, the defect only possesses a donor 2 6 6

level aroundg.— 3.0 eV.

The H and D stretch modes lie at 2985 and 2142 tm We investigate only the 90° partial here. Earlier
respectively, although these values are probably overestfalculation$® indicated that all the bonds in this partial are
mated. The H- and D-related bend modes are calculated to sgconstructed with a dilated C-C bond of length 1.61 A
2016 and 1537 cmt, respectively. The estimated effective across the core. More recent work suggested that the core is
charges for the P-H stretch and bend modes are b@ttie, ~ more complicated and has periodicity twice that shown in
and therefore should be detectable. The binding energy fdrig. 13/° Nevertheless, all bonds are again reconstructed
dissociation into neutral or charge components are 3.1 anduggesting that the effect of hydrogen on both forms will be
1.0 eV, respectively. This suggests that, unlike khe .H-C ~ similar.
defect, the complex is stable only to relatively low tempera- The binding energy for a single H atom to the core is
tures. found to be about 1.9 eV. However, it is to be expected that

As with the other impurities, we have estimated the for-its diffusion barrier along the core will be comparable with
mation energy for neutral substitutional phosphorus_ Takmd)U'k diffusion, with an activation barrier calculated to be 1.2
wp from phosphene (PH gives formation an energg'(P)  €V."° Thus if it is able to diffuse to the core, then it will also
equal to 7.2 eV. It seems clear that the equilibrium solubilityPe able to diffuse along the core possibly leading to the cre-
of P in diamond is very low indeed. Its incorpora’[ion from ation of hydrogen dimers. The most stable dimer found at the
PH; in polycrystalline CVD diamond must then be a conse-Core is Hgc (sites 2 and 4 in Fig.)6and 1.7 eV more stable
quence of kinetic factors possibly linked to hydrogen. Onethan H . The energy difference between,4¢ at the core
possibility is that P-H itself has a low formation energy, andand an isolated ¥ defect is—4.0 eV, showing that K is
that the hydrogen can be removed by a post-growth annealnstable in the presence of dislocations. The stability gfdH
Therefore an important quantity is the relative formation en-at the core is a consequence of the dilated C-C bond there,
ergies of P-H and substitutional P: and thus the defect is expected to be stabilized by any dislo-
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IX. CONCLUSION

Calculations have shown that hydrogen, when incorpo-
rated in bulk diamond, is expected to form bond-centered
hydrogen defects, stable}Hdefects, B-H, N-H, and P-H
centers, and be strongly trapped at dislocation cores. These
are similar properties to hydrogen in silicon.

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

The calculated formation energies provide a semiquanti-
tative estimate of the solubility of hydrogen in diamond. The
large positive values for isolated and hydrogen dimers sug-
gest that the equilibrium solubility for hydrogen in the lowest
energy states we have found is vanishingly small. However,
the large binding energy associated with hydrogen at impu-
rities, lattice damage or in regions of strained material such
as at dislocations or grain boundaries means that hydrogen
would readily precipitate at these defects.

Unlike silicon, it is only the positively charged bond-

) ) ) ] ] centered species that is particularly mobile and if present in
FIG. 13. Sche_matlcs_ for the d|§locat|on structure_s |nve_st|ge_1tedthe material is likely to be quickly lost to defects or the
e o s et o e surtace This species may be ihe fat cifusing one found
dashed line in@) is removed for clarity(b) The undecorated dis- using radio frequgncy plasm%]’here the subsurche deu-

erium concentration exceeds that of boron, allowing ©

loaction; the three reconstructed bonds are indicated by the darkﬁ freelv t vated b Vi d in th
atoms. (c) and (d) Relaxed structures for the single hydrogen S;#}Z?e reely 1o unpassivate oron lying deeper in the

::]?j?f;gdatb;h\?végea;nrgfb respectively, where the hydrogen is Neutral bond—pentered hydroggn has a local modE{ Wi_th a
very small effective charge implying that it would be invis-
cation or dilated bonds at grain boundaries. The large bindible to IR spectroscopy, but this defect should be observable
ing energy of hydrogen with the dislocation is largely due tovia EPR. The negatively charged defect has a greater effec-
the breaking of the weakened core C-C bonds and the relaxive charge, and hence should be IR active, but its diffusivity
ation of strain. A possibility, suggested by Hegeieal,’®is  is much lower suggesting that it may not penetrate deeply
that dislocations are spontaneously formed in the presence @fto diamond.
hydrogen and the subsurface accumulation layer arising from Hydrogen dimers such as the diamagnetic and weakly IR-
rf plasmas readily explained. active H5 center are stable, and may account for the large
The local vibrational modes of the Jb defect at the concentrations of hydrogen found in many diamonds. This
dislocation core are found to be 1458, 1787, 3718, andiefect is more stable than molecular hydrogen in contrast
3775 cmi'L. Their effective charges are calculated lie be-with the situation in silicon.
tween 0.1 and Oéfor a unit mass. Since the whole disloca-  Boron-hydrogen complexes have binding energies of
tion line is likely to be hydrogenated, the coupling betweenaround 1.6 eV, and appear to limit the diffusivity of hydrogen
modes leads to broadened bands but only the tranverse opii¢ type-llb diamond. This is similar to the case in boron-
modes at the zone center can be infrared active. These freoped Si, and is in agreement with diffusion experiments
quencies seem too high to correspond to the 3107icm carried out with microwave plasmas and boron-doped poly-
mode seen experimentally, but it is possible that another corerystalline CVD diamond® The structure of the defect is
figuration of hydrogen at an extended defect is responsiblguite distinct from silicon where the H atom bonds closely to
for this absorption. the boron atom and lies in the bond center. The H atom is
Estimates of the dislocation density are difficult to make,located almost midway between two C atoms and the local
and are very variable, but values up t046m~2 were sug- modes of B-H are likely to be complex due to the tunneling
gested as an upper linfif. This would imply a maximum of the hydrogen between equivalent sites around the
concentration of core hydrogen of the order of%€m 3. impurity.
This hydrogen concentration is comparable to that of bron  In analogy to boron, we find that both N and P are essen-
around 5<10'° cm 3, but considerably less than the peaktially passivated by hydrogen, although the complexes pos-
subsurface concentration of 2@&m 2 found in the rf  sess donor levels close to the valence-band top. The structure
plasma treatment. Unless dislocations are created by thend vibrational modes di...C-H areconsistent with the
presence of high concentrations of(Ebncomitant with the observed properties of the defect giving rise to the 3107-
condensation of H suggested in Ref),7&dditional hydro- and/or 3124-cm? absorption bands. Hydrogen antibonds to
gen defects must be present witfj tds one candidate. phosphorus, giving characteristic local modes. The binding
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energy of H with the donors is too low to offset the large subsurface accumulation layer detected when radio fre-
positive formation energies of hydrogen defects. If the addiquency plasmas are used to incorporate hydrogen.
tion of PH; to the seed gases used in CVD diamond growth
leads to a significant donor concentration, then it is likely
that its incorporation is due to a surface effect. ACKNOWLEDGMENTS
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