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By simulating the line shapes of a commonly observedS51/2 electron paramagnetic resonance~EPR!
center in polycrystalline chemical vapor deposited~CVD! diamond at 9.8, 14, 20, and 35 GHz, we conclude
that the EPR signal, which we label H1, results from auniquedefect with a single hydrogen atom;1.9
Å away from the unpaired electronic spin. We report also 14 and 20 GHz studies of an additional hydrogen-
related EPR center, labeled H2, which is similar; however, the hydrogen is;2.3 Å away. We propose that, in
each case, a hydrogen atom has entered a stretched bond at a grain boundary or other extended misfit region in
the CVD material, allowing the carbons to relax backward, one bonding to the hydrogen, the other with an
unpaired electron in its dangling bond. These results may provide important insight into the recently discovered
phenomenon of hydrogenactivationat grain boundaries in silicon.@S0163-1829~96!04236-1#

I. INTRODUCTION

There is considerable current interest in polycrystalline
chemical vapor deposited~CVD! diamond films for possible
high temperature semiconductor applications, as well as for
applications using their high mechanical strength and ther-
mal conductivity. Critical to their potential as semiconduc-
tors is the ability to passivate the many grain boundaries,
surfaces, and other imperfections in such films, hopefully
accomplished by the large concentration of hydrogen present
in the processing. In this paper we describe an electron para-
magnetic resonance~EPR! study of a variety of such
samples. We report two apparently distinct hydrogen-related
EPR signals in such films, which reveal that electrically ac-
tive centers involving hydrogen remain.

One, which we label H1, has been reported by several
workers in spectrometers operating at;9 GHz,1–4 and is
characterized by a signal atg52.0028 with a weak pair of
partially resolved satellites, which were established to arise
from hyperfine interaction with hydrogen.3 From observation
of a variation in satellite intensities and positions when ob-
served at 35 GHz, it has been further suggested that they
arise from ‘‘forbidden’’ Dm561 nuclear spin flips of the
hydrogen nucleus during the EPRDM561 transitions.4 In
the present paper, we report studies of this center at the in-
termediate frequencies 14 GHz and 20 GHz, which confirm
unambiguously theDm561 origin of the satellites. In ad-
dition, we demonstrate the remarkable result that we can
match the relative intensities of the central and satellite com-
ponents as well as the overall line shapes at all four frequen-
cies by the assumption of a singleuniquedefect with a well-
defined hyperfine interaction arising from a single hydrogen
atom.

The second defect, not previously reported, is seen in only
a few samples, where H1 is absent. We label it H2. It is

similar to H1, being centered again atg52.0028, but it is
narrower, allowing its satellites, which are a factor of
;2–3 less intense compared to the central line, to be better
resolved. We find that a good fit to the satellite intensities
and the overall line shapes for it can again be made by as-
suming a single unique defect but with hyperfine interaction
with a single hydrogen;60% of that for H1.

In the following, we demonstrate that the relative inten-
sity of the satellites and the central line depends primarily on
the anisotropic part of the hyperfine interaction, which, in
turn, supplies an estimate of the distance between electron
spin and hydrogen atom. From this we estimate;1.9 Å for
H1 and ;2.3 Å for H2, each being between the nearest
carbon-carbon distance in diamond~1.54 Å! and the next
nearest distance~2.51 Å!. They are therefore close to what
one might expect for the distance between a dangling bond
on one neighbor of a vacancy and a hydrogen atom termi-
nating the dangling bond on another of its neighbors, sug-
gesting single hydrogen atoms in vacancylike stretched
bonds at grain boundaries or other extended misfit regions in
the polycrystalline materials.

The outline of the paper is as follows. In Sec. II we de-
scribe the experimental details, and in Sec. III the experi-
mental results. In Sec. IV the theory for the intensities and
positions of forbiddenDm561 transitions is outlined and
the experimental results analyzed. In Sec. V models for the
defects are presented and discussed, and compared to a theo-
retical treatment for a single hydrogen atom in a vacancy. In
Sec. VI a summary is presented.

II. EXPERIMENTAL DETAILS

The samples were produced by a proprietary chemical
vapor deposition technique using a subatmospheric micro-
wave plasma of hydrogen with low concentrations of gas-
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eous carbon-containing species, and in some cases, oxygen.
The samples were free standing, 100–500mm thick, after
silicon substrate removal and were cleaned in acid before
study. Nitrogen was not added intentionally as a component
of the gas phase but was present as a result of bottled gas
impurities and minor vacuum leaks. The samples studied are
listed in Table I. Where available, hydrogen concentration
determined by NMR, and nitrogen and oxygen concentra-
tions determined by combustion analysis, of representative
samples from each wafer are included.

The EPR spectra were observed at room temperature in
absorption, using balanced bolometer spectrometers operat-
ing at 14 and 20 GHz. Low microwave power (;5 mW! and
magnetic field modulation amplitude (;0.5 G peak to peak!
were used to avoid saturation and line shape distortion, re-
spectively. Where necessary, digital signal averaging was
performed by repeated sweeps through the resonance, to im-
prove signal to noise. Defect concentrations were determined
by double integration of their derivative 14 GHz EPR spec-
tra, corrected for the microwave power, magnetic field
modulation, and sample volume, and compared to that of a
0.4 mg~1018 spins! reference sample of CuSO4•5H2O. We
estimate the accuracy of the absolute concentration estimates
to be within a factor of 4.

For annealing studies, the sample was placed in a quartz
tube and inserted for 30 min into a horizontal tube furnace,
preset at the desired temperature, and then withdrawn. For
temperatures above 900 °C, the tube was maintained under
vacuum.

III. RESULTS

In Fig. 1 we show the EPR spectra at 14 GHz for two
representative samples. In Fig. 1~a!, the spectrum of sample
1175 reveals the H1 spectrum previously reported by several
groups.1–4 It is characterized by a single line atg52.0028
with a partially resolved pair of weaker satellites on either
side. No other resonances are observed. In Fig. 1~b!, the
spectrum of sample 1153 reveals the strong polycrystalline

pattern spectrum of isolated neutral substitutional nitrogen5

(g52.0023,Ai5114.0 MHz,A'581.3 MHz! plus a weaker
signal with satellites, which is centered at somewhat lower
field than the central nitrogen signal, atg52.0028. This is
the spectrum we label H2.

In Table I we list concentration estimates of the defects
giving rise to the three EPR signals found in the various

TABLE I. Samples studied, with estimated concentrations of the defects giving rise to the H1, H2, and
N0 EPR signals, and total concentrations of hydrogen~determined by NMR! and nitrogen and oxygen
~determined by combustion analysis!, where available.

Sample H1 H2 N0 @H# @N# @O#

~1016 cm23) ~1016 cm23) ~1016 cm23) ~at. %! ~at. %! ~at. %!

1153 0 3.2 14 0.021 0.005 0.009
1188 0 4.8 24 0.027 0.002 0.005
1184 0 <0.4 24 0.009
1246 0 <0.5 5
1192 <3 0 30
1204 50 0 11
1267 16 0 12 0.045 0.004 0.016
1146 <6 0 18 0.085 0.002 0.003
1242 67 0 1.3 0.15 0.004
1431 111 0 5
1227 119 0 0 0.29
1171 92 0 1.5 0.32 0.007 0.029
1175 78 0 0 0.33 0.011 0.052

FIG. 1. EPR spectra at 14 GHz of~a! sample 1175, showing the
H1 spectrum, and~b! sample 1153, showing the strong powder
pattern spectrum of N0, plus the weaker H2 spectrum centered at
slightly lower field.
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samples. We note that there appears little correlation be-
tween the strength of the N0 signal and the nitrogen concen-
tration. There is, however, a suggestive pattern for the three
spectra vs hydrogen concentration, which is shown in Fig. 2.
There, an anticorrelation between the N0 and H1 spectra is
suggested, the N0 spectrum observed primarily with H con-
tent below;0.1%, the H1 spectrum, above. H2 is seen only
in the lowest hydrogen-containing samples.

A. The H1 spectrum

In Fig. 3 we show the H1 spectrum on an expanded scale
at 14 and 20 GHz, along with the results taken from Fig. 1 of
Holder, Rowan, and Krebs4 at 9.8 and 35 GHz. Taken to-
gether they clearly show a monotonically increasing separa-
tion and decreasing intensity for the satellites as the micro-
wave frequency is increased. That this is the characteristic
behavior for forbiddenDm561 nuclear spin flips will be
confirmed in Sec. IV, where the theory is presented.

In Fig. 4~a! we show the microwave power dependence at
20 GHz of the central and satellite resonances. Similar be-
havior is observed at 14 GHz. Plotted on a log-log plot vs the
square root of microwave power~i.e.,;H1), the linear be-
havior of the central component followed by the onset of
flattening at higher power, without broadening of the reso-
nance, is characteristic of saturation for an inhomogeneously
broadened line.6 The satellites, however, show only slight
evidence of saturation at the highest power available in the
figure. This points up the necessity of making the measure-
ments at low microwave power in order to obtain an undis-
torted spectrum reflecting the true relative intensities of sat-
ellite and central components. The 14 and 20 GHz spectra of
Fig. 3 were performed at,5mW @H1 /(H1)max50.06 in Fig.
4~a!# to assure compliance. The reason for this unusual dif-
ference in saturation behavior for different lines associated
with the same spectrum will be clarified also in Sec. IV.

Isochronal annealing studies in 100 °C intervals confirm
the earlier results of Jiaet al.,3 of no significant loss of the
defect until;1500 °C. A careful study of the spectrum after
each anneal revealed no change as well in its shape or width.

FIG. 2. Concentrations of the defects giving rise to the H1, H2,
and N0 EPR spectra vs hydrogen content determined by NMR.

FIG. 3. EPR spectra of H1~solid lines! at four different micro-
wave frequenciesn, centered in each case aroundB05hn/gmB .
The satellite positions are indicated by arrows. Also shown~dashed
lines! are the theoretical fits.~The experimental spectra at 9.8 and
35 GHz have been taken from Ref. 4.!

FIG. 4. Saturation properties of the central line and satellites at
20 GHz vs microwave magnetic field in the cavity~H1) for ~a! H1,
and ~b! H2. The saturation points~see text! are indicated by the
arrows.
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B. The H2 spectrum

The H2 spectrum is shown on an expanded scale in Fig. 5
at 14 and 20 GHz. By comparison with Figs. 3~b! and 3~c!, it
is clear that the lines are less broad and the satellites, al-
though weaker, are much better resolved than for H1.

These spectra were obtained in the following way.~i! The
intensity of H2 was considerably weaker than H1, and at the
low microwave power required for nonsaturation of the sig-
nals, the signal to noise was very poor. As a result, substan-
tial signal averaging (;200 sweeps! was employed. In addi-
tion, evidence of preferential orientation of the crystal grains
in the particular two samples displaying this signal was evi-
dent by subtle changes in the polycrystalline line shape of
the hyperfine split N0 lines vs magnetic field orientation, as
well as in the partially resolved structure evident on the
shoulders of the H2 central component. To eliminate this
effect, and produce a closer simulation to the real random
grain orientation spectrum, the 200 sweeps were divided
equally over a full 180° magnetic field orientation in 15°
intervals.~ii ! The strong interfering central component of the
nitrogen signal had to be removed. To accomplish this, the
different saturation behaviors of the nitrogen and H2 spectra
allowed the subtraction of suitably weighted spectra taken at
two different microwave powers to remove most of the ni-
trogen signal. This separation was most successful on the
low field side of the N0 resonance, made easier by the dif-
ferentg values of the two spectra@see Fig. 1~b!#. As a result,
only the the low field side was retained and the high field
side shown in the figures has been constructed by inversion
through the center.~iii ! To improve the satellite signals for

the 20 GHz spectrum, they were taken at an increase of
microwave power by 12 dB~factor of 4 increase in H1!, still
in their nonsaturated regime, and reduced by a factor of 4 in
the plot of Fig. 5~b!.

The saturation behavior of the central and satellite com-
ponents of H2 is shown in Fig. 4~b!. They display the same
general behavior as H1 with the exception that saturation
occurs at lower power.

IV. THEORY AND ANALYSIS OF THE SPECTRA

The spin Hamiltonian for an electronic spinS51/2 with
isotropicg, coupled to a nuclear spinI51/2, is

H5gmBS–B1S–A–I2gNmNI–B. ~1!

This leads to four energy levels associated with the
M561/2 andm561/2 states, as illustrated in Fig. 6~a!,
with the normally allowedDm50 and forbiddenDm561
transitions as indicated. Consider now the nuclear part of the
above Hamiltonian, which to first order inA/gmBB becomes

HN52gNmNI•SB2
A–BM

gNmNB
D . ~2!

Here g and gN are the electronic and nuclearg values,
respectively,mB andmN the corresponding Bohr magnetons,
S and I the corresponding spin operators,A the nuclear
hyperfine tensor, andM 56 1/2 is the azimuthal quantum
number forS quantized alongB, the applied magnetic field.
The bracketed term represents an effective magnetic field at
the nucleus, and whenA is anisotropic, its two vector com-
ponentsB and6A–B/2gNmNB can point in different direc-
tions, as illustrated schematically in Fig. 6~b!. Thus the quan-
tization axis for the nucleus differs for the twoM
quantization states, and destroys as a consequence the or-
thogonality of them561/2 nuclear quantization states be-
tween the two. The intensity of the EPR transitions is pro-
portional to

FIG. 5. EPR spectra of H2 at 14 and 20 GHz, centered around
B05hn/gmB . Also shown~dashed lines! are the theoretical fits.

FIG. 6. ~a! Energy level diagram and EPR transitions for an
S51/2 electron spin coupled to anI51/2 nucleus.~b! The effective
magnetic field at the nucleus for the twoM states.
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where z^mum8& z25cos2(u/2) for the Dm50 transitions and
sin2(u/2) for theDm561 transitions,u is the angle between
the nuclear quantization axis forM511/2 (B2A–B/
2gNmNB) and that forM521/2 (B1A–B/2gNmNB), and
H1 is amplitude of the microwave magnetic field. As illus-
trated in the figure,u can depart substantially from zero
when the anisotropy inA;2gNmNB, leading to significant
intensity in the forbiddenDm561 transitions.4,7,8

From this, the general dependence of the H1 satellites in
Fig. 3 is immediately explained. AsB increases,u decreases
as B21, the forbidden intensities decrease, therefore, as
B22, where B'B05hn/gmB , and the satellite positions,
given by Eq. ~1!, approach field values of6(gNmN /
gmB)B0 to either side of the central line.

We now take the approach a step further and attempt to
simulate the detailed shapes of the H1 spectra using the
theory above, and the assumption that a single hydrogen
atom is involved. We assume axial symmetry forA, which,
for any anglef between the symmetry axis andB, gives four
lines, as illustrated in Fig. 6~a!, two for theDm50 transi-
tions, and two for theDm561, whose intensities are given
by Eq. ~3!. We convolute these with a random distribution
function for the defect axis orientation,N(f)df5 1

2sinfdf ,
and then convolute again with the derivative of a Lorentzian
line shape vsB. There are thus only three adjustable param-
eters,Auu , A' ~or, the isotropic parta5$Auu12A'%/3, the
anisotropic partb5$Auu2A'%/3), and the Lorentzian line-
width, which must give a good fit to the experimental deriva-
tive spectra at all four microwave frequencies.

In Fig. 7 we illustrate the fitting process for the 20 GHz
results and in Fig. 3 we show the fit for all four frequencies
using the values ofa 5 5.5 MHz andb 5 11.0 MHz. The
Lorentzian used for the best match shown in the figure for
the sample used in our 14 and 20 GHz results had a peak-
to-peak derivative width~PPDW! equal to 2.8 G. For the
sample used by Holder, Rowan, and Krebs4 at 9.8 and 35
GHz, the PPDW was taken to be 3.6 G. Studies reported in
previous reports display different degrees of resolution of the
satellites consistent with sample-dependent breadth
differences,1–4 and such an adjustment, which is one of reso-
lution only, is therefore appropriate. By adjustinga andb,
we conclude that the excellent fit to H1 at all four frequen-
cies shown in the figure requiresb 5 111.0 MHz anda 5
15.5 MHz, with an uncertainty of6 2.5 MHz for each.~We
have tested the effect of departures from axial symmetry by
introducing an additional parameterb8, such that
Ai5A15a12b remains the same butA' is replaced by two
orthogonal componentsA25a2b2b8 and A35a2b1b8.
Keepinga55.5 MHz andb511.0 MHz, significant depar-
tures from the predicted line shapes are observed only for
ub8u>5 MHz, i.e., 1

2uA32A2u5ub8u>0.4ubu, which repre-
sents a reasonable boundary for acceptance. We conclude
that the predicted shape is insensitive to modest departures
from axial symmetry.!

The relative intensities of the satellites are determined pri-
marily by the anisotropic part of the hyperfine interaction
b, i.e.,;b2. This is illustrated in Fig. 8, which includes also

the positions deduced above for the H1 spectra at the four
frequencies. On the other hand, the shape of the central line,
which arises from the normally allowed hyperfine structure,
depends strongly on the ratio ofa to b, as indicated in Fig.
7~a!. Because of this, the range of values forb anda beyond
which a satisfactory fit to the H1 spectra cannot be obtained

FIG. 7. ~a! Predicted polycrystalline pattern for H1 at 20 GHz
usinga515.5 MHz andb5111.0 MHz.~b! Predicted EPR spec-
trum after convolution with the derivative of a Lorentzian with 2.8
G PPDW.

FIG. 8. Dependence of the satellites-to-central-component inten-
sity ratio on the hyperfine parametersa andb.
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is so narrowly defined. The absolute signs ofa andb cannot
be determined but have been taken as those appropriate for
dipole-dipole origin of the anisotropy, see below.

A similar treatment for the H2 spectrum has also been
performed, and the results are shown by the dashed lines in
Fig. 5. In this case,a54.5 MHz andb56.7 MHz, and con-
volution with the derivative of aGaussianwith full width at
half maximum~FWHM! of 2.0 G gives the best fit. With the
exception of the weaker partially resolved structure on the
shoulders of the central line, the relative intensity of the sat-
ellites and the general shape of the central component are
successfully reproduced.~The shoulder structure could be
evidence of departures from axial symmetry forA not in-
cluded in our treatment, or incomplete angular averaging as-
sociated with preferred grain orientations out of the magnetic
field plane.! We estimate the uncertainty in the value fora to
be 62.0 MHz and forb, 61.5 MHz, outside of which the
match to the spectra is unacceptable.

The different saturation behavior for the central vs satel-
lite components of each spectrum also follows naturally from
the theory. As pointed out in Sec. III, the saturation behavior
of Fig. 4 is characteristic of inhomogeneously broadened
lines,6 as expected in this case because of angular averaging
over the differently oriented crystalline grains, Fig. 7~a!, plus
the additional Lorentzian or Gaussian broadening associated
presumably with more distant hydrogen hyperfine interac-
tions. For such a system, withS51/2, the signal intensity is
1/A2 of the saturation value when 2WT151, whereW is the
microwave inducedDM561 transition rate andT1 is the
effective spin-lattice relaxation time between the two levels
involved in the transition. From Eq.~3!, W(Dm50)
}H1

2cos2(u/2) andW(Dm561)}H1
2sin2(u/2) at a particular

defect, and, assuming the sameT1 and spin packet width for
the allowed and forbidden transitions, the ratio of their satu-
ration values forH1

2 would therefore be given by

@H1
2~Dm50!#sat

@H1
2~Dm561!#cent

5

K cos2 u

2 L
K sin2 u

2 L 5
I cent
I sat

, ~4!

where ^ & denotes the angular average over all crystalline
grain orientations, andI sat and I cent are the unsaturated inte-
grated intensities of the satellites and central components,
respectively. The saturation curves shown for the satellites in
Fig. 4 have been drawn by displacing the central line curves
by AI cent/I sat, as determined from Fig. 8 at 20 GHz for each
of the H1 and H2 spectra. The agreement with the experi-
mental results is good, serving as an additional confirmation
of the forbidden origin of the satellites.

V. DISCUSSION

The narrow allowable range of the hyperfine parameters
for the two resonances suggests that each results from a well-
defined defect involving a single hydrogen. The isotropic
part of the hyperfine interactiona in each case is small,
being only a few tenths of a percent of that for atomic hy-
drogen ~1420 MHz!, so that, for each, the hydrogen atom
must be considered only a neighbor of the paramagnetic site.
We treat therefore the anisotropic termb as arising from

dipole-dipole interaction between separated electronic and
nuclear dipoles,b5gmBgNmN /r

3, which gives the effective
separation for H1,r51.9 Å, and for H2,r52.3 Å ~and
determines the sign ofb to be positive!. This is an interesting
result. The hydrogen atom is very close, these distances be-
ing between the nearest C-C diamond lattice separation, 1.5
Å, and the next nearest separation, 2.51 Å.~A check as to
whether this simple dipole-dipole model is appropriate for
such close separations is afforded by the results for bond-
centered muonium in diamond.9 There,b5186.9 MHz, and
the dipole-dipole expression, withgN517.708, predicts
r51.1 Å , remarkably close even in this extreme case to that
expected for the C-H distance.!

These distances are similar to what one might expect for
the distance between a carbon atom next to a lattice vacancy
and a hydrogen atom bonded to one of the other carbon
neighbors of the vacancy~1.74 Å with a typical C-H bond
distance of 1.09 Å, and the carbon atoms in their normal
unrelaxed lattice sites; upon breaking the weak next-nearest-
neighbor reconstructed bonds at the vacancy, significant re-
laxation backward should occur, increasing this distance!.
Many vacancylike sites are expected in such polycrystalline
films — in the bulk, at dislocation cores, but particularly at
or near the many grain boundaries, which, of necessity, con-
tain vacancylike reconstructed bonds adjacent to the extra
atom planes that support the angle between the lattice planes
of the adjacent grains. Such stretched bonds are vulnerable to
single hydrogen atoms which can enter and break them, at-
taching to one of the carbon atoms, and activating a vacan-
cylike dangling bond on the other as the two relax backward.
If we had a hydrogen atom in anisolatedbulk vacancy, we
would expect easy hopping of the dangling bond among the
three remaining carbon neighbors as well as motion of the
hydrogen itself, as is commonly observed for such
defects.10–12 For either center, however, no such effects are
observed from 1.5 K to room temperature, and we conclude
therefore that here we are dealing with highly distorted va-
cancylike defects, such as can occur at grain boundaries, sur-
faces, or other misfit regions resulting from the CVD growth.
Ideally, hydrogen should serve to passivate such regions, but
it takes two hydrogens to passivate both partners of a bond.
One will not.

In order to obtain a theoretical test for a hydrogen-
vacancylike defect, we have carried out cluster calculations
to model a single hydrogen atom inside an isolated bulk
vacancy~henceforth labeled$V,H1%). The optimized geom-
etries were obtained within the restricted open-shell Hartree-
Fock ~ROHF! approximation using both semiempirical and
ab initiomethods. The clusters were terminated by hydrogen
atoms, placed at 1.09 Å from the outer carbon atoms, in the
direction of bulk carbon atoms. Optimized geometries were
first obtained from semiempirical Austin model 1~AM1!
Ref. 13 calculations on a 34 carbon atom cluster@which in-
cludes up to fourth nearest neighbors~NNs! of the vacant
site# terminated by hydrogens, by relaxing the carbon atoms
bordering the vacancy~i.e., the NNs! as well as the hydrogen
atom inside it~henceforth labeled H1). The result, shown in
Fig. 9, was that H1 bonds, as expected, to a single neighbor
of the vacancy~labeled C1), two of the remaining C’s form
a weak stretched pair bond, and the third~CDB) relaxes back-
ward with an unpaired spin in its dangling orbital. The key
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geometric parameters obtained are shown in Table II. As
expected, the bond between the atom bordering the vacancy
C1, and one of its three back-bonded neighbors, CBB , has
decreased in length, while that between the carbon atom with
the dangling bond~CDB) and H1 has increased to 1.95 Å . In
order to examine cluster size effects, a larger cluster with 69
carbon atoms~which includes up to sixth NNs! was then
modeled, and H1, the NN as well as next NN~NNN! carbon
atoms relaxed. It can be seen that this results in small
changes in the local geometry. To assess the reliability of the
geometry obtained from the semiempirical calculations, we
optimized the positions of the NN carbon atoms and H1 in a
16 carbon atom cluster~which includes NN and NNN carbon
atoms! within the ROHF approximation, using a standard
doublez basis14 on all the carbon atoms. The NNN positions
of carbon atoms were fixed at those obtained from the AM1
geometry obtained from the 69 carbon atom cluster. As seen
from the geometry labeled Hartree-Fock~1AM1! in Table II,
this results in a shorter C1-H1 bond, and a slightly~0.02 Å!
greater relaxation of CDB , resulting in a larger CDB-H1 dis-
tance~see table!. The shorter C1 -H1 bond~by about 3–5%!
length compared to C-H bonds in alkanes15 is typical of
Hartree-Fock results, and if taken into account gives a value
of 1.94–1.97 Å for the distance between the dangling bond
and the hydrogen nucleus. Given expected errors of up to
;0.1 Å , it can beseen that the calculated CDB-H1 distance
is in reasonable agreement with the estimated value of; 1.9
Å for the H1 defect, though much smaller than that estimated
for the H2 defect.

We have also examined the stability of more than one
hydrogen atom inside a vacancy. The optimized hybrid
Hartree-Fock~1AM1! geometry of a two-hydrogen vacancy
($V,H2%) 16 carbon atom cluster was calculated, and its sta-
bility relative to the$V,H1% defect obtained. We find that the
former is 2.7 eV less stable than the latter, due to the strong

Pauli repulsions between the C-H bond electrons, coupled
with the rigidity of the diamond lattice. This result explains
why such dangling bond single H-vacancy defects would
remain largely unpassivated, even with excess hydrogen
present in the growth process of CVD diamonds.

In order to further assess the validity of a H-vacancy
model, we have calculated the hyperfine couplings~HFC’s!
of the paramagnetic$V,H1% complex. The isotropic cou-
plings were obtained by evaluating the spin density at the
hydrogen nucleus, while the anisotropic couplings were
evaluated by averaging the electron-dipole–nuclear-dipole
interaction over the spin distribution. To estimate changes in
the couplings due to choice of geometry, the HFC’s have
been calculated at both the AM1~69 carbon atom! and hy-
brid Hartree-Fock~1AM1! geometries. In addition, in order
to include spin polarization contributions, the results were
obtained with a small H3C1-H1-CDBH3 cluster ~with the
C1, CDB , and H1 atoms at their optimized positions! at vari-
ous levels of approximation — ROHF, multiconfiguration-
~MC! self-consistent field~SCF!, and MC-based perturbation
theory16 ~PT!, using a doublez basis with additional polar-
ization functions. Polarization contributions were obtained
from the C1-H1 bonding orbital, as well as the neighboring
six C-H orbitals, the former being obtained from a varia-
tional MC-SCF calculation, and the latter from a perturbative
calculation. We find that these contributions resulted in an
increase in the anisotropic HFC’s by 10–15 %, with much
larger percentage changes in the isotropic couplings. Hartree-
Fock calculations with a larger~H3C! 3C1-H1-CDB~CH3) 3
cluster resulted in changes of less than 3% compared to those
with the smaller cluster, suggesting small cluster size effects
on the HFC’s. The results from calculations with the small
cluster from the MC-based PT are listed in Table III. It can
be seen from the table that the isotropic couplingsa are
small @;1% of that for atomic hydrogen~1420 MHz!#, and
in reasonable agreement with experiment~about 0.4% of
atomic hydrogen value!. The strong dependence of the iso-
tropic couplings on geometry is typical of systems with spin
polarization effects.17 As can be seen by comparison be-
tween the HFC’s at the AM1 and Hartree-Fock geometries,
the anisotropic couplings are much less sensitive to geom-
etry. Note that the hyperfine interaction departs from axial
symmetry, i.e.,12(A32A2)5b8Þ0, as expected when aver-
aging over the spatial extent of the dangling bond spin. The
principal 1,2,3 axes are indicated in Fig. 9. However, the
departure is small, according to the criterion developed in the
preceding section. Approximating, therefore, the defect to be
axially symmetric givesb'(A12a)/2, which, from Table
III, is 8.9–9.5 MHz. These values are between the experi-
mental estimates for H1~11.06 2.5 MHz! and H2~6.7 6
1.5 MHz!, but closest to H1, being within the experimental

FIG. 9. Model showing the approximate atom positions calcu-
lated for $V,H1%, a single hydrogen atom in a vacancy, and the
principal axes for the hydrogen hyperfine interaction.

TABLE II. Geometric parameters of the$V,H1% complex.

Cluster Method CDB-H1 C1-H1 C1-CDB

Unrelaxed 1.74 Å 1.09 Å 2.51 Å
34 C atom AM1 1.95 Å 1.14 Å 2.73 Å
69 C atom AM1 1.96 Å 1.14 Å 2.77 Å
16 C atom Hartree-Fock~1AM1! 2.01 Å 1.04 Å 2.79 Å
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estimated accuracy for it. This agreement serves as addi-
tional justification of our interpretation for H1, and possibly
also for H2, as arising from distorted vacancylike defects.

A possible alternative model that we have investigated is
that H2 is the real single hydrogen in a vacancylike defect,
with r52.3 Å , and that H1 is a similar vacancylike defect
but with two or three equivalent hydrogens at the same dis-
tance decorating more of the vacancy near neighbors.~With
n hydrogens, the satellite intensities should be;n times that
for a single hydrogen because each hydrogen can be flipped.!
Figure 10 shows the result of taking thea andb parameters
for H2 and successively convoluting for two or three equiva-
lent hydrogen neighbors, constrained to have their hyperfine
axes pointing along different^111& directions, as appropriate

for a vacancy, and then convoluted with either the FWHM5
2.0 G Gaussian derivative function found for H2~dashed
lines! or the PPDW5 2.8 G Lorentzian found appropriate
for the original match to H1~dotted lines!. It is immediately
obvious that neither works, the central line becoming too
broad and the satellites also, which is particularly evident
when three are involved. The reason for this is clear: The
sharpness of the central component is possible for one hy-
drogen because the angular distribution function
N(f)df5 1

2sinfdf strongly weightsA'5(a2b), which
can be made small by selection ofa;b, whereb is indepen-
dently determined by the amplitude of the satellites. This is
not possible as soon as two or more hydrogens with different
^111& axes are involved because, when perpendicular to one,
the probability thatB also be perpendicular to the others is
vanishingly small for two~proportional to the sine of the
angle ofB with respect to the normal of the plane containing
the two^111& hyperfine axes!, and zero for three. Substantial
hyperfine contributions to the central line breadth propor-
tional tob are therefore unavoidable.

The H2 spectrum is matched best with a Gaussian width
function, while the longer tails evident on H1 are simulated
much better with a Lorentzian. Since carbon has only a very
low abundance isotope with nuclear magnetic moment
(13C, 1.1%!, the origin of the width must come from hyper-
fine interactions with other nearby hydrogens. A random dis-
tribution of magnetic nuclei in a three dimensional crystal-
line lattice leads to Lorentzian line shapes.18 On the other
hand, a regular distribution on a lattice, or interaction with a
finite number of close neighbors, tends toward a Gaussian
shape.19 This suggests that the shapes potentially also con-
tain detailed microscopic information regarding the location
of the defects in the lattice, and the arrangements of neighbor
hydrogens around them, but we are not prepared to speculate
on this issue at this time. The substantial widths in either
case, however, do reveal that the defects must be located in
regions where large concentrations of hydrogen, not associ-
ated with paramagnetic dangling bonds, also exist, supplying
an argument for location in extended structural defects of
some kind. Arguments have been presented from NMR stud-
ies that most of the hydrogen is incorporated in extended two
dimensional regions such as grain boundaries,20,21implying a
corresponding argument for the location of these EPR cen-
ters there also.~It should be pointed out, however, that in
recent NMR studies of CVD samples,3,22 the 13C nuclear
spin relaxation properties were interpreted to indicate nuclear
spin diffusion to paramagnetic centers distributed uniformly
throughout the bulk. If in their samples H1 was the dominant

TABLE III. Hyperfine coupling constants~in MHz! of the $V,H1% complex. Experimental values for the
H1 and H2 defects~assumed to have axial symmetry! are included for comparison.

Geometry CDB-H1 a b b85
1
2(A32A2)

Theory($V,H1% defect!
AM1 ~69 C atom cluster! 1.96 Å 212.0 19.5 13.5
Hartree-Fock~16 C atom cluster! 2.01 Å 116.0 18.9 11.6

Experiment
H1 defect ;1.9 Å ~1!5.062.5 ~1!11.062.5 ;0
H2 defect ;2.3 Å ~1!4.062.0 ~1!6.761.5 ;0

FIG. 10. 14 GHz spectrum predicted~dashed lines for convolu-
tion with the derivative of a Gaussian of 2.0 G FWHM, dotted lines
for a Lorentzian of 2.8 G PPDW! for a vacancy dangling bond with
~a! two, or ~b! three hydrogen atoms bonded to the other carbon
neighbors of the vacancy, using the single-hydrogen hyperfine pa-
rameters of H2. The experimental spectrum for H1 is given by the
solid lines.
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center, with negligible N0, which is uniformly distributed in
the bulk, a conflict does indeed appear to exist. This might
serve to argue for H1 incorporation in regions which are still
extended, but internal to the crystallites.!

The fact that annealing to;1500 °C is required before
significant change in intensity or linewidth is observed in
samples containing H1 reveals not only the high stability of
the defect but also that of the nearby hydrogens that produce
the linewidth. This would appear to rule out breadth contri-
butions from nearby weakly bound hydrogen as has been
reported to emerge from CVD diamond at;850 °C.23 The
failure to see N0 emerge upon annealing to these high tem-
peratures is also significant. If it is directly passivated, it
means a very high stability in its passivated form, an unusual
situation for donor passivation in most semiconductors.24–26

On the other hand, it follows naturally if its absence is due to
compensation and H1 is the dominant compensation center.

Figure 2 suggests a systematic dependence of the two
hydrogen-related signals and that of neutral nitrogen on hy-
drogen concentration, while little correlation is apparent in
Table I for the neutral nitrogen signal itself with nitrogen
concentration. The absence of the N0 signal at high hydro-
gen concentration, even in samples with high nitrogen con-
centration, suggests either direct hydrogen passivation of the
nitrogen donor ~presumably substitutional nitrogenis
present!, or compensation by a deeper defect. In either case,
the corresponding emergence of H1 at these high hydrogen
concentrations suggests it to be electrically active, perhaps
the compensating defect itself, with a double occupancy
level below that of the nitrogen donor level atEc22.0
eV,27–29which is EPR active only when singly occupied, i.e.,
with the Fermi level at or below its level.~In this model, the
simultaneous presence of weaker N0 and H1 signals in two
of the samples of Table I and Fig. 2 at intermediate hydrogen
concentrations could be the result of sample inhomogene-
ities.! The simultaneous presence of H2 and N0 at low hy-
drogen concentration suggests the nonparamagnetic two-
electron level of H2 to be above the nitrogenEc22.0 eV
donor level. Preliminary attempts to test these ideas by opti-
cal excitationin situwith ;15 mW of 325 nm light~3.8 eV!
from a He-Cd laser produced no detectable changes of inten-
sity for any of the three signals. This simple Fermi level
argument therefore may or may not be correct. Further tests
with higher energy near-band-gap light (>5.5 eV! or ioniza-
tion from an alternative source such as electron irradiation
are planned.

We tentatively conclude therefore that H1 and H2 arise
from two distinct electically active defects produced when a
single hydrogen atom enters a stretched bond at a grain
boundary, or other extended misfit region in the polycrystal-
line CVD material. In this model the hydrogen forms a bond
with one of the carbons, producing an electrically active dan-
gling bond on the other as the two carbons relax backward.
Presumably hydrogen successfully passivates most of the
many dangling bonds in such regions. However, in the par-
ticular cases of H1 and H2, hydrogen has eitheractivateda
stretched bond, or at least has failed to completely passivate
it.

This behavior bears a close resemblance to recent obser-
vations in polycrystalline silicon, where strong evidence of
hydrogenactivationof grain boundaries has been presented.

There too, the mechanism has been suggested to result from
hydrogen entering a weak Si-Si bond at a grain
boundary.30–32 There, two different models have been sug-
gested —~1! bond breaking and the production of a dangling
bond,30,32 as deduced here in diamond, or~2! the formation
of bond-centered hydrogen, as is believed to occur for inter-
stitial hydrogen in the perfect crystal, with similar electrical
activity, which is not dangling-bondlike.31 Our results in dia-
mond serve to confirm the general concept of hydrogen en-
tering a weak bond, but, at the same time, suggest that asym-
metric relaxation to produce a single dangling bond may be
the correct interpretation.~The hyperfine parameters antici-
pated for bond-centered hydrogen in diamond can be esti-
mated by scaling the observed parameters for bond-centered
interstitial muonium in diamond9 by the ratio of the proton
and muon free atom hyperfine interactions, as has been
shown to be reliable for interstitial bond-centered hydrogen
in silicon.33 This predictsa >266 MHz andb> 1 60
MHz, well out of the narrow allowable range required to
match our spectra.!

Similar studies would be very difficult in polycrystalline
silicon. There the hyperfine interaction would be smaller~in-
verse cube of interatomic separation! and the linewidths
greater~angular average of theg-tensor anisotropy;l/Eg)
and it would be very unlikely therefore to find a microwave
observation frequency where the forbidden transitions would
be simultaneously intense enough and, at the same time, split
out far enough to be observed. Indeed, a broadg 5 2.0055
EPR center is observed in hydrogenated polycrystalline sili-
con that appears to correlate with hydrogen activation.30,32 It
appears indistinguishable, however, from the characteristic
dangling bond center found in amorphous silicon, with no
discernible satellite structure.30,32 Diamond, therefore, with
its smaller interatomic distances, its small spin-orbit interac-
tion l, and large band gapEg , may indeed be unique in
having offered us this opportunity to extract such detailed
structural information on the role of hydrogen in producing
electrical activity at stretched bonds in a diamond lattice
semiconductor.

VI. SUMMARY

Two hydrogen-related defects, H1 and H2, have been ob-
served by EPR in polycrystalline CVD diamond. H1, previ-
ously reported by several workers, is present primarily in
high hydrogen-containing samples, where the isolated neu-
tral nitrogen EPR signal is absent. For it, the relative inten-
sities of itsDm561 ‘‘forbidden’’ satellites reveal it to con-
tain a single hydrogen atom;1.9 Å away from the unpaired
electron spin. H2, not previously reported, is observed only
in lower hydrogen-containing samples, along with the neu-
tral nitrogen signal, and the strength of its satellites indicates
a similar center but with a single hydrogen;2.3 Å away.
These close distances have led us to propose that they arise
when a single hydrogen atom enters a weak stretched C-C
bond at a grain boundary, or other extended misfit region in
the polycrystalline material, bonding to one carbon and acti-
vating the dangling bond of the other as the two carbons
relax backward. These results may provide important insight

54 7889HYDROGEN-RELATED DEFECTS IN POLYCRYSTALLINE . . .



into the recently discovered phenomenon of hydrogen acti-
vation of grain boundaries in silicon, as well as its possible
effect in other semiconductors.
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