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We report the results of multifrequency electron paramagnetic resonance studies at temperatures between 8
and 300 K on diamonds synthesized by chemical vapor deposition and intentionally silicon doped with iso-
topes in natural abundance or isotopically enriched. The si hyperfine structure has provided definitive
evidence for the involvement of silicon in two electron paramagnetic resonance centers in diamond that were
previously suspected to involve silicon: KUL1 and KUL3. We present data that unambiguously identify KUL1
as an S=1 neutral silicon split-vacancy (D, symmetry) defect (V-Si-V)°, while KUL3 is shown to be (V-Si-V)°

decorated with a hydrogen atom, (V-Si-V:H).
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I. INTRODUCTION

Advances in single-crystal (SC) diamond synthesis by the
chemical vapor deposition (CVD) method have stimulated
interest in utilizing this material in a variety of applications
wherein its extreme properties can be exploited. Of particular
interest is the combination of high electron and hole
mobilities' (4500 and 3800 cm™2 V~!s7!, respectively),
breakdown  strength’ (10’ Vcm™)  and  thermal
conductivity® (in excess of 2000 W m~' K~!), which enable
diamond to surpass other wide band gap materials for high
power and high frequency electronic applications. However,
the electronic properties of diamond are limited by defects
and impurities grown into the material and introduced during
the processing steps involved with device fabrication. This
motivates work on understanding and determining the elec-
tronic properties and lattice structures of defects and/or im-
purities in CVD diamond.

CVD diamond is synthesized in an environment that con-
tains a number of potential sources of silicon, including the
walls and/or windows of the reactor, or in the case of het-
eroepitaxial growth of diamond on silicon, the substrate it-
self. Etching of these sources*> has been used to explain the
common contamination of CVD diamond with silicon, with
its presence inferred from the 737 nm system, observed in
luminescence and absorption.

A. 737 nm optical center in diamond

A line at 737 nm (1.68 eV) was first observed by Vavilov
et al.% in cathodoluminescence investigations of homoepi-
taxial diamond layers and polycrystalline films grown on
silicon substrates. Subsequent ion implantation experiments
determined that this line is also present in natural diamond
that has been implanted with silicon ions, suggesting that this
element is involved in the formation of this defect.” How-
ever, the unambiguous association of this center with silicon
was not possible until single-crystal high-pressure high-
temperature (HPHT) grown diamonds were deliberately
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doped with silicon, achieved by adding 10% silicon to the
graphite in the growth cell.® The higher quality and relatively
stress-free nature of such samples allowed low-temperature
photoluminescence (PL) and absorption experiments to re-
solve the 12-lined fine structure of the 737 nm center.” It was
found to be comprised of three groups of four lines, with the
intensity of each group scaling with the natural abundances
of the isotopes of silicon. The four component lines for each
isotope were associated with a transition from an orbitally
degenerate ground state, split by 0.2 meV, to a doublet ex-
cited state split by 1.07 meV.’

In studies of the 737 nm center, it has also been shown
that electron irradiation and subsequent annealing above
700 °C leads to an increase in the emission and absorption
intensity, with the defect surviving annealing temperatures in
excess of 2000 °C.'%!" Since 700 °C is the temperature at
which the vacancy in diamond becomes mobile,!? these find-
ings suggest that the 737 nm optical center involves both
silicon and vacancies. The increase in intensity upon anneal-
ing also requires that silicon is present in other forms in
as-grown material and that it acts as an effective trap for
mobile vacancies.

In order to reconcile the involvement of silicon and va-
cancies in the 737 nm defect, theoretical work, using local
density functional theory, has been undertaken on substitu-
tional silicon adjacent to a vacancy, (Si,-V). Goss et al.'®
suggested that the silicon atom is unstable at a substitutional
site and that the system relaxes to a split-vacancy structure
that has D, symmetry (see Fig. 1). In this paper, we will
refer to this structure as (V-Si-V). Such a split-vacancy struc-
ture was found for the tin-vacancy center in silicon;'# tin
(silicon) is a large isoelectronic impurity in silicon (dia-
mond).

For (V-Si-V), it is predicted that the ground state is 3A2g;
but since this is orbitally nondegenerate, this cannot account
for the observed 737 nm system. However, calculations sug-
gest that (V-Si-V) has an acceptor level at around E,
+1.5 eV.1316 (V-Si-V)~ is predicted to have a °E, ground
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FIG. 1. The structure of the silicon split-vacancy center
(V-Si-V). The solid black circles (labeled i-n) represent carbon at-
oms, the lighter circle indicate the relaxed silicon site, and the white
circles indicate the vacancies.

state and a 2Eg—>2Eu optical transition at ~1.9 eV, in toler-
able agreement with the 1.68 eV observed. The suggestion
that the 1.68 eV center is a negatively charged defect is sup-
ported by the experiments of Collins et al.,'” who detected
the defect only in samples containing substitutional nitrogen
(N,), which could act as a donor.

Polarized PL,'® uniaxial stress,'” and Zeeman splitting'®
measurements on the 737 nm system have suggested that the
defect responsible has a tetragonal or lower symmetry. Both
the positive and the negative charge states of (V-Si-V) are
subject to a Jahn-Teller distortion, which lowers the
symmetry.”’ Hence, the 737 nm system may indeed originate
from (V-Si-V)~, but further experimental and theoretical
work is required to confirm this association. In addition, no
other silicon-related defects have been conclusively identi-
fied by experiment. These points demonstrate that further
work, employing powerful structural probes, is needed to
increase the understanding of the incorporation of silicon in
diamond. This is especially true in light of the recent dem-
onstration that the 737 nm center, formed by implantation of
silicon, has the potential to be a single photon source,?!
which could be exploited for applications such as quantum
cryptography, quantum computation, and quantum optics.

B. Electron paramagnetic resonance centers correlated
with silicon incorporation

Electron paramagnetic resonance (EPR) is an attractive
experimental tool for the identification and characterization
of defects in diamond, due to its high sensitivity and ability
to extract information on both the constituents and the struc-
ture of paramagnetic defects.

A trigonal defect with S=1, referred to as KUL1, has been
detected in CVD diamond films grown on silicon
substrates.?> The polishing of the substrate side led to a re-
duction in the intensity of the observed resonance lines, lead-
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ing to the suggestion that the defect is silicon related. The
*A,, ground state of (V-Si-V)" is predicted'? to be paramag-
netic with S=1; hence, this model has been associated with
KUL1.22 As was found for the 737 nm defect, KULI is
stable, surviving an annealing temperature of 1400 °C.??

The (V-Si-V)? model for KUL1 permits definite predic-
tions to be made regarding the hyperfine structure of this
defect. As apparent from Fig. 1, there are six equivalent
nearest-neighbor carbon atoms and a single silicon atom.
Both "°C and »Si (with natural abundances 1.1% and 4.7%,
respectively) have [ :%; hence, satellites (centered on transi-
tions from 28Si, 30Si, and °C defects) from the hyperfine
interactions of these two isotopes would be expected. With
an applied magnetic field B in the {110} plane, a maximum of
three pairs of 1°C satellites and, since there is only one pos-
sible site for the 2°Si atom, a single pair of satellite lines
from *’Si would be observed. The previously reported ex-
perimental data concerning the hyperfine structure of
KUL1?>?3 do not match the predictions of the (V-Si-V)°
model. A tentative assignment of one pair of hyperfine satel-
lites was made to 2°Si, but the remaining satellites did not
suggest six equivalent carbon atoms; instead, a unique site
and two equivalent sites were reported. Due to the apparent
trigonal symmetry of KULI, it is difficult to construct a de-
fect that is consistent with the previously reported *C hy-
perfine structure.

It should also be noted that (V-Si-V)~ would be expected
to be paramagnetic, with the theoretical models suggesting
that the ground state has S=3."%2° Another defect, labeled
KULS, has S:% and has been detected in polycrystalline
CVD material deposited on silicon substrates.”*?> As for
KUL1, KUL8 was found to be mainly incorporated close to
the substrate, but since no hyperfine structure has been re-
solved it could not be conclusively identified as being silicon
related and its symmetry could not be probed. Illumination at
457.9 nm of samples containing both KUL1 and KULS has
suggested that the EPR intensity is transferred from one de-
fect to the other.** Hence, it was proposed that the two
features are different charge states of the same defect, with
the assignment of KULS to (V-Si-V)~. However, photo-
chromism, by itself, does not permit identification of a de-
fect.

Finally, there is the assignment of KUL3 to an S :% defect
of monoclinic-I (C,;,) symmetry.?>?? The involvement of hy-
drogen was inferred due to the presence of weak satellites
around the principal lines, which could be assigned to
the forbidden proton nuclear-electron double spin-flip
transitions.?> A correlation between the silicon content and
the concentration of KUL3 was determined; in a single-
crystal film that showed a variation of the intensity of the
737 nm system, the intensity of KUL3 was found to be high-
est in the most silicon-rich parts. A proposed model is that
the center is associated with a neutral divacancy, where one
of the six basal carbon atoms is replaced by silicon and one
dangling bond (remote to the silicon atom) is passivated by a
hydrogen atom.?? This model is not supported by recent the-
oretical predictions from Goss et al.,” who assigned KUL3
to (V-Si-V)? decorated with a nearby hydrogen atom, which
will be referred to in this text as (V-Si-V:H)".
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C. Controlled doping of charge vapor deposited diamond
with silicon

Improved control in CVD synthesis has enabled the
growth of diamond without observable silicon or nitrogen
contamination (e.g., no 737 nm system observed in PL).
Controlled doping of diamond with silicon is therefore pos-
sible, which can be achieved via the addition of silane (or
other silicon-containing gas) to the growth gases.?®

Doping experiments have indicated that, although the
probability of silicon incorporation into bulk homoepitaxial
diamond via a major {100} growth surface from the gas
phase is less that that of boron, it is more efficiently incor-
porated than nitrogen.”® To date, no information is known
regarding the relative incorporation efficiency of silicon on
the {110} or {111} diamond surfaces. It has also been dem-
onstrated that the presence of silicon in the source gases can
have a dramatic effect on the optical properties of the dia-
mond deposited, especially when nitrogen is present in the
growth environment.?®

In this paper, we present data obtained by multifrequency
continuous-wave EPR on SC-CVD diamond samples that
have been deliberately doped with silicon via the method
outlined above. Isotopic enrichment of the samples was used
to unambiguously identify silicon as a constituent of the de-
fects studied via observations of the 2’Si hyperfine structure.
Analysis of the orientation dependence and relative intensi-
ties of the '*C and 2°Si hyperfine satellites have enabled
conclusive determination of defect symmetries and struc-
tures.

II. EXPERIMENT

The SC-CVD diamond samples used for the studies pre-
sented here have been homoepitaxially grown on {100} or
{110} oriented single-crystal diamond substrates and were
doped with silicon by the addition of silane to the growth
gases. Silane containing >Si in natural abundance (4.7%) or
enriched to 90% (supplied by Voltaix, Inc., USA) was used
in a series of growth runs. After deposition, the substrates
were removed to leave freestanding plates, which were then
cut and polished to remove twinned and poor quality mate-
rial from the edges.

PL measurements were made using a commercial Ren-
ishaw inVia Raman microscope with an argon ion laser
(514.5 nm) at temperatures down to 4 K in a continuous flow
cryostat (Oxford Instruments LHe microstat). UV, visible,
and near-infrared (NIR) absorption measurements were ob-
tained using a Perkin Elmer Lambda 19 spectrometer with a
0.7 mm aperture, with the sample at ~90 K in a liquid ni-
trogen cryostat.

Room temperature EPR measurements have been per-
formed on these samples using a commercial Bruker X-band
(9.7 GHz) spectrometer equipped with a Super-High-Q
(ER4122SHQ) cavity and a custom-built Q-band (35 GHz)
spectrometer, previously described by Twitchen et al.?” Both
systems have been set up to enable a sample to be rotated in
two perpendicular planes, allowing the positions of the ob-
served resonances lines to be investigated, as a function of
angle, in any given crystallographic plane. In the case of the
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X-band spectrometer automated rotation studies are possible
using a stepper motor controlled goniometer. Low-
temperature (down to 7 K) measurements were conducted
using an X-band spectrometer equipped with a continuous
flow cryostat (Oxford Instruments ESR900) and a TE;q,
(Bruker ER4105DR) cavity.

The concentrations of all paramagnetic defects found in
the examined samples have been determined by EPR. When
conducting quantitative EPR measurements of defects in dia-
mond, care must be taken to avoid microwave saturation;
hence, in this study, X-band EPR spectra at various powers
between 0.2 nW and 3 mW were used in order to negate this
problem. EPR spectra are recorded using magnetic field
modulation (resulting in a spectrum that approximates the
first derivative of the EPR line shape); therefore, double in-
tegration is required to determine the EPR intensity. The de-
fect concentration can then be determined by comparing the
intensity to that from a reference sample of known concen-
tration. A single growth sector HPHT synthetic Ib diamond
that contains 240 =20 ppm carbon atoms of (N,)?, was used
in this study.

Since the spectral features from many paramagnetic de-
fects occur around g=2, to determine the integrated intensity
it is often necessary to deconvolve overlaying spectra; hence,
a computer program to simultaneously fit a number of differ-
ent overlapping spectra has been developed in house. Often
neither a Lorentzian nor a Gaussian line shape provides a
good fit to the experimental EPR spectra; a Tsallis?® function
is used to produce the simulated spectra. Furthermore, in the
case of low defect concentrations, it is often necessary to use
modulation amplitudes approaching or exceeding the line-
width of the EPR signals to achieve an adequate signal/noise
ratio (enabling accurate concentration determination within a
reasonable time frame). Hence, pseudomodulation29 1S em-
ployed, in combination with the Tsallis line shape, in order to
produce the best fit to the experimental data. The decon-
volved fit to each paramagnetic defect present is then used to
calculate the concentration of that center by double integra-
tion. Repeated measurements and the quality of fit are used
to estimate the errors in the determined defect concentra-
tions.

Fourier transform infrared (FTIR) absorption measure-
ments were taken using a PerkinElmer Spectrum GX spec-
trometer equipped with a beam condenser. Spectra were
taken over the midinfrared region at a resolution of 1 cm™.
All measurements were made at room temperature. Analysis
of the absorption spectra enabled the concentration of (Nj)*
to be estimated using the previously determined absorption
coefficient’® [5.5+ 1 ppm of (N,)* gives rise to an absorp-
tion coefficient of 1 ecm™ at 1332 cm™].

III. RESULTS
A. Sample characterization

Sample A was grown on a {110} oriented substrate and
doped with silicon using silane containing the natural abun-
dances of silicon isotopes. Samples B and C were grown
with the addition of silane isotopically enriched to 90% >°Si.
Sample B was grown on a {100} substrate, while a {110}
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TABLE I. Summary of the quantitative results obtained regarding the concentration of the major nitrogen-
related defects and those thought to be silicon related. (NS)O, KULI, and KUL3 concentrations were deter-
mined using EPR and [(N,)*] was estimated using FTIR. In sample A, (N,)* was below detection limits
(~100 ppb). The concentrations that can be inferred from the integrated absorption of the 737 nm zero
phonon line are discussed in Sec. IV A. The final column indicates the total silicon concentration, as deter-

mined by SIMS.

[(Ny)°] [(Ny)*] [KUL1] [KUL3] 737 nm [Si]
Sample Substrate (ppb) (ppb) (ppb) (ppb) (meV ecm™) (ppb)
A {110} <0.5 100(10) 6(3) 0.93 ~600
B {100} 20(10)  ~1200 30(5) 1.0(5) 24.1
C {110} 20(10) ~800 400(20) 5(2) 24.8

oriented substrate was used for the growth of sample C. All
three samples were examined after they were cut and pol-
ished.

The 737 nm line, observed in PL measurements, was
found to be strong in all the samples examined. Comparing
the EPR spectra to the published data on KUL1 and KUL3?
revealed that both these centers were present in detectable
concentrations in all three samples. KUL8, however, was not
detectable in any of the samples examined. In samples B and
C (N,)° could also be readily detected by EPR, while in
sample A no signal from (N,)° could be detected; hence, only
an upper limit can be quoted for the concentration in this
sample.

An absorption at 1332 cm™ was not detectable in sample
A, but in samples B and C the absorption peak was suffi-
ciently large to permit an estimation of the concentration of
(Ny)*. In both these samples, [(N,)*] was on the order of 1
ppm; hence, [(N,)*]>[(N,)°]. Given the concentration of
(N,)? determined from EPR, it is not surprising that no ab-
sorption at 1130 cm™' could be observed in any of the ex-
amined samples.?!

Secondary ion mass spectroscopy (SIMS) measurements
on sample A were conducted to measure the concentration of
silicon. An average over the sample of approximately 600
parts per 10° (ppb) carbon atoms was determined, but it
should be noted that the local concentration varied by more
than a factor of 6.

Table I summarizes the concentrations obtained from the
EPR, FTIR, and SIMS measurements, as well as the inte-
grated absorptions for 737 nm (detected in the optical ab-
sorption measurements). The results presented in Table T will
be discussed in Sec. IV A, wherein information that these
data provide regarding the incorporation of silicon in dia-
mond is covered.

Since both KUL1 and KUL3 were present in readily de-
tectable concentrations in all three samples, further investi-
gation of these defects by EPR was possible.

1

B. KUL1

To investigate the orientation dependence of the main
KUL1 EPR lines, spectra were obtained at 5° increments
from 6=0° (parallel to [001]) to #=90° (parallel to [110]),
equating to a rotation of the applied magnetic field (B) in the

(110) plane. The positions of the observed resonance lines in

the 2%Si sample (A) at X-band frequencies as a function of
the angle are plotted in Fig. 2. The lines are labeled i—vi to
aid future referencing.

A number of hyperfine pairs were visible around each
KUL1 resonance line. To view the effect that isotopic enrich-
ment with *’Si has on the hyperfine structure, narrow scans,
with B|(111), were obtained around the KULI resonance
lines for the sample containing 4.7% *°Si and those enriched
to 90%. Figure 3 shows the hyperfine structure around line i.
Figure 3 establishes that the outermost satellites can be as-
signed to a 2°Si hyperfine interaction, with the ratio of the
intensity of these satellites to the central line in Fig. 3 equal
to ~9:1, in agreement with the quoted enrichment of the
silane. These findings confirm the involvement of silicon in
this defect. The remaining pair of satellites were assigned to
1BC since they evidently arise from an / :% isotope with a
low natural abundance ('*C is 1.1% abundant).

To examine the orientation dependence of these hyperfine
satellites and to determine the number of equivalent posi-
tions for 2°Si and '*C atoms in this defect, scans at both X-
and Q-band frequencies were made with B at different ori-

entations in the (110) plane. Rotating away from (111) re-
vealed that the 2°Si satellites did not split, while the Bc
satellites split into a maximum of two sets around the lines

3804
3704
360 1
350

340

Magnetic field (mT)

3304

320 4

3104

0 10 20 30 40 50 60 70 80 90
Angle from (001) in {110} plane (deg.)

FIG. 2. The points indicate the determined positions, as a func-
tion of angle in the (110) plane of the KUL1 EPR lines at X-band
frequencies. The solid curves show the best fit to the experimental
data and were used to determine the parameters g and D (see text).
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FIG. 3. A comparison between the KULI hyperfine structures
observed around line i (see Fig. 2) (a) for a sample with 2Si in its
natural abundance and (b) for one enriched to 90% 2Si. The spectra
were recorded at X-band frequencies with B|[(111).

labeled i, ii, v, and vi in Fig. 2 and three sets around the lines
labeled iii and iv in Fig. 2. Figure 4 shows an example of the
hyperfine structure observed at X-band frequencies with the

applied magnetic field 80° from [001] in the (110) plane for
the sample containing 2°Si in its natural abundance. The lines
labeled »Si, and '*C,_, are not observed in Q-band mea-
surements (see Sec. IV B). The orientation dependence in the

(110) plane of the lines assigned to '*C and *Si satellites are
plotted in Fig. 5.

In order to investigate the effect of temperature on the
KULI1 resonance lines, X-band spectra were obtained at a
number of temperatures between 10 and 300 K, with
B|[{111). Between 300 and 30 K, the splitting of the outer-
most KULI resonance lines was seen to decrease from
71.2(1) mT at 300 K to 67.4(1) mT at 30 K. Over this tem-
perature range, the linewidth was constant and the intensity
of the spectrum was seen to follow Curie’s law; i.e., it was
proportional to 7-!. Below 30 K the, intensity of KUL1 rap-
idly decreased, as microwave power saturation became un-
avoidable, with 0.3 uW being the lowest microwave power
achievable with the setup used for cryogenic temperature
EPR (see Sec. II). EPR lines from KULI could still be ob-
served below 30 K but only under rapid passage conditions,
making quantitative measurements impossible. No changes
in symmetry were apparent at reduced temperatures.

C. KUL3

Narrow EPR scans around g=2 were obtained at ~5°

increments in the (110) plane for sample A at both X- and
Q-band frequencies to permit a roadmap of the KUL3 reso-
nance lines to be constructed. From Table I, it is apparent
that KUL3 is present in much lower concentrations than
KULI1; hence, close to (100), the resonance lines from KULI1
dominated the spectra, meaning the positions of the KUL3
lines could not be accurately determined. Figure 6 illustrates
the road maps constructed from sample A (4.7% >Si).
Small pairs of hyperfine satellites were observed around
the central KUL3 resonance lines in sample A. Hence, in
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FIG. 4. KULI hyperfine structure observed at X-band frequen-
cies with #=80° in the (110) plane. The plots beneath illustrate the
simulated data obtained using the determined spin-Hamiltonian pa-
rameters and Eqgs. (1) and (2). The lowercase labels denote lines that
are absent in Q-band spectra. (a) Displays the structure around reso-
nance line vi and (b) shows the hyperfine satellites seen around line
iv (see Fig. 2).

order to assist in their identification, identical X- and Q-band
scans were obtained for the samples containing 4.7 and 90%
»Si (samples A and B, respectively). The effect of enrich-
ment is shown in Fig. 7, which shows the X-band EPR spec-
tra with BJ(111). Since the intensity of the satellites is in-
creased such that the ratio of intensity of these to the center
line is 9:1, this unambiguously identifies these as 2°Si hyper-
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FIG. 5. (a) Splitting of the 2si hyperfine satellites around
KULI resonance lines i ([7]), ii (A), and iii (O) (see Fig. 2) as a
function of angle in the (110) plane. (b) Splitting of the '*C satel-
lites as a function of angle in the (110) plane. The three data sets
(O, A, and []) illustrate the splitting of satellites 13CA/BCC,
13Cp/3Cg, and *Cp, respectively (see Fig. 4). The error bars are
comparable to the size of the data points. The plotted lines were
created using the spin-Hamiltonian parameters and Egs. (1) and (2).

fine satellites and confirms the presence of silicon in this
center. A number of spectra at different orientations in the

(110) plane were obtained for the 2Si enriched samples to
permit the *’Si hyperfine parameters to be determined.
IV. DISCUSSION
A. Incorporation of silicon in diamond

It is known that the intensity of the 737 nm silicon-related
absorption system can be dramatically increased by irradia-
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tion damage and annealing at temperatures where vacancies
are mobile. This result supports the assignment of the 737
nm defect to a (V-Si-V) structure and the incorporation of
silicon in another form that is converted to (V-Si-V) by va-
cancy capture.

The SIMS data in Table I indicate that more silicon is
incorporated in sample A than is accounted for by the EPR
defects KUL1/KULS3. As stated in Sec. III A, the silicon in-
corporation is highly inhomogeneous and this will be dis-
cussed in future publications. Optical absorption intensities
are reported for the 737 nm doublet; but because of the lat-
eral inhomogeneity in the silicon concentration of these
samples, these measurements should be treated with caution.

The conversion factor relating the absorption intensity un-
der the zero phonon line at 77 K (A437) in units of meV cm™!
to a concentration ([737]) in cm™ is not known; however, an
estimation can be made by considering the data from other
defects in diamond. A typical conversion factor®? at 77 K is
~2X10'" meV cm? for defects with a Huang—Rhys factor
(which is a measure of the vibronic coupling) of ~3.3% Using
the published value of 0.05 for the Huang—Rhys factor of the
737 nm system,>* one would expect the conversion factor for
this defect to be a factor of ~60 higher; ~10'® meV cm?. In
this way, we can crudely estimate the concentration of the
defect giving rise to the 737 nm system from the data in
Table T using the expression A;3;=10'¥[737]. A concentra-
tion of ~1 ppb is estimated for sample A and ~12 ppb for
samples B and C (1 ppb equates to a defect density of 1.77
X 10" cm™).

Due to the very low concentration of nitrogen in sample
A, one would expect the majority of silicon defects to be
neutral. Using our concentration estimates, we find a signifi-
cantly higher ratio of [KUL1] to [737] in this sample com-
pared to both samples B and C, which contain much more
nitrogen. However, despite samples B and C being grown
under identical conditions, it appears that the ratio of
[KULI1] to [737] is different between the two samples. Al-
though the concentration of (N,)* obtained from FTIR
should be treated with caution in the same way as the results
inferred from the 737 nm absorption measurements, it ap-
pears that a higher proportion of the nitrogen in sample B is
in the positive charge state, (N,)*. This could explain the
higher fraction of [737] in this sample compared to sample
C.

The combined concentrations of KUL1, KUL3, and the
737 nm defect in samples B and C suggest that silicon, at
least in these forms, is more readily incorporated on {110}
growth surfaces than on {100}.

B. KUL1

The large splitting of the outermost KUL1 resonance lines
observed with BJ|[(111) suggests that a zero-field splitting
(D) is primarily responsible for the orientation dependence
of the lines shown in Fig. 2, therefore implying that the
defect has S=1. Weak resonance lines, present at the half
field originating from a |-1)—|+1) transition, and the ab-
sence of any lines from |—%>—> |+%) transitions confirm that
the defect has S=1. The Curie law variation of intensity with
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FIG. 6. The determined positions as a function of angle in the
(110) plane of the KUL3 EPR lines observed at (a) X-band and (b)
Q-band frequencies. The plotted lines were obtained using the de-
termined parameters for g and A (see Table III).
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FIG. 7. EPR lines observed around g=2 at X-band frequencies
with B along (111) for (a) sample A (*°Si in natural abundance) and
(b) sample B (enriched with 90% 2°Si). The central resonance line
in (b) arises due to the presence of (N,)° in this sample. (c) Shows
a spectrum simulated using the determined parameters for KUL3,
given in Table III

temperature shows that this is the ground state, which is well
separated from any excited states.

The results of the angular variation study have therefore
been fitted using a spin Hamiltonian in the form of the fol-
lowing equation and the temperature dependence of the large
splitting of the lines could be interpreted as a change in the
magnitude of D:

Helectronic:/J’BB'g'S"'S‘D'S. (])

Using the experimentally observed positions of the reso-
nance lines, optimum values for the electronic Zeeman (g)
and zero-field (D) terms could be found. It was assumed that
g and D are axially symmetric about the [111] trigonal axis
of the defect; relaxing this constraint did not improve the
quality of the fit. The parameters for g were determined rela-
tive to g for (N,)°, which was taken to be g=2.0024.% g, and
g, for KUL1 were found to be equal to 2.0042(2) and
2.0035(1), respectively, with g, along [111]. The magnitude
of the zero-field interaction D (where D is defined as 3D_,)
was determined to be +1000(1) MHz at 300 K, again with
the principal axis along [111] (note that 1 MHz
~0.036 mT for g=2.0023). These results are in agreement
with those previously published for KUL1.%® Figure 8 illus-
trates the determined dependence of D on temperature.

From the change in the intensity of the outmost hyperfine
satellites in samples enriched with *’Si (see Fig. 3), it was
apparent that these could be assigned to 2°Si. The splitting of
this pair with orientation, illustrated in Fig. 5(a), can be used
to extract the hyperfine (A) parameters, using an additional
term in the spin Hamiltonian,

Hyclear = E (s- Aj L= MNgNjB : lj)’ (2)
J

where gy is the nuclear g factor (gy) for nuclei j.

The hyperfine interaction for >’Si was found to be axially
symmetric, with A; oriented along the [111] trigonal axis (see
Table II), although it should be noted that the orientation
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FIG. 8. The magnitude of the zero-field (D) interaction for
KUL1 as a function of temperature. Note that 1 MHz
~0.036 mT for g=2.0023.

dependence illustrated in Fig. 5(a) is dominated by the sec-
ond order terms in D. Since the *°Si satellites did not split
when the orientation of B was changed, it is apparent that a
single silicon atom is incorporated in the defect at a unique
site. A silicon atom at the center of a divacancy, as in
(V-Si-V), would explain the observed hyperfine symmetry
and the single observable site. The data in Fig. 2 are consis-
tent with a defect that has either D5, or C5, symmetry and, in
itself, is insufficient to confirm the (V-Si-V)” model. The data
obtained in Sec. III B are therefore important since the inten-
sity of 13C satellites relative to the central transition allows
the number of equivalent atom positions to be determined. A
defect with C3, symmetry would have two distinct sets of
three equivalent carbon atoms, with the addition of the in-
version symmetry in (V-Si-V)? increasing the symmetry to
Ds,, leading to a set of six equivalent carbon atoms (see Fig.
1).

For nuclei with abundance P and equivalent positions N,
the intensity of the hyperfine satellites ({);) can be related to
the intensity of the central line (Qgepia) bY

P
OQu=NX ——XQ . 3
hf 1-P central ( )

The intensity of the simulated data in Fig. 4 has been set
using Eq. (3), assuming that there are six nearest-neighbor
carbon atoms (N=6), with Bc being present in its natural
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abundance (P=0.011). A good match to the experimental
data is found, confirming that KUL1 has D5, symmetry, sup-
porting the assignment of KULI to (V-Si-V)". The orienta-
tion dependence data for the '*C satellites [Fig. 5(b)] was
used to extract the hyperfine parameters for this interaction
(see Table II). A; was found be directed along the (111) axis,

which is not parallel to the D5, symmetry axis (e.g., [111]);
with the silicon atom located along [111], this result is as
expected for the (V-Si-V) model.

The distributions in intensity between the *C hyperfine
satellites illustrated in Fig. 4 can be explained using the
(V-Si-V)? model, considering all the possible (111} orienta-
tions of this defect. When the applied magnetic field B is
rotated in the (110) plane in Fig. 1 (trigonal symmetry axis
in the plane containing B), four of the possible orientations
of A, arising from a 3C atom at positions i, j, [, m, make the
same angle with B. A different angle is made by the other
two possible orientations of A, arising from BC at positions
k or n. Hence, 1°C satellites for (V-Si-V)° defects along [111]
would be expected to split with relative intensities of 4:2. For
defects oriented along different (111) orientations, a splitting
into three pairs with intensities of 2:2:2 would arise. This is
the behavior observed in Figs. 4(a) and 4(b), respectively.

It was noted in Sec. III B that the lines labeled *°Si, , and
13Ca_c were not observed in Q-band measurements. These
could therefore be assigned to the forbidden electron-nuclear
double-spin-flip (AMg=1,Am;=1) transitions. While their
addition complicates the initial interpretation of the spectra,
their positions relative to the allowed lines depend on the
value of gy , therefore allowing the isotope responsible to be
identified. The good fit to the experimental data therefore
further supports the assignment of the hyperfine structure to
#Si and °C. These transitions are also sensitive to the rela-
tive signs of A and D. The absolute sign of D can be deter-
mined via depopulation of the higher energy spin states at
lower temperatures. However, as stated in Sec. III B, below
30 K saturation became a problem; hence this was not pos-
sible. Nevertheless, providing assumptions are made regard-
ing the unpaired electron wave-function localization the
signs of D as well as A for the *°Si and *C hyperfine inter-
actions can be found via position of lines resulting from the
electron-nuclear double-spin-flip transitions.

In previously published work?* on KUL1, wherein it was
initially proposed that KUL1 could be (V-Si-V)°, the sign of
the zero-field interaction was assumed to be negative, pre-
sumably to agree with the finding that D <0 for the diva-
cancy in diamond.*® Assigning KUL1 to (V-Si-V)? means

TABLE 1I. Experimentally determined (at 300 K) '3C and ?°Si hyperfine (A) parameters for KULI,
compared to those predicted from theory (Ref. 20). Note that 1 MHz ~0.036 mT for g=2.0023.

A, Al A, A,
Interaction (MHz) [hkI] (MHz) (MHz) (MHz) 7 N
13C (experiment) 66.2(2)|[TT1] 30.2(2) 42.2(1) 12.3(1) 0.123(6) 10.0(7)
BC (theory) S1[T11] (2°) 12 25 13 0.13 18
2Si (experiment) 76.3(1)|[111] 78.9(1) 78.0(1) -0.87(5)

2Si (theory) 78|[111] 82 81 -1

245205-8



ELECTRON PARAMAGNETIC RESONANCE STUDIES OF...

that a real localization of the electron probability density on
the basal carbon atoms is expected. Since gy is positive for
13C, this necessitates a positive value for A. D must be posi-
tive to successfully match the experimentally observed posi-
tions of the satellites labeled '*C, .. in Fig. 4. Using this sign
for D also requires the 2°Si hyperfine interaction to be posi-
tive to correctly predict the positions of the 2°Si, , resonance
lines.

The *C hyperfine interactions can be interpreted in the
usual way in terms of an unpaired electron wave function,

d= 2 N ;s + Bi¢2p)’ 4)

where the summation is over the atoms on which the un-
paired electron is localized and ¢,, and ¢, are the 2s and 2p
atomic orbitals, respectively. The parameters «;, 3;, and 7;,
taken to be real, are deduced following the standard proce-
dure from the hyperfine parameters and atomic parameters
tabulated by Morton and Preston.?” The hybridization ratio is
A= (B;/ a;)*. The experimental wave-function parameters de-
termined for *C are given in Table II. Approximately 75%
of the unpaired electron probability density is located on the
six nearest-neighbor carbon atoms. It is also apparent in Fig.
4(b) that there are additional hyperfine satellites that are par-
tially resolved around the central KUL1 resonance line.
These are likely to arise from next nearest-neighbor *C at-
oms, hence accounting for some of the remaining unpaired
electron probability density.

The nuclear g factor for S s negative:38 therefore, the
determined positive hyperfine interaction implies a negative
spin density at the nucleus. This suggests an indirect inter-
action (e.g., configuration interaction’®® and exchange
polarization®) is responsible for the observed hyperfine in-
teraction. Taking ay,=—4594 MHz for the 3s orbital,’” the
isotropic part of the 2’Si hyperfine interaction could be pro-
duced by ~2% 3s character. A similar result was found for
the tin-vacancy complex in silicon.'*

A recent theoretical study by Goss et al.?® provided esti-
mations for the hyperfine interactions for Si and '*C in
(V-Si-V)?. The »Si interaction was predicted to be axial
along [111] and is dominated by the isotropic component;
A=78 and A | =82 MHz, in excellent agreement with the
determined values. The '*C interaction for the six nearest-
neighbor carbon atoms was also predicted to be axial and
within 2° of (111). Values of Aj=51 and A, =12 MHz were
calculated. The localization of the unpaired electron prob-
ability density on each Bc (7%) calculated from the experi-
mentally determined hyperfine parameters is in good agree-
ment with theory, although the ratio between the localization
in the s and p type orbitals differs.

The shift of the g value from the free-spin value g, and
the anisotropy for KULLI is large (8g,=0.0019) compared to
most defects in diamond. This arises from a spin-orbit ad-
mixture of excited states, which, in a free atom, leads to a
contribution to D of the form D=%)\505g/ 8., where A, is
the spin-orbit coupling constant. Assuming \,,~4.5
X 10° MHz for a carbon atom in an S=1 defect,*! the con-
tribution to D in KUL1 from the spin-orbit coupling is
~640 MHz. A more detailed analysis of the size of the zero-
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field splitting is complicated and will not be discussed fur-
ther here, although the simple estimate shows that the large
positive value of D can be explained by the spin-orbit cou-
pling. We also note that in previous studies of KULI, the
magnitude of D was found to linearly increase with tempera-
ture in the range 10-300 K.?? The dependence determined in
this study, shown in Fig. 8, indicates a more complicated
behavior that deserves further investigation.

C. KUL3

The orientation dependence of KUL3 resonance lines,
shown in Fig. 6, indicates a defect with C;; (monoclinic-I)
symmetry with small splittings around g=2, implying that
S= % The weak hyperfine satellites visible in the sample con-
taining 2°Si in its natural abundance suggest a low abun-
dance 1 :% nucleus is involved, with the data in Fig. 7 for a
2Si enriched sample confirming that these arise from the
presence of 2Si. The intensity of the hyperfine satellites in
the unenriched samples, relative to the central KUL3 reso-
nance lines indicate that the satellites arise from a unique
»Si atom. A for ’Si was found to be non-axial, with A,
tilted approximately 2° away from [111] (toward [001]) in

the (110) plane; constraining A to be axial along [111] led to
a statistically significant degradation in the quality of the fit.
To produce the central pattern of resonance lines, another /
:% nucleus must be involved, with ~100% abundance. Due
to its prevalence in CVD diamond growth, hydrogen is a
natural choice, with the assignment being confirmed by the
observation of electron-nuclear double-spin-flip transitions,
as found in previous studies.??

From the road map for KUL3 (Fig. 6), the values describ-
ing g, as well as A, for the hydrogen atom were determined.
The principal values of g were found to be along [110],

[001], and [110]. Allowing these to deviate from these di-
rections did not improve the fit. The hydrogen hyperfine in-

teraction is also nonaxial and is tilted ~4° from [111] to-

ward [001] in the (110) plane. Due to the low abundance of
3C and the low concentration of KUL3, the hyperfine pa-
rameters for nearest- or next- nearest-neighbor '°C could not
be determined.

Table III provides a comparison of the spin-Hamiltonian
parameters determined in this study and those previously
published.?? It is apparent that there is disagreement between
the two. Using the previous parameters for KUL3 to fit the
experimental X band data points in Fig. 6 resulted in a poor
fit. This can be explained by the fact that these parameters
were determined at Q-band frequencies. Since the g aniso-
tropy of this defect is relatively large [cf. (V-Si-V)°], at
higher frequencies the changes in the positions of the reso-
nance lines as the direction of B is changed will be domi-
nated by this term in the spin Hamiltonian. By contrast the
hyperfine term from the hydrogen atom will have a relatively
small effect; hence, it is challenging to accurately determine
at this frequency band. Additionally, it had previously been
assumed that the principal axes for both g and A were along
the same direction, which, as shown in Table III, is not the
case if the directions of the two interactions are allowed to
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TABLE III. Comparison between the previously published pa-
rameters (Ref. 23) for KUL3 and those determined in this study (at
300 K). 6 is the angle from [001], ¢ is angle from [100] in the (001)
plane. The hyperfine (A) parameters are quoted in megahertz
(I MHz~0.036 mT for g=2.0023). In this study, the parameters
for g were determined relative to g for (N,)°, which was taken to be
g=2.0024 (Ref. 35).

Parameter Previously published [0, ¢»] Determined [6, ¢]

g1 2.00506(3)|[[75.45] 2.0054(2)[[90,45]
2 2.00426|[[165,45] 2.0048(2)|[[0,45]
2 2.00254[[90,315] 2.0030(2)[|[90,315]
A, (Psi) +76.1(2)|[53(1),45]
A, (PSi) +81.1(2)[[143(1),45]
A5 (°Si) +79.1(2)|[[90,315]
A, ('H) -2.8(6)|[[75,45] F7.9(1)||[50(1),225]
A, ('H) 0[[165,45] +4.7(1)|[140(1),225]
A5 ('H) 7.3([90,315] +7.3(1)[[90,315]

independently vary. The modified parameters, used in Fig. 6,
provide an excellent fit to the EPR data at both microwave
frequencies. An example fit to an X-band spectrum with
BJ|[{111) is shown in Fig. 7.

It was suggested that KUL3 is a neutral divacancy, where
one of the six basal carbon atoms is replaced by silicon and
one dangling bond (remote to the silicon atom) is passivated
by a hydrogen atom.?? The data obtained in this study con-
firm the involvement of hydrogen and silicon in this defect,
but the new experimental data and a recent theoretical
modeling?® of hydrogen in the vicinity of (Si,-V) both imply
an alternative structure; (V-Si-V:H)°.

The magnitude of the 28 hyperfine parameters deter-
mined for KULI and KUL3 in this study are almost identi-
cal, but KUL3 has a lower symmetry. This suggests that the
silicon atom is in a similar environment; the basic (V-Si-V)
unit is common to both defects, but KUL3 is decorated with
a single hydrogen atom (V-Si-V:H). The determined direc-
tions for the hyperfine interactions for *°Si is consistent with
this assignment, as the principal axis is close to the [111] axis
containing the divacancy, as found for KULI. This is in
agreement with the theoretical predictions for the
(V-Si-V:H) center, a stable defect with C,;, symmetry where
the hydrogen atom is bonded close to the relaxed (V-Si-V)
structure.?’

The absolute sign of the hyperfine parameters for °Si and
'H for (V-Si-V:H)? could not be experimentally determined
by EPR, although A for the S interaction is likely to be
positive, in agreement with the sign determined for
(V-Si-V)°. Theoretical predictions for the *Si hyperfine in-
teraction support this with A, A,, and A5 all determined to
be positive.2 The theoretically calculated *’Si hyperfine in-
teraction is within 3° of [111], in the (110) plane, in good
agreement with the value determined from experiment. The
predictions from theory for the magnitudes for the hydrogen
hyperfine interaction (A;=—7 MHz, A,=3 MHz, and A,
=6 MHz) are also in good agreement with the values from
EPR and are consistent with the localization of the unpaired
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electron probability density on the surrounding carbon at-
oms. Considering this model, the experimentally determined

5° deviation of A, from [111] (toward [001]) for the hydro-
gen hyperfine interaction is reasonable.

V. CONCLUSIONS

EPR has been used to study defects present in SC-CVD
samples deliberately doped with silicon by the addition of
silane to the growth gases. We conclude that the EPR spectra
for KULI are consistent only with a neutral silicon split-
vacancy model, (V-Si-V)?, and KUL3 has been shown to be
the same defect but decorated with a hydrogen atom bonded
in the vicinity of the (V-Si-V)? structure, (V-Si-V:H)?, as
proposed by Goss et al.?® These models were confirmed from
the intensities and orientation dependence of the °C and *°Si
hyperfine satellites in KUL1 and the '"H and *Si hyperfine
satellites for KUL3. In both defects the presence of silicon
was proved by examining samples enriched with 2°Si; in
such samples the intensity of the hyperfine satellites assigned
to 2°Si increased, such that the ratio of these to the central
(*S1) resonance line matched the quoted isotopic enrichment
of the silane used in the growth. There is excellent agreement
between the hyperfine parameters determined for (V-Si-V)°
and (V-Si-V:H)? and those calculated using local density
functional theory.?°

The symmetry of the g and D matrices determined for
KULI are consistent with the (V-Si-V)? model. Although a
detailed interpretation of the magnitudes of these parameters
has not yet been attempted, it has been shown that a simple
spin-orbit coupling estimate of the magnitude of D from the
g shift suggests that the zero-field interaction is dominated
by this term. The observed temperature variation of the D
matrix is interesting and deserves further study.

The KULS defect, suggested®*? to be (V-Si-V)~, has not
been detected in any of the samples examined. To date no
additional spectra have been observed by the authors of this
paper that can be assigned to (V-Si-V)~, despite the presence
of absorption and /or PL features at 737 nm. The concentra-
tion of the 737 nm defect was estimated from the absorption
measurements to be ~12 ppb in two of the samples exam-
ined, which is well above the detection limit in EPR. Hence,
the apparent absence of an EPR spectrum that can be attrib-
uted to the § =% ground state of (V-Si-V)~ is intriguing.

It is possible that the EPR spectra from the (V-Si-V:H)°
defect overlap with EPR lines from (V-Si-V)~. It is apparent
that additional, as yet unidentified, EPR lines are present in
these samples (see, for example, Fig. 7, wherein an addi-
tional resonance line is observed at 350.8 mT). In a previous
study, KUL3/(V-Si-V:H)? has been observed to anneal out
at 1400 °C, at the same time as another (likely hydrogen-
related defect) was seen to increase in intensity.”> Annealing
studies are therefore planned to further investigate the stabil-
ity of (V-Si-V:H)? and to aid in the identification of any
additional EPR spectra that remain or are formed during an-
nealing.
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The lack of detection of (V-Si-V)~ may be due to dynamic
Jahn-Teller splitting of the ground state, giving rise to an
averaging between different configurations that is fast on the
time scale of an EPR experiment. Such averaging could re-
sult in the ground-state EPR signal becoming very broad,
hence making it hard to detect. Such an effect has recently
been used to explain why the ground state of NV° has not
been detected by EPR.*> We note that the samples examined
that have a high concentration of the 737 nm defect display a
very broad signal (~1 mT) around g=2. This is absent in a
sample that contained an order of magnitude lower concen-
tration of this center. Applying uniaxial stress to the sample
while conducting an EPR experiment could lift the degen-
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eracy and allow the ground state to be detected. These stud-
ies are in progress.
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