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Structure of thin diamond films: A 'H and '3C nuclear-magnetic-resonance study
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The 'H and C nuclear magnetic resonance (NMR) of thin diamond films deposited from naturally
abundant (1.1 at. %) as well as 50% and 100% '*C-enriched CH, heavily diluted in H, is described and
discussed. Less than 0.6 at. % of hydrogen is found in the films which contain crystallites up to ~15 um
across. The 'H NMR consists of a broad 50-65-kHz-wide Gaussian line attributed to H atoms bonded
to carbon and covering the crystallite surfaces. A narrow Lorentzian line was only occasionally ob-
served and is found not to be intrinsic to the diamond structure. The *C NMR demonstrates that
>99.5% of the C atoms reside in a quaternary diamondlike configuration. 'H-'>C cross-polarization
measurement indicates that, at the very least, the majority of '*C nuclei cross polarized by 'H, i.e., within
three bond distances from a 'H at a crystallite surface, reside in sp* diamondlike coordinated sites. The
13C relaxation rates of the films are four orders of magnitude faster than that of natural diamond and be-
lieved to be due to '3C spin diffusion to paramagnetic centers, presumably carbon dangling bonds.
Analysis of the measured relaxation rates indicates that within the BC spin-diffusion length of
v/ DT§ ~0.05 pm, these centers are uniformly distributed in the diamond crystallites. The possibility
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that the dangling bonds are located at internal nanovoid surfaces is discussed.

I. INTRODUCTION

The extreme qualities of diamond (density, hardness,
chemical inertness, high electrical resistivity, and thermal
conductivity) have opened pathways for numerous tech-
nological applications of this material in the areas of mi-
croelectronic circuitry, tribology, coatings, and optics.?
A process of synthesizing diamond at high temperatures
and pressures, where diamond is the stable form of car-
bon, was developed nearly four decades ago,’ and parallel
efforts for growing diamond at lower pressures were also
underway. The growth of thin diamond films at low pres-
sures, where diamond is a metastable form of carbon, us-
ing thermally assisted chemical vapor deposition (CVD)
of CH, heavily diluted in H, has since been investigated
extensively.">*3 Still, the detailed picture of the chemi-
cal structure and electronic properties of the films and
their native defects is incomplete.*° Similarly, the role
of hydrogen, a ubiquitous impurity within the CVD films,
and its possible bonding sites are not completely under-
stood.!® In this study, nuclear magnetic resonance
(NMR) of 'H and '3C and electron spin resonance (ESR)
were used in conjunction with scanning electron micros-
copy (SEM) and Fourier-transform infrared spectroscopy
(FT-IR) to examine natural and '3C-enriched CVD dia-
mond films grown on a silicon wafer substrate.

Previous NMR studies of thin diamond films and dia-
mond powders have been reported by Gleason and co-
workers,” ~%!! and Henrichs et al.'?> Other studies of iso-
topically enriched diamonds were reported by Banholzer
and Anthony.!®> The NMR has shown that the H content
is typically 0.1-0.5 at. %,%!! that the H atoms predom-
inantly “decorate” the crystallite surfaces,!! and that the
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BC relaxation rates are much faster than those found in
natural diamonds.'? This study confirms some of these
earlier conclusions, but it also provides new insight into
the nature of the polycrystalline films: (i) the narrow
~5-kHz-wide Lorentzian 'H NMR line typically ob-
served on top of the main >50-kHz-wide Gaussian line
and attributed to rotating methyl groups,’ is found to
represent hydrogen that is not intrinsic to the diamond
films studied in this work. (ii) The C NMR of the
BC-enriched samples indicates that at least 99.5% of the
C atoms are in a quaternary diamondlike environment.
The 13C cross polarization by 'H nuclei indicates that, to
within the CP signal-to-noise ratio, all of these carbons
which are not more than 2-3 lattice spacings away from
a H atom, are in a similar diamondlike configuration. (iii)
In agreement with previous studies of synthetic dia-
monds,!? we find that the '*C relaxation rates in CVD di-
amond films are much faster than found in natural crys-
tals. However, analysis of the measured rates in naturally
abundant and "*C-enriched CVD’s indicates that the dan-
gling bonds responsible for relaxation are homogeneously
distributed in the diamond crystallites. This conclusion
is significant, and its interesting consequences are dis-
cussed below.

II. EXPERIMENT
A. Samples
The films were grown by flowing a mixture of ~99.5%
H, and ~0.5% CH, at a pressure of ~50 Torr through a
tungsten filament heated to ~2000 °C onto a silicon wafer

substrate heated to 850°C. The growth rate of the films
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was ~0.5 um/h. Following the deposition process, the
silicon substrate was dissolved in HF to yield free-
standing films. About 15 mg of film 4 was grown over
13 h using 100% '3C-enriched methane at a flow rate of
~200 SCCM (cubic centimeter per minute at STP); film
B was grown for 80 h from natural '3C-abundant CH, at
the same flow rate to yield ~70 mg. Film C was grown
over 21 h under the same conditions using 50% '*C-
enriched methane. SEM images of films A4 and B are
shown in Fig. 1. Note that the top crystallites of film B
are much larger than those of film A, consistent with the
observations”!"!* that the crystalline size increases with
the distance (i.e., growth time) from the substrate.

B. NMR

Proton NMR spectra at 100-300 K were acquired us-
ing a home-built spectrometer operating at a Larmor fre-
quency of 250 MHz. Spin-temperature inversion with
signal subtraction on alternate scans in the averaging pro-
cess'® was used to eliminate baseline distortions from the
NMR signal. Using quadrature detection, 2-us dwell
time, and a 10-s delay between scans, 10°~10* free-
induction decays (FID’s) were averaged to yield each
spectrum.

3C spectra were obtained at room temperature using
another home-built spectrometer operating at Larmor
frequencies of 100.06 MHz for 'H and 25.15 MHz for
BC. The 13C spin-lattice relaxation time T, for each dia-
mond film was measured without magic angle spinning
(MAS) using the Bloch decay progressive saturation tech-
nique.'® Five hundred FID’s were acquired using spin-
temperature inversion for several (9—15) different delays
ranging from 1 to 1000 s. The MAS spectra were ac-
quired using a double-tuned, single-coil probe equipped
with a modified Shoemaker-Apple type magic angle
spinner.!” For the 100% !’C-enriched film A, the ex-
tremely weak 'H-'3C cross-polarization (CP) MAS spec-
trum was also measured. The Hartmann-Hahn condition
was established using an rf field of 60 kHz for a static
sample of adamantane. The proton rf field was kept at
the same level during the high-power 'H-!*C decoupling.
In this experiment 80 000 scans were acquired using a de-
lay of 2 s, a 2-ms contact time, 2-K data points in each
quadrature channel, 5-us dwell time and a sample spin-
ning rate of 4.5 kHz. All NMR spectra are reported from
tetramethylsilane, using the 8 scale, with negative values
being upfield.
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FIG. 1. Scanning electron mi-
crographs of diamond films 4
and B.

C. FT-IR

The infrared spectrum of film B was recorded on a
modified Nicolet 710 FT-IR spectrometer equipped with
a Harrick diffuse reflectance accessory and a mercury
cadmium telluride detector. The spectrum was normal-
ized using a mirror background standard and was base-
line corrected.

D. ESR

Electron spin resonance spectra were obtained using a
commercial Bruker ESR 200 spectrometer, with a sen-
stivity of ~10'! spins/G. The ESR spin densities were
determined by comparing with known diphenylpicrylhy-
drazyl standards, sealed in evacuated quartz tubes.

III. RESULTS AND DISCUSSION

A. "H NMR line shape

The typical '"H NMR spectrum of the diamond films
measured in this work (shown in Fig. 2 for film B) con-
sists of a broad Gaussian line of ~65+5 kHz full-width
at half-maximum (FWHM). Similar Gaussian lines of
widths 50+5 and 65+5 kHz were observed in samples A
and C, respectively. The total hydrogen content in films
A and B (vide infra) and the '"H NMR line-shape param-
eters are given in Table I. In agreement with previous re-
ports,®!! the H contents were only a fraction of 1 at. %.
We first note that due to this low abundance of hydrogen,
the relatively broad linewidth, and the small 15-70-mg
samples, corresponding to less than 5X 10'® 'H spins, the
accurate measurements of the 'H NMR line shapes and
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FIG. 2. Solid-state '"H NMR spectrum of diamond film B.
The broad Gaussian component represents densely packed hy-
drogen bonded to carbon on crystallite surfaces.



49 STRUCTURE OF THIN DIAMOND FILMS: A 'HAND “C...

TABLE I. NMR and ESR parameters of the thin diamond
films: percent 3C enrichment, % '*C; total atomic percent hy-
drogen, at. % 'Hy; full width at half-maximum of the '"H NMR
spectrum, FWHM; proton spin density, Ny; average surface
area per gram, S; estimated average diamond crystallite size, g;
electron spin density, N,; average distance between radicals if
confined to the surface, R,;; average distance between radicals if
they are distributed uniformly within the bulk, R,,.

Sample film A4 film B

% “C 100 1.1
at. % 'Hy 0.56 0.15
FWHM (kHz) 50 65

Ny (spins/g) 2.6X10% 7.3X10"
S (nm%/g) 8.7X 10" 2.4X10'
a (um) 0.2 0.7

N, (spins/g) 3.6Xx10" 4.4x10"
N, (ppm) 7.8 8.8

R,, (nm) 4.9 2.3

R,, (nm) 9.3 8.6
hydrogen concentrations were challenging. In order to

eliminate background NMR signal we used a hydrogen-
free probe that was purged with dried air during the mea-
surements. The diamond samples were placed in 5-mm-
o.d. cylindrical NMR tubes, evacuated for one hour at
1073 Torr and 140°C to remove weakly bound contam-
inants (including moisture), and sealed prior to the NMR
measurements. A background signal was measured using
an empty reference tube prepared under identical condi-
tions and its 'H spectrum was subtracted to yield the final
'H spectrum of the diamond film.

The 'H NMR linewidth and line shape is clearly attri-
butable to rigid dipolar coupled proton spins in a densely
packed environment. If the H atoms were homogeneous-
ly distributed within the diamond, a linewidth of only a
few hundred Hz could be expected for the concentrations
of spins measured in this work (vide infra). Assuming
the homonuclear proton-proton dipolar coupling to be
the dominant line-broadening mechanism, and
specifically larger than the broadening associated with
paramagnetic center-nuclear dipolar interaction and
shielding anisotropy, the Van Vleck equation can be used
to estimate the second moment of the NMR line!®

S
20 r,.‘}.

=1
<AH2>—N§J_l

422
J’i] (1)

where vy, #, and r;; have their usual meanings and N is the
number of protons occupying inequivalent positions in
the repeating structure unit. For rigid protons, i.e., those
with correlation time for motion ¢, >>(8v)~!, the NMR
line shape can be approximated by a Gaussian curve with
a FWHM given by'®

Sv=2.36V(AH?) . ()

Based on crystallographic data'®?° and the SEM im-
ages presented in this work (Fig. 1), we assume that (100),
(110), and (111) are the most prominent orientations in
the diamond films studied. Using Egs. (1) and (2) and as-
suming that hydrogen stabilizes these surfaces, ~70-,
~40-, and ~30-kHz linewidths should be observed for
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these orientations, respectively. A superposition of these
lines can be easily used to fit the broad portion of the 'H
NMR spectra, which suggests that the model of hydro-
gen stabilizing the (100), (110), and (111) surfaces by
forming a monolayer of C-H species is reasonable. The
change in surface texture between films 4 and B, visible
in the SEM images (Fig. 1), results from differences in the
deposition time and film thickness.>!"!* Due to the low
signal-to-noise ratio and the number of parameters in-
volved, the numerical decomposition of the 'H NMR
spectra is only qualitative: although assuming a single
crystal orientation does not allow us to describe the
broad resonance, the contributions from different crystal
orientations cannot be quantitatively determined from
such analysis. We note, however, that for two of the
three samples studied a 65+5-kHz linewidth was mea-
sured which strongly indicates that the (100) is the dom-
inant surface.

In earlier studies a narrow Lorentzian 'H line
(2—-6-kHz wide) was also observed. This component, due
to a small fraction of the hydrogen, suggested the ex-
istence of another environment with weaker dipolar cou-
pling, either due to mobility or isolation from neighbor-
ing spins. Gleason and co-workers®!! suggested that ro-
tating CH; groups on the crystallite surface were respon-
sible for this component. Indeed, it had been postulated
earlier that radicals, in particular CH; and H, control the
gas-phase chemistry of CVD diamond growth,?! and,
therefore, could play an important role as propagating
units and/or lattice terminating species.

A narrow 2-6-kHz resonance was also found in some
of the spectra obtained in this work. However, based on
the quantitative measurements described above, the nar-
row resonance could not be unambiguously ascribed to
hydrogen in diamond films. As was mentioned earlier,
quantifying the hydrogen in the diamond films required
precise monitoring of the residual background signal
originating from the probe and the glass tubes. This sig-
nal consisted of a narrow peak superimposed on a broad
feature and could not be completely eliminated by heat-
ing the sample tubes under vacuum and purging the
probe with dry air. Since its intensity remained compara-
ble with that of diamond films, a residual narrow feature,
representing between 0 and 10% of the total intensity,
remained in some spectra after background subtraction,
either as a small peak (see Fig. 2) or a “hole.” Despite
several attempts we were unable to establish that the ex-
istence of the narrow resonance line was related to hydro-
gen intrinsic to diamond films studied in this work. We
also note that based on the experiments performed in this
study we see no feasible hypothesis that would explain
the existence of such a narrow feature in the spectra.
One configuration involving isolated hydrogen in dia-
monds was considered in our recent ESR work,® where
dangling-bond-H centers embedded in the vacant carbon
site of the tetrahedral diamond network were postulated.
However, hydrogen atoms involved in such centers would
not be detectable by NMR due to low concentration ( <1
ppm) and paramagnetic line broadening.

A hypothesis involving rotating CH, groups is also un-
likely. The width of an NMR line for a given system of

8,9,11
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dipolar coupled spin-1 nuclei depends not only on the lo-
cal nuclear configuration but also on the motion of the
nuclei.’? In particular, the 'H NMR linewidth of a CH,
group rotating around its C; axis at room temperature
(v, > 100 kHz) approaches ~20 kHz, which is half of
the width for the case of a rigid lattice. Typically, this
narrowing of the CH; resonance occurs at temperatures
between —170 and 120°C.>* Thus, if the ~5-kHz reso-
nance observed in this work was due to surface CH;
groups, a more isotropic motion would have to be as-
sumed. This type of motion is highly improbable on the
diamond surface at room temperature. Also, the pres-
ence of CH; groups could not be unambiguously detected
using FT-IR. An FT-IR analysis performed on film B
(Fig. 3) shows absorption in both the one and two phonon
areas of the spectrum, as well as in the C-H stretch re-
gion. While absorption in the two-phonon range
(1333-2666 cm™!) is expected for a pure diamond sam-
ple, absorption in the one phonon range ( <1330 cm ™ !) is
attributed to impurities in the diamond lattice that dis-
rupt its translational symmetry.?*~2® The presence of a
resolved peak at ~2830 cm ™!, observed within the C-H
stretch region of the FT-IR spectrum (2800-3000 cm '),
is attributed to a single C-H bond stretch vibration on a
fully relaxed (111) diamond surface.?”2

Since no evidence of adsorbed water is found in the IR
spectrum, its presence is also unlikely. Furthermore, we
considered the existence of residual concentration of hy-
drogen gas trapped inside the crystallites, and exhibiting
restricted thermal reorientation. This possibility was
excluded by performing a variable temperature line-shape
measurement for sample B between —170°C and room
temperature, which showed that below ~ —70°C the
Lorentzian component broadened and could not be dis-
tinguished from the Gaussian part even when back-
ground signal was present in the spectrum. Finally, the
possibility of methane molecules remaining trapped in
the microvoids of crystallites was investigated. To that
end we prepared a diamond film using a mixture of H,

2830 cm’!
/

ABSORBANCE (ARBITRARY UNITS)

3480 3210 2330 28s0 2370 20s0 1810 18530 1350 970

WAVE NUMBER

FIG. 3. FT-IR spectrum of film B over the absorption range
1000-3500 cm !,
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and deuterated methane CD,, but observed no change in
the NMR spectra.

In summary, at least 95% of the 'H NMR intensity
detected in this work originates from strongly coupled H
atoms localized on the crystallite surfaces. The narrower
NMR component observed in some spectra cannot be at-
tributed to hydrogen intrinsic to diamond films or
representing an invariant part of their structure.

B Hydrogen content

Using '"H NMR spectroscopy for measuring hydrogen
concentration implies that all of the proton spins are
detected in the NMR experiment and that the intensity of
the FID at =0 is correctly determined. In the pulsed
NMR experiment, the first few microseconds of the sig-
nal following a transient rf excitation cannot be observed
due to probe ringdown and receiver deadtime (6 us in our
spectrometer). We used a linear backwards prediction
method to recover the initial part of the FID. After sub-
tracting the background, the resulting spectra were com-
pared to that of a known quantity of water, to yield the H
concentrations Ny given in Table I.

Also listed in Table I are other parameters of samples
A and B measured or determined in this work: the calcu-
lated average surface area per gram S; average crystallite
size a; unpaired electron spin densities N, obtained from
ESR; and average distances between unpaired electrons
R, and R,, calculated assuming uniform distribution on
the surface or in the bulk, respectively. For the calcula-
tion of S, we assumed that hydrogen decorates a (100)
crystal face, which yields a surface density D, =3X 10"
protons per cm?. Subsequently, S is estimated using the
formula S=Ny/Dyg, from which the average crystallite
size is derived assuming a cubic shape. The electron-
electron__distances were found using the formulas
R,=V'S/N, and R, =1/(dN,)'* where d=3.51
g/cm’ is the diamond density. The ESR data will be
used later in the analysis of '3C spin-lattice relaxation.

The NMR spin count results show that the hydrogen
concentration in diamond film 4 is higher than in film B.
Assuming that the hydrogen essentially covers the crys-
tallite surfaces, the previous result is in agreement with
the SEM images in Fig. 1 which show that the top of dia-
mond film A consists of smaller diamond particles. We
also observe that for both samples the crystallite sizes a
calculated above are considerably smaller than those ob-
served on the surfaces of the films, which are several um
across (Fig. 1). This is probably due to a distribution of
crystallite sizes in the diamond films with generally larger
crystallites growing at greater heights from the silicon
substrate.> 1% Also, as suggested earlier, the existence
of internal surfaces within the crystallites should not be
excluded. Thus, the values of a given in Table I should
only be considered as the lower limit of the average crys-
tallite size. We will refer to these values below in the dis-
cussion of spin diffusion and relaxation.

C. 3C MAS NMR

13C MAS direct excitation (Bloch decay) spectra of dia-
mond films A4 and B are presented in Figs. 4(a) and 4(b),
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FIG. 4. 3C MAS NMR spectra of the diamond films: (A)
Bloch decay spectrum of 100% !*C-enriched sample A; (B)
Bloch decay spectrum of sample B with natural abundance of
3C nuclei; (C) CP/MAS spectrum of sample A after 80000
scans.

respectively. A single isotropic peak centered at 3612
ppm is observed, characteristic of carbon in the
tetrahedrally symmetric environment of natural dia-
mond'*?° and diamond films studied previously.”® For
the *C-enriched sample [Fig. 4(a)] a central peak ( ~ 600
Hz FWHM) is accompanied by spinning sidebands result-
ing from *C-13C homonuclear dipolar coupling which is
only partly eliminated by MAS at 4.5 kHz (a dipolar
powder pattern width of ~10 kHz was measured in a
static experiment). At least 99.5% of the carbon in sam-
ple A is determined to reside in an sp® diamondlike
configuration. The static spectrum of diamond film B
(not shown) exhibited a linewidth of ~300 Hz (FWHM)
which resulted from residual chemical shift anisotropy
and magnetic susceptibility. This spectrum was nar-
rowed by MAS to ~75 Hz [Fig. 4(b)]. We note the ab-
sence of a shoulder at ~30 ppm, which was observed in a
MAS spectrum of a diamond film studied recently by
Lock, Maciel, and Johnson®® using dynamic nuclear po-
larization (DNP) NMR.

D. *C CP/MAS NMR

In the 3C CP/MAS experiment, the polarization of
carbon nuclei is achieved indirectly via the 'H-'3C dipo-
lar interaction, and the obtained spectra represent pri-
marily those '*C spins that are less than three bond dis-
tances away from the nearest proton. The very low H
content in diamond films severely reduced the fraction of
BC spins that could be polarized in this experiment.
However, after 80000 cross-polarization scans we were
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able to develop a spectrum from the '*C-enriched sample
A [Fig. 4(c)]. The single distinguishable spectral feature is
a resonance centered at 3615 ppm, which is broader than
a corresponding line in the Bloch decay spectrum of Fig.
4(a). A similar 3C spectrum was observed earlier using
the DNP/CP/MAS technique.’® This important result
confirms that the majority of *C spins in film A which
are polarized by hydrogen reside in sp® diamondlike
coordinated sites. Furthermore, it shows that the recon-
struction of the diamond surface, which would result in a
graphiticlike structure (a mixture of hybrid sp? bonds and
unhybridized p orbitals!®), is prevented by atomic hydro-
gen surrounding the diamond during the thermally assist-
ed CVD synthesis.

E. '3C longitudinal relaxation

BC relaxation times T were measured with the pro-
gressive saturation method, as described in Sec. II, using
nonspinning samples to prevent the hindrance of spin
diffusion among "*C nuclei by MAS. The T values of
8+t1, 6715, and 1712 s were measured for samples 4, B,
and C, respectively. By comparing the intensities of the
3C NMR measured in this experiment to that of a cali-
brated standard we have determined that within the ac-
curacy of such measurement (+20%) all of *C nuclei in
samples A, B, and C were detected in the relaxation stud-
ies. Below, we consider possible mechanisms for longitu-
dinal relaxation in diamond films.

We first note that the T'{ values measured in this work
are four orders of magnitude shorter than those reported
previously for natural diamonds.'? This result, and the
high electron spin counts seen in the ESR measurement
(Table I), strongly suggest that the interaction of *C
spins with paramagnetic centers is the primary relaxation
mechanism in thin diamond films. In the analysis of this
relaxation mechanism it is convenient to introduce
several parameters. The diffusion barrier & is the distance
from the paramagnetic site outside of which the spin-
diffusion coefficient D is constant, and inside of which
D =0, as mutual spin-flip processes become impossible
due to the large differences in the resonance frequencies
of neighboring nuclei. A pseudopotential radius p de-
scribes a sphere around the paramagnetic site within
which proton relaxation is dominated by the electron-
proton interaction. Several limiting cases for the
effective paramagnetic relaxation are described in the
literature,’! %’ depending on the relative magnitudes of
d, p, and the average distance between paramagnetic sites
R,. There are three possibilities: (1) p <8 [complete, or
fast, spin diffusion (CSD)], (2) R, >p>6 [limited spin
diffusion (LSD)], (3) and p > R, [vanishing spin diffusion
(VSD)]. For a homogeneous system the relaxation func-
tion M (t) is given by

M()=My{1—exp[—(¢t/T$)"]} , 3)

where M, is the equilibrium magnetization. For the
present discussion we only note that for CSD and LSD
the relaxation function M (t) is exponential in time
(n=1), with a relaxation time T7{ proportional to
(N,D)~!. In the VSD limit, however, n =0.5 is expect-
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ed. To determine which of the limiting cases applies to
diamond films we first consider the pseudopotential ra-
dius p. From relaxation theory'?

p=(4,/D)"* @)

with

A4,=0.3(y,y,#)

Tle (5)
1+T3,0? |’

where ¥, and y, are the magnetogyric ratios of the elec-
trons and nuclei, respectively, o, is the nuclear Larmor
frequency, and T, is the electron spin-lattice relaxation
time. The spin-diffusion constant depends on the mean
BC-BC distance, 713 130"

2,
p=0.15—Y"_ 6)

resulting in D=3.9X10""® cm?/s for film A,
D=0.85X10"" cm?/s for film B, and D=3.1X10""
cm?/s for film C. Since T, is unknown, only the max-
imum value of p can be obtained from (5) by assuming
0,T;, =1, which yields p,,,=0.8 nm for films 4 and C
and p_,,=1.1 nm for film B. Comparing these values
with the measured distances between paramagnetic sites
(R,, and R, in Table I) indicates that the VSD limit does
not apply for diamond films studied in this work. This
conclusion is supported by the experimental data (see Fig.
5) which indicate that the relaxation follows the single ex-
ponential behavior given by Eq. (3) with n =1 reasonably
well. It is also noted that the equilibrium magnetization
value obtained from this fit agreed well with that expect-
ed from the measurement of an intensity standard (My).
An attempt to fit the same data using Eq. (3) with n=0.5
yielded an unrealistic value of M|, that corresponded to a
much larger sample. Also, a poor fit was obtained by us-
ing n=0.5 and a fixed value M =My (see dashed line in
Fig. 5). This relaxation behavior differs from that previ-

INTENSITY

. T T . T T
0 100 200 3(')0 42)0 500
TIME (s)

FIG. 5. 13C signal intensity vs time in the progressive satura-

tion experiment. The solid and dashed curves represent least-
square fits tc Eq. (3) with n =1 and n =0.5, respectively.
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ously reported for industrial synthetic diamond powders,
where relaxation with n =0.5 was reported.'? Several ex-
planations for this discrepancy should be considered: (i)
in Ref. 12 MAS was purposely used in order to suppress
spin diffusion and create a model system of noncommuni-
cating spins; (ii) a larger concentration of paramagnetic
centers was observed in industrial samples, including fer-
romagnetic inclusions revealed by the reported magne-
tism of these samples and strongly increased NMR
linewidth,; (iii) a relatively short time period (¢ << T'§) was
covered in the previous study.

Since in the remaining limiting cases (CSD and LSD)
T,¢ is proportional to (N,D)”!, the ratio of the relaxa-
tion times between the two films studied can now be es-
timated and compared with the experimental result. As-
suming a uniform distribution of paramagnetic centers
within the diamond, a T'{ ratio of 1:1.3:4.5 is predicted
for samples 4, C, and B, '>C content of 1.1%, 50%, and
100%, respectively, whereas the experimental result is
1:2:8. Although the agreement is only qualitative, it
shows that spin diffusion contributes to relaxation in dia-
mond films. An alternative model with the paramagnetic
centers concentrated primarily on the crystallite faces is
incompatible with the results of this study for several
reasons. If the paramagnetic centers were confined to the
crystallite surfaces only, then (a) assuming the crystallite
size from Table I, there is insufficient time for the spin
diffusion to transport carbon magnetization toward the
surface of a crystallite (in three-dimensional diffusion the
mean displacement during time ¢ is given by
((r,—r,)?) =6Dt. Therefore, during time T¢ the *C
magnetization is transported over a distance of
/DTS ~0.05 um in all samples). (b) A nonexponential
decay of magnetization would be expected, and (c) the
discrepancy between the R, values would be difficult to
explain.

F. Distribution of the paramagnetic centers

As claimed in the Introduction above, the conclusion
that the distribution of paramagnetic centers is homo-
geneous is very significant. If they are embedded in the
tetrahedral network, a determination of their structure is
required, and is not obvious. While a dangling bond may
easily be envisioned in the distorted tetrahedral network
of amorphous C (a-C) or Si (a-Si), that is not the case in
the ordered network found in the thin diamond films.
For example, a carbon vacancy would probably result in
a spinless pairing of the four sp® electron orbitals directed
towards the vacancy. If the dangling bonds are not iso-
lated centers embedded in the tetrahedral network, then
one may speculate that they are located on the internal
surfaces of nanovoids which are embedded in the crystal-
lites. Such nanovoids may possibly be as small as a diva-
cancy or trivacancy, and perhaps viewed as such a com-
plex of dangling bonds partially passivated by H atoms or
methyl groups. This picture then implies that the system
of these nanovoids is sufficiently dense so that the distri-
bution of the dangling bonds appears homogeneous on
the length scale probed by the spin diffusion of the '*C
nuclei. If neither of these scenarios can be established,
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the possibility that these paramagnetic centers are not
carbon dangling bonds would clearly have to be con-
sidered. Finally, we note that H atoms located in nano-
voids and in proximity to dangling bonds would be unob-
servable by NMR. The postulated nanovoids and micro-
voids are plausible for another reason as well. The aver-
age crystallite size calculated from the 'H NMR spin
count assuming coverage of surfaces by hydrogen is
~0.2 and ~0.7 um for samples 4 and B, respectively.
Yet the top crystallities in sample B are up to 15 um
across. That would imply that the crystallites growing at
the early and intermediate stages of the deposition pro-
cess would be unreasonably small. A potential resolution
of this problem might be such a system of internal nano-
voids and microvoids in which the carbon dangling bonds
are nearly, but not totally, terminated by H atoms. The
H atoms which are sufficiently far from the remaining
dangling bonds would then contribute to the observed 'H
NMR.

IV. SUMMARY

Using '"H NMR, hydrogen concentrations below 0.6
at. % were determined for the diamond films. The ob-
served hydrogen resonances had linewidths in the
50-65-kHz range and represented rigid hydrogen of high
concentration which stabilizes crystalline phases. We ex-
clude the presence of significant concentrations of methyl
groups, adsorbed water, trapped methane molecules, and
isolated hydrogen atoms in the diamond films studied in
this work.

3C NMR measurements indicated that over 99.5% of
all carbon in the thin diamond films resides in a quater-
nary diamondlike environment. Similarly, the only car-
bon detected in the CP/MAS experiment was found to be
in a diamondlike configuration. Also, *C NMR relaxa-
tion measurements were performed on each film. The de-
cay of magnetization could be fitted to an exponential
function with a T, of 8, 17, and 65 s for films with *C
concentration of 100% 50%, and 1.1%, respectively.
The dramatic increase in the 1*C relaxation rate of the di-
amond films, by four orders of magnitude versus that of
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natural diamond, implies that the dominant relaxation
mechanisms is spin diffusion to paramagnetic centers,
whose density is ~4X 10! per g (~8 ppm). Finally,
analysis of the measured relaxation rates indicates that
paramagnetic centers are uniformly distributed within
the diamond crystallites, at least within the resolution of
the *C spin-diffusion length 1/ DT{ ~0.05 um. This re-
sult is very significant if the paramagnetic centers are car-
bon dangling bonds, because it is difficult to envision such
a dangling bond in an otherwise regular ordered
tetrahedral network. It therefore raises the specter of
dangling bonds located at the internal surfaces of nano-
voids, possibly as small as a divacancy or trivacancy com-
plexes. As the distribution would be homogeneous to
within ~0.05 pum, their content would be sufficient to
strongly impact the electronic and mechanical properties
of these films. The scenario of nanovoids and microvoids
may also help explain the large discrepancy between the
average crystallite size calculated from the 'H NMR spin
count and the observed crystallite sizes which are several
microns across. While this discrepancy is partially ac-
countable by a high content of small crystallites at the
bottom and intermediate layers of the films, the required
average of 0.2 and 0.7 um would entail a large fraction of
unreasonably small crystallites. The possibility that a
significant fraction of the hydrogen is residing in internal
nanovoids and microvoids should, therefore, be seriously
considered. This scenario is, however, clearly speculative
and additional results are required for its confirmation or
refutation.
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