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Defects in diamond films, produced by the filament-assisted chemical-vapor deposition of methane
and hydrogen as a function of total gas pressure and substrate temperature, were investigated by
electron-paramagnetic-resonance measurements. We found an isotropic g value (2.0028+0.0002) in-
dependent of growth conditions. The peak-to-peak linewidth increases with pressure from 3.5 to 5 G
and the spin density decreases with increasing pressure and temperature and varies between 10' and 10'
spins/cm . The line shape was found to be the superposition of two components, a narrower Lorentzian
and a broader Gaussian, suggesting exchange narrowing and a nonuniform distribution of paramagnetic
defects. The line shape was analyzed using Van Vleck's theory of moments and a model regarding the
distribution of the dominant paramagnetic center in diamond films was proposed and compared with
structural studies on the same films. The temperature dependence of the spin-lattice relaxation rate,
evaluated by the saturation method, was also investigated.

I. INTRODUCTION

The growth of diamond at low pressures, using vapor-
phase deposition methods, is both an interesting problem
in the science of crystal growth and a process with
significant commercial potential as an alternative to the
synthesis of this material by the high-pressure method.
Diamond films produced by low-pressure methods are ex-
pected to find a large number of applications due to their
unique mechanical, thermal, optical and semiconducting
properties.

Despite the significant empirical progress in the field of
diamond growth, a host of fundamental science problems
remains unresolved. Principal among them is the ques-
tion of diamond nucleation and growth under low-
pressure conditions, where diamond should be thermo-
dynamically unstable relative to graphite. One may ar-
gue that growth is a nonequilibrium process so equilibri-
um considerations are not relevant. Thus, a number of
groups' discussed diamond growth entirely as a kinetic
process. Our group has previously observed a qualitative
correlation between diamond growth and the existence of
defects, ' and has proposed a quasiequilibrium model
which shows that diamond with a certain concentration
of defects is thermodynamically stable over graphite.

Besides any role the defects may play in the stabiliza-
tion of diamond, their study is important in itself because
defects a6'ect the mechanical, thermal, optical, and elec-
tronic properties of the material. In many cases, defects
in the films are undesirable; however, certain mechanical
properties, such as toughness, could improve with certain
types of defects. Therefore, the ability to control the de-
fects during film growth and to characterize their nature
after film growth is an important area of study. Electron
paramagnetic resonance (EPR) is a powerful technique to

study the microstructure of paramagnetic point defects,
their interactions with the lattice and their mutual in-
teractions.

Natural and high-pressure synthetic diamond were ex-
tensively studied by EPR and excellent review articles
were published. Results were reported on impurities (N
or Ni) (Refs. 9 and 10) and paramagnetic centers pro-
duced by irradiating the sample with electrons or neu-
trons"' or by mechanical damage. ' Few studies were
presented recently on low-pressure-grown diamond thin
films. '

In this paper, we report on a systematic study
by EPR of defects in diamond films produced by the
hot-filament-assisted chemical-vapor-deposition (CVD)
method under various growth conditions. The data are
compared with Raman spectroscopy studies which indi-
cate a correlation between defects and diamond growth.
A study of the resonance line shape based on the method
of moments' ' was carried out and a model regarding
the distribution of the dominant paramagnetic center in
diamond films was proposed. Spin-lattice relaxation rates
have been also investigated as a function of temperature,
film morphology, and concentration of defects.

II. EXPKRIMKNTAI. METHODS

The films on which the present study was carried out
were prepared by the filament-assisted-CVD method
from a gas mixture of CH& (2%) and H2 (9g%) with total
gas pressure varying from 5 to 75 Torr. The tungsten
filament was operated at lg00 C (not corrected for fila-
ment emissivity) 10 mm above the substrate which was
positively biased relative to the filament. The emission
current was held constant at 13 mA/cm by adjusting the
substrate bias voltage. The films were grown on boron-
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doped Si(100) substrates roughened by blasting them with
SiC powders (25-pm particles). Two series of films, with
the substrate temperature at 750 and 950 C and variable
total gas pressure, were grown and investigated. Details
on film preparation were published elsewhere.

The films were characterized by scanning electron mi-
croscopy (SEM), x-ray diffraction (XRD), transmission
electron microscopy (TEM), and Raman spectroscopy.
XRD studies were performed with Cu Ea radiation on
diamond films removed from the silicon substrate by dis-
solving the substrate in acids. TEM studies were per-
formed on thinned diamond samples using the Phillips
EM430 electron microscope.

EPR measurements were carried out on self-standing
diamond films in an X-band Varian E9 spectrometer as a
function of temperature using a 100-kHz field modulation
and a modulation amplitude of 0.5 G. The g value was
evaluated by comparison with a Mn:SrO reference. The
absolute number of spins in the samples was obtained by
comparison, under the same experimental conditions,
with an a, a'-diphenyl-P-picrylhydrazyl (DPPH) refer-
ence which was also used as a second reference for the
evaluation of the g value. The spin-lattice relaxation time
T&, was evaluated from the saturation behavior of the
resonance line.

III. EXPERIMENTAL RESULTS

The surface morphology of the investigated films was
found to depend on the total pressure of growth. Films
grown at pressures higher than 15 Torr tend to be well
faceted, while those grown at lower pressures are less
faceted and in some cases have a ball-like morphology.
The XRD data are characteristic of polycrystalline dia-
mond films with a lattice constant a0=3.567 A. Bright
field TEM images of individual crystals show regions
which are largely free of twins and stacking faults and
other regions characterized by a high concentration of
two families of (111)-type stacking faults. Raman spec-
troscopy studies on the same samples were reported pre-
viously. The most important feature from this study is
that the Raman line at 1330 cm ', which is associated
with the triply degenerate phonon of I2~ symmetry of
single-crystal diamond, broadens with reduction of the
total pressure of CH~+H2 without a corresponding shift
in frequency. The broadening of the line was attributed
to the reduction of the phonon lifetime due to the incor-
poration of point defects in the films rather than strain.
Similar conclusions regarding lack of internal stress in
films grown under identical conditions were also reported
recently by Gheeraert, Deneuville, and Bonnot.

All investigated diamond films were found to show a
symmetrical resonance line shape which can be deconvo-
luted into a narrower Lorentzian component and a
broader Gaussian component as discussed later. A typi-
cal EPR signal is shown in Fig. 1. The summary of the
EPR results is presented in Tables I and II for films
grown at 750 and 950'C, respectively. We found an iso-
tropic g value of 2.0028+0.002 independent of growth
conditions and temperature during the measurements.
The linewidth and the concentration of paramagnetic

3270 3280 3290 3300
Magnetic Field [Gauss]

FIG. 1. A typical EPR spectrum (FA40) and best-fit function(,experimental data; ———,Lorentzian; ———,Gauss-
ian; . . . , Lorentzian + Gaussian).

centers were found to depend on the gas pressure and
growth temperature as indicated in Figs. 2 and 3, respec-
tively. The data in Fig. 2 show that the peak-to-peak
linewidth depends mostly on the gas pressure rather than
the substrate temperature. Initially the linewidth in-
creases with the pressure and then saturates at about 5 G.
Figure 3 shows that the concentration of spins decreases
with increasing gas pressure as well as substrate tempera-
ture.

The temperature dependence of the EPR intensity for
all the investigated samples was found to satisfy the
Curie-Weiss law. This is consistent with electron locali-
zation in the defect and rules out contribution to the sig-
nal from conduction electrons in graphitic regions.

The spin-lattice relaxation rate T,, ' was found to de-
pend on the morphology of the films. Thus the values of
T&,

' were evaluated as a function of temperature for one
film with ball-like morphology (FA44) and another with
faceted morphology (FA40). The results are reported in
Fig. 4. Both samples show an almost temperature-
independent spin-lattice relaxation rate for T &100 K.
At higher temperature the spin-lattice relaxation rate can
be described by the relation T where a=3 for the sam-
ple with ball-like morphology and a=5 for the sample
with faceted morphology. In the whole investigated tem-
perature range we found T&, FA44 & T&, FA40.

IV. DISCUSSION

A. Line shape and distribution of defects

The shape of the resonance line was analyzed for three
samples having peak-to-peak linewidth of 3.5, 4.5, and 5
G. The resonance line was deconvoluted into a Lorentzi-
an and Gaussian component, as shown in Fig. 1, using a
nonlinear best fit based on the Marquardt method. The
fitting function is given by

Y'(H) = YL„+Po,„„,
where
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TABLE I. Growth conditions and experimental results for the samples grown at 750'C.

Sample

FA44
FA42
FA40
FA41

Total pressure
(Torr)

5
15
25
75

g value

2.0028+0.0002
2.0028+0.0002
2.0028+0.0002
2.0028+0.0002

EH'
(G)

3.5+0.5
4.0+0.5
4.5+0.5
4.5+0.5

+exp
(spins/cm')

1.8X 10'
1.3X 10"
5.9X 10'
4.9X10"

16y ~ io [(H Ho)/ibH i.o ]

[3+[(H —Ho)/ —,'bH i.„] I

H —Hoyt I
Gauss ~ max, Gauss

pp, Gauss

(2)

1X exp
2

H —Ho

pp, Gauss
(3)

The parameters of the fitting are reported in Table III.
The center field Ho was found to be the same for the two
components indicating a cornrnon nature of the paramag-
netic centers responsible for the two lines. Listed in
Table III are also the ratio of the Lorentzian component
and Gaussian component areas versus the total area of
the line. Similar results were obtained using the linear
anamorphosis method. Note that the Lorentz contrac-
tion becomes less and less important as a function of the
total growth pressure. The second (M2) and fourth (M4)
moments of the resonance line were evaluated from the
fitting function where the Lorentzian contribution was
limited to the range

~

H Ho ~

(40 G—. The ratio
M4/3M2, which is expected to be 1 for a pure Gaussian
and increases as the Lorentzian component becomes
dominant, can be considered as measure of the narrow-
ing. The results of this calculation are also reported in
Table III.

The analysis of the line shape shows that the wings of
the line profile have Gaussian character while the center
has a Lorentzian form. Broadening efFects due to strain
in the films have been ruled out based on Raman spec-
troscopy studies done on the same films as previously
discussed. It is known that a weak dipole-dipole interac-
tion broadens the EPR spectra while exchange interac-
tion of like paramagnetic centers leads to a narrowing of
the line shape. ' The existence of a spectrum with nar-
row and broad lines is consistent with the presence, in the
same sample, of regions characterized by a higher con-
centration of paramagnetic centers in addition to regions
with a lower concentration of the same centers. The
overall line shape is due to the fact that the concentration

&=&z,+&,„,+Ad;p, (4)

where &z„&,„„and &d; are the electron Zeeman, ex-
change, and dipolar interaction terms,

~z =HgP +S,
J

&,„,= g A~ksj Sk,
k&j

&dq)=g p g [rjk (SJ.Sk) —3rjk (rjk. sj. )(r/k Sk)] .
k&j

In these expressions g is the g value, p is the Bohr magne-
ton, S, is the z component of the spin of the unpaired

electron on the jth site, S,Sk are the spins of unpaired
electrons on the jth and kth paramagnetic center, r k is
the distance between these centers, A k =2z J i, (z is the
number of unpaired electrons in the center and J k is the
exchange integral). Using the method of moments the
concentration and distribution of paramagnetic centers
and the magnitude of the exchange interaction energy
can be obtained. The second and fourth moments of the
absorption line for a polycrystalline material (averaging
with respect to all direction) are' '

Mz= —,'g p S(S+1)g rjk
k'

M =3(1—rI)M + 6 A S (5+ 1) g r k6,
k'

of paramagnetic centers in a certain volume of the crystal
attains a value such that the dipole-dipole interaction of
the unpaired spins of neighboring centers is already pro-
nounced (Gaussian broadening) and exchange interaction
becomes significant (Lorentz contraction of the lines).
Therefore, in the attempt of explaining the observed line
shape, the following Harniltonian has to be con-
sidered:

TABLE II. Growth conditions and experimental results for the samples grown at 950'C.

Sample

FA52
FA53
FA48
FA50

Total pressure
(Torr)

5

15
30
60

g value

2.0028+0.0002
2.0028+0.0002
2.0029+0.0002
2.0028+0.0002

3.5+0.5
3.5+0.5
5.0+0.5
5.0+0.5

+exp
(spins/cm )

2.5 X10"
1.5X10"
3.2X10"
1.9X 10'
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FA44 FA40 FA50

AH, „(G)

AHp~ G,„„(G)

~ Gauss ~~ exp

~, (G23
M', (G3
~4i3~22

3.5
3.2

1538.96
10.9

196.37
0.70
0.3

28.9
3494.5

1.40

4.5
3.7

1277.37
11.3

379.89
0.55
0.45

32.7
3936.6

1.23

5.0
3.5

522.96
13.4

184.17
0.40
0.60

37.2
4499.1

1.08

TABLE III. Parameters related too the line shape for samples
FA44, FA40, and FA50.
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(12)

where do is the lattice constant of the dilute lattice de-
scribed by the coordinates r~k. From Eq. (8) and Eq. (12)
we can evaluate do and therefore the concentration of
paramagnetic centers. The values of do, the distances be-
tween first neighbors r, and the calculated concentration
of paramagnetic centers N, are reported in Table IV. N,
is one to three orders of magnitude larger than the exper-
imental value Xe p

This discrepancy could be eliminated
if we assume a nonuniform distribution of paramagnetic
defects in the samples. The experimental concentration is
an average value over the total volume of the sample
which is in reality characterized by a fraction of its
volume ( V& /V) with a higher concentration of spins (K& )

and the rest with a lower concentration of spin (%z). Re-
lating the calculated total number of defects to the
Gaussian component AG (the second moment is
unaff'ected by exchange interaction) and the experimental
total number of defects to the experimental line A,„„we
can evaluate the fraction of volume with the higher con-
centration of spins as

~G+exp

~ exp+1
(13)

TABLE IV. Parameters related to the evaluated distribution
of paramagnetic centers for the samples FA44, FA40, and
FA50.

FA44 FA40 FA50

do (A)
r (A)
X,„z (cm )

N, ( )

(%)
X2 (cm )

40.12
17.37

1.8x10"
1.2X 10

4.2
1.4x10"

39.31
17.02

5.9x10"
1.3X10

2.0
3.4x 10"

38.47
16.66

1.9X 10'
1.4X 10

0.08
7.8X10'

The results of this analysis are reported in Table IV.
The narrowing of the linewidth with the decreasing of

the pressure, shown in Fig. 1, is then interpreted as due
to exchange interaction in the region with higher defect
concentration. The volume of these regions was found to
be larger for films grown at lower pressures. This ex-
plains why exchange narrowing appears in both sets of
films grown at 750 and 950 C even though the concentra-
tion of defects for the latter set is one order of magnitude
smaller than the former.

Under the assumption of dilute magnetic lattice we
evaluate the exchange energy from the experimental
second and fourth moments of the resonance line. From
Eq. (8) and Eq. (9) we have

M„—3M2(1 —g) 2p2

2S(S+1)M2 h 2c2

A value of 3 -6X10 cm ' was found for the three an-
alyzed samples. A similar result (A —3.5X10 cm
for r -22 A) was obtained for nonuniformly distributed
substitutional nitrogen in polycrystalline synthetic dia-
mond. The lack of hyperfine or superhyperfine interac-

tions, and therefore the lack of information regarding the
defect wave function, does not allow us to perform a
theoretical estimation of the exchange energy as a func-
tion of distance between the paramagnetic centers. This
calculation was performed for substitutional nitrogen
and the theoretical result was found to be in good agree-
ment with the value obtained using the experimental re-
sults and Van Vleck's theory.

Alternatively one may consider a Gaussian discrete
distribution of do, a Gaussian discrete distribution of the
distance r~k. between the paramagnetic centers, or a more
general probability function. However, the main con-
clusion, related to the nonuniform distribution of defects,
the existence of close pairs responsible for the exchange
narrowing, and the temperature dependence of the spin-
lattice relaxation rate, as discussed later, is not expected
to be modified.

B. Nature of the defect

The observed g value of 2.0028+0.0002 is consistent
with the 2 center first observed by Griftiths, Owen and
Ward" and then by Faulkner and Lomer' on neutrons
and electrons irradiated type-IIA diamond, respectively.
In addition to the central line, this center shows satellite
lines which, depending on the irradiation dose, may or
may not be resolved. A number of groups speculated as
to the nature of this center. O' Brien and Pryce ' suggest-
ed vacancies and interstitial carbon atoms as being re-
sponsible for this center. Yamaguchi, whose calcula-
tions have shown that the negatively charged vacancy
V is the dominant defect with ground state A and the
first excited state T, suggested that V is related to this
2 center. Harris, Owen, and Windsor proposed, fol-
lowing this suggestion, that the pair of satellite lines ob-
served in the spectrum may be due to the splitting of the
S=

—, spin levels via lattice distortion by a neighboring di-
amagnetic interstitial atom C . The nondegenerate state

has been recently demonstrated, by EPR and
electron-nuclear double-resonance measurements, to be
the ground state of the negatively charged vacancy.
Walter and Estle' observed a single-line EPR spectrum
with a g value of 2.0027+0.0008 and a peak-to-peak
linewidth of 5 —6 G from crushed diamond.

The identification of the main paramagnetic center as
being the negatively charged vacancy in the set of investi-
gated films is consistent with our EPR results. However,
positron annihilation measurements, reported by Dan-
nefaer, Bretagnon, and Kerr, exclude the presence, to
within the experimental sensitivity ( -0.2 ppm), of
charged states of the single vacancy. Based on the posi-
tron lifetime, these authors derived a concentration of va-
cancy clusters ( —6 vacancies) of the order of 10' cm

Based on our results and on the positron annihilation
measurements, we suggest that the region of high concen-
tration of paramagnetic centers could be either dangling
bonds in multivacancies or in areas which show extensive
concentration of (111)stacking faults. The region of low
concentration of EPR centers could be related to dan-
gling bonds distributed throughout the material in small-
er multivacancies or dislocations.
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C. Spin-lattice relaxation rate

The experiments show an increase in the relaxation
rate T&, with increasing spin concentration. This sug-
gests the influence of some rapidly relaxing center
characterized by a strong spin-phonon interaction. These
centers could be groups of closely situated paramagnetic
defects between which considerable exchange interaction
acts [ A (r) ))A (r ) where r —17 A is the distance from
the evaluated concentration]. The assumption
&,„,))&z, is consistent with relaxation by conversion
into exchange energy and then through the dipolar in-
teraction into one or two lattice phonons. This as-
sumption cannot explain the observed temperature
dependence of the relaxation rates. ' However, even if
&,„,&&&z, (in agreement with the evaluated exchange
energy) and the exchange interaction is not considered an
individual reservoir the spin-lattice relaxation rate of the
Zeeman subsystem to the lattice could be significantly
affected. It was shown by Buishvili and Khalvashi that,
if the spin-lattice interaction operator does not commute
with the exchange interaction, the relaxation rate de-
pends on the concentration Xand on the temperature as

(15)

where I is 3 or 5 depending on the specific relaxation
mechanism (direct or Raman process, respectively). This
analysis could explain the experimental results at ternper-
atures higher than 100 K. The fact that the direct pro-
cess dominates in the sample with ball-like morphology
may be attributed to an increase of the phonon spectral
density at low energies due to disorder. The most
temperature-independent relaxation rate at temperatures
lower than 100 K could be related to spin-spin interac-
tion. In this case the recovery could be due to the
transfer of excitation by a temperature-independent
spin-spin process in which pairs for which r (&r and so
A(r))) A(r) constitute an independent reservoir. Such
a process should be dependent on the concentration of
paramagnetic centers, as we observed, and practically in-
dependent of the field H. Honig, ' on the basis of
Bloembergen's analysis of nuclear relaxation by paramag-
netic impurities, outlined a model to explain the
concentration-dependent relaxation process in n-type sil-
icon. In this model the isolated spins relax via spin
diffusion to fast-relaxing centers consisting of pairs aris-
ing because of the nonuniform distribution of the centers.
A more detailed analysis of our results based on this
model will be the subject of a future study. Results
qualitatively similar to those reported were obtained on
samples containing nitrogen-vacancy and nitrogen-
divacancy complexes.

D. Film growth

The trend in the concentration of the paramagnetic de-
fects, shown in Fig. 3, as well as the trend in the Raman
spectra and the morphological changes, suggest that the
reduction of gas pressure during diamond growth by the
filament-assisted CVD process increases the concentra-
tion of defects in the films. %'e believe that lattice defects

(vacancies) are introduced in the films by atomic hydro-
gen etching of carbon atoms and incomplete subsequent
regrowth. Atomic hydrogen becomes a more efBcient
etchant at the lowest pressure because its mean free path
and its recombination lifetime are higher at the lowest
pressures.

The observed decrease of paramagnetic defects with in-
crease in substrate temperature (see Fig. 3) suggests a
partial annealing of defects with growth temperature.
Some vacancies may anneal out by migrating to the sur-
face and others may cluster to form large multivacancies.

These data are in qualitative agreement with the model
on defect-induced stabilization of diamond over graphite
proposed by Bar-Yam and Moustakas. ' In this model
the incorporation of certain defects during diamond film
growth reverses the thermodynamic stability between di-
arnond and graphite. The formations of vacancies as well
as the growth rate of the films are determined by carbon
etching processes. For example, the commonly observed
growth rate of 1 pm/h (or 1.5 monolayers/sec) requires
the deposition of 10' carbon atoms/cm sec on the sub-
strate. However, the deposition rate from a 100-Torr
mixture of hydrogen with l%%uo CH4 is expected to be 10 '

carbon atom/cm sec (or 10 monolayers/sec). Thus the
diamond growth should be understood as a multiple re-
growth process, i.e., many layers are grown and removed
for each layer ultimately deposited. This rapid growth
and regrowth process leads to materials with large con-
centration of vacancies. These vacancies are likely to
cluster and form multivacancies which are more stable at
the high temperatures of growth. Thus, this model of
growth is consistent qualitatively with the observed EPR
defects being dangling bonds in internal surfaces of mul-
tivacancies.

V. CGNCLUSIQNS

In conclusion, diamond films, produced by the
filament-assisted CVD process, were found to have a con-
centration of paramagnetic centers in the range 10' —10'
cm with an isotropic g value of 2.0028 independent of
growth conditions. A defect with such a g value is con-
sistent with either a negatively charged vacancy or a dan-
gling bond in multivacancies or dislocations. The
analysis of the line shape using Van Vleck's theory of mo-
ments is consistent with a nonuniform distribution of the
EPR centers in the diamond films. More specifically, the
majority of defects are clustered in a very small volume
fraction of the sample, while the rest of the sample con-
tains a smaller concentration of the same defects. The
clustered defects are assumed to be dangling bonds in
large multivacancies or regions with an extensive concen-
tration of (111) stacking faults, while the distributed de-
fects are assumed to be dangling bonds in smaller mul-
tivacancies or dislocations.

The spin-lattice relaxation rate was found to depend on
the temperature, the concentration of defects, and the
film morphology. The almost temperature-independent
spin-lattice relaxation rate at low temperatures was attri-
buted to a spin-difFusion process to rapidly relaxing close
pairs of paramagnetic centers. At higher temperatures
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the spin-lattice relaxation rate temperature dependence
was found to be consistent with direct or Raman relaxa-
tion processes where the spin-lattice operator does not
commute with the exchange Hamiltonian and the ex-
change interaction is not considered an independent
reservoir.

The dependence of the concentration of paramagnetic
defects on pressure during film growth was found to be in
qualitative agreement with Raman spectra and morpho-
logical changes in the films. The data suggest that dia-
mond growth at lower pressures introduces more defects
in the films due to atomic hydrogen etching of carbon
atoms and subsequent incomplete overgrowth. The same

trends are also qualitatively consistent with the model of
defect-induced stabilization of diamond under metastable
conditions.
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