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EPR and optical studies on polycrystalline diamond films grown by chemical vapor deposition
and annealed between 1100 and 1900 K
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The affect of annealing polycrystalline chemical vapor deposition~CVD! diamondin vacuoup to 1900 K
has been studied using electron paramagnetic resonance~EPR! and infrared absorption. The concentration of
the EPR centers atg52.0028 and the infrared absorption in the CH region are insensitive to annealing below
1500 K. On annealing at 1700 K it was found that~a! some of the hydrogen on internal grain boundaries or in
intergranular material became mobile~in samples with strong CH absorption there was a decrease in the peak
at 2920 cm21 and an increase in the peak at 2820 cm21) but was not lost from the sample and~b! the intensity
of the EPR absorption atg52.0028 decreased. More than one defect contributes to the EPR absorption atg
52.0028 in the samples studied. Annealing at 1900 K~no graphitization of the external surfaces occurred!, in
all except one case, severely degraded the optical properties of the samples and a different EPR defect atg
52.0035(2) was created. Infrared measurements showed that hydrogen is lost from most CVD diamond
samples when annealed to 1900 K for 4 h.@S0163-1829~98!03504-8#
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I. INTRODUCTION

The synthesis of free-standing diamond film by chemi
vapor deposition~CVD! currently captivates considerab
academic and commercial interest. The quality of polycr
talline CVD diamond synthesized by many laboratories
steadily improving, but many questions remain unanswe
about the nature and constituents of defects and impur
incorporated into the diamond, the species decorating
grain boundaries, and the material in between the g
boundaries or in voids within the films. The defects, impu
ties, and nondiamond material may affect the macrosco
properties such as thermal conductivity and optical trans
ency. In addition their identification may give informatio
about growth mechanisms. The role of hydrogen in CV
diamond growth processes has been the subject of many
lications; however, there are fewer publications investigat
the location and distribution of hydrogen in polycrystallin
films.1–3 Postprocessing of CVD diamond films~e.g., anneal-
ing! has attracted even less attention,5,6 but may prove usefu
in fabrication of material for specific applications

Infrared absorption studies on CVD diamond samp
have revealed several different CH stretch vibrations in
region 2750–3300 cm21 arising from carbon-hydrogen
bonds in different environments.2,3 Infrared absorption spec
tra in most CVD diamond samples can be fitted using
stretch signatures of hydrogen bonded tosp3-bonded carbon
~2850, 2875, 2920, and 2965 cm21), hydrogen bonded to
sp2-bonded carbon~2980 and 3025 cm21), and additional
lines at 2820 and 2830 cm21 not seen in hydrogenate
amorphous carbon.2,3 McNamaraet al.3 have associated th
peaks at 2820 and 2830 cm21 with N-CH3 and O-CH3
groups, respectively. However, they could originate from h
drogen adsorbed on a diamond surface.2,4
570163-1829/98/57~4!/2302~8!/$15.00
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Studies on samples of widely varying qualities showe
correlation between the total integrated CH infrared abso
tion and the concentration of paramagnetic centers
g52.0028.7 In the study referred to above, the electron pa
magnetic resonance~EPR! absorption atg52.0028 was
identified as originating from two~or more! different
defects.7 One of these defects is the H1 center identified fro
line-shape analysis by Zhouet al.8,9 as an unpaired electro
coupled to a hydrogen atom about 0.19 nm away. Zh
et al.8,9 proposed that H1 was formed by a hydrogen at
entering a stretched C-C bond at a grain boundary, allow
the carbon to relax back, one bonding to the hydrogen
the other with an unpaired electron localized in its dangl
bond. No model was presented for the other defect
g52.0028.7 1H matrix electron-nuclear double resonan
measurements indicated that the H1 and otherg52.0028
centers are in an environment with hydrogen atoms 0.2
nm from the defect.7 There is now a considerable body o
evidence supporting the assertion that the H1 center, and
other defects centered ong52.0028 observed in polycrystal
line CVD diamond films are located on grain boundaries
in intergranular material rather than in the bulk diamond.

There has been little work reported on the annealing
havior of the H1 and otherg52.0028 centers in polycrystal
line CVD diamond. Jiaet al.5 found that the intensity and
line shape of the EPR absorption atg52.0028 in hot fila-
ment CVD samples did not vary with annealing up to 14
K, but annealing a sample~which had been ground into
powder! to 1800 K with an oxyacetylene torch for 20 mi
reduced the overall spin density by a factor of 4.5 and
relative intensity of the satellites increased with respect
the central line. No mention was made in this publication
sample graphitization. In an inert environment~vacuum bet-
ter than 231026 mbar! the conversion of diamond to graph
2302 © 1998 The American Physical Society



f
accurate
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TABLE I. N S
0 andg52.0028(1) spin concentrations~preannealing! determined by double integration o

EPR spectra and comparison with a reference. The relative concentrations of different samples are
to 610%, but the errors on the absolute values are620%. See the text for further details.

Sample No. NS
0 concentration~cm23) g52.0028(1) concentration~cm23)

1 0.931017 0.931017

2 0.931017 7.231017

3 0.631017 0.931017

4 ,231015 1.431017

5 ,231015 1431017
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ite is not normally detectable for annealing below 1800
but diamond is attacked by oxygen and water vapor at t
peratures as low as 900 K.10

Nitrogen is readily incorporated as a substitutional imp
rity ~N S

0) into diamond grown at high temperatures and pr
sures and by CVD. Under the growth conditions reported
Samlenskiet al.11 50 parts per 106 ~ppm! nitrogen in the
process gas gave rise to incorporation of between 1 and
ppm @~2–20!31017 cm23# nitrogen in the CVD diamond. In
polycrystalline CVD diamond, comparison of the concent
tion of NS

0 ~measured by EPR! with that of total nitrogen
concentrations~from techniques such as combustion ana
sis! sometimes indicates that considerably more nitrogen
be present in forms other than NS

0 . The bulk of the extra
nitrogen is probably in the intergranular material rather th
the diamond. It has been reported that adding nitrogen to
feed gases in various CVD processes can have dramati
fects on the diamond growth, including increased grow
rates, textured$100% growth, and the suppression of twi
formation.12–14

The NS
0 center has been studied extensively:15,16the nitro-

gen bonds with its four carbon neighbors, the extra elect
being localized in an antibonding orbital between the nit
gen and one of the carbon neighbors. This unique N-C b
is estimated to be 20–30 % longer than the normal C
bond17–19 and forms the principal axis of the defect, whic
hasC3v symmetry. The nitrogen donor level is thought to
about 2 eV below the conduction-band edge.

We report here the results of EPR and infrared studies
ten polycrystalline CVD diamond samples annealed
vacuum at temperatures between 1100 and 1900 K. In fiv
the samples the NS

0 concentration was less than 231015

cm23 as measured by EPR and in the others it ranged
tween 231016 and 431017 cm23.

II. EXPERIMENT

The diamond samples used in this work were made b
microwave CVD process under a variety of conditions
obtain a wide range of material qualities. The free-stand
polished films were all about 200–500mm thick and varied
from opaque to clear with an optical transparency approa
ing that of the best natural diamond. All samples showe
strong diamond Raman line at 1332 cm21 with only weak
nondiamond features in the Raman spectra. EPR meas
ments were made at temperatures between 4 and 300 K u
a conventional spectrometer and a TE104 cavity operating at
approximately 9.6 GHz. Double integration of the firs
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harmonic EPR signal and comparison with a referen
sample allowed bulk spin concentrations to be determin
Infrared absorption measurements were made with
sample at room temperature using a Perkin-Elmer 1710 F
rier transform infrared spectrometer. Several measurem
were made on each sample to check for the inhomogene
distribution of defects. The infrared beam was of similar
mensions to the sample and it was found that the meas
ments were reproducible without having to position t
sample carefully for each measurement.

The samples were annealed at temperatures between
and 1900 K in a silicon carbide vacuum furnace~Severn
Furnaces Limited!. The sample tube is made from recrysta
lized alumina and has an internal bore of 50 mm; and
furnace temperature is constant over a region of length
mm. The furnace is controlled by a Eurotherm 902-904 c
troller that allows heating and cooling rates and set points
be maintained automatically. The furnace was evacua
with a diffusion pump, via a cold stage, capable of pump
the furnace down to 531027 mbar. Once the samples wer
loaded, the furnace was purged with oxygen-free argon
fore pumping and annealing. The initial heating rate w
kept low in order to allow the pumping rate to match t
furnace outgassing. The furnace was held at the set anne
temperature for 4 h and then cooled at approximately 5 K per
minute. During annealing the sample chamber pressure
kept below 531026 mbar. The samples being studied we
mounted in between pieces of CVD diamond film while b
ing annealed to further reduce the risk of graphitizatio
Even at the highest annealing temperatures the sur
graphitization rate was very low. To remove any surfa
graphite, the samples were cleaned after annealing in a s
tion of concentrated H2SO4 and KNO3 held at 550–600 K
for 30 min. After this treatment the samples were washed
H 2SO4 at 550–600 K for a few minutes and then in deio
ized water. No mass loss was detected for any samples
annealing and cleaning, confirming that the surface graph
zation rate was very low.

III. RESULTS

Before annealing, the samples were characterized by E
~see Table I! and infrared absorption. It is useful to acqui
the EPR spectra under a variety of different conditions,20 as
is shown for sample 1 in Fig. 1. This figure shows EPR d
from the same sample recorded at incident microwave p
ers of~a! 3 mW and~b! 0.3 nW. At high microwave powers
the NS

0 spectrum@Fig. 1~b!# is strongly saturated such tha
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2304 57D. F. TALBOT-PONSONBYet al.
the allowed transitions are very small and the forbidden tr
sitions, marked with the vertical arrows, are observable
weak. Under these conditions of observation the EPR
sorption is dominated by the centers atg52.0028, which
saturate much less readily@Fig. 1~a!#. Reducing the micro-
wave power by 40 dB diminishes the intensity of theg
52.0028 resonance by a factor of 100, but the NS

0 comes out
of saturation and the EPR intensity increases to a maxim
before decreasing with further reduction in microwa
power. Figure 1~b! is dominated by the NS

0 EPR spectrum.
This is not quite powderlike because preferential growth
specifically oriented crystallites resulted in a slight~110! tex-
turing of the film. The NS

0 EPR signal has been used
characterize the texturing of polycrystalline CVD diamo
films.21

The EPR spectrum in Fig. 1~a! is reminiscent of those
reported by other workers studying CVD diamon
films.5,7–9,22–26The linewidth, resolution, and relative inten
sity of the satellites are sample dependent, and in the sam
we have studied it is not possible to reproduce the EPR s
tra with the H1 defect alone. Additional resonances ag
52.0028 must be introduced to reproduce the experime
data satisfactorily.7

Annealing the CVD samples below 1500 K produc
little or no observable change in the intensity or shape of
EPR absorption atg52.0028. However, annealing th
samples for 4 h attemperatures above 1500 K produced d

FIG. 1. X-band~9.6 GHz! EPR spectra from sample 1 recorde
at 5.0 K with an incident microwave power of~a! 3.0 mW and~b!
0.3 nW. The double ended arrows indicate theDmI560 allowed
NS

0 EPR transitions and the single ended lines indicate theDmI5

61 forbidden NS
0 EPR transitions observed at high microwa

powers.
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matic changes in the EPR intensity and line shape and
some cases the infrared absorption. Not all the samples
haved in the same way. Figure 2 shows results for three
the samples that are representative of those observed fo
ten samples studied. Figure 2~a! presents the data from a
opaque CVD sample~sample 2; the as-grown defect conce
tration atg52.0028 was 7.231017 cm23 and the single sub-
stitutional nitrogen concentration was 0.931017 cm23),
which shows strong CH infrared absorption. The presenc
substitutional nitrogen does not influence the annealing
havior of the resonance atg52.0028. On annealing to 170
K the resonance atg52.0028 narrows appreciably. The am
plitude of the satellites relative to the central peak to pe
height decreases and the overall intensity is reduced.
2820-cm21 infrared absorption peak increases dramatica
along with other less pronounced reductions in the infra
absorption at higher energies. Overall, the strength of the
absorption band does not change appreciably. Further
nealing to 1900 K produces a new strong EPR resonanc
g52.0035(2), without apparently reducing the intensity o
the g52.0028 resonance further. Annealing at 1900 K d
matically degrades the optical quality of the sample, wh
becomes much darker. This is not graphitization of the
ternal sample surfaces. The infrared absorption of the ove
CH absorption band is reduced with a marked reduction
the 2820-cm21 absorption. Figure 3 shows the behavior
the g52.0028 EPR intensity and the strength of the 28
cm21 absorption peak as a function of annealing tempera
in sample 5, which behaved similarly to sample 2.

Figure 2~b! presents the annealing data for sample 3~the
as-grown defect concentration atg52.0028 was 0.931017

cm23 and the single substitutional nitrogen concentrat
was 0.631017 cm23) in which the integrated absorption o
the g52.0028 EPR resonance was 8 times less than tha
sample 2@Fig. 2~a!#. The total CH infrared absorption ban
was also considerably weaker with no resolvable 2820-cm21

peak. This sample was transparent. The satellites on thg
52.0028 resonance in sample 3 are less well resolved tha
sample 2 and the central peak is slightly broader. On ann
ing to 1700 K theg52.0028 resonance narrows, the amp
tude of the satellites relative to the central peak to pe
height decreases, and the overall intensity is reduced. Fu
annealing to 1900 K produces the new resonance ag
52.0035(2). In this respect samples 2 and 3 behave in
same fashion. However, the infrared absorption spectra
sample 3 do not change appreciably with annealing. With
final annealing at 1900 K the sample, like sample 2, beca
much darker. Once again this was not graphitization of
external sample surfaces.

Figure 2~c! shows the annealing data for sample 4~the
as-grown defect concentration atg52.0028 was 1.431017

cm23 and the single substitutional nitrogen concentrat
was less than 0.231015 cm23). Preannealing theg
52.0028 EPR absorption looked similar to sample 3 w
poorly resolved satellites. However, the CH infrared abso
tion band was markedly different with only three broa
peaks centered at 2924~5!, 2850~5! ~weak!, and 2810~5!
cm21. The first two peaks are characteristic of the asymm
ric and symmetric stretching of CH2 groups, respectively
where the carbon issp3 bonded. The inequality in the inten
sities of these two lines has been commented on by othe3
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FIG. 2. X-band~9.6 GHz! EPR spectra recorded at 5.0 K and room-temperature infrared absorption spectra in CH region from~a! sample
2, ~b! sample 3, and~c! sample 4, taken following annealingin vacuofor 4 h at1500, 1700~offset 7.5 cm21!, or 1900 K~offset 15 cm21!.
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We can find no reference in the literature to the 2810~5!-
cm21 line. Upon annealing, theg52.0028 EPR absorption
diminishes in intensity without significant changes in the li
shape, and theg52.0035~2! resonance does not appear up
annealing to 1900 K. No changes are observed in the infra
absorption when annealing up to 1900 K and this sample
not show such a marked deterioration in optical quality.

Annealing a CVD sample in stages to a set temperat
holding the temperature for 4 h ateach stage, produced th
same overall change as annealing a piece of the same
grown sample directly to the set temperature for four hou
ed
id

e,

as-
s.

In five samples the concentration of NS
0 was monitored be-

tween annealings and it was found that annealing up to
maximum temperature used here~1900 K! had no affect on
the concentration of this impurity.

IV. DISCUSSION

A. Effect of annealing on NS
0 concentration

The aggregation of NS
0 centers to formA centers has been

studied by many workers.27–30 When annealing type-Ib dia
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2306 57D. F. TALBOT-PONSONBYet al.
monds, it has been shown that the rate of formation oA
centers is proportional to the square of the initial concen
tion of NS

0 , showing that theA center consists of two nitro
gen atoms.29 It is now accepted that theA center consists o
a pair of adjacent substitutional nitrogen atoms.17,19,31 The
rate of aggregation can be substantially increased if the
mond is subjected to radiation damage.32 In the CVD dia-
mond samples studied the maximum NS

0 concentration was
431017 cm23. With the concentration this low no signifi
cant aggregation of NS

0 was expected in our studies. This
consistent with the NS

0 concentration being unchanged b
annealing. No evidence of thermally or optically activa
charge transfer altering the concentration of NS

0 ~N S
0 donating

an electron to a trap or NS
1 trapping an electron! was de-

tected on annealing. The NS
0 EPR signal made a useful inte

nal reference for studying the changes in the concentrat
of other centers during annealing.

B. Effect of annealing on the concentration of EPR centers
at g52.0028 and CH infrared absorption band

In all samples we have studied the intensity of the E
absorption atg52.0028 reduced on annealing above 1500
However, the details of the changes are sample depende
most samples on annealing to 1700 K the resonance
rowed and the satellites became better resolved. Neither
fore nor after annealing could the shape of theg52.0028
EPR signal be successfully simulated with only the H1 E
resonance. The relative contribution of H1 to the signa

FIG. 3. Theg52.0028 EPR spin concentration~solid squares!
and the integrated absorption of the 2820-cm21 infrared peak~1!
measured in sample 5 plotted as a function of isochronal annea
temperature. The error bars on the EPR and infrared data are
proximately 610%. The best fit to the EPR data obtained us
first-order kinetics is shown by the open circles; the broken line
drawn as a guide to the eye.
-
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.
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g52.0028 is sample dependent and can change on anne
at 1700 K. This is consistent with other paramagnetic cen
contributing to theg52.0028 resonance and these cent
annealing at a different rate to H1.

In samples that exhibit strong CH absorption~samples 2
and 5 in this paper!, changes in this band can be observ
concurrently with changes in the EPR spectra. Figure
shows the change in theg52.0028 spin concentration an
the change in the 2820-cm21 absorption peak on annealin
in such a sample~sample 5!. The total change in the CH
absorption band in a sample of this type~sample 2! is shown
in Fig. 4. Here the as-grown infrared absorption spectr
has been subtracted from the annealed spectrum.
changes in the CH infrared absorption band are not sign
cant below 1500 K, but at 1700 K we find a redistribution
intensity, with some peaks growing and others falling in
tensity. There appears to be no overall loss of strength in
band. There is a redistribution of hydrogen amongst differ
bonding configurations. The reduction in the peak arou
2920 cm21 indicates a loss of CH2 groups~where the car-
bon issp3 bonded!. This loss is mirrored by a growth in th
intensity of the 2820-cm21 peak, which has been alternate
attributed to a N-CH3 group3 or alternately to hydrogen ad
sorbed on a diamond surface.2,4

For samples with much lower concentrations of theg
52.0028 EPR centers, the EPR signal behaves on anne
to 1700 K in the same fashion as for samples with strong
absorption, but there are no significant changes in the
absorption band, presumably because of the low numbe

ng
ap-

s FIG. 4. Room-temperature infrared difference spectra~annealed
spectrum minus the as-grown absorption spectrum! for sample 2,
offest for clarity of display. See the text for details.
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hydrogen atoms redistributing during the annealing. T
many different processes are occurring to correlate
change in the EPR spectra with a specific band in the in
red; however, an increase in the 2820-cm21 absorption peak
at 1700 K is always accompanied by a reduction in theg
52.0028 EPR signal strength.

Previous studies have indicated that H1 and the otheg
52.0028 defects are probably located on grain boundarie
in hydrogenated intergranular material.7–9,26 We have found
that the EPR absorption atg52.0028 reduces at tempera
tures where some of the hydrogen is mobile, but below 1
K no hydrogen~as monitored by infrared absorption! is lost
from the CVD diamond samples. Annealing to 1900 K pr
duced a new EPR center atg52.0035(2) in all samples
except one@sample 4, Fig. 2~c!#. The line shape is asymme
ric, indicating a smallg-matrix anisotropy. No hyperfine
structure was observed. We have no reliable model for
defect.

After annealing to 1900 K the overall CH absorption ba
was reduced in intensity in most samples~e.g., Fig. 3!, indi-
cating that hydrogen was either lost from the sample or
corporated in a non-infrared-active form. The first explan
tion seems to be the most likely. It was not possible
measure the change in some samples due to a signifi
reduction in infrared transmission following the 1900 K a
neal. All samples except sample 4 darkened noticably du
the 1900 K annealing and the visible transmission was
duced significantly. The deterioration of optical quality
the samples was pronounced. It appeared that severe int
degradation of the samples was taking place, but there
no graphitization of the external surfaces. We conclude
the loss and redistribution of hydrogen during the hig
temperature annealings destabilizes the internal grain bo
aries and diamond is being converted into graphite or hyd
genated amorphous carbon. It is possible that part of
reduction in transmission is due to increased absorption
both electronic band-gap states and vibrational states; h
ever, we believe that the degradation of internal grain bou
aries increases the scattering of incident light.

The anomalous behavior of sample 4 is not understo
As can be seen from Fig. 2~c!, the g52.0028 EPR absorp
tion decreases on the 1900 K annealing but no new def
are created. The optical quality and infrared absorption in
CH region did not change on annealing to 1900 K. The C
infrared absorption spectrum for this sample is unusual:
have not seen the broad peak at 2810 cm21 in any other
CVD diamond sample. It is possible that the grain boun
aries in this material are stabilized by a different, more sta
CH species and that the incorporation of intergranular hyd
genated amorphous carbon is much less in this sample.
ther work on this sample is planned.

C. Hydrogen termination of diamond surfaces
and modeling the kinetics of reduction

in the EPR absorption at g52.0028 on annealing

Quantitative analysis of the isothermal annealing data
difficult because it is possible that many different proces
that affect the concentration of H1 and other defects oc
simultaneously. It is apparent from the infrared data that
bonds are being broken on annealing above 1500 K and
o
e
-

or

0

-

is

-
-

o
nt

g
-

nal
as
at
-
d-
-
e
y

w-
d-

d.

ts
e

e

-
le
-

ur-

is
s

ur
H
he

hydrogen released is forming more stable species and is
lost from the sample until the temperature is increased ab
1800–1900 K. If the model for the H1 center~hydrogen
entering a weak C-C bond at a grain boundary, bonding w
one of the carbons and leaving an unpaired electron in
dangling orbital on the other! is correct,8,9 it could be de-
stroyed by the evolution of the hydrogen atom on anneali
or by a hydrogen atom~supplied from another surface sp
cies, another H1 center, or abstracted by the intergran
material! bonding with the dangling carbon orbital.

It is clear that a redistribution of hydrogen on anneali
below 1700 K reduces the concentration of paramagnetic
fects. We attempted to fit the reduction in the concentrat
of H1 centers on annealing using first-order kinetics, wh
predicts that the concentration after thei th annealing@H1# i
5@H1# i 21exp(2kt), wheret is the time of the annealing a
a temperatureT. The rate constant is given byk
5A0exp(2EA /kBT), whereA0 is a constant andEA the acti-
vation energy. We setEA equal to the energy required t
break a CH bond (EA;4.3 eV! and allowed only the con-
stantA0 to vary. The isothermal annealing data for the EP
concentration atg52.0028 is reproduced reasonably we
using first-order kinetics. The fit obtained to the anneal
data from sample 5 (EA54.3 eV andA05108 Hz! is shown
in Fig. 3. If H1 were simply decaying by emission of hydr
gen atoms to nonsaturable traps we would expectA0 to be
typical of vibration frequencies (;1013 Hz!, which is clearly
not the case. However, the value ofA0 is consistent with H1
being destroyed by capturing a hydrogen atom, so long as
capture probability is low~i.e., there are many other traps fo
hydrogen atoms!. It is not worth speculating further; becaus
of the complexity of processes that are probably occurri
simple first-order kinetics is likely to be inappropriate. How
ever, the annealing rate of the EPR signal atg52.0028 is
consistent with the requirement of breaking a CH bond
order to destroy the center.

Surface studies have revealed that hydrogen termina
of diamond is important in stabilizing the surface structu
and hence the bulk diamond against phase transforma
Studies on hydrogen-terminated~external! surfaces indicate
that the strongly bound hydrogen is lost on annealing
1200–1300 K.33 We do not observe changes until the anne
ing temperature is raised to 1500 K; therefore, we are
simply dealing with hydrogen on external diamond surfac
During annealing hydrogen atoms may be exchanged
tween the diamond surfaces and intergranular hydrogen
material, and the types of CH species present on the surf
and in intergranular material could be changed. This is c
sistent with the changes observed in the infrared absorp
in some of the samples. Presumable samples that show
change contain only the most stable CH species.

Studies on~111! diamond surfaces show that the chem
sorption of hydrogen on a clean surface~231 reconstructed!
induces a phase transition to a 131 structure. The desorption
peak occurs around 1300 K, but a few percent of a mo
layer on the surface is effective at maintaining thesp3

131 structure.34 An infrared peak at 2830 cm21 has been
tentatively assigned to the surface C-H stretching mod4

Studies of hydrogen-induced surface reconstruction on~001!
surfaces have also been reported.35 During CVD growth as
well as stabilizing the surface atomic hydrogen genera
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radical sites at which hydrocarbons can absorb by hydro
abstraction and assist the incorporation of the hydrocarb
by further hydrogen abstraction.36 Annealing at 1900 K re-
sulted in the breaking of CH bonds, the loss of hydrog
from the sample, and degradation of the optical propertie
the sample. New paramagnetic defects were created in
process. It appears that hydrogen stabilizing diamond
faces were lost and surface reconstruction or internal gra
tization took place.

V. CONCLUSION

The infrared absorption and concentration of the E
centers atg52.0028 are found to be unaffected by anneal
at temperatures below about 1500 K in the CVD diamo
samples studied, which is consistent with work previou
reported.5 However, prolonged annealing at higher tempe
tures changes both the infrared and EPR absorption. At 1
K some of the hydrogen on internal grain boundaries o
intergranular material becomes mobile. The intensity of
EPR absorption atg52.0028 decreases, but the detailed
havior is complicated, indicating the presence of differ
defects all contributing to the EPR absorption. However,
annealing rate is consistent with the requirement to brea
CH bond to reduce the EPR signal atg52.0028. In samples
with strong CH infrared absorption there is a decrease in
peak at 2920 cm21 and an increase in the peak at 2820 cm21

on annealing at 1700 K. The 2820 cm21 peak is strongest in
samples with intense CH absorption bands. Its strength
en
ons

en
of
the
ur-
hi-

R
g

nd
ly
a-
700
in
he
e-
nt
he
k a

the

oes

not correlate with the NS
0 concentration and the increase

intensity on annealing appears to depend only on the av
ability of hydrogen. This leads us to believe that the 282
cm21 peak originates from a hydrogen center on a diamo
surface rather than an impurity species.

Annealing for 4 h at 1900 K, in all except one case, se
verely degraded the optical properties of the sample an
new EPR defect atg52.0035(2) was created. Infrared me
surements show that hydrogen is lost from most CVD d
mond samples on annealing at 1900 K. One sample, with
unusual CH absorption spectrum, did not show the dram
changes in optical quality and no new EPR centers w
created by the 1900 K annealing.

This study has shown that the concentration of param
netic defects and the distribution of hydrogen can be alte
by high-temperature annealing. A study of the possible c
relations of these changes with changes in electrical prop
ties on annealing is planned. The present study has sh
that annealing to 1900 K can severely damage the opt
quality of polycrystalline films. The processes involved
the degradation are not fully understood but appear to
volve loss of hydrogen from the sample.
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