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Microphotoluminescence and Raman scattering study of defect formation 
in diamond films 

L. Bergman, B. R. Stoner, K. F. Turner, J. T. Glass, and R. J. Nemanich 
Department of Physics and Department of Materials Science and Engineering, 
North Carolina State University, Raleigh, North Carolina 276954202 

(Received 30 September 1992; accepted for publication 17 December 1992) 

Photoluminescence and Raman spectroscopy are employed to explore the time evolution of 
defect formation in chemical vapor deposition diamond films for stages of growth spanning 
nucleation to continuous film formation. Our research is concentrated on three types of defects 
which give rise to the 1.68 eV optical band, the sp2 phase which centers at 1500 cm-‘, and the 
broadband luminescence at 565-800 nm. The investigation of these types of defects suggests the 
following conclusions. Si atoms are most likely responsible for the creation of the 1.68 eV optical 
centers which takes place at the initial stages of growth. Plasma interactions -with the Si 
substrate contribute to the 1.68 eV defect formation. The broad luminescence and sp2 bonding 
defects were not present in the isolated nuclei but were significantly present when a continuous 
film was formed. Two rates of diamond growth were obtained and the changes of the rates were 
attributed to the lowering degree of freedom available for the growth of the nuclei as well as to 
the formation of the sp” phase. 

I. INTRODUCTION 

Investigation of defect formation in chemical vapor 
deposition (CVD) diamond films is critical in understand- 
ing the basic mechanisms of electronic transport and opti- 
cal interactions which underlie applications in developing 
electronic and optical devices. In this study Raman-and 
photoluminescence (PL) microscopy was employed to in- 
vestigate the formation over time of defects in CVD dia- 
mond, from the very early stages of diamond nucleation 
through formation of groups of particles and finally to the 
growth of continuous thick films. At each stage of the 
growth, the morphology of the sample was obtained from 
scanning electron microscope (SEM) images and this in- 
formation was correlated to the PL and to the Raman line 
intensities of the defects. This article presents an analysis of 
the creation of three types of defects associated with optical 
bands referred to as the 1.68 eV, the sp2-type bonding, and 
the broadband luminescence at 565-800 nm, for stages .of 
growth spanning nucleation to continuous film formation. 

One part of our experiment examined the 1.68 eV de- 
fect center, for which conflicting models have been pro- 
posed. Previous work has suggested a relation of the 1.68 
eV center to the GRl optical active center which exists in 
natural and synthetic diamond. Upon interaction with 
light the GRl gives rise to the photoluminescence band at 
1.673 eV. The GRl defect center can be produced in any 
type of natural or synthetic diamond by the introduction of 
radiation damage into the diamond,14 which creates va- 
cancies and interstitials of carbon atoms. It is commonly 
accepted that the GRl band is associated with the natural 
vacancy center which possesses tetrahedral symmetry’ and 
has an unpolarized zero-phonon line emission of 1.673 eV 
arising from a transition between the T, and the E state.6 

In many thin diamond films grown from the vapor 
phase, the PL emission line can be observed at 1.68 eV 
which is a shift of 7 meV from the GRl peak of the natural 

diamond. This shift may indicate that the 1.68 eV center 
originates from a different defect center than the natural 
vacancy. Various works show evidence that the introduc- 
tion of Si during growth increases the 1.68 eV peak signif- 
icantly.7’8 One explanation was that the Si atoms were in- 
corporated into the diamond octahedral lattice sites and 
formed a radiative center there.7 Another study on Si- 
implanted natural diamond showed that the 1.68 eV center 
was due to defects containing two interstitial silicon at- 
oms.’ Yet another possible explanation for the 7 meV shift 
is that it arises from the presence of the internal stress 
which exists in the individual crystallites of the CVD dia- 
mond films. This residual stress can induce the 6-7 meV 
shift of the GRl center. 

Another part of our experiment examined the broad- 
band luminescence. The broad luminescence band, extend- 
ing from approximately 565 to 800 nm and centered at 
around 608 nm, has been observed in various luminescence 
studies. The broadband is exhibited in both cathodolumi- 
nescence (CL) spectra of natural and polycrystalline dia- 
mond, lo-l6 and has also been observed in the PL spectra of 
other studies.15-17 In most of the PL and CL spectra, the 
2.15 eV center was detected as well. This center has been 
attributed to the zero-phonon line (ZPL) of the interstitial 
nitrogen-vacancy complex. It has been suggested that the 
broad luminescence band is the result of vibronic interac- 
tion corresponding to the 2.15 eV ZPL.13 Inspection of the 
PL spectra of hydrogenated amorphous carbon’8”9 reveals 
that a broadband luminescence exists with similar charac- 
teristics as the diamond broadband PWCL. However, 
since the CVD diamond film was found to possess sp2 
amorphous-like carbon bonding, it is surmised that the 
broadband luminescence may be due to that type of defect. 

In this article the experimental results and analysis of 
the formation of 1.68 eV, sp2-type and broadband lumines- 
cence defects is presented. Section III A of this article de- 
scribes measurements of the Raman linewidth, the ratio of 
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the sp”-type bonding to the sp3 diamond-type bonding 
(sp2/sp3), and the absolute integrated diamond Raman line 
intensities as a function of the growth time. At the very 
early stages of the deposition when the morphology of the 
substrate consisted of isolated diamond particles, no sp2 
phase was found and the Raman linewidth exhibited a de- 
crease with time. Furthermore the integrated diamond line 
followed a power-law increase with time. At later stages 
when coalescing of particles took place, sp2-type bonding 
was found to form linearly with deposition time and the 
diamond linewidth increased monotonically with time. 
Also, the integrated diamond line still exhibited a power- 
law increase but with a smaller exponent than at earlier 
stages of growth. From the analysis of Raman linewidth 
and diamond intensity, a common critical threshold time 
was obtained which separated the early growth time phe- 
nomena from the longer time events, corresponding to the 
time when the diamond particles just started to coalesce as 
observed in the SEM images. 

Section III B reports a study of the 1.68 eV defect 
center. The PL measurements indicated that the formation 
of the 1.68 eV centers takes place at very early stages of 
nucleation and growth of the diamond particles. The rate 
of incorporation of the defects into the growing film dimin- 
ishes as the sample becomes continuous. It is hypothesized 
that plasma etching of the Si substrate is a possible mech- 
anism to provide Si atoms which enhance the formation of 
the 1.68 eV optical centers. This hypothesis about the in- 
teraction of plasma and Si substrate was checked via an 
experiment in which five diamond films were grown at 
different distances from the plasma. The 1.68 eV relative 
intensities of these samples were significantly higher for the 
samples which were placed next to the plasma core than 
for the samples which were located farther away. 

In Sec. III C preliminary results of the study on the 
broadband luminescence are presented. The initial analysis 
indicates that the type of defects responsible for the broad 
PL does not exist in the isolated diamond nuclei, but rather 
tend to be created in later stages of growth. The broad PL 
follows similar growth versus time behavior as the sp2 
phase, and therefore it is suggested that the amorphous 
sp2-bonded carbon contributes to the broad PL in the CVD 
diamond film. 

II. EXPERIMENT 

Diamond samples for this study were grown in an AS- 
TeX stainless steel microwave plasma CVD chamber de- 
scribed in detail in previous publications.mJ21 Briefly, the 
chamber consists of a cylindrical stainless steel cavity with 
an inner diameter of 6 in. The plasma forms in a stable 
position at the center of the cavity and the substrate may 
be positioned relative to the plasma up to 8 cm down- 
stream. The Si ( 100) substrates in this study were prepared 
by first abrading them with 1 pm diamond paste in order to 
increase the nucleation density of the diamond particles. 
The abrasion was followed by an ultrasonic cleaning in 
TCE, acetone, and methanol, a rinse with de-ionized (DI) 
water, and then dried with nitrogen. 

For the study of defect formation as a function of time, 
a series of stop-growths was performed. The growth se- 
quence was interrupted after deposition times of 1.5, 3, 5, 
7, 10, 17, and 40 h. Each step of the growth was followed 
by SEM, Raman microscopy, and photoluminescence anal- 
ysis. Following the analysis, the sample was solvent- 
cleaned as discussed above and then reinserted into the 
growth chamber. The sample was grown in an immersed 
mode and was located 0.5 cm into the plasma. The plasma 
consisted of 1% CH, in Hz at 1000 seem total flow. The 
plasma power, chamber pressure, and substrate tempera- 
ture were maintained at 800 W, 25 Torr, and 750 “C, re- 
spectively. For the study of the role of plasma in defect 
creation, five diamond samples were grown on Si substrates 
at positions 0, 1, 2, 3, and 4 cm below the plasma edge. 

The photoluminescence and microwave Raman spec- 
troscopy were carried out at room temperature using the 
ISA U-1000 scanning monochromator. The samples were 
excited with the 5 14.5 nmline of an Argon-ion laser, which 
was focused on the sample to a spot of about 5 pm diam- 
eter. Focusing was facilitated by using the Olympus BH-2 
microscope. The laser power at the sample was measured 
to be about 20 mW. The Raman spectra were taken at the 
region 1000-1800 cm-’ and the PL spectra were taken at 
the region 400-7000 cm-’ (2;36-1.54 eV>. In order to 
check the spatial variation and to improve statistical sig- 
nificance the Raman and the PL data were taken at 12 
different locations on the sample for each stage of the ex- 
periment. The data reported in this article represent an 
average of these 12 points. 

Ill. RESULTS AND DISCUSSION 

A. Analysis of the diamond and the graphitic Raman 
spectra 

The tirst part of our experiment focused on an analysis 
of the Raman spectra as a function of growth time. In the 
Raman spectra of our cyclic growth sample, two main Ra- 
man features centered at 1332 and at 1500 cm-’ were 
observed. The Raman scattering at 1332 cm-’ has proved 
to be an indication of sp3 diamond bonding while the broad 
feature at 1500 cm- ’ has been attributed to sp2 
amorphous-type graphitic bonding.22-26 

The diamond Raman linewidth, full width at half max- 
imum (FWHM), was first analyzed as a function of dep- 
osition time. Figure 1 shows the FWHM plotted as a func- 
tion of growth time. The linewidth exhibits a minimum at 
about 8 h and a monotonic increase thereafter. The rela- 
tively large linewidth at 1.5 h and 3 h of growth time may 
be attributed to the grain-size broadening mechanism of 
the small nuclei27 as well as to the incorporation of the 
relatively large Si atoms into the diamond matrix which 
takes place at early stages as will be discussed in Sec. III B 
of this article. The minimum Raman linewidth occurs at 
around 8 h when the diamond particles are large (about 
1.5 pm), and for the most part are isolated and just begin- 
ning to cluster as indicated by the SEM images shown in 
Fig. 2. The broadening of the linewidth at the later stages 
of deposition when the particles coalesce and a continuous 
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FIG. 1. The diamond Raman linewidth (FWHM) as a function of dep- 
osition time. The optimum of the linewidth occurs at -8 h. 

film forms can be attributed to three possible broadening 
mechanisms: the inhomogeneous strain induced by the in- 
creasing concentration of the grain boundaries in the film, 
the increasing presence of the sp2-type defects, and the size 
effect of the secondary nucleation. 

Next the diamond Raman integrated intensity as well 
as the sp2/sp3 ratio was analyzed as a function of deposition 
time. Figure 3 shows the Raman spectra at the seven stages 
of growth time. The sp2 feature at 1500 cm-’ starts to be 
noticeable at around 7 to 10 h of growth time and becomes 
relatively large thereafter. For growth times under 7 h the 
sp2 feature was hard to detect in the spectra. Figure 4 
shows for the same Raman spectra the plot of sp2/sp3 ratio 

- 6nm 

- 6nm 

FIG. 2. The SEM micrographs of the diamond sample at (a) 1.5, (b) 3, 
(c) 10, and (d) 40 h of deposition time. 
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FIG. 3. The Raman spectra at the seven stages of deposition time: 1.5, 3, 
5, 7, 10, 17, and 40 h. 

versus growth time. The plot indicates the absence of sp2 
defects until around 7 h and a linear increases for longer 
growth times. 

The growth rate of CVD diamond is controlled by a 
complex dynamic balancing of the competitive growth of 
sp2 and sp3 phases and the preferential etching of sp2 by 
atomic hydrogen. 28Z29 Determination of the growth mech- 
anism and the kinetics of the CVD diamond is beyond the 
scope of this research, but the following data suggests sev- 
era1 tentative conclusions. 

The absence of sp2-type defects at 1.5, 3, 5, and 7 h of 
growth time, at which stages the morphology was observed 
to be one of unconnected nuclei of random orientation, 
may be the result of the preferential etching of the defects 
by the atomic hydrogen. Kobashi et aL29 have found that 
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FIG. 4. The relative Raman intensity of the $-type bonding vs growth 
time. The graphitic component is not present in the spectra at the early 
stages of growth (1.5-7 h). 
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FIG. 5. The integrated intensity of the diamond Raman peak as a func- 
tion of growth time. The transition from higher to lower growth rate 
occurs at -8 h. 

the chemical reaction rate of graphite with hydrogen is 
about 30 times faster than that of diamond. Therefore, 
sp2-type clusters are removed rapidly from the substrate 
surface and only diamond grains remain and grow. If this 
is the main mechanism preventing the presence of sp2-type 
defects at early stages, then the rate of growth of sp2-type 
defects should be approximately equal to the rate of its 
removal. 

At later stages when coalescing and clustering of the 
nuclei occur resulting in the formation of grain boundaries, 
the sp2 phase follows a linear increase with deposition time. 
This implies that the rate of growth of sp2-type defects is 
higher than the rate of its etching by the atomic hydrogen. 
One possible mechanism for the change in rate which takes 
place at around 8 h is incipient formation at that time of 
grain boundaries where particles join. The grain bound- 
aries may provide favorable sites for the sp2 phase to nu- 
cleate and grow. The hypothesis that sp2-type bonding is 
present predominantly at grain boundaries was also stated 
in the work of other groups.30*31 

In order to determine how the diamond growth rate is 
impacted by the initial incorporation of the sp2-type defect 
and the morphology transition from isolated nuclei to clus- 
ters, the integrated intensity of the diamond Raman peak 
versus time was calculated. Figure 5 shows the plot of the 
diamond integrated intensity as a function of growth time. 
The plot indicates two different power-law growth rates of 
the diamond, and a transition time at around 8 h. This 
transition time is consistent with the time of the initial 
appearance of the sp’ defect and the time when a change in 
the morphology takes place. 

The growth rate is higher at early stages when nuclei 
are isolated from one another and space is available for the 
grains to grow in both lateral and vertical directions. 
Above the transition time the growth rate is lowered due to 
the coalescing which reduces the lateral degree of freedom 
available for the growth of the nuclei, as well as due to the 

1.68 eV .,-J----L-- 

0 2000 3600 4000 5000 6000 7 
Wavenumber Shift (cm-“) 

FIG. 6. The PL and Raman spectra of the diamond particles at 7 h of 
growth time. 

competitive formation of the sp2 phase in the growing film 
as discussed in the previous paragraphs. 

EThe 1.66 eV optical center 
In the second part of this study the formation of the 

1.68 eV centers as a function of growth time was examined. 
Figure 6 shows the spectra of the 1.68 eV band at 7 h of 
growth time. For the cyclic growth sample, the PL inte- - 
grated intensity of the 1.68 eV line was calculated and 
normalized to the diamond integrated Raman line for var- 
ious growth times. The results shown in Fig. 7 indicate an 
initial increase of the 1.68 eV relative intensity until a max- 
imum is reached at about 8 h; thereafter the PL relative 
line is seen to decrease with increasing growth time. The 
SEM images of this sample shown in Fig. 2 reveal that 
initially the tihn consists of isolated diamond particles; af- 
ter -8 h the diamond particles start to coalesce, forming 
grain boundaries until most of the Si substrate is covered 
by the growth. 

A possible mechanism for the effect shown in Fig. 7 is 
that etching of the Si substrate by the plasma releases Si 
atoms in the gas phase and allows them to become incor- 
porated into the growing diamond film. In the early stages 
when the nucleation and growth of the isolated particles 
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FIG. 7. The relative integrated PL intensity of the 1.68 eV band as a 
function of deposition time. The highest intensity occurs at -7 h. 
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FIG. 8. The relative integrated PL intensity of the 1.68 eV band vs 
distance from the plasma during growth. 

take place, the probability of creating the 1.68 eV centers is 
high since the Si substrate is almost entirely exposed to the 
plasma. As the diamond nuclei continue to grow in an 
isolated fashion, the concentration of the defect centers 
increases. At deposition times longer than 8 to 10 h, less of 
the Si substrate is exposed to the plasma, resulting in a 
reduced concentration of the 1.68 eV defect centers. 

The absolute integrated intensity of the 1.68 eV line 
was also measured at ten different positions on the 10 h 
growth sample. No significant variation in intensity was 
found which implies that the final spatial distribution of 
these defects was nearly uniform across the sample. For the 
sample of 40 h growth time, large fluctuations in the 1.68 
eV absolute intensities were observed across the sample. 
Furthermore, on average, the PL intensity was 35% lower 
than the absolute integrated intensity exhibited by the 10 h 
sample which possessed the maximum concentration of de- 
fects. The diamond Raman signal also exhibited up to 30% 
variation in intensity across the sample. The above obser- 
vations suggest that the film thickness and the presence of 
grain boundaries caused the luminescence of the 40 h sam- 
ple to scatter, thereby making the PL signal hard to collect. 
This scattering of the luminescence implies that the 1.68 
eV defect centers reside mainly next to the interface of the 
diamond and the Si substrate. 

To support the assumption that plasma interaction 
with Si substrate initiates formation of the optical defect 
centers, five incomplete diamond films were grown at dif- 
ferent distances from the hydrogen plasma. Figure 8 shows 
the resulting 1.68 eV integrated relative intensity as a func- 
tion of distance from the plasma, and indicates that the 
film which was grown nearest the plasma (i.e., immersed 
in it) exhibited the highest concentration of the 1.68 eV 
centers. The film which was grown 4 cm from the plasma 
exhibited very small concentrations of these centers. Saito 
et aL3’ have found other evidence of hydrogen plasma in- 
teraction with the Si substrate: their experiments revealed 
that when placing the Si substrate in the plasma center, 
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FIG. 9. The broad PL spectra of (a) the isolated nuclei at 3 h and (b) of 
the continuous film at 40 h of growth time. 

etching and redeposition of Si atoms was the predominant 
reaction due to the high concentration of electrons and 
hydrogen radicals. 

C. The broadband PL at 565-800 nm 

An analysis of the broadband photolumlnescence as a 
function of growth time is now presented. Figure 9 shows 
the broadband PL spectra for the isolated diamond nuclei 
at 3 h of growth time and for the continuous film at 40 h. 
.The spectra of the continuous film exhibits a strong PL 
band ranging from approximately 1000 to 6000 cm-’ 
(565-&b nm), and centered at around 2 eV ( -3000 
cm-‘). The broadband PL is not present in the spectra of 
the isolated diamond nuclei. 

The graph of the relative integrated intensity of the PL 
band versus growth time is shown in Fig. 10. The PL band 
was not observed in the spectra of the initial stages of 
growth, and was noticeable only from 7 to 40 h during 
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which interval it behaved linearly with growth time. The 
time evolution of the broadband PL is similar to that of the 
sp2-type bonding (see Fig. 4). The similarity in the forma- 
tion of the two types of defects may be an indication that 
the presence of defects which caused the broad PL is due to 
the sp2 carbon bonding which exists in disordered config- 
uration in the diamond film. 

Broadband PL spectra very similar to those found in 
our work have been observed in many studies of amor- 
phous hydrogenated carbon material (a-C:H) which pos- 
sess a random network of sp2 and sp3 bonding configura- 
tion.18~1y The lineshape and the peak position of the PL was 
found in these studies to vary from sample to sample de- 
pending on the growth condition. The broad PL in a-C:H 
has been assumed to originate from transitions in the ex- 
ponential distribution of tail states which extend into the 
forbidden gap. The presence of tail states is a consequence 
of the lost long-range order in the material. 

Other studies using cathodoluminescence (CL) spec- 
troscopy suggest that the broad luminescence in diamond 
is due to interaction of the 2.16 eV ZPL center with the 
lattice vibration (vibronic interaction) .‘op12-14 The 2.16 eV 
band which arises from the interstitial nitrogen-vacancy 
complex was observed in our spectra and had a very weak 
intensity. The nitrogen in the diamond film was probably 
deposited from the residual amount of this element which 
existed in the environment of the growth chamber. 

The fact that both PL and CL extend over the same 
range of luminescence and have similar lineshape does not 
exclude the possibility that CL is due to a different type of 
defect center than that of PL, since the two spectroscopies 
differ in their energy range and in their cross section. The 
determination of the origin of the broad luminescence will 
be addressed in a future study. 

From the present data it can be concluded that the 
type of defect responsible for the broadband PL in the 
CVD diamond does not form at early stages when isolated 
nuclei constitute the morphology. The defects instead start 
to form at approximately 7 h of growth time and have 
increasing concentration thereafter. A possible type of de- 
fect which may cause this broad PL is the amorphous sp’- 
type bonding which has time evolution consistent with the 
PL luminescence intensity. 

IV. CONCLUSIONS 

The following conclusions about the formation of de- 
fects in CVD diamond films are suggested by the study: 

( 1) The diamond linewidth exhibits an optimum when 
the particles are large and disconnected. As the iilm be- 
came continuous, a broadening of the line was observed, 
and was attributed to the strain induced by the grain 
boundary and to the sp” phase, both of which appear at 
later stages of the growth. 

(2) The Raman spectra revealed that the isolated nu- 
clei did not contain sp2-type defects. At later stages when 
clustering occurred and grain boundaries formed, the sp2 
phase was found to increase with growth time. The in- 
crease of the sp” defect concentration may be attributed to 

the presence of the grain boundaries which provide sites for 
the sp2-type bonding. 

(3) From any analysis of the integrated diamond Ra- 
man lines as a function of time, a characteristic time was 
obtained for which a morphological transition of isolated 
nuclei to clusters took place. The characteristic time 
marked also the time when the sp2 phase started to appear. 
It is surmised that these two events were responsible for the 
decreased growth rate of the diamond. 

(4) The 1.68 eV defects are found to be created mostly 
at early stages of diamond nucleation and growth when 
most of the substrate is exposed to the plasma. Hence 
higher concentrations of this type of defect reside in the 
vicinity of the Si substrate and less in the bulk of the dia- 
mond film. in our experiment, no variation in concentra- 
tion of the 1.68 eV defect was found across the sample. 

(5) The plasma interaction with the Si substrate is 
essential to the formation of the 1.68 eV defect in the CVD 
diamond. Since the creation of the optical center is greatly 
enhanced by the availability of Si, most likely the center 
contains Si atoms. This conclusion is supported by our 
observations that the relative integrated intensity of the 
1.68 eV band of the samples, which were grown in various 
distances from the plasma, exhibited a decrease with dis- 
tance from the plasma, combined with the finding that the 
creation of the defects took place at early stages when most 
of the Si substrate was exposed to the plasma. 

(6) The broad PL band which centers at -2 eV was 
not observed in the spectra of the early stages of nucleation 
and growth, but was present in the spectra of the later 
stages. The broad PL and the sp2 intensities both follow 
similar time evolution. Amorphous carbon hydrogenated 
material, which contains the same bond configuration as 
the sp2 phase in the diamond film,18~‘y exhibits broad pho- 
toluminescence spectra similar to that observed in our 
spectra. These two observations lead us to suggest that the 
sp’ bonding configuration may give rise to the broadband 
luminescence. This topic will be investigated in a future 
study. 

In summary, the isolated diamond nuclei contain only 
the 1.68 eV optical defect. The diamond bulk film contains 
the sp’-type defects and the defects which give rise to the 
broad PL. 
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