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Confocal Raman imaging for the analysis of CVD diamond films
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Abstract

Raman imaging has been used to investigate the microstructure of some (100)-textured diamond films. Results have shown that
different crystals within a film can give rise to different Raman line positions, intensities and line widths, with the result that the
overall diamond line is the sum of all the individual contributions from all the different crystals. The images presented herein first
show considerable variation in the distribution of amorphous carbon and defects producing the luminescence background. These
defects were mostly detected within the grain boundaries, confirming most of the previous studies. These examples also emphasize
the amount of variability that may be detected in the line shape of the Raman diamond line. In particular, line splitting was
observed for all the samples examined, and in some particular cases was the most dominant feature that was observed. Such a
line splitting has to be related to strain fields that exist within the crystals. However, it was impossible to correlate line shift or
line splitting to the presence of defects such as amorphous carbon or point defects giving rise to the luminescence background.
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1. Introduction

The growth of chemical vapour deposition (CVD)
diamond films is known to be accompanied by the
incorporation of non-diamond phases and crystallo-
graphic defects, and by the production of stress. Stress
in CVD diamond films can lead to film deformation,
delamination or even film cracking, while defects limit
the normally exceptional functional properties of dia-
mond. Thus, defect detection and measurements of
residual stress are necessary to assess the film reliability,
and to optimize the deposition process.

The total residual stress in the film is a superposition
of thermal stress and intrinsic stress. The former is
generated during postgrowth cooling from deposition
temperature because of the thermal expansion mismatch
of diamond and substrate material. The intrinsic stress
is thought to arise mainly from impurities and defects
such as grain boundaries, twins, dislocations, amor-
phous carbon and voids incorporated during diamond
growth [1-3]. A number of studies have shown that the
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intrinsic stress is a complex function of the growth
conditions [1,4-7]. Furthermore, it is known from in
situ Raman studies that the average intrinsic stress level
within the film is thickness dependent [8]. Thus, any
information on stress magnitude and on its spatial
distribution, may be useful for understanding the growth
mechanism itself and assist in the search for methods of
improving diamond quality.

There have been numerous studies using Raman
spectroscopy to measure stress in CVD diamond films.
These studies have shown that different crystals within
a film can give rise to different Raman line positions,
intensities and line widths and sometimes to a splitting
of the diamond peak into two or even three components
[9-13]. These shifts are usually interpreted in terms of
stresses within the crystals or the films and, in the case
of shift and splitting, in terms of anisotropic stresses
which distort the cubic symmetry of the diamond lattice,
resulting in lifting the triple degeneracy of the Raman
diamond peak. The effect of stress on the diamond line
shape and position has been theorically described in a
number of papers and it is shown that the stress depen-
dence of both the shift and splitting of the peak varies
with crystallographic orientation [2,14-16].
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To get a picture of stress distribution, and to try to
establish correlations between stress and defects incorpo-
ration, we used the possibilities offered by Raman
imaging techniques which were earlier described in a
number of papers [12-18]. In this work, the surface of
two different (100)-textured films grown either on a
silicon substrate or a cemented tungsten carbide sub-
strate were mapped at high spatial resolution. The origin
of the multiple Raman peaks observed in continuous
CVD diamond films is investigated and the presence of
very high local stresses is confirmed.

2. Experimental

Two different samples will be examined in this work.
Both were grown using a standard microwave plasma
quartz tube reactor. The process conditions were: 400 W
microwave power, feed gas: 2% CH, in 100 sccm H, at
10 Torr, substrate temperature ~ 750 °C. These process
conditions ensured the growth of (100)-textured films.
The first sample was grown on a diamond-abraded
silicon substrate. Its thickness was 30 um. The second
one was grown on a WC-Co (6 wt% Co) substrate. Its
thickness was 120 pm. Prior to deposition, the substrate
was treated in HCI in order to etch the cobalt at the
surface of the sample.

The Raman spectra were recorded on a DILOR XY
confocal Raman spectrometer equipped with a charge-
coupled device (CCD) array detector, using the 514.5 nm
line of an Ar ion laser. The laser power was held
constant through the experiments, with generally 10 mW
incident on the sample. A confocal aperture of 600 um
was used, so that the sampling volume was a cylinder
of approximate dimensions 0.7 pm in diameter and 4 pm
in thickness.

To record the Raman images, the laser spot is moved
in a line by means of a mirror scanner. The Raman
scatter of the scanning illuminated laser spot is collected
in the 180° backscatter configuration and travels along
the optical axis through the confocal pinhole. A second
mirror scanner is used in phase with the first scanner to
distribute the collected light along a line on the entrance
slit of the spectrograph. Hence, the Raman scatter
originating from the line probed by the scanning laser
is imaged as a line on the spectrograph and energy
dispersed. The two dimensions of the CCD are used to
collect spectral and spatial information of the scanned
line simultaneously. The sample under the line-scanning
laser spot is subsequently displaced in small increments
perpendicular to the direction of the laser scanning until
the desired area is mapped to its full extend.

For each of the films considered here, maps of the
surface were recorded with a point spacing of 0.5 or
1 pm. Raman images are constructed by computer with
the information contained in the spectra (integrated

intensities of the lines, frequencies and widths of the
lines, background intensity,...). While no explicit polar-
ization analysis was performed, no analyser was placed
in front of the entrance slit. However, for diamond
crystals oriented in the [100] direction, the intensity of
the Raman line in backscattering geometry is a strong
function of the angle the E vector of the incident laser
beam makes with the [100] direction in the plane of the
crystal. Because the Ar ion laser is linearly polarized
and the diffraction gratings used in the spectrometer
have a strong polarization dependence, strong intensity
variations were observed analysing (100 )-textured films,
depending on the orientation of the crystals with respect
to the polarization of the incoming beam. To overcome
this effect of crystallite orientation, a polarization scram-
bler was placed in the exit beam.

Under these experimental conditions, maps consisting
of around 1200-4500 individual spectra are obtained
within 3-15h, depending on size, spatial resolution,
spectral resolution and the signal to noise ratio required.
Generally, the spectra were curve-fitted using mixed
Gaussian—Lorentzian line shapes.

3. Results and discussion

The first film under investigation was an example of
“moderate” quality diamond film. It contained a number
of crystallites with a (100) growth orientation that have
flattened off during growth to give square facets. Fig. 1
is a scanning electron micrograph of the film from which
the investigation was conducted, Fig.2 the macro
Raman spectrum which was obtained by averaging the
4480 spectra used to generate the images presented
below. The full width at half maximum of the diamond
line is quite low (3.3 cm ™), and the average frequency

Fig. 1. A scanning electron micrograph of the first sample.
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Fig. 2. Macro-Raman spectrum of the first sample, obtained by averag-
ing the 4480 spectra used to generate the images presented in Fig. 3.

(1332.9 cm ™) indicates that the film is under a slight
compressive stress. Amorphous carbon is also detected
along with a strong luminescence background.
Different maps of the surface, recorded with a point
spacing of 0.5 pum, were generated from the spectra:
intensity of the diamond line; background intensity;
intensity of the amorphous carbon bands; frequency
and width of the diamond line. These maps are shown

in Fig. 3, along with the optical image of the area of
interest. From this figure, it is first noticed that the map
of the intensity of the diamond line correlates well with
the optical image: it is possible to identify all the
individual crystallites. The maps also show that the
(100) growth sectors do contain some defective material:
amorphous carbon evidenced by a broad band in the
Raman spectra peaking near 1500 cm ™!, and certain
luminescence features usually associated with defects in
diamond, giving rise to broad bands superimposed on
the Raman spectra. The distribution of this defective
material within the surface of the film is not homogen-
eous. The amorphous carbon and the intensity of this
luminescence background illustrated by the lightest
shadings mostly lies within the grain boundaries.
Moreover, the two maps correlates well with each other,
suggesting that these defects are located within the same
regions of the film, mainly within the grain boundaries.
The similarity of these two images was a very reproduc-
ible feature and was found for all the samples analysed.
Generally, within these defective regions of the film, the
intensity of the diamond line is lower than that arising
from defect-free regions, suggesting that this loss in
intensity is mostly related to local variations in the

(a)

(d)

Fig. 3. Raman maps of the background intensity measured at 1650 cm ™! (b), the integrated intensity of the amorphous carbon signal (c), the
integrated intensity of the diamond line (d), the frequency of the diamond line (e) and the full-width at half maximum of the diamond line (f).
(a) Optical image of the area which was examined (30 x 35 pm). Frequency and width of the diamond line were obtained by fitting all the

individual spectra.
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absorption coefficient. However, loss of intensity of the
diamond line may be related to other causes, in particu-
lar differences of focusing induced by the roughness of
the film, and will be not further discussed within this
paper.

For ca 90% of the spectra, the diamond line was
symmetrical, and has been curve-fitted using mixed
Gaussian—Lorentzian line shapes. The position of the
diamond line varied across the sample, although the
variations were in general low: +1cm™! from the
position measured for natural diamond (1332.5cm™1).
Nevertheless, it was possible to detect regions for which
the diamond line was found downshifted or upshifted
to as high as 2 cm ™', These regions are represented in
Fig. 3e. These regions are randomly distributed within
the film, and in particular do not correspond to grain
boundaries. Other measurements not presented here
have confirmed this observation. In the same way, the
width of the diamond line was in general found in the
2.5-45cm™! range. There is also a large variation
evident, even between points separated by as little as
1 um. In more rare cases, the diamond line exhibited a
higher broadening. Within these regions of a few micro-
metres in diameter (displayed in Fig. 3f), the line was
not symmetrical, and large variations in the diamond
line shape were observed there. Two significant peaks
were needed to fit the data. Examples of such spectra
are presented in Fig. 4.

The second film under investigation is an example of
highly stressed diamond film. Its morphology is quite
similar to that of the first film presented here, but the
(100) facets are slightly larger (up to 10 um). The macro
Raman spectrum, obtained as previously described, is
presented in Fig. 5. The full width at half maximum of
the diamond line is larger (6.3 cm™!), and the average
frequency (1334 cm ™) indicates that the film is under
high compressive stress. This high compressive stress is
mostly related to the difference in the thermal expansion
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Fig. 4. Examples of spectra extracted from the Fig. 3f.
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Fig. 5. Macro-Raman spectrum of the second sample, obtained by
averaging the 1200 spectra used to generate the images presented in
Fig. 6.

coefficients of the substrate and the film. Moreover,
depth resolved measurements have shown that this
average frequency is thickness dependent: 30 um below
the surface, the average frequency was found to be near
to 1337 cm 1.

The maps presented in Fig. 6 were recorded with a
point spacing of 1 um. The overall qualitative observa-
tions are similar to those reported for the first sample:
the amorphous carbon and the luminescent defects are
mainly located within the grain boundaries, and there
are large variations in the frequency and the width of
the diamond line. However, higher variations in the
frequency and the width of the diamond line were
detected. In particular, the frequency was found to
evolve in the 1328.5-1338.5 wavenumber range (approx-
imately +5 cm ™! from the average frequency), and most
of the spectra displayed an asymmetric line shape. In
order to get a better description of the diamond line
shape, the same area was examined using the high
dispersion mode of the spectrometer. Examples of
spectra are presented in Fig. 7 to give an idea of the
different situations encountered. In some cases, a single
narrow line is observed (upper trace in Fig. 7) and this
could correspond to a near perfect region. However, the
frequency of this line was found to evolve in a large
wavenumber range, suggesting a near hydrostatic stress
state, either tensile or compressive. But the most
common situation was that where several components
are observed. For instance, three components were
observed at 1324.5, 1329.3 and 1339.5 cm ! (lower trace
in Fig. 7) corresponding to the centre of an apparently
well defined crystal. Other situations were detected for
which two lines were needed to fit the experimental
data, the first downshifted and the second upshifted
from the position measured for natural diamond. In
most cases and with the exception of spectra recorded
near the grain boundaries, the width of the individual
components remains as low as 2—4 cm~!. However, a
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Fig. 6. Raman mapping of the second sample. Raman maps of the background intensity (b), the integrated intensity of the amorphous carbon
signal (c), the integrated intensity of the diamond line (d), the frequency of the diamond line (e) and the full-width at half maximum of the diamond

line (f). (a) Optical image of the area which was examined (30 x 40 pm).
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Fig. 7. Examples of high resolution spectra extracted from the images
presented in Fig. 6.

high broadening of the lines is seen near the grain
boundaries.
Within the two different cases presented here, it is not

possible to correlate stress formation and defects such
as presence of amorphous carbon, grain boundaries or
point defects giving rise to the luminescence background.
Thus, it seems that these results have to be associated
to highly heterogeneous strain fields occurring over
micron dimensions, most probably associated with the
more dominant planar structural defects observed in
diamond, twins, stacking faults and dislocations. Similar
observations have been obtained for the analysis of
defective high temperature—high pressure synthetic dia-
mond crystals, for which no non-diamond phases have
been detected. Similar observations are also reported in
Refs [12,13] concerning either the study of isolated
crystals or continuous films.

In principle, the magnitude of the splitting (frequency
difference of the two peaks) of the diamond line may be
considered as a measure of stress. However, these double
peaks rarely satisfy the correlation between absolute
peak shift and splitting required by theory. In particular,
several spectra are found to exhibit diamond signals
composed of two elementary peaks, the first one down-
shifted and the second upshifted from the position
measured for natural diamond (fourth and fifth spectra
in Fig. 7). Thus, there are small regions of high tensile
stress which coexist with regions of high compressive
stress, as if different regions within the film constrain
each other. Thus, it may be thought that the diamond
line profile reflects a local mechanical equilibrium.
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4. Conclusion

Confocal micro-Raman spectroscopy, when used with
appropriate mapping stages, is an efficient quality con-
trol tool. Raman mapping produces high spectral reso-
lution data that can be used to investigate samples over
micrometer distance scales. The images presented herein
first show considerable variation in the distribution of
amorphous carbon and defects producing the lumines-
cence background. These defects were mostly detected
within the grain boundaries, confirming most of the
previous studies. The examples presented herein also
emphasize the amount of variability that may be
detected in the line shape of the Raman diamond line.
In particular, line splitting was more or less observed
for all the samples examined, and in some particular
cases is the most dominant feature that was observed.
Such a line splitting has to be related to strain fields
that exist within the crystals. However, it was impossible
to correlate line shift or line splitting to the presence of
defects such as amorphous carbon or point defects
giving rise to the luminescence background. Thus, it
seems that these highly heterogeneous strain fields which
are observed over micron dimensions have to be associ-
ated with the more dominant planar structural defects
observed in diamond, namely twins, stacking faults and
dislocations. It is worth noting that all these information
are missing examining more usual macro-Raman
spectra, which are in general very reproducible over the
samples.
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