Downloaded from https:.//royal societypublishing.org/ on 09 December 2021

[l THE ROYAL
10.1098 /rsta.2004.1451 WG SOCIETY

Raman spectroscopy of diamond
and doped diamond

BY STEVEN PRAWER! AND ROBERT J. NEMANICH?

LSchool of Physics, University of Melbourne, Parkuville,
Victoria 3010, Australia (s.prawer@unimelb.edu.au)
2 Department of Physics, North Carolina State University, Raleigh,
NC 27695-8202, USA (robert_nemanich@ncsu.edu)

Published online 29 September 2004

The optimization of diamond films as valuable engineering materials for a wide
variety of applications has required the development of robust methods for their
characterization. Of the many methods used, Raman microscopy is perhaps the
most valuable because it provides readily distinguishable signatures of each of the
different forms of carbon (e.g. diamond, graphite, buckyballs). In addition it is non-
destructive, requires little or no specimen preparation, is performed in air and can
produce spatially resolved maps of the different forms of carbon within a specimen.
This article begins by reviewing the strengths (and some of the pitfalls) of the Raman
technique for the analysis of diamond and diamond films and surveys some of the
latest developments (for example, surface-enhanced Raman and ultraviolet Raman
spectroscopy) which hold the promise of providing a more profound understanding of
the outstanding properties of these materials. The remainder of the article is devoted
to the uses of Raman spectroscopy in diamond science and technology. Topics cov-
ered include using Raman spectroscopy to assess stress, crystalline perfection, phase
purity, crystallite size, point defects and doping in diamond and diamond films.

Keywords: Raman spectroscopy; diamond and diamond films; doping; annealing;
surface-enhanced Raman scattering (SERS); UV Raman

1. Introduction
(a) Introductory comments

Laser Raman spectroscopy is widely used as a diagnostic tool for the evaluation
of diamond and chemical vapour deposited (CVD) diamond films. The technique
is popular because each carbon allotrope displays a clearly identifiable Raman sig-
nature, it is non-destructive, requires little or no specimen preparation and can be
made confocal so that volumes as small as 1 x 1 x 2 um?® can be sampled. Raman
scattering from single-crystal and CVD diamond films has recently been reviewed
by Zaitsev (2001), who, in addition to describing the fundamental properties of the
Raman spectra of single-crystal and CVD films, provides a comprehensive list of
nearly all the Raman lines that have been reported in the literature. The present
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review, necessarily selective, concentrates on those aspects which the authors feel
will be of most use to researchers interested in using Raman microscopy for the
evaluation of properties of the diamond materials synthesized or modified in the lab-
oratory. We begin with a very brief review of the Raman spectrum of single-crystal
diamond and CVD diamond films. We restrict our attention to single-crystal dia-
mond and to polycrystalline films with relatively large grain sizes. The extensive
literature on nanocrystalline diamond and amorphous carbon is reviewed elsewhere
in this issue. We describe the potential of two relatively underused techniques for the
Raman analysis of diamond, namely, ultraviolet (UV) and surface-enhanced Raman
spectroscopy. The increased availability of UV lasers and spectrometers offers an
excellent opportunity to gain new insights into CVD diamond growth. We suggest
that a full characterization of diamond films will benefit enormously from the use
of multiple excitation wavelengths (§1c¢). Surface-enhanced Raman (§1d) has the
potential to reveal details of the surface bonding, and may one day soon be incor-
porated into near-field probes capable of providing Raman spatial resolution of the
order of 100 nm.

Having surveyed the latest developments in Raman techniques, we devote the
rest of the section to reviewing some of the uses of Raman in diamond science and
technology. We begin with the most ubiquitous application, namely, the use of Raman
in the evaluation of CVD diamond films, and in so doing sound a warning of some of
the pitfalls which await those attempting to use Raman for the evaluation of the phase
‘purity’ and perfection in CVD diamond. Section 2b reviews the use of the Raman
shift to estimate the inherent stress in diamond and diamond films, and in §2¢ we
provide a critical assessment of the phonon confinement model for the evaluation of
the crystallite size. An interesting application of Raman is its use as a non-contact
thermometer during diamond growth and processing, and this is reviewed in §2d. In
§2 e, we show that Raman provides an extremely convenient method for monitoring
point defects in diamond and can be used to provide a semi-quantitative measure of
defect annealing. Finally, in § 2 f, we describe partially successful attempts to employ
Raman to investigate doping of diamond and diamond films.

(b) Raman of the single-crystal and CVD diamond films

The Raman spectrum of single-crystal diamond (see figure 1) is dominated by the
first-order Raman line at 1332 cm~! (full-width half-maximum (FWHM) 1.2 cm™1),
which corresponds to the vibrations of the two interpenetrating cubic sublattices. For
an infinite lattice only the zone-centre phonon modes are observed in the first-order
spectrum, a requirement which is relaxed when the crystallite size is reduced (see
§2c). Hexagonal diamond (i.e. lonsdalite) displays a peak at 1325 cm ™! (Bhargava et
al. 1995; Knight & White 1989). If 13C is substituted for 12C (12C;_,'3C,), the first-
order peak for cubic diamond moves down in energy, according to the relationship
w (in cm™') = 1332.82 — 34.77z — 16.9822. The first-order diamond mode has been
extensively studied, and its behaviour as a function of temperature and applied stress
is by now well known (see Zaitsev (2001) and references therein).

The first-order Raman modes are triply degenerate TO(X) phonons of Fo, symme-
try. In an isotropic diamond crystal they consist of one longitudinal mode (singlet)
relative to the direction of propagation and two degenerate transverse (doublet)
modes. The Raman selection rules for diamond can be derived based on the analy-
sis first introduced by Louden (1964). Table 1 (Stuart 1993; Gardiner & Graves
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Figure 1. General Raman spectrum of gem-quality diamond excited at room temperature at
a wavelength of 228.9 nm. The first-, second- and third-order Raman peaks are shown. (From
original data by Bormett et al. (1995), as redrawn by Zaitsev (2001).)

Table 1. Raman scattering intensities for backscattering geometry
from (100) and (111) diamond surfaces (after Stuart 1993)

(L refers to the longitudinal mode, T1 and T2 to the transverse modes. d is a matrix element in
the polarizability tensor. For z parallel to [001], 6 is defined as the angle between the polarization
vector of the incoming laser beam and the [100] direction of the crystal. For z parallel to [111],
0 is defined as the angle between the polarization vector of the incoming laser beam and the
[110] direction.)

crystal face mode I I 1./
(001) L d? cos® 20 d? sin® 20 —
T, 0 0 —
To 0 0 —
total d? cos® 20 d? sin? 26 cos? 20/ sin? 26
(111) L 0 d*/3 —

T (2d%/3)sin?20  (2d°/3) cos® 20 —
Ty (2d*/3)cos?20  (2d*/3)sin? 26 —
total 2d*/3 d? 2/3

1989) provides a summary of the expected scattering intensities for diamond for
the backscattering geometry commonly employed in confocal Raman microscopes.
In table 1, the laser is assumed to be incident along the z-axis, where z is par-
allel to either the [001] or [111] crystallographic direction in the diamond crystal.
For z parallel to [001], the incident polarization of the input laser beam is in the
(z,y)-plane and @ is defined as the angle between the incident polarization vector
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Table 2. Assignments for Raman peaks commonly observed in CVD diamond films

position typical FWHM

(cm™) (em™1) assignment
520 3-5 first-order silicon Raman peak
1100-1150 40-80 most likely transpolyacetylene at grain

boundaries (Ferrari & Robertson 2001); Often
observed in nanocrystalline CVD diamond films.

1332 5-10 first-order diamond Raman line
1345 250 sp? amorphous carbon (the D peak)
1430-1470 80 most likely transpolyacetylene at grain
boundaries (Ferrari & Robertson 2001)
1520-1580 100 sp? amorphous carbon (the G peak)

and the [100] direction. An analyser can be used to select the direction of polar-
ization of the scattering light. We define two scattering intensities, namely, I and
1, , corresponding to the polarization vector of the scattered light being parallel or
perpendicular to the polarization direction of the incident laser, respectively. The
table shows that scattering from the (100) diamond surface is strongly polarized
and moreover strongly dependent on the relative azimuthal orientation of the input
polarization with respect to the [100] direction in the crystal. For z parallel to [111], 8
is defined as the angle between the input polarization vector and the [110] direction.
In this case, the scattering intensity is independent of the azimuthal polarization of
the incident light. These selection rules are especially important when using micro
Raman spectroscopy to assess the quality and perfection of CVD diamond (see §2a).

The Raman spectrum of a typical unintentionally doped CVD diamond film is
shown in figure 2. In addition to the first-order Raman line at 1332 cm™!, peaks
appear which for the most part reflect sp? bonded components of the films, either in
the bulk or in grain boundaries. Typical peak positions and assignments are shown
in table 2.

The peaks are often fitted with a combination of Gaussians and Lorentzians with
a sloping background. This background is usually due to photoluminescence (PL),
often attributable to the neutral nitrogen-vacancy complex [N-V]° (575 nm) or the
charged nitrogen-vacancy complex [N-V]~ (638 nm) optical centres, but can also be
due to Si (738 nm), or W (717 nm) (Harris et al. 1996) incorporation into the films. It
can be very useful to extend the spectral scan to include the region where these peaks
occur. In this case the Raman line can be used to normalize the spectra in order to
obtain a semi-quantitative measure of the incorporation of such impurities into the
diamond lattice as a function of growth conditions. A discussion of the myriad PL
active peaks in diamond is beyond the scope of this section; a full compendium can
be found in Zaitsev (2001, §5).

(¢) Wavelength dependent effects: UV excitation

Wagner et al. (1991) were the first to show the dramatic effects of changing the
excitation wavelength on the Raman spectra of CVD diamond films. For example,
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Figure 2. Typical spectrum of CVD diamond film deposited on Mo substrate, at 820 °C.

(After Loh & Cappelli (1993), as redrawn by Zaitsev (2001).)
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Figure 3. Raman spectrum of a polycrystalline diamond film
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as a function of excitation wavelength. (After Wagner et al. (1991).)
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Figure 4. UV Raman spectra for the diamond peak depending on the grain size. Solid line
denotes data from the phonon confinement model, symbols those from the experiment. The
percentages in the legend refer to the CH4/H> ratio in the gas mix used to produce the diamond
films. (After Sun et al. (2000).)

figure 3 shows the result for a moderate quality CVD film synthesized by microwave
plasma CVD as the excitation wavelength is varied from 257 to 1064 nm. Clearly, the
resonant enhancement of the sp? and sp® bonded portions of the films is very strongly
dependent on the excitation wavelength, with the ratio I(diamond)/I(non-diamond)
increasing dramatically as the excitation wavelength decreases into the UV. The
trends for nanocrystalline films can be even more dramatic in that the first-order
diamond peak is only visible for UV excitation. Based on these data alone, it was
not possible to determine if the results observed were due to resonant enhancement of
the diamond peak, a decrease in resonance of the sp? bonded portion of the film or, in
fact, some other mechanism, such as preferential absorption of the sp? components of
the film. However, from a practical point of view, it is clear that the sensitivity to the
diamond component is maximized by using UV excitation, whereas the sensitivity
to the non-diamond inclusions is maximized by using near-infra-red excitation. This
trend in this early work has been confirmed by later studies (see, for example, Leeds
et al. 1998). The use of UV excitation to study boron-doped films (Wang et al. 2002)
is discussed further in §2 f.

Sun et al. (2000) used the enhanced sensitivity of the first-order Raman line in
the UV (244 nm) to show the effect of decreasing crystallite size in nanocrystalline
films using the phonon confinement model. Figure 4 shows the line shape of the first-
order line as a function of the CH4/H, ratio. As this ratio increases, the crystallite
size decreases and the Raman peak moves down in energy and skews. The solid
lines are fits to the phonon confinement model for the crystallite size shown in the
diagram. For comparison, the crystallite sizes estimated using X-ray photoelectron
spectroscopy (XPS) were 120, 40, 34 and 28 nm for samples produced with CH4/Hs

Phil. Trans. R. Soc. Lond. A (2004)



Downloaded from https:.//royal societypublishing.org/ on 09 December 2021

Raman spectroscopy of diamond and doped diamond 2543

ratios of 1, 2, 4 and 8%, respectively. Such an analysis was impossible using 514.5 nm
excitation because the non-diamond peaks swamped the first-order diamond line.

It should also be noted that the UV spectrum is free of interference from the PL
background that is often present when 514 nm excitation is used. This enables spectra
to be collected at much a higher signal-to-noise ratio. One interesting application of
this is the in situ monitoring of the first-order diamond peak in a microwave-plasma
CVD reactor. The emission from the microwave plasma (whose intensity falls off
sharply below 260 nm) is easily subtracted off. Asher & Bormett (2000) estimate that
the system is capable of a 1 nm detection limit for the growing film. The position
of the peak can also be used to determine the temperature of the growing film (see
§2d).

Bormett et al. (1995) have provided one of the most detailed studies of UV Raman
spectroscopy of diamond and carbon allotropes. The absence of the fluorescence back-
ground allowed them to observe in detail the first-, second- and third-order phonon
bands from diamond (see figure 1), highly oriented pyrolytic graphite (HOPG), glassy
carbon and microcrystalline graphite as a prelude to the study of CVD diamond films.
A summary of the trends observed when using UV excitation is as follows.

(i) I(diamond)/I(non-diamond) for 244 nm excitation is enhanced by a factor of at
least 25 compared with measurements taken using 488 nm excitation. Accord-
ing to Bormett et al. (1995), this is primarily due to a decrease in the Raman
scattering cross-section for the non-diamond component rather than a reso-
nance enhancement of the first-order Raman line.

(i) The frequency of the non-diamond band at 1550 cm ™! shows a slight increase
with increase in excitation frequency.

(iii) The ‘D’ band at 1355 cm™! and its overtones at combination bands at 2450,
2725 and 2950 cm~! disappear for 244 or 228.9 nm excitation.

The disappearance of the D peak and its overtones for UV excitation of pure graphiti-
cally bonded materials and the near-complete absence of background fluorescence are
fortunate because it is in this spectral region that one might expect to find evidence
of C-H bonding in CVD diamond films. Indeed, the ratio of a peak at 2930 cm™! to
that of the first-order phonon line was used to estimate the amount of hydrogen in
the films based on the C—H Raman stretching band. A detection limit of 0.001% is
apparently possible (Bormett et al. 1995).

In summary, it is now clear that a full characterization of CVD diamond films
can benefit enormously from the use of multiple wavelength excitation. In particu-
lar, the elimination of PL background when using 244 or 229 nm excitation appears
to increase the information available from Raman spectroscopy to include detailed
measurements of the line shape and width of the first-order phonon even for nanocrys-
talline CVD films and the ability to estimate the hydrogen content of the films using
the second-order spectra. With these capabilities, UV Raman may well compete
with near-edge X-ray absorption fine structure (NEXAFS) for the characterization
of nanocrystalline diamond materials (Zuiker et al. 1996), especially since the former
offers micrometre-scale spatial resolution.

A number of developments in instrumentation are noteworthy. The first is the
availability of intra-cavity-doubled, continuous-wave Argon ion lasers, which provide
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a ready source of 244 nm excitation. Such continuous-wave sources are superior to
the previously used pulsed sources because they reduce the possibility of nonlinear
effects and laser damage (both to the sample and to the spectrometer optics!). The
second is the availability of high-throughput Raman spectrometers coupled to high-
power microscopes, which take advantage of high-performance dielectric edge filters
allowing the Raman spectrum to be collected down to as low as 400 cm~!. One of the
latest developments has been the successful integration of near-field scanning optical
microscopy (NSOM) and Raman spectroscopy for UV excitation (Sands et al. 2002).
Although still in its infancy, this technique has the promise to improve the lateral
resolution down to 100 nm, perhaps allowing the investigation of the grain boundaries
in nanocrystalline diamond materials. Still lacking, however, is a full resonant Raman
investigation using variable wavelengths that span across the indirect (225 nm) and
perhaps even the direct band gap (170 nm) of diamond.

(d) Surface enhanced Raman spectroscopy (SERS) of diamond and diamond films

The skin depth of visible light in diamond is of the order of hundreds of nanome-
tres; hence normal Raman microscopy is not sensitive to the surface structure of
diamond films, even when performed confocally. However, when a thin layer of metal-
lic particles (usually Ag) is deposited on to a diamond surface, the Raman signal
from the near-surface area can be enhanced by, typically, factors of 103-108. In addi-
tion, SERS tends to quench the luminescence through a radiationless transfer to
the metal surface (Campion & Kambhanpati 1998). Although the exact mechanism
remains somewhat controversial, it is commonly accepted that it is connected to the
enhancement of the local electric field due to the surface plasmons of the metallic
particles. Hence the degree of enhancement depends on the metal particle size and
shape. The optimization of the properties of the metal coating appear at present
to be somewhat empirical. Nevertheless, some extremely useful insights have been
gained using this technique.

Knight et al. (1990) were perhaps the first to apply the surface-enhanced technique
to CVD diamond. They used direct-current magnetron sputtering to coat thin (30—
120 nm) CVD diamond films with 5 nm thick Ag layers. It is believed that the optimal
thickness for SERS should occur when the optical absorption in the metallic coating is
a maximum at the excitation wavelength. In this case, tests of Ag thin films deposited
on glass showed minima in the transmission at ca. 480 nm for 5 nm Ag films. Thicker
films resulted in reduced transmission across the whole wavelength range. Hence for
the Raman excitation wavelengths employed (514 and 488 nm), 5 nm Ag films were
used.

Figure 5 shows the dramatic enhancement following the Ag coating. The CVD
diamond film was 20-40 nm in thickness. Without the Ag coating the Raman spec-
trum fails to reveal any sign of the CVD coating (figure 5a). Indeed, the spectrum
is indistinguishable from that obtained from a bare silicon substrate. By contrast,
with the 5nm Ag films, the Raman spectrum reveals the signature of a typical
CVD film superimposed with signals from amorphous carbon (figure 5b). When Ag
was deposited on a bare silicon substrate, peaks at 1340 and 1604 cm~! were also
observed, but no peak at 1332 cm ™! could be seen. Hence, it is possible that some
of the non-diamond features in figure 5 may have contributions from adventitious
surface carbon or carbon incorporated into the Ag coating. Nevertheless, this work
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Figure 5. Raman spectra of a thin (20-40 nm) CVD diamond film deposited on silicon.
(a) Raman spectrum without an Ag coating. (b) The same film with the silver overlayer. (After
Knight et al. (1990).)

showed that SERS could provide a pronounced enhancement of the surface sensitiv-
ity of the Raman technique for diamond. The results showed that the formation of
diamond occurs at a very early stage in the CVD process. In retrospect, this work
indicated that, provided that a sufficiently high nucleation density can be achieved
by appropriate seeding, ultrathin continuous CVD diamond layers could be realized.

Later work concentrated on the evaluation of the surface structure of CVD dia-
mond, with rather surprising results. Okada et al. (1992) used SERS to investigate
CVD diamond synthesized by the combustion flame method. In this case the films
were thick, with grain sizes of 5-10 um. Normal Raman microscopy showed only the
first-order Raman peak at 1332 cm™!. The SERS spectrum showed strong peaks at
1580 and 1355 cm ™! with only a small first-order diamond peak at 1332 cm~!. The
authors concluded that the surface of CVD diamond has a sp?-like structure, possi-
bly due to the 2 x 1 dimer formation and the absorption of CoHs and/or acetylenic
species on the surface. Huang et al. (2000) experimented with different metals and
concluded that metals with smaller work functions (e.g. In) could give even higher
surface enhancement than Au and Ag. It is interesting to note that some researchers
(Fleishman et al. 1974) claim that charge transfer between adsorbates and the metal
surface can result in a change of polarizability, yielding strong SERS selectivity for
surface species.

Elegant experiments were performed by Lépez-Rios et al. (1996). The improved
methodology involved performing the SERS experiments in situ in the CVD depo-
sition chamber. After a CVD diamond film was deposited on to a scratched silicon
substrate, Ag films were deposited on to the diamond film while the SERS out-
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put was monitored and the deposition was stopped when the SERS signal was at
its maximum. The most dramatic effects were observed when the CVD film was
heated to 850 °C before the Ag deposition. In that case, strong peaks at 1127 and
1427 cm™! were observed, which were attributed to the formation of trans-(CH),,
(i.e. polyacetylene). In addition, a pronounced asymmetry in the first-order diamond
peak was observed. As will be discussed below (see §2¢), this asymmetry is usually
interpreted in terms of phonon confinement in nanometre sized diamond particles.
A very small peak was also observed at ca. 1240 cm™! (Lépez-Rios 1996), which was
attributed to the peak in the phonon density of states (PDOS) of diamond which
would also be expected to be observed for very small particles.

SERS can also be used to study the interaction of adsorbates on single-crystal
diamond surfaces. Ushizawa et al. (1999) used SERS to study hydrogenated and
deuterated (100) and (111) diamond surfaces. Multiple peaks in the vicinity of 2700
3100 and 2000-2300 cm~! were observed for hydrogenated and deuterated species,
respectively. They compared their results with those obtained using high-resolution
electron energy loss spectroscopy (HREELS) and Fourier transform infrared (FT-IR)
and found in general good agreement between the different surface techniques and
with ab initio molecular orbital calculations, which all showed that the (100) surface
was terminated with C—H monohydride species. SERS has certain advantages over
HREELS for this application, namely that the spectral resolution is higher allowing
single peaks observed in HREELS to be resolved into individual components, and
that the spatial resolution of SERS is of the order of 1um, allowing very small
samples to be used. For example, it is possible to compare the SERS spectrum from
the (100) and (111) oriented facets of a CVD film, which is usually not possible using
HREELS since these techniques require large crystals, a few millimetres in diameter.

Table 3 summarizes the peak assignment from SERS results taken from a number
of authors (after Roy et al. 2002a). The appearance of features in the SERS spectrum
which can be identified in the PDOS of diamond or graphite are consistent with the
observation of nanoscale structures on the diamond surface. Note that there is still
considerable uncertainty in the interpretation of the SERS results. For example, it is
not known if the SERS spectrum originates from within the diamond grains or from
grain boundaries.

Despite very convincing arguments by Ferrari & Robertson (2001), the identifica-
tion of the peaks at 1460 cm™! and 1170 cm ™! as due to trans-polyacetylene is still
controversial. The former is often quite broad, and this would seem to be incompat-
ible with assignment to such a specific molecular species. Comparing with silicon,
the latter mode could correspond to the 650 cm™! branch that is often observed in
Raman from a-Si (which has been assigned to an Si-H bending mode). It is also pos-
sible that this mode has more than one component. It is sometimes sharp (which one
might argue is due to hydrogen) and it is sometimes broad and step shaped (more
like a density-of-states feature). In some nanocrystalline films, the substitution of
deuterium for hydrogen in the growth mixture causes the peak to disappear, which
would support the idea of it being connected with hydrogen (Pfeiffer et al. 2003).

In summary, SERS has been found to be an extremely useful technique for the
analysis of the near-surface structure of diamond and diamond films. When applied
to single-crystal diamond surfaces, it can be used to probe chemisorption as a viable
alternative to HREELS, especially if only very small samples are available or if it is
desired to probe differences in chemisorption on different facets of crystals grown in
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Table 3. Assignment of peaks observed in SERS spectra (after Roy et al. (2002a))

peak
position
(em™1) possible origin comments references
1600 G peak of matches with maximum  Knight & White (1989)
amorphous in the PDOS of graphite
carbon
1460 trans-polyacetylene observed as a strong Loépez-Rios et al.
peak when CVD (1996); Ferrari &
diamond is annealed Robertson (2001)
at 850 °C;
assignment is still
controversial
1350 D peak from Knight & White (1989)
amorphous
carbon
1333 first-order Raman peak grows in intensity Roy et al. (2002b)
with increasing SERS
effect, but suffers a red
shift and is skewed to
lower wavenumbers,
consistent with the
breakdown of the
selection rules in
nm-sized diamond
crystals
1240-1280 corresponds to a appearance of such a Lépez-Rios (1996);
maximum in the structure is concomitant  Roy et al. (2002a, b);
PDOS of with the above changes Ferrari & Robertson
diamond, but in the first-order Raman  (2001)
may also be due line
to trans-poly-
acetylene, which
has a small
Raman peak at
1240 cm ™!
1170 trans-polacetylene observed as a strong Lépez-Rios (1996);

peak when CVD
diamond is annealed at
850 °C; assignment is
still somewhat
controversial, although
Ferrari & Robertson
(2001) provide much
convincing evidence for
trans-polyacetylene
assignment

Ferrari & Robertson
(2001)
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the CVD environment. Interestingly, SERS has revealed the existence of nanophases
at the surface which are not present in the bulk. Future developments of this tech-
nique may involve the combination of surface enhancement with NSOM to provide
lateral spatial distribution of the order of 100 nm or less. Such a combination may
be accomplished by coating the end of NSOM tips with appropriate Ag coatings.
Combined with the nanometre depth sensitivity of SERS, NSOM could offer new
insights into the grain structure of diamond and nanostructured diamond films.

2. Applications of Raman spectroscopy in diamond science

(a) Measuring the phase purity and crystalline perfection of CVD diamond

Given that the Raman spectrum of CVD diamond can be deconvolved into peaks
that can be attributed to diamond and non-diamond components of the film (see
§1b), it is not surprising that many authors (see, for example, Prawer et al. 1991;
Harris et al. 1996) have used the ratio 1(1332)/1(1500) as a measure of the phase
purity of diamond films. For example, the observation of a 1332 cm ™! line on a flat
background with no observable peak in the region 1500-1550 cm ™! is often taken as
strong evidence for the production of ‘pure’ diamond with virtually no non-diamond
components present. This is particularly the case if the measurement is carried out
using infrared (IR) excitation, which enhances the Raman sensitivity to the sp?
component of the film. Furthermore, the FWHM of the Raman line is often taken
as a measure of the ‘perfection’ of the diamond crystallite, with the peak position
being used as an estimate of the residual stress.

While these measures can be extremely useful in mapping the deposition parame-
ter space, they must be used with caution. A number of often overlooked factors can
influence these ratios in quite a dramatic fashion, particularly when micro, rather
than macro Raman measurements are employed. For example, Prawer et al. (1994)
showed that the crystallite orientation with respect to the E vector of the incoming
laser irradiation can dramatically effect the ratio I(1332)/1(1500). This is because
the Raman scattering from the non-diamond components is almost completely depo-
larized, whereas the scattering from the crystalline diamond component shows a
strong polarization dependence (see §1b). Thus, just rotating a crystallite under the
laser beam yields a different estimate of the diamond quality (sometimes by up to a
factor of 10). Thus, the observed differences in the micro Raman spectra of adjacent
crystallites may in some cases be due to the orientational dependence of the Raman
spectra, rather than any intrinsic spatial inhomogeneity. The position, width and
shape of the first-order diamond line also shows a strong polarization dependence
(Stuart et al. 1993a, b; Harris et al. 1996), which, if ignored, can lead to misleading
conclusions regarding residual stress in the films. In particular, changing the polar-
ization can change the measured FWHM of the first-order line; therefore caution
should be exercised in employing the FWHM as a measure of crystalline ‘quality’.

Another factor often overlooked is the very large inhomogeneity that can occur
within a single crystallite. Confocal Raman measurements (Stuart et al. 1993b;
Nugent & Prawer 1998) reveal large variations between different points on the crystal
separated by as little as 1 um. Peak splitting was often observed, with the first-order
peak consisting of two and sometimes three components. Stress-induced splitting
into a singlet and doublet (see §2b) has sometimes been invoked to explain such
data; however, we consider it more likely that the observed splitting derives from
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Figure 6. The observed Raman frequency of the Fo; mode versus pressure. The dotted line
represents the slope at zero pressure (i.e. a1 in equation (2.1)), the solid line represents the
fit to the data using equation (2.1), and the dashed line represents the results of calculations.
(Reproduced with permission from Occelli et al. (2003).)

the fact that the confocal Raman probe samples more than one growth sector in
the CVD film. The presence of high concentrations of defects in the (111) growth
sectors results in an overall tensile strain in these regions. By contrast the (100)
growth sectors appear to be under compressive stress. This sector-like growth (see,
for example, Tarutani et al. 1995) can result in inhomogeneous broadening of the
Raman line which can be mistaken for an increase in the defect level within the
material. Such inhomogeneous broadening can also explain why macro Raman mea-
surements often return an FWHM which is much larger than that obtained from
micro Raman measurements.

(b) Stress and pressure dependence

Under hydrostatic pressure the triply degenerate Fg, first-order Raman peak
remains degenerate and is shifted to higher frequency (see figure 6). There have
been several careful studies of the Raman peak frequency versus pressure with the
recent study of Occelli et al. (2003) reporting values up to 140 GPa. At this pressure,
the first-order mode was observed to shift to above 1650 cm ™! while maintaining a
linewidth increase of only 2 cm™!. The data were fitted to a quadratic expression

w(P) = wp + a1 P + ay P?, (2.1)

where wy = 1333.0, a; = 2.83cm~! GPa~! and as = —3.65 x 1073 cm~! GPa—2.
The value of a; is in essential agreement with several prior studies where the mea-
surements were confined to pressures less than 40 GPa.

The analysis indicated that the ratio of the bond-stretching and bond-bending
force constants varied with pressure. The results suggested that the covalent bonding
strength increased with pressure, which is not typical of most materials.

Kunc et al. (2003) argued with several aspects of this analysis. They noted that
the use of equation (2.1) may be inappropriate because pressure is not an inde-
pendent variable. They also noted that most theoretical studies to date indicated a
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disagreement with the experimental results. This difference may be explained by a
variation in the pressure calibration of the measurements. In fact, there has been pre-
vious discussion that the pressure calibration based on ruby fluorescence may need
to be corrected. The disagreements become significant for values above 40 GPa. If
this difference in the experimental results and the theoretical predictions is substan-
tiated, it could be argued that the bonding in diamond is strengthened at increased
pressures (Occelli et al. 2003). It is evident that more careful measurements at even
higher pressures could be significant for understanding the nature of the bonding in
diamond.

Under uniaxial stress, the degeneracy of the Fa, first-order mode is lifted and mode
splitting has been predicted and observed. Grimsditch et al. (1978) measured the
frequency and splitting of the first-order Raman peak for uniaxial stress along [001]
and [111] directions. A stress of up to 1 GPa was applied to crystals cut with long axis
along the [001] and [111] directions. In both cases the triply degenerate mode splits
into a singlet and doublet. It was shown that different polarization configurations
could be used to separate the different components, which overlapped in the spectra.
The measurements indicated that the mode splitting followed the relations

Awpyyy =22+02cm ' GPa™ ',
Awjggy = 0.73£0.10 cm™" GPa™",
and the hydrostatic component followed the relation
Awg =3.2+0.23cm™ ! GPa™'.

They also deduced the mode Gruneisen parameter and the third-order elastic con-
stants. These values of the bulk properties can then be employed to analyse the stress
in thin films.

With the results on single crystals as a basis, Raman scattering has been applied
to analyse the stress state of diamond films. Residual stress after film growth can
be due to the difference in the thermal expansion of the film and the substrate, and
other effects including lattice mismatch, bonding at grain boundaries and bonding
changes during film growth. The latter two effects are sometimes termed intrinsic
stress. The first effect is typically dominant in the growth of polycrystalline films.

In polycrystalline films, it is assumed that the measurement samples a sufficient
number of grains and that the signal represents an average of all grain orientations.
The stress, however, may have a particular relation to the substrate or growth surface.

For small stress, the Raman spectra will display a single peak shifted from the
natural frequency. The peak may be broadened by stress-induced splitting of the
triply degenerate mode and also from non-uniformities in the stress distribution.
For these small stresses, a hydrostatic model has often been applied to deduce the
stress. In general, there has been disagreement between these measurements and
the stress measured from other techniques such as wafer bending. Windischmann
& Gray (1995) argued that for stress generated during film growth, the hydostatic
model underestimates the actual stress by 50%, since the film growth usually results
in biaxial stress. The biaxial stress can be described as a combination of two-thirds
hydrostatic and one-third uniaxial stress. This approach is appropriate when the
stress state is such that mode splitting is not detectable. Thus when the measure-
ments are corrected for this factor of 1.5, the Raman deduced stress results are in
more reasonable agreement with other approaches.
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The analysis of stress in polycrystalline films has been carefully considered theoret-
ically by Ager & Drory (1993) and Anastassakis (1999). The study by Ager & Drory
determined the stress shifts by assuming a biaxial stress in a random polycrystalline
film. The approach involved calculation of the frequencies using the phonon secular
equation in four separate directions and then averaging. The model was employed to
analyse results of diamond film deposited on a titanium alloy, and the results were
consistent with a biaxial residual stress of 7.1 GPa.

Anastassakis (1999) employed a more general approach to analyse the splitting and
the relative intensity of the modes for different stress distributions in a polycrystalline
film. The analysis assumed that the Raman measurements sampled a large number
of randomly oriented domains, and that the stress state in the assembly was the
same in each domain. The approach involved determining the phonon deformation
potentials of the polycrystalline film. The analysis is applied to different stress states.
For uniaxial stress the results indicate two modes, a singlet and doublet, where the
intensity of the doublet is twice that of the singlet. The analysis notes that the stress
state termed ‘bisotropic’ is a more correct terminology for the commonly used ‘biaxial
stress’ ascribed to stress that occurs during film growth. The purely bisotropic case
again results in a singlet and doublet with the same 1:2 intensity ratio. The calculated
mode shifting versus stress finds that the doublet mode shifts to a greater degree
than the singlet, with the calculated singlet/doublet ratio of the stress shift to be
approximately 0.39. The analysis also notes that polarization cannot be employed
to separate the different modes because the angular averaging indicates that both
modes will be observed with the same depolarization ratio.

The analysis of Anastassakis (1999) also considered the situation where purely
bisotropic stress (or ‘biaxial’ according to other authors) resulted in an unresolved
spectrum. Then the ratio of the biaxial stress and the shift of the unresolved peak
was found to be —0.47 (GPacm™1).

More complicated stress configurations such as biaxial stress (with non-equal com-
ponents), pure shear stress, or a general stress state, are expected to lead to complete
splitting of the triply degenerate mode. The intensity of each component is predicted
to be equal, but analysis of the spectra is complicated because the modes will exhibit
significant overlap and may not be distinct. These more complex stress distributions
are expected to arise for indents and other microstructures. Also, as outlined in
the previous section, the inhomogeneity due to the sector-like growth in the CVD
diamond films will complicate the analysis.

(¢) Phonon confinement effects for finite crystal domains

For Raman scattering from finite-sized crystals, the wavevector of the vibrational
excitation is uncertain by a factor of Ak = 27/L, where L is the crystal dimension.
This result is obtained from either the Heisenberg uncertainty principle or from
an analysis of the Fourier transform of a finite spatial wave. Thus the momentum
or wavevector selection rules for Raman scattering from a finite-sized crystal will be
uncertain to this degree. In essentially simultaneous and independent reports, Richter
et al. (1981) and Nemanich et al. (1981) analysed how this effect would be manifested
in the Raman spectra. Both studies considered a similar approach where the Raman
scattering from a sample would be construed to measure a large distribution of
different domains such that the modes of the domains could be approximated by the
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phonon dispersion of the infinite crystal. Thus the Raman spectrum would represent
signal from all modes in the Brillouin zone within the phonon uncertainty. This
effect becomes significant when crystal domains are less than 100 nm. For instance,
the Brillouin zone boundary wavevector is 7/a, where a is the lattice constant. Thus
for a 0.5 nm lattice constant, the wavevector uncertainty for a 100, 10 and 1 nm
crystal domains is 1.0, 10.0 and 100%, respectively, of the Brillouin zone boundary
wavevector.

Based on the wavevector or momentum selection rules, Raman scattering measures
a mode near the centre of the Brillouin zone, (i.e. k, ~ 0). For relatively large
wavevector uncertainty (i.e. for L < 10 nm) the models of Richter et al. (1981) and
Nemanich et al. (1981) assume that the Raman spectra will be represented by an
appropriately weighted Gaussian distribution of the modes within 27 /L of the zone
centre.

Thus, to accurately determine the variation of the Raman spectrum as the domain
size is decreased, it is necessary to consider the phonon dispersion of the Fa, optic
branch. This triply degenerate mode splits as k increases from the zone centre. These
effects have been carefully considered in calculations of the phonon confinement
effects in the Raman spectra of Si. Detailed calculations by Fauchet & Campbell
(1988) indicate that the Raman spectrum is expected to broaden, and the peak
frequency is expected to shift towards lower frequency. The broadening is asymmetric
to lower phonon frequencies.

LeGrice et al. (1990) noted that the phonon dispersion of the Fg, optical mode
of diamond was similar to that of silicon along the [110] direction. In this direction
the branch is nearly degenerate and can be approximated by a straight line. Based
on the fact that the slope of the straight line fit in both Si and diamond is similar,
they argued that the results for Si were directly applicable to Raman scattering from
nanometre-scale domains in diamond.

More recently, Ager et al. (1991) have considered specifically the phonon dispersion
of diamond. Tt is notable that there is an unusual case along the [001] direction where
one branch disperses slightly upward (by several cm~!) before a downward dispersion
trend at increasing wavevector. However, this branch does not seem to strongly affect
the results when averaged over all possible directions. In fact, the results from the
calculation of Ager et al. (1991) are indeed similar to those for Si and substantiate
the argument of LeGrice et al. (1990).

A more critical effect is the inclusion of lifetime effects and effects due to a dis-
tribution of domain sizes. The distribution of domain sizes can be accommodated in
the analysis by a Gaussian broadening of the wavevector uncertainty. The lifetime
effects will typically lead to a Lorentzian broadening of the peak. This effect should
most properly be incorporated for each allowed wavevector and then summed. This
is the approach developed by Nemanich et al. (1981), but their analysis was applied
to hexagonal boron nitride rather than cubic materials.

Thus we have three effects that must be considered in the analysis. If lifetime
broadening is negligible and the domain size distribution is relatively uniform, then
the analysis of Ager et al. (1991) could be a reasonable representation of the Raman
spectra. It seems unlikely that this is the case in most realistic examples. It is then
necessary to use a combination of Lorentzian and Gaussian broadened curves to
describe the results. If the experimental results exhibit a Lorentzian line shape, then
it is likely that the lifetime scattering is the dominant effect. If the peak exhibits
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a Gaussian line shape, then it is likely that there is a rather broad distribution of
domain sizes.

To date, the phonon confinement effects have not been explicitly detected for
diamond. The study of Ager et al. (1991) highlighted the complexity in the analysis.
They measured the Raman spectra at many points on the surface of a series of CVD
diamond films. In all cases, the spectra shifted to higher frequency rather than the
lower frequency predicted by the confinement model. They concluded that stress
effects were dominant over the confinement effects. Bergman & Nemanich (1995)
followed a similar analysis and also concluded that the confinement effects were not
the most significant in the observed shifts.

(d) Non-contact measurement of temperature

It is often extremely useful to be able to measure the temperature of a diamond
surface using non-contact methods. Some typical applications are to monitor the
temperature in situ during CVD diamond growth, accurate measurement of the dia-
mond surface temperature in an ultra-high vacuum (UHV) chamber and to monitor
the temperature inside a diamond anvil pressure cell. Optical pyrometry is often
employed. However, the accuracy of this technique is dependent on the emissivity
of the diamond, which in turn depends on impurities, defects, etc. Contact methods
using thermocouples suffer from the difficulty of ensuring intimate thermal contact
between the diamond sample and the thermocouple, which is especially problematic
in UHV environments.

Raman spectroscopy offers an elegant non-contact solution to the problem of tem-
perature measurement. In principle, one of two techniques can be used. Cui et al.
(1998) provide an excellent comparison of two approaches. The first employs the
ratio of the intensities of the Stokes (Is) and anti-Stokes (Iag) peaks, which is given
by

4
1
AS _ <w1 + wp> el /KT (2.2)
IS W] — Wp

where w; and wy, refer to the frequencies of the laser and phonons respectively. v
is a factor which takes into account the differences in the detection efficiencies of
photons with different energies and is assumed to be temperature independent, but
will have to be determined for each particular spectrometer. When detailed and
careful calibration measurements are made, this method is found to provide accurate
measurements only for Tyampie < 750 K. Above this temperature, using equation (2.2)
results in an overestimate of the sample temperature by up to 75 K. The accuracy of
this technique is clearly very sensitive to measurements of absolute intensity ratios
and there are many factors which may influence this ratio indirectly, apart from
the actual change in temperature, such as, for example, a change in the resonance
enhancement due to temperature-dependent changes in the band gap. Cui et al.
(1998) therefore conclude that the Stokes/anti-Stokes method is ill suited to the
accurate temperature measurement of diamond.

The alternative method is to deduce the temperature from changes in the Raman
line position. This is very attractive method because typically this position can be
measured using curve fitting to within 0.3 cm™!, which translates to a precision in
the temperature measurement of ca. £10 K. These shifts originate from anharmonic
effects, which act to change the harmonic frequency at the Brillouin zone centre,
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to a damped frequency. Liu et al. (2000) provide a brief summary of the different
decay channels which have been proposed for the decay of the zone-centre phonon.
In the case of the decay of the optic phonon into two acoustic phonons with opposite
momenta but originating from the same branch, the temperature dependence of the
Raman linewidth simplifies to

2

where I is the linewidth and wy is the zone-centre phonon energy (both at 7' = 0 K).
Since the real and imaginary parts of the self-energy are related by the Kramers—
Kronig relationship, it follows that the Raman shift at non-zero temperature should
follow the same temperature dependence but with opposite sign, i.e.

Aw(T) = —A<(M,€T_1>, (2.4)

where Aw is the line shift away from wy at non-zero temperature. Indeed, a lin-
ear relationship between increase in linewidth and downward Raman shift has been
observed in quite a number of examples and it appears that this relationship holds
also when the phonon lifetime is reduced by the deliberate introduction of defects
(Jamieson et al. 1995; Orwa et al. 2000).

Cui et al. (1998) use a slightly modified version of the above equation and show
that it holds over a wide temperature range from 300 to 2000 K. Using data from a
number of authors they provide an empirical expression for the conversion of Raman
shift to temperature:

T_ Dhewqg
kIn{l + C/wo — w(T)]}’

with wyp = 1333 cecm™!, C' = 61.14cm~! and D = 0.787. Using this expression, the
temperature of both a single-crystal diamond in air and a CVD diamond crystal in
UHV could be measured to within 20 K over a temperature range of 300-1100 K.
Despite this success, caution should be exercised in applying equation (2.5) without
first calibrating the particular system under examination. For example, strain may
affect not only the value of wg but also the temperature dependence of the Raman
shift. In other words, although it is likely that the functional form of w(T') will follow
equation (2.5) for most types of diamond, the values of D and C' should not be
viewed as universal; they may turn out to depend on crystalline quality, degree of
doping and crystallite size.

We conclude this section with a number of interesting examples of the use of the
Raman technique to measure local temperature. Schiferl et al. (1997) addressed the
problem of measuring the temperature and pressure inside a diamond anvil cell. It
has been shown that reliable measurement of pressure and temperature requires a
separate sensor from the diamond anvils themselves because the shift of the anvil
peak has been found to vary with crystallographic orientation of the anvil, and
the nature of the gasket and the sample. '2C based diamond chips placed inside
the sample chamber have been used for some time; however, the challenge is to
separate out the Raman signal from the sensor chip from that of the anvil. The novel
solution proposed by Schiferl et al. (1997) is to use an additional CVD diamond chip

comprised predominantly of *C whose first-order Raman peak occurs at 1281 cm ™!,

(2.5)
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Figure 7. Schematic showing cross-sectional geometry used for the analysis of ion-implantation
induced defects in diamond. (After Jamieson et al. (1995).) The degree of damage increases with
implantation depth reaching a maximum at the end of range.

well separated from the peaks due to the anvils. They report careful calibration of
the temperature and pressure dependence of both '?C and '3C diamond, using a
different fitting procedure from the one suggested above. Nevertheless, they show
that the combination of these two probes is sufficient to be able to measure the
pressure (0-25 GPa) and temperature (10-1200 K) of any sample compatible with
an externally heated diamond anvil cell.

It is of course well established that the probe laser can cause local heating. This
is often not a problem for diamond samples, because of their high thermal conduc-
tivity. However, in some instances in which isolated diamond particles are grown on
substrates to which they adhere poorly, the effects of laser heating can be dramatic.
Laikhtman & Hoffman (1997) grew isolated CVD diamond particles on glassy car-
bon substrates. They used equation (2.2) to determine the local temperature as a
function of laser power and found that the local temperature could reach 1000 K
for an input laser power of 15 mW focused into a 2 um diameter spot. Interestingly,
in cases where such large temperature rises were recorded, the diamond particles
on the substrate would often disappear, most likely due to local oxidation. Such an
extreme case of local temperature rise is rare and indeed samples grown on silicon
and continuous CVD films do not usually show such large rises in local temperature.
Nevertheless, it is as well to remember that a temperature rise of only 50 K results in
a peak shift of ca.1.2 cm™! and that this could easily be erroneously interpreted as
being due to strain. Therefore, care must be taken to minimize laser heating effects.
A sensible test is to always determine if the peak positions show any dependence on
laser input power.

(e) Probing defects and annealing

While the literature on defect-induced photoluminescence lines in diamond is very
rich indeed (see Zaitsev 2001, §5), there are comparatively few studies reporting
Raman active local modes associated with point defects in diamond. One of the
most complete studies is that reported by Orwa et al. (2000). In this case the point
defects were introduced into the diamond by high-energy He-ion irradiation. The
somewhat unusual cross-sectional experimental configuration is shown in figure 7.
The advantage of this geometry is that the whole of the region sampled by the
Raman probe has a uniform level of damage. For these implantations, the damage
increases as a function of depth reaching a maximum at the end of range. Figure 8
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Figure 8. Raman spectra as a function of implantation depth (see figure 7). The degree of
damage increases with increasing depth reaching a maximum at the end of range (5 pm).

shows Raman spectra normalized to the first-order Raman line as a function of depth
below the surface (i.e. as a function of increasing ion beam damage). These spectra
were taken using polarizations of the incoming and outgoing beams such that the
first-order Raman line is in fact forbidden and its presence in the spectra is due to
polarization leakage in the experimental arrangement (ca.6.5%). The introduction
of the defects into the diamond has the following effects on the Raman spectra.

(i) New peaks appear in the Raman spectra at 1490 and 1630 cm~! (185 and
202 meV, respectively). Recent molecular dynamics simulations (Prawer et al.
2004) have resulted in the unambiguous identification of these peaks as being
due to the vacancy and split interstitial defects, respectively.

(i) At higher levels of damage, broad structures appear below 1400 cm~! with
peaks at ca. 500 and 1200 cm~!, which are broadly consistent with peaks in the
phonon density of states (PDOS) of diamond. The emergence of such struc-
tures is expected because the ion beam creates amorphous zones in which the
selection rules break down and allow the observation of features in the PDOS
(Prawer et al. 1998).

(iii) The first-order peak moves down in energy and broadens. There is a close linear
relationship between the downward shift in the Raman peak position and the
FWHM of the Raman mode (Jamieson et al. 1995; Orwa et al. 2000).
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These trends are useful and important for a number of reasons. The identification of
the 1490 and 1630 cm~! peaks as due to the vacancy and split-interstitial, respec-
tively, means that Raman spectroscopy can be used to study the kinetics of the
annealing of point defects in diamond. The presence of such peaks in the Raman
spectrum can be used as evidence of residual defects in diamond doped by ion implan-
tation and can therefore be used to help distinguish between electrical conductivity
due to residual damage and that due to true chemical doping (Kalish et al. 2003).
The identification of features in the spectrum due to an amorphous component can
also be used to study the recovery of the diamond lattice following implantation
damage. The spectra also serve as an important reference for the interpretation of
Raman spectra from nanocrystalline diamond (Prawer et al. 2000).

One important point to note is the very large downward shift in the first-order
Raman peak position with increasing damage (up to 50 cm™!) and the associated
broadening of the peak (up to 80 cm™!) (Jamieson et al. 1995; Orwa et al. 2000).
Remarkably, the peak broadening is not accompanied by any skewing or distortion; a
single Lorentzian can still be used to fit the broadened peak and a linear relationship
between peak shift and FWHM broadening holds over a very wide range. In fact the
peak position and FWHM are intrinsically connected by the Kramers-Kronig rela-
tionship and are therefore not independent variables. This implies that an increase in
defect density in a CVD film can result in a downward shift of the first-order Raman
peak position, even if there is no residual stress.

(f) Doping

Given the importance of the doping of diamond, it is not surprising that many
researchers have searched for Raman signatures that could be used to provide a non-
destructive, contactless method to assess the level of doping. Unfortunately, there
does not appear to be any simple signature, such as, for example, a local Raman
active vibrational mode corresponding to a B—C stretch, which can be used for this
purpose. Rather, the signatures are more subtle, involving interactions between the
vibrational modes of the lattice and the electronic continuum of states induced by
the dopants.

In surveying the literature, one needs to differentiate between the following con-
cepts as they relate to doping. The first is the ratio of the dopant to the carbon con-
centration in the gas mixture. Most authors quote this ratio as R = [dopant)/[carbon]
in units of ppm, but some authors may use the ppm level of doping in the overall
gas mixture, which in general for CVD would be about two orders of magnitude
lower. The second is the concentration of dopant (Ngopant) in the films. This is not a
linear function of R, and in fact depends on many factors, one of the most important
of which is the growth direction. For example, in the case of boron doping, for a
given value of R, the incorporation of boron is much higher for {111} faces than
for {100} faces (Ushizawa et al. 1998). Furthermore, there are at least two ways of
determining the dopant concentration. The first is secondary-ion mass spectrometry
(SIMS), which provides in principle a global measure of the dopant concentration.
The second is the use of IR absorption. For boron doping, an IR-active local mode
exists which is commonly used to measure the boron concentration in the diamond
lattice. Thus the latter measures only those B atoms which are actually incorporated
in the lattice; the former measures total incorporated boron including any boron in
grain boundaries.
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Since the activation energy of most dopants in diamond is large (of the order of
0.3 eV or higher) at room temperature, only about 10~2 of dopants will be activated.
Thus, unlike the case of Si and Ge, the dopant concentration, Ngopant, is expected to
be much larger than the electron or hole carrier concentrations (n and p, respectively)
and will be a sensitive function of temperature. n and p are generally determined
using electrical and Hall measurements which require contacts to be made to the
doped surface. It is also important to note that the carrier concentration itself is not
a linear function of dopant concentration.

Since the Raman spectrum is sensitive to the interaction of dopants with the
electronic continuum, it is in fact the carrier concentration, rather than the actual
dopant concentration, to which the Raman spectrum is the most sensitive. Further
complicating the picture is the fact that the morphology, growth rate and crystallite
size are all sensitive to the amount of dopant in the gas mixture. The aforementioned
factors conspire to make the interpretation of the Raman spectrum of doped diamond
difficult, especially because it is in fact rare to find studies which have measured R,
Naopant and p (or n) all on the same films which have been used for the Raman stud-
ies. Nevertheless, quite some progress has been made, and some important insights
gleaned from Raman studies, especially for boron-doped diamond.

(i) Boron doping: the Fano effect

Many authors (Gheeraert et al. 1993; Locher et al. 1995; Liao et al. 1997; Wang
et al.; 2000; Einaga et al. 2001) have studied B doped polycrystalline CVD dia-
mond films. With increasing hole concentration, an increasing asymmetry of the
zero phonon line was observed. It was quickly realized that this asymmetry could
be attributed to a Fano-type interference between the discrete zone-centre phonon
and the continuum of electronic states induced by the presence of the dopant. As
mentioned above, the incorporation of B on to {111} faces occurs much more readily
than on to {100} surfaces. Ushizawa et al. (1998) studied this dependence by inves-
tigating the {100} and {111} facets of individual crystallites grown on silicon as a
function of B/C in the gas phase. Parts (a) and (b) of figure 9 show the spectra for
{100} and {111} facets, respectively. SIMS studies on homo-epitaxial films grown
under similar conditions provided an estimate of the B concentration. It can be seen
that for the same gas phase conditions the incorporation of B is much higher on
{111} facets than on {100} facets.

The main features evident in figure 9 and from other papers are as follows.

(i) The zone-centre phonon line displays increasing asymmetry with increasing
B concentration due to the Fano effect, with the minimum in the Raman scat-
tering occurring on the high-energy side of the main Raman line. The strongest
effect appears to occur when the doping level is ca. 2 x 10%° B cm ™3, which cor-
responds to the onset of metallic-type conductivity in the films (i.e. near-zero
activation energy). This occurs when the density of dopants is sufficiently high
that they form a continuous impurity band.

(ii) The Raman peak due to the silicon substrate decreases with increasing B con-
centration, as the doped material becomes more opaque at the wavelength of

light used for the excitation.
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Figure 9. (a) Raman spectra of the {100} facets for B doped individual diamond crystals. B/C
refers to the B/C in the gas phase. (b) Raman spectra of the {111} facets for B doped individual
diamond crystals. B/C refers to the B/C in the gas phase. (After Ushizawa et al. (1998).)

(iii) New peaks appear at 500 cm~! and 1230 cm~!. The origin of these is uncertain;
however, it is worth noting that these two band positions agree with the two
maxima in the PDOS. They could therefore be connected with a relaxation
of the wavevector selection rules. If so, they may well be associated with the
actual boron incorporation in the lattice, rather than the hole concentration
(see Bernard et al. 2004a). A recent suggestion (Bernard et al. 2004b) is that
the 500 cm~! band may originate from a pair of boron atoms.

Pruvost & Deneuville (2001) report a detailed analysis of the parameters extracted
from the Fano line shape. They show that the Fano appears above a critical perco-
lation threshold which corresponds to the onset of metallic conductivity. The trends
are interpreted in terms of the relative Raman cross-sections for the continuum of
electronic interband transitions compared with the cross-section for the phonon. It
is clear that the Fano analysis is useful only for dopant levels close to, or exceeding,
the percolation threshold for metallic conductivity (i.e. ca.2 x 10** B cm~3). Unfor-
tunately it cannot be used to estimate the more moderate B doping densities typical
of those used for semiconducting films suitable for use in electronic devices such as
p—n junctions.

Above the percolation threshold, the Fano parameters saturate. For extremely
heavily doped films, it is difficult to discern the zone-centre phonon and the peaks
at 500 and 1220 cm~! dominate the spectrum. Bernard et al. (2004a) showed that
in this region the 500 cm™! peak could be fitted with a combination of Gaussian
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and Lorentzian line shapes. The wavenumber, w, of the Lorentzian component of the
peak was found to obey the following relationship:

[B] (incm™?) = 8.44 x 10*° exp(—0.048w),

where w is in cm ™! over a range of doping from 2 x 10%° to 1 x 10?2 B em 3, thus

providing a contactless and non-destructive method for assessing doping levels in
extremely heavily doped samples.

The temperature dependence of the Fano resonance in diamond was studied by
Piccirillo et al. (2002). They reported that the Fano fitting parameters changed
randomly with temperature around a mean value. No specific trend with temperature
could be observed. However, later work (Connor et al. 2004) revealed that some of the
scatter in the data was due to the fact that the Boron concentration was spatially
inhomogeneous even at the micrometre scale, so that, as the sample drifted with
increasing temperature, different regions were being probed. Reproducible trends
could be observed when greater control over the exact location of the analysis spot
on the sample was achieved using a metal mask on the sample surface to pinpoint the
laser spot. The interpretation of the observed trends is not straightforward, although
it seems that the coupling parameter appears to be the only quantity changing with
temperature. One definite observation was that the temperature dependence of the
Fano parameters derived from Raman measurements is quite different to that derived
from IR measurements, leading to the conclusion that the nature of the interaction
between discrete modes and the continuum of states is different in the two cases.

The Fano line shape and the presence of the 500 and 1230 cm~! peaks also depend
on the excitation energy. Locher et al. (1995) and later Wang et al. (2002) discerned
the following trends with increasing excitation energy.

(i) The relative intensity of the electronic Raman scattering decreases, and the
Fano-type interference becomes weak.

(ii) The observed position of the coupled zone-centre phonon moves to higher ener-
gies (recall that for undoped diamond there is no wavelength dependence of
the zone-centre phonon energy). The position of the minimum in the spectrum
moves from the high-wavenumber side to the low-wavenumber side.

(iii) The two peaks located at 500 and 1230 cm~! become weak and cannot be
detected at all when the Raman spectrum is excited by 244 nm light.

The reasons for these trends are not obvious, although they may be connected with
the increased scattering cross-section for phonons (o o wﬁ), which does not apply to
electronic Raman scattering.

(ii) Doping with species other than boron

It is well known that n-type doping remains challenging for diamond. Sulphur,
phosphorus and lithium have all been tried, with quite some success in recent years
in phosphorus doping of diamond (Fx = 600 meV). Since the numbers of carriers
remains comparatively low, one does not expect to observe a strong Fano-like reso-
nance for n-type doping.
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Figure 10. Normalized intensities of (a) interstitial and (b) vacancy related Raman peaks as a
function of annealing temperature for B implanted type-Ila diamond. Also shown is the electrical
resistance of the B implanted layer (right axis) (After Kalish et al. (2003).)

Of course, Raman is extensively used to monitor crystalline quality, stress and
non-diamond incorporation into the films as a function of increasing dopant concen-
tration (see, for example, Musale et al. 2002). To date, this sort of data, while useful,
has not provided Raman parameters which can be correlated directly to dopant con-
centration.

Popovici et al. (1996) report the Raman spectra of Li doped diamond obtained by
transmutation of '°B into “Li. In addition to peaks at 1320 and 1500 cm ™, they also
observed a relatively sharp peak at 1629 cm™'. However, in the transmutation from
10B to "Li, 2.7 MeV of energy is released, which is imparted to the Li ion. Hence this
situation is comparable with the damage created with light ions as described in §2e,
with the 1620 cm~! peak most probably due to the presence of split interstitials. In
any case, the peak disappeared upon annealing at 1300 K.

Kalish et al. (2003) performed conductivity and Raman measurements on diamond
implanted with sulphur. They addressed the question of whether there is evidence
for electrically related conductivity in sulphur-ion-implanted diamond or whether the
observed electrical activity could be simply related to the presence of residual ion-
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implantation defects. Figure 10 shows the normalized intensities of the interstitial-
related (a) and vacancy-related (b) defects as a function of annealing temperature
for B implanted type-Ila diamond, compared with the electrical conductivity of the
implanted layer. Although the data are shown for B implantations, very similar data
were also obtained for C implantations. This figure shows that incomplete annealing
(as evidenced by the presence of Raman peaks at 1490 and 1630 cm™!) is concomitant
with defect related electrical conductivity. Such data provide a baseline reference for
the assessment of dopant related conductivity, particularly if the dopants have been
introduced into the diamond lattice by ion implantation.

3. Conclusion

Raman spectroscopy has become an essential diagnostic tool for the diamond
researcher. It is now well known that the typical Raman spectrum excited by a
visible laser in the region 1000-2000 cm ™! contains basic information concerning the
phase purity and crystalline perfection of the diamond material. But recent devel-
opments have shown that Raman spectroscopy can provide much more than this
basic information. Surface-enhanced Raman spectroscopy has revealed the presence
of new and unexpected structures on diamond surfaces. By combining information
from different wavelength excitation, the sensitivity to sp? and sp® bonded phases
can be tuned for particular applications. The Raman spectrum can be used to map
stress and strain in crystallites on the micrometre scale, to remotely monitor the dia-
mond surface temperature, and to monitor defect generation, annealing and electrical
doping.

Future developments may lie in the combination of Raman microscopy with other
analytical tools, especially those capable of improving the spatial resolution of the
technique. Notable examples are the integration of Raman microscopes with near-
field optical probes and most recently with scanning electron microscopes. These offer
not only the possibility of spatial resolution of the order of 100 nm but also the capa-
bility of combining information from different scattering mechanisms (e.g. cathodo-
luminescence, photoluminescence and Raman) all on the same region of the sample.
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