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Abstract:

X-ray photoelectron and Raman spectroscopies were used to investigate the chemical and the
structural properties of thin diamond films synthesised by Plasma Assisted Chemical VVapour
Deposition (PACVD). This powerful combination expanded the chemical physics
understanding of CVD diamond continuous films, during the first stages of growth that
determine the global diamond film quality. Two peculiar properties were studied (i) the stress
measurements were discussed by distinguishing clearly the chemical effects from the

mechanical effects; (ii) an electronic gap at 2.7 eV probed by Raman resonance that
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corresponds to an energy loss peak on the XPS carbon signal, was related to the surface

hydrogenation.

1. Introduction:

Since three decades, a lot of interest has been focused on synthetic diamond synthesized
by Plasma Enhanced Chemical Vapour Deposition (PECVD) process. It is due to the
perspective of large number of technological developments linked to multiple diamond
properties which can be associated each others. In the case of its functional properties such as
its transparency to visible light, high carrier mobilities, high breakdown field or chemical
inertness, a lot of applications are envisaged in the domain of radiation detectors,
optoelectronic devices, spectral windows, heat sinks, MEMS systems or diamond-based
microelectronic components [1]. Excepted for homoepitaxial diamond synthesis where the
film is a quasi-single crystal, many works are devoted to CVD diamond synthesis on cheaper
substrates than diamond as single silicon substrates. The main objective is the production of
low-cost and high quality diamond films usable in technological components. However due to
high interfacial energy between diamond nuclei and silicon substrates as well as the plasma-
diamond interaction, the growth occurs by islands and the polycrystalline nature of the
subsequent diamond coatings induces the formation structural defects like grain boundaries,
stacking faults which damage functional properties and produce internal stresses. Moreover,
the interaction between the plasma discharge (created from the gas excitation by external
energy source) and the growing diamond surfaces leads to the formation of non diamond
carbonaceous components (as graphite or amorphous carbon phases) or insertion of non
carbon atoms (as hydrogen or nitrogen). Since fifteen years ago, Highly Oriented Diamond
(HOD) films have been prepared thanks to the Yugo’s method [2] of Bias enhanced
Nucleation (BEN). If bias and experimental conditions of the BEN step are adequate, we
generally observe a partial epitaxial nucleation which strongly decreases the structural defects
inside the subsequent growing film [3] but some problems remain unresolved as the poor
epitaxial ratio, the azimuthal misorientation and the lack of nucleation reproducibility [6 4 5].
Moreover, the physico-chemical properties of HOD films strongly depend on the diamond
growth chemistry that is very difficult to understand due to the very complex plasma/surface
interactions in these PECVD processes [7]. The most used plasma-producing gas is CH4/H,

mixture with a very large percentage of hydrogen whose chemical effects are fundamental but



not completely determined, in particular the consequence of the hydrogen chemisorption on
the crystalline diamond growth [8]. Additional introductions of other gases inside the
discharge have been studied to modify the plasma chemistry and consequently to vary the
physico-chemical properties of the films. Nitrogen, argon and oxygen are the most frequent
gases and particularly oxygen that strongly modifies the growth rate, the diamond deposition
domain and the global quality of the diamond due to a direct interaction with the chemisorbed
hydrogen [11 9 10 4]. Therefore CH4/H,/O, gas mixtures were used in this work to synthesize
the diamond films. XPS (X-ray Photoelectron Spectroscopy) and micro confocal Raman
spectroscopy, were jointly used to investigate the surface and the bulk as well, in parallel with
SEM (scanning electron microscopy) and XRD (X-ray diffraction). Therefore some insightin
the chemical and structural information on these films could be obtained and used to better
understand their properties in relation to the gas composition.

Many XPS studies have been reported recently dealing with the purity of diamond films
especially on the content of sp? carbon in the diamond structure [12], the structural changes
and the modifications of the electronic structure induced by atom beam or ion bombardment
[14 13], the mechanism of growth of the films [15], and so on. Despite it has been recognised
since a long time that XPS is a suitable technique to characterise the surface of diamond films
[14] the surface characterisation of this material by this technique remains a very difficult task
for several reasons:

- The first one relies on the difficulty of calibrating the energy scale of the XPS
spectrometers when analysing an insulating or semi-conducting material for which the
standard procedures cannot be used due to the absence of a possible internal reference
such as aliphatic carbon coming from adventitious carbon. Therefore the values
reported in the literature for the binding energy for the Cls level on diamond are
usually ranging from 283.3 to 285.0 eV [14 13 14]. If the surface Fermi level of
diamond is used and if a band gap energy of 5.5eV is considered, then the C1s binding
energy for diamond surface would be located around 289.2 eV [16]. Fortunately, the
presence of some donor states of hydrogen-terminated diamond surface improves
considerably the surface conduction properties of the diamond films deposited on
conducting materials making safer the measurement of the C1s binding energies.
Therefore, the most recent studies indicate a trend towards binding energies of C1s
around or below 284.0 eV for diamond [16 17 1819].

- The second one is dealing with the impossibility of cleaning this type of material by

classical cycles of ion sputtering and annealing. Surface damage, incorporation of



argon ions and also the irreversible transformation of sp® carbon atoms into sp” carbon
atoms make the ion surface cleaning procedures absolutely not usable. Therefore
meaningful and reliable XPS results for diamond, graphite and amorphous carbon
materials can only be obtained with a clean and intact surface sample [20].

- Finally, as XPS is a surface sensitive technique, the chemical information could also
contain some unexpected elements coming for example from the process of
termination of the films such as adsorption of elements of the plasma during the

cooling down.

From its early beginnings, Raman spectroscopy has been recognized to be ideally
suited to diamond study [21]. During the last two decades, innumerable Raman works have
been obtained either isolated diamond crystallites or continuous films [for example 23 22].
The Raman spectra may be used to study residual stress in diamond deposition [24] or to
characterise diamond polytypes [25] or yet to study the crystallographic orientation of isolated
chemical vapour deposited microcrystals [22]. The backscattered Raman spectra of the [111]
and [100] directions of micrometric isolated CVD diamond crystals revealed significant
differences. The observed splitting of the 1332 cm™ diamond line into three bands around
1326, 1334 and 1340 cm™ has been detailed in minute thanks to polarisation measurements
[22]. The 1326 cm™ component is only observed when sampling a {111} growth sector and is
strongly polarisation sensitive. Stuart et al. [22] assumed that this peak originates from the
non-uniform distribution of {111} stacking faults throughout the {111} sectors of the crystal.
Recently, the confocal Raman microspectrometry has been also successfully used to study
thin films deposited either silicon or diamond substrates [23]. Indeed, the confocal Raman
microspectrometry allowed the mapping, at a micrometric scale, of the local stresses existing
in the diamond films. For instance, in the case of high quality freestanding polycrystalline
boron-doped diamond films, 2D stress or defect images were deduced from the Raman
spectra. Both compressive and tensile stresses were thus measured within diamond grains, in

particular close to defects or grain boundaries.

In this study we will report on high resolution XPS and Raman investigations of
continuous PECVD diamond films produced in various CH4/H»/O, gas mixtures where the
plasma discharge was obtained by a microwave excitation (MPCVD process). We will focus
on the chemical purity and on the local textural and structural properties, measured

simultaneously on the same sample with various analysis depths of continuous polycrystalline



diamond films whose nucleation was initiated by a BEN pre-treatment. This one guaranties us
a high nucleation density inducing the formation of continuous coatings having relatively low
thicknesses. We will discuss the complementary features of both measurements, to describe
the MPCVD films. In particular, the effect of the hydrogenation of any kinds of faces will be
envisaged to interpret the Raman spectral evolutions with the wavelength of the laser

excitation.

2. Materials and methods

Polycrystalline diamond films have been grown on silicon by MPCVD technique
using a BEN step for the nucleation and a growth step for the film formation. Details of
deposition parameters in a 2.45-GHz microwave plasma CVD reactor will be found in
previous papers [26 27]. Briefly, a Si(100) wafer substrate of 10 by 10 mm previously
chemically cleaned in acetone and deoxidized in a solution of hydrofluoric acid is attached on
a molybdenum sample holder. The total pressure and the total flow rate in the reactor were
respectively fixed at 30 hPa and 300 sccm. The gas composition was basically varied between
0.8-1 vol.% of methane in hydrogen. Oxygen (about 0.5-1 vol.%) was introduced in the gas
phase. The BEN stage was performed by negatively biasing the silicon substrate up to 250V
relative to the plasma discharge and the microwave power was maintained at 300W during the
BEN and growth steps leading to a substrate temperature close to 750°C. The growth step
duration was usually between 4 to 5 hours. Table 1 summarises the synthesis parameters of

each run and the measured thickness of the corresponding samples.

The microstructure, morphology and thickness of each sample were checked by XRD
(Bragg-Brentano diffractometer, using a Co Ka incident radiation.) and SEM (Philips XL 30
SFEG) techniques.

The XPS analyses were carried out with a Kratos Axis Ultra (Kratos Analytical, UK)
spectrometer with a hemispherical energy analyser and using a monochromatic AlKa source
(1486.6 eV). As the delay-line detector allows a high count rate the power applied to the X-
ray anode was reduced to 90 W so that the possible X-ray induced degradation of the sample
was minimized. The instrument work function was calibrated to give a binding energy (BE) of
83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted

to give a BE of 932.62 eV for Cu 2p3/2 line for metallic copper.



The samples were attached to the sample holder and then evacuated overnight prior
analyses. The pressure in the analysis chamber during XPS analysis was in the low 10”° hPa
range. All spectra were recorded at a 90° take-off angle, the analysed area being currently
about 700 um? Survey spectra were recorded with 1.0 eV step and 160 eV analyser pass
energy and the high resolution regions with 0.05 eV step and 20 eV pass energy (instrumental
resolution better than 0.5 eV). In both cases the hybrid lens mode was employed. As the
various samples studied here behave as conducting materials, the charge neutraliser was never
used and the binding energies have not been corrected.

Spectra were analysed using the Vision software from Kratos (Vision 2.2.6). A Shirley
base line allows the subtraction of the background whereas Gaussian G (60%) Lorentzian L
(40%) peaks or asymmetrical GL peaks were used for spectral decomposition. As the
analysed samples were not grown in situ in the XPS analysis chamber, they were inevitably
exposed to atmospheric conditions during the transfer from the deposition system to the XPS

analysis chamber.

Raman spectra were recorded with a triple substractive monochromator T64000 Jobin
Yvon spectrometer equipped with a confocal microscope. The detector was a charged coupled
device (CCD) cooled by liquid nitrogen. The Raman spectra were excited by a laser beam at
514.53 nm, 488 nm and 457 nm emitted by an Argon Laser (Stabilite 2017, Spectra Physics),
focused on samples with a diameter of about 0.8 um and a power of about 20 mW on the
sample. The Raman backscattering was collected through the microscope objective (x 100,
numerical aperture of 0.95) and dispersed by a 1800 groves/mm grating to obtain 2.7, and 3.2
cm™ spectral resolutions for respectively the 514.53 and 457 nm excitation beams. The
wavenumber accuracy in vacuum was better than 0.8 cm™. The polarization discrimination of
the optical device was checked by measuring the depolarization ratios for the perfectly known
bands of reference liquid pure products. For instance, the experimental depolarization ratio for
the 459 cm™ symmetric component of the CCl, spectrum is 0.02 + 0.005 for the different
wavenumber positions of the centered CCD camera or 0.03 + 0.01 for the C-H stretching
mode of CH,CI,. The confocal Raman microprobe is constituted by an Olympus microscope,
equipped with a motorized XY stage with a step of 80 nm. On a test sample, a calibration gold
grids on a silicon substrate, the experimental lateral resolution value is measured from the
displacement necessary to pass from the maximum collected signal to the minimum at the

boundaries of an object. The application of this convention to estimate the resolution of our



conventional confocal device gave the values of 700 nm and 550 nm for respectively the

514.53 and 457 nm excitation wavelengths. The theoretical description of the optical
diffraction applied to a perfect Gaussian laser beam and a perfect optical device would give
respectively 270 and 250 nm [28 29] for the lateral resolution and 800 and 700 nm for the
axial resolution. However, let us note that, because of the high refractive index of diamond,
this axial resolution is damaged and values are about multiplied by a factor of about 2. Thus
the smaller analyzed volume by our confocal device may be estimated at around 0.350 pum?*

and the more current volume in our experiments will be around 1 um?.

3. Experimental results

3.1 Structural characterisation of the films

Figure 1 displays both planar and cross-sectional SEM views for the three samples A,
B, C and their corresponding diffraction patterns. The three diamond films exhibit well-
shaped grains with emerging {100} and {111} facets which have grown on the silicon
substrates to form continuous films. Although the mean grain size of sample B is smaller than
for sample C, their surface morphologies are comparable showing numerous cuboctahedral
crystals with <110> direction normal to the substrate characteristic of a <110> fibre axis.
However, that one is better formed for sample C than sample B. The surface morphology of
sample A is quite different presenting rather a bimodal diamond crystal size distribution
characteristic of an evolutionary selection rule in progress (fibre axis not yet formed). The
SEM cross-section views of the three diamond films show that the growth rate of sample C is
clearly higher than the two others ones that explains the presence of a well formed fibre axis.
The observed difference concerning the fibre axis formation and growth rate can be explained
by the variations of methane and oxygen concentrations [9 10], by the variations of growth
duration and by the fact that identical BEN conditions induces slight nucleation densities [5]..

XRD patterns show the most intense signal comes from the (400) silicon reflection
and three peaks characteristic of the (111), (220) and (311) diamond reflections. The relative
intensities for these latest ones indicate that no preferential orientation seems to be detected
for sample A, whereas a <110> fibre axis is clearly observed for sample B and slightly
accentuated for sample C according to the observed morphology. The presence of preferential
orientation for sample B which is not detected for sample A having the same thickness as

sample B could be explained by a lower nucleation density for sample A which delays the



formation of the fibre axis [5]. Finally, the grain sizes observed for the three samples are
small enough to consider that the area probed by the XPS spectrometer or by our microRaman
device includes between ten and hundred grains. Moreover, since the three films are
continuous, we will consider in the following that both the XPS and vibrational analyzes give
average characterizations on the films and are unable to distinguish spatial heterogeneous
parameters. Due to high spatial resolution of Raman analysis, we collected several spectra of

different sample areas.

3.2 Reference samples for XPS and Raman

As we planed to analyse the C1s line observed on the as-grown diamond films it was
necessary to obtain a coherent basis of binding energies for the possible contributions that
could be encountered on these samples. It is widely accepted that Cls binding energy of
amorphous carbon is fixed to 284.6 eV. Likewise the oxidised forms of carbon give rise to
components at higher binding energy ranging from 286.0 to 289.5 eV depending of the net
atomic charge of the carbon atom. In particular oxygen atom induces shifts to higher binding
energy by about 1.5 eV per C-O bound [30]. However, the binding energy of sp® versus sp’
carbon atom is still under debate, some authors [31] concluded that all pure C species,
regardless the hybridisation have the same Cl1s binding energy while others postulated a
separation of about 0.8 eV between the sp? and sp® contributions [16]. Most of the time the sp®
configuration is reported to present a lower binding energy for Cls than the sp? contribution
but, sometimes, the reverse situation has been reported [14 32],

Therefore, three samples, namely a synthetic diamond Ila type (Drukker International,
crystal of 0.7 mm of size), a piece of freshly cleaved HOPG graphite and a sample of SiC
(given by M.J. Ledoux LMSPC Strasbourg - France) have been characterized. The latter one
is justified because it has been previously reported that diamond films growth on silicon
wafers proceeds trough an interfacial SiC phase [15]. Graphite and pure diamond will be used
as references for C1s line in the hybridisation states sp? and sp®, respectively. The XPS C1s
lines for these three samples are exhibited in figure 2. These peaks have been decomposed
when it was necessary. Therefore, the binding energy, the FWHM’s (full width half
maximum) and the shape of each component are reported in table 2 for the three samples.

It is widely accepted that the Cls peak of graphite presents a very particular
dissymmetric shape with a broadening on its high energy side [33 34 35]. This shape usually

occurring in conductive materials is attributed to neutralization of the holes created during



photoemission by conduction electrons and the asymmetry is believed to be more pronounced
when the density of state (DOS) at the Fermi level is high. Thanks to the ability of creating
electron hole pairs in graphite and despite a rather low DOS at the Fermi level graphite
exhibit a pronounced asymmetry. Therefore an asymmetric Gaussian Lorentzian shape has
been used to fit the shape of the C1s peak in figure 1b. It is worth noting that on this sample a
single narrow (FWHM = 0.77 eV) peak is observed at a binding energy of 284.18 eV with
only a tenuous contamination component at 286.33 eV attributed to pollution after cleavage.
The value reported here is in full agreement with the value given in the most recent papers of
284.3+ 0.2 eV [16].

As diamond is a semiconductor, the choice of the shape C1s peaks for this material is less
straightforward. A symmetric shape was reported previously [14] but, after many attempts,
the best fit of the C1s peak presented in figure 2a was obtained with an asymmetric shape.
This could tentatively be related to the conductive properties of this hydrogen-terminated
diamond surface. Let us recall that no obvious charge effect was detected on this sample.
Within this hypothesis, the C1s line for the diamond reference sample was deconvoluted in
three components, the main one at 283.9 eV (FWHM = 0.87 eV) attributed to diamond, one at
lower binding energy (283.26 eV) that will be attributed to SiO,C, (see below) and a third one
at higher binding energy (286.0 eV) coming from adsorption on the sample of oxidised forms
of carbon.

The C1s spectrum presented in figure 2c¢ for SiC is rather complicated despite a soda
treatment at 80°C that was supposed to remove the oxidised phases present on the surface
[36]. The low binding energy component pointed out at 281.31 eV (FWHM = 1.16 eV) is
assigned without ambiguity to the carbide whereas the four other components are related to
oxycarbide, adventitious carbon and oxidised forms. The Si2p levels have also be observed
for this sample (not shown here) and the binding energy for the Si2p3/2 level has been
pointed out at 98.92 eV. Therefore the difference in energy between the Si2p3/2 level and the
C1s level is found equal to 182.39 eV for SiC in agreement with previously reported values
(182.17 £ 0.03 eV [37], 182.20+ 0.1 eV [38] and 182.25 [15]) and giving then some

confidence on our determination.

The backscattered Raman spectrum of the reference diamond sample is displayed in figure
3a. The spectrum is dominated by a very narrow peak centred at 1332.5 cm™ The Raman
signal is strongly symmetric and the full width is smaller than 3.8 cm™. As expected, the cubic

diamond with the 3C structure is revealed by the triply degenerated only Raman active



mode. This observation is in agreement with the phonon band diagram of this kind of crystal
where the longitudinal and transverse optic phonon branches meet at 1332 cm™ and represent
one triply degenerate Raman mode at the centre of the Brillouin zone. Let us note that this
crystal structure with two atoms per unit cell induces no first order infrared activity

The group theory applied to the symmetry of graphite, Dyx' shows that the reduction of the
atomic movement representation at the zone centre yields 12 vibrational modes with nine
optical phonons:

[op=2E,,®E;;® 2B,,® Azu,

where only the two E,; modes are Raman active. One of these two phonons is due to in-
plane atomic displacements, the other to the rigid layer displacements. The first wavenumber
characteristic of both the Raman active modes is found at 1581 cm™, the second at 42 cm™.
Figure 3b displays the major first order at 1581 and second order at 2450, 2690, 2725 and
3247 cm™. The presence of both the components around 2700 and the sharpness of the 3247 cm’
! peak allow claiming a structurally well stacked sample [39 40]. A single peak at 2700 cm™,
resulting of a coalescence of the doublet 2695 and 2725 cm™ would be an evidence of a total
lack of c-axis order, i.e., a true disorder of the graphitic crystallinity. The absence of a large
component around 1350 cm™, interpreted as a fingerprint of the finite size of graphene layers
[40 41], confirms the large domain of the graphene plane of our sample.

The reference SiC (3C structure with the F43m structure or T4’) sample is characterised
by the two sharp Raman peaks at 968 and 790 cm™ assigned to the LO and TO phonons

displayed on the recorded unpolarised spectrum of the figure 3c.
3.3 Characterisation of MPCVD diamond films

The XPS analysis of the surface of the three films does not reveal huge differences.
The survey spectra (not shown here) are largely dominated, as expected, by the signal of C
with traces of Si and O. The C1ls spectra and the enhanced bottom of this peak of three
samples are presented in figure 4. Looking first at the (C) sample it is observed that the Cls
peak is largely dominated by a component located at a binding energy of 283.4 eV (FWHM =
0.98 eV) in full agreement with the accepted value for sp® C hybridisation. Furthermore it has
to be pointed out that this spectrum is even of a better quality than our reference on pure
diamond. The modelling of the bottom of the Cls peaks has been performed with four

components associated with the presence of (i) carbon atoms in a SiO,C, environment
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(282.35 eV) of (ii) C-H bounds (284.6 eV) and also of (iii) two other forms of C (286.0 and
288.35 eV). The parameters used for decomposition of the C1s line are presented in table 2.
Sample (B) presents the highest percentage (around 8%) of the component C-H. The
environment SiO,C,, observed for each sample, is probably coming from the oxygenated-
species formed in the CH,/H,/O, plasma leading to additional incorporation into the (sub)-
surface [42]. The component at 286.0 eV will be discussed below in light of the resonant
feature observed in the Raman analysis. It could be due either to oxidised carbon or to an
energy loss peak. Due to its low intensity a possible interpretation of the last component
would be some spurious adsorption of oxidised compounds during the storage and the transfer
of the samples.

The general Raman spectra obtained at 514.53 and 457 nm distinguish clearly the film
C from the two others (figure 5). Indeed, in agreement with the thickness of the deposited
films, the relative intensity of the diamond signal by comparison with the silicon Raman
signal is about 20 time more intense for the film C than for the films A and B. Moreover, the
luminescence coming from the volume of the layer is more intense for the thicker sample. The
photoluminescence spectra excited at 457 or 514.53 nm do not present any sharp signal at
neither 2.156 eV, nor 1.945 eV. Since the 2.156 eV signal is characteristic of an optical centre
comprised of a single nitrogen atom while the one at 1.945 eV corresponds to vacancies
trapped at single substitutional nitrogen atoms [43] we conclude that the concentration of
nitrogen atoms in the volume is very low for the three samples, as at the surface analysed
previously by XPS. The weak emission signal recorded for samples A and C at 1.681 eV is
reported to be generated by optical centres due to the incorporation of silicon atoms during
growth. This observation is in agreement with the surface analysis since it has to be pointed
out that Si atoms have been unambiguously detected by XPS, presumably in an environment
Si0,C,.

The three Raman spectra display the characteristic diamond line at around 1334 cm™ ,
the characteristic signal of the silicon substrate crystallised in the cubic structure at 521 cm™
and a broad band between 1500 and 1650 cm®, that corresponds to vibration modes of
amorphous carbon with carbon atoms in sp® hybridisation. This last phase does not
correspond however to a graphitic phase since no usual second order signals between 2400
and 2800 wavenumbers is displayed (figure 3). By comparison with the diamond line, the
importance of this amorphous carbon phase is relatively weaker for the sample B than for the

samples A and C. No Raman signal of the SiC polytype has been detected.
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The Raman diamond signal is detailed in the inset of the figure 5. The three Raman
spectra excited at 514.53 nm (table 4) are characterised by a maximum around 1334 cm™. The
thinnest film (sample A) spectrum presents a symmetrical band centred at 1333.5 cm™ with a
full width at half height smaller than 7 cm™ and a weak component with a low ratio signal on
noise at 1326 cm™, while the band for sample B is rather constituted by two components with
a FWHH of 8 cm™. The diamond peak of the film C is the most symmetrical of the three
spectra, centred at 1334 cm™ with a FWHH higher than 9 cm™. The decompositions of these
signals confirm this first survey (table 4). The comparison of both the inelastic scattering
signals in the diamond spectral range shows that the excitation at 457 nm generates, at the
highest wavenumbers, an asymmetrical profile of the diamond Raman peak that may be fitted
by a component around 1340 cm™ that is not observed with the green excitation (figure 6 and
table 4). This supplementary component is the strongest for the sample B and quasi-absent for
sample C. This wavelength dependent behaviour will be discussed in the next section with the
help of the XPS analysis after discussion of the splitting of the diamond signal in two lines, at
1330 and 1334 cm™, that is observed with both the wavelength.

4. Discussion

As reported by some authors [24 44 45] the two components in the Raman spectrum excited at
514.53 nm can be assigned to a partial lifting of the triply degenerated optical phonon T4 at
the Brillouin zone centre. This partial splitting of the two components respectively located at
lower (1330 cm™) and higher (1334 cm™) wavenumbers could be assigned to the singlet (s)
and doublet (d) phonons in the case of biaxial stress in the diamond films [46]. Indeed, in the
presence of strain the cubic symmetry is lowered. Depending on the direction of the stress
relative to crystallographic directions, the degeneracy may be partially or completely lifted.
Let us note that this lifting of the degeneracy occurs for uniaxial or biaxial crystallographic
strains but not for hydrostatic strains. As a general trend, an up-shift of the diamond Raman
lines is observed with respect to the natural diamond position, wy, indicating the existence of a
compressive stress. If we assume that our deposited films are in a biaxial in-plane stress, as
reported by Ager and Drory [24], the biaxial stresses given for the two lifted levels can be

expressed by the relationships:

o; = -1.08(ws-p) oq = -0.384(wg-mp), (eq.1)
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where os and wq correspond to the observed wavenumbers of the single and the doublet in the
spectrum and q the stress-free peak position of the diamond line, while the o; and oy
represent the related biaxial stresses (expressed in GPa).

The residual stress in the diamond films arises from the superposition of a thermal and an
intrinsic components. The thermal stress originates from the difference in the thermal
expansion coefficients of silicon and diamond. As a result of this difference, the silicon
substrate contracts more than the diamond films upon cooling down to room temperature,
hence a compressive stress applies on the diamond film. The intrinsic stress component in the
diamond film arises mainly from impurities and defects, such as grain boundaries, twins,
dislocations, voids and amorphous carbon incorporated during the diamond growth. In
particular, compressive intrinsic stress in the films is ascribed to impurities; while defects,
such as vacancies, dislocations and grain boundaries, produce tensile intrinsic-stress. In the
case of the morphology of our samples displayed by the electronic microscopy (figure 1), the
area probed by the microRaman device is constituted by several ten of grains. Consequently,
the Raman shifts and the band widths between 7 and 10 wavenumbers, correspond to a
convolution or a distribution of these different effects since no individual grain may be
distinguished here. To probe individual grains, the Raman analysis of the optical near field
excited or collected by a subwavelength tip [28] would have to be applied. Therefore in the
case of the sample spectra for which the splitting is not obvious, we rather adopt the approach
already used for instance by Donato et al. [46] that used the relationship proposed by

Ralchenko et al. [47] to evaluate the biaxial stress:

o= —0.567(a)m - a)o) (eq.2)

where the measured peak position is the medium between the singlet and the doublet
wavenumbers:

@, =0.5(w, + wy) (eq.3).
Thus, as initially proposed by Donato et al. [46] to estimate the overall film stress, the last
equation (eq.3) may be adapted to our case. The value of wy, is estimated from the average
wavenumber measured in our thin films (between 200 and 2000 nm) representative of the
grain distribution. This assumption applied to the case of the film C gives a stress of -1.134
GPa in agreement with the trend analyzed by Donato for thicker films. This trend indicates

that the biaxial in-plane stress in diamond films gradually decreases with increasing film
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thickness, as expected from the theory of elasticity [48]. However, the distribution is more
complex in our case as evidenced by the highest FWHH value (about 9 cm™ against 4 or 7 for
the Donato et al. results).

This trend is not fully representative of the thinnest films A and B. The film B spectra
display clearly two components that may be analyzed with the help of equations (1), showing
a compressive and a tensile stresses. If we use the corresponding values of ®,=1330 cm™,
®4=1334.8 cm™ and ®,=1332 cm™, we obtain the biaxial stresses o, = +2.16 GPa and o4 =
-0.97 GPa. Let us note that the impurity concentrations are the lowest for the film B (absence
of the 1.681 eV luminescence signal [49], no colour centre attached at the nitrogen
substitutions in the bulk and the lowest concentration of silicon atoms at the surface probed
by XPS). Consequently the observed splitting for the Raman diamond line of sample B may
be interpreted from a strict mechanical point of view, including the boundary and the stacking
faults effects. When the rapid growth by formation of a <110> fibre axis symmetrically
generates in-plane internal stresses [50], particularly along the <100> and <111> directions,
the difference of stress sign (compressive for o5 and tensile for o4) for <110> oriented
diamond crystals is attributed to either the grain boundary structure of <110> oriented films or
a non uniform distribution of defects inside the crystals [51]. This behaviour is associated to a
highly heterogeneous strain field arising from the most dominant planar structural defects
such as twins and stacking faults [44]. Compressive stresses of one GPa magnitude are
reported in the {111} growth sectors where planar defects are present. They are balanced by
tensile stress in {100} growth domains exempt of bidimensional defects but they can contain
voids and dislocations which generate tensile stresses [52]. For samples B and C, the
formation of <110> fibre axis induces non isotropic stresses along the <100> and <111>
directions belonging to the diamond film plane.

The macroscopic stress is difficult to appreciate since it corresponds to the
combination of intrinsic and thermal stresses. The thermal stress is compressive in the case of
diamond film on silicon and the intrinsic stress is tensile in nature [53 54]. Kim and Yu [54]
observed that the compressive stress was measured for low film thicknesses. Knowing that the
thermal stress is more prominent for thin films [55 56], sample B could be more
compressively stressed than sample C since the diamond thickness strongly increases from
sample B to sample C. The stress drops from compressive for small thickness to tensile for
high film thickness. This point could allow us to explain first the more resolved splitting

observed for the sample B than for C (table 4 and figures 5 and 6) and second a higher up-
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wavenumber observed for B than for C. Nevertheless the stress values estimated from the
previous equations are not so easy to compare, since in the case of the film B, the splitting is
easily resolved while for the film C is difficult to be determined. The highest chemical quality
of the film C than the ones of the films B observed either at the surface by XPS analysis or in
the bulk by the luminescence does not seem to have consequence on these mechanical
properties.

The randomly oriented crystals characteristic of sample A (fig. 1), with no preferential
crystallographic direction are characterized by a weak component around 1326 cm™ and a
symmetrical component at 1333.5 cm™, with a relative low FWHH value in comparison with
the other films (Table 4). No Raman splitting is observed in this disordered film contrary to
the oriented B film. The 1326 component is related to the stacking faults that cause a
breakdown in the symmetry without reaching a hexagonal structure. The appearance of this
band is due to the non-uniform distribution of film A. The other component at 1333 cm™

corresponds to the usual diamond mode under a weak compressive stress.

The previous discussion about the splitting of the Raman active diamond modes
applies also here for the excited 457 nm Raman spectra since the same contributions are
obtained at 1330 and 1334.5 cm™. However, for the samples A and B, a supplementary
component at 1340 cm™ appears with this violet excitation. The Raman spectrum for the
sample C is weakly affected by the wavelength change. This spectral response could be
related to a particular carbon structure that possesses a Raman enhancement when the
wavelength is 457 nm (i.e. 2.7 eV). Indeed if the electronic state of this particular structure is
characterised by a band gap smaller than 3 eV, the laser excitation is able to generate a Raman
resonance effect. The Raman efficiency is multiplied by a factor of three to six orders of
magnitude in comparison with the usual Raman effect. In our three films, the sample B is the
most representative of this kind of structure. The only noticeable difference of this sample
with the others comes from its chemical composition of surface displayed by the XPS analysis
(table 3). The surface concentration of the CH environment is the highest (table 3) and
concomitantly the component around 286.2 eV is the highest. Thus we propose that the
possible Raman resonance effect generated at 2.7 eV observed strongly for the sample B
could be produced by the electronic structure generated by the C-H composition present at the
surface. The gap around 2.7 eV is also displayed on the carbon XPS spectrum by a component
at the binding energy of 286.2 eV, that may be assigned to an energy loss peak at (286.2-

283.5) eV. This XPS component is consequently not assigned to an oxidised environment of
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carbon atoms (C=0) but rather to a consequence of this gap specific to a surface
reconstruction of some faces. This assignment is in agreement with theoretical predictions
computed on (100)(2x1) partially hydrogen covered surfaces [56] and experimental
observations from anisotropy optical reflectance [57]. This assignment is confirmed by
analysing the two other films. Indeed, the film A surface, characterized by a smaller H
concentration than B (table 3), possesses a weaker component at 286.2 eV too and presents a
weaker Raman resonance effect with the 457 nm excitation (table 4). More convincing, the
Raman spectrum of the more perfect diamond film C excited in the violet is similar to the
signal excited in the green without any resonance effect while the components at 286.2 eV
and 284.5 eV binding energy are negligible in its XPS spectrum (table 3) confirming the

absences of hydrogen termination and the surface electronic gap.

5. Conclusions

This paper presents a double spectroscopic approach to understand CVD diamond continuous
thin films of thickness ranging between 300 nm and 2 pm. This approach is fundamental to
further optimize the global diamond quality (in terms of chemistry and structure) in the first
stage of growth. The whole results are obtained thanks to a concomitantly fundamental
spectroscopic analysis of reference samples. The powerful combination of X-ray
photoelectron and Raman spectroscopies is revealed in the chemical physics understanding of
CVD diamond continuous films. This potential is applied to investigate two peculiar
properties (i) the stress measured in CVD films is interpreted by distinguishing clearly the
chemical effects from the mechanical effects; (ii) the electronic gap at 2.7 eV, is probed by a
resonance effect on the Raman signal that corresponds to an energy loss peak on the XPS
carbon signal. The origin of this gap for some thin continuous films is due to a peculiar
surface H termination evidenced by the fined analysis of the XPS carbon signal. Further
investigations will be envisaged to more precisely characterise the stress development for
very thin diamond films and the coupled effect of hydrogen/oxygen in relation to the

electronic surface properties.
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Tables

Table 1: CVD growth parameters and corresponding diamond thicknesses for samples A, B
and C

Sample A B C
Duration (h) 5 4 5

H, vol.% 98.7 98.2 98.5
CH, vol.% 0.8 0.8 1

0O, vol.% 0.5 1 0.5
Thickness (nm) 300 400 2200
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Table 2: Decomposition parameters of the C1s peaks obtained on the three reference samples

and presented in figure 2

Cls component| Fwhm |Shape Assignation
(eV) eV
Diamond lla 283.26 (15%) 1.45 ?
283.90 (77.5%) |0.87 AS (75;0.6) |Csp3
286.0 (7.5%) 2.65 Oxidised carbon or

satellite structure

Graphite 284.18 (93%) 0.775 AS (80;0.5) |Csp2
286.33 (7%) 1.86 Oxidised carbon
SiC 281.31 (50%) 1.16 AS (75;0.6) |SiC
282.01 (9%) 1.33 SiOCy
284.55 (31%) 1.54 C aliphatic
285.68 (6%) 2.02 Oxidised carbon
287.85 (4) 2.00 Oxidised carbon
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Table 3: XPS analysis of the C1s line on the three MPCVD diamond films

Environments Film (A) Film (B) Film (C)
SiO,C, (282.7 eV) 3% 0.5 % 1%

C diamond (283.4 eV)| 89 % 86 % 96 %
C-H (284,5 eV) 2% 8 % 1%
C-O or satellite 4 % 35% 1%
structure (286 eV)

C=0 (288 eV) 2% 2% 1%
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Table 4: Proposed decompositions for the Raman spectra of the three films excited by both

the wavelengths 514.53 and 457 nm.

Green excitation

Violet excitation

Samples Positions FWHH Percent Positions FWHH Percent
(cm™) (cm™) (cm™) (cm™)
Film (A) [1325 12 10% 1326 10 10%
1333.5 7 90% 1335 7 7%
1339.5 7 13%
Film (B) 1330 5.5 30% 1329 4 8%
1334.8 5.5 70% 1335 7 74%
1340 6 18%
Film (C) 1330 8 10% 1331 7 9%
1334 8 90% 1334 9 89%
1340 4 2%
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Figure 1: Planar and cross sectional SEM views of the three samples and their corresponding

diffraction patterns.
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Figure 2: C1s XPS spectra of (a) diamond lla, (b) freshly cleaved HOPG graphite and (c) a-
SiC. It is worth noting that neither ion sputtering nor charge neutraliser has been used for the
analysis of all these samples. A contamination layer is clearly evidenced on the sample of
SiC, but as long as we are mainly interested in the determination of the binding energy of C1s
in SiC and SiO,C,, the components associated to these phases are sufficiently shifted to be

analysed safely.
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Figure 3: Backscattered Raman spectra of (a) diamond lla (b) freshly cleaved HOPG graphite
and (c) SiC. The spectra are excited at 514.53 nm. The microscope objective used is a dry
objective (X 100) with a numerical aperture of 0.95. Each of the first order signals may be

decomposed by a single symmetric lorentzian curve.
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Figure 4: C1s XPS spectra of the diamond films A, B and C grown on Si(100). On the
top the C1s peak of film C is presented, the Y axis being also expanded (upper right) in order
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For films A and B the presentation has been restricted to the zoomed bottom of the C1s peak.
It is worth noting that the intensities of the C-H (284.5 eV) and of the energy loss (286.0 eV)

components are much more pronounced on samples A and B.
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Figure 5: Raman spectra of the three samples recorded with the same integration time.
The spectrum of the film (C) makes it seem quite different from (A) and (B) by the relative
intensity of the “background” luminescence, by the relative strong intensity of the diamond
Raman signal and by the weakest signal of the silicon Raman signal. The spectra are recorded

with an excitation at 457 nm. The inset displays zoomed spectra around the diamond signal.
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Figure 2: C1s XPS spectra of (a) diamond lla, (b) freshly cleaved HOPG graphite and (c) a-
SiC. It is worth noting that neither ion sputtering nor charge neutraliser has been used for the
analysis of all these samples. A contamination layer is clearly evidenced on the sample of
SiC, but as long as we are mainly interested in the determination of the binding energy of C1s
in SiC and SiO,C,, the components associated to these phases are sufficiently shifted to be

analysed safely.
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Figure 3: Backscattered Raman spectra of (a) diamond lla (b) freshly cleaved HOPG graphite
and (c) SiC. The spectra are excited at 514.53 nm. The microscope objective used is a dry
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decomposed by a single symmetric lorentzian curve.
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Figure 4: C1s XPS spectra of the diamond films A, B and C grown on Si(100). On the
top the C1s peak of film C is presented, the Y axis being also expanded (upper right) in order
to show the small components that could be evidenced in the bottom of the main C1s peak.
For films A and B the presentation has been restricted to the zoomed bottom of the C1s peak.
It is worth noting that the intensities of the C-H (284.5 eV) and of the energy loss (286.0 eV)

components are much more pronounced on samples A and B.
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Figure 5: Raman spectra of the three samples recorded with the same integration time.
The spectrum of the film (C) makes it seem quite different from (A) and (B) by the relative
intensity of the “background” luminescence, by the relative strong intensity of the diamond
Raman signal and by the weakest signal of the silicon Raman signal. The spectra are recorded

with an excitation at 457 nm. The inset displays zoomed spectra around the diamond signal.
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Figure 6: Comparison of both the spectra of film B excited, in blue at 457 nm and

excited in green at 514.53 nm. This phenomenon is the strongest for this film that displays the

highest concentration of hydrogen at the surface (table 3).
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Table 1: CVD growth parameters and corresponding diamond thicknesses for samples A, B
and C

Sample A B C
Duration (h) 5 4 5
H, vol.% 98.7 98.2 98.5
CH, vol.% 0.8 0.8 1
O, vol.% 0.5 1 0.5

Thickness (nm) 300 400 2200




Table 2: Decomposition parameters of the C1s peaks obtained on the three reference samples

and presented in figure 2

Cls component| Fwhm |Shape Assignation
(eV) eV
Diamond Ila 283.26 (15%) 1.45 ?
283.90 (77.5%) |0.87 AS (75;0.6) |C sp3
286.0 (7.5%) 2.65 Oxidised carbon or

satellite structure

Graphite 284.18 (93%) 0.775 AS (80;0.5) |Csp2
286.33 (7%) 1.86 Oxidised carbon
SiC 281.31 (50%) 1.16 AS (75 0.6) |SiC
282.01 (9%) 1.33 SiOCy
284.55 (31%) 1.54 C aliphatic
285.68 (6%) 2.02 Oxidised carbon

287.85 (4) 2.00 Oxidised carbon




Table 3: XPS analysis of the C1s line on the three MPCVD diamond films

Environments Film (A) Film (B) Film (C)
SiO,C, (282.7 eV) 3% 0.5 % 1%

C diamond (283.4 eV)| 89 % 86 % 96 %
C-H (284,5 eV) 2% 8% 1%
C-O or satellite 4% 3.5% 1%
structure (286 eV)

C=0 (288 ¢V) 2% 2% 1%




Table 4: Proposed decompositions for the Raman spectra of the three films excited by both

the wavelengths 514.53 and 457 nm.

Green excitation

Violet excitation

Samples Positions FWHH Percent Positions | FWHH Percent
(cm™) (cm™) (cm™) (cm™)
Film (A) [1325 12 10% 1326 10 10%
1333.5 7 90% 1335 7 7%
1339.5 7 13%
Film (B) 1330 5.5 30% 1329 4 8%
1334.8 5.5 70% 1335 7 74%
1340 6 18%
Film (C) 1330 8 10% 1331 7 9%
1334 8 90% 1334 9 89%
1340 4 2%







