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The addition of CO2 into the process gas has a significant
impact on the quality and the incorporation of boron in CVD
diamond layers. In this report we study the effect of CO2

addition in the gas phase on the properties of boron doped
nano-crystalline diamond (BNCD) layers grown at low
substrate temperatures (450–500 8C) using a microwave linear
antenna plasma-enhanced chemical vapour deposition appa-
ratus (MW-LA-PECVD). Experimental results show an
increase in the layers’ conductivity with a reduction in CO2

concentration, which is consistent with the variation in the
atomic boron emission line intensity measured by optical
emission spectroscopy (OES). At CO2 concentrations close to
zero, we observed the formation of a smooth, transparent and
highly resistive layer on unseeded substrates. This layer has
been identified as silicon carbide (SiC) by transmission
electron microscopy and X-ray photoelectron microscopy. The
presence of silicon in the plasma is confirmed by OES and it is
attributed to quartz tube etching. In this specific deposition
condition, diamond growth is in competition with SiC growth,
which affects the diamond layer properties.

SEM image of layer growth on a silicon substrate at low CO2

concentration on unseeded area (left) with a smooth, highly
resistive and transparent SiC layer and seeded area (right) with
a boron doped nano-crystalline diamond layer.
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1 Introduction Due to their excellent properties
nano-crystalline diamond layers (NCD) have many poten-
tial industrial uses from MEMS devices to biomedical

devices and protective coatings [1–3]. Boron doped nano-
crystalline diamond (BNCD) layers are a p-type semi-
conductor with a wide bandgap and can be made highly
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conductive which, for example, are key for electrochemistry
applications such as water treatment or electrochemical
sensors [4]. Deposition of boron doped nanocrystalline
diamond layers has been reported using microwave plasma
enhanced chemical vapour deposition with linear antenna
delivery (MW-LA-PECVD) at temperatures of 650 8C [5].
The addition of CO2 into the process gas is very important
for the growth of high quality NCD layers using this type
of deposition system [6] but the addition of O2 or CO2

into the process gas is known to significantly reduce B
incorporation into the diamond lattice [7-8]. In this work,
we report on the study of the effect of adding CO2 in the
process gas (from 2.5% to 0%) on growth rate, morphology,
optical and electrical properties of BNCD layers grown
on silicon and fused silica substrates at lower pressure
(0.3mbar) and lower temperatures (450–500 8C). This study
is supported using optical emission spectroscopy (OES) and
Langmuir probe measurements to determine the effect of
CO2 addition on the plasma composition and the plasma
characteristics.

2 Experimental
2.1 Layer growth Boron doped nano-crystalline

diamond layers were deposited using a MW-LA-PECVD
system described in [5]. Growth conditions used in this
study are shown in Table 1. Microwaves are delivered into
the growth chamber in a linear form by four pairs of
antennas enclosed in quartz envelopes enabling a surface
wave to be sustained linearly along the antennas producing a
diffuse low power density plasma with a low electron
temperature of 1.5 eV and high plasma densities [9]. As a
surface wave is sustained linearly along the antennas, the
size of the microwave discharge is not limited as in other
conventional cavity based microwave plasma enhanced
chemical vapour deposition systems (MW PECVD).
Substrate temperatures were monitored during growth
using a Williamson Pro 92-38 infrared pyrometer and
thermocouples mounted in the substrate table.

2.2 Sample characterisation techniques Samples
were characterised using the following techniques.

The surface morphology of deposited layers was
observed by scanning electron microscopy (SEM) using a
Tescan FERA 3 tool. The layer thickness of samples was
evaluated from cross section observations. Surface rough-
ness as well as surface morphology were investigated by

atomic force microscopy (AFM) using a Dimension Icon
ambient AFM in Peak Force Tapping mode with
Tap150AL-g tips over an area of 3� 3mm2.

Room temperature resistivity of the BNCD layers
deposited on fused silica substrates was evaluated by the
square array four-point probe method using a pulsed mode
instrument arrangement [5]. Temperature dependent elec-
trical characterizations were carried out on the square
samples provided with van der Pauw contacts in the corners
using an Accent HL 5500PC Hall effect system equipped
with a cryostat that can operate between 100 and 500K.

Optical characteristics were measured using trans-
mittance T, reflectance R and photothermal deflection
spectroscopy (PDS). For PDS, samples were immersed in a
transparent liquid (Florinert FC72) and periodically
illuminated by a monochromatic light from a 150W Xe
lamp equipped with a monochromator with ultraviolet,
visible and infrared gratings and a chopper operating at low
frequency. About 8% of the light is deflected by the
beamsplitter into an integrating sphere equipped with Si and
InGaAs photodiodes to monitor light intensity. A spectrum
across a spectral range fromUV to near infrared region from
250 to 1700 nm is taken. Compound detectors are also
placed in front and behind the sample to detect reflectance and
transmittance spectra, whereas relative absorbance spectra
are detected by a detector parallel to the sample surface.
The absorbed heat in the thin film on transparent substrate
generates periodical thermal waves in the liquid surrounding
the sample causing periodical deflection of the laser beam.
The amplitude of the deflection normalized on the black
sample (such as carbon nanotubes thin film on glass) spectra
gives the optical absorption of thin films [10].

For layer composition and quality Raman spectroscopy,
transmission electron microscopy (TEM) and X-ray photo-
electron spectroscopy (XPS) investigation were carried out.
Raman spectroscopy was carried out at room temperature
using a Renishaw InVia RamanMicroscope at a wavelength
of 488 nm and a laser power of 6mW at the sample. Samples
for TEMwere prepared by focus ion beam (FIB) attached to
Dual Beam microscope FEI Quanta 3D FEG. TEM was
carried out on an FEI Tecnai TF-20 X-Twin tool with an
acceleration voltage of 200 kV. XPS experiments were
carried out using an ESCA 3 Mk 2 spectrometer (VG) with
a hemispherical analyser in fixed transmission mode,
using a passing energy of 20 eV. The photoelectrons were
excited by the non-mono-chromatised Al Ka1,2 emission
line (1486.6 eV). A damped nonlinear least-square fitting
procedure was used to distinguish partially resolved lines in
O 1s, Si 2p and C 1s in the photoelectron spectra [11]. The
spectra were approximated by a weighted sum of Gaussian
and Lorentzian functions. Assignment of the lines was done
by a comparison of the estimated values of binding energies
Eb (eV) with published standard ones [12].

For OES a Horiba-JY single grating (1200 lines/mm)
spectrometer TRIAX 550 with an air-cooled CCD detector
was used to collect optical emission spectra over the range
of 200–1000 nm. The entrance slit of the spectrometer was

Table 1 Description of growth conditions used.

growth conditions

chemistry 4.2% CH4þ var. CO2 (0–2.5%)
þ var. TMB in H2

doping levels (B/C) 15 k and 24 k ppm
MW power 2� 3 kW
process pressure 0.3mbar (30 Pa)
substrate temperature <500 8C
growth time 2–12 h
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set to 0.02mm and the spectral resolution over the whole
measured range was less than 0.04 nm. The optical probe
was focused through a UV transparent window onto an area
close to the MW antennas.

The plasma parameters have been investigated by
Langmuir probe. The Langmuir probe consisted of a probe
tip (Pt wire 50mm in diameter and 2mm in length) mounted
via a miniature screw connector on the probe holder. The
probe was placed at a distance of 5 cm from the antennas. An
in-house developed electronic acquisition unit was used for
the measurement of the Langmuir probe characteristics.
The calculated second derivative of the Langmuir probe
characteristics was used to determine the electron energy
distribution function f by the Druyvesteyn equation [13].
Then the electron density ne can be obtained by integration
of the EEDF over all the electron energies. The effective
electron temperature Teff is calculated from the average
electron energy as

Teff ¼ 2
3
hei ¼ 2

3
1
ne

Z 1

0
ef ðeÞde:

3 Results and discussion Figure 1 shows in-plane
and cross-section SEM pictures of layers deposited with and
without nanodiamond seeding on the same sample as a
function of CO2 concentrations. The surface morphology of
seeded layers changes from large, well faceted diamond
crystals obtained at high CO2 concentration to smaller
grains and smoother surface without a significant decrease
in the growth rate. Surprisingly, at CO2 concentrations
below 0.5%, besides the NCD layer we observed the growth
of a smooth and dense layer in the substrate’s regions where
nanodiamond seeds have been intentionally removed prior
to growth. The growth rate of the layer that grew on the
unseeded area (see Fig. 2) rises dramatically at CO2

concentrations below 0.5% to a value identical to the layers
grown on seeded areas. Figure 3 shows the in-plane and
cross-section SEM pictures of layers grown with a CO2

concentration of 0.05% for different deposition times. In the
well-recognized van der Drift model of polycrystalline CVD

diamond growth that also applies to NCD layers with
no or low re-nucleation, the grain size and hence
surface roughness increases with deposition time [1]. On
the contrary, SEM images show a decrease of the surface
roughness of layers grown at low CO2 concentration on
seeded surfaces. This behaviour is confirmed by AFM
measurements as shown in Fig. 4. We presume that the
seeded BNCD layers slowly become ‘overgrown’ with the
same layer that grows in unseeded parts which has a much

Figure 1 Cross-sectional and planar SEM images of growth on
seeded and unseeded Si substrates areas.

Figure 2 Growth rate versus CO2 concentration for the growth of
layers on seeded (squares) and unseeded (circles) regions of the
substrates.

Figure 3 Cross-sectional and planar SEM images of growth using
0.05% CO2 on seeded and unseeded Si substrates with increasing
deposition time.

Figure 4 AFM analysis showing the effect of growth time on
layer roughness.
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smaller grain size. Figure 5 shows the time dependent
variation of the seeded and unseeded layer thickness and
evidences an incubation period of approximately 1.5 h for
the unseeded layer growth.

Raman spectroscopy (not shown) of seeded regions
grown with CO2 concentrations above 0.5% showed peaks
related to sp3 (1332 cm�1) as well as broad features relating
to transpolyacetylene lying in grain boundaries [14] at 1150
and 1490 cm�1 which are generally accepted as signatures
of NCD layers. Spectra taken from unseeded regions of the
substrate showed no significant peaks.

Figure 6a displays an Arrhenius plot of the resistivity
measured by the van der Pauw method carried out on
samples grown with a range of CO2 concentrations. As
shown in Fig. 6b, the variation of resistivity is non-
monotonic, it decreases with CO2 concentration down to
0.1%, which is in agreement with earlier work [5]; however,
the resistivity suddenly increases above initial values (i.e. at
CO2 concentration of 2.5%) at concentrations below 0.1%.
At 300K, we observed a similar increase in resistivity but
the resulting values were not measurable as they are out of
measurement range of our experimental setup. Such changes
in resistivity indicate an abrupt modification of electrical
properties below 0.1% CO2. This result is consistent with
the appearance of a SiC phase in the layers at low CO2

concentrations as discussed below.
A comparison of refractive index and absorption

coefficient of layers grown on an unseeded substrate with
0.05% CO2 and a high quality NCD layer is shown in Fig. 7.
The calculated values for refractive index show that the
unseeded layer has a higher value (avg. 2.49) than for
the reference NCD (avg. 2.24). The layer grown on the
unseeded substrate also shows a lower optical absorption.

In order to identify their nature and composition, TEM
and XPS analysis of the unseeded layers have been carried
out. Figure 8a shows the cross-section’s electron diffraction
pattern of the unseeded layer. The diffraction spots are
broad, indicating a poorly oriented layer. The determined
inter-planer distance do not match that of diamond but are in
good agreement with the inter-planar distance of silicon
carbide (SiC). The presence of silicon carbide is not unusual

Figure 5 Layer thickness versus growth time showing an
incubation period of about 1.5 h for the growth of the unseeded
layer.

Figure 6 (a) Arrhenius plot of the resistivity measured by the van
der Pauw method. Labels indicate different CO2 concentrations.
(b) Dependence of resistivity on CO2 concentration at temperatures
of 300 and 500K. At 300K the resistivity values for 0% CO2 and
0.05% CO2 are too high to be reliably recorded.

Figure 7 Comparison of optical properties (refractive index and
absorption coefficient) of a layer grown on an unseeded substrate
(SiC) with 0.05% CO2 and a high quality NCD layer.
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in CVD diamond samples grown on silicon substrates,
however it is limited to a thin layer (few tens of nm) at the
silicon/diamond interface. On the contrary, the unseeded
layer shows a columnar structure that fully extends from the
interface to the layer surface as shown on the dark field
picture (Fig. 8b).

XPS revealed spectrum peaks related to carbon (C),
silicon (Si) and oxygen (O), see Fig. 9. The surface is
composed mainly of a Si-C phase (�80%, cf. line 2 of Si 2p
spectrum at binding energy Eb¼ 102.3 eV and line 3 of C 1s
spectrum at Eb¼ 283.5 eV) with a minority of an oxidized
form of Si (�20%, line 1 of Si 2p spectrum at Eb¼ 102.3
eV). Lines 1 and 2 of the C 1s spectrum belong to oxidized
forms of carbonaceous contamination.

These TEM and XPS results, show that the formation of
a silicon carbide layer, is consistent with morphological,
electrical and optical measurements results that evidence
distinct properties of the unseeded layers from diamond. In
particular, the high refractive index of polycrystalline SiC
compared to NCD is consistent with values for single crystal
SiC (2.67) rather than the one of diamond (2.42).

To understand the effect of the CO2 concentration on the
incorporation of boron in NCD layers and the origin of the
SiC formation, OES measurements were carried out along

with Langmuir probe measurements as a function of the CO2

concentration. The measured emission spectra (Fig. 10)
reveal that the atomic B and Si emission lines intensity is
constant with a decrease in CO2 concentration in the gas
phase until a concentration of 1–1.5%. Below this value, the
intensity of the boron and silicon emission line increase
regularly to a maximum when CO2 concentration is at or
near zero.

The variation of the atomic boron line intensity is
consistent with the variation of the resistivity of BNCD. No
BH or BO related lines were visible in OES. The variation of
the atomic Si line intensity follows the same trend as the
unseeded silicon carbide layer growth and the change of
layers’ morphology. At high CO2 concentrations there is
no growth on unseeded parts of the substrate and the
morphology of the BNCD layer is nicely crystalline,
however as CO2 levels are reduced SiC is formed and
interfere with the BNCD layer growth. The Si source into
the gas chemistry is most likely due to plasma etching of the
quartz tubes used as the vacuum/air interface along which
the plasma is formed. This effect was not observed for
BNCD layers grown at higher temperatures as reported in a
previous work [5]. Therefore, one might assumed that the
deposition temperature plays an important role in the growth
of SiC and its interference with BNCD growth. Langmuir
probe measurements (not shown) show no significant
variation of the electron effective temperature (1.0 eV) and
the plasma density (3.5� 1010 cm3) with the CO2 concen-
tration at a working pressure of 0.3mbar.

4 Conclusion In this work, we studied the effect CO2

addition at low concentrations into the process gas on the
properties of boron doped NCD layers grown at low
temperatures. BNCD layers grown with high CO2 concen-
tration (2.5%) are highly resistive. The layer resistivity
increases with CO2 addition and follows the same trend of
the concentration of atomic boron in the gas phase as

Figure 8 (a) Electron diffraction patterns showing inter-planar
distance (Å). (b) Dark field TEM image of unseeded layer showing
columnar structure.

Figure 9 XPS spectrum from unseeded layer confirming the
presence of Si. Insets show fitting of the C 1S and Si 2p peaks with
C–Si and Si–C components.

Figure 10 Optical emission spectroscopy results showing that
with increasing levels of added CO2 the peaks related to atomic B
and Si reduce.
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measured by OES. This result indicates that the boron
incorporation in diamond using CO2 is reduced due to
chemical reactions in the gas phase. Surprisingly, we
observed the formation of polycrystalline SiC on unseeded
substrates at very low CO2 concentration (<0.5%). These
smooth SiC layers are highly resistive and they have a high
index of refraction and low absorption coefficient, com-
parable to high optical quality NCD. The SiC growth rate
increases with the same trend as the intensity of the atomic
Si emission line, with the reduction of the CO2 concen-
tration in the gas phase. Therefore, there is competition
between SiC and diamond growth at low CO2 concentration
(<0.5%), which modifies the NCD layer’s properties as
illustrated by the variation of the surface morphology. The
source of the Si is attributed to the etching of the quartz tubes
in the linear antenna system, which are in contact with the
H2 rich plasma. This effect might be suppressed by the
replacement of the quartz tubes by ones with a different
material such as Al2O3.
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