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A B S T R A C T   

One of the limitations of materials for high-power devices and structural coatings applications is heat dissipation. Diamond is a suitable material for heat distribution 
due to its high thermal conductivity. Nevertheless, it is usually grown at high temperature (800–1200 ◦C), which limits its use as a coating for substrates vulnerable to 
degradation at high temperatures. In this work, it is studied the effect of the distance between the plasma source and substrate on the growth of nanocrystalline 
diamond layers on silicon substrates at low temperature (<450 ◦C) by microwave linear antenna plasma enhanced chemical vapour deposition (MW-LA-PECVD) in 
pulse mode. The nanocrystalline diamond films have been analysed by scanning electron microscopy (SEM), atomic force microscopy (AFM) and Raman spec-
troscopy. Finally, the superficial thermal conductivity of the diamond layers was determined by scanning thermal microscopy-AFM (SThM-AFM).   

1. Introduction 

Diamond is widely used as a coating and substrate for several ap-
plications such as electronic, electrochemistry, biomedical, cutting and 
abrasive or composite material [1–6]. This is due to diamond’s excellent 
mechanical, optical, and thermal properties, as well as its bio- 
compatibility and non-toxicity [7]. Intrinsic diamond is an electrical 
insulator, but it can be modified by dopants to obtain semiconductor 
properties, i.e. boron or phosphorus [8]. 

Microwave plasma enhanced chemical vapour deposition (MPCVD) 
and hot filament chemical vapour deposition (HFCVD) systems are the 
most common way to grow synthetic diamond films. However, these 
systems cover relatively small coating areas at high temperatures 
(600–1000 ◦C) [9,10], which limits the substrate material and hence 
potential applications [11]. Even when diamond epitaxial layers are 
grown, the different coefficient of thermal expansion between the dia-
mond layer and the substrate triggers the break-up of the layer during 
cooling. Making more efficient growths by keeping the substrate tem-
perature low is an advantage in manufacturing. So that internal stresses 
between the substrate and the diamond due to thermal shrinkage during 

cooling do not cause the layer to break. 
Notwithstanding the difficulties, M. Ihara et al. achieved diamond 

growth at 135 ◦C by HFCVD with a sample water cooling system, 
although only dispersed micro-diamond grains could be obtained [12]. 
Other authors achieved inhomogeneous layers of non-well faceted dia-
mond below 300 ◦C by adding H2S to the gaseous precursor mixture in a 
HFCVD [13]. Nevertheless, diamond growth at low temperature by 
HFCVD entails drawbacks such as contamination of impurities from the 
filaments, small deposition areas or low growth rates. 

In this context, begins to increase research and use of CVD systems 
that would allow growth at low temperatures and over large areas. For 
instance, microwave linear antenna plasma enhanced chemical vapour 
deposition system (MW-LA-PECVD) allows low temperatures 
(300–600 ◦C) and large-area (>50 cm × 30 cm) of nanocrystalline 
diamond (NCD) growth [14]. Low temperature diamond growth pro-
cesses allow to grow on low-melting point substrates. This opens up a 
wide range of applications and, together with the modular design of 
MW-LA-PECVD system, makes it scalable to large areas and suitable for 
industrial production. 

Diamond growth is widely reported by MW-LA-PECVD systems, as 
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well as the influence of gases ratio (CO2/CH4/H2) and how CO2 signif-
icantly improve the quality and diamond growth rate. By this technique, 
the diamond grain size can be controlled by varying the pressure [15]. 
Authors also reported NCD growth at 450 ◦C in a 30 × 30 cm2 area using 
coaxial plasma line sources to ensure a uniform and stable plasma over 
such large areas by MW-LA-PECVD [16]. Even NCD growth by MW-LA- 
PECVD at lower temperatures (400 ◦C) has been reported, using a pre-
cursor gas ratio composed of CO2/CH4/H2. S. Drijkoningen et al. pro-
posed potential mechanisms of NCD growth [17] and J. Zalieckas et al. 
showed the feasibility of NCD as a coating for orthopaedic implants due 
to the ability of this material to generate osteogenic cell proliferation 
[18]. 

In addition, alternative methods with the aim of decreasing the NCD 
growth temperature are proposed by other authors. J. Kim et al. used 
microwave antennas with annular multi-slots to irradiate microwaves in 
all directions in MW-LA-PECVD systems. This improvement enables the 
deposition of large areas (300–600 mm2) at temperature as low as 
300 ◦C [19]. Other alternative system produces microwaves from solid- 
stated generators in distributed antenna array. In which NCD growth 
was reported at 250 ◦C, at the cost of a low growth rate (15–17 nm/h) 
[20]. Recently, NCD have been obtained at 395 ◦C of growth tempera-
ture with 80 nm/h growth rate by using composite right/left-handed 
material as a slotted waveguide [21]. Despite existing knowledge, low 
temperature growths are most affected by the growth conditions, espe-
cially when doping elements are introduced in the precursor gases to 
achieve higher electrical properties in diamond. 

Growth of boron-doped diamond (BDD) at low temperature is a 
difficult task, which requires low pressure (1 mbar), low electron tem-
perature (<5 eV) and high plasma density (>1011/cm− 3) [22,23]. 
Boron-doped diamond can be deposited using MW-LA-PECVD, however, 
the gas composition not only controls the concentration of impurities, 
but also modifies the diamond growth rate and grain size [24]. 

BDD is a suitable material for different semiconductor applications, 
as for example electrical capacitor, and electrodes resistant to aggressive 
or biological environments, due to its wide bandgap and high electrical 
conductivity [7,25–27]. Therefore, low-temperature BDD growth can be 
used to improve mechanical and electrical properties as a coating on a 
wide range of low melting point materials, as well as providing 
biocompatibility and corrosion resistance properties. 

In addition to the semiconducting properties of the BDD coatings, the 
heat dissipation of diamond supposes a necessary quality during work-
ing processes to maintain the reliability and performance of the devices 
[28–30]. Polycrystalline diamond has a very high thermal conductivity 
(1300–2000 W/m•K) [31], but thermal properties decrease with the 
doping concentration and the grain size in doped polycrystalline dia-
mond films. Previous studies on polycrystalline diamond established a 
dependence between grain size and thermal conductivity [28]. The 
microstructure of polycrystalline diamond is responsible for phonon 
scattering and defect accumulation at grain boundaries. Therefore, 
thermal conductivity of polycrystalline diamond is reduced with respect 
to single crystal diamond. BDD with nanocrystalline grain size (101–102 

nm) has been characterized by Raman thermography or Laser Flash 
Technique, obtaining a thermal conductivity ranging from a few W/m•K 
to a few hundred W/m•K) [28,32]. 

This work relates nanostructure and thermal conductivity of NCD 
films grown on Si wafers. NCD was grown on several samples by MW-LA- 
PECVD at different substrate-to-antenna distance (SAD). During dia-
mond growth and with the aim of doping it, a boron precursor (dibor-
ane) has been used in the gas mixture. The NCD structural and thermal 
consequences of such SAD variation are also discussed in this study. 
Quality of the deposited diamond/non-diamond (sp3/sp2 ratio carbon 
bonds) has been evaluated. SAD dependence has been investigated by 
scanning electron microscopy (SEM), atomic force microscopy (AFM), 
Raman spectroscopy and scanning thermal microscopy-AFM (SThM- 
AFM). 

2. Methodology 

NCD films have been grown on Si substrates in a MW-LA-PECVD 
system. Si substrates were diamond seeded prior to deposition with 
nanodiamond particles with an average size of 4–6 nm deposited by 
electrospray [33]. Diamond growth was carried out using a 200 sccm of 
total gas flow was used in a mixture which consisted of: 3 % CH4, 25 % 
B2H6 (0.75 % in hydrogen) and 1 % CO2, diluted in H2. Working pressure 
and microwave power were set at 0.25 mbar and 7.5 kW in pulse mode, 
respectively. Microwave sources were set in pulse mode at 303 Hz pulse 
frequency, with a time ON and OFF of 1 ms and 2.3 ms, respectively, and 
a duty cycle of 30 %. Growth process time was 8 h. Ten Si substrates 
were placed at different SAD in 0.5 cm intervals from 7.5 to 12 cm. 
Samples are named by their SAD value. This means on samples #7.5, 
#8…, #11.5, #12 where only the SAD (cm) vary. The sample growth 
temperature was below the minimum measurable temperature of the 
pyrometer (Williamson Pro 92 38), i.e., lower than 450 ◦C. The stage 
was not heated. Therefore, the temperature of the samples decreases 
with their SAD. In this way, the sample closest to the plasma source (SAD 
#7.5) showed the highest surface temperature (lower than 450 ◦C) 
measured by a laser pyrometer. 

The thicknesses of the deposited layers were measured by focused 
ion beam scanning electron microscopy (FIB-SEM) using a Solaris Tes-
can UHR FESEM FIB microscope. First, FIB was used to deposit a thin 
layer of platinum. Then, a square area of 15 μm × 6 μm, and 3 μm depth 
was etched away delimited by the deposited Pt. The sample was tilted 
and observed by SEM enabling measurement of the thickness of the 
deposited diamond layer. The same microscope was used for the study of 
the morphology and the surface roughness at 15 kV of accelerating 
voltage. 

To determine the sp3/sp2 carbon bond content, Raman spectra were 
collected in a backscattered geometry using a Horiba LabRAM Evolution 
spectrometer with a 473 nm laser excitation source and a ×100 objective 
lens with 1800 lines mm− 1 grating. To differentiate the peaks and bands 
of the Raman spectra. They were deconvoluted including the signal of 
the boron band, diamond peak, D-band, G-band, ʋ1 and ʋ3 trans-
polyacetylene peaks typically found in CVD diamond growth with boron 
inclusions [34]. Multipeak deconvolution were carried out using Lor-
entzian function. 

Topography and thermal conductivity in the samples were recorded 
simultaneously in areas of 20 × 20 μm2 by contact SThM-AFM. A VITA- 
DM-GLA-1 tip from Bruker was used with a temperature resolution of 
0.1 ◦C and lateral resolution better than 100 nm. Measurements were 
carried out in contact mode with a scan rate was 0.4 Hz and a 1 V applied 
in the tip, to scan the sample surface and map qualitative variations in 
the thermal conductivity of the sample. The scan angle was 90◦ to better 
preserve the integrity of the tip after multiple scans. This combination of 
techniques gives the user visual and property-based information on a 
sub-micrometre scale. 

3. Results 

Morphology and roughness of the samples grown by MW-LA-PECVD 
were observed by SEM and AFM. The thickness of the deposited layers 
has been estimated in cross-section view by FIB-SEM. Fig. 1 shows SEM 
micrographs of samples #7.5, #8, #9, #10, #11 and #12 cm. All 
samples showed nanocrystalline cauliflower shaped structures with 
cavities between the grains, in no case do the cavities reach the sub-
strate. Previous studies showed that at temperatures higher than 650 ◦C 
and B/C rates of about 15,000 ppm, micro-sized diamond grains can be 
obtained [35]. In this work, growth is carried out at lower temperatures 
(<450 ◦C) leading to reduced growth rates [36]. As result unfaceted 
grains are obtained for all samples. 

The growth process resulted in very different layer thicknesses and 
uniformities. It is compared fully closed films with almost bare substrate 
in some cases which is not fully correct. In other cases films of different 
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thickness are compared despite that properties can be dependent on it as 
for example roughness, Ra. Therefore, deductions should be carried out 
with the utmost prudence. Having this in mind, the following observa-
tions can be made. 

There is a linear trend of thickness (t) decreasing from sample #7.5 
to #10, starting at 420 nm and ending at 219 nm, respectively. However, 
from sample #11 there is an abrupt decrease of the growth tentatively 
due to the reduction of the plasma density. At relatively long distances 
the number of excited species (atomic hydrogen and CHx species) is low 
[37,38]. Thus, only isolated clusters (~50–40 nm) of cauliflower 
nanocrystalline grains are observed in sample beyond #11, together 
large smooth areas with no diamond deposition. 

Roughness measurements are not related to grain morphology, but to 
growth inhomogeneity (Fig. 1). The cauliflower NCD clusters deposition 
generates a rough surface. Thicker samples resulted in a higher homo-
geneity of the surface and therefore in a lower Ra. For samples beyond 
#11, only the mean cluster heights are given (h). 

Fig. 2 shows a decrease in NCD growth rate with SAD. Higher dia-
mond growth rate is obtained at SAD of 7.5 cm, ~50 nm/h. From there 
on a linear decreasing trend is observed until sample #10.5. In samples 
at #11 onwards, the growth rate decreases sharply to ~5 nm/h, tending 
asymptotically to zero. So, from this distance (#11) the plasma density 
decreases drastically indicating its limit (not shown in Fig. 2). This is in 

t Ra t Ra t Ra

t Ra h h
Fig. 1. SEM micrographs of nanocrystalline diamond layers, top view (up) and cross-section (down), as a function of the substrate-to-antenna distance (SAD). 
Thickness (t) of the layers is indicated in each sample. Roughness (Ra) of the layers and grain height (h) of the isolated clusters (#11 and #12) are included in the 
figure were obtained by AFM. 

Fig. 2. Diamond growth rate as function of the growth SAD.  
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concordance with previous reports on MW-LA-PECVD diamond growth 
[24,35]. 

The diamond phase on the grown layer have been evaluated by 
Raman spectroscopy. Fig. 3 shows the Raman spectra of the samples 
ordered according to their SAD. All sample were included in Fig. 3 to 
evaluate the diamond quality. For the acquisition of Raman spectra on 
samples #11 onwards, the laser was focused on diamond clusters. 
Samples with lower SAD show the diamond peak (sp3 carbon bonds) at 
1325 cm− 1 displaced from its usual position, 1332 cm− 1. This 
displacement to lower energies is a consequence to a content of boron in 
the NCD layers, which produces a broad band around the 1200 cm− 1 

position [39,40]. This boron related broad band at 1200 cm− 1 is not 
clearly distinguishable at lower SAD (#7.5, #8, #8.5 and #9), as a slight 
shoulder to the left of the diamond peak is observed (1240 cm− 1). 
Samples grown at large distances (samples #10.5 to #12) also show a 
displaced wide diamond peak, although boron incorporation is not 
evidenced. This is due to the low Raman signal and a higher amount of 
amorphous carbon resulting in poor detection and a weaker diamond 
peak. A broad peak associated with transpolyacetylene (ʋ3 T-Trans) 
from the grain boundaries is shown at 1490 cm− 1 in all the samples [41]. 
This peak is sharper in samples #11 to #12, indicating a higher per-
centage of sp2 carbon. The G band, which is related with graphitic sp2 

bond is usually observed at 1580 cm− 1. However, in samples #11 to 
#12, the G-band is shown at 1550 cm− 1. This displacement is due to the 
amorphization since the sp2 bonds are weakened and softening of the 
vibrations modes [42–44]. The D-band typically observed at 1350 cm− 1 

is not clearly distinguishable in all samples. This band is related to 
graphitic sp2 bonds. Even if the peak is not clearly observed, it is used in 
subsequent calculations to deconvolute the peaks [45]. As the SAD in-
creases, the D-band and the ʋ1 transpolyacetylene band are observed 

around 1350 cm− 1 and 1100–1200 cm− 1, respectively (from sample 
#10.5 to #12). This is attributed to a higher content of sp2 carbon bonds 
at these SAD. 

For sp3/sp2 ratio calculation, peak intensities areas of diamond, G- 
band, and D-band from Raman spectrum results were used (an example 
of Raman multipeak deconvolution using Lorentzian function is shown 
in the Raman spectrum of sample #7.5 in Fig. 3). The sp3/sp2 ratio 
obtained in all samples remains above 90 %, which is in agreement with 
results obtained in other research depositions [35,46]. 

Fig. 4a shows topographical overlayed with the colour thermal 
conductivity map of NCD layers (in purple) on a silicon substrate (in 
yellow) by SThM-AFM. Silicon substrate is used as a thermal reference. 
The scan was performed in a region prepared by Focus Ion Beam (FIB) 
enabling comparison of the thermal response of the NCD with that of 
silicon. The deposited diamond surface exhibits granular roughness, 
characteristic of the cauliflower NCD observed in Fig. 1. Silicon sub-
strate has a smooth surface resulting from the ion-milling. Thermal 
conductivity maps are obtained from the SThM tip resistance variation, 
which is proportional to the output voltage of a Wheatstone bridge, 
where the tip resistance is the unknown value. Since the Wheatstone 
bridge is balanced before the tip contacts the sample surface and the 
scanning begins, its output voltage variations during sample scanning, 
presented in Fig. 4 as a colour scale map, are proportional to the tip 
resistance. Because the SThM tip is made of a thin metallic film, the 
higher its resistance the higher its temperature. A higher tip temperature 
(i.e., a higher output voltage) means a lower thermal conductivity of the 
sample surface it is scanning, given the fact that the tip is always at a 
higher temperature than the sample. This is due to Joule self-heating 
and the heat flows from the tip to the sample. So, violet-blue areas 
correspond to lower thermal conductivity (NCD layer) while higher 
thermal conductivity areas appear in green-yellow colour (Si substrate). 

The thermal response of the NCD layers as function of the SAD are 
shown in Fig. 4b. Samples at #11 onward are not included in thermal 
study due to the absence of a continuous layer. Both regions show ho-
mogenous thermal conductivity in all the samples (Fig. 4b). Thermal 
conductivity maps distributions have been fitted to a double Lorentzian 
function. Average values of the fitted curves were used to estimate the 
thermal conductivity of NCD layers by the Eq. (1) using the silicon value, 
λSi = 200 W/m•K, as a reference. These are shown in Table 1. 

λNCD =
λSi × MSi

MNCD
(1)  

where λNCD is the NCD thermal conductivity, λSi is the silicon thermal 
conductivity, and MSi and MNCD are the distribution mode from SThM- 
AFM maps of the silicon and NCD area, respectively. Thermal conduc-
tivity estimation of nanocrystalline NCD remains constant for all sam-
ples in the range of λNCD = 102 W/m•K. Therefore, it is independent of 
the SAD and the diamond thickness. Therefore, the thermal conductiv-
ities of NCD grown at low temperature by MW-LA-PECVD show a similar 
thermal conductivity to that of NCD grown by MWPECVD and HFCVD, 
previously reported by the literature (50 > λ < 500 W/m•K) [28,29]. 

4. Conclusion 

The presented study reports on the structural and thermal properties 
of NCD layers grown at low temperatures (below 450 ◦C) by MW-LA- 
PECVD at different substrate-to-antenna distance (SAD). SEM and 
topographical AFM maps show a homogeneous NCD layer in samples 
from #7.5 to #10 SAD, with a roughness (Ra) between 20 and 40 nm and 
a linear trend of thickness reduction from 420 to 219 nm, respectively. 
From a distance of #11 onwards, only dispersed NCD clusters are 
observed with a very low growth rate. This result indicates a limit for 
high-density plasma to be around 11 cm. Raman spectroscopy shows 
>90 % sp3 diamond content in the samples. The growth conditions used 
do not lead to a high incorporation of boron into the diamond. NCD 

Fig. 3. Raman spectroscopy of nanocrystalline diamond samples grown at 
different SAD. Samples were grown by MW-LA-PECVD. Spectrum #7.5 was 
deconvoluted in all bands and peaks, which contribute to the Raman signal. 
Grey boxes indicate the intervals in which the bands and peaks are 
located. [44]. 
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thermal conductivity is unaffected by SAD and thickness layer. Super-
ficial thermal conductivity maps on NCD layers using SThM-AFM es-
tablishes a thermal conductivity of λ = 102 W/m•K. The thermal 
conductivity is uniform over the entire NCD surface and independent of 
the SAD. The nanocrystalline diamond grown at low temperature by 
MW-LA-PECVD in pulse mode shows thermal conductivity of the same 
order of magnitude as NCD grown by MWPECVD or HFCVD at higher 
temperatures (800–1200 ◦C). The present study frames the thermal 
characteristics of NCD in large area and low temperature deposition by 
MW-LA-PECVD to integrate diamond into commercial applications. 
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