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Abstract 

This work presents a morphological and structural analysis of CVD diamond growth 
on silicon from nanodiamond seeds covered by a 50 nm thick chromium layer. The 
role of carbon diffusion as well as chromium and carbon silicide formation is 
analyzed. The local diamond environment is investigated by scanning transmission 
electron microscopy in combination with electron energy-loss spectroscopy. The 
evolution of the diamond phase composition (sp3/sp2) is evaluated by micro-Raman 
spectroscopy. Raman and X-ray diffraction analysis are used to identify the interfacial 
phases formed during CVD growth. Based upon the observed morphological and 
structural evolution, a growth model for diamond from nanodiamond seeds buried 
beneath a thin Cr layer is proposed. 
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1. Introduction 

For many years, silicon has been the substrate of choice in the microelectronics 
industry, and its application remains a major research field, especially in conjunction 
with other materials. Chromium is usually used as an adhesive layer for less adhesive 
materials, like gold, and therefore Cr diffusion reactions have been widely studied in 
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the past [1]. It is known that Cr tends to diffuse and react with the substrate during 
processing, depending upon the choice of substrate and other combined materials. For 
example, in NEMS/MEMS [2,3] or CMOS structures [4], the behavior of the Cr 
interlayers during the processing steps is of fundamental importance [5-7]. Recently, 
it was shown that thermionic emission properties can be improved by employing 
chromium silicide (Cr5Si3) as an electrical nanocontact material, as it facilitates 
charge transfer through the Si/Au interface by lowering the Schottky barrier [8]. 

During chemical vapor deposition (CVD) of diamond, refractory metals (including 
Cr) are susceptible to fast carburization [9]. Generally, Cr can form three forms of 
stable carbide, i.e., Cr3C2, Cr7C3, and Cr23C6 [10]. The carburization process is 
intrinsically important to the metallurgical and microelectronics industry, meaning the 
kinetics of carbide formation have been thoroughly investigated in the literature [11]. 
For its intrinsic properties Cr can also be used as a diffusion barrier layer during CVD 
growth of diamond on foreign substrates containing ferrous metals like Fe, Ni and Co 
[12]. These ferrous metals are known to catalytically assist conversion of CVD 
deposited sp3 carbon to sp2 graphitic carbon [13], which is detrimental to diamond 
coating adhesion on alloys (e.g., WC-Co) containing those constituent components. 
Thus the application of a carbon in-diffusion barrier layer like Cr is necessary. Here, a 
thin Cr barrier layer serves as sacrificial layer and simultaneously acts as carburized 
nucleation layer for diamond growth [14]. 

CVD diamond, being a unique material bearing outstanding intrinsic properties, is of 
great potential interest for optoelectronic high-power, high-temperature and high-
frequency devices [15-17].The performance of such devices is sensitive to the 
properties of the materials as well as to the interfaces that emerge during processing. 
Recently, an interest towards investigation of bright Cr color centres that are present 
in diamond has risen, with a new challenging aim to incorporate Cr into a diamond 
lattice in controlled manner [18,19]. 

Therefore, in this work, we aim to investigate the local diamond environment as well 
as interfacial compounds that form during the early CVD growth stages of diamond 
on a Cr-covered Si substrate. The focus lies on the analysis of the interaction between 
the thin Cr layer and the hydrocarbon species from the CVD plasma, as well as 
silicide formation. We use an approach where CVD diamond is grown from 
nanodiamond (ND) seeds buried under a thin Cr layer. This provides the advantage of 
achieving a high seeding density of ND on Si [20], which would be difficult to realize 
on Cr [12,21,22]. Such an approach was recently demonstrated in the case of a Pt 
over-layer for adhesion improvement on Cu [23]. We thoroughly examine the growth 
of the nanocrystalline (NCD) layer and suggest a model to explain the diamond 
growth mechanism in this case. 

 

2. Experimental 

Highly resistive silicon (10-20 kcm) substrates were wet-cleaned using a standard 
silicon cleaning procedure; they were first immersed into a hot sulphuric acid (H2SO4, 
95%) and hydrogen peroxide (H2O2, 30%) mixture (4:1, 120 °C), and afterwards in an 
ammonium hydroxide (NH4OH, 28%), H2O2 and a DI water mixture (1:1:5, 80 °C) 
for 20 min per bath. The substrates were then rinsed with DI water and dried under a 
nitrogen gas flow. Detonation ND powder was acquired from the NanoCarbon 
Institute Co., Ltd., Japan. This powder was dispersed in DI water using a high-power 
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ultrasonic horn [20]. The particle size distribution proved to contain of approximately 
7 nm ND in diameter and the zeta-potential is (49±5) mV at pH 4.8 was determined 
by dynamic light scattering (DLS) using photon correlation spectroscopy with a 
ZetaPALS90Plus/BI-MAS Particle Sizing Option (Brookhaven Instruments 
Corporation). 

The cleaned substrates were dipped in a ND suspension for 2 min and then rinsed 
with DI water on a spin-coater at 4000 rpm and dried. Afterwards, the substrates 
seeded with ND were coated with 50 nm of Cr by pulsed direct current magnetron 
sputtering [21]. The target power supply was driven in constant-power mode at 
150 W. An argon gas flow of 50 sccm was fixed by a mass flow controller and a gas 
pressure of 0.4 Pa was kept constant during the deposition. The distance between the 
target and the substrate was 12 cm. 

NCD films were grown by microwave plasma enhanced CVD (MW PE CVD) in an 
ASTeX 6500 reactor using the following growth conditions: 3% (15 sccm flow) of 
methane diluted by hydrogen (485 sccm), 3500 W microwave power and 3.3  104 Pa 
process pressure sustained 730 °C substrate temperature. NCD growth was initiated 
for various times from 3 min to 96 min. 

The samples after the CVD step where characterized by Raman spectroscopy. The 
spectra were recorded by a Horiba Jobin-Yvon T64000 spectrometer equipped with a 
confocal microscope. Excitation of the samples was performed with an Ar+-ion 488 
nm laser (Lexel SHG-95). The laser power was attenuated to avoid sample heating 
using an appropriate neutral density filter. Scanning electron microscopy (SEM) was 
acquired on a FEI Quanta 200 FEG-SEM. Structural characterisation of the CVD 
plasma exposed samples was performed by X-ray diffraction (XRD), using the Cu-
Kα1 line (λ = 0.154056 nm) on a Siemens D5000 Bragg-Brentano diffractometer. 

A 24 min CVD growth sample was prepared by a focused ion beam lift-out procedure 
in a FEI Helios FIB-SEM for cross-sectional examination by scanning transmission 
electron microscopy (STEM). High-angle annular dark field (HAADF) images and 
electron energy loss spectra (EELS) were acquired using an aberration corrected FEI 
Titan 80-300 “cubed” microscope equipped with a GIF Quantum spectrometer, 
operated at 120 kV. A convergence semi-angle of 22 mrad and an acceptance angle of 
46 mrad were used. The STEM-EELS CrSi2 map was generated using a multiple least 
squares fitting of a CrSi2 Si L2,3 reference spectrum to the Si L2,3 edge in each 
spectrum of the acquired EELS. 

 

3. Results and discussion 

3.1 Morphological changes 

SEM overview images were recorded after varying diamond CVD synthesis times to 
compare the structural change in surface morphology of the nucleating NCD film 
with and without the presence of a Cr layer (Figs. 1(a) and 1(b)). Additionally, to 
evaluate the influence of the very hydrogen-rich CVD plasma on the Cr layer, a 
sample containing only a Cr layer was placed in each CVD run (Fig. 1(c)). The first 
diamond nucleus appears on the Cr surface after 12 min of exposure to the CVD 
plasma (Fig. 1(b), indicated with arrows), whereas at this time the reference sample 
without a Cr coating already shows the presence of a homogeneous, coalesced NCD 
thin film (Fig. 1(a)). After 24 min, more sparsely scattered grains appear on top of the 
Cr layer and it can be seen that the diamonds have also started to grow in the lateral 
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directions. After 96 min, due to lateral growth, the diamond crystals have expanded, 
forming a coalesced diamond film on top of the Cr layer with much larger crystallites 
than on the uncovered seeded Si substrate. The observed difference in diamond 
crystallite sizes is a result of the different number of ND seeds accessible to plasma 
species during the NCD growth. 

In parallel, the morphological changes occurring in the Cr layer without buried NDs 
are traced (Fig. 1(c)). It is clearly visible that even at an early CVD stage (< 12 min) 
microscopic cracks have started to appear in both Cr layers, with and without NDs. 
These cracks (Fig. 1(c), indicated by arrows) appear due to the influence of the 
plasma; carbon diffuses into the Cr layer and forms Cr23C6, which is confirmed by a 
detailed TEM analysis (Sec. 3.3). These gradually appearing defects act as diffusion 
channels: carbon radicals from the CVD plasma can access the uncovered NDs, 
leading to the initiation of diamond growth at these places after longer exposure to the 
plasma. It is likely that the appearance of microscopic fracturing is being enhanced by 
an ongoing concurrent chemical reaction, i.e., the thermally driven diffusion of Cr 
into Si. This leads to the formation of CrSi2, which is confirmed by Raman analysis, 
(Sec. 3.2.). A similar CrSi2 formation was observed by Bower et al. [24]. 
Furthermore, Olowolafe et al. studied the temperature dependent formation kinetics 
of CrSi2 thoroughly and revealed that this process is thermally activated with an 
activation energy of (1.7 ± 0.1) eV [6]. In our case, after CVD plasma exposure, the 
layer gradually shrinks from a smooth and homogeneous one to textured Cr23C6 
domains. 

 
Fig. 1. SEM micrographs of the (a) normal growth of NCD on Si, (b) NCD growth from NDs buried under a 50 
nm Cr layer, and (c) Cr on Si exposed to CH4/H2 plasma. 

 

Micro-Raman spectroscopy was used for the quality evaluation of the NCD films 
[25]. As a measure of diamond film quality, the fraction of graphitic sp2 carbon is 
evaluated in the Raman spectra, which directly provides information on the various 
carbon forms present in the samples. Features arising due to sp2 sites upon excitation 
with a visible laser have scattering cross-sections that are roughly 50-230 times higher 
than those due to sp3 excited states [26]. This makes visible light excited Raman 
spectroscopy a perfect characterization method to extract information about the 
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presence of non-diamond carbon phases and therefore a direct method to evaluate 
diamond quality. 

 

 

 

 

 

 

 

 

 

 

Figure 2 shows that the background subtracted Raman spectra vary with CVD growth 
time on both experimental configurations. The spectra are normalized to the sp3 
diamond peak (1333 cm-1). The slight of shift from the stress-free 1332 cm-1 phonon 
position can be attributed to the residual stress present in the films [25]. The Raman 
spectra indicate the growth of high quality, i.e., relatively low sp2 content NCD films. 
In both cases, the sp3/sp2 ratio increases with deposition time. The characteristic 
graphitic carbon feature, the so-called G-band present at 1586 cm-1 for 
Si/ND/Cr/NCD and 1565 cm-1 for Si/NCD, which decreases with growth time, is 
indicating an improvement of the diamond film quality at longer CVD growth. The 
Raman spectra of the shorter growth times (up to 12 min) are not shown for 
comparison due to the absence of the diamond phonon in the case of Si/ND/Cr/NCD 
configuration. The presence of a feature at 1139 cm-1 in Si/NCD is assigned to -CHx 
bonds and the feature at 1490 cm-1 can be tentatively ascribed to sp2 carbon located in 
the grain boundaries [26]. The data show that the Si/NCD films have a slightly higher 
content of sp2 carbon than the Si/ND/Cr/NCD films. This can be understood by the 
fact that the diamond crystallites grown on Si are smaller in size, meaning a relatively 
higher amount of grain boundaries, as compared to the Si/ND/Cr/NCD samples, 
where the diamond crystallites are larger with less grain boundary material (Figs. 1(a) 
and 1(b), 48 min and 96 min). 

 

3.2 Compositional changes 

To understand ongoing compositional changes at the Si/Cr interface during the CVD 
process, micro-Raman spectra were measured in the range between 250 cm-1 and 
900 cm-1 in order to trace potentially formed silicide and carbide compounds (Fig. 3). 
After 12 min of plasma exposure, phonon modes at 302 cm-1, 349 cm-1, 390 cm-1 and 
409 cm-1 appear. These peaks are in a good agreement with those belonging to CrSi2 
reported in literature [27]. One can note that the Si phonon mode at 520.7 cm-1 
gradually appears with CVD exposure time. This could be explained by the fact that 
the laser beam does not reach the substrate until the carburized Cr layer begins to 
fracture during CVD growth. The same implication is valid for CrSi2. The increased 
intensities of the characteristic CrSi2 phonons hint at the fact that the amount of 

Fig. 2. Background subtracted Raman spectra (normalized to diamond 1332 cm-1 peak) of NCD varying with CVD 
growth time for (a) Si/ND/Cr/NCD and (b) Si/NCD. 
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crystalline CrSi2 increases. A small skewed signal, arising after 96 min at 790 cm-1, 
belongs to the SiC present in a minute amount at the Si interface [28]. This is a 
common interfacial alloy, formed during the diamond CVD process. 

 

 

 

 
Fig. 4. XRD patterns of the Si/ND/Cr/NCD samples. 

 

The XRD patterns depicted in Fig. 4 are in a good agreement with the Raman data. 
The diffraction patterns reveal that, even after a very short exposure of the Cr coating 
to the CVD plasma, the metal layer is fully converted to carbide and silicide. The 
latter was confirmed by TEM, where no metallic Cr was observed for the 24 min 
Si/ND/Cr/NCD grown sample. As is evident from the XRD of the 3 min growth 
sample, the presence of SiC indicates that the Cr layer becomes saturated with carbon 
at the initial stage. The carbon (CHx) species come from the methane containing 
plasma, which is needed for carbide formation at the Si/Cr interface. The two peaks 

Fig. 3. Raman spectra of (a) ND on Si covered with Cr and (b) Si covered with Cr as a function of exposure time to CVD plasma. 
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observed at 47.8° and 50.1° are assigned to the (440) and (531) reflections, 
respectively, of the Cr23C6 carbide phase [29]. The XRD pattern also confirms the 
rapid formation of the CrSi2 phase, which is the only CrxSiy phase detected, consistent 
with Raman spectroscopy. 

 

3.3 Local environment investigation of the diamond crystallites /Cr interface by TEM 

Combining mass-thickness sensitive HAADF-STEM imaging with spatially resolved 
EELS should provide a better understanding of the presence and distribution of the 
various phases in the sample, after the substantial Si/Cr interfacial diffusion and 
carbon inter-diffusion into the Cr layer have occurred. To this end, the 
Si/ND/Cr/NCD sample after 24 min of CVD growth was prepared in cross-section by 
a focused ion beam lift-out procedure (Fig. 5). The HAADF-STEM images in Figs. 
5(a) and 5(b) show an overview of the sample. The dark-contrast regions in the bright 
layer are diamond grains that have started to form. The high resolution HAADF-
STEM image and inset Fourier transform pattern in (Fig. 5(c)) demonstrate that the 
initial Cr layer deposited on top of the NDs is fully carburized, as the structure fully 
coincides with the Cr23C6 carbide phase. The EELS spectrum confirms that the Cr 
layer is not metallic, but contains a significant amount of carbon (Fig. 5(d)). This 
supplements the XRD data that the previous Cr layer no longer shows the presence of 
metallic Cr after 3 min of CVD. This, therefore, allows us to conclude that Cr rapidly 
carburizes in the 3% CH4 concentration plasma. This is further supported by the 
immediate formation of SiC, for which carbon must be in contact with Si. 

The Cr23C6 layer appears to have cracked open, where the diamond grain formation 
has occurred. It then seems that the diamond grains do not spontaneously nucleate on 
top of the Cr23C6 surface, but rather grow from the uncovered diamond seeds. The 
higher magnification image (Fig. 5(b)) also shows bright-contrast regions embedded 
in the Si substrate. These regions vary in size from approximately 10 nm to 40 nm. 
Using high-resolution imaging (not displayed here) and spatially resolved EELS 
mapping (Figs. 5(e) and (f)), the regions were identified as being CrSi2 inclusions as 
indicated by Raman (Fig. 3(b)) and XRD (Fig. 4). 
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Fig. 5. (a) HAADF-STEM overview image of the Si/ND/Cr/NCD sample grown for the 24 min. (b) Enlarged area 
of a single diamond crystallite indicated by the dashed rectangle in (a). (c) High-resolution HAADF-STEM image 
of the Cr23C6 layer (former sputtered Cr layer), the inset Fourier transform pattern evidences the [010] zone axis 
orientation. (d) EELS spectrum, taken from Cr23C6 layer. (e) STEM-EELS Cr map from the region indicated by 
the dashed rectangle in (b), and (f) CrSi2 map from the same region, indicated by the white rectangle in (b). 

 

3.4 Model of diamond growth from buried NDs 

Here, we propose a model of diamond nucleation and growth from a ND seeds buried 
beneath a Cr layer that acts as barrier layer between the ND and the CH4 diluted in H2 
plasma. The early growth path can be sub-divided into four stages according to the 
morphological and structural changes of the Cr layer and step-by-step NCD film 
evolution observed here. Both processes are discussed in conjunction. 
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t = 0 to 12 min (Fig. 6(b)): The thin Cr layer begins to fracture due to the thermally 
driven reaction of Cr with Si, which leads to the formation of CrSi2. In parallel, the 
Cr layer carburizes due to the absorption of carbon from the plasma. As a 
consequence, carbon comes in contact with the Si substrate and forms SiC.  

t = 12 to 24 min (Fig. 6(b-c)): As a consequence of the fracturing of the Cr carbide 
film, H and CHx radicals can reach the previously buried NDs through 
microscopic channels (marked with red arrows, where the diamond growth occurs) 
in (Fig. 6(b)) and continue with hydrogen mediated NCD growth. 

Fig. 6. Schematic illustration of the NCD growth through thin Cr layer. 
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t = 48 min (Fig. 6(d)): At this stage the NCD continues to grow (axially and 
expands laterally on the Cr23C6 surface). Cr diffusion into Si and Si diffusion into Cr 
continues and the Cr23C6 layer starts to convert to CrSi2. 

t ≥ 96 min (Fig. 6(e)): Diamond growth continues like on Si and is dependent only 
on the species present in the plasma. Carbon (CHx) bearing species emerging from 
the plasma are no longer in contact with the Cr23C6 and CrSi2 layers.  

 

5. Conclusions 

In this study we have examined various aspects of nanocrystalline diamond growth 
from nanodiamond seeds buried under a 50 nm Cr layer on a Si substrate. We further 
focused on chemical reactions taking place at the Si/Cr interface during the CVD 
process. Based upon the observed results, a growth model was proposed. The 
importance of our model can be anticipated not only for the understanding of how the 
diamond grow through a thin Cr layer, but also to gain more insight into complex 
interfacial chemical reactions during the early stages of CVD growth. We suggest that 
the same growth model could be valid for other transition metals, bearing in mind 
their ability to form carbides and silicides simultaneously. Finally, we show that one 
can grow high quality NCD diamond on top of a Cr layer. 
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