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Abstract 

The growth of hydrogenated sp3-phase of diamond on the sp2-phase of graphite by Microwave Plasma 

Enhanced Chemical Vapour Deposition (MPECVD) is a challenge, primarily because hydrogen 

etches graphite much faster than the growth rate of diamond. In order to enhance nucleation of 

diamond on graphite we used a plethora of techniques such as plasma etching, ion bombardment, 

manual scratching and scratching by ultrasonic agitation. Nanocrystalline and polycrystalline 

diamond thin-films were grown by MPECVD on the surface of pre-treated or pristine graphite using 

1.5, 3.0 and 3.6kW microwave power. Samples were characterised by Scanning Electron Microscopy, 

Raman Spectroscopy and X-ray Photoelectron Spectroscopy. Species in the gas phase during film 

deposition were monitored by Optical Emission Spectroscopy. We have found that the surface area 

covered and the morphology of the diamond films are dependent on the surface pre-treatment. The 

crystallite size of the films depends on the microwave power used during MPECVD growth. The 

results of this study establish the protocols for diamond deposition by MPECVD on graphite 

substrates with a desired crystalline quality based on the pre-treatment of the substrate and the 

microwave power used during MPECVD. These results are important to modern applications such as 

plasma facing materials in which diamond has shown outstanding performance in contrast to that of 

graphite. 
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1 Introduction 

Today graphite materials are some of the preferred candidates for the inside of tokamak chambers for 

fusion application, however erosion and tritium retention still limit their use. Diamond thin films have 

shown good perfomance when exposed to extreme conditions such as high power plasmas [1]. The 

use of diamond coatings on graphite is a good alternative to face the plasma in tokamak chambers. In 

previous work we have shown diamond performance at high plasma etching conditions and in this 

work the results are focussed on diamond thin films preparations to achive a desired morphology. In 

the growth of diamond films on non-diamond surfaces it is common practice to pre-treat the substrate 
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to increase diamond nucleation: this step is important because nucleation density influences the 

growth rate [2], the film quality [3], and the film morphology [4]. Traditionally, nucleation pre-

treatments achieve diamond growth on substrates where nucleation is difficult to start because of the 

surface smoothness, such as mirror polished wafers (in which case a simple scratching is sufficient 

[5]) or to increase adhesion to the substrates (such as etching procedures and intermediate layers on 

hard metal surfaces [6]) for specific application such as cutting tools. Pre-treatments to achieve high 

nucleation densities have also been used to increase the surface area covered by the film and enhance 

adhesion that is fundamental in applications such as plasma facing materials for extreme 

environments such as fusion reactors [7-9]. 

Diamond grows three dimensionally in a Volmer-Weber growth mode [10], that is, crystals 

grow until they coalesce to form a film. If the nucleation density is low, the surface coverage 

is poor resulting in a porous film combined with a rough surface comprising micron sized 

crystallites. The selection of nucleation pre-treatment will depend on the specific application 

of the diamond film, but also on the substrate, and a detailed study of nucleation conditions is 

needed before growing on non-conventional materials such as graphite. There is a lack of 

information on the growth of diamond on graphite by Microwave Plasma Enhanced Chemical 

Vapour Deposition (MPECVD) because hydrogen etches graphite much faster than diamond 

grows [11]. Angus and co-workers published a series of seminal papers on the hydrogenation 

of graphite [12, 13, 14]. They suggested that hydrogenation occurs preferentially at the edges 

of graphite planes, transforming the unsaturated rings into their fully saturated analogues. In 

low pressure diamond growth environments, the saturated rings result in diamond nucleation 

or even conversion to diamond. In this way diamond nucleation should proceed without the 

need of external seeding or scratching pre-treatments. Chow et al. [15] and Regel et al. [16] 

had also grown diamond on graphite in a hot filament system without nucleation pre-

treatment. 

This study intends to establish diamond nucleation conditions on graphite substrates and to 

evaluate the morphology and purity of the resulting films. The surfaces of graphite were 

treated using techniques conventionally used for non-diamond substrates [17, 18] and the 

resulting films are compared.  

We have seen that nucleation pre-treatments on graphite substrates increase the area covered by the 

film, control the morphology and increase the quality, which are fundamental requirements for 

modern applications such as plasma facing materials for fusion reactors. 

 

2 Experimental  

Samples of 20x20x3mm3 highly oriented pyrolytic graphite (HOPG) pieces (supplied by 

Ringsdorff Werke GmbH, Bonn, Germany) were cleaned with methanol in an ultrasonic bath 

before one of the different nucleation processes was applied, and one control sample was kept 

untreated for growth on a pristine graphite substrate (sample A). The nucleation techniques 

used in this study were selected after a bibliographic review; such processes being the most 



frequently used and the most efficient for growing diamond on different kinds of substrates  

([19] is a good review of diamond nucleation treatments). Three samples were ultrasonically 

scratched for 30 min with a maximum power of 120W (Bandelin Sonorex Digital 10P 

ultrasonic bath) to ensure homogeneous surface abrasion of each of the substrates by one of 

the three diamond powder suspensions used: 3% micro-diamond in methanol (sample H), (~1 

µm natural diamond, De Beers), or nanodiamond (sample B) (previously cleaned following 

the method described by Jiang and Xu [20]), or a mixture of micro-diamond plus titanium 

(sample C) (100 mesh, 99.7% Sigma-Aldrich). After the ultrasonic treatment, samples were 

rinsed in methanol and dried in vacuum.  

One further sample was treated by manual scratching using a methanol slurry of micro-

diamond powder for 2 min (sample D: slurry was applied on top of the graphite substrate and 

scratched by hand, rinsed in methanol and dried in vacuum). Wear-tracks were produced in 

another sample using a diamond stylus leaving a square pattern of 1mm between marks 

(sample E).  

In addition, a pristine graphite surface was etched in a hydrogen plasma (1.5 kW) for 15 min 

(sample F). Finally, one further sample was Ar ion bombarded at 1 kV for 15 min at a base 

pressure of 2 x 10-4 mBar using a Gridless End Hall Ion Source (Ion Tech, Inc 3.0-1500-100) 

(sample G). 

Graphite pieces ultrasonically scratched with microdiamond (as described before) were used 

to study the effect of varying the microwave power during film growth, on the morphology of 

the resulting films. Microwave powers used were 1.5 (sample H), 3 (sample I) and 3.6 kW 

(sample J), with a pressure of 133 ± 2 mBar for 2 hours. In order to modify graphite surfaces 

by introducing oxygen [21-22], three samples ultrasonically scratched with microdiamond 

were heated at 200°C for 2 days in an oven in atmospheric conditions. These substrates were 

deposited upon as described above using 1.5 (sample K), 3 (sample L) or 3.6 kW microwave 

power (sample M), with a pressure of 133 ± 2 mBar for a standard duration of 2 hours.  

Diamond films were grown in a stainless steel and quartz 6 kW (2.45 MHz) MPECVD system 

having a base pressure of ~5 x 10-7 mBar, described elsewhere [23]. The plasma was ignited 

in H2 and the samples subject to a plasma etch for 15 min prior to the introduction of the 

CH4/Ar mixture. During the deposition phase, a mixture of 5% CH4, 15% H2 and 80% Ar was 

excited with 1.5 kW power, with a pressure of 133 ± 2 mBar for 2 hours. After deposition, 

methane and argon flow was stopped and samples were left with a hydrogen flow for 15 min 

in order to hydrogenate the surfaces. The substrates were plasma heated and the temperature 

was measured using a two-colour optical pyrometer to be in the range 850 to 950 °C.  

Scanning Electron Microscopy (SEM) analyses were performed in a Hitachi 2700 SEM, 

operated at 10 keV electron energy, equipped with a secondary electron emission detector. 

Low magnification (45X) SEM micrographs were analysed to calculate the percentage of area 

covered by the diamond film on graphite substrates. The analysis was done using a Mat-lab 

algorithm that counted the pixels corresponding to diamond growth. That is, SEM grayscale 



image were transformed to a binary image by replacing all pixels in the grayscale image with 

luminance greater than a certain level with value 1 and all other pixels with value 0. 

Raman spectra (inVia Raman microscope, Renishaw Ltd) were recorded using the 514.5 nm 

line of an argon ion laser taking the spectra in the range from 200 to 3500 cm-1. X-ray 

Photoelectron Spectroscopy (XPS) measurements, using Mg Kα X-radiation, were carried out 

in a Scienta ESCA300 spectrometer at the National Centre for Electron Spectroscopy and 

Surface Analysis (NCESS) UK. Samples were sputtered with Ar beam at 1 kV energy, and 

15-20µA drain current, with ~2.8 x 10-6 mbar of Argon to clean surfaces before analysis. This 

low-energy sputter minimizes graphitisation of the surfaces. Deconvolution of XPS peaks was 

performed using XPSPeak41 software, using linear background correction and fitted to 

Gaussian-Lorentzian functions. The XPS peak positions were traceable to an Au standard. 

Optical emission spectra of the plasma were measured using a Monolite 6800 spectrometer: spectra 

were corrected for detector and grating responses using a calibration factor obtained with a near-

blackbody tungsten lamp. Spectra were normalized with respect to their highest peak. 

 

3 Results and discussion 

Nanocrystalline layers were grown on samples A, B, D, E, F, G, H and K (see Fig. 1a to 1k), 

all deposited using 1.5 kW power to excite the CH4-Ar-H2 gas mixture.  The observed 

“cauliflower-like structure” of these samples has been recently associated with Kardar-Parisi-

Zhang who had postulated [24] that the formation of cauliflower-like morphology is due not 

only to the species attaching to the surface protrusions but also to the growth along the local 

normal direction. The fact that these samples, pre-treated differently, resulted in similar 

diamond films can be explained by the nucleation mechanism proposed by Dubray et al. [25] 

and Ramesham et al. [26] where diamond CVD particles nucleate and grow heteroepitaxially 

on damaged prism planes of graphite, rather than on diamond debris remaining after 

scratching. 

On the other hand, sample C  consists of diamond crystals with submicron sizes and some visible 

{100} facets (Fig. 1c) in anticipation that Ti may have provided nucleation sites promoting the growth 

of larger crystals.  

 

Sample I deposited at 3kW presents square microcrystals exhibiting {100} facets with randomly 

smaller crystals in grain boundaries (Fig. 1i) and sample J deposited at 3.6 kW showed microcrystals 

with {100} and {111} facets (Fig. 1j). In previously reported work [27] we proposed that the 

formation of the {100} crystals happens through the formation of steps that by step-flow growth result 

in terrace formation. At high microwave powers (>3kW), growth rates and hydrogen etching rates 

are higher. Under these conditions, hydrogen may introduce surface defects that can act as nucleation 

sites, producing the increase of nucleation density and smaller crystal size. At the higher temperatures 

(that arise from the higher microwave powers) the morphology changes result in the presence of 

crystallites with {111} facets.   



Annealed sample L (Fig. 1l) showed microcrystals with {111} and {110} facets whereas 

sample M (Fig. 1m) presented shell-like structures with larger crystals growing perpendicular 

to the substrate plane. A mechanism for the latter morphology has been proposed by Castro et 

al. [28] where, during diamond growth there is competition for surface sites, that is, growth 

species may have a higher probability of attaching to the surface protrusions than to surface 

valleys. 

Optical emission spectra of the plasma for all samples are shown in Fig. 2. The emission bands 

presented are 388, 430 and 776 nm from CH species; 471 and 516 nm are from C2 Swan band; 

656.5, 485 and 436 nm correspond to Hα, Hβ and Hγ respectively3. The spectra shown in this 

figure were obtained after 10 min of deposition. All of the nanocrystalline layers grown at 1.5 

kW showed high levels of grain re-nucleation caused by the high concentration of C2 dimers 

in the chamber [23] (Fig. 2). The production of C2 is promoted by high pressure conditions 

(above 100 mbar) and a low concentration of atomic hydrogen. 

 

The intensities, proportional to the concentration of the species in the plasma [29], of the CH 

bands at 388 and 430 nm are indicative of the diminution of the surface area of the HOPG and 

the proportional increase in the diamond coverage.  Not only do the relative intensities of the 

CH and C2 peaks change during deposition (CH peak being higher at the beginning where 

etching and nucleation take place (seen Fig. 3), but they also depend on the pre-treatment (as 

shown in Fig. 2).  

 

Raman spectra of all samples (Fig. 4) show typical features of microcrystalline diamond, 

evidenced by the narrow peak at 1332 cm-1 (sometimes obscured by the overlapping D peak) 

and graphite at ~1342 cm-1 and ~1584 cm-1 due to the D and G bands. The well-established 

Raman spectrum of HOPG exhibits a first-order E2g optical mode at 1583 cm-1 (G-band), a 

second order G* peak at 3250 cm-1 and a D band at 1370 cm-1 from a sample with well-

crystallized but small particles. In addition, contributions from sp2 bonded configurations are 

revealed at about 1135 cm-1 and 1477 cm-1, the latter causing a splitting of the G-band in some 

samples, or else being obscured by the tail of the G-band. These contributions have been 

previously attributed to combinations of C=C chain stretching and CH wagging modes of 

trans-polyacetylene (TPA) chains, which are typically found at the grain boundaries of low 

quality CVD diamond [30], and the corresponding presence of hydrogen at surface sites. 

Finally, a second order spectrum shows the D* mode at 2700-2724 cm-1, corresponding to an 

overtone of the D mode [31].  

 

The fraction of the surface area of the variously prepared samples covered by the diamond film is 

shown in Table 1. Initial inspection of coatings by low magnification (45X) SEM showed that the 

percentage of surface covered during deposition varied depending on the nucleation pre-treatment: 

some are more effective than the control of hydrogen plasma etching and subsequent growth. On the 

other hand, pre-treatments such as ion bombardment (sample G) and wear tracks (sample E) were 

less effective compared with the control sample. SEM inspection of the sample pre-treated by wear 
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tracks showed that diamond did not grow on the tracks but on the undamaged substrate areas 

supporting the idea that diamond grows on graphite prism planes. Ion bombardment may leave behind 

many terraces on the substrate as has been reported by Hoffman et al. [32] on Xe ion irradiation of 

HOPG but is not translated into a high nucleation density as indicated in Table 1. 

 

The effect of ultrasonic abrasion following surface oxidation appears to provide the optimum 

conditions for high surface coverage as is shown in Table 1. Without scratching, previous 

work has shown that HOPG undergoes monolayer pitting when heating in air. The pits arise 

from natural defects in the basal planes and extend laterally with time due to oxidation of the 

prism planes. Oxygen decoration of the revealed prism planes, whether arm-chair or zig-zag, 

is unlikely to influence the nucleation density given the relatively low surface coverage of the 

pits at the oxidation temperatures adopted in this study. Surface scratching, however, exposes 

the reactive multilayer prism planes which are potential sites for nucleation and diamond 

growth. 

 

The XPS spectra of nanocrystalline and polycrystalline layers (Fig. 5) show an intense and sharp C 

1s signal at binding energy ~284.4 eV, with typical features indicative of a diamond structure [33, 

34]; sp2 carbon electrons appear at ~283.8 eV and carbon bonded with oxygen (C-O) at ~286 eV (see 

Fig. 5) [35].  In all cases the carbon sp3 peak is the highest component (Table 1). XPS analysis of a 

pristine graphite substrate showed 1.2 at% of oxygen (O 1s peak at binding energy 532 eV, not shown 

here); after deposition this value was around 1 at% except for the sample G , in which oxygen content 

was 3.7at%. In the substrates that were heated in air before diamond film deposition, the oxygen 

content increased to 14.5 at%, and the resulting films showed 1 at% for sample K , 4.8 at% for sample 

L and 20 at% for sample M.  The high oxygen content of surfaces could be enhanced by the production 

of defective diamond phases and dangling bonds which can rapidly form oxygen functional groups 

in contact with air after removal from the growth chamber despite a post-growth hydrogen plasma 

treatment. 

 

4 Conclusions 

Graphite and, specifically, highly oriented pyrolytic graphite has been considered a difficult, if not 

impossible, substrate for PECVD diamond deposition without considerable etching of the graphite.  

The range of nucleating conditions that have been tested in this work have included manual and 

ultrasonic scratching, with and without heat treatment in air, plasma and ion etching. We have shown 

in the present paper that the correct choice of nucleation treatment does enable nanocrystalline and 

polycrystalline diamond to grow as a continuous film on HOPG. By comparing different treatments 

prior to microwave PECVD conditions, we have obtained diamond coatings with similar morphology, 

suggesting that the damaged prism graphite planes, rather than diamond debris resulting from 

scratching, provide the predominant growth nuclei.  

The most uniform growth arose from plasma etching or ultrasonic scratching with micro-diamond. 

Ultrasonic scratching with a diamond/titanium mixture produced {100} orientated crystallites, 

whereas oxygenated surfaces generally favoured the formation of {110} and {111} faceted 



crystallites. High surface coverage and the best quality polycrystalline diamond (as assessed by SEM, 

Raman spectroscopy and XPS) resulted from ultrasonic scratching with microdiamond followed by 

surface oxidation, and using 3kW microwave power during deposition. For nanocrystalline diamond, 

the preferred treatment was hydrogen plasma etching followed by oxidation using 1.5kW microwave 

power during deposition. 
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Figure Captions  

Fig. 1 SEM micrograph of the deposited films, a) and b) correspond to samples A and B showing, 

cauliflower-like structure; c) sample C, with diamond crystals with submicron sizes and some visible 

{100} facets; d) to h) Samples D to H, presenting cauliflower-like structure; i) sample I with square 

microcrystals exhibiting {100} facets with randomly smaller crystals in grain boundaries; j) sample 

J, presenting microcrystals with {100} and {111} facets; k) sample K with cauliflower-like structure; 

l) Sample L, showing microcrystals with {111} and {110} facets; finally, m) Sample M, presenting 

shell-like structures with larger crystals growing perpendicular to the substrate plane 

Fig. 2 Optical emission spectroscopy for all samples after ten minutes of MPECVD  



Fig. 3 Optical emission spectroscopy for sample C showing the change in relative intensities of the 

CH and C2 peaks  

Fig. 4 Raman analysis of samples a)A, b)B, c)C, d)D, e)E, f)F, g)G, h)H, i)I, j)J, k)K, l)L and m)M 

showing typical features from TPA at ~1135cm-1, diamond at ~1333cm-1, D-band at ~1340cm-1, G-

band at ~1584 cm-1 and D*-band at ~2700 cm-1 

Fig 5 XPS spectra of all the prepared samples, green line shows deconvolution of XPS spectrum 

sample A  

Table 1 Percentage of surface covered by MPECVD diamond for the pre-treated graphite substrates 

and sp3/sp2 ratio determined by XPS 

  



Table 1 Percentage of surface covered by MPECVD diamond for the pre-treated graphite substrates 

Sample 

label 

Treatment Heated in 

a box oven 

Microwave 

power (kW) 

 

Surface covered (%)  

determined by SEM 

sp3/sp2 ratio 

determined by 

XPS 

A. Control sample No 1.5 68±9 30±3 

B. Ultrasonically Scratched with nanodiamond No 1.5 46±5 23±2 

C. Ultrasonically Scratched with microdiamond 

+Ti 

No 1.5 69±8 39±4 

D. Manually scratched with microdiamond No 1.5 55±7 33±3 

E. Wear tracks  No 1.5 24±3 50±5 

F. Plasma etching No 1.5 92-11/+8 21±2 

G. Ion bombardment No 1.5 56±7 51±5 

H. Ultrasonically Scratched with microdiamond No 1.5 78±9 48±5 

I. Ultrasonically Scratched with microdiamond No 3.0 97-12/+3 81±8 

J. Ultrasonically Scratched with microdiamond  No 3.6 87±10 40±4 

K. Ultrasonically Scratched with microdiamond  Yes 1.5 99-12/+1 40±4 

L. Ultrasonically Scratched with microdiamond  Yes 3.0 93-11/+7 81±8 

M. Ultrasonically Scratched with microdiamond  Yes 3.6 99-12/+1 40±4 
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