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Boron doped diamond growth in a multi-mode microwave chemical vapour deposition chamber at low pressures results 

in a spatially varying sp2 surface carbon content across the wafer, which is assessed using electrochemical means
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Impact of chemical vapour deposition plasma inhomogeneity on the spatial variation of 
sp2 carbon in boron doped diamond electrodes  
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a Department of Chemistry, University of Warwick, Coventry, CV4 7AL, UK 
b Department of Physics, University of Warwick, Coventry, CV4 7AL, UK 

c School of Physics and Astronomy, Cardiff University, Wales, CF24 SAA, UK 

______________________________________________________________________________________________________________ 

The impact of plasma inhomogeneity on the sp2 content of thin film (~ micron) boron doped 

diamond (BDD) electrodes, grown using microwave chemical vapour deposition (MW-CVD) 

under different methane (CH4) concentrations (1% and 5%), is investigated. The sp2 surface 

content (critical for interpreting electrochemical data) is comparatively assessed using a 

variety of electrochemical measurements: capacitance; solvent window analysis and quinone 

surface coverage. For all growths, distinctive regions containing appreciably differing 

amounts of sp2 carbon are identified, across the wafer. For example, on the 1% CH4 wafer, 

some areas exhibit electrochemical signatures indicative of high quality, minimal sp2 content 

BDD, whereas others show regions comprising significant sp2 carbon. Note Raman 

microscopy was unable to identify these variations. On the 5% CH4 wafer, no region was 

found to contain minimal levels of sp2 carbon. Changes in sp2 content across the BDD films 

indicates spatial variations in parameters such as temperature, methane and atomic hydrogen 

concentrations during growth, in this case linked directly to the use of a commonly employed 

multi-moded (overmoded) chamber for MW-CVD BDD synthesis. Varying sp2 levels can 

have significant impact on the resulting electrochemical behaviour of the BDD. 

Submitted to “Nanocarbons for electrochemistry” special issue, March 2017 

______________________________________________________________________________________________________________ 
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1. Introduction 

Boron-doped diamond (BDD) electrodes exhibit many exceptional properties 

compared to other conventional electrodes due to their sp3 carbon structure, making BDD a 

desirable material for the electrochemist.[1] These properties include: low capacitance (C), a 

wide solvent window (SW), as well as resistance to fouling and mechanical wear.[2] 

However, growing BDD in the phase pure sp3 form, without contamination from sp2 bonded 

carbon, is challenging especially as boron concentration increases.[3] It is thus very 

important, especially when interpreting the material performance properties, to evaluate and 

account for the presence of sp2 non diamond carbon impurities introduced during growth.[4-

6] Interestingly, these can impact the electrochemical response both negatively e.g. reduced 

SW, increased background currents, increased susceptibility to corrosion,[7] and positively 

e.g. increased electrocatalytic activity,[8] introduction of pH sensitive functional groups,[9] 

stronger adsorption sites for electrosynthesis.[10]  

A common technique to produce BDD at suitable dopant levels for electrochemical 

use (> 1020 B atoms cm-3) is microwave chemical vapour deposition (MW-CVD). However, 

the reactor conditions employed, such as: (i) substrate temperature; (ii) methane (CH4) 

concentration; (iii) deposition pressure; (iv) microwave power and (v) atomic hydrogen (H) 

concentration,[11, 12] can greatly impact on sp2 incorporation. For example, higher quality 

(lower sp2 content) BDD films are often grown using low CH4 concentrations (≤ 1%) 

allowing the atomic hydrogen in the reactor to preferentially etch away the majority of the sp2 

present.[13, 14]  By increasing CH4 concentration (to > 5%) higher sp2 content 

‘nanocrystalline’ BDD is typically produced which can be considered an aggregate of 

disordered graphite and diamond nanocrystals.[13] In some applications, higher CH4 

concentrations may be preferred as growth is significantly faster and results in smoother 
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films, despite the increase in sp2 carbon.[15] Unfortunately, regulating growth parameters is 

not straight forward as each of the above parameters (i-v) all influence each other. 

The design of the MW-CVD reactor can also impact the quality and uniformity of the 

BDD films produced. For example, to increase deposition areas and make synthetic diamond 

production more economical, multi-mode (overmoded) MW-CVD systems are often utilised, 

where the reactor is designed to facilitate the overlap of transverse magnetic (TM) resonant 

modes to create a larger plasma.[16, 17] Coupled with a low pressure growth regime (<80 

Torr), deposition areas > 10 cm have been achieved.[18] However, recent numerical 

simulations have shown that overmoded reactors run at these low pressures can result in non-

uniform microwave power distributions close to the substrate surface.[19] This in turn will 

result in variations of the concentration of species (i.e. CH4 and atomic H) in the plasma, 

which in turn affects growth and etch rates within the CVD reactor.  

A vast amount of research has been conducted to produce thin film i.e. < 20 µm (and 

still attached to the growth substrate) diamond with compositional uniformity that is cost 

effective.[16, 20, 21] To date this still presents both a scientific and technical challenge, with 

the only option to move to higher power densities or lower CH4 concentrations resulting in 

significantly higher production costs.[13] For this reason manufacturers and research groups 

still opt to grow diamond using overmoded MW-CVD systems at low pressures, often 

outside recommended conditions for uniform growth.[22-26]  

In this study, we investigate the effect of operating an overmoded MW-CVD reactor 

under low pressure conditions (40 Torr) and varying CH4 concentrations (1% and 5%), on 

thin film BDD growth, and explore the suitability of the resulting material for 

electrochemical use. In particular, we assess spatial variations in film quality, focusing 

primarily on sp2 incorporation and its effect on the resulting electrochemical response. To the 

best of our knowledge, we present, for the first time, experimental confirmation of previous 
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simulation work which predicts variations in growth conditions across a single wafer when 

using an overmoded MW-CVD reactor under low pressure conditions.[19, 27] 

2. Experimental 

2.1 Diamond film growth 

The BDD films utilised in this study were grown on 500 µm thick, 2-inch diameter 

(5.08 cm) silicon (100) p-type wafers by MW-CVD. A Seki 6500 series MP reactor was 

employed, which was overmoded (multi-moded containing both the fundamental TM01 mode 

and the next radial mode, TM02, within the cavity)[28] allowing for larger discharge 

areas.[27] The silicon substrates were cleaned with a standard clean process (SC-1) which 

employs hydrogen peroxide (30% H2O2 in H2O, Sigma Aldrich), ammonium hydroxide (30% 

in H2O, Sigma Aldrich) and deionised water (DI) in a 1:1:5 ratio at 75°C for 10 minutes, 

followed by sonication in DI water for 10 minutes and subsequently spinning dry.[29]  In 

order to facilitate growth on the non-diamond substrate, the Si surface was seeded with small 

(~ 5 nm) diamond nanoparticles (NP: PL-D-G01 diamond powder; PlasmaChem GmbH, 

Germany) by sonicating in a nanodiamond (4 ± 2 nm)/H2O colloid for 10 minutes.[29] 

Before use the NPs were subject to a cleaning procedure to remove sp2 carbon 

contamination.[30] This type of seeding results in a nucleation density in excess of 1011 NP’s 

cm-2.[31] The seeded wafers were then rinsed with DI water, spun dry at 3000 rpm and 

immediately placed in the MW-CVD reactor for diamond growth. 

Two films were grown under 1% and 5% CH4 conditions (in the presence of 99% and 

95% H2 respectively) at 40 Torr and 3.5 kW microwave power, for 825 mins (1% CH4) and 

180 mins (5% CH4). The thickness of the films was ~ 1 µm, in the central region of the wafer, 

as determined by pyrometric interferometry performed at the end of the growth process. 

Variations in thickness across the wafer was assessed, post-growth, using field emission-
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scanning electron microscopy (FE-SEM). For films of this thinness, slower growth is 

preferred. The BDD films were doped using trimethylboron in hydrogen, at a B to C ratio in 

the gas phase of ~6400 ppm (~ 1.5 × 1021 B atoms cm-3)[32] ensuring the material was 

sufficiently doped to function as an electrode. The substrate temperature at the centre of the 

film was ~800 oC as determined by dual wavelength pyrometry.   

2.2 Electrode preparation 

To ensure the electrodes were oxygen (O-)-terminated and presented a comparative 

surface chemistry prior to electrochemical measurements, all electrodes were acid treated by 

running cyclic voltammetry (CV) experiments in 0.1 M H2SO4, from 0 V to -2 V and then to 

+ 2 V, before returning to 0 V, for 20 cycles.[33]  

 

2.3 Electrochemical measurements 

For all electrochemical measurements a three electrode configuration was utilised 

with a platinum wire as a counter electrode and a saturated calomel electrode (SCE) as the 

reference electrode.  To create the working electrodes, segments (width = 1 cm, length = 2 

cm) were laser micromachined (E-533 system, Oxford Lasers Ltd) from the 2 inch (5.08 cm 

diameter) BDD wafer, vide infra. To create a reliable ohmic contact for electroanalysis, Ti 

(10 nm) / Au (300 nm) was sputtered (MiniLab 060 Platform, Moorfield Nanotechnology 

Ltd.) on the top face of the BDD segment and annealed at 400 °C for 5 h.[33] The electrode 

area for each measurement was defined by a Kapton tape mask (RS Components Ltd.), laser 

micromachined (E-533 system, Oxford Lasers Ltd) to create a 1 mm exposed area of the 

BDD for electroanalysis (Figure 1). A new mask was applied for each region to be analysed. 

For each segment, five regions were selected for electrochemical measurement. Within each 

region, n=3 measurements were made at different locations. 
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Figure 1: Set-up utilised to investigate the electrochemical response across a wafer segment.  

 

All solutions were prepared from DI Milli-Q water (Millipore Corp.) with a resistivity 

of 18.2 MΩ cm at 25 °C. A solution containing 1 mM hexaamineruthenium (III) chloride 

(Ru(NH3)6
3+: >99%, Strem Chemicals) with 0.1 M potassium nitrate (KNO3: 99.9%, 

Puratronic) as the supporting electrolyte was prepared along with a solution of just 0.1 M 

KNO3 for solvent window (SW) and capacitance (C) measurements. Solution (~ 500 µL) was 

introduced to the surface of the electrode using a micropipette; the hydrophobic nature of the 

Kapton tape resulted in the formation of a droplet (Figure 1).[34] For all electrochemical 

measurements the second scan is displayed. C measurements were determined from cyclic 

voltammetry (CV) data, scanning from 0 V to -0.1 V, then to +0.1 V before returning to 0 V, 

using eq. 1: 

C = iaverage/νA,   (1) 

where iaverage is the current average from the forward and reverse sweep at 0 V versus SCE, ν 

is the scan rate, and A the electrode area.  
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For quinone surface coverage measurements a pH 2 Carmody buffer was prepared 

using boric acid (99.97%, Sigma Aldrich), citric acid (≥99.5%, Sigma Aldrich) and tertiary 

sodium phosphate (≥95%, Sigma Aldrich). The quinone oxidation peak was recorded by 

running CV measurements from 0 V to 0.7 V and back to 0 V at 0.1 V s-1 and then integrating 

(from +0.37 to +0.47 V vs. SCE i.e. the region of quinone oxidation) to obtain the charge 

passed, Q, which was converted to a surface coverage, Γ (mol cm-2), using eq. 2:[35]  

Q = nAFΓ    (2) 

where n = the number of electrons transferred = 2;[6] and F = Faraday’s constant (96485 C 

mol-1). A is determined using white light laser interferometry (WLI); 

2.5 Micro-Raman Spectroscopy 

Micro-Raman was conducted on a Renishaw inVia Raman microscope at room 

temperature, with laser wavelengths of 532 and 785 nm, a ×50 objective and a spot size of ~ 

10 µm. For each of the five regions investigated n=3 measurements were taken in different 

locations. 

2.6 White Light Laser Interferometry (WLI) 

A Bruker ContourGT (Bruker Nano Inc., USA) was used to record WLI profiles. 

After electrochemical measurements, WLI of the analysis area was conducted, with the 

Kapton tape mask still in place for each electrode (n=3 measurements made in different 

locations of the same region of the segment). 3D rendering of the interferometry data was 

performed using Gwyddion 2.42 to calculate the electrode area in the area defined by the 

Kapton tape. Surface roughness (Rrms) was determined using the Gwyddion 2.42 software. 

The areas calculated using WLI were found to be in good agreement with the area determined 

electrochemically (see electronic supporting information, ESI 1). A line scan of the two 

wafers was also conducted (WLI beam thickness ~ 1 mm) over the 20 mm wafer segment.  
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2.7 Field Emission Scanning Electron Microscopy  

 FE-SEM images were recorded using a high-resolution Zeiss Gemini FE-SEM 

instrument. An in-lens detector was employed at a 10 kV accelerating voltage operated at a 

working distance of 10 mm. To view the thickness of the wafers at distinctive regions along 

the wafer (vide infra) the laser micromachined edge was positioned in the FE-SEM 

approximately perpendicular to the electron beam. This allowed both the Si support and the 

BDD grains to be imaged (ESI 2). 

 

3. Results and discussion 

 The two, 2 inch BDD wafers grown in this study (1% and 5% CH4) showed the same 

concentric interference bands (illustrated schematically in Figure 2 using the colours purple 

and blue to indicate the colours seen by eye). These arise most likely due to variation in 

thickness across the wafer; qualitatively differences in thickness can be seen using FE-SEM, 

by imaging side on, however quantitative measurement is not possible (ESI 2) due the BDD 

grains not growing perfectly perpendicular to the Si substrate. The distinctive bands were 

used to define five regions across the wafer (labelled 1-5 for 1% CH4
 growth and a-e for 5 % 

CH4 growth, Figure 2) for further investigation. The white dotted line (Figure 2) represents 

the segment cut from both wafers.  
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Figure 2. Schematic showing the different regions of the BDD wafer under investigation, 

labelled 1-5 (1% CH4 growth) and a-e (5% CH4 growth). The segment laser micromachined 

out for analysis is indicated by the white dotted line. 

 

3.1 WLI  

 In order to determine Rrms and crystallite size for each of the regions selected for 

analysis, WLI was utilised. It is well known that silicon thin-film BDD wafers can bow when 

the substrate is cooled from growth temperature (~ 800 °C) to ambient (25 °C) due to the 

mismatch in the coefficients of thermal expansion between the BDD and silicon.[36] This is 

evident in the WLI line scans (WLI beam thickness ~ 1 mm over a 20 mm length) recorded 

across the centre position of a segment for both growth conditions, Figure 3a. The red line in 

Figure 2 indicates the position of the WLI line scan. The bands selected for analysis are 

visible as ‘peaks’ and ‘troughs’ and are exacerbated more on the 5% CH4 wafer due most 

likely to the faster growth rate.  Each region was then investigated using ×100 magnification 

over a 47 × 62 µm area (n=3) at different locations with the same region. 
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Figure 3. (a) Mean averaged WLI line scans (n=3) across the 1% CH4 (black line) and 5% 
CH4 (red line) BDD thin film segments (offset for clarity). Representative 3D topography 
maps of WLI profiles for (b) 1% CH4, (c) 5% CH4 electrodes at regions 1 and a respectively.    
 

A clear difference in roughness and BDD crystallite size was observed between the 1% and 

5% CH4 segments (Figures 3b and 3c respectively). However, within the segment, for 

roughness, little variation was observed across all five regions, with Rrms for the 1% and 5% 

CH4 regions (1-5 and a-e respectively, measured to n=3) determined as 10.3 ± 0.4 nm and 6.7 

± 0.6 nm respectively. Regarding, average grain size, 1.1 ± 0.1 µm was recorded for the 1% 

CH4 segment, however a larger variation in grain size was seen for the 5% CH4 segment, 0.5 

± 0.3 µm, across all regions of the segment. The reduced Rrms and smaller grain sizes of the 

5% CH4 electrode is indicative of ‘renucleation/twinning of the diamond crystals, often seen 

under higher CH4 conditions.[37]  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3.2 Raman Spectroscopy 

For comparison against the electrochemical approach to assessing sp2 carbon content, 

Raman spectroscopy (n=3) was conducted in each of the five different regions of the segment 

for both (a) 1% CH4 (regions 1-5) and (b) 5% CH4 (regions a-e), Figure 4.   

 

 

Figure 4. Representative micro-Raman spectra for the different regions on the (a) 1% and (b) 

5% CH4 BDD segments at 532 nm, offset for clarity. 

 

For all regions on the 1% wafer a sharp peak at 1332 cm-1 is visible, corresponding to 

diamond (sp3 carbon). The full width at half maximum (FWHM) of the diamond peak at 1332 

cm-1 provides a qualitative indication of film quality, with peak broadening indicative of 

defects due to a shorter phonon lifetime.[38] However, as both wafers show “bowing” (> 5 

µm in the z direction over 20 mm, Figure 3) the effect of strain must also be taken into 

account as it acts to reduce the intensity and can shift and broaden the 1332 cm-1 peak.[39] 

For all of the 1% CH4 regions probed, the FWHM is similar 17 ± 2 cm-1, suggesting that 

crystallite quality/strain effects are consistent across the wafer.  

For the 5% CH4 sample, for all regions investigated a much broader, less intense 

diamond peak at 1313 cm-1 is observed[40, 41] with FWHM values of a= 29 ± 1 cm-1, b = 29 

± 3 cm-1, c = 23 ± 1 cm-1, d = 27 ± 2 cm-1 and e = 24 ± 1 cm-1. This could indicate that the 
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quality of the film grown with 5% CH4 is: (i) much lower than that of the 1% CH4 grown 

film; (ii) strain is more significant in this film compared to that grown with 1% CH4 or (iii) 

there is a higher boron concentration (uptake) within this film. 

The G-peak, corresponding to the presence of amorphous carbon at 1550 cm-1 is also 

much more prominent in the 5% CH4 segment than the 1% CH4 segment, indicating again a 

lower quality film. For the 1% CH4 film, the G peak contribution is minimal and little 

difference can be seen across the five regions investigated. However, there is a clear variation 

in the 5% film, with the smallest G-peak observed for region c, followed by e, a, b and d 

(largest peak). For the 5% film, comparatively assessing the sp2 content by ratioing the 1332 

cm-1 peak to the G-peak is not viable, unless we can be sure for all the regions investigated 

the boron concentration and strain are the same.[40] 

 The peaks observed at 950 cm-1 originate from the Si substrate (second order peak), 

supporting the fact that the Raman laser is capable of penetrating through the ~ micron thick 

BDD film to the underlying Si substrate. Furthermore, the range of different Si signal 

intensities also suggests that there is a variation in BDD film thickness across the wafers.  

 

3.4 Electrochemical Characterisation 

Before conducting any electrochemical experiments, the BDD segments were 

electrochemically cycled in 0.1 M H2SO4 (Experimental section 2.2) to ensure oxygen 

termination of the surface.[33] To investigate if each of the five regions on the two segments 

were suitably doped for electrochemical measurements and to ensure that a reliable contact 

had been made, cyclic voltammograms (CVs) were recorded in 1 mM Ru(NH3)6
3+ (fast one 

electron transfer outer sphere redox species)[42] and 0.1 M KNO3 at a scan rate of 0.1 V s-1. 

As summarised in Table 1 (and shown in ESI 2), the peak-to-peak separation (∆Ep) was 

investigated. For a temperature of 25 oC, a ∆Ep close to 59 mV is expected for this redox 
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couple. As can be seen from Table 1, the experimentally recorded ∆Ep are sufficiently close 

to the expected value[2, 43] for us to assume we have an ohmically contacted, suitably doped 

BDD electrode in all regions of the two segments. 

Table 1. Material and Electrochemical Characteristics of the 1% and 5% CH4 BDD 
segments at regions specified in Figure 2, along with high pressure MW-CVD BDD 
data.[6, 33] 

BDD Segment Analysis 
region 

∆Ep / mV SW / V C / µF cm-2 Γ / mol cm-2 

 
 
1% CH4 

1 60  3.31 ± 0.10 5.46 ± 0.10 2.6 × 10-16 ± 1.7 × 10-17    
2 67  1.69 ± 0.11 12.54 ± 0.13 4.2 × 10-16 ± 2.3 × 10-17    
3 65 3.49 ± 0.09 3.18 ± 0.17 1.9 × 10-16 ± 1.3 × 10-17    
4 62 1.23 ± 0.10 17.99 ± 0.08 4.9 × 10-16 ± 1.4 × 10-17    
5 69 3.21 ± 0.10 7.84 ± 0.09 2.7 × 10-16 ± 1.5 × 10-17    

 
 

5% CH4 

a 68 2.10 ± 0.12 7.27 ± 0.18 6.3 × 10-16 ± 1.3 × 10-17    
b 67 1.76 ± 0.11 15.57 ± 0.14 6.0 × 10-15 ± 1.2 × 10-17    
c 63 2.14 ± 0.11 5.45 ± 0.13 4.0 × 10-16 ± 1.5 × 10-17    
d 67 1.42 ± 0.10 25.34 ± 0.08 8.5 ×10-15 ± 1.1 × 10-17    
e 60 1.91 ± 0.10 9.08 ± 0.06 3.0 ×10-15 ± 2.5 × 10-17    

High pressure 
MW-CVD 
BDD[6, 33] 

 
- 

 
65 

 
3.60 

 
6.5 ±0.4 

 
1.8 × 10-16 ± 1.6 × 10-17    

 

Although Raman spectroscopy[40] (Figure 4) provides an indication of the presence 

of sp2 carbon (showing variations on the 5% CH4 segment and indicating minimal sp2 on the 

1% CH4 segment), the technique is not only qualitative, but is relatively surface insensitive 

providing information about the sp2 content within a laser penetration depth of up to several 

microns.[44] Thus for electrode applications, where all charge transfer processes take place 

at the electrode/electrolyte interface Raman does not necessarily provide the required 

information on surface sp2 content. Furthermore, unless, Raman mapping is utilised, 

information is obtained in localised spots (limited by the resolution of the laser beam, 

typically microns in size) and thus does not provide a view of the entire surface. 

 In contrast, electrochemical methods[33] for characterising sp2 surface content 

provide a rapid, cost effective alternative for the whole electrode. It has been previously 
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shown that both the surface double layer capacitance and the electroactive quinone response 

directly correlate with sp2 surface carbon content.[6, 33] Furthermore, features close to the 

oxygen evolution wave in aqueous solution and the presence of an oxygen reduction wave, 

become apparent in the solvent window as the sp2 carbon content increases.[6, 33] Three 

electrochemical characterisation techniques were thus employed to assess for the presence of 

sp2 carbon across both BDD segments including: (1) C; (2) SW and (3) quinone surface 

coverage measurements. 

 

3.4.1 Capacitance 

 To determine C values CV measurements were conducted in 0.1 M KNO3 at a scan 

rate of 0.1 V s-1, starting from 0 V cycling from -0.1 to 0.1 V and then back to 0 V, presented 

in Figure 5. C was calculated using Equation 1, and summarised in Table 1. 

 

 

Figure 5. Comparison of representative C measurements for the (a) 1% and (b) 5% CH4 

BDD segments, run in 0.1 M KNO3 at a scan rate of 0.1 V s-1. 

 

 Overall, the 5% CH4 wafer has higher C values compared to that of the 1% CH4 

wafer, suggesting more sp2 carbon sites on the surface [6]. This is expected due to the 

reduced grain size, resulting in more grain boundaries. Increases in B dopant density may 
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also contribute to increased capacitance due to changes in the local density of states.[33]  

There are also significant variations in C across the segment, as indicated by the C values 

recorded for the five different regions, with C varying from highest in regions 4 (and d), 

followed by 2 (and b), 5 (and e), 1 (and a) to lowest in region 3 (and c), for the 1% and 5% 

CH4 wafers respectively. The trend is thus clearly the same for the two wafers grown under 

different CH4 conditions, the C values are just overall higher on the 5% CH4 wafer. 

Interestingly, whereas clear differences in C are apparent across the 1% CH4 wafer, which 

can relate to sp2 content, Raman is unable to distinguish any variations on this wafer segment.  

 

3.4.2 Solvent Window 

The SW is defined by the electrochemical process of water decomposition, where 

oxygen and hydrogen evolution takes place at anodic and cathodic extremes respectively. In 

order to compare SW ranges, the anodic and cathodic potential limits were defined as the 

potential at which a current density of 0.4 mA cm-2 is passed for water electrolysis (in 0.1 M 

KNO3).[2] For high quality BDD, with little sp2 content, the SW is typically wide (>3 V) due 

to the inert nature of the sp3 diamond surface.[2] In contrast, when sp2 is present, the SW 

value reduces due to increased catalytic activity facilitating water electrolysis, and the 

cathodic window exhibits a signal (within the range -0.5 to -1.5 V) indicative of the oxygen 

reduction reaction (ORR).[45] Furthermore, due to the presence of sp2 carbon, features are 

observed in the anodic window from ~ 0.6 to 1.5 V (and at lower potentials, vide infra), 

attributed to the oxidation of sp2 containing surface species.[7] Figure 6 a and b shows SW 

scans for both 1% and 5% CH4 electrodes respectively, recorded in 0.1 M KNO3 (pH = 6.5) 

at a scan rate of 0.1 V s-1. 
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Figure 6. Representative SW measurements made in 0.1 M KNO3 (pH = 6.5) at a scan rate of 

0.1 V s-1 for the (a) 1% and (b) 5% CH4 BDD segments.  

 

 Qualitatively, for all regions of the 5% CH4 wafer, features attributed to sp2 are 

observed in the SW. However, for the 1% CH4 wafer, regions 1, 3 and 5 appear to indicate 

minimal sp2 content, as no discernible sp2 oxidation features in the higher potential range are 

evident nor an obvious ORR wave. Overall, larger SW values are recorded on the 1% CH4 

electrode, which is expected, as the slower growth rate has resulted in larger grain sizes, 

resulting in fewer grain boundaries (where sp2 often resides). Some regions of the 1% CH4 

wafer (b and d) do show SW values similar to that of the 5% wafer, indicative of an sp2 

presence, and for both wafers, the SW values vary across the wafer, as summarised in Table 

1.  

 

3.4.3 Quinone surface coverage 

 Electrochemically active quinone groups are absent on a fully hybridised sp3 carbon 

surface, yet readily form on sp2 carbon, therefore Γ can be analysed to comparatively assess 

sp2 content. For each region, CVs in pH 2 buffer[9] were carried out (scan rate of 0.1 V s-1), 

cycling from 0 to 0.7 V. Figure 7 a and b shows representative quinone oxidation peaks scans 
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for both the 1% and 5% CH4 segments respectively at the defined regions. Γ was calculated 

using Equation 2, and summarised in Table 1. 

 

 

Figure 7. Representative quinone peaks for each of the regions on (a) 1% and (b) 5% CH4 

BDD segments. Note the difference in current scales between (a) and (b). 

 

 Much higher currents are passed (Figure 7) equating to higher Γ values on the 5% 

CH4 wafer, especially in regions where C and SW have shown sp2 content to be high. Again 

this technique identifies significant variations in Γ across each wafer (summarised in Table 

1), supporting the growing evidence that the sp2 content varies spatially across both segments 

(wafers). It is important to note that the quinone content (which directly correlates with sp2) 

varies over nearly two orders of magnitude when considering both the 1% and 5% CH4 

segments. For example, region 3 on the 1% CH4 wafer, which also shows the largest SW and 

lowest C values, has a Γ of 1.9 × 10-16 mol cm-2, similar to that of freestanding, high quality 

BDD (Γ = 1.8 × 10-16
 mol cm-2)[6], grown using MW-CVD under high pressure conditions 

especially optimised to minimise sp2 content.[33] However, region d on the 5% wafer, which 

shows the smallest SW and highest C values returns a Γ value of 8.5 × 10-15 mol cm-2, nearly 

two orders of magnitude greater, indicative of electrode material containing considerable sp2 

carbon. 
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3.5 Comparison of electrochemical factors 

In order to visualise the trends in sp2 carbon surface content across both wafers, the 

electrochemical measurements for C, SW and Γ are presented in Figure 8, along with the 

corresponding regions where measurements were taken. Figure 8 shows that both segments 

show a similar profile of varying sp2 content (inferred from the electrochemical 

measurements) with regions 1, 3 and 5 of the 1% CH4 segment containing minimal sp2 

concentrations i.e. displaying wide SWs, low C and low Γ of similar values to that found with 

high quality BDD, grown using MW-CVD under high pressure conditions, specifically 

optimized to minimise sp2 incorporation.[6, 33] These values are also included in Table 1 for 

comparison. Regions 2 and 4 however, exhibit a more significant sp2 carbon presence. For the 

5% CH4 segment, sp2 carbon is dominant over all regions, with regions b and d displaying the 

highest levels.  

Note whilst Raman was able to map the variations adequately on the 5% CH4 

segment, this was not possible on the 1% CH4
 segment. Figure 8c shows the Raman G peak 

baseline corrected signal intensity for both the 5% CH4 segment and the 1% CH4 segment. 

The Raman data clearly shows the same trend to that of the electrochemical data for the 5% 

CH4 wafer, but fails to differentiate each region for the 1% CH4, showing no significant 

difference across the segment. However, electrochemically, clear differences are observed on 

the 1% CH4 segment with regions 2 and 4 showing an electrochemically appreciable sp2 

content (when considering the C, SW and Γ responses together). This in turn could influence 

the resulting electrochemical response towards sp2 surface sensitive analytes (inner sphere 

redox couples) and produce differing electrochemical behaviour compared to electrodes from 

regions 1, 3 and 5 of the segment.  
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Figure 8. Comparison of C, SW and Γ measurements (n=3) for the (a) 1% and (b) 5% CH4 

BDD segments. (c) Plot of the integrated G peak area for each region on the 1% CH4 (black 

line) and 5% CH4 (red line) CH4 BDD segments.  
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The spatially varying sp2 content, in a consistent manner across both wafers, supports 

previous simulation work that at low power densities in a multi-moded chamber an 

inhomogeneous plasma can be formed, resulting in fluctuations in microwave power in the 

CVD reactor.[19] This in turn impacts the concentrations of reactor species at the BDD 

surface, which effects the growth and etch rates and ultimately the quality (defined as amount 

of sp2 present) of the final BDD wafer at different locations. Note, each wafer was positioned 

in a very similar location in the reactor during the separate growth runs.  

The regions containing low sp2 are likely to have been exposed to conditions that 

facilitate higher quality BDD growth such as higher atomic H and lower CH4 concentrations, 

compared to that of the regions containing significantly more sp2. To verify whether the data 

was consistent with segments cut from other areas of the wafer ESI 3 shows electrochemical 

data recorded from all five regions for both the 1% and 5% CH4 wafers, but taken from 

segments cut from the opposite side of the wafer, to the studies reported here. The close 

similarity between the data suggests that the electrochemical properties are consistent across 

the whole region of a concentric interference band, which runs around the wafer.   

 

4. Conclusion 

The variation in sp2 surface content for thin film BDD grown under commonly used 

low power density conditions in a multi-mode CVD reactor has been characterised using 

electrochemical methods. The material is grown using boron dopant densities which make it 

applicable for electrochemical use. Clear differences in the electrochemical response are 

observed at defined regions across the same wafer (segment), due to a varying sp2 carbon 

incorporation during synthesis. The variation is thought to be due to localised variations in 

growth conditions throughout the MW-CVD reactor, due to the formation of a non-uniform 
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plasma, which results in a non-uniform power density.[19, 27] The same trend in sp2 

variation across the five different regions of the segment was seen for both the 1% and 5% 

CH4 growth wafers, except the 5% CH4 wafer showed an overall higher sp2 surface content. 

Interestingly, even though Raman spectroscopy is often the characterisation method of choice 

for thin film diamond, it was found that the technique does not have the sensitivity to 

distinguish the variation in surface sp2 carbon especially at the lower sp2 levels (1% CH4 

wafer growth). Raman showed the sp2 content to be essentially minimal and unvarying for 

the 1% CH4 BDD wafer, whilst electrochemical assessment revealed at least two of the 

regions to have electrochemically appreciable levels of sp2. For this reason, we also advocate 

using electrochemical characterisation of BDD when looking to utilise the material for 

electroanalytical applications.  

 It is also important to note that the variation in sp2 content is significant across each 

wafer. For example, some areas on the 1% CH4 wafer showed electrochemical signatures 

akin to minimal sp2 content BDD, grown at much higher microwave power densities.[6, 33] 

These features include wide SWs (> 3V), low C’s (<<10 µF cm-2), and very low levels (< 3 × 

10-16 mol cm-2) of surface quinone groups, making the electrode ideal for high detection 

sensitivity electroanalysis work. On the 5% CH4 wafer, all regions showed high sp2 content, 

with two of the regions showing especially high levels; such electrodes are useful when an 

increased electrocatalytic efficiency is required from the BDD electrode. 

This study has clearly shown that BDD grown under the more economical, multi-

mode (overmoded) MW-CVD conditions does not result in wafers which show a consistent 

and minimal level of sp2 carbon, even under 1% CH4 conditions. Therefore, for 

electrochemical use, depending on where the electrode measurement is taken, even on the 

same wafer, differing results may be seen if sp2 carbon plays a role in the electrochemical 

response. Thus, caution should be exercised by the electrochemist when using material grown 
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under any conditions where the resulting plasma is likely to be inhomogeneous, without a 

complete characterisation of the material properties first. The incorporation of sp2 carbon can 

also influence the mechanical properties of diamond including hardness and the materials 

Young’s modulus,[46] which is an important consideration for applications which exploit the 

mechanical properties of the BDD. 

This study also shows that this overmoded growth process provides route for varying 

sp2 levels over the same wafer in a controllable way. Thus for electrochemical studies which 

wish to explore the effect of sp2 carbon on the electrochemical response of the BDD 

electrode, one wafer alone opens up a combinatorial approach to addressing this question. 
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Appendix A: Supplementary Information. (1) Assessment of electrochemical reversibility 

and electrode area calculations; (2) Field Emission-Scanning Electron Microscopy images; 

(3) Electrochemical measurements on a second segment from the opposite side of the wafer. 
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