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Abstract

The presence of sp? bonded carbon on a diamond or doped diamond surface, as a result of
growth or processing, can affect material properties negatively, hence removal processes must
be developed. Using boron doped diamond (BDD) we investigate the effectiveness of different
removal methods via electrochemistry and transmission electron microscopy. We focus on two
BDD surfaces, one processed by ns laser micromachining and the second which contains sp?
bonded carbon as a result of chemical vapour deposition (CVVD) growth. After micromachining
a layer of ordered graphite sits on the BDD surface, topped by fissured amorphous carbon (total
thickness ~ pm). Oxidative acid treatment at elevated temperature cannot remove all the sp?
bonded carbon and much smaller clusters of perpendicularly-orientated graphite (10’s nm),
capped with a thinner layer of amorphous carbon — that we term “denatured graphite” — remain.
In contrast, thermal oxidation in air at 600 °C is capable of all cluster removal, and can also be
used to remove sp? bonded carbon from CVD-grown BDD. Such understanding is important
to any application where sp? bonded carbon resulting from CVD growth or laser processing is
detrimental for the intended application, e.g. in diamond quantum technology, photonics and

electrochemistry.
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Introduction

Diamond for technological applications is traditionally grown using chemical vapour
deposition (CVD) in both single crystal and polycrystalline form. The former on single crystal
supports (homoepitaxy) and the latter on non-diamond (heteroepitaxy) substrates. Both can be
grown in both thin and thick film format,[1,2] with the advantage thick films can be removed
from the support and handled as freestanding material. The common conductive form of
diamond, heavily boron doped diamond (BDD), is most often used for electrochemical

applications.[3]

To fully realise the range of possible applications it is important the material can be processed
into structures appropriate for the intended use. In this regard, techniques such as dry/wet
etching[4] and nanosecond (ns)-laser micromachining are commonly employed.[5-8] The
latter is extremely useful for cutting and structuring wafer scale diamond (and BDD) films into
much smaller, useable geometries.[9-12] ns-laser micromachining does however, introduce
non-diamond carbon into a laser cut diamond surface, [9,12-21], unlike dry/wet etching.[22]
This is attributed to thermal damage by the laser beam, resulting in a solid to solid conversion
of diamond to graphite.[23] Sublimation of the resulting graphite can also occur.[23] This
process repeats, on the timescale of the ns-laser pulse.[24] Transmission electron microscopy
(TEM) of the laser cut surface reveals a highly ordered graphitic carbon layer[9,15] sandwiched
between bulk diamond at the bottom and amorphous carbon at the top[9,15,17]. More costly
femtosecond (fs)-laser machining methods can decrease sp? bonded carbon production, due to
diamond ablation occurring without preceding graphitization,[25-27] however, this is only true
under low fluence conditions which can lead to slow material removal rates. Many fs studies
in fact demonstrate the creation of sp? bonded carbon after ablation.[28-30] Interestingly,
similar issues of sp? bonded carbon surface contamination also exist in the diamond
nanoparticle (NP) field where the synthesis methods result in NPs covered in a layer of
graphitic-like carbon.[31,32]

In certain cases, having sp? bonded carbon present at the surface of the diamond is
advantageous. This has been shown particularly for BDD, with regard to specific
electrochemical applications. sp? bonded carbon improves the electrocatalytic activity of a
BDD electrode towards important reactions such as oxygen reduction[33] and advanced
oxidation processes.[34] sp? bonded carbon also possesses a wider range of surface functional
groups, compared to diamond, some of which, e.g. quinones, are electroactive and can be used

for voltammetric pH sensing [13,35]. sp? bonded carbon can also be introduced during the



CVD growth process and is especially prevalent during thin film growth (e.g. nanocrystalline
diamond) and/or at high boron doping levels.[36][37] It is, however, an uncontrolled process
and the surface content / spatial location of the sp? bonded carbon is difficult to control. This
contrasts with ns-laser micromachining where sp? bonded carbon structures can be written in
the surface with a spatial resolution limited only by the laser optics, typically on the micron
scale. For example, ns-laser techniques have been used to create arrays of micro-spots of sp?
bonded carbon on a BDD electrode in order to increase the electrochemical sensitivity of the
electrode towards pH,[13,35] dissolved oxygen[33] and hypochlorite[38]. sp? bonded carbon
creation is also possible using ion implantation via the creation of defects in diamond, which
when appropriately annealed, graphitise. In this way sp? bonded carbon microarray electrodes

in diamond have been created for the detection of neurotransmitters.[39,40]

Nonetheless, for many applications of diamond (and BDD) removal of any processing-created
or growth related forms of sp? bonded carbon at the surface of the material is important. In this
paper we first examine the effectiveness of two different oxidative treatments at removing
surface sp? bonded carbon created during the ns-laser micromachining process. We focus on
high temperature (>200 °C) oxidation in sulfuric acid with added potassium nitrate, used as a
common cleaning procedure for diamond/BDD[41] and high temperature (up to 600°C)
thermal oxidation in air. Both represent cheaper, more accessible alternatives, to employment
of a hydrogen plasma system, which can be used for sp? bonded carbon removal.[42,43] We
use cross-section high resolution TEM and Electron Energy Loss Spectroscopy (EELS) to
investigate the interfacial structure of the material after both ns-laser machining (ablation), and
the two different oxidative treatments. Raman microscopy is not surface sensitive enough for
this study as it penetrates several microns into the material[44]. We focus on BDD as due to its
conducting nature, the electrochemical signature of quinone groups associated with surface
integrated sp? bonded carbon, [21] can also be used to provide information on the effectiveness
of the different treatments. However, our conclusions can extend to laser-processed diamond
materials in general for use in e.g. quantum technology and photonic applications. Finally, we
investigate how well the methods assessed translate to sp? bonded surface carbon produced as

a result of the CVD synthesis process.



Materials and methods

Materials

All solutions were prepared from Milli-Q water (Millipore Corp.), resistivity 18.2 MQ cm at
25 °C. For ns-laser micromachining studies, electroanalysis grade BDD was used (grown using
CVD by Element Six (E6) Ltd., Harwell, UK) which contains minimal sp? content, is
freestanding (370 pm thick), mechanically polished to ~ nm growth face roughness and
metallically doped, ca. 3 x 10%° boron atoms cm=.[45] For as-grown electrode studies,
microcrystalline BDD, on a silicon substrate (Condias GMBH, Germany) was employed.
Capacitance and solvent window measurements were performed in 0.1 M potassium nitrate
(KNOs, Fischer Scientific) solution. For electrochemical quinone surface coverage (I')
measurements, the electrode was cycled in 0.1 M H>SO;4 as described previously[21] to ensure
a consistent oxygen surface termination. I' was measured in a pH 2 (measured using a
SevenEasy pH meter, Mettler Toledo) Carmody buffer, prepared using boric acid (99.97%,
Sigma Aldrich), citric acid (>99.5%, Sigma Aldrich) and tertiary sodium phosphate (>95%,
Sigma Aldrich).[46]

Electrode preparation

For all ns-laser micromachining studies, BDD plates were cut from the wafer and the growth
face subjected to laser machining, in air, using a 355 nm Nd:YAG laser micromachiner (E-
355-ATHI-O system, Oxford Lasers Ltd. UK) with a nominal pulse-length of 34 ns. All laser
micromachined samples consisted of a 400 um diameter circular pit of depth ca. 5 pm,
machined into the growth face. Machining parameters were set at a pulse frequency of 100 Hz
i.e. one ns-pulse per 0.01 s, with a fluence of 15 J cm™, at a speed of 0.3 mm s; parameters
typical of those used in the laser micromachining of BDD electrodes.[33,35] For
electrochemical tests, the pits were machined in quintuplicate (x5), and spaced such that they
were individually addressable. For electrochemical studies it was necessary to produce a
reliable titanium carbide ohmic contact to the BDD. Ti (10 nm) / Au (400 nm) was sputtered
(MiniLab 060 Platform sputter/evaporator, Moorfield Nanotechnology) onto the back face of
the laser micromachined BDD electrodes and the electrode annealed at 400 °C for 5 hours.[47]

Oxidative Acid Treatment: BDD laser machined electrodes were acid oxidised at ~200 °C, in
concentrated H2SO4 (98%) saturated with potassium nitrate (KNOs) for a time of 30 minutes;
equating to exhaustion of all the KNOsin solution. Adding the KNOsto sulphuric acid to create

nitric acid in-situ, generates a more oxidising environment, than sulphuric acid alone. For time



dependent experiments, acid oxidation times of 15 minutes, 2 hours and 24 hours were also
employed (ESI 1), using the same solution. Finally, measurements were also made using

solutions which had the exhausted KNOs refreshed every 30 mins (up to n=4 treatments).

Thermal Oxidation Treatment: BDD laser machined electrodes were thermally oxidised in air,
in a tube furnace oven, (Thermo, Lindberg Blue/M) at temperatures over the range 400 °C to
600 °C for 5 hours each. For a fixed temperature of 600 °C, the thermal oxidation time was

also varied between 15 minutes to 5 hours.

Electrochemical setup

All electrochemical measurements were performed using a three-electrode configuration, with
platinum and a saturated calomel electrode (SCE) electrode utilised as counter and reference
electrodes respectively. ns-laser micromachined BDD electrodes for electrochemical
characterisation were mounted onto a Ti/Au sputtered glass slide using silver epoxy (RS
Components Ltd.). In order to restrict the electrode area, Kapton tape (RS Components Ltd.)
containing 1 mm diameter holes was positioned to electrochemically isolate one of the five
pits. This isolated area was used as the working electrode and repeated for all five pits in a
similar manner. Once secured the Kapton mask was kept in place to ensure the electrode surface
was not contaminated. ns-laser micromachined cylinder electrodes consisted of a 1 mm BDD
diameter cylinder sealed in a glass capillary, the fabrication of which has been described
previously.[6] All potentials are quoted versus SCE. Solvent window measurements are
calculated using a current density threshold of +0.4 mA cm2, used previously to assess BDD

film quality.[45] I" measurements were performed as previously described.[21]

White Light Laser Interferometry (WLI)
A Bruker ContourGT (Bruker Nano Inc., USA) was used to record WLI profiles. 3D rendering
of interferometry data was performed and the total electrode area and surface roughness

calculated after machining using Gwyddion 2.42.[48]

Transmission Electron Microscopy

Single TEM lamellae (electron transparent region dimensions typically 5 pm x 3 um x 100
nm: length x height x thickness) were cut using standard Focused lon Beam (FIB) lift-out
procedures on an FEI Scios DualBeam FIB Microscope. To prevent any damage to the surface,
which could be mistaken as a result of the electrode processing stages, surface layers of Pt were
deposited on the surface prior to FIB milling. The Pt was ion beam deposited, unless when

depositing directly onto the diamond/sp? bonded carbon interface. Here a thin layer of electron



beam deposited Pt was put down first. Lamellae were also prepared from fresh, separate,
electrodes for each stage of the processing to ensure that any change in observed microstructure
were solely the result of the processing and not due to damage from previous TEM lamella
preparation. For the oxidatively-treated samples, an additional layer of aluminium (from 20 nm
to several hundred nm’s) was sputtered/evaporated onto the surface (MiniLab 060 Platform
sputter/evaporator, Moorfield Nanotechnology) prior to Pt deposition. The application of the
Al layer was two-fold, first to act as an additional layer to protect the surface from damage
during the FIB process and secondly separating the BDD surface from the deposited Pt layer.
Pt layers deposited in the FIB typically contain a high carbon content from the breakdown of
the Pt precursor gas[49]. The presence of an sp? bonded carbon signature in the Pt complicates
the mapping of sp? bonded carbon by EELS and may provide misleading information. A
schematic of the different FIB lamellae prepared for the studies described in the main text is

shown in Figure 1.
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Figure 1: Schematic showing the different lamallae processing routes for the BDD electrodes.

The cross-section specimens were examined using conventional TEM in a JEOL 2100 LaBs
and scanning TEM (STEM) using a double-aberration corrected JEOL ARM200F (Schotttky
FEG) equipped with a Gatan Quantum EELS Spectrometer, at an accelerating voltage of
200kV. Samples were tilted so that the electron beam lay parallel to the interface between the
regions of interest to minimise projection effects. Standard Spectrum Imaging (SI)
methodology[50] was utilised for EELS data acquisition with a convergence angle of 16 mrad
and a collection semi-angle of 25 mrad. Background subtraction, deconvolution, and
subsequent analysis was carried out using standard routines found in Gatan’s Digital
Micrograph software. High Angle Annular Dark Field (HAADF) and (Medium Angle - MA)
ADF imaging was carried out at the same time as the EELS mapping. Both ADF and HAADF
imaging detects electrons which have been scattered from the optical axis and as such both

techniques are sensitive to atomic number (often called Z-contrast). However, HAADF



imaging detects electrons which have been scattered to larger angles than ADF imaging. This
makes HAADF more sensitive to Z-contrast and less susceptible to other mechanisms which

can contribute to image contrast, such as diffraction.

Results and Discussion

Understanding the Structure of Laser Micromachined BDD

ns-laser micromachining only

Figure 2a shows the BDD surface after ns-laser micromachining, in cross section imaged using
the HAADF detector. The grain size of the polycrystalline BDD material (10°s of um) is much
larger than the lamella size (in fact, no BDD grain boundaries were present in any of the lamella
imaged). Several layers can be identified and are labelled in Figure 2a. At the bottom of the
image is the BDD, and at the top of the image is the protective Pt layer (here a thin layer of .
Sandwiched between the two is non-BDD material up to 1 um thick. Two layers are visible in
this material, labelled I and 11, although the interface between them is not clearly defined. The
HAADF contrast difference between the BDD, and layers | and 11, is a result of the material
being less dense than the BDD, hence less scattering to larger angles, rather than Z-number (as
both regions only contain carbon and trace boron). This is in contrast to the case for Pt where
the higher Z number results in the brighter contrast. Layer 11 is also deeply fissured, made clear

by penetration of the Pt through this layer.
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Figure 2: () HAADF STEM image with white rectangle indicating EELS survey area b) EELS spectra of

BDD (green), graphite (blue) and amorphous carbon (red), obtained from the BDD substrate, layers I and Il
respectively. Spectra have been scaled to fit the axis (¢) Multilinear Least Squares fitting of the 3 spectra in
(b), showing the distribution of BDD, graphite and amorphous carbon. (d) High magnifcation BF TEM image

confirming that layer I is composed of graphite, in agreement with the EELS analysis.

EELS Sl was used to map the sp?/sp*bonded carbon character of the three regions over the area
defined by the white box in Figure 2a. Averaged EELS spectra from the BDD (green line),
layer I (blue line) and layer Il (red line) can be seen in Figure 2b, and are found to be consistent
with the spectra of diamond, graphite and amorphous carbon respectively[51]. The sp?
character of the graphite (layer I) and amorphous carbon (layer 1) is evident by the peak in the
EELS spectra at 285 eV, caused by a 1s — m* transition [52,53], a transition only seen in sp?
bonded carbon. The differences in the fine structure of the carbon K-edge (seen within 50 eV
of the edge onset) between diamond, graphite and amorphous carbon provides information
about the local density of states which reflects the differences in the local bonding
configuration[54].

To map out the spatial distribution of the diamond, graphite and amorphous carbon at the laser
ablated surface, Multi Linear Least Squares (MLLS) fitting of the EELS spectrum image has
been carried out on the region marked in Figure 2a using Gatan Digital Micrograph software.
For each pixel in the spectrum image, the spectrum was fitted using a linear combination of the
diamond, graphite and amorphous carbon spectra seen in Figure 2b. The fit coefficients for

each of the three component spectra from the MLLS fit have been plotted in a colour map,



Figure 2c, and show how each of the different carbon phases is distributed (crystalline BDD -

green, crystalline graphite — blue, and amorphous carbon - red).

Figure 2c shows that an approx. 200 nm thick layer of almost pure graphite can be seen directly
on top of the BDD, attributed to the ns-laser induced solid-solid phase transition of BDD to
graphite. Bright field (BF) TEM imaging shows that layer | exhibits lattice fringes with a
spacing of 0.34 nm (as expected for graphite), Figure 2d, confirming the results of the EELS
analysis. A larger version of Figure 2d is presented in ESI 1 to enable the graphitic fringes to
be seen more easily. Close to the interface either parallel or perpendicular graphite orientations
are observed. In some areas, both parallel and perpendicular orientations are present, as a result
of curving of the perpendicular planes, Figure 2d. Away from the interface the graphite is
orientated at predominantly ~ 45° to the BDD over large areas (100’s nm) suggesting that
crystallization occurs over relatively long timescales, much longer than individual ns laser
pulses. We see no preferential crystallographic orientation for the BDD. Moving up to layer Il,
Figure 2c indicates a gradual change from graphite to amorphous carbon over several hundred
nm. The MLLS fit indicates that the upper section of layer Il is primarily amorphous in nature,
also in agreement with TEM imaging (not shown). Layer 11 is likely to result from re-deposition
of carbon from the plasma phase, due to sublimation or vaporization of the graphitic material
[9]. The composition of the damage layer formed in this highly doped BDD, is thus very similar
to that produced in diamond when subject to ns-laser micromachining, suggesting the

mechanism is independent of boron concentration.[9]
ns-laser micromachining followed by oxidative acid treatment

The effect of an acid oxidative treatment on the laser induced layers I and Il was examined.
Figure 3a shows an ADF STEM image of a cross-section of the ns laser cut BDD after sulfuric
acid oxidation for 30 minutes at elevated temperature (200 °C) in the presence of KNOs. 30
mins is typically the time taken for exhaustion of all of the KNOs. Note, this sample contains
a protective Al/Pt layer. In contrast to the ns laser micromachined only sample, a significantly
thinner continuous dark layer with varying thickness can be seen between the BDD and Al.
This dark layer appears to be composed of clusters of a thicker material (up to 40 nm) connected
by thin layers (~5 - 8 nm) on the BDD surface. MLLS fitting of the EELS spectrum image
(Figure 3a inset) using the spectra from Figure 2b shows the clusters are comprised primarily
of graphite; the averaged spectra obtained for the cluster (Figure 3b, blue) is similar to that
obtained from layer | (Figure 2b, blue). TEM imaging of these clusters also confirm them to

be highly oriented graphite, Figure 3c. In all the observed clusters, interestingly, the graphite



is found with its basal plane perpendicular to the BDD surface, Figure 3c and d. This suggests

the survivability of the graphite could be dependent on its orientation to the underlying BDD.
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Figure 3: (a) HAADF STEM image of ns laser micromachined BDD after acid cleaning, Inset: shows the MLLS
fit using the diamond, graphite and amorphous carbon spectrum. (b) EELS spectrum obtained from the graphite
cluster (blue) and the spectrum from the amorphous shell (red). Spectra rescaled to plot on same axis. (c) High
resolution TEM image showing the graphite cluster with basal planes perpendicular to BDD interface and a thin
amorphous top layer. Inset shows the amorphous shell-graphite interface. d) BF-TEM image showing the
graphite-BDD interface.

Comparing this layer and layers I/11 prior to the acid oxidation (Figure 2), it is clear that all of
the amorphous (and fissured) carbon (layer I1) has now been completely removed and that the
clusters are remnants of graphite (layer I) that have survived the oxidative acid treatment.
Importantly, these perpendicularly orientated graphite clusters appear to be encapsulated by an
amorphous carbon shell approximately 5 nm in thickness (Figure 3c inset); also shown by the
increase in the fit coefficient of the amorphous carbon signal directly adjacent to the graphite
signal in the MLLS fit (Figure 3a inset). The amorphous character of the shell (Figure 3b, red)
can be clearly seen in comparison to the graphite (Figure 3b, blue), and with comparison to the

EELS spectrum of layer Il in the laser ablated sample (Figure 2b, red). We speculate that this



amorphous shell forms as a result of the acid oxidative etch of the graphite (layer 1) and is the
reason why these graphite clusters withstand complete removal by the acid treatment. To
differentiate this amorphous layer from the amorphous, fissured carbon of layer 11 (Figure 2),
which does etch easily in acid, we term this material “denatured graphite”. From the EELS
spectra, the sp? bonded carbon fraction of this region was determined using the method
described by Bruley et al [55,56]. Using the graphite layer (I) from the ns laser micromachined
sample (Figure 2) as 100% sp? reference material, the sp? bonded carbon fraction of this
encapsulating amorphous shell was found to be approx. 70% sp? bonded carbon. Note, in the
thin layers between the clusters, TEM imaging was not able to resolve any planes of graphite
and the EELS analysis was inconclusive as to the nature of this material. As such we speculate

this is also “denatured graphite”.

It is important to note, whilst the majority of the remnant clusters are composed of
perpendicular-orientated graphite, it is the encapsulating amorphous shell, and not the graphite
itself, which interfaces with the electrolyte solution. This surface also plays host to the many
different oxygen functional groups, such as quinones, across which electrochemical electron
transfer takes places. Tracking of the electrochemical quinone surface coverage response[21]
enables the sp? bonded carbon surface content to be correlated with subsequent acid treatments.
For example, as shown in ESI2, even by acid oxidizing for significantly longer periods of time,
in the same solution (24 hours), or by refreshing the KNO3 concentration in the acid solution
every 30 mins (over an n=4 cycle), the quinone response stays relatively stable. This is also
indicative of incomplete removal of the sp? bonded carbon layer from the surface of the BDD.
TEM analysis of the effect on the ns laser micromachined BDD surface of a second addition
of KNOs to the acid solution, is described in ESI3. Briefly, ESI3 shows that the graphite
clusters remain on the BDD surface, supporting the electrochemical data. Whilst the robustness
of this remaining layer towards complete removal by acid oxidation is somewhat surprising, it
is also extremely useful for electrochemical applications which make use of this hybrid sp?-sp?

bonded material,[13,33,35] especially in the more challenging solution environments.[38]

Thermal oxidation of laser ablated BDD

Thermal oxidation was next investigated as a means for sp? removal from the ns-laser
micromachined BDD surface. 30 min acid oxidized surfaces were employed for all these
studies, which from Figure 3, contain perpendicularly orientated clusters of graphite capped by
a layer of “denatured graphite”. Removal of sp? bonded carbon, was first investigated using

electrochemical quinone I" measurements, for a fixed thermal oxidation time (= 5 hrs) and



temperatures of 400, 465, 500, 550 and 600 °C. As shown in Figure 4, as the temperature of
oxidation is increased a reduction in I is evident, to non-detectable levels at a temperature of
600 °C after 5 hrs. Higher temperatures were not investigated to limit damage to the remaining

sp® material, with rapid graphitisation reported at 700 °C in air.[57]
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Figure 4: Effect of thermal oxidation temperature on T’

At temperatures in the range 400 °C to 465 °C, no statistically significant change in the surface
coverage of surface integrated quinones was seen. Interestingly, this is contrary to the work of
Osswald et al. [31] that reported sp? bonded carbon can be removed from the surface of
nanodiamonds with temperatures as low as 425 °C in air. This suggests that the sp? bonded
carbon coating on a nanodiamond, which consists of carbon onions, graphite ribbons,
amorphous carbon and fullerenic shells [31] is less thermally stable than that found on the BDD
surface after ns-laser machining. This may be due to the presence of the “denatured graphite”
layer. For nanocrystalline diamond which contains a high content of sp? bonded carbon residing
in grain boundaries, thermal treatment at 550 °C in air, was shown to partially remove the non-

diamond-phase, resulting in pore formation.[58]

As 600 °C was shown to remove all electrochemically active sp? bonded carbon material after
5 hrs (denoted on Figure 4 as T = 0 + 1.7 x 107 mol cm™, the uncertainty being the limit of
detection[21]), the effect of thermal oxidation time was investigated for a fixed temperature
of 600 °C. As shown in Figure 5a, quinone I undergoes an exponential decay with time. The
natural logarithm can be plotted to extract a first order thermal oxidation rate constant (Figure
5b), with respect to quinone surface coverage, yielding a value of -0.02761 min. Using
electrochemical measurements, within the limit of quinone detection, all measurable material

sp? bonded carbon content was removed after 2 hours. Rate constants calculated at the different



temperatures enabled construction of an Arrhenius plot (Figure 5c), and the calculation of an

activation energy of 130 kJ mol, which is on the expected order of C-C bond breaking.[59]
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Figure 5: (a) Exponential decay of I' upon thermal oxidation at 600°C, which can be used to infer on the removal of surface

sp? (b) first order dependence of " on time (c) Arrhenius plot

High resolution TEM was employed to microscopically investigate the material after 2 hrs
thermal oxidation at 600 °C in air. Figure 6a shows an ADF STEM image of a cross section of
the ns-laser ablated BDD, after treatment. An evaporated Al layer was added to encapsulate
the surface, after thermal oxidation. As with Figure S2, a layer of gold contamination is
observed at the interface (ESI2), this layer does not affect the results of the EELS Sl although
the bright intensity of the Au does obscure the interface from being seen in ADF and HAADF
STEM imaging. No clusters of graphite were observed after the thermal oxidation process. A
small increase in the sp? bonded carbon signal, the 1s — n* transition at 285eV, was observed
in the EELS spectrum at the interface, although of importance, the total integrated sp? signal
was significantly decreased compared to the ns laser micromachined sample and those samples
subject to further acid treatments. The sp? bonded carbon fraction over a distance of 32 nm

from within the BDD up to the Al layer, was calculated from the EELS spectra (Figure 6b).
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Figure 6: (a) ADF STEM image of the interface between thermally oxidized BDD and the Al protecting layer.
The BDD was first ns laser micromachined then subject to an acid oxidative treatment. The bright layer is Au
contamination from the Al protection process. No large clusters of graphite are observed on the BDD surface. (b)
Plot showing the sp? fraction of the material and the integrated carbon K-edge signal between 280-340 eV
approaching the interface with Al (indicated by the vertical red line). (c) EELS spectra from the 1st (blue) and
2nd (black) pixels before the solid vertical red line. Spectra have been scaled to fit the axis.

The sp? bonded carbon fraction (of approx. 10%) within the BDD (Figure 6b) is most likely
FIB-induced damage at the surface of the lamella during TEM specimen preparation and is
similar to values found in the previous samples. EELS shows an increase in the sp? fraction
(above background contamination levels) close to the interface along with a corresponding
decrease in the integrated carbon K-edge signal (Figure 6b), which could be indicative of a thin
layer (<3 nm) of surface contaminants. Regardless of surface termination, hydrocarbons, H20,
etc. are readily absorbed onto the diamond surface upon exposure to atmosphere[60,61]. The
solid red vertical line denotes the edge of the Al layer, where the carbon K-edge signal
decreases to zero. The EELS spectrum of the point ~3 nm to the left of the solid red vertical
line (Figure 6b) retains many of the features seen in the diamond spectrum, Figure 6¢ (black),
with the addition of the pre-edge sp? peak. The pixel size of 1.4 nm is likely larger than the
surface roughness therefore energy losses from both the diamond and surface contaminants are
being detected leading to the 45% sp? fraction measured. Close to the Al layer the carbon K-
edge signal decreases dramatically and the spectrum is close to that of amorphous carbon,
Figure 6¢ blue, with an sp? fraction of 70% being measured. Note, the thickness over which
this sp? bonded carbon signal can be seen at the interface may be an effect of the tilt being
slightly off-parallel to the interface, and the contamination layer may occur over a depth less

than 3 nm from the surface.

To complement the electrochemical quinone measurements, which gave undetectable signals
after 2 hrs thermal treatment at 600 °C, the solvent window of this electrode material, in the
electrolyte 0.1 M KNOs, increased significantly from +1.7 to +3.3 V using a current threshold
of 0.4 mA cm™. This is due to a decrease in the electrocatalytic activity of the electrode towards
water reduction. Values >3 V are typically associated with minimal sp? content BDD.[3,45]
The TEM and electrochemical data together suggest removal of electrocatalytically active sp?
bonded carbon, important for any electrochemical application which requires a sp? bonded
carbon free electrode. Note, based on our data, we recommend, with ns laser micromachined
material, performing the acid oxidative treatment first to significantly reduce the layer of sp?

bonded carbon on the surface, with thermal oxidation being used to remove the remaining small



clusters which acid oxidation leaves behind. Given the um scale thickness of the sp? bonded
carbon layer (Figure 2), and thermal etch rates reported, significantly long thermal oxidation

times are envisaged using the thermal oxidation method alone.

The studies described herein on the differently treated BDD materials allow us to postulate the
following steps for the removal of non-diamond damaged material from ns laser
micromachined BDD, Figure 7. During oxidative acid treatment, all of the amorphous carbon
layer Il is removed to leave behind a greatly modified layer I, containing clusters of
perpendicularly orientated graphite capped with a layer of amorphous “denatured graphite”
carbon which cannot be removed by longer or multiple acid treatments. However, a 600 °C
thermal oxidation treatment is able to remove the majority of this material to leave a surface
with significantly improved electrochemical performance, associated with the loss of sp?
bonded carbon.

11 - Fissured
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Figure 7: Schematic showing BDD processing and layers identified from TEM imaging of FIB lamellae produced at each
stage. Not to scale.

Application to laser micromachined BDD cylinders

The ns laser micromachining of BDD cylinders or “rounds” which are then sealed in an
insulator e.g. glass capillaries, is a common fabrication method for forming easy-to-handle
BDD disk electrodes.[6] However, due to the sp? bonded carbon creation, co-planar glass-
sealed BDD rounds will also contain a ring of sp? bonded carbon. The situation is exacerbated
if the BDD cylinder protrudes from the glass surround. If unaccounted for this will lead to
incorrect values being ascribed to the electron transfer kinetics of electroactive analytes at
BDD.[20]

To investigate the effectiveness of the thermal oxidation process at removing sp? bonded
carbon from the sidewall of ns laser micromachined rounds, BDD thermally oxidized cylinders

(5 hrs at 600°C) were sealed in glass and polished flat. The electrochemical characteristics of



the BDD electrode, in particular I', solvent window and electrochemical double layer
capacitance (Car), were compared against those values recorded for BDD electrodes defined by
use of an insulating Kapton mask on a planar BDD surface. This method removes all laser cut
edge effects.[21] In both cases the electrode material was the same. Similar values were
recorded for all three parameters, in particular I' was undetectable for both, the solvent window
was 3.7 + 0.12 V (cylinder) versus 3.71 +0.04 (Kapton mask) and Caiwas 4.2 + 0.2 pF cm™
(cylinder) versus 3.9 + 0.2 uF cm (Kapton mask).

For quantitative electrochemical analysis the area of the electrode and surface roughness are
important parameters to know to aid in quantification of electrochemical data. To this regard,
whilst the treatment is effective at removing cylinder sidewall sp? bonded carbon, it is
important to also assess the impact of thermal oxidation on the resulting surface roughness of
the electrode face. Minimal sp? bonded carbon and polished BDD, with an initial surface
roughness of 1.11 + 0.07 nm, was oxidized at 600 °C in air for times in the range 30 minutes
to 5 hours The resulting surface roughness was measured using WLI, over an area of the surface
typically 12 x 9 um. As Figure 8a shows increased thermal oxidation time leads to an increasing
surface roughness, increasing linearly at 8 nm hour™ from 1.11 + 0.07 nm to 41 + 1 nm RMS
over 5 hours, also suggesting etching of the sp® carbon material. However, while the relative
increase in roughness is significant (p<0.05), the absolute change in roughness and surface area
is low and is only measurable due to the very low surface roughness of the starting polished

surface (Figure 8b, inset).

From WLI recorded on the polished BDD surface before (inset, Figure 9b) and after 5 hrs
thermal oxidation at 600 °C (Figure 8b) it was apparent that the main roughness component
was due to both grain boundary etching, where the largest changes in height were observed,
and differential thermal oxidation rates on different grains. The former suggests it is the more
highly strained, defective sp® bonds on the grain boundaries that are etched preferentially,
assuming minimal sp? bonded carbon presence.[62,63] The on-grain roughness after 5 hrs
treatment was recorded as 3.3 £ 0.3 nm (n= 20) (total =41 £ 1 nm RMS).
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Figure 8: (a) Surface roughness (RMS) dependence on time and (b) WLI image of a mechanically polished and acid
oxidatively cleaned, minimal sp? bonded carbon content BDD surface after 5 hours thermal oxidation, demonstrating the
different etching rates on different grains and on grain boundaries. inset: WLI image of surface after 0 hours of thermal
oxidation, same Z scale.

Application to as grown sp? containing BDD

Whilst the data shows that thermal oxidation can be used to remove sidewall sp? bonded carbon
from ns micromachined laser cut cylinders of BDD, it is interesting to consider whether the
method can also be employed to remove sp? surface bonded carbon present as a result of the
CVD growth process. The electrochemical characteristics of thin film microcrystalline BDD,
grown via hot filament CVD and thus more susceptible to sp? bonded carbon inclusion
compared to microwave CVD,[64] was thermally oxidized at 600 °C in air for 2 hrs.
Electrochemical properties before and after treatment were compared. The solvent window in
aqueous solution improved markedly, increasing from 2.5 £ 0.4 V to 3.21 £ 0.06 V,(Figure 9a)
due to the removal of sp? bonded carbon that is more catalytically active towards water
oxidation and reduction.[65] I" also decreased by over two orders of magnitude from 1.8 + 0.3
pmol cm?to 5 + 1 fmol cm™ (close to the limit of detection: 1.6 fmol cm™2[21], Figure 9b).
Note, the starting I" values here are almost double that of Figure 5a and after 5 hours there was
no detectable I" signal. The electrode to electrode variation in solvent window also reduced
following thermal oxidation. This is likely to be due to heterogeneities in the amount and form
of sp? bonded carbon present per electrode. Using as-grown thin film microcrystalline material
(starting RMS roughness = 1.1 um, much higher than the polished material) no measurable

increase in roughness was observable after 5 hrs thermal treatment.
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Figure 9: (a) Cyclic voltammograms in KNOs showing the solvent window before (red) and after (black) thermal oxidation
for 2 hrs at 600°C (b) I' (black) and solvent window (red) before and after thermal oxidation, showing the improvement in

these metrics of electrochemical performance

Conclusions

Methods to remove sp? bonded carbon from the surface of BDD, created either as a result of
material processing or growth have been investigated by both TEM and electrochemical
techniques, the latter inherently surface sensitive. ns laser micromachining of BDD, commonly
used to cut and structure diamond/BDD, is shown to result in surface damage, and the
formation of a ~pm thick coating of sp? bonded carbon. This coating contains a layer of highly
ordered graphite intimately attached to the BDD, which transitions to a layer of fissured
amorphous carbon. Similar structures have been seen on ns laser micromachined diamond. [9]
Oxidative acid treatment (sulfuric acid and potassium nitrate) at elevated temperature, a
common cleaning recipe for diamond/BDD, is shown to be ineffective at removing all the sp?
bonded carbon. Whilst the fissured amorphous layer and parallel-orientated graphite regions
are removed completely, the perpendicular orientated graphitic regions (10’s nm in diameter)
remain. These are considerably thinner in size and capped with a ~5 nm thick layer of
amorphous carbon, we term “denatured graphite”. Further oxidative acid treatments still cannot
remove these clusters, which we speculate is due to the formation of this cap layer during the
first acid etch. However, cluster removal is possible via thermal oxidation in air at 600 °C.
TEM detects a very thin (~ nm) layer of sp? bonded carbon at the interface, but this is likely to
be due to surface contamination. The electrochemical response (solvent window, double layer
capacitance, quinone coverage) of this surface closely resembles that of a minimal sp? bonded

carbon content BDD electrode.



Finally, the versatility and simplicity of the thermal oxidation process in removing sp? bonded
carbon was demonstrated electrochemically on both ns laser micromachined BDD cylinders
and hot filament CVD grown BDD films containing surface sp? bonded carbon. Thermal
oxidation in air can be performed with equipment available in the majority of laboratories. As
such it offers a convenient method for users to improve the material properties of intrinsic and
doped diamond materials after growth or processing for a wide range of applications where the

presence of sp? carbon is detrimental to material performance.
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