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Sub-micrometre single crystal diamond membranes are of huge importance for next generation
optical, quantum and electronic device applications. Electrochemical etching has proven a
critical step in the production of such membranes. Etching is used to selectively remove a very
thin layer of sub-surface sp? carbon, prepared by ion implantation in bulk diamond, releasing
the diamond membrane. Due to the nanosized dimensions, etching is typically carried out using
non-contact electrochemistry in low conductivity solutions (bipolar arrangement) which whilst
effective, results in extremely slow etch rates. In this work, a new method of non-contact
electrochemical etching is presented which uses high conductivity, high concentration, fully
dissociated aqueous electrolytes. Careful choice of the electrolyte anion results in significant
improvements in the sp? carbon etch rate. In particular, we show both chloride and sulfate
electrolytes increase etch rates significantly (up to x40 for sulfate) compared to our
measurements using the current state-of-the-art solutions and methodologies. Electron
paramagnetic resonance experiments, recorded after the electrode potential has been switched
off, reveal sizeable hydroxyl radical concentrations at timescales > 107 longer than their
lifetime (< us). These measurements highlight the importance of electrochemically initiated,
solution chemistry radical generation and regeneration pathways in high concentration sulfate

and chloride solutions for nano-etching applications.

Keywords: Diamond Membranes, Electrochemical Etching, Carbon Etching, Sulfate
Electrolytes, Radicals, Hydroxyl Radicals, EPR1. Introduction
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Diamond is an exceptional material well known for its extreme properties of hardness, thermal
conductivity and wide optical transmission, making it a material of significant interest in
emerging technologies.® To develop the next generation of optical, quantum and electronic
devices,>* nanostructuring of the diamond is often required. In particular for quantum
technology applications, high-quality single crystal diamond membranes of sub-micron
thickness, containing negatively charged nitrogen vacancy defects are essential.>>® While
diamond membranes can be prepared using mechanical polishing, this is possible down to only
ca. 10 um thickness.* Such membranes are typically wedge-shaped due to the complexities of
achieving co-planarity at this thickness over a large area (mm?). Moreover, mechanical
polishing can result in sub-surface damage, penetrating microns deep, which requires further

processing steps to achieve the surface quality required for quantum applications.’”®

lon implantation is used to amorphise a well-defined sub-surface region of the diamond,
followed by high-temperature annealing to convert this amorphised diamond to sp? carbon.
After the sub-surface sp? carbon layer has been prepared the membrane can be removed via
etching of this layer, also known as “lift-off”. This method has been proposed as an alternative
to mechanical polishing for producing thin, uniform diamond membranes.*'®** Diamond
membrane thickness is determined by the implantation energy and as the amorphise layer
implants parallel to the top surface, the resulting membrane has a consistent thickness at all
points. The lift off process is key to success of the diamond membrane nanofabrication process.
Oxygen dry etching®® has been used, but was found to be slow (5 hr for separation of a 2 mm
square membrane) with some damage to the membrane also observed due to etching of the

diamond as well as the sp? carbon layer.*3

Electrochemical (EC) etching has also been proposed as an etch method, due to the advantages
electrochemistry brings in terms of reduced cost of the set-up and negligible damage to the
diamond.t® However, unlike traditional EC etching/electropolishing where direct contact is
made to the conductive material and a potential applied to promote oxidative dissolution of the
material itself,***® a non-contact EC set-up is required due to the nano-sized features of the
embedded sp? carbon. In order for the implanted sp? carbon to experience a potential difference
across the sp? carbon, the use of low conductivity solutions was advocated;!° to drop a
meaningful potential across the sp? carbon/electrolyte interface, the resistance of the solution
must be higher than that of the sp? carbon layer. This concept is often referred to as bipolar
electrochemistry.'®1” Unfortunately, using this approach, etch rates were found to be slower

than reported for dry etching,®® taking 10 hr to separate a 3 x 3 mm membrane in a dilute



chromic acid solution, even with an applied voltage of 100 V.1° Thus, despite the importance
of this process to the quantum optical communities, the EC etch process is still far from

optimised for efficient sp? carbon removal rates.*1318-21

In this paper we demonstrate a new non-contact EC nanofabrication method which can be used
to etch conductive nanomaterials, where direct electrical contact to the conductive material is
challenging. Rather than relying on a bipolar etch mechanism and low conductivity solutions,
this method uses high conductivity, fully dissociated electrolytes in conjunction with
electrochemical initiation of radical generating chemical pathways in solution. Etch rates of the
sp? carbon layer are measured using in-situ optical microscopy. We explore how the choice of
electrolyte and electrolyte concentration can significantly enhance sp? carbon etch rates.

2. Materials and Methods

2.1 Materials

All solutions were prepared from ultrapure water (>18.2 MQ cm, Milli-Q, Millipore Corp.).
Etch solutions comprised either 400 mM boric acid (HzBO3, 99.97%, Sigma Aldrich, UK) or
250 mM salts in ultrapure water. Salts investigated included potassium nitrate (KNOsz, 99.97%,
Sigma Aldrich, UK), potassium chloride (KCIl, >99%, Sigma Aldrich, UK), and potassium
sulfate (K2SOa4, Pure, Acros Organics, US). Sulfuric acid (H2SO4, >96%, Merck, UK) was used
at 0.3% v/v (50 mM) in ultrapure water. Mixed K2SO4/H2SO4 solutions were made to 250 mM
total sulfate concentrations in ultrapure water. Solutions for electron paramagnetic resonance
(EPR) spectroscopy comprised of either KNOs, KCI, potassium sulfate (K.SO4, Analysis
Grade, Sigma Aldrich, UK) at a concentration of 250 mM or 400 mM boric acid salt in
ultrapure water. The solution used for headspace on-line electrochemical mass spectrometry
(HS-OLEMS) was 0.3% v/v (50 mM) sulfuric acid (H2SO4, 96% Ultrapur, Merck, UK).

2.2 Diamond Sample Preparation

Standard grade chemical vapour deposition (CVD) and high pressure high temperature (HPHT,
type 1b) single crystal diamond plates (Element Six Ltd., Harwell, UK) which are ~500 pum
thick, and either 3.5 mm (3.5 x 3.5 mm), 4.1 mm (4.1 x 4.1 mm) or 4.2 mm (4.2 x 4.2 mm) in
size were used as the substrates for all studies, unless otherwise stated. The front face of each
sample was mechanically polished to ~nm roughness, and the rear face lapped to ~um
roughness. Before ion implantation, samples were acid cleaned in concentrated H.SO4 (>96%,
Merck, UK) saturated with KNO3 and heated at 200 °C for 30 minutes. This was followed by

another 30 minutes in 200 °C H,SO4 before rinsing in ultrapure water.?? After acid cleaning the



implantation surface was cleaned in an oxygen/argon plasma (Emitech, K1050X Plasma Asher,
80 W, 60 s). The polished face was then implanted (lon Beam Centre, University of Surrey,
UK) with 2x10%® carbon atoms (at 2 MeV) per square centimetre, to produce an amorphised
layer ca. 900 nm below the surface, and ca. 400 nm thick, as estimated from stopping range of
ions in matter (SRIM) simulations (S1.1).2 The implanted samples were annealed at 1300 °C

for 2 hr, to convert the amorphised region into sp? carbon.?*

After annealing the samples were then acid cleaned using the method described above and then
characterised by Raman spectroscopy to verify that a sub-surface sp? carbon layer was present
(S1.2). A full tabulation of experiments and samples can be found in S1.3. Note, due to the
limited availability of the samples used, it was necessary to complete some work without

repeats.

2.3 Electrochemical Etching

Etching of single crystal diamond substrates took place in a custom designed 3D printed (Taz
6, Lulzbot, USA) polyethylene terephthalate cell. The electrodes used were two Pt wire
electrodes (0.75 mm in diameter and 2 cm in length) spaced 6 mm apart, as shown in Figure
1. A variable DC power supply (EA-PS 9750-04, Elektro-Automatik GmbH, Germany) was
employed to apply a potential between the two electrodes, operating in a potential limiting
mode at 30 V (approximately +15 V and —15 V versus ground), with a current value dependent
on the solution composition. The diamond substrate, with embedded sp? carbon layer was
bonded (lapped face on) to a polycarbonate (RS Components, UK) support using a low-bloom
cyanoacrylate adhesive (Loktite 460, Henkel, Germany), making sure no adhesive was visible
to solution. This piece of polycarbonate was then placed into a slot, for centring purposes, with
the polycarbonate face on which the diamond is adhered, held against the Pt electrodes (Figure
1). This ensures that the diamond plate was orientated such that the square face was

perpendicular to the base of the etch cell, aligning the sp? carbon layer in plane with the Pt wire



electrodes. The cell was designed with a light path for transmission imaging of samples
undergoing etching (Figure 1).
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Figure 1: Schematic of the etch cell showing the arrangement of diamond sample (yellow), electrodes (grey), and
polycarbonate support (light blue). Front: a front view as seen by the USB microscope showing the diamond
sample attached to the polycarbonate support and placed between the two platinum electrodes. Top: a top view
showing how the diamond sample is aligned in plane with the electrodes. Side: a side view with the electrodes
omitted for clarity which shows how the USB microscope images through the solution and polycarbonate support

in transmission using a backlight to maximise the contrast between etched and un-etched areas of the sp? carbon.

A digital USB microscope (VMS-001, x20-90 magnification, Veho, UK) was used to capture
time lapse images of etch progress. To maintain constant solution composition and
temperature, a flow system was also employed with a temperature-controlled reservoir
operating in the range of 10-70 °C. Unless otherwise stated etches were performed at 25 °C.
A photograph of the etch set-up can be found in S1.4. Etch solution was circulated from this
reservoir into the cell and returned via an outflow at a flow rate of 200 ml min™t. The inlet and
outlet were intentionally placed away from the platinum electrodes to minimise solution flow
across the diamond sample and electrodes. Although flow will increase mass-transport to and
from the electrodes it is likely the production of gas bubbles from water electrolysis at the Pt

electrodes will be a much more significant contributor to increased mass-transport.

2.4 Image Analysis

A MATLAB (Version 2017b, MathWorks) script was used to analyse all time-lapse data of the
etch processes. Each frame from the video capture was extracted. The region of interest (i.e.
the diamond substrate) is defined on the first image and the script used to calculate what

proportion of that area corresponds to the etched region; these match RGB values provided in



the script. This proportion is then converted to an area and the area etched is then plotted versus

etch time to create an etch profile.

2.5 Electron Paramagnetic Resonance Spectroscopy

For EPR measurements, electrolysis of solutions containing either 250 mM K>SQO4, 250 mM
KCI, 250 mM KNOz or ~ 400 mM H3BO3z was performed with no recirculating flow, in a single
compartment cell. 30 V was applied between the two platinum electrodes of the same geometry
as those used in the etch cell in the solution of interest. After an electrolysis time of 15 minutes
the potential was switched off and approximately 10 mM of the spin trap 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO; Enzo Life Sciences, USA) was added to the solution and mixed
thoroughly. The time period from switching off the potential to adding the spin trap was ca. 30
s. From the resultant solution, an aliquot of the electrolysis mixture was sampled and the EPR
spectrum recorded. The EPR signals for the DMPO spin adducts were recorded on an X-band
spectrometer (EMX, Bruker, Germany) fitted with a HS cylindrical resonator (4119HS/0207,
Bruker, Germany). Measurements were performed in a quartz EPR tube with a 1 mm inner
diameter (Wilmad® quartz (CFQ) EPR tubes, Sigma-Aldrich, UK). For all measurements the
following spectrometer parameters were used: a non-saturating microwave power of 20 mWw;
central magnetic field, 352 mT; scan width, 10 mT and a modulation amplitude, 0.05 mT. All
spectra reported are an average of 9 scans. Fitting and simulation of the EPR spectra was
performed using the MATLAB package EasySpin (Version 5.2.25).%

3. Results and Discussion

3.1 Measuring the material etch rate

The etch rate, as a function of solution composition, of the ca. 400 nm (SI.1) thin sp? carbon
layer embedded in the freestanding single crystal diamond substrates, was monitored optically,
in transmission mode, using a USB microscope (Figure 1). An exemplar optical image of the
time-dependent removal of the sp? carbon layer is shown in Figure 2, here recorded over a
period of 2 hr in 250 mM K>SO4. Images were recorded every 10 s from application of the
potential. At time, t = 0 min, the image appears black, due the presence of a complete sp? carbon
layer. EC etching of this layer is monitored via the colour change of the sample from black to
colourless, the latter representing the translucent diamond as the sp? carbon layer is removed.
This colour change was used to quantify the area of sp? carbon removed as a function of etch
time. The heterogeneous nature of the etch process, as shown by Figure 2, is typical of all

etches in the different solutions observed under these flow conditions, the only difference being



the timescale of the removal process. In most cases, etching begins at two edges of the sp?
carbon layer and then proceeds inwards. The locations at which etching commenced for each

different experiment are tabulated in SI.3.

Figure 2: Optical image capture of the etch progress on a 4.2 mm x 4.2 mm HPHT diamond in aerated 250 mM
K2S04 solution with 30 V applied between two Pt electrodes, fromt =0 to t = 2 hr. Each image is separated by
approximately 8 min of etching in 250 mM K3SO4. Anode and cathode positioned to the left and right of the
frame (out of view), respectively. The origin of the white spots, seen most prominently in the middle images, is

currently unknown, but these were only observed in about 10% of samples investigated.

All etches in all solutions examined (n = 27 in total) had a sigmoidal shape, as shown in the
exemplar etch rate data (etch volume vs time) in Figure 3, for a 250 mM K>SO; solution. All
data was fitted with a sigmoid (black line, Figure 3) and this fit used to provide insight into
the etch characteristics. The curve could be divided into four distinct sections. First, the
induction period, (yellow shaded area) second, the bulk etch region where the rate of etching
is highest and linear and where the majority of material removal occurs (pink shaded area).
Third, the bulk etching limit, where the limited amount of material remaining leads to a
decrease in rate (blue shaded area), before finally reaching the final region, the etching
complete region (grey shaded area) and no sp? carbon remains. The majority of membranes (~

90 %) recovered after the etch process were completely intact.
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Figure 3: Exemplar etch profile from in-situ transmission microscope imaging. The raw data points (n = 6500,
red) are fitted with a sigmoidal function (black) and three distinct regions are defined. Etching is considered
complete at 3 hr as no visible remnants of the sp? carbon layer remains. Conditions: 4.1 mm x 4.1 mm CVD

sample in aerated 250 mM solution of K;SO4 with 30 V applied between the electrodes at 25°C.

The induction period, during which very little etching takes place, varied in length for the range
of conditions tested, however faster bulk etch rates typically resulted in shorter induction
periods. We speculate that the existence of an induction period is as a result of either the sp?
carbon region not extending completely to the edge of the diamond, or a structurally different
form of sp? carbon at the edge versus the interior. In the majority of etches, etching began from

two to three randomly distributed individual sites around the plate.

To assess the impact of solution conditions and composition on the etch rate, we focused on
the bulk etch region (pink), which is where the majority of material is removed. In the bulk
etching limit (blue area), as with the induction period (yellow area), we believe the material
properties of the sp? carbon implanted diamond play a more significant role in controlling the
etch characteristics. This will form the subject of further work. Bulk etch rates were thus used
as the quantitative metric for comparing the efficacy of different electrolyte solutions. Area
etch rates (in mm? hr ) were determined by analysing the gradient over the region where 20%
— 70% of the total area of sp? carbon had been removed (i.e. 3.5 mm? to 12.25 mm?in Figure
3). This threshold was chosen as in all etches conducted it was within the pseudo-linear region
of the sigmodal fit. Area, rather than volume, was also employed as a metric to acknowledge
the uncertainity in the SRIM estimate of the sp? carbon layer width (S1.1).

3.2 Electrochemical Etching in Low Conductivity Solutions and Chemical Etching
For these EC etch studies, half-saturated aerated H3BO3 (~ 400 mM) was employed as the etch
electrolyte, following literature precedent,* in order to define a baseline etch rate under

“bipolar” etch conditions. It is important to appreciate that whilst the concentration of HzBO3



is high, solution conductivity is very low (only 40 uS cm* which equates to a conductance of
~ 3 uS based on cell geometry) due to H:BOs being a weak acid (pKa = 9.2) and only partially
deprotonated (dissociated).?® The conductivity of bulk amorphous sp? carbon is ~ 12.5 S cm™,
which based on layer dimensions represents a conductance of ~0.6 mS.?” As such, the sp?
carbon layer is over two orders of magnitude more conductive than the solution, and the
majority of the potential between the two Pt wire electrodes will be dropped across the solution.
Consequently, a large potential will be present at the sp? carbon-electrolyte interface, which is
capable of driving electron transfer reactions directly at this electrode surface. EC etching in
this media gave an etch rate of 0.7 mm?2hr ! (for a 4.2 mm x 4.2 mm substrate), taking 20 hr

for complete separation once the induction period had passed.

Under bipolar conditions, etching most likely occurs via direct electrochemical oxidative
(Equations 1 and 2) and/or reductive (Equation 3) dissolution of the sp? carbon. Note that the
potentials given are thermodynamic potentials, with the experimentally observed potentials

often being higher due to kinetic limitations.?%%°

Equation 1: Cs) + 2Hy0 (qaq) = COy () + 2H(,, +2e~  (E°=0.518 V vs RHE)®
Equation 2:  C(5 + 2H,0 (qq) = COp gy + 4Hpy +4e~  (E°=0.207 V vs RHE)*
Equation 3: Cis) + 4H{ ) + 4e™ > CHy(y (E°=-0.132 V vs RHE)*

It is also possible electrochemically generated species which are highly oxidising in nature e.g.
radicals, can cause etching of the sp? carbon. For example, at high enough potentials, water can

be oxidised to form hydroxy! radicals, HO" ), in solution (Equation 4).%
Equation 4: H,O@y = HO(yyy + e~ +H* (E°=2.7Vvs RHE)*

However, other pathways for water oxidation are more energetically favourable meaning it is
only on surfaces where traditional water oxidation routes are strongly retarded, such as boron
doped diamond that direct HO'@aq production is significant.> EC radical generation via
oxidation of the electrolyte is also unlikely as oxidation of borate anions / boric acid is not
thought to result in radicals. This is also confirmed by the data in SI.5, which shows no EPR
evidence of radical formation in the half-saturated aerated HsBOz3 solution.

Cathodically, on sp? carbon, the oxygen reduction reaction (ORR) favours a 2-electron pathway
which results in production of the oxidising agent hydrogen peroxide, H20, (Equation 5).%
Dissolved oxygen will always be present due to the use of aerated solutions and the high



potential difference applied across the two Pt electrodes; at the Pt anode, oxygen will be

evolved from water oxidation.
Equation 5 : 03 gy + 2H" (qq) + 267> H,0; (4q) (E°=1.8V vs RHE)*

Note, we find that immersing a sp? carbon implanted diamond sample into very high
concentrations of H202 (30 wt%), much higher than those generated during ORR, at 25 °C for
24 hr, with no applied potential, results in no visible etching of the sp? carbon layer. This result

suggested etching is either extremely slow or not possible using H20- alone.
3.3 Electrochemical Etching in High Conductivity Solutions

For the strong electrolyte (high solution conductivity) experiments three different electrolytes
were employed, KNOs, KCI, and K>SO4. The anion concentration was fixed at 250 mM, with
solution conductivities almost three orders of magnitude higher than that for H3BOs; at 24 mS
cm ! (conductance ~1.8 mS), 28 mS cm™* (~2.1 mS) and 42 mS cm ™ (~3.2 mS) respectively.
Note, with this increase in solution conductivity, bipolar contributions towards etching are
expected to be significantly reduced due to considerably decreasing the potential drop between
the sp? carbon layer and electrolyte. Figure 4a,b shows the (a) etch profiles and (b) etch rates
for the sp? carbon implanted diamond substrate, in the bulk etch regions in the three different

electrolytes. H3BOs is included for comparison in the data in (b).
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Figure 4 a) Etch profiles for etching of 4.2 mm x 4.2 mm HPHT single crystal diamonds in aerated 250 mM
solutions of KNOs (blue), KCI (black) and K;SQO4 (pink). Inset, etch profile for KCI and K,SO4 from 0-2 hr, the
inset has the same units as the larger plot. 30 V was applied between the two Pt electrodes until etching was
complete. Data was collected as n = 1. b) Comparison of the bulk etch rates for each different electrolyte, plus

aerated 400 mM H3BOs.

Whilst the etch rate in KNO3s was slower (0.3 mm? hr!) than that obtained using the HsBOs
both KCI (8.0 mm? hr ) and K2SO4 (13.0 mm? hr %) resulted in dramatic improvements in etch



rate. Sulfate increased the bulk etch rate compared to both nitrate and boric acid by over an

order of magnitude.

3.4 Electron Paramagnetic Resonance Studies

To explore the origin of these observations in more detail, EPR spectroscopy was employed to
identify radicals produced during electrolysis. A cell with Pt electrodes identical to those used
for etching, but with no diamond substrate present, was employed for the EPR measurements
with 250 mM KNOs, KCI and K2SO4, undergoing electrolysis at 30 V for 15 minutes. In our
non contact high conductivity experiments, the etchant is expected to be generated primarily at
the non contact electrodes, via EC means, and must move through solution to the sp? carbon.
Hence, to be effective any radicals produced must either have a sufficiently long lifetime or, as
most radicals in aqueous solution are notoriously short-lived e.g. < us timescale, are continually
generated or regenerated through chemical reactions in solution. To show whether radicals
were present at timescales significantly longer than their characteristic lifetimes, the DMPO
spin trap was added after electrolysis had completed and the potential had been switched off; a
process taking typically 30 s. This contrast with the vast majority of EC-EPR experiments
where the spin trap is added before starting electrolysis.®®> DMPO was mixed into the solution
and an aliquot taken for analysis in the EPR spectrometer, data shown in Figure 5. Note, the
experiment was performed under stationary conditions which resulted in notable solution

heating (~ 90 °C) compared to the flow experiments.
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Figure 5: EPR spectra after 15 minutes of applied 30 V in 250 mM solutions of aerated KNO3, KCI and K;SO4
(blue), as well as simulated spectra for the DMPO-OH spin adduct and D’ quartz signal (black). Experimental
Conditions: A non-saturating microwave power of 20 mW; central magnetic field, 352 mT; scan width, 10 mT

and a modulation amplitude, 0.05 mT. All spectra reported are an average of 9 scans.

In all solutions, a clear signature for the DMPO-OH spin adduct is seen in the EPR spectrum,
as well as a D’ signature at 352 mT from the quartz tube (included in the fit).3® The hyperfine
coupling (A) extracted from the fitted data gave values of An=1.50 £ 0.01 mT Ax=1.50 + 0.01
mT which is in agreement with those expected for DMPO-OH.*® The DMPO-OH signature,
which is indicative of radical concentration, varies in intensity in the order NO3z™ (low) < CI'<
S042" (high). Formation of HO g Via the water oxidation route (Equation 4) is unlikely to be
significant on Pt, as discussed in section 3.2, this is due to the strong adsorption of HO" on Pt
electrodes leading to the formation of Pt oxide.3” Given the extremely high reactivity of HO",
its short lifetime (< ps)®® and the fact that the spin trap is added after the potential has been
switched off, observation of a DMPO-OH signal means that chemical routes in solution
(initiated electrochemically) must be acting to generate or regenerate the HO" radical (discussed

below).

On Pt surfaces, any H>O> present can decompose to produce HO' via the Weiss mechanism
(Equation 6).%°



Equation 6: Pt(s) + HZOZ (aq) Pt(s) + OH—(aq) + HO(.aq)

Whilst ORR on Pt is typically thought to predominantly occur via a 4-electron transfer pathway
to form H,0,* the amount of H>O. produced on Pt via the 2-electron transfer pathway
(Equation 5) has been shown to be dependent on solution composition.*-*® Once formed, HO*
radicals will also recombine with themselves to form H.O> (Equation 7) or react with H>O>
(Equation 8) to form the hydroperoxyl radical (HO."). Although HO-" is lower in oxidising
ability than HO", thermodynamically it is capable of direct oxidation of the sp? carbon layer.®!

Equation 7: HO(qq) + HO(qq) = H203 (aq)
Equation 8: HO(4q) + H303 (aq) = HOZ’(aq) + H30(qq)

As HO:" is a much longer lived radical in solution (10 s — 100 s)* compared to HO", if there is
any HO>" present when the electrode potential is switched off and DMPO is added to solution,
HO." will react with DMPO to form DMPO-OOH. However, DMPO-OOH is not stable
(lifetime ~ 1 min) and will decay to give the much more stable spin adduct DMPO-OH;**" a
process which will be even quicker in the elevated solution temperature of this EPR
experiment.*® Since it takes a few minutes to transfer the sample into the EPR and tune the
spectrometer, any DMPO-OOH present will have likely decayed to DMPO-OH.

Considering individual electrolytes, in KNOs, very small amounts of DMPO-OH are observed
in the EPR spectra, suggesting a low concentration of radicals are produced, via either Equation
6 and/or Equation 8. In KCI, EPR measurements reveal over twice the amount of DMPO-OH
compared with KNOs. Chloride ions have been shown to adsorb onto Pt surfaces and promote
the generation of H20- via the 2-electron ORR route.***3 To verify an increased concentration
of H202 in the chloride electrolyte, UV-Vis spectroscopy experiments were recorded on the
electrolysis solution every minute over a six minute period (S1.6). In KNOs solutions the
concentration of H.Oz is undetectable within the limits of detection of the UV-Vis experiment.

In contrast, in KCI, H20: s clearly present over the entire time span of the experiment.

Interestingly, whilst the EPR data shows a two times increase in the amount of DMPO-OH in
KCI compared to KNOs, the sp? carbon bulk etch rate data (Figure 4) shows a greater than one
order of magnitude increase in the etch rate in KCI compared to KNOs. As well as radical
species the production of non-radical oxidising species is also possible. For example, EC

oxidation of the chloride ions not only results in chlorine radical production, (Equation 9)



Equation 9: Cl™ (aqy— Claqy + €~ E°=2.43 V vs RHE®

but also formation of chlorine gas, hypochlorous acid or hypochlorite ions (dependent on
solution pH). Based on the H>O> chemical etch data in Section 3.2, and the fact these species
have lower thermodynamic oxidising potentials than H20-, production of such species alone is
unlikely to be sufficient to explain the observed etch rates. However, their subsequent chemical
reactions are also possible chemical routes for generation of HO"(aq) and also singlet oxygen.

Some of the many possible reaction pathways are detailed in SI1.7 and Equations S8-S9.

The EPR spectra after electrolysis of K.SO4 has the highest concentration of DMPO-OH for
all three electrolytes, with the double integrated intensity being nine times larger than that in
the KNOjs solution. Sulfate radicals (SO4™), with a lifetime of ps, are highly oxidising (E° =
2.44 V vs RHE)® and can be generated oxidatively on Pt electrodes in sulfate containing
media,***° Equation 10. In the EPR spectrum, the splitting pattern of DMPO-SQ4 is obscured
by that of DMPO-OH when DMPO-OH is present in the majority.>*

Equation 10: 50,2 S0," e” (E®° = 2.44 V vs RHE)*®

(a)™ @p T

The highly reactive SO, radicals are also able to abstract a proton from water and produce
HO" (Equation 11).*® Given the high concentrations of sulfate ions and water molecules in the
high conductivity solution, Equation 11 is thought to be a preferred route for HO" generation,

resulting in high initial concentrations of HO".

Equation 11: Hy0 (ag) + 504" (4q) = HO(aq) + 5047 4oy + HY (ag)

(a (aq

Once SO4 and HO' radicals have been produced there are a host of reaction pathways that can
occur (see Equations S10 to S15 in S1.7).3852 These reaction pathways are referred to as
chaining mechanisms and will result in the regeneration of the radicals and generation of more
stable oxidising species. This, we believe, is the reason for the appearance of the HO" radicals
at timescales much longer than their lifetime and their detection in the system once the
electrode potential has been switched off.>® This behaviour is thought to be the dominant factor
behind the significant DMPO-OH signal in sulfate media. Increased HO" levels should also
result in an increased prominence of Equation 7 and Equation 8, compared to KNOs solutions.
H20. presence in sulfate solutions is also verified by UV-Vis, S1.6. As with KCI, the generation
of non-radical species such as persulfate ions (S20s>: E® = 2.01 V vs RHE), and their

subsequent reactions with radicals could also be contributing to etching.>



To identify any gaseous products produced from the etching process, headspace on-line
electrochemical mass spectrometry (HS-OLEMS) was employed; described in detail in SI.8.
In order to measure sufficient gaseous product, it was necessary to replace the implanted sp?
carbon — diamond substrate with a large piece of graphite (diameter = 5 mm, length = 10 mm).
These experiments revealed that at all potentials trialled (5-30 V) the major carbon-containing
gaseous product was CO.. The amount of CO2 produced increased with increasing potential.
The presence of CO- provides evidence for the majority of etching occurring due to oxidation

of the sp? carbon layer.

3.5 The Effect of Concentration and pH in Sulfate Media

As sulfate containing electrolytes gave rise to the highest bulk etch rates, this electrolyte was
chosen for further study. The chaining reactions which are most critical for etching of the sp?
carbon layer are those which increase the number of radicals at the surface of the sp? carbon
layer. Once a sulfate radical, SO4” is generated on the Pt electrodes it can react with any
solution component. Reaction with water results in the generation of HO" as per Equation 10.
However, if this happens too far away from the sp? carbon edge the radical cannot contribute
to etching as it will not react with the sp? carbon during its very short lifetime. In contrast, if
HO" encounters a SO4%  within its lifetime the reverse of Equation 10 is also possible,
regenerating the SO4 . This chaining can continue until either the SO4 " or HO" radical reaches

the edge of the sp? carbon layer and etching can take place.

To test this theory, the effect of sulfate concentration was investigated for concentrations over
the range 30 — 250 mM K>SO4. Data for 250 mM KNOs was also included for comparison and

is the data point at 0 mM sulfate, shown in Figure 6a.
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Figure 6: (a) Bulk etch rates for a 3.5 mm x 3.5 mm CVD single crystal diamond in aerated KNOs solution at 0
mM sulfate and 30 —250 mM solutions of K;SO.. Lines added as guides to the eye and do not represent fits. (b)
Etch rates for a4.1 mm x 4.1 mm square CVD single crystal diamond in aerated solutions with constant sulfate
(250 mM) comprised of K.SO4 and H.SOs4, but with pH varying between 0.8 — 7.1. The solution was held at 25
°C.

At sulfate concentrations in the range 0 — 60 mM, the etch rate increases linearly (dashed, pink
line) with increasing sulfate concentration. This is likely a result of the increased sulfate ion
concentration which increases the chances of a HO" encountering SO~ within the distance it
can travel during its lifetime. This results in an increased number of chaining events and
ultimately results in a higher number of radicals available at the sp? carbon solution interface
to etch the sp? carbon material. As the concentration of SO42" increases, the SO42" — SO4%~
inter-ion spacing decreases. While the spacing has not decreased to a point where a HO" is
guaranteed to encounter a SO42" in its short lifetime, at 60 mM a plateau is still observed (blue
line, Figure 6a). A likely explanation for this is that as the radical concentration increases, the
chances of radical recombination also increase, as shown in SI.7 Equation S4, S6 and S12.
Hence further increases in SO42  concentration won’t necessarily increase the number of
radicals available at the edge of the sp? carbon layer. Note, as the concentration of K;SO4
increases, the conductivity also increases from 7 — 42 mS cm™ across the range, however the
plateau region from 60 mM — 250 mM K2SO4 shows no noticeable change in etch rate. This

suggests that conductivity has little effect on bulk etch rate in this region.

As the generation of HO" via SO4"~ shows a pH dependence (Equation 10),%2 the effect of pH
on etch rate was investigated. Mixtures of K2SO4 and H2SO4 were used to vary solution pH
over the pH range 0.8 — 7.1 whilst maintaining the total sulfate concentration at 250 mM
(Figure 6b). A decrease in pH has the effect of increasing the bulk etch rate and a maximum
bulk etch rate of 21.0 mm? hr ' is achieved at pH 0.8. As shown vide supra (Figure 6a),
increasing conductivity again has little effect on the etch rate. The increase in etch rate can
therefore be attributed to the increase in proton concentration.



3.6 The Effect of Temperature in Sulfate Media

To investigate if further improvements to etch rate could be made by varying the temperature,
etches were performed in a solution of 50 mM H.SO, at temperatures from 10 °C — 70 °C
(Figure 7).
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Figure 7: a) Rate vs temperature plot for a 3.5 mm x 3.5 mm square HPHT single crystal diamond from 10 —
70 °C in 50 mM aerated H,SO4, 30 V was applied between two platinum electrodes until etching was complete.
b) Arrhenius plot of etch rate versus 1000/T for a in 50 mM H,SO,. Data in this figure was completed as n=3.

The etch rate shows an exponential increase with temperature. An Arrhenius plot of the data
gives an activation energy of 377 + 80 kJ mol . This is a realistic value considering the removal
of sp? bonded carbon will involve the breaking of C-C bond with a typical enthalpies in the
range of 67 — 960 kJ mol . The highest rate was observed at 70 °C, the highest temperature
trialled, which gave a bulk rate of 42.0 mm? hr™?, over x40 faster than the rate observed when
boric acid was used.* Whilst direct comparison with previously reported etch rates are slightly
challenging due to differences in implant and annealing conditions, substrate size, and method

of measurement, our measured values in boric acid are similar to reported literature values.*1%12

These data indicate the advantages of etching in solutions at elevated temperatures. Although
the flow set-up utilised herein allowed for temperature control, for practical applications, an
elevated temperature could be obtained simply by using smaller volume (100 mL) static cells
which are heated as a result of joule heating, due to the large, applied potentials. Note, for the
data in Figure 7, sufficient samples were available to obtain n = 3, and the errors obtained are
a good indication of error in the measurement of etch rate using the technique outlined herein,

for all experiments.

Overall, the data indicates that the most efficient etch solution is one which contains sulfate at

a concentration of at least 60 mM in acidic media (pH >1) at 70°C. A graphical comparison of



all the etch conditions trialled in this article can be found in SI1.9 This electrolyte also has the
added practical advantages that in its pure form it is a liquid and therefore should solution
evaporation occur the electrolyte will not leave salt residues. This also avoids further cleaning
steps to remove salt deposits from the membranes. A practical list of recommendations for
replicating the most favourable etch process, as well as designs for 3D printed etch cells are
provided in S1.10 and SI.11.

4. Conclusions

The impact of electrochemical initiation of radical generating chemical pathways in solution,
on increasing the bulk etch rate of implanted thin sp? carbon layers in single crystal diamond,
has been demonstrated. A novel optical etch tracking method was used to monitor etching, via
quantification of the colour change associated with removal of the black sp? carbon layer in the
translucent diamond. Electrolyte chemical identity and concentration was found to play a
crucial role, with conductive sulfate and chloride solutions showing significantly increased
bulk etch rates (an order of magnitude) compared to conductive nitrate solutions and low
conductivity boric acid solutions. The highest rate, 42 mm? hr!, was achieved using sulfate
electrolyte in acidic media at elevated temperature. This represents a x40 increase compared

to measurements in low conductivity, boric acid solutions (bipolar arrangement).

Complementary EPR experiments showed the chloride and sulfate electrolytes also produced
sizeable quantities of HO" (DMPO-OH). Boric acid showed no radicals whilst nitrate showed
a minimal amount. As the DMPO spin trap was added ca. 30 s after the potential had been
switched off, any HO" (lifetime < us) produced via electrochemical means should no longer be
present. The detection of HO® demonstrated the existence of electrochemically initiated,
solution chemistry radical generation pathways which enabled HO® to be observed on
timescales much longer (> 107) than their lifetime. The chloride and sulfate anions (and their
electrochemically oxidised forms) also contributed to the production of other species e.g. H202,
which also aided radical production.

The significant reduction in time during the bulk etch region of the process improves the
viability of the implantation and non-contact electrochemical etch as a process to produce thin
diamond membranes. However, there is still scope for advancement. Further work on how the
material properties of the sp? carbon implanted diamond or single crystal diamond itself,
influence the etch rate, is required, with the aim of shortening both the induction and limiting
bulk etch rate times. Finally, we believe there are wider benefits to be gained in diamond



nanofabrication by using this combined implantation, non-contact electrochemical etching

approach, for example in the nanofabrication of diamond pillars, channels or pores.
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