Made available by Hasselt University Library in https://documentserver.uhasselt.be

Growth of Boron-Doped Diamond Films on Gold-Coated Substrates with
and without Gold Nanoparticle Formation

Peer-reviewed author version

NICLEY, Shannon; DRIJKONINGEN, Sien; POBEDINSKAS, Paulius; RAYMAKERS,
Jorne; MAES, Wouter & HAENEN, Ken (2019) Growth of Boron-Doped Diamond
Films on Gold-Coated Substrates with and without Gold Nanoparticle Formation. In:
Crystal growth & design, 19 (6), p. 3567-3575.

DOI: 10.1021/acs.cgd.9b00488
Handle: http://hdl.handle.net/1942/29548



Growth of boron doped diamond films on gold
coated substrates with and without gold

nanoparticle formation

Shannon S. Nicley,* T+ Sien Drijkoningen,’ Paulius Pobedinskas,’ Jorne

Raymakers,T Wouter Maes,” and Ken Haenen'

TInstitute for Materials Research (IMO), Hasselt University, and IMOMEC, IMEC vzw,
Wetenschapspark 1, 3590 Diepenbeek, Belgium
I Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, United

Kingdom

E-mail: shannon.nicley@gmail.com

Abstract

This work describes the growth of boron doped nanocrystalline diamond (B:NCD)
films on gold coated substrates, and methodologies for achieving B:NCD with either
smooth morphologies, or on top of gold nanoparticles (AuNPs) of varying sizes con-
trolled by the surface pretreatment. B:NCD is deposited uniformly over approximately
1 cm? gold-coated substrates. AuNPs of ~100 — 500 nm diameter formed during mi-
crowave plasma assisted chemical vapour deposition, and these were overgrown by
diamond. The size of the AuNPs under the diamond film can be increased by oxy-
gen treatment of the surface prior to growth. AuNPs under the diamond film can
be suppressed by growing a diamond nucleation layer at a lower temperature and in

the presence of CO, in a linear antenna diamond growth reactor. Keywords: Gold



nanoparticles, nanocrystalline diamond, oxygen termination, linear antenna, chemical

vapour deposition

In this work, the formation of gold nanoparticles (AuNPs) under boron doped nanocrystalline
diamond (B:NCD) is investigated with the aim of controlling their size and formation. AuNP
formation under a diamond film is shown to be suppressed by a diamond nucleation layer
grown at lower temperature in the presence of CO,, gas, and the substrate surface treatment
is shown to be important for controlling the size of gold AuNPs.

Diamond is radiation hard,! biologically inert,? highly resistant to corrosion, and has
excellent electrochemical characteristics.>® These properties make diamond exceptionally
versatile, allowing for its use in extreme applications where no other suitable material may
exist.® Diamond can be grafted with biomolecules,” as has already been demonstrated for
biosensing and the fabrication of DNA chips.®!? Analysis of the chemistry of diamond and
biological-molecule interfaces is critical for understanding their resulting properties. Vibra-
tional spectroscopy gives information about the nature of bonding, conformational changes,
and composition, however it can be difficult or impossible on ultra-thin layers. Raman spec-
troscopy, for example, is unable to assess protein layers thinner than 50 nm on diamond. 34
The use of diamond grown onto patterned gold substrates for Fourier-transform infrared
(FTIR) spectroscopy using undoped diamond has proved to be an effective characterisation

13,15 and for glucose sensing.'® The use of insulating di-

method for biomolecules on surfaces,
amond substrates limits these FTIR analysis techniques to methods of functionalisation that
do not use electrochemical grafting, which requires a conducting substrate.!”'® In addition
to conducting substrates for FTIR analysis techniques, other applications for both doped
and undoped diamond grown on gold substrates include corrosion and abrasion resistant
mirrors for harsh environments for solar tracking!® and ultraviolet mirrors. 2

The growth parameters for nanocrystalline diamond (NCD) in microwave plasma assisted

chemical vapour deposition (MPACVD) resonant cavity reactors have been extensively in-

vestigated.?™ Low temperature diamond growth (LTDG) is an area of active research



interest, as processing at low temperatures is important for diamond growth on substrates
with properties such as high thermal expansion coefficients, low melting temperatures, and
high thermal diffusivities.?® Among the possible routes, including modification of deposition
systems and altering the gas chemistry, surface wave plasma linear antenna (LA) deposition
with oxygen-containing gasses (such as CO,) in the gas mixture is considered to be the most
promising LTDG growth process.?” 3 Carbon dioxide is added to the plasma feed gas during
LA growth to ensure effective etching of sp? phases of carbon at low temperatures (320 —
410°C),3%32 which has been shown to be beneficial for diamond grown in LA systems.3?

The formation of AuNPs by annealing thin films of gold has been of significant recent in-

3435 owing to the use of AuNPs as catalysts for growing nanowires>® and for plasmonic

teres
phenomena.3” 4% The use of photonic nanoparticles can aid in the performance of photocat-
alytic chemical production, and diamond thin films with embedded silver nanoparticles have
been shown to enhance optical absorption and photocatalytic activity for the reduction of
N, to NH;.% Arrays of AuNPs could also be used to maximise the absorption in the active
layer of photovoltaic cells, where the particle size and shape are critical for precisely tuning
the light scattering and trapping to maximise the performance.*

There are a number of methods that have been demonstrated for the synthesis of AuNPs. 4546
Colloidal AuNP solutions can be made through citrate reduction,*”* and thiol-stabilised,
water soluable AuNPs of various sizes can be synthesised by reduction of gold salts in the
presence of thiol ligands.?*5* Physical vapour deposition methods include slow evaporation*®
and selective nucleation techniques.® Control of the distribution of NPs has been achieved
using electron beam lithography mask templating,®® or with post-deposition annealing.®”

Thin film annealing is the most high throughput, uncontaminated, and simple method of
AuNP formation, compared to methods such as colloidal deposition, aerosol particle produc-
tion, and electron beam lithography. However the diameter range of the particles obtained

by thin film annealing can be broad, so better understanding and control of the factors,

such as pretreatment, affecting the formation of AuNPs is needed. Analysis of the anneal-



ing temperature and cooling rate on the crystallographic orientation of AuNPs has shown
that annealing at lower temperature yields more faceted, larger particles with a wider size
distribution.®® The surface orientation of the substrates appears to affect the mobility and
crystal structure of AuNPs, % however AuNPs formed on amorphous SiO,-glass substrates
also show faceting, preferring the {111} orientation.?

The formation of nanoparticles (NPs) by annealing occurs as a result of the processes
of coalescence, Ostwald ripening, or as a combination of the two. Coalescence occurs when
two small NPs merge into one larger one, thus reducing the total surface energy. Ostwald
ripening is the most common form of NP formation for NPs that are well supported on a

6061 Tn Ostwald ripening, smaller NPs lose atoms due to

surface and separated in distance.
surface diffusion or evaporation, which then are driven by surface energy reduction to join
larger NPs, making small NPs smaller and large NPs larger. Bechelany et al. studied the
transformation of patterned thin Au films into AuNP arrays by annealing at temperatures
from 400 °C to 1000 °C and in different gas ambients, including air, vacuum, N,, and Ar/H,.
They found that the annealing temperature and gas ambient controlled which NP formation
mechanism was dominant for AuNP formation.%? The surface pretreatment and gas ambient
are important parameters, and the oxidation of very small AuNPs has been shown to be a

complicated process. %3

The nucleation of diamond films on gold foil has been previously reported by Niu et al.,%
however the adhesion was reported to be bad, with films that were easily delaminated. Gold
has also been used as a very thin interlayer (~20 A) for the promotion of renucleation for
low roughness diamond films, % and the selective nucleation and growth on gold compared to
alumina has also been reported.® In this study, B:NCD thin films are grown over gold-coated

substrates, and the morphologies are studied, demonstrating the growth of doped diamond

films over continuous gold substrates.



Results and Discussion

B:NCD was grown over gold-coated 1 cm x 1 e¢m Corning Eagle (CE) borosilicate glass
substrates, as further described in the Methods section. Glass substrates were selected for
the gold coating rather than silicon, as the low temperature Si—Au eutectic causes unde-
sirable diffusion of the Au layer into the Si. Boron doped diamond was grown rather than
insulating, undoped diamond, as conductive diamond films allow for more versatility in the
functionalisation methods of diamond surfaces, including electrochemical grafting. Samples
grown in the same reactor with similar growth conditions showed boron concentrations of
approximately 5 x 10*! cm™ and resistivity (p) below 5m( - cm.%7% The diamond films in
this study were grown at a lower temperature and at a lower growth speed, however these
two effects have opposite effect on the boron incorporation, as higher growth temperature
and lower growth speed have both been shown to increase the boron concentration. %% As
a result we expect the conductivity and resistivity to be similar to previous studies, however
the precise values are not critical to the results of this work.

The gold coating extends to within ~1 mm of the edge of the substrate, as shown in
Figure 1A, and the appearance of the diamond, grown over the whole surface, is shown in
Figure 1B. Atomic force microscopy (AFM) scans of the gold-coated substrate prior to any
diamond growth or thermal treatment showed smooth surfaces, such as the 5pym x 5pm

scan shown in Figure 1C with root mean squared (RMS) roughness of 2.7 nm.

Analysis of Edge and Centre Regions

Scanning Electron Microscope (SEM) investigation of the film morphology showed high qual-
ity NCD, with grain sizes on the order of several hundred nm, as shown in Figure 1D-E. The
B:NCD grown over the gold-coated centre region of the substrate, shown in Figure 1D has a
very similar morphology to the edge region without gold coating, as shown in Figure 1E. The

similarity between the appearance of the NCD grown over the gold-coated centre region of
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Figure 1: B:NCD on gold-coated substrates a) Macro lens camera image of a gold substrate
showing the uncoated ~1 mm edge b) B:NCD deposited on a gold-coated substrate ¢) AFM
scan of a gold-coated substrate, as deposited before any thermal treatment or diamond
growth d) SEM micrograph of NCD facets in the centre region grown over the gold-coated
substrate e) SEM micrograph of NCD facets grown over the edge region without gold coating
f) Representative Raman spectra of the centre and edge regions, with the intensity normalized

to the Fy, peak.



the substrate, compared to the edge region without gold coating, indicates that the nanoscale
morphology at the diamond surface is unaffected by the presence of the gold. Raman spec-
troscopy was performed in two regions on the sample surface: the edge region where the
B:NCD was grown directly over the glass substrate, and in the centre of the B:NCD coated
gold region. Two representative spectra are given in Figure 1F. The spectra are normalised
to the height of the Fy, (diamond) peak ™™ at 1332 cm™'. This normalisation accounts for
possible differences in the measured Raman intensity due to the increased reflectivity over
the gold.

There are significant differences in the Raman spectra measured on the edge and centre
regions of the B:NCD on the gold-coated substrate. Both regions show a v; band, at ap-
proximately 1200cm™t. We have considered that this peak could be related to disordered
diamond due to boron doping, arising from a maximum in the density of vibrational states
in disordered carbon,” or potentially from a contribution due to Si—O stretching from the
glass substrate, though the Si—O stretching contribution is an order of magnitude lower
in intensity.”™ If this peak were primarily due to boron related disorder we would expect
the effect to be the same both in the centre and at the edge, given that the films have a
similar morphology and were grown under the same conditions, and if it were due to the
glass substrate we would expect the effect to be more pronounced on the bare glass. We
therefore attribute this peak, which is significantly more pronounced in the centre region
over the gold-coated area, to be primarily due to a deformation mode of CHx bonds in the
NCD film.™ The interaction of hydrogen with gold surfaces is not fully understood, due to
the inertness of bulk Au, however there is significant evidence for the formation of Au—H

75-78

bonds, especially on AuNPs. Previous reports have shown that the formation of AuH,~

and AuH,  on gold surfaces is stabilised by relativistic effects,”™ and that Au—H bonds are
likely to form in electron-rich systems,®° particularly when exposed to hydrogen plasmas.®!

We therefore propose a mechanism in which Au—H bonds form upon exposure to the hydro-

gen plasma, and are trapped at the interface during overgrowth. The incorporated H then



has sufficient mobility in the diamond lattice to diffuse to form C—H bonds, which are more
stable under annealing.®? This process then leads to increased CHx bonds in the NCD film
over the gold region as compared to the uncoated edge region.

The D band at 1350 cm™! is related to disordered carbon, and the G band at 1588 cm ™!
is related to graphite.®3® It should be noted that the relative intensity of the sp® and
sp? bonded carbon peaks do not imply a similar ratio within the films, since depending
on the excitation wavelength, the Raman signal can be significantly more sensitive to sp?
bonded carbon, as is the case for the 488 nm excitation wavelength used.®! The edge region
showed considerably higher D- and G-band features in its Raman spectrum as compared to
the centre. The origin of this additional sp?-content is assumed to be at the interface of
the NCD and the glass substrate. An increase in graphitic content also explains the dark
appearance of the edge region, as seen in Figure 1B. As this sp?-carbon enriched region does
not seem to form over the gold region, its appearance is not detrimental to the formation of

the diamond-coated gold structure.

Formation of Gold Nanoparticles Under Diamond

Although the nanoscale morphology of the NCD over the edge and centre regions shown in
Figure 1D-E are very similar, at the microscale, the gold-coated area has bump features, as
shown in Figure 2. These small (~1 pm) features appear only on the area of growth over the
gold-coated substrate. Considering the geometry of a coated object, a bump feature with
an apparent size of 1jm could be a spherical particle with a radius of 210 nm, coated by
290 nm diamond.

The bumps are fairly uniformly distributed, as shown in Figure 2A, and the well faceted
NCD morphology is continuous over the bump surface, as shown in Figure 2B. Energy dis-
persive X-ray (EDX) mapping was performed on a representative region, shown in Figure 2C.
The mapping of C, Au and Cr are shown in Figure 2D-F. The distribution of gold is sub-

stantially higher in the bumps. A thin layer of Cr had been deposited to improve the gold



Figure 2: Diamond growth over AuNPs a) SEM micrograph in the centre region grown over
the gold-coated substrate showing small bumps that form as a result of AuNP formation
during thermal annealing under the diamond growth conditions b) SEM micrograph showing
the NCD on the surface of these AuNP bump features have crystal facets like the surrounding
surface, indicating the diamond overgrows the AuNPs. ¢) Backscattered electron image of a
typical area in the centre region grown over the gold-coated substrate d)-f) EDX mapping
of C, Au and Cr, respectively, of the region shown in c)



adhesion on the CE glass substrate surface, however the Cr remains uniformly distributed
under the diamond surface, which indicates that the bump features are composed of gold.
We therefore assign these features to be gold nanoparticles (AuNPs) which form by thermal
annealing during the early stages of the diamond deposition process, and are then overgrown
by diamond.

Bechelany et al.% found that the annealing temperature controlled which NP forma-
tion mechanism was the dominant process for AuNP formation in an Ar environment, with
primarily coalescence processes occurring at 400 °C, and Ostwald ripening becoming more
dominant through 1000°C. They also investigated the effect of the annealing environment.
Annealing in an Ar/H, gas ambient at 1000 °C (rather than in an inert Ar or N, atmosphere)
suppresses Ostwald ripening, which is dominant at the same temperature in the inert at-
mosphere. Bechelany et al. speculated that this was due to the effect of significantly fewer
metal-oxygen bonds in the reducing atmosphere. In this work, gold films are exposed to
a predominantly H, plasma environment at approximately 450 — 500 °C. Based on the the
results of Bechelany et al., we therefore expect that coalescence is still an important process
at this substrate temperature, and that the effect of Ostwald ripening should be suppressed
by the presence of the H, reducing environment.

SEM investigation of the region at the boundary between the gold-coated and uncoated
substrate regions shows a large interfacial region between the coated centre of the substrate
on the left side of Figure 3A, and the uncoated edge region, shown on the right. As expected,
the AuNP features occur only on the gold-coated region. The AuNPs within a few tens of pm
of this boundary are not all completely covered by the overgrown diamond layer, as shown in
Figure 3B. These AulNPs are perhaps not covered due to the longer diamond growth duration
required to form a cohesive film from the top of the gold covered substrate area down to the
uncoated glass region below, and this additional time before the cohesive film forms gives
these AuNPs the chance to evolve to a sufficiently large height as to remain uncoated during

the subsequent deposition. EDX spectroscopy performed on similar uncovered, faceted NPs
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confirmed their gold composition (Supplemental Information Figure S1). These gold parti-
cles are much larger than those which were covered during the diamond growth, which we
attribute to the much longer exposure to the hydrogen plasma, as they were able to continue
to evolve over the entire duration of the diamond growth. These particles are markedly
faceted, as expected for approximately the temperature (424 °C) Kracker et al. found gave
the most faceted AuNPs in their annealing experiments.®® At higher temperatures (965 °C)
they observed that the AuNPs formed rounded shapes, and concluded that a faceted texture
formation is caused by self organisation during dewetting, which does not occur during the
solidification process following melting. The formation of the highly faceted AuNPs shown
in Figure 3B gives support to the conclusion that the facets form during dewetting, and
further shows that the process is not hindered by the predominantly H, plasma environment

of the diamond growth processing conditions.

Buckling Driven Delamination

The process of buckling driven delamination was investigated to explain the large bubble
features in the boundary region shown in Figure 3A. These features are significantly larger
than AuNP features distant from the boundary region. The analysis of buckling failure
mechanisms in compressed thin films can be applied to determine if the features arise from
an equiaxial compressive stress state oy due to the thermal expansion misfit of the diamond
film and the gold substrate.®® As a film cools over a change in temperature AT = (T, — Tgr)
where T}, is the growth temperature and Try is room temperature, the film and substrate
contract according to their coefficients of thermal expansion, a; and as. A compressive stress

develops due to Aa = as — ay, given by,

oo = EAaAT/(1 —v) (1)
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where E' is the Young’s modulus and v is the Poisson ratio of the film. Assuming the reason-
able values®” of £ =1220GPa, v = 0.2, and Aa =13 x 107K~!, for a growth temperature
T = 500°C gives a compressive stress of 0y =9.46 GPa. It should be noted that this is sig-
nificantly lower than the approximately 17 GPa that it is estimated can be accommodated
by diamond films before delamination occurs (for ~ 1pm thick undoped polycrystalline
diamond films). %

The formation of buckling features can also be analysed by considering a buckling index, 8

defined as,
= (1—v*)(o0/E)(L/N)? (2)

where h is the film thickness, and L is the diameter of a buckling separation. The relationship
of eq. (2) can be solved to determine the diameter of a delamination at the onset of buckling,
Ly. The buckling index is set equal to the critical buckling index required to initiate a circular
buckle, II = II, = 4.89.%¢ For the measured thickness of A = 290nm and the parameters
given above, this gives L, = 7.5 pm (which we note is much larger than the AuNPs shown in
Figure 2, and therefore the AuNPs bumps could not alternatively be attributed to buckling
delamination). This process gives a good explanation for the larger bubble features shown
in Figure 3A, and we therefore assign these features observed at the edge of the gold region
to delamination. As these features form only in the region at the edge of the gold coated
region, it is also possible that the buckling delaminations form only over a region coated by

chromium or without coating over the bare glass.

UV-o0zone Treatment Before Growth

To investigate the effect of oxygen-metal bonds on the AuNP formation, a 290 nm B:NCD
film was grown on a A/u/Cr coated substrate that was pretreated with 1 hr UV-ozone
exposure before growth, as gold surfaces are known to oxidise when exposed to ozone.3 9!

The resulting morphology after the UV-ozone treatment was then compared to the untreated

12
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Figure 3: Morphology at the edge of the gold region. a) SEM micrograph with the gold-
coated, lighter region on the left. There is a transition region in the middle with large bump
features caused by buckling delamination, and the uncoated glass substrate region on the
right of the image shows no AuNP features. b) SEM micrograph of larger AuNPs that form
only near the edge of the gold region. Some of the AuNPs remain uncoated by diamond and
show well defined crystalline faceting
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case, as shown in Figure 4. Compared to the untreated case, the UV-ozone treated sample
shows larger sized AuNP formation. This indicates that oxygen surface pretreatment plays a
critical role in controlling the size of the AuNPs.%%%2 That the UV-ozone treatment increases
the size of the AuNPs supports the conclusions of Bechelany et al., that the presence of
oxygen-metal bonds makes Ostwald ripening the dominant AuNP formation method, which
results in a distribution of particles skewed toward larger NPs. Further, these results indicate
that this process is not only affected by the annealing ambient, but also by the surface

pretreatment.
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Figure 4: Oxygen treatment and AuNP particle size a)-b): SEM micrographs of represen-
tative regions over the gold-coated centre for a) Au/Cr surface untreated before standard
seeding and growth and b) Au/Cr substrate treated for 1 hr in UV-ozone. c)-d): mapping
of the AuNPs from image thresholding ¢) from the image of a), the untreated substrate
and d) from b), the UV-ozone treated substrate. e)-f): SEM micrographs of representative
coated AuNPs from e) the untreated substrate and f) UV-ozone treated substrate. g)-h):
histograms of the apparent particle diameters obtained from the threshold mappings g) from
the mapping in c¢), the untreated substrate and h) from the mapping in d) the UV-ozone
treated substrate

Linear Antenna Nucleation Layer

To further explore the factors affecting formation of AuNPs, growth in a linear antenna di-

amond reactor at a lower deposition temperature and in the presence of CO, was explored.
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As the linear antenna reactor set-up did not include boron-containing gas, a 70 nm undoped
diamond nucleation layer was grown, and then a conductive layer was grown over the top
using the same conditions as for the previous samples in the conventional microwave plasma
(MWP) reactor. The presence of the undoped diamond layer is not expected to be prob-
lematic for applications such as the characterisation of diamond surfaces functionalised by
electrochemical grafting, as the insulating glass substrate requires that the electronic con-
tacts are made to the top surface of the diamond, which in this architecture remains the
conductive boron doped layer.

The morphology of the 70 nm nucleation layer over the gold coated region of the substrate
is shown in Figure 5A. This nucleation layer shows the presence of diamond plates, as
has been previously observed for similar deposition conditions,*’ and no evidence of AuNP
formation. The B:NCD layer was then grown over the LA nucleation layer. The overgrown
layer remained smooth, with no AuNP formation. We attribute the absence of AuNPs to
the lower growth temperature in the LA system and the presence of CO, in the feed gas.
The CO, promotes oxygen-metal bonds which suppress the coalescence process, and the low
temperature suppresses the Ostwald ripening, effectively preventing both processes of AuNP
formation.

The edge region also smoothly transitioned from the gold to the uncoated regions of the
substrate, as shown in Figure 5B. The compressive stress in the film for a growth temperature
T = 370°C in eq. (1), gives 09 =6.88 GPa, only 73% of the oy =9.46 GPa obtained for the
case of T = 500°C. We attribute the lack of buckling at the edge region to this lower
09, which can be accommodated without initiating buckling, even in the edge region. We
assume that Aa between the doped diamond layer and the undoped nucleation layer is
negligibly small, and therefore the doped layer also shows no buckling, even following the

higher temperature deposition.

15



eA\VEQ TAAT

t ,J}'«"\r\z‘r AR YA BRay

Figure 5: Linear Antenna Nucleation Layer a) SEM micrograph showing the morphology
of the 70nm thick diamond nucleation layer grown in the linear antenna reactor b) SEM
micrograph of the region at the edge of the gold-coated and uncoated regions. The call-
out images show the morphology at the indicated positions on the gold edge showing the
continuous diamond film morphology even across the coated and uncoated boundary region

Conclusion

We have grown boron doped diamond on 1cm? gold-coated substrates, and demonstrated
control over the formation and size of AuNPs overgrown by the diamond layer. The diamond
grown over the gold-coated region has a higher H-concentration than the uncoated edge
region, and the edge region shows higher sp? content. For 290nm diamond film growth
in a conventional MW reactor, AuNPs form and are overgrown by diamond. The UV-
ozone treated substrate showed larger AuNPs than untreated substrates, which we attribute
to the role of metal-oxygen bonds in promoting Ostwald ripening during the dewetting
process, resulting in a distribution of particle sizes skewed toward larger particles. AuNPs at
the boundary between the gold-coated and uncoated substrate regions were not completely
covered by the diamond layer, and showed marked faceting, consistent with formation by
long, low-temperature annealing in a reducing atmosphere. The formation of AuNPs can

be suppressed completely by growing a nucleation layer of diamond in a LA reactor prior
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to B:NCD deposition, due to the suppression of both the Otswald ripening and coalescence
mechanisms in this growth environment. These results represent an increased understanding
of the factors affecting AuNP formation, and we have demonstrated the growth of smooth
boron doped diamond layers on gold coated substrates without AuNPs. This work will allow
for the synthesis of B:NCD on gold films which are useful for, among other applications,
characterisation of electrochemically grafted diamond surfaces. Furthermore, we expect that

the results of this study will inform future work on the optimisation of AuNP formation.

Methods

lem x 1em borosilicate glass substrates (Corning Eagle 2000) were cleaned using an RCA1
clean (5:1:1 - H,O:NH,:H,0, at 80°C for 10 min), flushed with millipore filtered deionized
(DI) water, and then cleaned with an RCA2 clean (6:1:1 - H,O:HCL:H,0,, at 80°C for 10
min). The samples were rinsed with DI water and dried with nitrogen before they were
transferred to a glovebox with a <10 ppb O, and <10 ppb H,O environment for metal
deposition.

Thermal evaporation was performed with a shadow mask covering the outer 1 mm rim of
the substrate. A 30nm layer of Cr is deposited to improve adhesion. 100nm Au was then
deposited without breaking vacuum, forming the gold-coated substrate. The samples were
removed from the glovebox environment following the metal deposition. The appearance of
a gold-coated substrate is shown in Figure 1(a).

UV-ozone treatment was performed using a Benchtop UV-ozone Cleaner (Novascan, PSD-
UV) for 1 hr. The cleaner chamber was pumped for 10 min to evacuate the ozone after the
treatment and then the sample was immediately diamond seeded and loaded into the growth
reactor.

Seeding of the substrates prior to diamond deposition is done with a colloidal suspension

of detonation nanodiamonds 6 — 7 nm in size (NanoCarbon Institute Co., Ltd.) with a zeta
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potential of (45 + 5) mV, diluted in water to a concentration of 0.33gL~!. The seeding
solution is drop-cast and then spun at 4000 rpm on a commercially available spin coater
(WS-400B-6NPP/LITE, Laurell Technologies Co.). The sample is rinsed continuously with
deionized water during the first 20s of spinning, and then allowed to spin-dry.

The growth of an undoped diamond nucleation layer was performed in an LA CVD sys-
tem.?® The plasma feedgas was 5% methane and 6% CO, in hydrogen, and the microwave
power and pressure were 2.4 kW and 0.21 mbar, respectively. The film thickness was mon-
itored by in situ laser reflection interferometry and stopped when the desired 70 nm film
thickness was reached. The substrate temperature during growth was 370 °C, without any
external heating applied.

B:NCD is deposited by MWP assisted chemical vapour deposition (CVD) in a 2.45 GHz
microwave power supply reactor (6500 series, ASTEX). The vacuum chamber was pumped
down prior to deposition by turbomolecular pump to a base pressure of <5 x 107 mbar. The
forward power was set to 2300 W, and the working pressure was held at 11 Torr. The total
flow rate of the predominantly H, process gas was 500 sccm, with a 1% CH, concentration and
a TMB/CH, ratio of 20,000 ppm (2%). The substrate to plasma distance was estimated to
be less than 1 mm. The temperature during growth was assessed by an infrared pyrometer
(Cyclops 52, Minolta), however the growth temperature, measured at 450 — 500 °C, was
below the recommended range for the instrument, and is therefore an estimated value. The
thickness of grown films was determined in situ by observing the interference fringes of a
405 nm laser, and the deposition over the continuous gold substrate was stopped after 19 h
at a thickness of 290 nm.

Micro-Raman spectroscopy (164000, Horiba Jobin-Yuan) was carried out over the range
of 100 — 2200 cm~! with a confocal microscope at 100 x magnification, and a 488 nm wave-
length Ar-ion laser (SHG-95, Lexel) at 400 mW. Scanning electron microscopy (SEM) and
EDX mapping (Quanta 200F, FEI) were performed at 15 keV — 20 keV. AFM scans were

performed on a Bruker Multimode 8 in tapping mode.
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