Carbon 260 (2026) 121977

FI. SEVIER

Contents lists available at ScienceDirect
Carbon

journal homepage: www.elsevier.com/locate/carbon

Check for

One-step fabrication of diamond microtubes: A proof of concept | el

J. Millan-Barba *™ @, F. Lloret > ®, P. Pobedinskas “*“

D. Araujo ™°

@ Department of Applied Physics, University of Cadiz, Puerto Real, Spain

> IMEYMAT, Puerto Real, Spain

¢ IMOMEC, IMEC vzw, Diepenbeek, Belgium

4 Institute for Materials Research (IMO), Hasselt University, Diepenbeek, Belgium

, K. Haenen “9®,

€ Department of Materials Science, Metallurgical Eng. & Inorganic Chem., University of Cadiz, Puerto Real, Spain

ARTICLE INFO ABSTRACT

Keywords:
Microtubes
Diamond
Polycrystalline
Fabrication

A one-step methodology for the synthesis of diamond microtubes is proposed. Starting from carbon fibre (CF)
substrates, diamond microtube is grown by Microwave Plasma Enhanced Chemical Vapour Deposition (MW PE
CVD). Thanks to the graphitic nature of the CF, the substrate decomposition process (etching) takes place at the
same time as the diamond layer grows on the CF substrate surface. The balance between the diamond growth rate

and the CF etching is the key to obtain self-supporting microtubes. In addition, the nanodiamond seeding pre-
treatment prior to MW PE CVD growth has been shown to play a main role in the process, adjusting the rela-
tionship between diamond growth and carbon etching. This work is a proof of concept of the diamond microtube
fabrication, in which the formation process and morphology of the diamond microtubes are structurally evi-
denced by Scanning Electron Microscopy, while Raman spectroscopy and High-Resolution Transmission Electron
Microscopy allow to demonstrate the diamond nature of the microtubes.

1. Introduction

Microtubes are used in biomedical applications acting as components
in diagnostics equipment, mono-dispenser drop [1], or electrodes [2-4].
Techniques such as Lab-on-a-Chip (LOC) [5] or micro Total Analysis
Systems (PTAS) [6,7] require micro elements, like microtubes, for a
precise control and manipulation of fluids and particles in a micro scale
size. For this purpose, several methods have been reported for creating
tubular capillary structures. For example, polycaprolactone microtubes
(15 - 30 pm) are used to deliver effective drugs for most central neural
system disorders [8]. Other authors use titania microtubes implanted in
the brains of rodents to supply drugs, although integrity, acceptance of
the implant and immunohistochemistry were only assessed during the
six months of implantation [9]. Microtubes can even be integrated into
biosensors carrying fluids to detect biological and chemical molecules
with high sensitivity [10]. Nevertheless, most of the base materials of
these microtubes, such as silver [11] or silicon [12], present significant
disadvantages in terms of biocompatibility and long-term stability. Sil-
ver is susceptible to oxidation, which limits its use in biomedical ap-
plications, and silicon, which also oxidises, can be brittle and susceptible

to degradation in certain environments.

In the field of biomedical applications, the biocompatibility of ma-
terials is crucial to prevent inflammatory responses or rejection by the
organism. Diamond stands out as an exceptional candidate due to its
excellent biocompatibility [4], hardness, thermal conductivity, low co-
efficient of thermal expansion, chemical inertness and wear resistance
[13], overcoming limitations of conventional materials such as titanium
or stainless steel [14,15]. Furthermore, when appropriately doped with
boron, diamond can acquire conductive properties making it a versatile
material for electronic applications and biosensors. Semiconducting
properties or even metallic-like electrical conduction can be achieved in
diamond [16,17], while maintaining its biocompatible properties [18].
This unique combination of biocompatibility and tuneable electrical
conductivity makes diamond a promising material for brain-machine
interfaces and implantable medical devices, offering solutions to chal-
lenges presented by other materials in terms of longevity and stability in
biological environments [19-21]. For example, boron-doped diamond
microtubes could be used for applications as drug delivery [9], neuronal
stimulation [22], or biomolecule sensing [23].

Other useful functions that microtubes can perform include heat
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Fig. 1. SEM micrographs of a) diamond nanoparticles seeding density on CF surface (some diamond seed grains agglomerations are marked by red arrows), and b)
diamond clusters grown on CF after 10 h growth by MW PE CVD. Etching craters on the CF surface (grey) between diamond clusters grown (white) are observed and
marked with red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

transfer [24,25], waveguides [26] and needle fabrication [27,28]. Dia-
mond offers a solution in areas such as microfluidics or microelectronics.
For instance, the high surface-to-volume ratio of microtubes facilitates
exceptional high heat transfer efficiency [29-31] that, combined with
diamond's high thermal conductivity, can allow the development of
compact heat exchangers for electronic devices. This feature is espe-
cially valuable for applications that require efficient thermal manage-
ment in limited spaces. On the other hand, diamond microneedles can be
used to produce free-standing diamond (100) crystal, as demonstrated
by Koyama et al. [28]. Their method involves the continuous growth of a
diamond layer on the top of a pattern of sufficiently close diamond
microneedles, followed by a controlled cooling phase, which induces
strain-induced breakage of the microneedles. This causes those micro-
needles to fracture creating free-standing diamond layer. Finally, elec-
trically conductive boron-doped diamond microtubes have
demonstrated significant potential in electrochemical sensing of drugs,
organic compounds or heavy metals [32].

Nevertheless, diamond microtubes fabrication is still a challenge.
Mainly, they have been reported to be fabricated in a two-steps process.
This process uses a wolfram made microtube substrate upon which
diamond is grown by chemical vapour deposition (CVD). Once the
microtubes are covered by diamond, the substrate is removed by a
chemical etching. This is a two-step process: 1. growth and 2. etching
[33,34]. By this method, 30 mm long diamond microtubes are reached
on a wolfram wire while hydrogen peroxide is used for the substrate
etching [35-38]. Authors use microwave plasma enhanced (MWPE)
CVD system for the diamond growth [33]. However, this process re-
quires a significantly longer growth time (about 24 h) compared to the
7-16 h required for hot filament (HF) CVD system. To be followed by a
further lengthy process (24 h) to remove the tungsten substrate, which
increases the manufacturing costs. In addition, in terms of operational
functionality, the internal roughness (Ra) of the resulting microtubes
reduces the fluid flow. The manufacturing process of microtubes using a
mould (fibres or wires) ensures that the inner wall of the microtube will
replicate the roughness of the mould.

To reduce the required fabrication time, a one-step process has been
developed using a copper-coated graphite wire as substrate and a
HFCVD reactor to grow the diamond and etch the substrate at the same
time [39]. Despite this innovative improvement, microtubes only reach
lengths of tens of microns and may contain copper residues, which
makes it non-biocompatible [40]. This makes this method unsuitable for
biomedical applications.

To overcome the manufacturing and biocompatibility challenges
associated with previous methods, this work uses carbon fibre (CF) as

substrate on which boron-doped diamond (BDD) microtubes are fabri-
cated in a one-step process. Here, the polycrystalline diamond micro-
tubes are grown at the same time as the CF substrate is etched. The
feasibility of BDD growth on CF by MW PE CVD has previously been
described [41], where several observations arise from the growth con-
ditions. At low temperature, the etching process is faster than diamond
growth, while at high temperature it is opposite. Properly tuning those
parameters one can reach CF etching at the same time allowing diamond
growth. Then, the internal surface of the grown tube is as flat as that of
the CF support. In addition, to promote the diamond growth, diamond
seeding pre-treatment is used. Typically, diamond seeds are used for two
objectives: (i) to promote the diamond growth and (ii) to act as pro-
tective layer against degradation of the substrate by hydrogen plasma.
Therefore, the seeding density in the CF needs to be controlled to allow
for degradation of the substrate while growing the diamond microtube.

This work is a proof of concept of a one-step diamond microtube
fabrication process. The growth process and morphology of the diamond
microtubes are revealed by Scanning Electron Microscopy (SEM) ob-
servations. The diamond nature of the polycrystalline microtubes was
determined using High-Resolution Transmission Electron Microscopy
(HR-TEM), and the diamond phase purity (sp®/sp? carbon ratio) and
boron doping incorporation has been evidenced by Raman spectroscopy.

2. Methodology

Commercial polyacrylonitrile (PAN) CFs “HexTow AS7’’ (from
Hexcel corporation) were used as a substrate for the diamond microtube
formation. The AS7 CFs were in tow format, which is a narrow tape of
12,000 CFs filaments arranged in the same direction with ~5 cm length,
where each CF has a diameter of 6.9 pm. The tow substrate was diamond
seeded by the immersion of the tow in a solution of diamond nano-
particles in DI water [42,43]. Diamond growth was performed over one
tow using MW PE CVD in a clamshell ASTeX 6500 series system [44]. A
gas mixture of methane, hydrogen and trimethylboron (TMB, diluted in
Hj at 1000 ppm) was used in a proportion of 5 sccm, 455 scem and 40
sccem, respectively. The B/C ratio was 8000 ppm. The working pressure
and MW power were set at 35 Torr and 3.5 kW, and the growth time was
10 h. The tow was held in the reactor chamber with a homemade Mo
holder. The temperature was estimated in a range between 650 and
1200°C along the CF tow, measured by a single-color optical pyrometer
with the emissivity set to 0.6. The broad temperature range is attribut-
able to the fact that the 12,000 tow fibres, with a length of 5 cm, are
subjected to varying temperatures in accordance with their respective
positions relative to the plasma zone. Consequently, CFs closer to the
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Fig. 2. CF tow inside a MW PE CVD chamber during a diamond growth process.
The different colours of the CFs that compounds the tow evidence the wide
range of temperature of the CFs substrates. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

interior of the plasma with higher energy density experience more
heating than CFs inside the tow.

The seeding pre-treatment and the resulting sample from the dia-
mond growth were observed by scanning electron microscopy (SEM)
using a Solaris Tescan UHR FESEM FIB microscope to analyse its
morphology. For the compositional study of the microtube, MicroRaman
spectrometry was performed using LabrRAM HR spectrometer from
Horiba Jobin-Yvon interfaced to an Olympus microscope. The excitation
wavelength was 488 nm. The spectrometer was calibrated using the
silicon F1g peak at 520.2 cm ™. The raw Raman spectra were corrected
for instrumental response, the temperature effect, and the frequency
factor as described in Ref. [45]. The sps/sp2 carbon bond ratio content
was estimated from Raman spectra using the method described by
Fortunato et al. [46]. The area intensities of the peaks and bands were
obtained from a Raman spectrum multipeak deconvolution using the
Lorentzian function by Origin© 2018 software.

In addition, HR-TEM study of the microtube composition was carried
out by a TEM lamella of the polycrystalline microtube, which was pre-
pared using an FEI Scios 2 DualBeam focused ion beam/scanning elec-
tron microscope (FIB/SEM) equipment. Subsequent high-resolution
transmission electron microscopy (HR-TEM) characterization was per-
formed using an FEI Talos F200X microscope.

Diamond deposition

High Seeding Density = Smooth Surface Low Seeding Density = Rough Surface
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3. Results and discussion

Diamond nanoparticles seeding has been used as pre-treatment on
the CF surface prior to diamond growth. After the nanodiamond seeding
pre-treatment, a homogenous distribution of the diamond nanoparticle
agglomerations can be observed in Fig. 1(a) by SEM. Together the
seeding nanoparticle agglomerations, in the raw CF surface is observed
longitudinal grooves characteristics of the manufacturing process [47].
The diamond seeding agglomerations, seen as small white dots on the
surface and marked by red arrows, are covering between 28% and 40%
of the total CF surface (12.9 - 10°+0,3 agglomerated seed parti-
cles/cm?). Take into account, that in addition to the observed seeding
particle agglomerations covering the CF, individual nanoparticles below
the SEM resolution are also deposited. The diamond seeding density
affects the CF etching process acting as a barrier for the plasma to reach
the CF surface and eliminate the substrate. This range of seeding density
was optimised to achieve a balance between diamond growth and CF
etching to obtain the microtubes.

The seeded CF tow was introduced into the MW PE CVD system for
the diamond growth where the diamond nanoparticles begin to grow
while the hydrogen species of the plasma etch the CF. The etching
process starts on the non-covered areas of the CFs surface, generating
cavities around the diamond grains. It is known that diamond seeds
nanoparticles are subject to etching in the early stages of growth,
reducing the coating density on the surface of the CF [48]. The surviving
nanoparticles and their agglomerates, together with the carbon nano-
wall formations generated during the diamond growth process on CF
described in previous work [49], serve as the nucleation sites for the
polycrystalline microtube. Fig. 1(b) shows a SEM micrograph of a CF
where the growth conditions were not sufficient to achieve a high
growth and etching rates to produce a microtube after 10 h. Etching
craters and diamond clusters grown are visible by the white-black
contrast and they are marked on the figure. This image is correlated
with the initial state of microtube formation.

Making an interjection about the description of the microtube for-
mation process, a question arises as to why CFs as illustrated in Fig. 1 (b)
and microtubes (covered subsequently in the manuscript) are obtained
in a single process after 10 h? In response, Fig. 2 shows the different
temperatures that reach the CFs of the tow during a diamond grow
process in the MW PE CVD system. This temperature difference can be
attributed to two primary reasons: (i) The CFs, constituting a discon-
tinuous set of 12,000 units (a tow), exhibit non-uniform dispersion. This
is due to the fact that, during the manipulation and seeding process, the
filaments extend beyond the confines of the tow surface. The substrate
temperature undergoes variation from the top CFs, which have higher
temperature due to its proximity to the zone with the highest energetic
density of the plasma, to the inner CFs of the tow. This variation gives
rise to changes in the diamond growth and CF etch rates, thus enabling
the observation of different growth results in a single attempt. This is
caused by the uneven temperature (650 — 1200°C) of the CF filaments
across the tow. Consequently, the filaments that protrude attain a higher
temperature of 1200°C, while the filaments further away from the
plasma reach a lower temperature of up to 650°C. (ii) In addition, the

Diamond clusters grown  Craters by etching

Cross-section view

Fig. 3. a) Diagram of the MWPECVD polycrystalline diamond microtube formation process on a CF with a high diamond seeding density (28%-40% of the surface).
The bare CF is shown in light grey, and the CF etched in dark grey. b) Diagram showing diamond growth on a CF and the CF etching process on a low diamond

seeding density CF.
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Fig. 4. Micrographs of cylindrical incomplete self-supporting polycrystalline diamond microtube at a) with an advanced stage of diamond microtube formation
where the deteriorated substrate continues to remain in the interior, and b) almost fully formed microtubes with some holes in the surface. The inset in b) shows an

individual hole in the polycrystalline diamond layer.

plasma shadow effect caused by the tow CFs among them. By this effect
the CFs above and closer to the high-energy density zone of the plasma
act as a barrier, reducing the energy density of the plasma that reach the
CFs inside the tow, thereby reducing its temperature. However, not only
changes the CF's temperature, but it also results in a decrease in plasma
species density as it penetrates the tow, affecting the growth and etch
rates. CFs placed in the outer zone of the tow receive higher number of
species from the plasma, while the inner CFs of the tow are hidden by
external CFs. CF filaments closer to the plasma create different growth
and CF etch rates in the subsequent CFs without direct contact with the
plasma.

The microtube formation from the CFs is a process affected by the
diamond growth and CF etch rates. Depending on these rates the
microtube formation reaches its complete form. In turn, these rates
depend mostly on the substrate temperature as shown in Figs. 1 and 2,
and thus in the proximity of the CFs to the plasma and the shading effect
of the CFs. As both rates are proportional mostly to the temperature,
influenced by the position of the CF relative to the plasma and other CFs
under identical growth conditions (MW power, pressure, gas mixture,
etc.), it can be observed that at low growth and etch rates obtained in the
CFs at the lowest temperatures (~650°C), it can be observed the initial
stage of the diamond formation in Fig. 1(b).

Continuing with the analysis of microtube formation, Fig. 3(a) shows
a diagram of the diamond microtube formation process where a high
diamond density is used, and the diamond growth is fast enough to form

a self-supporting tube before the CF disappears. As a result, the internal
roughness of the microtube is the same as the CF surface. However,
when a low seeding density is used (Fig. 3(b)), the diamond growth rate
is not sufficient to completely cover the CF, but the CF etching occurs,
resulting in a non-flat grown layer or a non-self-supporting microtube.
Finishing in higher roughness on the inner surface of the microtube.

By focusing on zones of the tow with CFs at an intermediate tem-
perature during the growth process (higher than in the CF of Fig. 1(b)),
the diamond growth and CF etching rates increase. The clusters of dia-
mond grains become larger and begin to bond together, forming an
irregular diamond layer with void areas or holes. At this point, the
polycrystalline diamond layer begins to be self-supporting, but it is not
completely closed so the remaining graphite of the CF can still be etched
by its exposure to the plasma (Fig. 4(a)). Once the diamond nanotube is
almost closed, the few gaps left allow us to verify that the tube is empty
(Fig. 4(b)). The inside of the tube is emptied thanks to the hydrogen that
enters through the micro holes and through the tube inlets, forming
volatile CHy. The micro holes observed in the inset of Fig. 4(b) are then
filled out as the diamond growth rate increases.

Finally, analysing one of the resulted formations located with the
highest temperature zones during the process (900 — 1200°C), a
microtube is obtained. For higher diamond growth and etching rates, the
process produces a tubular structure in which the CF substrate has been
completely eliminated. With the tube completely closed, its interior
remains isolated from the plasma and, therefore, the diamond cannot

Fig. 5. Micrographs of a) polycrystalline boron-doped diamond microtube with micro grain size, and b) an enlargement from the microtube end.
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Fig. 6. Raman spectrum signal (black line) obtained on a BDD microtube.
Peaks and bands (coloured deconvolution) were deconvoluted using the Lor-
entzian function to generate the cumulative fitting curve (red line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

grow on that side. This process results in a hollow diamond tube, shown
in Fig. 5(a). Evidence confirming the hollow nature of the microtubes is
provided in Fig. S1 of the Supplementary Information. The growth
conditions used here and the CF temperature after 10 h allows the bal-
ance between the diamond growth and the CF etching rates, reaching a
microcrystalline size of diamond grains. The resulted microcrystalline
diamond tube has an outer diameter of 13.0 & 0.1 pym, and an inner
diameter of 6.9 pm. The inner diameter matches the nominal diameter
of the CF, suggesting that it has been fully etched. A magnification of the
end of the microtube in Fig. 5(b) shows the inner face of the tube.

As aresult of a balance between the diamond growth and the etching
rates, diamond microtubes from CF substrates are formed. In this way,
the diamond growth rate is fast enough in relation to the CF etching that
it allows to form a polycrystalline cylindrical diamond layer self-
supporting before the CF collapses and loses its shape. The estimated
diamond growth rate was 650 nm/h, as determined by the SEM
measurement of the wall thickness of the diamond microtube and
dividing it by the total growth time. The obtained growth rate is framed
within the growth rate range of the references cited here, which is 250 —
7800 nm/h [33-39]. Regarding the CF etching rate, it has been
demonstrated that is also affected by the substrate temperature [50,51].
Otherwise, the complete CF etching prevented a more accurate deter-
mination of the actual etching rate for the diamond microtube forma-
tion. Nonetheless, the minimum rate was estimated by dividing the CF
radius (3.45 pm) by the total growth time (10 h), giving a value of at
least 350 nm/h. This etching rate in graphite have been reported at
temperatures of around 450°C in a hydrogen plasma [50,52,53]. Addi-
tionally, graphite etching rate of over 100 pm/h have been reported in
hydrogen plasma with a substrate temperature of 900°C and a pressure
of 155 mbar [51]. The successful fabrication of diamond microtubes
depends on the critical balance between diamond growth and CF etching
rates. This ratio was estimated as 1.9, diamond deposition exceeding CF
etching, enabling the formation of uniform tubular structures. A lower
ratio, where the CF etching rate approaches or exceeds the growth rate,
would lead to premature CF shape loss before diamond grains could
form a self-supporting structure. Such an imbalance would result in
non-uniform diamond structures, compromising the integrity and
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desired tubular morphology of the final microtube.

The advantage of producing diamond microtubes in one-step process
is due to the composition of the CFs. These are composed of two-
dimensional graphitic (sp?-carbon bonds) turbostratic carbon sheets,
with crystalline and amorphous carbon phases. The packaging of the
graphitic sheets promotes the formation of ribbons following the fibre
axis direction [54]. When CFs are immersed in a harsh environment,
such as hydrogen plasma during the MWPECVD diamond growth pro-
cess, they decompose. Hydrogen plasma produces hydrogen species that
interact with the carbon atoms of the CF surface, resulting in etching of
the material. This is because hydrogen species have a preference for
eliminating the sp? carbon bond, which favours the formation of the sp®
carbon bond formation (diamond). The graphite decomposition process
takes place at the same time as the diamond layer is formed on the CF
surface. Therefore, it is possible to end up with a diamond microtube in a
one-step process. As a consequence of the ratio between diamond
growth rate and CF substrate etching, the microtube is formed.

To determine the quality of the diamond, an analysis of the
composition of the microtube was carried out by Raman spectroscopy.
Fig. 6 shows the Raman spectrum obtained on the microtube (black
curve). Lorentzian deconvolution of the signal is used to calculate the
area and position of the peaks and bands. The sp° carbon bond peak
corresponding to diamond is identified at 1300 cm ™! (dark blue in the
deconvolution). The standard position for the diamond peak is
1332 cm™!. This displacement to lower energies observed is attributed
to boron inclusion in the diamond lattice, the phonon confinement, the
electronic Raman interaction and the grain size [55,56]. The Raman
results confirm the diamond composition of the microtube as well as the
heavily boron incorporation to its lattice network. The presence of boron
atoms has been shown to induce a Fano effect, whereby interference is
produced between the diamond peak and the continuum of electronic
excitations [55,57,58]. Raman spectrum (Fig. 6) shows broad band
located at 1208 cm™! (green in the deconvolution) attributed to the
boron contribution. Boron, in substitutional position within the dia-
mond lattice [57,59], has been shown to produce a broad band with a
maximum value around the 1200 ¢cm ™ position [56,60,61].

The characteristic peaks of disordered carbon sp2-bonds (amorphous
carbon) appear as a small shoulder to the right of the diamond peak
(1365 em ™, as light blue in the deconvolution), in the case of the D-
band, and at 1580 cm ™! for the G-band (yellow in the deconvolution).
Peak v; at 1000 em™! (gold in the deconvolution) is attributed to the C-H
in plane bending, and v3 at 1510 cm ™! (pink in the deconvolution) to
C=C stretch, indicating transpolyacetylene segments present at the
surface and the grain boundaries of the diamond layer [62].

The boron concentration in diamond can be estimated using the
method of the double Fano effect proposed by Mortet et al. [55,56,59,
63] on the Raman spectrum. This method is based on a combination of
electronic Raman scattering modelling and multiple Fano-functions. The
position and width of the boron band and diamond peak attributed
respectively to the Fano-shaped maximum of phonon density of states
and zone-centre phonon line of heavily boron-doped diamond, can be
used to determine the atomic boron concentration. The method fits the
boron-doped diamond Raman spectrum to obtain the width of the dia-
mond peak the fitting function reported in Ref. [55]. Subsequently the
diamond peak width is correlated to the boron concentration by a linear
function obtained by comparing the width of the diamond peak with its
boron concentration, as determined by secondary ion mass spectrometry
[63]. Accordingly, the boron concentration is estimated to be in the
range of 102'cm 3.

To determine the diamond quality, a factor f; was calculated to
indicate the sp3/sp2 carbon ratio [64]. The intensities areas of diamond
peak, G-band, and D-band from Raman spectrum result have been used
(Fig. 6). They are 15 + 1, 8 & 2 and 34 =+ 3, respectively, and the factor
fq is calculated by next equation (1):
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Fig. 7. TEM micrograph of a polycrystalline diamond microtube. (a) HR-TEM micrograph shows the crystalline nature of the microtube, and (b) FFT pattern of (a)
micrograph showing the dominant crystallographic orientations corresponding to [011] zone axis for the fcc diamond crystal (spots indexed and marked by white

circumferences).

75 x Iq

i (75 x Ig) + (%}m)

x 100 (@)

where Y Iq is the sum of Raman sp2 phase peak areas (G- and D-
bands), and I4 is the Raman diamond peak area (sp?’—bond peak). The 75
factor considers the more effective Raman scattering of the sp? struc-
tures [46]. Using this equation, the f;; factor obtained is ~96%. Which is
equivalent to 96% of sp® carbon bonds attributed to diamond and con-
firming the high diamond quality. Although no absolute indication of
purity is achieved, the f; factor makes it possible to classify films ac-
cording to their quality.

To clarify the diamond nature of the polycrystalline microtube and
verify the Raman spectrum result, a High-Resolution Transmission
Electron Microscopy (HR-TEM) study was carried out. Fig. 7 shows some
HR-TEM results: a micrograph at high magnification (Fig. 7(a)) of a TEM
lamella obtained from a polycrystalline microtube, and the Fast Fourier
Transform (FFT) from the mentioned micrograph (Fig. 7(b)). In Fig. 7
(a), well-defined lattice fringes confirm the crystallinity. In the FFT
pattern (Fig. 7(b)), the presence of various discrete spots resulting from
different crystallographic reflections can be observed, which were
indexed along the fcc crystal in the [011] zone axis [65]. The d-spacing
of the main marked spots from the polycrystalline diamond was
measured, confirming the family planes {111} [66]. Therefore,
comparing the theoretical and experimental d-spacing, the poly-
crystalline microtubes are unequivocally attributed to diamond (Further
information can be found in Supplementary Information, which presents
a more detailed HR-TEM compositional analysis of a section extracted
from a microtube, as shown in Fig. S2).

To determine the efficiency of the process, a representative area of
the sample was examined. Five microtubes were found in these regions,
verified one by one by FIB/SEM equipment, out of 1442 fibres, which
gives a formation efficiency of 0.35%. The origin of such low efficiency
of microtube formation is the non-homogeneous conditions during the
CVD process, where the temperature fibre dispersion was estimated
from 650°C to 1200°C.

4. Conclusion

By combining the susceptibility of the CF to the diamond CVD
plasma (or phenomena of etching by CVD hydrogen plasma) and
adjusting the growth rate of diamond we have achieved a heavily boron-
doped polycrystalline diamond (BDD) microtubes with diameters of
approximately 13 pm and lengths of tens of microns. This one-step CVD

process on a CF substrate has several advantages over the traditional
two-step and one-step with copper methods. Not only is it less time
consuming, it eliminates the need to remove the cylindrical substrate by
chemical etching after the diamond growth, while also reducing
contamination in the diamond tubes.

The CF substrate temperature during the diamond growth plays a
major role. Since only in the zones where the CFs were at a higher
temperature, polycrystalline diamond microtubes have been generated.
This reduces the efficiency in the microtube formation, where only the
top CFs with higher temperature allow the balance between the dia-
mond growth and CF etching rates to produce a diamond microtube. The
rest of the CFs did not have enough growth and etching rates to achieve
microtube formation. Although the process efficiency is low, 0.35%, this
limitation can be addressed by implementing positioning strategies of
the CF substrate through specific holder designs and optimizing growth
conditions to achieve homogeneous conditions across the entire sub-
strate. Furthermore, the spacing between individual CFs must be suffi-
cient to prevent plasma shadowing effects, thereby ensuring
homogeneous etching and growth conditions throughout the entire tow.

Consequently, the one-step diamond microtube fabrication method
presented here has been demonstrated using CF as substrate and a MW
PE CVD system, validating the proof of concept. The versatility of BDD
microtubes should be highlighted, as their electrical and thermal con-
ductivities, hardness and structure offer promising potential for a wide
range of microfluidic and electrode applications. This opens up new
opportunities for future research and applications.
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