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ABSTRACT: The ability to pattern the seeding of nano-
diamonds (NDs), and thus selectively control areas of
diamond growth, is a useful capability for many applications,
including photonics, microelectromechanical systems
(MEMS) prototyping, and biomaterial design. A microprinting
technique using a computer-driven micropipette has been
developed to deposit patterns of ND monolayers from an
unreactive water/glycerol ND ink to S-um resolution. The
concentration and composition of the ND solution were
optimized to realize high-density monolayers of NDs and
consistent ND printing. Subsequent nanocrystalline diamond
(NCD) patterns grown using chemical vapor deposition
showed a high level of compliance with the printed ND

Piezoelectric

Patterned NCD

Ultrasonic
vibrations
+—>

Glass micropipette

Nanodiamond

ink droplet\

pattern. This “direct-write”, bottom-up, and additive process offers a versatile and simple alternative to pattern diamond. The
process has the particular advantage that it does not require lithography or destructive processing such as reactive-ion etching
(RIE) and, pertinently, does not involve reactive chemicals that could alter the surface chemistry of NDs. Furthermore, given that
this process obviates the use of conventional lithography, substrates that are not suitable for lithographic processing (e.g.,
excessively small or three-dimensional structured substrates) can be inscribed with ND patterns. The technique also allows for
the growth of discrete, localized, single-crystal nanodiamonds with applications in quantum technology.
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B INTRODUCTION

The exceptional properties of diamond make it a desirable
material for the fabrication of microelectromechanical system
(MEMS) devices"* because of its attractive tribologica13 and
mechanical properties, as well as high Q-factors being recorded
on diamond microresonators.* However, the chemical® and
electrochemical® inertness and the extreme mechanical
stability’ of diamond make it a difficult material to process.
Nanocrystalline diamond (NCD) films produced by chemical
vapor deposition (CVD) exhibit the excellent properties of
naturally occurring diamond®” while offering the prospect for
the selective growth of diamond in specific locations, avoiding
the need for three-dimensional pattern generation in thin-film
diamond layers. Patterned diamond at the micrometer scale
would offer desirable properties for many applications:
Diamond bio-MEMS are highly desirably because of their
biocompatibility'® and diamond’s strong resistance to bacterial
colonization."" Other examples include diamond used for radio-
frequency (RF) resonators;'” scanning probe microscopy
(SPM) probes as an all-diamond cantilever;"® and diamond
electrodes for sensor applications,'* for patterning cells,">~"”
and for the fabrication of diamond microelectrode arrays
(ME AS).18_20

Currently there are several methods to pattern NCD films:
top-down reactive-ion etching (RIE),"**'™*” laser abla-
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tion,"”**** photolithographic etching,>* and bottom-up

selective nanodiamond (ND) particle seeding, all of which
have their own merits. RIE is a destructive process in which
photolithographic methods are used in conjunction with
typically oxygen/argon RF plasmas to remove unwanted areas
of NCD film. RIE patterning is advantageous in that it fits into
conventional complementary metal—oxide—semiconductor
(CMOS) processing work flows and can achieve submicrom-
eter resolutions; however, difficulties are encountered when
etching diamond because of the large resilience of diamond
causing low etch selectivities for available hard masks, meaning
that only shallow diamond films can be easily patterned using
such an approach. Furthermore, O,/Ar RF plasmas can be
damaging to the underlying substrate materials upon which
NCD films are deposited. More recently, selective seeding has
emerged as a solution to counter the low selectivity of diamond
RIE processing to allow the bottom-up patterning of ND and
NCD films. Various methodologies have been employed to
pattern ND seeds, including inkjet printing of diamond
inks,®"*> microcontact printing,** and ND seeding by electro-
static self-assembly.>* Although these methods avoid the
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problems associated with mask selectivity in diamond etching,
photolithography is still required, and residual NDs can remain
in nominally void pattern areas, leading to diamond growth in
unwanted regions. To avoid this issue, Hébert et al. developed a
method to combine the two processes by seeding with NDs,
“fixing” NDs with a short CVD plasma exposure, removing ND
seeds from void pattern areas with RIE, and subsequently
growing patterned NDs into NCD films.>®

Although all of these techniques have their merits, these
processes still require photolithographic steps and the
application of corrosive or reactive chemicals during processing,
which could affect the surface chemistry of the deposited NDs.
Here, a novel direct-write selective seeding method is described
in which no photolithographic steps or corrosive chemicals are
required. ND patterns are deposited using a micropipette,
which can print a variety of solutions onto desired substrates in
picoliter volumes through ultrasonic ejection of liquid. “Ink”
constitution and printing parameters have been optimized, and
the effects of varying the micropipette diameter were
investigated. Postprinting, water and glycerol from the ink are
evaporated at low pressures and temperatures to produce ND
coatings of near-monolayer thickness in any desired pattern.
Subsequent CVD growth leads to patterned NCD layers. This
direct-write additive method allows for facile microfabrication
of nanodiamond patterns on a variety of substrates and
topographies, unlike photolithographic techniques, which are
limited to planar surfaces and require corrosive chemicals.
Finally, this method involves minimal wastage of NDs and can
efficiently coat substrates using very small ND amounts, which
is very important for applications in which sample amounts are
scarce, such as the positioning of NDs with color centers (e.g.,
nitrogen—vacancy centers) on substrates.

B EXPERIMENTAL METHODS

Selective Printing. A GIX II Microplotter (purchased from www.
sonoplot.com (accessed January 201S5)) was used in ambient
conditions for the selective seeding of ND inks. The microplotter is
a computer-controlled micropipette fluid dispensing system for the
deposition of picoliter volumes of liquid to S-um precision. Liquids are
drawn into the pipette from an ink well by capillary action and ejected
by application of ultrasound to the pipette when in meniscal contact
with a surface. The ultrasonic intensity is sufficiently low to avoid a
spray ejection of liquid. The software program SonoDraw was used to
design the desired patterns in which the ink would be printed on the
surface. An applied piezo voltage of 20 V was used for every print as
this was found to produce the most reliable and consistent printing.
Printing speeds were varied from 100 to 10000 ym s~' depending on
the substrate and tip, typically being 2000 ym s~" for silicon and 1000
um s ' for glass. Glass micropipettes were produced using a p-97
flaming/brown horizontal micropipette puller. Pulling parameters were
optimized to produce a range of tips with inner diameters ranging
between 1 and 30 um.

Chemicals. Monodisperse detonation nanodiamonds (DNDs) (6—
10 nm) were used throughout (New Metals & Chemicals
Corporation, Tokyo, Japan). Various inks containing DNDs and
glycerol (99.0% Sigma-Aldrich, 92.09 ¢ mol™}, 1414 cP) were
produced and subjected to ultrahigh-power sonication using a
VCXS00 Vibra-cell sonicator with a cup horn accessory (100%
amplitude, 3:2 duty cycle, water-cooled and temperature-controlled at
<28 °C, S h) to fully disperse the DNDs and to ensure thorough
glycerol/deionized (DI) water mixing.

Substrate Cleaning. Substrates were degreased in acetone,
isopropyl alcohol (IPA), and then DI water (each for S min of
sonication) to remove residues and dirt. Dust-free surfaces allow for
higher-resolution printing, with reduced flow-back and also reduced
contamination of particulates in the clean ND ink. With contami-
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nation, the NCD film quality suffers, as these particles act as
renucleation sites, so the film contains more grain boundaries.
Consequently, all substrates were thoroughly cleaned before use.

Ink Evaporation. A vacuum chamber (10~ mbar, 50 °C, 5 min)
was used to evaporate the glycerol/deionized water ink and leave the
printed NDs in the desired pattern on the surface of the substrate.
Vacuum evaporation was used to allow glycerol evaporation at low
temperatures so as to not oxidize the NDs through heating (oxidation
onset of ~250 °C). The boiling point of glycerol at 107> mbar is 40
°C, so a temperature of 50 °C was used to ensure that all glycerol had
evaporated. To obtain a regular seeding of NDs on the surface, it is
important that a rapid evaporation of the ink is achieved. This helps to
minimize the “coffee-ring” effect, whereby the ink dries toward the
edge of the print, leaving a higher concentration of NDs around the
ring.

Atomic Force Microscopy. Atomic force microscopy (AFM)
measurements were carried out using a Veeco Dimension V
instrument with aluminum coated silicon AFM probes (resonant
frequency 190 kHz). The system was operated in tapping mode with a
VT-103-3K acoustic/vibration isolation system and a VT-102 vibration
isolation table at room temperature in air. AFM analysis was
performed on ND patterns with varying ND concentrations,
postevaporation, with a scan size of 2 ym. AFM Images were
postprocessed with a median filter (3 X 3 kernel) using MATLAB
2012a software to remove noise and measurement artifacts. Surface
coverage of NDs as a percentage was calculated using the threshold
feature in Image] software.

Patterned Nanocrystalline Diamond Growth. Nanodiamond
micropatterns were printed on degreased Si (native oxide), SiO,
[plasma-enhanced (PE) CVD], and quartz wafers (5 min in acetone, S
min in isopropanol alcohol, and S min in deionized water with low-
power ultrasonication and N,-gun drying). Print patterns were drawn
using SonoDraw 1.1.3 software. Following ink evaporation, micro-
wave-plasma-enhanced CVD (MPECVD) was performed using a
SEKI model AX5010 PECVD reactor. The parameters for growth
were 1500 W, 200 sccm H,, and 1.4 sccm CH, (0.7%), with 30-min
and 4-h growth times and a S-min 5% CH, initial incubation period.

Scanning Electron Microscopy. Both the glass micropipettes and
the NCD patterns were characterized using a Carl Zeiss XB1540
focused-ion-beam microscope with an accelerating voltage of 5 kV.

B RESULTS AND DISCUSSION

Optimizing Ink Deposition. To achieve consistent and
contiguous liquid deposition from a microplotter, optimization
of the ink viscosity is essential. Various inks were prepared
containing varying ratios of glycerol and deionized (DI) water,
and dynamic viscosities were calculated using the para-
metrization reported by Cheng.36 The viscosity of glycerol at
20 °C is much greater than that of water (1414 vs 1.75 cP). The
optimum viscosity for printing was found for a mixture of 50 wt
% glycerol and SO vol % deionized water (4.83 cP), as
illustrated in Figure la, with the values for the dynamic velocity
of the ink plotted in Figure 1b. This ink had a low enough
viscosity to allow effective flows from the tip, but a high enough
viscosity to prevent reflow and clumping of the ink at pattern
vertices.

In addition to improving print quality, glycerol reduces the
evaporation rate of water as a result of the increase in
intermolecular forces, which avoids the premature evaporation
of ink and the uneven deposition of NDs biased toward the
edges of features where evaporation concludes (i.e., the “coffee-
ring” effect). Although glycerol reduces premature evaporation
of the ink, the boiling point of glycerol at room pressure is 290
°C. Such temperatures could cause substrate damage, and there
have been reports of ND oxidation occurring at temperatures as
low as 300 °C,*” which might lead to surface modification.
Hence, a custom vacuum chamber was built to enable the use
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Figure 1. (a) Optical microscope images of grids printed using ND-
containing inks on a glass substrate. The three images differ in glycerol
percentage, which increases from left to right. Optimum printing is
observed using an ink containing SO wt % glycerol. (b) Solution
viscosity as a function of weight percentage of glycerol. Optimum
viscosity was found to be 6.04 cP.

of a lower vapor pressure of glycerol. A pressure of below 107>
mbar was used to allow the evaporation of glycerol at 50 °C,
which is sufficiently low to avoid chemical modification of the
NDs.

ND Concentration. Having established an optimum ink
viscosity, the effect of changing the ND concentration was
investigated. To grow high-quality NCD patterns, it is
important that the ND assembly on the surface coverage be
as confluent and as close to monolayer as possible, as small
particles (rather than aggregates) result in better film

uniformity.>® Therefore, it was important to determine the
ND concentration that produced confluent ND seeding and
near-monolayer coverage, so as to optimize subsequent NCD
film growth and minimize ND usage. The effect of ND
concentration on seeding was investigated using AFM.

Figure 2a shows AFM images of NDs seeded on silicon using
a 30-um tip and dot printing, with inks containing
concentrations of NDs ranging from 0.025 to 0.15 g L7,
following glycerol/DI water evaporation. The corresponding
graph in Figure 2b shows the percentage coverage of the
surface as a function of ND concentration. It can be seen that,
for concentrations of 0.1 g L™" and above, the coverage was
100%. For concentrations of less than 0.1 g L7 the coverage
was incomplete; for example, at 0.75 g L7}, the coverage was
829%. The monolayer-type coverage observed shows evidence of
the occasional small aggregate being present in the printed
region. This is better than other reported attempts at printing
ND patterns. For example, Zhuang et al. used a microcontact
printing technique for producing ND patterns, and the method
was reported to be able to transfer only ND agglomerates and
not individual ND particles.*> As NCD quality is dependent on
the size of the seed material and its uniformity, the method
described here offers the prospect of better, denser NCD films.

Patterning. Figure 3 shows SEM images of CVD-grown
patterned NCD films on silicon substrates with the ND seeds
printed from a 0.1 g L' ND S0 wt % glycerol/DI water ink.
The ND patterns were grown for between 30 min and 4 h (see
figure captions for durations) using previously stated
conditions. Figure 3a shows an array of lines printed using a
tip with an inner diameter (i.d.) of S ym; the lines are spaced
be 200 pym, and their width is approximately 7 ym. Consistent
and clean printed lines are observed with a high level of pattern
compliance and no residual NDs in void pattern regions. Figure
3b,c shows lines printed on Si using a S-um-i.d. tip. It can be
seen that the edges (Figure 3d) of the lines are clean and that
no additional processes are needed for the removal of
unwanted NCD. Figure 3e displays the edge of a printed grid
showing two intersecting lines, for a 5-um-i.d. tip size. Figure 3f
shows an NCD film printed with a void square in the middle;
sharp lines and corners are observed, highlighting the high
resolution of the printing method. Figure 3g shows the thinnest
line achieved using this printing method: The line width is
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Figure 2. (a) AFM images (2 ym X 2 ym) of NDs seeded on silicon. Each image is of NDs after evaporation of a glycerol/deionized water ink. The
resultant NDs are left seeded on the surface at varying coverage depending on the concentration of NDs in the ink. Concentrations shown are 0.025,
0.05, 0.075, and 0.1 g L™". Scans are representative of the whole patterned area and were selected at random over each print. (b) Corresponding
percentage coverage of NDs on Si as a function of the concentration of NDs in the ink.
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Figure 3. SEM images of patterned NCD films grown on silicon
substrates using printed NDs as the seeds and MPECVD for the
growth method. All inks consisted of 50 wt % glycerol and NDs at a
concentration of 0.1 g L™'; growth times varied from 30 min to 4 h;
and other parameters for growth were 1500 W, S0 Torr, and 0.7%
CH,. (a—c) Series of lines printed using a S-um-i.d. tip, with a line
width of approximately 7 ym after growth for 30 min. (d) Edge of the
printed line shown in panel c. (e) Edge of a printed grid showing two
intersecting lines, for S-um-i.d. tip size and growth for 30 min. (f)
NCD outline of square grown for 4 h. (g) Line printed using q 1.5-
pum-id. pipette, with a line width of ~2 um after growth for 30 min.
(h) Array of dots printed using a 15-um-id. tip, grown for 1 h. (i)
Individual printed NCD dot from panel h. (j) Edge of the printed dot
shown in panel i. (k) Zoomed-in SEM image of the surface of a
printed NCD region after 30 min of growth. (1) ND seed grown into
an individual NCD grain for 4 h.

approximately 2 ym and was printed using a tip with an inner
diameter of 1.5 ym. Figure 3h shows a 100-ym spaced array of
printed NCD dots. Figure 3i shows one printed dot, with a
diameter of approximately 20 ym, that was achieved using a tip
with an inner diameter of 15 ym. Figure 3j shows the edge of
the printed dot shown in Figure 3i; clean printed edges can be
observed. The resolution of printing is limited by the
mechanical movement of the machine, which has a S-um
positioning resolution, and also by the size of the inner diamter
of the pipette and ultrasonic power of the piezoelectric. Printed
line artifacts are due to the slightly uneven motion of the tip
during printing but can be minimized by securing the substrate
during printing and altering the speed of the print accordingly.
SonoDraw 1.1.3 software allows for the patterning of lines,
dots, arcs, and filled regions, so any desired shape can be
printed using this method. Figure 3k shows an SEM image of a
high-quality NCD film, verified by the faceted texture of the
NCD film, as well as the confluent, pinhole-free nature of the
film, all of which can be ascribed to high-density, homogeneous
seeding. The grain shown in Figure 3l was grown from a
printed region where the ND concentration in the ink was
0.001 g L™". This resulted in an individual ND being grown into
a small (~500-nm) single-crystal diamond. This capability is
also of considerable interest because individually placed
fluorescent NDs are key to several quantum information
processing applications that are currently under investigation.
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Tip Diameter versus Dot Diameter. To investigate the
effect of inner diameter on dot deposition, a set of tips with
varying diameters were prepared for printing. Different-sized
tips were pulled using a horizontal micropipette puller, whereby
controlling the speed of the tip pull changed the inner diameter.
The inner diameters of the tips ranged from 1 to 30 ym. Figure
4a—d shows different tips of graded diameters alongside SEM
images of their corresponding NCD dots on Si surfaces. All ND
dots were subjected to 30-min growth using normal NCD
conditions as previously stated. The minimum size of
micropipette that can successfully print was found to be 1.5
um. When attempting to print smaller than this, ink did not
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Figure 4. (a—d) SEM images of horizontally pulled glass micropipettes
(left-hand column) and corresponding printed ND dots grown into
NCD (right-hand column). The velocity of the pull was altered to
produce micropipettes with the desired inner diameter. The velocity is
in arbitrary units but ranged from (a) 8 to (d) 14 au, producing tips
with inner diameters ranging from around 40 to S ym, respectively. (A
tip with an inner diameter of 1.5 ym was pulled, but the SEM image is
not available). (e) Corresponding graph showing how the micro-
pipette inner diameter affects the diameter of the NCD dot.
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enter the micropipette due to capillary action failing to load the
pipette. Figure 4e shows the relationship between tip inner
diameter and NCD dot diameter (DD). The relationship is
approximately linear, where the printed dot is slightly larger
than the tip inner diameter (DD = 3.15 + 1.40i.d.). For a 30-
pum tip, the dot is roughly 45 pm, so an ink spreading of ca. 40%
is observed. Micropipettes with an inner diameter of 30 pm
were found to produce the most consistent printing.

NCD quality was investigated by SEM and Raman
spectroscopy. One of the most important factors in
determining the quality of thin-film diamond is surface
roughness. The seeding quality and density of the nano-
diamonds is paramount to this.** Various scratching and
seeding techniques have been used to enhance ND nucleation
density on foreign substrates. Scratching often results in a high
nucleation density because the large diamond particles are
imperfect and thus chip along grain boundaries, leaving smaller
diamond particles on the surface that act as nucleation sites.*’
To obtain near-monolayer ND patterns, it is important to
sonicate the ink immediately before printing. This ensures that
the NDs are fully dispersed in solution and that as few as
possible aggregates are present. The best results were achieved
when ND inks were sonicated for at least 8 h immediately
before printing. Nicely faceted NCD (4-h growth) can be seen
in the SEM image in Figure 3e, confirming the quality of the
ND seeding.

Figure S shows Raman spectra of the grown NCD dots. The
diamond peak is observed at 1333 cm ™" for the 30-min growth
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Figure 5. Raman spectra of NCD dots grown for 30 min and 4 h. Both
spectra show the zero-phonon line present in diamond thin films.

and at 1329 cm™" for the 4-h growth. This peak corresponds to
the zero-phonon line of diamond, indicative of a high content
of sp>-bonded carbon. Peak broadening can be observed in the
sp® peak for the 30-min growth because of the low crystallite
size of diamond grains and the thinness of the film.*' The red
shift of the peak arises in Ehonon confinement in the NCD and
is linear with grain size.** The narrowing of this peak for 4-h
growth suggests that the film grain size is approaching the
microscale. The broad peak observed at 1560 cm™ in the 30-
min-growth spectrum shows evidence of the nondiamond G-
band, which arises from sp*-carbon in-plane stretchin§ mode,
which can be assumed to be at the grain boundaries.*
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B CONCLUSIONS

An additive, lithography-free, inert bottom-up technique for
producing nanodiamond tracks and nanocrystalline diamond
patterns with a high pattern compliance has been established,
with a lateral resolution of S um and feature widths of ca. 2 um.
Patterning is achieved without the use of reactive chemicals,
allowing for the preservation of ND surface chemistry. The
patterning procedure was developed using an ultrasound driven
plotter to deposit nanodiamond in glycerol/DI water inks.
Printing was optimized by tailoring ink constitution, hardware
parameters, and micropipette tip diameter to produce ND
patterns with near-monolayer coatings with few agglomerates
present. The effect of varying ND concentration on ND
seeding was studied, and the relationship between tip diameter
and dot size identified. Furthermore, low-density ND
patterning was demonstrated, which makes this process a
valuable method for studying the individual properties of NDs
on substrates, for example, for quantum information processing
applications. Postprinting, ink solvents were evaporated off
using low-temperature vacuum evaporation to leave NDs in the
desired pattern. The resultant ND patterns were used as the
nucleation sites for NCD growth, and suspending the NDs in
glycerol had no observable effects on the quality of the
diamond film. Pertinently, this patterning technique allows for
the selective seeding of NDs on a variety of substrates,
including three-dimensional substrates that are not compatible
with conventional lithography techniques, and with a high
degree of control over the nature of the ND monolayers
deposited. This method for diamond patterning provides a
material type that has many potential applications, which range
from use as a photonic crystal,** to use in bioelectronics*> and
MEMS applications including piezoelectric microresonators.*®
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