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ABSTRACT: We report the fabrication, integration, and
assessment of sharp diamond tips for ultrasensitive force
microscopy experiments. Two types of tips, corresponding to
the upper and lower halves of a diamond nanowire, were
fabricated by top-down plasma etching from a single-crystalline
substrate. The lower, surface-attached halves can be directly
integrated into lithographically defined nanostructures, like
cantilevers. The upper, detachable halves result in diamond
nanowires with a tunable diameter (50—500 nm) and lengths
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of a few microns. Tip radii were around 10 nm and tip apex angles around 15°. We demonstrate the integration of diamond
nanowires for use as scanning tips onto ultrasensitive pendulum-style silicon cantilevers. We find the noncontact friction and
frequency jitter to be exceptionally low, with no degradation in the intrinsic mechanical quality factor (Q ~ 130 000) down to
tip-to-surface distances of about 10 nm. Our results are an encouraging step toward further improvement of the sensitivity and

resolution of force-detected magnetic resonance imaging.
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Nanomechanical detection of ultrasmall forces is of
considerable importance for the nanosciences, with
applications in magnetometry of magnetic nanoparticles,l_3
measurements of persistent ring currents,” fundamental tests
of physics,”” and various modes of force microscopy.® In
particular, the detection of nuclear magnetic resonance signals
using magnetic resonance force microscopy (MRFM)™"°
requires sensitivity to forces in the zeptonewton to attonewton
range (1072'=107'® N). Attonewton force detection has been
demonstrated with several types of mechanical sensors,
including silicon'' and diamond'* cantilevers, silicon nitride
beams and membranes,">'* and silicon nanowires.'® Excellent
force sensitivities, of order zeptonewtons, were recently
reported for trapped ions'® and suspended carbon nanotube
resonators.'” With the exception of ref 15, all of these force
sensitivities were demonstrated for freely vibrating beams or
particles that were far (2100 nm) from a surface.

It is well-known in the field of scanning probe microscopy
that force sensitivities deteriorate as a tip is approached closely
to a surface."®"? This undesired noncontact friction effect is due
to dissipative forces between the moving tip and the surface.
Several mechanisms were shown to contribute, including
dielectric fluctuations,”® radiative heat transfer,”’ and the
presence of static or fluctuating surface charge.””** Similar
effects have also been observed with surface-electrode ion traps
that are extremely sensitive to electrical fluctuations.'®** Due to
the large number of interplaying mechanisms, a generally
applicable microscopic theory of noncontact friction is
currently lacking, and attempts at reducing it have more or
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less depended on empirical efforts. These efforts suggest that
thin metal layers are effective at screening trapped charges and
that surfaces with low dielectric constants and low loss tangents
show the lowest friction. Friction is also reduced by minimizing
the tip—surface interaction area, that is, by using tips with a
small radius of curvature.

In this Letter, we combine, within a single experiment, all of
the above ingredients required to suppress noncontact friction
effects. We demonstrate that ultrasharp diamond nanowires
(DNWs) can achieve exceptionally low noncontact friction and
frequency jitter, with no measurable degradation within 10 nm
from a gold surface.

Diamond has a low dielectric constant (e, = 5.7) and low loss
tangent (tan § ~ 2 X 107 at § kHz),”® forms no defect-rich
native oxide, and is therefore an ideal candidate for a low-
friction tip material. Moreover, it is mechanically robust and
wear-resistant, which are important practical considerations
with force microscopy. We have fabricated DNWs using
masked etching of single-crystal substrates by inductively
coupled plasma (ICP) reactive ion etching.”*~** The advantage
of top-down etching as compared to bottom-up methods*”*" is
that high quality and commercially available starting material
can be used.

Two different masking schemes were found to be effective. In
a first approach, we exploited intrinsic micromasking by surface
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defects.”” No surface patterning was applied, and commercially
available optical-grade diamond (100) single crystals (Ele-
mentSix Ltd.) were introduced as-received into an ICP etcher.
Etching for 30 min in 10 mTorr O, (30 sccm) using 2100 W
ICP and 100 W bias powers led to the formation of randomly
distributed pillar structures (Figure 1A—C).>’ The micro-

W

Figure 1. One-step fabrication of single-crystal diamond nanowires
with ultrasharp tips. (A) Diamond nanowires formed on a (100)
diamond substrate via ICP etching and intrinsic micromasking. Scale
bar is 10 um. (B,C) Zoom-in views of an individual nanowire and its
~15 nm thin waist region. Scale bar is 1 ym in C and 100 nm in D.
(D—J) Time lapse of diamond nanowire growth after (D) 1 min, (E) 3
min, (F) § min, (G) 10 min, (H) 20 min, (I) 30 min, and (J) after
cleavage of the top and bottom halves. Scale bars are 200 nm.

masking is most likely due to the unintended presence of
impurities on the starting diamond substrate.”” Indeed, we
found that the pillar density can be controllably increased by
deliberately introducing additional masking impurities, for
example, by placing a glass coverslip (SiO,) close to the
diamond sample during the etching.’’

The pillars had two segments, with a pyramidal base
connected to a nanowire-like tip via a thin waist (Figure
1(B)). Similar structures have been previously observed by
Hausmann et al.”® We believe that the bipartite shape of the
pillars is controlled by a combination of chemical etching
anisotropy, directional etching and electron shading effects. In
some cases the lower pyramidal base distinctly showed what
appeared to be crystallographic planes with a roughly 4-fold
symmetry, suggesting the presence of chemical etching
anisotropy. The upper nanowire-like segment, by contrast,

was almost straight and thus formed by directional etching.
Finally, waist formation can be explained by electron shading
effects:*> Bombardment by electrons and positive O,* ions is
expected to lead to negative charge build-up near the tip and
positive charge build-up near the base,”" which would bend the
trajectories of the positive ions™ and lead to the emergence of
the waist. A time-lapse of the etching process (Figure 1D—I)
shows that both the pyramidal base and nanowire tip grow at
roughly the same rate.

The pillar structures were found to be stable when the waist
diameter was above 10 nm. Additional ICP etching was used to
completely erode the waist until the two segments separated
(Figure 1J). Both segments—the substrate-bound pyramidal tip
and the released nanowire—could then be considered for use
in scanning probe applications.

We have also deterministically fabricated diamond nanowires
startin% from an electron-beam-defined alumina (AL, O;) etch
mask.”® Etching a patterned sample with 2500 W ICP and 40
W bias powers for 30 min led to an array of structures very
similar to pillars obtained previously by stochastic micro-
masking (Figure 2A). This demonstrates that DNWs can be
controllably produced at predefined locations. A noticeable
difference was the thickness of the upper segment (typically a
few hundred nanometers), which was much larger for the
lithographically defined pillars due to the much larger size of
the etch mask as compared to micromasking impurities (Figure
2B). Again, additional etching was used to controllably pinch
off the waist to yield arrays of sharp tips with radii <10 nm
(Figure 2C). The ability to controllably produce diamond tips
at predefined locations is an important advantage of litho-
graphically patterned nanowires. For example, tips could be
directly integrated onto cantilevers to make monolithic
diamond AFM probes. Single-crystal diamond cantilevers
have recently been shown to exhibit outstandingly low internal
mechanical friction.'>**

In order to assess the potential of diamond tips for sensitive
force microscopy, we have measured their noncontact friction
over a gold surface. For this purpose, a few nanowires were
manually integrated on the ends of ultrasensitive silicon
cantilevers whose mechanical frequency and quality factor
could be accurately monitored. We have only tested the upper
(released) halves of nanowires; however, we do expect the
bottom halves to show similar dissipation properties since they
are made of the same material and have similar tip geometry.
The silicon cantilevers were of the kind used in recent
nanomagnetometry' > and mechanical spin detection®>*°
experiments (see Figure 3A), with a 4 K sensitivity of a few

Figure 2. Lithographically defined single crystal diamond tips. (A) Regular array of tips formed after 30 min of ICP etching in an oxygen plasma. The
scale bar is 10 ym. (B) Zoom-in view of a nanowire showing the thin waist before cleavage. The scale bar is 1 ym. (C) Cleavage results in sharp tips

with radii of about 10 nm. The scale bar is 100 nm.
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Figure 3. Integration of diamond nanowire tips on ultrasensitive
silicon cantilevers. (A) Bare silicon cantilever with a nominal length of
90 pm, shaft width of 4 um, and thickness of 135 nm. The scale bar is
10 um. (B) Batch of DNWs transferred onto a Si substrate for manual
pick-up. The scale bar is 10 ygm. (C,D) Zoom-in onto the end region
of two different cantilevers where DNW tips had been attached. Scale
bars are 10 ym in C and 1 ym in D.

attonewtons per root Hz when far from a surface. The
cantilevers were surface-passivated so as to increase the low-
temperature quality factor from Q =~ 50000 to Q = 130000
(ref 37). DNWs were first transferred onto a piece of gel
material (Gel-Pak-4) and then stamped onto a piece of silicon
wafer (Figure 3B). Subsequently, individual nanowires could be
picked up via van der Waals forces using a pulled glass tip and a
micromanipulator. The nanowire was then deposited at the tip
of the cantilever, where a dab of epoxy glue had been applied.
Figure 3C—D shows examples of integrated DNW tips.

We have measured the noncontact friction of DNW tips
using a pendulum configuration as illustrated in Figure 4A.
Experiments were performed in a custom magnetic resonance
force microscope'” at a temperature of T = 4 K in a high
vacuum environment. The tip was controllably approached to a
gold surface via a piezo positioning system. The gold surface
was produced epitaxially on c-cut single crystal sapphire
following a procedure originally developed for the fabrication
of single-crystal gold nanowires.”® To determine the exact
separation between the DNW tip and the surface, the cantilever
was excited to a constant oscillation amplitude of about 5 nm-
pk via feedback-controlled self-oscillation,* while the distance
between the cantilever and the surface was slowly decreased.
We defined the z = 0 point to be reached when the z-piezo
extension caused the cantilever oscillation to stop due to the tip
physically sticking to the surface. Repeated approach over the
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Figure 4. DNW tips experience very little noncontact friction. (A) Schematic illustration of the experimental configuration. The diamond-tipped
silicon cantilever oscillates along x over a gold surface in a pendulum geometry. (B) Cantilever resonance frequency f. as a function of tip—surface
spacing z. Different symbols and colors represent measurements over different (x,y) locations on the surface. Vertical dashed line indicates z = 10
nm. (C) Mechanical quality factor Q as a function of z. (D) Mechanical dissipation T" and inferred thermal force noise spectral density Sg'/? as a
function of z. The dashed line indicates the intrinsic dissipation of I'y = 24 X 107" kg/s. Solid line is a guide to the eye. Values for an equivalent
cantilever without DNW tip are given for comparison (open symbols). (E) Frequency jitter (5f.%) as a function of z.
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same (x, y) location showed that the zero point was
reproducible with a standard deviation of less than 1 nm.”'

Figure 4B,C plot the resonance frequency f. and the
mechanical quality factor Q as a function of tip-to-surface
separation z. The Q values were measured using the ring-down
method.*” The Q factor is the key quantity that determines the
total mechanical dissipation I' = k.(27f.Q)~", where k. is the
spring constant (here k.~ 160 uN/m), and the force noise
spectral density Sp = 4kgTT" of a mechanical sensor. Figure 4C
shows that negligible changes in Q are observed up until the
tip—surface distance decreased to below 10 nm. Remarkably,
even just before reaching contact with the surface (z ~ 1 nm)
the Q factor remained above 40 000. If we subtract the intrinsic
mechanical dissipation, given by the baseline value of I' at large
tip-to-surface separation (dashed line in Figure 4D), we find
very low values of noncontact friction, about 3 X 107 kg/s at z
=10 nm and 9 X 107" kg/s at z = 5 nm. Comparable values of
noncontact friction have to our knowledge only been observed
with silicon nanowire resonators operating at high frequencies
(~1 MHz)"® where dissipative fluctuations are typically much
lower.”*!

In addition to low noncontact friction, the DNW tips also
showed very little jitter in the mechanical resonance frequency.
Frequency jitter is an issue for ultrasensitive force measure-
ments, because signal é)ickup requires a stable reference
frequency and phase.”® Moreover, frequency noise can
parametrically upconvert to force noise and directly com-
promise the force sensitivity.”” We have determined the
frequency jitter (5f.%) by calculating the variance of a series
of f. measurements with an effective bandwidth of ~1 Hz. As is
evident from Figure 4E, no additional frequency noise was seen
down to a tip-to-surface separation of z ~ 10 nm, and the
frequency noise stayed below 10 Hz’ even at the closest
separation. This is in stark contrast to an equivalent cantilever
without DNW tip (same figure).

The low levels of noncontact friction and frequency jitter
observed in this work are encouraging steps toward nano-
mechanical detection of nuclear magnetism.”'>** Force
detection has played an important role in extending nuclear
magnetic resonance to the nanometer scale’® and has, for
example, enabled the three-dimensional magnetic resonance
imaging (MRI) of single virus particles with about S nm spatial
resolution and a sensitivity of ~100 proton spins.”* A key
requirement for force-detected magnetic resonance is that the
sample of interest can be approached as closely as possible to a
magnetic gradient source, like a nanoscale ferromagnetic tip***°
or electromagnet.'” The large magnetic gradient serves to
generate a strong magnetic force on a spin, and it determines
the achievable spatial imaging resolution. Gradients of up to G
= 60 G/nm have recently been demonstrated at a tip-to-surface
separation of z ~ 25 nm. Even higher gradients could be
expected if the tip-to-surface spacing could be further reduced.
Noncontact friction, however, impedes a reduction of z.

Our experiments suggest that z < 10 nm are possible with
DNW tips at no cost in force sensitivity. Assuming that the
gradient scales as G z~" with distance z,""" a gradient of
order G = 150 G/nm can be expected at z = 10 nm with a tip
similar to those in ref 46. Such high gradients have, in fact, been
demonstrated for magnetic recording heads.”*” The force on a
single proton spin in this gradient is about F,,;, ~ 0.21 aN. This
force can be compared with the minimum detectable force for
the DNW-tipped cantilever of Figure 4 at z = 10 nm, which is
about S;/? & 2.4 aN/Hz"? for T = 4 K. If we would allow the

measurement to be carried out at T = 300 mK (ref 35), the
minimum detectable force would improve to Sg"/* ~ 0.65 aN/
Hz'2. Such a sensitivity would bring single nuclear spin
detection within the reach of acceptable measurement
averaging times.”

Finally, DNW-tipped cantilevers could present a useful
platform for measuring friction of single nanoobjects, like large
biomolecules or quantum dots. Diamond surfaces are easily
functionalized, and numerous methods exist for covalently
attaching suitable organic linker molecules, such as streptavidin.
Due to the sharp tip radii, it is conceivable to create tips with
only a single molecule at the apex.’® Such single molecule
attachment would also be useful for mechanically detected
MRI. Because the noncontact friction of organic materials is
known to be small’’ we do not expect attached single
molecules to contribute significant friction with nuclear spin
experiments where the standoff is of the order of a molecule’s
size.

In summary, we have presented a simple and effective
method for the fabrication of single-crystal diamond nanowires
(DNWs) with typical lengths of a few micrometers and
diameters around 100 nm. Tip radii of the nanowires were of
order 10 nm, making them suitable probes for scanning probe
applications that require very sharp tips. We have assessed the
noncontact friction and frequency jitter of DNW-equipped
ultrasensitive silicon cantilevers, and find those to be excep-
tionally low, with no degradation down to tip-to-surface
distances below 10 nm. Our results are an encouraging step
toward further improvement of the sensitivity and resolution of
force-detected magnetic resonance imaging.
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