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ABSTRACT

Due to its outstanding mechanical characteristics, diamond is an ideal material for use in micro- and nano-electromechanical systems. In
this paper, we report on the investigation of vibrational properties of singly clamped needlelike diamond microcrystallites with nanoscale
tips. The single-crystal diamond needles were produced by selective oxidation of polycrystalline films grown using chemical vapor deposition.
The study of resonant oscillations driven by the AC voltage indicated that the elastic modulus of such diamond needles is close to that of
bulk single crystal diamond. A self-oscillation regime induced by the DC voltage during field emission from the apex of a diamond needle is
also demonstrated. It is shown that this regime can be used for efficient DC-AC conversion in microdevices. The high structural quality of
diamond needles, their remarkable mechanical properties, and the relative ease of their mass fabrication make them promising candidates

for application in various electromechanical systems, field-emission devices, and scanning probe techniques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138141

The high values of the elastic modulus, thermal conductivity, and
hardness and the low intrinsic mechanical losses make diamond an
ideal material for creating electromechanical resonators for sensors
and precision measurements." " The most advanced resonators are
based on single-crystal diamond and produced by top-down methods
from bulk diamond substrates.””” At the same time, the recently dem-
onstrated bottom-up fabrication of high-aspect-ratio single-crystal
diamond microcrystallites® may be a promising alternative to the
top-down state-of-the-art fabrication techniques.

Resonators capable of generating AC signals are of particular
interest for various microelectromechanical systems (MEMS). A vari-
ant of such a resonator in the form of a singly clamped nanowire that
generates alternating voltage by mechanical self-oscillation initiated
due to field electron emission driven by the DC voltage was proposed
in Ref. 10. To date, such self-oscillations have been demonstrated for
field emitters based on silicon carbide (SiC) nanowires'”'" and carbon
nanotubes.'”'” Given the outstanding mechanical properties of dia-
mond, realization of a self-oscillation regime in a system with a field

emitter based on single-crystal diamond can potentially lead to a sig-
nificant improvement in the characteristics of such micromechanical
DC-AC converters.

In this work, we study the mechanical properties of the resona-
tors based on single-crystal diamond micro-needles. Using the
dynamic resonance method,'® we investigate their natural frequencies,
quality factors, and elastic modulus. Since such needles demonstrate
efficient field emission, ' we also explore the possibility of realization
of the self-oscillation regime.

Single-crystal diamond needles were fabricated by direct current
discharge plasma enhanced chemical vapor deposition (CVD) of a
polycrystalline diamond film and its subsequent selective oxida-
tion.*”"” Hydrogen and methane gas mixture was used in the CVD
process. The substrate temperature was 900 °C. The growth rate of the
diamond film was about 1 um per hour. After growth, the film was
oxidized for 20 h by heating in air at normal atmospheric pressure and
a temperature of 600 °C. As a result of oxidation, the less ordered com-
ponent of the film was removed due to its gasification and individual
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needlelike diamond microcrystals remained on the substrate. In a single
bottom-up process, several million needles are produced [Fig. 1(a)]. The
needles have a shape close to a pyramid with a rectangular base. The
pyramid base coincides with the (100) diamond facet. By changing
the deposition parameters, it is possible to vary not only the size of the
needles, but also the dimension of the cross section [see examples in
Figs. 1(b)-1(e)], which is important for production of resonators with
desired properties.

We used two different setups based on transmission and scan-
ning electron microscopes (TEM and SEM) in which it was possible to
measure electromechanical resonance and emission-induced self-oscil-
lations, respectively. The resonant forced oscillations of the diamond
needles were studied inside a TOPCON EMO002b TEM at a vacuum
level of ~10~ Torr, similar to that described in Refs. 20 and 21. Each
needle was fixed on a sharpened tungsten wire, which was mounted in
a TEM sample holder. During measurements, the needle tip was
located at a distance of ~1 mm from a gold ball of 1 mm in diameter
[Fig. 2(a)]. DC voltage Vpc was applied to the needle holder, and a
sinusoidal excitation voltage with an amplitude of up to 10V was
applied to the golden ball. The amplitude of resonant oscillations was
determined from TEM images.

The field emission properties and self-oscillations of diamond
needles under action of a DC voltage were measured inside FEI Versa
3D SEM chamber at a vacuum level of ~10~°Torr. In this case, a

FIG. 1. (a) Scanning electron microscopy images of diamond needles after their
extraction from a CVD-grown polycrystalline diamond film treated by selective oxi-
dation. (b)-(d) SEM images of individual diamond needles obtained in the CVD pro-
cesses with different and variable parameters.
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FIG. 2. (a) TEM image of vibrating diamond needle and the measurement scheme
used for the study of the resonant oscillations. (b) Oscillation amplitude vs fre-
quency of the excitation voltage at Vpc = OV. Black lines are Lorentz fits. (c)
Resonance frequency vs applied DC voltage. Black lines are fits using f2(Voc)
—2,(Voc = 0) ~ V2, equation. (d) Deformation of the needle for two polariza-
tions of the first eigenmode. The colormap shows the relative displacement of the
needle points from the equilibrium position.

sharpened tungsten wire was used as an anode. It was located near the
diamond needle tip [Fig. 3(a)]. DC voltage was applied between
the needle holder and the anode. The field emission current was mea-
sured using a Keithley 6487 picoammeter. Microscopic images were

(a) (b)
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100 200 300 400
Voc (V)
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FIG. 3. (a) STEM image of a diamond needle at the anode—cathode distance
d=28 um and scheme of field emission measurements. (b) Field emission current—
voltage characteristic. Dashed and solid lines are fits using Eq. (1) at
a=25x10"° AV? b=2000 V, R = 0 Q, and R=2 GQ, correspondingly. (c)
FN plot for the current-voltage curves shown in panel (b).
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obtained using a solid-state scanning transmission electron micros-
copy (STEM) detector.

The needles investigated in this work had lengths in the range
from 50 to 100 um. The study of resonant vibrations has shown that
their fundamental frequencies lie in the range from 100 kHz to several
MHz depending on the specific shape and dimensions. It should be
noted that a similar range of frequencies is also observed for diamond
cantilevers of similar sizes fabricated by the top-down method.”
Figure 2(b) shows a typical dependence of the oscillation amplitude
on the frequency of the excitation voltage for the needle shown in Fig.
2(a). Two Lorentz peaks are observed at frequencies f; = 320.2kHz
and f, = 187.1kHz. The quality factors of Q; = 822 =25 and Q,
= 516 * 24 were determined from the fits. When applying a constant
voltage, Vpc, the resonant frequencies increased according to
2. (Vpe) — f2(Vpc = 0) ~ V3. dependence, which is associated
with the electrostatic pulling of the needle and is valid for relatively
small frequency changes.”*”’

The quality factors of Q ~10> obtained for the diamond needles
are quite low compared to singly clamped resonators of similar size,
which usually have Q> 10*7%" We believe that this is due to high
energy losses associated with clamping,™ since the needles were
attached to the tungsten holder with a relatively weak Pt contact using
focused-ion-beam-induced deposition (FIBID). It is possible to signifi-
cantly reduce losses and increase the quality factor by optimizing the
fixation process. For example, much better mechanical contact can be
achieved by fixing the base of the needle inside the hole in the holder
using FIBID, as was reported, e.g., in Ref. 25.

In order to analyze the mechanical characteristics of the needles,
we performed a numerical simulation based on the finite-element
solution of the linear elastic boundary value problem without
damping. The model was based on the equation of motion —pw?u
=V -8, where p = 3510kg/m’ is the density of diamond, »» = 2xf
is the angular frequency, u is the displacement vector, and § is the
stress tensor, which depends on Young modulus E of the material. A
three-dimensional geometric model of the needle was constructed
using TEM images. The simulated deformation of the needle for two
polarizations of the first eigenmode is shown in Fig. 2(d). The ratio of
the eigenfrequencies of the two polarizations was proportional to the
aspect ratio of the needle cross section ~0.6 determined using TEM
and was in agreement with the experimental ratio of resonant frequen-
cies f/f;. The main parameter of the model was Young modulus, E,
which was chosen so that the eigenfrequencies would match f; and f,
The obtained value E= 1130 = 50 GPa is in good agreement with the
literature value of ~1150 GPa for single crystal CVD diamond”’ and
top-down fabricated diamond resonators.'® The error in determining
E is related to the error in measuring the dimensions of the needle
cross section, which was about 5%.

Field emission experiments have shown that at a relatively small
distance d between the diamond needle apex and the anode, sustained
mechanical oscillations of the needle can take place when a DC voltage
is applied. Figures 3 and 4 demonstrate representative results for large
and small d values, respectively. Figure 3(b) shows the current-voltage
characteristic obtained for d=8 um, at which no oscillations were
observed. The corresponding dependence in Fowler-Nordheim (FN)
coordinates, i.e., as In(I/Vpc?) vs 1/Vpe, demonstrates a non-linear
behavior [Fig. 3(c)], which is well described by the FN equation, taking
into account the voltage drop inside the needle

scitation.org/journal/apl
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FIG. 4. (a) STEM image of the diamond needle during self-oscillation at the ano-
de-cathode distance d=1.3 um and Vpc = 250V. (b) Field emission current—
voltage characteristic. Dashed and red lines are fits using Eq. (1) ata=3.1 x 10~°
AVZ b=1625V, R = 0 Q, and R=2 GQ, correspondingly. Blue line is the fit
using the self-oscillations model. (c) FN plot for the current-voltage curves shown
in panel (b).

I=a(Vpc — IR)*exp(—b/(Vpc — IR)), (1)

where R is the resistance of the needle, Vpc — IR is the voltage at the
apex, and a and b are the fitting coefficients. At R=0 €, this equation
coincides with the standard FN formula and has the form of a straight
line in the FN coordinates shown by the dashed line in Figs. 3(b) and
3(c). At R=2 GQ, the solution of Eq. (1), shown by the red line, gave
the best agreement with the experiment.

When the distance d was reduced to less than 8 um, mechanical
oscillations of the needle were observed at voltages exceeding certain
threshold V.. For example, Fig. 4(b) shows the results of field emis-
sion measurements at d = 1.3 um. In this case, oscillations occurred at
a voltage higher than Vy,, = 150 V. The frequency of oscillations was
about 1.4 MHz (see the supplementary material). The amplitude of the
needle apex oscillations Ax increased with voltage (and current) [Fig.
4(b)]. The relative deviation of Ax in time from the average value was
about 20% at the maximum voltage of 250 V. The current-voltage
characteristic shown in Fig. 4(b) was measured with a step of 10 V. At
each voltage value, the field emission current was averaged over 10 s.
At low voltages, the current-voltage curve and the corresponding FN
plot are well described using Eq. (1) [red line in Figs. 4(b) and 4(c)]. A
significant deviation of the fit from the experimental curve was
observed at high voltages due to a strong decrease in the field emission
current with the apex-anode distance during oscillations. It is impor-
tant to note that current-voltage characteristic did not change when
the electron beam was blanked. This means that the oscillations are
not associated with the action of the electron beam, as, for example,
was shown in Ref. 28. Thus, we are dealing with self-oscillations
induced solely by a constant DC voltage.
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In order to analyze the experimental data, we used the previously
developed model of self-oscillations,'""**’ based on the equation of
motion for a one-dimensional beam 71X = Feugic + Friction + FCoulomb-
Here, m™ is the effective mass of the needle and x is the position of its
apex along the horizontal axis, as shown in Fig. 4(a). Feagic = m* wix is
the elastic force (Hooke’s law) determined by the fundamental frequency
Jo = @o/27. Fgicion = m*(o/Q)x is the friction force, which is linear in
velocity and depends on the quality factor Q. Feouomp = dW /dx is the
Coulomb force determined by the electrostatic interaction energy
W = C(Vy + V(t))*/2, where C is the mutual capacitance of the nee-
dle and the anode, and V;, and V(#) are the DC and AC components of
the voltage difference between the needle apex and the anode, corre-
spondingly. The voltages Vpc and V,, + V(t) are related by the Kirchhoff
equation Ipy + I = I for the equivalent circuit of the system [Fig.
5(a)], where Iy is the field emission current, I, = dC(V, + V(¢))/dt is
the current through the capacitor, and Ix = (Vpc — Vo — V(¢))/R is
the current through the needle with the resistance R. An analysis of the
motion equation by substituting the solution x(f) ~ cos(wot) shows that
the effective damping coefficient is given by

VoRs=C' ol
07> (chﬂ—C’Vo), @)

% Vot
Q  m*[1+ (RCap)’] Ox

’y_

, -1
where Ry = (% + i) . Self-oscillation occurs when the damping

becomes negative. Hence, the threshold voltage of self-oscillations Vi,
is determined by the condition y = 0. The values of the parameters in
Eq. (2) were taken from experimental data or calculated by simulation
of natural vibrations (similar to how it was done for resonant oscilla-
tions) and by electrostatic simulation (see the supplementary material).
The values of the fundamental frequency and needle resistance used in
the calculations were fy = wo/2n = 1340kHz and R=2 GQ. Figure
5(b) shows the calculated y(Vpc) dependences. Since in this case the
Q-factor was not measured directly, it was a fitting parameter and was
chosen so that the Vy;,, matches its experimental value. The best agree-
ment for d=1.3pum and Vi, = 150V was achieved at Q=4500,
which exceeds Q-factors obtained in resonant excitation experiments.
Higher Q-factor can be explained by lower energy losses due to

(c)
80 -
— d=1.3pm
— d=8um
60 -
<
£ g0l
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0 100 200 300 400 R s
Ve (V) X (pm)

FIG. 5. (a) Equivalent electrical circuit of a self-oscillating system. (b) Damping
coefficient vs DC voltage calculated using Eq. (2). (c) Field emission current vs the
needle apex position calculated at Vpc = 250 V.
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clamping, since in this case the size of the Pt contact connecting the
needle with the holder was larger compared to the sample shown in
Fig. 2(a).

The calculated values of Vy,, increase with the anode-cathode
distance d in accordance with the experiment. For example, Fig.
5(b) shows that at d =8 um, damping was positive over the entire
voltage range used in the experiment [Fig. 3(b)], i.e., self-oscillation
does not take place in this case. The strong dependence of self-
oscillations on d is governed by the parameter dlIpy/dx in Eq. (2),
since the other parameters are almost independent of d. Figure 5(c)
shows the calculated Irn(x) dependences. It is clear that dlpy/dx at
the equilibrium position (x=0pum) is much higher at d=1.3 um
than at d =8 um.

Thus, a simple linear model predicts fairly well the behavior of
self-oscillation threshold voltage for a diamond needle. For further
comparison with experiment, we used calculated Irn(x) dependence to
simulate the average current [blue curve in Figs. 4(b) and 4(c)] using
the harmonic approximation x(f) = Ax sin(wot), where Ax is the
amplitude given in Fig. 4(b). It can be seen that the simulated I(x)
curve demonstrates strong saturation in the self-oscillation region. The
observed quantitative discrepancy between the calculated and experi-
mental I(x) is expected, since the system is essentially non-linear due
to the high oscillation amplitude and the harmonic approximation is
not valid.

The above analysis shows that, in general, the properties of dia-
mond needle self-oscillations are similar to those obtained previously
for resonators based on carbon nanotubes and SiC nanowires.
However, an important difference of the presented experiments is that
the anode had the shape of a tip and not a flat surface. As a result, the
field emission current is highly dependent on the distance between the
apex and the anode, and therefore, the degree of DC to AC conversion
is correspondingly higher in this case.

It is also important to note that self-oscillations take place
when the period of mechanical oscillations is comparable to the RC
time constant.'' In the case of self-oscillations presented in Fig. 4,
the value of RC was 2.2 us (R = 2 GQ, C=1.1{F) and the period
value 1/w, was 0.12 ps. Since C is quite low for high-aspect-ratio
emitters, a relatively high R value is required. As we have recently
shown, the Ohmic resistance of diamond needles can be changed
from ~1 TQ for pristine needles to ~10kQ for the needles with
field-emission-induced graphitization of their surface layer."* Hence,
in the case of diamond needle emitters, it is possible to adjust the
resistance value in situ in order to achieve optimal conditions for
self-oscillations.

In conclusion, we have shown that the intrinsic mechanical prop-
erties of resonators based on singly clamped single-crystal diamond
needles mass-produced by CVD are similar to those of diamond reso-
nators fabricated by top-down techniques. It has been established that
sustained mechanical oscillations can be induced during field emission
from the apex of a diamond needle. This effect is well described by a
simple linear model of self-oscillations in a system with a flexible field
emitter. In general, the studied diamond needles are very promising
for use in various MEMS for sensors, precision measurements, and
DC-AC converters, as well as in vacuum microelectronic devices.
Moreover, given the nanometer size of the apex, such needles can be
used in various scanning probe techniques, for example, as tips for
non-contact ultrasensitive force microscopy.”’ It should also be noted
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that a promising direction in the study of our diamond needles may
be associated with the recently established ability of nanosized dia-
mond structures to undergo ultralarge elastic deformations” * and to
change their electrical properties (metallization,” superconductivity )
under such deformations.

See the supplementary material for the calculation of the parame-
ters of the self-oscillation model.

We thank Sergey Malykhin for providing SEM images of the
diamond needles. The work was supported by Russian Science
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