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A suspended, doubly clamped single wall carbon nan-
otube is characterized as driven nano-electromechanical
resonator at cryogenic temperatures. Electronically, the
carbon nanotube displays small bandgap behaviour with
Coulomb blockade oscillations in electron conduction
and transparent contacts in hole conduction. We observe
the driven mechanical resonance in dc-transport, includ-
ing multiple higher harmonic responses.

1 Introduction As has been shown in many both
room temperature [1,2] and low temperature measure-
ments [3-5], suspended carbon nanotubes display excel-
lent properties as mechanical resonator systems. Low-
temperature measurements have displayed mechanical
quality factors up to Q ~ 10° [3,6] at frequencies in
the megahertz to gigahertz range. Multiple higher harmon-
ics have been observed with frequencies up to 39 GHz
[7]. One additional feature of particular interest of car-
bon nanotube nano-electromechanical resonators is the
high tunability of the resonance frequency: the particular
combination of high Young’s modulus [8,9], low diameter
and low mass make it possible to tune a carbon nanotube
“beam resonator” all the way from the case of a hanging
chain to a rope with high tensile load [10,2] by applying
electrostatic forces via gate voltages alone. As expected
from the bulk beam model, the resonance frequency typi-
cally has a minimum around zero applied gate voltage, and
increases at finite voltage. We report here on a particular
resonator where we have observed a strong manifestation

The data shows a distinct negative frequency tuning at fi-
nite applied gate voltage, enabling us to electrostatically
decrease the resonance frequency to 75% of its maxi-
mum value. This is consistently explained via electro-
static softening of the mechanical mode.
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of the opposite behaviour: the resonance frequency can
be tuned down to ~ 75% of its maximum value. Similar
behaviour has been observed in literature for various ma-
terial systems [11,12,6], in particular also for the case of
nanotubes with low tension or slack [13].

2 Sample fabrication Our devices are fabricated
using standard lithography techniques. Base material is a
highly positive doped silicon wafer with a thermally grown
550 nm silicon dioxide layer on top. Figure 1(a) displays
an SEM image of the electrode geometry used in our mea-
surements. We achieve suspended and contamination-free
carbon nanotubes by chemical vapor deposition (CVD)
growth over predefined contacts separated by etched
trenches [14,15,5]. As contact material, we use a 40 nm
thick, co-sputtered layer of a rhenium / molybdenum al-
loy [5, 16]. This material also serves as etch mask for the
trench definition. Various geometries are used in different
chip structures; in the case discussed here, the trench be-
tween the nanotube contacts was 500 nm wide and 220 nm
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Figure 1 (a) SEM image (before catalyst deposition and nanotube CVD growth) of the electrode geometry also used for
the sample described here. (b) Schematic of the low temperature electronic transport measurement setup; as cryostat, an
Oxford Instruments helium-3 evaporation system was used. In the measured sample the gate finger electrode (see also (a))

could not be used because of a lithographic defect.

deep. Within the trench, an additional finger gate was de-
fined, see Figure 1(a); in the measurement it could not be
used because of a lithographic defect. For characterization
and selection, devices are only tested electrically at room
temperature. The low temperature transport experiments
with suitable samples are conducted at Tise = 300 mK in
a helium-3 evaporation cooling system. Here, in addition
to a typical Coulomb blockade measurement setup [17],
a radio frequency signal for mechanical excitation can be
applied contact-free by an antenna nearby in the cryostat
[3]. Figure 1(b) depicts a schematic of this measurement
setup: we apply a bias voltage and measure the resulting
current; a gate voltage is used for varying the electrochem-
ical potential and thereby also the charge of the carbon
nanotube.

3 Basic electronic characterization Figure 2(a)
displays a low-temperature (7" ~ 300 mK) measurement
of the current I(V;) through our carbon nanotube sam-
ple as a function of applied gate voltage V;, for constant
Via = 2mV. The sample displays the typical behaviour of
a small bandgap carbon nanotube. On the hole conduction
side (V; < 2.2V) we only observe few oscillations of
the current and a subsequent fast transition into an open
transport regime [19]. Note, however, that the overall re-
sistance remains high (R ~ 180k{?2 at V, = 0), indicating
either a high series resistance in the leads or a multi-dot
structure. On the electron conduction side (V, 2 2.6V)
we observe sharp Coulomb oscillations, however no clear
shell structure can be discerned. By additionally varying
the bias voltage Viq we obtain the typical “Coulomb dia-
mond” stability diagram, see Fig. 2(b). Multiple, strongly
gate-dependent inelastic cotunnelling lines without clear
pattern can be seen [20,21], hinting at a potential struc-
ture more complex than a single minimum, e.g., involving
trap states near the leads or potential irregularities along
the nanotube. Also in nonlinear transport no regular shell
structure can be observed. Of note in the measurement of
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Fig. 2(b), however, are the rounded regions marked with
arrows — here, electromechanical feedback leads to self-
driving of the mechanical motion in absence of an external
rf driving signal [4,5, 18].

4 Driven mechanical resonator measurements

A mechanical resonance detection measurement is shown
in Figure 3(a). The bias voltage Vi = 2mV and the gate
voltage V, = 3.234 'V are kept constant, the frequency of
an applied rf-signal (compare Fig. 1(b)) is varied across
a large range at constant nominal generator power P =
2 dBm. Since in this setup the cabling used for the radio-
frequency signal is not particularly optimized, the actual
power transmitted to the sample varies over the observed
frequency range, leading to the large-scale oscillatory be-
haviour in Fig. 3(a). Mechanical resonances of the carbon
nanotube show up as sharp spikes in the recorded cur-
rent (for details of the detection mechanism, see e.g. [3]).
We observe several resonance frequencies ranging from
72.8 MHz to 552.1 MHz. Fig. 3(b) displays an exemplary
detail zoom measurement of the resonance in Fig. 3(a)
around f = 358.5 MHz. The width of the measured peak
corresponds to a quality factor of Q@ = f/Af = 11800;
maximum quality factors observed on this device were
Qmax >~ 72000 at T" ~ 300 mK.

Figure 3(c) shows selected extracted peak positions
plotted as a function of an assigned mode number of the
mechanical carbon nanotube resonator. The peaks form a
sequence of approximately integer multiple frequencies;
the dependence of the resonance frequency on the mode
number can be fitted linearly, leading to a good agreement
for fa,, = n (71.440.4) MHz. This indicates the presence
of a string under tension, since for the case of a hanging
chain, where the bending rigidity dominates mechanical
behaviour, higher vibration modes do not occur at integer
multiples of the fundamental frequency [10,2, 13]. The ob-
servation is consistent with recent measurements on short
nanotube segments [7].
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Figure 2 (a) dc current as function of applied gate voltage V, for constant Vs = 2mV, at T' ~ 300 mK. The device displays
transparent behaviour in the hole regime (V, < 2.2V), a small bandgap, and irregular Coulomb oscillations in electron
conduction (V 2 2.6 V). (b) Differential conductance d/dVi (numerically obtained from a dc-current measurement) as
function of gate voltage V; and bias voltage Vg, in the few-electron regime (logarithmical color scale). The yellow arrows

mark regions of nano-electromechanical feedback [4,5,18].
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Figure 3 (a) Time-averaged dc current through the carbon nanotube as function of the frequency of the rf driving signal,
for constant Vg = 2mV, V;, = 2.234V, and nominal rf generator power P = 2 dBm. Black arrows mark the resonance
features used in the plot of (c); additionally observed resonances are marked with their frequency. (b) Detail from (a)
(higher resolution measurement): exemplary resonance trace around f = 358.5 MHz. The peak width corresponds to a
quality factor () = 11800. (c) Selected resonance frequencies from measurements as in (a) as function of assigned mode
number. A sequence of harmonics can be observed; the linear fit results in fg, = n (71.4 £ 0.4) MHz.

In addition, in the plot of Fig. 3(a) further resonances
appear. These are each marked in the plot with the reso-
nance frequency. While a mechanical origin of these fea-
tures is likely because of the sharp frequency response, a
detailed identification cannot be made from our data.

5 Gate voltage dependence of mechanical reso-
nance Varying both the driving frequency f and the gate
voltage V, enables to trace the resonant features in a 2D

plot. This is done in Fig. 4 for a wide gate voltage range
from -12'V to 10 V. We have chosen the first harmonic fre-
quency for this evaluation since it provides the best signal
to noise ratio. As already stated, the expected behaviour
would be an increase of the mechanical resonance fre-
quency for increasing gate voltages: electrostatic force on
the nanotube leads to a deflection towards the back gate
and thereby to increased mechanical tension [1,2]. Fig. 4,
however, displays a strong negative curvature of the reso-
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Figure 4 Background: numerical derivative dI/df of the measured time-averaged dc current as function of external rf
driving frequency f and gate voltage V;, for nominal driving power P = 0 dBm and bias voltage Vi4 = 2mV. The color
scale has been adapted per partial plot to obtain optimal contrast. The manually extracted resonance peak positions for the
first harmonic frequency f> as function of gate voltage V,, which form the raw data for curve fitting, are overlaid as yellow
crosses. The black dotted line corresponds to a parabolic fit, see equation 2.

nance frequency; at V, = —12V far in the hole conduc-
tion regime the resonance frequency is reduced to approx-
imately 75% of its maximum value. For electron conduc-
tion, the same effect emerges symmetrically.

A decrease of resonance frequency has been observed
previously in literature in measurements on a suspended
metallized SiC beam and on a doubly clamped InAs
nanowire resonator [11,12] and also in carbon nanotube
mechanical resonators [6,13]. In particular, in a dual-gate
setup, negative tuning was observed for a weakly tensioned
nanotube in [13]. It is explained via so-called electrostatic
softening of the vibration [6,11-13]. For this effect, a vi-
bration of the carbon nanotube towards and away from the
gate is required: within one oscillation period the deriva-
tive Cy(h) = dCy/dh of the capacitance C, between
gate and resonator as function of the distance h between
them is modulated, and thereby also the electrostatic force
Fo oc Cp(h) between gate and resonator. Linearizing at
small deflection Ah from the equilibrium position, the
electrostatic force modulation can be written using the
second derivative C//(h) = d*C,/dh? as

AFy o A C!(h) )

and be described via an effective spring constant contribu-
tion.
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Assuming that the built-in tension in the carbon nan-
otube device is dominant at low gate voltage V,, we ap-
proximate that the mechanical tension and thereby the
purely mechanical spring constant does not change in the
observed range of V;. Following [6], we can then approxi-
mate

F(Ve) = fiax — B(Vg — Vgo)?, 2)

where we define with m the mass and L the length of the

nanotube
1 /Ty
K= =t —. 3
fma s\ L 3)

The curvature of the parabola f(V}) is connected to Cy,
via .
CyL
4772T0 '

The black dotted line in Fig. 4 corresponds to a
parabolic fit using Eq. 2 with the parameters fup.x =
146.9MHz, V, o = 1.4V, and 8 = 0.192MHz/V2.
Assuming a mass of the carbon nanotube m = 0.17 x
10~2'kg and a nanotube length equal the trench width
L = 500nm, these values lead to 7y = 7.3pN and
Oy =175 x 10~ F/m?.

As can be seen in Fig. 4, the parabolic fit does not
accurately represent the functional dependence of f(Vj).

ﬂ = fmax €]
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Several possible mechanisms can contribute here. Eq. 2 as-
sumes that the charge on the nanotube is proportional to
the applied gate voltage, which in particular does not hold
within and close to the electronic band gap. In addition the
mechanical tension varies, leading to additional contribu-
tions to f.

The case of finite tension described here differs
markedly from the observation of electrostatic soften-
ing in [13]. There, an “end gate” to the side of the de-
vice was required to obtain motion in the direction of the
gate electrode. Here, the occurrence of strong electrostatic
softening indicates the vibration of the tensioned string
towards the back gate. However, because of the complex
structure geometry including a non-functional additional
gate electrode (cf. Figure 1(a)), further evaluation proves
to be difficult.

As a consistency check, we calculate the distance be-
tween carbon nanotube and gate required to obtain the
above value of C/ = 7.5 x 1077 F/m?, using the sim-
ple model of a thin beam with radius r above an infinite
conductive plane. Assuming a nanotube radius » = 2nm,
and L and C’;’ from above, we obtain a required distance in
vacuum between nanotube and gate of h = 1 um. In spite
of the many approxmations used, this result is indeed of
the correct order of magnitude, compared to a trench depth
below the carbon nanotube of 220nm and an addition-
ally remaining silicon oxide layer of 380 nm. The obtained
value for h is an upper limit since we neglect a deflection-
induced increase in mechanical tension and thereby spring
constant, which will have to be overcome by the electro-
static softening as well.

6 Conclusion We measure electronic and mechani-
cal properties of a high-quality factor carbon nanotube vi-
brational resonator at cryogenic temperatures. Both quan-
tum dot behaviour and multiple driven mechanical res-
onances are observed. A sequence of higher harmonics
occurs approximately at multiple integers of a base fre-
quency, indicating that the nanotube resonator is under ten-
sion. The gate voltage dependence of the resonance fre-
quency of the first harmonic f5(V;) displays a distinct neg-
ative curvature; the frequency can be tuned from a max-
imum f5(V, = 1.4V) = 145.9MHz down to f»(V, =
—11.7V) = 110.2 MHz. We successfully model this by
electrostatic softening. Future experiments may address vi-
bration direction and mode shape by providing more com-
plex gate and thereby electric field geometries.
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