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ABSTRACT: We present a “nanoladder” geometry that minimizes the
mechanical dissipation of ultrasensitive cantilevers. A nanoladder
cantilever consists of a lithographically patterned scaffold of rails and
rungs with feature size ~100 nm. Compared to a rectangular beam of the
same dimensions, the mass and spring constant of a nanoladder are each
reduced by roughly 2 orders of magnitude. We demonstrate a low force
noise of 15875 zN and 1907%3 zN in a 1 Hz bandwidth for devices made
from silicon and diamond, respectively, measured at temperatures
between 100—150 mK. As opposed to bottom-up mechanical resonators
like nanowires or nanotubes, nanoladder cantilevers can be batch-
fabricated using standard lithography, which is a critical factor for

applications in scanning force microscopy.
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anomechanical sensors have emerged as powerful tools

for the detection of minute masses' " and forces,”™"*
opening avenues into nanobiology, chemistry, and solid state
physics.”*~>* Similar to the atomic force microscope,”* which
was one of the key enabling instruments for the rise of
nanotechnology, new generations of nanomechanical sensors
will be instrumental in carrying industry to a new level of
minijaturization and material control. Bottom-up fabricated
nanoresonators based on individual, doubly clamped carbon
nanotubes have recently demonstrated a mass sensitivity
corresponding to a single hydrogen atom and a force resolution
in the zeptonewton range.”'" A similar level of sensitivity has
been achieved with untethered resonators like single trapped
ions™® and optically levitated nanoparticles.”® However, the
practical application of bottom-up sensors has so far been
limited because they are difficult to implement in a scanning
probe apparatus and are in many cases subject to large
variations in quality, size, and geometry.

Top-down fabricated nanoresonators have remained the
preferred devices for sensitive force measurements. They can be
supplied in large numbers with small device-to-device
variations, can take advantage of a wide range of substrate
materials and also be geometry-tailored for specific applications.
This makes top-down devices comparatively cheap and reliable.
Among them, singly clamped cantilever beams form a
particularly useful and versatile class of nanomechanical sensors
due to their suitability for scanning probe experiments, such as
atomic force microscopy (AFM),24 magnetic force microscopy
(MEM)*” and magnetic resonance force microscopy
(MREM).”*** Owing to the limited spatial resolution of top-
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down lithography, however, the sensitivity of cantilever beams
has trailed behind that of bottom-up devices. Current record
sensitivities are on the order of 500 — 800zN/~/Hz for devices
made from low-dissipation materials including silicon” and
diamond.™

The sensitivity of nanomechanical detectors is ultimately
limited by thermomechanical force noise. In the absence of
other noise sources, the minimum measurable force is given by
Fy, = (47kzTB)?, where y describes the resonator dissipation,
kgT is the thermal energy, and B the measurement
bandwidth.”' Apart from reducing the operation temperature,
the only means for reducing the force noise is through a

reduction of the resonator dissipation y = Jkm /Q. This
translates into (i) combining a low spring constant k with (ii) a
small effective mass m and (jii) employing a material that
supports a high mechanical quality factor Q. Intuitively, both
the spring constant and mass can be reduced by decreasing the
cross section of the cantilever while maintaining the beam
length.

In this Letter, we introduce a “nanoladder” geometry to
reduce the force noise of top-down, batch produced ultra-
sensitive cantilevers. The nanoladder cantilever consists of two
parallel wires joined by struts along their length (see Figure 1).
The resulting structure maximizes stability along the transverse
and longitudinal directions while minimizing the motional mass
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Figure 1. Nanoladder design and interferometric detection. (a)
Optical micrograph of a 150 ym long diamond nanoladder device. The
nanoladder consists of two parallel nanowires (length L, width w,
height t) that are connected by rungs every 20 um. Insets show
magnified electron micrographs of the base, middle and tip regions of
the device. A paddle located near the tip of the ladder allows for
optical readout of the cantilever vibration. Devices fabricated for this
study used t ~¥ w = 100 to 300 nm and L = 100 to 300 um. (b)
Schematic of the nanowatt fiber-optic interferometer used for
displacement detection.”**

and spring constant of the sensing mode, and therefore
combines the sensitivity of a nanowire detector with the rigidity
of a cantilever beam. We experimentally demonstrate the
performance of the nanoladder cantilever by achieving a force

noise of 158zN/+/Hz at 108 mK.

We implemented the nanoladder design using diamond and
silicon as resonator materials. Diamond devices were patterned
by electron beam lithography onto a polished 20 um thick
single crystal membrane and released by inductively coupled
plasma (ICP) etching from the backside.””** Silicon devices
used a low-conductivity SOI wafer and a vapor hydrofluoric
acid (HF) etching process for device formation (see SI). In
order to protect the fragile nanoladder structure during the final
release, most of the cantilevers were tethered to the opposite
support substrate (see Figure 1). The tether was cut postrelease
by a focused helium ion beam (diamond devices) or
mechanically with a manual micromanipulator stage (silicon
devices). Optical and scanning electron micrographs of a
finished diamond device are shown in Figure 1a; further images
are provided in the SI.

We characterized the nanoladder cantilevers in a custom-
built force microscope operating inside the vacuum chamber of
a dilution refrigerator (Leiden CF450) with a minimum stage
temperature of approximately 80 mK.”* The microscope stage
was suspended on springs to eliminate environmental
vibrations. The subnanometer vibrations of the cantilevers
were measured by a fiber-optic interferometer operating at a
wavelength of 1550 nm (Figure 1b).*>* Only a few percent of
the light incident at the cantilever were typically reflected back
into the fiber because of the small size of the mirror paddle, and
because the interferometer wavelength was not well matched to
the cantilever thickness.””*

In a first step, we measured the vibrational noise spectrum at
room temperature (Figure 2a). The spectrum was dominated
by a sharp signal peak at the frequency f, of the fundamental

mechanical mode, reflecting the thermomechanical motion of
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Figure 2. Characterization of a diamond nanoladder cantilever. (a)
Power spectral density (PSD) of the cantilever displacement measured
at room temperature. (b) PSD of the fundamental mode at f. = 25.22
kHz. The shaded area corresponds to «Z,. The baseline reflects the
displacement noise of the interferometer. (c) Ring-down experiment
used to determine the Q-factor at room temperature (average over 100
ring-downs).

the cantilever. The higher order modes appeared at much larger
frequencies (see SI), as expected from the high transverse and
longitudinal stiffness of the nanoladder. To determine the
spring constant k and effective mass m of the fundamental
mode, we computed the mean square displacement x7,, by
integrating the signal peak of the power spectral density (PSD)
after subtracting the background (Figure 2b). In thermal
equilibrium, the mean square displacement is linked to the
spring constant by the equipartition theorem, %kxins = %kBT,
where T is the noise temperature of the resonant mode.” By
performing this measurement at room temperature (T = 295
K) we could calibrate both the spring constant, k = kT/xZ,,
and the effective mass, m = k/(2af.)%. The quality factor Q was
determined via the decay time constant 7 = Q/(#f.) of a
separate ringdown measurement (Figure 2c). We found that
the ring-down method and a fit to the spectral density gave
similar values for the Q-factor, indicating that spectral diffusion
is negligible.

Table 1 compares the mechanical properties of a diamond
and a silicon nanoladder to state-of-the-art ultrasensitive
cantilever beams (refs 7 and 35.). We find that the nanoladder
devices have 50—400 times lower mass and are 40—600 times
softer than their rectangular beam counterparts. Ideally, the
nanoladder design should therefore allow for a reduction of the

mechanical dissipation y = v/km /Q by roughly 2 orders of
magnitude. However, since the nanoladders also exhibit a
significantly lower Q-factor than the corresponding rectangular
beam devices, the reduction in mechanical dissipation is
effectively about a factor of 15. The reduction in the Q-factor
is probably related to the enhanced surface-to-volume ratio and
to sidewall roughness, and will be the subject of a future study.

We now turn to the main result of this work, a measurement
of the force noise of nanoladder cantilevers at cryogenic
temperatures. For this purpose, the devices were cooled down
to the base temperature of the dilution refrigerator. Below ~1
K, we observed that the mode temperature T of the cantilevers
was higher than the stage temperature Ty, due to laser
absorption at the paddle. To study the cantilever noise as a
function of temperature, we therefore kept the stage temper-
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Table 1. Mechanical Properties of Nanoladder Cantilevers and Corresponding Rectangular Beam Cantilevers”

device f. (kHz) m (pg)
nanoladder (diamond) 2522 41 + 0.6
rectangular beam (diamond) 32.14 1,600
nanoladder (silicon) 5.52 55+13
rectangular beam (silicon) 4.98 270

k (uN/m) Qb v (pg/s) reference
110 + 10 162,000 3.7 this work
67,000 6,000,000 55 Tao et al.*°
65+ 1.6 45,000 42 this work
260 150,000 55 Mamin et al.”

“Data for the diamond cantilever are for the device shown in Figure 1. A total of five diamond and two silicon devices were investigated (see SI).
YReported Q-factors represent the highest measured values at milliKelvin temperatures.

ature constant (Ty,g ~ 80 mK) and varied the power Py, of
the laser light injected into the interferometer arm (see Figure
1b).

Figure 3a shows displacement spectra for the diamond
cantilever as a function of Pj. For each spectrum, we
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Figure 3. Characterization of nanoladder cantilevers at cryogenic
temperatures. (a) Diamond device: thermal displacement PSD as a
function of interferometer laser power. (b) Mode temperature as a
function of interferometer laser power. (c) Thermal force noise (in a 1
Hz bandwidth) as a function of mode temperature. (d—f)
Corresponding data for the silicon device. Error bars reflect the fit
error and shaded areas indicates calibration uncertainty in the
resonator mass (see SI). (Displacement PSD is given in units of V?*/
Hz because the displacement sensitivity varied between measure-
ments.)

calculated the mode temperature T = maZ,(27f.)*/ks by
integrating the spectrum (after baseline subtraction) and using
the known mass from the room temperature calibration
measurement. The mode temperature roughly followed T =
(ePper + T:tage)l/ * as the laser power was reduced from Py, =
250 nW to 1 nW, as expected from the thermal conductivity of
diamond at low temperatures®’ [lines in Figure 3b,e]. The
quality factor concurrently increased from Q = 131,000 to
162,000 (see SI). At the lowest temperature of T ~ 140 mK,
the force noise reached a value of Fy, = 190*%} zN in bandwidth
B = 1 Hz. Note that because the experimenter also sees

1816

detector noise in addition to the force noise, the value for the
force sensitivity is slightly higher, F;, = 34075 zN (see SI).
The dominant error in the force resolution is the calibration
error of the cantilever displacement, which leads to an
uncertainty in the estimate of the resonator mass (see SI and
shaded areas in Figure 3).

Figure 3d—f shows the corresponding data for the silicon
devices. Here, the minimum force noise is Fy, = 15873 zN and
the force sensitivity is F,,;, = 18873 zN at a mode temperature
of T ~ 110 mK, almost identical to the diamond cantilever.
These results demonstrate that the nanoladder design provides
a generic improvement of the force noise independent of the
resonator material.

Table 2 compares the force sensitivities of the nanoladder
cantilevers to the cantilever beams of ref 7 and 30. Clearly, the

Table 2. Reported Sensitivities in Bandwidth B = 1 Hz for
Ultrasensitive Cantilevers”

F th (aN)
geometry material 300K 3K’ 100 mK  reference
nanoladder diamond 13 1.1 0.19 this work
nanoladder silicon 15 12 0.16 this work
singly clamped diamond 115 6.0 0.54  Tao et al®
beam
singly clamped silicon 4.7 0.82  Mamin et al.”
beam
nanowire silicon 1.5 Nic}%(z)l et
al.
nanowire GaAs/ S Rossi et al.*
AlGaAs
membrane Si;N, 19.5 Reinllsla.rd et
al.
membrane Si;N, (10)° Norte et al.*’

“Prospective nanowire and membrane devices are included for
reference. “Temperatures vary between 1 and 8 K. “Calculated (not
measured).

nanoladder design provides a significant improvement
compared to standard cantilever beams. In fact, to the best of
our knowledge our experiments observed the lowest force noise
that has been reported for a cantilever device. The nanoladder
devices also equal or surpass the sensitivities offered by other
prospective geometries considered for force microscopy, such
as singly clamped nanowires”>*® or two-dimensional mem-
branes,"””” regardless of the experimental temperature. The
sensitivity of the nanoladder devices could be further improved
by lowering the mode temperature, which requires a
suppression of the laser heating. This can be achieved by
relatively simple means. A higher reflectivity of the cantilever
mirror paddle, for example, will at the same time increase the
signal amplitude and decrease the effect of absorptive heating,
leading to lower mode temperatures. For this purpose, future
generations of nanoladder cantilevers might be equipped with a
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highly reflective mirror on the paddle.”® It may also be possible
to further improve the sensitivity by reducing the intrinsic
dissipation of the devices, for example, by applying a chemical
surface treatment,™ reducing sidewall roughness, or by
adopting phonon band§ap engineering ideas from optome-
chanical membranes.*”*

Looking forward, the nanoladder cantilever design can enable
a significant step ahead in the mechanical detection of weak
magnetic signals, such as those produced by nuclear or
electronic sgins in the context of magnetic resonance force
microscopy.” For instance, the force generated on a single
proton magnetic moment (u = 1.4 X 107° Am) by the field
gradient of a strong nearby nanomagnet (G = 2.8 X 10" T/m,
ref 41) is F = uG = 400 zN, which is more than two times larger
than the sensitivity limit (in a 1 Hz bandwidth) achieved in this
work. It is therefore conceivable that nanoladder cantilevers will
pave the way toward single nuclear spin detection, which is an
important prerequisite for the three-dimensional magnetic
resonance imaging of individual molecules with atomic
resolution.'®** Diamond nanoladders with low dissipation are
also of interest to ongoing efforts in optomechanics to exploit
the excellent photonic properties of the material and its unique
intrinsic lattice defects.*’
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