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Membrane-Based Scanning Force Microscopy
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We report the development of a scanning force microscope based on an ultrasensitive silicon nitride
membrane optomechanical transducer. Our development is made possible by inverting the standard micro-
scope geometry—in our instrument, the substrate is vibrating and the scanning tip is at rest. We present
topography images of samples placed on the membrane surface. Our measurements demonstrate that the
membrane retains an excellent force sensitivity when loaded with samples and in the presence of a scan-
ning tip. We discuss the prospects and limitations of our instrument as a quantum-limited force sensor and
imaging tool.
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The coupling between optical and mechanical degrees
of freedom plays a fundamental role in physics and forms
the basis for many important applications in metrology
and signal transduction [1]. The field of cavity optome-
chanics, in particular, has enabled the detection of vibra-
tions with very high sensitivity [2,3] extending to below
the standard quantum limit [4], demonstrated squeezed
phononic states [5–7] and quantum ground-state cooling
of “massive” mechanical resonators [8–12], and enabled
optoelectromechanical signal transduction with quantum-
limited efficiency [13,14]. Such advances raise the ques-
tion whether optomechanical systems could be harnessed
for quantum-limited force sensors and scanning force
microscopes [15].

Sensitive force microscopy has important applications
for the imaging of isolated electronic charges [16,17] and
spins [18], nanoscale nuclear spin density distributions [19,
20], as well as magnetic fields generated by nanoscale cur-
rents [21]. A long-standing goal is the detection of a single
nuclear spin, which would constitute a milestone towards
atomic-resolution magnetic resonance imaging [20,22–
26]. This vision hinges crucially on the development of
mechanical transducers that combine exceptionally low
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thermomechanical force noise with very low detector
noise. In recent years, impressive progress in both respects
has been achieved with silicon nitride (Si3N4) strings
and membranes, whose high strain, extreme aspect ratio,
and phononic crystal clamp engineering have resulted in
very high quality factors [27–37]. Membranes and string
resonators, however, require clamping on opposite ends
and can therefore not be used in the cantilever or pen-
dulum geometry adopted in ultrasensitive scanning force
microscopy experiments [38,39]. This obstacle has so far
impeded the implementation of membranes in nanoscale
scanning force microscopy.

In this work, we demonstrate a scanning force micro-
scope based on a silicon nitride membrane sensor. We
accommodate the seemingly incompatible geometries by
inverting the standard microscope paradigm; in our setup,
the sample plate is also the force sensor, which we
approach with a static (nonvibrating) scanning tip. We
avoid snap-in-to contact by employing high-stiffness mem-
branes, and achieve high force sensitivity through the use
of state-of-the-art phononic bandgap membranes [35] with
very high quality factors (Q = 107 − 108). At the same
time, the extended membrane surface allows placement of
a wide range of samples without significant reduction of Q
(see the Supplemental Material [41]). As a proof of princi-
ple, we demonstrate scanning probe operation by imaging
the nanometer-resolution topography of gold nanospheres
and tobacco mosaic virus (TMV) particles deposited on the
membrane surface. When combined with a precise optical
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cavity readout and specialized spin-mechanics coupling
protocols [40] at cryogenic temperatures, our approach
is expected to enable quantum-limited scanning force
microscopy with the capability to detect individual nuclear
spins.

Our inverted scanning force microscope consists of a
static tip scanning above a vibrating silicon nitride mem-
brane (Fig. 1). The membrane oscillates in the out-of-plane
direction, unlike other ultrasensitive force microscopes
that use a pendulum geometry [42]. The membrane simul-
taneously acts as the sample platform and the optomechan-
ical force transducer. To improve the quality factor and
hence the force sensitivity, we use membranes that have
been structured with a hexagonal lattice of perforations to
create a bandgap for out-of-plane oscillations. At the cen-
ter of the membrane sits a larger (approximately 100 μm)
unperforated area. This “defect” is capable of supporting
localized mechanical modes with eigenfrequencies inside
the bandgap and mechanical quality factors up to 1 × 109

[35,36]. Similarly high quality factors have been reported
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FIG. 1. (a) We use a 41-nm-thick silicon nitride membrane as
the nanomechanical force sensor. A hole pattern acts as a phonon
shield, while two coupled “defect” areas (labeled 1 and 2)
undergo out-of-plane vibrations. We load gold nanoparticles and
tobacco mosaic viruses onto one of the defect areas and measure
the vibrations on the second one with a laser interferometer. The
scanning force microscope is operated in high vacuum to avoid
viscous damping. Figure adapted from Ref. [40]. (b) A 1550 nm
laser is used to detect the membrane motion and a 980 nm laser
drives the membrane via radiation-pressure forces. Membrane
vibrations are detected with a lock-in amplifier (HF2LI). The ac
output of the lock-in amplifier is used to modulate the potential
of the scanning tip or the power of the driving laser. CT is the
circulator, WDM is the wavelength-division multiplexer, SM is
the semitransparent mirror, BPD is the balanced photodetector,
and PLL is the phase-locked loop.

for other types of perforations [43] and for geometries with
narrow tethers [33].

Our membranes have a pair of defects that are separated
by a distance of a few hundred micrometers. The defects
are mechanically coupled and form hybridized normal
modes—symmetric and antisymmetric—with frequencies
that are a few tens of kilohertz apart [see Fig. 1(a)] [44].
In future experiments, we expect to use the double-mode
structures for parametric up-conversion of magnetic forces
from nuclear spins [40]. Here, we take advantage of the
fact that the two defects allow us to spatially separate the
sites for sample placement and for optical readout.

We detect the membrane vibrations with a fiber-
based laser interferometer positioned below the membrane
[Fig. 1(b)] [45]. The two arms of the interferometer are
formed by a semitransparent mirror at the fiber end and
by the membrane itself. Because of the low membrane
reflectivity (approximately 6%) we employ a balanced
photodetector that offsets the large reflection from the ref-
erence arm. The interferometer has a double-sided power
spectral density noise floor of approximately 10−28 m2/Hz.
We drive the membrane either via the radiation pressure
force of a second driving laser or through an electrostatic
modulation of the scanning tip [see Fig. 1(b)]. We detect
the signal by a lock-in amplifier, and utilize the amplifier’s
on-board phase-locked loop to maintain resonant driving
of membrane modes in the presence of thermal frequency
drifts.

To realize the scanning probe functionality, we integrate
a scanning tip on an xyz piezo translation stage above the
membrane. We use metal-coated silicon tips from commer-
cial atomic force microscope (AFM) cantilevers that are
glued to a micromachined metallic needle for rigid sup-
port. The metal finish of the scanning tip is convenient for
applying a tip potential and for implementing a dynamic
electrostatic driving. We have also tested scanning tunnel-
ing microscopy tips made from tungsten by wet etching,
but found them to degrade rapidly due to the high stiffness
of the membrane.

To characterize a membrane, we first sweep the fre-
quency fd of a small force to drive vibrations in a spectral
range of interest. The frequency spectrum shows a dense
quasicontinuum of modes that is interrupted by a gap from
approximately 1.36 to 1.65 MHz [Fig. 2(a)]. Inside the gap,
we find only a few out-of-plane modes that typically fea-
ture quality factors Q > 107 [35]. We identify the double-
defect modes by the pair of resonances around 1.4 MHz
whose frequency splitting agrees with that expected from
theory [44]. In the following, we focus on the antisymmet-
ric mode with a resonance frequency of f0 = 1.417 MHz.
We determine the precise quality factor of the modes via
the thermomechanical displacement noise spectrum and
through ring-down measurements [Fig. 2(b)].

To engage the tip, we approach the surface of the mem-
brane until we observe a shift of the resonance frequency
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FIG. 2. (a) Displacement power spectrum (PS) obtained by slowly sweeping fd applied through the modulated tip voltage. The red
arrow marks the high-Q mode used in this work. The force is applied through the modulated potential of the scanning tip far away
from the surface. (b) Thermal displacement power spectral density (PSD) of the high-Q mode. The solid line is a fit to the model of a
harmonic resonator. The value Q = 2.6 × 107 is independently obtained from a ringdown measurement (inset) and agrees well with the
peak width. The spring constant is k = m(2π f0)2 = 1100 N/m. (c)–(e) Shift of f0, vibration amplitude, and Q measured as a function
of tip-surface distance d, respectively. The membrane is driven by a radiation pressure force with a constant amplitude. We define the
touch position (d = 0) from threshold values where �f and z0 exceed a set value. (For example, �f = 0.3 Hz and �z0 = 30% for the
scans shown in this paper.) (f) The single-sided thermomechanical force noise S1/2

th = 4kBTγ0 calculated from (c)–(e) and the fit results
from (b). All measurements in the main manuscript are from a single membrane device. Data from additional devices are shown in the
Supplemental Material [41].

�f as well as a reduction of the amplitude z0 [see
Figs. 2(c) and 2(d)]. We find that the frequency and ampli-
tude only change at very close approach, d < 10 nm. This
behavior is expected because the membrane has a high
stiffness k ∼ 103 N/m. We further measure Q as a func-
tion of d, and observe no noticeable decrease even at very
close approach [Fig. 2(e)]. This observation is important,
because it indicates little noncontact friction (NCF) [46,47]
and little loss in force sensitivity in close proximity to
the membrane. Shown in Fig. 2(f), the single-sided ther-
momechanical force noise, defined by S1/2

th = 4kBTγ0, is
approximately 280 aN/

√
Hz at a distance of 20 nm and

changes by less than 1% when lowering the distance to
1 nm. Here, T ≈ 300 K is the ambient temperature, kB is
Boltzmann’s constant, and γ0 = 2π f0m/Q is the damping
coefficient when the scanning tip is far from the surface,
with m = 14 ng the effective mass. The damping added by
NCF at d = 1 nm thus only amounts to γnc � 0.01γ0 ≈
5.5 × 10−14 kg/s. This value compares favorably to γnc ≈
1.5 × 10−13 kg/s and 10−12 kg/s found at room tempera-
ture for a pendulum-style cantilever over a gold surface at
distances of 10 and 2 nm, respectively [48]. The low NCF
of our membrane sensor is probably due to a combination
of (i) reduced electrical fluctuations at megahertz frequen-
cies relative to the kilohertz range [49,50], and (ii) smaller
interaction between tip and surface for out-of-plane oscil-
lations compared to the shear motion in the pendulum

geometry. We expect the NCF to be further reduced at
cryogenic temperatures [48,51].

We demonstrate scanning force microscopy by imaging
the topography of samples dispersed on the membrane sur-
face. Because of the high stiffness of the membrane, we
build up images by measuring the “touch point” at each
pixel, rather than by regulating the frequency or amplitude
via distance feedback. We define the touch position from
threshold values of �f and z0, that is, we terminate the
approach (and define a “touch”) when the change in either
frequency or amplitude exceeds a set value. As shown
below, this procedure is reproducible with subnanometer
accuracy. In Fig. 3(a), we show a topographic image of
gold nanospheres and TMV particles that are deposited
from liquid suspension (see the Supplemental Material
[41]). Round and elongated objects are clearly visible and
correspond in height and length roughly to the expected
dimensions of the gold and TMV particles, respectively.
Enlarged scans show the same smaller area, once with the
membrane driven by an electrostatic force applied through
the tip [Fig. 3(b)], and once by radiation pressure driv-
ing [Fig. 3(c)]. The two images demonstrate that both
actuation methods are well suited for scanning imaging.

In order to evaluate the spatial resolution, we extract
linescans in the x direction at different y positions
[Fig. 3(d)]. The step size is 13 nm in these scans, and we
find dips between objects that narrow down to a single
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FIG. 3. The relative surface position h0 is indicated by the same color bar for all images, with ticks separated by 20 nm. (a) Touch
map of the membrane surface with gold nanoparticles (nominal average diameter of 50 nm) and TMV samples (diameter of 18 nm,
used for z-scanner calibration [52]). Step size is 13 nm. Marks on the left-hand side indicate the positions of the linescans in (d). The
membrane is driven by modulating the tip voltage. (b) High-resolution scan over the area indicated by a square in (a). Step size is
10 nm. (c) Same scan performed using radiation pressure driving. (d) Linescans extracted from the data in (a). Scans are vertically
offset for clarity.

point. From the flat part of the lowest linescan between
2000 and 3360 nm, we obtain a standard deviation in the
z direction of 0.3 nm. This value is an upper bound on
the resolution in height, as we cannot exclude that some
fluctuations stem from real features. The lateral resolution
is lower due to convolution with the rounded AFM tip.
Given that the cylindrical TMV features in our image have
lateral widths of approximately 100 nm, we estimate that
the scanning tip has a nominal radius of about 40 nm. If
desired, this resolution could be improved by integrating
high-resolution AFM probes.

Our touch map imaging method currently is very slow.
Each pixel requires roughly 8 s of acquisition time, and
the measurement of a large and detailed image, such as
that shown in Fig. 3(a) with 256 × 256 pixels, requires
several days. This limitation is probably due to the fact
that changes in the membranes response can often only be
detected at a distance of a few nanometers because of the
high mechanical stiffness. In conjunction with the limited
precision of our z scanner, the stiffness makes the use of
standard z feedback challenging. We expect that this issue
will be alleviated for membranes with a lower stiffness in
the 1–10 N/m range (see the Supplemental Material [41]).

The main prospect of optomechanical membrane sen-
sors is the quantum-limited, subattonewton detection of
weak forces, rather than topographic imaging. We con-
clude our paper by discussing the challenges and key
steps towards reaching this goal. The membrane used in
this work has an intrinsic single-sided room-temperature
thermomechanical force noise of S1/2

th = 280 aN Hz−1/2

[Fig. 2(f)]. This figure is not yet competitive with state-
of-the-art cantilevers [42], carbon nanotubes [53,54], or
nanowires [51,55–57] that reached a force noise between
10 and 100 aN Hz−1/2 at room temperature and less than

1 aN Hz−1/2 at cryogenic temperatures. The best mem-
brane devices we tested in a setup without a scanning stage
featured Sth

1/2 = 37 aN Hz−1/2 [44], which is close to the
Sth

1/2 = 19.5 aN Hz−1/2 reported at room temperature for
trampoline geometries [33].

Looking forward, we expect to improve the sensitivity
by engineering central defects with lower mode masses
and higher Q, as well as by moving to cryogenic operation.
A prospective device will have m = 77 pg, k = 3 N/m,
f0 = 1 MHz, and a room temperature Q of about 1.4 × 108,
corresponding to Sth

1/2 = 7.6 aN Hz−1/2. When cooled
to T = 0.2 K, we expect Q = 4.8 × 108 and Sth

1/2 =
0.1 aN Hz−1/2 (see the Supplemental Material [41]), which
would be sufficient to detect the magnetic moment of a
single proton [58].

An important obstacle for cryogenic detection is the
limited displacement sensitivity of our present optical
interferometer. The noise in the detected photocurrent
amounts to an imprecision in the membrane position
measurement of the order Sdet ∼ 10−28 m2/Hz. When
cooled to T = 0.2 K, the thermal motion of the resonator
shown in Fig. 2 is only zrms = 5 × 10−14 m. Allow-
ing for some detection bandwidth of the order of tens
of hertz, a displacement sensitivity Sdet � 10−30 m2/Hz
will be needed (see the Supplemental Material [41]).
An even lower detector noise is required to implement
active feedback cooling of the membrane mode, which
can be useful to control the mechanical response time
and thermal motion amplitude [19,36]. A future ver-
sion of our inverted scanning microscope will therefore
incorporate an optical readout cavity in a membrane-in-
the-middle geometry [59]. A comparably low finesse of
F ≈ 500 will be sufficient to achieve a sensitivity below
10−30 m2/Hz.
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When implementing such optical detection on mechani-
cal sensors with very low thermomechanical force noise,
it can become necessary to take the quantum backac-
tion of the optical measurement into account [2–4]. This
backaction appears as an additional force noise Sqba, pro-
duced by the shot noise of the radiation pressure act-
ing on the membrane. It is bound by a Heisenberg-type
relation to Sqba≥�2/Sdet, where � is the reduced Planck
constant. For the prospective membrane described above,
one reaches a backaction-dominated regime with Sqba ≥
Sth for Sdet ≈ 10−30 m2/Hz. Eventually, one could use
advanced quantum measurement protocols to evade quan-
tum backaction [4,60].

From our measurements in Figs. 2(d)–2(f), we conclude
that NCF is not a critical obstacle for reaching sub-aN
force sensitivity. The NCF observed at d = 1 nm (γnc =
5.5 × 10−14 kg/s) corresponds to a thermal force noise of
S1/2

th = 0.8 aN Hz−1/2 at T = 0.2 K. We expect that the
NCF will be further reduced at cryogenic temperatures and
larger stand-off distances. For example, Stipe et al. [48]
found a reduction in γnc by a factor of 6 times when low-
ering the temperature from 295 to 77 K and a reduction
proportional to d−1.3 with distance for a pendulum can-
tilever. An even stronger reduction proportional to d−3 was
reported for a parallel cantilever orientation [61]. These
results suggest that NCF will be negligible for distances
larger than a few nanometers.

In some cases, specialized measurement protocols are
required to make use of mechanical sensors in the mega-
hertz range. We have recently devised a parametric up-
conversion protocol [40], based on previous work [62,63],
to make megahertz sensors compatible with the require-
ments of magnetic resonance force microscopy [20]. For
our concrete protocol and for current device parame-
ters, we predict that nonlinear damping limits the force
sensitivity to about 0.2 aN2/Hz [40].

In summary, we demonstrate an inverted approach to
scanning probe microscopy based on a vibrating silicon
nitride membrane. Our platform offers excellent sensitiv-
ity, approximately 280 aN Hz−1/2 at room temperature,
and a prospect for significant future improvement. The
force sensitivity remains essentially unchanged down to
tip-surface separations of d ∼ 1 nm. We demonstrate topo-
graphic imaging of gold nanospheres and TMV particles
dispersed on the membrane surface.

The low force noise and compatibility of membranes
with high-finesse optical cavities are expected to permit
quantum-limited force detection. At sub-Kelvin temper-
atures, prospective devices will have dissipation-limited
quantum coherence times of the order of τcoh = �Q/kBT ≈
17 ms, much longer than any other scanning force
probe demonstrated to date, as well as force sensitivities
around 0.1 aN Hz−1/2. Important applications of ultra-
sensitive, quantum-limited force microscopy include the
investigation of single spins [18], atomic-scale nuclear

magnetic resonance [20,22], electrical quantum dots [64],
or skyrmions [65], as well as strong spin-mechanics cou-
pling in quantum hybrid devices.
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