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NEMS Mass sensing
Airborne nanoparticle mass concentration measurement

further enhanced by increasing the velocity without leaving the
laminar regime. The damping of the resonator is a linear function
of the air velocity (see supplementary information) and thus the
frequency resolution drops with increasing aerosol velocity. At some
point the damping is too high for the electronic feedback to maintain a
stable oscillation.

Detection of single particles. Measuring the mass increase induced
by a homogeneous nanoparticle deposition on a resonant filter-fiber
requires the knowledge of particle concentration of a monodisperse
aerosol in order to resolve the mass of individual particles. It is
therefore advantageous to detect the adsorption event of every
individual nanoparticle. In Fig. 4a the frequency jumps of a
nanomechanical filter-fiber due to collection events of single
nanoparticles is shown. The maximum frequency shift of a
resonant string due to a single mass is given by Df 5 2frDm/m0

23,
which results inDf 5 1117 6 403 Hz for 100 6 8 nm Ag particles. In
Fig. 4b this theoretical value is compared to the measured frequency
jumps. The histrogram of adsorption events versus frequency shifts
shows that the largest measured frequency jumps coincide with the
expected values. The high event numbers for small frequency jumps
are due to frequency noise with a value of 150 Hz which results in a
calculated mass resolution of 740 ag.

Discussion
The presented experiments were all performed with different nano-
particles. This shows that presented method is applicable for arbit-
rary nanoparticles. Nanoparticles stick firmly to the resonant filter-
fiber by Van-der-Waals forces at room temperature compared to
molecules which require cooling of the sensor in order to facilitate
physisorption7,10. The silica and silver aerosol was generated from an
aqueous nanoparticle suspension. Nanoparticles can form agglom-
erates in solution which would results in airborne nanoparticle clus-
ters. The used silica particles are known for their high dispersion
stability and have shown to produce an aerosol with single particles
with only a small number of agglomerates24. The sucrose aerosol is
generated by forming droplets of sucrose solution. The droplets dry
and single sucrose nanoparticles remain. All the calculations were
done under the assumption of zero agglomerations.

The analytical models for the collection efficiency of air filters are
based on fluid mechanics of a single filter-fiber. The theory on nano-
particle deposition on single filter-fibers due to Brownian diffusion
goes back to Langmuir who made the first approximate calculations
in 194219,21,25,26. Until now, the filter efficiency due to diffusion has
only been measured with dense air filters consisting of a multitude of
single fibers. The measurement in Fig. 2 presents to our knowledge
the first direct measurement of diffusion based nanoparticle precip-
itation on a single filter-fiber. The measured slope of df/dt 5 26.4 6
0.1 Hz/s is of the same order of magnitude as the calculated value
from the theoretical model for a cylindrical fiber (see supplementary

Figure 2: | The response of a resonant filter-fiber (3 mm wide, 138 mm
long, and 220 nm thick silicon nitride fiber coated with a layer of 50 nm
Al) to 28.0 6 3.2 nm silica nanoparticles with a concentration of 3 3 106

6 1 3 106 particles/cm3. (a) Frequency slope of the fiber resonance for
different aerosol velocities from 1.05 to 52.5 m/s. The red line represent the
fit with equation (2). (b) Frequency trend for the lowest and highest air
velocity.

Figure 3: | (a) Frequency response of a resonant filter-fiber (w 5 3 mm,
h 5 220 nm, L 5 138 mm long silicon nitride string coated with layer of
50 nm Al) to bursts of 24.6 6 7.4 nm sucrose nanoparticles with different
concentrations. The aerosol velocity was 105 m/s. (b) Comparison of the
frequency derivative to the nanoparticle concentration. The frequency
derivative is a linear function of the particle concentration, as predicted by
the model (2). For taking the derivative the frequency curve was smoothed
with a moving window average of 50 points.

www.nature.com/scientificreports
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NEMS Mass sensing
From protein mass spectrometry to weighing of a proton

position of the analyte molecule, which arrives randomly in time
and position.

Multimode theory for single-molecule mass measurements
A point analyte of mass dm, such as a single molecule or particle,
downshifts the resonant frequency of a nanomechanical resonator
with mass M according to

df n

f n
= − dm

M
fn(a)

2

an
(1)

where fn is the resonant frequency of the nth mode and dfn is the
frequency shift for this mode. Their ratio (dfn/fn), the fractional fre-
quency shift, is proportional to the fractional mass change dm/M.
fn denotes the mode shape for the nth mode, and a denotes the pos-
ition of adsorption of the molecule on the beam (normalized to
unitary beam length). The numerical constant an depends on the
mode number n and is of order unity. (See Supplementary
Information for a more complete description.)

For a symmetric NEMS doubly-clamped beam, resolving the
adsorbate-induced frequency shifts in the first two modes is ade-
quate to determine the mass of the analyte molecule and its position
of adsorption (Fig. 1; see Supplementary Section S1). The ratio of
the responsivities of two arbitrary modes, G(a) ; fn(a)2/fm(a)2 ,
determines whether their simultaneous measurement is sufficient
for real-time mass detection. If G is invertible, then a unique
value for the position, and therefore the mass of the molecule, can
be obtained. Although this condition is not fulfilled for the first
two modes of a doubly-clamped beam (Fig. 1c), analysis can be
restricted to one half of the beam length due to the inherent
symmetry of such a structure, and this permits the determination
of a unique molecular mass and adsorption position relative to
the beam centre (Supplementary Section S1).

In this Article, we use the first two modes of the NEMS device for
mass measurements of individual protein macromolecules (IgM
antibody isoforms) and individual gold nanoparticles. Each
species that physisorbs onto the cooled NEMS device produces a
distinct frequency shift in each mode of interest (Fig. 1b). As
described in the following, these time-correlated frequency shifts
are then used to determine both the mass and position of adsorption
for each of the newly arrived analyte molecules or particles, as well
as their corresponding uncertainties.

Given the aforementioned symmetry of the mode shapes, we
restrict our analysis to one half of the beam, 0 , a , 0.5. For this
branch, the transformation G from the fractional-frequency shift
pair (df1/f1, df2/f2) to the analyte mass-position pair (dm/M, a) is

one-to-one. Figure 2 graphically represents the transformation of
experimentally observed, time-correlated frequency jumps from
the first two modes of a doubly-clamped beam into mass and pos-
ition of adsorption for each arriving analyte. The real-time exper-
imental data, that is, frequency jumps for the two modes, are
represented as fractional-frequency pairs (df1/f1, df2/f2). In this rep-
resentation, the transformation yields analyte position contours that
appear as straight lines passing through the origin, and the deduced
mass contours appear as quasi-elliptical curves.

In a noiseless measurement, each analyte landing on the NEMS
would be identified as a perfectly sharp single point in the
|df1/f1|,|df2/f2| plane. However, in practical experiments, the mass
and position of the analyte can only be determined up to certain
confidence level that is determined by the frequency instabilities
of the two separate, phase-locked modes of the NEMS resonator.
These frequency fluctuations are characterized by their respective
Allan deviations25.

To represent the frequency instability in a single-mode measure-
ment, the induced frequency shift in each mode is modelled as a
random variable with mean value commensurate with the measured
jump and dispersion identical to that of the frequency noise. For
multimode measurements, the frequency noise statistics for the
separate modes are combined into a joint probability density function
(JPDF) representation, JPDFdf1/f1,df2/f2 (df1/f1, df2/f2). Using a bivariate
PDF transformation26, the |df1/f1|, |df2/f2| plane is mapped onto
the (dm/M, a) plane and a JPDF for mass and position, JPDFdm,a
(dm, a), is calculated (see Supplementary Information).

The JPDF of each analyte in the multimode space describes an ellip-
tically shaped distribution, with the length of the principal axes corre-
sponding to mass and position uncertainties. This two-dimensional
JPDF can be projected onto either the mass or the position axis to
determine the probability distribution of mass or position, respectively:

PDFdm(dm) =
∫a=0.5

a=0

JPDFdm,a(dm, a) da (2)

PDFa(a) =
∫dm=1

dm=0

JPDFdm,a(dm, a) d(dm) (3)

These noise-transformation relations can be used to systematically
analyse the performance of NEMS–MS experiments. For example,
mass resolution as a function of analyte position of adsorption
can be obtained (Supplementary Figs S3 and S4).
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Figure 1 | Multimode NEMS-based mass detection in real time. a, Colourized electron micrograph of a representative device used in this study. The white
dotted line shows the boundaries of the region beneath the suspended device that anchors it to the substrate. Yellow regions represent Al/Si gate contacts.
Narrow gauges near the ends of the beam become strained with the motion of the beam, thereby transducing mechanical motion into electric resistance.
Scale bar, 2 mm. b, Plots of frequency shift versus time for the fundamental mode of our doubly-clamped resonator (mode 1: black line, left axis) and the
second mode (mode 2: blue line, right axis) clearly showing the simultaneous shifts in frequency as individual gold nanoparticles land on the resonator.
These modes have initial frequencies of 44.6 MHz and 105.0 MHz, respectively. c, Responsivity of mode 1 (black) and mode 2 (blue) as a function of
position along a doubly-clamped resonator, and their ratio G (red line). Insets: schematics showing the mode shapes 1 (left) and 2 (right).
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the prevalent pentamer isoform, an additional small protein (the J
chain) helps link the assemblage and contributes !15 kDa to the
total !960 kDa mass of the complex39,40. Our overall mass spec-
trum, a composite curve accumulated from 74 single-particle
spectra, is shown in Fig. 5a. The individual pentameric IgM
complex (the highest intensity peak) is clearly visible at
1.03+0.05 MDa, as is a dimerized pentameric complex (‘dipenta-
mer’) at 2.09+0.05 MDa (their mass ratio very close to 2, as
expected). These measured values are very close to the anticipated
values 0.96 MDa and 1.92 MDa (ref. 40), which is remarkable
given that we report mass values without any calibration other
than using the nominal mask dimensions of our mass sensor (see
Supplementary Information).

The apparent smoothness of the mass spectra for the individual
isoforms of Fig. 5 arises from the fact that each single-particle/
molecule event can be resolved with its own uncertainty level.
Specifically, the mass spectra in Figs 4 and 5a represent information
acquired from sets of 105 and 74 single-particle/molecule

adsorption events, respectively. Each of these events can be rep-
resented in the mass–position plane as a continuous probability dis-
tribution. Subsequently, we obtained mass spectra for each event by
projecting the individual distributions onto the mass plane. For each
particle/molecule accreted, this yields a smooth Gaussian-like curve
for its mass spectrum, with a width dependent on the device
frequency noise and position of the particle. The cumulative mass
spectra are then Gaussian-like mass distributions averaged by like
IgM isoforms, as in the foreground of Fig. 5c, or added overall to
generate a composite spectrum, as in the background grey curve
of Fig. 5c. Alternatively, one can report the centre of the mass
distribution (as done in the inset of Fig. 5b), but one then loses
the unique position and mass uncertainty information for each
particle, as obtained with our uncertainty analysis formalism.

Figure 5b,c illustrates the power of single-molecule NEMS–MS to
resolve spectra. Because the mass of each molecule is individually
measured (and using prior knowledge of the IgM isoformal struc-
ture), each molecule can be identified based on its mass as an
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Figure 5 | Nanomechanical mass spectra for human IgM. a, Molecule-by-molecule acquisition of the mass spectra for human IgM. Analytes accumulating at
different molecular weights correspond to different isoforms of the molecule. The final spectrum shown in black is the additive result of individual mass
measurements for 74 accreted molecules and has readily identifiable sharp peaks that correspond to the major isoforms of IgM typically found in human
serum. b, Decomposition of the IgM spectra into different polymerization levels. Grey lines delineate the cutoff thresholds used in assigning the different
forms of IgM. The most dominant form of IgM in human serum is the pentameric form (M5), which has a molecular weight of !1 MDa and is observed as
the global maximum of the NEMS–MS spectra. Subpopulations of other forms are also observed at masses corresponding to M3, M4 and M6–M12. Inset:
histogram of the event masses binned according to mass resolution. The vertical axis of the inset corresponds to the number of events, and the horizontal
axis is the mass in MDa. c, Mass spectra of individual subunits displayed quantitatively with single-molecule accuracy. Intensity peaks of different
polymerized forms of IgM (M3–M12) yield the mathematically integrated composite mass spectrum (light grey) of the IgM sample. The numbers in
parentheses to the right show the number of measured molecules for each isoform.
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similar measurements with xenon and naphthalene, and all showed
a similar trend (Supplementary Section E).

We also observed downward shifts in f0 that are consistent with
single adsorption events. Figure 3b presents a series of such shifts
obtained by dosing naphthalene (C10H8) molecules. The average
frequency shift is 23× 105 Hz, and a shift occurs every 1–2 s.
This is in agreement with the expected average frequency shift

(2mC10H8/2mNTf0¼23.2× 105 Hz) due to the adsorption of a
single C10H8 molecule (mC10H8 is the mass of one C10H8 molecule
and mNT is the mass of the nanotube; Supplementary Section B).
Deviations from this value are attributed to the dependence of the
frequency shift on the location of the adsorption along the nanotube
axis (Fig. 3b, inset). We estimate the adsorption rate from the geo-
metry of the chamber and the measured pressure. An adsorption
event is expected to occur on average approximately every 3 s,
which is consistent with the measurements. Data points are
missing just after large frequency shifts in Fig. 3b, because the com-
puter-controlled feedback loop needs time to retrieve the resonance
(by scanning the frequency near the previously recorded f0;
Supplementary Section A). Because of the dominant effect of deso-
rption–diffusion, observing a series of frequency shifts as in Fig. 3b
is rare. Future work will be devoted to engineering a single trapping
site in the nanotube. We note that single adsorption events have pre-
viously been detected for biomolecules and nanoparticles2 that are
at least two orders of magnitude heavier than C10H8 molecules.
Because the interaction between these large objects and the resona-
tor is strong, their immobilization is possible without a trapping site.

We next demonstrate that the adsorption of xenon atoms onto a
nanotube surface is a thermally activated process. The lower inset
of Fig. 4a shows the temperature dependence of f0 while dosing
xenon atoms onto the nanotube at a rate of "22 atoms per
second. At temperatures above T≈ 58 K, the resonance frequency
remains unchanged. On lowering the temperature, f0 decreases.
The number of xenon atoms per carbon atom is extracted using
NXe/NC¼mC/mXe

.( fhigh
2 /f0

2–1), where fhigh is the resonance fre-
quency at high temperature (59 K) and mC (mXe) is the mass of a
carbon (xenon) atom5 ( f0 is essentially insensitive to the tension
induced by the Xe–Xe interaction, which is two orders of magnitude
weaker than the covalent C–C bonds5). Figure 4a shows that the
temperature dependence of NXe/NC is consistent with a thermally
activated behaviour. We attribute this behaviour to the balance
of xenon atoms impinging on and departing from the nanotube;
on lowering T, the number of atoms on the nanotube increases
as NXe/ exp(Eb/kBT) where Eb is the binding energy
(Supplementary Section F).

We extract the xenon–nanotube binding energy (Eb¼ 131 meV)
from the slope in Fig. 4a. Carrying out the measurements for a
second resonator yields Eb¼ 110 meV. This energy is significantly
lower than the xenon–graphite binding energy, which is 162 meV
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similar measurements with xenon and naphthalene, and all showed
a similar trend (Supplementary Section E).

We also observed downward shifts in f0 that are consistent with
single adsorption events. Figure 3b presents a series of such shifts
obtained by dosing naphthalene (C10H8) molecules. The average
frequency shift is 23× 105 Hz, and a shift occurs every 1–2 s.
This is in agreement with the expected average frequency shift

(2mC10H8/2mNTf0¼23.2× 105 Hz) due to the adsorption of a
single C10H8 molecule (mC10H8 is the mass of one C10H8 molecule
and mNT is the mass of the nanotube; Supplementary Section B).
Deviations from this value are attributed to the dependence of the
frequency shift on the location of the adsorption along the nanotube
axis (Fig. 3b, inset). We estimate the adsorption rate from the geo-
metry of the chamber and the measured pressure. An adsorption
event is expected to occur on average approximately every 3 s,
which is consistent with the measurements. Data points are
missing just after large frequency shifts in Fig. 3b, because the com-
puter-controlled feedback loop needs time to retrieve the resonance
(by scanning the frequency near the previously recorded f0;
Supplementary Section A). Because of the dominant effect of deso-
rption–diffusion, observing a series of frequency shifts as in Fig. 3b
is rare. Future work will be devoted to engineering a single trapping
site in the nanotube. We note that single adsorption events have pre-
viously been detected for biomolecules and nanoparticles2 that are
at least two orders of magnitude heavier than C10H8 molecules.
Because the interaction between these large objects and the resona-
tor is strong, their immobilization is possible without a trapping site.

We next demonstrate that the adsorption of xenon atoms onto a
nanotube surface is a thermally activated process. The lower inset
of Fig. 4a shows the temperature dependence of f0 while dosing
xenon atoms onto the nanotube at a rate of "22 atoms per
second. At temperatures above T≈ 58 K, the resonance frequency
remains unchanged. On lowering the temperature, f0 decreases.
The number of xenon atoms per carbon atom is extracted using
NXe/NC¼mC/mXe

.( fhigh
2 /f0

2–1), where fhigh is the resonance fre-
quency at high temperature (59 K) and mC (mXe) is the mass of a
carbon (xenon) atom5 ( f0 is essentially insensitive to the tension
induced by the Xe–Xe interaction, which is two orders of magnitude
weaker than the covalent C–C bonds5). Figure 4a shows that the
temperature dependence of NXe/NC is consistent with a thermally
activated behaviour. We attribute this behaviour to the balance
of xenon atoms impinging on and departing from the nanotube;
on lowering T, the number of atoms on the nanotube increases
as NXe/ exp(Eb/kBT) where Eb is the binding energy
(Supplementary Section F).

We extract the xenon–nanotube binding energy (Eb¼ 131 meV)
from the slope in Fig. 4a. Carrying out the measurements for a
second resonator yields Eb¼ 110 meV. This energy is significantly
lower than the xenon–graphite binding energy, which is 162 meV
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Figure 1 | Device and characterization. a,b, Schematic (a) and scanning
electron microscope image (b) of the device (diameter of nanotube,
d¼ 1.7 nm; length of suspended nanotube section, Ltube≈ 150 nm, measured
with an AFM). Scale bar, 300 nm. c, Mechanical resonance obtained by
measuring the mixing current Imix as a function of driving frequency f using
the FM mixing technique at 6 K (amplitude of applied FM voltage, 4 mV;
integration time of the lock-in amplifier used to measure Imix, 30 ms). The
separation in frequency between two data points is 100 kHz. The curve has
not been smoothed. The resonance is asymmetric (the lobe on the right side
of the central peak is larger than the lobe on the left side); this asymmetry is
attributed to the Duffing force, because it is less pronounced at lower driving
forces15. Hysteresis jumps are not observed even at higher driving forces15.
This resonance probably corresponds to the fundamental eigenmode, as it is
the resonance with the lowest frequency and the highest Imix (we detect a
second resonance at 3.4 GHz). d, Resonance frequency f0 as a function of the
voltage applied on the side-gate electrode at 6 K; f0 is obtained by measuring
Imix (which varies between 0 and 0.4 nA; see colour bar) as a function of f
and Vg. Imix varies with Vg because of the variation of the transconductance.
e, Resonance frequency as a function of time at 6 K before and after current
annealing. After the annealing process, we do not observe a degradation of
the time trace of f0 over at least 2,100 s (which corresponds to the longest
time interval before dosing atoms).
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Figure 2 | Measuring mass resolution. Standard error of the resonance
frequency (left axis) and corresponding mass resolution (right axis) as a
function of averaging time at 5.5 K. The red dashed line corresponds to the
mass of one hydrogen atom. Inset: resonance frequency as a function of
time. The amplitude of the applied FM voltage is 4 mV. The current–
frequency conversion used in the computer-controlled feedback loop is
0.29 kHz pA21.
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FIG. 2. Binary tree nanomechanical beam resonators. a-c, Scanning electron micrographs of binary tree beams with
varying branching number, N . Si3N4 is shown in red, Si in gray. Inset of a: close-up of a bifurcating junction. d, Q versus
mode order of two resonators with N = 3. Top: ✓ = 78°, rl = 0.65, and l0 = 0.7 mm. Bottom: ✓ = 83°, rl = 0.45, and
l0 = 1 mm. Blue circles: measurement results. Green open circles: finite element model prediction. Insets show simulated
mode shapes. e, Survey of fundamental mode quality factors of binary tree beams. Colors di↵erentiate N ; circles indicate room
temperature measurements, triangles correspond to measurements at about 6K. The legend shows the evolution of the mode
shape as a function of N . Dashed line: predicted fundamental mode Q of a uniform beam with the experimentally observed
intrinsic dissipation. f, Sample ringdown trace (red) and exponential fit (black). The measurement was performed at room
temperature. Inset: close-ups of two intervals when the measurement laser was on (⇠ 0.7 s-long).

and length contraction ratios between rl = 0.45 and
rl = 0.67. The dissipation rates were characterized by
ringdown measurements with optical interferometric po-
sition readout (see Methods). The probe laser beam was
gated and switched on only for short periods to elim-
inate the possibility of photothermal damping. While
most of the data was collected at room temperature,
some devices were also cooled down to 6K in a cryo-
stat. In the following, we refer to room temperature
measurements unless otherwise specified. An example
amplitude ringdown is shown in Fig. 2f for a 110 kHz-
frequency mode with a time constant of 20min (damp-
ing rate �m/2⇡ = 140 µHz); the mechanical signal re-
mained above the shot noise of the laser probe for sev-
eral hours. Introducing three branching generations en-
hances the fundamental mode Q by a factor of about 30

beyond the value exhibited by a doubly-clamped beam
of the same frequency. The measured quality factors of
fundamental modes are summarized in Fig. 2e.

We could consistently observe devices with room-
temperature Q > 5 · 108. As expected, increasing the
number of branching generations, N , increased the qual-
ity factor while leaving the fundamental mode frequency
approximately constant. This trend was observed up to
N = 3. The quality factors of low-order modes of N = 3
devices were generally in good agreement with theory, as
shown by the data in Fig. 2d. This data also confirms
the theoretical prediction that many low-order modes of
binary tree beams experience reduction of dissipation by
soft clamping at the same time. Some discrepancy be-
tween experiment and theory was especially evident at
the low end of the explored frequency range. The devices

Beccari, A., et al. , 2021. arXiv preprint arXiv:2103.09785.
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ity factor while leaving the fundamental mode frequency
approximately constant. This trend was observed up to
N = 3. The quality factors of low-order modes of N = 3
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Coupling by applying DC voltage

T. Bagci, et al., Nature 507, 81–85 (2014).

Noise level of nanomechanical transducer: 5 pV/Hz-1/2
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Absorption vs scattering microscopy

scales with volume2

scales with volume

R. Baffou and G. Quidant, Laser Photonics Rev. 7, 
No. 2, 171–187 (2013) 


Cabs > Csca

Cscattering ∝ d6

Cabsorption ∝ d3



Photothermal sensing with a nano-optomechanical system
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Photothermal scanning microscopy
With 80 nm pixel resolution

readout and actuation is implemented to provide more flexibility
and compatibility with the optical setup, as shown in Fig. 2(b). The
movement of the gold electrode in the static magnetic field results
in an alternating voltage that is first amplified with a low-noise pre-
amplifier and fed to the lock-in amplifier, and the frequency is
tracked with the phase-locked loop (PLL) (HF2LI, Zurich
Instrument). An enhanced Halbach array was used to create a
magnetic field of around 1 T over the center distance of 5mm.

• Scanning is done with a closed-loop piezoelectric nanoposition-
ing stage (PiMars, Physikinstrumente) with 2 nm resolution to
provide finer imaging data and thus better localization, as shown
in Fig. 2(a). The objective is directly mounted on the scanning
stage. The dwell time of each pixel is 200 ms, with a typical
imaging time over a 30 μm by 30 μm area of around 10–30 min,
depending on the pixel size.

• Instead of nanomechanical drums used in the previous work,
NEMS trampoline resonators with a large center area for scan-
ning are used in the present work, as shown in Fig. 2(c).
Trampolines maintain sufficient area for imaging while pro-
viding higher responsivity with the same initial stress and
window size, benefiting from the good thermal isolation of the
thin tethers.

II. RESULTS AND DISCUSSION

Gold nanoparticles (AuNPs) with a diameter of 200 nm are
first spin-coated and moved into a straight reference line by means
of an atomic-force microscope, in order to get a standard sample
for system optimizations and calibrations, as shown in Fig. 3. A
rough scan with the 633 nm laser over a bigger area in the center is
first performed to locate the AuNP reference line, as shown in
Fig. 3(a). The AuNPs reference line remains straight through the

image, which is an evidence of good stability and negligible drift of
the scanning system. We then performed scans within a smaller
region centered at the reference line with different scanning step of
320 nm, 160 nm, and 80 nm. The averaged beam radius (r)
extracted from the two-dimensional Gaussian fits of the frequency
shift images from the gold nanoparticles in Fig. 3(d) is 800 nm,
which is quite close to the nominal beam radius around 750 nm of
the objective (Mitutoyo 50x, 0.55 N.A.). By comparing the NEMS
photothermal microscopy images with the reference scanning elec-
tron microscopy (SEM) images, single nanoparticles and aggregates
can be identified, as shown in Fig. 3(c). With the scanning beam
power (P) of 85 μW, we can define the responsivity (δR) as the rel-
ative frequency shift Δf =f0 per absorbed power by a single AuNP
with an absorption cross section σabs as

δR ¼ Δf
f0

πr2

2Pσabs
, (1)

where f0 is the resonance frequency of the NEMS resonator. The
theoretical absorption cross section of a 200 nm AuNPs based on
Mie theory becomes σabs ¼ 9" 10#14 m2.2,13,18 A responsivity of
δR ¼ 7890W#1 is extracted, which is around two times higher
compared to membranes of the same stress of around 150MPa and
the same window size of 1 mm.13,19

The frequency shifts from different AuNPs aggregates extracted
from Fig. 3(d) are plotted in Fig. 4(a). The arrangement of the
aggregates has slight influence on the scanning profile, which can be
seen in the bump overlaying on the Gaussian functions. The
absorption image results from the convolution between beam
profile and the absorbing nanoparticle, and a collection of absorbers
in the aggregates can thus produce a profile, which can be decom-
posed into several Gaussian functions, as shown in Fig. 4(b). In

FIG. 3. (a) NEMS photothermal microscopy image with the step size of 320 nm over big scanning area. (b)–(d) NEMS photothermal microscopy image of the zoomed-in
region indicated by the white box in (a) with 320 nm, 160 nm, and 80 nm step sizes, respectively. (e) The corresponding SEM image of the zoomed-in region.
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Figure 5.35: Absorption spectrum of Alexa 790 dyes measured by NEMS photothermal mi-
croscopy. The absorption spectrum from the datasheet is plotted with the black
line.

excitation power of 10mW, a single Alexa 790 molecule would result in ⇡ 0.5Hz of resonance
frequency shift. However, most of the visible signals in Figure 5.36c seem to be multiple
molecules from the frequency shift above 1Hz. A scan is repeated on the region with many
dyes with slightly higher excitation power of 12mW. To verify the detection of single molecule,
polarization of both 0 and 90 degrees are used for scanning, as shown in Figure 5.36d and e.
Unfortunately, no single molecules can be identified and confirmed in this set of measurements.
However, the amount of measured molecules have been reduced from several thousand to below
10.

5.8 Conclusions

We demonstrate the optimization of NEMS photothermal microscopy with a dedicated optical
setup for better beam quality and more control of the beam conditions as a first step towards
localization microscopy. The e↵ect of scanning step size on the localization precision is discussed
systematically, and an optimal localization precision of 3�A is achieved for 200 nm AuNPs with
low excitation beam power of 85µW and scanning step of 40 nm. This exceptional localization
precision along with the chemical stability of the AuNPs enable this system for di↵usion tracking
[98] and drift-correction components in super-resolution microscopy simply by spin-coating [99].
The detection of the polarization-dependent absorption is also demonstrated with silica-coated
gold nanorods, which can potentially boost the localization precision of NEMS photothermal
microscopy. The spectroscopic analysis with the NEMS photothermal microscopy has also been
demonstrated with nanorod and Alexa 790 dye.
NEMS photothermal microscopy provide a non-fluorescent alternative for nano-object imag-
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