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Nanoelectromechanical systems (NEMS) have been utilized as sensitive mass sensors

in many applications such as single cell characterization, volatile organic biomarker

detection and single molecule mass spectrometry. Using the frequency shift detection,

mass of single analytes can be resolved. Mass detection sensitivity can be further

improved by accurate measurement of the position, unlocking extra capabilities in

nanoscale positioning and manipulation applications. Here, we studied the position

sensing performance of two-mode NEMS resonators during detection of single 20 nm

gold nanoparticles (GNPs). By recording the position of each particle with frequency shift

sensing, the position detection accuracy was evaluated for different beam models and

the results are validated by SEM imaging our results indicate that the position sensing

accuracy, and therefore the mass sensing accuracy, of nanomechanical resonators

depends critically on the use of appropriate beam models.

Keywords: NEMS, MEMS, position sensing, nanomanipulation, inertial imaging

INTRODUCTION

The potential of mass sensing with NEMS devices was recognized in the early 2000s (Ekinci et al.,
2004a,b; Ilic et al., 2004). Mass resolution at the zeptogram level was demonstrated a few years
later (Yang et al., 2006) with top-down NEMS devices. Meanwhile, bottom-up NEMS devices
have also been used in significant demonstrations such as obtaining atomic mass through shot
noise statistics (Jensen et al., 2008), detecting single molecules (Chiu et al., 2008; Lassagne et al.,
2008), and eventually reaching yoctogram-level resolution (Chaste et al., 2012). In these studies,
the analyte has been modeled as a soft particle with a fixed stiffness (Tamayo et al., 2006; Park et al.,
2010; Malvar et al., 2016). As a result, the frequency shifts obtained in the experiments could be
directly related to the mass of the analyte. However, a recurring problem in early experiments was
the position-dependent sensitivity of the NEMS device. Positional-sensitivity comes about due to
the non-uniform vibration profile of the flexural modes in device structures commonly used in
NEMS, such as cantilevers or doubly-clamped beams. As the vibration profile, i.e., mode shape,
changes along the device, analytes arriving at sensor locations with larger motional amplitude will
induce a larger frequency shift than identical analytes arriving at locations with smaller vibration
amplitude, e.g., near an anchor point or a node (Ramos et al., 2006, 2007; Stachiv et al., 2012).

Positional sensitivity of different modes was recognized early on with microcantilevers (Dohn
et al., 2005; Ghatkesar et al., 2007). Later on, multiple modes were utilized to resolve both mass and
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position of the analyte (Dohn et al., 2007, 2010; Naik et al.,
2009; Hanay et al., 2012; Bouchaala et al., 2016). The most
straightforward way to understand this technique is that there
are two unknowns (mass and position), hence two independent
equations should be obtained. Frequency measurement in each
mode provides one such independent equation. This technique
has been colloquially called the two-mode technique since the
mass of the analyte can be determined if two modes are used in
a doubly-clamped beam. In order to utilize this technique several
assumptions have to be made. First, the analytes are treated as
pointmasses, mechanicalmodes are orthogonal to each other and
the mode shapes are not affected by particles landed on the beam.
Further improvement on the two-mode technique by using even
more modes was achieved and mass distribution of the analytes
were obtained (Dohn et al., 2010; Biswas et al., 2015; Hanay et al.,
2015; Heinrich and Dufour, 2015; Olcum et al., 2015; Sader et al.,
2018; Jia and Feng, 2019; Martín-Pérez et al., 2019; Dilena et al.,
2020)—an approach called Inertial Imaging. It should be noted
that two-mode theory and Inertial Imaging capitalizes on the
geometrical diversity of the mode shapes; hence, these ideas can
be extended to sensors with distinct mode shapes functioning
in other domains. For instance, position sensing of droplets in
a microfluidic channel, as well as single cell sensing, have been
demonstrated using microwave resonant sensors operated with
two modes simultaneously (Kelleci et al., 2018). Another general
approach to obtain mass information is to circumvent the issue
of position-dependent responsivity altogether by using different
device designs (Lobontiu et al., 2006; Park et al., 2010; Sansa et al.,
2020).

Although the position information of an analyte plays a
critical role in determining the mass, reports on investigating
the position-resolution performance of NEMS sensors have been
lacking so far. With micro-electromechanical systems and using
a gold particle with 0.9 micrometer radius, the relationship
between position and modal sensitivity was studied in an

FIGURE 1 | Experimental setup. (A) Ultra high vacuum (UHV) system equipped with a motorized stage to scan the sample slide containing nanoparticles. The laser

used for desorption is positioned outside the chamber and focused through an optical access on the vacuum chamber. (B) SEM image of a typical doubly-clamped

beam resonator used in the experiments. The scale bar is 10µm.

earlier work (Dohn et al., 2007). More recently, the location
of cells landing on a microscale mechanical platform was also
demonstrated (Malvar et al., 2016) in an experiment where
the stiffness of the analyte was also considered in the model.
In this work, we took a different approach to obtain a large
number of data points to sense single nanoparticles on theNEMS.
The experiments were done at room temperature and laser
desorption was used to deliver the nanoparticles. The location
of each particle was calculated in real-time by the two-mode
technique. After each subsequent adsorption of several nano-
particles, the device was removed from the experimental setup
for SEM characterization where the locations of the adsorbed
nanoparticles are detected individually. The number of detected
particles in each cycle was limited to 5 typically (and 20 at
most so) to prevent any ambiguity due to crowding while
mapping the events detected by NEMS and the particles observed
under SEM. This protocol was repeated until sufficient data
points were obtained to have ameaningful statistical distribution.
We then compared the position measurement results based on
mode shapes calculated from different models to determine
the accuracy of the detected position of the nanoparticles. For
FEM simulations, SiN doubly clamped beam was modeled at
two different lengths, 15 and 20µm and the gold electrodes
on top were accounted for in the model as well. The material
parameters for standard COMSOL library was used; relevant
material parameters are listed in Table 2.

EXPERIMENTAL SETUP

The NEMS chip is positioned in a table-top UHV chamber
(Kurt Lesker) where electrical and optical access are provided
for transduction of NEMS and desorption of gold nanoparticles,
respectively (Figure 1A). The experiments are conducted under
high vacuum conditions (∼10−8 Torr) to reduce molecular
interactions and increase the quality factor. The experimental
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setup for this study is based on an earlier work where backside
desorption method was implemented (Yuksel et al., 2019). A
nitrogen laser (NL 100, Stanford Research Systems) with the
wavelength of 337 nm and energy of 176 µJ per pulse is used
to perform laser-induced desorption of gold nanoparticles from
the surface. Since the laser provides a wide, rectangular beam,
focusing is necessary to increase its energy. A lens (with focal
distance of 200mm) is mounted in front of the laser beam shutter
and the laser is placed on a manual XYZ positioner in order
to align the laser beam with respect to the active area of the
NEMS chip. A glass slide containing the analyte molecules can be
scanned in-plane using a UHV XY Scanner (Design Multibase,
Kurt Lesker). Two stepper motors (McLennan) controlled with

a PIC microcontroller provide the scanning action of the XY
stage. A colloidal solution of gold nanoparticles (Sigma Aldrich)
with nominal diameter of 20 nm were chosen for this study, since
their high density and conductivity render them suitable both
for inertial and SEM measurements. After depositing GNP on
a glass slide with the help of a micropipette without applying
any dilution and waiting for the slide to dry completely (typically
2 h), the glass slide is introduced into an aluminum holder piece
inside the chamber. To perform laser-induced desorption, the
NEMS chip is mounted on the stage of a flow cryostat (Janis)
placed inside the chamber, although the experiments were carried
out at room temperature. The glass slide containing the sample
is arranged in parallel to the NEMS resonator with the help

TABLE 1 | Resonance frequencies.

Beam length (µm) f1 (MHz) f2 (MHz) Tension value (MPa) Mode shape data points Grid points

FEM 15 18.74 38.09 816 2309 1001

20 13.72 27.69 3052

Sinusoidal 15 – – None 10001 1001

20 – –

Tension 15 18.44 37.49 816 10001 1001

20 13.553 27.35

Euler 15 – – None 10001 1001

20 – –

Experiment 15 18.76 37.57

20 13.72 27.69

FIGURE 2 | GNP adsorption events tracked by PLL. (A) Each frequency shift represents an individual event. PLL has ∼500ms time constant. The numbers indicate

the particles that are later identified under SEM in part C. (B) SEM image of NEMS resonator after nanoparticle adsorption. The scale bar is 10µm. (C) Collage of

three high-resolution SEM images for recording the positions of the nanoparticles. Particles with ambiguous matching between the NEMS and SEM measurements

were excluded from the analysis to reduce uncertainty. The scale bar is 3µm.
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of the holder piece attached on an arm mounted on the XY
stage. Systematic scanning of the XY stage is important to span
the surface of the glass slide and find the hot spots. Doubly-
clamped SiN beam resonators (with large thin-film stress), 15
and 20µm in length, 370 nm in width and 100 nm in thickness
are used in different runs (Figure 1B). The fabrication process
of the SiN NEMS resonators was reported earlier (Ari et al.,
2018). In short, two electron beam lithography steps followed by
metal deposition were used to define the gold electrodes and the
beam geometry (via a copper etch mask) on a commercial silicon
wafer with 100 nm SiN top layer. A succession of anisotropic and
isotropic etched, followed by the removal of copper etch mask
resulted in the NEMS devices used here. The NEMS resonator is
transduced by thermoelastic driving and piezoresistive detection
via gold nano-loop electrodes located near both ends of the
beam. A.C. voltage at half of the resonance frequency of the
beam is applied to the drive port in order to actuate the
resonator. Due to the different thermal expansion coefficients
of the beam substrate and the electrode (i.e., silicon nitride and
gold), thermal stress occurs and exerts a bending moment on
the beam. At the same time due to geometric piezoresistivity,
resistance of the detection electrode changes with the flexural

motion of the beam, which can be measured by applying an
A.C. bias voltage at the resonance frequency (Bargatin et al.,
2007; Beardslee et al., 2010; Ari et al., 2018). The resonance
frequency values of the NEMS devices are listed in Table 1.
Allan deviations of ∼1.5× 10−6 are typically obtained for
both modes.

To measure the frequency shifts due to the adsorbed analytes,
both the first and second modes of the resonator are tracked
individually by phase-locked–loops (PLL). A typical time trace of
a NEMS nanoparticle sensing experiment is shown in Figure 2A

where each GNP adsorbed by the sensor induces frequency
shifts in two-modes. After collecting several such particles and
calculating the positions using the two-mode theory, the NEMS
chip is removed for SEM characterization (Figures 2B,C). By
limiting the number of particles collected for each NEMS/SEM
measurement cycle, we minimize the ambiguity in matching the
particles between NEMS detection and SEM imaging. Yet, during
some NEMS measurements where two particles inevitably land
very close to each other resulting in an ambiguous assessment for
these particles. Since the current work focuses on the accuracy
of position sensing, we did not include any such ambiguous
matching events in our analysis. It should be noted that due to

FIGURE 3 | Comparison of position values obtained by SEM characterization (x-axis) along the normalized beam length, and those obtained by NEMS (y-axis) using

various mode shapes, (A) sinusoidal, (B) Euler-Bernoulli beam theory, (C) FEM simulation, and (D) the analytical solution with tension term. The data shown

correspond to the 15µm device.
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FIGURE 4 | Comparison of position values obtained by SEM characterization (x-axis) along the normalized beam length, and those obtained by NEMS (y-axis) using

various mode shapes, (A) sinusoidal, (B) Euler-Bernoulli beam theory, (C) FEM simulation, and (D) the analytical solution with tension term. The data shown here

correspond to the 20µm device.

the symmetry of the NEMS and the technique, two particles that
land on the two different sides of the beam nearly symmetrically
may result in similar position values in NEMS measurements.
Moreover, several unmarked nanoparticles in Figure 2C have
been deposited on the NEMS before the experiments described
here started, during a stage where the alignment between the
laser-desorption plume and the NEMS chip was being conducted.
The NEMS/SEM cycle is repeated until statistically significant
number of events are obtained. For the analysis, the SEM
results are assumed to be the reference values and any error is
calculated accordingly.

RESULTS

The comparison between the position values obtained through
SEM imaging and frequency shift measurements are shown in
Figures 3, 4 for two resonators with 15 and 20µm lengths,

respectively. For each device, different mode shapes for NEMS
are used in the analysis. Two of the mode shapes correspond
to the two ideal cases, the Euler mode shape for the pure
bending solution and the sinusoidal mode shape for the pure
string under tension solution (Supplementary Information). Of
course, the actual NEMS device has elastic contributions from
both mechanisms. To calculate the mode shape in this case,
we first use the resonance frequency values for the first two
modes and FEM analysis to determine the intrinsic stress on the
structure (Table 1). The stiffness of the beam increases under
the existence of intrinsic stress and this increases the resonance
frequencies. An axial stress value of 816MPa is obtained by fitting
the resonance frequencies of the first two modes: this stress value
agrees with the range of values provided by the supplier of the
wafer. Using the stress value, two additional mode shapes are
generated (Table 2 and Supplementary Information). The first
one uses the combined analytical model of beam bending under

Frontiers in Mechanical Engineering | www.frontiersin.org 5 June 2020 | Volume 6 | Article 37

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Orhan et al. NEMS Nanoparticle Position Sensors

TABLE 2 | Parameters used in the analytical models and FEM simulations.

Beam Length(µm) Width(nm) Thickness(nm) Density (kg/m3) Young’s modulus (GPa) Stress (MPa)

FEM 15/20 370 100 3,100 250 816

Tension 15/20 370 100 3,100 250 816

Sinusoidal 15/20 370 100 3,100 NA NA

Euler 15/20 370 100 3,100 250 NA

FIGURE 5 | Position errors of different mode shapes according to positions of particles marked in SEM imaging of (A) the 15µm beam, and (B) the 20µm beam for

different beam models. (C) Mode shapes of the 1st Vibration Mode (D) Mode shapes of the 2nd Vibration Mode.

tension (Bokaian, 1990) to generate mode shapes in a MATLAB
environment. Finally, mode shapes are directly extracted from
the FEM solver using 1001 grid points along the top surface
and used to reverse calculate the positions using the two-
mode theory. The performance of the two-mode theory with
respect to these four different mode shapes is shown in Figure 5

and tabulated in Tables 3, 4 for the 15 and 20µm devices,
respectively. We quantify the error by:

Position error ≡ xNEMS − xSEM

where we define xSEM to be the measured position under
the SEM (and normalized with respect to the length of the

NEMS), and xNEMS for the position obtained by converting
NEMS frequency shift results into position values by using
the corresponding beam model (Euler-Bernoulli, string
under tension, beam under tension or mode shapes obtained
by FEM).

Mass values of the particles obtained by using analytical
solution with tension term are shown in Tables 3, 4. The
particles that are close to the clamping are excluded since the
uncertainty in determining the mass is large in this region. The

rms error, xRMS =

√

1
N

∑N
n=1

∣

∣position error
∣

∣

2
for each mode

shape is tabulated in Table 5, where N denotes the number of
error values.
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TABLE 3 | Position values for 15µm beam.

SEM Sinusoidal E-B FEM Tension

0.248 0.223 0.287 0.252 0.242

0.435 0.424 0.437 0.431 0.429

0.323 0.308 0.346 0.327 0.320

0.300 0.295 0.336 0.315 0.308

0.240 0.222 0.287 0.251 0.241

0.296 0.281 0.326 0.303 0.295

0.418 0.410 0.426 0.418 0.416

0.394 0.391 0.410 0.401 0.398

0.313 0.296 0.338 0.317 0.310

0.152 0.119 0.230 0.160 0.147

0.323 0.320 0.355 0.337 0.331

0.453 0.446 0.455 0.451 0.450

0.262 0.266 0.315 0.289 0.281

TABLE 4 | Position values for 20µm beam.

SEM Sinusoidal E-B FEM Tension

0.440 0.425 0.438 0.432 0.429

0.396 0.334 0.366 0.351 0.343

0.160 0.147 0.246 0.186 0.166

0.159 0.141 0.243 0.181 0.160

0.188 0.171 0.258 0.207 0.188

0.065 0.072 0.172 0.113 0.095

0.153 0.122 0.234 0.165 0.143

0.140 0.110 0.203 0.145 0.128

0.448 0.461 0.467 0.464 0.463

0.416 0.424 0.437 0.431 0.428

0.065 0.068 0.210 0.126 0.104

0.295 0.263 0.314 0.287 0.275

0.222 0.199 0.269 0.228 0.214

0.128 0.083 0.220 0.137 0.113

0.186 0.169 0.256 0.204 0.186

0.196 0.193 0.269 0.225 0.208

0.082 0.063 0.200 0.125 0.104

0.119 0.086 0.220 0.136 0.113

DISCUSSION

The beam is assumed to have a uniform cross-section, ignoring
any fabrication imperfections. Position errors are calculated after
matching the SEM positions of the particles with position values
obtained from each mode shape. By observing the error trends
in Figure 5, it is evident that a solution based on pure Euler-
Bernoulli (E-B) theory deviates the most from SEM position
values presumably due to unaccounted axial stress with this
theory. By examining the rms errors in Table 5, we see that the
remaining threemode shapes yield similar results—the combined
analytical mode shape result seems to offer the best performance.
This raises a question: how is it that the combined model yields

TABLE 5 | Rms of errors.

Sinusoidal Euler FEM Tension

15µm Beam

0.0154 0.0364 0.0109 0.0072

20µm Beam

0.0261 0.0780 0.0235 0.0204

better predictions than the FEMmodel? The reason is interpreted
to be due to the number of grid points in the simulation (1001)
along the longitudinal dimension which is a typical value for
NEMS simulations. In any case, the results indicate that Euler-
Bernoulli mode shapes are not sufficient to accurately determine
the position of the analytes when there is significant stress on
the beam.

Another important trend in Figures 3, 4 is that the two-mode
theory works much better near the center of the beam and the
accuracy near the center is relatively insensitive to the model
selected. This trend is expected due to the increased sensitivity
away from the clamps, especially for the first mode. As it is seen
in Figure 5, mode shapes of FEM model and analytical solution
with tension term show similar trend and sinusoidal mode shape
is even closer to them than the Euler-Bernoulli mode shape. It
demonstrates that the sinusoidal model can serve as a starting
model for position sensing, and that the tension or FEM models
are more accurate when the particles are landing away from the
center of the beam.

Both the stress and the bending rigidity play an important
role in the mode shapes of the NEMS devices. On the other
hand, the sinusoidal and the Euler-Bernoulli mode shapes are
merely the two limiting cases for the beam model: zero bending
rigidity and zero stress, respectively. Since the actual mode shapes
are in between these two limiting factors, the predictions of
the sinusoidal and EB mode shapes err in opposite directions.
The prediction error of the sinusoidal and EB mode shapes
are the largest for particles landing near the edges and they
are indicative of the distinct boundary conditions imposed by
the underlying dynamics assumed for each case: pinned-pinned
boundary conditions for the sinusoidal, and clamped-clamped
boundary conditions for the EB mode shapes. Near the center
of the beam, the effects of the boundary conditions are washed
out, and the beam equations of different models are sufficiently
similar to each other to give rise to a convergence of mode shapes
and predictions of particle positions.

The function which is defined as the ratio of the first
mode shape to the second mode shape is the identifying factor
to determine the landing position (Hanay et al., 2012). The
models used to calculate the mode shapes show slightly different
results from each other, therefore results in different ratios. For
example, the slope of the first two mode shapes vanishes on
the clamped edges in the Euler-Bernoulli model while it has a
finite value in the string-under-tension model. In reality, the
mode shapes are expected to lie between these two extremes,
therefore the ratio of the mode shapes will have a value in
between. The particular geometry of the mode shapes in each
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model will determine whether the model will under-estimate or
over-estimate the position.

Any improvement in the determination of the position
of a particle is expected to increase the accuracy of the
mass measurement of that particle. This statement can be
understood by considering the equation that relates the mass and
position of a point particle written for the fundamental mode
as (Hanay et al., 2012):

1m = −2Meff

(

1f

f0

)

1

φ (x)2

where 1m is the mass and x is the position of the particle; Meff

is the effective mass, 1f is the frequency shift, f0 is the resonance
frequency, and φ(x) is the mode shape of the fundamental mode
[normalized such that max (φ (x)) = 1]. Since there is a direct
correspondence between themass and the position of the particle,
one can then use standard techniques for error propagation
to relate the uncertainty in one parameter to the other
(Hanay et al., 2012).

The experimentally determined mean diameter of
nanoparticles is 36.5 nm and the mean mass value is 297
MDa which indicates a significant amount of aggregation of
nanoparticles. Nevertheless, the position analysis conducted
here does not directly depend on the specific mass value of
the analytes, since the position value depends on the ratio of
the frequency shift in the second mode to the frequency shift
in the first mode—and this ratio is constant to first order for
particles of different mass but the same position. It would have
been interesting to compare the mass spectrum of nanoparticles
calculated by using the position values of different models.
However, this comparison cannot be properly made for the GNP
sample used, because of the high dispersion of the molecular
weight (∼%40) and the aggregation of nanoparticles during the
sample preparation.

CONCLUSION

We investigated the position sensing performance of NEMS
sensors by calculating the position values for multiple GNPs
using different models of beam elasticity. Independent SEM
characterization of each adsorption was used to validate
GNP positions. The analysis suggests tension term should be
included to the beam theory for the mode shape calculations
especially for structures under high tensile stress. Moreover,
the performance of mode shapes obtained by either a simple
sinusoidal approximation or through FEM analysis resulted in
acceptable performance levels for the determination of particle

positions. Meticulous measurements of device dimensions after
fabrication under the SEM followed by FEM modeling is one
possible approach to increase position resolution. Keeping a
record of particles as they land on the sensor and using this
information to update the mode shape using perturbation theory
(Yüksel and Hanay, 2017) can also alleviate uncertainties due
to mode shape. The accuracy of mode shapes is crucial in
position-dependent sensing applications. Since nanomechanical
motion occurs at high frequencies and on a miniscule area, it
is challenging to image the actual mode shape. However, using
SEM and averaging of the resonant motion (Ghatkesar et al.,
2007), or imaging post-buckling curves can be used to capture
the effective mode shape (Ahmad et al., 2011; Erbil et al., 2020).
The use of correct mode shapes increases the position sensing
performance of nanomechanical sensors which can then enable
the delivery, positioning, and control of nanoparticles within the
NEMS platform.
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