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Abstract

In this paper, a BioMEMS sensor by using a surface-stress sensing approach, con-
nected to a highly sensitive optical sensing system, is proposed to diagnose various
types of biomolecules. The MEMS transducer is composed of a fixed—fixed beam
with immobilized receptors on the surface which is connected to a Ring Resona-
tor (RR) filter. The interaction between the target biomolecules and the receptors
induces surface stresses on the beam. This stress results in the beam deforma-
tion which leads to changes in the coupling coefficient of the RR. Consequently,
the transmission spectrum of the RR experiences changes, measured by using an
optical photo-detector. Therefore, by analyzing the response of the photo-detector
output, one can detect the number of target biomolecules in the sample and assign
a level of contamination, infection or bioparticles, caused by the specific disease.
Furthermore, the MEMS functional characteristics and the optical properties of the
proposed biosensor are designed and analyzed respectively by using the finite ele-
ment method (FEM) and the finite difference time domain (FDTD) approach. The
obtained functional characteristics of the proposed device show that the present
optical BIoMEMS sensor can be used for highly sensitive diagnoses of various types
of diseases and their progress level.
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1 Introduction

Nowadays, micro or nano-electro-mechanical system (M/NEMS) technologies are
playing an important role in the development of high performance devices and tools
for many industries. Thanks to their numerous advantages such as small dimensions,
low price, and ease of batch fabrication, M/NEMS devices can be used in a wide
range of applications such as inertial navigation, industrial production, remote detec-
tion, and so on [1-4]. One of the most interesting applications of the MEMS tech-
nology is biomedical diagnostics which is concentrated on the detection and char-
acterization of various specific kinds of bioparticles including biomolecules, cells,
ions, DNAs, and many others [5, 6]. This branch of the science is called BioMEMS
that is basically aimed at taking the advantage of the MEMS technology to achieve
high performance medical tools and devices such as biosensors [7].

In several diseases, the precise detection of biological analytes is vital in order
to provide an early stage diagnosis and to prevent their fatal influences on the body.
At clinical levels, these label-free biosensors are used to detect pathogens or various
biomarkers (i.e. nucleic acids, proteins, and cells) of different diseases in the body
fluids, such as saliva, blood, or urine [8]. For instance, a DNA-based piezoelectric
biosensor can be used for simultaneous detection and genotyping of high-risk human
papilloma virus (HPV) strains [9]. In addition, several viral diseases caused by vari-
ous viruses such as Ebola, human immunodeficiency virus (HIV), and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has been studied by these types
of biosensing platforms [10]. The label-free BioMEMS sensors can be thus a good
candidate for real-time and cost-effective diagnosis of various diseases biomarkers.

The operating principle of BioMEMS sensors is usually based on the direct
conversion of physical or chemical characteristics of bioparticles into a measura-
ble mechanical displacement. The part which is responsible for this task is called
MEMS transducer with a movable mechanical part. This MEMS part may be a can-
tilever beam [11], a fixed—fixed beam [12] or a diaphragm [13]. By detecting the
magnitude and direction of this induced displacement, one can figure out the type
and the number of target bioparticles. Surface stress variation is also one of the most
appealing approaches which is used in the mentioned MEMS transducers. In this
method, a spatial deformation induced by surface stress, resulting from the interac-
tion between the MEMS transducer and the specific target bioparticles, is measured
to determine the amount of the target bioparticles.

Many techniques have been reported in the literature so far to measure the result-
ing mechanical displacement such as capacitive technologies [14—16], piezoresistive
technique [17], piezoelectric and optical approaches [18-20]. However, the optical
approach can be the most promising one, thanks to several advantages such as large
sensitivity, more immunity against electromagnetic interference (EMI), better ther-
mal stability and thus better performance, compared to other existing sensing meth-
ods. For instance, Takahashi and his co-workers introduced a surface stress based
BioMEMS sensor relied on an interferometric optical transducer [21]. The proposed
device presents a new method in order to enhance the sensitivity of the mechani-
cal part. However, the fabrication process complexity of the interferometric based
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optical sensing system is the main drawback of such devices. In another similar
work, a polymer based optical MEMS sensor is numerically investigated by Serene
et.al, which can be very suitable for biosensing applications [22]. In this device, a
polymeric material is used, instead of silicon, to realize a micro-cantilever trans-
ducer, in order to decrease the device fabrication cost and improve its bio-com-
patibility. As the device uses an amplitude based optical sensing system, it is too
sensitive to undesired fluctuations of the optical source. This can decrease the sen-
sitivity and resolution of the biosensor. There are also several other optical sensing
methods used in the biosensing applications, such as plasmonic refractive index sen-
sors [23]. Although these types of all-optical biosensors can provide high resolution
and appropriate thermal stability, their fabrication process is complicated and thus
expensive compared to the biosensors based on the MEMS Technology. Further-
more, since the changes in the refractive index due to the adsorption of the bio-
molecules is very low, their sensitivity can be smaller than MEMS based sensors in
which a mechanical transducer is used to convert the number of the absorbed target
molecules into a measurable quantity [23-25].

In this paper, we propose a novel topology as a BlioMEMS sensor based on the
surface-stress detection and an optical sensing system. The proposed device can
overcome several issues mentioned above (in terms of sensitivity, thermal stabil-
ity, immunity against EMI). It can be also fabricated without the need for compli-
cated fabrication processes that can decrease the total device cost. Furthermore, the
proposed optical BIoOMEMS is designed and analyzed by numerical and analytical
approaches and its functional characteristics are finally reported. The obtained func-
tional characteristics make the proposed BioMEMS device appealing for biomedical
diagnostics. The arrangement of the paper is as follows. In Sect. 2, the operating
principles of the MEMS and the optical parts of the biosensor are separately intro-
duced. Furthermore, in this section, design and analysis of the MEMS transducer
and the optical sensing system of the proposed biosensor are carried out, respec-
tively, by finite element method (FEM) and finite difference time domain (FDTD)
approaches. The functional characteristics of the designed device are also obtained
in this section. In Sect. 3, the results of numerical and analytical simulations are pre-
sented with the related discussions. Summary and conclusions are finally presented
in Sect. 4.

2 Design and Analysis of the Proposed BioMEMS Sensor

In this section, the proposed biosensor is designed and analyzed in two separate,
MEMS and optical, parts. To achieve this goal, the working mechanisms and the
operation principles of the MEMS and the optical parts of the proposed biosensor
are firstly studied in each sub-section. The BioMEMS sensor is then designed in
order to obtain the MEMS characteristics and its optical properties based on the
working mechanisms.
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Fig.2 The proposed surface stress based BioMEMS sensor

2.1 Design and Analysis of the MEMS Transducer

As mentioned before, the MEMS part of the proposed device is relied on the surface
stress effect. The origin of the surface stress phenomenon is based on the nature
of the chemical bonding of the atoms on the surface of a thin film. It means that a
change in the density of the atoms on the surface of a thin film, caused by a chemi-
cal bonding process, can produce surface stresses. While surface atomic bonds are
stiffer than their bulk counterparts, tensile surface stress is generated by the attrac-
tive forces between the surface atoms which results in concave surface curvature. On
the contrary, when surface atomic bonds are softer than that of corresponding bulk,
surface atoms repel each other and compressive surface stress is induced, which
leads to convex surface curvature. This phenomenon is illustrated in Fig. 1.

The surface stress is formally modeled by the tensor components of the surface
stress tensor ¢;. Also, one can consider the Shuttle-worth equation defining the sur-
face stress in terms of the surface energy, y [26]:

o, = yo; +dy/oe; 1)
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Table 1 Dimensions of the

proposed biosensor Fixed—fixed beam length 100 um
Fixed-fixed beam width 2.4 um
Height of the structure 10 pm

where §; is the Kronecker delta, and ¢ is the elastic strain tensor. In the proposed
BioMEMS sensor, as shown in Fig. 2, a thin fixed—fixed SU8 beam is designed so
that it is connected from the center to the ring resonator (RR). The dimensions of
the beam are designed by FEM analysis (Table 1) in order to make an appropriate
compromise between the sensitivity of the proposed biosensor and its bandwidth.
Note that these dimensions can be redesigned based on the specifications of target
biomolecules (i.e. target disease) to achieve the desired sensitivity and an appro-
priate bandwidth. However, it should be considered that there is always a compro-
mise between the mechanical sensitivity of the proposed BioMEMS device and its
bandwidth.

Immobilized surface

w2

Z)\X (b)

Fig. 3 a Schematic of the immobilized receptors on the surface of the proposed structure, b Deformation
of the movable part under compressive surface stress
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In the proposed structure, a certain amount of the bioreceptor molecules should
be immobilized on the surface of the beam in order to adsorb biomolecules as illus-
trated in Fig. 3a. By passing test samples through the free-standing surface, the tar-
get biomolecules existing in the test samples are adsorbed by the bioreceptors. This
results in biochemical reactions on the surface of the beam that can trigger intermo-
lecular forces which induces surface stresses and consequently a specific value of
the deformation on the beam [27]. Then, the deformation leads to a small displace-
ment of the ring (Fig. 3b) which is related to the fixed optical waveguide as shown
in Fig. 2. This is how the MEMS transducer converts the existence of target biomol-
ecules (and their existence level) into a mechanical displacement. Note that, one can
choose the specification of the selective layer and its constituent bioreceptors (i.e. its
types, the amount) based on target biomolecules and thus a specific disease related
to the target biomolecules can be detected by the proposed BioMEMS sensor.

As presented earlier, the characteristics of the receptors and target molecules
determine whether the beam experiences tensile or compressive stress, while target
molecules pass through its surface. For instance, one can assume that adsorption of
target molecules by the receptors can lead to compressive surface stress (Fig. 3b). In
this scenario, the ring is displaced along Z axis, and the distance between the main
waveguide and the ring is increased (and vice-versa for the tensile surface stress).
This distance change which is a function of the characteristics and the amount of tar-
get molecules (i.e. a specific disease and its progress level) is then measured by the
proposed optical sensing system as explained in the next section.

2.2 Design and Analysis of the Optical Sensing System

The optical sensing system of the proposed device is designed based on a tunable
Ring Resonator (RR). The RR consists of a waveguide designed as a circular shape
which is located nearby a straight waveguide. While a beam of light passes through
the straight waveguide, a part of the light is coupled into the ring because of the
evanescent field phenomenon. The coupled light in specific wavelengths, that satis-
fies the resonance circumstances, is propagated into the ring and is then stored and

Fig.4 The RR structure and the
transmittance spectrum of the
main waveguide, while the ring-
waveguide distance puts the RR
in the critical coupling regime

[

EDH[

circular
waveguide

transmittance

=)

wavelength
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lost inside the resonator. Figure 4 shows the structure of a RR composed of the main
waveguide, a circular waveguide, and a directional coupler.

In fact, the resonant phenomenon attenuates the guided modes in the ring and
thus the transmission of the main waveguide at resonance drops to near zero at the
resonance wavelength. In this situation, various periodic resonances troughs appear
in the transmittance spectrum of the waveguide (Fig. 4). According to the coupling
theory, the normalized optical transmission of the waveguide-coupled resonator is
described by:

2 2
_ |Eout| _ (Iz—ltl _2a0|t|C0Sﬂ0

T 0
|Eal”

= 2
, 1+ ap|t|* — 2apt| cos B, @

where E;, and E_,, are the amplitudes of the electric field of the input and the
output light in the waveguide, «, is the inner circulation factor, @, is the round trip
phase, and ¢ is the transmission coefficient of the coupler that is related to the cou-
pling coefficient k through |«|* + |7]* = 1.

The transmission of the resonance troughs (shown in Fig. 5) is determined by
the transmission coefficient ¢ (or the coupling coefficient k) of the coupler which
is relied on three features (i.e. the distance and the coupling length between the
waveguide, the ring and the effective refractive index). In the proposed optical
sensing system, the effect of distance changes between the ring and the straight
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Fig.5 Coupling regimes and respective transmission spectrum of the RR near the resonance
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Fig. 6 Variations of the light transmittance spectrum in terms of the coupling distance change

Table 2 dimensions of the

proposed sensor Height of structure 10 pm
Inner radius of the ring waveguide 4.9 ym
Outer radius of the ring waveguide 5.3 um
Thickness of the waveguides 0.22 ym
Primary gap distance of coupler 0.35 um
Silicon refractive index 3.4800
SUB refractive index 1.5552

waveguide is used in order to implement the concept of tunability. In order to
obtain an appropriate tunability, the proposed structure should be designed so
that it ensures the critical coupling in the initial state, while the ring is station-
ary. Therefore, the geometrical properties of the RR structure (such as geometri-
cal dimensions of the ring and waveguide as well as the coupler gap) should be
precisely chosen to achieve the mentioned goal. For a given value of the inner
circulation factor, if the gap between the main waveguide and the ring is such that
the transmission at the resonance wavelength drops to zero, the critical coupling
is achieved (Fig. 5). On the other hand, while the gap between the waveguide and
the ring is smaller than the critical distance, the ring is over-coupled. On the con-
trary, when the waveguide-ring gap is larger than the critical distance, the ring is
under-coupled. In both last scenarios (under-coupling and over-coupling regimes)
the intensity trough is shallower than that of the critical coupling point [28].

As a consequence, while the ring is positioned at a specific point, the distance
variation between the ring and the waveguide changes the coupling parameter and
thus the resonance transmission. Note that this gap variation not only changes
the transmission coefficient, but also affects the ring effective radius (the dis-
tance between the ring center and the waveguide). Therefore, as can be seen in
Fig. 6, the magnitude of the resonance trough as well as its central wavelength are
changed as a result of the distance variation between the main waveguide and the
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ring. Hence, the optical sensing system converts the mechanical displacement of
the ring into a shift of the resonance transmission and of its central wavelength.

According to the above explanations, the RR should be designed to have the
maximum sensing range, while it is coupled to the MEMS transducer. For this
purpose, the linear input measurement range of the RR should match the output
mechanical range of the transducer to provide the maximum possible measure-
ment range and an appropriate sensitivity for the proposed BioMEMS sensor. By
considering these constraints, the geometrical characteristics of the RR structure
are designed as summarized in Table 2.

3 Results and Discussion

In this section, the simulation results of the proposed biosensor are carried out by
FEM methods for the MEMS transducer and FDTD methods for the optical sensing
system. Based on the obtained results, the functional characteristics of the proposed
optical BIOMEMS sensor are then reported.

3.1 Simulation Results of the MEMS Part

The BioMEMS transducer behavior is studied and simulated in this sub-section,
while the target molecules are exposed to the biosensor. In this scenario, surface
stresses, modeled as torques, are produced on the proposed biosensor surface
because of the interaction of the target molecules and the bioreceptors coated on
the biosensor surface. To simulate this interaction, equivalent surface stresses (i.e.
the mechanical torques) are applied on the edge of the movable beam as shown in
Fig. 7a. These equivalent torques, representing the surface stress on the biosensor,
cause beam deformations which result in various displacements of the center of the
beam along Z-axis. In this simulation, the range of the applied torque is chosen to be
varied from O to 1 N/m.

One of the important parameters of the BioMEMS transducer is its mechanical
sensitivity which can be defined as the ratio of the displacement of the beam center
to the surface stress. This parameter depends mainly on the stiffness of the movable
beam which is relied on the beam geometrical dimensions. The displacement of the
center of the beam and the mechanical sensitivity of the proposed biosensor as the
functions of the applied forces are illustrated in Figs. 8 and 9 for various values of
the beam length and its width, respectively. As can be seen in these figures, the
longer and narrower the beam is, the more sensitive the proposed biosensor is.
Based on the geometrical characteristics of the transducer presented in Table 1,

mechanical sensitivity of S,, = 353(;;?11) can be achieved for the present BioMEMS

Sensor.

Another important point related to the BioMEMS transducer is the frequency
response which determines the operating bandwidth of the device. For analyzing
the frequency response, one can calculate the lower order modes of the transducer
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Force

Force

(b)

Fig.7 a Schematics of the effects of the target molecules while they interact with the movable beam.
This interaction is simulated by applying the equivalent edge forces, b Deformation of the movable beam
under surface stresses, assuming that the beam experiences compressive surface stress, while the target
molecules are absorbed by the biosensor surface

by using modal analysis. Figure 10 shows the six first mechanical mode shapes of
the proposed biosensor. As shown in this figure, the first resonance mode of the
mechanical transducer corresponds to a linear displacement of the center of the
beam along the sensing axis (f,=97.78 kHz). The other higher order modes cause
the non-linear displacements of the beam which are not desired in this proposed bio-
sensor. It means that, for frequencies below the first mode, the displacement of the
ring provides only the z-component and zero for the other components. The Fre-
quency response of the proposed sensor for the frequencies near the first resonance
mode is shown in Fig. 11. As can be seen in this figure, the frequency response
curve is relatively flat over a frequency range of O to 5 kHz. This range can be thus
considered as the operating bandwidth of the proposed sensor (B.W =5 kHz).
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Fig. 8 Displacement of the movable beam according to the exerted force for various lengths of the beam

displacement (um)

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

T T

—¥%— w_beam = 2.0 (um)
—©— W_beam = 2.2 (um)
—6— w_beam = 2.4 (um)
—a— W_beam = 2.6 (um)
—— w_beam = 2.8 (um)
—8— w_beam = 3.0 (um)

Mechanical
sensitivity

0.4 0.6
force (N/m)

0.8 1

Fig. 9 Displacement of the movable beam according to the exerted force for different widths of the beam

@ Springer



35 Pagel120f16 Sensing and Imaging (2021) 22:35

| = (@)

Fig. 10 First six resonance modes. a 1st mode: f; =97.78 kHz, b 2nd mode: f,=205.94 kHz, ¢ 3rd mode:
f3=266.84 kHz, d 4th mode: f,=895.25 kHz, e 5th mode: f5=921.39 kHz, f 6th mode: f;=1106.1 kHz

3.2 Optical Simulation Results

As mentioned before, an optical RR is used in the proposed biosensor to measure the
displacement of the ring. The initial distance between the ring and the main waveguide
has been designed as d=350 nm to provide the maximum coupling between the main
waveguide and the ring (i.e. critical coupling). Thus, there is a periodic pattern of reso-
nant wavelengths that are filtered from the transmittance spectrum of the main wave-
guide, as shown in Fig. 12. As can be seen in this figure, one of these resonant troughs
is measured as the sensing mode of the proposed biosensor. Furthermore, the transmis-
sion spectrums of the RR for different values of the coupling distance are illustrated

@ Springer



Sensing and Imaging (2021) 22:35 Page 130f16 35

12F ' T ! ﬂ b
’é‘ll- J
=
+ 10r J
@

S o -
o

£ 8f :
o

O

N 7f 1
9]

g o -
2 el l
E 5

@©

g 4 1
£

S 3r J
®

S 2h -
2

o 1E 4

0 20 40 80 100

60
freq (kHz)

Fig. 11 Frequency response of the proposed BioMEMS sensor

1- Sensing mode

o o o
rs o =)
1 1 1

Transmittance

o
[
1

15 152 154 156 158 16
wavelength(microns)

Fig. 12 The transmittance spectrum of the proposed sensor vs. wavelength. Note that critical coupling is
obtained, by considering the distance between the main waveguide and the ring as d=350 nm
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Fig. 13 Evaluation of the output transmittance spectrum for the different values of the coupling distance

in Fig. 13. As shown in this figure, the depth of the resonance trough decreases, while
the gap gets wider. According to the results obtained in the two last figures, the type
and the numbers of the target molecules (adsorbed by the biosensor) are determined
by measuring the changes in depth and the central wavelength of the resonance trough,
because these changes are a function of the gap size (d). Consequently, one can diag-
nose the target disease and its progress level based on the type and the number of the
target molecules. Finally, the optical sensitivity of this biosensor can be also defined
as the ratio of the resonance trough shift to the variations of gap size. This parameter
is calculated as S, = 0.004 nm~!. Note that the proposed biosensor can be appropri-
ately manufactured by nanofabrication processes including Ebeam lithography and RIE
(reactive ion etching) steps.

4 Conclusions

In this paper, a novel optical BlioMEMS sensor has been presented for the diagnosis
of very small biomolecules such as cells, ions, DNAs, proteins. An optical RR struc-
ture connected to a MEMS transducer is proposed in this biosensor in order to detect
the types and the numbers of the target molecules in a test sample which are corre-
sponding to the target disease and its progress level. The simulations and the analy-
sis of the present biosensor have been carried out by FEM approaches for the MEMS
part and by FDTD methods for the optical part. Therefore, the mechanical and the
optical sensitivity of the designed biosensor are respectively obtained as

S, =353 (;}Tn) and S, = 0.004 nm~'. Furthermore, the frequency response of the

biosensor is studied by using modal analysis to obtain its operating bandwidth as
5 kHz. According to the obtained functional characteristics of the proposed
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BioMEMS sensor, it can be appealing for highly sensitive diagnostics applications.
Furthermore, it is possible to multiplex several numbers of the proposed biosensor
which are coated with various bioreceptors on their surface in order to simultane-
ously detect various types of diseases from a sample test.
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