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An Ultrasensitive BioMEMS Sensor Based on the
Phase Modulation Optical Systems

Capteur BioMEMS ultrasensible basé sur les
systèmes optiques à modulation de phase
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Abstract— This article presents an ultrasensitive surface stress-based BioMEMS platform with an optical
biosensing detection method. The proposed biosensor consists of two main parts: a microelectromechanical
systems (MEMS) transducer, which converts the chemical interaction of the bioreceptors with the target
bioparticles into mechanical displacement, and an optical system to detect the displacement of the MEMS
transducer and determine the concentration of the target bioparticles. This design uses a membrane held by
six stands above a waveguide as the MEMS transducer to capture the target bioparticles in the test sample.
The absorption of the target bioparticles by the bioreceptors, which are immobilized on the surface of the
movable membrane, creates surface stress on the top surface of the membrane, leading to its deformation.
While the movable part approaches the waveguide, it interacts with the modes’ evanescent field, increasing
the effective refractive index. Finally, the refractive index variation causes a shift in the mode’s phase that
determines the concentration of the target bioparticles. The operational characteristics of the present biosensor
resulting from numerical and analytical approaches are as follows: phase shift of 250π , optical sensitivity of
1935π rad/RIU, mechanical sensitivity of 1.64 µm/N·m−1, and figure of merit (FOM) of 1.29 πrad/RIUµm.
The obtained results indicate that the proposed biosensor has the potential to be employed in point-of-care
(POC) tests. This would enable the detection of target biomolecules associated with specific diseases and the
measurement of their concentrations, which is indicative of disease progression.

Résumé— Cet article présente une plateforme BioMEMS ultrasensible basée sur les contraintes de surface
et dotée d’une méthode de détection par biodétection optique. Le biocapteur proposé se compose de deux
parties principales : un transducteur microélectromécanique (MEMS), qui convertit l’interaction chimique
des biorécepteurs avec les bioparticules cibles en déplacement mécanique, et un système optique permettant de
détecter le déplacement du transducteur MEMS et de déterminer la concentration des bioparticules cibles. Cette
conception utilise une membrane maintenue par six supports au-dessus d’un guide d’ondes comme transducteur
MEMS pour capturer les bioparticules cibles dans l’échantillon testé. L’absorption des bioparticules cibles par
les biorécepteurs, qui sont immobilisés à la surface de la membrane mobile, crée une contrainte de surface
sur la surface supérieure de la membrane, entraînant sa déformation. Lorsque la partie mobile s’approche
du guide d’ondes, elle interagit avec le champ évanescent des modes, augmentant ainsi l’indice de réfraction
effectif. Enfin, la variation de l’indice de réfraction provoque un décalage de la phase du mode qui détermine
la concentration des bioparticules cibles. Les caractéristiques opérationnelles du présent biocapteur résultant
d’approches numériques et analytiques sont les suivantes : déphasage de 250π , sensibilité optique de 1935π
rad/RIU, sensibilité mécanique de 1,64 µm/N·m−1 et facteur de qualité (FOM) de 1,29 π rad/RIUµm. Les
résultats obtenus indiquent que le biocapteur proposé pourrait être utilisé dans les tests au point de service
(POC). Cela permettrait de détecter les biomolécules cibles associées à des maladies spécifiques et de mesurer
leurs concentrations, ce qui est révélateur de la progression de la maladie.

Index Terms— BioMEMS, optical biosensing, phase shift, point-of-care (POC) testing.
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I. INTRODUCTION

OVER the past decade, significant advancements have
been observed in microelectromechanical systems

(MEMS) technology. The ease of fabrication, coupled with
high reliability, compact dimensions, advanced manufac-
turing processes, and cost-effectiveness, has facilitated the
widespread application of MEMS in various fields, including
inertial sensors [1], [2], [3], built-in self-test methods [4], [5],
logic circuits, and processors [6].

Recently, MEMS technology demonstrated high capabilities
in the detection and characterization of diverse biological
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particles, such as cellular constituents [7], [8], viruses [9],
and proteins [10]. These devices have numerous applications
in different areas, including healthcare [11], environmental
monitoring [12], and food safety [13]. Furthermore, bio-
MEMS sensors can be utilized in point-of-care testing (POCT)
applications. POCT refers to diagnostic testing performed at
or near the site of patient care, enabling rapid results and
immediate clinical decision-making without the need for cen-
tralized laboratories. Such systems are increasingly important
in applications ranging from infectious disease detection to
chronic disease monitoring, especially in resource-limited or
time-critical settings. MEMS technology offers unique advan-
tages for developing POCT sensors, including miniaturization,
high sensitivity, and potential for mass production at low
cost, making it appealing for portable, fast, and accessible
diagnostic platforms [14].

To detect the type and/or quantity of target molecules
using MEMS-based biosensors, the chemical properties of
bioparticles are initially converted into mechanical properties
by the MEMS transducer, which is a movable part, such as a
cantilever [15], [16], a fixed beam [17], or a membrane [18].
Depending on the output of the MEMS transducer, these
sensors have two main operational modes: dynamic and static.
In the dynamic mode, the mass of bioparticles induces a
shift in the mechanical resonance frequency of the MEMS
transducer. This frequency shift’s magnitude determines the
target molecules’ type, quantity, or concentration [19]. The
static mode-based biosensors utilize the mechanical defor-
mation of the MEMS transducer caused by surface stress
to measure the concentration of the target bioparticles [20],
[21]. In this scenario, the target bioparticles in the sample are
captured by bioreceptors immobilized on the surface of the
mechanical transducer. This interaction causes a change in the
surface stress, influenced by the binding of the bioreceptors
to the target bioparticles [18], [22]. The resulting difference
in surface stress between the top and bottom surfaces of the
transducer leads to either tensile or compressive deformation,
depending on the bond strength of the surface bioreceptors
with the target molecules [23]. It is notable that surface
stress-based sensors offer shorter response times and higher
mechanical sensitivity compared to the other MEMS-based
biosensors [24], [25].

In surface stress-based devices, various methods have been
recently proposed for measuring the displacement of the
movable part of the BioMEMS sensors, including capaci-
tive [26], piezoresistive [27], and optical approaches [24].
Optical methods exhibit superior performance in terms of
accuracy, sensitivity, detection limits, and resolution in com-
parison to other detection approaches.

In the optical detection methods, the position sensing
detection method is one of the first introduced optical tech-
niques to determine the deflection of the movable part of
the surface stress-based biosensors [28]. To enhance the
functionality of MEMS-based biosensors, new methods rely-
ing on optical interferometry, such as Fabry–Perot [29] and
Mach–Zehnder [30], [31] interferometers, have been intro-
duced. Furthermore, extensive efforts have been made to
develop biosensors with optical detection methods based on

variations of the effective refractive index, such as surface
plasmon resonance (SPR) [29], [30], optical phase shift [31],
[32], [33], and metamaterial-based approaches [34]. These
methods have led to significantly increased optical sensitivity.
In these techniques, the absorption of target molecules by the
biosensor results in a shift in the device’s output transmission
or reflection spectrum. However, the absorption of target
molecules in these methods leads to very small changes in
the effective refractive index. In these methods, BioMEMS
sensors with phase shift detection can be extremely sensitive
due to their ability to detect very small changes in the mode’s
refractive index [35]. This makes them suitable for detecting
biomarkers at low concentrations [36]. Besides, they are less
affected by noise compared to the other MEMS biosensor
technologies, which is appealing to obtain more accurate
results [37].

This article presents a surface stress-based BioMEMS plat-
form that utilizes an optical detection system based on phase
modulation to measure the concentration of the target bio-
logical particles. In this biosensor, the absorption of target
bioparticles induces surface stress, leading to membrane defor-
mation and altering the air gap between the waveguide and
the movable component. As the membrane approaches the
waveguide, there is a corresponding increase in the refractive
index of the mode, which leads to a significant alteration in
the phase of the mode. The variation in the phase shift is
directly proportional to the displacement of the membrane and,
consequently, the target bioparticles concentration in the test
sample. The proposed biosensor offers ultrasensitive optical
sensitivity, enabling the detection of specific analytes and
accurately measuring their concentrations in samples for point-
of-care (POC) tests.

The rest of this article is organized as follows. Section II
presents the operational principles and analytical findings of
the proposed device. The fabrication process is detailed in
Section III. Furthermore, Section IV presents a comparative
discussion of the operational characteristics of the current
optical device with recent contributions in this area.

II. DESIGN AND SIMULATION OF THE PROPOSED
BioMEMS SENSOR

A. Operational Principles

As shown in Fig. 1(a), the proposed device features a silicon
membrane suspended above the silicon photonic waveguide
that carries the guided mode with an initial gap of 300 nm.
This membrane serves as the MEMS transducer, converting the
absorption of target bioparticles into mechanical displacement.
Both the membrane and waveguide are positioned on a SiO2
layer. The membrane structure includes a precisely etched
narrow strip at its center, directly above the waveguide. This
etching is essential, as a thicker membrane could allow the
propagating mode to leak into the membrane layer instead
of remaining confined within the waveguide. By etching this
section, the optical mode is effectively kept well-confined
within the waveguide, preventing unintended propagation into
the membrane. Table I outlines the geometrical and physical
properties of the device.
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Fig. 1. Schematic of the proposed device, including (a) its physical
parameters. (b) Deformation of the movable part after the interaction of target
bioparticles with the immobilized bioreceptors.

TABLE I
DIMENSIONS AND PHYSICAL PARAMETERS

To functionalize the sensing area, the membrane’s surface is
initially coated with a very thin layer of gold, approximately
10 nm in thickness, followed by the immobilization of biore-
ceptors on this surface. Each bioreceptor is supposed to capture
a specific target molecule and, theoretically, does not interact
with other molecules in the test sample. However, in practical
applications, once the bioreceptors are immobilized, it is
essential to cover the sensing area with blocking reagents
such as bovine serum albumin, casein, or gelatin to prevent
nonspecific binding on the sensing surface [38]. Consequently,
as the test sample flows over the sensor’s surface, the target
particles are captured by the bioreceptors. The absorption of
target molecules generates surface stress on the top surface
of the sensor, leading to the displacement of the membrane’s
central strip, which can be calculated by

1g =

[
3

E(t1)2 +
3Wm2

Wm1 E(t2)2

]
(Lm + Ls)(1 − v)1σ (1)

Fig. 2. Displacement of the moving membrane (1g) versus the changes of
the surface stress (1σ).

where Ls , Lm , Wm1, Wm2, t1, and t2 represent, respectively,
the length of stands, length of membrane, width of membrane,
width of the etched strip of the membrane, thickness of the
membrane, and thickness of the etched strip of the membrane.
Besides, E , ν, and 1σ denote Young’s modulus, Poisson’s
ratio of Si, and the induced surface stress [20].

In this design, the waveguide serves as a medium for confin-
ing and guiding the optical signal through the sensing region.
Its geometry and material properties are optimized to enhance
light–matter interaction, ensuring efficient sensing. As light
propagates through the waveguide, a fraction of the optical
mode extends beyond the core into the surrounding medium,
forming the evanescent field. Any mechanical displacement of
the membrane due to bioparticle absorption alters the boundary
conditions of the evanescent field, leading to a phase shift in
the guided mode as follows:

1ϕ = (2π/λ )L1n (2)

where L represents the phase shift length, 1n denotes the
change in the refractive index of the mode, and λ refers to the
optical mode wavelength. Ultimately, the phase shift observed
at the output can be utilized to identify the concentration
of the target bioparticles. The subsequent subsections discuss
the operational features of the proposed sensor, derived from
analytical and numerical analyses.

B. Mechanical Analysis

As previously noted, the absorption of target bioparticles in
the sample by the bioreceptors immobilized on the top surface
of the membrane induces surface stress, resulting in membrane
deformation. This deformation alters the initial gap between
the membrane and the waveguide carrying the propagating
mode. The variations in the air gap, influenced by changes in
surface stress, are depicted in Fig. 2. To achieve optimized
performance, the dimensions of the proposed BioMEMS sen-
sor have been designed through both analytical and numerical
analyses, as summarized in Table I. By adjusting the surface
stress within the range of 0–0.122 N/m, the air gap can be
modified from 300 to 100 nm. Consequently, the mechanical
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Fig. 3. Resonance frequencies of the proposed device, simulated by
COMSOL Multiphysics.

sensitivity can be achieved as follows:

Sm =
1g
1σ

= 1.64 µm/N · m−1. (3)

One of the important mechanical characteristics of MEMS
sensors is the resonance frequency that can determine the
device’s bandwidth (BW). The frequency response of the
MEMS sensor is obtained by analyzing its dynamic behavior
using the equation of motion. Considering the sensor as a
damped mass-spring system, the first resonance frequency can
be determined as follows [39]:

fr =
1

2π

√
k
m

(4)

where k and m are the spring constant and the mass of the
movable part of the MEMS biosensor, respectively.

Fig. 3 illustrates the first six mechanical resonance modes of
this device, which was obtained through numerical methods,
confirming the results from analytical approaches. The reso-
nant modes of the proposed BioMEMS sensor were obtained
through numerical simulations in COMSOL Multiphysics. The
structure was modeled based on the elasticity equations and
appropriate boundary conditions. By performing an eigenfre-
quency analysis, the natural frequencies and corresponding
mode shapes were extracted. These modes are influenced by
the sensor’s geometry, material properties, and the induced
surface stress due to bioparticle absorption. To determine the
BW of the proposed sensor, the frequency response is also
illustrated in Fig. 4. As shown in the figure, the frequency
response curve remains completely flat over a broad range
of frequencies before the first resonant mode. Therefore, the
proposed biosensor BW can be determined as BW = 2 kHz.

C. Optical Analysis

As previously noted, the proposed BioMEMS platform
utilizes the phase modulation of the propagating mode to
detect variations in the air gap. The interaction between the
propagating mode and the movable membrane affects the
effective refractive index due to changes in the evanescent
field distribution. As the membrane displaces, the gap between
the waveguide and membrane varies, altering the fraction

Fig. 4. Proposed device frequency response.

Fig. 5. Propagating mode’s profile in different air gaps.

TABLE II
MATERIAL AND PHYSICAL CHARACTERISTICS OF THE

OPTICAL SENSING PART

of optical power interacting with the surrounding medium
(Fig. 5). This modifies the optical confinement conditions,
leading to a phase shift in the propagating mode. To achieve an
optimal balance between the optical sensitivity of the present
design and its footprint, the dimensions of the optical sensing
component have been optimized through finite element method
(FEM) analysis, as detailed in Table II.

To assess the sensitivity of the proposed device, a numer-
ical analysis is conducted to evaluate the phase shift of the
propagating mode in response to changes in the effective
refractive index. This analysis takes into account varying air
gaps between the waveguide and the membrane (Fig. 6). As the
air gap changes from 300 to 100 nm, the effective refractive
index changes from 2.2199 to 2.3491. Thus, with a sensing
length of 1500 µm at the operating wavelength of 1550 nm,
a phase shift of 250π is obtained by (2). Therefore, the optical
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Fig. 6. Variation of the mode’s phase and effective refractive index with the
air gap change between the waveguide and membrane.

Fig. 7. Proposed fabrication process.

sensitivity of the present device, So, can be defined as follows:

So =
1ϕ

1neff
= 1935 π rad/RIU. (5)

Finally, the length of the sensing region is also essential
in designing BioMEMS sensors based on optical phase shift
detection. To consider the length of the sensing region, one can
introduce another parameter called the figure of merit (FOM)
that can be calculated for the present BioMEMS device as

FOM =
So

L
= 1.29 π rad/RIUµm. (6)

III. PROPOSED PROCESS FLOW

The fabrication process, shown in Fig. 7, starts with a
silicon-on-insulator (SOI) wafer comprising a 220 nm-thick
silicon device layer, a 3 µm buried oxide (BOX) layer, and
a silicon substrate. The optical waveguide and anchors are
first defined by photolithography and fully etched through
the 220 nm silicon layer using RIE etching. A 0.5 µm-
thick low-temperature oxide (LTO, SiO2) is then deposited
by low-pressure chemical vapor deposition (LPCVD) at
∼400 ◦C–450 ◦C to act as a spacer layer. Chemical mechanical
polishing (CMP) is applied to planarize the surface and reduce

TABLE III
FUNCTIONAL FEATURES OF THE PROPOSED DEVICE

COMPARED TO RELATED CONTRIBUTIONS

the LTO thickness to 0.3 µm. The anchor regions are opened
by fully etching the LTO down to the silicon device layer.

An 800 nm amorphous silicon (a-Si) membrane layer is
subsequently deposited via LPCVD. Its structural features,
including the narrow strip and stands, are patterned using a
two-step etching process: a 300 nm shallow etch followed by
a 700 nm full etch. Finally, a 10 nm gold film is conformally
deposited using atomic layer deposition (ALD) to enhance
optical properties and, if needed, provide an electrode surface.
This combination of lithography, etching, deposition, and
planarization yields a suspended MEMS membrane precisely
aligned with integrated photonic structures for optimal optical
and mechanical performance.

IV. COMPARATIVE STUDY

In this section, several recent contributions [35], [40], [41]
that rely on the same optical detection approach (i.e., phase
modulation) have been compared to the proposed BioMEMS
device. Several approaches [35], [40], [41] based on optical
phase modulation suffer from small changes in the refrac-
tive index and, thus, low optical sensitivity while the target
molecules are absorbed on their surface. The proposed micro-
sensor, which operates on the principle of phase modulation,
effectively addresses this challenge by delivering substantial
optical sensitivity within a compact footprint [35], [40], [41].
Table III summarizes the comparative study between the
proposed biosensor and several related contributions.

The data presented in this table demonstrate that the oper-
ational characteristics of the proposed device surpass those
reported by previous studies. While the optical sensitivity
of the device detailed in [35] and [41] is comparable to
that of the present biosensor, the proposed BioMEMS sensor
offers superior functional characteristics, particularly regarding
sensing length and FOM. Ultimately, due to its remarkable
attributes, including high sensitivity, rapid detection, compact
and portable design, and label-free detection, the proposed
sensor is appealing for POC testing applications.

V. CONCLUSION

In this article, we presented an ultrasensitive BioMEMS
sensor that employs a MEMS transducer with an optical
detection method based on phase shift modulation. The MEMS
transducer features a silicon membrane coated with a thin layer
of gold, onto which bioreceptors are immobilized to capture
target biomolecules in the test sample. The absorption of these
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target biomolecules alters the surface stress of the membrane,
leading to its deformation and a change in the air gap distance
between the movable component and the waveguide. As the
air gap decreases, the refractive index of the guided mode
increases, resulting in an optical phase shift that indicates
the concentration of target bioparticles in the test sample.
Our numerical and analytical results reveal the following
functional features for the proposed BioMEMS device: a
phase shift of 250π , an optical sensitivity of 1935π rad/RIU,
a mechanical sensitivity of 1.64 µm/N · m−1, and a FOM of
1.29π rad/RIUµm. These impressive functional characteristics
suggest that the proposed BioMEMS platform can surpass
existing technologies in terms of overall performance, making
it particularly attractive for POC testing applications.
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