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Abstract A novel integrated optic microring resonator
(MR) and MR based force sensor is reported. The micro-
ring’s and bus waveguide’s width, and coupling gap of
MR are optimized using Finite-Difference-Time-Domain
(FDTD) Method. This optimized MR provides large FSR
and high Q-factor. The optimized IOMR is used as an opti-
cal sensing element in force sensor. MR is integrated into
the micro cantilever beam (MCB) of the force sensors. The
radius and thickness of MR are considered as 5 pm radius
and 220 nm respectively, and length, width and thickness of
MCB is considered as 75 pm, 15 pm and 300 nm respec-
tively. The working principle behind the sensor is principle
of photo-elastic effect. The effective refractive index of the
sensor changes when a force is applied to the sensing ele-
ment, which leads to a resonant wavelength shift of MR
output characteristics. A shift in resonant wavelength is
detected as a function of the applied force. The Finite-Ele-
ment Method is used to analyze the sensor’s stress, and the
FDTD method is used to analyze MR’s field propagation.
The optimized MR provides an FSR of 22.29 nm. The sen-
sitivity of the force sensor is 5 pm per 1uN and Q-factor is
18,241. The sensor range is from 0 to 1 pN. The optimized
MR can be used for different sensing applications such as
force, pressure, acceleration sensing, biosensing, etc.
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Introduction

Micro-Electro-Mechanical Systems (MEMS) are lightweight
and compact, making them ideal for measuring pressure,
force, acceleration, and temperature in aerospace, biomedi-
cal, automotive industries, etc [1]. MEMS sensors available
in the market based on different detection methods, espe-
cially, interferometry [2], tunneling [3], piezoelectric [4],
piezoresistive [5], interdigital [6], capacitive [7], etc.

Compared to MEMS, integrated optic (I0) MEMS, also
known as IOMEMS, are simpler, less expensive, and highly
sensitive. They are used in electro-magnetically active sys-
tems, and ultra-high vacuum systems. A new technology
called silicon-on-insulator (SOI) allows the fabrication of
IOMEMS components with core sizes smaller than microm-
eters, and sharp bends with radii of less than a few microm-
eters [8—12].

IO ring resonators with small sizes are a major factor
in the rapid development of success of silicon photonics.
The compact design, high optical field enhancement within
cavities, good wavelength selectivity and high Q-factor etc,
are some of the benefits of ring resonators. Numerous uses
for these special qualities in optical passive and active sys-
tems have been proven. MR are essential elements in various
applications especially, communication systems, quantum
applications, etc [13—15]. The researchers have reported the
high quality miniaturized micro-cavity resonators for various
communication applications especially wavelength add-drop
filters in wavelength-division- multiplexing systems [16,
17], switching, routing systems and modulation [18, 19],
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group-delay [20], add-drop filters [21, 22], signal process-
ing [23, 24], laser systems [25, 26], Raman lasers [27], etc.

Ring resonators’ positions and shapes are extremely sen-
sitive to a variety of effects [28], including magneto-optic,
electro-optic, photo-optic, acoustic-optic, nonlinear-optic,
magneto-optic effects, and electro-absorption which will
lead to changes in the resonant wavelength [29], etc. Sev-
eral IO ring resonator based devices for sensing applications
in Label-free bio sensors [30], glucose sensing and seismic
sensing, Trinitrotoluene sensing [31], biochemical sen-
sors [32-34], accelerometers [35-38], etc were reported. A
racetrack based accelerometer sensor of frequency less than
200 Hz that is highly sensitive, immune to electromagnetic
interference, and lightweight has been demonstrated [39].
A vibration sensor based on a MOEMS racetrack resonator
(RTR) has been reported, The sensor exhibits a sensitivity
of 3.19 pm/g [40]. A RTR sensor using SOI technology has
been reported [41]. An optical sensor with a sensitivity of
430 nm/RIU is reported [42]. A urea sensor with a 7 X 10-3
nm spectrum shift, based on racetrack resonators, has been
described [43]. The force sensor using GaAs-Al0.6Ga0 as
platform [44, 45] The atomic force microscopy has been
reported [46, 47] A force-sensor based on IOMEMS RTR
has been published, featuring Q of 8153 [48]. A coupled
IOMR force sensor of high Q-factor of 19,000 is reported
[49]. 1O serially coupled RTR pressure sensor with a sensi-
tivity of 1.04 nm per 100 kPa is reported [50]

In the current literature, it is observed from the most of
the work that the dimensions of microring and input and
output waveguides widths are equal (example: either 450
nm or 500 nm etc.). But in this work, the width of input and
output waveguides is identified as 450 nm and the width of
microring waveguide is identified as 500 nm. This is a novel
idea. But while comparing the other force sensors, the force
sensor reported is novel integrated optical MR based force
sensor provides very high Q-factor of 18241.

Microring
Bus Waveguide

12
Ell
= | Etl
Input t Transmission
port (a) port

In this work, the force sensor consists of a mechanical
cantilever beam (MCB) and MR. MR of radius 5 pm is opti-
mized for high intensity and high quality factor (Q-factor)
by the FDTD-Method. An optimized MR is considered as
sensing element in the force sensor. MR is integrated into
mechanical MCB. The analysis of the sensor is done by two
methods. Here, the stress of MCB is analysed by FEM and
the FDTD is used to analyze the electromagnetic filed propa-
gation through the MR. There is a change in the effective
refractive index (ERI) of MR for appled force, which results
in shift of resonant wavelength at MR’s transmission port.
This is due to photo-elastic effect and optomechanical cou-
pling. This shift can be measured as an applied force. The
high Q-factor of 18,241 is achieved at the MR’s coupling-
gap of 200 nm. This sensor provides a sensitivity of 5 pm per
1 pN and a Free Spectral Range (FSR) of 22.29 nm.

Analysis of microring resonator

An optical ring-resonator in its general form is made up
of a waveguide that is self-looping. When a ring’s optical
path length is precisely a whole number of wavelengths,
resonance occurs.

All pass microring resonator

10 Microring Resonator (MR) consists of a microring cou-
pled to straight waveguides (input/output ports). These
waveguides are used to input and output light. MR is mainly
in two configurations, an all-pass MR consists of micror-
ing of radius R with a single bus waveguide as depicted in
Fig. 1a. Figure 1b depicts add-drop MR. It is similar to all-
pass MR with an added second bus waveguide. The input
field is coupled to a microring by a bus waveguide.

E,~ = = E,

Drop port Add port

E| E=== —1» ET
Input port t Through port

Fig. 1 Schematic diagrams of a All-Pass and b Add-Drop microring resonator
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where L = 2zR, is a circumference of microring, R is radius,
n, is ERI of the waveguide.

The field relations between input and output fields are
analyzed as follows. When the wave E;; is applied at the
input-port, the output waves in terms of incoming waves
are given by [51]

E, =1E, +irE, )

The traveling waves circulating in microring are given as
Ej = Epe”*? )

where « is the propagation loss coefficient, ¢ is the phase
constant, ¢ is transmission coefficient, r is coupling
coefficient.

The relation between two coefficients is:#2 + 2 = 1. The
power intensity at transmission-port in terms of initial field
E; is given by [49, 51]

3 2 | 11— e @ltid)
I=E,|" = T (o) )

il

Field Enhancement (FE): It is ratio of wave circulating
inside the microring to that of input wave and is given by

_ r
E= 1 —t(eoL) (6)

FE is an essential factor, which indicates the field intensity
buildup in microring for the applied field at the input-port.
High transmission coefficient and small coupling coefficient
provides maximum FE.

Figure 2 shows the FWHM graphical representation.

FSR: It is a frequency spacing between two subsequent
resonances and gives the usable range of wavelengths for
communication and sensing applications. SOI is a high
refractive index material with core, cladding, and substrate.
Hence, by considering the group refractive index n, [51, 52].

FSR is

/12
FSR = —
ngL O
where
ony
ng = nejf - )’W (8)

The remaining characteristics are represented by assuming
a loss term as follows

f(x)
FWHM

-
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Fig. 2 FWHM graphical representation
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Full-Width-Half-Maximum (FWHM): FWHM of a reso-
nance spectrum is given by

(1 - 104,

ﬂngL\/ﬁ

FWHM = (10)

Figures 3a and b show the effect of radius (R) and group
refractive index (n,) on FWHM. It is observed from Fig. 3a
that a smaller radius provides higher FWHM. Also, Fig. 3b
shows the effect of n,on FWHM.,it is observed that higher
n, provides low FWHH. The narrow FWHM provides a
high Q-factor, which is a desirable characteristic for sens-
ing applications. Figure 3c represents the effect of radius
on the FSR. Since it is inversely proportional to the FSR,
it is a high at low radius but it decreases as the radius
is increased. The effect of n, on FSR is as shown in the
Fig. 3dd. Compared to n,, the effect of the radius is higher
on FWHM and FSR.

Finesse shows the resolving power of the MR as a filter
[51].

The Q-factor’s reliance on coupling coefficient and
operating wavelength are as shown in Fig. 4a and b. It
is observed that high radius and lower coupling coeffi-
cient provides higher Q-factor. Figure 4c and d show the
dependency of finesse on loss factor, transmission coef-
ficient, and coupling coefficient. When loss factor is 1 the
finesse is more and also at low coupling coefficient, finesse
is higher. Finesse is represented as follows

FSR

Fi =
inesse = s an

The Q-factor: It is the ratio of stored energy to power lost in
one optical cycle [51, 52].
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The finesse and Quality factor are expressed in terms of
physical parameters as follows

N7

Finesse = (13)
11—ty
an,LA/ty
0=—"—"— (14)
j'res(l - tk/)

The high sensitivity and Q-factor are desirable parameters
for sensing applications. In general, miniaturized MR are
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pling-gap of MR increases the Q-factor of MR. Any changes
in circumference of microring and or ERI of any waveguide
of MR or any waveguide of an 1O sensing element shifts the
resonance wavelength of transmission spectrum at the output
port of the sensor and this shift is proportional to an applied
force, pressure or any other physical parameters.

Design and analysis of MR

The design dimensions of MR are: radius is 5 pm, bus and
microring waveguide width and thickness of bus are 500
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nm and 220 nm respectively [50, 52]. The dimensions of IO
device waveguide is around thickness of 220 nm and width
of 500 nm for single mode operation [53, 54]

Varying coupling-gap of MR

The microring and bus waveguide widths are maintained
at 500 nm, but the coupling-gap between them is adjusted
between 100 nm and 250 nm, to optimize MR. Figure 5
illustrates how the field intensity varies for different cou-
pling-gaps at the transmission port. Figure 6 shows the same
for 100 nm, 150 nm, and 200 nm gaps [52].

It is observed from Table 1 that MR with low coupling-
gaps (i.e., 100 nm) provides high-intensity, and large-
FWHM (large -FWHM produces low-Q). When the gap is
large (i.e., 200 nm), intensity is lower but the Q-factor rises

Table 1 Comparison of intensity, FWHM and Q-factor at different

gaps

Gap (nm) FWHM (nm) Q-factor
100 0.63 2570
150 0.25 6470
200 0.09 18,241

to an extremely high value (at Gap of 200 nm, the Q-factor
is 18,241). In this force sensor, high Q-factor high-intensity,
and low-FWHM are considered. These characteristics are
obtained when MR is at the gap of 150 nm.

It is evident from Figs. 5, 6 and Table 1 that an increase in
coupling-gaps causes an increased Q factor and alters inten-
sity and shift in resonant wavelength. Equation 17 explains
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effect of coupling coefficient, which in turn affects the
Q-factor. And also effects the intensity at transmission port
and shift in resonant wavelength(as shown in Fig. 5). This
characteristic has applications in sensing. This analysis con-
cludes that MR with a coupling-gap of 150 nm offers a high
Q-factor of 6470 and a low-FWHM of 0.25. Hence, opti-
mized coupling gap of MR is considered as 150 nm. And,
any changes in coupling-gap by external physical parameters
will change the resonant wavelength of MR. And any exter-
nal physical parameter can be read out in terms of resonant
wavelength shift. This phenomenon can be exploited in sens-
ing applications.

Varying microring width of MR

Microring width is optimized by varying it between 400
and 700 nm while maintaining the bus waveguide width at
500 nm, and coupling-gap at 150 nm. The field profile of
MRs for various microring widths, ranging from 400 nm to
700 nm, is shown in Fig. 7. Figure 7 illustrates how MRs
with microring widths between 500 and 600 nm can pro-
duce E-field profiles that have a single mode profile [52]. A
high Q-factor of 13,418 is achieved by MR with a microring
width of 650 nm. A microring width of 650 nm results pro-
vides high Q-factor of 13,418. These are significant findings.

Figure 7 and Table 2 shows that an increase in microring
width to 650 nm is accompanied with a rise in the Q-factor
of 13418. However, as Fig. 7 illustrates, MR’s E-field pro-
file changes into side modes or double modes over 550 nm
of microring width. Therefore, 500 nm is thought to be an
ideal microring width which will give high-intensity and
high Q-factor. After taking these benefits and drawbacks
into account.

Fig. 7 E-field profiles of MR
for different microring widths
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Table 2 The Q-factor and FWHM of MR at different microring
widths

Microring width (nm) FWHM (nm) Q-factor
450 0.24 6758
500 0.22 7352
550 0.18 8941
600 0.18 8941
650 0.12 13,419

Figure 8 shows transmission spectra of MR at differ-
ent microring widths. It is identified from Fig. 8 that when
microring width is varied, resonant wavelength of transmis-
sion spectra of MR is shifted. It shows that any changes in
microring width by external physical parameters will change
the resonant wavelength of MR. This is also an important
finding. Hence, changing the microring width by external
physical parameters (temperature, force, pressure, etc ) is
proportional to a shift in resonant wavelength of MR. This
effect can be applied to sensing applications.

Varying bus waveguide width of MR

Initially, to optimize bus waveguide width, it is changed
from 400 nm to 700 nm by keeping the microring width and
coupling-gap at 500 nm and 150 nm respectively. Figure 9
shows, E-field profile of MR for various width of bus wave-
guide. It is observed from Fig. 9 and Table 3 that MR with
450 nm bus waveguide width gives high-intensity, high Q
factor and low-FWHM [52].

The transmission characteristics of MR at various bus
waveguide width is as shown in Fig. 10. It is observed
from Fig. 9 that when there is a change in bus waveguide
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Fig. 8 Transmission charac-
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Table 3 Q-factor and FWHM with different bus widths Optimized 5 pm radius MR
Bus waveguide width (nm) FWHM (nm) Q-factor . . .
Figure 11 shows the field intensity of MR at non-resonant
400 0.30 5312 and resonant conditions of MR. When MR is in resonance,
450 0.21 7590 maximum field couples to the microring and finally to the
500 0.23 6930 transmission port as depicted in Fig. 11b. On the other hand,
550 0.29 5498 in case of MR is in non resonance, a fraction of the E-field
600 0.37 4308

width, there is a resonant wavelength shift at output spectra
of MR. And, any changes in microring width by external
physical parameters will change the resonant wavelength of
MR. Hence, any change in bus waveguide width by external
physical parameter can be expressed as a change in resonant
wavelength of MR. This effect also can be used in sensing
applications.

will be coupled to microring, but most of the field transfers
to the transmission port as shown in Fig. 11a.

Finally, the optimized parameters obtained in previous
sections are used to model an optimized MR. Further to
validate these optimized parameters, the MR is analysed
by keeping optimized gap of 150 nm and microring width
and waveguide width of 500 nm and 450 nm respectively.
The transmission characteristics are as shown in Fig. 12.
An increased intensity, and the Q-factor of MR with 450
nm bus waveguide is because of high light confinement and
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Fig. 10 Transmission charac- 14
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lower propagation losses compared to the other dimensions.
MR with these optimized parameters provides high intensity,
single mode E-field profile and high Q-factor of 7590 [52].

@ Springer

Figure 13 shows FSR of different microring resonators.
It is observed from Fig. 13 that rings with larger radius
provides less FSR as the radius and FSR are inversely
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Fig. 13 FSR of three micror-
ings with different radii
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Table 4 Characteristics of different MRs

MR (pm) FSR (nm) FWHM (nm) Quality factor
5 23.65 0.21 7096
10 11.70 0.19 8438
15 7.78 0.17 9452

proportional to each other. The advancements in fabrication
fields of nano science have enabled us to fabricate compact
MR ’s of the radii less than few microns( less than 5 pm).
Hence, the large FSR which covers hole the optical window
is possible with MR. This feature has given the microring
resonator a clear edge over other 10 devices as a futuristic
component in IO circuits.

The comparison of different rings is given in the Table 4
and it is observed that lesser radius of ring provides high
FSR and low Q-factor. Higher radii rings provide low-
FWHM and high Q-factor. This is because of radiation
losses in the microring.

Mechanics of micro cantilever beam

Figure 14 shows the schematic of MCB. The design of MCB
depends on the suitable material properties, basic properties,
aspect ratio and thickness.

Basic properties used in applications of force sensing,
accelerometer sensing, AFM systems, etc., are the resonating
frequency (f;) and spring constant (k). The spring constant "k"

1585 159 1595

Wavelength(pum)

of MCB in terms of physical parameters and Young’s modulus
is given by
3
k= EWt
412

as)

where "E" is Young's modulus, "L" is length, "¢" is thickness
"W" is width, of MCB [55].
The resonance frequency is given by

1 k

"2z \Vm

fo (16)
where "m" is the mass of beam (m = p % L * W = t), where
epe is the material density). In order to minimize the external
effects, f, should be a few kHz [56]. Hence, the design of
MCB is optimized to have the " f," of 32 kHz and the "k"
of 0.0312 N/m.

Figure 15 shows the effect of length and thickness on
"k" and " f;". The "k" versus length with width of 30 pm at
thickness of 0.3 pm and 1 pm are plotted in Fig. 15a and b
respectively. Similarly, the variation of spring constant and
natural frequency with respect to the variation of thickness
while keeping the length at 50 pm, 100 pm and 200 pm are
plotted in Fig. 15c and d. From figures, it is observed that
thinner MCB provides lower spring constant. The mechanics
of beams, bridges and diaphragms is generally given by [57]:

0w 0’w

D(w) — c— — ph— =

ar P = a0

a7
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Fig. 14 Schematic of Micro- ty
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Fig. 15 Variation of "k" and f;, with respect to physical parameters of MCB
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n_.n

where "D" is the differential-operator, "o" is displacement in
z direction, "p" is material-density, "c¢" is damping-constant,
"h" is thickness, and "g¢" is the applied force on MCB.
D(w) = EI 2

e (18)

where "I" is inertia. For Si material, maximum yield strength
is known to be 7000 MPa. The maximum force that is
applied on MCB of considered dimensions is calculated
using the formula [58].

F=2 (19)

where "¢;," is maximum bending stress. The FEM method
is used to analyze stress distribution in the complicated
mechanical structures. The COMSOL Multiphysics FEM
software is used for the stress analysis [59].

The maximum stress on the MCB is expressed as

6FL

%= w2 (20)

The maximum stress (according to the Eq. 20) at fixed edge
of MCB is optimized at 330 MPa by considering the length,
width, and thickness of 75 pm, 15 pm, and 300 nm respec-
tively. This optimized stress on force sensor is almost less
than 20 times of the maximum allowable stress on silicon
cantilever beam [60].

Fig. 16 Schematic of 10- Output Port
MEMS MR based force sensor x

~

Micro-Cantilever Base

I0-MEMS MR based force sensor

The schematic of force sensor is illustrated in the Fig. 16.
The sensor is the combination of MCB and k MR. In this,
microring of MR is integrated on the base of a MCB, and to
experience the maximum stress, input-transmission port of
MR is integrated at the fixed edge as shown in Fig. 16. The
working principle of photo-elastic effect with opto-mechan-
ical coupling. The resonant wavelength shift in transmission
spectra of MR depends on change in n, of input-transmis-
sion port. The opto-mechanical characteristics of this force
sensor is analyzed in two phases.

Stress analysis of force sensor using FEM

The stress-induced curvature of MCB offers an attractive
way to the stress analysis of the surfaces, hence a rectangular
MCB in which, one edge is fixed(fixed edge) at one end and
the other edge is free (free edge) is considered as a mechani-
cal structure, and an IO microring resonator (MR) which is
highly sensitive to any external perturbation is considered
as [0 sensing element [1, 61].

Generally, the shift in resonant wavelength of the trans-
mission characteristics of IOMEMS device(in this analysis
MR ) is due to one of following effects or with the combina-
tion of the others:

1. The change in local ERI of the waveguide(due to photo-
elastic effect)

2. The change in gap or coupling coefficient (due to the
displacement)

Axis orientation
Length

Width

ixed end, x=0

Input Port

!

Microcantilever Beam Eree end, xol
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3. The change in dimensions of the device waveguide displacement) or decrease(shrinks due to the Poisson’s
of the IO MEMS devices (MR) either increase(due to effect).
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When force is applied at MCB’s free end, it causes a change
in coupling-gap in between microring and input-transmis-
sion port of MR and which in term change in ERI of input-
transmission port. The change in ERI and coupling-gap leads
a shift in resonant wavelength of of force sensor’s MR.

The stress distribution of force sensor for 1 pN force is as
shown in Fig. 17. It is observed that the maximum displace-
ment is 20 pm at the free end as shown in the Fig. 18. Due
to this displacement, the non linear stress distribution along
the length of MCB is illustrated in Fig. 19.

According to the Eq. 20, the stress is inversely propor-
tional to the thickness and due to the integration of wave-
guide of MR, the thickness varies at the base of MCB, it is
520 nm i.e., thickness of MR is 220 nm and MCB is 300 nm.
Hence, the stress variation is non linear due to the variation
of the thickness in the micro cantilever. It is observed from
Fig. 19 that the maximum stress is 200 MPa at the fixed
edge but it decays linearly along the beam towards the free
end. Hence, the transmission port is integrated at the base
of MCB.

Optomechanical coupling

Due to opto mechanical coupling, for the applied force at
free end of MCB, MCB deforms from equilibrium state and
simultaneously there is a stress distribution along the MCB
as illustrated in Fig. 17. The stress is maximum at the fixed
edge. In turn, this stress changes the local n,; of input, trans-
mission port and also changes the coupling-gap in between
microring and input-transmission port of MR. The phase
change due to opto-mechanical coupling is given by

2r

Ap = Any W @
where "W" is the input-transmission port width of MR. From
equation it is observed that the maximum A¢ depends on
maximum width of the waveguide. Due to opto-mechanical
coupling, a change in local n,ff, changes the phase, corre-
spondingly there is a shift in resonant wavelength of output
characteristics of MR.

The change in resonant wavelength is given by
A
AA=FSR 2¢

T

(22)

Line Graph: Stress Tensor, X Component (N/m?)
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Fig. 19 Non linear variation of Stress along the MCB’s length for 1 uN force
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Fig. 20 Block Diagram of

Experimental Set-up

Optical Fiber

Optical Fiber

Source

Fig. 21 Transmission spectra 0.7
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From Eq. 22, it is observed that higher sensitivity depends
on FSR and phase shift. The FSR remains constant but the
high phase shift depends on the maximum change in n,;
(Eq. 21).

Characteristics of force sensor
The experimental configuration utilized to characterize

the MR is displayed in Fig. 20. The input-grating receives
source, which is coupled into the force sensor. The optical

@ Springer
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spectrum analyzer is used to view the output. Any change
in the applied force can be observed as a change in the
resonant wavelength of force sensor [62].

Table 5 Comparison of different force sensors

10 sensing element FSR (nm) FWHM (nm) Q-factor Sensitivity

MR [This sensor]  29.29 0.09 18,241 5 pm
RTR [48] 17.93 0.19 8153 120 pm
SCMR [49] 114 0.08 21,514 0.34 nm
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The sensitivity is defined as the ratio of a change in
resonant wavelength /\ 4, to the change in force /\F.

A4,

S=AF

(23)

Figure 21 illustrates the resonant wavelength shift from
no load to 1 pN load.

Comparison of different force sensors

Table 5 depicts the comparison of force sensors based on
microring resonator (MR), Racetrackring Resonator (RTR),
Serially coupled Microring Resonator (SCMR). When com-
paring three sensors, SCMR based force sensor provides
high Q-factor and sensitivity compared to other sensors.
RTR based force sensor provides less Q-factor and high
sensitivity compared to MR based force sensor. But MR
based force sensor provieds high Q-factor with less sensitiv-
ity. The less sensitivity is due to the less interaction length
of microring and bus waveguide of MR.

Conclusion

The optimized MR and MR based force sensor is reported.
The coupling gap, bus waveguide’s width and microring’s
width of MR is optimized using the FDTD Method. The
coupling gap in between 150 nm to 200 nm, the micror-
ing’s width of 500 nm and the bus waveguide’s width of 450
nm are considered as an optimized parameters of MR The
radius and thickness of MR is considered as 5 pm and 220
nm respectively, and length, width and thickness of MCB is
considered as 75 pm, 15 pm and 300 nm respectively. The
optimized MR provides, Q-factor of 7590 and FSR of 22.29
nm. The sensitivity of the force sensor is 5 pm per 1 pN. The
sensor range from is O to 1 pN. The high Q-factor of 18,241
is achieved at the MR’s coupling-gap of 200 nm. This MR
can be used for different sensing applications such as force,
pressure, acceleration sensing, bio sensing and other various
sensing applications.

Future work: Fabrication of highly sensitive devices and
characterization of the same.
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