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Abstract: The article presents a MEMS microbridge integrated with two identical MOSFETsS in a current mirror configuration.
The input MOSFET, embedded on the substrate, serves as a reference MOSFET, while the output MOSFET is placed at the
fixed edge of the microbridge to detect deflection-induced mechanical stress. Due to the piezoresistive effect, applied mass
changes the channel mobility of the output MOSFET, resulting in changes in drain current and voltage across its drain
terminals. Three microbridge-based sensing configurations are investigated: (a) pMOS channel resistive loaded, (b) nMOS
channel resistive loaded and (c) dual channel current mirror integrated microbridge mass sensors. Simulation using COMSOL
Multiphysics and TSpice software shows sensitivity of approx. 0.11 pV/pg, 2.33 uV/ug and 12.67 pV/ug for pMOS, nMOS
and dual channel sensors, respectively. Fabrication process steps and mask-layout design are also discussed. Overall, this study

demonstrates a promising and robust approach for highly sensitive low-mass sensing applications.
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1. Introduction

Over the years, a significant amount of research
has been dedicated to Microelectromechanical System
(MEMS) based biosensors [1-5]. A key area of focus
within this research is the detection of small masses,
particularly in the field of biomedical and chemical
applications. Integrating sensors alongside a readout
circuit on a single chip is highly preferable and
instrumental in achieving high sensitivity and
precision in detecting small masses. This integration
can be facilitated by the CMOS-MEMS technology
[6-13]. CMOS-MEMS enables seamless integration of
the MEMS sensor with CMOS readout circuit, leading
to improved performance, noise reduction, and
various other benefits such as miniaturization,
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cost-effectiveness, reduced power consumption and
rapid response times.

Mass sensors using MEMS structures such as
diaphragm, microcantilever and microbridge have
been reported by researchers worldwide [13-17]. The
MEMS microbridge structure consists of a beam with
two fixed edges and two free edges. When load is
applied, the microbridge undergoes deflection and
stress is induced at its fixed edges. This stress can be
measured using different transduction solutions like
piezoresistive [11], piezoelectric [18], capacitive [17],
and optical transduction mechanism [19]. Each of
these methods faces inherent limitations like
temperature sensitivity, noise and nonlinearity when
operated under adverse environmental conditions [20].
Recent years have seen the integration of FETs with
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MEMS, where researchers have reported several
studies exploiting the piezoresistive effect in
MOSFETs [21-24]. This piezoresistive effect in
silicon MOSFET arises due to distortion of energy
band upon application of load. This distortion affects
the effective mass, which in turn affects the electron
and hole mobility, and hence its resistivity [25]. This
piezo-MOS transduction mechanism is an inherent
property of MOSFETs and remains relatively
unexplored, leaving a significant scope for further
investigation using CMOS circuit as sensor
readout circuits.

In this context, one promising approach is the use
of MOSFET-based current mirror as sensor readout
circuit [24, 26-29]. While commonly used as biasing
circuit, current mirrors have shown to offer several
advantages when used as a readout circuit such as
temperature compensation, seamless interfacing and
full CMOS compeatibility. This eliminates the need for
complex AR/R measurements and additional
temperature compensation circuit, unlike other works
reported in the literature [30-32]. Prior studies have
demonstrated the efficiency of this approach in
pressure sensors [26—29], and most recent work
demonstrated cantilever-based piezo-MOS sensing
under tip loading [24]. In the present study, the same
sensing concept is applied to a microbridge structure
under central loading, introducing a different
mechanical boundary condition. This changes the
governing equations and stress distribution, with
symmetric stress generated at both fixed edges,
resulting in a distinct electromechanical response.

From the literature [33], microbridge structures
offer advantages over microcantilevers due to their
double-clamped configuration, including better
mechanical stability, lower sensitivity to residual
fabrication stress, easier sensing-layer deposition, and
improved MEMS integration. They also exhibit higher
resonant frequency and mass sensitivity. While
microcantilevers are preferred for large deflection and
very low mass sensing, microbridges are suitable for
applications requiring higher stability and larger mass
range. However, the present work is limited to a
proof-of-concept study on integrating a microbridge
structure with a MOSFET sensing element and a
current mirror readout circuit for low-mass sensing
applications, focusing only on the static behavior of
the sensor under constant mass-loading conditions.

2. Design and Modelling

2.1. Physical Structure and Working Principle

The proposed mass sensor consists of a
microbridge beam as its mechanical mass sensing
element. This study introduces three different mass
sensor configurations, shown in Fig. 1: (a) resistive
loaded p-channel MOSFET based current mirror
integrated mass sensor, (b) resistive loaded n-channel
MOSFET based current mirror integrated mass sensor,
(c) dual channel MOSFET current mirror integrated

mass sensor. In the p-channel and n-channel sensors,
two identical MOSFETs are arranged in a resistive
loaded current mirror configuration. These sensors
consist of one reference MOSFET (Mpl/Mnl)
positioned on the substrate and one stress sensing
MOSFET (Mp2/Mn2) placed on one fixed edge of the
bridge. Resistors are connected to the drain terminals
of both the reference and output MOSFET branches to
provide resistive loading. The dual channel mass
sensor consists of four MOSFETs, with Mp1 and Mnl
serving as reference MOSFETs, while Mp2 and Mn2
act as stress sensing MOSFETs. The current mirror
circuits were designed using the 5 pm CMOS
technology parameters given in Table 1. These
parameters were selected to analyze the proposed
circuit under long-channel operating conditions,
where current mirror behavior and stress-induced
mobility variation can be examined without additional
complexity from advanced device scaling effects.
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Fig. 1. (a) pMOS channel resistive loaded; (b) nMOS
channel resistive loaded, and (c) dual channel current
mirror integrated microbridge mass sensors.
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Table 1. Parameters of 5 pm CMOS technology [34].

Parameters p-MOSFET | n-MOSFET
Mobility (cm?/Vs) 250 750
Threshold voltage (V) -1 1
Thickness of gate 35 35
oxide (nm)

Supply voltage (V) 10 10
Oxide capacitance

(fF/um?/Vs) 0.406 0.406
Early voltage

(V/ um) 6.67 20
Transconductance

(LA/V?) 10.15 30.45

The cross-sectioned view of the proposed bridge
sensor under no-load and applied load condition is
illustrated in Fig. 2. Upon applying mass load, the
bridge undergoes deflection, inducing stress at its
fixed edges. This leads to a change in mobility of the
output MOSFET (Mp2/Mn2), and consequently its
drain voltage and current, while the mobility of the
reference MOSFET (Mp1/Mn1) remains the same and
unaffected by load. The output voltage corresponding
to external load can be calculated between the drain
terminals of the reference MOSFET M1 and output
MOSFET M2. In all three sensor configurations, the
reference MOSFET is diode-connected, establishing
the gate bias for the corresponding sensing transistor.
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Fig. 2. The cross-sectional view of the microbridge sensor
under: (a) no load condition and (b) applied load condition.

2.2. Theoretical Model

a) Micromechanical Element: Microbridge

The proposed sensor incorporates a silicon
microbridge with its dimension parameters given in
Table 2. The maximum displacement (W,,.) and stress

(Tmax) for the bridge under load conditions are given in
equations 1 and 2 [35].

Mg .3

= X (—a, —x 1

max Ebh3 (2 1 )9 ()
3a

T = M, 2

max 2bh2 g9 ()

where b and / are breadth and height of bridge, £ is
the Young’s modulus, M represents central mass of the
bridge, x is the original position of the beam and a; is
the distance of the central mass from the fixed ends of
the bridge.

Table 2. Parameters used to design and simulate
the proposed current mirror bridge based mass sensors.

Parameters p-MOSFET | n-MOSFET
MOSFET Channel Length =10 um
length and width Width =20 um
Microbridge

dimension (Length, (200, 100, 5) um

breadth, height)

Drain resistor 11.94 kQ 17.73 kQ

(Rp)

Resistance of

MOSFET 197.92 kQ 593.46 kQ
piezoresistor

Piezoresistive i =-66 mi = 1020
coefficient (10712 m2=11 T2 =-534
Pa!) mas = -1380 =136

Mass load In range of 0 to 100 pg, with

step size of 10 pg

b) Transduction Mechanism

The proposed sensor uses the piezoresistive effect
in MOSFET as the transduction mechanism. As
reported in a previous work [26], the pMOS and
nMOS are designed as a simple piezoresistor where its
resistance is equal to MOSFET’s channel resistance
(Ren = ro = Va/Ip). [25] reported that under externally
applied load, the mobility changes alone create a drain
current change of the MOSFET. Hence, the carrier
mobility and corresponding drain currents of both the
pMOS and nMOS under load condition are given as

A/JP _ Alun ARch

T u, R, O 3)
M, u, R,
W Vs =V,)"
ID" :(/Jp iA'up)Caximit], (4)
L 2
V.=V )2
Lo, = (&, iAm)%%%» Q)

where x4 denotes the carrier mobility, Au is the change
in carrier mobility under applied load, = is the
piezoresistive coefficient, while ¢ is the stress
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developed in the MOSFET channel region. L and W
denote channel length and width respectively, Co is
the oxide capacitance per unit area. Vgs is the
gate-to-source voltage, while V, and V;, represent the
threshold voltages of the p- and n-channel MOSFETs,
respectively.

¢) Readout Circuit

The output voltage corresponding to external load
can be calculated between the drain terminals of the
reference MOSFET M1 and the output MOSFET M2

V=Vpa —Vpsy =—70l p R}y, (6)

where Vps; and Vps, represent drain-to-source voltages
of MOSFET M1 and M2, respectively.

All the MOSFETs were biased to operate in the
saturation region. The mathematical model of the
readout circuit has been described and explained
in [24, 26].

3. Simulation Results

COMSOL Multiphysics was employed to simulate
the mass sensing bridge structure while the analysis of
the electrical behavior of the current mirror circuit was
done using TSpice simulation tool. The parameters
employed for simulations are given in Table 2. The
simulation starts with the construction of a 3D mass
sensing bridge structure integrated with strain sensing
MOSFET equivalent piezoresistors. Subsequently, the
material properties, mechanical and electrical
boundary conditions, and meshing of the sensor
structure were defined. Input voltages corresponding
to the threshold voltages of the pMOS and nMOS
transistors were applied across their respective
equivalent piezoresistors. Mass load was then applied
to the bridge structure, and simulations were
conducted to analyze the piezoMOS behavior of the
proposed mass sensors. Fig. 3 and Fig. 4 illustrate the
maximum displacement and stress profiles of the
microbridge structure obtained from COMSOL
Multiphysics. Under a load of 100 pg, the microbridge
structure undergoes a maximum deflection of
0.207 nm at the center and maximum stress of
65.3 kPa at the fixed edges.
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Fig. 3. Displacement profile of a microbridge structure
under 100 pg load.
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Fig. 4. Stress profile of a microbridge structure
under 100 pg load.

The variations in channel resistance and mobility
were obtained. These mobility values were
subsequently used in TSpice simulation tool to
determine the drain currents and voltages of the
current mirror readout circuit. In order to study the
effect of thickness of MOSFET equivalent
piezoresistor, simulation was performed for five
piezoMOS thicknesses for both pMOS and nMOS.
Under an input load of 100 pg, pMOS and nMOS
equivalent piezoresistors gives a change of (0.00088,
0.00086, 0.00079, 0.00079, 0.00072) cm?/Vs and
(0.0331, 0.0320, 0.0309, 0.0285, 0.0267) cm?/Vs in its
channel mobilities for piezoMOS thickness of (0.1,
0.25, 0.5, 0.75, 1) um, respectively. Fig. 5 and Fig. 6
show the variations in channel mobility and resistance
of pMOS and nMOS equivalent piezoresistors,
respectively, with different values of piezoMOS
thickness. The results showed that mobility and
resistance changes are higher with smaller piezoMOS
thickness. However, simulation of structures with one
dimension significantly smaller than the others may
result in meshing and convergence issues [36].
Therefore, piezoMOS thickness of 0.5 um was
selected for this study [26].
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Fig. 5. Plot of: (a) channel resistance and (b) channel
mobility with respect to resistor thickness of pMOS.
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Fig. 6. Plot of: (a) channel resistance and (b) channel
mobility with respect to resistor thickness of nMOS.

A mesh convergence analysis using nine mesh
sizes was conducted to evaluate simulation accuracy,
with results summarized in Table 3. The output
voltage plot with respect to the number of meshing
elements is given in Fig. 7. The graph shows that the
voltage output starts to saturate after ‘coarse’ mesh
size, meaning any mesh size ranging from ‘coarse’ to
‘extremely fine’ produced convergent result. Hence,
we have conducted this study with ‘finer’ mesh size,
which lies within the range of converged result,
affirming its accuracy.

Table 3. Results from meshing analysis.

Output o
Meshing | No. of meshing P variation
. voltage .
size elements V) in output
" voltages
Extremely 444 150 )
coarse
Extra 944 220 46.667
coarse
Coarser 1630 220 0
Coarse 3135 230 4.545
Normal 6370 230 0
Fine 13704 230 0
Finer 19863 230 0
Extra fine 32511 230 0
Extremely 77173 230 0
fine

When mass is loaded on the bridge beam, it results
in a change of channel resistance and channel mobility
of all three mass sensors. The piezoMOS effect,
described by [25], was used to study channel
resistance and mobility change. Fig. 8 (a-c) show the

channel resistance change for the pMOS, nMOS and
dual channel mass sensors with varying load,
respectively. Under a 100 pg load, the pMOS sensor
showed a reduction of approx. 0.6 Q, nMOS sensor
showed an increase of approx. 24.5 Q, while dual mass
sensor showed a decrease of approx. 0.6 Q and
enhancement of approx. 24.6 Q for its pMOS and
nMOS equivalent resistor, respectively.
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Fig. 7. Graph of output voltage with respect to number
of mesh elements.
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Fig. 8. Graph of channel resistance vs mass for: (a) pMOS,
(b) nMOS and (c¢) dual channel mass sensor.

Fig. 9 (a-c) show the change in the channel
mobility for the pMOS, nMOS and dual channel mass
sensors, respectively. Under 100 pg load, the pMOS
experiences an increase of approx. 0.0008 cm?/Vs
while the nMOS undergoes a decrease of approx.
0.0309 cm?/Vs. The dual sensor showed an increase of
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approx. 0.0008 ¢cm?/Vs and a decrease of approx.
0.0311 cm?/Vs for the pMOS and nMOS, respectively.
This channel mobility obtained from COMSOL
Multiphysics was then used in TSpice simulation tool
to calculate the electrical properties of the mass
sensors. The reference MOSFETs remains
independent of load applied, while output MOSFETs
acts as a function of external load. Therefore, drain
currents and voltages of the output MOSFETs will
change under load, while those of reference
MOSFETSs remain the same. Under 100 pg load, the
pMOS experience an increase of 0.001 pA in its drain
current while the nMOS and dual channel mass
sensors show a reduction of approximately 0.01 pA in
its drain current. This variation in the drain current is
shown in Fig. 10 (a-c).

Fig. 11 (a-c) illustrate the drain voltage change of
the three sensors under varying mass load. An increase
in the drain voltage of approx. 0.00005 V, 0.00023 V
and 0.00127 V was noted for the pMOS, nMOS and
dual channel mass sensors, respectively. The plots of
differential output voltage proportional to the input
mass load for pMOS, nMOS, and dual channel mass
sensors are depicted in Fig. 12 (a-c). The pMOS,
nMOS and dual channel mass sensors give a
sensitivity of 0.11 pV/pg, 2.33 uV/pg, and
12.67 pV/ug, respectively.
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Fig. 9. Graph of channel mobility vs mass for: (a) pMOS,
(b) nMOS and (c) dual channel mass sensor.

The higher sensitivity of dual channel sensor over
the other two sensors can be attributed to the fact that
the dual sensor incorporates two sensing elements,
while pMOS and nMOS mass sensor have only one
sensing element. In addition, the higher sensitivity of
nMOS over pMOS mass sensor is due to the
piezoresistive effect. It has been reported that devices

with n-type show better piezo resistivity in both
longitudinal and transverse direction as compared to
p-type device [37]. Table 4 summarizes the electrical
parameters of both the reference and output MOSFET
for each sensor configuration under a 100 ug load.
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Fig. 10. Graph of drain current vs mass for: (a) pMOS,
(b) nMOS and (c) dual channel mass sensor.
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Fig. 11. Graph of drain voltage with respect to mass
for: (a) pMOS, (b) nMOS and (c) dual channel
mass sensor.

Additional performance metrics including noise,
limit of detection (LOD), resolution, and linearity
were calculated for all three sensor configurations.
Noise was evaluated using the Johnson—Nyquist
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relation [38] based on the equivalent MOSFET
channel resistance. At 300 K for 1 Hz bandwidth, the
calculated RMS noise voltages are 57.3 nV for the
pMOS sensor, 99.3 nV for the nMOS sensor, and
1146 nV for the dual-channel sensor. The
corresponding LOD values are 1.56 pg, 0.128 pug, and
0.027 pg, respectively. The estimated resolutions are
0.52 pg, 0.043 pg, and 0.009 pg for the pMOS, nMOS,
and dual-channel sensors, respectively. Linearity is
assessed by linear regression of output voltage versus
applied mass, yielding R? values of 0.9959, 0.9987,
and 0.9999 for the pMOS, nMOS, and dual-channel
sensors, respectively. These results demonstrate
excellent linearity across the entire sensing range.
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Fig. 12. Graph of output voltage with respect to mass
for: (a) pMOS, (b) nMOS and (c) dual channel
mass sensor.

To further evaluate temperature stability, the
sensors are simulated at temperatures of 300 K, 325 K,
and 350 K. Table 5 summarizes the corresponding
electrical ~characteristics for all three sensor
configurations under a load of 100 pg. The results
show that channel resistance, mobility, and drain
voltages vary with temperature across all three
sensors. However, the calculated sensitivities remain
stable over the investigated temperature range. This
occurs because both the reference and sensing
MOSFETs undergo similar temperature-dependent
variations in their device parameters. Consequently,
the current mirror output largely cancels these
common shifts, providing inherent temperature
compensation within the simulated range.

The proposed fabrication process flow of the
pMOS mass sensor is shown in Fig. 13. The process
starts with dry oxidation on an RCA-cleaned silicon
wafer to grow the field oxide (Fig. 13 (a)). The first

lithography step patterns the source-drain regions
(Fig. 13 (b)), followed by source-drain doping (Fig. 13
(c)). Subsequently, another lithography process
defines the gate oxide region (Fig. 13 (d)), followed by
the growth of gate oxide (Fig. 13 (e)). A third
lithography process patterns the contact vias (Fig. 13
(f)), while the fourth lithography process forms the
metal lines and contact pads (Fig. 13 (g)), followed by
metallization and the lift-off process (Fig. 13 (h)). The
front side of the wafer is then coated with photoresist
to protect the circuit (Fig. 13 (i)). The backside
window is then patterned by the fifth lithography step,
followed by DRIE etching of backside silicon (Fig. 13
(j))- Subsequently, the front side of the bridge structure
is defined using a sixth lithography step, followed by
DRIE etching of silicon to release the structure
(Fig. 13 (k)). Finally, removal of photoresist from both
top and bottom layers (Fig. 13 (1)) completes the
fabrication of the sensor. The fabrication process flow
is largely similar for all three sensors, with the pMOS
and nMOS designs consisting of six lithography steps
whereas the dual channel sensor requires eight
lithography steps, two additional lithography
needed for the formation of the P/N well and
source/drain regions.

Table 6 also shows the sensitivity comparison of
our sensors with that of several reported work in
literature. These comparisons show that our bridge
sensors achieve comparable and even superior
performance relative to existing design, including
cantilever-based structures, which are typically more
sensitive than bridge configurations. The higher
sensitivity reported in [37] is attributed to its
multi-beam array structure. In contrast, the proposed
single-beam bridge sensor achieves comparable
performance with lower structural complexity and
simpler CMOS integration.

Further work was done to study the effect of bridge
thickness on sensor sensitivity. Five different bridge
thicknesses (1, 2, 3, 4 and 5) um were simulated, and
the results show that lower thickness leads to higher
sensitivity, as shown in Table 7. This is because
thinner bridge structures exhibit lower stiffness and
undergo greater deflection under the same applied
load, resulting in larger output variation. However,
extremely thin structures may introduce fabrication
complexities, increased fragility during mass loading,
and reduced structural robustness during handling and
operation. This highlights the need for a tradeoff
between sensitivity, structural reliability and
fabrication complexity in sensor design.

4. Conclusion

This study investigates CMOS-MEMS integrated
mass sensors with three different configurations.
Among them, the dual-channel sensor demonstrated
the highest sensitivity of 12.67 uV/ug, significantly
outperforming the pMOS and nMOS sensors with
sensitivities of 0.11 pV/ug and 2.33 puV/ug,
respectively. In addition to superior performance, the
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dual-channel sensor also offers the advantages of
being fully CMOS-compatible and does not require
any external component. Comparison with previously
reported sensors shows that our sensors are
comparable, and in some cases, outperforms existing
works including cantilever-based sensors, which are
typically considered more sensitive but are fragile and

less stable than bridge structures. The effect of
microbridge thickness on sensor sensitivity was also
examined. The fabrication process steps for the sensor
were also presented. Future works will focus on sensor
fabrication and experimental characterization of the
proposed sensors.

Table 4. Electrical parameters of the proposed current mirror mass sensors under 100 pg load.

p-channel MOSFET mass

n-channel MOSFET mass sensor

Dual channel mass sensor

Parameters sensor
M1 M2 M1 M2 M1 M2
Gate to source voltage,
Vas 5.976 5.976 4.024 4.024 5.976 5.976
W)
Drain (?X)em’ Ip 337.007 337.008 337.007 336.994 337.007 336.997
Drain to source
voltage, Vps 4.02395 4.02396 4.02395 4.02418 5.97605 5.97478
()]
Output voltage, Vou
o ZISV?ge’ l (Vpsi — Vps2) = 10 (Vbsi — Vpsz) =230 (Vosi = Vos2) = 1270

Table 5. Variation of electrical parameters and sensitivity of the proposed sensors with temperature under 100 pg.

Sensor Temperature r(e::;;‘::;ile Mobility Drain voltage Drain voltage Sensitivity
type X) (kQ) (em?/Vs) (V1) (V2) (nV/ ng)
p-channel 300 K 197.9433 249.9687 4.02376 4.02377 0.1
MOSFET mass 325K 198.0341 249.8540 4.02308 4.02309 0.1
sensor 350 K 198.1223 249.7427 4.02242 4.02243 0.1
n-channel 300 K 592.9951 750.5868 4.02297 4.02320 2.3
MOSFET mass 325K 591.21 752.8428 4.01939 4.01962 2.3
sensor 350 K 589.4231 755.1010 4.01582 4.01605 2.3
Dual ch | 300 K 197.9452 249.9663 5.97711 5.97585 12.6
H‘I‘;S"S;nsr(‘)‘; 325K 198.0392 249.8476 5.98093 5.97967 12.6
350 K 198.1247 249.7397 5.9847 5.98344 12.6
Table 6. Comparison of proposed sensors with other works
reported in literature.
{a} b) Type of work Sensitivity (uV/ng) Ref.
Simulation and
oo oV o9 o9® experimental 18.87 [39]
Slmul.atlon and 0515 [40]
experimental
O — Experimental 0.024 [41]
59 &9 Ve b—é Experimental 0.219 [42]
Experimental 5.299 [43]
0.11 (pMOS) This
(e} ] Simulation 2.33 (nMOS)
T3 — — .— — 12.67 (dual) work
e U Ve UV
8) (h) Table 7. Effect of bridge thickness on sensor sensitivity.
g ; ; ; g ; ; 5 Thickness Sensor sensitivity
- (nV/ipg)
() | of bridge Dual
e
i) (pm) pMOS nMOS channel
W R ﬂ!i_ 1 1.44 32.13 173.99
= v e 2 0.55 12.04 65.44
3 0.24 6 32.41
E—) b U 4 0.14 3.55 19.21
5 0.11 2.33 12.67

Fig. 13. Fabrication process flow of pMOS mass sensor.
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