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Abstract

To address the difficulty of balancing sensitivity and nonlinearity in MEMS piezoresistive
pressure sensors, this study proposes an MEMS piezoresistive pressure sensor with a
narrow cross-beam membrane-short beam structure. The structure introduces a tapered
design at the ends of a conventional cross beam and incorporates short beams to enhance
stress concentration in the sensitive regions, thereby improving output sensitivity while
maintaining low nonlinearity. Finite-element analysis was performed to evaluate the stress
distribution and deflection characteristics and to compare the proposed structure with con-
ventional cross-beam and other diaphragm structures. Under identical overall dimensions,
the proposed structure improves sensitivity by 61% relative to the conventional cross beam.
Based on the finite-element results, multivariate fitting models for surface stress and deflec-
tion were established, and nonlinear optimization was used to determine the constrained
optimal geometrical parameters within the validated design domain. Simulation results
indicate that, over a pressure range of 0-1 kPa, the proposed sensor achieves a sensitivity
of 12.23 mV/V /kPa and a maximum nonlinearity of 0.196% FSS, demonstrating favorable
performance for micropressure detection.

Keywords: microelectromechanical systems; pressure sensor; finite-element method;
sensitivity; nonlinear optimization

1. Introduction

A microelectromechanical system (MEMS) is a miniaturized system that integrates
micromechanical structures, electrical units, and signal-processing components using micro-
/nanofabrication and integrated-circuit technologies. MEMS pressure sensors are among
the most widely used MEMS sensors [1] and were also among the earliest MEMS devices
to be developed and adopted across numerous industries. A MEMS pressure sensor uses
a micromechanical sensing element to detect an external pressure signal, after which a
conversion circuit transforms the pressure signal into a voltage signal that can be processed
and recognized by the system, enabling the actuator to perform the corresponding oper-
ation. According to their operating principles, MEMS pressure sensors can be classified
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as piezoelectric, capacitive, fiber-optic, resonant, and piezoresistive pressure sensors [2].
Among these sensing mechanisms, piezoresistive pressure sensors offer the advantages
of direct electrical readout, a relatively simple signal-conditioning circuit based on the
Wheatstone bridge, and compatibility with mature silicon micromachining and integrated-
circuit fabrication processes. In addition, their capability for static and quasi-static pressure
measurement makes them particularly suitable for micropressure sensing applications [3].

Existing diaphragm-engineering strategies can be organized according to the mech-
anism used to redistribute stress. Beam-reinforced diaphragms introduce local stiffness
discontinuities that guide stress toward the beam roots and diaphragm edges. Tian et al. [4]
incorporated cross beams into a planar square diaphragm, while Li et al. [5,6] subsequently
investigated a four-beam configuration through numerical optimization and experimental
fabrication. These relatively regular layouts are compatible with conventional microma-
chining; however, the results summarized in Table 1 indicate that beam reinforcement alone
provides only a moderate improvement in sensitivity. These results indicate that further
optimization of the beam geometry, particularly the beam width and beam-end transition,
may provide additional opportunities for enhancing stress concentration.

Table 1. Comparison of representative MEMS piezoresistive pressure sensors reported in previous

studies.
Year/Ref. Structure Pressure Range Sensitivity Nonlinearity
2012 [4] Planar square diaphragm with cross beams 0-5kPa 1.55mV/V/kPa  0.09% FSS
2016 [5] Four-beam structure (Simulation) 0-5 kPa 5.10 mV/V /kPa 0.75% FSS
2017 [6] Four-beam structure (Experimental) 0-5 kPa 465mV/V/kPa  0.25% FSS
. . . 11.098 o

2013 [7] Beam-diaphragm-single-island structure 0-0.5kPa mV/V/kPa 3.046% FS
. . 17.339 o

2016 [8] Beam-diaphragm-double-island structure 0-500 Pa mV/V/kPa 2.556% FS
. . 17.795 o

2015 [9] Beam-diaphragm—four-island structure 0-500 Pa mV/V/kPa 0.1405% FS

2014 [10] Peninsula-structured diaphragm 0-5 kPa 3.68 mV/V/kPa  0.36% FSS

2026 [11]  Square diaphragm—four-narrow-beam—central-island structure 0-10 kPa 1.59mV/V/kPa  —0.22%FS

2018 [12] Grooves—cross-beam diaphragm 0-6.894 kPa 448 mV/V/kPa 0.21% FSS

2020 [13] Locally thinned diaphragm 0-100 Pa 211 mV/V/kPa —

2017 [14] Cross-beam—peninsula composite diaphragm 0-5 kPa 514 mV/V/kPa —0.28% FSS

2018 [15] = Four-petal diaphragm with short narrow beams and central boss 0-5 kPa 6.93 mV/V/kPa 0.23% FSS

2022 [16] Central circular island-cross beam—four peninsula-short narrow 0-5 kPa 454mV/V/kPa  0.11% FSO

beam structure

Note: FSS, full-scale span; FSO, full-scale output; FS, full scale. Sensitivities reported in mV /kPa
were normalized to mV/V/kPa using the corresponding excitation voltages reported in the
original references.

Local stiffening using islands, bosses, or peninsula features constitutes a second route.
Single-island [7], double-island [8], four-island [9], peninsula [10], and central-island—
four-narrow-beam [11] structures alter the diaphragm deformation pattern and transfer
stress toward selected piezoresistive regions. Several island-based designs achieve high
sensitivity, but their nonlinearities differ markedly; the single-island and double-island
structures listed in Table 1 exhibit relatively large nonlinearities, whereas the four-island
structure achieves a more favorable balance.

Rather than locally stiffening the diaphragm, groove-based and locally thinned struc-
tures enhance the mechanical response by reducing stiffness in selected regions. The
groove—cross-beam design [12] and the locally thinned diaphragm [13] exemplify this
approach. Although local compliance can amplify deformation and stress in the sensitive
regions, the resulting performance becomes more dependent on groove depth or local

https://doi.org/10.3390/mi17091062


https://doi.org/10.3390/mi17091062

Micromachines 2026, 17, 1062

30f17

membrane thickness and is therefore more sensitive to dimensional variations introduced
during etching.

Composite approaches combine two or more stress-redistribution mechanisms. Repre-
sentative examples include a cross-beam-peninsula diaphragm [14], a four-petal diaphragm
incorporating short narrow beams and a central boss [15], and a composite structure com-
prising a central circular island, cross beams, four peninsula features, and short narrow
beams [16]. These designs provide additional control over the stiffness distribution and
can achieve a favorable balance between sensitivity and nonlinearity. Nevertheless, the
increased number of interacting structural features also increases the number of design
variables and the complexity of optimization and fabrication.

The operating ranges, sensitivities, and nonlinearities of these representative MEMS
piezoresistive pressure sensors are summarized in Table 1 for comparison.

Taken together, previous studies reveal a recurring trade-off among stress concentra-
tion, output linearity, and structural complexity. Regular beam-reinforced diaphragms
offer structural simplicity but limited stress concentration; island, peninsula, groove, and
locally thinned diaphragms strengthen the local response but may increase nonlinearity or
sensitivity to critical dimensions; and highly composite structures provide greater control
over stress redistribution at the expense of geometrical and process complexity [17,18].
Therefore, improving sensitivity and linearity without introducing excessive structural
complexity remains an important challenge in the design of MEMS piezoresistive pressure
sensors. To address this challenge, this study proposes an MEMS piezoresistive pressure
sensor with a narrow cross-beam membrane—short-beam structure. The cross-beam ends
are tapered to strengthen stress transfer toward the piezoresistive regions, and short-beam
segments are introduced to tailor the local stiffness and deformation. Finite-element analy-
sis is used to characterize the stress and deflection distributions, after which multivariate
fitting and constrained nonlinear optimization are applied to determine the structural
dimensions. The proposed design is intended to improve stress concentration and out-
put linearity while retaining a relatively regular geometry compatible with conventional
bulk-silicon micromachining.

2. Operating Principle
2.1. Piezoresistive Effect and Piezoresistive Coefficients

The piezoresistive effect describes the change in semiconductor resistivity caused by
mechanical stress [19]. For a resistor located on the diaphragm, the resistance variation is
governed primarily by the longitudinal stress o; and transverse stress o; [20]. Owing to the
anisotropic piezoresistive properties of single-crystal silicon [21], P-type silicon piezore-
sistors are commonly aligned along the <110> direction to obtain a large piezoresistive
response [19,20]. For P-type silicon in this orientation, the comparatively small 7r17 and 711
coefficients can be neglected. Thus, the longitudinal and transverse piezoresistive coeffi-
cients can be approximated as 71; ~ my4/2 and 7 = —my4/2, respectively. Accordingly,
the relative resistance change can be expressed as follows [22]:

Tt TT.
= moy + moy = =01~ 0) = Ao M)

R

Here, 07 and 0} denote the longitudinal and transverse stresses acting on the piezore-
sistor, respectively. The longitudinal-transverse stress difference is defined as Ao = 0; — 07.
According to Equation (1), the relative resistance change of a piezoresistor is related to the
longitudinal-transverse stress difference in the region where it is located, with the stress

evaluated as the surface-averaged value over the piezoresistor area.
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2.2. Wheatstone Bridge

The Wheatstone bridge [23] is shown in Figure 1. When a uniformly distributed
pressure is applied normal to the sensor diaphragm, the diaphragm deforms, generating
longitudinal and transverse stresses in the regions occupied by the four piezoresistors
R1, R2, R3, and R4. Owing to the symmetry of the sensor structure and piezoresistor
layout, R1 and R3 form one symmetric pair, whereas R2 and R4 form the other; there-
fore, the two piezoresistors within each pair experience approximately identical stress
states and resistance changes. The magnitudes of the resistance changes of the R1/R3
and R2/R4 pairs are denoted by |AR; 3| and |AR; 4|, respectively. Under the applied
pressure, the longitudinal-transverse stress differences in the two pairs have opposite
signs; consequently, the resistances of R1 and R3 increase, whereas those of R2 and R4
decrease [24]. If all four resistors have the same initial resistance R, their loaded resistances
satisfy R} = Ry = R+ |ARy3] and R} = R} = R — |ARy4|. Based on the voltage—divider
relationships of the four resistors [25], the bridge output voltage is

! !
- R+|AR 5] B R—|AR, 4] v
~ \(R+|ARy3|)+(R=|AR24])  (R+|ARy3|)+(R—[AR4]) ) " (2)
_ |ARy|+|ARy4|
"~ 2R+(|ARy 3]~ |AR24])

Vin

Because the sensor structure and the arrangement of the four piezoresistors are sym-
metric, the magnitudes of the resistance changes of the two pairs differ only slightly under
a uniformly distributed normal pressure. Thus, |AR 3| — |ARy4

is negligible compared
with 2R, and Equation (2) can be simplified as

Vout -

ARy 3|+ |AR
WVM o
_ %(|A1;1,3| n |A1;z,4|)vi

According to Equation (1), the relative resistance changes of the two piezoresistor
pairs are related to their respective longitudinal-transverse stress differences as follows:

|AR13| _ 7144
Sl 4
R > | Aoy 3 (4)
|ARy4| 7144
/ = ==\A
TR = B0zl ()
Substitution of Equations (4) and (5) into Equation (3) yields
1 =
Vour = 5 X #(|A01,3| + |A02,4]) Vin (6)

Because the longitudinal-transverse stress differences in the R1/R3 and R2/R4 regions
have opposite signs, |Aoy 3

+ |A0‘2[4| = |A0‘1/3 — AO‘2,4

. Equation (6) can therefore be
written as .
Vout = =" (18013 = Az 4] Vi ?)

Here, Aoy 3 and Aoy 4 denote the longitudinal-transverse stress differences in the
piezoresistive regions of R1/R3 and R2/R4, respectively. The bridge stress difference is
defined as Aoyyigee = |Acy3 — Aop4|. This parameter characterizes the differential stress
response between the two piezoresistor pairs and can be used to evaluate the potential
sensitivity of the sensor; it is not itself the sensitivity.
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Vout
R4+ AR R3+AR

Vin

Figure 1. Wheatstone bridge circuit. The arrows indicate the directions of resistance change under
applied pressure.

3. Structural Design and Performance Evaluation
3.1. Structural Design

For an MEMS piezoresistive micropressure sensor, the diaphragm structure strongly
affects the stress distribution, deflection, and output sensitivity under applied pressure [26].
A conventional square flat diaphragm is simple and readily fabricated; however, its limited
stress concentration under micropressure produces only small stress variations in the
piezoresistive regions, making high output sensitivity difficult to achieve. A cross-beam
structure introduces local stiffness variations into the diaphragm and directs stress toward
the beam roots and edges, thereby increasing the stress response at the piezoresistors.
Nevertheless, the degree of stress concentration remains constrained by the beam-end
transition geometry and beam width, leaving scope for further sensitivity enhancement.

Based on the preceding analysis, a progressive structural design strategy was adopted.
Tapered and short-beam features were introduced successively into conventional flat and
cross-beam diaphragms. The tapered feature modifies the stress-transfer path at the ends of
the cross beams and further concentrates stress in the sensitive regions, whereas the short
beams locally reduce structural stiffness and enhance local deformation under pressure.
To systematically evaluate the effects of these structural modifications, four diaphragm
configurations were established for comparative analysis, as shown in Figure 2.

(@)

() (d)

Figure 2. Schematics of the four structural configurations. (a) Flat; (b) CBM; (c) NCBM; (d) NCBM-SB.
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Case 1 is the baseline configuration and employs a conventional square flat diaphragm
(Flat), as shown in Figure 2a.

Case 2 employs a conventional cross-beam membrane (CBM), as shown in Figure 2b.

Case 3 applies end tapering to the cross beams in Case 2, forming a narrow cross-beam
membrane (NCBM), as shown in Figure 2c.

Case 4 is the final structural configuration. Based on Case 3, each cross beam is
first tapered and then extended by a short-beam segment, forming a narrow cross-beam
membrane with short beams (NCBM-SB), as shown in Figure 2d. The red-boxed insets in
Figure 2b—d provide enlarged views of the beam-end transition regions, highlighting the
conventional, tapered, and tapered-with-short-beam geometries, respectively. Among these
four configurations, Case 4 incorporates both the tapered cross-beam ends and short-beam
segments and represents the proposed NCBM-SB sensor structure investigated in this study.
The detailed front- and back-side structural views of the proposed NCBM-SB sensor are
shown in Figure 3. Figure 4 shows the physical layout of the proposed pressure sensor and
the corresponding Wheatstone bridge connection. In Figure 4a, the numbered regions 1-10
denote the electrical pads, which are provided for subsequent electrical characterization
of the sensor. The piezoresistors are interconnected through heavily doped P+ regions to
form the electrical routing on the sensor surface. Figure 4b shows the Wheatstone bridge
configuration corresponding to the physical layout in Figure 4a, illustrating how the four
piezoresistors are electrically connected to form the bridge.

In accordance with the actual fabrication process, the beam structure is successively
covered by a 450 nm thick SiO, layer and a 425 nm thick Si3Ny layer. The SiO; layer provides
electrical insulation between the silicon sensing structure and the surface interconnects
while passivating the silicon surface, whereas the Si3Ny overlayer provides additional
surface passivation and protects the underlying piezoresistors and interconnects from
moisture and process-related contamination. The complementary insulation and protective
properties of the two dielectric materials account for their combined use in the device. The
nominal thicknesses were adopted directly from the actual fabrication process to provide
continuous dielectric coverage and the required insulation and passivation performance
while remaining compatible with the subsequent patterning steps.

Cross beam
Membrane
Short beam
Substrate
"
- ]

Figure 3. Front- and back-side schematic views of the proposed NCBM-SB sensor. The left view
shows the front-side membrane, cross beams, short beams, and substrate; the right view shows the
back-side membrane and surrounding substrate.
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Pad 4/5
5 | Pad 6/8 7 Pad 7/9
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. ¢ GND
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== heavily doped P+ region

(a) (b)

Figure 4. Physical layout and corresponding Wheatstone bridge connection of the proposed pressure
sensor. (a) Physical layout of the sensor, where the grid area represents the electrical interconnection
layout on the sensor surface; (b) corresponding Wheatstone bridge configuration, where the arrows
indicate the increase or decrease in the resistance of each piezoresistor under applied pressure.

The four configurations have identical principal diaphragm dimensions: a diaphragm
size of 1300 um x 1300 pm, a diaphragm thickness of 6 pm, a beam width of 60 pm, and a
beam height of 10 pm. The primary objective is to compare the four diaphragm designs
and maximize output sensitivity while ensuring that the maximum central displacement
does not exceed one-fifth of the diaphragm thickness, thereby satisfying the applicability
condition of small-deflection theory. All analyses were conducted over a pressure range of
0-1 kPa.

3.2. Performance Evaluation Method

Finite-element analyses of the four diaphragm structures were performed using COM-
SOL Multiphysics 5.4. The mechanical and electrical performances of the four configura-
tions were evaluated in terms of maximum central deflection w, bridge stress difference
A0 prigge, bridge output voltage, sensitivity, and nonlinearity. Accordingly, the 450 nm SiO;
layer and the 425 nm SizNy layer were explicitly retained in the finite-element model rather
than treating the beams as bare silicon structures. All stress and deflection data used in
the subsequent parameter fitting and dimensional optimization were obtained from this
complete Si/5i0; /Si3Ng multilayer model.

The sensitivity S is defined as the output-voltage variation per unit pressure normal-
ized by the supply voltage and is calculated using the following expression:

_ Vout(PFS) - Vout(o)

S
VinPrs

®)
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In this expression, Vout(Prs) and V,,¢(0) are the output voltages at the full-scale
pressure Prg and zero pressure, respectively, and V, is the bridge supply voltage.

The nonlinearity was evaluated using the endpoint method. The reference output at
pressure P; is calculated using the following expression:

Vout(PFS) - Vout(o)

VL(Pi) = Vout(o) + PFS

b; )

In this expression, Vi (P;) represents the output of the endpoint reference line at
pressure P;.

The full-scale span (FSS) is defined as the absolute difference between the output
voltages at full-scale pressure and zero pressure:

FSS = IVout(PFS) - Vout(o)l (10)

The nonlinearity is defined as the maximum absolute deviation of the simulated
output from the endpoint reference line normalized by the FSS. It is calculated using the
following expression:

max|Vour(P;) — Vi.(P)]|

= % 11
ONL TS x 100% (11)

Therefore, the calculated nonlinearity is reported in % FSS, representing the maximum
output deviation as a percentage of the full-scale span.

3.3. Comparison of the Four Structural Configurations

The central deflections w of the four configurations under a pressure load of 1 kPa are
shown in Figure 5. Case 1 exhibits the largest central deflection, whereas the deflections of
Cases 4, 3, and 2 are similar and substantially smaller than that of Case 1.

Hm
A 027
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
vo
um um
A 0.29 A 031
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0
vo vo
(c) (d)

Figure 5. Deflection distributions of the four configurations under a pressure load of 1 kPa. (a) Flat;
(b) CBM; (c) NCBM; (d) NCBM-SB.

The bridge stress difference Acy,ge., output voltage, and nonlinear error of each
configuration are compared in Table 2 and Figure 6. Case 4 exhibits the largest bridge stress
difference and output voltage, followed sequentially by Cases 3, 2, and 1. Moreover, Cases
4, 3, and 2 exhibit comparable nonlinear errors, all of which are substantially lower than
that of Case 1.

https://doi.org/10.3390/mi17091062
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Table 2. Comparison of the bridge stress difference Acy,4¢., Output voltage Vout, and nonlinear error
of the four configurations.

Case Membrane Acpyrigge (MPa) Vour (mV) Nonlinearity (% FSS)
1 Flat 8.49 14.57 0.36
2 CBM 12.12 20.94 0.06
3 NCBM 15.91 27.46 0.08
4 NCBM-SB 19.53 33.72 0.10

In summary, Case 4 provides the highest sensitivity while maintaining low non-
linear error. Its sensitivity is 61% higher than that of Case 2, indicating the best
overall performance.

#— case | (Flat)

40 7 0. 05 @ case 2 (CBM)
—=— case 1 (Flat) —4— case 3 (NCBM)
e case 2 (CBM) v 0.009 & v case 4 (NCBM-SB) ' ’
A case 3 (NCBM) 2 ° °
30 of -0.05 . o /
v case 4 (NCBM-SB) A Z 0-05 : s ° : A v /
< 4 - A A v
% A < -0. 10 M e
R ¥ . > /l
o =]
20 v a o« § -0.15- . /
E VA 3 /
5 oA g 00 \ b
g 10 v A e — 2 =
3 e . - g =0. 25 "
y S k=
s g o —0.30 /
P = ~ [}
Z AN /‘
01 ¥ -0.35 g
T T T T T T -0.40 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pressure (kPa) Pressure (kPa)
(a) (b)

Figure 6. Comparison of the four structural configurations: (a) output voltage; (b) pointwise nonlin-
earity.

All four configurations satisfy the small-deflection criterion. Among them, Case 4 pro-
vides the largest bridge stress difference and output voltage while maintaining low nonlin-
ear error. These results demonstrate that the proposed narrow cross-beam membrane-short
beam structure effectively intensifies stress concentration and improves sensor sensitivity
while maintaining favorable output linearity. Accordingly, Case 4 was selected as the
baseline model for subsequent structural-parameter optimization.

4. Dimensional Optimization

According to the analytical equations for a conventional flat diaphragm, the mechani-
cal bridge stress difference and maximum deflection are power functions of the structural
dimensions. The functional relationships for the NCBM-SB structure may therefore be simi-
lar to those of a conventional flat diaphragm and can be approximated as follows [14,27]:

A‘Thridge — Klanl H"™2 |13 g4 phs ‘Bnéln7 (12)

w = KopE~1L™ H™2k"3 g™ p™s g6 ™7 (13)

Here, A0y igqe and w are the bridge stress difference and maximum deflection, re-
spectively; H and k are the sensitive-diaphragm thickness and beam height, respectively;
L,a, b, B, and [ are the in-plane structural dimensions shown in Figure 7; K; and Kj are
coefficients to be determined; p is the applied pressure; and E is Young’s modulus. As
defined in Figure 7, L denotes the side length of the square sensitive diaphragm; H denotes

https:/ /doi.org/10.3390/mi17091062
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the sensitive-diaphragm thickness; k denotes the cross-beam height above the diaphragm
surface; 2 denotes the cross-beam width before tapering; b denotes the short-beam width; [
denotes the short-beam length; and 8 denotes the taper angle at the transition from width
a to width b. The lower view is the A—A’ cross section indicated in the top view. Since
silicon constitutes the primary load-bearing layer of the diaphragm and beam structure, E
in the analytical expressions denotes the Young’s modulus of silicon and was set to 170 GPa.
The materials and thicknesses of the SiO, and SizNy layers remained fixed throughout the
parametric simulations and therefore were not introduced as additional fitting variables.
Nevertheless, their contributions to the stiffness, stress distribution, and deflection of the
multilayer structure were captured by the finite-element results and are consequently
incorporated into the fitted coefficients K; and K, and the resulting fitted relationships.

Figure 7. Top and A—A’ cross-sectional views defining the geometrical parameters; dielectric layers
are omitted for clarity.

Based on Equations (12) and (13), each variable was analyzed individually while all
other variables were temporarily held constant, allowing the corresponding coefficients to
be determined sequentially [27]. For example, when analyzing the influence of diaphragm
side length L on sensor performance, all other variables were fixed at their reference values
and L was varied over a physically reasonable range. Equations (12) and (13) can therefore
be rewritten as follows:

AGprigge(L) = Ky L™ (14)

w(L) = Ky L™ (15)

As the diaphragm side length was varied, a series of deflection w and bridge stress
difference Acyyigg. values were obtained through finite-element simulations. Both the

https://doi.org/10.3390/mi17091062
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bridge stress difference at the resistor locations and the central diaphragm deflection
increased with diaphragm side length. Numerical curve fitting was performed using these
simulation results, as shown in Figure 8, yielding approximate power-law expressions for
the deflection w and bridge stress difference Acy,jzg.. The relationships between diaphragm
side length L and structural performance are given by Equations (16) and (17).

AGpyigee(L) = 118 x 1075L>% (16)

w(L) =1.99 x 10~ 11+ (17)

38 T T

T T T 0.80
{ —®— Bridge stress difference, Aoy,

36 1 —=— Maximum deflection, ®
34
32 1
30

28

Maximum deflection, ® (pm)

26

Bridge stress difference, Acy,4,. (MPa)

24

22

T T T T
1300 1350 1400 1450 1500
Diaphragm side length, L (um)

Figure 8. Bridge stress difference Acy,jq, and maximum central deflection w as functions of di-
aphragm side length L.

To evaluate the goodness of fit between the simulations and the preceding equations,
Table 3 presents the fitted deflection and bridge stress difference functions together with
their coefficients of determination (R?) and residual sums of squares (RSS). The coefficients
of determination for the bridge stress difference in Equation (16) (R?) and the deflection
in Equation (17) (R?) are 0.99983 and 0.99998, respectively. The residual sums of squares
for the bridge stress difference (RSS) and deflection (RSS) are 0.01687 and 1.72434 x 107,
respectively. These results demonstrate excellent agreement between the power-law fitting
equations and the simulations, confirming the validity of the mathematical model.

Table 3. Fitted-curve parameters for the bridge stress difference and deflection.

Parameters A0 pridge w
Equation y=axLP y=axLP
a 118 x10°8+19%x107° 199 x 10" +1.8x 10716
b 2.99 +0.02 4.59 +0.01
RSS 0.0169 1.72 x 10~°
R2 0.99983 0.99998

Similarly, functional expressions for the other variables can be obtained through
simulations and power-law fitting. After all single-variable functions have been determined,
they are substituted into Equations (12) and (13) to obtain the bridge stress difference and
deflection equations applicable to the narrow cross-beam membrane-short beam (NCBM-

SB) structure:

Apigee = K1 PL2'99 H—1:09}.—0.704 ; —0.0566,—0.741 —0.0477 (18)
ridge —
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w = K2E71 pL4.59H*l.27k71.36a70.423b70.21410.0594 (19)

It should be noted that parameter-sweep simulations of the taper angle § showed that
different values of B produced only minor variations in the bridge stress difference and
deflection, as illustrated in Figure 9. The influence of this variable on the sensor bridge
stress difference and deflection can therefore be neglected, and it was excluded from the
final expressions. Considering practical fabrication requirements, the taper angle was set
to 60°.

28 - T T T T T 0.7

= —=— Bridge stress difference, Acy;q,.
& —u— Maximum deflection, ® LA
S . 0.6
< 26

o E
2 <
& 8
< r0.5 &
§U] £
£ 3
5 =
Bt n u =— = ———=n F0.4 8
oS 22 g
7] =
8 E
2 F0.3 %
& 20 - =
=]

St
M F0.2

18 T T T T T
30 40 50 60 70

Taper angle, B (°)

Figure 9. Bridge stress difference Aoy,;4e, and maximum deflection w versus taper angle 3.

Assume that the dimensional parameters in Equations (18) and (19) are L = 1300 um,
H=5um, k=10 um, a = 60 pm, b = 30 pum, | = 35 um, p = 1 kPa, and E = 170 GPa.
The simulations yield a maximum deflection of approximately 0.40 pm and a maximum
bridge stress difference of approximately 23.88 MPa. Substitution of these values into
Equations (18) and (19) determines the coefficients K; and K. The final bridge stress
difference and deflection equations for the narrow cross-beam membrane-short beam
(NCBM-SB) structure can thus be expressed as follows:

AUbridge —_ 000644PL299 H_l'ogk_0'704ﬂ —0.0566b—0.741 1 —0.0477 (20)

w = 0.00057E_1 pL4'59H_1‘27k_1'36El_0‘423b_0'214lo'0594 (21)

For a piezoresistive pressure sensor, sensitivity is proportional to the bridge stress
difference [28]. Equations (20) and (21) indicate that the bridge stress difference is governed
primarily by the diaphragm side length L, diaphragm thickness H, beam height k, and
short beam width b, whereas the short beam length I and the cross-beam width before
tapering a have relatively weak effects on sensitivity. The short beam length [ likewise
has only a minor influence on diaphragm deflection, whereas the cross-beam width before
tapering a has a non-negligible influence on deflection.

Based on Equations (20) and (21), nonlinear optimization was performed using nu-
merical analysis software:
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max (A‘Tbridge>
s.t
w < 0.2H
1000 um < L < 1500 pm
4um < H < 8 um (22)

6 um < k <14 um
40 um < a < 60 um
30 um < b <50 um
35 um <[ <95 um

The optimization results show that, when L = 1500 ym, H = 6.02 pm, k = 6 pum,
a=60um, b =30um,! = 35 um, p = 1kPa, and E = 170 GPa, the bridge stress
difference is approximately 42.80 MPa. The output voltage and pointwise nonlinearity of
the sensor with these dimensions are shown in Figure 10. The corresponding sensitivity is
12.23 mV /V /kPa, and the maximum nonlinearity is 0.196% FSS.
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ineari I 0.20

60 1 Nonlmeanty- -, /-
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E o / r0.15 é
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Figure 10. Output voltage and pointwise nonlinearity of the optimized NCBM-SB structure as
functions of pressure.

It should be noted that several optimized geometrical parameters are located at the im-
posed constraint boundaries. This behavior is associated with the predominantly monotonic
dependence of the bridge stress difference and maximum deflection on several key geomet-
rical parameters within the validated design domain of the present fitting model. Therefore,
under the imposed geometrical and deflection constraints, the optimizer naturally drives
these parameters toward the corresponding boundaries as the objective function continues
to improve in those directions. The resulting dimensions should thus be regarded as a
constrained optimum within the validated design domain rather than a global optimum
over the entire physically possible design space. Extending the optimization beyond the
current domain would require further validation of the predictive accuracy of the fitting
model in the enlarged design space.

5. Fabrication Feasibility Analysis

To assess the fabrication feasibility of the proposed narrow cross-beam membrane—
short beam structure, a process flow based on conventional MEMS bulk-silicon microma-
chining was designed. A standard double-side-polished (100) silicon wafer with a thickness
of 400 um was used as the substrate. Seven photolithographic masks were employed to
define the piezoresistors, sensitive structure, metal contacts, and backside cavity, and boron
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implantation was used to form the P-type piezoresistors. The principal fabrication steps

are shown in Figure 11.

I
]
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Figure 11. Principal fabrication process for the sensor chip. (a) Thermal oxidation; (b) P— piezore-

sistor formation; (c¢) P+ ohmic-contact formation; (d) SizNy4 passivation; (e) SiO; insulation; (f) Al

interconnection formation; (g) front-side NCBM-SB structure formation; (h) backside cavity etching

and removal of the protective coating.

@

@

®)
4)
©)

(6)

@)
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The silicon wafer is thermally oxidized to form thin SiO, layers on both surfaces.
These oxide layers serve as masks during ion implantation (Figure 11a).

After thermal oxidation, P—-region photolithography and boron-ion implantation are
performed to form the P-type piezoresistors on the front surface of the silicon wafer
(Figure 11b).

P+-region photolithography and higher-dose boron-ion implantation are then per-
formed to form ohmic contacts between the piezoresistors and Al (Figure 11c).

A Si3Ny passivation layer is deposited by low-pressure chemical vapor deposition
(LPCVD) to protect the piezoresistors (Figure 11d).

An SiO; film is subsequently deposited by LPCVD to provide electrical insulation
(Figure 11e).

A thin Al layer is deposited and patterned on the top surface of the sensor chip using
a reactive ion etching (RIE) process to provide electrical interconnections between the
piezoresistors and the Wheatstone bridge (Figure 11f).

The narrow cross-beam membrane-short beam structure is then formed on the front
surface of the silicon wafer by RIE (Figure 11g).

Before backside wet etching, ProTEK B3 is spin-coated on the front surface of the
wafer to protect the front-side structures from the tetramethylammonium hydroxide
(TMAH) solution [29]. With the front surface protected, the backside of the silicon
wafer is wet etched using TMAH [30] to form a deep cavity. After backside etching,
the ProTEK B3 protective coating is removed (Figure 11h).
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6. Performance Comparison and Discussion

To further evaluate the overall performance of the proposed sensor, its key perfor-
mance metrics were compared with those of representative piezoresistive micropressure
sensors reported in previous studies. The optimized NCBM-SB structure achieves a sen-
sitivity of 12.23 mV/V/kPa and a maximum nonlinearity of 0.196% FSS over a pressure
range of 0-1 kPa. Its sensitivity is higher than that of most of the reported structures and is
lower only than those reported in [8,9]. Meanwhile, the nonlinearity of 0.196% FSS is also
relatively low among the reported values. These results indicate that the proposed structure
achieves relatively high sensitivity without a pronounced deterioration in linearity, thereby
providing a favorable balance between sensitivity and linearity.

As shown in Table 4, the sensors reported in [8,9] exhibit higher sensitivities than
the present design; however, both were reported over a pressure range of 0-0.5 kPa,
which is only half of the 0-1 kPa range evaluated in this work. The sensor in [8] achieves
a higher sensitivity but exhibits a considerably larger nonlinearity. The sensor in [9]
combines high sensitivity with low nonlinearity and therefore demonstrates excellent
overall performance, although its measurement range is narrower. Rather than pursuing
the highest sensitivity alone, the proposed NCBM-SB sensor maintains relatively high
sensitivity and low nonlinearity while extending the measurement range to 0-1 kPa, thereby
achieving a favorable trade-off among sensitivity, linearity, and measurement range.

Table 4. Focused comparison of the proposed sensor with previously reported high-sensitivity
piezoresistive micropressure sensors.

Sensor Pressure Range Sensitivity Nonlinearity

Ref. [8] 0-500 Pa 17.339 mV/V/kPa 2.556% FS

Ref. [9] 0-500 Pa 17.795 mV/V /kPa 0.1405% FS
Proposed sensor 0-1kPa 12.23 mV/V /kPa 0.196% FSS

The favorable performance is mainly attributed to the synergistic effects of the nar-
rowed cross beams and short beam segments. The narrowed cross beams enhance stress
concentration in the piezoresistive regions, while the short beams further tailor the local
stiffness and deformation characteristics, thereby improving the electrical response without
a pronounced increase in nonlinearity.

7. Conclusions

This study focused on improving sensitivity and reducing nonlinearity by proposing
a novel MEMS piezoresistive pressure sensor structure based on a narrow cross-beam
membrane-short beam (NCBM-SB). To evaluate the effectiveness of the proposed structure,
it was compared with a flat diaphragm, a conventional cross-beam diaphragm, and a ta-
pered cross-beam diaphragm. The proposed structure increased sensitivity by 61% relative
to the conventional cross-beam structure. Finite-element simulations were also conducted
over a pressure range of 0-1 kPa to characterize diaphragm deformation and the resulting
stress difference in the piezoresistive regions. Curve fitting was then used to establish the
relationships between the structural dimensions and the diaphragm deflection and bridge
stress difference, thereby providing quantitative guidance for the design of the NCBM-SB
structure. Nonlinear optimization was further performed to determine the constrained
optimal geometry within the validated design domain. With the optimized dimensions,
the sensor achieved a sensitivity of 12.23 mV/V/kPa and a nonlinearity of 0.196% FSS.
Finally, a fabrication process based on bulk micromachining was designed for the sensor
chip. Compared with structural solutions that rely on complex three-dimensional process-
ing or specialized material systems, the proposed process is relatively mature and offers
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favorable repeatability and batch-fabrication capability. In comparison with representative
piezoresistive micropressure sensors reported in previous studies, the proposed sensor
demonstrates a favorable balance among sensitivity, nonlinearity, and measurement range.
Nevertheless, the present multivariable power-law fitting model has certain limitations,
and the obtained dimensions should be regarded as a constrained optimum within the
validated design domain. Future work will further expand the finite-element dataset and
investigate more flexible data-driven surrogate models, such as neural networks, to cap-
ture complex parameter—response relationships and further improve the robustness and
applicability of the optimization.
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