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Abstract

®

CrossMark

This study presents a capacitive pressure sensor with a mechanical force-displacement
transduction structure based on the commercially available standard CMOS process (the
TSMC 0.18 pm 1P6M CMOS process). The pressure sensor has a deformable diaphragm to
support a movable plate with an embedded sensing electrode. As the diaphragm is deformed
by the ambient pressure, the movable plate and its embedded sensing electrode are displaced.
Thus, the pressure is detected from the capacitance change between the movable and fixed
electrodes. The undeformed movable electrode will increase the effective sensing area between
the sensing electrodes, thereby improving the sensitivity. Experimental results show that the
proposed pressure sensor with a force-displacement transducer will increase the sensitivity by
126% within the 20 kPa-300 kPa absolute pressure range. Moreover, this study extends the
design to add pillars inside the pressure sensor to further increase its sensing area as well as
sensitivity. A sensitivity improvement of 117% is also demonstrated for a pressure sensor with
an enlarged sensing electrode (the overlap area is increased two fold).

Keywords: pressure sensor, force-displacement transduction structure, CMOS MEMS

(Some figures may appear in colour only in the online journal)

1. Introduction

Micro-electromechanical system (MEMS) pressure sen-
sors have been extensively applied in consumer electronics,
automotive systems, environmental monitoring, medical diag-
nostics, etc. Various fabrication approaches, such as surface
micromachining and bulk micromachining have been reported
to meet the requirements of related applications [1, 2]. To
leverage existing foundry resources, the standard complemen-
tary metal oxide semiconductor (CMOS) processes have been
exploited to fabricate MEMS devices [3, 4]. In this regard, the
CMOS metal and dielectric films are not only employed as
the electrical routing and isolation layers, but also exploited as
suspended microstructures after the post-CMOS processing.
Thus, the CMOS process technology enables the monolithic
integration of MEMS structures and sensing circuits, and thus

0960-1317/15/125024+12$33.00

could further reduce the packaging efforts and minimize the
microsensors required. The footprint of sensing units is an
important concern not only for cost but also for some applica-
tions. Moreover, the parasitic capacitance of capacitive-type
sensors can be reduced after the integration of sensing cir-
cuits with MEMS devices using the CMOS MEMS process.
To date, the CMOS MEMS process has been employed to
implement various MEMS sensors, such as inertial sensors,
magnetometers, and pressure sensors, etc. [3—6].

CMOS MEMS pressure sensors that have been imple-
mented using available foundry processes have been reported
in [7-9]. Existing CMOS MEMS pressure sensors mainly
consist of a flexible diaphragm with an embedded deformable
sensing electrode and a fixed reference sensing electrode. The
diaphragm and sensing electrodes are formed by the metal and
dielectric layers. As the diaphragm is deformed by the applied

© 2015 IOP Publishing Ltd  Printed in the UK
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pressure load, the gap between the deformable and fixed
sensing electrodes is changed. The pressure is thus detected
from the capacitance change. Many approaches have been
reported for improving the sensitivity of capacitive microsen-
sors, such as reducing the sensing gap [10], and increasing
the dielectric constant [11]. However, limited designs are
available for CMOS MEMS devices due to the fixed layers
provided by the standard process. The concept of integrating
a rigid electrode with a flexible mechanical structure for
capacitive microsensors has been reported in [12-14]. The
rigid sensing electrode and flexible diaphragm are linked by a
mechanical support to form the force-displacement transduc-
tion structure. Thus, the deformation of the flexible membrane
will be detected from the displacement of the rigid capacitive-
sensing electrode.

This study exploits the concept in [14] to design a CMOS
MEMS capacitive pressure sensor with a movable sensing
electrode attached to a deformable diaphragm, as shown in
figure 1(a). The sensitivity of the CMOS MEMS pressure sensor
can be improved by the proposed parallel-plate gap-closing
sensing electrodes. The existing design, with a deformable
sensing electrode embedded in the flexible diaphragm, is also
fabricated using the same process, as shown for comparison
in figure 1(b). The devices are designed and implemented
based on the Taiwan Semiconductor Manufacture Company
(TSMC) 0.18 pm 1P6M CMOS process. The movable and
deformable suspended mechanical structures, electrical
routing, and sacrificial layer are thus implemented by using
the stacking of metal and dielectric films fabricated by the
CMOS process. An in-house post-CMOS etching process is
required to release the MEMS structures. Moreover, the pres-
sure sensor with a movable sensing electrode with a greater
area than that of the diaphragm is also demonstrated to further
enhance the sensing capacitance. Note that the present force-
displacement transduction structure could be further applied
to other CMOS MEMS sensors.

2. Sensor design and analysis

This study designs and implements a pressure sensor with a
mechanical force-displacement transduction structure based on
the TSMC 0.18 um 1P6M CMOS process. In comparison, the
existing pressure sensor design with deformable diaphragm and
sensing electrode is also designed and implemented to prove
the concept. Moreover, the proposed design concept using the
standard CMOS process is further extended to add mechanical
pillars on the pressure sensor to increase its sensitivity.

2.1. Sensor design—pressure sensor with
force-displacement transducer

As illustrated in figure 1(a), the proposed sensor design (I)
consists of a deformable diaphragm (to act as the force-dis-
placement transduction structure), a mechanical support, a
movable plate with embedded sensing electrode, and a fixed
sensing electrode. The design is formed by the stacking of
metal and dielectric layers as depicted by different colors in

figure 1(a). For instance, the sensing electrode embedded in
movable plate is formed by the metal-3 (M3) layer, and the
fixed sensing electrode is formed by the metal-1 (M1) layer.
Note that the gap between the movable and fixed sensing elec-
trodes is defined by the thickness of the sacrificed metal-2
(M2) layer. The symmetric layer stacking in [15] is exploited
to design the movable plate with an embedded sensing elec-
trode to reduce the deformations due to the residual stresses
and CTE (coefficient of thermal expansion) mismatch of the
thin films. Thus, the movable plate with the embedded sensing
electrode consists of two metal layers (M3 and M4) and three
dielectric layers (IMD2-4). The tungsten via array is distrib-
uted between two metal layers for the electrical routing of the
movable sensing electrode.

This study is focused on absolute pressure sensor designs.
Thus, the reference chamber indicated in figure 1 is sealed
in a vacuum environment during the processes. The initial
sensing capacitance is determined by the area of the sensing
electrodes and the initial sensing gap defined by the M2 layer
thickness. The diaphragm will be deformed by the ambient
pressure and cause the displacement of the movable plate.
Thus, the gap between the movable and fixed sensing elec-
trodes is changed, and the pressure is then detected by the
change in capacitance between the electrodes. Compared
with the design in figure 1(b), the present sensor in figure 1(a)
employs the undeformed movable electrode design to increase
the effective sensing area between the sensing electrodes. As a
result, the sensing capacitance is increased. Note that the two
pressure sensors in figure 1 have the same diaphragm dimen-
sions for fair comparison.

2.2. Sensor analysis

As indicated in figure 1(b) uniform pressure P is applied on the
square diaphragm (edge length is 2a, marked in figure 2(a))
with fully clamped edges. The diaphragm will be deformed
due to the pressure difference between the reference vacuum
chamber and ambient pressure P. The out-of-plane deflection
z of the diaphragm at any position (x, y) (note thatx =0,y =
0 denotes the center of square diaphragm) caused by pressure
P can be expressed as [16],

4 2\2 ) 2
2(x,y) = 0.0213P(%)(1 _ %) (1 B y_z) o

a

where D is the flexural rigidity of the diaphragm. The capac-
itance change after applying a uniform pressure can be
expressed as [17],

dxdy
g() - Z(x’ }’) gO

where ¢y is the permittivity of air, ¢, is the relative dielectric
constant, A is overlap area of sensing electrodes, and g is the
initial sensing gap. Thus, the sensitivity S of the capacitive
pressure sensor becomes,

(Az AC) (AV
S=]—x X

£06A

AC = Cdeformation - CO = 506,[/ (2)

— —— | = (Smechanical) X (Selectrica
AP Az AC) (Smechanical) X (Selectrical)  (3)
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Figure 1. The design schematic of the presented pressure sensors. (a) Proposed design I (with force-displacement transduction structure).

(b) The existing design (without transduction structure).
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Figure 2. The pressure sensor performance predictions for (a) different sizes of mechanical support (from b = 0 ym to b = 40 pum), and

(b, ¢) comparison of proposed design I and the existing design.

where a pressure difference AP causes diaphragm deflection
Az and the output capacitance AC is then detected by the
sensing electrodes. After that, a capacitance-to-voltage (C-V)
circuit is employed to convert the output single AC to voltage
change AV. The net capacitance change of the conventional

pressure sensor with a deformable sensing electrode shown in
figure 1(b) is determined from the integration of equation (2).
The net capacitance change of the proposed pressure sensor
with undeformed sensing electrode shown in figure 1(a) can
be simplified as,
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cosr AAZ

AC = Cdeformation -
g(z) — gAz

Co = )
where A and Az are respectively the area and displacement
of the undeformed sensing electrode. Moreover, Az can be
determined by the diaphragm deflection at z(0, 0).

According to equations (1)—(3), the sensitivity of pressure
sensor can be enhanced by varying the dimensions of dia-
phragm. However, the sensing range of the sensor will also
be influenced. Moreover, the available metal and dielectric
stacking layers are limited by the standard CMOS process.
On the other hand, as indicated in equation (4), the output
capacitance as well as the sensitivity of proposed pressure
sensor design I can be improved by increasing the area of
the sensing electrodes. This design alteration is not limited
by the available CMOS films. The sensing range of the pres-
sure sensor remains the same after the area of the sensing
electrode is changed. Note that the diaphragm deformation
will be influenced by the rigid central mechanical support for
proposed pressure sensor design I in figure 1(a). As indicated
in figure 2(a), the edge length of the square mechanical sup-
port is b. The simulation results in figure 2(a) further depict
the central deformations of square diaphragm (2a = 160 pm)
with mechanical supports of different size (b = 0-40 pm) at
P =101 kPa. The results indicate that the central deforma-
tion of the diaphragm and Az decrease by 33% as the size of
mechanical support increases from b =0 pum to b =40 pum.
Due to post-CMOS process considerations, the b =30 um
mechanical support is chosen in this study. According to these
design parameters, figures 2(b) and (c) show the sensor perfor-
mances predicted by finite element method (FEM) simulations.
The simulations in figure 2(b) indicate that proposed design I
with a mechanical support has a smaller central deflection of
diaphragm. Thus, the initial capacitance of proposed design I is
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noise evaluated by FEM simulations.
Table 1. The specifications of CMOS MEMS pressure

sensors with (proposed design I) and without (existing design)
force-displacement transduction structure.

Existing Proposed
Items design design [ Unit
Transduction diaphragm size 160 x 160 x 5.2 pum?
Electrode size 150 x 150 pm?
Absolute pressure range 20-300 kPa
Designed initial capacitance 1.03 1.02 pF
(2 x 2 array)
Sensitivity 0.19 0.43 fF kPa™!
Nonlinearity 2.2 4.7 %
TCO —0.04 —0.07 % °C~!
TCS —-0.32 —-0.43 % °C~!

smaller than that of the existing design, as predicted in figure 2(c).
These results also indicate that the sensitivity of proposed design
I has been increased to 0.19 fF kPa~! (0.09 fF kPa~' for the
existing design in figure 1(b)) within the 20 kPa-300 kPa pres-
sure range. Thus, despite of the smaller initial capacitance, the
sensitivity of proposed design I still has a 2.11-fold improve-
ment in sensitivity. Note that the pressure sensor array can
also be employed to increase the capacitance sensing signal.
In applications, a pressure sensor consisting of 2 x 2 sensing
components has been implemented for demonstration. Detailed
design specifications of the two pressure sensors are listed in
table 1.

The FEM simulations in figure 3 evaluate the noise
caused by vibration on the sensors. The simulation results in
figure 3(a) predict the deformations of the deformable dia-
phragm and movable plate (only for proposed design I) as both
sensors are under acceleration in the out-of-plane (z direc-
tion in figure 1). The simulation results in figure 3(b) further
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Figure 4. The design schematic of proposed design II further
extends the concept in figure 1(a) to add pillars inside the pressure
sensor to increase the area of the sensing electrodes.

predict the maximum deflection of the sensors in figure 3(a)
as the acceleration is increased from 0 G to 3 G. The sensor
of proposed design I has an additional plate attached to the
deformable diaphragm. Therefore, the movable electrode on
proposed design I has a larger displacement under the same
acceleration. According to the predicted results in figure 3(b),
the pressure sensors have the displacements of 1.1 pm G~! (for
proposed design I) and 0.1 pm G~! (for the existing design).
Note that these values are two orders of magnitude lower than
the minimum detectable signal. Thus, the noise caused by the
acceleration can be ignored.

2.3. Extension of the sensor design—adjustable sensing
area

The concept in figure 1(a) (proposed design I) can be fur-
ther extended by adding pillars inside the pressure sensor to
support the transduction diaphragm by using the same fabrica-
tion processes, as shown in figure 4. In this design (proposed
design II), the planar dimension of the movable plate and the
embedded sensing electrode is allowed to be larger than that
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Figure 5. The performance prediction for pressure sensors
(proposed designs I and II) for (a) center displacement, and
(b) output capacitance for adjustable sensing area comparison.

of the deformable diaphragm. Thus the area of the sensing
electrodes can be greater, and the sensitivity of sensor can be
further improved as mentioned in equation (4). As indicated
in figure 4, the deformable transduction diaphragm is sup-
ported by the pillars. The planar dimension of the deformable
diaphragm is also defined by the pillars. Moreover, the open-
ings on the movable plate are designed to allow the pillars to
anchor on the substrate. In this regard, the area of the movable
plate and the sensing electrodes are no longer limited by the
planar dimension of the deformable diaphragm, and can be
adjusted to meet the design requirement.

The FEM simulation results in figure 5 show the character-
istics of two proposed sensor designs (proposed design I and
proposed design II). These two designs have the same size of
deformable diaphragm (100 gm x 100 um), yet the sizes of
movable plate and sensing electrodes are different. The movable
plates with embedded sensing electrode are 90 pm x 90 pm
(for proposed design I) and 145 pym x 145 um (for proposed
design II). Note that the movable plate of proposed design
II has eight openings for the eight pillar supports (38 pm X
16 pm), and thus the net area of the sensing electrode is
reduced. Nevertheless, proposed design II has increased the
sensing area two fold. The simulation results in figure 5(a) indi-
cate that proposed designs I and II have the same diaphragm
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Figure 6. The steps of the fabrication process. (a) Chips are fabricated by the TSMC 0.18 pm 1P6M CMOS process. (b) Metal wet etching
is used to define the movable plate, sensing gap, and pillar supports. (c) RIE exposes the wire bonding pad. (d) A 1 pm thick Parylene-C
coating seals the chamber and the chip is wire bonded on a PCB for testing.

deformation under the pressure loads. However, as illustrated
in figure 5(b), the initial sensing capacitance (under 101 kPa)
of the sensors can be increased from 91 fF to 173 fF by pro-
posed design II. Moreover, the sensitivity can be increased by
a further 81% within the sensing range of 20 kPa-300 kPa
absolute pressure by proposed design II with sensing elec-
trodes of greater area.

3. Fabrication and results

The steps in the fabrication process to implement the proposed
and existing pressure sensor designs are shown in figure 6.
Figure 6(a) depicts the stacking and patterning of metal and
dielectric layers after the standard 0.18 ym 1P6M CMOS pro-
cesses prepared by the TSMC. After that, the etching solution
(which includes H,SO,4 and H,0O,) was employed to etch metal
layers and tungsten via [18]. As illustrated in figure 6(b), the
movable plate, sub-micron sensing gap, and pillar supports of
the pressure sensor were defined in this process. The metal
films for the sensing electrodes and electrical routings were
protected by the dielectric films during the metal wet etching.
Moreover, the movable plate with embedded sensing elec-
trodes was suspended, and the sensing gap between electrodes
was 0.53 um (determined by the M2 sacrificial layer). For the
existing design, the sensing gap determined by the sacrificial
metal layer M5 was also 0.53 pm. As indicated in figure 6(c),
reactive ion etching (RIE) was used to open the pads for wire

bonding. In addition, the thickness of the deformable dia-
phragm was also defined after the RIE etching. As shown in
figure 6(d), the reference chamber of the pressure sensor was
sealed by 1 pum Parylene-C conformal coating for sensor mea-
surement of absolute pressure. Note that the vacuum chamber
for Parylene-C conformal coating process was near 10 Pa.
Thus, the reference chamber of the presented pressure sensor
after sealing by Parylene-C was also near 10 Pa. The chamber
could also be sealed by other materials such as PECVD oxide,
sputtering metal, etc. Finally the test chip was wire bonded on
a printed circuit board (PCB) for the following characteriza-
tions and tests.

Figure 7 shows the typical fabrication results of the pro-
posed and existing pressure sensor designs. The scanning
electron microscopy (SEM) micrograph in figure 7(a) shows
the fabricated chip containing the proposed and existing
designs. As marked by the dashed lines, in this study the inte-
gration of 2 x 2 sensor array design is employed to form a
sensing unit to increase the capacitance sensing signal. The
top left and right sensing units are used to compare the per-
formances between proposed design I and the existing design.
To make a fair comparison, these two different designs have
the same diaphragm dimensions (160 pgm x 160 pm) and
sensing gap. Moreover, the bottom right and left sensing
units are used to compare the performances between pro-
posed designs I and II. These two different designs also have
the same diaphragm dimensions (100 gm x 100 pm) and
sensing gap. The SEM micrographs in figure 7(b) display the
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Figure 7. Fabrication results. (a) The fabricated chip containing the proposed and existing designs (the integration of 2 x 2 sensor array
as marked by the dash line). (b) The 1 um Parylene-C conformal coating on the releasing hole. FIB cross-section views of (c) the existing
design, (d) proposed design I, (e) proposed design II. Micrographs of (f) chip prototype (figure 6(a)), and (g) structure releasing (figure 6(b))

of proposed design II.

releasing hole before and after conformal coating with the
1 pm Parylene-C. The focused ion beam (FIB) cross-sections
in figures 7(c) and (d) respectively show the layer stacking
of the existing design and proposed design I. In figure 7(c),
the deformable diaphragm with an embedded sensing elec-
trode (M6 layer) and the fixed sensing electrode (M4 layer)
for the existing design are observed. Figure 7(d) displays the
key components inside the chamber of proposed design I,

and the deformable transduction diaphragm, mechanical sup-
port, and movable plate with embedded sensing electrodes are
observed. The stacking of metal and dielectric layers in these
structures is also observed. Moreover, the FIB cross-section
in figure 7(e) shows the deformable transduction diaphragm
and pillar inside the reference chamber of proposed design II.
The micrographs in figures 7(f) and (g) show the fabricated
chip of proposed design II before and after metal wet etching.
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Figure 8. Surface profile of 2 x 2 diaphragm array measured by
optical interferometer to compare (a) proposed design I and (b) the
existing design. Each four profiles (#1—#4) are associated with
those shown in figure 7(a).

The deformable transduction diaphragm is supported by eight
rectangular pillars. The movable plate inside the transparent
dielectric cover is observed after the metal wet etching. It also
indicates that the planar size of the movable plate and elec-
trode is larger than the transduction diaphragm.

4. Results and discussions

The proposed pressure sensors have been characterized
and measured for proof of concept. The measurements will
focus on proposed design I and the comparison of its per-
formance with that of the existing design, as marked by the
dashed lines in figure 7(a). The sensitivity improvement with
proposed design II will also be further evaluated using the
measurements.

4.1. Initial deformation of the deformable transduction
diaphragm

Due to the residual stresses of metal and dielectric films, the
suspended deformable diaphragm has an initial deformation
after the process. The surface profile of the pressure sensors

(such as the top surface of the deformable diaphragm indi-
cated in the cross-sections of figure 1) were measured using
an optical interferometer. The measurements in figure 8 show
the initial deformation of the deformable diaphragms for pro-
posed design I and the existing design after the process. The
measurements were performed at an atmospheric pressure of
101 kPa. The four profiles (#1-#4) are characterized from
the four sensors (2 x 2 sensors array) indicated in figure 7(a).
The results show that the initial deformation of the deformable
diaphragm has good uniformity for the fabricated sensors.
The deformable diaphragms (with the planar dimensions of
160 pm x 160 pm) for both designs are slightly bent upwards
(with central deformation of near 0.6 pm). As mentioned in
section 3, the reference chamber of the pressure sensor was
near 10 Pa after vacuum sealing. Thus, the upward bending
of the diaphragm is due to the residual stresses of the thin
films. The results also indicate that the initial diaphragm
deformations of the proposed and existing designs are similar.
However, the center of the diaphragm of proposed design I has
a slight concave deformation due to the existence of the stiff
mechanical support.

4.2. Sensitivity and linearity tests

Figure 9(a) illustrates the setup for pressure load testing. The
test chip was wire bonded on a PCB, and placed inside the
vacuum chamber for performance characterization. To dem-
onstrate the present concept, this study characterized the
pressure sensors of proposed design I and the existing design,
as marked by the dash lines in figure 7(a). During the test,
a pressure controller (GE, PACE5000) was used to specify
and monitor the pressure of the vacuum chamber. The output
capacitance change of the pressure sensors was measured by
a commercial LCR meter (Agilent, 4980A). Measurements
in figures 9(b) and (c) show output capacitance change from
the sensors versus the absolute pressure of the test chamber.
The full-scale measurement range is 20 kPa—300 kPa for
absolute pressure. Figure 9(b) depicts the signals character-
ized from the sensors (proposed design I) before and after
vacuum sealing by Parylene-C. The output capacitance did not
change with pressure load for chips not sealed by Parylene-C
(as indicated in figure 6(c)). For chips sealed by Parylene-C
(as indicated in figure 6(d)), the output capacitance increases
as the ambient pressure increases. In short, as the ambient
pressure is increased, the bending (downward) of the deform-
able diaphragm is increased and further leads to decreasing of
the sensing gap. The results show that the reference chamber
of the pressure sensor is properly sealed by the Parylene-C
coating. Measurements in figure 9(c) show that proposed
design I has a sensitivity of 0.43 fF kPa~' and non-linearity
of 4.7% within the 20 kPa-300 kPa sensing range. In com-
parison, the existing design has a sensitivity of 0.19 fF kPa~!
and non-linearity of 2.2% within the same sensing range. This
indicates that proposed design I could increase the sensitivity
by 126% within the 20 kPa—300 kPa sensing range. Due to
the initial deflection of the flexible diaphragm as indicated in
figure 8, the sensitivities of for both designs are lower than
the predicted results in figure 2(c). If the initial deformation
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(c) Results for the existing design.

of diaphragm in figure 8 is considered, the predicted sensi-
tivities of proposed design I and the existing design become
0.32 fF kPa~! and 0.17 fF kPa~!, respectively.

Measurements in figure 10 further investigate the variation
of sensitivity at different pressure ranges for proposed design
I and the existing design. Figures 10(a)—(c) show the varia-
tion of sensing capacitance with small pressure increments
of 5 kPa at three different absolute pressure sensing ranges
(20 kPa-100 kPa, 100 kPa-200 kPa, 200 kPa-300 kPa).
The results show that the sensitivity of proposed design I
increased from 0.34 fF kPa~! to 0.50 fF kPa~' as the abso-
lute pressure sensing range changed from 20 kPa—100 kPa to
200 kPa-300 kPa. The non-linearity within these sensing
ranges is 0.7-2.2%. The sensitivity of the existing design
increased from 0.16 fF kPa~! to 0.19 fF kPa~' as the abso-
lute pressure sensing range changed from 20 kPa—100 kPa to
200 kPa-300 kPa. The non-linearity within these sensing
ranges is 0.7-1.9%. Figure 10(d) summarizes the sensitivity
variation of the three different absolute pressure sensing ranges.
The results indicate that the parallel-plate gap-closing sensing
mechanism of proposed design I could significantly increase
the sensitivity, especially in the high-pressure sensing range.

4.3. Temperature sensitivity tests

Due to the CTE mismatch of metal and dielectric films, the
temperature variation will introduce thermal stress to deflect
the deformable diaphragm. To evaluate the thermal sensitivity
of the present sensor with stacking of multilayer metal and
dielectric films [19], this study also characterizes the pressure

10

sensors of proposed design I and the existing design at dif-
ferent ambient temperatures. Figure 11(a) shows the testing
setup to measure the thermal deflection of the deformable dia-
phragm at different temperatures. The heating temperature of
the test chip was specified by a commercial hot plate (Linkam
Ltd, THMS600). Thermal deformation was measured by a
commercial optical interferometer (Veeco Inc., NT-1100). The
test chip was placed on the heating stage for long enough to
reach the steady-state temperature before measurement. The
results in figure 11(b) show the deflection profiles of proposed
design [ measured at three different temperatures (30 °C, 60 °C
and 90 °C). The center displacement of the diaphragm (bent
upward) is 0.07 pm (from 0.48 pm to 0.55 pm) as temperature
increased from 30 °C to 90 °C. Thus, the thermal deforma-
tion of the diaphragm will increase the sensing gap and thus
decrease the sensing capacitance. In comparison, as indicated
in figure 11(c), the center displacement of the diaphragm
(also bent upward) for the existing design is 0.12 pm (from
0.58 pum to 0.70 pm) for the same temperature elevation. Note
that due to the existence of the stiff mechanical support, pro-
posed design I has a smaller thermal deflection.

The sensing capacitances in figure 12 are measured
from the pressure sensors (proposed design I and existing
design) under various ambient pressures (20 kPa-300 kPa)
and temperatures (30 °C, 60 °C and 90 °C). According to
the measurements at 101 kPa, the temperature coefficient of
offset (TCO) of proposed design I and the existing design are
respectively —0.07% °C~! and —0.04% °C~! as temperature
is elevated from 30 °C to 90 °C. The temperature coefficient of
sensitivity (TCS) of proposed design I and the existing design
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Figure 12. (a, b) Measurements of sensing capacitance under
various pressures (20 kPa—300 kPa) and temperatures (30 °C,
60 °C and 90 °C).

are —0.43% °C~! and —0.32% °C~! respectively as tempera-
ture is elevated from 30 °C to 90 °C. Note that the diaphragm
is bent upward due to the thermal deformation, as shown in
figures 11(b) and (c). The sensing capacitance is decreased
when temperature is increased, and thus the TCO and TCS are
negative. The characteristics of the pressure sensors, including
proposed design I and the existing design, are summarized in
table 1.

4.4. Performance evaluation of the sensor with adjustable
sensing area design

This study further characterized the pressure sensor of proposed
design II with supporting pillars (as illustrated in figure 4),
and also compared its performances with proposed design
I. For fair comparison, the size of deformable diaphragms
for design I and design II are the same (100 ym x 100 pm)
in this demonstration. However, the overlap sensing area of
proposed design II is two-fold higher than that of proposed
design I. The measurement results in figure 13(a) show the
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Figure 13. (a) Compared output signal from the sensor before and
after Parylene-C sealing. (b) Measured output capacitance change
from the sensors versus pressure change (increments of 50 kPa)
within the 20 kPa—300 kPa pressure range.

output signals from the sensors before and after Parylene-C
sealing. The results indicate that the reference chamber of the
absolute pressure sensor has been successfully sealed by 1 um
Parylene-C. Thus the diaphragm deformation and the sensing
capacitance change are introduced by the ambient pressure
change. Measurements in figure 13(b) indicate that proposed
pressure sensor design II could improve the sensitivity by
117% (from 0.03 fF kPa~' to 0.06 fF kPa~') within the range
of 20 kPa—300 kPa. This improvement in sensitivity is higher
than predicted. The deviation is mainly due to the boundary
conditions of the deformable diaphragm. The deformable
diaphragm is supported by eight pillars inside the reference
chamber, as indicated in figure 4. Compared with the per-
fect clamped edges, the pillars are not rigid enough and may
cause an additional displacement of the sensing electrode. As
a result, the measured capacitance output is larger than that
predicted from simulation. In short, proposed design II could
enlarge the area of the sensing electrode and further improve
the sensitivity of the pressure sensor despite the sensing range
of the sensor remaining unchanged.
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5. Conclusions

In this study, a capacitive CMOS MEMS pressure sensor with
a mechanical force-displacement transduction structure has
been designed and implemented using the TSMC 0.18 pm
1P6M CMOS process. The effective sensing area has been
increased by the undeformed movable plate with an embedded
sensing electrode. Measurements indicate that the sensitivity
of the pressure sensor with a mechanical force-displace-
ment transduction structure (proposed design I) is improved
by 126% within the sensing range of 20 kPa-300 kPa,
as compared with the existing design. This study also char-
acterized temperature sensitivities for proposed design I and
the existing design, such as thermal deformation, the tem-
perature coefficient of offset (TCO), and the temperature
coefficient of sensitivity (TCS). Detailed measurement results
are summarized in table 1. Moreover, supporting pillars are
further designed and implemented in pressure sensor design
II. For this pressure sensor with supporting pillars, the planar
dimensions of the movable plate and the embedded sensing
electrode are allowed to be larger than that of the deformable
diaphragm. Thus, the sensitivity of the pressure sensor can be
further improved. The sensitivity of proposed design II with
sensing electrodes of larger area (overlap area increased two
fold) is found to be improved by 117% within the sensing
range of 20 kPa—300 kPa. Note that the size/shape of the mov-
able plate and sensing electrodes can be further adjusted to
meet the design requirement yet the sensing range (or the
dimensions of the deformable diaphragm) remains the same.
The applications of the force-displacement transduction struc-
ture presented in this study can be further employed to realize
a fully differential sensing mechanism.
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