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Abstract—This
study
presents
a
novel
CMOSmicroelectromechanical systems (MEMS) three-axis accelerometer design using Taiwan Semiconductor Manufacturing Company
0.18-µm one-poly-Si six-metal/dielectric CMOS process. The
multilayer metal and dielectric stacking features of the CMOS
process were exploited to vertically integrate the in-plane and
out-of-plane capacitive sensing electrodes. Thus, the three-axis
sensing electrodes can be integrated on a single proof mass to
reduce the footprint of the accelerometer. Moreover, the fully
differential gap-closing sensing electrodes among all three axes
are implemented to increase the sensitivities and decrease the
noise. The in-plane and out-of-plane sensing gaps are respectively
defined by the minimum metal line width and the thickness of
one metal layer by means of the metal wet-etching post-CMOS
process. Thus, the capacitive sensitivities are further improved.
The fully differential gap-closing sensing electrodes also bring
the advantage of reduced cross talks between all three axes. As
a result, the footprint of the presented three-axis accelerometer
structure is only 400 × 400 µm2 . Compared with existing
commercial or CMOS-MEMS studies, the size is significantly
reduced. The measured sensitivities (nonlinearities) are
14.7 mV/G (3.2%) for the X-axis, 15.4 mV/G (1.4%) for the
Y -axis, and 14.6 mV/G (2.8%) for the Z-axis.
[2012-0044]
Index Terms—Accelerometer, CMOS microelectromechanical
systems (MEMS), cross talks, fully differential, post-CMOS
process.

I. I NTRODUCTION

T

HE microelectromechanical systems (MEMS) accelerometer is an important device for motion sensing and has
found various applications in automobile, industry, and consumer electronics [1]. The three-axis accelerometer (X-, Y -,
and Z-axes) has been extensively exploited to detect the
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linear motion of an object in space. The three-axis MEMS
accelerometer has also been frequently used to detect the inclined angles of bulky structures in the industrial field. Other
industrial applications using multiaxis MEMS accelerometers
are vibration and motion monitoring [2], robot positioning and
control [3], etc.
It is straightforward to package two to three discrete chips
to achieve the three-axis accelerometer [4]. Presently, with
the increasing demand of motion sensing in different applications, small chip size becomes a critical concern for micromachined accelerometer design. The monolithic integration of
three sensing units (three proof masses) on a single chip can
reduce the size of the three-axis accelerometer [5]. The total
chip size can be further shrunk by reducing the number of
proof masses for the three-axis accelerometer [6]; however, the
electrical routing becomes a critical concern. To overcome the
electric routing problem, the logic signal processing has been
employed to achieve a single-proof-mass bulk micromachined
three-axis accelerometer [7], [8]. The bonding process has
been adopted to integrate three-axis sensing electrodes [9].
The poly-Si-based surface micromachining process provides a
better electrical routing ability to realize the single-proof-mass
three-axis accelerometers [10], [11]. The size of the mechanical
structure can be shrunk to 800 × 800 µm2 . Nevertheless, the
fully differential sensing structure in all three sensing directions
is not yet available.
Using an available CMOS process foundry is considered as a
promising approach to implement MEMS accelerometers. Such
technology has the advantages of mature foundry service for
mass production and monolithic integration with sensing electronics to shrink the chip size and reduce the parasitic capacitance [12]. A monolithic integration of three accelerometers
for a different sensing axis has been presented by the 0.35-µm
Taiwan Semiconductor Manufacturing Company (TSMC)
CMOS process [13]. CMOS-MEMS capacitive three-axis accelerometers with fully differential sensing electrodes have
been reported in [6], [14], and [15]. The sensing electrodes
are distributed along the edges of the proof mass and supporting frame. The large single-proof-mass accelerometer design
(700 × 700 µm2 ) is employed in [6] to arrange the sensing
electrodes by three individual frames. The accelerometer with
a large suspension structure suffers from serious unwanted predeformations induced by thin-film residual stresses. Thus, the
sensitivity of such an accelerometer is poor. To reduce the size
of the accelerometer, a single-proof-mass accelerometer design
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(400 × 400 µm2 ) is presented in [14]. In this design, all threeaxis sensing electrodes are distributed along the limited space
on such small proof mass. As a result, the total number of sensing electrodes as well as the sensitivities of accelerometer is reduced. In summary, the designs of [6] and [14] presented by the
authors’ group encountered the tradeoff between size and sensing signal. A complicated double-sided post-CMOS process is
required for the single-proof-mass accelerometer design in [15].
This paper presents the design of a three-axis accelerometer
based on the standard TSMC 0.18-µm one-poly-Si six-metal/
dielectric (1P6M) CMOS process [16]. Due to the multilayer
metal and dielectric features, the in-plane and out-of-plane fully
differential sensing electrodes can be vertically integrated. In
other words, the sensing electrodes can be distributed not only
along the width/length but also along the thickness of the proof
mass. Thus, the number of sensing electrodes can be significantly increased. Moreover, the fully differential gap-closing
three-axis sensing electrodes can be realized on a single proof
mass. The metal wet-etching post-CMOS process is employed
to define the structures and in-plane and out-of-plane sensing
gaps. Thus, the sensing gap is not limited by the aspect ratio
and can be reduced with CMOS line width ability.
II. D ESIGN C ONCEPT
As shown in Fig. 1(a), the proposed accelerometer design
consists of a proof mass, springs, supporting frames, and
sensing electrodes. The movable sensing electrodes are fixed
to the proof mass, whereas the stationary sensing electrodes
are connected to the supporting frame which are anchored
to the substrate. This accelerometer is implemented using the
commercially available standard TSMC 0.18-µm 1P6M CMOS
process. Fig. 1(b) shows the standard layer stacking of the
CMOS process, including one layer of poly-Si, six layers of
metal, dielectric, and tungsten vias. As compared with the
standard 0.35-µm two-poly-Si four-metal (2P4M) CMOS process, the proposed 0.18-µm 1P6M CMOS process not only
offers a smaller line width but also provides more metal and
dielectric layers for MEMS structure design. The total thickness
of thin layers available for the MEMS structure reaches 8.8 µm
(not including the passivation). Moreover, the 0.18-µm CMOS
process offers the advantages of reducing circuit size and
providing more circuit functions than the 0.35-µm one. Note
that the dimensions of the accelerometer have to meet the rules
and specifications of the standard processes, such as the film
thickness and the minimum line width.
Fig. 1(c) shows the cross-sectional view of AA shown in
Fig. 1(a). It shows all thin layers on top of the substrate, as
shown in Fig. 1(b), that are employed to form the proof mass.
In other words, the total thickness of the proof mass is 8.8 µm.
Thus, the proof mass as well as the sensitivity of the accelerometer is increased, as compared with the accelerometer
implemented using the TSMC 0.35-µm 2P4M CMOS process
[6], [14]. In this paper, the typical planar dimensions of the
proof mass are 250 × 250 µm2 . Fig. 1(d) shows the cross
section of BB shown in Fig. 1(a). The spring structure only
consists of Metal-1 and Metal-2 layers to lower its stiffness
in the out-of-plane direction. The total spring thickness is

Fig. 1. (a) Schematic illustration of the proposed three-axis accelerometer,
(b) the layer stacking of the 0.18-µm 1P6M CMOS process to implement the proposed accelerometer, (c) the AA cross-sectional view, and (d) the BB crosssectional view and the distribution of moving electrodes on the proof mass.

designed as 3.01 µm. The stiffnesses of the serpentine spring
are simulated to be 0.79 (x-axis), 0.76 (y-axis), and 1.48 N/m
(z-axis) as shown in Fig. 2. The typical planar dimensions of the
components, including proof mass, springs, supporting frame,
and sensing electrodes, shown in Fig. 1(a) are 400 × 400 µm2 .
Moreover, the fully differential gap-closing sensing scheme
has been implemented in both in plane and out of plane of
the proposed three-axis accelerometer design. As shown in
Fig. 1(d), the in-plane and out-of-plane sensing electrodes are
integrated vertically to reduce the structure size. The design
details are discussed in the following subsections.
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TABLE I
S ENSING E LECTRODE D ESIGN AND THE P REDICTED
S ENSING C APACITANCE AND S ENSITIVITY FOR THE
P ROPOSED T HREE -A XIS ACCELEROMETER

Fig. 2.

Spring stiffness simulation results.

A. Vertically Integrated Sensing Electrodes
As shown in Fig. 1(d), the sensing electrodes are distributed
in both in-plane and out-of-plane directions. Thus, the inplane (X- and Y -axes) and out-of-plane (Z-axis) accelerations
can be detected by means of the gap-closing approach. The
top three metal layers (Metal-4–Metal-6) are used as the inplane sensing electrodes, and these metal layers are electrically
connected using the tungsten vias. The in-plane acceleration
will cause the change of air gap and lead to the capacitance
change of sensing electrodes. As shown in Fig. 1(a), the electrodes parallel to BB form the in-plane differential sensing
unit to detect the X-axis acceleration, and those parallel to
AA can detect the Y -axis acceleration. Moreover, the Metal-1
and Metal-3 layers are employed as the out-of-plane sensing
electrodes. The out-of-plane acceleration will cause the change
of air gap and lead to the capacitance change of sensing electrodes. Metal-1 and Metal-3 act as the top and bottom sensing
electrodes, respectively, and Metal-2 is used as the sacrificial
layer to define the out-of-plane sensing gap. In addition, the
Metal-3 (for out-of-plane sensing) and Metal-4 (for in-plane
sensing) layers are well insulated by the dielectric layer of the
CMOS process.
This study employs the metal thin films as the sacrificial layers to define the sensing gaps. The sensing gaps are formed after
etching the sacrificial metal layers. Thus, as shown in Fig. 1(d),
the minimum metal and via line widths of the 0.18-µm
CMOS process are exploited to reduce the in-plane air gap.
Since the dielectric layer is used as the protection layer during
the sacrificial metal etching, the in-plane sensing gap includes
not only the air gap but also the dielectric protection layer.
Ideally, the sensing gap between each in-plane sensing pair
consists of a 0.55-µm-wide air gap and two 0.80-µm-wide SiO2
layers, as shown in Fig. 1(d). Since the dielectric constant of
SiO2 is near 4.0, the equivalent sensing gap deq (under vacuum)
is determined by [17]
deq =

dair
2dSiO2
+
εair
εSiO2

(1)

where dair and εair are the gap and relative dielectric constant
of air, respectively, and dSiO2 and εSiO2 are the gap and relative
dielectric constant of SiO2 , respectively. Thus, the equivalent
in-plane sensing gap determined from (1) is 0.95 µm. Similarly,
the sensing gap between each out-of-plane sensing pair consists
of a 0.53-µm air gap (defined by Metal-2 layer thickness) and

two 0.85-µm-thick SiO2 layers employed to protect Metal-1
and Metal-3 during the sacrificial metal etching. Thus, the equivalent out-of-plane sensing gap determined from (1) is 0.96 µm.
The vertically integrated in-plane and out-of-plane sensing
electrodes have the same planar dimensions (55 µm in length
and 4.5 µm in width). In addition, the stationary and moving
electrodes have an overlap length Lol of 45 µm for both inplane and out-of-plane sensing electrodes. Thus, the in-plane
sensing area is determined by the overlap area hol × Lol of the
three metal layers and two dielectric layers (Metal-4–Metal-6)
between moving and stationary electrodes, and the out-of-plane
sensing area wol × Lol is defined by the overlap area of the
top electrodes (Metal-3) and bottom electrodes (Metal-1). For
in-plane sensing capacitance, the electric field is not only in
the side wall area of metal layers but also in the area in the
width direction, the metal layers, and fringes of metal and oxide
layers. For out-of-plane sensing electrodes, the overlap area
of metal layers is larger than the in-plane one. The side wall
and the fringe of metal and oxide layers also contribute to outof-plane sensing capacitance. This study constructed the 3-D
model of sensing electrodes and used finite element method
to simulate the sensing capacitance more precisely. Thus, the
total initial sensing capacitances are simulated to 222.5 fF for
the X- and Y -axes and 495.8 fF for the Z-axis. Moreover,
the capacitance changes for both in-plane and out-of-plane
directions are designed to be similar by varying the spring
stiffness. The predicted sensitivities (capacitance change with
acceleration) in in-plane and out-of-plane directions are 2.46
and 2.68 fF/G, respectively. Table I summarizes the detailed
design parameters of the three-axis sensing electrodes.
In comparison, the structure design in [6] is based on the
2P4M process. As limited by the number of electrical layers, the
sensing electrodes are distributed along each edge of the proof
mass, and supporting frames can only detect the acceleration of
one axis. Thus, the chip size is significantly increased by supporting frames for the requirement of planar-integrated sensing
electrodes, as shown in Fig. 3. As indicated, this study exploits
the 1P6M process to design the vertically integrated sensing
electrodes. Thus, the sensing electrodes distributed along each
edge of the proof mass can detect two axes. As a result, the
supporting frames are not required, and then, the structure size
of the accelerometer is significantly reduced without sacrificing
the performance.
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Fig. 3. Planar integration of three-axis sensing electrode design in [6].

Fig. 5.

Fig. 4. (a) Schematic of the fully differential sensing structure, (b) the in-plane
fully differential sensing electrodes, and (c) the out-of-plane fully differential
sensing electrode design.

B. Three-Axis Fully Differential Sensing Structure
This study exploits the six metal and dielectric layers of
the TSMC 0.18-µm CMOS process for electrical routings.
Thus, the fully differential sensing design for all three axes
can be realized to reduce the noise level and increase the
sensitivity, as shown in Fig. 4(a). The in-plane and out-ofplane CMOS-MEMS fully differential sensing accelerometer
designs have been reported in [18] and [19]. To reduce the
space of the accelerometer, this study proposed the in-plane
and out-of-plane fully differential sensing electrode design, as
shown in Fig. 3(b) and (c). As the in-plane acceleration acts
on the sensing electrodes, the moving electrodes would have
a corresponding in-plane displacement as shown in Fig. 4(b).
The gap change between moving electrodes and two adjacent
stationary electrodes would simultaneously induce increasing
and decreasing capacitance changes to form the in-plane fully
differential sensing pair. Similarly, as the Z-axis acceleration
acts on the accelerometer, the out-of-plane displacement of the
proof mass would also change the gaps between each sensing
electrode pair. As shown in Fig. 4(c), the accelerometer expe-

Routings of the three-axis fully differential sensing structure.

riences a downward Z-axis acceleration, and the top moving
electrode moves toward the stationary electrode underneath to
increase the sensing capacitance. On the other hand, the bottom
moving electrode moves away from the stationary electrode,
and the sensing capacitance is decreased. As a result, these
out-of-plane sensing electrodes form the fully differential gapclosing sensing structure.
In this paper, the three-axis fully differential sensing structure
requires, in total, 12 wires to route from the accelerometer
structure to the sensing circuit and input modulation pad. The
metal layers from Metal-1 to Metal-5 are used for the routing
of sensing and modulation signals, and the M6 layer is for
grounding. The routing schematic is shown in Fig. 5. Since
the flexible spring only consists of Metal-1 and Metal-2 layers,
each spring can only provide two metal wires for routing.
+
−
+
−
+
−
, Vmx
, Vmy
, Vmy
, Vmz
, and Vmz
)
The modulation signals (Vmx
are input from the bonding pads through springs and proof
mass to the sensing electrodes. In addition, the out-of-plane
sensing signals are routed by the Metal-1 and Metal-3 layers, and the in-plane sensing signals are routed by the
Metal-4 and Metal-5 layers. Moreover, the tungsten via allows the switching of signals among metal layers to increase the routing flexibility. Finally, the sensing signals
+
−
+
−
+
−
, Vox
, Voy
, Voy
, Voz
, and Voz
) are output from the sens(Vox
ing electrodes through the supporting frame to bonding pads.
The parasitic capacitance is mainly coming from the substrate under the accelerometer structure and wire routings.
The silicon isotropic etching can increase the distance between sensing electrodes and substrate. Thus, as compared with
the sensing capacitance, the parasitic capacitance is relatively
small.
X and Y Sensing Coupled to the Z-Axis Acceleration: Since
the in-plane and out-of-plane sensing electrodes are vertically
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Fig. 7. Architecture of the CTV preamplifier.

Z-axis sensing gap. Hence, the cross-talk signal is calculated to
be 1.2% of the sensing signal using (2)
∆Czx
∆Cx
((C0 +∆C1 )−(C0 −∆C2 ))−((C0 −∆C1 )−(C0 −∆C2 ))
=
∆Cx
∆C1 +∆C2 +∆C1 −∆C2
wol×dz
=
=
.
(2)
∆Cx
2×Lol×hol

Fig. 6. Coupling of the sensing electrodes. (a) X- and Y -axis capacitance
change induced by the Z-axis acceleration. (b) Z-axis capacitance change
induced by the X- and Y -axis acceleration. (c) X-axis (Y -axis) capacitance
change induced by the Y -axis (X-axis) acceleration.

integrated, the coupling problem among each sensing axis is
a concern. The proposed fully differential sensing electrode
design also has the advantage of cross-talk canceling. For instance, when the moving electrode has an out-of-plane displacement ∆dz caused by the Z-axis acceleration, the overlap area
for all in-plane sensing electrodes decreases from hol × Lol
to (hol − ∆dz ) × Lol , as shown in Fig. 6(a). Such vertical
comb-type single-ended capacitance change is considered as
the common mode and canceled.
Z-Axis Sensing Coupled to the X- and Y -Axis Acceleration:
When the moving electrode has an in-plane displacement ∆dx
caused by the X-axis acceleration, the top and bottom out-ofplane sensing electrodes would also experience a capacitance
change induced by the area change, as shown in Fig. 6(b).
The overlap area of the out-of-plane sensing electrodes (for
the X−Z pair) decreases from wol × Lol to (wol − ∆dx ) ×
Lol . Meanwhile, the overlap area of out-of-plane sensing electrodes (for the Y −Z pair) respectively changes from wol × Lol
to wol × (Lol − ∆dx ) and wol × (Lol + ∆dx ), as shown in
Fig. 6(b). Such capacitance changes cannot be canceled by the
fully differential sensing design and will induce a cross-talk
signal ∆Czx (or ∆Czy ). However, the ratio of ∆Czx (or ∆Czy )
and the capacitance change ∆Cz induced by the Z-axis gap
sensing electrodes are (wol × dz /hol × Lol ), where dz is the

X-Axis (Y -Axis) Sensing Coupled to the Y -Axis (X-Axis)
Acceleration: The cross talk between in-plane sensing axes
(X- and Y -axes) can be decoupled by the fully differential
sensing design as well. For instance, when the moving electrode
has an in-plane displacement ∆dx caused by the X-axis acceleration, the Y -axis in-plane sensing electrodes would also experience an in-plane displacement ∆dx . As shown in Fig. 6(c), the
Y -axis sensing electrodes at the left-hand and right-hand sides
of the proof mass, respectively, have the overlap area change
of hol × (Lol + ∆dx ) and hol × (Lol − ∆dx ). The capacitance
changes of sensing electrodes are also shown in Fig. 6(c). Such
capacitance change of sensing electrode pairs can be canceled
by the fully differential sensing mechanism [6].
This study employed the continuous-time voltage (CTV)
sensing mechanism to reduce the noise folding problem. The
architecture of the CTV preamplifier as shown in Fig. 7 includes
first stage with source follower and common mode feedback
(CMFB) to adjust output dc level. In order to minimize the
flicker noise, the sensing signal was modulated to a higher
frequency. With 20-pF 10-kΩ load simulation, the preamplifier
achieves about 30-dB open-loop gain with a 10-MHz 3-dB
bandwidth, and input-referred noise is 26 nV/rtHz at 1-MHz
modulation frequency.
III. FABRICATION P ROCESS AND R ESULTS
The proposed accelerometer was implemented using the
TSMC 0.18-µm 1P6M standard 8-in CMOS process and the
post-CMOS micromachining process. The post-CMOS process
was done in the Center for Nanotechnology, Materials Science,
and Microsystems, National Tsing Hua University. After the
device design, the thin films were patterned and stacked by the
standard CMOS process, as shown in Fig. 8(a). The metal and
dielectric films were covered with the passivation layer except
the regions for the following metal wet etching. After that, the
post-CMOS etching processes were employed to release the
micromechanical structures, as shown in Fig. 8(b)–(d). Fig. 8(b)
shows the metal wet-etching process using the H2 SO4 and
H2 O2 solution to remove the aluminum and tungsten via. The
etching was initiated from the exposed aluminum film, and
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Fig. 8. Fabrication processes. (a) Chip fabricated by the TSMC 0.18-µm
1P6M CMOS process. (b) Metal wet etching to define the MEMS structures
and the sensing gaps. (c) RIE to remove the passivation for wire bonding.
(d) XeF2 to etch the Si substrate and release the MEMS structures.

the dielectric films were used as the etching protection layer.
The in-plane and out-of-plane sensing gaps and the shape of
micromechanical structures were defined in this step. Since the
structure remained fixed on the substrate after the metal wet
etching, the stiction problem of the submicrometer gaps was
prevented. Reactive ion etching (RIE) was then employed to
remove the passivation to expose the pad for wire bonding, as
shown in Fig. 8(c). Finally, the XeF2 silicon isotropic etching
[20] was used to release the structure as shown in Fig. 8(d).
The scanning electron microscope (SEM) micrographs in
Fig. 9 show the typical fabrication results of the three-axis
accelerometer. The spring, proof mass, supporting frame, and
sensing electrodes are observed in Fig. 9(a). The zoom-in
micrograph in Fig. 9(b) shows the top view of the sensing
electrode array. Fig. 9(c) further shows the zoom-in micrograph
of the submicrometer air gap between the in-plane electrodes.
The zoom-in micrograph in Fig. 9(d) shows the vertically
integrated sensing electrodes. The submicrometer air gap between the out-of-plane sensing electrodes is also observed. The
optical image of Fig. 10(a) shows the monolithic integration of
the single-proof-mass three-axis accelerometer and the sensing
circuits. The sensing circuits were covered with the transparent
dielectric films and can be observed by the optical microscope.
The fabricated accelerometer was characterized after being wire
bonded on the ceramic package, as shown in Fig. 10(b).
IV. M EASUREMENT R ESULTS
The accelerometer was driven using the built-in electrostatic
actuators to characterize its resonant frequencies of three
different axes. The in-plane and out-of-plane dynamic
responses were respectively detected using the commercial
stroboscope micromotion analyzer (Etec Inc., MMA G2) and
laser Doppler vibrometer (GRAPHTEC Corporation, AT0041).
The measured resonant frequencies for the X-, Y -, and Z-axes

Fig. 9. SEM micrographs of typical fabrication results. (a) 400 × 400 µm2
accelerometer (not including sensing circuits). (b) Sensing electrode array.
(c) Zoom-in micrograph to show the submicrometer in-plane sensing gap
defined by the sacrificial metal layer and the protective oxide layer. (d) Outof-plane sensing electrode and gap.

Fig. 10. Optical micrographs of typical fabricated and packaged accelerometers. (a) Three-axis accelerometer with monolithically integrated sensing
circuits and (b) the accelerometer chip after being wire bonded and packaged
on a ceramic housing.

are 7.1, 6.1, and 10.6 kHz, respectively. Despite the increase
of stacking layers for the presented accelerometer, the released
structure still bent by the residual stresses of metal and dielectric films. According to the measurement from the commercial
optical interferometer (VEECO Inc., NT1100), the released
proof mass bends with a 4.5-mm radius of curvature. In order
to compensate the curvature, the stress compensation frame is
used [21]. The stress compensation frame is a suspended structure which is anchored at the same location with springs and
mass structure. Due to thin-film residual stresses, the suspended
spring, proof mass, and frame could be bent out of plane. Thus,
the sensing electrodes on the bent proof mass will experience
an unwanted out-of-plane displacement. Since the proof mass
and the compensation frame have the same film stacking, their
bending curvatures due to thin-film residual stresses are the
same. Thus, sensing electrodes on the frame also experience
a similar out-of-plane displacement as those on the proof
mass. As a result, the unwanted out-of-plane displacement of
sensing electrodes on the proof mass can be compensated by
the bending deformation of the compensation frame.
The accelerometer was then integrated with various passive
components, such as tunable resistor, capacitor, and ICs, on a
printed circuit board for CMFB voltage, as shown in Fig. 11(a).
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Fig. 11. (a) Packaged accelerometer mounted on a printed circuit board for
testing and (b) the measurement setup.

Fig. 12. Typical spectrum output from the accelerometer after the excitation
of 1 G and 30 Hz by the shaker.

The measurement setup to characterize the accelerometer on a
printed circuit board is shown in Fig. 11(b). The input acceleration is generated by the shaker (B&K Corporation, LDS V406)
and controlled by the function generator. The input acceleration
is calibrated by the commercial piezo accelerometer (PCB
PIEZOTRONICS Inc., Model 352C44). The output signal is
monitored and recorded by the oscilloscope and spectrum analyzer. The output dc level is 1.65 V which is adjusted by the
tunable resistor on a printed circuit board. Two antiphase square
waves with 1 MHz and 1 Vp−p are injected as the modulation signals to minimize the flicker noise. Fig. 12 shows the
X-axis output signal recorded by the spectrum analyzer, as
the accelerometer was operated under a 1-G 30-Hz excitation.
The center peak resulted from the input modulation, and the
signal-to-noise ratio reaches 55 dB. Measured noises for three
sensing axes are 2.1 mG/rtHz for the X-axis, 2.0 mG/rtHz
for the Y -axis, and 2.1 mG/rtHz for the Z-axis. As shown in
Fig. 13, this study has characterized the output voltage of the
accelerometer as the acceleration ranging from 10 mG to 1 G.
Thus, the sensitivities (nonlinearities) determined from the linear data fitting of the measurements are 14.7 mV/G (3.2%) for

Fig. 13. Typical measured output voltages and cross-talk signals at different
accelerations. (a) X-axis acceleration, (b) Y -axis acceleration, and (c) Z-axis
acceleration.

the X-axis, 15.4 mV/G (1.4%) for the Y -axis, and 14.6 mV/G
(2.8%) for the Z-axis. As the initial capacitance and sensing
gap are the same as expected, the sensitivity should be inversely proportional to the square of its resonant frequency.
However, the initial sensing capacitance and sensing gap could
be influenced by the predeformation of the suspended MEMS
structures. Thus, the resonant frequency is not the only factor
to determine the sensitivity of the accelerometer. This is the
reason that the Y -axis sensitivity is only 5% higher than that
of the X-axis despite the 16% difference of their natural
frequency. From the measurement results, it is obvious that
cross talk is not perfectly cancelled as expected. Ideally, the
cross talk can be cancelled through the arrangement of sensing
electrodes. For instance, as shown in Fig. 6(b), the X-axis
acceleration will cause an area change ∆A of the Z-axis
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TABLE II
S UMMARY OF THE M EASUREMENT R ESULTS

V. C ONCLUSION
This study has implemented a novel CMOS-MEMS accelerometer design using the standard TSMC 0.18-µm 1P6M
CMOS process and post-CMOS metal wet-etching process.
There are four advantages from this design: 1) The vertical integration of in-plane and out-of-plane sensing electrodes together
with the single-proof-mass design significantly reduces the chip
size; 2) the fully differential gap-closing sensing electrodes
are implemented for all three sensing axes to provide higher
sensitivity and lower noise; 3) the minimum line width and film
thickness of the CMOS metal layer are exploited to respectively
define the in-plane and out-of-plane sensing gaps to increase the
sensitivity of the accelerometer; and 4) the cross talks among
all three axes can be reduced by the fully differential scheme
as well as the arrangement of sensing electrodes. The 400 ×
400 µm2 accelerometer has been monolithically integrated with
the sensing circuit. The measured sensitivities (nonlinearities)
for three sensing axes are 14.7 mV/G (3.2%) for the X-axis,
15.4 mV/G (1.4%) for the Y -axis, and 14.6 mV/G (2.8%)
for the Z-axis. Comparison of the performances with existing
three-axis accelerometers have been summarized in Table III.

TABLE III
C OMPARISON OF THE P RESENTED AND THE E XISTING
T HREE -A XIS ACCELEROMETERS
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sensing electrodes and further induce a capacitance change
of δC2 (= εA/dz ). According to the design and distribution
of sensing electrodes, such cross-talk signal can be cancelled
(∆C = ∆C2 − ∆C2 = 0), as shown in Fig. 6(b). However, as
the spring or proof mass has predeformations (could be inplane or out-of-plane deformations) caused by the thin-film
residual stresses, process variation, or layout asymmetry after
the process, the area change (∆A) of sensing electrodes at
different locations could be different. Moreover, the gaps of
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be different. As a result, the cross-talk signal of the sensing
electrodes shown in Fig. 6(b) cannot be cancelled and become
∆C =

ε∆A2
ε∆A1
−
d1
d2

(3)

where ∆C is the capacitance change, ε is the dielectric constant, ∆A1 and ∆A2 are the changes of overlapped area, and d1
and d2 are the capacitive sensing gaps between the differential
sensing electrodes. This is the main reason the cross talk is
higher than expected.
Table II summarizes the measured performances of the proposed three-axis accelerometer. Table III lists the comparison
of the presented and two existing three-axis CMOS-MEMS accelerometers. The presented accelerometer has a much smaller
chip size, and its sensitivities are significantly increased for
nearly one order.
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