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Abstract

This study presents a novel CMOS-MEMS out-of-plane linear
accelerometer. This capacitance-type accelerometer contains specially
designed gap-closing sensing electrode arrays with on-chip fully differential
sensing circuits. Moreover, the comb-finger electrodes have the
characteristics of the high fill factor and sub-micron gap to increase the
sensing capacitance. Thus, the sensitivity and signal-to-noise ratio can be
further improved. This study has established a post-CMOS wet-etching
process to realize the accelerometer with sensing electrodes of the
sub-micron gap in the out-of-plane direction. The present accelerometer has
been demonstrated using the standard TSMC 2P4M process plus the
post-release technique. The measurement results demonstrate that the
accelerometer has a sensitivity of 1.14 mV g~!, and a nonlinearity of 3.4%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The linear accelerometer has been extensively applied in
the automobile industry. Presently, the accelerometer finds
even more applications in consumer electronics, for instance,
the cell phone, PDA, digital still camera (DSC), laptops
and video games. The requirement of the multi-axes
accelerometer is also significantly increased.  Thus, in
addition to cost, the size of the accelerometer becomes an
important design consideration. To monolithically integrate a
three-axis accelerometer on a single chip is an effective
approach to reduce not only the size but also the cost.
However, there are very few available monolithic integrated
three-axis accelerometers [1-3]. In [1], a monolithic three-
axis micro-g accelerometer has been realized using the
integration of surface and bulk micromachining processes. In
[2], a monolithic three-axis accelerometer has been realized
using the integration of surface micromachined mechanical
structures and the CMOS IC. The three-axis spring-mass
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dynamic systems have been monolithically implemented on
the SOI wafer in [3]. However, the sensing circuits are
integrated to the SOI chip using the bonding technology.

The standard CMOS process has been extensively
applied to fabricate MEMS devices. The major advantage
of the CMOS process is the monolithic integration of
the IC and MEMS components.  This characteristic is
especially important for the sensor applications, such as the
accelerometer, microphone, etc. Moreover, the stable foundry
service is ready for the CMOS process. Presently, there are
various CMOS-MEMS in-plane accelerometers presented in
[4-6]. However, there are less CMOS-MEMS out-of-plane
accelerometers reported in [7-9]. Due to the fixed materials
of stacking layers and the post-process, the existing out-of-
plane capacitive sensing electrodes in [7, 8] behaved as parallel
vertical combs. Thus, the total sensing area of each comb
electrode is limited to the thickness of metal layers, and the
sensing gap is restricted by the RIE (reactive ion etching)
process.
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Figure 1. The schematic illustrations of (@) the present CMOS out-of-plane linear accelerometer, and (b) comparison of the present
gap-closing sensing electrodes and the existing parallel vertical comb sensing electrodes.

In this study, the development of a novel CMOS out-
of-plane (z-axis) linear accelerometer is reported. = The
gap-closing capacitance sensing technique is employed in
the present CMOS out-of-plane accelerometer. A post-
CMOS process is exploited to realize the capacitance sensing
electrodes of a sub-micron gap. Hence, this accelerometer
enables sensing electrodes with the characteristics of a high fill
factor and sub-micron gap to increase the sensing capacitance.
In addition, the design of the sensing electrode arrays enables
the implementation of fully differential sensing circuits.
Thus, the sensitivity and signal-to-noise ratio can be further
improved. The present accelerometer has been demonstrated
using the standard TSMC 2P4M process plus the post-release
technique. The present processes are easy to integrate with
those for in-plane accelerometers in [10], so as to further
implement a monolithic three-axis CMOS accelerometer.

2. Design concept

The present out-of-plane linear accelerometer employs novel
fully differential capacitive sensing electrodes of sub-micron
gap design, and further implements the design using a novel

1276

post-CMOS process. As shown in figure 1(a), the present
accelerometer consists of a proof mass, four flexible springs,
a supporting frame, four stiff suspensions and four pairs of
comb-finger sensing electrode arrays. The supporting frame
is anchored to the substrate using four stiff suspensions, and
acts as a stationary component of the accelerometer. The proof
mass is connected to the supporting frame using four flexible
springs, and acts as a movable component of the accelerometer.
The sensing electrodes attached to the proof mass and the
supporting frame act as the moving and stationary electrodes,
respectively. The proof mass is subjected to an out-of-plane
inertia force when an external out-of-plane acceleration is
applied on the accelerometer. Thus, the spring-mass system
will experience a displacement in the out-of-plane direction,
so as to change the gap between the moving and stationary
electrodes, as indicated in the left-hand illustration of
figure 1(b). The displacement as well as the external
acceleration can be detected by the capacitance change of
the electrodes. As a comparison, the right-hand illustration
shows the existing vertical comb-electrode out-of-plane
accelerometer [8].

To improve the sensitivity of the accelerometer, the proof
mass is designed to contain all of the four metal layers to
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Figure 2. (a) The design concept of fully differential gap-closing sensing electrodes with capacitance changes of +AC and —AC at an

acceleration G, and (b) the equivalent fully differential sensing circuit.

increase its inertia. In addition, the spring is designed to
contain only two metal layers (metal-1 and metal-2 layers) to
decrease its stiffness. The serpentine spring design is also used
to reduce its out-of-plane stiffness and to further increase the
sensitivity of the accelerometer. Nevertheless, the spring is
much stiffer in the in-plane directions. The springs are placed
at the corners of the proof mass to suppress the bending resulted
from a thin-film residual stress. In addition, the supporting
frame is exploited to match the bending of proof mass due
to the residual stress [11]. Thus, the influence of the thin-
film residual stress on the gap of sensing electrodes can be
reduced. The supporting frame is also consisted of four metal
layers to increase its stiffness. To ensure the supporting frame
as a stationary structure, the stiffness of its suspensions is four
orders of magnitude larger than that of the flexible springs.
Moreover, there are three critical design considerations as
follows.

2.1. Out-of-plane gap-closing electrodes of the sub-micron
sap

As illustrated on the left-hand side of figure 1(b), the
accelerometer employs the gap-closing sensing electrodes in
the out-of-plane direction. In addition, the sensing area is
increased due to the high fill factor of the electrodes. As
a result, the sensitivity of the present accelerometer can be
improved. In addition, the present accelerometer contains
a sub-micron gap between the moving and stationary comb
fingers.  This sub-micron gap is mainly determined by

the thickness (0.65 wm) of the metal film using a post-
CMOS wet-etching process. The process will be detailed in
section 3. The sub-micron space allows an excitation of 160G,
since the spring-mass design of this study gives an out-of-
plane displacement of 4 nm/G. The gap between moving and
stationary electrodes can also be tuned by etching more metal
and dielectric layers.

2.2. Fully differential sensing electrodes

Figure 2(a) shows the schematic illustrations of the AA” and
BB’ cross sections indicated in figure 1(a). In the AA’ cross
section, the moving comb-finger arrays are designed to locate
above the stationary comb fingers, whereas the moving comb-
finger arrays in the BB’ cross section are placed below the
stationary electrode arrays. As the proof mass is subjected
to an acceleration G in the downward direction, the moving
comb fingers for both AA” and BB’ cross sections will have
a downward displacement. Thus, as indicated in the BB’
cross section, the gap between sensing electrodes is increased,
and leads to a capacitance change of —AC. Meanwhile, as
indicated in the AA" cross section, the gap between sensing
electrodes is decreased, and experiences a capacitance change
of +AC. As a result, the sensing finger arrays designed in
this study form a fully differential type sensing circuits to
improve the sensitivity and signal-to-noise ratio, as shown
in figure 2(b). The interface-integrated circuits which are
monolithically built together with the accelerometer include
a two-stage pre-amplifier and bias circuit. The pre-amplifier
can provide totally 30 dB gain to increase the level of sensing
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Figure 3. The fabrication process steps: (@) after the TSMC 0.35 wm 2P4M CMOS process, (b) metal wet etching for a sub-micron gap,
(c) remove silicon oxide by RIE, and (d) release structure by XeF, isotropic etching.

—

H,S0,+H,0,

r
ol

Si substrate

Passivation Al

Electrode

Si substrate

Si0, Via

Figure 4. The details of metal wet etching to form the sub-micron gap.

signal. The bias circuit needs a 15 k2 off-chip resistor and
works with a 5 V working voltage. From the simulated result,
the bandwidth of the pre-amplifier is 10 MHz and the parasitic
capacitance is 150 fF.

3. Fabrication process flow

Figure 3 shows the process flow to realize the present
accelerometer. The accelerometer was first fabricated using
the TSMC 0.35 um 2P4M CMOS process, as illustrated in
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figure 3(a). After that, the post-CMOS processes shown in
figures 3(b)—(d) were employed to implement the suspended
CMOS-MEMS accelerometer. As shown in figure 3(b),
the H,SO4 and H,O, solutions were used to etch through
the metal and tungsten-via layers to form the sub-micron
gap between the electrodes. Figure 4 shows more detailed
information of figure 3(b), and the arrows indicate the paths
of chemical etching. The passivation and dielectric film acted
as the protection layer during chemical etching. The metal-4
aluminum film with no passivation layer was etched away
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Figure 5. (a¢) The SEM micrograph image of a typical fabricated
accelerometer, (b) the zoom-in SEM micrograph image of the
accelerometer, showing the sensing electrodes with the sub-micron
gap, and (c¢) the photo of a packaged accelerometer.

first, and then the tungsten vias were also attacked. After
the vias had been etched through by chemical solutions, the
metal-3 aluminum was attacked isotropically. Although the
dielectric film acted as the etching stop layer, the SiO, layer
surrounded by tungsten-via and metal-3 aluminum was able
to be removed after these metal films were fully etched, as
indicated in figure 4. On the other hand, the metal-3 and
metal-1 aluminum layers protected by the SiO, film were
survived after chemical etching, and acted as the top and
bottom electrodes, respectively. In addition, the horizontal
arrow in figure 4 indicates that the 0.65 pum thick metal-2
layer between the top and bottom electrodes was removed by
chemical solutions. This etching process was exploited to
define the sub-micron gap between the electrodes. Following
the same concept, the metal-1 layer and the adjacent dielectric
films were etched away, and the silicon substrate was exposed.

As shown in figure 3(c), the RIE (reactive ion etching)
anisotropic etching was then employed to remove the
passivation and dielectric films. In this process, the top
metal layer (metal-4) acted as the etching mask to define the
planar shape of proof mass, sensing electrodes and supporting

Function generator

£ g IMH.
V,oai2V

£ oa: IMHZ
Va2V

mo

Acceleration

£ er:200HzZ
Vshaker: 3V(3G)

Gain controller

Figure 6. The test setup to characterize the accelerometer.

frame. However, the in-plane shape of springs was defined
by the etching mask of the metal-2 layer during RIE. Thus,
the thickness of springs was smaller than that of the proof
mass and supporting frame, and the spring stiffness was
also reduced [12]. The dielectric films between the top and
bottom electrodes were not etched away after RIE to ensure
the insulation of sensing electrodes. Finally, the substrate
was etched isotropically using XeF, to fully suspend the
components of the accelerometer, as illustrated in figure 3(d).

4. Experimental results

Figure 5 shows the SEM (scanning electron microscopy)
photos of a typical fabricated accelerometer. The components
of the accelerometer, such as the proof mass, sensing
electrodes, springs and supporting frame, are clearly observed
in figure 5(a). The corners of the supporting frame are
anchored to the substrate by stiff plates, and the corners
of the proof mass are also fixed to the supporting frame
by springs. Thus, bending of the supporting frame and
proof mass due to thin-film residual stresses are suppressed
by the constraints at corners. The zoom-in SEM photo in
figure 5(b) shows the top and the bottom sensing electrodes. In
this particular case, the top and the bottom sensing electrodes
represent the stationary and moving electrodes, respectively.
The reinforced rib is exploited to prevent the sensing electrodes
from bending by residual stress. The sub-micron gap between
sensing electrodes can also be observed. In addition, the
thickness difference between the spring and the proof mass
is demonstrated in this photo. The packaged accelerometer is
shown in figure 5(c).

This study established the measurement setup shown in
figure 6 to characterize the performances of the accelerometer.
During the test, the shaker and function generator were used
to specify a base motion to excite the packaged accelerometer
shown in figure 5(c). The dynamic characteristic of the shaker
was monitored using a commercial accelerometer. Moreover,
two function generators were also employed to provide
modulation signals for fully differential sensing electrodes.
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After that, the output voltage change from the accelerometer
was characterized using the oscilloscope and spectrum
analyzer. Figure 7 shows the results measured from the
accelerometer after being driven by the shaker with a 3 V, and
200 Hz (i.e. 3G) harmonic (sinusoidal) excitation. The noise
floor is 0.05 mV Hz~'2 with a modulation voltage of 2 V
at 1 MHz. Figure 8 shows the output voltages of the
accelerometer at different excitations by the shaker. It shows
the output voltage increasing from 0.58 mV to 5.73 mV when
the excitation increasing from 0.5G to 5G. As a result, the
sensitivity of this integrated accelerometer is 1.14 mV g~! and
the nonlinearity is 3.40%.

5. Conclusions

This study successfully designs and implements a novel
CMOS capacitance-type linear accelerometer to detect the
motion in the out-of-plane direction. The accelerometer
contains the fully differential gap-closing capacitance sensing
electrodes. Thus, the noise can be reduced. Moreover, a post-
CMOS wet-etching process has been established to realize
a sub-micron sensing gap between stationary and moving
electrodes in the out-of-plane direction. Thus, the sensing
capacitance can be significantly increased for a high fill
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factor of the sensing electrode and the sub-micron sensing
gap. In application, the CMOS accelerometer has been
demonstrated using the standard TSMC 2P4M process plus the
post-release technique. The measurement results demonstrate
that the present out-of-plane accelerometer has a sensitivity of
1.14 mV g~', and a nonlinearity of 3.40%. Since the present
design is ready to integrate with the existing in-plane CMOS
accelerometers, a monolithic three-axis CMOS accelerometer
can be realized.
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