
ABSTRACT

This paper reports the first design and experimental
results of a z-axis accelerometer that utilizes sidewall
capacitance change of multi-conductor comb fingers.
The accelerometer has a fully differential capacitive
bridge interface and its fabrication is compatible with
standard CMOS processes. The frequency response of
the accelerometer is characterized both electrically and
optically and about 9.3 kHz resonant frequency is mea-
sured, which matches MEMCAD simulation within
15%. Measured sensitivity is 0.5 mV/g with less than -40
dB cross-axis sensitivity, noise floor 6 mg/rtHz, and lin-
ear range from -27g to 27g.

INTRODUCTION

Interdigitated comb fingers have been widely used for
actuation and frequency tuning [1][2]. In principle, they
can also be used for displacement or acceleration detec-
tion in all three directions. Integrated tri-axial acceler-
ometers have such advantages as smaller size and less
cost than the combination of three discrete single-axis
accelerometers. Analog Devices has successfully devel-
oped polysilicon surface micromachining lateral-axis
comb-finger accelerometers [3]. However, z-axis comb-
finger accelerometers are not easy to make because of
parasitic capacitance to the substrate in polysilicon pro-
cesses and electrical isolation difficulties in bulk micro-
machining processes. Selvakumaret al. reported a
capacitive z-axis accelerometer using comb-finger sens-
ing [4]. They use a dissolved-wafer process to make
polysilicon movable fingers (rotors) and stationary fin-
gers (stators) separately anchored on a glass substrate
and thus reduce the parasitic capacitance to the substrate.

Based on a high-aspect-ratio CMOS micromachining
process [5], a new capacitive-sense method is developed
which solves the parasitic capacitance and insulation
problems. The CMOS micromachining process includes
a maskless post process and is completely compatible
with standard CMOS processes. In the process, metal

layers from previous CMOS processes are used as etch-
ing mask. As a result, the interface circuitry is automati-
cally protected by the top metal layer, and
microstructures consist of up to three metal layers which
are insulated by oxide. By choosing different metal lay-
ers as an etching mask, beams with different thickness
can be obtained simultaneously. The cross-section after
the final step of the process is illustrated in Figure 1

where the released microstructure is between 15µm and
35 µm above the silicon substrate, which effectively
eliminates the parasitic capacitance to the substrate.
Moreover, the multiple conductor layers existing in the
microstructures provide high flexibility for wiring so that
a fully differential capacitive-bridge interface can be eas-
ily implemented. Meanwhile, the inherited out-of-plane
curling due to residual stress gradient in the composite
structural layers can also be partially solved using a self-
aligned design [6].

In earlier work, a CMOS lateral-axis accelerometer has
been made by using the CMOS micromachining process
[6]. The three metal layers in every comb finger are elec-
trically connected together, so that the comb fingers
function the same way as homogenous polysilicon coun-
terparts. However, metal layers in multi-conductor comb
fingers can also be selectively interconnected to form
two sidewall capacitors between comb fingers whose
capacitances change with z-displacement in opposite
directions. That is the basic idea of the proposed z-axis

Figure 1: Cross-section of CMOS
               micromachining process
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accelerometer. We will present the structure design,
field simulation, thermomechanical and modal analyses,
and electrical and optical measurement results. In this
paper, we only consider 3-metal-layer CMOS process.
The same concept can be applied to an arbitrary number
of metal layers.

OPERATIONAL PRINCIPLE

Capacitance change is often used as a measure of dis-
placement in microaccelerometers. The sensitivity in
one direction depends on both the capacitance gradient
and the mechanical stiffness in that direction. The cross-
section of a pair of multi-conductor comb-fingers is
shown in Figure 2(a). The stator finger is constructed of
metal-1 and metal-3 layers which are insulated by oxide,
while the rotor finger includes three metal layers which
are electrically connected together. Two sidewall capaci-
tors C1 and C2 are formed. When the rotor finger moves
up or down, for example, by an external acceleration, C1
and C2 will change value in opposite directions. As an
electrical circuit, C1 and C2 form a differential capaci-
tive half-bridge, as shown in Fig. 2(b). If balanced mod-
ulation voltages +/-Vm are applied, the output signalVs
is expressed as

Figure 2(c) shows the simulation results of C1, C2 and
their differential changes with z-displacement using the
Maxwell 2D field simulator [7]. Although C1 and C2 are
not linear with z-displacement, the normalized differen-

tial capacitance changes almost linearly with z-displace-
ment from -2 µm to +2 µm. If the rotor fingers are
attached to a proof mass and a spring, the output voltage
is

where G(z) = (C1-C2)/(C1+C2),m is the mass of the
proof mass,k is the stiffness of the spring in the z-axis,
anda is an external acceleration in the z direction. We
can rewrite (2) as

where K is the sensitivity with units of V/g/V. The sensi-
tivity depends on the spring, proof mass, amplifier, but
is constant as long as the system is operating in its linear
range.

Note that the wide linear displacement range (+/-2µm)
is remarkable, since large dynamic range can be
achieved without compromising sensitivity or band-
width. Very low cross-sensitivity is expected in this con-
figuration because C1 and C2 are the summation of the
capacitances formed in both sides of the stator and the
stiffness of the lateral axes is designed to be much bigger
than that of the z-axis.

The differential capacitance curve in Fig.2(c) is not sym-
metric, i.e., G(z)≠0 at z = 0. Instead, a d.c. offset of 0.6
µm exists. The d.c. offset can be adjusted by a prescribed
displacement of 0.6µm realized by properly designing
the curl matching frame described in the next section.
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Figure 2: Principle of the z-displacement capacitive-sensing through comb-fingers



STRUCTURE DESIGN & SIMULATION

The multi-conductor layer structure provides a high flex-
ibility for wiring which makes it easy to implement full-
bridge differential capacitive interfaces. The comb fin-
gers are divided into 4 groups as shown in Figure 3(a).
All comb fingers have exactly the same cross-section as
shown in Fig.2(a). The only difference is the wiring. In
Groups A and B, the top metal layer is connected to
Vm+, and the bottom metal layer to Vm-. In Groups C
and D, the wiring is reversed. In this way, we obtain a
full-bridge differential capacitive interface as shown in
Fig.3(b). Moreover, the four groups constitute a com-
mon-centroid configuration which reduces the lateral-
axis sensitivity and the influence of process variations.

As we mention above, the CMOS micromachining pro-
cess can make structures of different thicknesses at dif-
ferent locations by simply choosing different metal
layers as the etching mask. In order to further reduce the
cross-sensitivity, we design the spring to be covered only
by metal-1 as shown in Figure 4. After release, the thick-

ness of the spring will be much thinner that the rest of

the structure, making the spring soft in the z direction.
Since the structure is made of multiple material layers,
the residual stress gradient makes structures curl up,
especially for thin beams with only metal-1 on the top
[8]. In order to obtain a better understanding, thermome-
chanical simulation is performed in MEMCAD 4.5 [9].
Two simplifications are made to reduce the number of
elements: 1) the holes on the structure for etch release
are eliminated; 2) only two pairs of comb fingers are
used to model the curl matching behavior. The result is
shown in Figure 5 which indicates that the spring curls
much more than the rest of the structure. The rotor fin-
gers match the stator fingers well through the curl
matching frame.

Figure 4. Cross-sections at different locations of a
structure. (a) Spring; (b) Proof mass and frame.
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Figure 5. Thermomechanical simulation of
                the z-axis accelerometer
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Figure 3. Topology design and wiring configuration of the z-axis accelerometer. (a) Schematic of the top view
of the layout with a common-centroid configuration. (b) Equivalent full-bridge differential capacitive interface.
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FABRICATION

The accelerometer is fabricated in the Hewlett-Packard
0.5 µm CMOS process followed by a two-step maskless
process. First, CHF3 is used to etch the oxide anisotropi-
cally. Mask metals and the silicon substrate are then
exposed. Second, SF6 is used to etch silicon isotropi-
cally. Proper timing is important to achieve both com-
plete release and maximum protection of vias. A
released accelerometer is shown in Figure 6. The size of
the device including the on-chip buffers and preamplifier
is about 0.5 mm x 0.7 mm. The two sets of fingers out-
lined with a white solid line are electrically connected,
as are the other two sets outlined with a white dashed
line. Schematic cross-sections are shown at the top of the
SEM. The spring beams curl up about 55µm at their
ends due to the residual stress and thermal coefficient
mismatch in the embedded layers inside the beams.
However, the stator and rotor fingers align very well
(<0.5µm vertically and <0.1µm laterally) through a curl
matching frame, which matches within 15% with the
simulation result shown in Figure 5. There is one extra
pair of comb fingers at each corner of the proofmass.
These comb fingers are electrically separated from the
sense comb fingers. They are used as electrostatic actua-
tors for self-test and/or DC offset adjustment.

MEASUREMENT

The test set-up is shown in Figure 7. The packaged
accelerometer is mounted on a shaker table whose
motion is monitored by a high accuracy reference accel-
erometer, and a spectrum analyzer (HP4395A) is used to
analyze the output signal. A 200 Hz sinusoidal excita-
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Figure 7. The experimental set-up for
                 z-axis accelerometer test
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tion signal is used to drive the shaker table and the mod-
ulation signal is set to a 800 mV 400 kHz sine wave. The
measurement result for dynamic range is shown in Fig-
ure 8. The response is still linear when the amplitude of
the external acceleration increases to 27 g, which is the
maximum limit of the shaker table. The theoretical lin-
ear range is +/-600 g because of the wide linear range
(+/-2 µm) of the differential capacitance change with z-
displacement. The overall sensitivity is 0.5 mV/g. A typ-
ical spectrum of the output signal is shown in Figure 9
where a 0.5 g 80 Hz excitation acceleration is applied.
The measured noise floor is 6 mg/rtHz which is one
order higher than the calculated Brownian noise. The
increased noise level is probably due to the test circuits
and vibrations existing in the test environment.

The frequency response of the accelerometer is charac-
terized both electrically and optically as shown in Figure
10. For electrical characterization, the accelerometer is
excited by applying a sinusoidal voltage to the self-test
actuators. In order to reduce the effect of the feedthrough
of the excitation signal, a sinusoidal signal with zero d.c.
bias is used to generate force at double the input electri-
cal frequency. The frequency response detected through
the sensing comb fingers is shown in Figure 10(a). In
order to explore the actual motion, a Michaelson optical
interferometer system is employed. The schematic of the
optical set-up is shown in Figure 11(a). A LED is used as
the light source instead of a laser to improve the image
quality. A typical interference image is shown in Figure
11(b). A photodetector combined with a network ana-
lyzer is used to conduct frequency sweeping and obtain
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Figure 10: Frequency response of the accelerometer

(a) Capacitive sensing by comb fingers (b) Measured by the optical interferometer
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Figure 11. Optical measurement using a Michaelsoninterferometer. (a) Optical set-up; (b) Interfer-
ence pattern around the upper anchor (each fringe occurs at 310 nm vertical displacement).



transfer function directly. The measured frequency
response is shown in Figure 10(b). The two different
measurements give close resonant frequencies of 9.2
kHz for capacitive and 9.4 kHz for optical detection. The
resonant frequency predicted by MEMCAD simulation
is 10.1 kHz. The 10% error is attributed to fabrication
process variations and the simplification of the model,
e.g., modeling the perforated proof mass as a solid plate.
The measurement results are summarized in Table 1.
Note that the Q factor is only about 3, which results from
the squeeze-damping of the proofmass.

CONCLUSION

A new method for vertical capacitive sensing is proposed
in this paper. Based on the method, the first design of
CMOS z-axis comb-finger accelerometers was success-
fully fabricated and characterized. The device has sev-
eral advantages including low cost, large dynamic range,
on-chip integrated signal processing circuits, and real-
ization of integrated tri-axial accelerometers when com-
bined with existing lateral accelerometers. The same
concept for vertical comb-finger sensing can be applied
to comb-finger vertical actuation.

In the next generation, the asymmetry of the upper and
lower capacitances will be compensated by alternating
the interconnects of the metal layers in the stator and
rotor fingers. The vertical curling of the springs made of
only metal-1 must be reduced through design.
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Table 1: Parameters of the accelerometer

Designed Measured

Dimension 500x700µm2 -

Resonant frequency 10.1kHz 9.4kHz

Quality factor in air - 3

Sensor sensitivity 0.75mV/g/V 0.5mV/g/V

Cross-sensitivity -55dB <-40 dB

Linear range +/-600g +/-27g

Noise floor 0.6 mg/rtHz
(Brownian;

Q=3)

6 mg/rtHz


