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Abstract—In a post-complementary metal–oxide–semicon-
ductor (CMOS) micromachining technology, the process flow
enables the integration of micromechanical structures with con-
ventional CMOS circuits which are low-cost and readily available.
This paper presents a lateral capacitive sensing accelerometer
fabricated in the post-CMOS process. Design advantages include
electrically isolated multimetal routing on microstrctures to
create full-bridge capacitive sensors, and integration to increase
transducer sensitivity by minimizing parasitic capacitance. In a
size of 350 m by 500 m, this accelerometer has a 1 mG/ Hz
resolution and a linear range of at least 13 G. The fundamental
limitations of mechanical and electronic noise for acceleration
sensing are addressed. [709]

Index Terms—Accelerometer, complementary metal–oxide–
semiconductor (CMOS), MEMS.

I. INTRODUCTION

OVER the past decade, MEMS technology has been es-
tablished as a solution for acceleration sensing problems

[1]–[5]. Current technologies include two main trends, bulk
and surface (thin-film) micromachining. Bulk micromachined
devices normally have better noise performance, but they
are more expensive than the surface micromachined devices.
For those applications that do not require extremely high
noise performance such as airbag accelerometers, tilt sensors,
computer input interfaces, and virtual reality tracking systems,
thin-film devices are quite competitive. Thin-film CMOS
micromachining has many attractive features for the fabrication
of integrated inertial sensors. The compatibility of the micro-
machining process with standard CMOS has the advantages
of low cost and compact integration of the micromechanical
structures and circuits. The close coupling between the sensing
element and signal processing circuits reduces the parasitic
capacitance, and noise pick-up. Usually at dimensions of
1.2 m up to 600 m, CMOS surface microstructures fit in
a small die area with circuits placed up to 15m from the
structures. This means an array of sensing elements can be
integrated to overcome the limitations of systems with only a
single micromechanical device.

This paper begins with a brief overview of the CMOS-MEMS
process developed at Carnegie Mellon University [6], [7]. The
physical limitation of sensing elements as well as the interface
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Fig. 1. CMOS-MEMS process. (a) CMOS chip after fabrication.
(b) Anisotropic RIE removes dielectric. (c) Isotropic RIE undercuts
silicon substrate.

circuits are discussed. Highlighted issues include a design
methodology using curl matching and the CMOS-MEMS
quality factor relation with pressure. To improve the perfor-
mance such as stability, dynamic range and linearity, analog
force-feedback with compensation is introduced.

II. CMOS MICROMACHINING PROCESS

The accelerometer described in this paper uses high-as-
pect-ratio post-complementary metal–oxide–semiconductor
(CMOS) micromachining technology [6], [7]. It is fabricated in
the Agilent three-metal 0.5m n-well CMOS process through
MOSIS. After the foundry fabrication, two dry etch steps,
shown in Fig. 1, are used to define and release the structure.
Fig. 1(a) shows the cross section of the chip after regular CMOS
fabrication. In the first step of post processing [see Fig. 1(b)],
dielectric layers are removed by an anisotropic CHF/O
reactive-ion etch (RIE) with the top metal layer acting as an
etch resistant mask. After the sidewall of the microstructure
is precisely defined, an isotropic SF/O RIE is performed to
etch away the bulk silicon and release the composite structure
[see Fig. 1(c)]. Layout in the metal layers is designed to form
beams, plates, and electrostatic comb fingers. Material property
values for the composite structures include a density of 2300
kg/m and a Young’s modulus of 62 GPa [8].

The availability of CMOS and simple dry-etch microma-
chining provides a low-cost way to integrate MEMS with
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Fig. 2. Schematic of accelerometer and its equivalent model.

electronics. Electrically isolated multi-layer conductors can
be routed in the composite structures, enabling more design
options (compared to homogeneous conductor structures). For
example, electrically decoupled sensing and actuating comb
fingers may be built on the same structure, and full-bridge
capacitive differential and common-centroid comb-finger
designs can be readily implemented. A full-bridge capacitive
sensor has double transducer sensitivity of a half-bridge.
Higher transducer sensitivity improves the signal-to-electrical
noise ratio. At the same time, since the full-bridge capacitive
sensor has differential output, it has better ability to reject
common mode noise. The undercut of silicon in the release
step [see Fig. 1(c)] constrains the placement of sensing circuits
to at least 15 m away from the microstructures. Compared to
most commercialized polysilicon micromachining technology,
the MEMS to electronics interconnect in CMOS-MEMS is
shorter, and suffers less parasitic capacitance. Such parasitics
on high-impedance wiring can be made small relative to input
capacitance of interface circuits, so the transducer sensitivity is
larger when capacitive sensing is employed.

The main disadvantage of this process is the out-of-plane
and in-plane curling of the composite structures. This curling is
caused by the different residual stress of the various oxide and
aluminum layers. The out-of-plane curling can be compensated
by curl-matching techniques [9] or thermal control methods
[10]. The primary cause of in-plane curl is misalignment of the
embedded metal layers within thin beams. The in-plane curling
can be alleviated by decreasing the beam length or increasing
the beam width. The current design has a beam width of 2.1m
and length of 117 m, which can exhibit substantial in-plane
curl.

III. A CCELERATION SENSORDESIGN

The sensor transfers the position change into capacitive vari-
ation to detect acceleration. It is composed of a proof mass,
suspending serpentine springs and comb fingers. The schematic
view of the accelerometer is shown in Fig. 2. Using the multi-
layer routing technique, this accelerometer has a fully differen-
tial topology described in [9]. In the layout, each half-capacitive
bridge is split into two parts and located at two cross-axis cor-

Fig. 3. Scanned electron microscopy (SEM) of released CMOS-MEMS
accelerometer.

ners. This differential layout topology cancels common-mode
input noise such as substrate coupling, power supply coupling
and cross-axis excitation. Since there are multiple sensors and
circuitry integrated on the same substrate, coupling through the
substrate are to be minimized when high impedance sensing (ca-
pacitive sensing) is used. All the signals on the moving part
are routed through the multi-layer suspending springs and all
the cross links are placed in the proof mass layers. Compared
to a polysilicon accelerometer, multi-layer microstructures give
more freedom in MEMS design such as creating differential
topologies and nested electrostatic driving and sensing [11].

A released accelerometer is shown in Fig. 3. The total device
size is 350 m by 500 m and the front-end circuitry takes an
area of 220 m by 200 m (not shown), which is covered by
the top metal layer for protection during the micromachining
process steps. The accelerometer has a proof-mass of 160m
by 350 m with multiple 6 m by 6 m releasing holes. The
40 sensing fingers and 12 actuating comb fingers are the same
size of 55 m long and 3.9 m wide. Each serpentine spring has
two turns and the beam in each turn is 117m long and 2.1 m
wide. The whole released structure is uniformly 5m thick.

The composite structure experiences larger vertical stress gra-
dients than its polysilicon counterpart. Vertical residual stress
gradients in the CMOS structures can result in a radius of cur-
vature of 1 mm to 5 mm [12]. Out-of-plane curling can signifi-
cantly reduce the sidewall capacitance which is critical to capac-
itive sensing. To solve this problem, fingers on the stator side are
attached to a rigid frame (see Fig. 4) instead of to the substrate.
The rigid frame is anchored along a common axis with the proof
mass, and is subjected to the same stress gradient as the inner
structure. Thus, a first-order curl matching can be achieved.
To get optimal sidewall alignment, a local matching technique
has been developed. The middle part of the rigid frame has the
same density of holes in its structure as the proof mass. The
outer part of the rigid frame is composed of beams that have the
same cross section as the fingers. This design eliminates the pat-
tern-sensitive mismatch between the inner and outer structures.
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Fig. 4. Local curl matching technique. (a) Without curl matching. (b) With
curl matching.

Out-of-plane curl measured with a Wyco NT3300 optical pro-
filometer is shown in Fig. 5. The maximum out-of-plane curl is
6 m while the mismatch between the rotor and stator fingers is
reduced to 0.3 m.

The proof mass is suspended by serpentine springs (see
Fig. 6). The sense-axis spring constant is given by [17]

(1)

(2)

(3)

where is the beam total thickness of 5m, is the long beam
length of 117 m, is the short beam length of 5.1m,
(2.1 m) and (5.1 m) is the long beam and short beam
width, respectively, and is the composite structure effective
Young’s modulus of 62 GPa, which is extracted from measure-
ments of cantilever test structures [12]. The spring constant is
1.77 N/m. The only differences in the composite beam mechan-
ical design, compared to polysilicon or silicon beam design, are
the values of effective mass density, effective Young’s modulus
and geometry.

Springs can be attached to the proof mass at its midpoint [see
Fig. 6(c)] or at the four corners [see Fig. 6(d)]. The midpoint at-
tachment has good linear motion in plane, but the curling makes
it sensitive to tilt with respect to the center line [see Fig. 6(b)].
The corner attachment design avoids the problem with tilting
and provides better curl matching.

The accelerometer can be simplified as the lumped parameter
model shown in Fig. 7. The differential equation of displace-
ment as a function of input accelerationis given by

(4)

Taking the Laplace transformation gives the system transfer
function as

(5)

where is the resonant frequency,is damping coefficient and
is the quality factor ( ). For most applications, the

Fig. 5. Optical profilometer measurement showing out-of-plane curl and the
curl matching.

Fig. 6. Spring design. (a) Serpentine spring. (b) Structure tilt. (c) Center
attachment. (d) Corner attachment.

applied acceleration frequency is much less than, thus the
mechanical sensitivity of the device is .

By detecting the sidewall capacitance change between the
comb fingers attached to the proof mass and anchor, lateral mo-
tion and therefore acceleration is measured. Shown as Fig. 8, the
three metal layers in each finger are connected together as one
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Fig. 7. Lumped parameter model of accelerometer.

Fig. 8. Cross section of sidewall capacitor between fingers. The left finger
(rotor) can move toward the right finger (stator) as indicated by�x. Metal layers
in each finger are shorted by vias which are shown as short wires.

electrode. Forty differential sensing comb fingers have length
of 55 m and gap, m. Using the simple parallel-plate
capacitor model, the capacitance between each pair of fingers is
calculated to be about 1.6 fF. The total sensing capacitance,
is 64 fF.

Since the resonant frequency of the accelerometer is 8.9 kHz,
the displacement sensitivity is only 3.1 nm/G, corresponding
to 1.3 10 F/G change in the capacitance. This extremely
small capacitance is challenging to measure, because the incre-
mental capacitance change is much less than the parasitic ca-
pacitance , which includes the routing parasitic capacitance
of 10 fF and the sensing circuit input capacitance around 110 fF.
To decrease the parasitic capacitance, the high-impedance node
fingers are attached at stators instead of rotors to minimize the
distance to the circuits. Modeling the sensing capacitor as a par-
allel-plate capacitor, the electrical signal sensitivity is

(6)

where is the modulation voltage of 2 V,is the gap of 1.5 m
and is the resonant frequency of kHz. The sensitivity
is about 2.2 mV/G.

Fig. 9. Quality factor versus pressure.

A potential limitation for the surface micromachined ac-
celerometer is the Brownian noise associated with damping
forces. Because the mass is so small, it will be agitated by
the collision with air molecules. According to the Nyquist’s
relation [13] in thermal equilibrium, the spectral density of
fluctuation force acting on the device is

(7)

where is the Boltzman constant. The device experiences
equivalent noise acceleration

(8)

For this accelerometer prototype, the model values are
g, krad/s, (measured), giving an equiv-

alent noise acceleration of approximately 6.9G/ Hz at room
temperature. The noise performance can be improved by in-
creasing the mass, which is limited by the dimensions of the
microstructure.

Decreasing pressure will significantly boost the quality
factor. However the mechanical internal damping will limit this
improvement. This damping is related to energy loss from ma-
terial deformation and internal stress. Measured quality factor
with pressure for a similar but smaller (110m by 100 m)
CMOS micromachined structure is shown in Fig. 9. The quality
factor is extracted from the peak in the electrostatically actuated
mechanical frequency response as , where
is the 3 dB bandwidth of the peak. The internal damping
dominates at low pressure which causes theto saturate at
around 1200. The quality factor at low pressure is much less
than that of polysilicon and silicon microstructures which have
been reported of over 80 000 [14].

IV. ELECTRONIC DESIGN

The primary challenge in the design of the interface circuits is
detecting extremely small capacitance. An interface buffer with
low input capacitance is shown in Fig. 10. The capacitive bridge
dc bias is set by two small transistors (M3 andM4) working
in the subthreshold range. They exhibit large resistance with
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Fig. 10. Differential interface circuit.

negligible source to drain capacitance. The cascode topology
has low input capacitance.

Since the system noise level is dominated by the first stage,
an input stage with large gain is essential to the system perfor-
mance. Simulation shows the input sensing buffer has a gain of
80 and bandwidth of 5 MHz with 10 pF capacitance load. No
common-mode feedback circuit is needed.

Since the input signal is modulated with a sine wave at a rel-
atively high frequency of 2 MHz, the electronic flicker noise is
out of the bandwidth of interest. Therefore, the thermal noise
of the transistors is the main source of electronic noise and its
spectral density is given by

(9)

The sensing buffer has a referred input noise of

(10)

where has been derived in [15]

(11)

and where is the Fermi level, is the low-field mobility,
is the transistor threshold voltage,is a process depen-

dent factor, and and are the depletion capacitance and
gate voltage, respectively, when the surface potential is equal
to 1.5 . Practically, it is difficult to extract the noise of the

. A SPICE simulation shows that noise contribution of
is 1000 times smaller than other transistor noise and can be ne-
glected. The sensing buffer is simulated to have a referred input
noise of 12 nV/ Hz. Considering the sensitivity of the sensor
is 2.2 mV/G, the equivalent circuit noise is about 5.4G/ Hz.

The force-balance [16] topology improves the linear range
of the accelerometer. It counters any impeding deflection due
to acceleration and servos the device back to its null position.
The feedback force is generated by separate electrostatic actu-
ators, which have the same structure as the sensing fingers. En-
abled by the multilayer routing through the springs, the actuator
fingers are biased at the symmetric power rail voltages in the

Fig. 11. (a) Differential force fingers and actuators on the sensor.
(b) Electrostatic force linearization.

system ( and ) as shown in Fig. 11. The separate fingers
for sensing and actuating eliminate any feedthrough between the
driving and sensing signals.

Because the electrostatic force always attracts the two elec-
trodes of each capacitor, the two forces,and (Fig. 11), act
in opposite directions on the actuator fingers. Thus the quadratic
terms in the forces are cancelled and the net force is linearized.
Since in a closed loop, the displacement is very small, it is rea-
sonable to assume the inner finger is centered. The net force is

(12)

where is the actuating voltage. The net force is linearized
and is suitable for linear feedback control. The actuator on the
accelerometer is biased at5 V and can generate a maximum
force of 0.64 N. With a mass of 0.57 g, the measurement
range is 115 G which is large enough for targeted application
range of less than 10 G.

Fig. 12 shows a block diagram of the complete feedback loop.
The signal is demodulated using an on-chip analog multiplier.
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Fig. 12. Schematic of force balance feedback loop.

Fig. 13. Displacement versus frequency during self-test.

Since the sensor is a underdamped second-order system, com-
pensation is required for the loop stability. A main pole at 400
Hz is inserted after the demodulation to make the feedback loop
stable.

V. EXPERIMENTAL RESULTS

In an initial test, the accelerometer exhibited a visible offset,
which mainly came from the lateral curling in the suspension
beams. As a result, the middle sensing fingers are not centered.
By adjusting the dc bias on the actuator to about 3 V, this offset
was nulled. The 3-V dc bias does not affect the actuator linearity
with voltage.

In the resonant frequency test, a driving voltage of 3 Vplus
3 V was applied to the self-test actuator on the accelerom-
eter and the motion was measured with the MIT Microvision™
system. Fig. 13 shows the measured displacement versus fre-
quency. The measured resonant frequency is kHz.

In the dynamic test, the accelerometer was excited by a 50 Hz
14 G (p–p) sinusoidal acceleration on a Brüel and Kjær vibration
table. The waveforms of the output from a reference accelerom-
eter and the output from the CMOS-MEMS accelerometer are
compared in Fig. 14. The phase shift is due to the feedback loop

Fig. 14. Waveform of the accelerometer output to a 50 Hz 14 G (p–p) input
signal.

Fig. 15. Spectrum of the accelerometer output when excited by 80 Hz 100 mG
acceleration (measured with a 10 : 1 probe).

phase shift plus the phase delay from the mounting mechan-
ical structures including the supporting frame and printed-cir-
cuit board.

Fig. 15 shows the spectrum of the output from the accelerom-
eter when excited by an 100 mG acceleration at 80 Hz. The mea-
sured noise floor was 1 mG/Hz, which is much larger than pre-
dicted. When the test system was placed on an air table to isolate
any test bench vibration, no decrease in the noise was found. In
the next test, the accelerometer was put in a vacuum chamber to
see the relation between the pressure and the noise. Again, the
noise did not decrease at low pressure. Thus we concluded that
the electronic noise dominates the system noise performance.
There are several possible explanations to the unexpectedly high
noise. First, the accelerometer and its conditioning circuits are
integrated in a 2.2 mm by 2.2 mm test die, on which there are
four other test structures with circuits integrated close to each
other. To save the die area, all of them share the same power
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Fig. 16. Accelerometer dynamic linearity (* -) and error (o -) compared to the
ideal value.

pads. The other circuits can not be shut down while the ac-
celerometer is being tested. Noise generated by other circuits
can be coupled to the accelerometer through the power rails.
Second, the measured noise is a composite number of whole
system performance. It also includes noise from other parts in
the system such as the clock generator, demodulator and ampli-
fier. Third, there may be noise coupled to the high-impedance
sense node through leakage current paths on the surface of the
microstructures.

Linearity of the accelerometer was measured by applying si-
nusoidal acceleration at 200 Hz (see Fig. 16). The measured
dynamic range of 13 g was limited by the maximum output
acceleration of the test equipment. Even when the accelerom-
eter experienced a large acceleration shock (30 G) during a
crash test, saturation has not been observed. In the cross-axis
sensitivity test, the accelerometer showed a40 dB attenuation
compared to the sensing axis sensitivity.

The accelerometer has been working for over two years
and has experienced more than 200 acceleration shock events
( 30 G) in demonstrations. No degradation in performance
has been observed.

VI. CONCLUSION

We have reported a functional differential CMOS accelerom-
eter and a complete force-balance feedback test system. It
proves the possibility to integrate MEMS accelerometer into
a low cost CMOS process and get similar performance as
the commercialized polysilicon counterpart. It also shows the
advantages of multi-layer routing in CMOS-MEMS structure
which gives more design options of electrostatic actuators and
capacitive sensors.
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