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Abstract— This paper describes the development of a MEMS
sensor system to detect volatile compounds. The sensor consists of
a MEMS capacitive sensor element monolithically integrated
with a sensing circuit. The sensor element is a parallel plate
capacitor using a chemically sensitive polymer as the dielectric.
In presence of the target analyte, the polymer swells and changes
the capacitance of the sensor element. This change in capacitance
is sensed and converted to a digital bit stream by a delta-sigma
sensing circuit. This paper provides an overview of the design of
the sensor element, the sensing circuit and the process integration
for their fabrication on a single die.
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1. INTRODUCTION

hemical sensors are being widely deployed for

environmental monitoring, industrial hazard detection and

sensing of chemical warfare agents. Micro-electro-
mechanical systems (MEMS) technology has enabled design of
miniaturized and fully integrated chemical sensors. MEMS
chemical sensors detect presence of chemical analytes and
produce electrical responses proportional to the concentration
of the target analyte. These electrical responses are detected
and amplified using a sensing circuit which is typically
fabricated using CMOS (Complementary Metal Oxide
Semiconductor) process. Monolithic integration of MEMS
sensors and interface circuits results in a low power,
autonomous, miniaturized, and reliable sensor system-on-a-
chip (SoC) [1]. This sensor SoC can be easily extended to
include an RF subsystem to construct self-sustained wireless
sensor networks [2].

This paper presents the development of a MEMS capacitive
chemical sensor system. The following sections describe the
sensor system architecture, design of the MEMS sensor
element and sensing circuit, and their fabrication.

II.  CAPACITIVE MEMS SENSOR SYSTEM

The capacitive MEMS sensor system (fig.1) detects volatile
analytes by producing a change in capacitance, proportional to
the target analyte concentration.

The sensing circuit converts the change in capacitance to a
voltage signal. The sensed voltage is converted to a digital
signal, which is output to an external logic block for data
processing. The MEMS sensor element and the sensing circuit
are both to be integrated on the same die.
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Figure 1. Block diagram of the chemical sensor system.

III. MEMS SENSOR ELEMENT

The sensor element is designed as a parallel-plate capacitor
composed of overlapping metal layers with a chemically
sensitive polymer used as the dielectric (fig.2). Neglecting the
fringe capacitance, the sensor capacitance is given as
Cs=¢poi-A/t, Where g, is the net dielectric permittivity of the
polymer, ‘¢’ is the mean polymer thickness and ‘4 " is the metal
plates overlap area.

When the sensor is exposed to the target analyte, absorption
from the gaseous phase into the bulk of polymer takes place. It
results in swelling in the polymer (i.e. ¢ increases) and an
increase in dielectric permittivity (e,0). These changes in
sensor property change the sensor capacitance as
oC |C =0e/e—dt[t [1].
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Figure 2. A MEMS capacitive sensor element [3].

The effects of polymer swelling and change in permittivity,
on the change in the sensor capacitance, counter each other and
may mutually cancel. To avoid this situation the polymer is
carefully chosen such that the polymer swelling is maximized
for the target analyte. The permittivity of the selected polymer
should be as small as possible for maximum sensitivity. The
capacitive sensor designed in this work relies upon the polymer
swelling as the dominant effect. The polymer which is being
experimented in the first sensor prototype is poly-ethylene
vinyl-acetate (PEVA) which swells on exposure to benzene [3].



IV. SENSOR INTERFACE CIRCUIT

For circuit design, the capacitive MEMS sensor element is
modeled as a variable capacitor. A MEMS capacitive sensor
design is reported in [4], which utilizes the change in
permittivity of the polymer dielectric upon exposure, to sense
the target analyte. The base capacitance of this sensor is around
10pF and the incremental change in capacitance is 4aF/ppm. In
order to sense such small variations, a high resolution and noise
tolerant sensing circuit is required.

A delta-sigma modulation based sensing circuit topology is
ideal for this application as it provides high-resolution, noise
tolerance, high linearity and compact circuit integration. The
advantage of employing delta-sigma sensing is that the analog
to digital converter (ADC) is inherently realized in the
topology [4].

Fig.3 illustrates a simple first order delta-sigma (over-
sampling) sensing topology which uses feedback to balance the
charge flows from the sensor capacitor C and reference
capacitor C.y, to capacitor C. The circuit uses non-overlapping
clocks ¢; and ¢,. The reference capacitor is identical to the
sensor capacitor, except that is hermetically sealed to avoid
exposure to the analyte. The reference capacitor is used for
differential sensing which eliminates the effects of aging i.e.
change in sensor properties with time and usage [5], [6].

Figure 3. A first order delta-sigma sensing circuit.

The estimate of normalized change in capacitance is given
as(C,-C,)/(C,+C,)=1-2y, wherey is the average of
the output binary data stream, y[n] [6]. At first, the sensor
circuit is designed using only n-type MOSFETs (NMOS) so
that it can be fabricated in-house using available NMOS

process [7] and easily integrated with the capacitive MEMS
Sensor.

V. FABRICATION PROCESS INTEGRATION

The first sensor prototype is fabricated in the back end of
the line (BEOL) of a simple metal-gate NMOS fabrication
process, developed at BSU cleanroom [7]. To start with the
process, a 5S000A thick sacrificial oxide is grown on a (100) p-
type wafer. This oxide is patterned with ‘active’ mask to create
drain source regions. The drain source regions are doped with
phosphorus using spin-on dopant film, followed by a drive-in
step. The sacrificial oxide is stripped and 5000A thick oxide is

grown. This oxide is patterned with ‘gate’ mask to create gate
region windows which are aligned with the source/drains. Then
a high quality 200A gate oxide is grown using dry oxidation.

The wafer is now patterned using the ‘contact’ mask to etch
contact holes into the field oxide. Then, a 2500A aluminum
film is sputtered to fill the contact holes and deposit metall
layer. This metal layer is pattern with ‘metall’ mask to create
bottom electrode of the sensor and wires for NMOS circuits.
After this, an oxide layer is blanket deposited which is
patterned with ‘vial’ mask to open via holes and bottom plate
of the sensor element. Next, the chemically sensitive polymer
is applied using a spin coater to yield a uniform, 1um thick
film. A ‘titanium etch’ mask is sputtered and patterned on the
polymer. The polymer is then etched in a barrel asher using O,
and CF, as reagent gases. Finally a 2500A aluminum film is
sputtered with ‘metal2’ mask to create the top electrode of the
sensor.

VI. PROGRESS AND FUTURE WORK

MEMS Sensor elements are currently being fabricated. A
simple NMOS process for fabrication of sensing circuits has
been developed. Presently delta-sigma sensing topologies are
being designed, which will be fabricated and tested. Finally the
MEMS sensor element will be integrated with the sensing
circuit on a single die and tested.

VII. CONCLUSION

A MEMS capacitive sensor system for sensing volatile
chemicals has been proposed. The design and fabrication
method for the sensor element and a simple sensing circuit is
presented. The MEMS sensor elements are being fabricated. A
simple in-house NMOS process is developed for fabrication of
sensor interface circuits. After isolated testing of the sensor
element and the sensing circuit, both will be monolithically
integrated on a single die.
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