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Abstract
This work presents the fabrication and demonstration of a 

CMOS/MEMS electrostatically self-excited resonator gas 

detector under various gas exposures. The cantilever reso-

nator includes a 100 m square platform for the chemi-

cally sensitive layer, polystyrene. Polymer is deposited 

using a drop-on-demand inkjet. The electrostatically actu-

ated resonator has approximately 967 pico-grams of poly-

styrene which was deposited in a 2 mg/mL 1 toluene: 1 

xylene solution. An on-chip preamplifier converts the high 

impedance sensor output to a voltage usable off-chip. Ex-

ternal feedback electronics complete a free-running oscil-

lator at the mechanical resonant frequency of 5475 Hz with 

40 dB SNR, a calculated 23.6 pg/Hz sensitivity, and a 1 Hz 

3 dB width in a 1 Hz resolution measurement bandwidth.

Initial tests demonstrate sensitivity to using an external 

bubbler with 1 L/min N2 flow. Frequency shift when the 

polystyrene is saturated with methanol, ethanol, 2-

propanol, and acetone was 8.2, 8.0, 5.2 and 25.7 Hz, re-

spectively.
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INTRODUCTION
Common mass-sensitive devices utilize piezoelectric quartz 

substrates. These include the thickness shear mode resona-

tor (TSMR), also known as the quartz micro-balance 

(QMB) [1][2], and Rayleigh surface acoustic wave (SAW) 

devices [3]. TSMR and SAW devices are commercially 

available and commonly used for volatile organic com-

pound detection. Other devices use cantilever mass sensors 

[4]. Detection of humidity, mercury vapor, and volatile 

organic compounds are some common applications of can-

tilever mass sensors [5]. Cantilevers have also been used 

for biomolecular recognition in a liquid media [6]. 

Gravimetric analyte detection for organic vapors and bio-

logical agents can attain selectivity through the “electronic 

nose” approach where multiple sensors are arrayed and the 

outputs are analyzed. Post-CMOS micromachining is a 

highly manufacturable approach to combining gravimetric 

microsensors with CMOS circuitry leading to highly inte-

grated electronic nose arrays. Prior work in micro-

gravimetry demonstrates the ability for pico-gram resolu-

tion [7][8][9]. In particular, full on-chip integration using 

CMOS/MEMS technology has tremendous medical and 

environmental applications for volatile organic compound 

detection [7]. Previous efforts for integrated gas detecting 

oscillators used electro-thermal actuation and piezo-

resistive sensing mechanisms using polymer spray coated 

CMOS chips [9].  

The current work extends CMOS-MEMS gravimetry to use 

of lateral resonators with electrostatic actuation and capaci-

tive detection and demonstrated the viability of jetting 

chemically sensitive polymers onto the released microsen-

sor platform with a custom drop-on-demand system. 

MECHANICAL OSCILLATOR DESIGN 
The gravimetric mechanical oscillator design in Figure 1 

comprises a simple beam with a relatively large plate, con-

nected to the free cantilever end, to hold the chemically 

sensitive polymer. The beam is 1.8 µm-wide, 4.9 µm-thick 

nd 120.6 µm-long. The plate is 116 µm by 103 µm by 1 

µm-thick, with an additional 5 µm-thick rim around the 

plate. The calculated resonant frequency from layout di-

mensions and prior to polymer deposition is 10.9 kHz.  

The well shape of the end plate, shown in the SEM of Fig-

ure 2, was chosen so that polymer would be contained in 

the plate during ink jet deposition.  The well volume of the 

end plate was sized to be 71 pL in order accommodate drop 

volume ranging between 14 and 65 pL of solution from the 

drop-on-demand jet used for deposition.  

Transducer motion is parallel to the surface of the silicon 

substrate. Differential comb drives with 7 fingers are lo-

cated near the end of the beam for lateral electrostatic ac-

tuation. The stator fingers are suspended by cantilever 

beams connected in parallel and sized identically to the 

Figure 1. Optical image of cantilever resonator with 

square platform for polystyrene to be ink jetted
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resonator cantilever beam. Any curl from vertical stress 

gradient is matched to ensure the stator and movable comb 

fingers are lined up in the same plane. Motion sensing of 

the plate is implemented using capacitive comb electrodes 

placed on both sides of the main beam further down from 

the actuation combs.  

A dc polarizing voltage, Vdc, is applied to the movable 

beam. The resonator velocity is detected by measuring the 

motional displacement current, Vdc dC/dt, through the comb 

finger capacitors. The on-chip pre-amplifier outputs a volt-

age proportional to the difference of the current through the 

differential capacitors. 

A block diagram of the external circuitry is given in Fig-

ure 3. Two external amplifiers in series provide 40 dB of 

gain and -90o of phase shift at the mechanical resonance. 

The phase shift provides the compensation needed for free 

running oscillation. In this initial implementation, only one 

side of the differential actuator is used. During free oscilla-

tion, the actuator voltage amplitude is 0.75 V with a dc 

polarizing voltage of 21.5 V.  

A change in the mass of the end plate of the cantilever 

changes the resonance frequency. Assuming that the ana-

lyte is absorbed only in the polymer placed on the end 

plate, the shift in resonance frequency from f to 

f corresponds to a mass shift m of 
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where k is the spring constant of the cantilever. The mass 

sensitivity (gm/Hz) is 
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where mb_eff = 0.25*mb is the effective mass of the beam, 

mb is the mass of the beam and mp is the mass of the plate. 

The calculated mass sensitivity for this device is 

23.6 pg/Hz.  

The behavior and sorption of a chemical substance and into 

the polymer may be described by the partition coefficient, 

KPG. This coefficient is specific to the chemical substance 

and the particular medium in which it is immersed and de-

scribes the equilibrium concentration of the substance in 

the corresponding media [5].  It is defined as the ratio of 

the mass concentration analyte in the gas phase, cG, to the 

mass concentration of the analyte absorbed into the poly-

mer, cP,
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The nature of the interaction between the polymer and the 

analyte, the vapor pressure of the analyte, as well as the 

temperature of interaction of the analyte and the polymer 

determines the value of this coefficient. The amount of 

analyte, A, in grams absorbed onto the mass sensor may be 

evaluated to be 

airpolyPG CVKA grams)(       (4) 

where Vpoly is the volume of polymer placed onto the device 

and Cair is the concentration of the analyte in the environ-

ment surrounding the mass sensor. Therefore, it is advanta-

geous to place more polymer onto the mass sensor to ab-

sorb more mass of the given analyte at a given concentra-

tion. However, the addition of polymer adversely affects 

the sensitivity (Hz/gm) of the device. The sensitivity 

(Hz/ppm) of the microbalance due to analyte concentration 

may be evaluated as 
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where mpoly is the mass of the polymer added to the end 

plate.  There is a limit, however, where more polymer ad-

versely affects the sensitivity (Hz/ppm) of the device but 

with the current configuration this amount of polymer ex-

ceeds the volume of the plate for this particular device. 

FABRICATION
The resonator and pre-amplifier were fabricated in the Jazz 

SiGe 0.35 m BiCMOS technology followed by post-

CMOS micromachining [10]. Beams and plates are defined 

using layout of the metal layers in the CMOS technology. 

After foundry CMOS fabrication, three dry etch steps are 

used for definition and release of the structure, as illus-

trated in Figure 4. The intermetal dielectric layers are direc-

tionally etched using an anisotropic CHF3/O2 reactive-ion 

Figure 2. SEM of end plate with drive and sense elec-

trodes

Figure 3. Resonator oscillator schematic
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etch (RIE) (Figure 4-2) where the top metal layer acts as a 

mask defining the pattern of the structure. A subsequent 

undercutting of the structures by a Si etch is performed 

using an anisotropic deep reactive–ion etch (DRIE) (Figure 

4-3) followed by an SF6/O2 isotropic etch (Figure 4-4) of 

the bulk silicon for structural release of the metal and di-

electric stack. In the last stage of manufacturing, the 

chemically sensitive polymer cast in solution is deposited 

using a piezoelectric drop-on-demand ink jet (Figure 4-5). 

In the current work, 2mg/mL polystyrene was mixed in a 

1:1 mixture of HPLC grade toluene and xylene at room 

temperature. The solution was then sonicated for 10 min-

utes.  

Ink jet printing is extremely attractive due to cost, i.e. mate-

rials dropped are conserved since this is an additive proc-

ess, and ease of device manufacturability. Such a system 

allows pico-liter quantities of solution to be deposited onto 

the mass sensor. The inkjet used was purchased from Mi-

croFab Technologies. The orifice of the inkjet is 30 m in 

diameter and the droplet size averages to be about 31 m in 

diameter. Accurate positioning of the x-y stage (Aerotech 

Inc.) provides positional accuracy of 0.2 m. Once the 

drops are cast onto the device, the solvent evaporates and 

the chemically sensitive polymer remains on the resonator 

end plate. A calculated amount of 967 pg of polystyrene 

corresponds to 31 drops of solution deposited on the plate. 

GAS TEST MEASUREMENT SETUP 
Gas analytes are introduced using nitrogen as the carrier 

gas in the gas testing system shown in Figure 5. 

The nitrogen supply is connected to the test system through 

an adjustable flow-meter and a 2-way ball valve. The flow-

meter has a minimum flow rate of 0.21 liters per minute 

(Lpm) and a maximum rate of 1.21 Lpm. One outlet of the 

ball valve connects to a T-connector for direct connection 

of the carrier gas and analyte vapor to the test chamber. 

The other outlet of the ball valve is connected to the inlet 

of a bubbler which is submersed in the liquid form of the 

analyte of interest. Tests were performed with methanol, 

ethanol, 2-propanol, and acetone. N2 was flowed at 1 Lpm 

through a chamber using an external bubbler until an equi-

librium concentration is reached. In these initial tests, the 

equilibrium concentration was not determined exactly but 

is assumed to be at or close to the saturation concentration 

of the corresponding vapor at a temperature of 300 K and a 

pressure of 1 atm. 

MEASUREMENTS AND CONCLUSIONS 
The spectrum analyzer outputs in Figures 6 and 7 were 

collected with a 1 Hz resolution bandwidth. The oscillator 

response to acetone and to 2_propanol are shown in Figure 

6. Response to methanol and ethanol are shown in Figure 

7. The mechanical resonance frequency with no analyte 

loading is 5475 Hz. The oscillator exhibits a 40 dB SNR 

and a 1 Hz 3 dB width in a 1 Hz resolution bandwidth.

Since the frequency resolution of the device is the same as 

the measurement resolution of the equipment the minimum 

detectable frequency is currently limited by the spectrum 

analyzer used and not by the frequency resolution of the 

oscillator itself. Figure 8 shows the frequency shifts as a 

function of time once gas is introduced into the chamber at 

t = 0 min. 

Figure 5. Gas test setup

Figure 6. Spectrum analyzer output (1 Hz RBW) oscillator 

frequency response to acetone and 2-propanol flow; no 

analyte (blue), acetone (red), 2-propanol (green)

Figure 4. Post CMOS processing steps
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The gas tests successfully demonstrate a self-excited reso-

nator oscillator acting as an organic vapor detector imple-

mented in a CMOS/MEMS technology. The amount in 

grams of methanol, ethanol, 2-propanol, and acetone 

loaded into the polystyrene is calculated to be approxi-

mately 193.5, 188.8, 122.7, and 606.5 pg, respectively. The 

corresponding amount of analyte in moles absorbed by the 

device at equilibrium concentration is 6, 4, 2, and 10 moles, 

respectively. Polystyrene has a higher affinity for acetone 

at STP than the alcohols tested, which is expected since 

acetone is known to dissolve organic compounds.  Since 

the alcohols tested are close in nature, a wider range of 

analytes should be tested in order to properly evaluate the 

selectivity of the device to the particular gases. Measure-

ment of the response to lower analyte concentrations over 

temperature variations is required to characterize the dy-

namic sensitivity of the device, and lead to second-

generation designs. 
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