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Chapter Abstract‘

Abstract

This work describes the fabrication and testing of a CMOS/MEMS elec-
trostatically self-excited cantilever based resonator gas detector under various
gas exposures. CMOS/MEMS fabrication of a mass sensitive gas detector
allows for integration with CMOS circuitry potentially leading to fully inte-
grated sensor arrays of different physical modalities for organic vapors and
biological agents. Such an environmental sensor will be portable, cheap, and

small compared to other non-integrated gas detection methods.

The cantilever resonator includes a 100 pm square platform for the chem-
ically sensitive receiver layer used in this work, polystyrene. The polymer is
deposited using a drop-on-demand inkjet, an attractive technique due to its
low cost and ease of processing. The ability of casting precise amounts of dif-
ferent sensitive materials combined with fully integrated mass sensitive oscil-
lator electronics is a potential technology for single chip electronic noses and

"lab on chip" applications.

The device was tested with and without 2.3 pL of polystyrene. Nitrogen
gas saturated with methanol, ethanol, 2-propanol, and acetone gases was

flowed over the device and gas concentration sensitivities of -4.56, -9.14, -




10.21, and -8.54 x 107 Hz/ppm, respectively, were found. Theoretically, a higher limit of

ethanol gas sensitivity of - 0.03 Hz/ppm was estimated for the current device with a maxi-

mum achievable polystyrene volume, 54 pL, that can deposited onto the device. Further
improvements for future designs are proposed with an estimated sensitivity of -0.37 Hz/

ppm, which is a three order of magnitude improvement over the current device.
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Introduction:
MEMS Chemical

Sensors

1.1 Motivation

Since the early 1990’s microelectromechanical systems (MEMS) has
been a growing field and since its inception has prevailed in several areas and
applications such as inertial sensors, ink-jet printers, optical switches, RF
communications, and chemical sensing. Specifically, chemical sensing
research has been an expanding field for the past twenty years. There are
many applications for chemical sensors such as environmental sensing, indus-
trial monitoring, quality control, process applications in the food industry, and
medical applications [1]. Full on-chip integration using CMOS/microelectro-
mechanical systems (MEMS) technology provides a viable means for such

chemical sensing applications because of its inherent qualities that lead to




1.2 Chemical Sensors and Sensing Modalities

device miniaturization, low power consumption, high signal to noise ratio,
low cost, and total system portability. Potential products include ‘electronic
noses’, which are gas sensing arrays, and ‘electronic tongues’, which are lig-

uid sensing arrays.

1.2 Chemical Sensors and Sensing Modalities

Chemical sensors are implemented by interfacing a chemically sensitive
layer to a transducer. The operation of the sensor is based upon the fact that a
reversible chemical change upon absorption of, chemical reaction with, or
charge transfer with a chemical species induces a change in the physical prop-
erties of the sensitive layer. Such changes include mass, volume, resistance,
stress, optical properties, and heat exchange. Chemical sensing transducers
may be arranged into six main categories: calorimetric or thermal sensors,
electrochemical sensors, conductive sensors, stress sensors, optical sensors,
and gravimetric (or mass-sensitive) sensors. For the particular sensing modal-
ity, transduction between the chemical absorption domain to an electrical sig-

nal domain such as frequency, current, or voltage change, takes place [2]. The




1.3 Gravimetric Chemical Sensors

current work focuses on the gravimetric sensing modality using a micro-reso-

nator fabricated using a CMOS/MEMS process.

1.3 Gravimetric Chemical Sensors

1.3.1 Mass-sensitive Sensors

Any chemical species that may accumulate onto a chemically sensitive
surface may be detected with a mass-sensitive sensor. Common mass-sensi-
tive devices utilize piezoelectric quartz substrates. These include the thickness
shear mode resonator (TSMR), also known as quartz micro-balance (QMB)
[3][11], and the Rayleigh surface acoustic wave (SAW) device [12]. Other
devices use cantilever mass sensors [2]. TSMR and the SAW device are com-

mercially available and commonly used for volatile organic compound detec-

tion. Detection of humidity, mercury vapor, and volatile organic compounds

are some common applications of cantilever mass sensors [4]. Cantilevers

have also been used for biomolecular recognition in a liquid media [9].
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1.3.2 Cantilever Mass Sensors

Most mass-sensitive micro-cantilevers consist of a simple beam, where
many designs have a relatively large plate connected to the free cantilever end
to accommodate coating with a chemically sensitive layer. There are two
modes of operation: measurement of static deflection from expansion or con-
traction of the layer due to chemical absorption [9][10] and dynamic measure-
ment of resonance frequency shift due to mass loading [2]. In the static mode,
the analyte absorption onto the surface of the cantilever induces heat produc-
ing thermal stress as well as mechanical stress changes from receptor chemis-
try swelling. These phenomena cause the cantilever to bend and deflect on the
nanometer scale. The static mode requires soft and long cantilevers. Trans-
ducer detection in previous works requires an optical setup for monitoring
cantilever deflection [2]. The dynamic mode requires shorter and stiffer canti-
levers for a higher resonance quality factor and, therefore, good frequency
stability. Dynamic mode excitation may be implemented by exciting the canti-
lever by piezoelectric, magnetic, electrostatic, or thermal bimorph actuation.

For an overview of these different actuation types see references [2] and [13].

This report focuses on the dynamic mode electrostatic excitation and detec-

tion.
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1.3.3 Selectivity, Sensitivity, and Limits of Detection (LOD)

For our work polymers were chosen as the chemical receptor layer. Gas
sensor selectivity depends on the certain polymer receptor chemistry chosen
to be deposited onto the device. Through proper selection of polymer coat-
ings, a range of partial selectivities due to polymer-analyte absorption proper-
ties may be exploited. Different polymers may be utilized on similar
cantilever devices in a device array configuration. The CMOS MEMS tech-
nology is advantageous with respect to arraying devices due to the small
device dimensions, and the ability to implement the interface electronics and
electronic multiplexing on chip. Such a configuration allows for a complete
system on a single chip with analyte discrimination because an array of poly-
mers with differing partial selectivities to different analytes will impose a cer-
tain signal “tag” for a specific analyte. Implementation of this arrayed
configuration is out of the scope of this work, but is a topic for further

improvements to the current gas detection scheme.

Cantilever mass sensors have inherently high mass sensitivity due to the
small mass of the cantilever itself. A few pico-grams is the absolute resolution
of such gas sensors. This has been determined for differing geometries as well

as for differing operation modes (static and dynamic) by several authors (see

5
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[4] for a review of the area). Such a high device mass sensitivity (Hz/g) does
not necessarily imply a high gas concentration sensitivity (Hz/ppm) since the
gas sensitivity is proportional to both the device mass sensitivity as well as the
chemical receptor analyte sensitivity (g/ppm) of the chemical receptor depos-
ited on the device. A larger mass of analyte will accumulate into a large vol-
ume of receptor polymer that has a high affinity for the specific analyte. For
cantilever mass sensors, the area of the chemical receptor layer exposed to the
analyte is relatively small, i.e. on the order of 100 um by 150 um or smaller,
compared to TSMR and SAW devices which are traditionally much larger.
Since the polymer volume exposed relative to the transducer volume is

smaller than that in TSMR and SAW devices, the overall absorbed mass com-

pared to the transducer volume will be relatively small in cantilever mass sen-

sors [2]. Therefore, there is an important trade-off between high resolution
and sensitivity of a cantilever and the small dimensions of the cantilever. Res-
olution and sensitivity are inversely proportional to one another and an effi-
cient gas sensor design should be guided by an optimum combination of the
two given the constraints of the system. It is imperative that the ratio of chem-
ical receptor mass to the transducer mass and, subsequently, the analyte to

transducer mass ratio be as large as possible. This will lead to a highly sensi-
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tive gas concentration sensor which will respond to a particular gas concentra-
tion level even in ppm or ppb. High resolution mass sensors are also of
interest in micro gas analyzers where the analyte is pre-concentrated prior to
detection. The pre-concentration gain is typically on the order of 1000. In par-
ticular, gas chromatograph systems utilize small sample sizes and so the finite
residence time for detection is small. However, for continuous gas sensing
applications where a pre-concentrator is impractical, a concentration sensor is

of interest.

Although the small dimensions of the cantilever adversely affects the gas
concentration sensitivity, such sensors show comparable performance with
respect to limits of detection and thermal stability to TSMR and SAW devices
[4]. Also, direct compatibility with electronics and potential inclusion of other
transducer sensing modalities on the same chip allows for a compact gas
detection system as well as potentially lower minimum detectable signal lev-

els. Lange et al. reported polyetherurethane (PEUT) coated cantilevers (with

dimensions on the order of 100 x 150 pm? and 100 x 500 wm?) with sensitivi-

ties of -0.10 and -0.01 Hz/ppm for toluene and ethanol, respectively [4]. In
this report, a sensitivity of -0.9 x 10-5 Hz/ppm to ethanol was measured

experimentally for our devices. The theoretical limit of sensitivity for the cur-
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rent device using polystyrene is calculated to be -0.002 Hz/ppm. Our devices
will exhibit lower gas concentration sensitivities due to lower transducer mass
size and, therefore, mass sensitivity. However, by simple optimization of
physical sizing of the current device configuration a predicted sensitivity of -
0.02 Hz/ppm may be achieved. Higher sensitivity levels may also be achieved

through the use of other polymer chemical receptors.

Lange et al. also compared their cantilever properties with PEUT coated
TSMR and SAW devices [5]. Their limit of detection (LOD) to n-octane was
2.8 ppm. This is comparable to a LOD of 1.5 ppm and 7ppm of n-octane for
the TSMR and SAW devices, respectively. Baller et al. used cantilevers with a
length, width, and thickness of 500 um, 100 um, and 1 um, respectively and
they estimated a sub-ppm limit of detection for propanol using the cantilever
in deflection mode [6]. They implemented the cantilever in both static deflec-
tion and dynamic modes by monitoring the displacement with the use of a
laser and they used piezoelectric actuation for the dynamic excitation [7]. Jes-
enius et al. [8] also implemented a cantilever with length, width, and thickness
of 200 um, 50 um, and 2 pm, respectively, in deflection mode and reported an

estimated limit of detection of 10 ppm for ethanol. An absolute limit of detec-

tion for the current device in this report has not been evaluated because the
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frequency stability of the device has yet to be explored, but this is recognized

as an important metric for gas sensors.

1.4 CMOS MEMS Micromachining

The current work illustrates a mass-sensitive cantilever fabricated in a
standard CMOS process. This device is electrostatically actuated while
mechanical motion transduction to the electrical domain takes place through
capacitive detection. Microstructures in the CMOS chip were released using a
few maskless etching steps compatible with on-chip circuitry [14]. The details
of the process are illustrated in Figure 1.1. The microstructures are fabricated
using Jazz Semiconductor Inc. 0.35 mm BiCMOS [15] and Taiwan Semicon-
ductor Manufacturing Company (TSMC) 0.35 mm CMOS [16] processes.
The post-CMOS micro-machining involves etching the top dielectric layer
down to the aluminum electrodes and a subsequent undercutting of the struc-
tures by a Si etch (Figure 1.1). In the last stage of processing, the chemical

receptor layer is deposited from solution using drop-on-demand ink jetting. In

the current work, polystyrene polymer is used as the receptor chemistry. Ink

jet printing is extremely attractive due to the ease of future device manufac-
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turability and low cost. Such a deposition system allows precise amounts of
solute, cast in a solvent, to be deposited onto the mass sensor. Once the drops
are deposited onto the device and dried, the receptor chemistry layer remains
on the resonator. Multiple chemical sensitive layer chemistries can be selec-

tively deposited onto individual arrayed transducers with this approach.

This report first introduces the theory behind absorption of gases in recep-
tor sensitive polymers and the concepts of our resonant cantilevers as gas sen-
sors in Chapter 2. Chapter 3 describes the experimental results of the gas

exposure tests on two devices: one with and one without polystyrene. Subse-

quently, Chapter 4 summarizes and compares the theory with experimental

results and a discussion of further improvements for an optimal gas sensor is

made.
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FIGURE 1.1 CMOS Post Processing and Gas Sensor Manufacturing Steps
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CMOS MEMS
Gravimetric

Sensors

2.1 Mechanical Resonators as Mass Sensors

Our work involves the analysis of a cantilever in operation at its funda-
mental resonant frequency. Figure 2.1 depicts the current resonator device
structural layout. The resonator consists of a cantilever attached to a target
end plate. The end plate is used to hold the receptor chemistry polymers. The
electrostatic comb finger drives (top) actuate the resonator into motion. The
comb finger capacitive motion detectors (bottom) sense differential motion
generated current once the device is actuated. These sensing comb fingers are
connected to a pre-amplifier on chip which converts the motion generated

current to a voltage usable off chip.
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FIGURE 2.1 Resonator device illustration
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2.1 Mechanical Resonators as Mass Sensors

Comb drive electrodes Sensing electrodes

End plate with etch Silicon etch pit
holes for release

FIGURE 2.2 SEM of our device

Figure 2.2 shows our device before a receptor chemistry polymer has
been deposited. The end plate dimensions are approximately 100 um x 100
pm. Our device cantilever has width of 1.8 pm and length of 120 um. Experi-
mentally with these dimensions our device operates at a 5.8 kHz resonant fre-
quency with a Q = 56. From (3.1) the calculated spring constant, &, is 0.298 N/

m and the mass is calculated from (2.5) to be 65 ng.

Resonating cantilevers are modeled as classic mass spring damper sys-
tems as shown in Figure 2.3. In the figure & represents the spring constant, B
is the damping coefficient, and m is the effective mass. The total force

induced upon this system has a component accelerating the mass, one stretch-
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spring, k damper, B

displacement, x

|

FIGURE 2.3 Mass Spring Damper System

ing or compressing the spring which is proportional to the spring constant and
the displacement, x, of the mass, and a third component, the damping force
that is proportional to the velocity, v, of the mass. The total external force is

equal to the sum of these three reaction forces

F

ext

= ma+ Bv+kx 2.1

where a is the acceleration of the mass. By taking the Laplace transform of the

above equation, the force response in the frequency domain is

F, (s) = m-sX(s)+ B - sX(s) + kX(s) 2.2)

X(s) _ 1
For(8)  m.s*+B-s+k

H(s) = (2.3)
where H(s) is the mass-spring-damper system transfer function. This is a two-

pole system with the poles at locations
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__B . (i’;;)z_k
P12 2m -~ N\2 m

with natural frequency,

and the quality factor

o = Ak 2.6)

To operate the mechanical resonator as a gravimetric device a chemically
sensitive layer coating the mass of the system is added to the device using a
drop on demand ink jet printing system. This layer has different affinities for
differing analytes to be absorbed. A resonance shift is induced by mass load-
ing of an analyte upon absorption to the chemically sensitive layer applied to
the mass in the system. Such a phenomenon may be evaluated by taking the

derivative of f; with respect to the mass

af __1 |k
an am 2.7)

The frequency shift, Af, for small applied mass change, Am, is evaluated to be
So

Af = —5=Am 2.8)
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where f; is the resonance frequency before mass adsorption. It is apparent that
the lower the mass of the resonator the higher sensitivity (Hz/gram of added
mass) is achieved. The minimum detectable frequency shift is based upon the
thermal vibration of the cantilever which represents thermal noise. The fol-
lowing derivation for this minimum frequency shift is extracted from [19].
The cantilever motion induced by thermal energy may be described by the

equipartition theorem

1 2,2 1
Em(%(z thy = EkBT (2.9

where (z*w) is the mean-square cantilever displacement at the end of the can-
tilever at the resonant frequency, o, = 2n/,, T is the temperature, and kj is

Boltzman’s constant. The spectral noise density, Ny,(m), is related to the mean-

square displacement by

o0

(P = zin j Ny(@)do
0

and is described by [19]

Ny(0) = [H(s) "W y(0)

where the thermal white noise spectral density, ¥, (o), is
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4dmo kT

V(o) = 0

and H(s) is written as

(2.13)

where s — jo . The thermal noise at a frequency, ®,,,q4 = ®, - ®, arises from the

thermal noise Ny (») and may be approximated as

kT
Ny(o) = 2

2
mo,0n

mod

since (2.13) evaluates to

;)

m

\H(s)” =

2.2
2 2 3 4 )
4(00(0 mad*40)0(0 mod T M m0d+( o)
0

()

2 2
4(1)00) mod

|H(s)| ~
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There is an apparent quality factor, Q’, during oscillation with feedback. The

oscillator concept will be explained in Section 2.6. This quantity is related to

O by

0 _ (o) 2.18
Q <Zzth> ( . )

where (z%osc) is the mean-square displacement of the cantilever at driven
oscillation. The phase noise energy, Ep(®,,.q), and the cantilever oscillator

energy, E,, are

kN, (o)
EP((Dmod) = """}%'""—

E, = k(Zox), (2.20)

respectively. The mean-square frequency modulation, ((5»)?) , induced by the

thermal noise is evaluated by integrating over the bandwidth of measurement,

Wpys

0 kg ToOgy

((Bw)’) = —y
kQ(z" osc)
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The absolute minimum detectable mechanical shift in frequency is [20]

(Min = 2| ”kngW (2.23)

where X, is the oscillation amplitude, & the spring constant, Q the mechanical
quality factor, and fz);, the measurement bandwidth. By combining (2.8) and

(2.23), the minimum detectable mass is

(2.24)

Using the experimentally determined values of f5;, = 1Hz, k= 0.298 N/m, f, =

5.8 kHz, Q =56, T=298 K, ky = 1.38 x 102 J/K, m = 65 ng, and an oscilla-

tion amplitude, X,, of 90 nm the minimum detectable frequency and mass
shift based on thermal noise induced on the resonator are calculated to be 0.03

Hz and 0.6 pg, respectively.

There are other sources of noise associated with the total system
(described in Section 2.5 through Section 2.7) which consists of the cantile-
ver, the on-chip preamplifier, and external electronics. These components will
introduce noise that may dominate the thermally induced noise on the cantile-
ver. The noise associated with these components will not be discussed, but it

should be noted that (2.23) describes the ultimate minimum measurable fre-
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quency shift of the system and, therefore, minimum detectable concentration.

The minimum detectable concentration concept is discussed in Section 2.3.2.

2.2 Gas Permeability and Solubility in "Glassy"’
Polystyrene Polymers

The particular sensitive polymer layer used in this work is polystyrene,

which has the structural repeating unit shown in Figure 2.4

FIGURE 2.4 Polystyrene Repeating Unit

--CH, - CH -

n

Polystyrene is a synthetic polymer used in applications such as disposable
food containers, insulation, toothbrush handles, and Styrofoam [25]. This
polymer is characterized by its good electrical insulation characteristics, low
water absorption, and is also facile to produce. This material is resistant to
organic acids, alkali, salts, and lower molecular weight alcohols, but readily

absorbs hydrocarbons, esters, ketones (acetone is a ketone), and essential oils
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[26]. The following represents the corresponding structural units of esters,

ketones, and alcohols

FIGURE 2.5 Ester, ketone, and alcohol function units

O O
] I
R-C-0O-R R-C-R R - OH

ester ketone alcohol

where R is a functional unit. The polystyrene, cast in a 1:1 toluene: xylene
solution, is deposited onto the current mass sensitive device using drop-on-
demand ink jet deposition [27]. Once the solvent in the solution coating the
end plate evaporates a polystyrene film is left behind. The quantity of polysty-
rene deposited may be estimated accordingly with knowledge of the concen-
tration of the cast solution, the number of drops placed on the device, as well
as the volume of each drop (for a 30 um jet purchased from [27] the jetted

drop diameter is estimated to be ~ 30 - 50 pm with a volume ranging between

1.4 and 6.5 x 10714 m?).

In order to properly estimate the gas analyte absorption into the polymer
films, information is needed on the particular gas vapor pressure, boiling

point, and gas molecular size. Also, particular gas polymer interactions may
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be predicted with some idea of the polymer molecular weight, size, glass tran-
sition temperature, and degree of amorphous versus crystalline phases inher-

ent to the polymer structure.

2.2.1 Diffusivity, Permeability, and Solubility of Gases in a Polymer
Medium

The permeation of small gas molecules into a polymer depends on the dif-
fusivity and solubility of the gas in the particular polymer. The diffusion of

gas through a polymer medium may be described by Fick’s Law

dr_ pade

dt dx

with corresponding units of

(molecules _ J (m molecules/ma)

(2.26)
where r the rate of the amount of matter passing through a unit area, 4, under
the influence of a concentration gradient, dc/dx. The proportionality factor, D,
is the concentration independent diffusivity or diffusion coefficient and,
according to the Arrhenius relationship, is temperature dependent as shown in

the following

Ep
D < exp(—RT) s
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where Ep is the diffusion activation energy (in Joules or Pa m®), R the gas
constant (8.314 Pa m3/mol K), and T the temperature. To obtain concentration

in moles the following is used

Imol = 6.022 x 10” molecules . (2.28)

At equilibrium, the Bunsen solubility constant, S, describes the volume of
gas per unit volume of the medium the gas is penetrating at a given pressure
[28] [29]. Its dimensions are

cm’(STP) _ 10 m’(STP)

3 3 (2.29)
cm” - bar m" - Pa

where cm?(STP) is the amount of gas in cm? at standard pressure and temper-
ature (273 K and 1 bar = 10° Pa). Henry’s Law relates the volume concentra-
tion (cm? of gas/cm? of polymer) of the gas, c, to unit partial pressure, p, of

the gas [28][29] as

c=Sp (2.30)

AE;
§ec exp (_RT)

2.31)

where AE;, is the change in enthalpy when the gas dissolves in the polymer.
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Gas permeability, «;, is the rate at which a unit volume of gas passes
through a medium of unit thickness per unit area at a certain pressure differ-

ence. Its dimensions are

cm’(STP) _ 10 m’(STP)
cm - s - bar m-s-Pa

Permeability, diffusivity, and solubility are related by
k=D-S (2.33)
[28][29]. The permeability of water (@ 25 C, 90% relative humidity) in poly-

3
styrene is 12,000 (__iﬁ.@__i.@.__j [26].

cm” - mm Hg - sec

Gas sorption into “glassy” polymers is modeled to take place in two dif-
ferent modes: ordinary dissolution and "hole" filling [28]. The “hole” filling
occurs when molecules are adsorbed into voids while ordinary absorption

occurs in the amorphous portions of the polymer. Therefore, the total concen-

tration of the gas molecules in the polymer may be separated into two compo-

nents: the concentration of molecules in the holes, Cy, and the concentration
of molecules actually absorbed, Cp. Therefore, the concentration of the ana-
lyte in a polymer medium can be considered as the combination of the follow-

ing
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C' b
=l g, (2.35)

- 1+bp, °

where b is the hole affinity constant (Pa ') and p, is the equilibrium pressure
(Pa). The first term in the above equation represents the concentration of the
gas molecules in the “holes” where as the second term represents regular dis-

solution of the gas which obeys (2.30).

The amorphous versus crystalline properties of the medium also affect the
solubility of the gas. Absorption into a completely amorphous material is
much more facile than into a crystalline material. Therefore, the degree of
crystallinity affects the solubility constant in the following manner

S = aS* (2.36)
where o is the amorphous volume fraction of the material and S* is the solu-
bility constant in a completely amorphous material [28]. For polystyrene, the
density of its purely amorphous state versus the density of its crystalline state
is reported to be 0.93 in [29]. Therefore, the amorphous volume fraction is
calculated to be ~ 0.5 since the ratio of the two states is approximately 1:1 and

the ratio of the volume of the amorphous state to the total volume is 1:2.

The degree of crystallinity of the polystyrene cast in solution and depos-

ited onto the current device using our ink jet system has not been properly
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determined and will have some variations between drops deposited at differ-
ent times. The dropping environment, temperature, and humidity may vary
from day to day. Also, the distance of the ink jet nozzle above the surface of
the device may vary from experiment to experiment. All of these variations
will lead to variations in the degree of crystallinity of the deposited polysty-

renc.

To a first-order approximation for amorphous polymers, the expected sol-
ubility (cm?/cm?*bar) of a gas is a function of the boiling point of the gas and
is estimated by (@ T =298 K) [29]

logS§=-2.1+0.0123 - T, (2.37)
where T}, (in Kelvin) is the boiling point of the gas. Some of the vapor pres-
sures and corresponding boiling points of the particular gas chemical sub-

stances utilized in this work are shown in Table 2.1.

2.2.2 Thermodynamic Partition Coefficient

In the environment, the behavior and absorption of a chemical substance
between and into different media, such as air, water, and solid organic materi-

als may be described by the partition coefficient [32]. This coefficient is spe-
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TABLE 2.1 Boiling Points, Vapor Pressures, and Expected Solubilities of Pertaining
Chemical Substances [30]

Chemical T, (K) Vapor Vapor Expected
pressure Pressure Maximum
@ 25°C (bar) Volume
(mm Hg) Concentration
in partially
crystalline
polystyrene
(cm’of gas/
cm’of
polystyrene)
methanol 337.75 126.77 0.169 9.575
ethanol 351.44 59.03 0.079 6.57

2-propanol 355.45 45.15 0.060 5.63
(IPA)

acetone 329.15 231.03 0.308 13.68
water 373.15 23.76 0.032 4.81

cific to the chemical substance and the particular medium in which it is
immersed and describes the equilibrium concentration of the substance in the

corresponding media.

The partial pressure, Py, of a single gas chemical substance “B”, is related
to the mole fraction, X3, i.e. the number of moles of the gas analyte, n;,versus

the total number of moles in a gas mixture, #n,,,;, according to Dalton’s law of

partial pressures

Py = XzP

total

where P, is the total pressure of the mixture of gases [31].
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Henry’s Law Constant, H, is denoted as (1/Solubility), which is described

by (2.30) and (2.31). From the ideal gas law,
PV = nRT (2.39)
and Dalton’s law of partial pressures the concentration (g of gas/m? of air) of

substance, C, in the air phase is a function of its partial pressure

c, =2 _ ¥l 2.40
A7y RT (2.40)
where w, is the molecular weight of the gas, ny is the number of moles in a gas

mixture of volume, V. Combining (2.30) and (2.40) yields

WPB WH

Ci=RT T RT

Cp = wK,,Cp (2.41)
where C, is the concentration (g of gas/m? of polymer) of the chemical sub-
stance in the polymer and K, is the dimensionless thermodynamic partition
coefficient of the air-polymer interface. The relationship of C, versus Cp is
usually linear with a slope of K, The limits of these concentration values are

determined by the maximum concentration of the chemical substance in the

air phase, C5,, which is derived from (2.40), and the maximum achievable

concentration (g of gas/m? of polymer) of the chemical species in the polymer,

CSp C3pis derived from, ¢, the volume concentration (cm? of gas/cm? of poly-

mer) in (2.30)
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10%cm’
e (2.42)
m
where p,, is the density (g/cm?) of the gas. Figure 2.6 illustrates (2.41) and

these maximum concentration limits [32]

FIGURE 2.6 Thermodynamic partition coefficient, K p (extracted from [32])
CSA = PS/RT Saturation

L K limits
|/
|

KAP |
l& CS
I

I
Concentration in polymer C,

p Solubility

Concentration in air C,

where P8 is the vapor pressure of the chemical species. The particular analyte
polymer partition coefficient may be estimated by comparing the maximum
concentration of the analyte in air versus the solubility of the analyte in the

polymer medium as shown in the following

K. (%} = (I%;) 2.43)

(2.44)

RT 10°cm’
CPgas

Kpy = (— —
wp® m’

Combining (2.30), (2.37), and (2.44) with the values listed in Table 2.1, the

partition coefficients of particular gas chemicals pertinent to this work in a
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partially crystalline polystyrene medium may be calculated. Table 2.2 sum-

marizes these values.

TABLE 2.2 Partition coefficients for gas chemicals in polystyrene (STP) and the
densities and molecular weights of these materials

Chemical Kpa density molecular
Substance (m? of air/m? of (g/cm?) weight (g/mol)
polymer)

methanol 34,681 0.7914 32.04
ethanol 35,447 0.7893 46.07
2-propanol 30,296 0.7855 60.10
acetone 14,970 0.7899 58.08
water 208,850 1.0 18
polystyrene 0.9060 104.15
(n=1)

2.3 Total System

In order to predict a resonant frequency shift per concentration of the gas
chemical, several factors must be considered: concentration of the drop of
polystyrene cast in solution, the volume of a drop deposited from the ink jet
system, the density of polystyrene as well as the gas chemical being absorbed,
and the thermodynamic partition coefficient. The potential mass shift per drop
of polystyrene cast in solution as a function of concentration (g/m?) of the gas

chemical concentration, Cg, in the surrounding environment is described by
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4 3
(§ T Rdrop Cdrop)

Am _ o m(_.l._v)
drop B Ppoly K,

4 3
AIE . (:;TCRdrOPCdrop) (_(_:_1_’ (2 46)
drop B ppnly C '
where Ry, is the radius of the drop, Cy,, is the concentration of the polysty-

rene (g/mL) in solution that is ink jetted onto the gravimetric device, Cp the

mass concentration of analyte in the polymer (g/cm?), C,; the mass concentra-

tion of the analyte in the air (g/cm?), and the p,,, the density (g/cm?) of the

polystyrene.

2.3.1 Cantilever Gravimetric Sensitivity

The cantilever concentration sensitivity, J, [4]

Af,
= 24
v (2.47)

describes the change in frequency per change in analyte gas concentration. By

combining (2.8) and (2.45) the concentration sensitivity per drop of polysty-

rene becomes
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J =

f, (gnR?impCdmp) ( 1 ‘)

Kap

(2.49)

2(mo + mpolystyrene) ppoly

where m, is the mass of the cantilever without polystyrene and 71, gyrene 18
the mass of polystyrene placed onto the end plate of the resonator.
Equation 2.49 illustrates that in order to increase the device sensitivity to gas
concentration, the device mass should be as small as possible. The concentra-
tion of the drop Cg,, may be increased, but has a maximum limit determined
by the ink jet nozzle, i.e. higher concentration drops tend to clog the ink jet
nozzle. This may be alleviated simply by increasing the number of drops
deposited onto the device. The number of drops deposited may be increased,
but there is a maximum limit of the amount of polymer that may be deposited.
This limit is determined by the finite dimensions of the drop platform. By

including the added mass of the sensitive layer in the device sensitivity, from

(2.7), the resulting sensitivity may be evaluated in the following

1 Jk (4 3 X 1 )( 1 )
J= - 2R CaronNgron | [ 5 (2.50)
4 4 X 3\3 drop ™~ drop” ¥ drop KA P poly
(m 0 + §TCRdropCdr0pN drop)

The sensitivity increases with added quantities of polymer up until a certain

point where the following derivative
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3 (4 3 )
=|snRy C, N
dJ _ ﬁ( 1 ) B 1 N 23 drop ~ drop” ' drop pn 51)
demp 4n\K \pp NIl
poly 4 3 4 3
i/(mo + ganropCdroderop) %/(mo + §anropCdroderop)

is equal to 0. At this point the sensitivity is negatively affected by the mass of

the polymer placed on the device. This occurs when

mpolystyrene - 0 (253)

where Mg 1ystyrene 18 the mass of the polystyrene. At this point the amount of
polystyrene deposited exceeds the volume of the platform in which the poly-
mer is contained. Therefore, increasing the maximum number of allowable
drops is advantageous and provides a higher chemical sensitivity (Hz/ppm).

The maximum sensitivity that may be achieved using (2.50) and (2.53) is

szi”_g( 1 ‘) (2.54)

31 9\Kp Ppol

2.3.2 Minimum Detectable Concentration

The device concentration resolution limit is

Acy
(ACB)mm = H(Am)min
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By combining (2.24) and (2.55) the minimum detectable concentration is

4 3 1 /kBTfBW 6K 4 pPpol
(ACB)min = (mo + _TCRdropCdroderop) Y 3 = (2.56)
3 Xo f‘okQ TCRdropCdropN dro;

Using the amount of polystyrene to achieve the highest concentration sensi-

tivity derived in (2.53) the minimum detectable concentration evaluates to be

_ 12 kpTfpw
XN fokQ
Using the experimental values of f5; = 1Hz, k= 0.298 N/m, f, = 5.8 kHz, O =

(ACB)min (KAPppoly) . (257)

56, T=298 K, X, of 90 nm, kz = 1.38 x 1023 J/K, a calculated K ,p = 1/34,681
=2.88 x 107, and p,y = 0.906 g/cm’ the minimum detectable concentration

evaluates to be 6.92 x 1071° g/cm?. Converting this to units of ppm we get

6 3
1 RT 10 cm 6 (2.58)

(Acg)pin(PpPm) = ((ACB)min(inC;:ls))

3 298K 10%m’ . 6

6.92-10 g mol 8314Pa-m 10

(Acp) in(PPM) = = :
£/min om’ 32¢ mol-K  o°py

(2.59)
to yield the minimum detectable concentration of 0.535 ppm. This corre-
sponds to an optimal sensitivity of - 0.058 Hz/ppm using (2.54). For the cur-
rent work the device tested had 31 drops of 2mg/mL of polystyrene in
solution. Using (2.50), (2.56), m, = 65 ng, Ry, = 20 um, the current device

has a sensitivity of - 0.0081 Hz/ppm and a minimum detectable methanol con-
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centration of 6.5 ppm. Table 2.3 shows the calculated sensitivity and the cal-

TABLE 2.3 Calculated sensitivity and minimum detectable concentration of the
current device based on 31 drops of polystyrene in 2mg/mL solution

Chemical Calculated Calculated
Substance Sensitivity (Hz/ minimum
ppm) detectable
concentration

(ppm)
methanol 6.5
ethanol 4.4

2-propanol 4.0

acetone 8.3

culated minimum detectable concentrations of the current device based on 31

drops of polystyrene in 2mg/mL solution for each particular analyte.

2.4 Electrostatic Actuation

In the current work, actuation and sensing were implemented using elec-
trostatic comb drives. The transduction from the electrical domain into the
mechanical domain may be described by the two-port capacitor model where

the controlling input is voltage and the output is force.

The equation for a parallel plate capacitor is defined by
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FIGURE 2.7 Two Port Capacitor Model
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q = CV,

where ¢ is the charge on the capacitor with capacitance

A
c=%, 2.61
p (2.61)

where g is the gas distance between the capacitor electrodes, 4 is the area of
the capacitor electrodes, and ¢ the dielectric constant of air. The energy, W,

stored in a capacitor with an applied voltage, V] is

W= 3 (2.62)

W= . (2.63)
Consequently, the electrostatic force induced by an applied voltage, V, across

a capacitor is the derivative of the energy stored with respect to the gap, i.e.

(2.64)
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where 4 = xh. The direction of motion, x, is defined in Figure 2.1 and 4 is the
height of the comb finger electrodes. In the comb drive electrodes, g is con-

sidered constant to the first order. The force evaluates to

1(dC\ 2
Felectrostatic = E(d_.g) V (265)

Electrostatic actuation for this device is intended to be parallel to the surface
of the silicon substrate. An advantage of utilizing the comb drive is that the
Z—C is constant as long as the displacement x does not exceed the overlap of the
fingers in the drive. The voltage in (2.65) represents the potential difference
between the driving comb electrodes and that of the cantilever. Figure 2.1
shows that there are two comb drive electrodes, one on either side of the can-
tilever, and, consequently, two forces acting upon the cantilever. The potential
difference between the left drive and the cantilever and the difference between
the right drive and the cantilever are

Vie = Vien =V (2.66)

Vee = Vrighi = V5 (2.67)

The net electrostatic force, F,,, acting on the cantilever is the difference

between the two forces from the left and right comb drives
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_17d 2 2
Foi = 35 P Tho)- (2.68)
Combining (2.66), (2.67), and (2.68) yields the total external force acting on

the cantilever

1(d 2
Foy = E(d—g)(VZLEJiszLeszb+2VRigthb* Viight) - (2.69)
For this work Vyjgn = Vypcos(wgr), Vy, is a DC voltage, and Vi = 0 V.

Equation 2.69 simplifies to

F,.= %(Z—f) (2V,Vycos(mpt) — Vi(costt)z) (2.70)

v
P = %(2’—9 (27, Veos (@) - £ -zi‘cos(szz)) . @2.71)

Electrostatic force components exist at mg, 20y, and DC.

2.5 Differential Capacitive Sensing

The current through the capacitor is found by taking the derivative of the

charge on the capacitor, Equation 2.60, is

- ) {29

Taking the Laplace transform of the current through the capacitor yields the

following
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I(s) = C-sV(s)+V-sC(s) (2.73)

Interdigitated comb drives are used for capacitive sensing of motion. The cur-

rent induced by the motion of the resonator is described by

1= 7% &) (2.74)

where V, is the bias voltage between the resonator and the sensing comb
drives that are placed on either side of the resonator structure. The Laplace
transform of (2.74) and the resulting current-displacement transfer function

using (2.3) for x(s) is as follows

1(s) = s7,(4S) el 2.75)

dx/ ms® + Bs+ k
Combining (2.75) with the net force on the resonator from (2.69) the motional

current signal at one of the inputs of the differential amplifier results in the

following

1(dCY (Ve (5)~ V)
1s) = sV 0C) el (2.76)
X ms"+Bs+k

The total current signal includes drive signal feed through via parasitic capac-

itances, C,, to the pre-amplifier.

2

1(dCV2 (Vo () = V)

Inonas(s) = Cp V) + 57,326 P
ms S
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The resonator position transduction into the electrical domain is imple-
mented by capacitive detection using an on-chip amplifier. This circuit out-
puts a voltage proportional to the difference of the current through the comb
finger capacitors placed on either side of the resonator. As the area of the
comb drive changes there is a capacitance increase on one side and a corre-

sponding decrease on the opposing side of the resonator.

This capacitance change is related to the change in the current in the two
inputs of the differential amplifier. The on-chip preamplifier is a differential
voltage amplifier described in [23]. The gain, G, and bandwidth are 137 and
10.5 MHz, respectively. Figure 2.8 illustrates the circuit and device sizings (in

microns) of the preamplifier which was designed by Brotz [24].

2.5.1 Resonator and Pre-amplifier Analysis

From (2.74) the current-displacement transfer function is as follows

I(s) _ _,dC

ORI T (2.78)

The pre-amplifier is a voltage amplifier and Figure 2.9 illustrates the input

capacitance associated with its model and the voltage, V, is
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Pre-amplifier

FIGURE 2.9 On chip pre-amplifier

FIGURE 2.8 On Chip Preamp and Bias Circuit Sizing by Brotz [24]
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Combining (2.78) and (2.79) yields

Ve(s) _ Vi dC

x(s) C; dx

mn
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Since the resonance frequency of interest, ~ 5 kHz, is well below the roll-off
frequency of the pre-amplifier, 10 MHz, the pre-amplifier has approximately
0 © phase shift at SkHz with a gain, G = 137. The transfer function and voltage

output of the pre-amplifier, based on the resonator motional current, is

G, dC 1
Vout(s) - E_ian%msz-l-Bs—}—k (281)

2V, ()= V)
Vouals) = 27,(%6) e - 1) (2.82)
Cin "NX) e+ Bs+k

Since the input into the pre-amplifier is differential, (2.81) only shows the out-
put as a function of a non-differential motional current input and, therefore,
there is a factor of 2 missing. The output including a differential input and

parasitics is

2V, ()~ V,
Vo) = %Q{Cp- Vurd )+ V(%) (—-if)—-—b—)—j (2.83)

2
ms  +Bs+k

in

The pre-amplifier provides 0° phase shift from DC to 1 MHz. At DC the open
loop phase shift of the resonator and pre-amplifier is 0° and the resonator pro-
vides a total of 180° phase shift. At the resonant frequency the phase the phase

of the open loop system is 90°.
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2.6 Mass Sensitive Oscillator

A perturbation from the outside environment, such as a change in the con-
centration of the environment surrounding the resonator, induces a shift in the
resonant frequency of the system. An important feature of a mass sensor is to
continuously track its resonant frequency in response to these perturbations.
This implies the utilization of the resonator in oscillation mode where the
external circuitry provides proper gain and phase compensation to track the

resonance frequency of the device.

In order to achieve oscillation in a feedback systems, it is important that
the gain be greater than one and that the total phase shift of the entire loop is
0° or multiples of 360° at the desired frequency of oscillation. This is known

as the Barkhausen criteria for the system loop transfer function, 7(s) [21].

Figure 2.10 shows feedback schemes where the total phase shift of the

entire loop is equal to either 0° or 360° degrees at the oscillation frequency of

interest s = jw,. The signal generated around the loop at the frequency of

interest should add in phase with this initial signal. The oscillating frequency
is a frequency component of the thermal noise in the loop that satisfies the

Barkhausen criteria. As the signal travels around the loop, the signal regener-
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FIGURE 2.10 Feedback Schemes to Achieve Oscillation

ates itself with a greater magnitude after each successive iteration so at the
frequency of interest a growing oscillation occurs. Eventually, saturation volt-
ages will be reached. These voltages may be determined by output voltage
swing limits of the amplifiers used in the oscillation scheme or explicit limit-
ing electronics may be inserted into the loop. In this work, the swing is limited

by the supply and bias voltages of the amplifiers.

For the chemical mass sensitive device in the current work, the oscillation

frequency of interest is the natural resonator frequency. Since the phase shift

of the resonator is -90 ° at resonance, an external phase compensation circuit
is needed in order to achieve both the total phase and gain criteria. The exact

compensation from this external circuitry is discussed next.
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FIGURE 2.11 Oscillation Loop

2.7 Oscillator Loop

Figure 2.11 shows the total system in feedback condition where H(s) rep-
resents the mechanical resonator, U(s) the on-chip pre-amplifier, and A(s) the
off-chip phase compensation circuit transfer functions. The loop gain of the
system is

T(s) = H(s)U(s)A(s) (2.84)
Figure 2.12 illustrates the phase of the resonator cascaded with the on-chip
pre-amplifier, H(s)U(s). To achieve a total loop phase shift of 0°, external
electronics are needed to provide a phase compensation of -90° and a gain

greater than unity at the resonant frequency.
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Phase of cantilever with on-chip pre-amplifier, H(s)U(s)
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FIGURE 2.12 Measured phase of cantilever cascaded with on chip pre-amplifier
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FIGURE 2.13 External Circuit

2.7.1 External Circuit Analysis
The external circuit in Figure 2.13 provides additional gain and phase to

the oscillator loop. Two inverting off-chip stages are utilized; one for phase




2.7 Oscillator Loop

compensation and the other for additional gain. The total response of the off-

chip circuitry is non-inverting with transfer function

R, sC\R,
73;(1 TR, Cys)(1 + R, Cys)

A(s) = (2.85)
The pole frequencies are chosen at frequencies one decade less than the reso-
nant frequency so that at resonant frequency the total phase shift in the loop is
360°. LM741 op-amps with a gain-bandwidth product of 1 MHz are adequate

since the resonance frequency of the resonator is 5.6 kHz. The off chip ampli-

fier has a zero at DC and two poles at

1

TRC (2.86)

P

|
27R,C,

For oscillation at 5.6 kHz, we chose R;=10 (4 R,=3 k) R;=1kQ R,=100

P (2.87)
kQ, C, =100 pF, and C,= 0.1 pF. A plot of the transfer function (magnitude
and phase) is given in Figure 2.14. At resonant frequency, the magnitude and

phase are 70 dB and -84°, respectively. The loop gain of the sytem becomes

Vuutext(s) Vb dC 1 (R4 C1R2

= L(s) = s2G=2 - 4%

. — 2.88
Forl(s) Cin dx ps® + Bs+ ke Rs(1 + Ry Cos)(1 +R1C15)) )
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FIGURE 2.14 External Circuit Magnitude and Phase

dC _ 2Ng,h

= - (2.89)
where V,,..(s) is the output voltage of the external circuit, N is the number of
fingers, g, is the permittivity of free space, / is the height of the comb finger
electrodes, and g, is the gap between the fingers. Using the pre-amp gain, G =
137, V,=20 V,N=7,¢,= 8.85 x 10> F/m, h = 1.905 um, g, = 1.0 um, C;, =
0.5 fF, m=2.51x 10'1%kg, k= 0.298 N/m, and Q = 56 (which was experimen-
tally determined) the magnitude and phase of the loop gain, based on the

motional current, is illustrated in Figure 2.15. The magnitude and phase at

resonance are 300 dB and ~ -180°, respectively. To change the phase from -
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FIGURE 2.15 Loop Gain Magnitude and Phase
180° to 0° the amplifier in the second stage of the external circuit shown in

Figure 2.13 may be switched from an inverting configuration to a non-invert-

ing one.

Evaluating the loop gain with the drive signal feed through to the pre-
amplifier from parasitic capacitances using (2.77), (2.79), and (2.85) the out-

put of the three stages, V,.x($), evaluates to

e TERUNCRANG C\R,
Fouesd$) = Szc_m[cp' Veul$) T V3 ( C) ms®+Bs+k ](R (T R,C9) (T TR, gf@)
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With the drive signal feed through the actual signal magnitude may higher

than magnitude induced by the motional current. If this occurs one would not

be able to detect the resonant frequency of the cantilever.




Design and
Experiment

3.1 Design Considerations

The MEMS gravimetric device was designed in the CMOS MEMS tech-
nology which allows for direct integration with CMOS electronics. During the
course of the research two generations of devices were designed, fabricated,
post-processed, and the subsequent gravimetric sensors were tested for gas
sensitivity. The following presents the successful second generation design
and implementation. Future work will address full optimization for maximum

gas sensitivity in this technology.

There are design limitations and considerations to be addressed in this
technology. There are also issues concerning the ink-jet printing process used
for receptor chemistry deposition. For device layout considerations the fol-

lowing characteristics are desired of the MEMS structure.
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1. The resonator should have a dominant resonance mode at the operating fre-

quency at which oscillation occurs.

2. Lateral (in-plane) operation of the device must be implemented to maintain

linearity in the comb-finger drive operation.

3. Drive signal feedthrough, from parasitic capacitances, should be minimized
through careful placement of electrodes, as well as the use of electrical shield-
ing.

4. The resonator area and ink-jet deposition spot size must be compatible.

5. The ink-jet drop target of the resonator structure should be placed far
enough away from other mechanical structures so that polymer bridging and
“gluing” does not occur between the structures. Such bridging would inhibit

actuation.

The CMOS MEMS technology places limits on the device sizes and materials

that can be used. The mechanical structures are implemented through metal
and silicon dioxide stacks. The height of this stack is limited by the number of
metal layers utilized in the particular process. The minimum gap between

mechanical structures is determined by the foundry and by the post-CMOS
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processing conditions necessary for release of the MEMS structure from the

substrate.

A simple mechanical design was chosen, consisting of a cantilever beam with
the free end attached to a plate, used as a polymer drop target. The plate
included a stiffening rim with a 6 um height. The width of the beam was sized
to be smaller than its height to keep the vertical resonance out of the range of

the lateral resonance mode. Figure 3.1 shows an SEM of the first iteration of

the gravimetric design implemented using the TSMC four metal 0.35 pm

CMOS process.

FIGURE 3.1 Resonator design #1 with cross-section of target end plate for polymer
Etched pit
- End plate

Plate Cross Section

Driving M4 It :
Electrodes well Tor polymer
M3 6 um

Ground |
“Plane

Sensing ~ 30 um
Electrodes

Anchor

Suppo beams
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Residual stresses due to process conditions at the foundry commonly induce
curling in long cantilever structures. Actuating and sensing electrodes must
compensate for this phenomenon. To compensate for vertical curling of the
structures the widths of the driving and sensing electrode support beams are
identical to the resonator beam width. Stiffening ribs were added to the driv-
ing electrodes to keep the resonant frequency of this stator structure out of the
range of the gravimetric structure’s primary resonant frequency. A ground
shield was placed between the drive and sensing electrodes and connected to
the substrate, which is set to the lowest voltage in the system. This shield
should minimize the feedthrough of the actuating potentials to the sensing cir-
cuit. There were two major design issues learned from this first prototype.
First, stiffening ribs should be added to the sensing electrodes to ensure that
its resonant frequency is out of the range of the beam and end plate resonant
frequency. Second, the target plate should be larger to accommodate the ink-

jet drop dimensions.

Figure 3.2 shows the resulting polymer that was jetted onto the MEMS

structure. The left SEM view of the gravimetric structure reveals a polymer

bridge between the end plate and the outer structural support. The other image

shows polymer bridging between sensing electrodes and the beam. These
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FIGURE 3.2 Bridging of polystyrene (10 drops of 1 mg/mL) on the gravimetric device
to the supporting rim and electrode fingers

N ="
Polymer bridging

bridges glue the movable structure to the fixed structures and inhibit the actu-

ation and motion, rendering the device inoperable.

The SEM in Figure 3.3 shows the second-generation design using the
Jazz 0.35 pm BiCMOS process. For this design, stiffening ribs were added to
the ground shield electrode as well as to the sensing electrodes. The volume of
the end plate was sized to accommodate an approximately 30-50 um diameter
drop emitted from the ink-jet. The drop volume ranges between 14 and 65 pL.
The volume of the end plate inner width, inner length, and rim height were
sized to be 109.9 um, 96.8 um, and 7.98 um, respectively, and corresponds to
an approximate volume of 85 pL. The outer rim placed along the edges of the

plate has a width of 3.2 um, so the total plate dimension is 116.4 pm by 103.2
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FIGURE 3.3 Second-generation resonator design
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um. A typical drop contains approximately 3.5 fL of polystyrene. Therefore,
the end plate volume could hold a maximum equivalent amount of polysty-
rene that would be cast from approximately 1500 drops of solvent/polymer
solution. Figure 3.4 is a digital image of two identical devices. The device on
he left shows the result of two drops of polythiophene in a Img/mL 1 tolu-
ene:1 xylene solution. The device on the right has one drop. The volume of
the end plate successfully accommodates the drop which includes both sol-

vent and polymer.
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FIGURE 3.4 Polythiophene (1 mg/mL Itoluene:Ixylene) drops on two identical
devices. Left and right devices have 2 and 1 drops, respectively.
|

3.2 Drop Tests and System Response

Based on Equation 2.50 the sensitivity to ethanol versus the number of
drops deposited on the Jazz device is plotted in Figure 3.5 The peak in sensi-
tivity occurs at 21,140 drops, which corresponds to a polymer volume of 74
pL. This exceeds the volume of the plate by two orders of magnitude, so this
is not possible with the given design. However, the maximum amount of poly-

mer that is physically possible to fit on the drop plate should be deposited.
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FIGURE 3.5 Sensitivity to ethanol vs. number of drops of polystyrene
-3
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There were several chips tested for the current work, labelled 2 10 j2,
12 12 33,5 13 jl,and 2 10 j4. No polystyrene was deposited on 12 12 j3
as this gravimetric device served as a control. The gravimetric device on the
2 10 _j2 chip had 31 total drops of polystyrene cast from a 2 mg/mL 1 tolu-
ene:1 xylene solution. To ensure that the polymer well (drop plate) did not

overflow from all of the solvent sufficient drying time was allowed between

the deposited drops. A conservative approach was taken, i.e. only a few drops

were deposited at a time with several second delay between the groups of

drops. Table 3.1 through Table 3.3 document the jetting conditions this for
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three separate devices. Between each drop iteration there was approximately 5

minutes delay time.

TABLE 3.1 Drop experiment protocol for device on 2_10_j2 chip (31 drops total). The
iteration numbers are in chronological order. The time between iterations is
approximately 5 minutes.

Iteration
number

1

Number of
drops

3

10
total = 31

Delay between
drops (sec)

1

TABLE 3.2 Drop experiment protocol for device on 2_10_j4 chip (90 drops total)

Iteration
number

1

Number of
drops

5
5
5
5
10
10
10

Delay between
drops (sec)

10
10
10
10
10
10
10
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TABLE 3.2 Drop experiment protocol for device on 2_10_j4 chip (90 drops total)

10 10
10 10
10 10
10 10
90

TABLE 3.3 Drop experiment protocol for device on 5_13_jI chip (57 drops total)

Iteration Number of Delay between
number drops drops (sec)

1 2 10
5 10
5 10
5 10
5
5

10

10
10 10
10 10
10 10
57
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FIGURE 3.6 Digital image of 57 drops of polystyrene on 5_13_j1 chip (left), 90 drops
on 2 10 _j4 chip (center), and 31 drops on 2_10 j2 chip (right)
Ll LA

Figure 3.6 shows the digital images of polystyrene deposited on the three
gravimetric devices. The devices with 57 drops (5 _13_j1 chip) and 90 drops
(2_10_j4 chip) of polystyrene could not be actuated after the drops were
deposited and dried. The volume of the polystyrene polymer for these num-
bers of drops are calculated to be 4.2 and 6.7 pL, respectively. These volumes
are both smaller than the volume of the target drop plate. There is no visible
bridging between the fingers on either of the devices. However, there is some
polymer on the stiffening ribs of the ground shield on the 5 13 jl chip in
Figure 3.6. This indicates that there may be some satellite drops (secondary

drops that form along with the main drop) deposited in unwanted areas, i.e.
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Deposited
| —
polystyrene

dc

Frequency Selective
Cantilever Sensor

FIGURE 3.7 Resonator with phase and gain compensation circuit

outside of the plate. There may be some polymer bridging between the device
and undercut silicon. The actual reason for the inability to operate the device
after as many as 57 drops has yet to be explored. The result for the 31 drops,
corresponding to a calculated 2.3 pL of polystyrene, on the 2 10 _j2 resonator
device experiment proved to be successful, i.e. the device could still be actu-

ated after drops were deposited on the device.

Figure 3.7 shows the final schematic that was used in the oscillation loop.
The cantilever and on-chip preamplifier are connected to two inverting opera-
tional amplifiers. Figure 3.8 shows the frequency response of the 2 10 j2
device using a network analyzer with a beam dc voltage of V, = 20 V. The

input signal into the device is at the drive right electrode, node A in
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Figure 3.7, and is a 0.5 V peak to peak sinusoidal signal. The output is from
the on-chip preamplifier single-ended output, node B in Figure 3.7. The left
comb drive electrode was grounded. This device had a resonance frequency of
5.46 kHz and Q = 56. The magnitude and phase of the output from the pre-

amplifier were -40.4 dB and 93 °, respectively.

To determine the drive signal feedthrough component the potential across

the comb sensing fingers is set to 0 V. This means that the voltage on the can-

tilever should be equal to the DC bias voltage at the input to the preamplifier.
This DC bias voltage is 1.3 V. The drive signal feedthrough magnitude with

V, = 1.3V, which is V, in Figure 3.7, was found to be -63 dB.

FIGURE 3.8 Network analyzer output of the 2_10 j2 (2.3 pL polystyrene) with, Vy, =
20 V. Nodes A and B, in Figure 3.7, are the input and output, respectively.
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3.2.1 Adding Phase Compensation Stage

From Figure 3.8 one can see that to satisfy the criteria for oscillation a
gain greater than 40 dB and a phase shift of ~ -90° needs to be added to the
system in order to bring the total loop gain of the system above 0 dB and the
phase to 0°. The specific circuit in Section 2.7.1 was tested and it did not pro-
vide the necessary gain and phase requirements as expected for oscillation.
This is probably due to unwanted parasitics from the breadboard used to con-
struct the circuit. The phase compensation stage (with node B as the input and
node C as the output) in Figure 3.7 was added to the resonator. The system has
two poles at 530 Hz and 256 kHz. The second stage shown in Figure 3.7 pro-
vides the necessary gain. Figure 3.9 shows the predicted system response of
the two stages (with node B as the input and node D as the output) shown in

Figure 3.7.
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FIGURE 3.9 Frequency response of added components
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The gain and the phase of these external stages in the pass-band frequency of

interest are 40 dB and 0°, respectively.

Figure 3.10 shows the response of the system with the right comb drive

electrode as the input (node A in Figure 3.7) to the system and the output

(node C in Figure 3.7) is after the first compensation stage.
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FIGURE 3.10 Network analyzer transfer response (vesolution bandwidth = 300 Hz)
with compensation stage one output as Vg, and comb finger drive right as Vi, (12-12-

j3 chip)
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At resonance, this added stage shifted the phase of the system from 90° to -
130°. Since it is an inverting stage the phase shift should just be -90° since the

resonance frequency is in the passband. Therefore, this stage adds an extra -

40° phase shift. Figure 3.11 shows the frequency response of the total system

output at the output of the second compensation stage (node D in Figure 3.7).

The second stage adds an approximate 20 dB and ~ 50° phase shift.
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FIGURE 3.11 Network analyzer response with two compensation stages (12-12-j3 chip
without polystyrene & resolution bandwidth = 300 Hz)
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The lateral and vertical modes resonant frequencies were experimentally
found to be 6.094 kHz and 51.549 kHz, respectively. Before filtering the ver-
tical resonance mode was 3dB greater than that of the lateral mode resonance
indicating that the frequency filtering of the added circuitry did reduce the

magnitude of the unwanted resonant component.

The following equation was used to calculate these resonant frequencies

3
w
0.25E,,- h(7)

Mgt Mpiaze

where E,; s the effective Young’s modulus, /, w, and /, the height, width, and
length of the beam, m,; the effective mass of the beam, and m,,,,,, the mass of

the end plate. The effective mass of the beam is dependent on the shape func-
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tion of the beam and is 0.236*m,,,,,. The lateral mode resonance was calcu-
lated to be 10.54 kHz while the vertical resonance was calculated to be 28.68
kHz. The calculated frequencies are based on the dimensions that were drawn
before fabrication at the foundry. The actual width and height of the cantilever

has not been measured experimentally.

Figure 3.12 shows the configuration used for oscillation and Figure 3.13
shows the spectrum analyzer output (at node B in Figure 3.12) at oscillation.
The left comb finger drive was grounded while the right was used as the feed-

back input from the off-chip circuitry.

FIGURE 3.12 Oscillator schematic

[
Spectrum Analyzer

VoPositive

Frequency Selective
Cantilever Sensor

In the Jazz design, all of the bondpads have ESD diodes between the bonding

pad and Vss (ground in this case). There are diodes between the driving comb
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FIGURE 3.13 [2-12-j3 Oscillation output (node B in Figure 3.12) at fundamental and
harmonic frequencies (12-12-j3 chip with no drops of polystyrene Vbeam = 21.8 V)
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drive input (node A in Figure 3.7) and Vss as well as between the output of
the on-chip pre-amp (node B in Figure 3.7). The amplitude of the oscillation
signal at the driving input of the resonator is limited by this diode. The ampli-
tude of this oscillation signal will be clipped at -0.8 V. This clipping will
cause the harmonics shown in Figure 3.13. Since the frequency response at
the resonant frequency in Figure 3.11 shows an open loop gain greater than 1
then the oscillation amplitude should grow without bound until it reaches the
limits, i.e. the diode clipping voltage and the operational amplifier large signal
output voltage swing specifications for the LM741CN operational amplifiers

used. This value is typically +/- 13 V.
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Since the waveform will be clipped at -0.8 V and +13 V the oscillation
waveform will be a square wave with a frequency, f.., and amplitude V,. The
Fourier expansion for such a periodic square function with an amplitude of 1
is

B 1.
F() = Z ’—1s1n00,t (3.2)

n=1,3,5,..

This expansion shows that a square wave is made up of an infinite number of
sinusoidal waves. The frequencies of these sinusoidal waves are odd harmon-
ics of the frequency of the square wave. Equation 2.71 shows that every sinu-

soidal frequency component, ®, generates a force term at that frequency, o,

and at twice that frequency, 2m. Letting 4 = %Vr and using the force compo-

nents evaluated in (2.71) the relative magnitudes of the force components at

the different harmonics are listed in Table 3.4

TABLE 3.4 Frequency components and relative magnitudes

Frequency Expected Force Force Com- Experimen-
components ponents tally found
(nN) magnitude

39 0.7534 V

0.033 02113 V




3.3 Gas Test Measurement Setup

TABLE 3.4 Frequency components and relative magnitudes

30, Ldc 1.3 0.1321 V
3dx ?
4o, (Azdc 2 0.003 0.1164 V

4 dx

The magnitude of the first harmonic relative to the magnitudes of the 3rd, 5th,
7th,... should differ by a factor of 3, 5, 7,..., respectively. However, the mea-
sured 3rd harmonic relative to the 1st is 5.56. It is not clear why these values
differ. It may be due to the fact that the oscillation wave is not a full square
wave. It is a sinusoidal wave with an amplitude of 2.75 Volts and it is clipped
at -0.8 V implying that the higher order harmonics will not have as great as a

magnitude as that of full square wave.

3.3 Gas Test Measurement Setup

Figure 3.14 illustrates the gas test measurement setup used to test the gravi-
metric sensor. Nitrogen is the current carrier gas for gas testing. 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




3.3 Gas Test Measurement Setup

FIGURE 3.14 Gas Test Setup
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connects to a T-connector used to combine the carrier gas and analyte vapor
prior to entering the test chamber. The other outlet of the ball valve is con-

nected to the inlet of a bubbler which is submersed in the liquid form of the

analyte of interest, i.e. methanol, ethanol, 2-propanol, and acetone. The outlet

of the bubbler is connected to the other inlet of the T-connector. The specimen
test chamber has eight coaxial cable feedthroughs for making electrical con-
nections to the sensor. The test chamber is aluminum to provide an electrical
shield around the specimens and is sealed with a gasket to prevent gas from

escaping into the environment.




3.3.1 Gas test with no polymer drops using the 12-12-j3 chip

The liquid form of each specific analyte was placed in the bubbler and the
frequency shift in the resonance was monitored. Measurements were taken
under a nitrogen flow rate of 1 L/min and the frequency was manually
recorded every 30 seconds for approximately 5 minutes in order to estimate
the time response of the system. The time required for the flow of the gas
through the lines and test chamber to come to equilibrium is approximately
one minute. It is assumed saturation is reached in the test chamber but the
exact time at which this occurs was not determined. The gases were flowed
for 5-6 minutes for each gas test. Figure 3.15 through Figure 3.18 show the
acetone, methanol, ethanol, and 2-propanol gas tests on the control device

without polymer (12-12-j3 chip).




FIGURE 3.15 Acetone tests on 12-12-j3 with no polymer (spectrum analyzer outputs)
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FIGURE 3.16 Methanol tests on 12-12-j3 with no polymer (spectrum analyzer outputs)
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FIGURE 3.17 Ethanol tests on 12-12-j3 with no polymer (spectrum analyzer outputs
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FIGURE 3.18 2-propanol flow on 12-12-j3
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Gas flow test summary on no polymer chip (12-12-j3).

Table 3.5 through Table 3.8 summarize the frequency shifts between no expo-
sure, 5 minutes of exposure, and then 5 minutes after turning off the analyte.
All of the experiments were performed on the same day. For most of the tests
the resonant frequency did not return exactly to its initial frequency value

even after 5 minutes after the exposure was turned off. This may be due to the

the device resonant frequency drift over time that occurs without analyte

exposure. For the current device, the oscillator resonant frequency drift over
time is still currently being explored. Future work in this is necessary for full

device characterization.

TABLE 3.5 Acetone before and after resonance values (Hz)

# start before @ 5 min. A fdue Af
time expos saturation after to between
ure after 5 exposure exposure before &

min. removed after
exposure exposure

12:09:30  5908.6 5895.5 5906.2 -2.4
12:21:00  5906.2 5894.2 5905.2 -1.0
12:31:00  5905.2 5893.5 5905.0 -0.2




TABLE 3.6 Methanol before and after resonance values (Hz)

# starttime before @ 5 min. A f due
expos saturation after to
ure after 5 exposure exposure
min. removed
exposure

Af
between
before &

after
exposure

1:50:00 5904.9 5900.0 5904.5
2:00:00 5904.5 5900.7 5905.2
2:10:00 5905.2 5901.3 5905.6

-0.4
-0.7
-0.4

TABLE 3.7 Ethanol before and after resonance values (Hz)

# start before @ 5 min. A f due
time expos saturation after to
ure after 5 exposure exposure
min. removed
exposure

Af
between
before &

after
exposure

2:31:00 5906.2 5900.6 5903.6
2:41:00 5903.6 5900.2 5906.2
2:53:00 5906.2 5900.6 5905.0

-2.6
+2.6
-1.2

TABLE 3.8 2-propanol before and after resonance values (Hz)

# start before @ 5 min. A f due
time expos saturation after to
ure after 5 exposure exposure
min. removed
exposure

Af
between
before &

after
exposure

5905.4 5900.0 5905.0
5905.0 5901.1 5905.0
5905.0 5900.4 5904.6

-0.4
-0.4
-0.4




3.3.2 Gas flow tests on chip with 31 drops of polystyrene (2-10-j2 chip)
Figure 3.19 through Figure 3.22 show the gas tests on the device with 2.3 pL

of polystyrene. The tests on this device (2-10-j2 chip) with polystyrene was

done on a different day than the tests done on the 12-12-j3 chip.

FIGURE 3.19 Acetone tests (1-4) on 2-10-j2 chip with 31 drops polystyrene
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FIGURE 3.20 Methanol tests (1-4) on 2-10-j2 chip with 31 drops of polystyrene
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FIGURE 3.21 Ethanol tests (1 4) on 2-10-j2 chip with 31 drops of polystyrene
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FIGURE 3.22 2-propanol tests (2-4) on 2-10-j2 chip with 31 drops of polystyrene
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Gas flow test summary on 2-10-j2 chip with 31 drops of polystyrene.

Table 3.9 through Table 3.12 summarize the frequency shifts of the device
with 2.3 pL of polystyrene between no exposure, 5 minutes of exposure, and
then 5 minutes after turning off the analyte. All of the experiments shown in
Figure 3.19 through Figure 3.22 were performed on the same day. Again, the

resonant frequency did not return to its initial value.




TABLE 3.9 2-propanol before and after resonance values (Hz)

# start
time

before
expos
ure

@

saturation
after 5
min.
exposure

5 min.
after
exposure
removed

A fdue
to
exposure

Af
between
before &

after
exposure

11:26:15
11:39:00
11:51:00

5477.2
5475.7
5475.9

5470.3
5470.5
5469.8

5475.7
5475.9
5476.1

-1.5
+0.2
+0.2

TABLE 3.10 Methanol before and after resonance values (Hz)

# start
time

before
expos
ure

@

saturation
after 5
min.
exposure

5 min.
after
exposure
removed

A fdue
to
exposure

Af
between
before &

after
exposure

12:08:45
12:24:00
12:36:00
12:49:00

5476.5
5478.9
5478.9
5478.9

5470.5
5470.7
5470.7
5470.9

5478.9
5478.2
5478.2
5478.9

+2.4
-0.7
-0.7
0.0

TABLE 3.11 Ethanol before and after resonance values (Hz)

# start
time

before
expos
ure

@

saturation
after 5
min.
exposure

5 min.
after
exposure
removed

A fdue
to
exposure

Af
between
before &

after
exposure

1:05:15
9 1:18:00
10 1:31:30
11 1:45:00

5478.9
5476.9
5473.1
5476.9

5470.9
5469.4
5466.8
5470.3

5476.9
5473.1
5476.9
5475.0

-2.0
-3.8
+3.8
-1.9

TABLE 3.12 Acetone before and after resonance values (Hz)




3.4 Device Sensitivity to the Different Gases

before @ 5 min. A fdue Af
expos saturation after to between
ure after 5 exposure exposure before &
min. removed after
exposure exposure

5442.2 5474.1 -0.9
5448.4 5475.6 +4.6
5449.9 5475.6 0.0
5452.9 5476.1 +0.5

3.4 Device Sensitivity to the Different Gases

The frequency shift due to each gas was averaged over the experiments and
the resulting sensitivity (Hz/ppm) for each particular analyte was derived
assuming that the 5 minute exposure frequency shifts were at a saturated con-
centration in the test chamber. Concentration (in ppm) of analyte, A, at satura-
tion are derived in the following manner assuming STP (25 °C @ 1 atm = 760

mmHg)

P,

- . 10¢
760mmHg 10 (3-3)

Concentration, =
Table 3.13 shows the saturation levels of the particular analytes used for this

work given the vapor pressure values listed in Table 2.1
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TABLE 3.13 Concentration (ppm) of various analytes at saturation

Analyte

acetone
methanol

ethanol

2-propanol

Saturation
Level (ppm)

303,990
166,800
77,671
59,408

Table 3.14 shows the resulting sensitivities (Hz/ppm) for the two gravimetric

devices, 12-12-j3 and 2-10-j2 devices.

TABLE 3.14 Average experimentally determined sensitivity values for device with and
without polystyrene

Analyte Average Sensitivity w/o

polystyrene (Hz/ppm)
-0.0000403
-0.0000258
-0.0000627
-0.0000875

Average Sensitivity w/ 31 drops
of polystyrene (Hz/ppm)

-0.0000854
-0.0000456
-0.0000914
-0.0001021

acetone
methanol
ethanol

2-propanol

From (2.50), the expected sensitivity for a particular analyte is calculated

using (3.4) and presented in Table 3.15.

1 Jk 4 -3 1 1
74—11.' 3(§anropCdroderop) (IT_P)( ) (34)
(m 3R C. N ) AP “Ppoly
o 3 drop ~ drop* " drop
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The calculations use parameter values of 31 drops of polystyrene at a radius

of 20 um, C,,, of 2 mg/mL, k = 0.298 N/m, m, = 2.517 x 10'° kg, and K,

and density values from Table 2.2.

TABLE 3.15 Expected sensitivity values, (from Table 2.3) with 31 drops of polystyrene,
versus experimentally observed values of device 2-10-j2.

Analyte Expected Experimental
Sensitivity Sensitivity
(Hz/ppm) (Hz/ppm)

acetone -0.0064 -0.0000854
methanol -0.0081 -0.0000456
ethanol -0.0120 -0.0000914
2-propanol -0.0133 -0.0001021

The expected and experimental sensitivities are calculated with the
assumption that the gas saturation concentration level in the chamber for the
corresponding analyte has been reached at 5 minutes of exposure. This may,
in fact, not be the case. Further tests using known gas concentration levels
may give sensitivity values closer to theory. Figure 3.23 shows that there does
not appear to be correlation between experimental sensitivity and the theoreti-
cal solubility of the analyte in polystyrene. However, the expected sensitivity
should increase with solubility, which is dependant upon the vapor pressure of
the gas. In the gas tests, the chamber may not have been completely purged

between gas tests. The purge time between tests was 5 minutes. This would
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result in gas mixtures in the chamber and then the affinity of polystyrene to
certain analytes over the others becomes a variable in the analysis. Better con-
trolled gas concentration experiments are, therefore, necessary for proper

analysis.

FIGURE 3.23 Experimental sensitivity versus expected solubility of the analyte in
polystyrene for 31 drops
1.20E-04 -

1.00E-04 -
8.00E-05 -
6.00E-05 -
4.00E-05 -
2.00E-05 -
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experim sensitivity

expected solubility (cm*3/cm*3)

3.5 Resonator with capillary channel

There has been some current work delving into a device configuration
that exploits the ink jet drop characteristics. A first generation design has been
submitted and verified as a viable means of placing small amounts of polymer
on a small resonator using the ink jet process. Figure 3.24 shows a SEM of
such a device. The device actuation and sensing configuration is just like the
current device described in this report. However, there is a well placed at the

anchor of the resonator and the end plate is removed. This well serves as the
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FIGURE 3.24 Beam with channel (a) with enlarged view at the anchor point (b) for
placement of polymer using the ink jet drops

—300um

channel through
well for polymer Beam with electrodes beam

o @ ®

target for ink jet drops and contains capillary channels to direct the solution
towards a channel along the beam, which is illustrated in Figure 3.24. Six
drops of polystyrene were deposited in this well and the following images
show the dried polystyrene along the channel of the resonator, which resulted
due to solution drawn into the channel beam via capillary action. This design
proved successful in placing polymer on the beam without affecting the elec-
trostatic gaps nearby. Device characterization and analysis as a gas sensor is

underway.
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FIGURE 3.25 Beam with capillary channel before (a) and after (b) 6 drops of
polystyrene (2 mg/mL in 1 toluene: 1 xylene solution)

Polystyrene dried
along the channel




Discussion &
Conclusions

4.1 Discussion

A self-excited resonator oscillator implemented in a CMOS/MEMS tech-
nology acting as an organic vapor detector has been successfully demon-
strated. The device was tested without and with a calculated 2.3 pL of
polystyrene on the cantilever end plate. Methanol, ethanol, 2-propanol, and

acetone in a nitrogen carrier gas were the analytes tested.

The device tested without polymer responded to the analytes. The reso-
nant frequency shift probably occurs when the analyte absorbs onto the sur-
face of the device. Post-processing conditions induce some organic polymers
to accumulate onto the devices. It is not known how much of this polymer
accumulates during the process nor is its concentration known but this sub-

stance may also act as chemical receptor layer. It was also observed that the
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resonance frequency does not exactly return to its initial value after analyte
exposure for either of the devices, with or without the polystyrene. Both net
positive and negative frequency shifts, after the removing analyte, were
observed. There was no apparent correlation between this shift and the analyte
type because both types of shifts were observed for all analytes. This phenom-
ena may be due to several factors. First of all, the environment of the device
under test was not well controlled in this initial work. The exact concentration
levels of the gas flowed is not known. Therefore, there may have been some
residual gas in the system from the previous analyte test. Subsequently, these
shifts may depend on what was previously flowed through the system. The
device will respond differently to mixtures of gases accordingly due to differ-
ent affinities for different analytes. These problems should be alleviated with
a well controlled gas test system, which is under construction. Also, the

humidity of the environment may affect the absorption and desorption rates of

analytes. Device response to humidity levels has yet to be explored.

The measured analyte absorbed was greater for the device with 2.3 pL of
deposited polystyrene than the device without polystyrene. The sensitivity to
acetone and methanol was doubled with polystyrene while the sensitivities to

ethanol and 2-propanol increased by 50%. The highest frequency shift
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occurred with exposure to acetone because of it is inherently higher vapor
pressure and, therefore, higher ambient concentration at saturation levels.
Also, the solubility of the gas in the “glassy” polystyrene polymer increases
with vapor pressure. The sensitivities to the different analytes is expected to
increase with increasing vapor pressure. However, the experimental results
did not show a consistent trend with vapor pressure variations. A wider range

of gases and gas concentrations are needed to better quantify this trend.

For the sake of comparison, we note that the contemporary work, involv-
ing dynamic mode gravimetric sensors, by Lange et al. [4] showed sensitivity
levels of -0.01 Hz/ppm to ethanol using polyetherurethane as the sensitive

layer. The experimental results for this work using polystyrene as the sensitive

layer show an average sensitivity of -9.14 x 10~ Hz/ppm to ethanol. The theo-

retically calculated limit of sensitivity to ethanol of the current device config-
uration with 54 pL of polystyrene, which is equivalent to 806 drops of
polystyrene from a 2mg/mL solution of 1:1 toluene:xylene, is calculated to be
-0.13 Hz/ppm. This derived value was calculated with the assumption that the
maximum amount of polystyrene on the end plate of the device is limited to
54 pL of this polymer. It is not apparent whether this maximum limit of vol-

ume of polystyrene can be placed on the device because even 4.2 pL of poly-
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Estimated sansitivity vs cantiever langlh with 2.3 oL of polystyrene
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FIGURE 4.1 Cantilever sensitivity vs. cantilever length with 2.3 pL of polystyrene

styrene inhibited the current device from being actuated. Future investigations

of this issue must be undertaken.

However, using the current configuration, i.e. the same end plate size, the
same pitch and number of comb fingers in the drive and sensing capacitors,
the reduction of the length to 60 um of the resonator would result in a higher
resonance frequency and ultimately higher device mass sensitivity (Hz/gram).
Figure 4.1 shows a plot of how the sensitivity would improve with a decrease
in the cantilever length. This proposed length change and the use of the same

volume, 2.3 pL, of polystyrene on this future device will lead to a calculated -
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0.03 Hz/ppm sensitivity to ethanol. Using the maximum volume, 54 pL, of
polystyrene on the end plate of this future device should result in a -0.37 Hz/

ppm concentration sensitivity to ethanol.

4.2 Future Work

Future work should involve several factors such as full optimization of
the device configuration as discussed above, determination of the frequency
stability (i.e. short and long term variation in oscillation frequency which is
dependant on the cantilever and feedback system) of the oscillator and, subse-
quently, estimating the limits of detection, quantification of the exact amounts
of polymer deposited using the ink jet, exploration of other device configura-
tions that may exploit the post-processing ink jet drop characteristics which is
described in Section 3.5, and exploration of other types of chemically sensi-
tive polymers to obtain higher sensitivities and selectivities to other gases.
Overall, the current work has demonstrated a successful implementation of a

gravimetric gas sensor using the CMOS/MEMS technology and has provided

us with direction for future device design and testing methods.
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