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Abstract

Chemical vapor sensors are used in a wide variety of fields such as security, environmental monitor-
ing, the food and beverage industry, and healthcare to detect disease biomarkers on exhaled breath.
An electronic nose is composed of an array of cross-responsive chemical vapor sensors, in which
every sensor responds to a varying degree to each chemical vapor, creating a “fingerprint” for that
vapor. Incorporating an electronic nose into a highly-miniaturized vapor detection system, capa-
ble of bringing near laboratory-quality analysis into the field, requires the use of extremely small,
fast, and sensitive sensors. One option is resonant nanocantilevers, which respond to changes in
mass and stiffness by shifts in resonant frequency, and are capable of detecting mass-loading at the
attogram (10~ '® g) level in ambient conditions.

To determine whether nanocantilevers can be used in an electronic nose, an array of five nanocan-
tilevers, wherein each sensor was coated with a different dropcast polymer film (2—10 nm thick),
were exposed to seven chemical vapors with a range of functional groups. The array success-
fully discriminated between all vapors, indicating that sensor responses were dominated by vapor
absorption into polymer films, and not by non-specific physisorption. The thinness of the poly-
mer film, combined with the small vapor capture area of the nanocantilevers, resulted in lower
sensitivity than desired, limiting their effectiveness. To overcome this challenge, surface initiated
atom transfer radical polymerization (SI-ATRP) was used to grow a 100 nm thick, uniform films of

poly(methylmethacrylate) (PMMA), poly(methyl acrylate) (PMA), and poly(n-butyl methacrylate)



vii
(PBMA) on nanocantilevers. The thick polymer films absorbed more vapor, significantly increasing
nanocantilever sensitivity. To determine the relative roles of mass loading and stiffness change on
nanocantilever sensor response, SI-ATRP was combined with chromium masking, enabling polymer
film growth to be localized to either the clamped end (sensitive to stiffness) or the free end (sensi-
tive to mass-loading) of the nanocantilevers. These experiments revealed that changes in stiffness,
induced by vapor absorption into the polymer films, dominated the sensor responses, and not mass-
loading as was initially assumed. This work demonstrated that an array resonant nanocantilevers

can be successfully used a sensitive, nanoscale electronic nose.
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Chapter 1

Introduction

1.1 Chemical Vapor Sensors

Sensors are an integral part of modern life, from light switches and thermometers to touch screens in
tablets and smartphones, providing information and enabling us to affect our environment. Chem-
ical gas and vapor sensors encountered every day include smoke and carbon monoxide detectors,
which are essential for public safety. Also familiar is the breathalyzer test used to detect the pres-
ence of ethanol on exhaled breath. Beyond those more commonly encountered examples, chemical
vapor sensors are useful in a wide variety of fields such as in security to detect explosives and
chemical warfare agents, in the food and beverage industry for quality control, and in healthcare to
detect disease biomarkers on the exhaled breath of patients. Simply put, a chemical vapor sensor
is composed of two elements: a selective material which interacts with the vapor, and a physical
transducer, which translates that interaction into a measured signal, as shown in Figure 1.1, such as a
change in color, film thickness, resonant frequency, or electrical resistance. This introductory chap-
ter provides an overview of important concepts relevant to this thesis and lays out the framework

that guided the work.
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Figure 1.1: A chemical vapor sensor is composed of a phase that interacts with the vapor, and a
physical transducer which converts the chemical interaction into a readable signal.

1.2 The Electronic Nose

There are two paradigms for gas phase chemical sensors: highly-specific “lock-and-key” sensors
and cross-responsive sensors. Lock-and-key type sensors utilize strong, often irreversible, chemical
interactions or reactions to detect a single target vapor. While these sensors are both highly-specific
and highly-sensitive, if an application demands that a large number of vapors be identified, the
number of required elements in an array composed of lock-and-key type sensors becomes infeasible.
Also, since lock-and-key sensors typically respond irreversibly, they cannot be easily integrated into
a detection system, and would have to be replaced after each exposure to a chemical vapor.
Conversely, a cross-responsive sensor can interact reversibly with a large number of target va-
pors, so that a single sensor can be reused many times to detect a variety of vapors. Because cross-
responsive sensors lack the high-specificity of lock-and-key type sensors they must be employed in
a sensor array, where each element in the array is chemically distinct. Such sensor arrays are often
called “electronic noses” or “artificial noses” because of the similarity in operating principle to the
mammalian olfactory system. In mammalian olfaction, the olfactory receptors in the nasal passages
respond upon contact with odorant molecules, sending signals to the olfactory bulb, which then

processes the information and identifies the odor. While humans have 5-6 million total receptors,
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they only possess about 350 distinct types of receptors, meaning that a response pattern, rather than
a single response measured by a single receptor, is responsible for odor identification. !
A wide variety of chemical vapor sensor modalities have been developed for use in cross-

3

responsive arrays, including chemiresistors,? chemicapacitors,? responsive photonic crystals,* sur-

5 as well as micro- and nanocantilevers.®”-3% The choice of

face acoustic wave (SAW) sensors,
sensor employed for a given application depends upon a number of factors such as the sensitivity
required, the target vapor, the power consumption limitations, the environmental conditions, and
any sensor life-time requirements. Despite several decades of research, electronic noses cannot yet
approach the odorant identification capabilities of the canine or even human nose. One reason for
this is that there is great variety in the molecular structure and properties of compounds that are
recognized as falling into broad categories that humans can identify, such as fruity or flowery.'
Despite the inability to replicate the versatility of a natural mammalian nose, electronic noses can
be optimized for a specific task such as differentiating between the odors of fresh fish and spoiled
fish, making strict food quality control economically feasible.'® Where electronic noses surpass
mammalian noses is in the detection of volatile compounds that we are not adapted to sense.
Analogous to the mammalian olfaction system, upon exposure to a vapor, each sensor in the
electronic nose array will respond to a certain degree, resulting in a “fingerprint” response, as shown
in Figure 1.2. This fingerprint response is then decoded, taking the highly multidimensional data
and extracting the relevant variation in array responses between different vapors. In place of the
olfactory bulb, data analysis is done by computer, using either statistical methods such as Principal
Components Analysis (PCA) or Fischer Linear Discriminant (FLD), or a neural network algorithm.
As shown in Figure 1.3, data analysis by PCA results in a 2D or 3D visualization of the sensor
response that captures the greatest three dimensions of variance in the sensor array responses. When

an electronic nose is operating well, the array responses to each individual vapor cluster tightly, and
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there is sufficient distance between the clusters (responses to different vapors) such that it is possible

to discriminate between the vapors.

a) Sensor Responds to vapor b) Sensor Feature Extraction
vapor sorption & Zoo AT
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time
d) Array “Fingerprint” Response c) Sensor Array Response
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Figure 1.2: Schematic of an electronic nose. A chemical vapor sensor responds reversibly to a
chemical vapor by a change in property Z, where Z, is the baseline value of Z (a). The response
signal is extracted; often in the form of the relative change in the relevant property of the sensor (b).
A set of sensors with differing chemical coatings all produce responses to a single chemical vapor
(c). The responses of the sensor array acts as a“fingerprint” for a chemical vapor (d).

1.3 Vapor Mixtures

One aspect of chemical vapor detection that is particularly challenging is the analysis of mixtures
of chemical vapors. In the laboratory it is a simple task to generate a single, pure chemical vapor
of known concentration and then direct it to come into contact with an array of sensors. Chemical
vapor sensors operating outside of the laboratory must contend with simultaneously being exposed
to tens or hundreds of chemical compounds, necessitating the development of strategies to analyze
complex sensor responses induced by an additive mixture of vapors. Strategies for determining the
components of vapor mixtures include introducing a spatiotemporal sensor chamber!? and using

high-specificity sensor coatings. '3
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Another strategy to handle vapor mixtures is to add a gas chromatography (GC) separation stage
to the detection system upstream of the sensor array. While a mixture of vapors is introduced to the
inlet, vapors are eluted individually such that the sensor array is only exposed to one vapor at a
time, eliminating the need for complex data analysis.'* While adding a GC greatly increases the
complexity of a chemical vapor detection system, it enhances the flexibility of the system, and is

likely to be mandatory for many applications.

1.4 Miniaturization of Chemical Vapor Sensors

Miniaturized chemical vapor detection systems embedded into handheld devices like smartphones,
or even wearable packages, would put the power of chemical analysis, that today is confined to the
laboratory, into the hands those working on the frontline of public health and safety. For example,
doctors working in remote regions would be able to carry a handheld sensor system to detect the
presence of biomarkers for contagious diseases, such as tuberculosis, on exhaled breath. If a patient
tested positive, antibiotics could be prescribed immediately, a vast improvement from current stan-
dard diagnostic procedures which require cell culturing and a minimum of several days between
sample collection and initiation of treatment.

Sensors in highly miniaturized systems must be capable of being fabricated small enough to
be compatible with microfluidics while retaining sufficient sensitivity to detect the target vapors.
Some well-studied macroscale sensors cannot achieve this. For example, as the dimensions of
composite chemiresistors are decreased, their signal to noise ratio diminishes,'> rendering them
ineffective at the nanoscale. Additionally, sensor actuation and readout schemes must be compat-
ible with size and power limitations. For example, sensors that rely on lasers or respond via color
change are inappropriate for extreme miniaturization. A number of microscale chemical vapor sen-

sors that are compatible with the constraints of miniaturized detection systems have been investi-
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gated, including chemiresistors, carbon nanotube chemicapacitors, surface acoustic
wave (SAW) devices, 23-24.23 organic thin film transistors, 2° metal oxide nanowires, 2’ and microcan-
tilevers (static and resonating).282%-30-31.31 Additionally, resonant nanocantilevers have been studied
as detectors for ultra-fast GC as an intermediate step to integration with a portable micro-GC.° Fig-

ure 1.4 presents a schematic for a miniaturized vapor detection system along with a photograph of

a prototype smartphone-based chemical vapor sensor array.

1.5 Micro- and Nanocantilever Sensors

Microcantilevers, and more recently nanocantilevers, have shown great promise for incorporation
into miniaturized vapor detection systems. Cantilevers have a long history of being studied for use
as chemical sensors, with macroscale cantilever chemical sensors for hydrogen gas measured by

static deflection being reported as early as 1943.33

But, due to their susceptibility to external vibra-
tions, cantilever transducers attainted little practical appeal until microscale fabrication and precise
readout methods became more widely available.?® It was the advent of atomic force microscopy
(AFM), which relies on resonance and deformation of microfabricated cantilever transducers to
measure surface features at the nanoscale, that heralded renewed interest in cantilever sensors. >

A cantilever is a singly clamped suspended beam. Micro- and nanocantilevers are typically
fabricated by either bulk micromachining (etching through a wafer from the backside to suspend
the cantilever) or surface micromachining (etching the device side of the wafer to suspend the can-
tilever), and can be made using a variety of materials such as silicon nitride, 35 polymers, 36 and even
nanowires. 3’38 Cantilever sensors can be operated either in static mode or dynamic mode, as shown
in Figure 1.5. In the static mode, cantilever deflection is measured. Deflection can be caused by

intrinsic stresses, such as when a bimaterial cantilever, comprised of two materials with different

coefficients of thermal expansion, is heated. When operated statically as a chemical sensor, one



B omme
] ome

B wF

@ Benzene
Methanol
Toluene
E Water
Lighter Fluid
552 Vinegar

Diesel Fuel

PC2

Figure 1.3: Example of electronic nose data analyzed using PCA: Data in principal component
space of AR/ Ry, (relative change in electrical resistance) values produced when an eight-detector
carbon black/polymer composite chemiresistor array was exposed to dimethylmethylphosphonate
(DMMP), diisopropylphosphonate (DIMP), tetrahydrofuran (THF), benzene, methanol, toluene,
water, lighter fluid, vinegar, or diesel fuel, each at P/P° = 0.010 (where P is the partial pressure
and P° is the saturated vapor pressure), in an air background. The first three principal components
contain 97% of the total variance in the data. The ellipsoids contain 95% of the data for each ana-
lyte. Each analyte was presented eight times to the array with the order of presentation randomized
over all repetitions of all exposure types. !
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Figure 1.4: Schematic of chemical vapor detection system (a), and a photograph of a miniaturized
chemical vapor sensor array (b), developed by NASA Ames Research Center (composed of sixteen

nanosensors). 32
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surface of the cantilever is modified by applying a metal film, self assembled monolayer (SAM), or
polymer film that will interact with the target chemical. The sorption of a chemical species onto the

modified surface induces a change in surface stress, causing cantilever deflection.®

N
°
.
® "-'. . o ©
. .
°
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1. Changes in temperature 1. Mass-loading

2. Changes in surface stress 2. Changes in stiffness
3. Changes in electrical or 3. Changes in damping

magnetic fields

Figure 1.5: Static (a) vs. dynamic (b) cantilever operation. Flexible cantilevers are the most sensitive
for static deformation experiments, while stiff cantilevers are preferred for dynamic resonant fre-
quency shift experiments because mass responsivity improves with increasing resonant frequency.

In dynamic operation (in vacuum or gases) cantilevers can be treated as weakly damped oscil-

lators, and resonant frequency is a function of the cantilever mass and stiffness:

1 k
o7 Meff

fo (1.1)

where fp is the fundamental resonance frequency, m.sy is the effective mass for the fundamen-
tal mode (the total mass multiplied by the integral of a normalized function describing the modal
shape3?) and k is the effective fundamental-mode stiffness (spring constant). It is often assumed,
especially for microcantilevers, that the spring constant remains unchanged and thus mass-loading

is the sole cause of observed shifts in resonance frequency.*>*! Changes in spring constant must
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be considered when thick sorptive films (relative to cantilever thickness) are applied,® when metal
films undergo alloying,*? and especially when cantilever dimensions are shrunk to the nanoscale.*3
In these cases, assuming (0mers << meyy and 6k << k), the relative change in resonance fre-

quency can be approximated as

Af 0k Omeyy

fo - 2k Zmeff

(1.2)

where Af/fo is the relative change in resonance frequency.*} According to Equation 1.2, an in-
crease in effective mass induces a negative frequency shift, while an increase in spring constant
induces a positive frequency shift.

The resonance quality factor (Q) of a cantilever is the measure of damping, or energy loss.
The higher the Q value, the greater the amplitude of vibration at the resonant frequency (fy) and the
smaller the bandwidth (the range of frequencies around fj, at which the cantilever resonates). The Q
of a resonant cantilever determines the minimum resolvable change in fp, which in turn determines
the minimum changes in mass and stiffness resulting from the sorption of vapor molecules, which
can be measured, as shown in Figure 1.6. Thus the design and fabrication high Q cantilevers is
essential for the production of highly sensitive chemical vapor sensors.

The displacements of cantilevers operating statically or dynamically can be measured using a
number of methods. Optical detection of cantilever movement is very precise, but becomes ineffi-
cient when applied to nanocantilevers, and may not be compatible with portable detection systems.
Electrical readout by piezoresistive, piezoelectric, capacitance, or electron tunneling methods is
suitable for both micro- and nanocantilevers, and can be more readily integrated into a miniaturized
vapor detection system.?? The resonant frequency of the nanocantilevers used in this thesis was

measured via piezoresistive readout, whereby the gold top surface of the cantilever undergoes elon-
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Figure 1.6: Low Q (a) vs high Q (b) resonance peaks. The higher the Q value, the smaller the
resolvable shift in resonant frequency, and the more sensitive the cantilever to changes in mass and
stiffness.

gation and compression with cantilever motion. By current biasing the gold film piezoresistor, the
strain-induced resistance change is translated into a measurable voltage.** Additionally, the piezore-
sistor is used to downmix the displacement signal to a lower frequency, enabling the detection of
nanocantilever displacement using standard circuitry.*

There are also a number of methods to actuate the resonance of micro- and nanocantilevers,® the
choice of which can effect the Q of the sensor. For example, in the preliminary studies conducted
to characterize the nanocantilevers used in this thesis, the sensors were mounted on a piezoshaker,
which was used to actuate cantilever resonance. The piezoshaker introduced undesirable secondary
resonances, and the nanocantilever resonance quality varied significantly. Upon noting these limi-
tations, sensors were switched to thermal-elastic actuation, whereby cantilever resonance is driven
by resistive heating and motion is induced because of the difference in coefficients of thermal ex-
pansion of the bilayer structure. Figure 1.7 illustrates the difference in resonance quality between
the two actuation schemes. Thermal-elastic actuation resulted in much cleaner resonance peaks,
improved sensor-to-sensor reproducibility, and enhanced sensitivity to chemical vapors.

Shrinking the dimensions of resonant cantilevers to the nanoscale has a number of benefits.



11

(a) Resonance Behavior (Piezo Drive) (b) Resonance Behavior (Thermal Drive)
0.12 T T T T T T T T 400 T T T T T
il 0.14 4 200
.FFEVC.18 ?oated Cantilever PEVA18 Coated Cantilever
010 'Macking i, 1300 Tracking 2f,
0.12 - 100
0.08 - - 200 0104 Jo
s s ]
@ 3 ©  0.08-] 100 B
E 0.06 4 - 100 § E . g
< @ ‘e S
> ? S  0.06 4200 &
S o004 Jo 2 g <Q
= X T = §
Magnitude 0.04 o 4300 @
0.02 4 ~ -100 Magnitude
0.02 - -400
0.00 4 4 -200 0.00  -500
T T T T T T T T T T T T T
66 67 68 69 70 7.1 72 73 74 13.0 13.5 14.0 14.5 15.0 15.5 16.0
Frequency (MHz) Frequency (MHz)

Figure 1.7: The resonance peaks of the same nanocantilever actuated via piezoshaker (a) and then
driven by the thermal-elastic effect (b). Switching from the piezoshaker to thermal-elastic drive
improved the signal to noise ratio of sensor responses to chemical vapors, but introduced greater
baseline noise.

Firstly, by shrinking the cantilevers, more sensors can be packed into the same area. Large sensor
arrays with multiple redundant cantilevers and a variety of different chemically functional coatings
can be achieved while maintaining a footprint small enough for integration into microfluidics. Sec-
ondly, shrinking the cantilevers enhances their sensitivity. The minimum detectable mass change is

described as

Stmin ~ 2L Ssmin (1.3)
wo

where §1,,;,, is the minimum detectable change in mass, wy is the resonance frequency, and dwyy;y,
is the minimum resolvable shift in resonant frequency. Decreasing the effective mass of the can-
tilever (shrinking its dimensions) while maximizing its resonant frequency (fabricating the sensor
from a stiff material) leads to the most sensitive mass detection.3 This extreme responsivity to
changes in mass that occurs upon shrinking cantilevers to the nanoscale outweighs the effects of
simultaneously reducing the vapor capture area. Lastly, nanoscale cantilevers have an additional

attribute: they maintain high Q in ambient conditions, enabling small shifts in resonant frequency,
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correlating to small changes in mass and stiffness, to be resolved.**
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Figure 1.8: Preliminary nanocantilever responses to a series of chemical vapors. The cantilever
was coated with a 2-10 nm thick, dropcast film of poly(ethylene oxide), and was actuated by a
piezoshaker. The vapors were presented at P/P° = 0.020, and the exposure time was 200 s. Abbrevi-
ations: IPA = isopropanol, THF = tetrahydrofuran, and DMMP = dimethylmethylphosphonate. The
sensor responses that consisted of positive shifts in resonance frequency revealed that mass-loading
was not the only response mechanism at play. Additionally, the clear differences in responses be-
tween the vapors showed that polymer-coated nanocantilevers might be suitable for a nanoscale
electronic nose.

One complication of shrinking cantilevers to the nanoscale is that their surface area to vol-
ume ratio increases, leading them to become more likely to exhibit “anomalous” frequency shift
responses to chemical stimuli that cannot be accounted for by mass-loading alone. For example,
nanocantilever biosensors exhibited positive frequency shifts upon absorption of bacteria, which

was attributed to an increase in cantilever stiffness.*®*’ Similar anomalous responses were ob-

served with resonant nanocantilevers exposed to chemical vapors during preliminary experiemnts,
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as shown in Figure 1.8, promting an detailed exploration of the underlying causes behind these early
observations. To date, no models have been developed that satisfactorily explain the mechanisms
behind nanocantilever responses that cannot be explained by mass-loading alone, and it remains an

active research area.*

1.6 Outline of this Thesis

This thesis is comprised of three projects that were undertaken to develop resonant nanocantilever
sensors for use in highly-miniaturized vapor detection systems. Chapter 2 covers the creation and
testing of a five sensor nanocantilever electronic nose. The sensor and array performance of the
nanocantilevers was compared to that of an array of macroscale chemiresistive sensors, which acted
as a standard to benchmark the strengths and weaknesses of the nanocantilevers. Chapter 3 describes
the use of surface initiated atom transfer radical polymerization (SI-ATRP) to grow thick, uniform
films of poly(methyl methacrylate) on nanocantilever chemical vapor sensors in order to improve
sensitivity and reproducibility. Chapter 4 builds on the work of Chapter 3 by comparing the behavior
of nanocantilevers coated with SI-ATRP grown films of rubbery and glassy polymers. Additionally,
SI-ATRP is combined with a chromium masking and passivation scheme to localize the growth of
polymer films to either the free end or the clamped end of the nanocantilevers to determine whether
mass-loading or changes in stiffness dominates the observed sensor response behavior. Finally,
Chapter 5 presents a brief summary of the work, relating it to the overall field, and gives ideas for

future research directions necessary to realize nanocantilevers as practical chemical vapor sensors.
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Chapter 2

Nanocantilever Chemical Vapor Sensor
Array for Detection and Discrimination
of Volatile Organic Compounds (VOCs)

Miniaturized chemical vapor sensor arrays require the development of ultra-sensitive
detectors that enable real-time detection and chemical identification. Here, we present
a five-element array of resonating, polymer-coated nanocantilevers capable of discrim-
inating among seven volatile organic compound (VOC) vapors, under both dry and
slightly humid conditions. To confirm the quality of the nanocantilever array’s perfor-
mance, its sensitivity and discrimination capability were compared to that of a com-
posite chemiresistor array that utilized the same polymers as the nanocantilever array.
The chemiresistors required a minimum footprint of 1.17 mm? per detector to match
the signal to noise ratio (SNR) of the nanocantilevers, which have a 1.5 um? footprint
each; a factor of 10° difference in area. The nanocantilever responses shifted when
humidity was introduced to the background, which was attributed to the physisorption
of water vapor onto the nanocantilever surface, and into the hydrophilic polymer films.
The nanocantilever array successfully discriminated between all seven analyte vapors
under dry background conditions, but failed to differentiate between some vapors in

a humid background. However, with their extreme sensitivity, strong discrimination
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capability, and small dimensions, resonating nanocantilever arrays are ideal candidates

for minaturized electronic nose applications.

2.1 Introduction

Chemical vapor sensors are utilized in diverse fields such as defense, healthcare, environmental
monitoring, and food quality control.! Sensors are either designed to be highly specific, utilizing
strong lock-and-key type chemical interactions or reactions to detect a single compound or class of
compounds, or broadly-cross reactive, such that a single sensor will respond to a variety of analytes.
Cross-reactive sensors reflect less-specific interactions, such as Van Der Waals forces and hydrogen
bonding, and are often used in arrays such that each sensor will respond to a certain degree to most
analytes presented.>® Upon exposure to an odorant, the pattern of responses produced by the sensors
in the array yields a fingerprint for the vapor, mimicking the principles of mammalian olfaction and
leading these arrays to be called electronic noses. Pattern recognition algorithms can then be used to
differentiate between analytes of varying molecular weight, polarity, chirality, other physiochemical

4,5,6,6

properties, and concentration, and with training are capable of classifying a range of organic

and inorganic vapors for a variety of applications.”%?

Recently, there has been much interest in using electronic noses in field environments via ei-

10.1L12,13.14 o inclusion in a lab-

ther incorporation into everyday products, such as cell phones,
on-a-chip apparatus, such as with micro-gas chromatographs.'>!® The challenge of utilizing the
maximum number of sensors in the minimum amount of space has prompted the study of micro-
and nanoscale chemical vapor sensors that can be multiplexed into arrays. !”-1819:2021 Microscale

sensors, however, must be extremely sensitive to offset their small capture areas,?? and be readily

functionalizable to introduce response selectivity. A number of microscale chemical vapor sensors

have been investigated including chemiresistors,>!732* carbon nanotube chemicapacitors, > sur-
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21,27,28 19

face acoustic wave (SAW) devices, organic thin film transistors,2® metal oxide nanowires,

and both static and resonating microcantilevers. 20-30-31,32.33

Of these, nanocantilever and other nanoelectromechanical systems (NEMS) resonators show
great promise for these applications, as they are small enough to operate within microanalytical
systems, can be multiplexed in arrays, and have demonstrated mass sensitivity at and below the
zeptogram scale (102! g) in vacuum.3*33-36 Resonating nanocantilever sensors detect the sorption
of vapor molecules through resonant frequency shifts that can be attributed to changes in mass,
stiffness, surface stress, and surface elasticity.?” Coating nanocantilevers with thin polymer films
increases the quantity of vapor that can be adsorbed onto the sensor, and introduces selectivity by
harnessing specific chemical interactions between the polymer films and the analytes. In previous
work, the minimum resolvable mass change was calculated to be below 1 attogram (10°!8 g) for
a poly(methyl methacrylate) coated nanocantilever exposed to 1,1-difluoroethane in ambient con-
ditions.3® More recently, a two element nanocantilever array was combined with ultrafast-GC to
analyze thirteen chemicals within a 5 s time window and demonstrated detection of sub-parts per

t.16 Here, we con-

billion (ppb) of diisopropyl methylphosphonate (DIMP), a nerve agent simulan
duct an in-depth study of a nanocantilever chemical vapor sensor array’s discrimination performance
based only on the sensitivity and selectivity inherent in the sensors. This work demonstrates that
nanocantilever-based chemical vapor sensor arrays are capable of performing many vapor discrim-
ination tasks on par with an array of well-developed macroscale sensors, and thus provide a viable
option to achieving an integrated, field-deployable nanoscale electronic nose.

In this work the sensitivity and discrimination performance of a five element array of polymer-
coated nanocantilever sensors exposed to seven different volatile organic compounds (VOCs) was

examined. To provide a baseline for performance evaluation, an array of chemiresistive sensors,

coated with the same set of polymers as the nanocantilevers, was tested under the same conditions
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as the nanocantilevers. Chemiresistors were chosen for this comparison because their ability to de-
tect and discriminate between VOCs has been studied extensively.3?4041:4243 The chemiresistors
used in this study are a composite material composed of conductive carbon black particulates and
an insulating polymer, which swells upon exposure to analyte vapors. The polymer film swelling
decreases the number of conductive pathways across the film, inducing a measurable increase in re-
sistance across the film.2 The seven analytes tested (hexane, benzene, chloroform, dichloromethane,
bromoform, dibromomethane, and isopropanol) include closely related compounds to challenge the
discrimination capability of the arrays. Sensor arrays were exposed to analyte vapors in both dry
nitrogen and humid air background to determine the effect of humidity on response and discrimi-
nation. Individual sensor performance was evaluated in terms of response magnitude and signal to
noise ratio (SNR), which correlates to the minimum detectable level (MDL), the lowest detectable
concentration of analyte vapor. Array discrimination performance was analyzed using Principle
Components Analysis (PCA), to visualize response clustering, and Fisher’s Linear Discriminant
(FDL), to quantify the discrimination between pairs of analytes. This study demonstrated that high
array discrimination performance was maintained with nanoscale sensors when operated in dry con-
ditions, and that polymer coatings applied to nanocantilever sensors must be appropriately matched

to the expected background conditions as well as target analytes.

2.2 Experimental

2.2.1 Materials

Polybutadiene (variable MW) (PBD) and hydroxypropylcellulose (MW = 60k) (HPC) were pur-
chased from Scientific Polymer Products, Poly(ethylene-co-vinyl acetate) (18% vinyl acetate) (vari-

able MW) (PEVA) and Polysulfone (MW = 30k) (PSul) were purchased from Polysciences, and
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Polystyrene (GPC Standard MW = 2,460) (PS) was purchased from Aldrich. Carbon black (Black

Pearls 2000) (CB) was donated by Cabot, Inc. Reagent grade benzene (Ben), bromoform (CHBr3),
dibromomethane (DBM), and n-hexane (Hex), were purchased from Aldrich. Reagent grade chlo-
roform (CHCI3), dichloromethane (DCM), and isopropanol (IPA) were obtained from VWR. All

chemicals were used as received.

2.2.2 Sensors
2.2.2.1 Nanocantilevers

Silicon nitride nanocantilevers (Figure 2.1) with integrated piezoresistive readouts were used in this
study. The fabrication of this type of nanocantilever has been described in detail previously.3%+*
Briefly, the cantilever shapes were patterned with electron beam lithography onto a 100 nm thick
layer of SiN on a silicon substrate, followed by gold film deposition, and then liftoff. A dry plasma
etch was then used to release the sensors. The gold overlayer served as both etch mask during
fabrication and later as a piezoresistive transducer.*> Nanocantilevers had a typical fundamental
resonance frequency of 10-12 MHz, quality (Q) factors of 100-200 in ambient conditions, and

2. Resonance was actuated thermoelastically.*® Nanocantilever sensors

a capture area of 1.5 um
were operated with home-built, LabView-controlled electronics* which tracked each sensor’s res-
onance frequency using parallel, independent phase-locked loops, and were capable of operating
five sensors simultaneously. Thin polymer films were deposited by dropcasting from dilute solu-
tions (5 mg/mL polymer in toluene), resulting in 2-10 nm thick films as measured by ellipsometry. 3
Sorption of vapor molecules into the polymer films changed sensor mass and stiffness, inducing a

resonance frequency shift. Cantilevers were imaged with a scanning electron microscope (SEM) to

verify fabrication quality before coating, as the electron beam can damage polymer films.
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Figure 2.1: (a) Illustration of a nanocantilever chip (1 cm across), containing eight sensors, with two
dropcast polymer films. (b) False-color SEM image of 2.5 um long self-sensing SiN nanocantilever
with gold top layer for piezoresistive readout.

2.2.2.2 Chemiresistors

Chemiresistors were prepared by depositing a polymer/CB film across a 5 mm gap between two gold
leads that had been evaporated onto a glass microscope slide. Chemiresistive composite materials
were composed of an 80:20 mass ratio of polymer to carbon black dissolved in THF. To form
solutions, 160 mg of polymer was added to 20 mL of THF and sonicated until dissolved. Then
40 mg of CB was added and the solution sonicated until CB was suspended. The solutions were
sprayed onto the sensor substrates with an airbrush, resulting in films with resistances of 18-48
k€2, a range shown to reliably produce repeatable responses.*’ Sorption of vapor molecules into the
composite chemiresistive film caused the film to swell, increasing the sensor’s resistance. The DC
resistance across each chemiresistor was measured by a digital multimeter (Keithley Model 2002)

connected to a multiplexing unit (Keithley Model 7001).
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2.2.3 Sensor Arrays

Five element sensor arrays of nanocantilevers and chemiresistors were created for comparison ex-
periments as this was the maximum number of nanocantilevers that could be operated simultane-
ously with our custom-built electronics. Polymers were chosen from a chemiresistor array of ten
polymers spanning a range of chemical functionalities according to Linear Solvation Energy Re-
lationships (LSER) principles.*®4° From this group the five best polymers, in terms of sensitivity,
response time, and unique response pattern across analyte vapors, were selected for the array com-
parison experiments (see Figure 2.2 for selected polymers). The chemiresistor and nanocantilever

sensor arrays consisted of one sensor using each polymer.

RO
M’ L .‘OR
n n O-\Z:ri? B

Polybutadiene { n
(PBD) OR
Polystyrene Hydroxypropyl Cellulose
(PS) (HPC)

O\n/ Kj \:iofbﬂj {;}\o

8]

Poly(ethylene-co-vinyl acetate) Polysulfone
18% vinyl acetate (PSul)
(PEVA)

Figure 2.2: Repeat units of polymers used in this work.

2.2.4 Measurements

The computer-controlled (LabVIEW) analyte vapor generation and delivery system is described in

detail elsewhere.*! Briefly, carrier gas was passed through analyte bubblers to produce a saturated
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vapor stream which was then diluted to the desired concentration and delivered to the sensor cham-
ber. Analyte vapors were delivered in random order at 0.02 P/P°, where P and P° are the partial
pressure and the saturated vapor pressure of the analyte, respectively, with a 2.5 L/min background
flow of either dry nitrogen (cylinder) or oil-free house compressed air containing 1.10 + 0.15 ppth
water vapor (8—10% relative humidity). Temperature was not specifically controlled, but was stable
at 21 &+ 1°C. Each analyte exposure consisted of 70 s of pure carrier gas, 200 s of analyte vapor ex-
posure, and 410 s of carrier gas purge. Pure carrier gas was run through the sensor chamber for 500 s
before the first exposure to bring all sensors to a stable baseline. A single experimental run consisted
of twelve exposures to each of seven analyte vapors, with a total time of 16 h. Nanocantilevers and
chemiresistor arrays were tested in separate runs.

Chemiresistors were housed in a rectangular, stainless steel and Teflon sensor chamber with
an interior volume of 2,047.5 cm>, while nanocantilevers were housed in a brass chamber with an

interior volume of 100 c¢cm?

. Teflon tubing and stainless steel fittings were used throughout the
vapor delivery system. The nanocantilever frequency was sampled every 0.5 s and the chemiresistor

resistance was sampled every 4-6 s.

2.2.5 Data Analysis

2.2.5.1 Response Extraction

All data analysis was performed using custom written scripts in MATLAB.51 Nanocantilever sen-
sor responses were calculated as the maximum relative frequency change, A fy,q4/ fo, Where fo is
the baseline-corrected resonance frequency and A f,4, is the maximum frequency change upon
exposure to an analyte. Chemiresistor sensor responses were calculated as the maximum rela-
tive resistance change, AR,/ Rp, where Rp is the baseline resistance and AR, is the maxi-

mum resistance change upon exposure to an analyte, for chemiresistors. Previous work shows that
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05T and A frnae / fo is used to normalize for

ARynaz/Rp is a more consistent metric than ARy, 4.,
differences in fy among nanocantilevers.’> Raw data was corrected for baseline drift with a lin-
ear fit to the baseline average using the first 25 s of the pre-exposure and the last 25 s of the post
exposure data. Signal to noise ratios (SNR) were calculated as the AR, 4. Or A fiq. for a given
sensor divided by three times the standard deviation of the baseline frequency or resistance as noise
measurement, and the minimum detectable level (MDL) was calculated as the analyte concentration

that would elicit a sensor response of three times the baseline noise, assuming a linear correlation

between analyte concentration and sensor response magnitude.

2.2.5.2 Principal Components Analysis (PCA)

PCA is a means to visualize a sensor array’s ability to differentiate between analyte vapors. Data
were first sum-normalized>? to compensate for differences in response magnitude, then transformed
so that the variance within the data set was captured by the minimum number of dimensions. The
most variance is captured by the first principal component (PC), the second-most by the second PC,
etc. The data were projected along the first three PCs to observe the clustering of array responses to

each analyte.

2.2.5.3 Fisher’s Linear Discriminant (FLD)

FLD was used to evaluate each sensor array’s ability to discriminate between pairs of analytes.
FLD projects the multidimensional array data onto a vector that maximizes the distance between
the average array responses to a pair of analytes while minimizing the variance within each cluster.

The optimal separation vector is found by maximizing the resolution factor, f,>*

d

rf=———
(07 +03)""?

2.1)
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where d is the distance between the population means, and ¢; and o5 are the standard deviations of
the array response to the two analytes. An rf = 1 indicates 72% correct assignment, rf = 2 indicates
92% correct assignment, and rf = 3 indicates 98% correct assignment. FLD was applied to all
pairwise combinations of analytes, with the first six exposures to each analyte used to determine the
projection vector that maximized rf and to determine the decision boundary. This decision boundary

was used to classify the last six exposures to the pair of analytes.

2.3 Results

2.3.1 Sensor Responses with Nitrogen Carrier Gas

Figure 2.3 (a) shows nanocantilever A f,,,4./fo values in response to analyte exposures with dry
nitrogen background, while Figure 2.3 (c) shows the corresponding SNR values. Nanocantilevers
coated with PEVA, HPC, and PS exhibited only positive frequency shifts, while cantilevers coated
with PBD and PSul exhibited both positive and negative shifts. The nanocantilever array finger-
print was similar for closely related compounds (e.g. CHCl3 and DCM) and showed significant
variation for chemically distinct compounds (e.g. Hex and IPA). Figure 2.3 (b) and (d) show the
corresponding chemiresistor AR /Ry, and SNR values, respectively, for analytes exposed with dry
nitrogen background. Nanocantilever and chemiresistor responses were reversible, and both sensor
types returned to baseline values post-exposure on the same time scale. Nanocantilevers exhibited
lower response and SNR values than chemiresistors, which led to higher MDLs than chemiresistors.
Response, SNR, and MDL values for both nanocantilever and chemiresistive sensors are tabulated

in Tables 2.1 and 2.2, respectively.
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Figure 2.3: Responses of sensors exposed with dry nitrogen background. (a) and (¢) A finaz/ fo
and SNR respectively of nanocantilever sensors. (b) and (d) AR,/ Rp and SNR respectively of
chemiresistive sensors (inset in (d) shows SNR without HPC). Analyte fingerprints differ between
sensor types due to difference in response mechanisms.
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Table 2.1: Nanocantilever array A fy,q./ fo, SNR, and MDL values for vapor exposures conducted
with dry nitrogen background. Outliers were removed to calculate average SNR, and those values
were used to calculate average MDL.

(a) Nanocantilever Array A f,,.../fo © 10° (N background)

PBD PS PEVA HPC PSul
Hex —7.524+4.43 833+5.34 3263+9.10 24.78+10.69 9.24+5.78
Ben 4.30+0.86 15.63+1.50 49.20+.15 35.38 +3.52 6.43 +1.37
CHCl; —19.25+1.90 8.10+1.38 56.10+.27 40.13+2.98 —13.72+1.38
DCM —43.184+2.60 32.69+1.22 50.33+2.65 42.69+3.31 —23.41+1.88
CHBr3 15.56+242 21.10+1.16 55.93+2.72 45.83+3.60 22.67 + 2.22
IPA 16.30+1.73 17.57+0.95 48.82+256 39.36+2.33  16.86+ 1.80
DBM  5.11+1.59 19.35+1.38 59.66+2.53 53.01 £3.42  19.36 + 2.00
(b) Nanocantilever Array SNR (N5 background)
PBD PS PEVA HPC PSul
Hex 52 + 25 74 + 35 121 + 50 59 + 36 181 4+ 120
Ben 37+3 282 + 108 349 + 55 213 + 50 78 £ 21
CHCl3 134 + 56 115+ 52 349 + 73 189 + 53 273 + 64
DCM 222 4 57 16+7 166 + 133 142 + 94 355 + 196
CHBr3 127 + 12 363 + 125 226 + 106 237+ 73 473 + 160
IPA 88 + 32 227 + 83 219 + 116 158 + 60 282 + 82
DBM 38 + 10 187 + 97 274 + 145 314 + 23 306 + 87
(c) Nanocantilever Array MDL in P/P° (N2 background)
PBD PS PEVA HPC PSul
Hex  3.8x107°% 2.7x1074 1.7x 1074 34x10°4 1.1x10°%
Ben 54x107% 7.1x107° 51x107° 94x107° 2.6x107°
CHCl3 1.5x107* 1.7x 1074 57x107°° 1.1x1074 73x107°
DCM 9.0x 1075 1.3x1073 1.2x107% 1.4x1074 5.6x107°
CHBr3 1.6x10~* 55x107° 8.8x107° 8.4x107° 42x107°
IPA 23x107% 8.8x107° 9.1x107° 1.3x107% 7.1x107°
DBM 52x107% 1.1x1074 7.3x1075 6.4x107° 6.5x 107°
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Table 2.2: Chemiresistor array AR,/ Rp values, SNR, and MDL for vapor exposures conducted
with dry nitrogen background.

(a) Chemiresistor Array AR,,.../Rp 103 (N background)

PBD PS PEVA HPC PSul

Hex 6.51+0.53 2.08+097 3244092 5554043 2.76+0.52
Ben 11.60+022 473+099 7.07+084 643+021 4.94+0.43
CHCl; 19.72+033 856+0.87 20.10+1.37 1441+0.17 829+ 1.04
DCM 19.78 £ 0.41 20.99 +0.58 26.90+0.77 11.92+0.14 11.26+0.65
CHBrs 4.23+054 5204078 7.19+0.79 533+020 5.78 +0.59
IPA 3344068 337+0.65 9.06+088 3.57+0.60 4.43+0.44
DBM 825+0.33 11.01+0.39 1251 +0.57 6.03+0.21 7.25+5.32
(b) Chemiresistor Array SNR (N3 background)
PBD PS PEVA HPC PSul
Hex 845+ 313 28+ 7 229 + 35 699 + 245 136 + 87
Ben 2648 + 1427 115+ 38 401 + 37 880 + 324 326 + 218
CHCl; 3605 + 889 173 + 80 689 + 24 2223 +£703 740 + 428
DCM 4014 + 1904 377 £ 71 2000 +£ 242 1548 £450 912 + 314
CHBr; 842 + 399 96 + 32 350 + 30 852 + 329 345+ 72
IPA 373 + 167 65+ 23 486 + 43 419 + 167 141 + 109
DBM 1202 + 188 247 + 171 786 + 81 682 + 123 280 + 65
(c) Chemiresistor Array MDL in P/P° (N3 background)
PBD PS PEVA HPC PSul
Hex 24x107° 7.1x107* 8.7x107° 29x107° 1.5x10°*
Ben 7.6x107°6 1.7x107% 50x107° 23x107° 6.1 x107°
CHCl; 55x10° 1.2x107* 29x107° 9.0x 1076 2.7x107°
DCM 50x1076 53x107° 1.0x107° 1.3x107° 22x107°
CHBr; 24x107° 2.1x107* 57x107° 23x107° 58x107°
IPA 54x107° 3.1x107* 4.1x107° 48x107° 1.4x10~*
DBM 1.7x107° 8.1x107° 25x107° 29x107° 7.1x107°
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2.3.2 Array Discrimination with Nitrogen Carrier Gas

Figure 2.4 shows the PCA projection of the sum-normalized nanocantilever array responses to an-
alytes exposed with a dry nitrogen background projected on the first three PCs, along with the
variance captured in each PC. Hex and DCM were less tightly clustered than other analytes. Slight
cluster overlap was observed for CHBr3 and IPA. Figure 2.5 shows a plot of chemiresistor array
responses to analytes exposed with a dry nitrogen background plotted along the first three PCs of
the responses. Slight cluster overlap was observed for Hex and Ben.

Table 2.3(a) shows rf values calculated for the nanocantilever array with respective discrimina-
tion performance shown in parentheses, where rf = 3 signifies 98% correct discrimination, rf =2
for 92% correct discrimination, and rf = 1 for 72% correct discrimination. The nanocantilever array
achieved rf values of three or higher for almost all pairwise comparisons, but struggled to discrim-
inate Hex from Ben and CHCl3 and also between CHBr3 and IPA. Table 2.3(b) shows rf values
calculated for the chemiresistor array. Two pairwise comparisons resulted in rf < 2: discrimination

between Hex and CHCl3 and between CHBr3 and DBM.

2.3.3 Sensor Response and Array Discrimination with Humid Air Background

Figure 2.6 shows the difference in nanocantilever sensor response between dry nitrogen and hu-
mid air carrier gas experiments. Operating nanocantilevers in a humid air background containing
a small amount of water vapor caused A f,,4./ fo values to shift negatively relative to A fy,4./ fo
values from nanocantilevers operated in a dry nitrogen background. The HPC coated nanocantilever
responded poorly to analyte vapors under these conditions. To verify that the shift in nanocantilever
responses was due to changes in humidity and not any other differences between the nitrogen and
the laboratory air, an in-line drying column was inserted in the airflow path prior to the mass flow

controllers during an experimental run using humid air background. Nanocantilever responses col-
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Figure 2.4: Nanocantilever array responses to analyte vapors with dry nitrogen background pro-
jected along the first three PCs, along with the variance captured in each PC. (b) Zoomed-in view of
tightly clustered analytes. Large standard deviation in hexane responses led to cluster spread, while
distinct, strong, negative responses led to separation of DCM cluster from other vapors.
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Figure 2.5: Chemiresistor array responses to analyte vapors with dry nitrogen background projected
along the first three PCs, along with the variance captured in each PC, shows non-overlapping

clustering of seven analytes captured with a five element array.
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Table 2.3: rf values for nanocantilever and chemiresistor arrays exposed to analytes in dry nitrogen
and humid air backgrounds. An rf = 3 corresponds to 98% correct pairwise discrimination.

(a) Nanocantilever Array with Dry Nitrogen Background

Hex
Ben
CHClj
DCM
CHBI’g
IPA

Ben
0.87

CHCI3 DCM CHBr3

1.09
6.29

3.48
11.06
3.81

4.17
5.05
15.28
21.36

IPA
3.48
2.1
7.72
4.2
0.92

CHB12
3.22
2.56

7.2
10.14
2.59
2.45

(b) Chemiresistor Array with Dry Nitrogen Background

Hex
Ben
CHClj
DCM
CHBI‘3
1IPA

Ben
4.93

CHCI3 DCM CHBr3

1.64
2.5

5.17
4.05
8.02

5.72
7.25
4.09
2.31

IPA
9.11
8.82
6.6
53
3.43

CHB12
5.7
4.25
8.55
3.72
1.97
5.4

(c) Nanocantilever Array with Humid Air Background

Hex
Ben
CHCl3
DCM
CHB I3
1IPA

Ben
1.94

CHCI3 DCM CHBr3

222
1.81

2.57
4.03
243

5.24
3.03
5.63
10.18

IPA
2.77
1.17
2.03
3.69
1.97

CHB12
1.23
1.24
0.47
1.43
5.33
2.56

(d) Chemiresistor Array with Humid Air Background

Hex
Ben
CHClj
DCM
CHB I3
IPA

Ben
3.82

CHCI3
2.55
2.55

DCM CHBr3
1473 4.53
13.79  2.64
1246  3.02
4.99

IPA
5.34
3.26
2.16
391
3.1

CHB12
6.37
343
5.47
4.84

2.5
2.78
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lected with the dried air background were shifted positively relative to the humid air background. A
negative shift in response was also observed for uncoated nanocantilever sensors exposed to analyte
vapors in a humid air background as compared to in a dry nitrogen background. Figure 2.7 shows
A fmaz/ fo and SNR values for the nanocantilever array operated in an air background, and Table

2.4 shows tabulated response, SNR, and MDL values.
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Figure 2.6: Nanocantilever response data to analytes exposed in random order shows negative shift
in A fa2/ fo values upon switching from dry nitrogen to humid air background due to sorption of
water vapor on sensor surfaces and into hydrophilic polymer films.
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Figure 2.7: (a) A fmaz/fo and (b) SNR values of nanocantilevers exposed to analyte vapors with
humid air background.



Table 2.4: Nanocantilever array A f,,q./ fo, SNR, and MDL values for vapor exposures conducted

with humid air background.
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(a) Nanocantilever Array A f,,q./ fo x 10° (air background)

PBD PS PEVA HPC PSul
Hex -21.37+1.07 -940+0.87 3.23+1.26 -3.70+3.38 -29.55+0.84
Ben -1432+063 -658+061 11.19+092 0.93+276 -20.41+0.64

CHCl3; -36.144+0.90 -12.79+0.70 1579 +1.05 2.57+2.73 -38.61 +0.98

DCM -61.58+1.82 -20.63+051 547+082 -542+4.06 -51.45+1.48
CHBr; -432+0.87 -020+0.88 16.16+1.33 583+6.33 -432+1.21
IPA -297+149 -2314+091 10.64+193 482+272 -7.42+1.79
DBM -19.67+0.61 -652+0.59 9.76+091 3.524+4.92 -15.67+0.80
(b) Nanocantilever Array SNR (air background)
PBD PS PEVA HPC PSul
Hex 225+ 78 129 + 69 34+ 16 31+ 13 216 + 99
Ben 143 + 31 109 + 33 71 + 22 5419 212 4+ 63
CHCl3 409 + 50 201 + 58 117 + 54 17 +24 397 + 171
DCM 514 + 140 386 + 112 55410 77 + 60 478 + 202
CHBr3 26+ 8 6+4 161 + 67 53 4+ 40 334+ 17
IPA 31+ 15 38 + 17 118 + 52 54 4+ 27 68 + 29
DBM 164 + 47 99 + 28 64 + 14 25420 199 + 42
(c) Nanocantilever Array MDL in P/P° (air background)
PBD PS PEVA HPC PSul
Hex 89x107° 1.6x10~* 58x107* 64x107* 9.2x107°°
Ben 1.4x10°* 1.8x 1074 2.8x10°% 3.9x10°3 94x10°°
CHCl; 49x107° 1.0x 1074 1.7x10~* 1.2x1073 50x107°
DCM 39x107° 52x107° 3.7x10°4 26x10°4 42x107°

CHBr; 7.7x107% 3.3x1073 1.2x10°* 3.8x107% 6.1x1074

IPA 65x107* 52x107% 1.7x107* 3.7x10°4 3.0x 1074
DBM 1.2x107* 20x 1074 3.1x107% 79x 1074 1.0x 1074
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Figure 2.8 shows a plot of the nanocantilever array responses to analytes exposed with a humid
air background projected on the first three PCs. IPA was poorly clustered and overlapped slightly
with CHBr3. Little overlap was observed for the other analytes, but clusters were not widely sepa-
rated. Table 2.3 (c) shows rf values calculated for the nanocantilever array operated in air. Cluster
separation improved for some analyte pairs and was poorer for others relative to rf values calculated
for the nanocantilever array run with nitrogen background.

Chemiresistor performance changed little when the array was run with humid air rather than dry
nitrogen. Figure 2.9 shows there was an overall trend of decreased responses, with the PBD and
PS chemiresistors being the most affected, resulting in change to the array’s fingerprint response to
hexane, benzene, and chloroform, shown in Figure 2.10 (a). Figure 2.10 (b) shows SNR values for
the chemiresistor array operated in air, and Table 2.5 shows response, SNR, and MDL values. Figure
2.11 shows a plot of chemiresistor array responses to analytes exposed with an air background

plotted on the first three PCs. No overlap between analyte clusters was observed.

2.4 Discussion

2.4.1 Nanocantilever Response Mechanism

Unlike the chemiresistors, the polymer-coated nanocantilever sensors in this study exhibited both
positive and negative shifts in resonance frequency upon exposure to analyte vapors. Theoretical
understanding of the response mechanisms responsible for observed frequency shifts in nanome-
chanical resonators is an active area of research and, recently, the subject of a thorough review.>’
In many resonant microcantilever studies, frequency shifts have been attributed only to the mass of

sorbed species, though Thundat and coworkers observed positive resonance frequency shifts upon

exposing a hydrogel coated V-shaped microcantilever to water vapor.>> When resonator dimensions
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Figure 2.8: (a) Nanocantilever array responses to analyte vapors with humid air background pro-
jected along the first three PCs along with the variance captured in each PC. (b) Zoomed-in region of
tightly clustered analytes. Discrimination is reduced due to the poor performance of the HPC-coated

SENnsor.
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Figure 2.9: Chemiresistor responses were depressed upon switching carrier gas from dry nitrogen

to humid air.
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Table 2.5: Chemiresistor array AR,/ Rp values, SNR, and MDL for vapor exposures conducted

with humid air background.
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(a) Chemiresistor Array AR,,,./Rp X 103 (air background)

PBD PS PEVA HPC PSul
Hex 2.07+038 150+086 3.68+1.08 548+049 1.84+0.34
Ben 2984034 356+1.10 6.74+0.83 564+027 3.11+0.22
CHCl; 5.85+0.12 553+0.37 18.61+ 143 12.76+0.20 4.94+0.30
DCM 1720+ 0.34 1694 +045 23.65+0.87 1035+021 6.79+0.25
CHBr; 1.78+026 3244079 7.01+0.60 4.52+026 3.16+0.16
IPA 1414041 1974034 9.15+0.77 3.17+0.61 2.66+0.27
DBM 447 +024 817+049 11.34+0.68 522+0.18 3.87+0.13
(b) Chemiresistor Array SNR (air background)
PBD PS PEVA HPC PSul
Hex 383+ 159 1947 291 + 73 678 + 168 99 + 43
Ben 535+ 186 59 + 38 488 + 59 675 + 137 158 + 74
CHCl; 559 + 96 78 + 43 872 + 80 22224859 314+ 69
DCM 3697 +£ 1191 280 + 120 2078 249 1667 +£ 528 322 + 166
CHBr; 388 +99 45+ 21 394 + 33 760 + 242 152 + 31
IPA 279+ 78 23+ 6 591 + 62 312 + 40 172 + 49
DBM 1047 + 275 96+ 9 935 + 229 690 + 211 205 + 75
(c) Chemiresistor Array MDL in P/P° (air background)
PBD PS PEVA HPC PSul
Hex 5.2x107° 1.1x1073 6.9x10°° 29x107°  20x107*
Ben 3.7x107° 34x107% 41x10°° 3.0x107° 1.3x10°4
CHCl; 3.6x107° 2.6x1074 23x107° 9.0x107% 64x10°°
DCM 54x10°6 72x107° 9.6x 106 1.2x107° 6.2x107°
CHBr; 52x107° 4.4 %1074 51x107° 2.6x107° 1.3x10°*
IPA 72x107° 8.6x 104 34x107° 6.4x107° 1.2x107*
DBM 19x107° 2.1x107% 2.1x107° 29x107® 9.8x107°
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Figure 2.10: (a) ARyq2/Rp and (b) SNR values of chemiresistors exposed to analyte vapors with
humid air background. The fingerprint patterns of hexane and benzene exhibit the greatest change
relative to sensor responses to analytes exposed with dry nitrogen background.
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are shrunk to the nanoscale, changes in stiffness (from factors such as polymer film swelling) and
surface elasticity can induce positive shifts in resonance frequency. Positive frequency shifts have
also been attributed to changes in surface stress, but this interpretation is controversial.3” Nanocan-
tilevers have shown positive shifts in resonance frequency upon sorption of viruses>® and protein>’
near the clamped end of the resonator. The fundamental resonance frequency of cantilever sensors

is related to effective mass and spring constant such that,

1 k
fo= 2—,/7 (2.2)
s meff

where fo is the fundamental resonance frequency, m.sy is the effective mass for the fundamen-
tal mode (the total mass multiplied by the integral of a normalized function describing the modal
shape??) and k is the effective fundamental mode stiffness (spring constant).>> Only the fundamen-
tal resonant mode was used for all vapor exposure experiments. Assuming that dmepr << meyys
and 6k << k, Equation 2.2 can be rearranged to show that the relative change in resonance fre-

quency can be approximated as

Af 0k Omeyy

fo -2k 2Meyy

(2.3)

where A f/ fo is the relative change in resonance frequency.’ According to Equation 2, an increase
in effective mass induces a negative frequency shift, while an increase in spring constant induces a
positive frequency shift. Exposure to an analyte vapor increases both mass and spring constant, and
will induce either a positive or negative A f, depending on which factor dominates the response.>>
The direction of the observed frequency shift is dependent on polymer/analyte partition coefficient

(the concentration ratio of analyte absorbed into the polymer relative to the analyte in the vapor

phase),*” the extent of polymer swelling relative to the mass of analyte sorbed,*? polymer stiffness,
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and the distribution of film thickness across the cantilever surface, the latter being a function of the
dropcasting method employed in this study.

The nanocantilever’s ability to respond in both directions aids in analyte discrimination. The
nanocantilever’s sensitivity to both changes in m.¢s and & could also lead to suppression of the
observed response if these two mechanisms are of similar magnitude, which might explain the
A faz/ fo values of the PS-coated nanocantilever exposed to DCM with nitrogen background, and
IPA with air background. The response to changes in stiffness of the nanocantilevers was also
observed upon coating the sensors with polymer films. Figure 2.12 shows that nanocantilever res-
onance frequency often increased upon dropcasting of polymer films, but the magnitude of the
frequency shift was unpredictable due to differences in stiffness between the polymer films and
the variation of film thickness (2-10 nm) across the sensors. General correlations between poly-
mer properties, as well as polymer/analyte interactions, and observed frequency shifts cannot be
made due to the non-uniformity of the polymer coating thickness on the nanocantilever sensors,
and further study is necessary to fully understand the mechanisms responsible for the observed sen-
sor responses. In previous work, '® positive frequency shifts were not observed because all polar
analytes tested in that study had high molecular weights, which consistently induced negative fre-
quency shifts for both bare and polymer-coated nanocantilevers. Such polymer coatings, while of
comparable thickness to the ones tested in this study, had glass transition temperatures (7,) below
the operating temperature of the nanocantilevers, rendering such coatings rubbery and thus less able
to transmit strain due to swelling to the sensor, leading to responses dominated by the mass loading

effect.
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Figure 2.12: Resonance peaks of nanocantilevers used in array comparison experiments before
(black) and after (red) dropcasting polymer film. Resonance frequency shift upon dropcasting was
unpredictable, and quality factor often decreased upon coating due to damping. A second PS-coated
cantilever exhibited a much smaller A f upon coating, but responded poorly to analyte vapors so was
not used in array comparison experiments.
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2.4.2 Sensitivity Comparison

Directly comparing the sensitivity of nanocantilevers and chemiresistors presents challenges be-
cause the sensor types differ in response mechanism and the scaling of responsivity with size,
but their sensitivity per area and the scaling of SNR by area can be evaluated. Nanocantilever
sensitivity scales with fy and (directly with k.s; and inversely with m.s;), with the minimum
detectable change in mass, and other quantities, improving with increasing resonance frequency.
This sensitivity enhancement overwhelms the loss in capture area from shrinking cantilevers to the
nanoscale.’>>% Additionally, the nanocantilevers employed a very small volume of sorptive film
compared to the chemiresistors. The maximum film thickness produced by dropcasting is approxi-
mately 10 nm, about twenty times thinner than the chemiresistive sensor films. Comparing sensitiv-
ity per sensor area, nanocantilevers are 10’ more sensitive per area than chemiresistors, and in terms
of sensitivity per volume of sorptive film, nanocantilevers are 10> more sensitive than chemiresis-
tors.

For the case of chemiresistors exposed to high vapor pressure analytes in a large headspace
volume, the conditions of this study, chemiresistor SNR scales as AY/ 2 where A is the area of the
composite chemiresistive film.%” Assuming a constant thickness of the chemiresistive film, chemire-
sistors are required to have an area of 1.17 mm? each to match the average SNR of the nanocan-
tilever sensors, which have capture areas of 1.5 um? each. Nanocantilever SNR can be further
improved by developing new techniques to apply thicker films to increase response magnitude, by
using similarly-coated nanocantilever arrays,> and by employing alternate actuation and readout

schemes® that have inherently lower baseline noise.
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2.4.3 Discrimination Comparison

PCA plots for vapor exposure experiments with nitrogen background show that both nanocantilever
and chemiresistor arrays have similar qualitative ability to produce separate clusters for each analyte,
illustrating that the selectivity imparted by the specific polymers was not reduced when transferred
from chemiresistors to nanocantilevers. Large variations in nanocantilever array responses to hex-
ane and dichloromethane with nitrogen background were observed. The spread of the hexane data
is likely due to the high standard deviation of responses, particularly for the HPC coated nanocan-
tilever. Small array size leads to most variation being captured in the first two PCs, more so for the
nanocantilever array than for the chemiresistor array, indicating that the two types of sensors require
different sets of polymers for optimal discrimination performance. Figure 2.13 illustrates discrimi-
nation performance of nanocantilever and chemiresistor arrays would improve with increasing array

size beyond five elements by plotting 7f vs. the number of elements in the array. °!
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Figure 2.13: Average resolution factors, 7 f, for vapor exposures conducted with dry nitrogen back-
ground of (a) nanocantilever array and (b) chemiresistor array as a function of array size, showing
that increasing the number of sensor elements would improve discrimination performance.

2.4.4 Humidity

62,63

Humidity affects the responses of a variety of sensor types, and must be understood to enable

optimal deployment of a sensor array. Nanocantilever sensors are affected by humidity though
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the non-specific adsorption of water vapor molecules on the surface, which, like analyte vapors,
can change effective spring constant (stiffening), surface stress, or surface elasticity, resulting in a
positive shift in resonance frequency.?’

Figure 2.14 shows that nanocantilevers employing hydrophilic polymers were more affected by
switching carrier gas than those using hydrophobic polymers. The HPC coated nanocantilever was
most affected, such that it only introduced noise into the array when run with humid air as the carrier
gas. PCA performed after removing the HPC coated sensor from the analysis (Figure 2.15) shows
marked improvement in qualitative discrimination. The chemiresistor array did not follow the same
trend, as shown in Figure 2.16. AR,,../Rp values decreased similarly across the array for all
analytes, with the PBD chemiresistor responses to hexane and benzene the most affected, altering

the array fingerprint for these two vapors.
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Figure 2.14: Nanocantilevers coated with hydrophilic polymers exhibit larger shift in A fy,4./ fo
values upon switching carrier gas than those coated with hydrophobic polymers, since water vapor
will absorb into hydrophilic films as well as onto sensor surfaces.
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Figure 2.15: Excluding the HPC coated nanocantilever from PCA analysis of response data col-
lected with humid air background improves analyte discrimination, increasing separation of closely
spaced clusters. (a) PCA showing all analytes, and (b) the zoomed in region of tightly clustered
analytes.
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Figure 2.16: AR,,q./Rp values for chemiresistors decreased across the array, most noticeably
for the PBD chemiresistor exposed to hexane and benzene, which changed the array’s fingerprint
pattern for those two vapors.

Humidity suppresses the stiffening response mechanism, leading to frequency shifts that are
more dominated by mass loading, which has the effect of shifting responses negatively. This indi-
cates that nanocantilever responses to water vapor and VOCs are not purely additive, and that upon
exposure to an analyte, the analyte molecules may displace a portion of the water molecules from

the sensors.
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2.5 Conclusions

The sensitivity and discrimination performance of a five-element array of polymer-coated resonating
nanocantilever sensors compares favorably with that of a macroscale chemiresistor array utilizing
the same polymers as the nanocantilever array. In direct comparison, the larger chemiresistors
exhibit higher SNR than the nanocantilevers, but were calculated to require a minimum capture are
of 1.17 mm? to match the SNR of the nanocantilevers, which have a capture area of 1.5 um?. A
twenty element nanocantilever array, sufficient for most detection and discrimination tasks, could
be housed in less than 100 um? footprint, granting for 5 m? for each sensor, while a 20 element
array of chemiresistors with similar SNR values would require a minimum footprint of 23.4 mm?.
When exposed to analyte vapors with a dry nitrogen background both five element arrays produced
clustered data of analyte vapors with little or no cluster overlap, as visualized by PCA, and FDL
analysis shows both arrays produce rf > 3 for most pairwise combinations of analytes, indicating a
better than 98% discrimination.

Nanocantilever A fy,4./ fo values were shifted negatively when the carrier gas was switched
from dry nitrogen to house air, which contains a low ppth concentration of water vapor. Adsorp-
tion of water vapor onto the nanocantilever surface and absorption into hydrophilic polymer films
reduces the influence of surface elasticity and stiffness changes on responses to analytes, increas-
ing the percentage of the response due to mass loading, which decreases resonance frequency. In
this slightly humid setting, the HPC-coated nanocantilever did not respond to analyte vapors, de-
grading the array’s discrimination performance, but data clustering, as seen in PCA, was restored if
the HPC-coated nanocantilever was excluded from the analysis. This change in performance indi-
cates that polymer coatings must be tailored for both analyte and environment to create an optimal

nanocantilever array. With their extreme sensitivity, adjustable selectivity, and their small footprint,
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nanocantilever chemical vapor sensors could pave the way to embedded sensor arrays in everyday

products, and significant miniaturization of laboratory-scale analytical tools.
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Chapter 3

Enhancing the Performance of
Nanoelectromechanical Chemical
Sensors through Surface-Initiated
Polymerization

Improved coatings are critical for enhancing the sensitivity and selectivity of nanoscale
chemical vapor sensors. Surface-initiated polymerization was used to grow thick, uni-
form poly(methyl methacrylate) (PMMA) films on nanocantilever chemical vapor sen-
sors, which showed significantly greater sensitivity relative to bare cantilevers or those
coated with dropcast polymer films, as well as a strong selectivity towards polar ana-
lytes. Our work suggests that surface-initiated polymerization can work as a straight-

forward, reproducible method for large-scale functionalization of nanosensors.

3.1 Introduction

Resonant micro- and nanocantilever sensors, "2 modified with self assembled monolayers (SAMs)

3.4.5.6 includ-

or polymer films, have been used to detect a variety of biological and chemical targets,
ing chemical vapors. 8111 Sorption of a chemical vapor onto the surface of a cantilever changes

factors such as mass and stiffness, which induce measurable shifts in resonant frequency.? The
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smaller the dimensions of the resonant sensor, the more sensitive it becomes to the sorption of each
vapor molecule, '? so that nanocantilevers are able to detect mass changes at the attogram (1073 g)
scale in ambient conditions, ' and at and below the zeptogram (102! g) scale in vacuum. '31415.16
Functionalizing nanocantilevers with polymer films increases sorption of chemical vapors onto
the sensor relative to bare sensors and imparts a measure of selectivity to nanocantilever sensors
based on the differences in chemical interactions of polymer/vapor pairs. The deposition of a thick
polymer film is essential for producing high signal to noise ratio responses to chemical vapors in
ambient conditions. Previous nanocantilever chemical vapor sensor studies have relied on thin, 2-10

nm dropcast polymer films, '*-!!

which, while effective, limit the sensor’s dynamic range in terms
of both minimum detectable and maximum detectable vapor concentrations. All top-down coat-
ing techniques, such as microcapillary-pipette assisted dropcasting!” and inkjet printing, '8 utilize
solvent evaporation to produce solid films, which results in undesirable variation in film thickness
across a single sensor and between adjacent sensors.

Surface initiated polymerization (SIP) has been widely used to grow polymers directly from a
variety of substrates. !° The resulting films are composed of polymer chains with one end tethered
to a substrate, and when the inter-chain distance is small, steric repulsion leads to chain stretching,
resulting in a brush-like conformation. Functionalizing nanocantilevers with SIP-grown films pro-
vides a method to deposit sorptive films. Surface Initiated Atom Transfer Radical Polymerization
(SI-ATRP) is a particular polymer brush growth technique proven to have great ease of application
and versatility for a wide range of functional groups.?’ SI-ATRP has been used to grow polymer

brushes on microcantilevers that were subsequently used to detect changes in solvent quality,?'-??

2223 a5 well as the presence of glucose in liquid,?* and of saturated toluene

pH,?? and temperature,
vapor in nitrogen.?> All of these microcantilever sensor measurements used static deflection of the

cantilever beam rather than a resonant frequency shift to detect changes in their environments.
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In this letter, we present a proof of concept use of surface initiated polymerization to grow thick,
sorptive films on nanocantilever chemical vapor sensors. Poly(methyl methacrylate) (PMMA) was
grown directly from the surface of nanocantilevers via SI-ATRP using a synthetic method which
confines polymer formation to the cantilever surface. The SI-ATRP PMMA-coated cantilevers were
then exposed to a series of seven organic vapors, along with both bare cantilevers and cantilevers
functionalized with a dropcast PMMA film. The SI-ATRP PMMA-coated cantilever response to po-
lar analytes was enhanced relative to bare and dropcast PMMA coated cantilevers, while all sensors
exhibited similar magnitude responses to non-polar vapors. The thick polymer films grown with
SI-ATRP on resonant nanocantilever sensors opens up a new area of study where sensor responses

are dominated by analyte absorption into polymers and could be adapted for wafer scale processing.

3.2 Experimental

3.2.1 Materials

Methyl methacrylate (10-100 ppm MEHQ inhibitor), HQ/MEHQ inhibitor removal column pack-
ing, and poly(methyl methacrylate) (PMMA; T, = 105°C; MW = 35,000; p = 1.20 g/mL) were
purchased from Scientific Polymer Products, Inc. Bis(2-[2’-bromoisobutyryloxy]ethyl) disulfide
(BiBOEDS) (>90%) was purchased from ATRP Solutions. Methanol (anhydrous, 99.8%), copper
(I) bromide (CuBr) (98%) and 2,2’-bypyridyl (>99%) were purchased from Aldrich. CuBr was
purified by stirring with glacial acetic acid for 24 hrs at room temperature, followed by rinsing with
ethanol and diethyl ether, and then drying overnight in vacuum. Purified CuBr was stored in a vac-
uum desiccator until use. Absolute ethanol was purchased from Decon Laboratories, Inc. Regent
grade hexane, heptane, toluene, ethyl acetate, chloroform, tetrahydrofuran, isopropanol, and carbon

tetrachloride were purchased from VWR, and were used to produce analyte vapors. All chemicals
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were used as received unless otherwise stated. Ultrapure, deionized water (18 M{2/cm) was used

for all syntheses.

3.2.2 Nanocantilevers

The fabrication of silicon nitride nanocantilevers with integrated piezoresistive readouts has been
described in detail previously. !¢ Briefly, cantilever and bondpad shapes were pattered with elec-
tron beam lithography onto a 100 nm thick SiN layer on a silicon substrate, followed by gold film
deposition, and then liftoff. Dry plasma etching was then used to release the cantilevers. The gold
overlayer served as both etch mask during fabrication and later as a piezoresistive transducer.?’
Nanocantilevers had a typical fundamental resonance frequency of 10-12 MHz, quality (Q) fac-

2. Resonance was actuated

tors of 100-200 in ambient conditions, and a capture area of 1.5 pym
thermoelastically.?® Nanocantilever sensors were operated with home-built, LabView controlled,

electronics?’ which tracked each sensor’s resonance frequency using up to five parallel, indepen-

dent phase-locked loops.

3.2.3 Initiator SAM Formation

Substrates were cleaned with hexane, acetone, tetrahydrofuran, methanol, and absolute ethanol,
followed by a UV/ozone plasma clean for 8 min. After rinsing with deionized water and thoroughly
drying with a stream of compressed air, substrates were immersed into a 5 mM solution of initiator in
absolute alcohol. For a single chip, 2.5 mL of the solution (15 mg initiator), in a 20 mL scintillation
vial was sufficient to fully immerse the substrate. The sealed vials were stored into the dark for

24-48 hrs to ensure the formation of a dense and ordered SAM.
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3.2.4 Polymerization

Polymerization of MMA was done by water-accelerated SI-ATRP.?° Neat MMA was first passed
through an inhibitor removal column. The purified MMA was either used immediately, or was stored
in sealed vials that were placed in a freezer until use. A two necked round bottom flask was charged
with 7.5 mg purified MMA, 6 mL methanol, and 1.5 mL deionized water. The flask was sealed with
septa and then the solution sonicated while sparging with nitrogen or argon for 45 min. The catalyst
components, 258 mg of CuBr and 114 mg 2-bipy, were then added to the solution, which was then
simultaneously sonicated and sparged until the catalyst dissolved, which generally took 30—45 min.
Substrates were suspended with a flat alligator clip in a 20 mL scintillation vial equipped with a
small stir bar and a septum. The clip was attached to a wire that was sufficiently long to bend over
the rim of the vial, and was held in place with the septum. The vial was purged with nitrogen or
argon for at least 45 min before introduction of the solution. The reaction solution was transferred
via syringe from the round bottom flask to the vial containing the suspended substrate to prevent
contact with oxygen. The reaction was allowed to proceed at room temperature with stirring and a
constant inert gas purge. At the desired time the substrate was removed and thoroughly rinsed with

tetrahydrofuran, methanol, and absolute ethanol.

3.2.5 Polymer Film Characterization

Films were characterized using ellipsometry and scanning electron microscopy (SEM). Flat sub-
strates for ellipsometry measurements were prepared by evaporating 3 nm of chromium, followed
by 30 nm of gold onto a silicon wafer coated with native oxide. Cleaning, SAM formation, and
polymerization procedures were identical to those used for nanocantilevers. PMMA film thickness
was measured with a Gaertner L166C ellipsometer, equipped with HeNe (633 nm wavelength) laser,

at a 70° angle of incidence. The optical constants of the flat gold substrates were measured prior to
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formation of the initiator SAM. Both initiator SAM and polymer film thickness were measured. The
refractive index the SAM was assumed to be 1.46, and the refractive index of the PMMA film was
assumed to be 1.49.° The thickness of the initiator SAM measured between 0-2 A. SEM (ZEISS
1550 VP FESEM) was used to verify the quality of nanocantilever fabrication and the quality of the

SI-ATRP grown polymer films.

3.2.6 Dropcast Polymer Films

PMMA solutions for dropcasting were formed by first making a concentrated solution by sonicating
approximately 100 mg PMMA in 20 mL toluene until the polymer beads were dissolved. This
concentrated solution was diluted 5 mM. A 10 pL micropipette was used to apply a 1.5 uL droplet
of the dilute PMMA solution to the chip containing nanocantilever sensors, which was allowed to

evaporate naturally.

3.2.7 Vapor Exposure Experiments

Nanocantilevers were exposed to analyte vapors using an automated vapor delivery system con-
trolled by LabView.7 At least three sensors of each type (bare, dropcast PMMA, SI-ATRP PMMA)
were tested. The analytes (hexane, toluene, heptane, ethyl acetate, chloroform, tetrahydrofuran,
and isopropanol) were delivered at a concentrations of 0.005-0.08 P/P° (partial pressure divided by
saturated vapor pressure), and each exposure consisted of 70 s of pure carrier gas, 400 s of analyte
vapor exposure, followed by 630 s of carrier gas to purge the system. For single concentration exper-
iments, a run consisted of five exposures to each analyte at 0.02 P/P°. For linearity experiments, five
exposures per concentration per analyte were delivered in the order 0.03, 0.01, 0.048, 0.005, 0.08,
and 0.02 P/P° to prevent possible hysteresis from affecting linearity profile. The nanocantilevers

were housed in a brass chamber with an internal volume of 100 mL. Between one and four sensors
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were tested in each experimental run, and all sensors were “broken-in” prior to data collection by

multiple exposures to each analyte. Temperature was not controlled, but was stable at 21 4+ 1 °C.

3.2.8 Data Analysis

Nanocantilever frequency data was corrected for baseline drift prior to extraction of sensor re-
sponses. Baseline noise was computed as the standard deviation of drift-corrected baseline fre-
quency over a period of 10 s prior to sensor response. Signal to noise ratio was calculated conser-
vatively as the average response divided by three times the baseline noise. Data analysis was done
using OriginLab (Version 7.5). Nanocantilever sensor response data reported in figures and tables
were recorded from single, representative sensors. Some variation was observed between individual

sensors of each type, but it did not distort the reported trends.

3.2.9 Method for Determining Parition Coefficients of Dropcast and SI-ATRP Grown

Polymer Films

Partition coefficients (/,) were determined by measuring the mass uptake of PMMA films ap-
plied to quartz crystal microbalances (QCMs). Each QCM was cleaned with hexane, acetone, and
methanol before measurement of its initial resonance frequency, Fp ;. PMMA films were prepared
either by spraycoating the QCM with a solution of PMMA (Scientific Polymer Products, Inc.) in
tetrahydrofuran (160 mg / 20 mL) using an airbrush, or by SI-ATRP, as described above. All PMMA
films were stored in a closed, but not sealed, container for at least 24 hrs after film formation to aid
evaporation of any trapped solvent. Before data collection QCMs were broken-in by exposing them
to a randomized series of vapor exposures for 12-18 hrs. QCMs were exposed to analyte vapors
with an automated vapor delivery system.’ Five exposures of the seven vapors at each of the five

concentrations (P/P° = 0.01, 0.02. 0.04, 0.06, 0.08) were conducted in an order randomized for
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both analyte identity and concentration. After an initial purge of 500 s, each exposure was 400 s in
duration, with a 700 s purge between exposures. The change in resonance frequency due to poly-
mer coating, AFj;ymer, Was calculated as the difference of the resonance frequency before and
after coating. The frequency change due to each vapor exposure, AFg;,q1y e, Was calculated as the
difference in frequency between the QCM during exposure relative to the baseline frequency. The
baseline frequency was calculated as the average frequency during the 20 s prior to the specific va-
por exposure, and the frequency during exposure was calculated as the average frequency between
350 and 398 s after the exposure had begun.

The calculation of the partition coefficient from the QCM frequency shift data has been de-
scribed previously. 3 Briefly, first a line with a forced zero is fitted versus concentration data. The

slope of this fit is then converted into a partition coefficient by,

pRT'm % 106

K =
“ MWAFpolymerPatm

3.1

where R is the ideal gas constant (I atm mol~' K1), p is the density (g mL~') of the polymer,
T is the temperature (K), m is the slop4 of AFj,q,e versus concentration (Hz/ppth in air), My,
is the molecular weight (g mol~!) of the analyte, AFpoiymer (Hz) is the frequency shift due to
polymer coating, and P, is the atmospheric pressure (atm). The density of PMMA used in the

K4 calculations was 1.20 g/mL for QCMs with both spraycoated and SI-ATRP grown films.

3.2.10 Method for Ellipsometry of Polymer Film Swelling

Substrates coated with a either a dropcast or SI-ATRP grown PMMA film were placed into a vapor
exposure chamber that was situated on the sample stage of the ellipsometer. The vapor exposure
chamber consisted of a plastic box with ports for laser beam as well as vapor stream input. A glass

window made from a microscope slide cover slip was installed in the top of the chamber to allow
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for substrate alignment. Saturated analyte vapor was generated by passing a stream of laboratory
air though a bubbler. A manual valve was used to switch the gas stream flowing through the sensor
chamber between laboratory air and saturated analyte vapor. Substrates for PMMA film swelling
measurement were QCMs that had been previously used to determine the K, of the films. The
baseline film thickness of each sample was measured after exposure to a flow of laboratory air for
2 min. The flow was then switched to a stream of saturated analyte vapor for 6 min, and the film

thickness was measured again. This procedure was repeated three times for each vapor.

3.3 Results

The sensors used in this work to investigate the benefits of SI-ATRP surface functionalization were

piezoresistive, gold-coated silicon nitride nanocantilevers !0-26:27

with a typical fundamental reso-
nance frequency of 10-12 MHz, quality (Q) factors of 100-200 in ambient conditions, and a capture
area of 1.5 ym?. Resonance was actuated thermoelastically.?® Nanocantilever sensors were oper-
ated with home-built, LabView-controlled, electronics?’ which tracked each sensor’s resonance
frequency using parallel, independent phase-locked loops (PLLs). After thorough cleaning by
UV/ozone plasma, the polymerization initiator bis(2-[2’-bromoisobutyryloxy]ethyl)disulfide (Bi-
BOEDS) (ATRP Solutions) was tethered to the gold overlayer by self assembly by immersing the
substrate in a 5 mM solution of BiBOEDS in absolute ethanol for 24-36 hr. The PMMA polymer
brush was then grown using a room temperature, water-accelerated reaction®’ that was allowed to
proceed between 30 min and 30 hr. Ellipsometry measurements, presented in Figure 3.1, of PMMA
films grown on flat, gold-coated substrates show an initial linear relationship between reaction time
and film thickness, which later slows due to chain termination, reaching a maximum film thickness

of approximately 90 nm after 20 hr. SEM images of a nanocantilever coated with a 90 nm thick

SI-ATRP PMMA film shows that the film is smooth, with a uniform thickness across the nanocan-
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tilever, in comparison to a bare sensor and a dropcast PMMA film-coated sensor (Figure 3.2).
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Figure 3.1: The growth of SI-ATRP PMMA films is linear for short reaction times, but levels out
and reaches a maximum film thickness of approximately 90 nm at 20 h.

Nanocantilevers were exposed to analyte vapors using an automated vapor delivery system con-
trolled by LabView-based software.3! The analytes (hexane, toluene, heptane, ethyl acetate, chlo-
roform, tetrahydrofuran, and isopropanol) were delivered at a concentrations of 0.005-0.08 P/P°
(partial pressure divided by saturated vapor pressure), and each exposure consisted of 70 s of pure
carrier gas, 400 s of analyte vapor exposure, followed by 630 s of carrier gas to purge the system.
For single concentration experiments, a run consisted of five exposures to each analyte at 0.02 P/P°.
For linearity experiments, five exposures per concentration per analyte were delivered in the order
0.03, 0.01, 0.048, 0.005, 0.08, and 0.02 P/P° to prevent possible hysteresis from affecting measured

linearity profile. Additionally, SI-ATRP PMMA coated cantilevers were exposed to polar vapors
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Figure 3.2: SEM images of nanocantilevers functionalized with (a) a 10 nm thick, dropcast polymer
film and (b) a 90 nm thick, SI-ATRP grown PMMA film.



77

for longer times, up to 5000 s, to determine equilibrium response and response time.

For all vapor exposure experiments, the nanocantilevers were housed in a sealed brass chamber
with an internal volume of 100 mL. Between one and four sensors were tested in each experimental
run, and all sensors were broken-in prior to data collection by multiple exposures to each analyte.
Temperature was not controlled, but was stable at 21 + 1°C. Frequency data was corrected for
baseline drift prior to extraction of sensor responses. Baseline noise was computed as the standard
deviation of the drift-corrected baseline frequency over a period of 10 s prior to the sensor response.
The signal to noise ratio (SNR) was calculated conservatively as the average response divided by
three times the baseline noise.

The data from the 400 s exposure experiments (Figure 3.3) show that cantilevers coated with
the SI-ATRP PMMA film produce stronger sensor responses to polar vapors compared to bare can-
tilevers and cantilevers coated with a dropcast PMMA film. No signal enhancement was observed
for non-polar vapors. The response values for the nanocantilever sensors are reported in Table 3.1.
The linearity of sensor response for 400 s exposures versus vapor concentration for a cantilever
coated with SI-ATRP grown PMMA film is presented in Figure 3.4, and shows the response of the
sensor to toluene vapor is nearly linear versus concentration, but the response of the sensor to ethyl
acetate and isopropanol does not maintain linearity at higher concentrations. The following figures
show baseline-drift corrected frequency traces for three cantilever sensors with different surface
functionalization: bare gold (Figure 3.5), dropcast PMMA film (Figure 3.6), and SI-ATRP grown
PMMA film (Figure 3.7). Each figure depicts the response of a single sensor to a series of exposures
to analyte vapors at a concentration of 0.02 P/P°. For these experiments, five sequential exposures
to each of seven vapors were conducted in the order hexane, toluene, heptane, ethyl acetate, chloro-

form, isopropanol, and tetrahydrofuran.
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Figure 3.3: Responses of the nanocantilever sensors to a series of 400 s exposures to analyte vapors,
delivered at 0.02 P/P°. Nanocantilevers coated with SI-ATRP grown PMMA films show enhanced
sensitivity to polar analytes.



Table 3.1: Relative frequency shifts (a) and signal to noise ratio (b) for nanocantilevers with bare
gold surface, dropcast PMMA film, and SI-ATRP PMMA film exposed to 400 s pulses of various

analyte vapors.
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(a) Afmaz/fo X 106

Analyte Bare Dropcast PMMA  SI-ATRP PMMA
Hexane -56.89 £3.34  -39.71 £4.63 -42.37 £ 2.62
Toluene -22.96+2.79  -13.73 £ 1.87 18.94 £ 5.45
Heptane -33.02+£293  -26.83 £2.94 -31.67 £ 2.39
Ethyl Acetate -40.45+2.43  -52.31 4+ 7.09 478.36 £ 26.47
Chloroform -60.53 £9.34  -74.28 £ 6.29 219.21 £+ 39.51
Isopropanol -33.86 +=9.22  -13.28 £2.52 149.13 +10..28
Tetrahydrofuran -48.22 4 4.55 -28.16 = 1.83 126.52 £ 11.27
(b) SNR
Analyte Bare Dropcast PMMA  SI-ATRP PMMA
Hexane 9.8+ 0.6 6.9 +0.8 4.6 + 0.05
Toluene 4.0=£0.5 24+£03 1.1£0.1
Heptane 5705 4.6+0.5 31+03
Ethyl Acetate 7.0+ 04 9.1+12 496 £ 1.1
Chloroform 104+ 1.6 129 + 1.1 242 + 1.1
Isopropanol 58+1.6 23+04 172+ 2.0
Tetrahydrofuran 83+0.8 49+03 13.5+0.6
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Figure 3.4: Linearity of sensor response for cantilevers coated with SI-ATRP grown PMMA films.
Slow diffusion into the PMMA film by ethyl acetate and isopropanol leads to the departure from
linearity exhibited by those two analytes.
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Figure 3.5: Responses of a bare cantilever to a series of analyte vapors delivered at 0.02 P/P°.
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Figure 3.6: Responses of a cantilever functionalized with a dropcast film of PMMA to a series of
analyte vapors delivered at 0.02 P/P°. Functionalizing the cantilever with a dropcast polymer film
introduces selectivity and enhances sensitivity relative to a bare sensor.
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Figure 3.7: Responses of a cantilever functionalized with an SI-ATRP grown PMMA film to a
series of analyte vapors delivered at 0.02 P/P°. The sensor’s responsivity to polar vapors is greatly
enhanced relative to a cantilever functionalized with a dropcast PMMA film.
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3.4 Discussion

The increased sensitivity of the nanocantilever coated with an SI-ATRP grown PMMA film toward
polar analytes, but not toward non-polar analytes is not explained by the difference in partition
coefficient of polar and non-polar vapors absorbed in a PMMA film. The partition coefficient (K¢,)
for an analyte/polymer pair is defined as,

_ 4

Key= ¢ (3.2)

where Cf is the concentration of the analyte in the polymer film and C), is the concentration of the
analyte in the vapor phase.3? Table 3.2 presents the K4 values of both bulk PMMA and SI-ATRP
PMMA for all analytes exposed to the nanocantilever sensors). This indicates that the number of
molecules absorbed into the polymer film does not correlate with the response magnitude. Relative
polymer film mass loading (calculated as the product of the partition coefficient and the molecular
weight of the analyte) also does not correlate with response magnitude, meaning that other factors

are influencing the sensor response.

Table 3.2: Calculated partition coefficients for bulk and SI-ATRP PMMA films. Due to the error
inherrent in the measurement of QCM frequency shifts over the duration of the data collection, these
values are best interpreted on the order of magnitude level (e.g. 4 x 10?).

Partition Coefficients (K,)

Analyte Spray Coated Bulk PMMA  SI-ATRP PMMA
Hexane 65 40
Toluene 540 375
Heptane 175 90
Ethyl Acetate 390 280
Chloroform 245 200
Isopropanol 415 350

Tetrahydrofuran 160 115
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The SI-ATRP PMMA coated nanocantilever’s enhanced sensitivity is also not explained by the
vertical swelling of the polymer brush in response to the presence of analyte vapors (reported in Ta-
ble 3.3). SI-ATRP PMMA films exhibited the strongest relative change in thickness when exposed
to saturated chloroform vapor, followed by tetrahydrofuran, ethyl acetate, isopropanol, toluene,
heptane, and finally hexane. The difference in magnitude of the relative thickness change does not
correlate with the observed cantilever sensor responses. In addition, the ratio of the relative film
swelling to the K, (reported in Table 3.3) for each vapor does not explain the enhanced response
to polar analyte vapors since this ratio is an order of magnitude greater for chloroform and tetrahy-

drofuran, two good solvents for PMMA,3? compared to all other analyte vapors.

Table 3.3: Relative swelling of SI-ATRP PMMA films exposed to saturated analyte vapors.

Relative Swelling (AH/H x 10°)

Analyte SI-ATRP PMMA
Hexane 0.01
Toluene 0.12
Heptane 0.04
Ethyl Acetate 0.2
Chloroform 1.26
Isopropanol 0.18
Tetrahydrofuran 0.34

Table 3.4: Ratio of relative swelling to partition coefficient of SI-ATRP PMMA for various analyte
vapors.

Relative Swelling (AH/H)/K., x 100)

Analyte SI-ATRP PMMA
Hexane 2.5
Toluene 33
Heptane 4.3

Ethyl Acetate 7
Chloroform 63.3
Isopropanol 5.2

Tetrahydrofuran 29.7
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The response magnitude of the SI-ATRP PMMA coated nanocantilevers does correlate some-
what with the dipole moment of the analyte vapors. To test this hypothesis, SI-ATRP PMMA coated
cantilevers were additionally exposed to carbon tetrachloride, which is chemically similar to chlo-
roform, but has a dipole moment of zero. While a 400 s exposure to chloroform induced relative
frequency shift of 2.19 x 1074, a 400 s exposure to carbon tetrachloride only caused a relative fre-
quency shift of -4.11 x 1075, as shown in Table 3.5. Analytes with non-zero dipole moments interact
more strongly with PMMA, causing changes in the polymer film which are translated into increased

sensor stiffness and are measured as large positive shifts in cantilever resonance frequency.

Table 3.5: The magnitude of the frequency shift of a SI-ATRP PMMA coated nanocantilever ex-
posed to 400 s pulses of analyte vapors correlates with the dipole moment of the analyte. Analytes
with a dipole moment of zero induce small frequency shifts, while analytes with non-zero dipoles
induce large, positive frequency shifts.

SI-ATRP PMMA Nanocantilever Frequency Shift and Analyte Dipole Moment

Analyte A frnaz/ fo x 106 Dipole moment (D/p)?
Hexane -42.37 £ 2.62 0

Toluene 18.94 + 5.45 0.375 £ 0.010
Heptane -31.67 £ 2.39 0

Ethyl Acetate 478.36 4+ 26.47 1.78 £ 0.09
Chloroform 219.21 £+ 39.51 1.04 + 0.02
Isopropanol 149.13 £ 10..28 1.58 £ 0.03
Tetrahydrofuran 126.52 + 11.27 1.75 £ 0.04
Carbon Tetrachloride -41.13 £ 2.64 0

aDipole moment values taken from the CRC Handbook of Chemistry and Physics,
82nd Edition. 3
The positive shifts in nanocantilever resonance frequency in response to analyte exposure indi-
cate that the sensors are experiencing an increase in effective stiffness. The change in resonance
frequency of a cantilever is described by,

Af 0k Omeyy

fo 2k 2mepy

(3.3)

where A f is the change in frequency, fj is the fundamental resonance frequency, k is the stiffness,
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Ok is the change in stiffness, m. is the effective mass, and Om,  is the change in effective mass. 7

The sorption of vapor molecules onto a nanocantilever will necessarily always result in an increase
of mass, so for a positive frequency shift to be observed in response to the presence of an analyte
vapor, the increase in stiffness must be greater than the effect of mass loading on the cantilever. This
phenomenon has been observed in microcantilevers used for gas sensing,” as well as for nanocan-
tilevers used to detect chemical vapors (see Chapter 2) and biological species. 3>*6-37 Furthermore, it
has been shown the resonant frequency of a microcantilever can either be increased or decreased by
the evaporation of a gold film onto the device, depending on whether the gold was deposited at the
clamped end or the free end.?® In the case of vapor absorption into a glassy PMMA film, the effect
of small molecules interpenetrating the polymer chains is transduced to the nanocantilever, which
can result in an increase in sensor stiffness. The study of the exact mechanisms of nanocantilever
stiffening is an active field, and further work is necessary to develop satisfactory models for the
observed experimental responses. >

The shapes of nanocantilever linearity curves for ethyl acetate and isopropanol can be explained
by the slow diffusion of strongly partitioning vapors into the 90 nm thick SI-ATRP grown PMMA
film. Nanocantilever sensors operate at approximately 30 °C, whereas the glass transition temper-
ature (1) of the bulk PMMA (Scientific Polymer Products, Inc: MW = 35k) used for the dropcast
films is reported as 105 °C. Below the T, the individual chains of a polymer are locked into one
configuration, rendering it “glassy” and decreasing the diffusion rate of vapor molecules into the
film relative to the diffusion rate above the same polymer’s T,. Glassy polymers such as PMMA
are known to exhibit non-Fickian diffusion characterized by a delayed relaxation of the polymer
chains, which can greatly increase the time required for the absorbed analyte to reach its equilib-
rium concentration. 3494142 The responses of the nanocantilevers did not reach equilibrium during

400 s exposures to ethyl acetate at all concentrations, and for isopropanol at concentrations above
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0.02 P/P°. It was determined that an equilibrium sensor response to ethyl acetate required a 5000 s
exposure. The equilibrium response of the sensor to the polar analyte vapors increased by 53—-138
% (as reported in Table 3.6) compared to the response generated by a 400 s exposure. The length
of time to reach equilibrium is illustrated in Figure 3.8. Figure 3.9 shows the difference in sen-
sor response between the 400 s and 5000 s vapor exposures. Furthermore, the response of SI-ATRP
PMMA coated cantilevers to 5000 s exposures of ethyl acetate and isopropanol versus concentration
remained non-linear. At higher concentrations, a 5000 s exposure was insufficient for the sensor to
reach equilibrium. The PMMA film also exhibited pronounced history effect when exposed to ethyl
acetate vapor, whereby an exposure to 0.03 P/P° ethyl acetate produced a smaller response than an

exposure to 0.02 P/P° ethyl acetate later in the experiment, as shown in Figure 3.10.

Table 3.6: Equilibrium responses of a nanocantilever coated with an SI-ATRP PMMA film along
with the percentage increase in response magnitude compared to the sensor response generated by
a 400 s pulse of analyte vapor.

SI-ATRP PMMA Equilibrium Responses

Analyte A finaz/ fo x 10°  Percent increase in response magnitude
Ethyl Acetate 714.73 £+ 13.21 53%
Chloroform 508.05 £+ 7.85 122%
Isopropanol 307.83 £61.40 90%

Tetrahydrofuran ~ 305.51 £ 59.68 138%
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Figure 3.8: An SI-ATRP PMMA coated cantilever exposed to ethyl acetate vapor (0.02 P/P°) re-
quires long exposure times to reach its new equilibrium frequency. The difference in response
profile between the sensor responses also indicates that consecutive exposures to ethyl acetate af-
fect the polymer film on a longer timescale. The sensor responded more rapidly during the later
exposures, perhaps due to the PMMA being temporarily plasticized over the series of exposures.
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Figure 3.9: Comparison of SI-ATRP PMMA coated cantilever responses to polar vapors exposed
for 400 s and 5000 s illustrates the slow diffusion of polar vapors into the PMMA film. When
exposed to non-polar vapors, the same cantilever reached its equilibrium response within 400 s, as
shown in Figure 3.7.
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Figure 3.10: Longer exposure times (5000 s) to polar analyte vapors does not improve linearity
because equilibrium is not reached for high vapor concentrations.

3.5 Conclusions

The work presented in this chapter demonstrates a proof of concept method for depositing thick, uni-
form polymer films on nanocantilevers to increase the amount of vapor absorbed onto the sensors.
Growing polymer films with SI-ATRP circumvents the limitations of top-down functionalization
schemes and creates an avenue to both improved sensitivity and saturation limit, while using tech-
niques that preserve the option to tailor the physical and chemical properties of the polymer films

for specific sensing applications. Chemical functionalization techniques, such as surface initiated
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polymerization, that lead to improvements in concentration sensitivity are essential to realize the use
of nanocantilevers in miniaturized vapor detection packages that can be incorporated into everyday

life.
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Chapter 4

Nanocantilever Chemical Vapor Sensors
Coated with Localized Rubbery and
Glassy Polymer Brush Films: Sensing
Changes in Stiffness

Highly-miniaturized chemical vapor detection systems, capable of near laboratory-
quality analysis, could potentially be deployed widely, for applications in security, en-
vironmental monitoring, and disease biomarker detection on exhaled breath. Nanocan-
tilever chemical vapor sensors, when coated with sorptive films, are ideal for such sys-
tems because of their ultra-small footprint, high sensitivity, and rapid response time.
The deposition of well-controlled sorptive films is critical for optimizing sensor per-
formance and enables the study of complex sensor response mechanisms. Towards
this end, thick, uniform, and localized polymer films of poly(methyl methacrylate),
poly(methyl acrylate), and poly(n-butyl methacrylate) were grown onto nanocantilevers
via surface initiated atom transfer radical polymerization (SI-ATRP). Upon exposure to
a series of chemical vapors at a concentration of 0.02 P/P° (where P is the partial pres-
sure and P° is the saturated vapor pressure) the relative frequency shifts (A f/ fo) of
SI-ATRP polymer coated nanocantilevers were on the order of 5 — 200 x 105, two or-

ders of magnitude greater than calculated frequency shift due to mass-loading alone.
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To determine what section of the nanocantilever contributed the greatest portion of the
observed response, polymer films were localized, by a chromium masking and passiva-
tion scheme, to selected regions of the nanocantilevers. Vapor sorption on the clamped
end resulted in much stronger responses than vapor sorption on the tip, indicating that
stiffness change, rather than mass-loading, is the predominant response mechanism.
This information could be the key to improving future design and coating parameters

for resonant nanocantilever sensors.

4.1 Introduction

Nanoscale chemical vapor sensors are an essential component of highly-miniaturized chemical de-
tection systems.' Such systems have the potential to bring real-time, laboratory quality analysis to
handheld devices, impacting fields as diverse as environmental monitoring, homeland security, and
medical diagnostics.? A number of microscale chemical vapor sensors that are compatible with

the constraints of miniaturized detection systems have been investigated, including chemiresis-

3,4,5,6,7 1,10,11

tors, carbon nanotube chemicapacitors,&9 surface acoustic wave (SAW) devices, or-
ganic thin film transistors, 2 metal oxide nanowires,'? and microcantilevers (static and resonat-
ing). 1415-16.17.18 Of these, resonant nanocantilevers, and other nanoelectromechanical systems (NEMS),

19,20,21

have been shown to be extremely sensitive to changes in mass, and are able to detect mass

loading on the attogram (10~'8 g) scale in ambient conditions. ??

The response mechanisms governing the behavior of NEMS sensors have been the subject of in-
tense study,?* and while experimentally observed shifts in resonance frequency are often attributed
to mass loading, changes in the sensor’s spring constant, especially when the thickness of the sorbed

material is close to that of the nanocantilever, also contribute to frequency shifts. In particular, the

effect of the modulus of the absorbate on nanocantilever resonant frequency has been observed
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), 24 protein,24 and bacterial cells,? as

upon the absorption of self assembled monolayers (SAMs
well as upon the patterning of gold films on cantilevers.?® Similarly, the positive shifts in resonance
frequency of gelatin-coated V-shaped microcantilevers upon exposure to water vapor has been at-
tributed to stiffening of the gelatin film.?” Previously, polymers have been deposited on nanocan-
tilevers by dropcasting (see Chapter 2),%%28 however, the resulting films were too thin, non-uniform,
and irreproducible to draw conclusions about the polymer film’s influence on sensor behavior.

One critical challenge that must be overcome to determine the effects of polymer films on the
behavior of nanocantilever chemical vapor sensors is the development of a method to coat nanocan-
tilevers, and other NEMS, with thick, uniform, and localized polymer films. Well-defined films
composed of polymer brushes can be grown directly from substrates using surface initiated poly-
merization.?® Polymer brushes are formed when polymer chains are tethered to a substrate in suffi-
cient density that the chains are forced to stretch away from the surface, forming an anisotropic film
resembling the upright fibers of a carpet. Previously, polymer brushes have been grown on static
microcantilevers, and the deflection of the sensors used to detect phenomena such as changes in sol-

3132 a5 well as the presence of glucose in solution,>* and of

vent quality,3%3! pH, 3! and temperature,
saturated toluene vapor in nitrogen.>* Recently, a thick, uniform film of poly(methyl methacrylate)
(PMMA) has been grown directly from the surface of nanocantilever sensors via surface initiated
atom transfer radical polymerization (SI-ATRP) (see Chapter 3). Upon exposure to chemical vapors
the SI-ATRP PMMA -coated nanocantilever exhibited strong positive shifts in resonance frequency,
demonstrating that mass loading, which induces a decrease in the resonant frequency, was not the
dominant response mechanism. However, these studies did not examine other underlying mechanis-
tic questions that remain, such as whether mass-loading would be the dominant response mechanism

for a nanocantilever coated with a rubbery polymer, and what sections of the nanocantilever would

be the most sensitive to the sorption of vapor molecules.
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In this study, surface initiated atom transfer radical polymerization (SI-ATRP) was used to
grow thick, uniform films of two rubbery polymers, poly(methyl acrylate) (PMA), and poly(n-
butyl methacrylate) (PBMA) on resonant nanocantilever chemical vapor sensors, which were then
exposed to a series of chemical vapors. The response behavior of the nanocantilevers coated with
rubbery polymers was compared to that of nanocantilevers coated with SI-ATRP grown films of
the glassy polymer, PMMA, and thereafter compared to the calculated frequency shifts expected
from mass-loading. Both the direction of the observed frequency shifts and the response time of the
sensors were strongly influenced by whether the polymer film was rubbery or glassy.

The importance of stiffness change as a response mechanism was further shown when polymer
films were localized to specific sections of the nanocantilever sensors through a chromium masking
and passivation scheme to determine which part of the structure was responsible for the experimen-
tally observed responses of the unmasked nanocantilevers. This work has revealed that nanocan-
tilevers coated with SI-ATRP grown films respond to chemical vapors primarily through changes in
stiffness, rather than via mass-loading. The importance of stiffness change as a response mechanism

therefore should inform the design and coating of nanocantilevers for sensing applications.

4.2 Experimental

4.2.1 Cantilever Fabrication

The fabrication of silicon nitride nanocantilevers with integrated piezoresistive readouts has been
described in detail previously.?>3> Briefly, cantilever and bondpad shapes were pattered with elec-
tron beam lithography onto a 100 nm thick SiN layer on a silicon substrate, followed by gold film
deposition, and then liftoff. Dry plasma etching was then used to release the cantilevers. The gold

overlayer served as both etch mask during fabrication and later as a piezoresistive transducer.
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Chromium masked nanocantilevers were fabricated by first defining the bondpad and nanocan-
tilever in gold, followed by a second electron beam lithography step to define the chromium ar-
eas, again followed by resist liftoff and then a release etch. Nanocantilevers had a typical funda-
mental resonance frequency of 10-12 MHz and quality (Q) factors of 120 in ambient conditions.
Unmasked nanocantilevers had a capture area of 1.5 ym?. Resonance was actuated thermoelasti-
36

cally.37 Nanocantilever sensors were operated with home-built, LabView controlled, electronics,

which tracked each sensor’s resonance frequency using parallel, independent, phase-locked loops.

4.2.2 Surface Chemistry
4.2.2.1 Materials

Methyl methacrylate (MMA), methyl acrylate (MA), and n-butyl methacrylate (BMA) (all con-
taining 10-100 ppm MEHQ inhibitor), HQ/MEHQ inhibitor removal column packing, poly(methyl
methacrylate) (PMMA; T, = 105 °C; MW = 35,000; p = 1.20 g/mL), poly(methyl acrylate) (PMA;
T, =5°C; MW =40,000; p = 1.22 g/mL), and poly(n-butyl methacrylate) (PBMA; T, = 151 °C;
MW = 180,000; p = 1.07 g/mL) were purchased from Scientific Polymer Products, Inc. Bis(2-[2’-
bromoisobutyryloxy]ethyl) disulfide (BiBOEDS) (>90%) was purchased from ATRP Solutions.
Methanol (anhydrous, 99.8%), n,n,n’,n”,n”-pentamethyldiethylenetriamine (PMDETA), copper (1)
bromide (CuBr) (98%), copper (II) bromide (CuBr2) (99.999%), and 2,2’ -bypyridyl (2-bipy) (>99%)
were purchased from Aldrich. CuBr was purified by stirring with glacial acetic acid for 24 hrs at
room temperature, followed by rinsing with ethanol and diethyl ether, and then drying overnight in
vacuum. Purified CuBr was stored in a vacuum desiccator until use. Absolute ethanol was purchased
from Decon Laboratories, Inc. Regent grade hexane, heptane, toluene, ethyl acetate, chloroform,
tetrahydrofuran, and isopropanol were purchased from VWR, and were used to produce analyte

vapors. All chemicals were used as received unless otherwise stated. Ultrapure, deionized water
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(18 M£2/cm) was used for all syntheses. All quartz crystal microbalances (QCMs) and the QCM

actuator were purchased from International Crystal Manufactures (ICM, Inc.).

4.2.2.2 Formation of SAMs

Solutions for SAM formation were prepared in 20 ml scintillation vials, consisting of 5 mM n-
hexylphosphonic acid or BIBOEDS in absolute ethanol. Typically, each vial contained 2.5 — 5 mL
of solution, which was sufficient to fully immerse the substrate. Solutions were stored in the dark
to prevent potential degradation of the SAM forming molecules, particularly of the BIBOEDS, due
to UV light.

Flat gold substrates were fabricated by evaporation of 30 nm gold film on silicon over a 10
nm chromium adhesion layer. Flat chromium substrates were fabricated by evaporation of a 30
nm chromium film on silicon, and were stored in air such that a native oxide was formed. All flat
substrates, nanocantilevers, and QCMs were first thoroughly washed with hexane, acetone, tetrahy-
drofuran, and absolute ethanol, and then dried with compressed air. Organic contaminants were
removed using an 8 min ozone plasma etch, followed by rinsing with deionized water (18 M{)2/cm),
thorough drying with compressed air, and immediate immersion in the pre-prepared ethanol solu-
tion of either n-hexylphosphonic acid or BIBOEDS. To aid in the handling of the delicate QCMs, a
sample holder consisting of an NMR tube cap with a slit cut with a razor blade was employed. A
single QCM was slid into the slit, so that the cap could be handled with tweezers.

Substrates were soaked in each solution for at least 36 h to ensure the formation of an ordered
SAM. Substrates were then rinsed with absolute ethanol and dried with compressed air. Substrates
were characterized and then either immersed in a second SAM-formation solution or immediately
prepared for use in a polymerization reaction. Unmasked nanocantilevers were not immersed in the

n-hexylphosphonic acid solution.
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4.2.2.3 ATRP of PMMA

Polymerization of MMA was conducted by water-accelerated SI-ATRP.* Neat MMA was first
passed through an inhibitor removal column. The purified MMA was either used immediately, or
was stored in sealed vials that were placed in a freezer until use. A two necked round bottom flask
was charged with 7.5 mg purified MMA, 6 mL methanol, and 1.5 mL deionized water. The flask
was sealed with septa and then the solution sonicated while sparging with nitrogen or argon for 45
min. The catalyst components, 258 mg of CuBr and 114 mg 2-bipy, were then added to the solution,
which was then simultaneously sonicated and sparged for 30-45 min until the catalyst dissolved.
Substrates were suspended with a flat alligator clip in a 20 mL scintillation vial equipped with a
small stir bar and a septum. The clip was attached to a wire that was sufficiently long to bend over
the rim of the vial, and was held in place with the septum. The vial was purged with nitrogen or
argon for at least 45 min before introduction of the solution. The reaction solution was transferred
via syringe from the round bottom flask to the vial containing the suspended substrate to prevent
contact with oxygen. The reaction was allowed to proceed at room temperature with stirring and a
constant inert gas purge. At the desired time (e.g. 20 h for a 90 nm thick film) the substrate was

removed and thoroughly rinsed with tetrahydrofuran, methanol, and absolute ethanol.

4.2.2.4 ATRP of PMA

Polymerization of MA was conduced by bulk SI-ATRP,* and the reaction parameters adjusted
from the original publication such that polymer growth occurred at 50 °C to prevent desorption of
the BIBOEDS SAM. MA was first passed through an inhibitor removal column. A round bottom
flask was charged with 23 g MA (excess to account for evaporation during the long polymerization)
and 432 mg PMDETA. The flask was sealed with a septum, and then the solution was sonicated

while sparging with argon for 1 h. A large test tube fitted with a magnetic stir bar was charged with



106

257 mg CuBr and 15 mg CuBrs. The substrate was suspended in the test tube with a flat clip that was
wired to a metal needle. The needle was pierced through the septum which was then used to seal the
test tube, allowing the substrate height to be controlled. The pointed tip of the needle was wrapped
in parafilm to seal it, to prevent accidental injury, and prevent oxygen contamination. Substrate
suspension allowed the solution to be stirred without damaging the substrate. The tube was purged
continuously with argon. The test tube was maintained at 50 °C by emersion in an oil bath for the
duration of the reaction. The sparged solution was transferred to the test tube using a syringe. Care
was taken to prevent solution from contacting the substrate, which was kept suspended above the
liquid. After stirring the solution for 1 h at 50 °C to dissolve the catalyst, the substrate was lowered
into the reaction solution. The reaction was allowed to proceed for 48 hrs, which resulted in a 100
nm thick PMA film. The solution was exposed to air to stop the polymerization. Substrates were

rinsed with chloroform, methanol, and absolute ethanol.

4.2.2.5 ATRP of PBMA

Polymerization of BMA was conducted by water accelerated SI-ATRP.*° Neat BMA was first
passed through an inhibitor removal column, and then used immediately. A two necked round
bottom flask was charged with 10 mL purified BMA, 9 mL isopropanol, and 1 mL deionized water.
The flask was sealed with septa and then the solution sonicated while sparging with argon for 45
min. The catalyst components, 52 mg of CuBr and 127 mg 2-bipy, were then added to the solution,
which was then simultaneously sonicated and sparged until the catalyst dissolved (30—45 min). The
remainder of the reaction proceeded as for ATRP of PMMA, with a typical reaction time of 12 h

producing a 100 nm thick PBMA film.
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4.2.2.6 Dropcast Polymer Films

Polymer solutions for creating dropcast films on nanocantilevers were made by first making a con-
centrated solution by sonicating approximately 100 mg polymer in 20 mL toluene until the polymer
beads were dissolved, which was then diluted to 5 mM. A 10 uL micropipette was used to apply a
1.5 pL droplet of the dilute PMMA solution to the chip containing nanocantilever sensors, which
was allowed to evaporate naturally. This dropcasting procedure resulted in 2—10 nm thick polymer

films.

4.2.2.7 Characterization

Films were characterized using ellipsometry and scanning electron microscopy (SEM). Polymer
film thickness was measured with a Gaertner L166C ellipsometer, equipped with HeNe (633 nm
wavelength) laser, at a 70° angle of incidence. The optical constants of the flat gold substrates were
measured prior to formation of the initiator SAM. Both initiator SAM and polymer film thickness
were measured. The refractive index both the n-hexylphosphonic acid and BIBOEDS SAMs was
assumed to be 1.46. The refractive index of PMMA assumed to be 1.49, the index of PMA to be
1.48, and the index of PBMA to be 1.48, based on values provided by Scientific Polymer Products,
Inc. for bulk polymers. The thickness of the initiator SAM measured between 0-2 A. SEM (ZEISS
1550 VP FESEM) was used to verify the quality of nanocantilever fabrication and the quality of the

SI-ATRP grown polymer films.

4.2.3 Vapor Exposure Experiments

The nanocantilevers were exposed to analyte vapors using an automated vapor delivery system con-
trolled by LabView.*! At least three sensors of each type (e.g. unmasked nanocantilevers with

dropcast PMMA films, Cr-legs nanocantilevers with SI-BPMA films) were tested. The analytes
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(hexane, toluene, heptane, ethyl acetate, chloroform, tetrahydrofuran, and isopropanol) were deliv-
ered at a concentrations of 0.005-0.08 P/P° (partial pressure divided by saturated vapor pressure),
and each exposure consisted of 70 s of pure carrier gas, 400 s of analyte vapor exposure, followed
by 630 s of carrier gas to purge the system. For single concentration experiments, a run consisted of
five exposures to each analyte at 0.02 P/P°. For linearity experiments, five exposures per concentra-
tion per analyte were delivered in the order 0.03, 0.01, 0.048, 0.005, 0.08, and 0.02 P/P° to prevent
possible hysteresis from affecting linearity profile. The response times of the nanocantilevers were
determined by running the sensors “open-loop” and measuring the error signal, rather than tracking
the resonance frequency with a PLL.%® The nanocantilevers were housed in a brass chamber with
an internal volume of 100 mL. Between one and four sensors were tested in each experimental run,
and all sensors were broken in prior to data collection by multiple exposures to each analyte over a

period of 12-24 h. Temperature was not controlled, but was stable at 21 + 1 °C.

4.2.4 Nanocantilever Data Analysis

Nanocantilever frequency data was corrected for baseline drift prior to extraction of sensor responses
using OriginLab (Version 7.5). The baseline-corrected frequency data was then imported into MAT-
LAB (Mathworks, Version R22008b) and the sensor responses extracted using custom scripts. Base-
line noise was computed as the standard deviation of drift-corrected baseline frequency over a period
of 10 s prior to sensor response. Signal to noise ratio was calculated conservatively as the average
response divided by three times the baseline noise. Nanocantilever sensor response data reported in
figures and tables were recorded from single, representative sensors. Some variation was observed

between individual sensors of each type, but it did not distort the reported trends.
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4.2.5 Determinination of Partition Coefficients

Partition coefficients (/,) were determined by measuring the mass uptake of PMMA films ap-
plied to quartz crystal microbalances (QCMs). Each QCM was cleaned with hexane, acetone, and
methanol before measurement of its initial resonance frequency, Fp ;. Polymer films were prepared
either by spraycoating the QCM with a solution of PMMA, PMA, or PBMA in tetrahydrofuran (160
mg / 20 mL) using an airbrush, or by SI-ATRP, as described above. All coated QCMs were stored
in a closed, but not sealed, container for at least 24 hrs after film formation to aid evaporation of
any solvent trapped in the films. Before data collection QCMs were broken-in by exposing them to
a randomized series of vapor exposures for 12-18 hrs.

QCMs were exposed to analyte vapors with an automated vapor delivery system.*! Five expo-
sures of the seven vapors at each of the five concentrations (P/P° = 0.01, 0.02. 0.04, 0.06, 0.08) were
conducted in an order randomized for both analyte identify and concentration. After an initial purge
of 500 s, each exposure was 400 s in duration, with a 700 s purge between exposures. The change
in resonance frequency due to polymer coating, AF,oymer, Was calculated as the difference of the
resonance frequency before and after coating. The frequency change due to each vapor exposure,
AF na1yte, Was calculated as the difference in frequency between the QCM during exposure relative
to the baseline frequency. The baseline frequency was calculated as the average frequency during
the 20 s prior to the specific vapor exposure, and the frequency during exposure was calculated as
the average frequency between 350 and 398 s after the exposure had begun.

The calculation of the partition coefficient from the QCM frequency shift data has been de-
scribed previously.*? Briefly, first a line with a forced zero is fitted versus concentration data. The

slope of this fit is then converted into a partition coefficient by,
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pRT'm % 106
MWAFpolymerPatm

Keg = (4.1)

where R is the ideal gas constant (I atm mol~! K1), p is the density (g mL~') of the polymer,
T is the temperature (K), m is the slop of AFj,,4,e versus concentration (Hz/ppth in air), My,
is the molecular weight (g mol~!) of the analyte, AFpoymer (Hz) is the frequency shift due to
polymer coating, and P, is the atmospheric pressure (atm). The density of PMMA used in the

K4 calculations was 1.20 g/mL for QCMs with both spraycoated and SI-ATRP grown films.

4.2.6 Modeling

Assuming that the change in the stiffness of the cantilever is negligible, the fractional frequency

shift is related to the effective mass of the resonator, such that

Af _ _Omeyy
fo 2Mmey s

4.2)

where Af is the change in resonance frequency, fo is the resonant frequency, and meyys is the

effective mass of the resonator. Rewriting Eqn. 4.2, we find

Af:Keq:_%fszAmeff 4.3)

The change in effective mass caused by analyte absorption is position-dependent, as molecules
absorbed closer to the cantilever base participate less in resonant motion and so have a smaller

inertial effect. This dependence is directly related to the resonance mode shape as follows:

Smefy(x) = om(x)¢*(z), (4.4)
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where dm(x) is the differential mass absorbed at position x along the length of the cantilever, and
#?(x) is the normalized mode shape function.** dm(z) is derived from the measured partition

coefficient:

K PMy

om(x) JRT

A(x)0x (4.5)

Here P is the partial analyte vapor pressure delivered to the device (typically 0.02 x saturation vapor
pressure) and A(x) is the cross-sectional area of the polymer at length position x. To determine the
effective mass Am, s added to a portion of the cantilever (e.g., the legs only or the head only),
Equation 4.5 was integrated over the respective length. The mode shape function was determined
by modeling the cantilever head and legs as connected elastic beam segments** and solving the

resulting differential equations using a Mathematica script.

4.3 Results

4.3.1 SI-ATRP Polymer Films on Unmasked Nanocantilevers

SI-ATRP was used to grow films of PMMA (88 nm thick), PMA (110 nm thick), and PBMA (108
nm thick) on nanocantilever sensors, as shown in Figure 4.1. The thickness of the polymer brush
films on the nanocantilevers was determined using scanning electron microscopy (SEM). Ellipsom-
etry was also used to measure the thickness of PMMA and PBMA films grown on flat substrates
(silicon wafer with a 30 nm gold film on top of a 10 nm chromium adhesion layer), but that tech-
nique was not used for PMA because of that film’s greater surface roughness. The roughness of
the PMA film was attributed to the grafting density of the polymer chains being lower than that
of the PMMA and PBMA films. Previously, polymer film dimpling had been observed upon the

drying and collapse of a brush with a low graft density due to the formation pinned micelles on
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the surface, with each micelle being composed of a number of polymer chains.**¢ PMMA is a
glassy polymer (bulk Tg = 105 °C), while PMA (bulk Tg = 5°C) and PBMA (bulk Tg = 15°C)
are rubbery at the operating temperature of the nanocantilever (approximately 30 °C).*’ Briefly,
the polymer films were grown by first forming a self assembled monolayer (SAM) of Bis(2-[2’-
bromoisobutyryloxy]ethyl)disulfide (BiBOEDS), an ATRP polymerization initiator, which spon-
taneously binds to the gold via the disulfide. The polymerization conditions were such that no
sacrificial initiator (unbound initiator in the solution) was necessary to control the reaction, so poly-
merization only occurred on the gold, BIBOEDS-functionalized surface. The PMMA and PBMA
were grown at room temperature for 10 h and 20 h, respectively, while the PMA film was grown at
50 °C for 48 h, as detailed in the Methods section. An elevated temperature was necessary for the re-
action to proceed, but increasing the reaction temperature further was undesirable because the thiol
bond is labile above 60 °C, which can result in chain termination due to thiol desorption.*® Dropcast
polymer films of PMMA, PMA, and PBMA were also applied to nanocantilevers for comparison to
the corresponding SI-ATRP polymer films.

The self-sensing piezoresistive nanocantilevers used in this study were 2.5 um long bilayer
structures of silicon nitride (100 nm thick) with the top layer comprising a 30 nm gold film, over
a 10 nm chromium adhesion layer. The gold was used as an etch mask in fabrication and then
for the actuation of vibration and the readout of the frequency during sensor operation.?? Bare
nanocantilevers had an average resonance quality factor (Q) of 120 in ambient conditions, which
remained unchanged within the standard deviation of the initial Q when coated with a 2-10 nm
dropcast polymer film, with 10 nm being approximately the maximum film thickness possible for a
dropcast film. Figure 4.2 shows that nanocantilevers coated with an SI-ATRP grown PMMA film
(SI-PMMA) had an average Q of 100, while nanocantilevers with an SI-ATRP grown PMA film

(SI-PMA) had an average Q of 90, and nanocantilevers coated with an SI-ATRP grown PBMA film
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Figure 4.1: SEM images of unmasked nanocantilevers: as fabricated (a), coated with 88 nm SI-
PMMA (b), coated with 110 nm SI-PMA (c), and coated with 108 nm SI-PBMA (d).
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(SI-PBMA) had an average Q of 50. Three to eight cantilevers with each coating were used to

calculate the average Q, and the error bars indicate the standard deviation of the average Q values.
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Figure 4.2: The resonance quality factor changes little upon coating nanocantilevers with D-PMMA
and SI-PMMA films, but decreases when the nanocantilevers are coated with rubbery SI-PMA and
SI-PBMA films.

4.3.2 Response of Unmasked Nanocantilever to Chemical Vapors

Nanocantilever sensors were exposed to 400 s pulses of a series of chemical vapors at 0.02 P/P°
(where P is the partial pressure and P° the saturated vapor pressure) in a background of laboratory
air (1.10 £ 0.15 ppth water vapor). The chemical vapors were selected to include non-polar, polar,

aromatic, and halogenated compounds. The resonant frequencies of nanocantilevers were tracked
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using a phase-locked loop (PLL), enabling the real-time measurement of frequency shifts due to the
sorption of chemical vapors.?? Bare nanocantilevers and nanocantilevers coated with dropcast films
of PMMA, PMA, and PBMA were tested along with nanocantilevers coated with SI-PMMA, SI-
PMA, and SI-PBMA, as shown in Figure 4.3. The responses of nanocantilevers coated with dropcast
PMA and PBMA are not shown for clarity, but they were on the same order of magnitude of the re-
sponses of nanocantilevers with the dropcast PMMA (D-PMMA) film. All nanocantilevers coated
with SI-ATRP grown polymer films exhibited responses to all of the chemical vapors. Nanocan-
tilevers coated with the glassy SI-PMMA exhibited positive shifts in resonance frequency when
exposed to polar vapors, as previously described(see Chapter 3), while the nanocantilevers coated
with SI-PMA and SI-PBMA exhibited negative frequency shifts upon exposure to all chemical va-
pors.

The response time of nanocantilevers coated with SI-ATRP grown polymer films was deter-
mined as the time necessary for the sensor to reach 90% of its equilibrium response upon exposure
to 0.02P/P° of each tested vapor. Sensors coated with SI-PMA and SI-PBMA responded to all
vapors within 50 s, while SI-PMMA coated nanocantilevers responded within 50 s for non-polar
vapors, but required up to 1700 — 2600 s to reach 90% of equilibrium when exposed to polar vapors
(Figure 4.4). The linearity of the sensor responses with respect to the concentration of toluene, iso-
propanol, and ethyl acetate was also tested in the range of 0.005 — 0.08 P/P°. Unlike SI-PMMA (see
Chapter 3), nanocantilevers coated with both SI-PMA and SI-PBMA responded linearly to 400 s
pulses of each chemical vapor, as shown in Figure 4.5. Nanocantilevers coated with SI- PMA and
SI-PBMA also responded linearly to chloroform vapor, which induced the largest responses of any

the vapor set.
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Figure 4.3: Responses of unmasked nanocantilevers to 400 s pulses of a series of chemical vapors
at a concentration of 0.02 P/P°. Nanocantilevers coated with glassy SI-PMMA responded posi-
tively to polar vapors, while nanocantilevers coated with rubbery SI-PMA and SI-PBMA responded
negatively to all vapors.
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Figure 4.4: Nanocantilevers coated with rubbery SI-PMA and SI-PBMA responded to all vapors
within 50 s, while nanocantilevers coated with glassy SI-PMMA required long exposures to reach
equilibrium with polar vapors.
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Figure 4.5: Linearity of sensor responses with respect to vapor concentration for unmasked nanocan-
tilever coated with SI-PBMA (a), SI-PMA (b), and SI-PMMA (c).
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4.3.3 Modeling of the Frequency Shift Caused by Mass Loading

To model the NEMS frequency shifts due to analyte mass loading, it was assumed that the polymer
uniformly coats the top surface of the NEMS, with the additional mass absorbed into the polymer
calculated according to the partition coefficient of each polymer/vapor pair. Partition coefficients
were derived from the frequency shifts of quartz crystal microbalances (QCMs) coated with SI-
ATRP grown polymer films. The resulting mass-induced frequency shifts were calculated using
an analytical elastic continuum model for the polymer-coated cantilever; further details appear in
the Methods section. The calculated relative frequency shifts (A f/ fy) due to mass loading for a
nanocantilever coated with 100 nm SI-PMMA ranged from -0.47 to -3.8 x 10~° for hexane and chlo-
roform, respectively, for SI-PMA -0.06 to -0.20 x 10~° for heptane and chloroform, respectively,
and for SI-PBMA -0.06 to -0.89 x 10~ for heptane and chloroform, respectively. The comparison
of calculated and experimental relative frequency shifts is presented in Table 4.1. The K., values

for SI-PMMA, SI-PMA, and SI-PBMA are reported in Table 4.2

4.3.4 Chromium-Masked Nanocantilevers

Nanocantilevers with an additional masking layer of chromium on top of the gold surface were
fabricated to study the effects of localizing SI-ATRP polymer films to sections of the nanocan-
tilever structure. The chromium mask was applied to the nanocantilever tip (Cr-tip), legs and base
(Cr-legs), or only base (Cr-base) via an additional electron-beam lithography step conducted prior
to the nanocantilever release etch step. Additionally, prior to formation of the polymerization Bi-
BOEDS SAM, the chromium was passivated with a SAM of n-hexylphosphonic acid. Without this
treatment, significant polymer film growth (>10 nm) was measured on flat chromium surfaces via
ellipsometry, and was visible in SEM images of chromium-masked cantilevers. Chromium passi-

vation was tested by comparing the ratio of the thickness of an SI-PMMA brush film grown on
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Table 4.1: Comparison of experimentally measured frequency shifts and calculated frequency shifts
due to mass-loading for unmasked nanocantilever sensors.

Responses of Nanocantilevers: Af/fo x 10°

SI-PMMA
Vapor Experimental Calculated
Hexane -5.30 £ 0.26 -0.47
Toluene 2.37+£0.54 -1.07
Heptane -3.96 + 0.21 -0.28
Ethyl acetate 59.80 £ 2.65 -0.61
Chloroform 27.40 4+ 3.95 -3.80
Isopropanol 18.60 £ 1.03 -0.23
Tetrahydrofuram  15.80 + 1.13 -0.78
SI-PMA
Vapor Experimental Calculated
Hexane -3.32+1.59 -0.13
Toluene -9.21 £ 0.99 -0.14
Heptane -2.72 £0.85 -0.06
Ethyl acetate -14.22 £0.78 -0.16
Chloroform -45.14 £ 1.72 -0.20
Isopropanol -4.10 + 2.28 -0.06
Tetrahydrofuram  -17.75 £ 1.13 -0.13
SI-PBMA
Vapor Experimental Calculated
Hexane -46.45 £ 1.08 -0.13
Toluene -69.67 + 1.31 -0.20
Heptane -38.55 £ 0.86 -0.07
Ethyl acetate -63.57 £ 0.75 -0.43
Chloroform -208.12 + 4.40 -0.89
Isopropanol -16.55 £ 1.59 -0.18
Tetrahydrofuram  -85.40 £ 2.56 -0.24
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Table 4.2: Partition coefficients for dropcast and SI-ATRP grown polymer films.

Partition Coefficients (K,)

PMMA
Vapor Bulk PMMA SI-PMMA
Hexane 105 40
Toluene 525 375
Heptane 308 90
Ethyl acetate 108 280
Chloroform 46 200
Isopropanol 1037 350
Tetrahydrofuram 57 115

PMA

Vapor Bulk PMA SI-PMA
Hexane 56 41
Toluene 220 256
Heptane 160 76
Ethyl acetate 47 102
Chloroform 19 44
Isopropanol 593 106
Tetrahydrofuram 21 57

PBMA
Vapor Bulk PBMA SI-PBMA
Hexane 165 145
Toluene 2047 2014
Heptane 362 384
Ethyl acetate 438 399
Chloroform 875 853
Isopropanol 400 446
Tetrahydrofuram 402 376
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flat gold and passivated-chromium substrates. All substrate-pairs for comparison studies underwent
identical SAM formation steps, and were exposed to polymerization conditions together in the same
reaction vial to minimize any differences in processing. The ratio of the thickness of the SI-PMMA
films on gold and passivated-chromium substrates was measured as 20:1 by ellipsometry. When
the n-hexylphosphonic acid SAM was formed prior to conducting SI-ATRP on chromium-masked
nanocantilevers, no polymer was visible on the chromium-masked regions of the nanocantilevers
while smooth, translucent polymer films had grown on the exposed gold, as shown in Figure 4.6. A
similar high specificity of film growth was also observed for SI-PBMA (Figure 4.7), but SI-PMA
was unable to be sufficiently localized to the gold for use in this study (Figure 4.8). The SI-PMMA
films on the chromium-masked nanocantilevers was 74 nm thick, with the SI-PBMA films were 63
nm thick. Upon coating the chromium-masked nanocantilevers with SI-ATRP polymer films, the
average shift in resonance frequency was within the standard deviation of the average resonance
frequency of the uncoated nanocantilevers, though there was a slight increase in the average res-
onance frequency of the Cr-tip and Cr-base sensors (polymer grown on the clamped end), and a
slight decrease in the resonance frequency of the Cr-legs sensors (polymer grown on the free end),
as shown in Figure 4.9.

Chromium-masked nanocantilevers with SI-PMMA (Figure 4.10, Table 4.3) and SI-PBMA
(Figure 4.11, Table 4.4), and SI-PMA (Figure 4.12) films were exposed to 400 s pulses of a se-
ries of chemical vapors at 0.02 P/P°, with the sensor responses of single, representative cantilevers.
At least three nanocantilevers of each chromium-masking geometry and polymer coating were
tested, and the representative chromium-masked sensors were from a single fabrication and poly-
merization batch to minimize processing differences. Chromium-masked nanocantilevers without
polymer films responded to the chemical vapors similarly to bare, unmasked nanocantilevers. Of

the chromium-masked nanocantilevers with an SI-PMMA film, the Cr-tip sensors responded more
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8.00 kv Signal A = SE2 Date :12 Sep 2010

300nm 1 EHT = 18.00 kv Signal A=SE2  Date :12 Sep 2010
Mag = 15000 KX || WD= 4mm Photo No.=9670  Time :20:51:04

WD= 4mm Photo No. = 9685  Time :21:52:37

200nm
Mag = 150.00 K X }—'

EHT = 18.00 kv Signal A=SE2_ Date :12 Sep 2010
WD= 5mm Photo No.=9679  Time :21:18:14

Signal A=SE2  Date :12 Sep 2010
Photo No. = 9688  Time :22:07:54

200nm
Mag = 150.00 K X '—{

EHT = 18.00 kv Signal A=SE2  Date :6 Sep 2010
WD= 5mm Photo No.= 9463  Time :20:41:06

200nm
Mag = 15000 KX ||

Figure 4.6: SEM images of unsuspended chromium-masked nanocantilevers before and after selec-
tively coating the exposed gold with SI-PMMA: Cr-tip before (a) after (b) polymerization, Cr-base
before (c) and after (d) polymerization, and Cr-legs after (e) polymerization, where the smooth
translucent PMMA film is visible on the exposed gold, while the chromium-masked legs remain
bare.
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100nm* EHT = 20.00 kV Signal A = InLens  Date :18 Mar 2012
Mag = 100.00 K X '_' WD= 5mm Photo No. = 8648  Time :18:41:10

Signal A= InLens Date 19 Mar 2012
Mag= 80.00 KX |—] Photo No. = 8518  Time 1:08:36

200nm* EHT =20.00 kV Signal A =InLens  Date :19 Mar 2012
Mag = 80.00 KX '_' WD= 5mm Photo No. = 8524  Time :1:39:01

Figure 4.7: SEM images of chromium-masked nanocantilevers with localized films of SI-PBMA on
the exposed gold regions: Cr-tip (a), Cr-legs (b), and Cr-base (c).
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3 EHT = 18.00 kV Signal A= SE2 Date :13 Mar 2012
Mag = 100.00 K X '_' WD= 5mm Photo No. = 8435  Time :7:44:12

200nm* EHT = 18.00 kv Signal A= SE2 Date :13 Mar 2012
Mag = 90.00 KX |_| WD= 5mm Photo No. = 84398  Time :7:57:44

i
200nm* EHT = 18.00 kv Signal A= SE2 Date :13 Mar 2012
Mag = 70.00 KX |_| WD= 5mm Photo No. = 8444  Time :8:15:33

Figure 4.8: SEM images of chromium-masked nanocantilevers with poorly localized films of SI-
PMA on the exposed gold regions: Cr-tip (a), Cr-legs (b), and Cr-base (c).
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Figure 4.9: Average change in resonance frequency upon coating chromium-masked cantilevers
with SI-ATRP grown polymer films.
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strongly than the Cr-legs and the Cr-base sensors. Of the Cr-masked nanocantilevers with an SI-
PBMA, the responses of the Cr-legs sensor were weaker than the Cr-tip and Cr-base sensors. The
linearity of sensor response for chromium-masked SI-PMMA and SI-PBMA coated nanocantilevers

are shown in Figures 4.13 and 4.14, respectively.

50

1 I Cr Tip 1
404 |2 Cr Legs _
[ 1CrBase

20 .

5
AF/F_ x 10

Y T _

-101 Hex  Tol Hept EtOAc CHCI3 IPA  THF T

Figure 4.10: Responses of chromium-masked nanocantilevers coated with localized films of glassy
SI-PMMA to a series of chemical vapors presented at 0.02 P/P°. Cr-tip nanocantilevers showed
the greatest responses and Cr-legs nanocantilevers showed the smallest responses, indicating that
mass-loading does not dominate the response.



Table 4.3: Relative frequency shifts of chromium-masked nanocantilevers coated with localized
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SI-PMMA films exposed to vapors at 0.02 P/P°.

Responses of Nanocantilevers (A f/ fo x 10°)

Vapor Cr-Tip Cr-Legs Cr-Base
Hexane =778 +£099 -1.79+031 -5.19=£1.18
Toluene 082+0.72 -1.03+0.39 -3.57+0.37
Heptane -7.17£0.87 -1.11+£0.193 -4.99 +0.53
Ethyl acetate 4250+0.79 6.25+0.25 19.96 £0.35
Chloroform 39254+ 054 -3.02+£0.36 -2.20+ 147
Isopropanol 13.96 £3.67 2.13+0.18 6.19+1.00
Tetrahydrofuram 16.58 +0.94 042 £0.17 1.52 + 0.52
Hex Tol Hept EtOAc CHCI3 IPA THF
R ['—I—‘
-20 - l-|_| -
-40 - 4
4 =+ = J
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| |[[_]CrBase ]
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Figure 4.11: Responses of chromium-masked nanocantilevers coated with localized films of rubbery
SI-PBMA to a series of chemical vapors presented at 0.02 P/P°. Cr-tip nanocantilevers exhibit much
smaller responses than Cr-legs and Cr-base nanocantilevers, indicating that vapor sorption on the
clamped end is essential for strong responses.
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Table 4.4: Relative frequency shifts of chromium-masked nanocantilevers coated with localized
SI-PBMA films exposed to vapors at 0.02 P/P°.

Responses of Nanocantilevers (A f/ fo x 10°)

Vapor Cr-Tip Cr-Legs Cr-Base
Hexane -3324+1.88  -1.93+1.00 -36.72 +0.94
Toluene -4290 +£0.58 -295+0.51  -48.11 +1.38
Heptane -27.81 £2.26  -146+058  -27.95+£0.27
Ethyl acetate -44.09 £1.52  027+£056  -47.46 £1.40
Chloroform -140.80 £1.36  -11.80 £0.19 -139.87 £4.92
Isopropanol -1849 +£1.77 -039+0.66 -15.81 £2.57
Tetrahydrofuram  -66.07 +2.07 -7.06 £ 046  -64.24 + 3.10
20
] Hex Tol Hept EtOAc CHCI3 IPA THF |
10
0 = T T T T T
l.OO T
x -10 -
(o]
S i i
T
< -20-
30 (I Cr Tip ]
0 Cr Legs
1 [CICrBase
-40

Figure 4.12: Responses of chromium-masked nanocantilevers coated with localized films of rubbery
SI-PBMA to a series of chemical vapors presented at 0.02 P/P°. PMA localization was insufficient,
and no discernible trend in response was observed.
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Figure 4.13: Linearity of sensor responses with respect to vapor concentration for chromium-
masked nanocantilevers coated with localized SI-PMMA films.
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Figure 4.14: Linearity of sensor responses with respect to vapor concentration for chromium-
masked nanocantilevers coated with localized SI-PBMA films.
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4.4 Discussion

4.4.1 The Contribution of Stiffness to the Experimental Resonant Frequency Shifts

The calculated frequency shifts due to mass-loading were one to two orders of magnitude smaller
than the frequency shifts observed during vapor exposure experiments, indicating that another mech-
anism must be responsible for the remainder of sensor responses. Additionally, because mass-
loading decreases the resonance frequency, the positive shifts in resonance frequency observed for
SI-PMMA coated sensors must be due to a different response mechanism. The resonant frequency
of a nanocantilever is a function of the mass and stiffness, where the change in relative frequency

can be described by,

ﬁ . ok (’)meff

fo 2k 2megy

(4.6)

where Af is the change in frequency, fj is the fundamental resonance frequency, k is the spring
constant, 0k is the change in spring constant, m. s is the NEMS effective mass, and dm,yy is the
change in effective mass.?’ Since mass-loading cannot account for the experimentally observed fre-
quency shifts, the vapor sorption into the polymer films must be changing the spring constant of
the nanocantilever, either stiffening the sensor, as with SI- PMMA coated nanocantilevers, or soft-
ening the sensor, as with SI-PMA and SI-PBMA coated nanocantilevers. Previously, the frequency
shifts of micro- and nanocantilever sensors, which could not be explained by mass loading, have
been attributed to changes in sensor stiffness, as detailed in the introduction, though further study
is required to develop a complete understanding of underlying causes of these changes in spring
constant.

These results are a reminder that caution must be employed whenever mass-loading occurring

on a micro- or nanoresonator is calculated directly from measured frequency shift. Changes in
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spring constant should be taken into account when one or more continuous monolayers of vapor
molecules are adsorbed on the sensor surface (as occurs with the bare nanocantilevers), or when the

nanocantilever is coated with a continuous polymer film.*’

4.4.2 Effect of Polymer Glass Transition Temperature on Sensor Behavior

The glass transition temperature (7;) of a polymer denotes the temperature at which the material
undergoes a phase change from a glassy state to a rubbery state. Below the T, the polymer is in
a glassy state in which the polymer chains are locked into a single configuration, unable to easily
move past each other, leading to a stiff material with a slow diffusion constant. Conversely, the
rubbery state is characterized by significantly increased chain mobility, a softer bulk material, and
an increased diffusion coefficient for vapor molecules. The polymers PMMA and PMA were chosen
for this comparison study because of they represented chemically similar, but physically different
sorptive materials, with PMMA being glassy and PMA being rubbery at 30 °C. The only chemical
difference between PMA and PMMA is that PMMA has a single extra methyl group per monomer,
which prevents the PMMA polymer chains from easily slipping past each other and is responsible
for PMMA’s greater T,,. A second rubbery polymer, PBMA, was included in these experiments
because it was determined that PMA was a poor candidate for localized polymerization procedure.
PBMA has a greater affinity toward non-polar analytes than PMMA or PMA due to the n-butyl
group in each monomeric unit of the polymer.

When chemical vapors absorb into the polymer films, changes occur in film properties such as
thickness and Young’s modulus, both of which are affected by polymer chain orientation. Compar-
ing the responses of the SI-ATRP PMMA and SI-ATRP PMA coated nanocantilevers to chemical
vapors, the effect of the penetrant vapor molecules on sensor response is dependent on whether

the polymer brush is glassy or rubbery. For a glassy polymer, the configuration of the chains in the
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polymer brush is locked, so a small number of penetrant molecules may cause the film to stiffen like
a swollen gel. In contrast, the individual chains of the rubbery polymers are able to slide past each
other, allowing the chains to accommodate the penetrant molecules, which may be plasticizing the
film. Given the high Young’s modulus of silicon nitride of (~110 GPa) versus those of the polymers
(measured by atomic force microscopy (AFM) nanoindentation as 8 GPa for a 150 nm dry PMMA
brush® and 50-60 MPa for 50 nm dry PMA brush®), changes in polymer film stiffness due to
vapor absorption were initially not expected to impact the stiffness of the cantilever. Further work,
such as nanoindentation of polymer brush films during exposure to chemical vapors, is required to
elucidate any changes occurring in Young’s modulus.

While nanocantilevers coated with rubbery S-PMA and SI-PBMA films had lower Q values
than cantilevers coated with dropcast PMMA and SI-PMMA films, this reduction in Q did not neg-
atively impact the sensor responses to chemical vapors at the concentrations tested. For applications
requiring trace detection, the choice of polymer film thickness must be balanced to maximize vapor
capture while retaining a sufficient Q to measure small shifts in resonance frequency in order to
optimize the minimum detectable level (MDL).

Nanocantilevers coated with rubbery polymer films of SI-PMA and SI-PBMA responded quickly
to chemical vapors because the diffusion of vapor molecules in rubbery polymers is Fickian, as the
relative mobility of the penetrant molecules is slower than the polymer chain mobility.>! Unlike
rubbery polymers, glassy polymers such as PMMA are known to exhibit non-Fickian diffusion
characterized by a delayed relaxation of the polymer chains (two stage sorption), which can greatly
increase the time required for the film to reach a new equilibrium state.32>3*3> Due to the slow
chain relaxation, glassy polymers can also exhibit history effects, such that the order of chemical
vapor exposures can impact the shape and magnitude of an individual response. Given that sensor

response magnitude of cantilevers coated with glassy and rubbery polymer films is similar, rubbery
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polymer films are preferred due to their faster response time.

4.4.3 Localization of Polymer Films on Nanocantilever Sensors

This work demonstrates a method for highly selective deposition of localized polymer films on
nanostructures post-fabrication, protecting the polymer from potentially damaging processing steps
such as plasma etches. High quality polymer films are essential for vapor detection, especially
for the discrimination between vapors where an array of sensors coated with a variety of chemi-
cally distinct polymer films is employed,>® and also to study the response mechanisms behind the
observed frequency shifts. The localization of the polymer film directs the absorption of chemi-
cal vapors to the sensor, or the most sensitive part of the sensor, rather than allowing a portion of
the vapor molecules to be lost by absorption on non-sensitive areas, which would be detrimental
for a trace detection application. This bottom up technique is amenable to wafer-scale production
and adaptation to other surface initiated polymerization techniques.?’ While PMMA and PBMA
were successfully localized to the gold regions of the nanocantilever, the PMA brush grew on the
chromium mask as well. It is believed the failure of the chromium passivation was due to desorp-
tion of the n-hexylphosphonic acid SAM during the 48 hr, 50 °C PMA polymerization reaction.
Chromium was chosen for the masking layer because of its adherence to gold and its resistance to
the plasma etch used to release the nanocantilevers from the substrate. A number of passivation
SAMs were tested including multiple silanes, carboxylic acids, and phosphonic acids, with n-hexyl
phosphonic acid exhibiting superior performance compared to all other SAMs tested. Phosphonic
acid SAMs have been studied previously on titania>’ and alumina,>® and it has also been shown
that alkane thiols and alkane carboxylic acid SAMs can be formed simultaneously on adjacent gold
and alumina surfaces.’® By first protecting the chromium regions with the n-hexyl phosphonic acid

SAM, subsequent exposure to BIBOEDS resulted in the initiator self assembling only on the bare
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gold surface.

The responses of nanocantilevers coated with localized polymer films indicate that vapor sorp-
tion on the legs and base of the sensors is the primary source of the observed frequency shifts.
For chromium masked nanocantilevers coated with SI-ATRP PMMA, the Cr-tip sensors responded
more strongly to chemical vapors than the Cr-legs or Cr-base sensors. Additionally, of the chromium
masked nanocantilevers coated with SI-ATRP PBMA, the Cr-legs sensors produced weak responses
to chemical vapors compared to the Cr-tip and Cr-base sensors. Modeling of the shape of the
nanocantilever’s fundamental resonance mode showed that mass-loading from vapor absorption on
the sensor’s legs had only a weak effect on resonant frequency; a hundred times smaller than mass
loading on the tip. Conversely, changes in sensor stiffness have the greatest effect on resonant fre-
quency if they occur near the clamped end of the nanocantilever where the majority of the bending

occurs.

4.5 Conclusions

Resonant nanocantilevers have a number of desirable qualities necessary for incorporation into
highly miniaturized chemical vapor detection systems, including their small size, extreme sensitiv-
ity, and adaptability to various chemical targets. There has been a need for a method to deposit thick,
uniform polymer films on nanocantilevers to both enhance vapor sorption and to develop a thorough
understanding of the mechanisms behind the observed sensor responses. The challenge of deposit-
ing high-quality polymer films was overcome using SI-ATRP, and was demonstrated by growing
approximately 100 nm thick films of PMMA, PMA, and PBMA on nanocantilevers. Nanocan-
tilevers were exposed to a series of seven non-polar and polar chemical vapors to test their response
speed and magnitude. While nanocantilevers coated with the glassy SI-PMMA film exhibited pos-

itive shifts in resonant frequency upon exposure to polar vapors, sensors coated with the rubbery
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SI-PMA and SI-PBMA films exhibited negative shifts in resonance frequency for both non-polar
and polar vapors. The responses of nanocantilevers coated with all SI-ATRP grown polymer films
were one to two orders of magnitude larger than expected by mass loading alone, and were attributed
to the stiffening or softening of the polymer films. Nanocantilevers coated with SI-PMA and SI-
PBMA responded to all vapors within 50 s, but nanocantilevers coated with SI-PMMA required
up to 2600 s to respond to polar vapors. Additionally, the bottom-up nature of SI-ATRP enabled
the localization of polymer films to chosen sections of each nanocantilever by using a chromium
mask, passivated with a n-hexylphosphonic acid SAM, which restricted the self assembly of the
BiBOEDS polymerization initiator to the uncovered gold surface. Nanocantilevers were fabricated
with three different mask geometries, Cr-tip, Cr-legs, and Cr-base, to determine what area of the
sensor was the most sensitive to vapor sorption. Localization of the polymer film was achieved for
SI-PMMA and SI-PBMA, but not for SI-PMA due to the elevated temperature and long polymer-
ization time required to grow a sufficiently thick film. Cr-legs nanocantilevers with both SI-PMMA
and SI-PBMA films exhibited reduced responses to chemical vapors compared to Cr-tip and Cr-
base nanocantilevers. The sensor responded maximally when vapor sorption occurred on the legs
and base of the sensors, providing further evidence that changes in nanocantilever spring constant
dominate the observed responses. These results show that for resonant nanocantilevers coated with
thick, continuous polymer films, both vapor sorption and bending at the clamped end must be max-
imized to enhance sensitivity. Additionally, localized polymer coating could be applied in trace
detect situations where mass loading and stiffening would compete to impede sensitivity. By coat-
ing nanocantilever chemical vapor sensors with rubbery polymer brush films, the sensors respond
rapidly and strongly to changes in stiffness, making it a competitive technology for incorporation
into highly-miniaturized detections systems. Furthermore, this work can be applied to all resonant

NEMS sensors, enabling localization of target binding to specific areas on the resonator, enabling
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quantitative mass-loading calculation from frequency shifts, and maximizing resonator sensitivity

by preventing the activation of competing response mechanisms.
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Chapter 5

Concluding Remarks

This thesis presented three projects aimed at developing resonant nanocantilevers into chemical va-
pors sensors than could be incorporated into highly-miniaturized chemical detection systems. It was
shown that an array of five nanocantilevers, functionalized with thin, dropcast polymer films, could
function as an electronic nose that was capable of discriminating between chemical vapors as well
as an array of macroscale chemiresistive sensors. This work revealed that, with the current level
of baseline noise, nanocantilevers would not become a competitive technology without employing
a better surface functionalization. The sensitivity of nanocantilevers to chemical vapors was im-
proved by using surface initiated polymerization to grow thick, uniform polymer brush films. The
uniformity and sensor-to-sensor reproducibility of the polymer brush films enabled further study
of the mechanisms governing the responses of the nanocantilever sensors. Polymer films were lo-
calized to either the clamped-end or free-end of the nanocantilevers using a chromium-masking
and passivation scheme. Both the location of the polymer film and its glass transition temperature
greatly affected sensor response behavior. It was found that the observed frequency shifts of the
polymer-coated nanocantilever that occurred upon exposure to chemical vapors were primarily due
to changes in stiffness, rather than mass-loading, as had been expected at the outset of this work.
While the use of surface initiated polymerization has greatly improved the performance of

nanocantilever sensors, the thickness of the polymer films grown on a given sensor should be chosen
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based on the needs of a particular application in terms of sensitivity and response time. A thicker
polymer film will absorb a larger number of vapor molecules, inducing a larger frequency shift,
but could also reduce the resonance quality factor (Q), increasing the minimum detectable shift in
resonance frequency, effectively reducing the sensitivity. The reduction of Q can be significant for
thick, rubbery polymer films, which are preferred over glassy polymers because of the rate of va-
por diffusion through rubbery films is much greater than for glassy polymer films. Furthermore,
by increasing the thickness of the polymer films, the time required for absorption and desorption
increases, which is of concern when nanocantilevers are used for high-speed applications such as
back-end detectors for a micro-GC column.

The study of resonant nanocantilever sensors will continue to be an active area of research.
There are a number of specific challenges that must be overcome to see nanocantilevers imple-
mented in chemical vapor detection systems. Firstly there is a need to achieve a thorough theoretical
understanding of the underlying mechanisms governing nanocantilever stiffness change. Secondly,
methods for the actuation and readout of large nanocantilever arrays that can be incorporated into a
highly miniaturized vapor detection system must be developed. Thirdly, techniques for the coating
of a large array of closely packed nanocantilevers with a variety of polymer films must be devised
in order to create a truly nanoscale electronic nose. To be successful in the long-term, any synthetic
strategy must be amenable to wafer-scale production and require only minimal processing times. All
of these challenges offer the opportunity for furthering scientific understanding while learning how
to integrate resonant nanocantilevers into highly-miniaturized chemical vapor detection systems that

have the potential for greatly improving public health and safety.



