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Abstract

Due to their ability to measure extremely small displacements and forces,
nanomechanical cantilense have attracted considerable attention from numerous
scientific communities, each exploring a variety of applications. Though typically
operated in either vacuum or air, operation of the device in liquid media remains highly
challenging, primarily due tstrong viscous damping. In order to overcome this limitation
a variation ofthe microfluidic cantilever sensor capable of confininggd0 picolier
volumes of liquid sample was fabricated. The capabilities of this platform were then
investigated in bothhee static and dynamic mode of operation.

While calorimetrybased bimaterial cantilever spectrometer has been shown to be a
very promising platform when operated in air, this technique loses its sensitivity when
operated in the liquid phase due to sigaintly reduced extinction lengths and increased
thermal losses. It is thus not suitable for infrared spectroscopic measurements therein and
an alternate approach is required.

Confining a liquid inside thamicrocantileveraffords a means to overcome the
limitations inherent tetandard bmaterial microcantileverby decreasing thermal loss
and viscous dampin@gnd allowing for the study of calorimetbased spectroscopy of
liquids. Simultaneously, the low resoluticand signatto-noise ratio of mid infrad
(MIR) spectroscopy in aqueous media can be addressed by employing a quantum cascade
laser as the light source. The effects of sohgamtite interactions on the absorption peaks
related to C-C-0O in ethanol have been investigated ngsihis micromechanical
calorimetric spectrospy platformto collect infrared (IR) spectra of ethanalater

mixtures. The results revealed a power law dependence of the IR absorption peak



positionsto the induced dipole moments of ethanol in the ethammtér mixtures. Using
such a microfluidic based spectroscopy method can pravigleresolution liquid
spectroscopy measurementsudherinvestigate intermolecular interactions.

The thermal sensitivity of a {material microcantilever plays a criticall@oin
calorimetric spectroscopy when the device is used to collect photothermal spectra of
liquid samples. However, further improvements in their applications as a spectroscopic
platform depends on an enhanced ulmthisr st andi |
work, a new model applicable to therbaterial microfluidic cantilever is presented when
the device undergoes uniform heating. The presented analysis indicates that an increase
in the thermal sensitivity, resirly from reducing the channel héig can improve the
photothermal response of this platforand allow for improving the sensitivity,
resolution, andelectivityof photothermal deflection spectroscopic measurements.

Piezoelectric crystalsn feedback loopshave beermainly employed as dving
mechanisms for microfluidic cantilever resonators when the device was used to analyze
liquid samples. However, there has not yet been any report on actuating a microfluidic
cantilever by applying AC voltage on a confined electrolyte solutiorthis work,
nanograms of NaHSOand NaCl solutions in combination with an AC potential
difference were used to actuate microfluidic cantilevers. The results indicate that the
resonance amplitude increases as a fundi@pplied voltage. However, an increase i
the concentration of the electrolyte does not necessarily result in an increase in the
amplitude.This concept can possibly be employed to design a new online actuation

method in the future.
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Chapter 1.:

Introduction

1.1. Objectives and scope

The innovative idea of developing a novel generatifogenerianicrocantileves (1)
has motivated several grougound the worldo focus their efforton this newvariety
of the cantilever device. This resulted irdifferent ongoing investigationsn the
applications of microfluidic based cantilevarsvariousfields.(2i 7) This research is
focused arounthefabricaion of microfluidic cantileves, application of the device in IR
spectroscopyas well as actuation of the deviogemploying a system of electroé/and
AC voltage

The first objective of thisvork was to fabricateseveralarrays of the microfluidic
cantilevers with different geometrigise., length, width, thicknesandchannel height)
usng singlesided polished Sivafers to reduce the cost of faication. Knowing thata
cantileved sensitivityis a function ofts geomety, fabricating the devices with different
sizesprovides flexibility in sensitivity and sampling size to conduct an analysis, where
eachtypeof thefabricatedcantilever is sitiable for a specific application.

The second objective of this work was to modify the fabricated cantilevers and
employ them as a photothermal cantilever deflection spectrogB@iyg platform to
collect IR spectra ofethanolwater mixturesFollowing the success of this goal, the
objective wasenhanced with the aim ahvestigaing the effect of intermolecular

interactiors between ethanol and waten thelR absorption peaks of-C-O in 1000



1200 cm' region The obtained resultsvere then explained with a simple model
developed for this system.
As the thermalsensitivity ofa bimaterial microfluidic cantilever (BMC) plays a
crucial role when the device is used to collect liquid spetitethird objective of this
work was to model the thermal sensitivity of the BMCAIthough BMCs have been
employed for several novel applicatiqi@s,10)a theoretical understanding of its response
to heat is still lackingAdapting the approach developed by Timosheiig bending of
a BMC resulting from thermally induced surface stressesweaateledin this thesisTo
evaluate this new model, photothermal bending of two different microfluidic cantilevers
were monitored as a functgmon of I R radiati ot
Among the different available methods, feedback loops and piezoelecstalsry
have been employed as driving mechanisms for microfluidic cantilever resonators.
However, because the device can confine various liquid samples, a combination of an
electric field and the confined liquid can possibly be used to actuate the devisgethih
last objective of this thesis was to actuate an electrolyte filled cantilever device by
applying AC potential differences. To this end, the effect of several variables such as
voltage, concentration, and the size of the device on the resonandauaenpf the
cantilever was studied; nonetheless, there are yet many more questions to be answered
regarding this system. This concept has interesting capability such as monitoring the
concentration of an electrolyte in picoliter volume levels, becausdritheg force is the
result of a complex interplay between the liquid and an electric field and it is

concentration dependent.



More detailed objectiveselated to thgenerabforementionedcopesare presented

at each chapters of this work.

1.2. Organization of the thesis

In thissection the outline of thefollowing chaptersarelaid out.

In Chapter 2, the knowledge on the basics of cantilever sensors in different modes of
operation is presented to facilitate the discussions ifotleeving chaptersin addition,
the background knowledge on cantilever microfabrication and photothermal cantilever
spectroscopy are briefly covered.

In Chapter 3thefabrication processtepsused to make thmicrofluidic cantilever
arepresented. Then, the performancésame of the fabricated microfluidic cantilevers
in both dynamic and static mode alemonstratedin the dynamic mode of operation,
the performance of the device upon filling the cantilever with a liquid saapleell as
the changes in the frequencydan qual ity factor as the devic
presented. In the static mode of operatamy the performance & BMCto the changes
in temperature isxaminegdbecause the fabricated microcantilesweereused as a PCDS
platform in this work The deflection of theBMC is linearly proportional to the changes
in temperaturewhichis similar to the linear deflection afgenerichi-material cantilever
as a function of temperature. In addition, following the insight obtained during the
fabrication ofthe microfluidic cantileves; some suggestions are preserft@dmproving
the efficiency otthefabrication process.

In Chapter4, IR spectrum of the confined ethasahter mixtureshatwerecollected

using the photothermal cantilever deflection tegbhe are presentedduring the
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measuremestthe frequency of the devieeas monitored to confirrthepresaceof the

liquid samplein the deviceAll the collectedspecta show two distinguishable peaks
the1006-1200 cm' regionwhich are related taC- C- O asymmetric stretcbf the anti

and gauche conformers of ethanGbllected specirwere then analysed to study the

effect of solventsolute interactions on the absorption pedk®e results show that IR
absorption peak positionorf both conformers ara nonlinear function of ethanol
concentrationTo understand this nonlinearjty simple moddbasedonHoad s | aw was
developedThe model shows that the absorption peak posittweinverselyrelated to

the induced dipole momesin the mixture resulting from changes in the concentration.

This result matches our experimental result \aitiigh accuracy.

In Chapter 5, the focus is on the static bending of the fhual@ cantilever due to
the induced stress resulting from a magalm of thermal expansions thfe constructbn
layers.Due tothe significance of the thermal sensitivitia birmaterial microcantilever
in calorimetric spectroscopyan attempt was made tmodelt h e B t&ras
sensitivity Adapting the approach dewgled by Timoshenki 1) bending of ainiformly
heatedBMC resultng from thermally induced surface stresses was mod&tgd.model
was validated by the results of photothermal bending experiments carried dwioon
different designs oBMC where themicraofluidic channel heights 1.6 or 3.1 um. In
addition, capability of the model to accurately predict thermal sensitivity and thermal
bending oBMCs with different dimensions are presented.

Chapter 6is focused orthe actuation ofan electrolytdfilled microfluidic cantilever
device by applying AC potential difference$wo different electrolyte solutions

(NaHSQO and NaClsolutiong were used for the study presented in this chajrter.



addition, the effect athe concentration, the strength of the appli€ti voltage, the size
of the microfluidic cantilevettheintrinsic charge on the device, atindfrequency of the
applied AC voltagen the obtained results were studi@tie studyshows that to actuate
the cantilever, the frequency of the AC voltagestmatch the fundamental frequency of
the deviceAt the matched frequenciesetapplied voltages directly proportional to the
resonance amplitud&vhile the results indicatthat the cantilevér surface charge does
not play a considerableole inthe cant | e v e r 0 s, thearaspriance amglieude
extremely affectedst he devchange8s si ze

Lastly, a summary of thenainobservations in thig/ork are presented in Chapter 7
In addition, bases on these observatisospesuggestionsgor future reseech related to

the studied fieldareproposed.
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Chapter 2:

Background

2.1. Introduction

This chapter focuses on presentihg background knowledgelevant to this thesis.
The knowledge on the basics of cantilever sensors in different modes of operation is
highly relevant to the eimé work demonstratedh this thesis. This knowledge helps to
comprehend the relation between readout signals and specific phenomena that were
investigated. The background knowledge on microfabrication and photothermal
cantilever spectroscopy are spedifig relevant to the work presented in Chapter 3 and

Chapter 4, respectively.

2.2. Cantilever sensors

Cantilevers are among the simplest MEMS structures that can respond to different
chemical, biological, or physical stimuli. They can be used as basic lgubtboks for
more complex MEMS devices. Even though microcantilevers are very well known for
their applications in atomic force microscopyHM), cantilevers with various geometries
have been used for numerous molecular sensing applicatrmesttse 190s(1,2) For

example, three geometries of cantilever devices are shokigure2.1.(1)



Figure2.1. a) Commercially available AFM cantilevers. For comparison, a human hair is
also included. b)rad ¢) Modified cantilevers for calorimetric purposes (reprinted from

Lavrik NV et al(1) with permission from Copyright Clearance Center).

High sensitivity, low cost, diversity in size, shape, and material, and portability of the
microcantilevers makeénem functional sensing platforms for significant applications in
different media. Use of cantilever devices for gas phase analysis alone resulted in
spectacular developments in the field of chemical sensing. Some examples are:

1 Mercury vapors detectiof3)

1 Humidity sensing using gelatin coated as well as poli(iylpyrrolidinone) and

poly(ethyleneglycol) coated cantileversb)

91 Ethanol vapor detection using Novolegated cantilever&)

Despite the higher performance of the microcantilever sensors in gas phase, they have

been employed for ligdiphase sensing for different purposes, such as:



1 To measure the pH of a solution using modified silicon and silicon nitride

cantilevers for a pH range of12(7)

1 To detect chemical compounds in aqueelectrolytes ging AFM for force

measurement,9)

1 To detect heavy metal iossichas C$.(10)

1 To detect aromatic as well as volatile organic compounds in agueous solutions,

such as 28lihydroxynaphthalene, chloroform, and methylene chldilde1?2)
Furthermore, combinations of cantilever sensors and surface modification techniques are
used for numerous applications in bieswe(13i 17)

All the aforementioned applications of the cantilever sensors rely on operating the
device in either static or dynamic mode. In the static mode of operation, deflection is the
measured parameter, while in the dynamic mode, frequency and daetityare the
measured parameters. Any extrinsic or intrinsic stress on the cantilever results in a static
deflection of the device, whereas frequency of the cantilever changeswdu@tions in
the mass or viscoelastic propertiédgure 2.2 shows the conversion path between
different input stimuli and resulting output signal, in either the static or dynamic mode of

operation(1,18 20)
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Figure2.2. The irteractions between the cantilever transducers and the environment are

related to changes in either the static or dynamic response of the device.

In the static mode of cantilever operation, the deflection of the device is the main
mechanical output. Such a deflection may have different origins such as thermal,
electrical,andmagnetic. Despite the origin of the force, the resulting mechanical stress
created orthe cantilever surface leads to the deflection of the déY®&2Q 26) The
capability of the cantilever sensors to relate different phenomena to a simple output signal
(i.e., measurable static deflection of the device) makes them valuable devices for
molecular level investigations in manliils. Here, a few examples are provided where
di fferent stimuli result in the cantileverd:

1 Swelling ofnanoparticlecoating due to application of a poten{iar)

1 Chemisorption of molecules on coated cantiley2&.

T Swelling of t mgafter iataraciioh with the adadyt€28i 81a t |

1 Temperaturenduced stress in fmnaterial cantilever§32,33)

11



In Figure 2.3, resulting deflections of the cantilever due tthei chemisorption of

molecules or swelling of the coating are demonstréited.

Figure 2.3. a) Bending schematic of a gold coated cantilever due to chemisorption o
straight <chain thiol mol ecul es, b) the sche
analyte interacts with the responsive phase and makes it swell (reprinted from Lavrik N

V et al(1) with permission from Copyright Clearance Center).

Availability of a suitable model, to quantitatively analyze a microcantilever response
to stress, depends on the specifics of the device and the origin of the applied stress. In
many situationgleflection of a cantilever due to surface stress can be predicted using
modified St oney6s equati on, d e v e ' eemueydwhérenthet he beg
radius of the curvatureR) of a substrate after the thin film deposition, is related to the
changes in surface stred3q ), the thicknessf thestructure ¢) , Youngo6ébk modul uc

), and Po ivs(seHkgdason 2.8.1,12,21,34)
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Ds . 2.1) (

In 1925, Tmoshenk@rovided a general theory describing the bending ofradtal strip
asaresultofaunifor heating. The modified Ti moshenkodcd
relate bending PZ) of bi-material cantilevers, consist of two layers with different

thermal expansions, to the variations in temperatiie) (see Equation 2.2).

e 2 3 a

é LY N

_ 3'2 é C t2+ )
DZ_ e o 2 o ~O _,::\j(gl- gZ)DT! 2( 2)

t+t, 2 tQ a '[E1C13.1.'2 tE, O

e+ tg et tEE g

69 = (o tzEz—'(; : ULE Y

wheret, andt, are the thicknesse$; andE, ar e Ysanodulg éndg, and g, are

thermal expansion coefficients of the two material lay®s35) In this work, phote
induced static deflection of modifil microfluidic cantilevers was employed to explore
ethanolwater interactions in liquid phase. Using microfluidic cantilevers for the purpose
of photothermal spectroscopy not only improve the sensitivity, but also often can
eliminate the need for surfadenctionalization of the device. In addition, because the
final performance of this platform is directly related to its thermal sensitivity, in this work
a new model was developed based on Timoshen
developed model idescribed in Chapter 5.

Unlike the static mode of operation where the static deflection of a cantilever reflects
a change in the input signal, in the dynamic mode, frequency of the vibration and quality
factor are the main measured parameters. Whentdes@r is operated in the dynamic
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mode, loaded mass andscoelasticproperties of the media change the resonance
frequency of the device. Through modi fying
cantilevers with wide ranges of frequencies can be fabdcaDepending on the

frequency of the vibration and the quality factor of the device, detection of femtogram

mass is not outside the realm of possibili{{&é&.39) In general, greater mass sensitivity

is achieved by reducing the mass of the cantilever. However, operation of the cantilever

sensor in highevibrational modes can also improve the mass sensitivity. The first four

modes of vibration for a cantilever sensor are showfigure 2.4. The resonance

frequency of the'hivibrational mode f~.) can be related to the material and geometrical

properties of the cantilever §40i 43)

e[|
fR,n_lz(zp) A (2.3)

where
E = Elastic modulus of the material,
I = Mass density,
| = Moment of inertia of the cantilever,
| = Cantileve 6s | engt h,
A=Cantileverdé cross sectional ar ea, and
k. = Constant for mode nk{ =1.87, k, =4.69, k, =7.69, andk, = p(n- 0.5)).
In this work, fabricated microfluidic cantilevers were used in their first vibrational

mode to investigate ion interactions with an external electric fiehle monitoring the
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amplitude of the vibratioriThe anplitude of vibration of a cantilever devicen by an

external forceKo) is givenby

FO
\/(k- sz)2 +C?

A= 4) (2.

where k, m, w, and c are spring constant, mass, undamped natural frequency, and

damping constant, respectivéi)

(@) (b)

—

U, [A]

N 2O =N

U, [A,]
N =20 -2 N

0 02 04 06 08 10 02 04 06 08 1
z[L] z[L]

Figure 2.4. Theside viewschematics of the first four bending vibrational modes of a
cantilever device. The amplitude of the vibration presented in unitg afghg the length

of the cantilever (L).The pointL=0 refers tothe base of the cantilever. The figure
illustrates that there are certain points along the length of the device which do not vibrate
(i.e., nodal points) (reprinted from Boisen A e(48) with permission from Copyright

Clearance Center).
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2.3. Photothermal cantilever deflection

spectroscopy

Photothermal spectroscopy is based on trackihgtoinduced variations in the
thermal state of a sample. Various methods are employed to monitor a parameter
associated with sample heating. For examplegtothermal dééction is based on
monitoring changes in a refractive index resulted from sample heating. Alternatively,
changes in the sample temperature can be monitored by utilizing a tempeaatdacer
in calorimetricmethodq45)

In 1993, GimzewskiJK et al introduced a new form of calorimeter with an
approximate sensitivity of 1pJrhis calorimeter was built upon the bending of an
aluminum coated silicebased micromechanical cantilevenser. As Q reacts with H,
over a Pt surface coated on the aluminum layer, some heat evolves in the system. This
resulted in a thermally induced bending of the highly sensitive microcantilever, due to
unequal thermal expansion of the aluminum and sillagars. The sample heating was
measured by monitoring the bending of the cantilever. A schematic diagram of the device,

used for the purpose of calorimetry, is showkigure2.5.(32)
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A-B/A+B

Figure2.5. The schematic of the cantilever device used by Gimzedski al for the
purpose of calorimetry. White shows the silicon layer, black shows the aluminum layer,
and gay bottom layer shows Pt coating. As i@acts with H, over a Pt catalytic layer,

the heat of the reaction results in the microcantilever bending. This bending was
monitored by tracking the position of a reflected optical beam off the lever into a positio
sensitive detector (reprinted from Gimzewski JK a{32) with permission from

Copyright Clearance Center).

Later, the same group applied this cantilevased calorimeter approach to monitor
photainduced changes in the thermal state of dye molecifesr the molecule absorbs
light and gets excited to a higher energy level, some of the absorbed energy releases in
the form of heat, during the relaxation process. Monitoring the cantilever bending as a
function of the illumination wavelength providdse spectral response of the sample
Though the idea of measuring phatoluced heat was not new, using antaterial
cantilever transducer for this purpose was original. This novel idea er@aintewski
and coworkers to achieve a power sensitivity of 0, which is two orders of
magnitude better than the older methods, for example, monitoring the refractive index of
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liquid positioned close to the sample was used to detect FRigatre 2.6 shows the
photothermal gectrum of a fluorescent dye, fluorescein, obtained when using

microcantilevers byranes et af33)

|

l=lllllllll

Absorption (arbitrary units)

| | '
1.8 2 2.2 2.4 2.6 2.8
Energy (eV)

Figure 2.6. The photothermal absorption spectra of fluorescein dye, deposited as a
monolayer on the cantilever sensor. Fluorescein dye has an absorption peak at 469 nm
(i.e., 2.65 &) and emission at 509 nm (i.e., 2&M) (reprinted fran Barnes JR et #B3)

with permission from Copyright Clearance Center).

In pursuit of improving the previous studi@&aresi Jet al were able to enhance the
power sensitivity of cantileverbased calorimeter by nearly an order of magnitude. This
was achievedthroughopt i mi zing the thickness ratio
layers as well as using a highmaodulationfrequency for thencidentradiation(46) In
2013, Canetta and Narayanaswamy improvedheat sensitivity even further, up to 1

pW, by reducing theonductancef the cantilever to 153 nW/Ki7) Due to the high
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sensitivity of bimetallic microcantilevers to heat, this platform has been employed for

many different applications, including:

T

Detection of subnanogms of cyclotrimethylene trinitramine (RDX) and
trinitrotoluene (TNT)48)

Detection of nanograms quantities of fatal Bacillus anthracis (known as
anthrax)(49)

Spectroscopic measurements in a wide range of wavelengths (i.e., from
ultraviolet to the MIR)50)

Sensing generated heat by a single mammaliari5l|.

Fabrication of uncoolenhfrared camera for IR imagin®2)

Detection of chemicals such &strachloroethylene, dimethylnaphthalene,-1,8
dimethylnaphthalene, and trichloroethylene by combining adsorptchrced

and photeinduced stress€8.3)

The aforementioned examples demonstrateh hegnsitivity of the photothermal

spectroscopy measurement and its applicability for different types of materials, with no

limitation on the transparency. In addition, this technique isdestructive and nen

contact with operational capability in botlr and vacuum.

Even though the cantilewdased spectrometer is a very promising platform, it is not

suitable for spectroscopy measurements in liquid phase, especially water media. This is

mainly because operation of the device in liquid media decreasesetfsitivity

significantly. This challenge can be overcome by confining the liquid irmaakberial

microfluidic cantilever platform. Simultaneously, the low resolution, as well as low signal

to noise ratio of MIR spectroscopy in agqueous media, can bessegd by employing a
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guantum cascade laser as the light source. This idea was used in this work to extract
detailed information on intermolecular interactions between ethanol and water as the IR

spectra of the mixture were collected.

2.3.1. Quantum cascade lase(QCL)

A QCL, introduced in 1994 by Faigdtet al., is a semiconductor laser that operates
based on electramtransitions withinthe conduction bandg4) Such a laser source has
the advantages of room temperature operation, portability, and high power which make
QCLs very promising sources for gasnsing application®5i 57) They also offer
significant advantages when it is required to perform liquid phase measurements.

QCLs can allow to solve the difficulty of conducting MIR spectroscopy on aqueous
solutions. Athough IR spectroscopy is a universal technique capable of revealing
moleculespecific information, it suffers from strong absorptions of water in the MIR
region. For example, the absorption related to the bending vibration of water in the MIR
region prevats acquisition of useful information on the arhidband of proteins.
Therefore, optical paths are limited to less thamifor reliable measurements, using
Fouriertransform infrared spectroscod§TIR), in this spectral region. Dedicated
transmission ells and attenuated total reflection (ATR) technique offer a short optical
path for spectroscopy measurements. However, reducing the optical path results in poor
sensitivity. By replacing the light source in MIR spectroscopy wi@CL, the optical
path length and sensitivity can be improvédi 61) Performing IR spectroscopy on
highly sensitive cantilever platforms while using a QCL as the light source can further

improvethe sensitivity of MIR spectroscopy.
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2.4. Microfabrication

Complex mechanical parts such as membranes, sensors, actuators, pumps, and
electronic parts are common exples of MEMS. In general, bulk micromachining and
surface micromachining are two predominant technological processes underlying
MEMS. The process of microfabrication of MEMS devices can be used to either fabricate
a single device or thousands of devidgdatch processing not only reduces the cost of
individual devices, but also minimizes thienensional variation62i 64)

Size, dimensional reproducibility, and the material used to construct a sensor control
the final performance and applications of the dewitierofabrication techniques make
it possible to achieve small device size, resulting #mall sampling volume, required
for many chemical and biological sensors. Also, as a result of precise control over the
geometry during the fabrication steps, higiprnoducibility of the fabricated devices is
easy to achievé2,64 66) Depending on the requirements of the device, different
materials, or combination of materials, have been employed in the microfabrication
processes. Examples include:

1 Polymers such as photoresist -8J poly(methyl nethacrylate) (PMMA),

polycarbonate (PC), poly(dimethylsiloxane) (PDMS), and Polyinttde68)

9 Silicon material such as silicon oxide, silicon nitride, polycrystalline silicon

(polysilicon), and silicon rich silicon nitride (SRK§3,64,69,70)

1 Metal films such as gold, Nickel, and Titani§6#,71 73)

Among the different materials available for fabrication of microcantilever based sensors,
silicon materials are the most preferred substrates where low pressure chemical vapor

deposition (LPCVD) and plasrenhanced chemical vapor deposition (PECVD) are
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often employed to form a silicemased film. However, it is worth mentioning that
recently, material such as graphene and dianli@edcarbon have been offered as

promising alternatives to silicdi4,75)

2.4.1. Cantilever fabrication

Fabication of resonant microstructures, including microcantilever sensors, can be
summarized into deposition, patterning, and etching. During the deposition, a selected
material will be deposited on a single crystal silicon wafer with a thickness 65880
em. Itis important to modify the conditions of the deposition process in order to minimize
the stress and subsequent deformations developed in the device during the fabrication.
Lateral sizes of the device are usually defined by the thicknesses of ttsitetbfibms;
whereas, in plane geometries are defined during patterning steps. Patterning steps for a
micrometer size cantilever include UV lithography that is followed by reactive ion
etching (RIE) of the deposited layer. However, to fabricate a nanosaatéever,
electron beam lithography is employed as a substitute to UV lithography. Eventually, the
cantilever device will be released by either etching away the sacrificial layer (surface
micromachining) or etching through the bulk of the wafer from libekside (bulk
micromachining). Fabrication of a standard cantilever using a sacrificial layer, is

demonstrated ifigure2.7. (76,77)
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b)
¢)
B Substrate B Sacrificial layer [ Structural layer

Figure 2.7. Fabrication steps using surface micromachining where patterning of the
silicon substrate is followed with deposition of a sacrificial layer which will be removed
in the final step. The cantilever in plane geometry is defined by piatethe structural

layer located on top of the sacrificial layer, a) substrate patterning and etching, b)
deposition of a sacrificial layer, c) planarization, d) deposition of a structural layer, €)

patterning the structural layer, and f) removal of therificial layer.

Using a sacrificial layer helps to eliminate the need for thraugter etching of the
silicon in potassium hydroxiddKOH), which is time consuming. When using a
sacrificial layer, undeetch rate is generally low because the etchastlittle access to
this layer. However, the cantilever is often vulnerable to adhesion to the underneath

substrate since there is a small gap between the two. This phenomenon is called release
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stiction. Also, the need for a sacrificial layer limits matkeghoice in the fabrication
procesg43,77 80)

The etchthrough process of releasing a cantle does, however, have the
advantages of allowing both sides of the device to be easily accessed for inspections. In
bulk micromachining, an etch stop layer is required. The etch stop layer will protect the
device from being etched during the back siddieg, using KOH etching or reactive
ion etching, and must be removed in a later step to release the cantilever. For comparison,
microfabrication of a cantilever fabricated on a standard silicon wafer, based on bulk

micromachining is presented kigure2.8. (76,77)

a)
Si substrate

¢ Photoresist

.
o
o il B

Figure 2.8. Step process in bulk microfabrication of a silidmased cantilever: a)
deposition of structural layel)) patterning of the device by photolithography and
subsequent etching, ®lease of theantilever device by etching through the wafer from

the backside, and d) removing the etch stop layer. Blue, gray, yellow, and red represent

silicon wafer, etch smlayer, silicorbased cantilever, and photoresist, respectively.



To investigate the potential applications of a cantilever device for chemical or
biological sensing as well as measuring properties of liquid samples, the operation of the
device in liquid phase is required. However, the viscosity of the liquid causes an
obstruction to precisely measure the frequency response of conventional
microcantilevers.Strong dampingof a cantilever device in a liquid environment, as
opposed to vacuum, reduces theality factor of the device up to five orders of
magnitude. This results in broadening of the frequency response of devices in liquid and
consequenthattenuateghe vibration amplitudé81,82)This limitation can be overcome
by enbedding a channel in a microcantilever where a liquid sample can be cdBfyed.

Microcantilevers with embedded channels attracted scientific communities to
analyze liquid samples. This is mainly because they maintain a high quality factor usually
achiewable only with vacuum environments. Improvement to the quality factor is a result
of exposing the outside of the device to air or vac(@4nd9)

Depending on the final requirements of the device, different techniques can be
employed to fabricate micnesonators with embedded channels. Sacrificial layer
methods are commonly used when it is required ittmize the mass of the resonator.
When using this method, a material which can be easily etched is deposited on a substrate
as a sacrificial material. This material is patterned, and thereafter encapsulated, with the
structural material of the cantilevé&hotolithography is usually used to pattern openings
which give access to the sacrificial layer in the etching step where a microfluidic channel
forms. To create the cantilever resonator, a part of the channel imithercut (83,90,91)

When using a sacrificial technique to fabricate migsonators, a high etch rate

selectivity between the structural layer and the sacrificial layer is necessary. This is
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mainly becase of the substantial length of the microfluidic channel. To ensure a high
etch rate selectivity, selection of the materials for each layer plays an important role. For
example,aluminum and passivation dielectriaere used for sacrificial and structura
material, respectively, to fabricate several hundreds of micrometer long channels. Also,
a combination of lowstress silicon nitride and polysilicon were usedstascturaland
sacrificial material to fabricate microfluidic cantilevég®) A sacrificial based method

was used in this work for fabrication of microfluidic cantilevers with different sizes to
investigate liquil samples, as explaineddhaptes 4 and 6.

The injection moulding process and 3D printing also became impressive alternatives
to the classical surface micromachining and have been used for fabrication of polymeric
microcantilevers. For example, McFarbAW et al successfully fabricated polymeric
microcantilever from polystyrene, polypropylene, and nanoclay polymer composite with
thicknesses ranging from 2 to gfh, an aspect rati@.e., length/thicknessj)f more than
170, and spring constants from D10 10 N/m(93i 97) Table2.1 compares properties of
different materials commonly used for fabrication of cantilever sensors as well as

properties of fabricated microcantilevesvices(43)
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Table 2.1. Comparisonof cantilever materials as well as fabrication methods. Si is

crystalline silicon and SiN is LPCVD silicon ride(43)

Material Si SiN SU-8 Polystyrene

Cantilever fabrication

Fabrication method Etching Etching uv Injection
Fabrication costs High High Medium Low

Cantilever properties

Thickness 500nm 500nm 2 mm 5
Youngdés modul 180GPa 290GPa 4 GPa 3GPa
Poisond mtio 0.28 0.27 0.22 0.34
Spring constant 4.5mNm 7.3mNm 6.4mNm 75mNm
Resonance frequency 2.8kHz 3.2kHz 2 4kHz 5.5kHz

Surface stress sensitivity 12 n?/N 7.6 /N 36.6mMJN 6.6 MmN
Dz/Ds

Mass sensitivity 24.4Hz/ng 21.2Hz/ng 10.Hz/ng 10.6Hz/ng
Df / Dm

Measurements

Reflection of optical beams High High Low Low
without metal

Moisture absorption Low Low High Medium
Time-stability Years Years Months e
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Chapter 3:

Fabrication of microfluidic resonators

3.1. Introduction

The cost efficacy, small size, and high integration capability @l&hbtriccircuits of
has mde MEMS attractive to many disciplines. Over the last few years, MEMS
microfabrication has been subjected to extensive development. In fact, developed
methods for microfabrication of conventional electronic devices play a major role in the
functionality aml reliability of MEMS. Some of the very common basic components in
many MEMS devices are micro membranes and microcantiléi/s.

Wet bulk microfabrication and surface microfabricatiare two very common
categries of microfabrication. Wet bulk microfabrication employs wet etchants to sculpt
three dimensional features into the bulk of crystalline or noncrystalline materials with
some common materials being silicon, quartz, SiC, Ge, and GaAs. On the othén hand,
surface microfabrication, layer by layer deposition and patterning are the basic means of
creating required features. Features made by bulk microfabrication are usually larger than
those fabricated through surface microfabrication. An important beokfsturface
microfabrication is that patterned features, in each layer, are not limited by
crystallography of the substrate surface microfabrication, dry etching is employed to
define the desired featurestime x, y plangwhile the rok of wet etching is to release

built-up structures. In this work, surface microfabrication was mostly employed to create
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the required features, except for the last step of the fabrication where a combination of
both methods was required to release the devices.

Selectionof the proper materials for different layers of the device is critical in the
final functionality of the fabricated device. Even though a plethora of substrates and thin
films can be used for bulk and surface microfabrication, silicon based substrates are
among the most favoured ones, especially for cantilever sg@86)sin fact, several
groups have used logtress, low pressure chemical vapor deposited silicon nitride and
polysilicon to fabricate resonators wiémbedded channe(gi 10)

Microcantilevers with embedded channels attractsdarch groups analyze liquid
samples. This isnainly because they maintain a high quality factor usually achievable
only in vacuum. Therefore, they have been employedg&formingmeasurements in
many fields such as biology, engineering, physical chemistry, and (GrEs)
Depending on the final requirements of the device, different techniques can be employed
to fabricate micreresonators with mmbedded channels. Sacrificial layer methods are
commonly used when it is required to minimize the mass of the res@nic@prA
sacrificial based method was used in thask for fabrication of microfluidic cantilevers

with different sizes to investigate liquid samples as explained in chapters 4 and 6.

3.2. Objective

The objectives in the fabrication of the microfluidantileversare the following:
1) Employ singlesided ptished Siwafer as a substitute for doulsele polished Si

wafer. This helps reduce the cost of the fabrication process.
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2) Increase the sensitivity of the previous iteration of this device by decreasing the
thicknessof the channel wall and decreasiobgannel heights Two channel
heights were fabricated to allow for hding molecules of different sizes if
required.

3) Accomplish proper alignment accuracy for fabrication of feature sizes down to
2.5um for all five masks.

4) Releasdhe devices witmultiple dimensions and different designs on the same
wafer. This helps reduce the cost of fabrication when multiple cantilever designs
need to be investigated.

5) Accomplishbackside alignmemnithout damagingprotruding patterns fabricated

on the front side athe wafer.

3.3. Design and chip layout

Microfluidic cantilevers were designed by KhitF and not myself; however, the
mask layout is included in Appendix A for future users who would like to follow this line
of research. A part of the mask layout is showRigure3.1. The hatched lines between
the chips show the location of the throughfer holes. These border holes will be etched
into the wafer during the KOH etching process (the last step of the fabrication}hehile
cantileversarereleased. These througbafer holes were designed so that one can dice
the wafer into individual chips at the end of the fabrication. The mask layout for a
cantilever located on Chip 11 is shownFigure 3.2. Variations in the dimensions and

designs of the other microfluidic cantilevers are shown in Appendix A. Appendix A also
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includes the mask layout of the doulamped microfluidic resonator located Chip

10.
CHIP-9 || CHIP-18 || CHIP-11 || CHIP-12 |||
CHIP-9 || CHIP-1@ || CHIP-11 || CHIP-12 | |

Figure3.1. Mask layout and orientation of the chips. The size and design of the cantilevers
vary from one chip to anther.
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Figure 3.2. Mask layout for a cantilever locatesh Chip 11.Black squares show the
locations of inlet and outlet. Green shows the microfluidic jBne shows the location
of the throughwafer holebeneath the cantilevefhe hatched area shows the location of
the backside patterns. These patterns define thedoaztthe throughwafer holes.

3.4. Fabrication process steps

In this section, a detailed description of the steps developed for the fabrication of
microfluidic cantilevers is described. This process employs five mablesfabrication
process is similar tthat of other microfluidic cantileve(8,10)where polysilicoris the
sacrificial material and lovgtress lowpressure chemical vapor deposited (LPCVD)
silicon nitrideis the structural materiaMost techniques described in this section of the
work are standard techniques in microfabrication processes. Howevés, wdrking
toward achieving objectives defined in section 3.2, several challenges were encountered.

Some key issues for each process are discussed below.
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3.4.1. Wafer preparation

Fourinch diameter silicon wafers with a thickness of 380 +p@8 and ¢ Gt
orientdion were purchasedThe silicon wafers have polished surface andapped
backside. Before any processing, the wafers were cleaned ugiraglaa etch solution
(3:1 concentrated sulfuric acid &4, with hydrogen peroxide, 4>) to remove organic
andmetallic contaminationdVafer cleaning enhances adhesion of the next layer to the
existing one.To prevent thermal shock, wafers were inserted inptrenha solution
slowly.(6) The wafergemained in the solution for 15 minutes to complete the cleaning

process.

3.4.2. Silicon process

The process flow for the fabrication of microfluidic channel cantilevers is illustrated
in Figure 3.3. First,the wafers were coated with 500 nm tewessLPCVD silicon
nitride (Figure3.3 (a)). The inlet and outlet were then etched to a depth oh&0dsing
RIE in sulfur hexafluorid€Figure3.3 (b)). A profilometer scan was used to monitor the
depth of etching throughothe fabrication processhenevemRIE was used to create a
pattern. The aforementioned inlet and outlet provide access to the polysilicon layer that

must be etched in the final step of the fabrication.
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Figure3.3. Fabrication process flow. Gray, orange, and green represent silicon, low stress

silicon rich silicon nitride and polysilicon, respectively. This figure is not to scale.

Next, the LPCVD polysilicon layawas depositedith a thickness o8 pum (Figure
3.3(c)). Then, this layer was etched to a depth no less thamsd that there was
no polysilicon on the surface of the silicon nitride except where the microfluidic
areas will later be create8igure3.3 (d)). An outline of the microfluidic channel
created in this stage is shown in dark greefignre3.2.

After patterning the polysilicotayer, a second layer ddw-stres LPCVD
silicon nitride was deposited on the wafers to close the microfluidic chafigetd
3.3 (e)). Next, both lowstressLPCVD silicon nitride layers were etched to a depth

no less tharl000 nm to create an thme of the cantilever, located beneath the
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microfluidic channel Figure3.3 (f)). The locations of througivafer holes, for fluid
injection, were then defined in the backside of the wafer. To align thnvafgrholes
with the inlet and outlet, patterned in the first step, a double side alignment technique
was used. Simultaneously, the location of the second set of thveafgh holes for
the purpose of accessing the backside of the cantilever was defined. Arbegé t
wafer holes must be aligned with the cantilever devices defined in the sixth step
(Figure 3.3 (f)). Next, both lowstressLPCVD silicon nitride layers as well as the
polysilicon layer were etched from thediaside of the wafer using RIEFigure3.3
(9)).

The polysilicon layer, sandwiched between the structural nitride layers, was then
dissolved in a skmolar aqueous solution of KO&t 85 °C as the solution was ol
with a speed of 60 RPM. This etch took approximately 20 hrs. During the same
etching process, the througlafer holes were created as silicon was etched in the
KOH solution Figure 3.3 (h)). The wafers were maored frequently during the
etching proces® ensure no overetching occurred. The frequency of inspection was
increased specifically toward the end of the prodeigsire 3.4 showstwo examples
of the microscopitmages obtained during KOH etching to evaluate the extent of the
etching. After the etching process was completed, the wafers were rinsed and dried.
At the end, wafers were diced into individual chips where each chip contained two or
three microfluidic catilever devices. For example, a picture of one of the chip (Chip
11) is presented iRigure3.5. In addition, microscopic images of cantilevers located

on Chip 9 and Chip 14 are shown in Appendix A.
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Support pillar

b)

Figure3.4. Microscopic images of the cantilever devices during the KOH etching. Images
b) and d) show the tip portions of the cantilevers presented in images a) and c),
respectively. The dark area at the tip of theickeghows the remainingplysiliconthat

has not been etched yet
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Figure3.5. A picture of Chip 11 after completion of the fabrication process. This chip

contains two microfluidic cantilever devices

The same process flow was followed to fabricate the microfluidic cantilevers with
different wall thicknesssand channel heightTable 3.1 shows all combinations of

channel heights and wall thicknesses employedabridation of the microfluidic

cantilevers in this work.

Table3.1. Different design categories of microfluidic cantilevers

Design Z1 Design Z2 | Design Z3 | Design Z4
Channel height 3 (um) 1.5 (um) 3 (um) 1.5 (um)
Wall thickness 500 (nm) 500 (nm) 250 (nm) 250 (nm)
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Throughwafer holes created beneath the cantilever gave access to the backside
of the device to deposit a secondary layer as required for the experiments presented
in chapters 4 and 5. Only oagray of cantilevers was designed without an access hole
beneath the cantilever. This design was not develofmd spectroscopy
measuremest therefore, accessing the backside of the cantilever device was not

required.Figure3.6 shows microscopic images of this microfluidic cantilever device.

a) b)

Figure 3.6. Microscopic images of the microfluidic cantilewshere blackin image a
shows thestched pitbeneath the canéiVer Black scale bars in images a and b are 150
and 10Qum, respectively.

3.5. Device performance and characterization

Cantilever sensors are used as humidity sensors, metal ion sensors, calorimetric
sensors, viscosity sensors, explosive detection devitgsnare. All of these capabilities
rely on operating the device in either static or dynamic mode. In the static mode of
operation, deflection is the measured parameter. In the dynamic mode, frequency and

guality factorare the measured parameters. Anyriegic or intrinsic stress on the
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cantilever results in a static deflection of the device, whereas the frequency of the
cantilever alters due to the changes in the mass or wigteelastiqropertieg17,18)

Below, the performances ofree of the fabricated microfluidic cantilevers are presented.

3.5.1. Frequencyand quality factor

In the dynamic mode of operation, the sensing principle of a cantilever device is based
on converting changes in mass into changes in resonance frequency. Thes ¢chadhg

resonance frequency of the cantilever are related to detected mass by the following

equation(19)
k &1 148
Dm= 2= - —.Q 3.1
4:02 o 22 f12 g ( )
where

k: Spring constant of the cantilever

f : Frequency of the vibration

Dm: Changes in the mass.

A fabricated microfluid cantilever witB00 um length, 76 um width, and 1.5um
channel height was used to demonstrate the performance of the device upon filling the
cantilever with a liquid sample. Resonance frequency of the microflaafitilever
device in air was measured as the device was driven using a piezoelectric. As shown in
Figure3.7, the frequency of the device decreases upon filling the cantilever with ethanol.
To obtain thequality factors andhe center frequencies of the devices, the frequency

responses of the devices were fitted by a Lorentzian function.
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Figure3.7. Changes in the resonance frequency of the cantilever deviceillipgrttie
device with ethanol. The quality factors arehter frequencieare (from right to left):
Q=35, 56,fo=14.5, 11.9 kHz.

The ratural frequency of a cantilever device can be related to its effective migss (

and springconstant ) by w;, =/k/m’ . In general, a higher mass sensitivity is achieved

by increasing the frequenayf the device. Reducing the mass of the cantilever device
increases the frequenclyigure 3.8 shows variations in the frequency of two kinds of
fabricated cantilevers. Cantilever A is 1fn long. This cantilever is similar to the
cantilever shown ifrigure3.6. Cantilever B is 50Qum long and 44mwide. The channel
height in both cantilever A and B is®n. Quality factors and center frequencies of the

cantilever A and B (reported in the captionFaure 3.8) were obtained by fitting the
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frequency response did devices by dorentzian functionThe quality factor of the
device is inversely proportional to the damping constant and directly proportional to the
resonance frequency of the system. If one operates the device in vacuum, the quality

factor increasessaa result of reducing the damping constant.
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Figure3.8. Variations in the natural frequency of two fabricated microfluidic cantilevers
with different sizes. Thguality factors and center frequencies @rem right to left):
Q=4700, 36 an&=479.1, 20.8 kHz.
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3.5.2. Static deflection of the device

Static deflection of a cantilever may have different origins, such as thermal, electrical,
and magneti€17,20 22) Here, only the péormance of the modified cantilever to the
changes in temperature is presented, because the fabricated microcantilever was used as
a photothermal cantilever deflection spectroscopy platform in this work. The modified
cantilever has a 200 nm gold layer deiped on the backside of the deviéggure 3.9
shows the static deflection of therbaterial microfluidic cantilever due to the mismatch
in the thermal expansion coefficients of the layers as the temperatune device
increases. The deflection of the cantilever as a function of temperature was measured as
the device was heated usinghat plate A thermocouplewas used to monitor the
temperature of the hot plate. Thermally induced bending of the cantil@semanitor

with a similar seup, as explained in Chapter 4.
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Figure3.9. The static deflection of the-bnaterial microfluidic cantilever as a function
of changes in the temperatufiénis cantilevelis 600 um long and 76.um wide with the
channelheight of 1.5um. The red line and black line show the linear fittings for the

experiments conducted on two different cantilever devices of the same size.

The relation between the deflectipbz) of a rectangular cantilever beam, due to bi

metallic bending phenomena, and the material parameters is shown foildkaéng

equation(20)

Oy = (1 uk, &
Ch-

(3.2)

i oooz,\)
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In Equation 3.2,E, v, t,, t,, |, ands ar e Youngds modul us,

substrateds thickness, a thickness of a

generated surface stress, respectively. The temperature induced surfacésstrisss
linearly proportionalto the external variation of the temperatur®T(). Thus, the
deflection of the beam is linearly proportional to the changes in the temperature. This is
consistent with the linear variation dfe deflection of the hkinaterial microfluidic

cantilever as a function of temperature showRigure3.9.

3.6. Material and methods

3.6.1. Structural and sacrificial materials

Low stress silicon rich silicon nitride (SRMjas used as the main structural material

for the fabrication of the microfluidic channel cantilevers for the following reasons:

1) Low residual stress of SRN allows the fabrication of the microfluidic channel
cantilevers with minimal streseduced curvatures

2) LPCVD method result in high uniformity in the thickness and the composition of
SRN.

3) SRN acts as an almost perfect etch mask for KOH. It was very important for the
cantilever structure toemain intactduring the long release process where KOH
etching wasised.

4) Silicon rich silicon nitride isoptically transparenthich is important for

performing the experiments presented in Chapter 4.
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To minimize the residual stress developed in the process of fabrication, the same material
(i.e., SRN) was selectedrfthe first and second structural layer.

Use of a sacrificial layer for the purpose of creating a thin microfluidic channel is an
old technology23) In this work, polysilicon was used as a sacrificial layer. After
depositing the polysion layers with different thicknesses, SEM images were obtained
to validate the thicknesses of the deposited layegsire3.10 andFigure3.11 show the
SEM images of th@olysilicon layers, deposited on a silicon wafer, with a thickness of

1.5 and 3um, respectively.

EHT =20.00 kv Signal A = SE1 Date :18 Nov 2013
WD= 9mm Photo No. = 1160 Time :12:48:40

Figure3.10. A SEM imageof a 1.5um LPCVD deposited polysilicon layer
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EHT = 20.00 kV Signal A = SE1 Date :18 Nov 2013
WD= 10mm Photo No. = 1158 Time :12:26:55

Figure3.11. A SEM imageof a 3um LPCVD deposited polysilicon layer

For a successful fabrication, a very high selectivity of the etchant between a sacrificial
material and a structural layesilicon nitride is one of the main requimeents. Such a

selectivity was achieved by employing potassium hydroxide (KOH) as the etchant.

3.6.2. Etchant chemical

The purpose bwet etching in this fabrication was twofold: first, to creat®rg
microfluidic channel; and secondly, to release the camtiledevice. Sacrificial
polysilicon etching has been reported using both tetramethylammonium hydroxide
(TMAH) andKOH as etchant§24,25)KOH was used as the etchant, because its etch rate

is much faster othe® mGplane than on thép p@blane and results inéformation of
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etch pts. The etch pits are like an inverted faided pyramid. Such etch pitvere
formed under the inlet and the outlet of the microfluidic cantilever, from which fluid can
be directed into the device using either negative pressurpumnping technique. After
placing the wafers in the KOH solution, wet etch begins with removing Si and eventually
etching away the polysilicon sacrificial layer sandwiched between the silicon nitride
layers (in this etching process silicon nitride actdhasnask materialByproductsof the

KOH wet etch are liquid or gas molecules that are soluble in the etchant solution. These

were rinsed off after the etch process was completed.

3.6.3. Deposition method

To deposit lowstresssilicon nitrideand polysilicm LPCVD was usednstead of
atmospheric pressurehemical vapor depositiofAPCVD) and PECVD due to the
following reasons:

1) Even though APCVD has a high deposition rate and it is a simple chemical vapor
deposition, it suffers fromvery poor stepcoverage,as well as particle
contamination.

2) While LPCVD and PECVD are two different means of depositing silicon nitride
and are capable of producing thin films with low stress, LPCVD can provide a
higher film density with lower cost per device since multiple wafesn be
processed simultaneously.

3) In addition, deposited filslbby LPCVD form on both the front side and back side
of the wafer, which results ithe development of an equal amount of stress on

both sides. Therefore, the wafer remains flat.
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Low-stresssilicon nitride was depositedrom a 10:2 ratio of dichlorosilane (as
silicon containing gaspnd ammonia at 835°C and 250 mTorr. This results in a
deposition rate of 3.94 A/miduring the process of deposition, byproducts are released
in the form of voléile gases. Theoflowing equation shows the reaction which takes place
during the deposition of the silicon nitride.

3SiCbH2+4NH; —> SisNs+6HCI+6H. (3.3)

Polysilicon was deposited from Sikkat 80 sccm) at 300C and 300 mTorr using
LPCVD. The following equation shows the reaction which takes place during the
deposition of theolysilicon(25i 27)

SiHs —> Si + 2. (3.4)
3.6.4. Patterning and pattern transfer

In this work, photolithography teclijue was used to transfer patterns from the masks
onto the thin films deposited on the substrates. Transfer of patterns by photolithography
requires three basic stef28) First, the wafer was covered with an appropriate
photoresist. Next, the wafer was exposed to UV, and finally, unexposed regions of the
photoresist were removedg, development).

Before covering the wafer with appropriatephotoresist, to enhance the adhesion
between resist and the wafer, a very common adhesion promoter hexamethyldisilazane
(HMDS) was coated on the wafer using a yield engineering systems @AEGYmM
chamber. The YES vacuum chamber makes it possible to do dehydratipnraimg in
the same process chamly28,29) The initial dehydration secures a unifoend stable

waferpriming.

59



HPR504 positive photoresist was employed in this work because it has better step
coverage, a very goquasmaetch resistance, and smaller feature sizespor less,
compared to that of a negative photoresist. After printtiegwafer, a uniform layer of
HPR504 photoresistias coated on the wafer at 4000 RPM for 30 seconds as the wafer
was held on a spinner chuck by means of vacuum. This resulted in a thickide2s of
pm. Spin coating of the HPR50ghotoresistunder the af@mentioned conditions
produced asufficiently thick layer of the resist to transfer the pattern precisely to the
substrate, and to not suffer from a high variation in the resist thickB@8534)
Variation in the thickness ¢iPR504photoresisas a function of spin speed is shown in
Appendix B.

After the photoresist coating, the wafer was soft baked for 90 seconds at 115 °C on
the hot plate to minimize the solvent concatibn in the photoresist before proceeding
to the exposure step. Compared to the conventional oven baking, hot plate soft backing
reduces the chance of solvent trapping. Soft baking is helpful in improving the
lithography process in several different walysmproves the resist adhesion to the wafer
while at the same time it decreases the chance of mask contamination or mask sticking to
the photoresist. Also, soft backing prevents formationdfibdesduring exposure and
following thermal processes,duas etching. In addition, soft backing decreaseddhe
erosionduring the resist development.

Because a certain amount of water in the resist is essential for a sufficient
development, a subsequent rehydration for 15 min was performed to improve the
exposure and developing of the photore@isBefore the exposure, a mask was aligned

with the previously defined patterns existing on the wak#hile the first set of patterns
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was transferred to the wafer, a set of alignment marks was also transferred to the wafer.
These high precision faakes, alignment marks, act as references when positioning the
following patterns to the previous one&lignment marks have tallow not only
alignment inx andy directions but alsdhe thetaalignment As a result, one set of
alignment marks was pattexd on each side of the wafer. Also, it is important to be able
to verify alignment marks after the wafer is processed during the deposition or resist
coating.Therefore, alignment marks were included in the following patterns in case the
original ones bemme eliminated as fabrication progresses. After securing a proper
alignment, the wafer was exposed to UV light3aeconds

HPR504 photoresist is a diazonaphthoquinone (DN@3ed resist. After the
sensitizer DNQ was exposed to UV light, with the ggahat corresponds to one of the
DNQ absorption bands, it forms a ketene. In the next step, ketene reacts with the water
absorbed in the Novolac resin during the dehydration step and produces carboxylic acid
(seeFigure3.12).(6) 3-indenecarboxylic acid is an alkaline soluble and will be dissolved

in the developing step.
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Figure 3.12. Photolysis mechanism for DNRased resist, a) insoluble sensitizer is
exposed to UV light, which leks tophotolysis b) consequent rearrangement to form a
ketene, and c) reaction of ketene with water and formation ofdwdskle indene

carboxylic acid.

In the next step, the patterns were developed for 23 seconds in the alkali developer.
The short deelopment time reduces the chance of pattern distortion or swelling, as well
as undesirable reduction in the resist thickness in the protected areas. Subsequently, the
wafer was thoroughly rinsed and dried to stop further reactions between the photoresist
and the developer after development was accomplished. In this stage, the wafer was
inspected to confirm a proper alignmeriigure 3.13 shows an example of an
unacceptable alignment for the fabrication of the nfiigidic cantilever. In this case, an

approximately 31m misalignment resulted in an inappropriate positioning of the outline
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of the microfluidic channel as presentedrigure3.13(b). Whenever the same or similar

misalignmentoccurred as aesult of the patterning process, the photoresist was

completely washed off and the patterning procedure was repeated for the same mask.

+

a) b)

Figure3.13. Microscopic images confirmisalignment of the mask and the wafer. These
images were captured after patterning the outline of the cantilever regions on the second
silicon nitride layer. aglignment marks, b) a misaligned cantilever device relative to the

microfluidic channel.

After a proper alignment was achievede thatternsvere etched into the previous
layer by RIE. A profilometer scan was then used to measure the depth of etching. If the
desirable depth of etching was not achieved, RIE was repeated for additional time. After
achieving a proper depth of etchingBranson Barrel etchawas used to remove the
photoresistFigure 3.14 shows an example of the profilometer scan obtained after the
outline of the cantilevers were etched itite silicon nitride layers for the devices with
wall thicknesses of 500 nm and the channel heights qirh.5'his measurement shows
that an etching depth of 1089 nm was obtained after RIE was completed. Profilometer

measurements were conducted at fivéedint locations for each wafer.
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Figure3.14. A profilometer scan of a cantilever device with the wall thickness of 500 nm

and the channel height df5um. Etched height was measured as 1089 nm. Apprate
location of the scan is represented with the red dotted line on the schematic of the

cantilever.

3.6.5. Double side patterning

Doubleside alignment techniqueas used in this work to define thecations of

throughwafer holes in the backside of thefema To achieve alignment of patterns on
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the opposite sides of the substrate, a set of gold alignment marks was created on the front
side of the wafer.

Sputtering and liftoff were employed to create desired gold marks on the wafer. For
a successful liftdfprocess, first a layer ¢iPR506photoresist wasoated on the wafer
at 4000 RPM for 40 seconds. This resulted in a thickness ofiin7bhis thickness was
small enough to allow solvent to seep underneath the photoresist during the liftoff
process. The oat ed photoresist was then patterned.
of the desired gold patterns. Later, a 10 nm Cr layer and 50 nm gold layer were deposited
on the wafer, using the sputtering System #3 (Floyd) in University of Alberta nanoFAB.
Next, the wafer was immersed an acetone bath for approximately 40 min, while
sonicating the solution, to remove the gold layer deposited on the photoresist.

In this stage, the wafer must be placed in the mask aligner in the facedown position.
Therefog, it is required to protect the features created on the front side of the wafer. To
do so, a thick layer of AP4620photoresist was spin coated on the front side of the
wafer. Next, a HPR504 photoresigis coated on the back side of the wafer at 4000 RP
for 30 seconds. Then, we used IR light to see through the wafer and line up the paterns
on the front and back side of the wafer. Use of a sisigled polished wafer reduced the
accuracy of thalignement due timcreased scattering of the IR light frahe unpolished

backside of the wafer.
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3.7. Conclusions and future work

Microcantilever sensors have been reported as a very sensitive sensing platform,
especially when they are operated in vacuum or air. This platform has been used for
spectroscopy techrigs by measuring released heat as molecules are promoted to the
excited level. However, to perform liquid spectroscopy using a cantilever sensor with
high sensitivity, it is required to confine the liquid in the sensor. In this work, employing
surface mianfabrication on 35Qm thick silicon wafers, successful fabrication of the
microfluidic cantilever devices with quite a few different lengths and widths was
achieved. The devices have either a wall thickness of 500 or 250 nm and a channel height
of eitherl.5 or 3um. Depending on the dimension of the device, confining one picolitre
to hundreds of picolitre (300 pL) of a liquid sample inside the device is achievable.
Performance of the fabricated devices are demonstrat€tapter 4,Chapter5, and
Chapter6 as the device was operated in either the static or dynamic mode.

The following bullet points highlight the catastrophic flaws one needs to avoid if
employing the fabrication process presented in this work:

1 Use of singlesided polished wafer, becausaetuces the accuracy of the
double side alignment process and it lowersytbk.

1 Designing the mask so that the layouts of some devices are located on the
edges of the wafer. During the process of fabrication, one musivaseers
to handle the wafeiTherefore, devices located on the edge of the wafer are

prone to damage due to the applied pressure fromwveezers
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1 Designing the microfluidic cantilever with different volumes of the channel
in one mask. This increases the undat of the cantileveras some devices
need to be etched for a longer period of time while the others are completely
released.

1 Designing the location of the inlet and outlet asymmetrically in relation to the
main microfluidic channel.

1 Designing continuous throughafer holes between the chips. This results in
breaking the wafer into individual chips during the long KOH etching. As the
devices need to be inspected several times during the KOH etching, it is
important to secure the integritiy of the wafer until all the devaceseleased.

In additon, in the current design the cantilevers are protruded from the surface of the
wafer. Therefore, they are more vulnerable to damage during the alignment processes
(especially the backside alignment). Hence, it is ideal to chamgdetsign so that the
cantilever devices are embedded in the silicon wafer. Further, it is desirable to reduce the

undercutby modifying the etching process.
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Chapter 4:
Photothermal microfluidic cantilever deflection

spectroscopy of ethanelvater mixtures

4.1. Introduction

Infrared spectroscopis a fast, nofestructive technique, broadly employed in
different disciplines due to the fact that most molecules on Earth absorb IR raglig2jon.
Infrared spectroscopy is not only used to identify functional groups in mixtures but also
to study the structure of compoun@s6) Although IR spectroscopy is widely used in
the study of solid samples due to its high sensitivity, it has remaiokdlleng to use
this method with liquid samples. Bers® water has strong absorptions inNHR region
this makes the application of IR spectroscopy in aqueous solutions very difficult. Also,
due to the lowresolution spectrum of liquid samples, information content of the spectrum
is reduced”) Thus, IR spectroscopy does not offer a suitable platform to acquire detailed
information about intermolecular interactions in agueous solutions.

In 1993, GimzewskiK et al. used a modified cantilever device to measure the heat
of a reaction(8) Notingthedevi ceds high sensitivity to he
modified cantilever platform for spectroscopic study and achieved sensitivity down to
100 pW(9) However, spectroscopy of a liquid sample with a standanchaberial
microcantilever is challenging because the device must be submerged in the liquid.

Operation of the device in liquid medlacreasethe sensitivity significantly. Thetudies
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described in this chapter use a microfluidic cantilever, capable of holding picoliters of

liquid sample, for the purpose of liquid spectroscopy.

4.1.1. Aqueous mixtures of ethanol

Aqueous mixtures of alcohol acemplex systemwith complicated intermokular
interactions that have been investigated in many different fields, including microbiology,
physics, chemistry, biotechnology, and engineering. Improved understanding about
alcoholwater interactions and their structural properties has helped vauoersific
communities to use aqueous mixtures of alcohol to their b€m6ifit5)

In the field of biology, two studies related to alceh@lter include atady onthe
effect ofethanolon DNA relaxationand the structure of protei($)and the importance
of hydrophobic and hydrophilic interactions of alceha@ter mixtures for proteins
stabilization. It is well reported that proteins denaturedn organic solutions such as
ethanol; however, they cdold into their native state when in watér,12)It is also
reported that when proteins unfold, the exposure of hydrophobic groups makes a
significant difference in the heat capacity of denatured, as well as stabilized native,
proteins. The aforementioné@formation highlights thémportance of studying protein
behaviours in alcohelater mixtures. These kinds of behaviours could be related to the
presence of nepolar groups in alcohol or the formation of spedaifiolecular structure
of water and alcohol in the mixtu&l)

In the pharmaceutical field, the effect of ethamoh t er 6 s compl ex i nter
thepermeabilityof drugs in hydrophobic polymers, as a result of the potymed s wel | i ng,
has been examined. Polymer membranes are very common htalrtrglledrelease
devices Ethanolwater mixtures serve the crucial role of dissolving the drug; however,
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they can also cause swelling of the membrane and, therefore, changee tbediaug
release. Another study examined the solubilitypofy(ethyleneco-vinyl alcohol) in
ethanolwater, where poly(ethylereo-vinyl alcohol) is not soluble in pure water or pure
ethanol(13) HoogenboonR et al reported tunablsolubility of copolymers based on

2 - phenyl- 2 - oxazoline and 2 - methyl - 2 - oxazoline in the mixture of ethanelater.

Since alcohol and water have very low toxicitucls impressive properties can be
employed in drug delivery applications by changing the solubility of the drug in the
alcoholwater mixtureg15) These effects might be attributable to the formation of
hydrogen bonds between the ethamwater complex and surrounding molecul&3)

The amphiphilicnature of ethanol gives amazing power to this sbleain alcohol.
Since ethanol is soluble in water, as well as in fat, it is able to cross the cell membrane. It
helps maintain the structure of water around hydrophobic molesutesagnethang14)
Et hanol 6s ef f e camso auitdsas wdll @s assidden voluine change fof
poly(2-methacryloyloxyethyl phosphorylcholine(MP@))the waterethanol mixture are
among some intesting studies involving aqueous ethanol solutiki)16)These are just
a few examples of the importance of ethanol solutions. This highlights the necessity of
greate understanding of interactions between ethanol and water. Over the last decades,
several studies have examined thuctural features of ethameiater solutions
However, there remains an ongoing debate on the effect of the intermolecular interactions

in the properties of ethanalater mixtures(12,17 26)

4.1.2. Techniques to study mixtures of alcohelvater

Ove the past few decades, many different experimental and computational methods

have been beneficial in providing enhanced insight about the structure of alaibol
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mixtures. Examples includdielectric relaxation spectroscgf/7) ultrasonicabsorption
spectroscopy?8,29) shear impedace spectrometr(B80) light-Scattering[31) nuclear
magneticresonancéNMR),(32,33) FTIR andIR spectroscopy{33) mass spectroscopy
and Xray diffraction(34) Ultraviolefivisible (UV-Vis) and fluorescence
spectroscopy35) and Raman spectroscopy23) In addition, molecular dynamsc
simulations have been widely used to shed light on understanding alateol
mixtures(36i 43)

Infrared spectroscopy is one of thenononly employed vibrational spectroscopy
methods to investigate alcohehter mixtures, including ethanwlater mixtures. This
method works based on the interactions between molecules and the electric field vector
of light. Infrared spectroscopy is a fasgnsitive, and informatierich technique where
position, intensity, width, andhapeof the peaks carry useful information about the
analyte. Despite the many advantages of IR spectroscopy, it is not an ideal technique for
agueous solutions, especialiyvater is part of the solutiofi,7)

In this work, the capability of the microfluidic channel cantilever platform to study

ethanolwater mixtures by collecting IR spectra was investigated.

4.1.3. Photothermal spectroscopy

Photothermal phenomena have been leygul for decades to improve the
performance of cantilever sensors in both dynamic and static mode of operation. The
principle behind both photothermekcitationand photothermal bending of cantilevers
are the same: a cantilever is a platform to trargbéical energy to mechanical energy.
Photothermal bending of cantilevers has been employed in this work because it is more
sensitive and theoretically well establisti{®di4)
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For the first time, in 1993, GimzewskK et al combined the idea of heatduced
bending of a strip composed of-tiaterial with photothermal phenomena using a
cantilever platform for chemical sensing. This innovative idsalted in a platform for
molecular spectroscopy with 100 pW power sensitivity. When light was shined on the
cantilever, some of the absorbed photons transferred to heat. The generated heat caused
the cantilever to bend because of differences in the thexpaihsion of the comprising
layers(8,9)

Even though this system has high sensitivity when performing in air or vacuum, its
operation in liqguid media decreases the sensitivigyiBcantly, for several reasons.
Attenuationof light through liquid media, before reaching the cantilever, reduces the
input energy and, therefore, lowers the bending of the cantilever. In addition, the liquid
media surrounding the cantilever dissipdtesgenerated heat fastban air which also
reduces the bending of the device. Furthermore, optical read out and alignments can be
difficult when the device is submerged in liquid. Finally, functionalization of the
cantilever surface might be requiredincrease the population of analytes on the surface
of the cantilever. Thus, operation of a cantilever in a liquid media not only reduces the
sensitivity, but also complicates the experimentalget

Significant increases in sensitivity can be achidwedonfining the liquid inside the
cantilever. The idea of confining liquid inside the cantilever was presented for the first
time by MIT researche6cott Manalis to reduce viscous drag when a cantilever is
operating in the dynamic mod@45)

The fabricated microchannel resonator, by Mi& group, thoroughy changed the

approach toward liquid based detection using cantilever sensors. However, the fabrication
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of the device is complicated and thus expensive. In addition, since the exterior of the
microchannel resonator is vacuum sealed using a capping wafehef purpose of a
higher sensitivity, the user does not have access to the device st(d6)urberefore,
deposition of a second layerequired for photothermal spectroscopy, on the cantilever

is not possible unless it is added during the fabrication process. Adding a second layer of
material to the cantilever structure, during the fabrication, makes the fabrication more
complicated.

In this research, microfluidic cantilevers are fabricated so that any required secondary
layers can be deposited as needed during the course of expatiore Also,the
fabrication process of the microfluidic cantilevers presented in this work is less
complicated mainly because the device is not vacuum packed. The microfluidic cantilever
provides us with an excellent platform to study liquid analytelslight interaction with

the samples.

4.2. Objective

The objectives in the study in this chapter are the following:

1) Confining picoliters of ethanelater binary mixtures in microfluidic cantilever
Sensors;

2) Collecting IR spectrum of the confined liquid sasgplusing the photothermal
cantilever deflection technique;

3) Investigating the effect of concentration of ethanol, in peak positions@OC

asymmetric stretch in the collected spectrums; and
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4) Investigating the effect of concentration of ethanol in peaghite of GC-O

asymmetric stretch at a fixed wavenumber.

4.3. Experimental design

4.3.1. Microfluidic cantilever device

Figure 4.1 shows scanning helium ion microscope (HIM) images of a device
employed for exploring ethan@later interactions using a photothermal cantilever
deflection spectroscopy (PCDS) setup. The cantilever located underneath of the
microfluidic channel has a thickness of @, a width of 74um, and a length of 600

pm. Dimensions of the microfluidic chagl are presented Figure4.1.
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Figure 4.1. HIM image of a microfluidic cantilever: a) top view of the microfluidic
cantilever, and b) top view of a cut microflic cantilever and a cross section of the

channel constructed on top of the cantilever.

4.3.2. Fluid delivery

Fluid transfer to the cantilever is achieved from the backside of the chip via
anisotropically etchedhroughholes Each chip contains two or three amufluidic
cantilever devices, as explained in Chapter 3. The fluidic connections should be leak tight

and compatible with the chemicals useddieaning
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Figure4.2illustrates thepackagealesign for transfennig the fluid, as well as holding
the chip in position for signal read out. The assembly consists of Teflon tubes, stainless
steel tubes, a PDMS layer, a polyether ether ket@®iEK) holder, and aluminum
clamps. The assembly is clamped onto an opticé &bng with read out setup and the
IR source.

Teflon tubes, carrying liquid, were connected to the PEEK holder by stainless steel
tubes inserted in the PEEK. The connection of Teflon tube tstdiess steglbe, as
well as the connection of the stiess tube to PEEK, is a friction fit connection. The holes
in the PEEK holder were drilled with two different diameters at each end to seal the
stainless steel tubing at the back and to minimize leaking on the top.-Agktgeal was
achieved betweethe holes in the PEEK block and the stainless steel tubing, which are
connected to the exchangeable Teflon tubes. The PDMS piece was located between the
chip and the PEEK for sealing purpostab(ication of the PDMS layer is explained in
section4.5.2 of this chapter). An aluminum holder was screwed on top of the chip to
clamp all the layers down, to ensure proper alignment and sealing between the chip, the
PDMS, and the PEEK.

The assembly shown in tli@gure4.2 was custom made based on the dimensions
and specifications of the chips and the microfluidic cantilevers employed for this chapter
of the work. Any changes in future fabricated devices, following this thedisegiiire

a new design for a proper fluid transfer.
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Figure4.2. Schematic of package design for fluid transfer, profile (top) and side view
(bottom).

4.3.3. Measurement setup

Thermally induced bendingf the microfluidic cantilever was recorded by tracking
the position of daser beam reflected off of tleantilever onto a position sensitive diode

(PSD) whose output voltage is proportional to the cantilever bending. The output signal
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from thePSDwasfed to a lockin amplifier (SRS 850 Stanford Systems) and spectrum

analyser (SRS 760 Stanford Systems) to monitor the amplitumendfng andrequency

of vibration ofthe cantilever as various concentrations of etharaer mixtures were

loaded into thechannel. The photothermal spectrum of each mixture was obtained by
illuminating the cantilever with monochromatic infrared radiation usiQga (Daylight

Solutions) which was pulsed at 40 Hz using an SRS DS345 function generator. The IR

beam, withwaved ngt hs varying from 8.3 em to 10.4 ¢n
(Figure4.3). In addition, the photothermal spectrum of thanaiterial cantilever filled

with water shown irFigure4.4 was collected and used for reference correction. All the

samples were positioned into the device by applying a negative pressure at the outlet of

the bimaterial microfluidic cantilever.

82



Generator

NIy R Fusiction
A——

40Hz

Cantilever Lock-IN
signal |
T Speéctrum

ﬁ
analvzer

. =2

é\: - Excited state
hT

Nenradiactive decay
< -~ Ground state

b) Side view
i{;ﬁv'w‘.w ~g J‘
5 01

Figure4.3. a) Experimental saip to collect IR spectrum of ethanwhter mixtures and
a schematic representing photothermally induced deflection of the cantilever, b) cross
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Figure4.4. Photothermal spectrum of therniaterial cantilever filled with water used for

reference correction.

4.3.4. Data collection

After loading the sample in the-biaterial microfluidic cantilever, IRBpectra of
ethanolwater mixtures were collected for -200 wt% ethanol (EtOH) solutions. IR
spectra of each concentration was collected three times. The frequency of the cantilever
was monitored as an indicator of the proper loading of the samples ¢arttiever as

well as the proper removal of the solutions.
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4.4. Results and discussios

4.4.1. Spectrum collection and reproducibility

The principle of photothermal cantilever deflection spectroscopy is based upon
measuring very small changes in thermal energy setkafter infrared radiation is
absorbed by the molecules. After the molecules are illuminated by the IR radiation, if the
radiation matches the vibration energy of the molecular bonds, they will be excited to a
higher energy level. Eventually during thedaxation process the vibrational energy will
be lost in the form of heat. The generated heat can be moriitptaddeflections of the
bi-material cantilever. Photothermal deflections of the cantilever at different
wavenumbers represent the IR spectrditihe samples.

The photothermal microfluidic cantilever deflection spectra of ethamatér
mixtures are presented kigure4.5 to Figure4.13. Each figure shows three different
spectra collected using a -imaterial microfluidic cantilever platform where

concentrations are unvaried.
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Figure4.5. Photothermal cantilever deflection spectra of 20 wt% EtOH from 1180 cm
to 940 cm'. Number 1, 2, and 3 indicate different measurements of the same

concentration.
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Figure4.6. Photothermal cantilever deflection spectra of 30 wt% EtOH from 1180 cm

to 940 cm. Number 1, 2, and 3 indicateiffdrent measurements of the same

concentration.
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Figure4.7. Photothermal cantilever deflection spectra of 40 wt% EtOH from 1180 cm
to 940 cm. Number 1, 2, and 3 indicate different measurements of #nee s

concentration.
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Figure4.8. Photothermal cantilever deflection spectra of 50 wt% EtOH from 1180 cm
to 940 cm'. Number 1, 2, and 3 indicate different measurements of the same

concentration.
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Figure4.9. Photothermatantilever deflection spectra of 60 wt% EtOH from 1180'cm
to 940 cmt. Number 1, 2, and 3 indicate different measurements of the same

concentration.
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Figure4.10. Photothermal cantilever deflection spectra of 70 wt% EtOH as wavenumber

changes from 1180 chto 940 cmt. Number 1, 2, and 3 indicate different measurements

of the same concentration.
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Figure4.11. Photothermal cantilever deflection spectra of 80 wt% EtOH as wavenumber
changes from 1180 chto 940 cmt. Number 1, 2, and 3 indicate different measurements

of the same concentration.
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Figure4.12. Photothermal cantilever deflection spectra of 90 wt% EtOH as wavenumber
changes from 1180 chto 940 cmt. Number 1, 2, and 3 indicate different measurements

of the same concentration.
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Figure4.13. Photothermal cantilever deflection spectra of 100 wt% Ed®ttavenumber

changes from 180 cm‘to 940 cmt. Number 1, 2, and 3 indicate different measurements

of the same concentration.

As evident from the spectra of the mixturEg(re4.5 to Figure4.13), there are two
distinguishable peaks in 10A@200 cmt region in all the collected spectra. These peaks
are consistent with the ethanol IR spectrum recorded by the Nafiostdute of
Standards and Technology (NISFHdure4.14). For the majority of the collected spectra,
both peak heights and peak positions are reproducible, at a fix concentration of ethanol,
as shown in each figuf€igure4.5 to Figure4.13). There are some variations in the peak
heights for 20 wt% and 60 wt% EtOH solutions; however, these variations do not

influence the peak positions.
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Figure4.14. IR absorption spectrum of ethanol solution with 4'aesolution from the

National Institute of Standards and Technology.

4.4.2. Origin of absorption peaks in the IR spectrum

Ethanol consists of two conformeranti and gauche, in equilibrium. Each of the
conformers shows their own associated absorption bands in the IR $pégtR).
C- C- O asymmetric stretch in ethanol, also referred taCa€O stretch, absorbs IR
radiation in two distinguishable wavenumbers in @200 cm' region. These two
absorption peaks are approximately 40 taway from each other and are related to the
anti and gauche conformers of ethafight7)In this work, C- O stretch is referred to as
C- C- O asymmetric stretch as it more appropriat€l) The more intense peak in the
region, located around 1045 €nbelongs to the - C- O asymmetric stretch of the anti
conformer and this peak is more often referred to in the studieshigher intensity of
this peak compared to the gauche confor mer 6

the anti conformer in the mixtud7) In this work, the absorptions of both anti and

95


https://web.archive.org/web/20170120091537/https:/webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Type=IR-SPEC&Index=3
https://web.archive.org/web/20170120091537/https:/webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Type=IR-SPEC&Index=3

gauche conformers were investigated. The average peak position for both conformers are
plottedazet hanol 6s concentr at iFiguneddbalnsetgraphinn t he m

Figure4.15represents averaged IR spectra of binary mixtures collected using the PCDS

setup.
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Figure 4.15. Effect of concentratioron IR peak position7) for anti and gauche
conformers of ethanol. Concentration of ethanol changes from 20 wt% to 100 wt%. Inset
graph shows IRspectra of the binary mixtures collected using PCDS method where
purple dashed are fixed at peak positions for ethanol 20 wt% and olive dashed are fixed
at peak positions for ethanol 100 wt%. Error bar refers to the standard deviation of the

peak positiondrom mean peak position at each concentration.
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4.4.3. Nonlinear changes in absorption peak positions

The results show that IR absorption peak positions for both conformers are nonlinear
functions of ethanol concentration. However, the results of BuiSetval and Mizuno
K et al show no changes or linear changes in the absorption peak positions as ethanol
concentration chang€20,49)As a part of this work, attenuated total reflection (ATR)
techhique was also employed to compare IR spectra of etlveater mixtures using both
ATR-FTIR and PCDS techniques. Original ATR'IR spectra of the binary mixtures are
presented ifrigure4.16. Normalized peak posan related to the anti conformer obtained
using ATRFTIR, FTIR and Raman spectroscopy along with PCDS results are compared

in Figure4.17.
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Figure 4.16. ATR-FTIR speatum of EtOHwater mixtures as concentration of EtOH
changes from 10 wt% to 100 wt%.
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Figure4.17. Normalized peak positions for the anti conformer as a function of ethanol
concentration using Raman, FTIRTR-FTIR, and photothermal spectroscopy. ( ) shows

reported results of Buriko® et al using Raman spectroscopyk( ) shows results of
Mizunoetalusi ng FTI R sspectroscopy, ( ) and (Yy) s
ATR-FTIR spectroscopy and PCDS, respectively.

In order to understand the nonlinearity between absorption peak positions and
concentration of the miwturUess,ngwedootkaerotse d afw
and the connecting bonds can be modeled as a simple harmonic oscillator. Therefore,

vibrational frequency of a chemical borfjl i the molecule can be related to the force

constantk) and reduced massn) as:
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f=—|=. 1) (4.

Frequency of oscillation can be expressed in ternvgaeenumbels) using f = Cr,

whereCi s t he waveds velocity. Whdgexpesence®!| ecul e
an electric fieldg, a shift of dx=Edqg/k develops in the equilibrium position of the

molecule. The change in equilibrium positicesults in an inducedipole /7= E(dq)? /k

. In the new equilibrium position, the charge separation changes, and accordingly, the
correlated bond stiffness in the molecule changes. Thus, molecule excitation occurs with
absorption of IR lightwith slightly different energy (frequencies). IR absorption
wavenumber at any equilibrium position of the molecule can be related to the internal

electric field created in the binary mixture, due to the polar media surrounding the analyte.

To do so, assaated force constant from induced dipole relation must be substituted into

Equation 4.1, which results in the following:
=49 /EF_ 2) (4
20C\Vm \ m

Equation 4.2 shows that the absorption peak position is nonlinearly related to the induced
dipole moment in the mixture resulting from changes in the concentration.

Figure4.18 shows the normalized IBbortion peak position for both anti and gauche
conformers as a function of the scaled dipole moments of ethanol, corresponding to each
concentration of the mixture. Not surprisingly, IR absorption wavenumdollows a

power bw dependence on inverse dipole momaht;, of ethanol in the mixture withR
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of 0.92 for the anti and%df 0.97 for the gauche conformer. This relationship between

and1/ m agrees \ith Equation 4.2. According to Equation 4.2 the slope of the relationship

between andl/ s can be associated to the electric field affecting the ethanol molecule,

as well as ethanol 6s effect inwamdl/mmdicates Power |
that as concerdtion of ethanol in the mixture increases, the slope; aénd 1/ i

dependence decreases. This result is consistent with the results reported by 3Noskov
et al on the decrease in dipole moment of ethandiénitinary mixtures due to increases
in ethanol concentratiofp0) For comparison of our technique with ATRIR, the

relationship between absorption peak positions and dipole momewssl/ 7 is plotted

for both anti and gauche conformers using ARTIR data (se&igure4.19).
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Figure 4.18. Peak position /) dependence onl{/7) of ethanol, as concentration of

ethanol changes from 20 wt% to 100 wt%. The dipole moments, conaspanixture
concentrations in the experiments as derivable from reference 50, presented in a
normalized scale. Peak positions were obtained from PCDS experiments. Normalized

peak positions vs normalized/(7) follows a power law dation (R =0.92 for the anti

conformer and R= 0.97 for the gauche conformer).
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Figure 4.19. Peak positions/() for this figure are related to AFRTIR spectrum.
Normalized peak gsitions relation with normalized/(/7) follows a linear relation (R=

0.87 for the anti conformer and®0.97 for the gauche conformer). 10 wt% ethanol data

point is excluded for linear fitting of the anti conformer

Figure4.19 shows thapeak positions have a linear relation with inverse of dipole
moments,1/ m, for both anti and gauche conform@&he linear fit relations are shown in
the figure and the of 0.87 andd.97 are obtained for fitting associated to the anti and
the gauche conformers, respectively. Since dipole moments of ethanol can be affected by
temperature, thevariation in theenthalpy of mixing might be the reason for the
considerably higher peak ptien for anti conformeat 10 wt% shown inFigure4.19.

Compared to FTIR spectroscopy, A‘FH IR spectroscopy is a powerful technique and
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only requires a small volume of sample. However, the implementation of the k®iits

us from exploring intermolecular interactions of volatile samples, where the sample may
evaporate and leads to undesirable changes in concentration. In addition, PCDS technique
presented in this work requires at least four orders of magnitudsdegde comparing

to the ATRFTIR.

4.4.4. Changes in the peak intensity

Another importah feature in an IR spectrum is the absorption peak intensity.
Absorption peak intensity can be related to the concentration throughLBeenb er t 0 s
Law shown in Equation 4.3wvere absorbancé, is linearly related to concentration,
of an analyte and proportionality constants are absorptiyiiznd extinction length,(1)

A= Hal Cc (4 3)

Figure 4.20 presents IR absorption intensity, obtained using PCDSa dixed

wavenumber as a function of ethanol concentration.
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Figure4.20. IR absorbance intensity relation with concentration, changes in the cantilever

deflection for both anti and gauche conformers dtedint concentrations while

wavenumber is fixed at the peak position of 20 wt# (., ). Linear fits of the anti and

the gauche conformer show 4@ 0.93 and 0.86, respectively.

During the interaction with the IR wavey77ux (where px is changein bond
distance) of the molecule can change due to the complex interactions between ethanol
and water at different concentrations. Because absorptwjtgepends orﬁpnjpx)2 (1)

any changes in concentration may cause a deviation in-matter interactions and,
consequently, the overall absorbance magnitude. Throughout the course of the

experiments, theolarizationof t he | aser lemanbdithe same. Mug t r i ¢ f
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the only influencing factor on vibrational transition moment any@${As) comes from
orientations of the ethanol resulting from ethawaler interactions.

To investigate the contribution of the dipole moment of ethanolupanthet i | ever 6s
deflection, the published data from reference 50 was used, where contributions of ethanol
component to dielectric constant of the mixture was computed from fluctuations of the

dipole moment of the simulation box (deguation4.4).

4D (g aox s
e=e +—- aV?s- A& .
| 3a/a<BT( ) (4.4

whereM is the total dipole moment of the box amd (high frequency contribution) is

1.69(50) The results show that ethanol contribution to the cantilever deflection intensity
changes as a function of concentratiohjol agrees with the contribution dependence

of fluctuations of /77 within the simulation box resulting from clustering of the solvent
and solute molecules at different concentrations. Fluctuatiom &f presented in terms

of, e, beingthedielectric constant, ikigure4.21.(50)
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Figure4.21. Normalized variatiom Je of ethanol in the binary mixture as concentration

changes (unprocessed data are from reference 50).

Even thouf overall changes in the deflection of the cantilever (showigure4.20)
as a function of concentration shows a linear trend, consistent witHBeenb er t 6 s L aw,
there are anomalous points at 20 wt% and 70 (N84 at Xton = 0.09 and X¥:on = 0.44,
respectively where on stand for ethanol mole fraction). Since absorbance intensity
does not increase linearly with concentration for all the concentrations, one may conclude
that changes in the transition dipaleoment are not linearly increasing with the
concentration. This effect may be indication of clustering of ethanol and water, as
reported by neutron diffraction measurements and molecular dynamics (MD) models
performed with approximately $@nolecules, wheeas our experiments are done with
approximately 1& moleculeg50,51) At Xewon = 0.7 most of the water forms small

clusters and only a small fraction of the water compound is mono(68)itn contrast,
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at Xeton slightly less than 0.8lusters ofall sized carbe observe@0,52) This could
explainwhy the IR absorption intensity akfn = 0.44 is higher thangfon = 0.57, which
cannot be explained byBeera mber t 6 s Law.

At very low concentrations, water molecules are reported tddmsely packed
around the hydrophobi@il of the alcohol resulting in a compressive effect from water
which causes the minimum in partial molar volume atoX = 0.07(53) At this
concentration, water molecules are in the hydration shells of ethanol molg3)lés.
higher amptude of deflectiorat 20 wt% for theanti conformercould be as a result of
the presence of water in the hydration shell of ethanol, which possibly makes the presence
of theanti conformerevenmore favorable than thgaucheconformer in the mixture.

Although other experimental techniques could not directly measure the distribution
of molecular dipole moments in the condensed phase, such changes could possibly be
reflected in the response of arhaterial microfluidic cantilever. Local (electro) chemical
environment can not only change the average value of electrostatic properties, such as
dipole moments of molecules, but also the distributions of molecular dipole moments.
Our results, as shown kigure4.22to Figure4.24, reveal that the spectrum of the binary
mixture at 20 wt%, where the solution is dominated by water molecules, has a lower
guality factorthan those with higher concentrations of ethanol. The lowality facta
corresponds to a higher dissipatiorrelaxation losseand is in agreement with reported
broader dipole moment distribution a¢w+= 0.1, comparing to ¥on = 0.5 and Xton =
0.9 due to a strong@olarizationof the ethanol by the bulk watike environmeni{54)

However, further investigations are required before one can make a certain conclusion on
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measuring distribution of molecular dipole moments using-mdierial microfluidic

cantilever device.

4.5. Material and methods

4.5.1. Deposition of a gold layer

Fabricated cantilevers were constructed of-&imess LPCVD silicon nitride. To
make the microfluidic cantilever sensors usable for photothermal deflection
spectroscopy, a second metallic layer is required to be deposited onittee @e make
the cantilever chips ready for the deposition process, they were cleaned with acetone and
alcohol. The cleaned chips were placed fdo@n on a glass slide, using a piece of
doublesided tape. After the glass slide was placed in a CressiB8Q&R multi coater, a
Cr adhesion layer was sputtered on the back of the chip (Cr enhances the adhesion of Au
to silicon nitride cantilevers). In the same multi coater, a 250 nm of Au layer was then

deposited on the back of the cantilever devices.

45.2. PDMS fabrication

To make thd®DMS sealing layer, Sylgard 184 base and curing agent were mixed in
a 10 to 1 ratio by weight. To remove bubbles formed during the mixing process, the
mixture was degassed. Then, a thin layer of the mixture was spin coated onséidgass
with spin speed of 200 RPM for 2 minutes and then cured for 2 hours in a vacuum oven

at 80 °C. Curing under vacuum ensures the removal of gasses entrapped in the PDMS
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layers. Eventually, individual squares with proper holes in them iasez cutin the

PDMS layers.

45.3. Chemicals

All experiments were conducted with miQ) water (purified using MilkQ
Advantage A10) and with absolute ethanol purchased from Sigma Aldrich (with

concentration higher than or equal to 99.8 (GC)).

4.5.4. Spectrumdecomposition

After the IR spectra of each binary mixture of ethamater were collected, the

spectra were decomposed using the following function:

¢ 2w Jan2 _ a-4in2, oo
=v. + Adg— +(1- 9)———expe——|\X- . 45
VNt A T O ( Xc)% (45)

In thisfunction, y is the profile intensityyo is the offet, x. is the center wavenumbe,
is the areaw is the full width half maximumRWHM), and’ is the profile shape factor.
Decomposition of spectra for different concentrations are presentéigne 4.22 to

Figure4.24.
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Figure4.22. IR spectra obtained by the PCDS technique and decomposition of the spectra
for the following concentrations of EtOH: a) 20 wt%, b) 30 wt%, c) 40 ,v&fel d) 50
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Figure4.24. IR spectrum obtained employing PCDS technique for 100 wt% EtOH and

decomposition of the spectra.

4.5.5. ATR-FTIR spectroscopy

Ethanolwater binary mixtures were characterized using a standard-ATR
techniqie. A Thermo Scientific Nicolet, Nexus 670 system with a Smart Performer ZnSe
window was used to collect AFRTIR spectra of the binary mixtures. To collect the IR
spectra of t bfe¢helggadwad eeaigh todully cever the ZnSe window.
Howev e r , L a&f (h® mixture was placed on the ZnSe window to reduce the effect of
ethanol evaporation, which would change the concentration during the measurements.
The minimum number of collected scans was 100 with the resolution of 4Téra ZnSe
window was washed with ethanol and mil water and then air dried after each

measurement.
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4.6. Conclusion

The effects of solvergolute interactions on the absorption peaks relat€2-0- O
of ethanol have been investigated using micromechagcalorimetric spectroscopy to
collect IR spectrum of ethanwlater mixtures. This technique offers a means to study
and understand dipole dependence on molecular vibrations in confined picoliter volumes
of mixtures, previously unexplored due to limitets of volume levels in other analytical
techniques. The results presented in this chapter reveal a power law dependence of the IR
absorption peak positions on the induced dipole moments of ethanol in the mixtures. In
addition, nodinear contributions otthanol in the IR absorption intensity at a fixed

wavenumber can be related to the effects of clustering inuiex which cannot be

explained by Beet amber t 6s Law. This technique all o\
simulations and experiental results where the total number of molecules in question are

comparable, as well as liquid matter sensing.
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Chapter 5:
Thermal sensitivity analysis of microfluidic

cantilever sensors

5.1. Introduction

In 1993, GimzewskiJK et al(1) introduced a new form of calorimeter with an
approximate sensitivity oflpd This calorimeter was built upon the bending of an
aluminum coated silicebased microcantilever. Later, they applied thpgraach to
obtain the photothermal absorption spectra of fluorescein(2)y&fter the molecule
absorbs light and is excited to a higher energy level, some of the absorbed energy releases
in the form of heat, during the relaxation process. In 2013, Cabattd Narayanaswamy
A improved the heat sensitivity even furthep, to 1 pW(3) Due to the high sensitivity
of bi-metallic microcantilevers to k& they have been employed for numerous
applications, including: detection of subnanograms of RDX and {@)Tsensing
generated heatta single mammalian cgli) and spectroscopic measurements in a wide
range of wavelength®)

Even though the cantilewdased spectrometer is a very promising platform, it is not
suitable for spectroscopic measurements in liquid phase, especially water media. This is
mainly because operation of the device in liquid mediézreaseghe sensitivity
significantly. This challenge can be overcome by confining the liquid in a microfluidic
cantilever(7) Simultaneously, the low resolution as well as low signal to noise ratio of

MIR spectroscopy in agueous media can be addressed by em@Aayagtum cascade
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laser as the light source. This idea was used to extract detailed information on

intermolecular interactions between ethanol and water as the IR spectra of the mixture

were collected8) As this platform has demonstrated its capability in shedding light on

intermolecular interactions where ATRTIR, Raman, and FTIR spectroscopy reddirt

limits,(8) further improving the device sensitivity can be valuable in applied liquid

spectroscop. Further improvement in sensitivity of this platform for liquid spectroscopy

can be achieved by enhancing understanding
Bending of a bimaterial structure due to a mismatch of the thermal expansion

coefficients of theonstructing layers was first explored by Sto(@ySt oney 6s equati

relates the radius of the curvatur@ ( of such a structure to Yol
substrate, as well as thicknesses of constructing layers=t? /6t,s , where,E, ti, t2

andsare Youngo6s modulus, substrateds thickne:
generated surface stress, respectij@)y.

Nonet heless, Stoneyb6s equation is not appl
cantilever sensor because it does not include microfluidic fE®)AIthough bimaterial
microfluidic cantilever (BMC) sensors have heemployed for several novel
applications, a theoretical understanding of the response of such a platform to heat is still

lacking(8,11) In fact, NareshM et al asserted thathermal defleton of the BMC is
governed b)(dzz/dxz)= 6(g1 - gz)(t1 +t2/t§KIT(X)- TO] . However this relation does not

include existence of a microfluidic chanmel the cantileveand results in considerable
error in the thermal sensitivity of the devid®) The large difference between theoretical
and experimental results highlights the need for a new nmodekplain the thermal

sensitivity of BMCs. Here, adapting the approach developed by TimosH&(ik?)
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bending of a BMC resulted from thermally induced surface stresses is modeled in an
unprecedentediay. To evaluate this new model, bending of two different microfluidic
cantilevers were monitored p@anst oa hQulihdc t i on
experimental results match the theoretical prediction calculated using the new model with

high accuacy.

5.2. Objective

The thermal sensitivity of a {mnaterial microcantilever plays a critical role when
application of the device is based on heat sensing. Even though there have been extensive
studies on the response of standaremhbterial microcantileversot heat, thermal
sensitivity of microfluidic cantilevers has not been addresseshalyticalmodels. BMC
have introduced a novel platform to investigate intermolecular interactions through
obtaining IR spectra of liquids in picoliter volume levels. Howefltgther improvements
in their applications depends on an enhanced understanding of the response of this
platform to heat. In this chapter ofiglwork, a new model applicable to therhaterial
microfluidic cantilever device is presented when the dewigdergoes uniform heating.

This model is validated by the results of photothermal bending experiments carried out
on different designs of BMCs with different microfluidic channel heights of 1.6 and 3.1
pm. In addition, capability of the model to accurgteredict thermal sensitivity and

thermal bending of BMCs with different dimensions are presented.

5.3.  Modeling thermal sensitivity of the BMC

Here, thebendingof a BMC beam subjected to uniform heating is investigated. In

this work, it isassumedhat tre cross section of the beam is plane and perpendicular to
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the beam axis and remains plane and perpendicular to the curved axis during the bending.
Because of changes in the temperature, both layers of the microcantilever beam will be
subjected to an axiédrce ) and a bendingnoment(M). The axial force is either tensile

or compressive Figure 5.1 presents a schematic of BMC deflection resulting from

uniform heating.

Frontside

Backside

Device inlet/outlet

Figure5.1. The schematic of deflection BMC dueto uniform heating. M represents the
bending moment and F represents a tensile force or a compressive force. Yellow
represents a secondary gold layer deposited on the backside of the microflntdéyer

platform. Blue represents SiN layers constructing the microfluidic cantilever sensor.

On the bearing surface of gold and SiN the whingationin the longitudinal
direction of both layers must be equhkreforewe have:

P +tﬂk:gSiN(T_ To)' o ) tsﬂk (5. 1)

GaulT - To) + =2 N
A ( 0) EAUAAU 2 ESiNASiN 2
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where, 9, T, To, F, E, A, t, and & represent the thermal expansion coefficient,
increased temperature, room temperatur e,
modulus, area, thicknesand principal curvatureof either the gold or the SIiN layer.

Vertical changes in the tempeuae in SiN and gold layers are neglected for simplicity.
Therefore, the microfluidic channel and gold layer are only subjected to longitudinal
stresses. Ithe absence of an external force acting on the device, the equilibrium between

all the forces actigp over any crossection of the device is shown in Equation 5.2;

Fao = Fsn =F . (5.2

In addition, the sum of the being moment about theentroid (h,) of the BMC is

defined by Equation 5.3;

M + Mgy =Fh. (5.3)

Knowing that bending momentM) is related toflexural rigidity (El) and principal
curvature of the beam byl = 4El ,(13)the following equation describes the force acting

over the crossection of the beam:

F= k(EAuI Auht ESiNI SiN). (5_4)

Using Equations 5.2 and 5.4, and solving for the principal curvature of the beam in

Equation 5.1 results in:
. Do(T - T,)

) Esind sin | 1 + 1 §+ (hc) .
%AUAAU EsinAsin =

(5.5)

AuI

m?&BPﬁo

Au+
h

Modifying Equation 5.5 to include any initial bending of the cantilever we have:
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ktky= g [;g(T '1T°) — (5.6)
Au SiN’ SiN + +
%Aupﬁu ESiNASiN 8 (hC)

Au+
h

O ?&Blglglo

where, k, is the initial principal curvature of the cantilever device created during the

fabrication process. Tip deflectiord() of a microcantilever relates to the principal
curvature of thedeuce by a’:[l- cos(kL)]/k.(14) Using the reldaon between tip
deflection and principal curvature of a cantilever, Taylor series expansioh and
Equation 5.6, thermal sensitivity of tmeicrofluidic cantilever device resulting from
uniform heating when the temperatuf@ ¢hanges fronT: to T is expressed as:

e
Dd_L%g

DT 2 €(E, |\ + Ecnl sin)

(4]
u
u
: (5.7)
u

@O
=

where

DT=T,-T,

Centroid (h,) and area moment of inertia for the BMC should be uniquely calculated

for this stucture.h; for the BMC is calculated using, = § hA/a A whereh; andA

represent the centroid and the area of the constructing |ayestollowing relation

representd, for the BMC.

hc - 2tc(hc SiN + tAu )(ch + 2hch) + O'Stiuvvc (5 8)
2tc (ch + 2hch) +VVctAu .

where
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h.gn =t + VM (5.9)

W, +2h,
We, Weh, hen, andtcr epr esents the cantileveroés width,
channel, the height of the microfluidic chan

area moment of inertia of the gold layer and the microfluidic caetildgvice about their
. . 3 _ 3 3 3
centroids are defined ds, =Wit3 /12 and | g, = 0.16Mhl(nh +2tc) - h, ]+ 2t.h,, )

respectively.

5.4. Results and discussions

5.4.1. More accurate prediction of thermal behaviours by

the new model

Inadequately modeling the thermal behaviour efBMC, with equations established
for a rectangular binaterial beangreates a considerable discrepancy between theoretical
and experimental results. Accuracy of the theoretical prediction can be improved by using
the new model developed in section 5.&rédwe show that the new model can more
closely predict thermal sensitivity and thermal bending of the BMCs. However, use of
the standard model developed for a rectangulamdierial bear{l5,16) results in
significant error in the estimation of the thermal behavour of the device. Hereafter the
standird bimaterial model will be refered to as the standard model.

Thermal sensitivity of two different BMCs, referred to as cantile@hip A and

ChipB, was studied by Naresh et al. The cantileveChip A is 600um long and 76um

127



wide; the cantilevelChip B is 500 um long and 44um wide. Their experimentally
obtained values for thermal sensitivity of the cantilev@rgp A and B were reported as
250nm/K and 1% nm/K, respectively(12)

They assert that the thermal sensitivity of the devicgevernedy,
(072/0¢)= 6(g; - )t + 4,/ 2K T (0)- ).
where
K =4+6(t,/t,)+ 4 /t,) +(E/E )t /t,) +(E,/E )t /t,).(12) In this equationzis the
vertical deflection of the cantilever at a positioh dlong the length of the devicg,is
the thermal expansion coefficient of the constructing layessthickness of the layers,
E is Young's modulus of the layers where subscripts 1 and 2 refer to the two layers.

[T(x)- TO] is thetemperature difference relative to ambient temperature along the length

of the cantilever. If one uselsl®z/dx?)=6(g; - 0, )(t, +t,/2KJT(X)- T,]. the thermal
sensitivities of the microfluidic cantileve@hip A and B are calculated as 3&/K and
2.2um/K, respectively.

By using this equationNareshM et al(12) did not irclude the existence of the
microfluidic channel located on top of the cantilever b&deser inspectiorof their
device reveals that due to neglecting the microfludic channels, they overstimated the
thickness of the cantilever base from 500 nm to 1000 nm

For comparison, we used the new model developed here to calculate the thermal

sensitivity of the cantilever€hip A and B.Since d/L < 0.1for both devices, principal

curvatures of the microcantilevers agproximatedy A °© 20’/L2 when using the new

model (Equation 5.7)17) The new model predicts the thermal sensitivity of the
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cantileversChip A and B as 240m/K and 193nm/K, respectively. These calculations
match the experimentally reported valugh 96% accuacy.

To calculate the cantileversdé bending,
initial bending of the device resulting from the fabrication process. We used the
information reported by Naresh et far bending of the cantilevers from 3830 324 K
to extrapolate the initial bendings-af465um and-1.302um, respectively. The negative
sign indicates downward bending of the cantilevers due to the stress created during the
fabrication. Direction of the bending of a {mhaterial cantilevedepends on stacking
orientation of thdayers. Because the gold layer was deposited on the backside of the
device, an increase in the temperature results in an upward bending of the caCiilever
A and B. When the temperature first increases, such aardgyending of the device will
cancel out the initial downward bending. Further increases in the temperature of the
device result in a net upward bending.

Here we employed both models to estinthegmal bending of the cantilevéhip A
and B. Room tempature is assumed to @96.2K for all the calculations. Predicted
results are presentedHigure5.2. By using the new model, we predict that the cantilever
Chip A and B become flat at approximately 303 K. Hoere using the standard model
predicts that the cantilever becomes flat at a temperature of 297 K. This implies that a 0.8
K change in the temperature will cancel out the initial bending of the device. However, a
0.8 Kincrease in the temperature will reate a large enough stress to result in more
than 1um bending of the devicdsigure5.2 shows that at 323 K the net bending of the
Chip A and B increase linearly to jam and 3.9um, respectively. This resuttlosely

matches the experimentally reported bending of the cantil&repsA and B by Naresh
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M et al (12) with 89% and 97%accuracy, respectively. Employing the standard model
as utilized by NaresM et al to predict thermal bending of the BMCs results in the
unrealistic net deflections of 9gm and 58 um for the cantileverChip A and B,

respectively.

Figure5.2. Comparisorbetween cantilever bending predicted using the standard model

and the new model developed in this chapter of the work.

5.4.2. Effect of gold thickness and the chamel height

The thickness of the gold layer, as well as height of the microfluidic channel, plays a
significant role on thermal sensitivity of the device and needs to be addresBeplirin

5.3, thermal sensitivityof two BMCs as a function of gold thickness is compared using
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