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Abstract

We have used photothermal cantilever deflection spectroscopy (PCDS) for
selective and senditive detection of hydrocarbons with a particular emphasis on
monitoring naphtha physisorbed on cantilevers. In PCDS, mol ecul es physisorbed on a
bi-material microcantilever are illuminated with a mid-infrared light from a
monochromator. Here, we report on detecting and molecularly discriminating
nanogram quantities of hydrocarbons on the cantilever using PCDS technique. The

obtained PCDS and traditional IR spectroscopies results are in excellent concurrence.

We aso developed a technique to determine the effective convection heat
transfer (h) for the microcantilevers used in our PCDS experiments by measuring the
bending of the cantilever in response to the variations of the cantilever base
temperature T,. The designed experiment is straightforward and accurate. Thisyields
a value of 1350-1650 W/k.m? We point out that the thermal sensitivity and the

optimum thickness ratio of bi-material cantilevers used in PCDS setups depends on h.



Acknowledgements

Specid thanks to Professor Thundat, | really appreciate his help and support
during this project. This work has been done under his supervision. | would like to
thank all my colleagues. They helped me so friendly particularly Eric Hawk, Lana

Norman, Amin Valiel, Inseok Chae, Charles VVan Neste, and Sam Kim.

This work is supported by Canada Excellence Research Chairs (CERC)
Program. We also thank COS| for partial support. We thank Oil Sands and Coal
Interfacial Engineering Facility (OSCIEF), Nano Fabrication Facility, Alberta Centre

for Surface Engineering & Sciences (ACSES) research facility.



Table of Content

(R 1 10 o (0ot i o] o TR OSSPV 1
i R . (o)1= ot e o = PSP URT PR RPRROP 1
1.2 Nano & MiCroCantilEVErS.........cccoouiiiiiiiiiiie e 2
1.3 Cantil@Ver SENSOIS.......cccuiiiieieiiieieert ettt 3
1.4  Photothermal cantilever deflection SPeCtroSCOPY .........ccvvrveerueereereeeieeenienne 7

2 Experimental ProCEAUIE ........ccueeiiie ettt 9
2.1 Cantilever Preparation...........coceeciceeeiee e i et e e eiee e eree e srae e saae e ereee s 9
2.2 EXperimental SEUP........ccoiiiiiiee e e 10
2.3 Infrared SPECIIOSCOPY ....ociuveeeiueeeiiieeeiee et et ree e neas 11

3 ReSUItS AN AiSCUSSIONS ........ceiieeiiiiiiie sttt ettt e e 13
31 AdSOrDEA MESS ..ot 13
3.2 EXperiment OptimiZation...........cceeiieiieieieiienee et 15
3.3 PCDSIESUILS ...ttt 17

331 NBPNENA ... e 18
3.3.2 NENEPLANE ... e 22
333 L-0CTENE ... 24

A CONCIUSION ...ttt ettt a e ettt e e b sae e e b e e beesnneenreen 27

5 Heat transfer of bi-material cantilevers..........ccoccvriiiicinceee e, 28
5.1 INFOAUCTION ...ttt ettt s 28

511 OVEIVIBW ...ttt 28
512 Available heat transfer MOdels...........ooveveiiiieiieeeee 29
5121 Modelswithout convection heat 10SSterm..........cccocererieeneneenne. 29
5122 Modelswith convection heat 10Ss...........ccooviiiieiieniinieceenee, 31
5123  CONVECTION TEIM....coiiiiiiiiieieceiie ettt 35

6  Experimental setup and eXPerimeNntS..........coiuieiierieiienieeesie e 37



Table of Content

7 ReSUlt AN GiSCUSSION .......eiiiiiiiieiiteee ettt e e 39
711 TREOMY .. e 39
7.1.2 EXPEIMENT ... 43

8 CONCIUSION ...ttt 49

O FULUTE WOTK ...ttt 49

AppendiX | MATLAB COE.......c.cccovueeiieeeeiee et 54



List of Tables

Table 1. The optimum thickness ratio of the bi-material cantilever (Gold and Silicon)
in a PCDS setup as afunction of different estimated h values..............ccceevveeneen. 35



List of figures

Figure 1.1 V-shaped and rectangular microcantilevers............ccoeveeicinneeneeniee e, 3

Figure 1.2. Different operation mode of microcantilever sensors. A) bi-material mode,
B) dynamic mode, C) tensile surface stress (DNA hybridization [15, 16]) D)

COMPIESSIVE SUMACE SLTESS......ceciieeeiie et ctee ettt e e saee e st e e sree e s rae e aneeeeans 6

Figure 2.1 Schematic figure of the setup used for PCDS experiments. IR light from
monochromator is chopped at 80 Hz and focused on the cantilever by a concave
mirror. Reflections of an optical laser diode light off the cantilever on PSD are

recorded by the [ock-in @amplifier. ... 11

Figure 3.1. Optical image of naphtha deposited on gold side of a bi-material

(orz LU 1./ SRR 14

Figure 3.2. Resonance frequency shift of a 250 nm gold-coated cantilever before and
after Naphtha dePOSITION. ........ccciuieiiee e e 14

Figure 3.3. Nanomechanical IR absorption spectrum of (a) gold which is amost flat
with negligible absorption peak and (b) silicon with two sharp peaks interfere in
recognition of hydrocarbonS PEAKS. .........ccceveiiieiiie e 15

Figure 3.4. The Sensitivity of the bi-material cantilever as function of thickness ratio

of gold On Si cantilever SUMECE. .........ooeiiiiie s 17

Figure 3.5. Nanomechanical deflection of bi-material 50 nm gold-coated cantilever
for naphtha. The 50 nm gold-coated cantilever shows only one strong peak. No peak
appeared in the range of 2500-700 CM™........o.ovvieeeeeeeeee et 19

Figure 3.6. Nanomechanical deflection of bi-material 100 nm gold-coated cantilever
for naphtha. In addition to the peak around 2990 cm™, two peaks are detected by

increasing 50 nm gold thickness on bi-material cantilever. .............cccovevveeeiiieiinens 19

Figure 3.7. Nanomechanical deflection of bi-material 200 nm gold-coated cantilever

for naphtha. The 200 nm gold-coated cantilever detects one more peak in about 1703

Figure 3.8. Nanomechanical deflection of bi-material 250 nm gold-coated cantilever
for naphtha. The 250 nm gold-coated bi-material cantilever is enough sensitivity to
show almost all peaks appearing in conventional IR Spectroscopy..........coccververeeene 20



List of figures

Figure 3.9. Naphtha conventional IR spectroscopy. (&) ATR spectrum of naphtha
(b) Grazing angle specular reflection FT-IR spectrum of naphtha. ..............cccccoeei. 22

Figure 3.10. n-heptane conventional IR spectroscopy (a) ATR spectrum of n-heptane
(b) grazing angle specular reflection FT-IR spectrum of n-heptane. The peaks
appeared about 2400 cm™ at reflection FT-IR spectra are related to CO,. ................ 23

Figure 3.11. Nanomechanica deflection of bi-material 250 nm gold-coated cantilever
for naphtha. The PCDS results show all peaksrelated to n-heptane. ...............c.......... 24

Figure 3.12. 1-octene conventional IR spectroscopy (a) ATR spectrum of 1-octene (b)

Grazing angle specular reflection FT-IR spectrum of 1-octene. ..........ccccccevevveenienenne 25

Figure 3.13. Nanomechanical deflection of the bi-material 250 nm gold-coated

[0z 01T L=Y L= g ) G e Tox £ TN 26

Figure 5.1. Three different models of heat transfer mechanisms and temperature
distributions. @) A uniform temperature distribution is assumed. b) Heat is assumed to
radiate only at the end of the cantilever. c) The cantilever bends as a result of a
uniform heating source. In al cases heat loss to the surrounding is considered
NEGIHGIDIE [L8] ...ttt ne e 30

Figure 5.2. The effective convection heat transfer coefficient (h) effect on the thermal

sensitivity of the bi-material microcantilever in aPCDS Setup..........cccccvevieeiiennenne 34

Figure 6.1. Schematic of experimental apparatus to measure thermal responses of bi-
material cantilevers. A controllable heater changes the cantilever base temperature
and the resulting bending of cantilever is monitored by the laser reflected off the
cantilever to the PDS. A thermocouple (not shown in the figure) is positioned close to

the air around the cantilever to monitor ambient temperature Te. .....cooocveieeiieneenne 38

Figure 7.1. The heat transfer of a bi-material cantilever. There are two heat transfer
mechanisms; first, conduction of heat inside the cantilever. Second, convection of

heat to air around the cantilever by conduction mechanism. .............ccccceeveeiiienineens 42

Figure 7.2. The variation of bi-material cantilever tip deflection for 50 nm gold-coated

cantilever with the cantilever base temperature Cycling. .........cccoceeieerieiieenecneenee, 44

Figure 7.3. The effective convection heat transfer of the five 50 nm gold-coated

microcantilevers. The obtained results for h show only dight difference. ................. 44



List of figures

Figure 7.4. The variation of bi-material cantilever tip deflection for 100 nm gold-

coated cantilever with the cantilever base temperature cycling. ........cccccoeveevvievineenns 45

Figure 7.5. The effective convection heat transfer of the five 100 nm gold-coated

T g0 o= (1 TS L= £ T 45

Figure 7.6. The variation of bi-material cantilever tip deflection for 150 nm gold-

coated cantilever with the cantilever base temperature cycling. ...........cccooeeieeiiennne. 46

Figure 7.7. The effective convection heat transfer of the five 150 nm gold-coated

T g0 o= (1 TS L= £ 46

Figure 7.8. The variation of bi-material cantilever tip deflection for 200 nm gold-

coated cantilever with the cantilever base temperature cycling. ........cccccoeeeeiiveviieens 47

Figure 7.9. The effective convection heat transfer of the five 200 nm gold-coated

INECTOCANMEH N EVET'S. ..ottt e ettt e e e e e e e e e e e e e e e e e eeeeeeennnann 47



1 Introduction

1.1 Project goal

Hydrocarbons are defined as a class of organicchemical
compounds composed of only carbon (C) and hydrogen (H) atoms. They
consistently serve as fuels and lubricants as well asraw materialsfor the
production of plastics, fibres, rubbers, solvents, explosives, and industria
chemicals [1]. Moreover, hydrocarbons are the principal constituents
of petroleum and natural gas. In oil sands, which is composed of a mixture of
sand, clay, bitumen, and water, the oil extraction process involves the
routinely use of naphtha as a diluent where bitumen attached to sand particles

is separated for upgrading [2].

The extraction process aim is to separate bitumen from oil sands using
hot water and solvents. The extraction of bitumen from the conditioned ore
slurry consists of two main steps. Separation of bitumen froth (60% bitumen,
30% water and 10% fine solids) in the primary separation vessel. The second
process is diluted froth treatment in the froth tank to recover the bitumen and
rgect as much residual water and solids as possible. The diluted froth
treatment uses either naphtha or a paraffinic solvent to cause the solids to
eadsly settle. After processing, the oil is sold as raw bitumen or upgraded and

then sold as synthetic crude oil in the oil market [2].



Naphtha, a complex mixture of hydrocarbons, is a very valuable
product of crude oil. The froth treatment tailings have residual solvent
associated with them. Therefore, they are passed through a diluent stripper
before discharge into tailings pond. Even after naphtha recovery process, less
than one percent of naphtha loss to tailing streamsis inevitable in the oil sands
extraction process. Naphtha as a food source for microorganism causes
microbial contaminations resulting in turbidity, corrosion and increasing in
maintenance cost of pipelines [3]. Presently, naphtha concentrations are
monitored by manually collecting samples at 6 hour intervals and then the
samples are transported to a laboratory for analysis by gas chromatography-
mass spectrometer, which is a bulky and expensive technique that often
requires atrained operator [2]. Therefore, there is a need to develop a portable
on-site detection device for targeted hydrocarbons that is selective, sensitive,
and quantitative with real-time detection capabilities. In addition, the detection
of hydrocarbons, which include thousands of different molecules, would
enable us to have a better PCDS peaks identification of an unknown mixture,

which is the most realistic situation in naturally occurring systems.

1.2 Nano & Microcantilevers

In 1986, Gerber et al. invented atomic force microscope (AFM) using a
micro-size cantilever [4]. Basicaly, the AFM functions as a miniaturized

phonograph where images are obtained by raster scanning the surface with an



AFM probe. The probe includes a sharp tip mounted on a microcantilever,
which deflects due to the forces between tip and sample [4, 5]. Typically, there
are two shapes for cantilevers. rectangular and V-shaped (shown Figure 1.1)
which are of the order of 100-1000 pum long, 30-100 um width and 0.5-1 pm
thickness. Nano and microcantilevers mostly are made of silicon or silicon
nitride and are manufactured by a technique which is called microfabrication.
Microfabrication is an engineering development that allows the construction

of structures with well-controlled micron-scaled features [6].

|—--—| Il:lli; i

Figure 1.1 V-shaped and rectangular microcantilevers

1.3 Cantilever sensors

The same microcantilevers that are used in scanning probe microscopy
techniques have garnered considerable interest as potential sensing devices [4,
7]. Thomas Thundat and co-workers demonstrated ability of microcantilevers
sensors to detect chemisorbed or physisorbed adsorbates. These miniature
sensors, such as microfabricated cantilever array systems, exhibit high

3



sensitivity for detecting molecular adsorption at picogram levels. [8, 9]. The
sensitivity is defined cantilever defection response regarding to temperature or

mass changes.

Generally, molecules detection by microcantilevers sensors is
classified two main groups; labeled and label-free methods. Labeled sensors
have high sensitivity and large dynamic range of spatial resolution; they also
have drawbacks such as time required for extensive sample preparation
leading to significant delay in identification. It also requires high cost and
skilled scientists for labeling processes and detecting systems. Alternative
methods to substitute labeling techniques are label-free methods. Rapid and

real-time detections are primary advantages of |abel-free methods [10].

The Microcantilevers work in three basic modes: bi-material, dynamic
and surface stress modes. In bi-material mode, microcantilevers undergo a
static deflection in the response of temperature changes because of different
coefficients of thermal expansion between the metallic thin film and the
underlying substrate. This mode is widely used for temperature related
applications such as thermal actuators. Static sensing measures the magnitude
of the bending of the microcantilever beam. The cantilevers bend due to
adsorption-induced stress causing by molecular adsorption. The bending
carries information about the adsorbed molecule usually due to a
functionalized chemical coating applied to the microcantilever surface prior to
detection. Dynamic sensing absorption of molecules on cantilever surface
changes the resonant frequency. Changes in resonant frequency allow inertial

properties to be measured such as the mass of the adsorbed molecules [7-9].



When operated in dynamic mode the cantilevers are excited close to
their resonance frequency, which is typically on the order of tens of kHz to a
few MHz, where resonance frequency changes are readily observed when an
additional mass is adsorbed at the oscillating cantilever interface [11]. For a
rectangular cantilever, the change in mass (Am) can be calculated from the

variation in the resonance frequency by equation(1.1).

pm=—on ®L L2 (1.1)

where f, and f; are the measured resonance frequency before and following
molecular deposition, respectively, and Keying IS the cantilever spring constant
[8]. However, detecting adsorbed mass does not provide any information

regarding the chemical nature of the adsorbed molecules.

In order to have a selective cantilever-base sensor, cantilever surface is
coated with specific sorbents adsorbing target molecules. The adsorbed
mol ecul es interaction with the medium results the resonance frequency shift or
bending of cantilever. Many different sorbents have been employed to coat
cantilever sensors such as thiol-based chemistry on gold-coated cantilevers
[12], antibase-based functionalization [13], amine-functionalized mesoporous
silica [14] and so on. Each of these operation modes are schematically

represented in Figure 1.



Figure 1.2. Different operation mode of microcantilever sensors. A) bi-material
mode, B) dynamic mode, C) tensile surface stress (DNA hybridization [15, 16]) D)
compressive surface stress.

Since reversibility is a significant characteristic for an applicable
sensor, the interactions between receptors and target molecules should be
weak enough to be broken in room conditions. Therefore, immobilizing
chemical interfaces on the cantilever can provide only limited selectivity in
complex mixtures. Moreover, detection of molecules is restricted to
availability of proper receptors while in most cases finding the receptors is
really challenging. Hence, in spite of the cantilever sensors high sensitivity, its
applicability as a commercialized sensor is hindered by its selectivity unless a

versatile method is employed by which expected selectivity can be reached.
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1.4 Photothermal cantilever deflection spectroscopy

Another way of achieving high chemical selectivity corresponding to
mass changes for microcantilever sensors is by combing them with
spectroscopic techniques. Exciting the adsorbed molecules using infrared
radiation and measuring the nonradiative decay-induced temperature changes
in the cantilever via a bi-material effect offers excellent selectivity. The high
temperature sensitivity of bi-material microcantilever was first introduced by
Gimzewski et al. [17] where they described a new kind of calorimeter
providing ability to measure about pico-joule heat produced by catalytic
conversion of H, and O, to H,O. They then combined the bi-material
cantilevers with photothermal spectroscopy [18]. The bi-material cantilevers
due to their micro-size and low thermal mass allow pico-gram to be analysed.
In this case, the bi-material cantilever beam was demonstrated to be sensitive
enough to measure power of 100 pW, energy of 150 fJ or measuring 10° K

[18, 19].

Bi-material microcantilevers have excellent thermal sensitivity and
undergo bending due to very small temperature changes due to the unequal
thermal expansion coefficient. Inthe PCDS technique, physisorbed molecules
on the bi-material cantilever are exposed to mid-infrared (IR) light in a
sequential manner. When the IR frequency matches with the vibrational
frequency of a bond, the molecule is excited into resonance. The nonradiative
decay of the excited molecules results in the generation of heat which bends
the bi-material cantilever. A cantilever bending plot as a function of

illumination wavelength replicates an IR absorption spectra of the absorbed
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molecules [19]. However, in genera the static deflection of a bi-material
microcantilever can be very noisy due to ambient temperature fluctuations.
Therefore, a pulsed illumination source with a certain frequency is used in
combination with a lock-in amplifier to monitor the cantilever motion due to
the inherent bi-material effect. The pulse frequency of the IR illumination is
kept at a period where heat transfer from the adsorbed anaytes to the
cantilever is maximized. The measured amplitude of the cantilever deflection
as a function of illumination wavelength shows a nanomechanical IR
absorption spectrum of the adsorbed molecules [7, 20]. Another advantage of
PCDS method over traditional spectroscopy is that much smaller amounts of
material (subnanogram quantities) are required in comparison with milligram
guantities needed for traditional infrared spectroscopy [6, 8-10]. These
advantages have loaned themselves to a very sensitive detection method which
has been employed for the detection of a variety of molecules including
explosive materials [21-23], DNA, and biological warfare agents for forensics

and homeland security [10, 12-14].

Here, we report on the selective and sensitive detection of
hydrocarbons, n-heptane and 1-octene, as well as the hydrocarbon mixture like
naphtha. Since the selectivity of this method is limited by thermal sensitivity
of the microcantilever, we have optimized the thickness of the gold layer
deposited on the silicon cantilever. In this study, we demonstrate that the
microcantilever-based PCDS technique could be a viable alternative for

traditional chemicals detection methods since PCDS offers cheap, selective



and highly sensitive sensing capabilities for detection of the hydrocarbon

mol ecul es.

2 Experimental Procedure

2.1 Cantilever preparation

Commercidly available silicon cantilevers (OCTOSENSIS-
Micromotive GmbH, Germany) have been used in these experiments. The
chips contain an array of eight cantilevers having typical dimensions of 500
pum in length, 90 pum in width, and 1.0 = 0.3um in thickness with a spring
constant of 23 mN/m and corresponding resonance frequency of 24.3 KHz.
These values are listed according to the manufacturer. Prior to vacuum
deposition, all cantilevers were thoroughly cleaned in piranha solution
(H2S04:H,0, 3:1) and followed by immersing them in Milli-Q water and then
ethanol 95%. In order to render the cantilevers bi-material, the cantilevers
were deposited with adlayers of gold having thickness of 50, 100, 200, and
250 nm with an e-beam evaporator at rate of 0.2 A/s. A thin layer of titanium
(10 nm) served as the adhesion layer before gold deposition at rate of 0.3 A/s.
The used naphtha (petroleum ether), n-heptane 99%, and 1-octene 99% were
purchased from Fisher scientific (USA) and used without further purification.
The chemicals were deposited on the cantilevers by physically dipping themin

the solutions for afew seconds followed by air drying.



2.2 Experimental Setup

The experimental setup is described here (Figure 2.1). The cantilevers
were mounted on a stainless steel cantilever holder and then positioned in the
head unit of a MultiMode atomic force microscope (AFM) (Bruker, Santa
Barbara, CA). IR radiation illuminating from the monochromator is focused
onto the cantilever by a concave mirror. A diode laser having a wavelength of
670 nm reflected off the cantilever beam monitored by a position sensitive
detector (PSD). In this configuration, the resonance frequencies of the
cantilevers were measured before and after hydrocarbon deposition with a
SR760 spectrum analyser (Standford Research Systems, Sunnyvale, CA)
before each run. Changes in the PSD signals arising from cantilever
deflections are processed and saved by a SR850 lock-in amplifier (Stanford
Research Systems, Sunnyvale, CA). IR radiation illuminating from the
monochromator is focused onto the cantilever via a concave mirror. The
focused light is chopped at afrequency of 80 Hz to remove ambient noise. The
employed monochromator illuminates in the mid-IR range between 2.5 to 14.5
um (i.e., 4000 cm™ to 690 cm™) and the resolution is 0.05 um at 3 pm, 0.12
pm at 6 pum, and 0.25 um at 11 um. The microcantilever deflection responseis
plotted using a Labview system and corresponds to the PCDS spectrum of the

hydrocarbons adsorbed the bi-material cantilever interface.
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Figure 2.1 Schematic figure of the setup used for PCDS experiments. IR light from
monochromator is chopped at 80 Hz and focused on the cantilever by a concave
mirror. Reflections of an optical laser diode light off the cantilever on PSD are
recorded by the lock-in amplifier.

2.3 Infrared Spectroscopy

IR spectroscopy is a very powerful method for the identification of
functional groups. Infrared spectra in both Attenuated Total Reflectance
(ATR) and grazing angle FT-IR configurations were obtained using a Fourier
transform infrared (FT-IR) spectrometer (Thermo Nicolet NEXUS 670) from
4000-700 cm™. ATR spectra were acquired by using a ZnSe crystal. Grazing
angle FT-1R measurements were made at an incident angle of 75° where atotal
of 512 scans were acquired at a resolution of 2 cm™. For reflection mode
measurements, gold-coated silicon wafers having dimensions of 1 x 1 cm
were prepared using the same method mentioned above for the

microcantilever measurements.
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The principle of FT-IR is based on the fact that bonds and groups of
bonds vibrate at characteristic frequencies. A molecule that is exposed to
infrared rays absorbs infrared energy at frequencies which are characteristic to
that molecule. In a molecule, the differences of charges in the electric fields of
its atoms produce the dipole moment of the molecule. Molecules with a dipole
moment allow infrared photons to interact with the molecule causing
excitation to higher vibrational states. The absorption frequency depends on
the vibrational frequency of the molecules, whereas the absorption intensity
depends on how effectively the infrared photon energy can be transferred to
the molecule, and this depends on the change in the dipole moment that occurs
as aresult of molecular vibration. The greater change in dipole moment during
a vibration results the higher intensity of absorption of a photon. Diatomic
molecules do not have a dipole moment since the electric fields of their atoms
are equal. Also, if amolecule is so symmetrical that stretching of a bond does
not produce any dipole moment, then no IR peak will be found in the
spectrum. During FT-IR analysis, a spot on the specimen is subjected to a

modulated IR beam [24].

12



3 Resultsand discussions

3.1 Adsorbed mass

Resonance frequencies of cantilevers were measured before and after
adsorption of the target material. Figure 3.1 is an optical photo of naphtha
deposited on gold side of a bi-material cantilever which shows how naphtha
sticks to a cantilever surface in spite of its volatility. The mass of a 250 nm
gold-coated cantilever was calculated 350 ng considering the densities of the
materials (i.e, Si=2328 Kg/m® and Au=19300 Kg/m® [25]) and the
dimensions of the cantilever as listed by the manufacturer. The mass of
adsorbed chemicals on cantilever is varied dightly in each run. Using
equation(1.1) and Figure 3.2, the mass of the material adsorbed at the
cantilever interface was found to be on the order of 2-4 ng. The thicknesses of
adsorbed chemicals were aso measured by ellipsometry method 10 = 2 nm.
The absorbed mass theoretically calculated from ellipsometry thickness is
amost same with the absorbed mass measured by the resonance frequency

change.
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Figure 3.1. Opticd image of naphtha deposited on gold side of a bi-material
cantilever.
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Figure 3.2. Resonance frequency shift of a 250 nm gold-coated cantilever before and
after ngphtha deposition.

14



3.2 Experiment optimization

Prior to employing the bi-material cantilever as a sensing device, a
number of control and reference experiments were carried out. Using the
experimental configuration illustrated in Figure 1, baseline spectra were
acquired for both the bare S and Au sides of the bi-materia cantilever in the
experimental spectral range of 4000-690 cm™. No apparent peaks were
observed in the measured spectral range for the Au-coated side as is shown in
Figure 3.3. However, two broad peaks were observed for the Si side of the
cantilever. These peaks observed at 3700-2850 and 1300-900 cm™ falling into
the spectral region of known IR absorbance bonds for hydrocarbon molecules.
Therefore, the Au-coated side of the microcantilever was chosen as the

optimal surface for our sensing applications.

Wave length (Micron)

3700 3100 2500 1900 1300 700
WWW oo
a
- 0.002 <
E
()
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L 0.004 §
- 0.006

Figure 3.3. Nanomechanical IR absorption spectrum of (@) gold which is amost flat
with negligible absorption peak and (b) silicon with two sharp peaks interfere in
recognition of hydrocarbons peaks.
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Next, it was necessary to consider the thickness of the gold adlayer.
Lai et al. have shown a dependency on the cantilever response versus the
thickness of the adlayer material [25]. Equation (3.1) shows the sensitivity of
the sensor as a function of ratio of Au thickness over Si thickness (n=ty/ty).
The sensitivity of cantilever (S) is defined deflection of tip of cantilever over

incident power (p) at the end of beam.

@Mt
5= 1@ Al (31
where
K =4+6n+4n*+ (E%)n3 + (%)% (3.2

L, t, and w are the length, thickness, and width of cantilever, respectively. The
subscripts 1 and 2 correspond to the gold and silicon layer, respectively. Here,
E, o, A are the éastic modulus, thermal expansion coefficient, and thermal
conductivity, respectively [15]. For silicon and gold bi-material cantilever ngpy
is calculated to be 0.32 however n=0.25 used in our experiments the
sensitivity is 98% of the maximum. Figure 3.4 illustrates sensitivity of the bi-
material cantilever as a function of thickness ratio of gold on silicon n. From
eguation (3.2) and experimental results (it will be shown later), it is found that
the 250 nm thickness of gold on silicon microcantilever is the most sensitive.
In the physical vapour deposition (PVD) process, gaseous metal atoms leaving
a metal crucible surface have high temperature which in turn can cause

bending of bi-material cantilever. Thus, a thick gold layer could cause huge
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bending of microcantilever which makes reflection of laser off the PSD.
Therefore, the cantilever with 250 nm thickness of gold was the optimum

practical thickness of gold in our case.
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Figure 3.4. The Sensitivity of the bi-material cantilever asfunction of thicknessratio
of gold on Si cantilever surface.

3.3 PCDSresults

Many runs with different cantilevers were carried out and resulted in
identical spectra. Prior to deposition of chemicals, before each experiment, a
baseline IR spectrum was taken. The PCDS spectra are obtained by
subtraction of IR baseline profile from chemicals nanomechanical deflections.
All obtained full range spectra were the normalized to have a good qualitative

comparison. Since the peaks in range of 4000-2500 cm™ have high amplitude,
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the weak peaks in the range of 2500-700 cm™ are illustrated in a new window.
The resulting naphtha peaks are in a very excellent agreement with ATR and
grazing angle FT-IR spectra which are employed as references for our PCDS

results as shown in Figure 3.9.
3.3.1 Naphtha

Figure 3.5 to Figure 3.8 show PCDS results for naphtha on 50, 100,
200 and 250 nm gold coated microcantilevers. Molecules absorb IR light in
specific wavenumber which results molecules excitation. The excited
mol ecul es spontaneously decay to a lower lying level. The nonradiative decay
trangition releases phonons generating heat which is then transferred to bi-
material cantilever resulting bending. Therefore, peaks amplitude in PCDS
results is directly correlated with the amount of heat absorbed by a bi-material
cantilever [19, 22]. There are some strong bands in naphtha spectrum
corresponded to —CHz and —CH,— symmetric and anti-symmetric stretching in
the range of 2990-2850 cm™ which are common between all hydrocarbon
molecules. From 2500-700 cm™, many peaks come into view which might be
corresponded to different molecules of the mixture. The band of CH, scissors
vibration and CH3 anti-symmetric stretching in aliphatic compounds appears
a 1475-1450 cm™ and 1465-1440 cm™, respectively. In 1380-1370 cm™,
symmetric deformation of CHs in aliphatic and in isopropyl group have a
peak. Naphtha may partly contain benzene molecules which their rings shows
peaks in 2000-1600 cm™. Moreover, in alkene compounds C=C double bond

stretch also cause some peaks in 2000-1600 cm™. Carbon rings in cyclic
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compound and =CH out of plane deformation in vinyl compound show peaks

in the range of 1030-950 [26, 27].

Viawenumber [zm- |

Wz imbser o)
2000 Erjunl 2400 S0

¥ 30 3530 pr.oi} 1900 L0600 1300 1002 0o

n * o
LT A Ty, .n.ﬁr'\""'\u"‘\-\."w
A1

o™ s l",,-.‘I ‘|'1 .'..|' |
- g Vit h

| a5

| || D2

4

Figure 3.5. Nanomechanical deflection of bi-material 50 nm gold-coated cantilever

for naphtha. The 50 nm gold-coated cantilever shows only one strong peak. No peak
appeared in the range of 2500-700 cm™.
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Figure 3.6. Nanomechanical deflection of bi-material 100 nm gold-coated cantilever

for naphtha. In addition to the peak around 2990 cm, two peaks are detected by
increasing 50 nm gold thickness on bi-materia cantilever.
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Figure 3.7. Nanomechanical deflection of bi-material 200 nm gold-coated cantilever

for naphtha. The 200 nm gold-coated cantilever detects one more peak in about 1703
-1

cm™.
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Figure 3.8. Nanomechanica deflection of bi-material 250 nm gold-coated cantilever
for naphtha. The 250 nm gold-coated bi-material cantilever is enough sensitivity to
show almost all peaks appearing in conventional IR spectroscopy.

As mentioned in experiment optimization (section 3.2), the bi-
materials cantilevers sengtivity highly depends on thickness ratio of
constitutive materials. Therefore, as thickness ratio increases the thermal
sensitivity increases until it reaches a maximum amount which is 0.32 in our

case according to theoretical calculations have been done. The 50, 100 nm
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gold-coated cantilevers, shown in Figure 3.5 and Figure 3.6, are able to detect
limited amount of peaks however recognising weak peaks is not easy due to
high noise-to-signal ratio. The 200 nm gold-coated cantilever does not have
enough thermal sensitivity to show all peaks while the 250 nm gold-coated
cantilevers in shows all the peaks which appears in ATR and grazing angle
FT-IR (Figure 3.9). The Figure 3.8 confirms that the 250 nm gold coated on 1
pum silicon cantilever is most sensitive thickness of gold which was aready

predicted theoretically by equation(3.1).

There are a few peaks with different intensity in comparison with
conventional IR spectra. The amplitude of peaks in PCDS methods is directly
proportional to the efficiency of nonradiative decay of the excited molecules
which produces phonons. The thermal energy from phononsis then transferred
to the bi-material sensor surface causing cantilever bending [22, 28, 29]. The
resulting naphtha peaks show a very excellent agreement between PCDS and
reference IR spectra with a dight shift causing by low resolution of

monochromator and thermal sensitivity of microcantilevers.
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Figure 3.9. Naphtha conventional IR spectroscopy. (a) ATR spectrum of naphtha.
(b) Grazing angle specul ar reflection FT-IR spectrum of naphtha.

3.3.2 n-heptane

As naphtha consists predominantly of a mixture of akanes and
akenes, n-heptane and 1-octene have been also selected in order to validate
the results [30]. Moreover, it provides a better knowledge of peaks appeared in
naphtha spectra since numerous commercial sensors are based on this prior
known knowledge. The alkane, like heptane (C;H1¢) gives an IR spectrum that
has relatively few bands (Figure 3.10). The CH, scissors vibration and CHz

anti-symmetric stretching in aliphatic compounds have peaks at 1475-1450
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cm™ and 1465-1440 cm™, respectively. The symmetric deformation of CHs in
aliphatic molecules causes a peak in 1380-1370 cm™. All shown n-heptane
peaks which appear in reference IR spectra (Figure 3.10) are also detected by

PCDS (Figure 3.8) with alittle shift.
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Figure 3.10. n-heptane conventional IR spectroscopy (a) ATR spectrum of n-heptane
(b) grazing angle specular reflection FT-IR spectrum of n-heptane. The peaks
appeared about 2400 cm™ at reflection FT-IR spectraare related to CO..
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Figure 3.11. Nanomechanica deflection of bi-materia 250 nm gold-coated cantilever
for naphtha. The PCDS results show all peaks related to n-heptane.

The spectrum for the alkenes such as 1-octene, CgHi6, has also some
strong absorption bands shown in Figure 3.12. In addition to the band of CH,
scissors vibration, CH3 anti-symmetric stretching and CH3 symmetric
deformation, there is also an alkene C=C double bond stretch in the range of
1680-1630 cm™ which distinguishes it from alkanes, same weak peak
appeared in PCDS spectrum as is illustrated in Figure 3.13. The ATR
spectrum shows out-of-plane C-H bonds for the alkene in the range 1000-900
cm™ [17]. There are a few discrepancies between ATR and grazing angle
specular reflection FT-IR coming from differences of these two techniques.

The peaks appearing in the range of 2500-2200 cm™ are corresponded to CO,

contaminations.
3.3.3 1l-octene

However, the microcantilever sensor is not capable to show all the
peaks, the result of 1-ocetene is absolutely comparable with conventional IR

spectra. Regarding to Figure 3.11 and Figure 3.13, PCDS provides a unique
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nanomechanical deflection spectrum for alkenes and alkanes. Moreover,

discrimination of alkenes and alkanes in a complex mixture such as naphtha

by PCDS s possible.
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Figure 3.12. 1-octene conventional IR spectroscopy (8) ATR spectrum of 1-octene

(b) Grazing angle specular reflection FT-IR spectrum of 1-octene.
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Figure 3.13. Nanomechanical deflection of the bi-material 250 nm gold-coated

cantilever for 1-octene.
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4 Conclusion

We have detected hydrocarbons such as naphtha, n-heptane and 1-
octene with very high selectivity and sensitivity using PCDS and an optimized
bi-material microcantilever. The bi-material cantilever with physisorbed
hydrocarbons undergo bending when exposed to mid-infrared light in a
sequential fashion. The amount material adsorbed on the cantilever is
determined from the resonance frequency shift with and without adsorbents.
Compared to conventional cantilever sensor technology, the advantage of the
PCDS technique includes high selectivity without using any chemically
selective coatings immobilized on the cantilever surface. In addition, using
PCDS it is possible to obtain IR spectrum of materials in nanogram quantities

compared to milligram needed in the conventional spectroscopy techniques.
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5 Heat transfer of bi-material cantilevers

5.1 Introduction

5.1.1 Overview

As discussed in the previous chapters, besides using cantilevers in the
AFM, bi-materia cantilevers have an enormous potential to detect temperature
change as small as 10 ° K due to its miniature dimensions and thermal mass
[18, 19]. Bi-materia cantilevers were first used as a chemical reaction
calorimeter where heat generated by the catalytic reaction of H and O on a
Platinum catalyst was measured [18]. Afterwards, photothermal cantilever
deflection spectroscopy (PCDS) was developed in order to detect an arbitrary
material adsorbed on a bi-material cantilever surface using mid-IR light [19,

22, 31].

More recently, a novel sensitive method has been introduced using a
microsphere attached to a bi-material microcantilever to measure near-field
radiative heat transfer between the microsphere and a flat substrate by
monitoring cantilever deflection caused by the heat exchanged between them
[32-34]. Researchers have also used bi-material microcantilevers with
integrated heaters to store high-density data [35, 36], take topographical
images [37], and detect vapour [38]. In addition to the aforementioned
applications, Glenn et a. have demonstrated photothermal heating of bi-
material cantilevers using a modulated laser source for tapping-mode of AFM

in liquids in order to smplify solution imaging [39]. In regard to all
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applications discussed above, having a deep knowledge of a microcantilever’s

heat transfer is absolutely imperative.

In this study, we have focused on the heat transfer of bi-material
cantilevers used in a PCDS setup and the effect of convection heat transfer on
thermal sensitivity of bi-material cantilevers. An experiment methodology is
presented in order to measure the effective convection heat transfer coefficient
(h) of bi-material cantilevers at room temperature. The h values were
experimentally determined using the same cantilevers discussed within the

previous PCDS section.

5.1.2 Available heat transfer models

5.1.2.1 Modelswithout convection heat |oss term

The first theoretical models of temperature distribution for
microcantilevers due to power absorbed by the cantilever surface were
proposed by Gerber et a. [18]. Since cantilever deflection is a function of
cantilever temperature distribution (as shown in equation(3.3)), they presented
a few simple heat transfer models for a bi-material cantilever used as a
calorimeter where the bi-material cantilevers were assumed to be a perfect
heat sink, and heat loss by convection mechanism to the surrounding is

negligible [18]. In the following paragraphs, these models will be discussed.

The deflection of bi-material cantilevers is calculated by solving the

differential equation (3.3) based on Euler-Bernoulli beam theory [40]:

d’z a +t,
2
e

5
P 6(a;- a,)¢ K ;[T(x) - Ty (3.3)
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where

K =a+6(2) + 4y + o Ly + 0o ) (34)
L 4 éEgl’ éEgt

a is the thermal expansion coefficient, t is the thickness of layers, T(x) is the

temperature distribution along the cantilever beam , Ty is the origina

cantilever temperature at zero deflection point, z is the deflection of the

cantilever at the point x along the cantilever beam. The subscripts 1 and 2

correspond to the two different cantilever materials.
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Figure 5.1. Three different models of heat transfer mechanisms and temperature
distributions. @) A uniform temperature distribution is assumed. b) Heat is assumed to
radiate only at the end of the cantilever. ) The cantilever bends as a result of a
uniform heating source. In al cases heat loss to the surrounding is considered
negligible [18].
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Figure 5.1 (@) shows temperature profiles along a cantilever when the
temperature along the cantilever is constant. In Figure 5.1 (b) heat is absorbed
only at its free end and heat convection loss is negligible, while in Figure 5.1
(c) heat is absorbed uniformly along the cantilever length. The obtained
temperature distribution functions for these last two cases are shown in

equation(3.5) and equation(3.6), respectively.

TX-T,=(- x)ﬁ (35)

— (12 2 P
T T =0 ) g T (3.6)

Here, P isthe incident power on the microcantilever, | and w is the length and
width of the cantilever beam, respectively, and A is the thermal conductivity of
bi-material cantilever layers [18]. These model’s lack of sufficient accuracy
has led researchers to propose more complicated models that consider heat

dissipated by the convection heat transfer mechanism [41-45].

5.1.2.2 Modelswith convection heat loss

Given that in most applications bi-material cantilevers operate in an air
environment, neglecting convection heat loss from cantilever to air might
impair the models’ accuracy [41]. Recently, King at al. have presented a new
model for thermal sensitivity of bi-material cantilevers in the mid-IR spectra
region [44]. Their model is based on temperature distribution considering
convection heat transfer of microcantilevers. They demonstrated how the

convection heat transfer coefficient (h) affects the cantilever therma
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sensitivity and even the optimum thickness ratio (the ratio which yields
maximum deflection) of bi-material cantilevers. Therefore, designing an
experiment for measuring the convection heat transfer coefficient (h), prior to
any PCDS experiment, seems vital to reach the maximum thermal sensitivity

of microcantilever sensors [44].

Here, the physics based model proposed by King is discussed in detail.
Some simplifications are required in order to achieve a theoretical model.
Firstly, the incident IR light is assumed to heat the bi-material cantilever
surface uniformly. Secondly, the temperature distribution in the cantilever
varies only along the beam length since the cantilever thickness is very small
compared to its length. Another assumption is that heat losses to the
surrounding air are due to the conduction heat transfer mechanism which will
be discussed later. The effective heat transfer coefficient is estimated as h =
1000 W/m?K [46-48]. The temperature profile T(x) along the cantilever
length, considering all above assumptions and appropriate boundary

conditions, is shown in equation (3.7) [44].

T(X) - TO = #

2hL(t, +t, +w)
’ [tanh(b L)sinh(b x) - cosh(b x) +1] (3.7)
where

b= {2(tl+t2 +w)h (3.8)
(I ltl +I ZtZ)W

Here, L is cantilever length, wis cantilever width, 1 is the thermal conductivity

of the cantilever, and P is the absorbed incident IR light on the cantilever
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surface. The subscripts 1 and 2 correspond to the two different cantilever
materials. Substituting T(X) into equation (3.3) yields the following analytical

solution of the cantilever deflection:

a +t. 0 P
z(L)=3(@a. - a L2
(L) =3, Z)EtZZK hLb2(t, +t, +w) 39
g gtanh(b L)sinh(bL)- cosh(b L)+%b2L2 +1§

The thermal sensitivity of a bi-material cantilever irradiated by mid-infrared
light is defined as angular displacement per unit of absorbed power [44]. Thus,

a +t,0 1 % tanh(bL) 6

S= = - :
Sé t22K th-(tl +t2 + W) 8 b %)

dz
— =3@,-a 3.10
o - X)) (310)

Tl

Though the above analytical calculations have proposed the most accurate
model so far, lack of broad knowledge of the effective convection heat transfer
coefficient (h) around micro-sized machined structures is a major source of

error.

A significant point about the equation (3.10) (not mentioned by King
[44]) is that the thermal sensitivity of bi-material cantilevers in mid-infrared
spectroscopy surprisingly depends on the effective convection heat transfer
coefficient (h) asis shown in Figure 5.2. As h increases, the thermal sensitivity
of bi-materia cantilever decreases since more heat stored in the cantilever is
transferred to the surrounding air which in turn results in less cantilever
bending. In addition to this effect of h on the bi-material cantilever thermal
sensitivity, the optimum thickness ratio of bi-material cantilever changes with
different h are shown in Table 1. Therefore, in the PCDS experiments, greater

thermal sensitivity would be achieved by reducing the effective convection
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heat transfer coefficient (h). In addition, a more thinly applied gold layer is

needed which would in turn simplify the cantilever coating process.
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Figure 5.2. The effective convection heat transfer coefficient (h) effect on the
thermal sensitivity of the bi-material microcantilever in aPCDS setup.



Effective convection T.h e opi mum
thicknessratio
heat transfer of Gold and
coefficient h(W/K.m?) i~
Silicon
100 0.32
500 0.35
1000 0.40
1500 0.41
2000 0.43
3000 0.45
4000 0.47

Table 1. The optimum thickness ratio of the bi-material cantilever (Gold and Silicon)
in a PCDS setup as afunction of different estimated h values.

5.1.2.3 Convectionterm

Convection heat transfer takes place whenever afluid isin contact with
a solid surface which is at a different temperature the fluid. When a driving
force moves a fluid past a surface, it is called forced convection. If fluid
motion is due to a density difference caused by a temperature gradient in the
fluid, then it is called natural convection. Several theoretical and empirical
models have been suggested for both forced and natural convection in various
conditions. In macro-sized structures, the natural convection heat transfer
coefficient (h) can be estimated using free convection correlation equations

based on the Rayleigh number as shown in equation (3.11) [49].

Ra=92 pr 2 (3.11)
na
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Where g is gravity constant, B is thermal expansion coefficient, L is
characteristic length, AT is temperature difference between surface and fluid,

v=n/p (viscosity/density) is kinematic viscosity, and a isthermal diffusivity.

In spite of macroscale, these correlations are not valid for micro-sized
structures such as microcantilevers since their Rayleigh numbers are too small.
The Rayleigh number is a dimensionless number defined in natural convection
which indicates either conduction or convection as a predominant heat transfer
mechanism. In microcantilever case, the Rayleigh number is of the order of
10°. If the Rayleigh number is smaller than 1700 (i.e. critical value), then heat
loss from cantilevers to the surrounding air is mostly transferred by
conduction mechanism. This energy loss is till termed convection and an
effective convection coefficient is defined, not to be confused with conduction

inside the cantilever [41, 49].
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6 Experimental setup and experiments

The experiments were carried out using five commercially available
silicon microcantilevers (OCTOSENSIS-Micromotive GmbH, Germany). The
cantilever chips contain an array of eight cantilevers having typical
dimensions of 500 um in length, 90 pm in width, and 1.0 £ 0.3um in
thickness with a spring constant of 23 mN/m and corresponding resonance
frequency of 24.3 KHz. The microcantilevers were coated with 50, 100, 150,
200 nm gold layer and 10 nm Ti as an adhesion layer using an e-beam
evaporator. Prior to each coating process, microcantilever resonance
frequencies were measured to select microcantilevers with identical physical

properties.

The cantilevers were then mounted on a thin aluminum holder of a
heater which controlled the temperature using a programmable temperature
controller (Hanyoung, Inchon, Korea). The heater surface, as shown in
Figure 6.1, was only in contact with the cantilever base while the heater
surface in contact with the surrounding air was sealed in order to prevent the
air temperature (T.,) rise. A thermocouple was positioned close to the
experimental setup in order to monitor the surrounding air temperature. The
temperature was cycled from 25 °C to approximately 60 °C several times to
increase the accuracy of the experiment. The heating and cooling rates were

maintained at 10 °C/min.

The temperature-dependent changes in the deflections of the

cantilevers were measured as a function of the cantilever base temperature
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(Tp) which is assumed equal with the heater temperature. During the
temperature cycling, afocused laser beam was reflected off the free end of the
cantilever onto a duo-lateral position-sensitive detector (S'Tek Electro Optics,
Partille, Sweden). The absolute deflection values of the cantilevers were

calibrated using a piece of silicon with a 25 nm level aluminium-coated layer.

W

Convection |

Figure 6.1. Schematic of experimental apparatus to measure thermal responses of bi-
material cantilevers. A controllable heater changes the cantilever base temperature
and the resulting bending of cantilever is monitored by the laser reflected off the
cantilever to the PDS. A thermocouple (not shown in the figure) is positioned close to
the air around the cantilever to monitor ambient temperature T....
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7 Result and discussion

Lack of consistent data for the convection heat transfer coefficient (h)
has hindered a comprehensive study of heat transfer. Though a few papers
recently have reported some (h) values for microcantilevers, a considerable
discrepancy identified between reported values practically discredits the
results for other researches. The discrepancy might originate from many
factors such as differences in micro-structure geometries, ambient air
conditions (i.e. temperature, humidity), assumptions, and systematic error of

experiments.

Due to the previously mentioned reasons, in this chapter we present a
simple experiment to measure (h) under the identical experimental conditions
in which our PCDS experiments were carried out. First, a heat transfer model
for the microcantilevers will be developed and then, in the second part, the

experimental results will be discussed.
7.1.1 Theory

For the temperature profile analysis, an arbitrary control volume of the

cantilever is taken. Energy conservation applied to the control volume can be

expressed as,

Qn - Qout =0 (312)

A a9l Tt =0 (3.13)
dx X dx x+Dx
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Here, A isthe cross section of cantilever area perpendicular to the conduction
heat transfer and A’ is the surface area around the cantilever where heat is
dissipated to the surrounding medium as shown in equation(3.13). A is the
thermal conductivity of the cantilever, h is effective convection heat transfer,

and T,, is temperature of air around the cantilever. Using Fourier’s law gives

49 =0 (3.14)
where

' | ltlihl b -
and
a=T(- T, (3.16)

The subscripts 1 and 2 correspond to the two different cantilever materials.

The analytical solution of the equation (3.14) can be solved as
qx)=Ce™+C,e™ (3.17)

Equation(3.14) needs two boundary conditions given by equation (3.18) and
(3.19). At the base of the cantilever (x = L), temperature is the cantilever base

temperature Ty, which is a known parameter in this experiment.
q(L)=T,-T, (3.18)

At the free end of the cantilever (x = 0), Pisthe incident laser power absorbed

by the cantilever. Thus,
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dq(0) _ P e (3.19)
dx (It +1,t)w

Using these two boundary conditions, C; and C, can be solved as

T,-T)- Sem
C, = m
1 emL_’_e—mL
M-T,)- Cem
C,= m

emL +e mL

Subgtituting C; and C; in equation (3.17) and rearranging gives the

temperature distribution as

(Tb'T¥)'(rile_mL (Tb'T¥)'(rilemL
= - = ™ 4 X 2
q(x) T(X) T¥ emL +e mL € emL +e mL € (3 O)

With T(x) - To obtained from equation (3.17), equation (3.3) can be rewritten

as
G . G o]
T e g (T e g o
= —+ =+ + .
z(x) g et rem o et rem e _ Ax+A ( )
e [}
where
& +t,0
b:6(al-<312)@;2K2+
et 9

Because both the deflection and the sope at the base of cantilever (x = 0) are

0, unknown constants A; and A, can be expressed as

m ml

e e
A=-b(C——-CG—)
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ml e ml

e
A=-b(C5+C, ) AL

Then using equation(3.21), the analytical solution for cantilever deflection at

the free end can be readily predicted via equation (3.22)

20) =b(C,—=+C,—=)+ A, (3.22)
m m

The derivative of z(0) with respect to Ty, are shown in the equation (3.23).

dz0) b é 1 i
= -1- mLy 3.23
dT,  n? &cosh(mL) d (3:23)

By using equation(3.23) and measuring the derivative of z(0) with respect
to Ty from the experimental results, m will be determined. Consequently, we

can calculate h using equation(3.15).

| Ceovectiom Heat Tramsfer J

Figure 7.1. The heat transfer of a bi-material cantilever. There are two heat transfer
mechanisms:; first, conduction of heat inside the cantilever. Second, convection of
heat to air around the cantilever by conduction mechanism.
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7.1.2 Experiment

There are various possible factors that might affect the accuracy of the
experimental measurements of the h value in the microscale [46, 50, 51].
Firstly, in experiments using a laser as a heating source [51], measuring the
absorbed laser power would be challenging and a source of error. Secondly,
non-insulated heaters causing the surrounding air temperature rise (T.,) might
impair the measurement’s accuracy. To mitigate these potential sources of
error, the model used is independent of laser power and the heater surface was
insulated to significantly diminish thermal variance of the surrounding air in

the experiments.

Using our experimental setup as shown in Figure 6.1, the deflections of
al cantilevers as a function of T, were measured. Figure 7.2 shows the
deflections of a cantilever coated with 50 nm gold. The values for the effective
convection heat transfer coefficients (h) were calculated by using
eguation(3.23), (3.15), and the dope obtained from Figure 7.3 . The h was
calculated for the five 50 nm gold-coated microcantilever chips having similar
resonance frequencies. Figure 7.3 displays the calculated h values obtained
from these 5 measurements. The results for h given by different chip's

experiments exhibit a high concurrence with only sight deviation.
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Figure 7.2. The variation of bi-material cantilever tip deflection for 50 nm gold-
coated cantilever with the cantilever base temperature cycling.
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Figure 7.3. The effective convection heat transfer of the five 50 nm gold-coated
microcantilevers. The obtained results for h show only dight difference.

Figure 7.4 to Figure 7.9 also illustrate the same results for 100, 150,

200 nm gold-coated microcantilevers, respectively. After each measurement,



these five bi-material cantilevers were cleaned by the method disclosed in
section 2.1 and coated with an additional 50 nm gold layer.
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Figure 7.4. The variation of bi-material cantilever tip deflection for 100 nm gold-
coated cantilever with the cantilever base temperature cycling.
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Figure 7.5. The effective convection heat transfer of the five 100 nm gold-coated
microcantilevers.
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Figure 7.6. The variation of bi-material cantilever tip deflection for 150 nm gold-
coated cantilever with the cantilever base temperature cycling.
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Figure 7.7. The effective convection heat transfer of the five 150 nm gold-coated
microcantilevers.
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Figure 7.8. The variation of bi-material cantilever tip deflection for 200 nm gold-
coated cantilever with the cantilever base temperature cycling.

2000

1800 -

1600 - X X

W/k.m2)
X
X
X

= 1400 -

1200 -

1000 T T T T T

Index

Figure 7.9. The effective convection heat transfer of the five 200 nm gold-coated
microcantilevers.
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Regarding the above results, the obtained h values for the five
cantilever chips coated with different thicknesses of gold layers with a dight
variation have the same values which in turn validate our results. The h value
has been estimated 1350-1650 W/K.m? for the microcantilevers used in this
study. However, awide range of h can be found in published literature usually
ranging from 500 to 4000 W/K.m?, the attained result in this study is in a
reasonable value and it is confirmed by previous works [41, 44, 47]. Using an
estimation for h based on spreading resistance for an isoflux heat transfer
between a cantilever and ambient air results to h=580 W/K.m? [51]. The
isoflux heat transfer assumption might be a reason for the discrepancy
between estimated and measured h values. In addition, due to the small size of
the cantilever, humidity should be taken into account since it might increase

the thermal conductivity of air significantly.

The designed experiment for measuring h values of microcantilevers
helps us to have a broader knowledge about the heat transfer of cantileversin
PCDS experiments. As previously mentioned, variation in h value can affect
both the thermal sensitivity and optimum thickness ratio of bi-material
cantilevers exposed to mid-infrared light. Therefore, the thermal sensitivity
and optimum thickness ratio prediction is possible for PCDS setups with a
known effective convection heat transfer. Besides the ways discussed in the
section 4 to improve the PCDS detection capability (which is the main goal of
this study), modification of h by changing surrounding air temperature can

also be an dternative.
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8 Conclusion

In conclusion, we pointed out that the effective convection heat
transfer coefficient (h) affects the thermal sensitivity and the optimum
thickness ratio of the bi-material microcantilevers used in a PCDS setup. Due
to the lack of precise data for h of air surrounding cantilevers, we developed
an experiment and a model corresponded to heat transfer of a bi-material
cantilever to determine the h value. The h that was obtained by using our
straightforward technique is 1350-1650 W/k.m? The experiments were
repeated for the five bi-material cantilevers with different gold thickness to

reach more reliable data.

9 FutureWork

Future works are focused on two aspects. Frist is increasing sensor
sensitivity by using different kind of cantilever sensors like AAO (Anodic
aluminium oxide) cantilevers having more capacity for adsorbing naphtha
Second is designing a microfluidic platform to pre-concentrate the tailing
samples and remove solid particles. In addition, this platform makes a mico-
droplet of sample fluid with specific volume to deposit it on the cantilever

sensor surface.
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Appendix1  MATLAB Code

clc

cl ear

t2=1*10"- 6; %86 Cantilever Si |ayer thickness %86
L=500*10"- 6; %880 Cantil ever length %0
w=90* 10"- 6; %880 Cantil ever w dth %0

%®%6 Ther mal expansion coefficient of Si %8
al pha2=ones( 20, 1) *2. 6* 10"- 6;

%86 Ther mal expansion coefficient of Au %80
al phal=ones( 20, 1) *14. 2*10"- 6;

| anda2=ones( 20, 1) *150; %80 Thermal conductivity of Si %80
| andal=ones( 20, 1) *296; %% Thermal conductivity of Au %%
E2=ones(20, 1) *1*10"11; %80 Young's nmodul us of Si %80
El=ones(20, 1) *. 73*10711; %80 Young' s nmodul us of Au %80

gama=| andal. /| andaZz;
n=[.05 .07 .1 .15 .18 .2 .22 .25 .26 .28 .3 .32 .35 .4 .45 .5 .6 .7

.8 .9]";
%0806 nis thickness ration of bi-material cantil ever %%
%0806 i.e. n=Au thickness/Si thickness %8

K=4+6. *n+4. *n. "2+(EL. /| E2) . *n. "3+(E2. /| E1) . / n;
bet a=al phal. / al pha2;
teta=(beta-1).*(n+l)./ (K *(gama. *n+l));

% Thernmal sensitivity of bi-material cantilever as a function of n %
S=2. *(al pha2./landa2).*(L."3/(t2.72.*w)).*teta;

grid on

plot(n,s)



clc

cl ear

ts=1*10"-6; %880 Cantilever Si |ayer thickness %%
L=500*10"- 6; %880 Cantil ever |ength %%
w=90* 10"- 6; 00 Cantil ever w dth %0
h=100; %9086 ef f ecti ve convection heat transfer Coeff %%

%880 Ther mal expansi on coefficient of Si %%
al phas=ones(22, 1) *2. 6* 10"- 6;

%80 Thermal expansi on coefficient of Au %80
al phac=ones(22, 1) *14. 2*10"- 6;

| andas=ones(22, 1) *150; %% Thermal conductivity of Si %%
| andac=ones( 22, 1) *296; %80 Thermal conductivity of Au %80
Es=ones(22,1)*1*10711; %80 Young' s nodul us of Au %080
Ec=ones(22, 1) *. 73*10711; %&b Young's nodul us of Si %80

ganma=| andac. /| andas;

n=[.05 .07 .1 .15 .18 .2 .22 .25 .26 .28 .3 .32 .35 .4 .43 .45 .47
.5.6 .7 .8 .9]";

%980 nis thickness ration of bi-material cantilever %980
%980 i.e. n=Au thickness/Si thickness %980

K=4+6./n+4./n. "2+(Es./Ec)./n."3+(Ec./Es). *n;
beta=((2.*h.*(1+n+w. /ts))./ ((l andas+l andac. *n).*w))."0.5;
% Thernmal sensitivity of bi-material cantilever as a function of n %

S=-3. *(al phas-

al phac) . *((1+n)./ (K *ts.*n."2)).*(1./(ts.*(1+n+w. /ts).*h.*L)).*(L-
(tanh(beta.*L))./beta);

hol d on

grid on

plot(n,S)
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