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Chapter 6

Conclusions and Scope for Future work

Present thesis principally described the fabrication and characterization of SiO>
MCs in detail and explored them for ultra-high sensitive RH sensing application. Certain
important aspects of MC based sensors, such as the effect of biaxial curvature on the
resonance frequency of the MCs and high-temperature annealing on the residual stress
evolution, are also studied. An innovative method to enhance the RH sensitivity of SiO»
MCs by introducing controlled surface micropatterns on their surface is proposed and the
same devices were successfully put to use for human breath monitoring study/application.

Major findings and conclusions of the present thesis are summarized now.

a) Fabrication of SiO2 microcantilevers:

e SiO2 MCs of various dimensions were successfully fabricated using DLW unit and
wet chemical etching methods. Various micro-fabrication process parameters were
optimized and are summarized (Table 3.1 & Table 3.2). It is shown that, even for
fabricating simple structures like MCs, DLW can be a valuable tool if

optimizations at design level are desired.

e An effective method to avoid stiction in SiO2, MCs while releasing them by wet
chemicals, is proposed. It is shown that introduction of a sharp convex tip at the
free end of the MC along with a post-etch rinsing in boiling DI water, which are
otherwise considered separately, reduces the stiction substantially, even in the

longest MCs (L = 330 um) studied in the present work.
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From the initial bending measurements on the released MCs of various lengths, we
found that there exists a linear relationship between MC length and its peak
deflection. Using this relation gradient residual stress present in the SiO> film was
estimated and found to be 15.14 + 0.32 MPa.

Experimentally measured resonance frequencies of MCs were compared to the
analytically estimated values and it was found that compared to the role of non-
rectangular cross-section of these MCs, the presence of undercutting, which
increases the effective length, influences the resonance frequency estimation most,
especially at smaller lengths. From the resonance frequency measurements, Q-

factor was estimated and found to increase with reducing MC dimensions.

b) Characterization of SiO2 microcantilevers:

Through systematic experiments, it is demonstrated that the presence of biaxial
curvature in as-fabricated (uncoated) MCs directly increases their stiffness when
their Width to Length ratio (W/L) is between 0.16 and 0.35. Nonlinear stiffening
and clamping geometric effect present in MCs are shown to be the reasons for the
observed positive frequency shift (due to increase in stiffness) and compared to
principal curvature (Ky), transverse curvature (Ky) seems to play a dominant role

on the observed frequency shift.

Also, for the first time, it is shown that the competing plate softening effect due to
the presence of unrelaxed transverse curvature along with the nonlinear plate
stiffening effect as the reason for the decrease in frequency shift with increasing

curvature, for W/L >0.35, validating Ruz et al. [1] model.

156



Chapter 6

e Comparison of various experimental studies and analytical models reported in the
literature on the role of surface stress/ curvature on the resonance frequency of

MCs revealed the following.

% When W/L of MCs is < 0.2, the observed frequency shift is < 1% and is
independent of the magnitude of surface stress. Whereas, when W/L

ratio > 0.2, no correlation exists between these two parameters.

% Most of the reported analytical models seem to only predict the
dimensional dependence and not the absolute value of the
experimentally observed frequency shift. This discrepancy is believed
to be due to the presence of unspecified effects such as variation in
surface morphology of MCs and no single method being adopted for the

generation of surface stress.

e Post-release high-temperature annealing of SiO2> MCs increases their curvature and
is attributed to the onset of plastic deformation of these structures at elevated

temperatures.

e Mean (oo) and gradient (oc1) residual stress values increase with annealing
temperature and b) the magnitude of increase depends on the annealing
environment and MC length. These are explained based on stress accumulation
resulting from the additional oxide layer growth at the SiO>/Si interface below the

fixed end and clamping constraints of SiO, MCs.

¢ Increase in curvature due to high-temperature annealing was also found to increase
the resonance frequency of MCs validating the hypothesis of biaxial curvature

induced stiffness changes in these devices.
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¢) Relative humidity sensing studies using SiO2 microcantilevers

An air-tight environmental chamber to be used with NVA was indigenously
designed and fabricated for RH sensing and human breath monitoring studies using

SiO2 MCs.

It is shown that as fabricated SiO, MCs can be effectively used as RH sensors, in
dynamic mode, without any functionalization, with maximum sensitivity and

resolution of 4.08 Hz/%RH and < 1% RH, respectively.

In order to enhance the RH sensitivity, SiO> MCs with controlled micro-patterns
were fabricated. Resonance frequency measurements on micro-patterned MCs
revealed that both resonance frequency and Q-factor values reduce only marginally

with respect to unpatterned ones when pattern depth is ~ 15 nm.

It is shown that introduction of controlled micro-patterns on the MC surface
provides a simple and efficient way to enhance the sensitivity of MC based sensors
without compromising other sensor characteristics such as response and recovery
times. Micro-patterned sensors were found to have an unprecedented RH
sensitivity (10.45 Hz/% RH), very low hysteresis value (< 3 %RH), fast
response/recovery times (~1 s) and excellent stability (variation <5%) over a wide

range of RH variation from 20% to 90%.

The enhancement in RH sensitivity in the case of micro-patterned MCs is explained
with a model, where it is shown that the formation of gel-like water layer inside

the cavities facilitates enhanced uptake of water molecules.

Finally, the micro-patterned MCs are demonstrated for human breath monitoring

with excellent response and recovery times during both slow and fast breath cycles.
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6.1. Scope for future work

In the present thesis, an effective method is proposed to avoid stiction during the
fabrication of SiO> MCs of various lengths. It is well known that thickness [2] and
width [3,4] of MCs equally influence the stability of MCs. Therefore, it will be
interesting to study the role of MC thickness and width on the effectiveness of the

anti-stiction tip.

In the present work, it is shown that the presence of controlled micro-patterns will
enhance the RH sensitivity of MCs without compromising other sensor
characteristics. More systematic studies on the effect of micro-pattern dimensions
vis-a-vis MC dimensions will provide more insights into the mechanism of

enhanced RH sensitivity.

The effect of adsorption induced surface stress on the stiffness of MCs is
extensively studied in the literature [1,5,6]. But most of the theoretical works either
under or over predict the observed experimental results. This discrepancy could be
due to several unspecified effects such as surface morphology, surface preparation
mechanisms, and inherent biaxial curvature as pointed out in the present thesis.
Efforts should be made to fabricate MCs with precise control over the parameters
such as physical dimension, surface morphology, etc. so that their influence on the

stiffness can be studied independently.

MCs used in the present work are uncoated and therefore inherently lack selectivity
[7,8]. Recently, Iglesias et al. [8] proposed a method to improve the selectivity of
uncoated MCs by simultaneously measuring the Q-factor (viscosity) and resonance
frequency (mass density) for discriminating and quantifying different gases present

in a binary gas mixture. It will be interesting to explore micro-patterned MCs
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developed in the present work for this purpose. In the future, robust methods to
improve the selectivity of uncoated MCs by modifying the pattern dimensions and
geometry (to vary the surface inclination angle of the patterns) need to be explored.

Also, the role of temperature on the RH sensitivity of these devices to be studied.

For RH sensing studies, the resonance frequency of MCs is measured using NVA.
However, for real-time field applications, MCs should be integrated with

piezoresistive read-out and is scope for future work.
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Thesis Abstract

In the present work, SiO> Microcantilevers (MCs) of various dimensions (length
(L) =50 — 330 um; width (W) = 40 um; thickness (T) = 0.98 um), were successfully
fabricated using Direct Laser Writer (DLW) and wet chemical etching methods and
explored for Relative Humidity (RH) sensing. Various microfabrication process
parameters such as laser dose (in DLW), pre/post backing temperatures were optimized.
An innovative method is proposed to avoid “stiction” in these devices while releasing
them using wet chemicals. It is shown that introducing a sharp convex tip at the free
end of the MC along with a post-etch rinsing in boiling de-ionized (DI) water, which
are otherwise considered separately, reduces the stiction substantially. Successfully
released MCs were characterized using 3D optical microscope and Nano Vibration
Analyser (NVA), for curvature and resonance frequency measurements, respectively.
From the curvature measurements, gradient residual stress in SiO2 film was estimated
and found to be 15.14 + 0.32 MPa. Experimentally measured resonance frequency
values were found to be lower than the analytically estimated ones (especially at smaller
lengths) and is explained based on increase in the effective length of the MCs due to

undercutting.

As a prelude to RH sensing studies, the effect of i) inherent biaxial curvature on
the resonance frequency and ii) high-temperature post-release annealing on the residual
stress evolution of SiO> MCs, are studied. Through systematic experiments, it is shown
that the presence of biaxial curvature in SiO2 MCs directly increases their resonance
frequency when their Width to Length ratio (W/L) is between 0.16 and 0.35. Also, it is

shown that, compared to principal curvature, transverse curvature plays a dominant role
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on the observed frequency shift. Similarly, post-release high-temperature annealing
(800°C and 1000°C in O2 and N2) studies on SiO2 MCs revealed that these devices
undergo an irreversible increase in static deflection (plastic deformation) with annealing
and this effect is more when the annealing environment is O2. Based on these studies,
it was decided to use as-fabricated SiO>, MCs with W/L < 0.16, in dynamic mode, for

RH sensing studies.

RH sensing experiments were performed by measuring the shift in resonance
frequency of SiO2 MCs using NVA (at ambient conditions) when RH is varied between
20% and 90%. For this purpose, an air-tight chamber was indigenously designed,
fabricated and calibrated in the entire RH range. The resonance frequency of MCs was
found to decrease (increase) during the RH increase (decrease) cycle and is attributed
to the physisorption of water molecules on the SiO- surface. These experiments revealed
that, as fabricated SiO> MCs can be effectively used as RH sensors in dynamic mode,
without any functionalization, with maximum sensitivity and resolution of 4 Hz/%RH
and < 1% RH, respectively. To increase the RH sensitivity, MCs are usually coated with
nanomaterials, which is known to deteriorate other sensor characteristics such as
response/recovery times. As an alternative to this, in the present thesis, it is shown that
the introduction of controlled micro-patterns (4 x 4 x 0.015 um?) on the MC surface can
enhance their RH sensitivity without compromising the response/recovery times and
hysteresis. For this purpose, SiO2 MCs with controlled micro-patterns were fabricated
using two-layer lithography. Presence of micro-patterns on the MC surface was found
to increase their RH sensitivity by two times (10 Hz/% RH) while retaining the
response/recovery (~ 1 s) and hysteresis error (< 3%RH) along with outstanding

stability (variation < 5%) of uncoated MCs. An increase in sensitivity in these devices
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is explained with the help of a model, where it is shown that the formation of gel-like
water layer inside the cavities facilitates the enhanced uptake of water molecules.
Finally, real-time monitoring of human respiration during fast and slow cycles using
micro-patterned MCs is demonstrated. The findings of the present thesis are expected
to be of great value to the design and fabrication of SiO, MCs for various sensing

applications, in dynamic mode.
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Chapter 1

Introduction to Microcantilevers

Chapter 1 begins with a brief introduction to MicroElectroMechanical Systems (MEMS)
technology, its components, application, and microfabrication technology. This is
followed by a detailed introduction to Microcantilever (MC) based sensors, their modes
of operation (static and dynamic), common materials used and typical process flow for
MC fabrication. Various excitation and read-out techniques are also discussed.
Subsequently, the basic equations governing the static and dynamic modes of operation,
i.e. Stoney’s equation for surface stress-induced bending of MCs and Euler-Bernoulli
beam equation for resonance frequency are derived and a brief note on energy dissipation
mechanism in MCs and its experimental quantification are given. The advantages of SiO-
MCs compared to conventional Si and SisN4 MCs along with a literature survey on some
of the recent physical, chemical, and biological sensing studies using SiO2 MCs are
presented. Followed by this, a brief note on the influence of functionalization and surface
modification on the response of the MCs are discussed. Finally, motivation and the

methodology adopted to achieve them are given.

1.1. Introduction to MEMS

Miniaturization science is the science to manufacture ever smaller mechanical,
electrical, and optical devices to attain unprecedented functionality compared to devices
in macro-scale with added advantages of compactness, portability, reliability, low power
consumption, and low cost of production [1,2]. The resulting structures form the key
elements i.e., basic electronics, sensors, and actuators of today’s modern computers,
mobile phones, automobiles, medical diagnostic instruments, etc. [3]. Miniaturization is
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practically — executed through a rapidly growing technology called
MicroElectroMechanical Systems or MEMS. These are systems which comprise of
miniaturized mechanical elements, sensors, actuators, and electronic components that are
integrated and packaged on a single silicon substrate [4,5]. Schematic of basic components
present in a typical MEMS is shown in figure 1.1. The microsensors gather the desired
physical quantity from the environment as the input through the mechanical deformation
of microfabricated components such as fixed-free beams (MCs), fixed-fixed beams
(bridges), or suspended membranes [6] and feeds this data to microelectronics for
processing. The transducted signal from microelectronics is then fed to actuating elements

to give the desired mechanical output.

(. Gather data from

~
;  Receives signal from
environment.

microelectronics.

» Monitor mechanical,
thermal, chemical,
biological readings.

« Acts as trigger to
activate external
device.

« Pass data to micro- Microsensors

electronics.
. _/
( - 2 /’/
WAL Ewigelaly Microstructures
* Receives data from » Micromechanical
mMicrosensors. components
* Processes and make « Built right into Si of
decisions. MEMS through
‘micromachining’.

\.
Figure 1.1.  Schematic showing the basic components of MEMS and their important

functionalities.

MEMS have a wide range of applications in a variety of fields such as
physical/chemical/biological sensing, biomedical industries, climatology, communication,
agriculture, food processing industries, and automobile industries [2,4,7]. Some of the

widely studied MEMS sensors in these application fields are inertial sensors
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(accelerometers, gyroscopes), gas sensors, humidity sensors, pressure sensors, temperature
sensors, and force sensors. Examples of actuators include microlenses/mirrors, micro-
motors, micro-grippers, fluidic valves, inkjet printer heads, pumps, thermal bimorph

actuators, and comb-drive electrostatic actuators [3,8].

MEMS are conventionally fabricated using single crystal silicon (c-Si). It is used
as a platform to build as well as combine various MEMS components shown in figure 1.1.
Si is advantageous due to its thermal and mechanical stability, well-developed fabrication
techniques (acquired from the microelectronics industry), and ease of integration with
electronics [5,9]. However, apart from Si, a number of other materials such as Si
compounds (SiO2, SisN4, SiC), polysilicon, conductive polymers, GaAs, biological

elements, are also explored for realizing MEMS components [6].

MEMS are conventionally fabricated using two methods namely, bulk and surface
micromachining techniques. Bulk micro-manufacturing involves the removal of materials
from bulk substrates to achieve the desired 3-D geometry of the microstructures whereas
surface micromachining involves building the structure by adding materials layer by layer
on top of the substrate. The basic processes involved in both these techniques include, i)
Lithography, ii) Deposition, iii) Oxidation / diffusion, iv) Etching and v) Dicing and

Packaging [2,3]. Figure 1.2 summarizes the typical flow of these processes.

Lithography is a process to transfer the desired micropattern onto the surface of a
substrate. UV photolithography is one of the important and popular technique used for IC
and MEMS fabrication, where micropatterns are transferred on photoresist (a photo-
sensitive polymer) coated wafers, with good resolution. However, depending upon the
required resolution, certain other lithography techniques such as laser lithography, imprint

lithography, E-beam lithography, X-ray lithography, and lon-beam lithography are also



Chapter 1

commonly used in the fabrication of MEMS / NEMS devices [10,11]. Deposition is
another vital process in MEMS fabrication to deposit foreign metals, organic materials,
metal-oxides, etc on the surface of the base substrate. The widely used deposition

techniques in MEMS are Chemical Vapour Deposition (CVD), sputtering and

Si wafer Lithography Deposition

1
1
. Packaged
| MEMS
1 | ]

Dicing and Packaging

Etching Oxidation

Figure 1.2.  Schematic showing an overview of general processes involved in the

microfabrication of a MEMS device.

pulsed laser deposition. Oxidation/diffusion is an important process used mainly for
generating thermal/ electric insulation, as etch stop/masking layers, and for defining piezo
resistive elements in MEMS devices. SiO: is a popular material for these purposes and is
generally grown by thermal oxidation of the Si wafer. Etching is the process for releasing
the desired 3-D microstructures by selectively removing the underlying substrate using
either energy plasma (dry etching) or chemical solvents (wet etching). Once the devices
are released, it is important to dice and package them for providing mechanical protection,
thermal management, efficient interface with the external environment (for sensing),

hermetic sealing (ex. Accelerometers), and complex electrical and signal interconnections.

1.2. Introduction to microcantilever based sensors
Microcantilevers (MCs) are the simplest MEMS structures and can be visualized

as miniaturized fixed-free beams. They are capable of measuring ultra-small
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displacements (102 m) [12,13], masses (~zg) [14,15], surface stresses (UN/m) [13] and
can detect IR/UV photons [16,17], when integrated with a suitable readout technique. Due
to this versatibility, MCs are extensively studied for a wide variety of applications in recent
times, which include environmental monitoring, thermal and gravimetric sensing,
explosive detection, point of care diagnostics, therapeutic drug delivery systems, etc [13].
MCs are also explored as fundamental research tools as they offer the possibility of
measuring the phenomena that are otherwise very difficult by conventional methods. For
example, Allocca et al. [18] studied the Casimir force across a Lifshitz transition in a spin-
orbit-coupled material using a metal-coated sphere suspended from a MC. Similarly,
Etayash et al. [19] demonstrated the real-time detection of bacteria and their interactions

with antibiotics using a bi-material MC with an embedded microfluidic channel.

Fixed end

Figure 1.3.  (a) Schematic of a MC where, L, W and T stands for its length, width and
thickness, respectively. (b) A typical FESEM image of a released MC

structure.

Fig 1.3 shows the schematic of a MC and a typical FESEM image of the MC
structure. Typical dimensions of an MC are in the order of 100 pum (L) x 10 um (W) x 1
um (T). Depending on the measured parameter i.e., deflection or resonance frequency
shift, MCs are usually operated either in static or dynamic mode and are discussed in more

detail now.
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1.2.1. Modes of operation

MCs are usually operated either in static or dynamic mode. In static mode, typically
one side of the MC is rendered sensitive to a specific target molecule, physically [20] or
chemically [21], while the opposite surface is passivated. When target molecules interact
with the sensitized surface of the MC, differential surface stress is generated, resulting in
a measurable mechanical deflection of the MC as shown in figure 1.4 (a). The magnitude
of bending amplitude is dictated by the change in surface stress and the spring constant of
the MC used. Therefore, chemical or physical modification of the MC surface and
optimization of physical dimensions of MCs that could generate significant changes in
surface stress and spring constant are studied extensively [22,23]. When MCs are coated
with metallic thin films, they undergo deformation when subjected to temperature changes
due to the difference in thermal expansion coefficients of MC material and the metal layer.
This effect can be used for ultrasensitive temperature measurements [24,25] and the

associated phase changes in very small amount of samples [26,27].

In dynamic mode, MCs act essentially as mechanical oscillators, whose resonance
frequency depend on the added mass and the viscoelastic properties of the medium (see
figure 1.4 (b)). For instance, adsorption of analytes onto a resonating MC results in
lowering of its resonance frequency. Similarly, resonance frequency of the MCs is known
to increase with decreasing density and viscosity of the surrounding fluid [13]. The
sensitivity of the MCs for mass sensing can be enhanced by reducing their physical
dimensions. Therefore, by scaling the dimensions of MCs to nanometer zepto gram (zg)

mass sensitivities are demonstrated [14].
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(a) Static mode (b) Dynamic mode
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Figure 1.4.  Schematic of MC working modes. (a) In static mode, one face is usually
functionalized (W) and the deflection of MCs due to surface stress change
when analytes (O) adsorb, is measured. (b) In dynamic mode, the MCs are
usually operated at its resonance frequency and the shift in resonance due
to added analytes (0) is measured. This image is adapted from reference

[28].

1.2.2. Materials and microfabrication

MCs, like any other MEMS, are typically fabricated using Si and/or Si-based
materials such as SiOz, SizsN4, and SiC [13]. Apart from Si, polymer materials such as
polyaniline [31], polystyrene [32], polyethylene terephthalate [33] are also explored in
recent times. The greatest advantage of polymers over Si-based materials is their enhanced
bending sensitivity owing to their lower Young’s modulus E (Epolymer = 0.7 — 8 GPa << Es;
=160 GPa) [1]. However, there are certain limitations while using polymers MCs for real-
time applications such as low thermal and temporal stability, reduced optical reflectivity,
moisture adsorption in liquids, or degassing in vacuum, which introduces drift in the final
measurement [13]. Apart from Si and polymer-based materials, several other materials
such as GaAs, AIN are also explored for MC fabrication depending upon the intended

application [30,34].
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Fabrication of MCs generally involves patterning the wafers using
photolithography and releasing the free-standing MCs by dry/wet etching methods using
bulk or surface micromachining techniques. A typical strategy for realization of silicon-
based MCs through bulk micromachining consists of four main steps [13]: (a) substrate
preparation involving the deposition of actual MC material, (b) MC pattern transfer on the
front side by photolithography, (c) Etching the Si substrate from the backside till etch stop
layer (usually SiO layer on Si substrate) and (d) Releasing the MC by removing the etch
stop layer. In contrast to this, the surface micromachining technique involves the
deposition of a sacrificial layer on a Si Substrate followed by the deposition of structural
material such as SiC or poly-Si using CVD techniques. Deposition parameters are
optimized to reduce the residual stress in the film and followed by this, required MC
structures are patterned on the film using lithography techniques. The lithography step is
repeated on the bottom surface of the wafer for anisotropic bulk etching of Si. Followed
by this, the sacrificial layer is removed to release the free-standing MCs. It may be noted,
in surface micromachining, Si wafer acts only as a support layer and the free-standing MC
is fabricated by depositing and releasing the thin film layers over Si. In the present thesis,
SiO2 MCs are fabricated using bulk micromachining method and is discussed in detail in

chapter 3.

Apart from the conventional methods, some interesting alternatives such as
thermoplastic injection molding [35], microstereolithography [36], and screen printing
[37] are also studied in the literature for MC fabrication. It may be noted, details of MC
design, the material used, and the fabrication methodology are largely dictated by the

envisaged application, mode of operation, and readout technique intended.
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1.2.3. Excitation and read-out methods

Excitation of the MCs can be realized by a variety of techniques depending upon
the MC design and its intended application. Some of the popular excitation methods are
piezoelectric, electromagnetic, capacitive (electrostatic), and electro/photothermal
methods [13,38]. Piezoelectric excitation is the most common type of excitation method
where the MCs are placed on a piezo actuator, which in turn is driven by a function
generator. Piezoelectric actuators can also be miniaturized and integrated with MCs.
Electromagnetic excitation is another form of excitation where the MCs are excited by the
external magnetic field either by the formation of a conductive loop to pass current through
the MCs (using Lorentz force) or by depositing a layer of magnetic material on the MC.
In the electrostatic excitation method, there exist two electrodes of which the MC itself
acts as one of the electrodes and the other electrode is kept at the proximity of the MC.
When an alternating voltage is given across these electrodes a periodic force is exerted on
the MC, thereby actuating it. In electrothermal excitation, the basic transduction element
IS a resistive heater, which is embedded on the surface of the MCs. Photothermal excitation
is one of the recently developed excitation methods where a modulated low power laser
beam is irradiated on the fixed end of an MC [39]. The excitation is achieved by induced

thermal stress on the MC surface due to the irradiated laser beam.

To detect the nanomechanical deflection/change in the resonance frequency of
MCs with sufficient precision, many read-out techniques using optical, piezoresistive,
piezoelectric, capacitive, tunneling, and hard contact methods are developed. Among
these, optical read-out method is the most popular owing to its simplicity and linear
response over a wide range with sub-angstrom resolution [13]. In this method, a low power
laser is focused on the MC surface and the reflected light is detected by a four-quadrant

position-sensitive detector (PSD) (see figure 1.5 (a)) whose output is calibrated for MC
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deflection. Apart from the laser-photodiode method, other optical techniques such as white
light interferometry, Laser Doppler Vibrometry is also extensively used for MC deflection
measurements. With suitable optics, these methods can be used for 2D mapping and real-
time monitoring of MC deflection profiles. However, optical methods are difficult to apply

for a large array of MCs and are known to introduce artefacts in liquid environments.

(a)

Electrodes  Piezo-resistive layer (b)

y

Four quadrant
photo-diode

Focussing
optics

Microcantilever

Figure 1.5.  Schematic of a (a) typical optical read-out method where the deflection of
the MC is detected by a laser and photo-diode arrangement and (b) piezo-
resistive MC with embedded piezoresistors (at the fixed end) along with

contact pads for electrical output.

Piezo-resistivity is the property of change in resistivity of a material due to the
applied stress. In piezoresistive method, piezoresistors are typically embedded on the MC
surface (at the fixed end) as shown in figure 1.5 (b). When the MC deflects due to
adsorption of the analyte or due to change in bulk stress, the corresponding change in the
piezoresistance gives the measure of MC deflection [38,40]. Usually, piezoresistive MCs
are implemented along with a reference MC by connecting them in a Wheatstone bridge
configuration, to cancel out the noise in the measurement. One of the greatest advantages
of piezoresistive method is that it is easy to integrate with readout electronics and can be
applied for a large array of MCs simultaneously. Moreover, it suits well for measuring

both static deflection and resonance frequency of the MC in both gaseous and liquid media.
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1.2.4. Microcantilever theory

In this section, basic equations governing the static and dynamic modes of
operation of MCs are derived. For static mode, Stoney’s equation relating differential
surface stress to MC deflection is presented, while the Euler-Bernoulli beam equation is

derived for dynamic mode.

1.2.4.1. Stoney’s equation

When adsorption on the MC surface is constrained to one side, differential surface
stress is generated and as a consequence, MC undergoes deflection, which can be
accurately predicted using Stoney’s equation [41]. The displacement (U) at the free end of
the MC in the y-direction with respect to the x-axis is shown in figure 1.6. The resulting

curvature ‘K’ with respect to origin ‘O’ at distance x from the y-axis can be expressed as,

d?u

1 P
K=—=—% (1.1)
av\?2)2
{1 +(%) }
where R is radius of curvature and by neglecting (dU/dx)? (<<1), Eq. (1.1) reduces to,

d2U
=— (1.2)

K_l
R dx?

L] L

Figure 1.6.  Schematic of MC relating the radius of curvature R to its deflection.

11
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From Eq. (1.2) one can infer that the curvature of MC depends on the rate at which
the slope changes along the axis of the beam. From Hooke’s law, it is known that when
the bending moment is loaded onto the MC it causes compression on one surface and

expansion on the other. From the linear bending moment-curvature relationship we obtain,

K= (1.3)

RIS

1

R
3

where M is the bending moment, £'is the Young’s Modulus, and /= % is the geometric

moment of inertia of the cross-section. By combining Egs. (1.2) and (1.3), we get,

K_l_dZU_M ”
"R dx? EI (1.4)

From figure 1.6, we know that Z—Z = 6 (deflection angle). Now by integrating and solving

equation 1.4 we get the deflection angle and deflection as,

Mx
Mx?
U= ET (1.6)

If the MC is functionalized on one side and exposed to analytes, then the surface
interactions and the corresponding mechanical bending response will be different on this
surface when compared to other side. This results in differential surface stress Ao (= o1-
o2, Where o1 and o are the surface stress on top and bottom faces of MC, respectively)

inducing a bending moment given by,

wWT

By inserting Eq. (1.7) in eq. (1.4) we get the Stoney’s relation as,

1 6Ac

12
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As surface stress is isotropic, E has to be substituted with E/(1-v), where v is the Poisson’s

ratio of the film, leading to modified Stoney’s relation,

1 6Ac(1-v) o
R ET? (1.9)

Now, the MC deflection (Az) can be estimated using the above equation, as it is related to

the curvature by the equation, Az = % [42] as,

3L2(1—v
,=3a-v

e (1.10)

From this equation, it is evident that, for the increased surface stress sensitivity, the
MC should be as thin and as long as possible. It is also inferred that the induced surface
stress change could be positive or negative. Considering the adsorbed analytes as a uniform
film over the MC surface, an expansion of the film results in downward bending of the
MC to balance the stress. The resulting stress in the thin film is called compressive stress
whereas the stress on the top face of the MC is said to be tensile. For a contracting film,

the MC bends upwards and the stress in the thin film is called tensile stress [13].

It may be noted, the original Stoney’s equation was derived for thin plates that are
not clamped along the edges. Since MCs are rigidly clamped at one end, estimation of
surface stress using Stoney’s equation introduces certain errors [43,44]. Interestingly, the
clamping effect on the deformation of MCs plays a vital role in understanding the effect
of surface stress and/or fabrication induced curvature on the resonance frequency of MCs
[45,46] and is not completely understood. In the present work, we have experimentally
studied the effect of fabrication induced curvature vis-a-vis MC physical dimensions on

the resonance frequency of SiO2 MCs.

13
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1.2.4.2. Expression for resonance frequency of MCs
For a rectangular MC with physical dimensions Length L, width W, and thickness
T, neglecting shear deformation and rotational inertia, the equation of motion is given by

Euler-Bernoulli beam equation [13],

0%2U(y,t) 0*U(y,t)
52 py + 3" ElI=0 (1.11)

where, U(y,t) is the displacement in the y-direction, p is the mass density, y=WT is the
cross-sectional area, E is Young’s modulus and I (= WT?3/12) is the geometric moment of
inertia. An ideal MC is fixed at one and free at the other, which means at the fixed end
both deflection and slope are zero and at the free end both shear force and bending

moments are zero, which fixes the initial boundary condition for an MC to be,

ou
U=0, @ =0 at the fixed end of MC (1.12)
02U 03U
— = 0 at the free end of MC (1.13)

0, ===

dy? ay3
Using the above boundary conditions, the solution to equation (1.11) is harmonic that can
be separated into a position-dependent and time-dependent terms using the variable

separable method as, U(y,t)= Un(z)¥(t). By substituting U(z,t) in equation (1.11), we get,

*U(y,t)

2
)
Gyt a*U(y,t) where, a* = nP¥

El

(1.14)

where on is the frequency of motion and n denotes the modal number. The solutions to

this simplified beam equation can be written in the form,

U,(z) = A,(cos(a, y) — cosh(a,y)) + B,(sin(a,y) — sinh(a,y)) (1.15.1)

Y(t) = C; coswt + C, sinwt (1.15.2)

14
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The modal constants in eqg. (1.15.1) can be determined from the boundary conditions. For

MCs, the characteristic frequency equation is hence given by,

1 + cos(a,L) cosh(a,L) =0 (1.16)

The solutionsforn=1,2, 3, .... are \r= onL = 1.875, 4.6941, 7.8548, ..., (2n-1)1/2,
respectively, implying that the beam will have quantized vibrational modes with a distinct
shape. The number of nodal points increases with increasing mode number. The general

expression of the n'™ mode resonance of the beam, fn is given by,

_124° [EI 1 A,°T [E 117
f"_ZnLZ py 2m2y31% [p (117)

Equation 1.17 can be rewritten similar to a simple harmonic oscillator as,

_L |k
21 |m*

fi (1.18)

where, kr and m* are the effective stiffness and effective mass of the MCs. For the

longitudinal fundamental mode, krand m™ are given by,

ET3W
ke = VR m* = 0.24m, where m, = pyL (1.19)

When mass (Am) is added uniformly on the surface of MC (like adsorption of water

molecules), its resonance frequency will shift to

1 k¢ 1 k¢ 120
f2_27'[ m*+ Am*  2m |m* + (nAm) (120)
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where ‘n’ is a mode-dependent geometric factor which is 0.24 for a rectangular MC in
fundamental mode. By squaring the reciprocals of equations (1.18) and (1.20) and

subtracting them, we can estimate the added mass using,

-k (1 1

From this equation, the amount of added mass can be estimated. It may be noted in this
estimation, it is assumed that Am<< m*and change in effective stiffness of MC during

adsorption is negligible.

Mass sensitivity (S) of an MC, when used as a mass sensor, can be obtained by

differentiating Eq. (1.18) w.r.t. ‘m’, and is given by.

s= M 9 _ N (1.22)

Am 0Om 2m

where, the influence of added mass on the stiffness of the MC is neglected. Similarly, the

resolution (the smallest detectable mass of the sensor), Amm, is given by the smallest
detectable frequency change Afm times the inverse sensitivity of the sensor,

Am,, = ST1Af, (1.23)

From these equations, it is clear that mass sensitivity is directly proportional to

resonance frequency and the interest is to reach maximum sensitivity and resolution.

However, these parameters are also dependent on the Quality factor of the sensor.

1.2.4.3. Energy dissipation in MCs - Quality Factor

When MCs are vibrating in fluid environments, part of their energy is always
dissipated into the surrounding fluid, in the form of thermal energy. This dissipation is
related to inelastic phenomena in solids and viscosity of the fluids in which the MCs are
immersed. The Quality factor (Q-factor) is the measure of this energy dissipation in MCs

and is defined as the total energy lost per cycle of MC vibration [13,47], given by
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_ 2nW, 194

where Wo and AWy are the mechanical energy stored and dissipated per vibration cycle of
MC. Dissipation could be due to either intrinsic process in the MCs (phonon—phonon
interactions, phonon—electron interactions, thermo-elastic damping, anchor losses) or
could be due to extrinsic processes (interactions with the surrounding media) [13]. The
total dissipation (Q) is determined by adding the contributions from all these processes

given as,

11,1 1.25)
e o'o -

where, Qi and Qe are the Q-factors due to internal and external dissipation mechanisms,
respectively. The external dissipation could be mainly caused by the viscosity of the
surrounding medium and if the viscosity of the surrounding fluid is more, the Q-factor of

the MC is low. This implies that the Q-factor is highly dependent on the pressure (P) in

which the MCs are operated and that the Q-factor scales as 1/+/P at higher pressures
(continuum regime, 10% — 10° Pa), as 1/P in the molecular regime (10* — 10° Pa) and is
independent of pressure in the free molecular regime (102 — 10* Pa) [48]. Some of the
other dissipation mechanisms arise due to clamping, surface, and material (due to internal
frictions) losses. The material loss becomes dominant when there is more number of
coating layers on the MC. Clamping losses could be minimized by using MCs with high
length to width and width to thickness aspect ratios [13]. The Q-factors of a rectangular

MC in air lie typically in the range of 10 — 1000 and ~10 in liquid [48].

Q-factor is inversely proportional to the damping coefficient and it is an important

characteristic of MCs operating both in static and dynamic modes. Experimentally, the Q-
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factor can be estimated from the measured resonance spectrum as the ratio of fundamental
resonance frequency fo and its bandwidth (4fv), given by,

_Jo

v

(1.26)

where, Afo is the full width at half maximum (FWHM) and full width at v/2 times the

maximum amplitude for energy and deflection measurements, respectively.

The Q-factor determines the resolution (the minimum detectable change in
resonance frequency) of the MCs when used as sensors. Higher the Q-factor, higher is its
resolution. In the present work, the variation of Q-factor of SiO2 during adsorption and

desorption of water molecules under ambient conditions is studied.

1.3. Brief literature survey on SiO2 Microcantilevers

MCs made of elastic material with smaller spring constant such as silicon dioxide
(Si0Oy), can provide larger mechanical sensitivity i.e. bending amplitude under the same
experimental conditions as compared to conventional Si or SizNa MCs [49]. The Young's
modulus of SiO; is ~70 GPa, which is smaller than the Si (100) at 160 GPa or SizN4 at 323
GPa [50]. Although other materials like polymers with still lower Young's modulus can
be used, SiO2 is of special importance for the MC based sensors, because of its
compatibility with Si microfabrication and its capability to form silane-based self-
assembled films [51]. Moreover, SiO> MCs can be used for ultrahigh sensitive Relative
Humidity (RH) sensing [52] without any functionalization because of the presence of the
hydroxyl groups on their surface which facilitates the water molecule adsorption through
hydrogen bonding [53]. The greatest advantage of these sensors is that these are
compatible with the current microelectronics industry and can easily be integrated with

readout electronics. Taking these advantages into consideration, several studies are
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reported in the literature, where SiO> MCs are explored for various sensing applications.
For example, Tang et al. [54] studied the detection of femtomolar concentrations of HF
using SiO2 MC and demonstrated that its sensitivity is higher than that of its Si counterpart.
In yet another study [55], they reported two order higher deflection, for a given
concentration of aminoethanethiol, and attributed it to the lower spring constant of the
SiO2 MCs. Li et al. [56] successfully fabricated piezoresistive SiO2, MCs for the detection
of various gases like NHs, dimethyl methylphosphonate (DMMP), and trinitrotoluene
(TNT) [57] with a suitable self-assembled monolayer (SAM) on their surface. Recently,
Abdollahi et al. [58] fabricated Al/SiO, bilayer MCs for IR detection and estimated the
thermo-mechanical response of these detectors from finite element method simulations.
Interestingly, resonance frequency measurements on successfully released SiO2 MCs were
used to estimate the material properties of the SiO> film itself, such as Young’s modulus,
yield strength, Poisson's ratio [59], residual stress [60] and thermal expansion coefficient
[61]. In the present thesis, SiO> MCs are explored for ultrasensitive and ultrafast RH

sensing and real-time human respiration monitoring.

1.4. Influence of functionalization and surface modifications on MC
response

MCs are usually coated with a thin film layer on their surface in order to enhance
the sensitivity and selectivity, both in static and dynamic modes. In static mode, typically
Au or a polymer film is coated on one of the sides, to generate differential surface stress
when exposed to analytes, resulting in measurable bending. Typically, Au coating will be
functionalized with thiol-based chemistry to improve the molecular binding and therefore
extensively studied for highly sensitive and selective detection of biomolecules such as
proteins and DNA [62]. MCs are also functionalized with SAMs on one of their faces, for

detecting explosives [63], volatile organic compounds (VOCs) [64], and e-nose
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applications [65]. However, Au coating on the MC surface is known to introduce drift in
the sensor output response. Also, morphology and grain size of the Au can influence the
surface stress generated during self-assembly of thiolated alkane chains [66]. Similarly,
polymer coating deteriorates the response time of MCs, while exploring them for RH
sensing applications [22,66]. In dynamic mode, frequency shift due to added mass is
measured, and therefore both the sides of MCs can be functionalized. However, apart from
the added mass, frequency shift could also be influenced by secondary effects such as
analyte-induced coating stress/strain. In the case of polymer-coated MCs, the effect of the
surrounding medium on the coating sorption properties such as the effect of fluid
temperature on the polymer partition coefficient [67] can influence their dynamic
response. Also, thermal drift in output signal can arise due to the temperature dependence

of Young’s modulus of the MC material.

Taking the above aspects into consideration, in recent times, uncoated MCs are
explored for various sensing applications. Uncoated MCs are made of single layer (i.e. no
metal or organic overlayer) and eliminates or significantly reduces several issues
associated with coated MCs. For example, Lakshmaoji et al. [20] showed that the uncoated
Si MCs with different morphologies on two sides can be effectively used for sensing water
molecules. Pinnaduwage et al. [68] studied the desorption characteristics of explosives and
common non-explosive vapors using uncoated Si MCs and showed that uncoated MCs can
differentiate between these two. However uncoated MCs are often non-selective and offer
very low sensitivities. It is possible to improve the sensitivity of uncoated MCs either by
optimizing their physical geometry or by introducing micro patterns/nanostructures on

their surface (physical tailoring).
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Improving the sensitivity by first method is straight forward, as sensitivity of MCs
in dynamic mode is directly proportional to their resonance frequency and therefore can
be improved either by increasing the stiffness or by reducing the effective mass. For
example, Hong et al. [69], studied the effect of MC geometry (rectangle, triangle, and half-
ellipse) with an innovative inner cut on their sensitivity. From their numerical analysis and
experimental studies, they found that low-aspect-ratio MC with a high-aspect-ratio inner
cut offers the highest sensitivity. Subramanian et al. [70] suggested the use of a nonlinear
width profile for V-shaped MCs to increase the structural stiffness and subsequently the
mass sensitivity. Similarly, Boudjiet et al. [71] used uncoated Si MCs and showed that
wide and short rectangular uncoated MCs are more sensitive to changes in gas density
(various concentrations of H2/N2 gas mixtures) than U- and T-shaped devices of the same
overall dimensions. Prabakar et al. [72] demonstrated via FEM simulation studies that by
introducing a step discontinuity across the length of the MCs, the mass sensitivity increases
by two orders of magnitude and it depends on the position of step from free end, step

thickness, and step width.

Second method of improving the sensitivity of uncoated MCs involves physically
modifying their surface. For example, Nguyen Van Toan et al. [73] experimentally
showed that the Si MCs with high aspect ratio Si nanopillars on their surface would
improve the bending sensitivity during moisture adsorption. Stassi et al. [74] proved that
the RH sensitivity could be enhanced by introducing mesoporous silica coating on c-Si
MCs. Canavese et al. [75] studied the resonating behavior of nano-machined holed MCs
and showed a 250% enhancement in mass sensitivity without altering other figure of merits
of the sensor. Noyce et al. [76] fabricated high surface area MCs using carbon nanotube
templated microfabrication technique and showed that their RH sensitivity is comparable

to polymer-coated Si MCs without compromising the Q-factor. In order to increase the
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sensitivity and selectivity of commercial MCs for detecting dimethyl methylphosphonate
(DMMP), Lee et al. [77] used nanostructured (vertically oriented amorphous titanium
dioxide nanotubes) MCs. A sensitive calorimetric sensor using uncoated TiO> MC with
nanowell patterns on its surface was proposed by Lee et al. [77]. The thermomechanical
sensitivity in these devices was found to originate from the structure-dependent variations
in both the elastic modulus and thermal expansion coefficient of TiO2 due to the presence
of ordered nanowells. Nanoporous Aluminium oxide modified MCs are also studied in the

literature for moisture [78,79] and CO2 [80] sensing applications.

Interestingly, modification of the MC surface in itself can influence its dynamic
characteristics [48,81-83]. For example, Ergincan et al. [81] studied the influence of
surface roughness on the resonance frequency of the bi-material MCs and established the
relation between the resonance frequency shift and roughness parameters along with
material properties of the film and physical dimensions of the bare MC. In yet another
study, these authors studied the effect of systematic surface modification on the quality
factor of commercial MCs as a function of gas pressure and established a clear correlation
between increasing surface area and decreasing Q-factor [82]. They extended their work
on gold-coated MCs and showed that surface engineering offers a promising method to
control and increase the Q factor up to 50% for operation in vacuum [82]. Duan et al. [83]
in a recent study showed that the surface patterns/surface morphology can enhance, reduce
or annul the effect of surface stress on the resonance frequency of the MCs depending

upon their surface inclination angle and Poisson’s ratio of the material under consideration.

From the foregoing literature scan, it is clear that surface modification has
important implications on the sensitivity of MCs and it is imperative to understand the role

of micro/nanopatterning on their characteristics. In the present thesis, SiO, MCs with
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controlled micro-patterns are successfully fabricated and the role of micro-patterns on their
static (initial bending) and dynamic (resonance frequency shift) characteristics are studied.
It is shown that micro-patterned MCs can be effectively used for ultra-high sensitive RH

sensing, without compromising their response times and hysteresis characteristics.

1.5. Motivation of the present thesis

The motivation of the present thesis are,

1. To optimize various process parameters to release SiO> MCs of various
dimensions using DLW and wet chemical etching methods.

2. To understand the role of biaxial curvature inherently present in SiO2 MCs
on their resonance frequency.

3. To study the effect of post-release high-temperature annealing on the
residual stress evolution in SiO2 MCs.

4. To test the RH sensitivity of as-fabricated SiO, MCs and explore the
possibility of enhancing the same by introducing controlled micro-patterns
on the MC surface.

The detailed objectives along with the methodology adopted to achive them are given

below.

1.5.1. Fabrication and characterization of SiO2 MCs

SiO2 MCs are generally fabricated using SiO»/Si wafers in two steps. Initially, MC
patterns are transferred on the wafer using UV lithography and is followed by wet/dry
etching of underlying Si to release the MCs. However, UV lithography suffers from
limitations such as the requirement of a pre-fabricated Chrome mask and lack of flexibility
of the mask design. Direct laser writing is an alternative patterning method that

circumvents the above issues and is emerging as an interesting new technology for
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micro/nanofabrication. However, for effective pattern transfer using DLW, various
process parameters need to be optimized. Similarly, once the desired pattern is transferred
on the photoresist and subsequently on to the SiO; satisfactorily, SiO> MCs are typically
released by etching the underlying c-Si by wet chemicals. During the wet chemical etching
process, the released devices usually stick to the underlying Si substrate, making the device
unusable. Therefore, it is also important to figure out innovative methods to avoid stiction
and improve the yield of successfully released MCs by wet chemical etching methods.
These two issues are addressed in Chapter 3 of the thesis. Optimization of various
microfabrication process parameters is carried out for the successful release of SiO, MCs,
such as laser dose (in DLW), pre- and post-baking temperature values, etc. It is shown that
even for fabricating simple structures like MCs, DLW can be a valuable tool, if
optimizations at the design level are desired. An innovative two-step method to avoid
stiction in SiO2 MCs by introduction of a sharp convex tip at the free end of the MC along
with a post-etch rinsing in boiling DI water while releasing them using wet chemicals, is
proposed. It is shown that the stiction is substantially reduced, even in the longest MCs (L

= 330 um) studied in the present work.

1.5.2. Effect of biaxial curvature on the resonance frequency and high-temperature
annealing on the bending properties of SiO2 MCs

SiO2 MCs released by wet chemical etching method are usually bent away from
the wafer due to the presence of residual stress in SiOa film. Presence of curvature in MCs
induces certain artefacts such as initial bending (in static mode) and stiffness changes

(dynamic mode) when exploring them for sensing applications.

Therefore, in Chapter 4, as a prelude to RH sensing experiments, i) the effect of

fabrication induced biaxial curvature on the resonance frequency and ii) the role of high-
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temperature annealing on the residual stress evolution of uncoated SiO, MCs, are studied.
Resonance frequencies of the released MCs were measured using Laser Doppler
Vibrometer (LDV) and compared with finite element modeling (FEM) simulation results.
The difference between the experimental and FEM simulated values is attributed to the
presence of biaxial curvature in these MCs. The curvature present in the MCs was
measured independently using a 3D OM. The role of MC dimensions vis-a-vis curvature
on the observed frequency shift is discussed in detail. Similarly, the effect of post-release
high-temperature annealing (800 °C and 1000°C) in different environments (O2 and Ny)
and temperature on the residual stress evolution of SiO, MCs are presented. From these
studies, the optimum physical dimensions of the MC to be used for sensing studies are

identified.

1.5.3. RH sensing studies using SiO2 MCs

For RH sensing application, MCs are usually coated with a moisture-sensitive layer
such as metal oxides, organic polymers, or hybrid composite materials, on their surface
whose purpose is to selectively adsorb the water molecules [84]. Subsequently, the
adsorption of water molecules on the MC surface increases the effective mass and results
in a resonance frequency shift. Interestingly, SiO2> MCs can be used for RH sensing without
any functionalization because of the presence of the hydroxyl groups on their surface
which facilitates the water molecule adsorption through hydrogen bonding [53]. This was
verified in Chapter 5, where it is shown that the as-fabricated SiO, MCs can indeed be

used for RH sensing with good sensitivity and resolution.

An innovative method is proposed to enhance the RH sensitivity of as-fabricated
SiO2 MCs. It is shown that the introduction of controlled micro-patterns on their surface

will enhance the RH sensitivity without compromising other crucial characteristics. The
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reason for the enhanced RH sensitivity of micropatterned MCs when compared to
unpatterned ones is attributed to the formation of gel-like water layers inside the cavities
which facilitate the enhanced uptake of water molecules. Finally, real-time monitoring of
human respiration during normal and slow inhale/exhale breathing cycles is demonstrated

using micropatterned MCs.
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Chapter 2

Experimental methods

In this chapter, details about the various experimental setups used for microfabrication
and characterization of SiO2 MCs are given. The chapter begins with a brief description
on the working principle of DLW and various processes carried out on a chemical wet
bench. Followed by this, details about the experimental facilities used for characterization
of MCs using 3D optical microscope, Nano Vibration Analyzer, Laser Doppler
Vibrometer, and Atomic Force Microscope AFM, are given. Details about FEM
simulations carried out to estimate the resonance frequency of MCs are presented. The
methodology adopted for estimating the mean and gradient residual stress of SiO; film
from MC bending profiles is delineated. Finally, various experimental setups established

and calibration studies undertaken for RH sensing using SiO2> MCs are given.

2.1. Direct Laser Writer

Direct Laser Writer (DLW) is a mask-less lithography system which is used for
transferring the micropatterns from a preloaded soft mask onto Photoresist (PR) coated
wafers using a laser source, in a serial fashion. In the present work, a commercial DLW
unit (M/s Microtech, Italy, Model no: LW405B), housed in a class-1000 clean room, is
used for microfabrication work. This instrument comprise of two units: a write unit and a
control unit, the operations of which are controlled by the Laser Draw software package.
Write unit consists of a laser source (A ~ 405 nm, GaN diode laser), a micro translational
system for holding the substrate, and other allied electro-optical components for

modulating the laser beam as shown in figure 2.1 and 2.2.
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Four convex lenses with varying numerical apertures permit the user to select the
beam size between 1, 2, 4, and 8 um and therefore define the patterning resolution (figure
2.2 (a) inset). Depending upon the minimum pattern size in the mask file, the user needs
to select the appropriate lens. The write unit also includes an optical filter that can be set
at 1, 3, 10, 30, 100% of the available laser beam energy (60 mW) that controls the laser
fluence for effective pattern transfer. The PR coated wafer is placed on an XYZ stage and
is held with a vacuum chuck. While writing, the laser is auto-focused on the substrate by
controlling the Z micro-translation using either geometric or image tracking. The sample
stage motion in the XY direction is precisely controlled by interferometers with a
resolution of 10 nm. The Control unit consists of three interconnected industrial PCs to
control the sample stage, interferometers, laser source, and the user interface (figure 2.2
(b)). Pattern transfer using DLW can be performed in beam, stage, or vector scan modes.
In beam scan mode, the entire mask pattern is converted into a bitmap pattern and divided
into a number of strips, as shown in figure 2.2 (c). The laser is modulated using an
oscillating mirror and is scanned across the strip width on the substrate (in X-direction),
while the stage is slowly moved in the direction of the strip length (i.e. Y-direction). Strip
width and number of strips depends on the selected lens and its overlap (D-step) can be
adjusted by the user interface. It may be noted, the final dose on PR is decided by the laser
fluence which in turn depends on the selected optical filter, gain, and D-step. By
optimizing various process parameters such as laser dose, focus, diameter, and writing

speed, a minimum feature size of ~ 0.8 um, can be achieved using this setup.

It may be noted, photoresist coating (using a spin coater), pre / post-backing, and
pattern development process on the substrate at various stages were performed inside the

clean-room.
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Figure 2.1. Block diagram of DLW (Adapted from User Manual, LB405B, M/s
Microtech, Italy).
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Figure 2.2.  (a) Photograph and (b) schematic of the DLW used in the present work. (c)
Typical soft mask used to transfer the MC patterns on PR coated wafers.
Mask file is divided into strips and is written in a serial fashion. Strip width
and number depends on the selected lens and its overlap (D-step) can be

adjusted by the user interface.
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2.2. Chemical wet bench

Several other microfabrication processes such as Si wafer cleaning (using Piranha
solution), etching of SiO2 (using BOE), and Si etching (using TMAHw solution) were
carried out in a chemical wet bench which is housed outside the clean-room. A detailed
discussion about each of these processes is presented in chapter 3. The photograph of the
experimental setup used for etching Si in TMAHw solution followed by a boiling DI water
dip is shown in figure 2.3. TMAHw solution was heated to the required temperature using
a hot plate and the Si wafer pieces (containing the MC patterns) were held firmly inside
the crucible using a Teflon holder, in vertical position. During etching, the solution was
continuously stirred using a magnetic bead and the temperature of the solution was
monitored using a thermometer. Additionally, to avoid the loss of liquid from the surface,
the crucible was closed using a Teflon lid with provisions for sample holder and
thermometer as shown in figure 2.3. Post etch rinsing in boiling DI water was performed

on a separate beaker containing DI water placed over another hot plate (see figure 2.3).

Thermometer

eflon wafer holder

— Alumina crucible % DI water for
' . rinsing

HotPlates

Figure 2.3.  Setup inside wet chemical bench for performing Si etching using TMAHw

solution followed by rinsing in boiling DI water.
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2.3. 3D optical microscope

3D optical microscope (3D OM) is a versatile white light-based interferometric
system integrated with a microscope for measuring nanometer range topographical
features. It is a non-contact, optical method for height profile measurement of 3D
structures. The broad bandwidth white light source used in 3D OM naturally leads to short
coherence length which helps in high Z resolution imaging. Further, it can be useful for
characterizing the out-of-plane deflection of free-standing mechanical microstructures or
membranes, step height, etch depth, and surface roughness of a film/surface [1]. The block
diagram of a typical 3D OM is shown in figure 2.4 (a) and its working principle is
discussed here briefly. A bright, broadband white light from an LED source initially passes
through a neutral density filter preserving its short coherence length. A beam splitter then
separates the beam into two parts: directing one part towards the test sample via an
objective lens, and the other beam towards a reference mirror. Recombination of the two
reflected beams forms a high contrast interference fringes when the waves are in phase i.e.
when the sample surface is in focus. Due to the short coherence length of the filtered light
source, fringes are localized around the focused area. As the objective lens scans the test
sample vertically, the sensor head generates a series of interference patterns, called an
interferogram, which is captured by photodetectors. Intensity captured at each pixel of the
interferogram is individually processed using frequency domain analysis and a robust
algorithm reconstructs the complete three-dimensional image of the test surface with a Z

resolution of better than 1 nm and can differentiate heights up to 10 mm [2].

Photograph of the 3D OM (M/s: Bruker, USA make, model: Contour GT-K,) used
in the present work is shown in figure 2.4. The equipment is fully automated with a
proprietary software Vision 64. For measuring curvature present in SiO2, MCs, the wafer

containing MCs was placed on a tilt controlled XY stage. The white light from the LED
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source is focused onto the sample with the help of an objective lens of magnification 10X
and is scanned in the Z direction. The interferogram, formed between the reflected light
from the sample and the reference mirror, is collected by a charge-coupled device which
acts as the intensity sensor at the image plane, and the reconstructed 3-D profile of the
sample can be viewed through the computer interface. In the present work, all the
measurements were performed in vertical scanning interferometry mode at room

temperature and ambient pressure.
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Figure 2.4.  (a) Block diagram and (b) photograph of 3D OM used in the present work.

Inset in (b) shows the magnified image of the interferometric microscope

objective focused on the sample placed on the X-Y stage.

2.4. Nano Vibration Analyzer

A laser-based interferometric system, Nano vibration analyzer (NVA), (M/s SI10S,
Germany), is used for dynamic characterization (resonance frequency and vibrational
modes shapes) of microfabricated free-standing microstructures. The block diagram and
the photograph of the setup employed in the present work are shown in figure 2.5. NVA
consists of a fiber-coupled laser (He-Ne laser, A = 632.8 nm) based interferometer along
with a precision microscope for imaging and focusing the laser beam on the microstructure

surface. It also enables real-time monitoring of the sample through a USB camera along
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with a computer interface. For resonance frequency measurements of SiO> MCs, the wafer
containing MCs was glued to a piezo actuator which in turn was placed on the XY sample

stage of NVA. The laser beam from NV A was made to focus on the free end of the MC

Detector | (@)

Fiber Optic cable :
Electronics

Interferometer

Microscope Compumr

Interface
ISampIe

Piezo Actuator n

“ Detector

vay
4”‘>
Laser Input

(b)

Function
Generator

==
LS —-(" Y

Figure 2.5.  (a) Photograph and (b) block diagram of NVA used in the present work.

using a 50X objective lens. Piezo actuator was excited using a function generator (Model:
33220A, M/s Agilent technologies). By varying the function generator frequency in the
required steps, the amplitude of vibration was recorded using NVA at each frequency
through a user-programmable interface software InfasVibro. The resonance frequency of

the MC was then estimated from the plot of applied sweep frequency vs amplitude of
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vibration. All the measurements were performed at room temperature (23°C) in ambient

air (Pressure = 10° Pa).

Figure 2.6 shows a typical resonance spectrum of 210 pm long MC measured using
NVA along with Lorentzian fit, from which resonance frequency (fo), bandwidth (Af), and
quality factor (Q = fo/Afoq) were estimated to be 17.82 kHz, 0.89 kHz and 19.82,

respectively.

1254 P f,=17.82kHz
1 Q-factor = 19.82

Amplitude (nm)

014

e
Frequency (kHz)
Figure 2.6.  Resonance spectrum of a typical 210 um long SiO2 MC recorded using

NVA.

2.5. Laser Doppler Vibrometer

Laser Doppler Vibrometry is an interferometric technique for measuring velocity
and works on the principle of Doppler shift of laser light reflected from the moving object.
Because of its non-contact nature and precision, it has been widely used to characterize
small-scale vibrations (in the range of few pm to nm) in devices ranging from MEMS to
disk drives [3]. In the present work, a commercial Laser Doppler Vibrometer (LDV, M/s:
Polytec MSA500) available at CSIR-CEERI, Pilani (Rajasthan), was used for dynamic
characterization of the fabricated SiO> MCs. A photograph and the block diagram of the

experimental setup used is shown in figure 2.7 (a) and (b), respectively. For resonance
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measurements, the wafer containing MCs was glued to a piezo actuator (Model No:
CMAPQ9, Noliac) which in turn was excited using a sinusoidal signal (0 — 1 MHz) from
the internal function generator of LDV as shown in figure 2.7 (b). The laser beam from
LDV was focussed on the free end of the MC, where the amplitude of vibration is
maximum. The resonance spectrum was recorded in air by sweeping the frequency, which
resulted in several peaks corresponding to various modes of MC along with spurious

resonance effects from the piezo-actuator used.

(a) (b)
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and Computer

n Interface

Fiber Optic Cable
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controller

Function
Generator

Focusing Optics

Piezo-actuatalt

A - 3-D adjustable
. R vibration free stage

Figure 2.7.  (a) Photograph and (b) block diagram of LDV used in the present work for

resonance frequency measurements of MCs.

To identify the peak corresponding to the fundamental mode of the MC, two
approaches were adopted. In the first approach, the experiment was repeated by focusing
the laser on the substrate and the recorded signal was used to subtract the spurious peaks
from the piezo actuator. In the second approach, for a given dimension of MC, Finite
Element Modelling (FEM) simulations were carried out to predict the fundamental mode
resonance frequency (discussed later in section 2.7). Once the desired peak was identified,
the frequency spectrum was again recorded around the peak value with a high-resolution
frequency scan (figure 2.8(a)) and the resonance frequency was estimated by fitting the
recorded peak to a Lorentzian function, as shown in figure 2.8(b). From Lorentzian fit, fo,

Af, and Q-factor values were estimated. It may be noted that even though the measured
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resonance frequency values using NVA and LDV are nearly similar, the resonance
spectrum measured using LDV contains a greater number of data points compared to the

data measured using NVA.

(a) 3.090 s Experimental data (b)

Lorentzian fit

Amplitude

Amplitude (nm)

5 43 44 45 46 47
i 7 ) —— 7 7 5 Frequency (kHz)
gy 1]

Figure 2.8.  (a) High-resolution LDV scan at resonance and its (b) Lorentzian fit on a

typical released 130 um long MC.

2.6. Atomic Force Microscopy

Surface morphology/ roughness of SiO> MCs was characterized using a precision
Atomic Force Microscope (AFM, M/s NT-MDT Ntegra Prima, Russia — figure 2.9(a)).
For this purpose, SiO> MC was loaded as sample in AFM and using a commercial MC
with tip (Model No: NSGO1/Au, M/s: NT-MDT, Russia) it was scanned. AFM was
operated in non-contact mode and the scanning was performed under ambient conditions.
Once the AFM image was recorded, average and RMS roughness values were extracted
using the in-built image analysis module. Figure 2.9 (b) shows a typical AFM image of a
SiO; surface scanned over an area of 5 um?. From this image, the RMS roughness of the
surface was found to be ~ 4.1 nm. Similar measurements were performed at various places

of the sample to obtain statistical variation.
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Figure 2.9. (a) Photograph of the AFM used in the present work. (b) Surface
morphology of a typical SiO2 surface recorded using AFM. From this
image, the RMS roughness of the surface was estimated to be ~ 4.1 nm.
2.7. Finite Element Modeling simulations
Resonance frequency values of all the MCs were also estimated through FEM
simulations, using commercial software package Intellisuite. The finite element method is
a general technique for constructing approximate solutions to boundary value problems.
This method involves dividing the domain of the solution into a finite number of simple

sub-domains which are called finite elements and uses variational concepts to construct an
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approximate solution over the collection of finite elements [4]. To estimate the resonance
frequency of an MC, it was designed with desired dimensions using the 3D builder module
of the Intellisuite software. The designed MC was then imported to the
Thermoelectromechanical (TEM) module where the material properties of SiO, were
provided as input from the material database of the software (Young’s modulus, E = 70
GPa, mass density, p = 2650 kg/m?® [5]). The mesh generated for the calculations consists
of cuboids of 1 um?along the length of the MC. One end of the designed MC was fixed
by boundary conditions and vibrational mode simulations were performed as shown in
figure 2.10. Simulations were repeated for various dimensions of MCs (L = 50 — 350 pm,
W =40 um and T = 0.05 — 1 um) and compared with experimentally measured values

(detailed in chapter 4).

Figure 2.10. MC structure designed and simulated using FEM software with a mesh size
of 1 um?®. The color code represents the amplitude of vibration and it can
be clearly seen that the amplitude is maximum at its free end.

The effect of micro/nanopattern on the resonance frequency of SiO> MCs was also
studied using FEM simulations. For this purpose, MCs (210 x 40 x 1 um?®) with and
without surface patterns (100 x 100 x (5-50) nm?®, pitch: 1 um) were designed and their
resonance frequency values were estimated. Figure 2.11 (a) shows the relative shift in

fundamental flexural mode frequencies (Af/f (%) with respect to unpatterned MCs) plotted
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as a function of the depth of micro-patterns. Inset shows similar results but when pattern

size is varied from 0 to 20 um at a fixed pattern depth of 50 nm. From these figures, it is

evident that with increasing pattern depth or decreasing pattern size, Af/f increases and is

attributed to the reduction in effective thickness of MCs.

0 (a) —&— First flexural mode 1 . G:SW‘__ m SWT/2 (b)
—>q —>s\ —>sx:>§\ —>s =3
450 4 :s 1_5) s ss s S
E
Q = 300
= :
=
= 2
< 34 e
-o-With Patterns S 150 1
— Without Patternsf-4
44 6 é 10 15 20 ——FEM S.lmlll‘dted
Pattern Size (um) 5 —o— Experimental
o 10 20 30 40 50 10 20 30 40 50
Pattern Depth (nm) RH (%)
Figure 2.11. (a) Relative shift in the resonance frequency of SiO> MCs due to the

presence of surface patterns, with varying pattern depth, estimated using
FEM simulations. Inset shows the relative shift in the resonance frequency
of SiO2 MCs as a function of surface pattern size. (b) Static deflection of
the MCs estimated using FEM simulation along with experimentally
reported values from literature [7], while RH is varied between 6 to 50%.
Inset shows the schematic diagram of MC and the loading scenario used in
FEM simulations based on Zhang et al. model [6]. The surface stress is
modeled as the uniformly distributed axial stress ¢ = sW and a uniformly
distributed bending moment m = sWT/2 where s is the uniformly
distributed area stress and W and T are the width and the thickness of the
MC.

Static bending characteristics of MCs were also examined using FEM simulations.

For this purpose, surface stress-induced deflection of an MC (210 x 40 x 1 um®) during

adsorption of water molecules while RH is varied between 6 to 50% was studied. Surface

stress was modeled as an equivalent uniform in-plane force acting on the surface of the

MC [6]. Figure 2.11 (b) shows the simulated peak deflection values with increasing RH.
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For comparison, experimental deflection values, reported in the literature [7] on MCs with
similar dimensions during adsorption of water molecules, is also shown in this figure.
From this figure, it is clear that with increasing RH, MC deflection increases indicating an
increase in surface stress. However, FEM simulations overpredicted the experimental
deflection values by ~ 32%, especially at higher RH values. This is probable, because in
FEM simulations surface roughness and associated stress concentration regions are not

included.

2.8. Estimation of mean and gradient residual stress of films from MC
bending

When SiO2 MCs are released by etching the underlying Si substrate, residual stress
in the SiO; film gets released as out-of-plane deformation of MC. In general, the uniaxial
residual stress in a thin film is represented by [8],

N (TL/z)k 2.1)

Otot =

k=0
where, T is the thickness of the film and y is a coordinate across the thickness of the film,
and k is an integer. In the first approximation, i.e. when K is truncated to 1, ot is the sum
of constant mean stress oo and gradient stress a1. Neglecting the higher-order terms, Eq.
2.1 becomes,

y
Otor = 09 + 0y (T_/Z) (2.2)

While studying the residual stress in SiO> films using MCs, Fang et al. [8] proposed
that the out of place deformation of the MCs can be modeled as the combination of gradient
stress (o1) induced curvature and mean stress (oo) induced initial slope at the fixed end.

The total angular rotation of the MC is determined by the superposition of components
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due to mean and gradient stress, i.e. 6o (curvature due to mean stress) and 61 (curvature
due to gradient stress), respectively. Based on the empirical fits 6o and 61 were found to

be,

O,
0, = EO (1.33 4 0.45v)(—0.014h + 1.022) (2.3)

O-
6, = ?(0.0086%12 — 0.047h + 0.81) (2.4)

where, E, v, and T are the Young’s Modulus, Poisson’s ratio, and thickness of MC,
respectively. In addition to the base rotation, the gradient residual stress also contributes
to the out-of-plane deflection which could be estimated by the radius of curvature, R of
the MC as,

_ET

O-l_ﬁ

(2.5)

Now, by superimposing the effects due to a0 and o1, the transverse deflection of the MC is

given as,

1
y=(6,+0)x + ﬁxz (2.6)

where x is a point along the length L of the MC. Using this model, in the present work, the
mean and gradient residual stress present in the SiO> film was estimated. Figure 2.12
shows a typical deflection profile of an MC along with the extracted components of x and
x? using eq. (2.6). From these figures, mean and gradient residual stress values were

estimated and found to be -451.34 MPa and 15.62 MPa, respectively.
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Figure 2.12. Deconvolution of mean and gradient residual stress components from
initial bending profile of MCs. (a) Deflection profile of a typical released
SiO2 MC across its length. From this, (b) mean (x-component) and (c)
gradient (x? component) residual stress values were estimated using Fang’s
et al. model [8].
2.9. Annealing experiments on released SiO> MCs
In the present thesis, the effect of high-temperature annealing on the residual stress
evolution of the released SiO> MCs was studied (discussed in chapter 4). For this purpose,
a set of wafers containing SiO>, MCs was annealed at 800°C and 1000°C in Oz and N2
atmospheres. Details about the samples and annealing conditions are discussed in detail in
chapter 4, section 4.2. Figure 2.13 shows a typical temperature profile used for annealing
a sample at 800°C. It may be noted after annealing at the specified temperature for the

required duration (800 °C for 60 min in figure 2.13), the furnace was switched off and the

sample was allowed to cool down naturally through convection.
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Figure 2.13. Typical temperature profile set in the furnace for high temperature

annealing of SiO2 MCs in O; environment.

2.10. Experimental setup for RH sensing

2.10.1. Fabrication of mini air-tight chamber

An air-tight stainless steel (SS) chamber was designed and fabricated for
performing RH sensing experiments on SiO2 MCs using NVA. The fabricated cylindrical
chamber (75 mm diameter x 20 mm height) consists of a transparent quartz glass window
port on the top (figure 2.14 a) which serves twin purposes of visual inspection and
performing optical experiments using NVA. The chamber was provided with a base plate
at the bottom for fixing the chamber on the XY stage of NVA. The chamber also has
provisions for gas inlet and outlet and an 8-pin/5A electrical biasing feedthrough

connector, as shown in figure 2.14 (b) and (c).
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Figure 2.14. (a) Top and side views of the custom-made air-tight chamber designed for
RH sensing experiments. Photograph of the (b) chamber and (c) RH
sensing setup where it is mounted on the XY stage of NVA. In these
photographs, electrical connection for piezo actuator and gas inlet ports are
also clearly seen.

2.10.2. Resonance frequency measurements

RH sensing experiments were performed by measuring the shift in resonance
frequency (fundamental mode) of the MCs, using NVA, when the RH is varied between
20% and 90%. MCs were excited using a piezo actuator which in turn was driven using a
function generator. Wafer containing the MCs along with the piezo actuator was placed
inside the air-tight chamber, which in turn was mounted on the XY stage of NVA. RH
inside the chamber was precisely controlled by varying the flow rate of wet and dry
nitrogen (N2) gas using mass-flow controllers (Model: GFC17, M/s Aalborg) and a home-
made bubbler setup, as shown in figure 2.15. All the experiments were performed in air at

ambient conditions (Ambient pressure ~ 10° Pa) and the temperature inside the chamber
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was maintained at 23°C (£ 0.2°C). RH and temperature inside the environmental chamber
were independently measured using a commercial RH sensor (M/s Sensirion SHT21,

Switzerland, accuracy +2%).
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Figure 2.15. (a) Schematic and (b) photograph of the experimental setup used for
measuring the shift in the resonance frequency of the MCs using NVA
when the RH is varied between 20% and 90%.

Initially, RH inside the chamber was stabilized at 20% by continuously purging the
ultra-high pure dry N2 gas. The resonance frequency of MCs recorded at this RH value

served as a reference for all other measurements. Now, the RH inside the chamber was
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increased in steps of 5% till 90% and at each interval, the resonance spectrum was
recorded. For hysteresis measurement, experiments were repeated while RH is reduced
back to 20%. It may be noted that at a given interval, the RH value was allowed to stabilize
for ~ 10 minutes, and at least three resonance spectra were recorded during this time
interval. Ahead of actual experiment, RH variation and temperature inside the chamber

was calibrated and is shown in figure 2.16.
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Figure 2.16. Typical calibration plot showing the variation of RH (red line) and

temperature (blue line) inside the chamber, with time. These measurements
were performed using a commercial RH sensor while RH inside the

chamber was varied.

2.10.4. Setup for breath monitoring studies

Breath monitoring experiments were performed by exposing MCs to inhale and
exhale breath cycles of healthy adult (male) and by continuously measuring the shift in
peak amplitude at the resonance of these devices using NVA. For this purpose, the same
experimental setup shown in figure 2.15 was used, however, now a breathing mask setup

was used as RH input, as shown in figure 2.17. The data were recorded during normal
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(inhale-exhale cycle = 4 s) and slow breathing (inhale-exhale cycle = 10 s) cycles under
ambient conditions. The measurements were recorded with 5 MCs to ensure the
repeatability and reliability of the sensors. The RH variation during the experiment was

also continuously recorded using a commercial RH sensor.

To NVA, Electronics and Interface

’“ Inhaled/Exhaled air

Piezo Actuator

To Function Generator

Figure 2.17. Experimental setup for monitoring human respiration during inhale/exhale

breath cycles.
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Chapter 3

Fabrication and Characterization of SiO»

Microcantilevers

In this chapter, details about the fabrication of SiO> MCs of various dimensions (L = 50 —
330 um; W =37 um; T = 0.98 um), using DLW and wet chemical etching methods, are
presented. Optimization of various process parameters carried out for the successful
release of SiO> MCs, such as laser dose (in DLW), pre- and post-baking temperature
values, method to avoid stiction during Si etching, etc., are explained. Details about the
fabrication of SiO> MCs with controlled surface micro-patterns (4 x 4 x (0.015 — 0.075)
um?®) using two-layer lithography are also given. Static and dynamic characterization

results on the successfully released MCs using 3D OM and NVA are detailed.

3.1. Introduction

SiO2 MCs are normally fabricated using SiO2/Si wafer in two steps. In the first
step, the desired MC pattern is transferred on SiO layer by standard UV lithography
technique, while the second step involves the release of MCs from bulk silicon (c-Si) by
either wet chemical [1] or dry reactive ion etching [2] of c-Si resulting in free-standing
SiO2 MCs. For MC fabrication, though the pattern transfer can be preferentially achieved
through conventional UV lithography due to its ability to pattern large areas with micron
size resolution in minutes, it has certain disadvantages such as; i) requirement of pre-
fabricated Chrome mask, whose cost can be substantial if the required pattern resolution
is high, ii) lack of flexibility of the mask since the designed mask cannot be altered. Any

minor changes in MC design require a complete set of new masks, resulting in high
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production costs and delayed times and finally iii) it is limited to planar lithography, i.e.

3D patterning is not possible [3,4].

DLW is an alternative patterning method that circumvents the above issues and is
emerging as an interesting new technology for micro/nano fabrication [5,6]. In this
method, a laser beam is used to write (transfer) the desired pattern from a soft mask, on a
photoresist coated substrate, in a serial fashion. Therefore, it is a mask-less technique
which offers a great advantage as a rapid prototyping tool since the desired patterns can
be designed and modified in the software itself without the need for making new Chrome
masks. However, the major disadvantage of DLW technique is its low writing speed,
considering that one laser beam is typically used to write the entire pattern. But this is an
acceptable compromise due to its higher flexibility at design stage [7]. In terms of
resolution of the physical feature that can be achieved, DLW bridges the gap between
nanolithography techniques such as e-beam and AFM-based lithography and micrometer-
resolution UV lithography [8]. A minimum feature size of 150 nm can be easily achieved
using DLW, if diffractive-limited optics and short wavelength UV-visible lasers are used
[9]. Various techniques of DLW have been developed, with applications in fabrication of
optical elements [10], polymer field effect transistors [11], micro batteries and sensors [9].
Moreover, for the fabrication of microfluidic components with precisely defined
geometries using SU-8 photoresist, it is shown that DLW is the preferred fabrication
method over UV photolithography [12]. Attempts are also made in literature [13] to
combine the conventional mask-based UV lithography with DLW to compensate for the
drawbacks of each system. Also, in recent years, femtosecond laser based DLW techniques
have shown the capability for prototyping 3D micro/nano structures by using suitable

photosensitive materials [3,14].
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Once the desired pattern is transferred on the photoresist and subsequently on to
the SiO; satisfactorily, SiO2 MCs are typically released by etching the underlying c-Si by
wet chemicals such as potassium hydroxide (KOH), tetramethylammonium hydroxide
(TMAH) or Ethylenediamine Pyrocatechol (EDP) solutions. Various process
optimizations during the release of MCs by these methods require careful evaluation of
advantages and trade-offs. For example, Jolly et al [15], fabricated miniature SiO2 MCs by
anisotropic etching of Si using the EDP solution and gave criteria for stability of the

released structures. They used elastic theory to show that MCs whose thickness to width

ratio is smaller than 0.52v/AaAT would not be stable due to stress caused by the difference
in thermal expansion coefficient (Aa) of Si and SiO: at elevated temperatures of film
growth (AT). In yet another study, Jovic et al [1] showed that the orientation of SiO, MCs
with respect to the underlying Si plays the pivotal role in the stability of these structures
when released by wet chemicals and concluded that MCs which are oriented along <100>
direction of Si are more stable compared to the ones oriented along <110> direction. They
have also shown that Si etching in TMAH solution compared to KOH solution yields more

stable MCs.

When wet chemicals are used for releasing the SiO2> MCs, the released devices
usually stick to the underlying Si substrate, making the device unusable. Stiction in these
devices occurs when the capillary/electrostatic forces between the structural layer and the
substrate dominate over the elastic restoring force of the former, leading to device failure
[16]. Several methods are proposed in the literature to avoid stiction, which includes
evaporation drying after rinsing in liquids having low surface tension at their boiling points
[17], sublimation of the rinse liquid after low-temperature solidification, critical point
drying at high pressure [18], etc. Joshi et al [19] proposed a novel technique to release

ultra-thin SiO> MCs by etching significant amount of Si from the backside prior to
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patterning the MC from the front side of the wafer which eliminates stiction during wet
chemical etching. Methods of reducing stiction by reducing the MC-substrate contact area
were also studied by several authors. They include introducing temporary support
structures such as bumps, sidewall spacers or by increasing the surface roughness at the
interface [20] and by adding small areas with convex corners, at the periphery of the
microstructures, near the point of largest vertical deflection [21] to counteract the surface

tension forces.

In the present thesis, SiO> MCs of various lengths (keeping width and thickness
constant) were fabricated using DLW and wet chemical etching methods. Various
microfabrication process parameters were optimized for the successful release of these
devices. Successfully released MCs were characterized using a 3D OM and NVA for initial
bending and resonance frequency measurements, respectively. The released MCs were
found to exhibit upward bending and their corresponding peak deflection was found to
increase with increasing MC length. From the linear relation between these two
parameters, the gradient residual stress in the SiO> film was estimated. Experimentally
measured resonance frequency values were compared with analytical values estimated
from classical beam theory and the reasons for the difference between these two values
especially at smaller lengths are discussed. Details about the fabrication of SiO2 MCs with
controlled surface micro-patterns using two-layer lithography are also discussed. Finally,

the effect of micro-patterns on the static and dynamic properties of the MCs is discussed.

3.2. SiO2 microcantilever fabrication steps

SiO2 MCs of varying lengths in the range from 50 um to 330 um with fixed width
and thickness of 37 um and 0.98 pum, respectively, which are oriented in <100> direction

of Si {100} wafer (i.e. 45° to primary flat), were fabricated using DLW and wet chemical
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etching method. Various parameters set in DLW for MC pattern transfer and details about
the mask file used are given in Table 3.1. It may be noted, MCs oriented in Si <100>
direction, are relatively easy to fabricate and more stable compared to the ones oriented in
Si <110> direction [1] (see section 3.2.1 for more details). Various steps followed for the
fabrication of these MCs are shown in figure 3.1. Si {100} wafer (IceMOS Technology
Ltd., UK) with 0.98 pum thick thermal oxide was used as starting material (figure 3.1 (a)).
Fabrication process started with Piranha (H2SO4 : H202 in 3:1 ratio) cleaning of SiO2/Si
{100} wafer pieces (2 cm x 2 cm) followed by spin coating of ~ 1.4 um thick positive
photoresist (AZ1512HS, Microchemicals, Germany) (figure 3.1 (b)). PR coated wafer was
pre-baked at 100 °C for 60 s to evaporate the solvents. Thereafter, the wafer was placed
on the sample holder of DLW to transfer the pre-loaded MC mask pattern in CIF format.

Table 3.1.  Various process parameters set in DLW for pattern transfer on PR coated

wafer and details about the soft-mask file.

- Laser wavelength 405 nm
2. Laser power 3% of 60 mW
3. || NA of the lens 0.65 (lens 5)
4. || Writing mode Beam scan
5. || Sample stage control resolution 10 nm (Interferometric)
6. || Write speed 320 pum/sec
7. || Total writing time ~ 5000 sec (1.5 Hrs)
8. || Laser dose 272 mJ/cm?
9. Mask size 12000 pm x 12800 pum
10. || No. of strips 124
11. || Strip length & width 12800 pm &100 pm
12. || X and Y grid (D-step) 0.1 um & 0.2 um
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Laser dose for effective pattern transfer on photoresist was optimized and found to be 272
mJ/cm? (see section 3.2.2 for details). Post-written patterns were developed in developer
solution (AZ400K, Microchemicals, Germany) and once the patterns were satisfactory,
the wafer was post-baked at 150°C for 10 min (see section 3.2.3 for details). Followed by
this, the wafer was etched using buffered oxide etchant (BOE, M/s Microchemicals
GmbH, Germany, etch rate ~ 80 nm/minute) for ~ 10 min to transfer the pattern from PR

to SiO: layer (figure 3.1 (c)).

Figure 3.1.  Various process steps involved in the fabrication of SiO> MCs. (a) Starting
material: Si <100> wafer with 0.98 um thick thermal SiO>. (b) 1.4 um thick
photoresist (PR) is coated using spin coater. (¢) MC pattern is transferred
on PR using DLW followed by buffered oxide etching of SiO». (d) PR is
stripped using acetone and cleaned with IPA. (e) Underlying Si is etched in
TMAHw solution to finally release the SiO, MC.

After oxide etching, the residual PR was stripped off in acetone and cleaned with
isopropyl alcohol (IPA) (figure 3.1(d)). Finally, bulk Si below the patterned SiO, was
etched using TMAHw solution (diluted to 5%) at 75 °C for ~ 90 min, to release the SiO>
MCs (figure 3.1 (e)). During etching, TMAHw solution was continuously stirred using a
magnetic bead, to maintain a constant temperature. After the etching process, the wafer
was removed from the solution and thoroughly rinsed with DI water, allowed to dry in
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Table 3.2.  Various process parameters optimized for the successful released of SiO>
MCs.

MC orientation

Piranha (H2SO4:H203) cleaning

Ve opte

<100> orientation of SiO2/Si {100} wafer

15 min.

DI water rinse

Pre-heating temperature and time

5 min.

150°C, 10 min.

Spin-coating speed and time

4000 rpm, 30 s.

Pre-baking temperature and time

DLW Laser energy

100°C, 60s.

272 mJ/cm?

PR Development (AZ400K) time

30-35s.

Post-baking temp and time

BOE Time and temperature

Temperature and time

150°C, 10 min

10 min, 25°C (Room temperature)

75-80°C, ~90 min

DI water rinse temperature and time

100°C, ~ 10 min

ambient air and was carefully observed under microscope. However, most of the released

SiO2 MCs were stuck to the bottom Si, as expected, due to “stiction”. In the present thesis,

an innovative two-step process was followed to avoid stiction and is discussed in detail in

section 3.2.4. Table 3.2 summarizes various process parameters optimized for the
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successful release of SiO> MCs. Figure 3.2 shows a typical FESEM image of the
successfully released SiO> MCs after implementing these optimization steps. Once the
fabrication process is complete, the wafer containing the released SiO, MCs was carefully

stored in a vacuum desiccator before being taken for characterization.

100 pm EHT = 6.00 kv Signal A= SE2  Date 2 Nov 2017 10 um EHT = 5.00 kV Signal A=SE2  Date :2 Nov 2017
WD = 7.1 mm Mag= 245x  Time 124350 H WD = 7.0mm Mag= 100Kx Time 124855

Figure 3.2.  FESEM images of the typical SiO, MCs fabricated in the present work. A
tip at the free end is added to avoid the stiction while releasing the MCs
by wet chemical etching method.

Experiments performed to optimize various process parameters such as laser dose
(in DLW), PR post-baking temperature/time and a two-step process followed to avoid

“stiction” are discussed now.

3.2.1. MC orientation with respect to Si

It is well known that the crystallographic orientation of underlying Si (see figure
3.3 (a)) plays a major role in achieving the stability of the SiO> MCs released by wet
chemical methods [1,22]. The orientation determines the preferential direction along
which the etching of underlying Si below the MCs progresses. When MCs are oriented
along <100> direction, etching of Si initiates and progresses along the width of MC
whereas, etching is preferred along length in the MCs oriented along <110> (see figure

3.3 (b), (c), (d)). Inthe former case, Si remains till the final release of MCs and thus
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Si {100} wafer
<110> (a)

<100>

45°
<110>

Primary wafer flat

) e N\
[ Sisubstrate ) .

Figure 3.3.  (a) Schematic of different crystallographic orientations in Si {100} wafer

_Sl shb;stfate P

with respect to the wafer prime flat. (b) Typical mask layout showing MCs
oriented along <110> and <100> directions. Evolution of Si undercutting
when SiO2 MCs are oriented along (c) <100> and (d) <110> directions with
respect to underlying Si {100} wafer (adopted from [1]). In (c) and (d) the
black dotted lines represent the progressing direction of Si etching in
TMAMH solution, with time. (e) Typical optical microscope image of a SiO-
MC oriented in <100> direction after 50 minutes of Si etching. Underlying

Si, along the width of the MC is clearly seen in this image.
ensuring the stability (figure 3. 3 (e)). Also, releasing of MCs oriented at 45° to the primary
flat of Si {100} wafer is an easy and fast process compared to 90° oriented MCs; normally
the width is significantly smaller than the length of any MC [1,22]. Taking these aspects
into consideration, in this work, it was decided to fabricate MCs which are aligned 45°

(<100> direction) to the primary flat of the {100} Si wafer.

3.2.2. Laser dose optimization
While transferring a micro pattern using DLW on the PR, there exists a critical
laser dose - ‘D¢’, at which the transferred pattern matches exactly with the actual mask

pattern. If the laser dose is lower than De, residual PR remains at the exposed regions and
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when it is higher, pattern resolution deteriorates. Initially, a test pattern (see figure 3.4 (a))
was written on PR using DLW at various laser doses starting from 160 mJ/cm? to 320
mJ/cm? from which the optimum value of D was determined. Figures 3.4 (b) - (g) show
the optical microscope images of the transferred pattern at these doses. From these images,
it is clear that till 230 mJ/cm? (figure 3.4 (e)), pattern transfer is incomplete i.e. exposed
PR still remains at some places, showing under exposure. This indicates that the laser
power is not sufficient to reach till the end of PR thickness (i.e. < D¢) since its intensity
falls as I= loe®", where ‘a’ is the absorption coefficient and ‘%’ is the thickness of PR.
Further increase in laser dose (figure 3.4 (f)) was found to completely dissolve the exposed
PR and the transferred pattern matches well with the mask pattern around ~270 to 275
mJ/cm?. However, when the laser dose was increased beyond this value, the dimensions
of the transferred patterns were found to reduce, indicating that the dose is > D¢ (see figure

3.4 (g)). When laser energy is greater than D¢, the light starts seeing the substrate leading

-

230mJ/cm 272mJfecm
Figure 3.4. (a) MC test pattern used for estimating the critical laser dose “D¢”. (b) —

(9) shows the optical microscope images of the transferred MC pattern on
PR using DLW at various laser doses from 160 mJ/cm? to 320 mJ/cm?.
From this study, D¢ for optimum pattern transfer was estimated to be 272
mJ/cm?,
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to scattering/ diffractions effects which eventually reduces the pattern dimensions [23].
From the foregoing discussions, it is clear that D= 272 mJ/cm? and the same value was

set in DLW, for effective pattern transfer.

3.2.3. Photoresist post baking temperature and time optimization

After successfully transferring the patterns on the PR, the sample was post-baked
at 120°C on a hot plate for 10 minutes to improve its adhesion for subsequent etching of
SiO2 in BOE. Figure 3.5 (a) shows the transferred pattern on SiO. (after stripping the PR
in acetone) along with the actual mask pattern (figure 3.5 (b)). From these figures, it is
clear that the transferred pattern has slanted edges, which indicates the presence of

undercutting.
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Figure 3.5.  Photoresist post-baking temperature optimization. (a) Optical microscope

image of the transferred MC pattern on SiO- after post-baking the PR at
120°C followed by BOE (b) along with the mask pattern used. (c) Dektak
line profile of the transferred pattern along the width of the MC. The dotted
line shows the actual mask pattern for comparison. From this data undercut

ratio, Ur was estimated.
The undercutting is more evident from figure 3.5 (c), which shows the SiO; film

thickness profile of the transferred MC pattern across its width, recorded using a Dektak
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stylus profiler. It should be noted that there is always a natural degree of undercutting, as
BOE being an isotropic etchant and thus penetrates in all directions, but the lack of PR
adhesion on the substrate leads to the penetration of etchant along the substrate-resist
interface and exaggerates the same [23]. In order to distinguish between these two effects,
one can measure the undercut ratio (Ur), which is given by,

d
=— d
U = (3D

where, d and d; are the thickness of SiO2 and width of the MC measured at the top,
respectively, as shown in figure 3.5 (c). If Ur =1, undercutting is due to unavoidable
isotropic BOE etching, whereas, if it is < 1, it is due to improper adhesion of PR. From
figure 3.5 (c), Ur was estimated to be 0.133, indicating the presence of severe undercutting
and is indeed due to improper PR adhesion. Also, the concave profile of the undercutting
observed from figure 3.5 (c) confirms that it is due to the poor photoresist adhesion and
not due to inevitable undercutting in case of isotropic wet etching using BOE, which

otherwise would have resulted in convex profile, as explained in figure 3.6.

Adhesion of PR on the substrate depends on several parameters such as the
cleanliness of the wafer, its wettability, and PR post-baking temperature/time. Since the
wafers used in the present work are thoroughly cleaned in Piranha solution, it was decided
to study the parametric effect of post baking temperature and time. In order to find the
optimum post-baking temperature (i.e. temperature for which undercutting is minimum),
lithography experiment was repeated on five different samples with increasing post-baking
temperatures from 120°C to 160°C in steps of 10°C. From the optical microscope images
of the transferred patterns at these temperatures, Ur was estimated and is plotted against
post-baking temperature in figure 3.7. From this figure it is clear that at 150°C, Ur ~ 0.9,

and thereafter it remains constant, indicating the minimum achievable undercutting. Based
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Figure 3.6.  Role of PR adhesion on the SiO. undercutting during BOE (cross-section
schematic). White (r) and black (s) dotted lines depict the resultant
transferred pattern in SiO> due to resist peel off and inevitable undercutting
in BOE.

on these experiments, therefore, in the present work, the post-baking temperature was
fixed at 150°C. Inset of figure 3.7 shows the transferred MC pattern at this temperature,
and it is evident from this figure that undercutting is substantially reduced compared to the

sample post-baked at 120°C (see figure 3.5 (a)).

Experiments were also performed by varying the post-baking time from 5 minutes
to 20 minutes, at a fixed post baking temperature of 150°C. We found that with increasing
post-baking time, PR adhesion becomes better and thus reducing the undercutting.
However, for the post-baking times greater than 10 minutes, the PR stripping in acetone
became difficult. Based on these inputs, in the present work, the post-baking temperature

and time were fixed at 150°C and 10 minutes respectively.
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Figure 3.7.  Plot between post-bake temperature and undercutting ratio, Ur. The inset

shows the optical microscope image of the MC pattern after post-baking at

150°C with minimum undercutting.

3.2.4. Effective method to avoid ‘stiction’ during wet release of SiO> MCs

As explained earlier, SiO> MCs are usually stuck to the underlying Si substrate
when released by wet chemical etching method (see figure 3.8 (a) and (b)). Taking a clue
from the existing studies in literature, and after several trial and error experiments, in the
present work, a two-step procedure was followed, to avoid the stiction. First, a sharp
convex tip was introduced at the free end of the MCs which acts as an “anti-stiction tip”
(see figure 3.8 (c)) and the fabrication process was repeated. It may be noted, dimensions
and the shape of the anti-stiction tip was finalized after several iterations. With this
modification, most of the MCs were successfully released as shown in figure 3.8 (d). This
is attributed to the reduction in effective contact length at the free end of the MC across its
width and the substrate from 37 pm (width of MC) to < 1 um (size of the anti-stiction tip)
during the rinse-dry cycle. Reduction in the contact area will reduce the amount of
restoration force required by MCs against capillary forces and thus facilitates the release.
Second, post-etch rinsing was performed in boiling DI water. This step further improved
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the MC release yield. This is attributed to the reduction in surface tension of water to ~58.9
mNm™! at 100 °C (from ~ 72 mNm™! at room temperature), which in turn reduces the
capillary/ electrostatic forces between the MC and the substrate along with a reduction in
drying time. It may be also due to the release of air bubbles trapped beneath the MCs,

pushing the devices away from the substrate.

Figure 3.8.  Typical mask file (a) without and (c) with anti-stiction tip along with the

(b) stuck and (d) fully released MCs (L =90 um), respectively, after TMAH
etching of Si and immediate rinsing in DI water.
3.3. Fabrication of surface micro-patterned SiO> MCs
SiO2 MCs (210 x 40 x 0.98 um?) with controlled micro-patterns (4 pm x 4 um x
(15 — 75) nm) on their surface were fabricated using “two-layer lithography” process as
shown in figure 3.9. Initially, “First mask layer” containing MC patterns was transferred
on PR and subsequently on SiO2 using DLW and buffered oxide etchant (BOE) solution,
respectively (figure 3.9 (a) & (b)). Once the MC patterns transfer was satisfactory, the
lithography step was repeated (on 50% of the devices) with the “second mask layer” to
transfer the micro-patterns (4 pm?) on the surface of MC patterns (see figure 3.9 (c)).
During this step, the desired depth of micro-patterns (~15 — 75 nm) on SiO was controlled
by optimizing the BOE etching time from 10 sto 50 s. Finally, the micro-patterned MCs

were released by etching the underlying Si using TMAHw solution (figure 3.9 (d)).
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Piranha cleaned
SiO,/Si wafer

Si Substrate

Micro-patterns on SiO,

Released MC
eleased’ micro-patterned SiO, MC 40 pm

Figure 3.9.  Schematic of the process steps involved in the fabrication osurface micro-
patterned SiO2 MCs along with the corresponding optical microscope
images. (a) Starting material: Si {100} wafer with ~0.98 um thick SiO2, (b)
MC pattern and (c) ordered surface micro-patterns (4 um? with a pitch of 6
um) transferred on SiO2 layer by a two-layer lithography process, (d)
TMAHw etching of underlying Si to finally release MCs.

Figure 3.10. Typical optical microscope images of released MCs with controlled micro-

patterns on their surface. From left to right depth of micro-patterns is

increasing from 15 nm to 75 nm.

Figure 3.10 shows the optical microscope images of the typical MCs (210 x 37 x 0.98 um?®)

with increasing micro-pattern depth. The micro-patterns are more evident from figure 3.11
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(a) where FESEM image of a typical micro-patterned SiO> MC is shown. Inset shows the
magnified view of the free end of the MC, where micro-patterns are clearly visible. Depth

of micro-patterns was thoroughly characterized (prior to the release of MC) using an AFM

and a typical topological image of a micro-pattern is shown in figure 3.11 (b).

- -SSR L
re 3.11. (a) FESEM image of a typical surface micro-patterned SiO, MC. Inset

Figu
shows the magnified view of the free end of MC, where the micro-patterns
are clearly seen. (b) Typical micro-pattern on a MC surface recorded using

AFM. From this image depth of the pattern was estimated to be ~15 nm.

From AFM image analysis, depth of the micro-patterns was found to be ~ 15 nm.
Similar measurements were performed at multiple places on the wafer, and the maximum
error in depth was found to be = 2 nm. It is also evident from this figure that the pattern
size has marginally increased to ~4.5 um than the designed value of 4 um and the corners
of the square pattern are rounded off. These features are attributed to the isotropic etching
nature of BOE that is used to generate the micro-patterns on SiO.. Similar measurements
were repeated on all the MCs and the estimated micro-pattern depth along with the BOE

etch time is shown in table 3.3.
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Table 3.3. Optimized BOE etch time and the obtained pattern depth on the surface of

SiO2 MCs. Pattern dimensions was fixed at 4x4 pm?.

1. 50 75
2. 40 60
3, 30 45
4. 20 30
5. 10 15

Once the fabrication process is complete, the wafers containing the released SiO>

MCs with and without micro-patterns were carefully stored in a vacuum desiccator.

3.4. Characterization of SiO2. MCs
3.4.1. Curvature measurements

Figure 3.12 (a) and (b) shows a typical 3D profile recorded using 3D OM and the
extracted line profile across the length of a typical 110 pm long SiO2 MC. From these
figures, it is clear that the MC is released completely and is bending upwards, i.e. away
from the wafer by ~ 3.6 um. The out of plane deflection of the MC is attributed to the
presence of gradient residual stress, inherently introduced during the SiO> film growth by
thermal oxidation of c-Si. Similar measurements were repeated on all the MCs and peak

deflection magnitude (zmax) in each case was extracted.
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Figure 3.12. (a) Typical 3D profile of a released 110 pm x 37 um x 0.98 um SiO2> MC.
(b) Line profile of the same MC across its length (shown as a white line in
(@)). Out of plane deflection seen in this figure indicates the presence of
inherent gradient residual stress in the SiO> film. (c) Peak deflection vs.
square of the length of the MCs fabricated in the present work. From the
slope of the linear fit of this data, gradient stress in the film was estimated

to be 15.14 + 0.32 MPa.

The residual stress was estimated from a linear plot of zmax Vs. the square of the
length of MCs (L?), as shown in figure 3.12 (c). The linearity seen in this figure clearly

validates the deflection magnitude measurements. From the slope of the linear fit, the peak

gradient stress (omax) Was estimated using the relation, g,,,, = E szax/ 12 [25], where E,

T and L are Young's modulus, thickness and length of the MC, respectively. By
substituting, E = 70 GPa, T = 0.98 pum, zZmax/ L? = 220.774 m™!, omax in SiO2 film used in

the present work was estimated to be 15.14 MPa + 0.32 MPa. Unlike mean stress, stress
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gradient is anti-symmetric about the MC mid-plane and is a result of more localized effects
like atomic diffusion through the film/substrate interface, interstitial or substitutional
defects and atomic peening [24]. While studying the mean and gradient residual stress in
SiO2 MCs released by wet chemical etching method, Fang et al [24], reported omax 0f 2.18
MPa, which is an order less compared to the values observed in the present work, whereas,
Tsou et al [26] reported a value of 10.85 MPa in their SiO> MCs of similar dimensions.
Laconte et al [27], from their measurements on much thinner SiO> MCs, generalized the
stress gradient to be 17 MPa/0.1 pm. These results are summarized in table 3.4 along with
the value obtained in the present work. From this table it is clear that the stress values
estimated by various authors differ by an order. It should be noted that the stress profile
across the thickness of the SiO film is complicated and depends a lot on its growth
conditions. A change in stress in a very small section of the layer can have an important
effect on the MC deflection and accordingly on the determined stress gradient. Notably,
this gradient residual stress induced curvature gives rise to certain artifacts in the deflection
sensitivity measurements [28] and can influence the stiffness of MCs [29]. Therefore, care
must be exercised while interpreting such results.

Table 3.4. Comparison of gradient residual stress values reported in SiO. films,

obtained from MC bending measurements.

R hpNClmasons 0, 009
[24] L=50-150 ym, L=20 pum, T=1 um 2.18
[26] L=20-140 ym, W=10 um, T=1 pm 10.85
[27] L=100 pm, W =10 um, T=0.3 pm 17
This work L=50-330 pm, W =37 pm, T = 0.98 pm 15.14
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3D OM measurements were also performed on micro-patterned MCs. Typical line
profiles across the length of micro-patterned MCs of varying pattern depths (15 — 75 nm)
along with a profile of unpatterned MC is shown in figure 3.13 (a). As expected, the line
profiles measured on these devices are not smooth due to the presence of trenches across
the line of measurement. Similar measurements were repeated on at least 10 devices from
each sample and their mean peak deflection value (zmax) is plotted as a function of pattern
depth in figure 3.13 (b). From these figures, it is evident that zmax value does not follow
any trend with increasing pattern depth and the variation with respect to unpatterned one

remains within + 20%.
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Figure 3.13. (a) Typical deflection profiles across the length of the micro-patterned
MCs. For comparison, profile recorded on unpatterned MC is also shown.
(b) Plot of peak bending magnitude estimated from the bending profiles as

a function of pattern depth.

3.4.2. Resonance frequency measurements

Resonance frequencies of MCs of varying lengths were measured using NVA as
explained in section 2.4 of chapter 2. Figure 3.14 shows a typical resonance spectrum of
210 pm long MC along with Lorentzian fit, from which fo, Af and Q-factor values were
estimated to be 18.91 kHz, 0.64 kHz and 29.51, respectively. Similar measurements were

repeated on all the MCs (of various lengths) and fo and Q-factor values were extracted. It
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may be noted, for a given dimension, resonance frequency measurements were repeated

on at least 5 MC:s.
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Figure 3.14. Typical resonance spectrum of a MC recorded using NVA and from the

Lorentzian fit resonance frequency and Q-factor values were extracted. In

this figure, the Af is the full width at V2 times the maximum amplitude.

From Eqg. (1.17) we know that,

A2 T |E

fo= Zn\/ﬁl_z\/; (3.2)
which predicts a linear relationship between the resonance frequency and square of the
reciprocal length of MCs (1/L?). By substituting the values of An, T, E and p (1.857, 0.98
um, 70 GPa and 2650 kg/m?) in Eq. (3.2), the resonance frequencies of various MCs (L=
50 — 330 um, W= 37 um, T= 0.98 pum) fabricated in the present work were estimated and
are plotted against 1/L? along with the experimentally measured values in figure 3.15.
From this figure, it is clear that the experimentally measured resonance frequency deviates
from the linear dependence predicted by Eqg. (3.2) and the deviation is more pronounced
for smaller MCs. This is attributed to the deviations in physical dimensions of MCs

fabricated by wet chemical etching method [32].
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Figure 3.15. Analytical and the experimental resonance frequency of MCs with the
inverse square of length (L) (error bar is of the symbol size in the

experimental data).

It is well known that the MCs patterned by isotropic wet etching results in beams
of non-rectangular cross-section (see figure 3.16 (a)) with a different I/A ratio compared
to rectangular beams [33]. Also, an undercutting at the fixed end is inherent in these
structures as they are released by the wet chemical method, which increases the effective
length leading to a decrease in resonance frequency. Correction required in resonance

frequency estimation of these MCs due to the foresaid effects will be discussed now.

When pattern transfer of SiO2 MCs is effected with an isotropic etchant like BOE,
the beam sidewalls profile can be approximated by arcs of circles (see figure 3.16 (b))

leading to a different I and A as given by [33],

,_wre 1+ (12=77/) T/ + (44/3 — 7+ 3n2/4) TZ/Wz
12 1+2="/) Ty

(3.3.1)

A=WT+2(1-"T/,)T? (3.3.2)
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where, the symbols have their usual meaning. The correction factor (B) in the estimated
resonance frequency with respect to rectangular MC is given by,

{a/4

=0/ D e

-1 (3.4)

By substituting the values of W and T in Eq. (3.3) & (3.4), B for the present MCs
was estimated to be 0.001% and is independent of MC length. However, the deviation in
the observed frequency is as high as ~ 30% for the smallest MC, indicating that the

frequency shift cannot be explained by non-rectangular cross-section alone.

Cross-section e==p»>

Figure 3.16. (a) Schematic of MC with non-rectangular cross-section and (b) cross-
sectional view of the MC patterned by isotropic wet etching. The magnitude
of asymmetry is exaggerated for clarity. (c) Optical microscope image of a
typical SiO2 MC released in the present work. Undercut region at the fixed

end is shown by a triangle.

SiO2 MCs fabricated in the present work are released by wet chemical etching of
underlying Si using TMAHw solution, which results in an undercutting at the fixed end of
these structures. The effect of undercutting on resonance frequencies can be modelled by
including extra length AL at the fixed end of the designed rectangular MCs (see figure
3.16 (b)), where AL is independent of MC length [32]. AL was estimated by performing
least square fit on the resonance frequency vs. MC length data using a function f(x) = m/(L

+ AL)? + ¢ as shown in figure 3.17 (a) and it was found to be 7.01 um.
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Figure 3.17. (a) Experimental resonance frequency with the length of MCs and is fitted
to f(x) = m/(L+ AL)? + ¢ by the least square method to estimate the AL. (b)
Experimental and analytical resonance frequency with the inverse square
of corrected effective length. Collapse of these two data on each other
indicates that the leading correction in resonance frequency estimation
comes from extra length introduced due to undercutting.

Now the resonance frequency of MCs was estimated with the new effective length
and is plotted against 1/(L + AL)? along with the experimentally measured frequency in
figure 3.17 (b). Both the data collapse on each other in this figure, thereby establishing
that major correction in resonance frequency estimation indeed comes from the effect of
undercutting in SiO2 MCs released by wet chemical etching method. Interestingly, the
length correction also influences the gradient residual stress estimation and was estimated
to be 14.43 £ 0.28 MPa with (L + AL), which is only ~ 5% lower than that of without

correction.

The dependence of Q — factor on the resonance frequency of the MCs of various
lengths was also investigated and is shown in figure 3.18. From this figure it is clear that
the Q-factor linearly increases with increasing frequency till ~ 150 kHz, to a value of ~ 93
and thereafter it seems to saturate. It is to be noted, in the present work, all the frequency

measurements were performed in air at ambient pressure (~ 10° Pa) and hence explains the
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lower Q — factor obtained in these devices [34]. The saturation of Q — factor above 150

kHz can be attributed to the air viscous damping at ambient pressures [35].

1004
80
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Figure 3.18. Experimentally estimated Quality factor of the released MCs as a function

of their respective resonance frequencies.

Resonance frequency measurements were also performed on micro-patterned
MCs. Figure 3.19 (a) shows the resonance spectra of typical micro-patterned MCs of
various depths (15 — 75 nm) along with the corresponding Lorentzian fit. For comparison,
the resonance spectrum of a typical unpatterned MC is also shown in this figure. From this
figure, resonance frequency and Q-factor values were estimated and their variation with
pattern depth is shown in figure 3.19 (b). From this figure, it is evident that both fo and Q-
factor values decrease with increasing pattern depth. The decrease in resonance frequency
can be attributed to the competing effects of marginal decrease in effective thickness of
the MCs and the corresponding reduction in mass and is in accordance with FEM
simulation results. Reduction in Q-factor may be due to the enhanced viscoelastic damping

on the surface introduced by micropatterns.
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Figure 3.19. (a) Typical resonance frequency spectra of micro-patterned MCs. For
comparison, resonance spectrum of an unpatterned MC is also shown.
From the Lorentzian fit, resonance frequency and Q-factor values were
estimated. (b) Mean resonance frequency (blue solid line) and Q-factor
(green dotted line) of MCs as a function of pattern depth. In this figure 0

nm pattern depth denotes the frequency of unpatterned MCs.

3.5. Summary

In summary, SiO> MC of various dimensions are successfully fabricated using DLW
unit and wet chemical etching methods. Various micro-fabrication process parameters
were optimized and are summarized (Table 3.1 & Table 3.2). It is shown that, even for
fabricating simple structures like MCs, DLW can be a valuable tool, if optimizations at
design level are desired. It is shown that introduction of a sharp convex tip at the free end
of the MC along with a post-etch rinsing in boiling DI water, which are otherwise
considered separately, reduces the stiction substantially, even in the longest MCs (L = 330
pm) studied in the present work. From the initial bending measurements on the released
MCs, gradient residual stress present in the SiO> film was estimated and found to be 15.14
+ 0.32 MPa. It is shown that, compared to the role of non-rectangular cross-section of SiO>
MCs, presence of undercutting, which increases the effective length by ~ 7.01 um,
influences the resonance frequency estimation most, especially at smaller lengths. From

the resonance frequency measurements, Q-factor values were estimated and found to
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increase linearly with increasing frequency till ~ 150 kHz, to a value of ~ 93 and thereafter
it seems to saturate. The saturation of Q — factor above 150 kHz is attributed to the air
viscous damping at ambient pressures. Further, micro-patterned MCs were fabricated
using two-layer lithography process. Presence of micro-patterns does not seem to influence
the bending characteristics of SiO> MCs. Resonance frequency measurements on micro-
patterned MCs revealed that both resonance frequency and Q-factor values reduces

marginally with respect to unpatterned ones.
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Effect of biaxial curvature on the resonance

frequency and high-temperature annealing

on the bending properties of microcantilevers

In this chapter, as a prelude to RH sensing studies, 1) the effect of inherent biaxial
curvature on the resonance frequency of SiO2, MCs and 2) post-release annealing on the
evolution of residual stress in these devices, are investigated in detail. In the first part,
the resonance frequencies of the released MCs were measured using LDV and compared
with FEM simulation results. The difference between the experimental and FEM simulated
values is attributed to the presence of biaxial curvature in these MCs. The curvature
present in the MCs was measured independently using a 3D OM. The role of MC
dimensions vis-a-vis curvature on the observed frequency shift is discussed in detail.
Finally, the experimental data from the present work are compared with the experimental
works reported in the literature and existing theoretical models. In the second part, the
effect of post-release high-temperature annealing (800 °C and 1000°C) in different
environments (O2 and N2) on the residual stress evolution of SiO, MCs are presented.
These studies revealed that, irrespective of annealing environment (i.e. Oz or N2), both
mean and gradient residual stress values increase with increasing annealing temperature.
Interestingly, no such increase was seen in samples that are annealed prior to the final
release of MCs. These results are explained based on the onset of plastic deformation and

stress accumulation at the free end of MCs with annealing.
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4.1. Effect of biaxial curvature on the resonance frequency of SiO> MCs
4.1.1. Introduction

SiO2 or SisNg MCs are bent usually away from the underlying Si wafer when
released by wet chemical etching methods. As discussed in chapter 3, this is due to the
presence of gradient residual stress (compressive) introduced during the growth of thin
film at high temperatures [1]. Similarly, to enhance the reflectivity [2] or for immobilizing
biological receptors such as antibodies [3], MCs are usually coated with a metal layer such
as gold on their surface. When subjected to small amounts of heat, these devices exhibit
biaxial curvature due to the difference in thermal expansion coefficients of their
constituent layers. Presence of such biaxial curvature can induce non-linear stiffening and
can significantly influence the MC stiffness [4]. Apart from the fabrication-induced
curvature, when explored for sensor applications, adsorption-induced surface stress can

also influence the stiffness of the MCs [5].

MCs are usually operated either in static or dynamic mode, depending upon the
application. In general, static and dynamic modes of operation of MCs are considered to
be independent of each other and within the framework of classical beam theory, it is
assumed that the surface stress generated during adsorption does not influence the stiffness
of MCs. However, several experimental studies [5-10] reported in the literature show
otherwise and demonstrate that the surface stress can indeed significantly affect the
stiffness of the MCs and the effect can be of the order of the adsorption-induced frequency
shifts. Even though several theoretical models are proposed in the literature [11-19], the

origin of surface stress induced stiffness changes in MCs still remains elusive.

Curvature/surface stress induced stiffness change also critically depends on MC

shape/ dimensions and only a few authors have addressed this problem. For example,
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Lachut and Sader [14-16] found that compared to rectangular MCs, V-shaped MCs are
more prone to surface stress induced stiffness changes [15]. While studying the non-linear
effect of differential surface stress on the resonance frequency of MCs with high aspect
ratios, Tamayo et al [17] concluded that the resonance frequency shift in these devices is
always positive irrespective of the sign of the surface stress. Lakshmoji et al [20] studied
the effect of adsorption induced surface stress vis-a-vis MC dimensions on the stiffness of
uncoated Si MCs and found that the stiffness of MCs increases linearly with the surface
stress scaled with the cube of width to thickness (W/T) ratio of MCs. Sohi et al [4] studied
the role of microfabrication-induced biaxial curvature on the resonance frequency of gold-
coated MCs with increasing W/T ratios. By performing strain analysis using their model,
they concluded that, in the case of wider MCs, the observed frequency shift is mostly due
to the increasing contribution of in-plane stretching displacement and not due to the
flexural stretching mode coupling. The role of biaxial curvature leading to internal stresses
and its consequences on the resonance frequency was demonstrated by Pini et al [18] in
MC plates made of paper sheets. They showed that the internal stress couple with bending
moments in these structures, which increases the magnitude of stiffness by several factors.
Further pursuing the studies in ref. [18], Ruz et al [19] developed a theoretical framework
to explain the role of width to length (W/L) and Poisson’s ratios on eigen frequencies.
They showed that when W/L < 0.1, eigenfrequencies are dominated by non-linear beam
effect and are independent of MC width. In contrast to this, when W/L > 0.2, non-linear
plate effect dominates, and frequency rapidly increases as (W/L)*. They also pointed out

that, Poisson’s ratio can strongly influence the frequency response of wider MCs.

From the forgoing scan of literature, it is clear that most of the dimensional
dependence studies are analytical in nature and exhaustive experimental investigation

using a wide range of MC dimensions is still lacking. This will be the topic of the present
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chapter, where we have studied the effect of fabrication induced biaxial curvature vis-a-
vis MC dimensions on the stiffness of uncoated SiO> MCs. The idea of using as-fabricated
MCs is novel because it provides insight on the role of curvature arising due to gradient
residual stress inherently present in SiO> film and not influenced by any extraneous
coating. The resonance frequencies of the released MCs were measured using a LDV and
compared with FEM simulation results. The difference between the values obtained from
the experiment and FEM simulation is attributed to the presence of biaxial curvature in
these MCs. The curvature present in the MCs was measured independently using a 3D
OM. The role of MC dimensions vis-a-vis curvature on the observed frequency shift is
discussed in detail. Finally, the experimental data from the present work is compared with

experimental works reported in the literature and various existing theoretical models.

4.1.2. Results and discussion

Resonance frequencies of the MCs of varying length were measured using LDV
and its variation with MC length is shown in figure 4.1. It is evident from this figure that
the resonance frequency variation has the expected 1/L2 dependence. Resonance frequency
values of all the MCs were also estimated from FEM simulations, using commercial
software package Intellisuite as shown in the inset of figure 4.1 and were compared with

experimentally observed resonance frequency values.
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Figure 4.1.  Experimentally measured resonance frequency of MCs versus their length.

Here error bar is of the size of the symbol. Inset shows the similar plot with
FEM simulated values. Inset also shows the snapshot of meshed (1 pm?®)
MC structure used for simulations. In this figure, the color code represents
the amplitude of vibration and it can be clearly seen that the amplitude is

maximum at its free end.

Figure 4.2 shows the relative difference between the experimentally measured
resonance frequencies of the MCs with the corresponding FEM simulated values with
increasing W/L of MCs. From this figure, it is clear that the difference is positive and is
<1% when W/L < 0.16 and thereafter it rapidly increases, reaching a maximum value of
5% at W/L=0.35 and then it reduces again with a further increase in W/L value, upto W/L

~0.7.

The observed positive and complex frequency shift between experimental and
FEM values can be due to the following reasons. 1) Variation in physical dimensions
(length and thickness) of the MCs, 2) Details of the fixed end i.e. clamping conditions, 3)
E, p values considered for FEM simulations, 4) Viscoelastic property of the medium (air)

in which the MCs are immersed, and 5) Inherent curvature present in MCs increasing their
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stiffness. We now analyze each of these cases to understand their contribution to the

observed frequency shift.

[
—
W/L

Figure 4.2.  The relative difference between experimental (f1) and FEM simulated (f2)
resonance frequency (477 (= (fi-f2)/f1)x100) plotted against W/L of MCs.

In chapter 3, the experimental resonance frequency values of similar devices were
compared with analytically estimated ones and it was found that the major correction
factor comes from the effective length introduced at the fixed end, due to undercutting
[21]. However, it is interesting to note that this effective length would be the same in all
the devices, as the SiO2 MCs used in the present work were batch fabricated on a single
Si<100>/SiO, wafer pieces using bulk micromachining techniques. This implies that the
nature of fixed end (clamping conditions) would be identical in all the devices. Similarly,
the thickness variation of the MC across the width at various places, along the MC length
was measured using a profiler (prior to release) and was found to be +5 nm. Such a
variation in thickness would result in a frequency shift of 0.5% and therefore do not explain

the observed frequency shift in figure 4.2.

Material properties, such as E and p values were taken from the literature and were

kept constant throughout the simulations i.e. for all the lengths of MCs studied. Moreover,
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it is well known that the thickness and material properties of all MCs fabricated over a
single wafer piece are typically constant [22]. With these conditions, one would expect
(Af/£)% to be zero or a constant value for all MCs, i.e., it should be independent of MC

length.

Resonance frequency measurements were performed in air and the vibrational
characteristics of MCs are known to depend on the viscoelastic property of the fluid in
which the beam is immersed, i.e. air in the present work [23]. To estimate the frequency
shift due to the surrounding air, resonance frequency values were estimated using Sader’s
model [23] and compared with FEM simulated values which can be considered equivalent
to measurements in vacuum. By considering the FEM simulated values as the frequency
of MCs in vacuum (fvac), one can estimate the frequency of MCs oscillating in fluid/air

(fair) using Sader’s model, which is given by,

_1
for = f, 1+npfwr(w) - (4.1)
alr vac 4pCT T .

where, pr and pc are the density of air and mass density of SiO respectively, W and T are
the width and thickness of the MC and I'«(®) is the real part of the hydrodynamic function.
By substituting the known values (pr = 1.18 kg/m?, pc = 2650 kg/m?, W = 37 ym, T = 0.98
um and I'(®) estimated from Reynold’s number [23]), fair was estimated. The computed
shift in frequency with respect to FEM simulated values ((Af/f) = ((fair — fvac)/ fair) X 100)
is shown in figure 4.3 with increasing W/L ratio of MCs. It is evident from this figure that
the frequency shift is negative (mass addition) and decreases with increasing W/L ratio,
which is in sharp contrast to figure 4.2 where we see a positive frequency shift (stiffness
increase) and it increases with increasing W/L ratio. Moreover, the estimated maximum

frequency shift (~ 0.2%) is much lower than the experimental observations (~ 5%) shown
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Figure 4.3.  The relative shift in resonance frequency of MCs in air and vacuum (FEM)

computed using Sader’s model [23] as a function of W/L of MCs.

in figure 4.2. Therefore, one can conclude that the effect of the surrounding air does not
explain the frequency shift observed in the present work. Therefore, we attribute the
observed complex frequency shift in figure 4.2, to the residual stress-induced biaxial

curvature, which was not included in FEM simulations.

4.1.3. Role of biaxial curvature on the resonance frequency of MCs

The biaxial curvature present in SiO, MCs was independently measured using a
3D OM on all the lengths of MCs fabricated. Figure 4.4 shows the variation of principal
(Kx, along the length of MC) and transverse (Ky, along the width of MC) curvature values
measured using a 3-D optical microscope, with W/L of MCs. From this figure, the

following observations can be made.

Kx uniformly increases from 400 m™ to 600 m™ with increasing W/L. In contrast
to this, Ky is initially low (=100 m™), increases rapidly to a value of 600 m™* with W/L, till
0.3 and thereafter the trend is similar to Ky, i.e., uniformly increases to a value of
800 m. Similar W/L dependent increase in tip deflection and thus curvature was reported

by several authors in bilayer MCs and attributed the same to the presence of plain strain
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state [24,25]. For instance, Hou et al. [24], while studying the effect of width on the
residual stress-induced out-of-plane deflection in bilayer MCs, found that the deflection
increases with increasing width until the W/L reaches a critical value of 7. We now
compare figures 4.2 and 4.4 to understand the role of biaxial curvature on the observed
frequency shift by dividing them into three regions (shown by different shades in figure

4.2 and 4.4).

800

600

Curvature (m")
S
=
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=
(w/N) $$3.138 ddeyIng

0.2 0.4 0.6

W/L
Figure 4.4.  Variation of principal (Kx) and transverse (Ky) curvature values with the

WI/L ratio of MCs. Equivalent surface stress estimated using eq. 4.2 is

shown on the right axis.

In region I, where W/L < 0.186, it is evident from figure 4.4 that Ky and Ky increase
from 400 m™ to 460 m™* and ~ 15 m™ to 300 m, respectively. However, in this region,
variation in (Af/f) is < 1% (figure 4.2) indicating that the influence of curvature on the
resonance frequency is minimum. In this region, the beam — like mechanism (W<L, T<<L)
dominates where the curvature is known to have a negligible effect on the resonance
frequency of the MCs, in accordance with the framework of linear elastic theory predicted
by Gurtin et al [11]. In region Il, where 0.16 < W/L < 0.35, Kxand Ky increases from

420 m™ to 500 m?tand 300 m? to ~ 620 m™, respectively. Interestingly, in this region,
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(Af/f) was also found to increase from 1% to 5 % and follows the trend similar to Ky. This
is more clear from figure 4.5 (a) and (b), which shows the variation of (Af/f) with Kx and
Ky, respectively. From this figure, it is clear that, unlike Ky, Kx does not show any clear
dependence with (Af/f) in region-I and region-1l indicating the predominant role of Ky on

the observed frequency shift.
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Figure 4.5.  Variation of relative frequency shift with (a) longitudinal (Kx) and (b)
transverse (Ky) curvature present in SiO2 MCs. The dotted line is a guide
to the eye. It is evident from (b) that in region-I, the frequency shift is
independent of Ky whereas it linearly increases in region-11 and reduces
marginally in region-I1I.

In regions | and Il, MC length becomes comparable to its width, leading to non-
linear plate stiffening at the fixed end i.e., clamping effect. Clamping restriction exerts in-
plane reaction forces to cancel out the bending moments introduced by Ky, which in turn
increases the stiffness of MCs [18,19]. Also, the strain energy associated with the in-plane
stretching is known to increase with increasing curvature (vis-a-vis W/L) [4]. With this
argument, one would expect this effect to further increase with increasing WIL, i.e., in
region Ill. However, in the region — Il (W/L > 0.4), even though both Ky and Ky are
increasing, (Af/f) was found to marginally reduce (see the negative slope in figure 4.5 (a)
and (b)). This is attributed to the presence of a competing plate softening effect at these

dimensions along with the non-linear plate stiffening effect. As W/L increases, non-linear
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effects arise due to larger curvature values in this region. In this situation, the coupling
between in-plane and out of plane strain is sufficiently high to give rise to an effective
softening of MCs [17] leading to the reduction in (Af/f). These results clearly demonstrate
that the gradient stress-induced biaxial curvature in SiO2 MCs indeed increases the
stiffness and this effect critically depends on MC dimensions. Also compared to Ky, Ky

seem to have a dominant role on the observed frequency shift.

4.1.4. Comparison with previously reported experimental and theoretical studies

We now compare our results with various experimental studies reported in the
literature on the curvature/surface stress induced frequency shift in MCs. Details about the
MCs used, surface stress generation method and the observed frequency shift by various
researchers along with our results are given in Table 4.1. It may be noted that in this table,
curvature values were converted into surface stress values to maintain uniformity. From
this table following observations can be made. 1) Most of the reported works are on bilayer
MCs with W/L varying between 0.1 and 0.5 and for the generation of surface stress, no
single method is adopted. 2) When W/L < 0.2, the observed frequency shift is zero or ~1%
in most of the studies and is independent of the magnitude of surface stress. For example,
Karabalin et al [10] reported a frequency shift of ~ 1% on their MCs with W/L of 0.15 for
an applied surface stress of 5.75 N/m. For a similar W/L ratio, Sohi et al [4] reported a
zero frequency shift for a much higher surface stress value of 10.1 N/m. This is similar to
the observations made in the present work and is in accordance with the linear elastic
theory that the effect of surface stress on the stiffness of MCs will be minimum, at these
dimensions. 3) However, when W/L > 0.2, no such correlation exists across the studies.
We have seen a frequency shift of ~ 5% for MCs with W/L between 0.16 and 0.35 for a
maximum transverse surface stress of 8.7 N/m. Whereas for similar W/L and surface

stress, Sohi et al [4] reported a frequency shift of only 0.25%, that too in the third mode.
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Similar conclusions will be drawn by comparing the studies of Hwang et al [26]. These
differences could be due to several reasons such as different methods adopted for
generating surface stress, surface preparation methods followed by different groups,
unspecified fabrication-induced curvature inherently present in MCs, etc. For example, in
the case of gold-coated MCs, adhesion, surface morphology, and cleanliness of gold
sensing surface is shown to have both qualitative and quantitative effects on the measured
surface stress [27,28]. Similarly, in the case of uncoated MCs, surface morphology on
opposite sides has a decisive role in the bending magnitude [20] and thus the generated
surface stress. However, it is interesting to note that any potential experiment intending to
relate the stiffness changes with surface stress needs physical/chemical modification of its

surface and the associated artifacts are inevitable.

To understand the results better, we have compared our data with various available
theoretical models relating the role of surface stress on the resonance frequency of MCs.
For this purpose, the transverse curvature present in our devices was converted into an

equivalent differential surface stress generated on their surface using Stoney’s equation,

ET?
(O-Y) = 6(1 _ V) (KY) (42)
where, E, v, and T are Young’s modulus, Poisson’s ratio of SiO», and thickness of

MC, respectively.

Using the expression in Eq. (4.2), equivalent oy values were estimated and are
shown on the right axis of figure 4.4. Table 4.2 shows various models considered in the
present work along with the equations used for estimating the surface stress induced

resonance frequency shift.
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Table 4.1. Various experimental studies reported in the literature along with the present work for surface stress induced resonance frequency shifts.

Mechanism Value in (N/m)

Gelatin coated V — shaped silicon MC - . . 10
1. [7] L =200 um, k = 0.06 - 0.09 N/m Moisture adsorption 0.38 N/m 1%
SisN4sMC . . o
2. [8] 193 x 20 x 0.6 pum? (WIL = 0.10) Adsorption of Na+ ions 0.35 N/m 6%
Au/Ti/Si MC Amino ethane thiol A 90/ 1 0 Q0
| 12 499 x 97 0.80um? (W/L = 0.19) adsorption 0.59 mN/m 0.2%10 -0.9%
PZT MC functionalized with calix-crown SAM Immobilization of 2 a0
4. | 8] 150 x 50 x 2.18 um® (W/L = 0.33) antibodies 2 N L
. . Surface stress in piezo
AIN/Mo/AIN/Mo piezoelectric MCs ]
5. [10] . . e _ layer due to applied 5.75 N/m ~1%
L: 6 — 8 um; W:0.9 um; T: 0.32 um (W/L =0.11 — 0.15) slectric fiald
Uncoated Si MC
6. [20] a. 450 x 40 x 2.5 pm® (W/L = 0.08) Moisture adsorption a.0.02 N/m a. Nil
b.225x30x3 pm®  (W/L =0.13) b. 0.17 N/m b. 0.05%
c. 125 x 35 x 4.5 um® (W/L = 0.28) c. 0.35 N/m c. 1%
Gold coated polysilicon MC
7 4] a. 200 x 20 x (0.5+1.5) pm® (W/L =0.1) Thermal cycling induced a. 10.1 N/m a. Nil
b. 200 x 70 x (0.5+1.5)um® (W/L = 0.35) curvature b. 10.4 N/m b. ~ 0.26%*
c. 200 x 100 x (0.5+1.5) um?® (W/L = 0.5) c. 10.6 N/m c. ~ 0.65%*
Induced biaxial
curvature
S« 5 : ; . ox — value not
Aluminium “macro” cantilever a. Kx— Due to gravity a. ox — Val a.11%
8. | [8] 29 x10 x 0.0645 cm? (W/L = 0.34) specified
b. Ky - Manually
pressing the cantilever b. oy— 8.21 kN/m b.90.9%
plate
— (o)
9 This Uncoated SiO2 MC with varying (W/L) ratio between Fabrication induced Asx =29 N/m . ;—,;]l\,\,/?]::]hgqglgl\lfvaojg 35
work 0.11 and 0.74. biaxial curvature Acy-8.7 N/m o ~3% when W/L > 0.4
* The observed frequency shifts were in 3" flexural resonance mode
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By substituting the oy values along with other constants in these expressions, the
relative frequency shift was estimated for all the MCs. We found that all these models
either overestimated or underestimated the experimentally observed frequency shift by
several orders. Similar large discrepancies between theoretical models and measurements
are reported by several authors [4,15,16,29]. For example, Lachut and Sader [16] have
compared their model with various experimental surface stress induced frequency shifts
reported in the literature and concluded that their model under predicts the experimental
observations by 3 orders. They opined that, “the observed changes in MC stiffness are
due to the mechanism(s) unrelated to surface stress”. Karabalin et al [10] pointed out that
such large discrepancies could be originating from other uncontrolled surface phenomena
of MCs. Similar conclusions were drawn by Sohi et al [29], while comparing the curvature

induced frequency shift with the models discussed above (see table 4 in ref [29]).

Taking a clue from this, it was decided to see whether the theoretical models at
least capture the MC dimensional dependence observed in our experimental results. To
do the same, the estimated frequency shift in each case was suitably scaled and is plotted
against MC length along with our experimental data as shown in figure 4.6 (a). From this
figure, it is clear that the Lagowski model predicts an increase in frequency shift with
increasing MC length and does not follow the experimental data. This is because of the
fact that the relaxation of the surface stress induced axial force at the free end of MCs is

not taken into account in this model and is in direct violation of Newton’s third law.
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Table 4.2. Various analytical models for estimating the surface stress induced resonance frequency shift. In this table, Af/f is the relative
frequency shift, oy is the equivalent differential surface stress estimated from equation (2), v and E are Poisson’s ratio and Young’s

modulus of SiO», respectively and L, W and T are the length, width and thickness of the MCs, respectively.

Af 1-v)o L3 Axial force model - Failed to account for the
Lagowski et al Model [6] — =1.216 < 24 ) ( 3> relaxation of the applied force at the free end
f E wT of MCs. Considered unphysical.
) 3D model within the framework of linear
Af v(l—v)a, W\ (W elastic theory. Includes the unrelaxed in-plane
HEETSET SRl Lt 2 f = =hies ET (T) (T) stress at the immediate vicinity of the fixed-
end.
. Af  [(1+2v) Extension to Lachut and Sader model.
Karabalin et al Model [10] f [ 1-v) Ty Considered the linear geometric effects.
Af (1-v)Lo 2 The shift in resonance frequency is always
Tamayo et al Model [17] —=0.7 [—zy] positive and is independent of the sign of
f ET differential surface stress.
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Whereas in the Lachut model, this discrepancy was removed and the non-uniform
distribution of in-plane stress at the fixed end of the MCs was included and thus predicts
an increasing frequency shift with reducing MC dimensions (see figure 4.6 (a)). However,
this model does not explain the reduction in (Af/f) for MC length <130 pum. Similarly,
Karabalin’s model [10] which is an extension of Lachut’s model, too does not predict the
frequency shift at smaller lengths. In Tamayo’s model, non-linear effects due to larger
beam bending due to surface stress are considered and seem to predict a reduction in

frequency shift at smaller lengths, but still, do not match completely with our experimental

data.
1 =—O— This work
(a) —+— Lagowski Model
6 —+— Lachut and Sader Model
4 —>»— Karabalin Model
——Tamayo Model
/; 4
34
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Figure. 4.6. (a) Comparison of the experimental frequency shift in the present work
with various available theoretical models. Theoretical frequency shifts
were suitably scaled to superimpose with our experimental data. (b) Square
of dimensionless curvature (KxyL) as a function of W/L. (c) Comparison
of experimental frequency shift as a function of W/L along with Ruz et al

[19] model for both x and y components of curvature.
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In an effort to solve this long-standing problem, recently, Ruz et al [19] developed
a theoretical framework to predict the effect of surface stress-induced curvature on
stiffness and frequency of micro/nanocantilevers, by accounting for the biaxial curvature
induced internal stresses, clamping restriction of bending moment and also the non-linear
effects arising from large static deformations. From their detailed analytical and FEM
simulation studies, they predicted the frequency shift due to surface stress-induced
curvature as [19],
Af, 1 [wee*T W2e 2%

=|a, + (1-v) - Zv) + A, (v) B

fo 120\ 1272 (KsL)? (4.3)

where ¢ and an are mode-dependent constant and coefficient which arises as a result of
counterbalance between non-linear stiffening and non-linear inertial effects. For
fundamental flexural mode, these constants are equal to 0.7745 and 0.02029, respectively.
The function An(v) breaks the mode degeneration of non-linear plate stiffening coefficient
and for fundamental flexural mode, A,(v) = —0.33 + 8.82v — 29.31v2. All other
constants in equation (4.3) has the same meaning as defined in the caption of Table 4.2.
This model predicts that the relative shift in frequency is proportional to the square of
dimensionless curvature (KsL) accounting for non-linear stiffening and clamping
geometric effect present in MCs (V). Taking a clue from this, we have estimated the
frequency shift using equation (4.3) by substituting the curvature values of our MCs along
with other constants. We found that the above model underestimates the positive frequency
shift by an order for the curvature present in our MCs. Therefore, it was decided to analyze
the dimensional dependencies by scaling the estimated frequency shift. Initially, to
understand the role of Ky and Ky on the resonance frequency shift, we have first estimated

the dimensionless parameters (K,L)? and (K«L)? from equation 4.3, for our curvature values
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and their variation with W/L is shown in figure 4.6 (b). From this figure, it is clear that
(KxL)? decreases exponentially with increasing W/L, whereas (KyL)? initially increases,
reaching a peak value at W/L = 0.2 and thereafter reduces, resembling the present
experimental data. Now, by substituting (KyL)? and (KxL)?along with other constants in
equation (4.2), we have estimated the resultant (Af/f) due to Kx and Ky, independently and
superimposed on our experimental frequency data, as shown in figure 4.6 (c). From this
figure, it is evident that Ky induced frequency shift is closer to the experimental data as
compared to Kx. This indeed confirms the predominant role of Ky, as predicted in the

present work, on the observed frequency shift in region Il (figure 4.3).

From the foregoing discussion, we can conclude that biaxial curvature inherently
present in SiO2 MCs increases their stiffness and this effect critically depends on MC
dimensions. We will now discuss the effect of high-temperature annealing on the static

and dynamic properties of these devices.

4.2. Effect of high-temperature annealing on the bending properties of
SiO2 MCs

4.2.1. Introduction

SiO2 MCs are generally exhibit upward bending, i.e., away from the wafer plane,
when they are released from underlying Si by wet/dry chemical etching methods. This is
attributed to the presence of compressive residual stress in the SiO; films which is mainly
caused because of difference in thermal expansion coefficients between Si and SiOo,
resulting from the wafer being cooled from oxidation temperature to room temperature
[1]. It is also well known that the uniaxial residual stress in a thin film has two main
components namely, the mean and gradient residual stress components and that these

components can be deduced from the out-of-plane deflection of MCs [1] (refer chapter 2
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for more information). The presence of residual stress in MCs induces certain artifacts
such as initial bending (in static mode) and stiffness changes (dynamic mode), when
exploring them for sensing applications. Optimization of thin film growth parameters [30],
post-deposition annealing [31], and laser heating of the released structures [32] are some
of the methods reported in the literature to minimize the residual stress induced curvature.
In the present work, the effect of post-release high-temperature annealing on the stress

evaluation of SiO2, MCs is studied.

For this purpose, four identical samples (wafer pieces) containing SiO> MCs were
synthesized using DLW and wet chemical etching methods. These samples were annealed
under different conditions as given in table 4.3. After the annealing process, samples were
unloaded from the furnace and were carefully stored in a vacuum desiccator and were

taken for characterization.

Table 4.3. Details of high-temperature annealing carried out on various samples.

Temperature Atmosphere

800°C 07 1 hour || Post-release annealing
1000°C 02 1 hour || Post-release annealing
1000°C N2 1 hour || Post-release annealing
800°C 02 1 hour || Pre-release annealing

4.2.2. Results and Discussion
4.2.2.1. Effect of annealing temperature
Figure 4.7 (a) shows the initial bending profiles across the length of the SiO> MCs

(L =90 pm), before and after annealing at 800°C (S1) and 1000°C (S2). It is evident from
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this figure that the curvature and the corresponding peak bending magnitude (Zmax)
increases with increasing annealing temperature. From these profiles, zmax was extracted
and found to be 2.57 pm, 7.71 um, and 11.40 pum, respectively. However, no such
significant increase in curvature was found in S4, which is pre-annealed i.e. prior to MC
release at the same temperature (see figure 4.7 (b)). Therefore, the increase in curvature
and zmax values in post-release annealed sample is attributed to the onset of plastic
deformation of the freestanding MCs when annealed at elevated temperatures [25,33]. It
is well known that when the MCs are annealed at higher temperatures, they will expand
and deform due to thermal stress. However, after a critical temperature, the accumulated
stress crosses the elastic limit of the structural film (SiO2) and the deformation becomes
plastic leading to an irreversible increase in the curvature of the MCs, even after cooling.
This also explains the increase in zmax When annealing temperature was increased from
800°C to 1000°C. Similar plastic deformation in bi-material MCs during high temperature

annealing was reported by several authors [25,34,35].
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Figure 4.7.  (a) Typical bending profiles of the MCs before and after annealing (at
800°C and 1000°C) in O.. (b) Typical line profiles of the MCs before and

after pre-release annealing in O at 800°C.

For example, while studying the effect of temperature on the curvature of Au/Si

MCs, Gall et al., [34] found that the curvature of MCs either increase, decrease or remain
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stable due to complex dependence of creep, recovery and microstructural coarsening,
depending upon the annealing temperature and hold time. Kuo et al., [25] found that when
high-temperature annealing is performed, the residual stress gets accumulated leading to
plastic deformation of Au/ poly-Si MCs and that this effect critically depends on the
annealing temperature and physical dimensions of the MCs. Similar conclusions were
drawn by Lin et al., [35] while studying the thermomechanical behavior of alumina coated
AU/SiNx bilayer MCs. An increase in initial deflection due to high-temperature annealing

was also reported in c-Si membranes [36].

4.2.2.2. Effect of annealing environment

In order to understand the role of annealing environment on the bending profile,
S3 was annealed in N2 at 1000°C, and the deflection profile along with S2 is shown in
figure 4.8 (a). From this figure, it is evident that the curvature of the N2 annealed sample
is lower than that of the Oz annealed sample. Also, the deflection profile at the fixed end
of S2 is significantly different compared to that of S3. This is attributed to the stress
accumulation resulting from the additional oxide layer growth at the SiO/Si interface
below the fixed end of SiO2 MCs, in O2 environment at high temperature. However, more

experiments are essential to validate the oxide growth at the fixed end of the MCs.
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Figure 4.8.  Typical line profiles of the MCs before and after annealing in O, and N2

atmospheres at a constant temperature of 1000°C.

4.2.2.3. Effect of MC length

In order to understand the effect of MC length on the annealing induced plastic
deformation, bending profiles of MCs of various lengths were recorded in each of the
samples and the corresponding zmax Values were extracted. Figure 4.9 shows the variation
of zmax as a function of square of length (L?) for S1 and S2 along with the data of MCs
before annealing. Solid lines are linear fit of the experimental data and the extracted slope
values are shown in Table 4.4. From this table, it is evident that with increasing annealing

temperature slope increases which indicates the role of MC length on the bending.
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Figure 4.9.  Peak deflection as a function of square of the length of the MCs before and
after annealing at 800°C and 1000°C in Oa.

Table 4.4.  The slope values extracted from zmax Vs. L2 plot for the samples shown in
table 4.3.

191.31 £ 4.62

700.75£5.41

891.71+£4.05

To understand these results better, the bending profiles of all the MCs were
deconvoluted into mean (oo) and gradient (o1) residual stress values by the method
described in chapter 2. The estimated oo and o1 values for S1, before and after annealing
at 800°C as a function of MC length are shown in figure 4.10 (a) and 4.10 (b), respectively.
It is clear from these figures that oo is negative whereas the o1 is positive, irrespective of
the MC length, which would decide the nature of MC bending (in the present case it is
upward bending) [1]. From figure 4.10 (a), it can be seen that prior to annealing, oo remains

nearly constant at 650 MPa. However, after annealing it is maximum for smallest MC,
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decreases with increasing MC length till 90 um and there after it remains constant. In the
case of o1, even though trend is similar to oo, magnitude of increase in stress values after
annealing at all the lengths is much higher. The enhanced stress levels at smaller lengths

could be due to nature of clamping conditions.
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Figure 4.10. (a) Mean (oo0) and (b) gradient (o1) residual stress values before and after
800°C annealing as a function of MC length. o, o1 values were estimated
by fitting the corresponding line profiles of MCs to a second-order

polynomial function.

4.2.2.4. Effect of annealing on the resonance frequency of MCs

In order to study the effect of annealing induced curvature on the resonance
frequency of SiO2 MCs, the resonance frequency of MCs was measured before and after
annealing sample S1 using NVA. Figure 4.11 (a) shows the typical resonance spectrum
of a 110 um long MC before and after annealing. From this figure, it is evident that the
resonance frequency increases from 63.05 kHz to 65.01 kHz and is attributed to the stress
gradients induced by annealing and associated stiffness changes at the fixed end. The Q-
factor was also estimated from the FWHM of the Lorentzian fit and it was found to
increase by ~18% in all the MCs after annealing. This increase in Q-factor can be attributed
to the surface smoothening of SiO» film with annealing leading to a reduction in surface

losses. Similar measurements were repeated for MCs of all lengths and the relative shift
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in resonance frequencies of the MCs before and after annealing were estimated and plotted
as a function of MC length as shown in figure 4.11 (b). The relative resonance frequency
shift between experimental and FEM simulated frequency values from figure 4.6 is also
shown in this figure, for comparison. It may be noted, in longer MCs (> 190 pm) resonance
frequency measurements could not be performed because of the presence of large
curvature. From this figure, it is evident that the magnitude of the frequency shift is higher
after annealing. However, frequency shift follows a similar trend with increasing MC

length, validating our hypothesis of biaxial curvature induced frequency shift.
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Figure 4.11. (a) Resonance spectrum of a typical 110 um long MC before and after

annealing along with Lorentzian fit. (b) Relative difference in resonance
frequencies of MCs before and after annealing (Af/f %) plotted as a
function of MC length.

From the foregoing discussion, we can conclude that even single layer MCs
undergo an irreversible increase in deflection (plastic deformation) with high-temperature
annealing and this effect is more when the annealing environment is O,. The resonance
frequency of the MCs increases with annealing and the shift critically depends on the MC

length, validating our hypothesis.
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4.3. Summary

In summary, we have investigated the effect of biaxial curvature on the resonance
frequency and the effect of high-temperature annealing on the residual stress evolution of
as-fabricated MCs. The major conclusions from this chapter are summarized below.
a) Effect of biaxial curvature on the resonance frequency

Through systematic experiments, it is demonstrated that the presence of transverse
curvature in uncoated MCs directly increases their stiffness when their W/L is between
0.16 and 0.35. Nonlinear stiffening and clamping geometric effect present in MCs indeed
is the reason for the observed positive frequency shift in this region, and compared to Kj,
Ky seems to play a dominant role on the observed frequency shift. Also, for the first time,
it is shown that the competing plate softening effect due to the presence of unrelaxed
transverse curvature along with the nonlinear plate stiffening effect as the reason for the
decrease in frequency shift for MCs with W/L >0.35, validating Ruz et al. model [19].
Comparison of various experimental studies and analytical models reported in the
literature on the role of surface stress/ curvature on the resonance frequency of MCs

revealed the following.

s When W/L of MCs is < 0.2, the observed frequency shift is < 1% and is
independent of the magnitude of surface stress. Whereas, when W/L ratio >
0.2, no correlation exists between these two parameters.

% Most of the reported analytical models only predict the dimensional

dependence and not the absolute value of the measured frequency shift.

This discrepancy is believed to be due to the presence of unspecified effects such
as fabrication induced curvature and surface morphology of MCs and no single method

being adopted for the generation of surface stress.
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b) Annealing studies

It is shown that post-release high-temperature annealing of SiO> MCs increases
their curvature and is attributed to the onset of plastic deformation of these structures at
elevated temperatures. The mean and gradient residual stress for all the MCs were also
deduced from the bending profiles of the MCs before and after annealing. They were found
to increase by ~230% in smaller MCs. The curvature of MCs annealed in O, was higher
than the samples annealed in N2. This is attributed to the stress accumulation resulting
from the additional oxide layer growth at the SiO2/Si interface below the fixed end of SiO>
MCs, in the former. The resonance frequency of the MCs increases with annealing and it
depends on the MC length validating our hypothesis of biaxial curvature induced

frequency shift.

4.4. References

[1] W. Fang, J.A. Wickert, Determining mean and gradient residual stresses in thin
films using micromachined cantilevers, J. Micromechanics Microengineering. 6
(1996) 301-309.

[2] Z. Schumacher, Y. Miyahara, L. Aeschimann, P. Griitter, Improved atomic force
microscopy cantilever performance by partial reflective coating, Beilstein J.
Nanotechnol. 6 (2015) 1450-1456.

[3] A. Boisen, T. Thundat, Design & fabrication of cantilever array biosensors, Mater.
Today. 12 (2009) 32-38.

[4] A.N. Sohi, P.M. Nieva, Frequency response of curved bilayer microcantilevers

with applications to surface stress measurement, J. Appl. Phys. 119 (2016).

117



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

J. Tamayo, D. Ramos, J. Mertens, M. Calleja, Effect of the adsorbate stiffness on
the resonance response of microcantilever sensors, Appl. Phys. Lett. 89 (2006)
2004-2007.

J. Lagowski, H.C. Gatos, E.S. Sproles, Surface stress and the normal mode of
vibration of thin crystals: GaAs, Appl. Phys. Lett. 26 (1975) 493-495.

G.Y. Chen, T. Thundat, E.A. Wachter, R.J. Warmack, Adsorption-induced surface
stress and its effects on resonance frequency of microcantilevers, J. Appl. Phys. 77
(1995) 3618-3622.

S. Cherian, T. Thundat, Determination of adsorption-induced variation in the
spring constant of a microcantilever, Appl. Phys. Lett. 80 (2002) 2219-2221.

J. Tamayo, V. Pini, P. Kosaka, N.F. Martinez, O. Ahumada, M. Calleja, Imaging
the surface stress and vibration modes of a microcantilever by laser beam
deflection microscopy, Nanotechnology. 23 (2012).

R.B. Karabalin, L.G. Villanueva, M.H. Matheny, J.E. Sader, M.L. Roukes, Stress-
induced variations in the stiffness of micro- and nanocantilever beams, Phys. Rev.
Lett. 108 (2012) 1-5.

M.E. Gurtin, X. Markenscoff, R.N. Thurston, Effect of surface stress on the
natural frequency of thin crystals, Appl. Phys. Lett. 29 (1976) 529-530.

A.W. McFarland, M.A. Poggi, M.J. Doyle, L.A. Bottomley, J.S. Colton, Influence
of surface stress on the resonance behavior of microcantilevers, Appl. Phys. Lett.
87 (2005) 1-4.

P. Lu, H.P. Lee, C. Lu, S.J. O’Shea, Surface stress effects on the resonance
properties of cantilever sensors, Phys. Rev. B - Condens. Matter Mater. Phys. 72

(2005) 1-5.

118



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

M.J. Lachut, J.E. Sader, Effect of surface stress on the stiffness of cantilever

plates, Phys. Rev. Lett. 99 (2007) 1-4.

M.J. Lachut, J.E. Sader, Effect of surface stress on the stiffness of cantilever

plates: Influence of cantilever geometry, Appl. Phys. Lett. 95 (2009).

M.J. Lachut, J.E. Sader, Effect of surface stress on the stiffness of thin elastic

plates and beams, Phys. Rev. B - Condens. Matter Mater. Phys. 85 (2012) 1-11.

J. Tamayo, P.M. Kosaka, J.J. Ruz, A. San Paulo, M. Calleja, Biosensors based on

nanomechanical systems, Chem. Soc. Rev. 42 (2013) 1287-1311.

V. Pini, J.J. Ruz, P.M. Kosaka, O. Malvar, M. Calleja, J. Tamayo, How two-
dimensional bending can extraordinarily stiffen thin sheets, Sci. Rep. 6 (2016) 1-
6.

J.J. Ruz, V. Pini, O. Malvar, P.M. Kosaka, M. Calleja, J. Tamayo, Effect of
surface stress induced curvature on the eigenfrequencies of microcantilever plates,
AIP Adv. 8 (2018) 105213.

K. Lakshmoji, K. Prabakar, S. Tripura Sundari, J. Jayapandian, C.S. Sundar,
Effect of surface stress on microcantilever resonance frequency during water
adsorption: Influence of microcantilever dimensions, Ultramicroscopy. 146 (2014)
79-82.

S. Balasubramanian, K. Prabakar, Fabrication and characterization of SiO>
microcantilevers by direct laser writing and wet chemical etching methods for
relative humidity sensing, Microelectron. Eng. 212 (2019) 61-69.

J.E. Sader, I. Larson, P. Mulvaney, L.R. White, Method for the calibration of
atomic force microscope cantilevers, Rev. Sci. Instrum. 66 (1995) 3789-3798.

J.E. Sader, Frequency response of cantilever beams immersed in viscous fluids

with applications to the atomic force microscope, J. Appl. Phys. 84 (1998) 64—76.

119



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

M.T.K. Hou, R. Chen, Effect of width on the stress-induced bending of
micromachined bilayer cantilevers, J. Micromechanics Microengineering. 13
(2003) 141-148.

Ju-Nan Kuo, Gwo-Bin Lee, Wen-Fung Pan, Stress-Induced Bending of

Micromachined Bilayer Cantilever and Its Optical Application, (2005) 290-295.

K.S. Hwang, K. Eom, J.H. Lee, D.W. Chun, B.H. Cha, D.S. Yoon, T.S. Kim, J.H.
Park, Dominant surface stress driven by biomolecular interactions in the
dynamical response of nanomechanical microcantilevers, Appl. Phys. Lett. 89
(2006) 173905.

H.F. Ji, B.D. Armon, Approaches to increasing surface stress for improving
signal-to-noise ratio of microcantilever sensors, Anal. Chem. 82 (2010) 1634—
1642.

J. Mertens, M. Calleja, D. Ramos, A. Taryn, J. Tamayo, Role of the gold film
nanostructure on the nanomechanical response of microcantilever sensors, J. Appl.
Phys. 101 (2007).

A. Najafi Sohi, P.M. Nieva, Size-dependent effects of surface stress on resonance
behavior of microcantilever-based sensors, Sensors Actuators, A Phys. 269 (2018)
505-514.

M. Kumar, A.K. Sigdel, T. Gennett, J.J. Berry, J.D. Perkins, D.S. Ginley, C.E.
Packard, Optimizing amorphous indium zinc oxide film growth for low residual
stress and high electrical conductivity, Appl. Surf. Sci. 283 (2013) 65-73.

X. Zhang, T.Y. Zhang, M. Wong, Y. Zohar, Residual-stress relaxation in
polysilicon thin films by high-temperature rapid thermal annealing, Sensors

Actuators, A Phys. 64 (1998) 109-115.

120



[32]

[33]

[34]

[35]

[36]

X.R. Zhang, X. Xu, Laser bending for high-precision curvature adjustment of
microcantilevers, Appl. Phys. Lett. 86 (2005) 6-9.

D.E.J. Armstrong, E. Tarleton, Bend Testing of Silicon Microcantilevers from
21°C to 770°C, Jom. 67 (2015) 2914-2920.

K. Gall, N. West, K. Spark, M.L. Dunn, D.S. Finch, Creep of thin film Au on
bimaterial Au/Si microcantilevers, Acta Mater. 52 (2004) 2133-2146.

I.K. Lin, X. Zhang, Y. Zhang, Inelastic deformation of bilayer microcantilevers
with nanoscale coating, Sensors Actuators, A Phys. 168 (2011) 1-9.

J. Ren, P. Kinnell, M. Geear, M. Ward, R. Craddock, The creep behaviour of the
microfabricated silicon diaphragms at 900 °C, Microelectron. Eng. 87 (2010)

1213-1216.

121



122



Chapter 5

Relative humidity sensing studies using SiO»>

microcantilevers

This chapter presents RH sensing studies on as fabricated and micro-patterned SiO2 MCs.
RH sensing experiments were performed by measuring the shift in resonance frequency of
MCs using NVA while RH is varied between 20% and 90%. Experiments on as-fabricated
SiO2 MCs revealed that these devices can be effectively used as RH sensors in dynamic
mode, without any functionalization, with maximum sensitivity and resolution of 4
Hz/%RH and < 1% RH, respectively. RH sensitivity of micro-patterned MCs was found to
be significantly higher than the unpatterned ones, especially at higher RH values. With the
help of a model, it is shown that the formation of gel-like water layer inside the micro-
patterns which facilitates the enhanced uptake of water molecules, is the reason for the
higher sensitivity. Micro-patterned MCs exhibited an unprecedented RH sensitivity (10.45
Hz/% RH), ultrafast response/recovery times (~ 1 s) and outstanding stability (variation
<5%) along with low hysteresis error (<3 %RH). Finally, real-time monitoring of human
respiration during normal and slow inhale/exhale breathing cycles is demonstrated using

these sensors.

5.1. Introduction

Humidity is one of the commonly measured physical quantity, which gives the
measure of water vapor present in the air [1]. In general, there are two parameters
associated with humidity measurement, namely, Absolute Humidity (AH) and Relative

Humidity (RH) [2]. AH is defined as the mass of water vapor present in a unit volume of
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air and is often expressed as gram of water vapor per cubic meter of air (g/m®). Whereas
RH is defined as the ratio of the partial pressure of water vapor (Pp) to the saturation vapor

pressure of the air (Ps) at a given temperature is generally expressed as [3],

PP
RH = -2 x 100% (5.1)
F

As the definition suggests RH is dependent on both temperature and pressure and is
generally expressed as percentage. Implementation of RH sensing is much simpler when
compared to AH sensing. Sustained real-time monitoring and active control of RH are of
paramount importance in the semiconductor fabrication industry, atmospheric chemistry,
breath monitoring, climatology, agriculture, food storage, and medical industries [4-7].
To suffice this broad range of applications, it is therefore, necessary to develop state-of-
the-art RH sensors with high sensitivity, fast response/recovery times (time required for
the sensor to reach 90% of the final value from 10% of its start value and vice-versa) and
ease of integration with readout electronics. Typically, RH sensors are fabricated by
integrating a moisture-absorbing/adsorbing material with a suitable transduction method

which converts the RH change into an electrical signal.

Several RH sensing materials such as ceramics (Al203, TiO2, ZnO, SiO,, LiCl)
[2,8], polymers (polyvinyl alcohol, polypropylene, polyimide, PMMA, SU-8) [9-11],
semiconducting materials (SnO2, BaMOs, In203) [12-14] and composites (ex. Vinyl
functiontionalized mesoporous silica modified with sodium p-styrenesulfonate) [15,16]
are extensively studied, in recent times. Various transduction mechanisms are also
explored in the literature for measuring RH which include resistive [17,18], capacitive
(electrical) [19-21], refractive index change (optical) [22], frequency shift (gravimetric)
[23,24], piezoresistive [10,25] and magnetoelastic frequency shift [26]. Despite the

diversity of sensing materials and mechanisms, most of the conventional RH sensors still
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lack in their sensing performance and require substantial improvements to be qualified for
real-time field applications. For example, resistive and capacitive RH sensors, in spite of
their ease of fabrication, suffer from slower response/recovery times, short-term stability,

and requirement of complex readout circuits for precision applications [10].

In recent times, gravimetric sensors like Quartz Crystal Microbalance (QCM)
[[27]], Surface Acoustic Wave (SAW) devices [28], microbridges [29] and MCs [9,25,30]
have gained much attention for RH sensing, owing to their superior characteristics. In
these sensors, adsorption/desorption of water molecules on the sensor surface, during RH
change, typically results in resonance frequency shift and is usually measured by optical
or piezoresistive methods. It may be noted, measuring the resonance frequency shift with
high precision is relatively easier when compared to accurate voltage/current
measurements [25]. Among the gravimetric sensors, MCs are popular due to their
unprecedented sensitivity and miniaturized size. MCs are usually coated with a moisture-
sensitive layer such as metal oxides, organic polymers, or hybrid composite materials,
whose purpose is to selectively adsorb the water molecules [24]. Subsequently, the
adsorption of water molecules on the MC surface increases the effective mass and results

in a resonance frequency shift.

Interestingly, SiO2, MCs can be used for RH sensing [31] without any
functionalization because of the presence of the hydroxyl groups on their surface which
facilitates the water molecule adsorption through hydrogen bonding [32]. The greatest
advantage of these sensors is that these are compatible with the current microelectronics
industry and can easily be integrated with readout electronics. However, the RH sensitivity
of as-fabricated SiO2 MCs is low when compared to conventional sensors. To increase the

RH sensitivity, as mentioned above, MCs are usually coated with moisture sensitive
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materials. Inrecent times, nano structured materials are considered for this purpose, which
further increases the effective surface area and thus the number of adsorption sites
available for water molecules. Several orders of increase in RH sensitivity is reported
while using nanomaterials. But, functionalizing MCs with nanomaterials is known to
deteriorate other sensor characteristics such as response/recovery times. For example, S.
Stassi et al. [33] showed that the RH sensitivity of Si MC can be enhanced by two orders
by coating a mesoporous silica thin film on its surface. However, they reported a huge
hysteresis error (~ 35 %RH) for their coated sensors and attributed the same to complex
nanopore organization leading to condensation of water layers. J. Xu et al. [34] studied the
humidity sensing performance of ZnO nano-rods coated piezoresistive Si MCs and
reported a RH sensitivity of 4.4 ppm/%RH along with a low hysteresis error of 2.1%. They
also showed that when ZnO nano-rods are modified with chitosan self-assembled
monolayers, the RH sensitivity of these sensors can be further enhanced to 16.9 ppm/%RH.
However, compared to ZnO planar film coated MCs, the response and recovery times of
ZnO nano-rods coated MCs were found to be much longer [25]. Similarly, X. Le et al. [35]
proposed an interdigital transducer (IDT) actuated AIN MC with graphene oxide (GO)
coating for humidity sensing and demonstrated a RH sensitivity of 84 Hz/%RH. They also
pointed out that RH sensitivity can be further enhanced by increasing the thickness of GO
film however at the cost of slower response and recovery times. As an alternative to this,
in the present thesis, it is shown that the introduction of controlled micro-patterns on the
MC surface will enhance the RH sensitivity without compromising other crucial

characteristics.

The rest of the chapter is organized as follows. Firstly, RH sensing experiments on

as fabricated MCs is presented. Followed by this RH sensing studies on micro-patterned
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MCs is discussed in detail. Finally, real-time monitoring of human respiration during fast

and slow cycles using micro-patterned MCs is demonstrated.

5.2. RH sensing using as-fabricated SiO> MCs
5.2.1. Sensitivity, Resolution and Hysteresis

Initially, RH sensing experiments on as fabricated SiO> MCs were performed by
measuring the shift in resonance frequency while RH is varied between 44% and 58%.
Figure 5.1 (a) shows the resonance frequency shift in a typical SiO2 MC (L =210 pm) as
a function of time during one RH increase and decrease cycle. From this figure, it is clear
that during the RH increase (decrease) cycle, the resonance frequency of MC is reducing
(increasing) indicating mass loading (unloading) due to physisorption (desorption) of
water molecules on its surface. These results are clearer from figure 5.1 (b), which shows
the relative shift in the resonance frequency of MC as a function of RH. From this figure,

the RH sensitivity (S) was estimated using the equation,

_ fi—5 )

where, fi and f, and RHi and RHs are initial and final resonance frequency values of the
MCs and corresponding RH values, respectively. Using this equation, a maximum RH
sensitivity of 4.08 Hz/%RH was estimated between 54% and 58% RH. Also, from figure
5.1 (b) the resolution (smallest change in RH that can be detected by the sensor) of the
sensor was estimated and found to be < 1%. This demonstrates that these SiO2 MCs can
be effectively used as humidity sensors with good sensitivity and resolution, without any
functionalization. This is attributed to the presence of silanol (-Si—OH) groups on the SiO>
surface, which directly facilitates the adsorption of water molecules through hydrogen
bonding [32]. Between the RH levels studied in the present work (~ 40% to 60%),

adsorption also takes place in multilayers by forming stacks on top of the silanol groups
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through hydrogen bonding and Van der Waals interactions (H.O — H»O interactions) [36].

This process increases the mass loading on SiO>, MC, leading to a negative resonance

frequency shift, as seen in figure 5.1 (a).
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Figure5.1. (@) Relative resonance frequency shift ((Af/f)%) in a typical SiO2 MC (210
x 37 x 0.98 um?®) and (c) estimated Q-factor as a function of time during
one RH increase and decrease cycle between 44% to 58%. The green dotted
line shows the variation in RH inside the chamber as a function of time,
measured independently, keeping the temperature constant at 24°C. (b) The
relative shift in the resonance frequency of MC as a function of RH. From
the shift in frequency, the adsorbed/desorbed mass is estimated using

equation 5.3 and is shown on the right axis.

These results can be further understood by estimating the added mass on the MC
surface during adsorption. From the observed frequency shift (f2) with increasing
(reducing) RH values, with respect to its value at 44% RH (f1), the adsorbed (desorbed

mass) (Am) can be estimated using the Eqg. (1.21). The adsorbed (desorbed) mass was
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estimated at each RH value, and total adsorbed (desorbed) mass was found to be ~ 50 pg

(15 pg) (see figure 5.1 (b) right axis).

One can also estimate the adsorbed mass analytically from the number of
monolayers adsorbed on the SiO> MC surface between the RH levels studied. The number
of monolayers on SiO; surface between the RH levels of interest was taken from the work
of Asay and Kim [36] and found to be ~ 1 monolayer. The mass of a single monolayer

adsorbed uniformly on MC can be calculated using [38],

1

MHZO 2

3
My, = (N_ PHzo) Amc (5.3)
A

where, My, o and, py, o are the molecular mass (18 g/mol) and density (1 g/cm®) of water,
respectively, Na is the Avogadro’s number (6.023 x 102 mol™) and Awmc is the MC surface
area. The MC used in the present work had a total surface area of 1.62 x 10 cm?, implying
a monolayer of water film on both sides of MC will weigh ~ 5 pg, which is one order lower
than the experimentally obtained value. This difference is attributed to the presence of
surface features on SiO2, which increases the effective surface area and thus the number

of adsorption sites [39,40].

Figure 5.1 (c) shows the variation of Q-factor value estimated from the resonance
spectrum at every RH value, as a function of time along with the varied RH values on the
right axis. From this figure, it is clear that Q-factor remains constant at ~ 29 during the RH
increase cycle, whereas it marginally reduces to ~ 27 when RH is decreasing, which further

indicates the role of complex nano features on the surface on the desorption [41].

Hysteresis characteristic (H) is an important parameter for evaluating the accuracy
and efficiency of a RH sensor. It is a measure of the degree of uncertainty of a sensor and

is given by [42],
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Max —
H = |fads fdesl

; x 100 (%RH) (5.4)

where fags and fees Stand for the resonance frequencies of the MCs during adsorption and
desorption cycles and S stands for the RH sensitivity of the MC in the given RH range.
Using this equation, the maximum hysteresis was estimated and found to be 9 %RH,
between 54% and 58% RH. The existence of hysteresis in these systems is known and is
attributed to the complex nano features present on the MC surface which could hinder the
desorption process. To verify the same, AFM measurements were performed on these SiO>
MC surfaces which revealed the RMS roughness to be ~4.7 nm. This is evident from figure
5.1 (b) that during RH decrease cycle, frequency shift remains constant till ~50% RH, and
thereafter it reduces, indicating that MC retains the adsorbed water molecules till this
period, due to the presence of nano features on MC surface [41]. Further, from figure 5.1

(a) and (b), the response time of the sensor was estimated to be ~ 60 s.

From the foregoing discussions, it is clear that SiO2 MCs can be effectively used
for RH sensing without any functionalization. To enhance the sensitivity of these sensors,
controlled micro-patterns are introduced on their surface and is discussed in detail in the

following section.

5.3. RH sensing experiments using micro-patterned SiO; MCs

Details about the fabrication and characterization of micro-patterned MCs are
discussed in chapter 3, section 3.3. It may be noted, for these experiments, SiO/Si wafers
with RMS roughness < 2 nm were used and it was decided to perform RH sensing
measurements on 15 nm deep surface micro-patterned MCs. Figure 5.2 shows the standard
deviation in the resonance frequency values of unpatterned and micro-patterned MCs,
independently measured on 15 different devices. From the figure, it is clear that the

presence of micro-patterns only marginally reduces the resonance frequency of SiO2 MCs.
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It may be noted, both unpatterned and micro-patterned MCs were batch fabricated on a
single wafer piece. This ensures that except for the presence of micro-patterns on 50% of
the devices, all other parameters such as physical dimensions, clamping conditions and the
material properties, such as Young’s Modulus and mass density of all the tested devices
remain same. Also, RH sensing experiments in both the cases were performed under
identical experimental conditions. Therefore, as a first-order approximation, any
comparison between unpatterned and patterned MCs can be attributed to the presence of

micro-patterns.
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Figure 5.2.  The statistical data of resonance frequency values independently measured

on unpatterned and 15 nm deep micro-patterned MCs.

5.3.1. Sensitivity

The RH sensing experiments were performed on unpatterned and micro-patterned
(4 x 4 x 0.015 pum?) MCs (210 x 37 x 0.98 um?®) sequentially by measuring the resonance
frequency using NVA (see Chapter 2). Fig. 5.3 (a) shows the relative resonance frequency
shift (Af/f)% in a typical micro-patterned and unpatterned MC when the RH is increased

from 20% to 90%. From this figure following observations can be made:
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1) The resonance frequency of both micro-patterned and unpatterned MC reduces
with increasing RH, indicating the physisorption of water molecules on their surface. As
explained earlier, this is attributed to the presence of silanol (—Si — OH) groups on the SiO>
surface, which directly facilitates the adsorption of water molecules through hydrogen
bonding [32]. Moreover, from the observed frequency shift, one can estimate the added
mass on the MC surface, using Eq. (1.21). Using this equation the adsorbed mass at each

RH level was estimated and is shown on the right axis of Fig. 5.3 (a).

2) The maximum relative shift in resonance frequency for the micro-patterned MC
(2.1%) is more than two times as compared to unpatterned MC (0.95%) which corresponds
to a total adsorbed mass of 856 pg and 357 pg in these MCs, respectively. However, the
responses of both micro-patterned and unpatterned MCs show three different slopes for
the RH range studied, and as a consequence, they have three different RH sensitivity values
in these regions. RH sensitivity (S) in these regions was estimated using the Eq. (5.2).
Table 5.1 shows the estimated RH sensitivity along with the corresponding mass

sensitivity in three regions shown in Fig. 5.3 (a).
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Figure 5.3. (@) Relative resonance frequency shift ((Af/f)%) and (b) Q-factor of typical
micro-patterned and unpatterned MCs when RH is increased from 20 % to
90 %, respectively. From the shift in frequency, adsorbed mass is estimated
using Eqg. (1.21) and is shown on the right axis of (a). In these graphs, the

error bar is of the size of the symbol used.
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Table5.1.  RH and mass sensitivities of unpatterned and micro-patterned MCs in three

different RH regions shown in Fig. 5.3 ().

Region - | Region — 11 Region - 111
20% < RH < 40% 40% < RH < 60% 60% < RH < 90%
pY/%
Hz/%RH | pg/%RH || Hz/%RH | pg/%RH || Hz/%RH RH
3.82 7.28 1.42 3.34 1.82 3.73
5.73 11.23 10.45 21.39 3.11 6.9

The observed trend in the variation of RH sensitivity can be attributed to three
different adsorption mechanisms. For low RH values (<40% - Region - I), water molecules
adsorb on the exposed hydroxylated (Si — OH) SiO- surface following BET isotherm [36]

and are similar for both unpatterned and micro-patterned MCs as shown in Fig. 5.4 (a).

Between 40 to 60% RH (Region - 1), sensitivity in patterned MC is higher than
the unpatterned MC, by an order. This indicates that, compared to the unpatterned surface,
more water molecules are adsorbed on the micro-patterned surface. The resultant increase
in added mass can be estimated theoretically, from the number of monolayers adsorbed on
the patterned SiO> surface between these RH levels using Eq. 5.3. From this estimation,
the total mass adsorbed on the patterned MC surface in the region - 11 was estimated to be
~21.89 pg. This value is significantly lower than the experimentally observed value which
is around 600 pg between 40 and 60% RH. Since the size of micro-patterns in our
experiment is much larger than the Kelvin radius, capillary condensation will not take
place inside them at these RH levels [19], and therefore cannot explain the additional added
mass. This is also confirmed by the lower hysteric behavior in our sensors when subjected

to increasing and decreasing RH cycles (discussed later in section 5.3.4). It may be noted,
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the difference in sensitivity values for unpatterned MCs shown in figure 5.1 (a) and 5.3 (a)

in region-11 is due to the presence of surface features on the former explaining its inferior

hysteresis characteristics.

Figure 5.4.
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Mechanism of water adsorption on micro-patterned MC surface in three

different regions shown in figure 5.2. (a) In Region — | (i.e. 20% < RH <
40%), the water molecule adsorption occurs on exposed hydroxylated SiO»
surface (b) In region — 11 (40% < RH < 60%), presence of gel-like structure
of water molecules in the micro-patterned regions increases the effective
uptake of water by several times and (c) In Region- I1l (RH > 60%), closed
water films are formed due to random hydrogen bonding between the water

molecules as shown by light cyan region on top.
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Interestingly, surface stress generated during adsorption of water molecules can
also influence the resonance frequency of MCs. In the case of unpatterned MCs, this effect
was found to be negligible [43]. However, Duan et al. [44] in a recent study showed that
the surface patterns/surface morphology can enhance, reduce or annul the effect of surface
stress on the resonance frequency of the MCs depending upon their surface inclination
angle and Poisson’s ratio of the material under consideration. It is to be noted that the
presence of micro-patterns on the MC surface can act as stress concentration regions which
can increase the differential surface stress and complement the frequency shift during
adsorption of water molecules. The shift in the resonance frequency of MCs due to the

presence of surface features and surface stress is given by the relation [44],

Af 32u° + 2%) v
fo  2ET(1+ g2)3/2 (1 1,9 ) (5.5)

where, Eg = E/l 2 E, 15, 2%, and v are the Young’s Modulus, isotropic surface moduli,

and Poisson's ratio of SiO2, T is the thickness of the MC and g is the average surface slope.
By approximating the square patterns as surfaces with inclination angle ~ 85° and by
substituting the other values (E =73 GPa, v=0.17, T =0.98 um, p°® = -2.6 N/m, \* = -2.7
N/m) [44] in Eq. 5.5, the maximum Af/f for the entire RH range studied was estimated to
be ~ 0.1%. Hence this effect alone cannot explain the enhancement in RH sensitivity of

micro-patterned MCs in region — 11, by an order.

Recently, while studying the water adsorption on Si wafers, Chen et al. [45],
proved that the Si wafers oxidized in water uptook significantly more water from humid
air than the fully hydroxylated surface. They found that wafer aged in water formed gel-
like structure (intermediate structure of water i.e. between self-associated stable ‘ice-like’

and highly disordered ‘liquid-like’ structures) which enhanced the water uptake
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significantly and facilitated the growth of ‘ice-/ike’ structure on these surfaces. It is
possible that the presence of micro-patterns in the present work, modifies the surface
termination of the SiO> surface inside the micro-patterns, allowing the formation of gel-
like layer during adsorption in Region — I1 (figure 5.4 (b)). However, any such transitions
should increase the viscous damping and reduce the Q-factor value [46]. To verify the
same, we have estimated the Q-factor values from the resonance spectrum and its variation
with increasing RH for both unpatterned and micro-patterned MCs are shown in figure 5.3
(b). From this figure, it is evident that unlike unpatterned MC, a clear reduction in Q-value
is seen in micro-patterned MC in the region - 1l. This is attributed to the gradual increase
in the molecular moment within the water layer which maximizes the viscous damping.
When RH is > 60%, Q - value starts recovering and is attributed to the reduction in
mechanical strength of the gel-like water layer due to further adsorption of water molecules
on its surface. In the case of unpatterned MCs, no such clear trends are seen in Q-factor
values with increasing RH, which indicates a negligible change in resonator damping and
thus the absence of gel-like layer. These results clearly demonstrate that the presence of
micro-patterns facilitates the formation of multilayers of water molecules through the

formation of gel-like structures inside the cavities in Region - I1.

However, in Region - Il i.e. when RH value is > 60%, sensitives in both
unpatterned and micro-patterned MCs are comparable indicating adsorption mechanism is
similar on both the surfaces. In this region, water adsorption takes place on already
adsorbed water layers, which is dominated by hydrogen bonding between H>0 molecules
and depends only on the concentration of water molecules in the chamber (figure 5.4 (c)).
From the foregoing discussions, it is clear that micro-patterned SiO> MCs can be
effectively used as RH sensors with enhanced sensitivity especially at higher RH values

(i.e. in Region — Il and I11).
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The effect of pattern depth on the RH sensitivity of the MCs was also investigated.
Figure 5.5 shows the relative resonance frequency shift of the MCs with 15 nm (MCis)
and 75 nm (MCyvs) deep surface micro-patterns. From this is figure it is clear that in region
I, the sensitivity of MCys is higher by ~51% (S, = 8.66 Hz/%RH) than MCys and is
attributed to the increase in effective surface area due to higher pattern depths. However,
in region I, the sensitivity is nearly 49% (Si = 5.29 Hz/%RH) lower for MCs with 75 nm
deep patterns. Interestingly, in region Ill, after 70% RH, sensitivity of MCvs is greater
than MCys and the reason for which can be understood as follows. Deeper the micro-
patterns, higher is their influence on the mechanical characteristics, especially the
resonance frequency and Q-factor of the MCs. For example, a maximum of 2.7% and 15%
reduction in base resonance frequency and Q-factor, respectively was observed for MCs
with 75 nm deep micro-patterns compared to unpatterned MCs (refer chapter 3) which
could play a major role in enhanced sensitivity in region Il for MCs with 75 nm deep

micro-patterns.

0.0 3 A —O=Pattern depth = 15 nm
1 ++@+ Pattern depth =75 nm
054 @,
-1.0
= ]
2 3
& -1.54
o 4
= 4
< 2.0
-2.5] .
1 | I LI
30—
20 40 60 80
RH (%)

Figure 5.5.  Relative resonance frequency shift ((Af/f)%) of 15 and 75 nm deep surface
micro-patterned MCs when the RH is increased from 20% to 90%. In this

graph, the error bar is of the size of the symbol used.
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From the foregoing discussions, it is clear that the role of micro-pattern depth on
RH sensitivity is more complex and warrants more systematic studies. Based on these
inputs, it was decided to study the other sensor characteristics of MCs only on MCs with

15 nm deep micro-patterns.

5.3.2. Response/recovery times

Response/recovery time of the micro-patterned MCs was studied by recording the
shift in peak amplitude at their resonance while RH inside the chamber was rapidly
switched between 23% and 56%. Figure 5.6 (a) shows a typical sensor response as a
function of time for two consecutive RH increase/decrease cycles. From this figure, the
response and recovery times of the sensor were estimated and found to be ~20 s (figure
5.6 (b)) and ~30 s (figure 5.6 (c)), respectively. These values are much better than the
values reported for polymer/metal oxide coated MCs [see table 5.2]. It may be noted, the
actual response and recovery times of these sensors are significantly faster and are limited
only by our experimental setup used for varying the RH. To validate the same, human
respiratory monitoring experiments, where it is possible to achieve much faster RH

variations readily, are undertaken on these devices.
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Figure 5.6.  (a) The shift in peak amplitude at resonance as a function of time when RH
is switched between ~23% and 57%, on a typical micro-patterned MC.
From this data (b) response and (c) recovery times of these devices were

estimated.

5.3.3. Human respiration monitoring

To further test the response time of our micro-patterned MCs, RH variation during
the human respiratory cycles was monitored. Breath monitoring experiments were
performed by exposing MCs to inhale and exhale breath cycles of a healthy adult (male)
and by continuously measuring the shift in peak amplitude at the resonance of these
devices using NVA. The complete details about the experimental setup used for this

purpose is given in chapter 2.
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Figure 5.7.  Response of a typical micro-patterned MC for slow and normal breathing
inhale-exhale cycles of a healthy male adult. The right axis shows the

variation in RH during breath cycles.

Figure 5.7 shows the recorded variation in peak amplitude at the resonance of a
typical micro-patterned MC during slow (inhale-exhale cycle ~ 10 s) and normal (inhale-
exhale cycle ~ 4 s) breathing cycles. From this figure, it is evident that the micro-patterned
MC could efficiently follow the breathing cycle irrespective of breathing rate with a fast
response and recovery times. Response and recovery times from this graph were estimated
and found to be ~ 1 s. This value is significantly faster than the response times reported

for nanomaterial coated MC based RH sensors (see table 5.2).

Interestingly, the commercial RH sensor used in the present work along with MCs
could not follow the RH variation during the normal breathing cycles as shown in figure
5.8. From this figure, it is clear that RH sensitivity is completely lost during the normal
breath cycles and the finer aspects of RH variation during the slow breath cycle are

compromised. This clearly implies that the micro-patterned SiO, MCs as breath monitor
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provides much superior characteristics in terms of response times and repeatability than

the commercial RH sensors for detailed medical diagnosis.
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Figure 5.8. Response of commercial RH sensor which is placed inside the

environmental chamber during the human breath monitoring experiment.

5.3.4. Hysteresis and Stability

To study the hysteresis response of micro-patterned MCs, experiments were
performed by measuring the resonance frequency shift during repeated adsorption and
desorption cycles. Figure 5.9 shows a typical sensor response during one RH increase and
decrease cycles between 20% and 90%. From this figure, the hysteresis was estimated
using Eq. 5.4 and found to be 2.5, 2.9, and 2.6 %RH for all the three regions, as defined in

figure 5.3, respectively.
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RH (%)

Figure 5.9.  Relative resonance frequency shift of a typical surface micro-patterned MC

during one RH increase and decrease cycle from 20% to 90%. From this
figure, hysteresis value was estimated to be <3 %RH for all the three RH

regions defined.

These values are significantly lower than the values reported for the MC based
sensors with moisture sensitive nano-porous/nanostructured films on their surface (see
table 5.2). For example, in mesoporous silica-coated MCs, Stassi et al. [33] reported a
hysteresis value of 35 %RH which is between 30 to and 80% RH values. Similarly, J. Xu
et al. [25] reported a hysteresis value of ~14 %RH in their piezoresistive MC based RH
sensors coated with ZnO nano-rods/chitosan self-assembled monolayer. Higher hysteresis
in these sensors is usually attributed to the capillary condensation of water molecules in
nano-porous structures at higher RH levels which require additional energy for desorption
and thus resulting in hysteresis. In contrast to this, the desorption activation energy for
SiO2 MC surface used in this study is significantly lower than any other known water
adsorbing oxides [32]. Also, as mentioned earlier, the micro-patterns studied in the present

work are significantly larger compared to the Kelvin radius, and no capillary condensation
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is expected at higher RH levels, which facilitates faster desorption rates leading to better
hysteresis value. Similarly, the presence of micro-patterns on the MC surface may modify
the hydrophilicity of the SiO. surface, i.e. wettability, which may facilitate the rapid
desorption of water molecules during RH decrease cycle, thereby reducing the hysteresis
[47]. These results indicate that the introduction of micro-patterns on the MC surface

enhances the RH sensitivity, without compromising the hysteresis.
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Figure 5.10. Relative resonance frequency shift of a typical surface micro-patterned MC
when the RH is varied from 20% to 90 % after 1 day, 5 days, and 30 days
of device fabrication. From this figure, the long term stability of the MCs
and the degree of fluctuation was estimated to be < 5% for the entire RH
range studied. Inset shows the variation in sensor response over a period of
time when RH is maintained at 80%.

Stability of any RH sensor is another crucial parameter while considering them for
practical applications. In the present work, the long-term stability of micro-patterned MCs
was studied by exposing them in the open air for 30 days. Figure 5.10 shows the
representative RH sensitivity of a typical sensor measured after 1 day, 5 days, and 30 days.

Inset shows the variation in sensor response at a given RH over a time period of ~15
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minutes. From this figure, it is evident that the frequency shift exhibit a small degree of
fluctuation (< 5%) over 30 days in the entire RH range studied. Similarly, it is clear that
the variation in sensor output is < 2 nm over the entire time period indicating the good
stability of these sensors. The results demonstrate that the micro-patterned MCs exhibit

high stability and can be effectively used for real-time RH sensing applications.

5.4. Discussion

From the foregoing discussions, it is clear that micro-patterned MCs can be
effectively used as RH sensors with high sensitivity, fast response times, and low
hysteresis error, over a wide RH range. We now compare the performance of our sensor
with various MC based sensors reported in the literature. MCs are usually coated with
nanostructured materials to increase the effective surface area i.e. adsorption sites for water
molecules. Table 5.2 shows the sensitivity, response time, hysteresis values reported in the
literature for various nanomaterial coated sensors along with the results obtained in the
present work. For comparison, the RH range, moisture sensing material used, and the mode
of detection employed in these reports, are also included. From this table, it is evident that
the presence of nanostructured materials such as porous alumina, graphene oxide,
mesoporous silica, and zinc oxide nano-rods on the MC surface offers unprecedented RH
sensitivity. However, enhancement in the sensitivity of these sensors is at the cost of a
reduction in response time or an increase in hysteresis error. For example, in the case of
Si MC coated with ZnO oxide nano-rods modified with Chitosan self-assembled
monolayers (SAM), J. Xu et al. [25] reported much slower response/recovery times of 46
s /167 s with a hysteresis value of 14 %RH (see table 5.2). Interestingly, when only ZnO
nano-rods were coated, the hysteresis value was low (2%) but, sensitivity was found to be
two orders lower than the chitosan SAM modified ones. Similar conclusions could be

drawn from the work of S. Stassi et al. [33] on the mesoporous silica-coated Si MCs for
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humidity detection where a hysteresis value of 35 %RH was reported. However, as an
exception, in the case of Graphene oxide coated MCs, higher RH sensitivity is achieved
over a wide dynamic range, with reasonable response time and hysteresis error [35].
Similarly, in the case of static measurements [9-11], RH sensitivities are reported either
in nm/%RH or mV/%RH and cannot be compared directly with our results. However, it is
interesting to note that the hysteresis values reported in static mode sensors are generally

superior to dynamic mode sensors.

The slower response times and higher hysteresis values in nano sensors are generally
attributed to the complicated desorption Kkinetics nanostructured materials used for RH
sensing [34]. An alternative to this, in the present work, it is shown that the introduction
of ordered micro-patterns on MC surface can enhance the RH sensitivity of MCs without
compromising their response/recovery times and hysteresis. Moreover, these devices are
made of single-layer SiO, (i.e. no metal coating), avoiding the temperature-induced
bimetallic effect. We believe the RH sensitivity of micro-patterned MCs can be further
improved by carefully modifying the physical dimensions of surface patterns. If piezo
resistors are introduced at the fixed end of these devices, readout electronics can be readily
incorporated on the same chip [10,25,34]. However, these sensors being uncoated, suffer
from an intrinsic disadvantage of being non-selective. Lack of selectivity becomes
acceptable in scenarios where higher sensitivity and fast response time are crucial
simultaneously. For example, uncoated MCs can be effectively used in environments,
where prior knowledge of the gas is already known, such as for accurate monitoring of

cover gas in a nuclear reactor environment [48].
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Comparison of RH sensing characteristics of various nanostructured materials coated on MCs reported in the literature along with

the present work.

Poly-aniline (PANI) nanofibers functionalized SU-8 . 64 uv /0.1
1. [11] nano-composite MCs Static %RH 28-93 8s/10s 1-2
39.37 -
2. [9] Si/ Polyaniline (PANI) MCs Static 177.58 20-70 Not reported 4.18
nm/%RH
CMOS MEMS piezoresistive humidity sensor — . . i
& [10] Polymide coated piezoresistive MCs SIENE VI A= ek 8%
4 [49] Porous anodic alumina MC Dynamic - 100 10-22 Not reported || Not reported
' Hz/%RH
- . . 0.009 - 0.026
5. [33] Mesoporous silica-coated Si MCs Dynamic 9%/%RH 5-80 Not reported 35
Si MCs with ZnO . 3.35-15
6. [25.34] nano-rods/Chitosan-SAMs Dynamic Hz/%RH 30-70 465/167s 14
Interdigital transducers (IDTs) excited AIN/Si MCs . 84.41 i
7 [35] coated with Graphene oxide DYIETLE Hz/%RH 0= sl =
. e . 0.72
8. [25] Zn0O nanorods coated piezoresistive Si MCs Dynamic Hz/%RH 30-80 Not reported 2
Present . . . 3.11-10.45
0. work Controlled micro-patterned SiO, MCs Dynamic Hz/%RH 20-90 1s <3

146




Chapter 5

5.5. Summary

It is shown that as-fabricated SiO> MCs can be effectively used as RH sensors in
dynamic mode, without any functionalization, with maximum sensitivity and resolution of
4.08 Hz/%RH and < 1% RH, respectively. It is also shown that, the introduction of
controlled micro-patterns on the MC surface provides a simple and efficient way to
enhance the sensitivity of MC based sensors without compromising other sensor
characteristics such as response and recovery times. Micro-patterned sensors were found
to have an unprecedented RH sensitivity (10.45 Hz/% RH), very low hysteresis value (< 3
%RH), fast response/recovery times (~1 s) and excellent stability (variation <5%) over a
wide range of RH from 20% to 90%. The enhancement in RH sensitivity in the case of
micro-patterned MCs is explained with a model, where it is shown that the formation of
gel-like water layer inside the cavities facilitates enhanced uptake of water molecules.
From the comparison with the studies in the literature it is found that the nanostructured
material coated MCs offer enhanced sensitivity, but at the cost of reduction in
response/recovery time or increase in hysteresis error which can be attributed to their
complicated desorption kinetics. Finally, the micro-patterned MCs are demonstrated for
human breath monitoring with excellent response and recovery times during both slow and

fast breath cycles.
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In the present work, SiO2 MCs of various dimensions ((length (L) = 50 — 330 um; width (W) = 37
um; thickness (T) = 0.98 um)) were fabricated using mask-less Direct Laser writer and wet chemical
etching methods (Fig. 1a). An effective two-step process to avoid stiction in SiO; MCs released by
TMAHw solution is proposed. The released MCs were thoroughly characterized using 3D optical
microscope and Nano Vibration Analyzer (NVA). From initial bending measurements on MCs, gradient
residual stress in SiO, film was estimated and found to be 15.14 (+ 0.32) MPa. Further, the
experimentally measured resonance frequency values were compared with analytically estimated ones
from classical beam theory and the discrepancy in resonance frequency between them is explained on
the basis of the increase in the effective length of MCs due to undercutting. As a prelude to RH sensing
studies, the effect of i) inherent biaxial curvature on the resonance frequency and ii) high-temperature
post-release annealing on the residual stress evolution of SiO, MCs, are studied. It is shown
experimentally that the presence of biaxial curvature in SiO, MCs directly increases their resonance
frequency when their Width to Length ratio (W/L) is between 0.16 and 0.35. Similarly, post-release
high-temperature annealing (800°C and 1000°C in O; and N,) studies on SiO, MCs revealed that these
devices undergo an irreversible increase in static deflection with annealing. Based on these studies, it
was decided to use as-fabricated SiO, MCs with W/L < 0.16, in dynamic mode, for RH sensing studies.

RH sensing experiments were performed on as-fabricated SiO, MCs by measuring the shift in their
resonance frequency using NVA while RH is varied between 20 and 90%. These experiments revealed
that the as-fabricated SiO, MCs had a maximum sensitivity and resolution of 4 Hz/%RH and < 1% RH,
respectively. To increase the RH sensitivity, an innovative method by introducing controlled micro-
patterns (4 x 4x0.015 um?3) on the MC surface without compromising their response/recovery times and
hysteresis is proposed. Micro-patterned MCs exhibited an unprecedented RH sensitivity (10.45 Hz/%
RH) (see Fig. 1b), ultrafast response/recovery times (~ 1 s) and outstanding stability (variation < 5%)
along with low hysteresis error (< 3%RH). Finally, real-time monitoring of human respiration during fast
and slow cycles of healthy male adult using micro-patterned MCs is demonstrated as shown in Fig. 1c.
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Fig. 1. (a) Typical FESEM image of the released as-fabricated SiO: MC. (b) Relative resonance frequency shift
((Af/f)%) of typical micro-patterned and unpatterned MCs when RH is increased from 20 % to 90 %, respectively.
The inset shows the FESEM image of the free-end of a typical surface micro-patterned SiO2 MC. (c) Response of a
typical micro-patterned MC for slow and normal breathing inhale-exhale cycles of a healthy male adult. The right
axis shows the independent RH measurement using a commercial RH sensor.
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