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Abstract

Reflectometry or reflectance spectroscopy is a relatively simple characterization tech-
nique based on the analysis of reflected light from a surface. Herein, reflectometry is used
to attain significant insights towards the development of micro-electro-mechanical systems
(MEMS) based gas sensors. Two main reflectometry applications are demonstrated which
led to formation of unique MEMS gas sensor devices.

The first application, was the use of in-situ reflectance spectroscopy to characterize the
growth behavior of metal oxide films grown by atmospheric pressure-spatial atomic layer
deposition. The technique revealed an initial film nucleation period, where the length of
the nucleation time was sensitive to the deposition process parameters. The in-situ reflec-
tometry technique was then used to study and monitor the growth behavior of metal oxide
films on various non-conventional surfaces. Doing so allowed for the accurate deposition
of zinc oxide films on a variety of surfaces with desired thickness. This was instrumental,
as it enabled the integration of the zinc oxide films into a novel MEMS resonant cantilever
architecture for gas sensing. In this device, the zinc oxide layer serves as both the cantilever
structural layer as well as the gas sensitive receptor layer. A key advantage of the approach
was the reduction in overall mass of the cantilever which can lead to an enhancement in
sensitivity to low quantities of analyte gases. The sensor had an outstanding sensitivity
to low levels of relatively humidity(RH) when compared to other frequency shift based
humidity sensors. The zinc oxide cantilever demonstrated a sensitivity of 23649 ZE=- at

%RH
5.9% RH and an average sensitivity of 1556 &= in the range of 30-60% RH.

The second application of reflectometry was its use as a screening technique to find
suitable gas sensitive receptor materials for static deflection type MEMS gas sensors. The
reflectance intensity of various materials exposed to gases, was monitored, where changes
in the intensity indicated that the material was physically changing in the presence of
the gas. This expansion behavior is ideal for static deflection type MEMS gas sensors
such as the nanomechanical membrane type surface stress sensor (MSS) architecture. The
reflectance screening technique identified that laser treated two dimension materials such as
graphene oxide, molybdenum disulfide and tungsten disulfide were suitable candidates to
be integrated as the receptor layer in the MSS platform. The sensing response of the coated
devices was obtained for a select group of volatile organic compounds. The results showed
that the laser treatment technique was advantageous to enhancing the sensor response and
sensitivity, as it introduces defects, dopants and functional groups to the receptor materials
for improved gas adsorption.
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“The more that you read, the more things
you will know. The more that you learn, the

more places you’ll go”

— Dr. Seuss

Chapter 1

Introduction

1.1 Motivation

Micro-electro-mechanical systems (MEMS), is a technology based on miniaturized me-
chanical and electrical components to form micro-actuators and micro-sensors. The sizes
of these devices typically range from several hundreds of micrometers (pm) down to less
than 1 pm, which is advantageous for their ubiquitous integration into all sorts of consumer
and industrial applications. MEMS based gas sensors is one area of current interest, with
an expected increase in the global market share from 151.9 billion in 2019 to 233.9 billion
(USD) by 2026 [1].

Applications of chemical gas sensors include, but are not limited to, the detection of
toxic gases, environmental pollutants and compounds in the breath, to name a few. For
example the development of sensors for the detection of nitrogen dioxide is in demand as
it is a known air pollutant emitted from vehicle exhausts and causes significant respiratory
problems [2]. The sensing of the volatile organic compound (VOC), acetone, in exhaled

breath is also of interest, as it can be used as a diagnostic indicator for Type 1 diabetes



and monitoring of blood glucose levels [3]. In general, research into the development of gas
sensor technologies aims to realize the goal of lower detection limits, quicker sensing times,

and improved reliability, all within a package that continues to get smaller.

For MEMS gas sensors, two of the main areas of improvements are the development
of new sensor materials (receptor) and the development of novel MEMS architectures for
improved sensing performance. Receptor materials should be able to interact with a tar-
get chemical gas in a quantifiable way. This requires an understanding of their synthesis,
material properties and applicability in MEMS sensors. The development of novel MEMS
architectures requires an understanding of MEMS microfabrication techniques, compati-
bility with the receptor materials and integration with other peripherals. Materials char-
acterization techniques are crucial to the research and development of sensor materials and

novel MEMS architectures.

Reflectometry or reflectance spectroscopy is one such characterization tool that is based
on the analysis of reflected light from a surface. While the technique itself is simple, it
can provide significant and useful insights towards the development of new materials and

architectures for MEMS gas sensors.

1.2 Thesis Overview

The objective of this research is to demonstrate the applications of reflectometry which
are useful towards the development of MEMS gas sensors. The first application, is the
use of reflectance to understand the growth behavior and properties of metal oxide thin
films deposited by Atmospheric Pressure-Spatial Atomic Layer Deposition (AP-SALD).
Reflectometry is used to observe the growth behavior of the films on various surfaces, which
becomes useful when integrating said film into a MEMS structure. An understanding of
the growth behavior of zinc oxide onto polymer films was beneficial towards the design and

fabrication of a novel zinc oxide resonant microcantilever gas sensor.

A second application of reflectometry, was to evaluate the suitability of various materials

for use as a responsive receptor layer in static type MEMS gas sensors. This technique



allows for the screening of potential receptor material candidates before their integration
into the MEMS structure. Laser treated two dimensional materials such as graphene oxide,
molybdenum disulfide and tungsten disulfide were identified as excellent candidates for the
receptor layer. These materials were integrated into a nanomechanical membrane-type

surface stress sensor architecture for the detection of several volatile organic compounds.

1.3 Chapter Synopses

A synopsis of each chapter in this work is as follows:

Chapter 2 Literature review: An overview of MEMS gas sensors is introduced including
sensing principles, actuation methods, signal readout and fabrication techniques. A review
of the relevant literature in both static and resonant MEMS gas sensors is presented with a
focus on nanomechanical membrane-type surface stress sensors and zinc oxide based reso-
nant sensors. The working principle of the two primary nanomaterial synthesis techniques
used in this research work are described (AP-SALD and femtosecond laser treatment). This
is followed by an overview of reflectance spectroscopy, its principle of operation, models

and review of relevant applications.

Chapter 3 In-situ reflectance spectroscopy of thin films grown by atmospheric
pressure spatial atomic layer deposition (AP-SALD): In this chapter, the imple-
mentation of in-situ reflectance spectroscopy with an AP-SALD system is described. The
properties of zinc oxide and aluminum oxide films, such as thickness, refractive index and
bandgap, were measured during the film deposition. The technique revealed a substrate
nucleation period, where the length of the nucleation time was sensitive to the deposi-
tion parameters. Thus, in-situ reflectance spectroscopy was used to enable the accurate

deposition of metal oxide films with desired thicknesses.

Chapter 4 Observation of thin film nucleation and growth on various surfaces: A
modified version of the in-situ reflectance spectroscopy technique presented in the previous
chapter was used to observe the growth behavior of ZnO onto a variety of different surfaces.

This includes conventional surfaces like glass and silicon and non-conventional surfaces



like metals, polymers, paper, various textiles and films of 2D nanoparticles. The main
benefit here is that the optical properties of the underlying surface are not required by the
reflectance model (unlike the previous chapter). The accurate deposition of ZnO films onto
any surface is achieved as the nucleation periods can be accounted for. This is particularly
relevant for the integration of ZnO thin films into the resonant microcantilever gas sensor

architecture discussed in Chapter 6.

Chapter 5 Reflectance screening technique for responsive gas sensor materials:
Reflectometry is used to monitor various materials as they are exposed to select vapors
of volatile compounds (analytes). A change in the reflectance signal is observed as the
materials are exposed to the vapors, indicating some form of interaction with the analyte.
This interaction is likely an expansion or swelling of the tested material. Hence, these
materials are good candidates for use as a receptor layer in static MEMS gas sensors such

as the nanomechanical membrane-type surface stress sensor discussed in Chapter 7.

Chapter 6 A zinc oxide resonant cantilever gas sensor: The design, fabrication and
testing of a ZnO thin film resonant microcantilever gas sensor is presented. The premise
of this work is to produce a microcantilever structure where the structural cantilever layer,
made from ZnO, also serves as the gas sensing (receptor) layer. This reducing the number

of layers on the structure to improve its quality factor and its gas sensing performance.

Chapter 7 Nanomechanical gas sensing with laser treated 2D nanomaterials:
Laser treated 2D nanomaterials were identified in Chapter 5 as excellent candidates for re-
ceptor layers in static MEMS gas sensors. Here, their integration into the nanomechanical
surface-stress sensor (MSS) architecture is described. The laser treatment of 2D nano-
materials was used to introduce defects, dopants and functional groups to the materials
for improved gas adsorption properties. The sensing capabilities of the 2D nanomaterial

coated MSS devices were evaluated with a select group of volatile organic compounds.

Chapter 8 Conclusions: Summarizes the research conclusions of each chapter and pro-

poses future work.



“If I have seen further, it is by standing on
the shoulders of giants”

— Isaac Newton

Chapter 2

Literature Review

2.1 MEMS Gas Sensors

Chemical gas sensor devices are typically comprised of three main components. The first
being a receptor or gas sensitive material that has a physical or chemical response to an
analyte in the gas phase. The second component is a method of transduction, whereby the
response of the receptor to an analyte is converted to a detectable output signal. The last

component is a method to retrieve the output signal for the user [4].

The transistor based resistive gas sensor (also known as a chemiresistive or conductor-
metric sensor) is a typical sensor architecture that is commonly used in many commercially
available gas sensors. A receptor material is placed between two electrical contacts which
measure changes in electrical resistance (or conductance) of the receptor upon interac-
tion with the chemical gas. These sensors rely on the chemical, electrical and physical
properties of the receptor material to promote interactions with the target gas (adsorp-
tion/absorption, i.e., sorption) and in turn generate a significant resistance change to

indicate successful detection [5]. An alternative sensor configuration is the micro-electro-



mechanical system (MEMS) based gas sensor. In this sensor architecture, micro-scale or
nano-scale free standing structures such as microbeams (cantilevers) and microplates are
typically coated with a thin layer of the receptor material which can change the physical

behavior of the structure in the presence of analyte gas [4].

2.1.1 Background
Sensing Principles

MEMS or microcantilever gas sensors have two main modes of operation: static or dynamic
mode as illustrated in Figure 2.1. Static mode sensing occurs when there is a physical
displacement of the cantilever structure in the presence of the analyte gas. The surface of
the cantilever is typically functionalized with the receptor material which serves as sorption
sites for the gas molecules. The sorption of the analyte with the receptor can either
induce a surface or bulk stress on the cantilever which results in its static displacement.
Dynamic mode sensing occurs by allowing the cantilever to resonate at its natural resonance
frequency by typical MEMS based actuation methods. The adsorption of the target analyte
on the receptor coated cantilever will result in a shift in its resonance frequency due to the
increase in overall mass. Typically, resonant sensors are able to make indirect mass change

estimations in the atto to zepto gram range [4].

a) Static Mode b) Dynamic Mode

2 %

Figure 2.1: MEMS chemical gas sensor modes of operation. Adapted from ref. [6] with
permission. Copyright 2001, Elsevier Science B.V.

Sensor performance is defined by its sensitivity, selectivity, responsivity, recovery time,

and long-term stability (reusability). Sensor sensitivity is a quantity the describes the
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amount of output response (displacement or frequency shift) to an input (gas adsorption).
It is desirable to have high a sensitivity which refers to large output response as a result of a
small input. The sensitivity also determines the minimum detectable limits of the sensor.
It identifies the minimum amount of input required to generate a significant detectable
output response. One of the main goals of sensor research and development is to improve
sensitivity and push minimum detectable limits of target analytes to low concentrations

(parts per million/billion /trillion ... etc.).

Selectivity or specificity pertains to the capability of the sensor to differentiate between
the target analyte and other chemical compounds that may be present. Selectivity is largely
dependent on the materials that comprise the receptor layer, whether it be a thin film or
ligand type structure that has a high affinity to a specific analyte. Sensor responsivity
characterizes the time it takes for the sensor to generate a detectable output response to
the input, where fast response times are desired. The recovery time is the time it takes for
the sensor to return to normal conditions after detection or attachment of a target analyte.
Similar to the selectivity, response or recovery time is largely dependent on the material
chosen as the sensing layer and its properties. Lastly, long term performance of the sensor
is desired and therefore it is important to have high stability in that the structure does not

erode or react negatively while in contact with the analytes.

Static MEMS Sensors

Gaseous analytes adsorbing onto the surface of a functionalized cantilever adds both an
additional mass to the cantilever and may generate internal or surface stresses due to
the interactions between the molecules and receptor layer. However, the detection of a
change in mass in static mode is not practical, especially for lower limits, down to single
molecules. This is largely due to the fact at the nano and micro scale, the effects of gravity
and the weight of a molecule compared to a larger cantilever structure, are negligible [4]. To
cause deflection of the cantilever due to an additional mass would require many molecules.

Simply, the sensitivity of static mode mass sensors is poor.

Stress induced cantilever deflections is the more common static mode method. Consider



a cantilever coated with a receptor layer on top. The sorption of a gas molecule onto
the surface of or into the receptor layer can result in stress induced deflections of the
cantilever structure. The surface stress that occurs is governed by interaction between the
gas molecules and receptor layer and can result in an expansion or contraction of the layer.
This imparts a compressive or tensile stress on the structural layer (cantilever) causing its

deflection, as shown in Figure 2.2.

Compressive Tensile

Figure 2.2: Expansion or contraction of receptor layer atop cantilever as a result of gas
adsorption, imparts a compressive or tensile force on the structural layer. Adapted from
ref. [4] with permission. Copyright 2011, IOP Publishing Ltd.

Generally, for a receptor layer that expands, the cantilever bends downwards until the
compressive stress in the cantilever balances the tensile stress in the thin film. Similarly,
for a contracting receptor layer, the cantilever bends upwards to create a tensile stress to
balance out the compressive stress in the thin film. The tip deflection (Ad) of the cantilever

is given by the Stoney equation modified for cantilevers (Equation 2.1) [7].

3(1—v)L?

8=

7, (2.1)

Where L is the length of the cantilever, E is Young’s modulus, v is the Poisson ratio
of the material, A is the thickness and ¢ is the imparted surface stress from gas sorption.
Here it is seen that larger deflections can be obtained by maximizing the stress generated
from gas adsorption, a property that will depend on the choice of receptor and structural
layer materials. The sensitivity for this sensor is the ratio between the displacement and

the surface stress. However, for practical gas sensing applications it is more useful to



define sensitivity as the ratio between the displacement and the concentration of the gas
(typically in parts per million (ppm))(Equation 2.2). Additionally, the displacement term
is often replaced by an optical and electrical quantity that is equivalent to the amount of

measured displacement (dependant on the choice of sensor read out method).

Ad
ppm

S = (2.2)

Dynamic MEMS Sensors

Dynamic MEMS gas sensors based on frequency shift are alternatively known as gravimet-
ric, inertial or resonant sensors. The free standing structure (e.g.: microcantilever) is first
actuated to its natural resonance frequency. An eigenfrequency analysis of the structure
determines the resonance modes (frequencies) and mode shapes of the beam. The mo-
tion of thin beams, where rotational inertia and shear deformation have been neglected, is

governed by the Euler-Bernoulli beam partial differential equation (Equation 2.3) [8].

2 4 2
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Where U (z,t) is the displacement as a function of position on the beam (x) and time
(), p is the density of the material, T" is the cross-sectional area of the cantilever, E is
the Young’s modulus, I is the geometric moment of inertia and N is the tensile force as
a result of the residual stress (o) in the beam (N = oI"). The solution to the differential

equation is separated into position and time dependant components (Equation 2.4).

Uz, t) = U, (z)exp (—iw,t), (2.4)

Where U, (z) are the n mode shapes of the cantilever and, w, are the n resonance
frequencies of the beam. The first four mode shapes of a cantilever are shown in Figure 2.3.
The frequency of vibration for each of the mode shapes is primarily dependent on the beam
geometry and material properties. It is common to simplify the frequency to that of a

spring-mass oscillator (Equation 2.5):
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Figure 2.3: The first four modeshapes or resonance modes of a cantilever beam. a) n=1,
b) n=2, ¢) n=3, d) n=4. Adapted from ref. [4] with permission. Copyright 2011, IOP
Publishing Ltd.
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Where )\, is the eigenvalue referring to a specific modeshape shown in Figure 2.3, k
is the effective spring constant or stiffness of the beam and m is the effective mass. A
change in mass due to the adsorption of gas molecules onto the cantilever will in turn
change the resonance frequency. The sensitivity of the dynamic mass sensor can be found

by differentiating with respect to the mass (Equation 2.6).

Oow Aw

S = om = Am

(2.6)

To obtain high sensitivity, a beam must have a high resonant frequency. This is obtained
by having a large Young’s modulus, low density, small dimensions, and low mass. Higher
sensitivity can also be obtained at higher resonance modes (higher frequencies). Bridge type
structures (fixed-fixed beams) have higher resonance frequencies than cantilevers (fixed-
free beams) of the same dimensions, however the vibrational amplitude of the mode shapes
is smaller and therefore may be more difficult to readout. The minimum detectable limit is
the minimum mass change required to ensure a detectable frequency change, and is given

by the inverse of the sensitivity times the detectable frequency change (Equation 2.7):
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Attin = S~ Ay, (2.7)

Resonating beams are subjected to damping effects resulting in a dissipation (loss) of
their kinetic energy. Damping causes a broadening of the resonance peak and introduces
additional frequency noise to the measurement [4]. As a result, it becomes difficult to detect
smaller frequency shifts and subsequently increases the limit of detection (LOD) the sensor.
Sources of energy loss include material damping, structural damping and damping due to
the surrounding medium. Material damping is dependent on the stiffness or elastic modu-
lus of the layers and residual stresses existing in the material. It is particularly dominant
for multi-layer or coated cantilever beams. Structural damping arises from the geometry
and dimensions of the beam. The second moment of area, dependent on the beam thick-
ness and width, provides insight into the beams resistance to bending. The nature of the
fixed /clamped end of the beam may also add damping effects known as anchor losses. The
motion of the beam may be affected by viscous damping or momentum exchange with the
surrounding medium. This is the dominant source of damping for sensors in atmospheric
or higher-pressure conditions as well as sensors in liquid environments. Furthermore, the
sensor read out method may introduce additional noise to the transduction signal. Quan-
titatively, the total dissipation in the system is represented by the quality factor ()) which
is inversely proportional to dissipation. Each individual source of dissipation in the system
can be assigned a corresponding (); factor. The total quality factor for the system can be
expressed in terms of the individual quality factors, similar to the equivalent resistance of

parallel resistors (Equation 2.8).

1 1 1 1
Qtotal:@—i—@—i_”';@ (28)

Q@ is approximately equivalent to the number of cycles the structure will oscillate in
response to an external stimulus before it settles to equilibrium. It is desirable to achieve

high quality factors indicative of low dissipation or damping effect.
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Actuation methods

An important design criterion for dynamic mode sensing is the actuation method to vibrate
the cantilever at its natural resonance frequency. The choice of actuation method can
influence the type of sensor readout method required and vice versa. Figure 2.4 illustrates
common cantilever actuation methods and their corresponding readout methods (discussed
in next section). The use of piezoelectric materials is a common actuation method, where
an applied voltage on the material induces a strain on the material [9]. An applied AC
voltage would generate vibrations in the piezoelectric. At the macro scale, the chip with
the fabricated cantilevers can be placed on the piezoelectric material to vibrate the whole
chip at a given frequency. Alternatively, the piezoelectric material can be integrated as a

layer on the cantilever.

Electrostatic actuation can be used to oscillate the cantilever to its resonant frequency
[9]. It requires the cantilever to have conductive layer to act as a free electrode, while
a second fixed electrode exists on the substrate underneath the cantilever. A voltage
difference between the two electrodes will cause the cantilever to move toward the bottom
electrode as the system tries to minimize the energy of the formed capacitor system. An AC
voltage in turn creates a periodic force on the cantilever causing it to dynamically resonate.
Electrostatic actuators can be combined with a capacitive readout method (described in

next section) to determine the cantilever displacement or frequency shifts.

Thermal actuation takes advantage of the difference in thermal expansion of the two
materials that make up a bimorph cantilever [9]. A heat source, either an external laser or
a resistive heater, is used to heat up the cantilever and cause a deflection due to the bulk
stress change. To oscillate the cantilever, fast heating and cooling is required at the rate

of the desired frequency which may limit the achievable oscillation frequencies.

Lastly, magnetomotive actuation may be used to resonant the cantilever [10]. This
principle requires a magnet to generate a magnetic field that is perpendicular to an alter-
native current that is run through the cantilever. The resulting Lorentz force will cause
the cantilever to deflect. This method is less popular as it requires large magnetic fields

and operation at low temperatures.
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Sensor Readout

The last major component of a MEMS based sensor is a method to measure the dis-
placement of the cantilever structure. This is a form of transduction where mechanical
behavior is transformed to an electrical signal that can be registered. In optical read out,
a laser source is focused on the top surface of a cantilever as depicted in Figure 2.4c. The
cantilever may require an additional reflective coating such as thin metal layer. As the
cantilever displaces, the reflected laser intensity is detected by a photodetector and is then
used as an accurate estimate for cantilever displacement. The optical readout method is
highly advantageous as the technique is capable of achieving 1 nm deflection resolution [4].
However, the setup does not allow for the simultaneous read-out from a reference non-
functionalized cantilever. In dynamic mode the frequency of the oscillating laser intensity

is correlated to the frequency of resonating cantilever.

piezoresistor Current loop —

Structural Layer

Structural Layer Magnetic field

a) Piezoelectric actuation/ b) Electromagnetic actuation/
readout piezoresistive readout

piezoresistor

|

Structural Layer

Reflective Electrode
Structural Layer

Piezoelectric ceramic

Electrode

c) Electrostatic actuation/ d) Piezoelectric actuation/
optical readout piezoresistive readout

Figure 2.4: Schematic illustration of common actuation and corresponding readout meth-
ods used in cantilever sensors.
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Capacitive readout typically requires an electrostatic actuator configuration, where an
electrode on the cantilever and an electrode on the substrate form a parallel capacitor.
The capacitance (Equation 2.9) measured across the air gap is dependent on the dielectric
constant (¢) of the gap material (air), the cross-sectional area (A) of the cantilever and the

gap distance between the cantilever and the bottom electrode (d).

As the cantilever deflects downward the gap distance decreases and increases the ca-
pacitance. The sensitivity of the device is thus dependent on the change in capacitance.
One of its main benefits over optical readout is the fact that it can be integrated as a
single packaged device. However, in miniaturizing the device, capacitance changes become
very small in the picofarad (pF) region and thereby are easily drowned out in the stray

capacitance of the measurement systems [4].

Piezoelectric materials can be used as a readout method, where cantilever deflections
generate a strain on a piezoelectric layer and in turn produces a measurable current. Sim-
ilarly, piezoresistive materials change their resistance when a mechanical strain is applied.
Therefore, a piezoresistive material can be embedded onto a cantilever to capture its dis-
placement. When the cantilever is displaced, a stress acts on the piezoresistor thus chang-
ing its resistance. Piezoelectric and piezoresistive readout methods are applicable to both

static and dynamic sensing modes.

Materials and Fabrication

MEMS type structures and devices are typically made with either bulk or surface micro-
machining processes, as illustrated in the Figure 2.5. Silicon (both crystalline and poly-
crystalline) is commonly used to form the microcantilever body (structural layer) due to its
compatibility with many well established micro-fabrication processes. A typical fabrication
process consists of depositing and/or patterning the cantilever geometry through several

thin film deposition and lithography steps. This is followed by the critical step of releasing
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the cantilever by etching away the material underneath the structural layer, referred to
as the sacrificial layer. For cantilever gas sensing, silicon alone, is not capable of sensing
chemical compounds and therefore an additional receptor layer which has an affinity for
the target analyte is required. The incorporation of the receptor layer to the cantilever
structure must be considered for its compatibility with the other fabrication process steps

as well.

a) Bulk Micromachining b) Surface Micromachining

Structural Layer e
Etch Stop acrificial Layer

Structural Layer Structural Layer
Etch Stop Sacrificial Layer

Structural Layer Structural Layer

Figure 2.5: Micromachining techniques to fabricate MEMS structures. a) Bulk microma-
chining involving etching of the substrate. b) Surface micromachining involving a sacrificial
layer and its subsequent removal. Deposited photoresist layers for lithography not shown.

Thin film layers are deposited using well established physical vapor deposition (PVD)
and chemical vapor deposition (CVD) techniques. Metallic layers are often deposited

by PVD techniques such DC/RF sputtering and e-beam/thermal evaporation. Dielectric
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materials such as polysilicon, metal oxides and nitrides can be deposited by both CVD
and PVD techniques. The patterning of these layers is done by lithography followed by
etching. Each step in the process must be compatible with the subsequent steps thereafter.
For example, the etching step should be designed and selected so as to not remove all the

previously deposited layers.

In a typical bulk micromachining process, parts of the substrate itself are removed to
realize a free-standing cantilever structure. This bulk etching is illustrated in Figure 2.5a.
On top asilicon wafer, an etch stop layer, the silicon based structural layer and a photoresist
layer are deposited. Additional layers may be required for actuation, readout and gas
sensing (receptor). A lithography process (UV for micron sized features or electron beam
for nano sized features) is used to pattern the photoresist. The patterned photoresist is
then used as a mask to pattern the silicon structural layer underneath into the desired
cantilever geometry. This step is done by either wet or dry etching, using etchants that
are selective to the structural material [4,11,12]. Backside wet etching of the silicon wafer
is done to create the cavity/gap. To etch the silicon wafer, etchants such as potassium
hydroxide (KOH) and sodium hydroxide (NaOH) are used. The etch stop layer is inert
or has a slower etching rate than the silicon wafer and protects the structural layer from
damage. The final step to release the cantilever is the removal of the etch stop layer
by further wet etching with etchants that are selective to the etch stop material. The
deposition of the gas sensing receptor layer may be done as an intermediate step before

cantilever release or after cantilever release.

Surface micromachining processes, illustrated in Figure 2.5b, are also used to fabricate
cantilever structures but pertain to the addition and removal of layers on top the substrate
only. Here the substrate simply acts as a carrier for the device and electronics. A layer
known as a sacrificial layer is deposited before the structural layer. Instead of etching
through the bulk of the silicon wafer, the sacrificial layer is etched away to create the gap.
This technique is used to realize both silicon and non-silicon based structural layers [13].
The sacrificial layer is etched away by wet or dry etching technique, ensuring the chosen

etchant does not etch away the structural layer as well. Sacrificial layer etching or “release
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etching” is a slow process due to the limited access to the sacrificial layer.

Surface functionalization of the cantilever with a gas sensitive receptor layer is required
to be able to attract the desired gaseous analytes. Receptor layers have consisted of various

polymers, metal oxides, organic ligand type molecules, and DNA strands [4,6,11,12].

Polymer receptor layers can be used for both static and dynamic MEMS gas sensing [4].
The absorption of gaseous analytes causes a swelling of the polymers. In static mode, the
swelling of the polymer induces a surface stress that results in a bending of the cantilever
[14]. In dynamic mode, the adsorption of analyte corresponds to a detectable mass change.
These polymers are easily deposited onto the surface of the structural layer by spin-coating,

dip coating, and drop casting techniques.

Metal oxide materials are also suitable for MEMS based gas sensing, however they have
been more widely used in chemoresisitve gas sensors [5,15]. The amount of available gas
adsorption sites is heavily influenced by the surface morphology of the material. Nanos-
tructured materials such as nanowire arrays or polycrystalline thin films with nanoscale
roughness are advantageous due to their higher surface area-to-volume ratio [15]. Doping
of the metal oxide material can improve sensitivity of the sensor by altering the surface
charge of the material and can improve selectivity to certain gas analytes [15]. Atomic
Layer Deposition (ALD) is one of many deposition methods for the metal oxides [5]. The
most popular metal oxide material for gas sensing is tin oxide (SnOs). Other metal oxides
such as zinc oxide, titanium oxide and their doped varieties have also been used to sense

a large collection different analytes [5].

A widely accepted mechanism for metal oxide based gas sensing is depicted in Figure 2.6
and is as follows. In the presence of air and absence of humidity, oxygen is “ionosorbed”
(ion adsorbed) onto the surface of the metal oxide. In the presence of an oxidizing gas such
as oxygen, further oxygen ions would be ionosorbed onto the surface of the metal oxide. In
the presence of a reducing gas such as carbon monoxide, the ionosorbed oxygen ion would
react with the reducing agent resulting in fewer oxygen species on the surface of the metal
oxide. In chemiresistors, the amount of ionosorbed oxygen on the metal oxide affects its

electrical conductivity and hence any changes in the amount of ionsorbed oxygen would be
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seen as a change in resistance [15].

0, CO CO,

J\ Y4
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Metal Oxide Metal Oxide

a) Oxidizing gas b) Reducing gas

Figure 2.6: Gas adsorption on metal oxide films. In air, oxygen ions are adsorbed onto the
surface of the metal oxide. a) In the presence of an oxidizing gas, additional oxygen ions
are adsorbed. b) In the presence of a reducing gas, oxygen ions react with reducing agent
and leave the surface.

2.1.2 Review of Static MEMS Sensors
General Review

For a while, the lone application for cantilever-type devices was for atomic force microscopy
(AFM) or scanning probe microscopy (SPM) characterization of surfaces. In the 1990s,
researchers began to explore alternative applications for cantilever devices, taking advan-
tage of their reproducible bending behavior when exposed to different environments. Early
research involved utilizing silicon-based cantilevers made specifically for AFM and coating
them with various receptor layers for chemical sensing. In 1993, Gimzewski et al. utilized
a silicon cantilever (L x w xt =400 x 35 x 1.5 um) coated with a 400 nm layer of
aluminum, to detect local temperature changes during the catalytic conversion of Hy +
Oy to form HyO [16]. The deflection in the cantilever, due to different thermal expansion
coefficients of the layers, was read out by an optical method that was used for SPM at
the time. In 2000, Jensenius et al., was the first to integrate a piezoresistive read out
method with cantilever type devices, which allowed for miniaturization and compactness

of the sensing setup [17]. Micromachined Si/SiO, cantilevers (200 x 50 x 2 pm) with
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an embedded poly silicon piezoresistor, were coated with an AZ 5200 photoresist polymer
film (~ 10 pm thick). A reference, uncoated piezoresistive cantilever was also measured
alongside the coated cantilever. The differential resistance between the two cantilevers was
measured with a wheatstone bridge circuit, to obtain the equivalent bending response of
the coated cantilever to vapors of ethanol, methanol and 2-propanol. Figure 2.7a, shows a
scanning electron microscope (SEM) image of the uncoated (left) and coated (cantilevers),
while Figure 2.7b shows the bending response of the coated cantilever to the tested alco-
hols. The largest response was to methanol which had the highest vapor pressure and the
lowest molecular mass. The high vapor pressure corresponded to its high abundance in
air, while its low molecular mass corresponds to its improved diffusivity into the polymer

layer (smaller molecule).

Aleohol partial pressure [Pa)

[ 10
Time [minutes]

Figure 2.7: a) SEM image of uncoated (left) and polymer coated (right) cantilever. b)
piezoresistive deflection response [pV] of polymer coated cantilever to methanol, ethanol
and 2-propanol. Adapted from ref. [17] with permission. Copyright 2000, AIP Publishing.

In 2004 a handheld unit known as “Sniffex” was developed by researchers at Oak Ridge
National Laboratory, and was able to detect vapors of plastic explosives [18]. Piezoresis-
tive silicon cantilevers (125 x 50 x 0.5 pum) were coated with a 30 nm gold layer. The
gold coated Si cantilever was coated with 4-mercaptobenzoic acid (4-MBA). Figure 2.8,
shows the bending response of the coated cantilever to vapors of 10 parts per trillion (ppt)
pentaerythritol tetranitrate (PETN) and 3 ppt hexahydro-1,3,5-triazine (RDX) at room
temperature. The high sensitivity and repeatable detection signal of the device led to the

development of a handheld unit currently used for explosives detection.
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Figure 2.8: Bending signal [pV] of “SniffEx” cantilever device exposed ot PETN and RDX
vapors. Adapted from ref. [18] with permission. Copyright 2004, AIP Publishing.

Yoshikawa et al. created an array of piezoresistive cantilevers to address challenges in
selectivity [14]. An array of silicon cantilevers (135 x 30 x 1.5 um) were coated with
polymers such as poly vinyl alcohol (PVA), polyethyleneimine (PEI), poly acryl amide
(PAAM) and poly vinyl pyrrolidone (PVP). Each coated cantilever was paired with a
similar uncoated cantilever to obtain the differential piezoresistive bending signal. The
bending response of each coated cantilever to vapors of water, methanol, ethanol, hexane,
dimethyl either, isopropanol, pentane, hexane, heptane, nonane, decane and undecane were
observed (shown in Figure 2.9a and b). The response to each analyte was measured in
5 ON/OFF cycles, for repeatability. The sorption of the analytes on the polymer layers
induces a surface stress and subsequent bending of the cantilever due to the swelling of
polymers. The response of each coated cantilever to each analyte, forms a “fingerprint”
or identifier for that particular analyte. A Principal Component Analysis (PCA) of the
data set, shown in Figure 2.9c and d, revealed unique well-defined clusters for each analyte
without any overlap. This analysis demonstrates the ability of an array of piezoresistive

cantilevers sensors to selectively discriminate analytes.
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Figure 2.9: Bending/deflection response [nm] of polymer coated cantilevers to analytes
tested (part a and b). Principle component analysis of bending responses reveals distinct
clusters of response signals which can be used to discriminate the analytes (part ¢ and d).
Adapted from ref. [14] with permission. Copyright 2008, IOP Publishing Ltd.

Nanomechanical Membrane-type Surface Stress Sensors

Piezoresistive cantilevers suffered from poor deflection resolution when compared to optical
techniques which were superior. Amplification of the piezoresistive signal was required. To
address this challenge, a nanomechanical Membrane type Surface stress Sensor (MSS) was
developed by Yoshikawa et al. [19]. Instead of a cantilever type structure, the device
consisted of a round silicon membrane suspended by four piezoresistive beams, as depicted
in Figure 2.10. The four piezoresistors were connected in a wheatstone bridge circuit
configuration. In a conventional cantilever, surface stresses in one direction (along length
of cantilever) are captured by a single piezoresistor. Whereas in the MSS, surface stresses
in both the x and y directions are captured by 4 piezoresistors thus resulting in signal
amplification. This approach has the added benefit of not requiring an additional uncoated

device to obtain the differential resistance signal.

The MSS devices were coated with the polymers PEI and poly sodium 4-styrenesulfonate

(PSS) and showed a response to 20% water vapor in nitrogen, shown in Figure 2.11. Coat-
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Figure 2.10: Schematic illustration of the membrane-type surface stress sensor and elec-
trical connection to piezoresistors for measurement of bending response. Adapted from
ref. [19] with permission. Copyright 2011, American Chemical Society.

ing of the membrane was done with an inkjet spotting technique, that allows for precise
deposition of picolitre (pL) volumes of solution. The responses of both devices were greater
than a conventional piezoresistive cantilever of similar size. These results kick-started fur-

ther development of MSS devices with unique receptor layers.
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Figure 2.11: Bending response [mV] of a PEI and b)PSS coated MSS with diameters of 500
pum (solid red line) and 300 pum (dotted red line) compared a standard cantilever (black
line). Adapted from ref. [19,20] with permission. Copyright 2011, American Chemical
Society.

Shiba et al. synthesized core-shell nanoparticles consisting of a porous silica core and a
nanoporous titania shell [21]. The response of the coated MSS to water, ethanol, hexane,

benzene and acetic acid is shown in Figure 2.12 which also includes an SEM image of the
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synthesized nanoparticles. Larger responses were obtained for analytes with polar groups
such as water, ethanol, and acetic acid, while lower responses were obtained for nonpolar
analytes such as hexane and benzene. Further analysis revealed that the surfaces of the
nanoparticles were hydrophilic and therefore supports the obtained sensor response to the
analytes. The origin of membrane deflection comes from the absorption of the analytes
in the nanoporous titania shell resulting in its subsequent volume expansion and induced
stress on the membrane. Sensor performance metrics such as sensitivity, LOD, response

and recovery time were not reported.
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Figure 2.12: Bending response [pV] of MSS with a titania coated silica nanoparticles
receptor layer(MSS image of particles shown in bottom right figure). Responses were
obtained for water, ethanol (EtOH), hexane, benzene and acetic acid vapors. Adapted
from ref. [21] with permission from The Royal Society of Chemistry.

Osica et al. [22], reported MSS devices coated with a dispersion of hybrid nanostructures
consisting of highly textured silica nanoparticles (named silica nanoflake-shell capsules,
SFS) conjugated with metalloporphyrin molecules with different metals (cobalt, nickel,
copper and zinc-based porphyrins). An illustration of the chemical structure of the met-
alloporphyrin and SEM image of the nanoparticle surface is shown in Figure 2.13a. The
effect of the silica nanoparticle size and surface texture on the response to acetone vapors
was studied and shown in Figure 2.13b. The sensor response to acetone increased as the
size of the silica particle decreases and its surface texturing increased, corresponding to an

increased surface area available for analyte adsorption. A limit of detection was calculated
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to be 0.6 ppm for acetone and 3.5 ppm for nitric oxide. Other sensor metrics such as

sensitivity, response and recovery time were not reported.
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Figure 2.13: a)Array of MSS coated with metalloporphyrin conjugated textured silica
nanoparticles (SEM and molecular structure shown). b) Bending response [mV] of coated
MSS to 50 ppm of acetone vapor. The effect of silica nanoparticle surface texture and size
(shown in SEM and transmission electron microscope (TEM) on right) on the response
signal is compared. Adapted from ref. [22] with permission. Copyright 2017, American
Chemical Society.

Gold nanocage (AuNC) nanoparticles were synthesized and used receptor materials for
MSS and tested with water based, alkane, alcohol, aromatic, and ketone type chemical
compounds. The highest responses were for water and alcohol-based analytes, which was
attributed to the preferable interactions between the gold and the oxygen atom on the
hydroxyl groups. The limit of detection to methanol, which had the highest sensor response,
was 30 ppm. Other sensor metrics were not reported, but a larger emphasis was placed on

the selective response of the sensors to the chemical groups tested.

Finally, Yao et al. fabricated a similar device structure to the MSS and coated it with
graphene oxide (GO) for relative humidity (RH) sensing [23]. Figure 2.14, depicts the
fabricated silicon “microbridge” structure (20 pm thickness) consisting of a square plate-
like structure fixed at four piezoresistive supports. In comparison, the MSS device uses
a round suspended membrane instead with a thickness of 2.5 yum. GO (synthesized via
a Hummers method) was spin coated on top the silicon microbridge, to create a random

distribution of GO flakes (approximately 65 nm thickness).
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Figure 2.14: a)lllustration of graphene oxide flake functionalized with oxygen containing
groups. b) schematic of fabricated piezoresistive Si microbridge structure with graphene
oxide flakes receptor layer. c¢)circuit diagram of 4 piezoresistors connected in wheatstone
bridge configuration to obtain piezoresistive bending signal. d) SEM image of the surface
of the graphene oxide receptor material. Adapted from ref. [24] with permission. Copyright
2012, Elsevier B.V.

The response of the coated and uncoated device to increasing RH is shown in Fig-
ure 2.15a. It is clear the GO coating improved the sensor response to the RH changes.
Here the bending response was attributed to the humidity induced deformation of GO.
The oxygen functional groups on the GO such as hydroxyl, epoxy and carboxyl groups act
as receptors for water molecule adsorption. This adsorption process leads to an increase in
the interlayer distance between the GO flakes (i.e., swelling of the GO films). This expan-
sion induces the surface stress on the silicon microbridge and readout by the piezoresistors.
The sensitivity of the sensor was reported to be 79.3 uV/%RH and exhibited fast response

and recovery times (although the exact time was not reported).

25



3.0 - - : - - Water
a i T ' ' ' b molecules ™ o o Low RH
—&— With 65-nm-thick GO layer . Grahene oxide thin sz
25 o Without GO layer 4 films T ST
.
; I Piezoresistor v "
T 20 L] | Silicon flexible
_;; o silicon membrane
g .| > | substrate O O O
i o O O
= . 3
a 10- . @
5 . $
(] 2
0.5 - .
. O O O O O O HghRH
an O O o O [
00 o o o To) e’ e} o o - i swelling

0 20 40 60 80 100 ’ ‘
Relative Humidity (% RH)

Figure 2.15: Bending response [mV] of graphene oxide coated (black) and uncoated (red)
Si microbridge to increasing RH. Adapted from ref. [24] with permission. Copyright 2012,
Elsevier B.V..

2.1.3 Review of Dynamic MEMS Sensors
General Review

One of the earliest reports of gas detection by a resonating microcantilever sensor was by
Thundat et al. in 1995 [25]. In this study, commercially available silicon nitride cantilevers
(200 pm long) were coated with a thermally evaporated layer of gold (50 nm) on one side.
The coated cantilevers were used for the detection of mercury vapors. The cantilever was
mounted on a piezoelectric crystal for actuation and resonant frequency was read out by
optical laser vibrometry. The resonant frequency of a cantilever partially covered (only
at the free end) with gold, upon exposure to mercury vapor is shown in Figure 2.16.
The decrease in the resonant frequency is a result of the adsorption of mercury on the
cantilever, increasing the cantilever’s overall mass (see Equation 2.5). The mass sensitivity
of this device was 0.7 picograms/Hz. In contrast, a cantilever that was fully covered with
gold showed a frequency increase when exposed to mercury. This behavior was explained
as a combination of mass loading as well as an increase in the stiffness (k) of the beam due

to mercury-gold interactions.
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Figure 2.16: Frequency response [kHz| to mercury vapor of a silicon nitride cantilever a)
partially covered with gold resulting in a decrease in frequency and, b) fully covered in gold

resulting in an increase in frequency. Adapted from ref. [25] with permission. Copyright
1995, AIP Publishing.

Similar to static cantilever sensing, the coating of cantilevers with various polymers
was a common technique for dynamic mode sensing as well. Maute et al. coated silicon
nitride cantilevers (with reflective gold layer) with polydimethylsiloxane (PDMS) for the
sensing of n-octance, toluene and n-butanole [26]. The frequency shift as a function of gas
concentration (ppm) was obtained and yielded concentration sensitivities of 0.0988, 0.0409
and 0.0033 Hz/ppm for octane, toluene and butanole, respectively. Dong et al. utilized
polyethylene oxide (PEO), polyethylene-vinyl-acetate (PEVA) and PVA as coatings on
silicon cantilevers for the sensing of hexane, octane, toluene, benzene, acetone, ethanol
and changes in RH. PEO was most sensitive to ethanol yielding a concentration sensitivity
of 0.00426 Hz/ppm. PEVA was most sensitive to toluene (0.00734 Hz/ppm) while PVA
was most sensitive to benzene (0.00719 Hz/ppm). Then et al. produced polyetherurethane
(PEUT) on electrostatically actuated Si cantilevers [27]. Testing with butanol, toluene
and octane yielded concentration sensitivities of 0.16, 0.08 and 0.05 Hz/ppm, respectively,
which are large improvements over the previous report by Maute tested with the same

analytes.
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The ability to selectively identify and discriminate analytes is realized with the for-
mation of cantilever arrays each functionalized with a unique polymer coating. Battiston
et al. utilized 7 different polymers, which included poly methyl methacrylate (PMMA),
polystyrene (PS), polyurethane (PU), poly-vinyl-chloride (PVC), PVA, PVP and car-
boxymethylcellulose (CMC) [6]. The frequency shifts of the coated cantilevers were mea-
sured in response to water vapor, primary alcohols (methanol, ethanol, propanol and bu-
tanol), and alkanes with different chain lengths. The individual responses of each cantilever
to each analyte was used to train a feed forward neural network. The cantilever array and
neural network was used in conjunction to identify the chemical composition of various

perfumes. The authors did not report individual sensitivities of the coated cantilevers.

Besides polymers, various unique receptor materials have been used in dynamic can-
tilever sensors such as metal organic frameworks [28,29], microporous ceramic zeolite [30],
peptides [31] and cyclodextrins [32-35]. Multi-wall carbon nanotubess (MWCNTSs) have
been implemented as a surface coating on piezoelectric cantilevers [36]. The sensors were
testing with benzene, carbon monoxide and nitrogen dioxide, yielding LODs of 1, 5 and
0.05 ppm, respectively. The LODs obtained with the resonant cantilever sensors were lower
than the corresponding LODs obtained for a chemoresistive sensor with the same MWC-
NTs receptor. The use of MWCNTs is particularly interesting as it allowed for the creation
of a nanocantilever sensor comprised of a single MWCNTs as reported by Jensen et al. [37].
Figure 2.17a shows a high-resolution TEM image of the single MWCN'Ts cantilever fixed at
one end. The frequency response of the device to evaporated gold (Figure 2.17b), showed
a fairly large shift in the MHz range for an increase in mass equivalent to 51 Au atoms

which corresponds to a mass sensitivity of 0.13 zeptograms/Hz.
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Figure 2.17: a)High resolution TEM image of a single MWCNTs nano-cantilever. b)
Frequency response [MHz| of MWCNTSs cantilever to evaporated gold. Adapted from
ref. [37] with permission. Copyright 2008, Nature Publishing Group.

The achievement of ultra low mass sensitivity was due to the miniaturization of the
cantilever structure to the nanoscale. Additionally, the single MWCNT performs the role
of the structural, receptor, actuation layers all at once since it has a elastic modulus
and tensile strength, many surface sites for adsorption, and is conductive. This idea of
“extreme” miniaturization was further pursued by Li et al. [38] who fabricated gold coated
silicon carbide (SiC) cantilevers ranging from the micro to nanoscale, shown in Figure 2.18a-
d. The largest cantilever (33 x 5 x 0.1 um) had a resonant frequency of 52 kHz while
the smallest cantilever (600 x 400 x 100 nm) had a resonant frequency of 127 MHz. The
nanocantilever was tested with vapors of 1,1-difluoroethane with frequency shifts that were

equivalent to 1 attogram (ag) of adsorbed mass (Figure 2.18e).
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Figure 2.18: SEM images and resonant frequencies of gold coated SiC cantilevers with
resonant frequencies of (dimensions in brackets) a) 52.1 kHz (33 x5 x 0.1 wm), b) 1.6
MHz (10 x2 x0.1 um), ¢) 8 MHz (2.5 x 0.8 x 0.1 um), d)127 MHz (0.6 x 0.4 x 0.1 um).
e) The frequency response [Hz| of 8 MHz (top) and 127 MHz(bottom) cantilevers towards
attogram amounts of 1-1 difluoroethane. Adapted from ref. [38] with permission. Copyright
2007, Nature Publishing Group.

Zinc Oxide Dynamic-mode Sensors

Zn0 in chemiresistive gas sensors has been used to sense a large range of analytes such as
carbon monoxide (CO), ammonia (NH3), nitrogen dioxide (NO;), hydrogen (Hs), liquefied
petroleum gas (LPG) and Hydrogen disulfide (H2S) [5,39-43], to name a few. Silver
doping of ZnO nanowires improved sensitivity to LPG [44], while copper doping of ZnO
nanocrystalline films improved sensitivity to CO [45]. Aluminum doping of sputtered ZnO

films shows selective sensitivity to NHy [46]. Paraguay et al. [47] studied the influence of
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Al In, Cu, Fe and Sn dopants on the ethanol sensing of ZnO thin films. Sn doped ZnO
had the highest sensitivity to ethanol, followed by Al, Fe, In, undoped and finally Cu.

The implementation of semiconducting metal oxides as receptor materials in resonant
cantilever sensors is fairly limited when compared to the larger number of reports of metal
oxide receptors in chemiresistive gas sensors. This is likely due to the ease of fabrication of
a chemiresistive sensor and the well studied metal oxide gas sensing mechanism which is
primarily based on the changes in electrical conductivity of the semiconducting material.
In this section, the focus is placed on the implementation of zinc oxide receptor materials
in dynamic frequency shift-based gas sensors, also known as gravimetric sensors. This
includes microcantilever, quartz crystal microbalance (QCM) and acoustic wave resonators,
the later two are not typically categorized as MEMS devices but are still relevant for this

discussion.

The first implementation of ZnO as a receptor layer in a cantilever sensor was reported
by Kilinc et al. [48], who used an electro-deposition technique to grow nanorods and nan-
otubes on nickel cantilevers (140 x 20 x 2 pm). An overview of this fabrication scheme
is depicted in Figure 2.19a. An SEM of the fabricated ZnO nanorod coated Ni cantilever

is shown in Figure 2.19b-d.

The cantilevers were dynamically actuated with an electromagnetic method and op-
tically read out with a laser vibrometer and a lock-in amplifier to measure the phase
variation. The phase shift of the sensors, in the presence of diethylamine (DEA) is shown
in Figure 2.20a-b. For both devices the introduction of DEA results in a negative phase
shift, followed by an increase when the DEA is removed. The concentration sensitivities
were determined to be 0.11 m®/ppm and 1.2 m°/ppm for the nanorod and nanotube, re-
spectively. The larger nanotube sensitivity is attributed to the increase in surface area of

the nanotube structure.

The response to other analytes such as ammonia, triethylamine(TEA), toluene, acetone,
isopropanol, methanol and 50% RH was observed and shown in Figure 2.20c-d. The largest
phase shift was observed for ammonia, while the phase shifts for DEA and TEA were the

second largest and nearly identically which suggest ZnO shows a higher response to amine
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Figure 2.19: a)Schematic diagram of the fabrication process for the formation of Nickel
cantilever, subsequent growth of ZnO nanorods and formation of nanotubes. SEM images
of the ZnO nanotube covered Ni cantilever at b) 1kX, ¢) 13kX, and d) 150kX magnification.
Adapted from ref. [48] with permission. Copyright 2014, Elsevier B.V.

groups.

Yang et al. [49] grew zinc oxide nanorods (via chemical bath deposition shown in Fig-
ure 2.21a) on commercially available silicon cantilevers (3 mm x 100 um x 25 um). The
nanorod array had dimensions of ~ 1 pm in length and 95 nm in diameter (shown in
Figure 2.21b). The substrate was placed on a piezoelectric chip for dynamic actuation and

read out with a piezoresistive method.

The response of the device to changes in relative humidity is shown in Figure 2.21c-d.
As the RH increased from 30% to 70%, the resonant frequency decreased from 20.98 to
20.89 kHz (a shift of ~ 100 Hz), which corresponds to a sensitivity of 2.5 Hz/%RH. This

shift is directly attributable to the adsorption of water onto the cantilever. Response and
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Figure 2.20: Observed phase variation of a) ZnO nanorod coated Ni cantilever (red) and
uncoated Ni cantilever (black), and b) ZnO nanotube coated Ni cantilever to varying
concentration of DEA vapors. The maximum phase shift to other analytes is shown in
(c) for the nanorod-cantilever and (d) for the nanotube-cantilever. Adapted from ref. [48]
with permission. Copyright 2014, Elsevier B.V.

recovery times were not measured.

Xu et al. [50] fabricated a similar ZnO nanorod on Si cantilever (1 mm x 170 pum x
10 pm) device which was further functionalized with a chitosan coating. The structure
was dynamically actuated and simultaneously read out by the embedded piezoresistor. The
resonant frequency response to changes in relative humidity is shown in Figure 2.22. The
chitosan coated ZnO nanorods were compared to a device without the chitosan coating.
For both devices the RH increase from 30% to 70% resulted in a decrease of the resonant
frequency. The chitosan coated device experienced a shift of -0.14 kHz while the device

without chitosan experienced a shift of -0.025 kHz, corresponding to sensitivities of 3.5
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Figure 2.21: a)Schematic diagram of the growth of ZnO nanorods on Si cantilever via
chemical bath deposition. b) SEM image of the ZnO nanorod features. c¢) Frequency sweep
response of ZnO nanorod coated cantilever at 30-70% RH.d) Resonance frequency shift and
cantilever quality factor (Q) as a function of %RH. Adapted from ref. [49]. Copyright 2014,
Jingmei Yang, Jiushuai Xu, Wenze Wu, Maik Bertke, Hutomo Suryo Wasisto and Erwin
Peiner, used under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND 4.0).

Hz/%RH and 0.625 Hz/%RH. While the addition of chitosan improved the sensor perfor-
mance, it is not clear if the ZnO nanorods in the chitosan coated device participated in the
adsorption of water or if they simply acted as a scaffold to help increase the surface area

of the chitosan.

The same authors further improved their device structure by fabricating a 3D network of
ZnO nanorods, on an array of silicon nanopillars, on a silicon cantilever (1 mm x 170 pm X
12 pm). This network was then functionalized with a self assembled layer of 3-aminopropyl

triethoxysilane (APTES). An illustration of the device is shown in Figure 2.23a. The
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Figure 2.22: Frequency response [kHz] towards increasing %RH of chitosan coated ZnO
nanorod cantilever(black) compared to bare ZnO nanorod cantilever (green). Adapted
from ref. [50] with permission. Copyright 2018, Elsevier B.V.

silicon nanopillars were formed via nanoimprint lithography and deep reactive ion etching.
The ZnO nanorods were grown electrochemically and subsequently functionalized with an

APTES coating.

The resonant frequency shift response of the device in the presence of nitrogen dioxide
(NOg) was observed and is shown in Figure 2.23b. The APTES@QZnO®@QSi device (labeled
S3-PMC, blue) had a frequency shift of approximately -10 Hz in the presence of 0.2 ppm of
NO,. In comparison, the device without the APTES functionalization (labeled as 3-PMC)
had almost no frequency shift to 5 ppm of NO,. A device without the silicon nanopillars
(labeled S1-PMC) had a frequency shift of -0.2 Hz to 2.5 ppm of NO,. These results
seem to indicate that the ZnO nanorods and Si nanopillars did not participate in the
adsorption of NOs but instead served as a scaffold to help increase the surface area of the

APTES, similar to the previous chitosan study. The resulting concentration sensitivity of

the S3-PMC device to NO, was 50 Hz/ppm.

Aprilia et al. [52] used a zinc nitrate precursor solution to grow ZnO nanorods on
commercially available piezoresistive Si cantilevers (400 x 50 x 1 pum). The frequency
shift response of the device to carbon dioxide gas (at 71% RH) is shown in Figure 2.24. Here
the carbon dioxide exposure resulted in a positive frequency shift of 80 Hz, from which the
authors incorrectly determined an adsorbed mass of 134 picograms of CO, despite being

a positive frequency shift.
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Figure 2.23: a)lllustration of APTES functionalized ZnO nanorods grown on a silicon
nanopillar array, grown on a piezoresistive silicon microcantielver (APTES-ZnO-Si). b)
resonance frequency shifts [Hz| towards nitrogen dioxide (NOg), of the APTES-ZnO-Si
(labeled S3-PMC, blue), a device with APTES functionalized (labeled S1-PMC, black)
and a device with only ZnO nanorods (labeled (S1-PMC). Adapted from ref. [51] with
permission. Copyright 2020, American Chemical Society.

In another report [53], the same authors observed the response their device to carbon
monoxide gas (Figure 2.25). In the first test an air compressor was used to supply the
purging gas followed by CO exposure which resulted in a negative frequency shift of about
-500 Hz in 100 ppm of CO. In contrast, a second test where the air compressor was not
used resulted in a positive frequency shifts of about 1.16 kHz in 126 ppm of CO. Here the
authors claimed that the negative frequency shifts were due to the adsorption of CO on top
of an already adsorbed layer of water from the humid air supplied by the air compressor.

The frequency increase observed in the second test was a result of CO molecules directly
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Figure 2.24: Resonance frequency [Hz] of ZnO nanorod coated commercial Si cantilever
towards carbon dioxide (CO;). Adapted from ref. [52] with permission. Copyright 2015,
IEEE.

replacing previously adsorbed layer of water molecules on the surface of the ZnO resulting
in a lighter mass. However, this conclusion is also questionable because the mass of a
CO molecule is larger than the mass of a water molecule. The authors reported a mass

sensitivity of 8.27 femtogram/Hz.

A final report from the same researchers, consisted of doping the ZnO nanorods with
aluminum for the sensing of CO [54]. Surface doping of the ZnO nanorods (on the Si
cantilever) was achieved by RF sputtering with an Al target at a high temperature (1500
K). The frequency response of the device to increasing concentrations of CO is shown
in Figure 2.26. The introduction of CO, results in a positive frequency shift, similar to
their previous result for ZnO nanorods in Figure 2.24. Interestingly, in this report the
authors claimed that undoped ZnO showed no response to CO. Here the authors suggest
the positive frequency shift is a result of the CO displacing adsorbed water molecules.
While they acknowledge that CO is heavier than water, they suggest that less CO is

adsorbed hence reducing the cantilever total mass to result in a frequency increase.

Regardless of what the specific sorption/sensing mechanism is, the above reports show
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Figure 2.25: Resonance frequnecy [kHz] of ZnO nanorod coated commercial Si cantilever
(blue) towards carbon monoxide (CO)using a) an air-compressor as the purge gas and, b)
a second test without using the air compressor as the purge gas. Adapted from ref. [53].
Copyright 2017, Lia Aprilia , Ratno Nuryadi, Dwi Gustiono, Nurmahmudi, Arief Udhiarto,
Djoko Hartanto, Brian Yuliarto, Makoto Hosoda, Yoichiro Neo, and Hidenori Mimura, used
under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0).

examples of both positive and negative frequency shifts for different analytes, which is
certainly interesting behavior that should be studied further. To further understand these
results, it is important to compare to other ZnO based gravimetric (frequency shift) sensors
such as QCM. A QCM sensor consists of a piezoelectric quartz (SiO9) crystal that resonates
at its natural frequency when a voltage is applied. These devices can then be coated with
various receptor materials to observe frequency shifts in the presence of chemical gases.
While microcantilevers have micrometer length scales, QCMs have length scales of several

millimeters.

Much early work involved synthesizing unique ZnO nanostructures to be drop casted on
the surface of a QCM. This involved the formation of ZnO “nanotetrapods” [55], spherical
nanoparticles [56] and nanowires [57], all for QCM based relative humidity sensing. Asar et
al. compared sensors coated with nanoparticles with sensors coated with nanowires to ob-
serve the morphology dependent humidity sensing performance [58]. Figure 2.27a-b shows
an SEM image of the prepared ZnO nanoparticles and nanowires, their corresponding fre-
quency shift response to different levels of relative humidity is shown in Figure 2.27c-d.

Larger shifts in resonant frequency were observed for the QCM coated with the nanopar-
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Figure 2.26: Resonance frequency [kHz| of alumunium doped ZnO nanorod coated com-
mercial Si cantilever (blue) towards CO, compared to uncoated cantilever (red). The
relative humidity of the test chamber is measured as well (dotted black line). Adapted
from ref. [54]. Copyright 2020, Ratno Nuryadi, Lia Aprilia, Makoto Hosoda, Mohamad
Abdul Barique, Arief Udhiarto, Djoko Hartanto, Muhammad Budi Setiawan, Yoichiro Neo
and Hidenori Mimura, used under a Creative Common CC BY license.

ticles corresponding to a sensitivity of 1 Hz/%RH compared to the 0.4 Hz/%RH obtained
for the nanowires. The authors attributed this difference to the higher available surface

area for nanoparticles compared to nanowires.

It was observed that the response time of the sensors increased at higher relative humid-
ity. The proposed mechanism for the phenomena is as follows. At low RH, water molecules
are chemically adsorbed (chemisorbed) onto the ZnO surface by means of hydrogen bonds.
At higher RH, once an initial monolayer of chemisorbed water is formed, additional layers
of water form via van der waals dipole dipole interactions (physisorption), which will take

a longer time to saturate all available sorption sites and come to equilibrium.

Xie et al. synthesized spherical ZnO nanoparticles 100 nm in size and drop casted
them onto the surface of a QCM for the sensing of alcohols such methanol, ethanol and

isopropanol [59]. At an analyte concentration of 300 ppm, the largest frequency shift was
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Figure 2.27: SEM image of a) ZnO nanoparticles and b) ZnO nanowires. Frequency shift
response [Hz] of QCMs coated with ¢) ZnO nanoparticles and d) ZnO nanowires, at different
%RH. Adapted from ref. [58] with permission. Copyright 2012, Elsevier B.V.

observed for methanol (-6.5 kHz), followed by ethanol (-4.2 kHz) and isopropanol (-1.4
kHz). This trend was attributed to the molecular size of the analytes, where methanol is
smallest molecule and therefore more methanol molecules can adsorb onto the surface of
7Zn0O in a compact arrangement. Isopropanol is a larger “bulkier” molecule and therefore
is subject to stearic hinderance effects that limits the number of molecules that can adsorb

onto the surface of ZnO.

Finally, Ozturk et al. [60] electrochemically deposited palladium (Pd) doped ZnO
nanorods onto the surface of a QCM for the successful sensing of ethanol, methanol, iso-
propanol, xylene, toluene, acetone and chloroform. An illustration of the vertically aligned
7Zn0O nanorods on the surface of the QCM is shown in Figure 2.28a. Figure 2.28b shows the

obtained sensitivities to the analytes tested, for the ZnO nanorods with varied Pd doping
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levels. The lowest sensitivity was towards acetone, while the highest were obtained for
xylene. The addition of Pd resulted in higher sensitivity attributed to the generation of

more zinc or oxygen vacancies that contributed to chemisorption of the analyte.
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Figure 2.28: a)lllustration of alligned ZnO nanorod array grown on QCM device. b)
Average sensitivity [Hz/ppm] of ZnO nanorod QCM (with varying amounts of Pd doping)
towards a range of analyte vapors. Adapted from ref. [60] with permission. Copyright
2015, Elsevier B.V.

Table 2.1 summarizes all the ZnO dynamic sensors discussed in this section, both
microcantilever and QCM based. A discussion on acoustic wave resonators was neglected

in this section due to the slightly different sensing mechanism.
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Table 2.1: Comparison of ZnO based resonant cantilever and QCM gas sensors.

Device

(Lx W xT) ZnO Structure Actuation Readout Analyte Best Sensitivity Ref.
. . Nanorod/nanotube .
Ni cantilever Hieght= 1 um Electroma.bnotlc Laser Vibrometer Diethylamine 1.2 ™ [48]
(140pm x 20pm x 2pum) . (solenoid) ppm
Dia.= 100 nm
. . Nanorod o .
Si cantilever Height = 1 um Pieozoelectric Piezoresistive 30-70% Rejlatlve 2.5 Az [49]
(3mm x 25um x 25um) Dia — 95 nm Humidity %RH
Si cantilever Chitosan coated Thermal/ Piezoresistive 30-70% Relative 35 Mz [50]
(Imm x 170pm x 10um)  ZnO nanorods Piezoresistive ” Humidity " %RH
. . APTES coated
Si cantilever ZnO nanorods 'Therm'al./ Piezoresistive Nitrogen dioxide 50 fHz [51]
(Imm x 170pm x 12pm) . . Piezoresistive ppm
on Si nanopillars
Si cantilever . . . - -
(400jm x 50pm x 1um) Nanorods Piezoelectric Piezoresistive Carbon dioxide Af=40Hz [52]
Si cantilever Nanorods Piezoelectric Piezoresistive Carbon monoxide 8.27 420 542 [53]
(400pm x 50pm x 1pm) 729" O ppm
Si cantilever Al doped . . . - - g -
(400pm x 50pim x 1um)  ZnO nanorods Piezoelectric Piezoresistive Carbon dioxide 7.57 H [54]
Relative Ha .
QCM Nanotetrapods - - Humidity 100 o757 [55]
. Relative Ha .
QCM Nanowire - - Humidity 3 win [57]
’ Nanoparticle/ Relative He -
QCM Nanowire ) ) Humidity ! ke (58]
. Relative He .
QCM Nanoparticles - - Humidity 7 i [61]
Nanoparticles Hz
QCM Dia. — 100 nm - - Methanol 21.6.°% [59]
QCM Pd doped - - Xylene 32964 [60]

ZnO Nanorods

ppm

2.2 Nanomaterial Synthesis Methods

2.2.1 Atmospheric Pressure Spatial Atomic Layer Deposition

Atmospheric Pressure - Spatial Atomic Layer Deposition (AP-SALD) is a thin film de-
position technique that has the main benefit of operating at atmospheric pressures (i.e.:

open-air conditions) unlike conventional vacuum-based ALD. To understand the working
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principle behind AP-SALD, conventional ALD is first briefly introduced.

ALD, which is a type of CVD, is based on the use of self-limiting surface half reactions.
[62] The process of thin film deposition by ALD occurs by the sequential introduction of
precursor chemicals by an inert carrier gas (typically nitrogen, Ny or argon, Ar) to the
substrate surface, schematically illustrated in Figure 2.29. In Step 1, the first precursor
(“Reactant A”) is injected into the ultra high vacuum chamber and reacts with all available
sites on the substrate surface. Excess unreacted precursor and by-products of the surface
reactions in Step 1 are subsequently purged away with an inert gas in Step 2. Once
the chamber has been evacuated, Step 3 consists of the injection of the second precursor
(“Reactant B”) into the chamber which reacts with the adsorbed layer of Reactant A to
form a single monolayer of the desired binary compound. This is followed by Step 4, where
similar to Step 2, unreacted precursor and by-products of the surface reactions are purged
away. These 4 steps make up a single ALD “cycle”, which is repeated until a desired film
thickness is achieved (typically on the order of nanometers). The process described here
consist of two precursors meant to form a binary film (A, B, ), however additional precursors
and steps can be added to create doped films or ternary (A,B,C,) and quaternary films
(A, B,CyD,).

The layer by layer technique is capable of depositing highly conformal, defect free films
on surfaces with varying degrees of roughness and high aspect ratios. However, large scale
production of ALD materials for commercial or industrial applications presents an inherent
challenge. Layer by layer deposition to achieve a desired thickness can be time consuming.
Furthermore, the process typically occurs in a vacuum environment and therefore the
coated surface is limited to the size of the chamber. The deposition chamber must be
pumped down (evacuation) to vacuum level pressures which can take a significant amount
of time. Precursor dose times must be long enough to fill up the deposition chamber.
Similarly, the purge times will also depend on the size of the chamber. Hence, the total
time for thin film deposition is dependant on evacuation, dose, and purge times which can
add up to a significant amount of wait time where no actual deposition is taking place. A

challenge in scaling up ALD for high throughput commercial scale production of thin films
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Figure 2.29: Schematic illustration of one ALD reaction cycle. Adapted from ref. [63] with
permission. Copyright 2005, AIP Publishing.

is that larger deposition chambers will be required, which will lengthen the evacuation,
dose and purge times [64]. Additionally, ALD of large substrate areas on the order of
square feet is also limited by the size of the deposition chamber. These throughput and
scalability issues have been combated by an ALD variant, AP-SALD.

AP-SALD, employs a unique gas injector (“Reactor Head”) design that allows for flow of
all precursor and purge gases simultaneously and continuously, though separated spatially
as parallel flows (depicted in Figure 2.30a). The substrate is the physically moved between
the precursor zones to reproduce the classical ALD cycle and half reactions, ensuring full

conformal coverage.

The main difference between conventional ALD and spatial ALD is the way the pre-
cursors are delivered to the substrate. In conventional ALD the substrate position is fixed

and the precursors are delivered to the entire substrate sequentially in time (Figure 2.31a).



Figure 2.30: 3D illustration AP-SALD reactor head design wich allows for continuous flow
of precursors separated by inert gas channels.

Whereas, in spatial ALD the substrate is moved between the precursor zones, which are
continuously flowing (Figure 2.31b). By doing so, the substrate is still exposed sequentially
to the different precursors thus reproducing the classical ALD cycle. The main advantage
is that the net deposition rate is dependant on the substrate movement rather than the
chamber evacuation and precursor dose times and thus, results in significantly quicker film

growth compared to conventional ALD [64].

In an AP-SALD reactor several alternating channels of the precursors and inert gases
can exist, thus a single pass of the substrate underneath the reactor can consist of more
than 1 ALD cycle. For example, the configuration in Figure 2.30 above consist of 1.5 ALD
cycles for a single pass through, or 2.5 ALD cycles for 1 complete AP-SALD oscillation.
This approach allows for faster deposition rates than conventional ALD , as the growth
rates become partially dependant on the oscillation speed and several ALD cycles can be
completed in a single oscillation [65], as shown in Figure 2.31. Moreover, the elimination
of lengthy vacuum pump down and purging steps, allows for the deposition of films in a

shorter time span.

Furthermore, AP-SALD, as the name suggests, occurs in atmospheric pressures. In
other words a vacuum chamber is not required and therefore the size of the substrates
are not constrained. This makes AP-SALD compatible with high throughput commercial

manufacturing techniques such as roll-to-roll processing. The use of a vacuum environment
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Figure 2.31: Schematic representation of conventional and spatial ALD processes as a
function of substrate position (black line) and deposition time. The precursor exposures
are represented by the coloured blocks. a) In conventional ALD, the substrate is at a fixed
position throughout the deposition and is exposed to precursors sequentially in time. b)
in spatial ALD, the substrate is moved between the different precursor zones, to reproduce
the classical ALD cycle.

is avoided by the close proximity of the reactor head to the substrate. A small separa-
tion height/gap between the bottom of the reactor head and the substrate is required to
maintain a “pseudo-vacuum” environment. It ensures that the substrate is only exposed
to precursor from the channel directly above it and therefore maintains a true ALD pro-
cess where only single monolayers of precursors are adsorbed. Should larger separation
distances be used, the precursors will begin to mix and react before deposition on the
substrate. This results in CVD like growth, where both precursors are introduced into a
chamber at the same time. Due to the intermixing of the precursors, spatial-CVD (with

larger separation distance) typically has higher growth rates than spatial-ALD [66].

Deposition by AP-SALD is affected by process parameters such as substrate movement
speed, separation distance, substrate temperature, the flow rate per channel on the reactor
head and the precursor concentration. If the substrate movement speed is too fast then
the film coverage on the substrate will be poor as substrate exposure to the precursor is

not sufficiently enough to react with all available surface sites [67].
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Table 2.2: Selected reports on the deposition of Al,O3 by AP-SALD.

Growth Rate

Precursors (A /eycle) T (°C) Application Ref

TMA + Water 1.2 200 Thin Film Transistor [70]

TMA + Water 1.2 200 Solar Cells [71]

TMA + O, Plasma 1-2 70-200  Lemperature semsitive o o)
substrates
DMATI + Water 0.9-1.3 100-300 - [72]
Table 2.3: Selected reports on the deposition ZnO by AP-SALD.

Precursors Dopant GEOAVZZI;CE:W T (°C) Application Ref
DEZ + Water N (NH;) 1.7 200  Thin Film Transistor [70]
DEZ + Water - 1.8 70-250 - [73]
DEZ + Water Al (TMA 2 200 - [74]
DEZ + Water Al(DMATI) 0.5-2 100-300 - [72]
DEZ + Water Mg (Mg(CpEt)sy 0.28 150 Solar Cells [75]
DEZ + Water ~ In (TMIn) 1.8 200 . [76]
DEZ + Water S (HsS) 0.7-1.5 100-200 Solar Cells [77]

Till date, the two most common and well studied films deposited by AP-SALD have
been Aluminum Oxide (AlyO3) and Zinc Oxide (Zn0O). Table 2.2 summarizes selected re-
ports on the deposition of Al,O3 by AP-SALD. tri-methyl-aluminum (TMA) and dimethya-
luminum isopropoxide (DMAI) have been used for the aluminum precursor while water and
oxygen plasma have been used for the oxygen precursor. Growth rates of 0.9-2 A /cycle
have been reported with deposition temperatures as low as 70°C up to to 300°C. The
low temperature depositions are particularly useful for deposition on temperature sensitive

polymer substrates [68,69].

Table 2.3 summarizes select reports on the deposition of ZnO films by AP-SALD.
Diethyl zinc (DEZ) and water were used as the Zn and oxygen precursors, respectively.
Depending on its intended use, it is often advantageous to dope the ZnO to enhance its
electrical conductivity (carrier mobilities) and/or alter its optical bandgap for improved
light absorption. Growth rates of 0.28-2 A /cycle have been reported with deposition tem-
peratures of 70°C to 300°C.

Besides Al,O3 and ZnO, other binary oxide films such as copper (I) oxide (Cup0),
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Table 2.4: Selected reports on other binary metal oxide films deposited by AP-SALD.

Growth Rate

Material ~ Precursors T (°C) Application Ref

(A/cycle)
CusO  Cupraselect 0.06 150-225  Solar Cells  [78§]
TiOq TiCly 1.5 100-350  Solar Cells  [79]
SnO, TDMASn 1.5 80 Solar Cells  [80]

titanium dioxide (TiOg) and tin oxide (SnOy) have been deposited by AP-SALD. The
metal precursors, reported growth rates and deposition temperatures used for these films

are listed in Table 2.4.

The reports discussed above show the versatility of AP-SALD to deposit a variety of
metal oxide thin films at relatively quick deposition rates and at low deposition temper-
atures without the need of a vacuum environment. The electronic, optical and physical
properties of these films can be tuned by varying the deposition temperature, precursor
partial pressure and introducing dopants). These films have been utilized in variety of
applications such as solar cells [79], transparent conductors [81], light emitting diodes
(LEDs) [82] and metal insulator metal (MIM) diodes [83]. Till date, a metal oxide film
deposited by AP-SALD has not been used in gas sensing applications.

While it is clear that that there are many advantages to AP-SALD, it is important
to note the current challenges and limitations with the technique. Thin films deposited
by AP-SALD have primarily consisted of metal oxides. This is because the “open-air” or
atmospheric deposition of thin films are prone to an increased incorporation of oxygen from
the atmosphere [83]. This may have negative effect in the optical or electrical properties of
the film. The deposition of non-oxide films by AP-SALD such as silver has been demon-
strated [84] but introduces increased complexity such as the inclusion of plasma enhanced
reactor. Unlocking the depositions of other non-oxide films by AP-SALD is an ongoing

research effort.

Additionally, “open-air” or atmospheric deposition with highly pyrophoric precursors
such as TMA are challenging to reproduce [85]. This is because ambient oxygen and
variable humidity can act as an additional oxygen source and unintentionally increase the

growth of the film. Furthermore, the reactor head flow channels are prone to blockages
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as they are directly exposed to the atmosphere and allow for deposition to occur in the
channel itself. At the lab scale, further reproducibility issues arise in manual setting of
the distance between the reactor head and the substrate. An unintentional non uniform
spacing can lead to an over mixing of the precursors resulting in higher growth rates in
certain areas of the deposition and a non-uniformity in film thickness. Lastly, precursors
that have been successfully used for conventional vacuum based ALD may not necessarily
translate well for use with AP-SALD due to challenges in obtaining the vapor phase of a
precursor at atmospheric pressure. In these cases, additional techniques such as heating

or nebulization [86] are required which increase the complexity of the system.

2.2.2 Femtosecond Laser Treatment of 2D Materials

Two-dimensional materials such as graphene, tungsten disulfide(WSs) and molybdenum
disulfide(MoS;) have become increasingly popular over the last decade due to their excellent
electrical, chemical, optical and mechanical properties. These materials typically have a
flat 2D flake-like structure and have been incorporated into a variety of applications, such
as bioimaging, cancer therapy, catalysis, optoelectronics, energy storage and all sorts of
sensor devices [87-97]. This extreme versatility arises from the many different synthesis
methods available to create these materials and the ability to easily optimize and tailor
their properties for a specific application. One such synthesis method is a femtosecond

laser irradiation technique reported by Ibrahim et al. in 2016 [98].

The technique consists of using high intensity femtosecond laser pulses to irradiate 2D
flakes in solution. The pulses results in a coulombic explosion effect that break down the
flakes into smaller flakes. The new smaller flakes have many unsatisfied edges that can
form bonds with other atoms in the solution such as solvent atoms, added dopants and
other freshly dissociated flakes. This phenomenon is illustrated in Figure 2.32 for the
femtosecond irradiation of aqueous graphene oxide solution. When the laser focal point
is placed at the air-solution interface, carboxyl and in-plane hydroxyl functional groups
are removed from the flakes while the solvent (water) is evaporated, simultaneously. This

results in a chemical reduction of the graphene oxide to reduced graphene oxide (rGO)
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as well as a reduction of the solution volume to form a high viscosity rGO gel (named
“femtogel”). Varying the laser pulse energy, focal length and treatment time resulted in

femtogels with different properties.

,,,,,
e

©4& ) Hydrogen
Oxygen

Figure 2.32: Schematic illustration of femtosecond laser treatment of graphene oxide sheets
in solution, resulting in cleavage of flakes as well as edge functionalization with solvent
atoms. Adapted from ref. [98] with permission. Copyright 2016, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

The femtosecond laser treatment technique has been used to synthesize rGO femtogels
for highly responsive photodetectors [99], as well as boron nitride doped rGO gels with
high mobilities approaching that of pristine graphene [100]. In 2018, the technique was
used to simultaneously synthesize and functionalize nanoparticles of molybdenum disulfide,
tungsten disulfide and boron nitride [101]. The laser reduces the size of the flakes from
micrometers to nanometers. At the same time, the solvent molecules are dissociated and
bond to the edges of the nanoparticles. In that work, a solvent mixture of water and
ethanol was used to functionalize the 2D nanoparticles with carbon and oxygen groups
as illustrated in Figure 2.33. Functionalization of the particles with the solvent atoms
changed the optical properties of the materials with the introduction of new absorption

and photoluminescence peaks.

The unique advantage of the femtosecond laser treatment technique is the ability to
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Figure 2.33: Laser treatment mechanism of molybdenum disulfide flakes in an ethanol-
water solvent which simultaneously reduced the size of the flakes and functionalizes the
edges with carbon and oxygen based groups. Adapted from ref. [101] with permission.
Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

synthesize highly functionalized 2D nanoparticles by choice of solvent and varying the laser
treatment parameters. Thus, the technique can be used to tailor 2D materials for chemical
gas sensing. In this work, functionalized 2D materials were used as the receptor material

in static MEMS sensors (described in Chapter 5 and Chapter 7).

2.3 Reflectance Spectroscopy

2.3.1 Principle of Operation

In reflectance spectroscopy, a broadband light source and optical fiber are used to illuminate
the sample (thin film) with unpolarized light (UV-Visible-Infrared). Reflected light is
collected by a fiber optic reflectance probe and is detected by the spectrometer, as depicted
in Figure 2.34a. The light is directed at a normal angle of incidence to the sample and is

reflected back at the same angle [102].
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Figure 2.34: a)Schematic of reflectance measurement setup consisting of spectrometer,
light source and bifurcated “Y” shaped fiber to illuminate sample and collect reflected
intensity. b) Reflectance model of a single thin film on a substrate.

2.3.2 Reflectance Models
Fresnel Reflectance Model

To determine the film properties, a modelled reflectance spectrum must be fitted to the
measured spectrum. The Fresnel reflectance model describes the interaction of light or
electromagnetic radiation incident on an interface between different optical media [103].
Figure 2.34b depicts a three-layer model corresponding to the reflectance of a single thin
film. The light is incident at the air-film interface, partially reflects and partially transmits
through the film to the film-substrate interface where further reflection and transmission
take place. The final reflected intensity is a combination of the individual reflected light
intensities. Here it is assumed that the substrate thickness is sufficiently large that backside

reflections do not occur.
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The measured reflectance spectra are dependant on the complex refractive indices n
of each layer (comprised of refractive index n and extinction coefficient k), as well as the

thickness d of the thin film (Equation 2.10-2.12).

ny=1, k=0 (2.10)
fis (A) = na (A) — ks (N) (2.11)
iy (A) = ng (A) — iks (\) (2.12)

The refractive index and extinction coefficient of air are 1 and 0 respectively (Equa-
tion 2.10), while the values for substrates (n3) such as silicon, silicon dioxide and glass are
known (Equation 2.12). The Fresnel reflection coefficients represent the reflections that
occur at the air-film (715, Equation 2.13) and film-substrate (743, Equation 2.14) interface.
The phase factor (5, Equation 2.15) accounts for the change in phase of the light wave

propagating through the film medium and is dependent on its thickness.

. Ny — N
Fra(\) = ni — ni (2.13)
. g — 7
Fog (N) = nz — ni (2.14)
4mhed
B =— (2.15)

The reflectivity 7, of the three-layer system is calculated and subsequently squared to
obtain the reflectance spectrum as a function of wavelength (R (\), Equation 2.16). The
Fresnel reflectance equations can be extended to thin film stacks with multiple thin films
of varying thicknesses. In those cases, calculations are made easier by utilizing a transfer

matrix formulism. )

T’A12 ()\) + fzg (/\) e*w

R(\) =7 = :
( ) " 1 + flg (/\) ’f'gg ()\) 6_25

(2.16)

The optical parameters of the thin film, refractive index n, and extinction coefficient

k, are unknown values in the presented Fresnel equations above. Empirical formulas have
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been developed for the determination of these values based on a set of fitting parameters.
Along with the thickness d, the parameters are adjusted by the fitting algorithm to closely
match the calculated and measured reflectance spectra. In literature several competing
empirical formulas have been presented for materials such as insulators, semiconductors
and conductors. Three well known models are presented below. The Cauchy model (Equa-
tion 2.17-2.18) developed by the mathematician A.L. Cauchy is often used for amorphous

insulator materials such as aluminum oxide [102,104].

n(A):A+€+% (2.17)
k(\) =0 (2.18)

The extinction coefficient k, also called attenuation coefficient relates to the damping of
an electromagnetic wave as it propagates through a material. It describes the absorption
of light by the material. Insulators probed by UV-Visible light are considered to be weakly
absorbing films and therefore the extinction coefficient can be set to 0. Fitting reflectance

spectra of insulator materials will have 4 fitting parameters (A, B, C' and thickness d).

The Tauc-Lorentz formula is used for the reflectance fitting of semiconductor mate-
rials [105,106]. Here, the dielectric constants, which are closely related to the optical
constants, are modelled and fitted as well. The model is made complex by use of a
Kramers-Kronig integral that obtains the real dielectric constant (1) from the imaginary
component (g2). For amorphous semiconductors the Tauc-Lorentz equations are presented
below (Equation 2.19-2.20). A one, two or three term expansion (i = 1,2, 3) of the equation

results in a total of 6, 10 or 14 fitting parameters for improved reflectance fitting accuracy.
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For crystalline semiconductors, the imaginary dielectric constant (g5) is simplified and

can result in the use of 5,8 or 11 fitting parameters (Equation 2.21).

j=1,2,3
A;
E9 (E) = 2nk =

Cit (E - EOi)2 (2.21)

=1

The free conduction of electrons in a material (conductors) can be parametrized by
the combination of one Drude and two Lorentz oscillators [104]. The fit parameter: wy,
is the Drude plasma energy, ['p is the Drude damping factor while the Lorentz oscillators
are located at wy;, with strength f;, and damping factor «;. Here up to 7 or 10 fitting

parameters can be utilized to obtain fits for a reflectance spectrum (Equation 2.22).

2 2 2
2 Wpu fiwo;
_ 2 R A 2.22
£ (w)=n g (o0) il - ; R (2.22)

Virtual Interface Model

The Fresnel reflectance model presented in the previous section requires prior knowledge of
the substrate optical properties (refractive index n, and extinction coefficient k). Breiland
and Killeen reported an in-situ reflectance model, named the Virtual Interface Method,
that does not require prior knowledge of the underling film/substrate [107]. In the VI
method, the reflectance intensity at a single wavelength is observed as a function of time,
R(t). This is in contrast to the Fresnel model where the whole reflectance spectrum, R (),

is observed at a single point in time.

The observable reflectance intensity (at a given wavelength) as a function of time is

modelled by the following Equation 2.23.

Roo — 2/ RooRie " cos (0t — 0 — @) + Rie™ 21

R(1) = 2.23
®) 1 — 2/ Ry Rie 7t cos (0t — 0 + ¢) + Roo Rie= 27t ( )
Where the following definitions are used (Equation 2.24-2.29):
1—n)? + k2
R = ot = Lo HH (2.24)
(14+n)” 4 k2
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Where R is the reflectance of a infinitely thick film, dependent on n and k of the film.
R; is the reflectance of the underlying film /substrate dependant on n and k for the film and
substrate (ns and ks). G is the growth rate of the film in nm/s. When Equation 2.24-2.29
are substituted into Equation 2.23, R(t) becomes dependant on n, k, G, R; and 0. Of the
five unknowns, the first three parameters are of interest while the last two represent the
optical response of the underlying layer but can be treated as fitting parameters to obtain
the first three parameters. This avoids the need to know the underlying layer’s optical

properties.

As evident by the cosine and exponential terms in Equation 2.23, the R(¢) produces a
damped oscillatory pattern shown in Figure 2.35. Characteristic features of this oscillatory

pattern can be used as estimators for the five unknowns.

First an estimate for R, (Equation 2.30), is obtained as the mean value of R(t). The
frequency, § (Equation 2.31), is obtained by the half period of the oscillation, 7. The
decay constant, v (Equation 2.32), is determined by the amplitudes of the first two maxima
and the time between them. Equation 2.33-2.35 can then be used to estimate G,n and
k. Estimators for o and R; are obtained from the initial reflectance, R(t = 0) and its

derivative R'(t = 0) (Equation 2.36-2.37).

Ree = (R(1)), (2.30)

(2.31)
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Figure 2.35: Example reflectance-time, R(t), measurement from which quantities R,,, Rumn,

T, T,,, R(t =0), and R'(t = 0) can be extracted to obtain initial estimates for G, n, k, o,
and R;. Adapted from ref. [107] with permission. Copyright 1995, AIP Publishing.
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The estimators are used as initial values in a nonlinear-least square fitting method such
as Levengberg-Marquardt algorithm to obtain the true value of the parameters of interest

n,k and G of the thin film. It is important to note here that at least two oscillation
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amplitudes must be measured (to obtain an estimate for ) before the VI method can be
used accurately. This method has been widely used to extract the growth rate of thin
films deposited by CVD or molecular beam epitaxy (MBE) methods, particularly when

the optical properties of the film or substrate are not known beforehand.

2.3.3 Review of Relevant Applications

The most common application of reflectance spectroscopy is for the determination of thin
film thickness. This was first reported by Larson et al. [103] in 1973, who utilized fiber
coupled reflectometry for the thickness determination of uranium oxide (UOz) thin films.
The first implementation of in-situ spectral reflectometry was by Killeen and Brieland [108],
who monitored the real time growth of AlAs, GaAs and AlGaAs films grown by metal
organic chemical vapor deposition (MOCVD). However, in-situ reflectance spectroscopy
was never practically adopted for widespread use in conventional ALD and other thin
film deposition systems. This was because spectroscopic ellipsometry was preferred due
to its ability to measure more data than reflectance spectroscopy which allows for the
determination of film properties and thickness with higher accuracy. However, it requires
a unique spatial arrangement of the light source and detector (at an angle) and the data

analysis also involves more complexity than the data analysis of reflectance spectroscopy.

Despite its lack of use in vacuum based ALD systems, the use of optical fibers to measure
and collect the light as well as its simplicity makes reflectance spectroscopy suitable for
implementation in AP-SALD systems. This was done by Yersak et al. [109] in 2013 and
is till date, the lone report on the in-situ reflectance spectroscopy characterization of AP-
SALD films. Al,O3 was deposited by AP-SALD on a continuous web of polyethylene
napththalate (PEN) at 100°C, depicted in Figure 2.36a. A Filmetrics F20-UV reflectometry
system was used to measure reflectance spectra of the growing film. The optical fiber was
placed over the web and focused on the matte black web roller that minimized backside
reflections. Proprietary Filmetrics analysis software was used to fit the measured spectra
and obtain the thickness of the growing film shown in Figure 2.36b. Growth rates of 0.11-
0.13 nm/cycle were determined by using the Cauchy model (described in Chapter 2.3.2)
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for insulator materials. The analysis software attempts to fit the model to the measured
spectra requiring an initial guess for the refractive index and returns a goodness of fit (GOF)
value. Obtained thickness values with GOF< 0.98 were omitted from the growth rate per
cycle determination which was particularly evident at low cycle numbers. Additionally,
the authors were able to observe a nucleation period of 48 ALD cycles before film growth

occurred which follows previous reports on the growth of Al;Os.
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Figure 2.36: a)implementation of in-situ reflectometry on a continuous web coater AP-
SALD system. b) thickness of AlyO3 deposited with the continuous web coater, determined
by in-situ reflectometry. Adapted from ref. [109] with permission. Copyright 2014, AIP
Publishing.

The authors were able to demonstrate the use of in situ reflectance spectroscopy to
explore the immediate effect of process parameters on the growth. In a single deposition of
more than 1600 ALD cycles, the authors varied the TMA bubbling rate from 0.025 to 0.25
slpm (standard liter per minute) and observed its real time effect on the growth rate per
cycle, shown as the slopes in Figure 2.37. A second experiment observed the effect of web
speed on the growth rate, where web speeds of 0.5, 1.0 and 2.0 m/s yielded growth rates of
0.14, 0.12 and 0.08 nm/cycle. The web speed is inversely proportional to the residence time
of the precursors on the substrate and therefore at slower web speeds larger growth rates
are observed due to inefficient purging and mixing of the precursors. The authors have
demonstrated the ability of in-situ reflectometry to monitor and control the growth process
in AP-SALD systems. It is important to note that the propriety analysis software used
here was provided by the vendor (Filmetrics) and is only capable of determining thickness

from the measured reflectance spectra. As evidenced by this article, the implementation
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of in-situ reflectance spectroscopy with AP-SALD is achievable.
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Figure 2.37: In-situ reflectometry determination of growth rate per cycle [nm/cycle] as
the precursor bubbling rate is varied. Adapted from ref. [109] with permission. Copyright
2014, AIP Publishing.

A unique application of reflectance spectroscopy relevant to gas sensor materials was
reported by Degler et al. [110]. Operando (In operation) UV /VIS reflectance spectroscopy
was used to monitor tin oxide (SnO;) based chemiresistive gas sensors as they were exposed
to various gases. The SnO; powder was synthesized using a ball milling method, mixed
with a solvent and then drop casted as a thick film on an interdigitated platinum electrode
substrate. The sensor was placed in a test chamber with a quartz window which allowed for
the measurement of the reflectance spectra (wavelength range of 300-1100 nm). Reflectance
spectra (shown in Figure 2.38) were recorded for the sensor in different atmospheres such
as dry air, dry nitrogen, 300 ppm of CO in dry air, 300 ppm of CO in dry nitrogen and
3000 ppm of Os in dry nitrogen. For all experiments, the sensor was heated up to 300°C.

As can be seen from the figure, a reduction of the reflectance intensity is observed in
different atmospheres, where the largest reduction was obtained in 300 ppm of CO in dry
nitrogen (green). The decrease in the reflectance intensity was attributed to increased light
absorption of the sample and not a change in film thickness. The increased absorption arises

from the chemical reduction of the SnO,y grains by the gas and the formation of oxygen

60



——dry air ——dry N,
—— 300 ppm CO (dry air) —— 3000 ppm O, (dry N,)
300 ppm CO (dry N,)

100

Reflectance [ % ]

0

300 400 500 600 700 800 900 10001100
Wavelength [ nm ]

Figure 2.38: Reflectance spectra of SnOsfilms (heated at 300°C), in different atmospheres:
dry air (black), dry nitrogen (blue), 300 ppm CO in dry air (pink), 3000 ppm Osin dry
nitrogen (red) and 300 ppm of CO in dry nitrogen (green). Adapted from ref. [110] with
permission. Copyright 2015, Elsevier B.V.

vacancies. The reflectance for CO in dry oxygen did not decrease as much as it did for CO
in dry nitrogen, due to the quick chemical re-oxidation of SnO, in an oxygen abundant

atmosphere.

A similar study was done by Elger et al. [111]. who measured the reflectance spectra of
SnO, chemiresistive gas sensors in ethanol gas environments. The sensor was placed in a
test chamber with multiple windows for the simultaneous measurement of FTIR, Raman
and UV-vis reflectance spectra. Measurements were done at a temperature of 325°C.
Figure 2.39 shows the obtained reflectance spectra (250 to 550 nm) of the SnO, sensor
exposed in sequence to air, 250 ppm ethanol in air, purge nitrogen, ethanol in nitrogen and
pure nitrogen. Exposure to ethanol gas resulted in a decrease in the reflectance intensity,
where the large decrease in intensity was obtained in the absence of oxygen (pure nitrogen).
This behavior was similar to the results obtained in the previous study for SnO, exposure
to CO gas. Similarly, the authors here, attributed the change in reflectance intensity to
increased by the same due to an increased generation of oxygen vacancies from chemical

reduction of SnO,. Interestingly, upon switching to pure nitrogen flow, the reflectance
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intensity increases as the sample reoxidizes (chemically)
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Figure 2.39: Reflectance spectra of SnO, film (heated at 325°C) exposed to a sequence
of gases: air, ethanol in air, nitrogen, ethanol in nitrogen and pure nitrogen. The inset
shows the characterization setup. Adapted from ref. [111] with permission. Copyright

2016, Christian Hess and Ann-Kathrin Elger, used under Creative Commons License (CC-
BY-NC).

The above two reports show the capability of reflectance spectroscopy to probe the
sensing behavior of semiconductor metal oxide (SnOs) receptor layers for chemiresistive
gas sensing. The reflectance intensity decreases when the metal oxide is chemically reduced
as a result of surface interactions with the gas species. Other metal oxides and receptor
materials have not yet been experimentally tested in this manner. Should a receptor
material have a physical response when interacting with a chemical gas, such as a change
in volume, then this change in volume or thickness can be reflected as a change in the

reflectance spectrum (see Chapter 5).
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“Happiness can be found, even in the
darkest of times, if one only remembers to

turn on the light.”

— Albus Dumbledore

Chapter 3

In-Situ Reflectance Spectroscopy of
Thin Films Grown by AP-SALD!

3.1 Introduction

AP-SALD is an emerging technique that is capable of producing conformal, pinhole-
free films in open-air. The technique and its principle of operation are described in
Chapter 2.2.1. Films deposited by the AP-SALD technique have been utilized in thin
film transistors [70,74], MIM diodes [83], photovoltaic devices [71,77,80,113-117], and
LEDs [75,118,119]. Their implementation in gas sensor devices, in particular MEMS

based devices, has not yet been realized.

Little has been done to characterize the nucleation and property evolution of these
nanoscale films grown with AP-SALD. This may follow, in part, from the expectation

that the chemistry and film formation is identical to conventional ALD, which neglects the

IThis chapter has been adapted from the published manuscript titled “In-situ observation of nucle-
atoin and property evolution in films growth with an atmospheric pressure spatial atomic layer deposition
system” by Mistry et al. [112], used under a CC-BY 4.0 International License.
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influence of atmospheric conditions (i.e., open-air). It was recently shown, for example,
that the periodic exposure of Al:ZnO films to oxygen during deposition in an AP-SALD
system results in a higher trap density at grain boundaries, which limits the electron
mobility [120]. As for other nanoscale film deposition methods, an understanding of film
nucleation and property evolution is necessary to permit the fabrication of AP-SALD films

with specific properties and desired thickness and morphology.

In-situ characterization techniques are typically used to study film nucleation and evo-
lution. Quartz crystal microbalances (QCM) are commonly used to measure film deposi-
tion rates, as are reflection high energy electron diffraction (RHEED) methods employed
in ultra-high vacuum environments [121-124]. Conventional ALD systems typically em-
ploy spectroscopic ellipsometry for the determination of film thickness and optical prop-
erties [104]. However, the arrangement of the optics involved tend to be “bulky” and
is not ideal to make multiple real time measurements across the substrate area. Other
optical spectroscopy techniques can be more easily integrated into AP-SALD systems.
Mione et al. [125] recently used infrared and optical emission spectroscopy to study the
gas-phase chemistry of aluminum oxide (Al;O3) deposition in an atmospheric-pressure
plasma-enhanced SALD system. As described in Chapter 2.3.3, Yersak et al. [109] used
in-situ reflectance spectroscopy to monitor the growth of insulating Al,O3 films deposited
by a continuous web AP-SALD system. A reflectance probe was mounted above the poly-
mer web substrate and continuously captured reflectance spectra throughout the growth.
Known Al,Oj3 refractive index values were inputted into commercial software which used
the Cauchy dispersion model to determine the thickness of the deposited film, although
accurate thicknesses below 20 nm could not be measured and hence this technique could

not be used to study the nucleation behavior of films.

In this work, an advanced reflectance spectroscopy characterization tool is developed
and implemented into an AP-SALD system. Using this characterization tool, the nucle-
ation and property evolution of insulating (Aluminum Oxide, Al,O3) and semiconducting
(Zinc Oxide, ZnO) thin films deposited with an AP-SALD system are observed for the

first time. Superior measurements at low thicknesses enable the direct observation of a
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substrate nucleation phase prior to film deposition, as well as the effect of different depo-
sition parameters on this nucleation phase. The evolution of the complex refractive index
can be observed throughout film deposition, and it is found that by changing the deposi-
tion parameters, the film nucleation can be controlled to produce ZnO films with different

bandgaps and Al;Oj films with different refractive indices.

3.2 Experimental

Film deposition was performed using a custom-built AP-SALD system, which employs a
close-proximity reactor head configuration as described in Chapter 2.2.1. Briefly, liquid
precursors are bubbled with an inert gas (Nitrogen, Ns) that carries the precursor vapors
to the reactor head. Before they arrive at the reactor head, they combine with additional
streams of inert gas at higher flow rates that serve to push the precursors to the reactor
(carrier lines). The ratio between the flow rate of the bubbler and the flow rate of the
carrier line is used to represent the concentration of the precursor in the line, however,
the actual concentration would be lower. As illustrated by the “Open-Air Deposition”
section of Figure 3.1, flows of metallic and oxygen precursors are fed into the reactor
head which subsequently distributes the flows into an alternating sequence of spatially
separated parallel channels. In between the precursor channels exists N, purging and
exhaust (not shown) channels. A vacuum pump was connected to the exhaust channels to
actively exhaust any unreacted precursor. The reactor head is held a set distance above the
heated substrate stage. Larger reactor-substrate separation heights reduce the effectiveness
of the purging and exhaust channels and therefore allow intermixing of the precursors
before deposition onto the substrate, analogous to CVD or atmospheric pressure-chemical
vapor deposition (AP-CVD) mode. A single deposition cycle by AP-SALD consists of one
complete oscillation (back and forth movement) of the substrate stage. This represents 2

conventional ALD cycles.

Insulating Al,O3 films were deposited on silicon wafers, using TMA as the metallic

precursor and water as the oxygen precursor. The outlet channel flow rate was set to 125
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Figure 3.1: Schematic overview (not to scale) of the implemented method consisting of thin
film deposition, measurement, analysis, and determination of film properties. Deposition
in open-air was performed by AP-SALD utilizing a “close-proximity” reactor head. The
film is grown on the substrate that oscillates underneath the reactor head. Concurrently,
reflectance spectra of the growing film are captured by the mounted reflectance probe and
spectrometer. Each spectrum is fitted to optical models to obtain the film thickness and
the refractive index (n) and extinction coefficient (imaginary part of refractive index, k).

SCCM with a metal precursor concentration of 30% and an oxygen precursor concentration
of 60%. The substrate temperature was varied from 100-250°C in increments of 50°C
and the oscillation speed was varied from 15-50 mm/s. Semiconducting ZnO films were
deposited on borosilicate glass, using DEZ as the metallic precursor and water as the oxygen
precursor. The outlet channel flow rate was set to 150 SCCM with both the metallic and
oxygen precursor concentrations set to 15% unless otherwise specified. These deposition
conditions are similar to those previously reported to result in AP-CVD film growth [113].
The substrates were rinsed with isopropyl alcohol and dried with compressed air before

placing on the heated substrate stage for 2 minutes to arrive at the correct deposition
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temperature. The substrate temperature was varied from 50-200°C in increments of 50°C
and the substrate oscillation speed was varied from 5-50 mm/s. In both cases, the reactor-

substrate separation was set to 100 pm.

As shown in the “Measurement” section of Figure 3.1, a bifurcated reflectance probe
is mounted above the substrate stage at normal incidence (Ocean Optics QR600). A UV-
Visible light source (Ocean Optics DH-2000) coupled to the reflectance probe was used
to illuminate the surface of substrate. Reflected light is directed back to the reflectance
probe and captured by the UV-Visible spectrometer (Ocean Optics HDX-UV-VIS) with
a range of 250-800 nm. Calibration of the reflectance measurement requires the measure-
ment of the background (bare substrate), the noise in the system (dark measurement)
and the measurement of a known standard (silicon). For measurements of films grown
on borosilicate glass, a matte black tape was used to cover the metallic stage to remove
unwanted backside reflections. The spectrometer acquisition time was set using a modified
exponential search algorithm to optimize the light intensity range for the spectrometer’s
detector [126], resulting in acquisition times that were typically less than 6 milliseconds.

Reflectance spectra were captured every two deposition cycles in the same spot.

The determination of film properties is done by fitting the measured reflectance spec-
trum to an optical reflectance model. This model, which is described in Chapter 2.3.2,
consists of a three-layer stack (air-film-substrate) whose total reflectance is governed by
the Fresnel reflectance equations (Equation 2.10-2.16). Parameters of importance are the
complex refractive indices of each layer and thickness of the growing film [102]. The com-
plex refractive index is comprised of the real component n(\) and the imaginary component
k(\), also referred to as the extinction coefficient. The refractive indices of air and the
substrate are known parameters, while the wavelength(\) dependent complex refractive
index and the thickness of the film are unknowns. For Al,O3 and other non absorbing
films, the refractive index can be described by the Cauchy dispersion model [102] where
n(A) is a function of 3 fitting parameters and k(A) = 0 (Equation 2.17-2.18). Including
thickness, there are a total of 4 fitting parameters used to fit the measured spectrum to the

reflectance model. The Tauc-Lorentz dispersion model is used for polycrystalline semicon-
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ductors such as ZnO [105,106]. Here, 9 fitting parameters are used to determine the film’s
complex dielectric function from which n(A) and k() can be obtained and results in a total

of 10 fitting parameters to fit the measured reflectance spectrum (Equation 2.19-2.20).

A Levenberg-Marquardt (LM) fitting algorithm is used to fit the previously unknown
parameters in the reflectance models to the measured reflectance spectra to simultaneously
determine both the film’s complex refractive index and thickness. The built-in function
Isqcurvefit in MATLAB was used to perform the Levenberg-Marquardt (LM) fitting [127].
The function returns a GOF which is simply the R? value. Where other implementations of
reflectance fitting require previous knowledge of the film’s optical properties to be used as
initial guesses, the implementation discussed here makes use of several guesses in a range
inputted in parallel into the LM algorithm, such that previous knowledge of the film’s
optical properties is not used. For both the Cauchy and Tauc-Lorentz fit parameters an
initial guess value of 1 was used. For the thickness parameter, several guesses in a range
centred around the deposition cycle number were inputted in parallel to the Isqcurvefit
function, from which the fit with the highest GOF was selected. This was done to account
for the tendency of LM fitting programs to minimize to the local minima instead of the
global minima resulting in erroneous values. This method is found to be quite successful
in measuring the overall growth behavior of a deposited film. However, inaccurate fitting
results occasionally occur and are represented by large spikes in the thickness values that
deviate from the overall growth rate. For these cases, the incorrect thickness is corrected
by refitting the spectrum using the fit parameters of the deposition cycles before and after
the incorrect point. Furthermore, to improve accuracy of low thickness fits, a smaller range
of parallel guesses was used (£ 5nm) until the film thickness reached 30nm after which the
range was extended (£ 50nm). The thickness of films, as determined by reflectance spec-
troscopy, matched closely with the thickness measured by spectroscopic ellipsometry (J.A.
Woollam M-2000DI). This validated the method described herein for the in-situ thickness
measurement of films deposited by AP-SALD. As shown in the “Film Properties” section
of Figure 3.1, the LM fitting algorithm returns the film’s thickness, and refractive index,
as well as the extinction coefficient for semiconductors. Consequentially, the absorption

coefficient (o) can be determined and the optical bandgap identified using the well known
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Tauc equation [128,129] (Equation 3.1-3.2). A direct bandgap (r = 1/2) was assumed for
ZnO films [130, 131].

a(\) = (3.1)

a hv =B (hv — E,) (3.2)

3.3 Results and Discussion

Figure 3.2 illustrates the measurement of successive ZnO and Al,O3 reflectance spectra
during their deposition, and the evolution of the obtained film thickness and optical prop-
erties. Measured reflectance spectra are shown in Figure 3.2a and d, for ZnO and Al;Os,
respectively. The thickness of the film at each measured cycle is plotted (Figure 3.2b and
e) and can be used to determine the growth rate per cycle (GPC). The GOF is also shown.
The real part of the refractive index at a wavelength of 600 nm is shown as a function of
deposition cycles and is relatively consistent throughout the deposition (Figure 3.2¢ and

f). For ZnO, the bandgap of the growing film is also shown (Figure 3.2c).

3.3.1 Film Nucleation and Growth

Figure 3.3a shows the obtained thickness of ZnO films deposited at three different substrate
oscillation speeds (15, 30 and 50 mm/s). Here, substrate oscillation speed is inversely re-
lated to the precursor dose or exposure time that is typically referenced in conventional
ALD literature. The substrate stage moving at a lower speed gives the precursors more time
to adsorb and react on the surface of the substrate. As depicted in Figure 3.3a, film growth
is found to occur in two stages: a nonlinear surface nucleation/incubation stage and a linear
growth stage. This growth behavior is consistent with that of conventional vacuum based
ALD, which has been verified by in situ crystal microgravimetry(QCM) [121], SEM [132],
AFM [133], and surface profilometry [134]. The lack of growth during the initial deposition

cycles is attributed to the nucleation time to form ZnO nuclei on the bare substrate [121].
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Figure 3.2: Reflectance spectra measured every 2 deposition cycles and the respective
determined thickness and optical properties. (a) ZnO reflectance spectra from 10-30 cycles.
(b) ZnO film thickness (left) and GOF (right). (c) ZnO optical bandgap, E, [eV] (left),
and refractive index at 600 nm (right). (d) Al,Oj reflectance spectra from 20-50 cycles.
(e) AlyOg film thickness (left) and GOF (right). (f) Al,O3 refractive index at 600 nm.

The density of ZnO nuclei created is related to the amount of adsorbed hydroxyl groups
on the surface. The precursors will readily adsorb and react with the ZnO nuclei (active
sites) resulting in an island-like growth. This continues until the islands eventually co-
alesce forming a complete layer, after which layer by layer growth behavior occurs in a
linear fashion. This two-stage growth mechanism has been extensively reviewed by R.L.
Puurunen who states that many ALD growth studies inaccurately claim a full monolayer
per cycle growth from the start but that this has never been experimentally verified [63].
Methods to decrease nucleation time have included substrate pre-treatment with oxygen
plasma [132] or acid cleaning [134] to increase the hydroxyl density on the surface. More
commonly, increasing the length of the precursor dose time results in an increase in ZnO

nuclei formation consequently decreasing the nucleation time [133]. This effect has been
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reproduced by AP-SALD here, where it is seen in Figure 3.3a that depositions done with
quicker oscillation speeds and hence lower precursor dose times, require more deposition
cycles to populate the surface with ZnO nuclei that subsequently grow into a continuous

film and enter the linear growth regime.
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Figure 3.3: Growth of ZnO thin films at T=150°C at three different stage oscillation
speeds. (a) Thickness of ZnO as a function of deposition cycles. Arrows indicate the
length of the “surface nucleation” window for each oscillation speed. (b) GOF for ZnO
reflectance spectra measured for the first 40 deposition cycles.

The GOF of the obtained reflectance spectra is shown in Figure 3.3b where a similar
trend is observed in that quicker oscillation speeds require more deposition cycles to obtain
a high GOF (>0.9) corresponding to the formation of a complete film layer on the substrate.
The GOF represents the uncertainty of the reflectance measurement. In most cases a GOF
(>0.9) is first achieved for a film of ~ 10 nm thickness, which corresponds to the minimum
thickness required for accurate thickness determination. These results show that linear
growth rates cannot be assumed from the first deposition cycle, which becomes particularly
relevant in thin film applications such as passivation layers and transparent coatings. The
in-situ reflectance spectroscopy technique introduced in this work enables the deposition

of nanoscale films with accurate thickness.

Control of the ZnO film nucleation and growth rates was further explored by introducing
the deposition temperature as an additional parameter. ZnO films were deposited on

borosilicate glass at temperatures of 50, 100, 150 and 200°C, with substrate oscillation
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Figure 3.4: ZnO film thickness at varying deposition temperatures with a substrate oscil-
lation speed of 5 mm/s. Similar plots for other substrate oscillation speeds are presented
in Figure A.1 in Appendix A. The results are summarized in Table 3.1 and Table 3.2.

Table 3.1: Nucleation period (number of cycles) for ZnO thin films deposited with varying
temperatures and substrate oscillation speeds.

50°C  100°C 150°C  200°C

5 [mmst] 34 14
15 [mm st] 70 32
30 mm s 98 46
50 mm s 120 64

10 8

24 18
40 34
o8 44

Table 3.2 (linear growth rates).
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speeds of 5,15, 30 and 50 mm/s for a total of 16 ZnO samples in the study. Each film was
deposited for 200 cycles, with in-situ reflectance measurements taken every 2 cycles. To
obtain the same dataset by an ex-situ measurement technique would require the deposition
of 1600 individual ZnO samples. Figure 3.4 compares the measured thicknesses of ZnO films
deposited at different temperatures for an oscillation speed of 5 mm/s. Similar thickness
plots for other oscillation speeds are presented in Figure A.1 in Appendix A. The growth

behavior results of the total study are summarized in Table 3.1 (nucleation period) and

Table 3.1 shows that an increase in deposition temperature results in a decrease in the

number of cycles to saturate the surface of the substrate. This is in contrast to the nu-



Table 3.2: Linear growth rates per cycle (nm/cycle) for ZnO thin films deposited with
varying temperatures and substrate oscillation speeds. One AP-SALD cycle corresponds
to 2 conventional ALD cycles.

50°C 100°C 150°C 200°C
5mms! 062 168 148 203
15 [mm s 027 051 062  1.47
30 mm st 018 030 035 0.32
50 mm st 010 0.18 035 0.29

cleation behavior of ZnO in conventional chamber-based ALD, where higher temperatures
result in desorption of the precursors from the substrate and therefore require longer nu-
cleation times [63]. The deviation from this behavior is attributable to the high-pressure
open-air environment of AP-SALD which has an abundance of oxygen and hydroxyls,
as well as the use of parameters that are expected to result in chemical vapor deposi-
tion. In agreement with the results obtained here, AP-CVD of ZnO films by Biswas et al
showed that substrate coverage can be significantly improved by increasing growth tem-
peratures [135]. This is because the elevated temperatures accelerate precursor gas phase
reaction in air, rather than adsorption on the substrate, resulting in shorter nucleation
times and quicker growth rates [136]. The data presented in Table 3.2 demonstrate that
a wide range of growth rates of 0.1-2 nm/cycle (corresponding to 0.05-1 nm per conven-
tional ALD cycle) are achievable. The lowest growth rate of 0.1 nm/cycle represents the
resolution of the in-situ thickness measurement by reflectance spectroscopy. An increase
in deposition temperature generally results in an increase in growth rate per cycle. This
is in agreement with the shorter nucleation times observed at higher temperature. The
growth rate is seen to decrease as the substrate oscillation speed increases (dose time de-
creases). Despite operating with parameters that are expected to result in AP-CVD, the
growth rates at oscillation speeds of 30 and 50 mm/s are comparable to ZnO growth rates
achieved by conventional ALD of 0.1-0.3 nm per ALD cycle [73,79,137]. Decreasing the
oscillation speed to 15 or 5 mm/s resulted in an increase in growth rates up to 2 nm/cycle
(1 nm per ALD cycle), consistent with AP-CVD, where the slower oscillation speed allows
for a longer AP-CVD reaction [136]. There are a few minor deviations from the noted

trends in Table 3.2: GPC at 100°C vs 150°C for an oscillation speed of 5mm/s, and, 150°C
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vs 200°C for oscillation speeds of 30mm/s and 50mm/s. Since many of these depositions
occurred one after another, one possible explanation to the higher growth rate at a lower
temperature can be due to an accumulation of precursor in the line. Additionally, the
spacing between the stainless-steel reactor head and the substrate was manually set to 100
pm at the start of the study. It is possible that at the lower temperature the substrate
thermally expanded less and therefore resulted in a spacing that was larger than 100 pm
and promoted more precursor mixing resulting in the higher growth rate. Another possible
explanation lies in classical ALD theory, where higher deposition temperatures outside of
the “ALD window” result in desorption of the precursor from the substrate [138-141]. This
phenomena may be more relevant to higher growth rates at 150°C than 200°C for both 30
and 50 mm/s oscillation speeds, whereas the anomaly observed at 100°C vs 150°C is most

likely due to the previous two explanations.

A similar study to examine the influence of deposition parameters was done for Al,O3
films. Al,Os films were deposited at temperatures of 100, 150, 200 and 250°C with oscil-
lation speeds of 15, 30 and 50 mm/s on silicon substrates (12 samples in total, 100 cycles
each). Figure 3.5 compares the measured thickness of films deposited at 200°C for different
oscillation speeds. Similar thickness plots for other deposition temperatures are presented
in Figure A.2 in Appendix A. The growth behavior results of the total study are summa-
rized in Table 3.3 (nucleation period) and Table 3.4 (linear growth rate). While the growth
behavior for ZnO closely followed the expected trends, this is not the case for Al,Os3. For
example, as shown in Figure 3.5, the nucleation period is larger for an oscillation speed of
15mm/s compared to 30 mm/s, where the opposite would be expected. There are no clear
trends in the nucleation period, as presented in Table 3.3. Additionally, the rates presented
in Table 3.4 do not exhibit clear trends in growth behavior. As reported previously, the
atmospheric (“open-air”) deposition of Al,O3 using the highly pyrophoric precursor TMA,
can be challenging to reproduce [85]. The ambient oxygen and water in the air (humid
conditions) can act as an additional oxygen source that can increase growth rates [65].
Human error in adjusting the reactor head spacing can lead to an overmixing of the pre-
cursors (AP-CVD) and deposition with high rates [82]. Jur and Parsons concluded that

the high pressures of atmospheric deposition will typically increase Al,O3 growth rates by
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Figure 3.5: Thickness of deposited Al,O3 film at varying substrate oscillation speeds with
a deposition temperature of 200°C. Thickness plots of Al,O3 films deposited at other tem-
peratures are presented in Figure A.2 in Appendix A. The results are summarized in

Table 3.3 and Table 3.4.

Table 3.3: Nucleation period (number of cycles) for Al;Og thin films deposited with varying
temperatures and substrate oscillation speeds.

100°C  150°C  200°C 250 °C

15 [mm s'] 18 24 30 16
30 mms'] 10 52 18 24
50 [mm s 74 22 50 18

~ 25—30% [142]. More importantly, Mousa et al. noted that at high atmospheric pressures
the growth of Al,O3 with TMA is largely independent of temperature [143]. It is there-
fore difficult to observe the influence of temperature and oscillation speed on the Al;Oj
growth. However, it strongly supports the need for an in-situ thickness characterization

tool for Al,O3 grown in atmospheric conditions using this technique.

Added benefits of monitoring the film thickness in-situ include the ability to monitor for
deposition errors and to control the deposition rate. Figure 3.6a depicts an example of error
monitoring during the deposition of an Al;O3 thin film. The linear growth regime starts
after 20 deposition cycles and after 36 cycles the vacuum pump for the exhaust channels

was turned on which immediately reduced the growth rate. In this case, the lack of vacuum
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Table 3.4: Linear growth rates per cycle (nm/cycle) for Al,O3 thin films deposited with
varying temperatures and substrate oscillation speeds. One AP-SALD cycle corresponds
to 2 conventional ALD cycles.

100°C 150°C 200°C 250 °C
15 [mm s1] 1.68 147 228 292
30 mms'] 113 121 211 157
50 [mms']  1.09 0.83 144  0.78
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Figure 3.6: Real time monitoring of deposition errors and rate. (a) Thickness of a deposited
Al O3 film (T=150°C), the vacuum pump for the exhaust channels was not turned on for
the first 36 deposition cycles. (b) Different deposition rates for a ZnO film (T=200°C), the

DEZ flow rates were varied.

exhaust during the initial growth period resulted in a higher amount of precursor mixing
and consequentially a higher growth rate. Figure 3.6b illustrates the ability to control the
deposition rate of a ZnO thin film by varying the precursor (DEZ) flow rate. The initial
100 deposition cycles were done at a concentration of 15% to first saturate the surface
and subsequently enter the linear growth regime. After 100 cycles the concentration was
increased to 25% resulting in a stark increase in the growth rate per cycle. After another 50
cycles the concentration was decreased to 5% resulting in a decrease in growth rate which
was followed by an increase in growth rate once the concentration was set back to 15%.
The large variation in growth rate is consistent with AP-CVD type growth as discussed

earlier.
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3.3.2 Evolution of Optical Properties

As previously described, the bandgap (E) of semiconducting films can be obtained from
in-situ reflectance spectroscopy and thus can be monitored over the deposition period.
Figure 3.7 shows the bandgap evolution of growing ZnO films deposited at different tem-
peratures. The E, data was taken after the completion of the nucleation period and when
high GOF was achieved. As observed in the figure, the obtained bandgaps range from
3.39-2.95 eV, where films deposited at a lower temperature have a higher initial bandgap.
This is consistent with previous reports, where three reasons are presented. The first at-
tributes the bandgap temperature dependence to the thermal expansion of the ZnO lattice
and its direct effect on the relative position of the valence and conduction band [144]. The
second is the temperature dependence of the electron-phonon interactions and their affect
on the band energies [145]. Lastly, it is known that the higher deposition temperatures
result in an increased crystallinity for ZnO films grown by this method, and the decrease
in bandgap has been attributed to the improved crystallinity [146]. The bandgap then
decreases from the initial value as the film grows which is attributed to the size of the
grains as well as the porosity in the nanocrystalline film. The early stages of film growth
will consist of smaller crystallite sizes corresponding to higher film porosity. As the film
grows the crystallite sizes become larger, the film becomes more compact and the overall
film porosity decreases. Like quantum dots, the optical bandgap of a nanocrystalline ZnO
film will decrease as the grain size increases [131,147]. Similarly, the bandgap is expected
to decrease as the porosity of the film decreases as well [148,149]. The general trend of de-
creasing bandgap as deposition temperature increases has been shown for ZnO films grown
by conventional ALD methods [150,151]. However, values as low as 2.9 eV (deposited at
200°C) have not, to our knowledge, been reported for ZnO grown by ALD. As described by
the Varshini equation [152], the bandgap of semiconductors tends to decrease as a function
of the measurement temperature. The sample grown at 200°C was re-measured at room
temperature and had a bandgap of 3.07 eV which is still low when compared to that of
ALD grown ZnO. This may be attributed to the deposition done in atmospheric conditions,
as AP-CVD grown ZnO has reported bandgaps as low as 2.8 eV [153].
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Figure 3.7: The optical bandgap E, [eV] of ZnO films obtained from in-situ reflectance
spectroscopy measurements. The influence of deposition temperature on the bandgap is
examined throughout the course of film deposition at an oscillation speed of 50 mm/s. Val-
ues are taken after completion of the nucleation period and when high GOF was achieved.
Final film thicknesses are listed on the right.

The refractive index of a thin film can give an indication of film quality and density.
Figure 3.8 shows the refractive index (at 600nm) of Al,Oj films deposited at different
temperatures. Values obtained before the completion of the nucleation period were ignored.
The initial formation of the films is observed as the refractive index starts at zero or near
zero values and increases to a value of 1.4-1.5, which is the expected refractive index range
for Al,O3 grown by conventional ALD [72,154]. It is clear that the refractive index of the
film grown at 100°C is lower compared to the films grown at higher temperatures. This
is attributed to the decreased density and increased impurity levels of AlyO3 grown at
lower temperatures [69,154,155]. It is expected that higher temperatures would promote a
higher degree of crystallinity and higher density resulting in an increase in refractive index

approaching a value of 1.76, that of sapphire (a-Al;O3).
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Figure 3.8: Comparison of refractive index of Al,Oj3 films at different deposition tem-
peratures, as determined by in situ reflectance spectroscopy. The refractive index value
was taken at 600 nm. Data obtained before the completion of the nucleation period was
ignored. Final film thicknesses after 100 deposition cycles are listed.

3.4 Conclusion

An in-situ reflectance spectroscopy tool was developed and implemented with an atmo-
spheric pressure-spatial atomic layer deposition system. A reflectance probe mounted above
the deposition stage was able to capture reflectance spectra every two deposition cycles of
growing insulating (AlyO3) and semiconducting (ZnO) metal oxide thin films. The spectra
were fitted to optical reflectance models in real-time to obtain properties such as thickness,
refractive index and optical bandgap (for semiconductors). GOF values for each fitted

spectrum were obtained to indicate the level of confidence in the obtained properties.

The approach works well to study the nucleation and property evolution of metal oxide
films deposited with this open-air technique. A two-stage growth mechanism was observed,
consistent with previous reports of an initial nucleation period to saturate the surface with
metal oxide nuclei that eventually grow into a continuous film after which, linear growth

occurs. In-situ thickness characterization is therefore crucial to enable to the accurate
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deposition of films with a desired thickness, as linear growth rates cannot be assumed from

the start.

The influence of deposition parameters such as substrate oscillation speed, temperature
and precursor concentration, on the growth behavior of the films was studied. The length
of the nucleation period for ZnO depositions was sensitive to the oscillation speed and
temperature. Faster oscillation speeds resulted in a longer nucleation period and higher
deposition temperatures shortened the nucleation period, which was consistent with AP-
CVD growth. Similarly, a wide range of growth rates were achievable (0.1-3nm per AP-
SALD cycle) by varying the deposition parameters. Furthermore, the high reactivity of
pyrophoric precursors deposited in open atmosphere can result in errors that appear as
sudden changes in growth rate during a deposition. The real time monitoring of growth

rate allows the user to ensure film growth is occurring as expected.

The evolution of optical properties such as bandgap and refractive index of the growing
film was observed and followed expected behavior relating to the crystallinity and density
of the thin films. It was clear the deposition temperature influenced the optical properties
of the film. The bandgap of ZnO films decreased as a function of deposition cycles and
increasing temperature. The low bandgap of ZnO obtained at higher deposition tempera-
tures was consistent with reported atmospheric CVD grown ZnO. The trend of increasing
Al;O3 refractive index as a function of deposition temperature was similar to that of films
grown by conventional ALD. An ex-situ characterization technique such as x-ray photo-
electron spectroscopy is warranted to study variation in the film’s chemical composition

and its effect on the optical properties.

The nucleation and property evolution for films deposited with an AP-SALD system
has not been studied in detail previously. By implementing in-situ reflectance spectroscopy,
the growth behavior and film properties can be obtained and monitored in real time dur-
ing a deposition. This becomes particularly useful when implementing films in specific

applications such as the resonant cantilever gas sensors discussed in Chapter 6.
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“To Infinity and Beyond!”

— Buzz Lightyear

Chapter 4

Observation of Thin Film Nucleation

and Growth on Various Materials

4.1 Introduction

In the previous chapter, the in-situ reflectance spectroscopy technique for films grown by
AP-SALD was introduced. One of the major findings of this study was the occurrence of
the nucleation period in the initial stages of film growth. It was shown that the growth of
the films were delayed for a number of deposition cycles until enough metal oxide nuclei
are formed for complete surface coverage. After this stage, the film growth continues in
a linear fashion. It was concluded that the in-situ reflectance technique was particularly
beneficial for the accurate and reproducible deposition of sub 50 nm thin films, as the
nucleation delay could be observed and accounted for. However, the technique was only

demonstrated for depositions on conventional substrates such as a glass and silicon wafers.

In practical metal oxide gas sensor applications, metal oxide films are often deposited

on surfaces that are not glass or silicon. For example in resistive gas sensor devices based on
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interdigitated electrodes, the film is often deposited on top of the electrode layer consisting
of a metal such as gold or aluminum. In MEMS based sensors, thin film sensing layers are
deposited on structural layers (metals, silicon, oxides, and nitrides), which are deposited on
top of sacrificial layers (polymers and oxides). Thin film deposition on fabrics has recently
become prominent due to the COVID-19 outbreak and the push for the development of
facial masks with antiviral coatings. Metal oxides such as zinc oxide and cuprous oxide
have known antiviral and antibacterial efficacy [156-158] and therefore their deposition on

the polypropylene fabrics used to make N95 masks is beneficial.

In all of these applications, there is a need to achieve reproducible film deposition
with accurate thicknesses. For metal oxide coatings on textiles by ALD, the thickness
of the coating is often estimated by determining the thickness of the film deposited on
silicon with the same deposition conditions [159, 160]. However, this estimation is fairly
inaccurate as it assumes the growth behavior on the textile to be same as on silicon which
is not the case. It was shown that the nucleation and growth behavior of ALD ZnO on
silicon, galium nitride (GaN) and sapphire (a-Al203) substrates all varied due to their
different surface morphologies [133]. Thus, it is expected that the nucleation and growth
behavior on textiles and other surfaces would also vary. This motivated the use of in-situ
reflectometry, as described in Chapter 3, to quantify the nucleation and growth behavior

of AP-SALD films deposited on various surfaces.

The Fresnel reflectance model used to determine the growing film thickness in Chapter 3,
requires prior knowledge of the underlying layer’s (substrate) optical properties (refractive
index n, and extinction coefficient k). These values are known for conventional substrates
such as glass and silicon but are generally not available for other materials such as textiles,
proprietary polymers and plastics. To circumvent this issue, a reflectance model known
as the Virtual Interface virtual interface (VI) method was used [107]. As described in
Chapter 2.3.2, the reflectance intensity at a single wavelength over the duration of the
deposition is analyzed instead of the complete reflectance spectrum (all wavelengths) at
each cycle. The VI method is able to extract growth rates without any prior knowledge of

the underlying surface. Additionally, the length of the nucleation period can be obtained
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by observing the number of deposition cycles until the first change in reflectance intensity
is observed. With this method the minimum number of cycles required for film deposition
on various surfaces is obtained and as well as their respective growth rates which allows

for accurate and reproducible film deposition.

In this work, AP-SALD is used to deposit zinc oxide on a variety of different surfaces and
monitored by in-situ reflectometry. The nucleation period (number of cycles) and growth
rates are determined by analysis of the reflectance intensity as a function of deposition
time. The method is first demonstrated for conventional substrates such as glass and
silicon and then followed by ZnO depositions on metals, polymer layers, flexible substrates,

polypropylene fabric and on drop casted solutions of laser treated 2D nanoparticles.

4.2 Experimental Section

4.2.1 Materials

The glass substrates were square (7 c¢cm) borosilicate glass pieces obtained from Abrisa
Technologies. Silicon substrates were 3” wafers obtained from University Wafer. Gold
and copper substrates were fabricated by electron beam and thermal evaporation onto
borosilicate glass and silicon substrates. PMMA drop casted onto silicon substrates were
prepared by Rishard Rameez, a PhD student at the University of Waterloo. Shipley S1811
photoresist was spin coated onto silicon substrates at 5000 RPM for 60s and baked at 110°C
for 90s. Kapton tape (polyimide) was taped onto borosilicate glass substrates. Transparent
polystyrene plastic was taped onto borosilicate glass. Paper with an adhesive backing
(sticky note) was placed onto borosilicate glass. Spunbound polypropylene fabric with a
density of 50 g/m? was obtained from Eclipse Automation and was cut into rectangular

pieces (2 x 5 cm) and affixed onto borosilicate glass substrates in tension.

A highly concentrated (6.2 mg/ml) graphene solution (GO) and ultrafine powders of
molybdenum disulfide (MoSs), and tungsten disulfide (WS,) were purchased from Graphene

Supermarket and were treated with a femtosecond laser method as described in Chap-

83



ter 2.2.2. The laser treatment process was done by Dr. Khaled Ibrahim, former doctoral
student at the University of Waterloo. The laser was produced with a Ti:Sapphire re-
generative amplifier, producing a central wavelength of 800 nm, pulse duration of 35 fs,
average power of 2 W, and a repetition rate of 1 kHz. The 2D material solutions were
placed in 5 mL vials and irradiated with the laser. The incident laser beam was focused
with a 5 cm off axis parabolic mirror. The focal point was set at depth 0.5 cm below the
air /solution interface. During the irradiation process, the solutions were constantly stirred
by a magnetic stirrer at 250 RPM. The graphene oxide solution was laser treated for 20
minutes. MoS, dispensed in DI water at a concentration of 1 mg/mL was laser treated
for 70 minutes, while WS, in DI water at a concentration of 0.5 mg/mL was treated for
70 minutes. The 2D material solutions were drop casted onto silicon substrates and dried
at 60° C until the solvent evaporated. Prior to deposition all samples were placed on the

heated substrate stage for 2 minutes to arrive at the correct deposition temperature.

4.2.2 Film Deposition and Reflectance Measurement

Zinc oxide (ZnO) films were deposited on all samples by the AP-SALD technique as de-
scribed in Chapter 2.2.1. DEZ and water were used as the metallic and oxygen precursors.
The total outlet channel flow rate was set to 150 SCCM with both the metallic and oxy-
gen precursor concentrations set to 30%, which is higher than the concentration used in
Chapter 3 (15%). The higher concentration was used in this work to promote shorter
nucleation times. The deposition temperature was set to 100°C which is below the melting
temperature of all the materials deposited on. The substrate oscillation speed was set to
15 mm/s. The separation distance between the bottom of the reactor head and the sample

was kept at approximately 100 pm.

In-situ reflectance measurements were done in the same manner as described in Chap-
ter 3. As shown in Figure 3.1, a bifurcated reflectance probe was mounted over the substrate
stage at normal incidence. A UV-visible light source (Ocean Optics DH-2000) was used
to illuminate the surface of the samples. Reflected light was captured by the UV-visible
spectrometer (Ocean Optics HDX) with a range of 250-800 nm. Reflectance signals were
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captured every two AP-SALD deposition cycles near the centre of the deposition area.
As described previously, a single deposition cycle by AP-SALD conssist of one complete
oscillation (back and forth movement) of the substrate state, equivalent to 2 conventional
ALD cycles. SEM images of the polypropylene and WS, samples were obtained with a
JEOL JSM-7200F SEM, with an acceleration voltage of 5kV.

4.2.3 Analysis of Reflectance

While the method above captures the full reflectance spectra (at each wavelength), the
monitoring of nucleation period and growth rates by the VI method requires only the
reflectance intensity at a single wavelength in time. Here, deposition time in seconds is
replaced by deposition cycles. Unless otherwise, the reflectance intensity as a function
of deposition cycles was monitored at a wavelength of 400 nm, R(cyc). The nucleation
period of the film growth was determined by observing the number of deposition cycles
until a significant change in reflectance intensity and the start of an oscillatory pattern, is

observed.

The VI method (as described in Chapter 2.3.2), is used to determined the growth
rate per cycle. Equation 2.30-2.37 are used to extract initial estimates for the fitting
parameters from the measured oscillatory reflectance signal, R(cyc). This required film
depositions to be sufficiently long in order to observe at minimum two oscillation amplitudes
in the R(cyc) signal. A nonlinear-least squares fitting method (MATLAB built-in function,
“Isqeurvefit”), is used to to fit the measured R(cyc) data to the VI model, Equation 2.23.
From the fitted model, Equation 2.24-2.29 are used to obtain the growth rate per cycle,
GPC (or “G” in Equation 2.28).

85



4.3 Results and Discussion

4.3.1 Deposition on Conventional Substrates

To validate the virtual-interface method used in this work, the model was first applied to
previously collected reflectance data for ZnO films grown on borosilicate glass, shown in
Chapter 3. The reflectance intensity at a wavelength of 400 nm, as a function of deposition
cycles is shown in Figure 4.1, for ZnO films grown with an oscillation speed of 5 mm/s and
at different temperatures (50-200°C). The length of the nucleation period was determined
by observing the number of deposition cycles until a significant change in the reflectance
intensity and an oscillatory pattern, is observed (depicted with an orange double-headed
arrow). The VI method was used to fit the reflectance intensity data thereafter (shown
in blue) to obtain the GPC. As the deposition temperature increased from 50°C to 200°C
the length of the nucleation period decreased from 24 cycles to 6 cycles, while the GPC
increased from 0.68 nm/cyc to 2.02 nm/cyc. GPCs determined at other wavelengths re-
turned similar values. However, estimates for the nucleation period obtained at larger
wavelengths(> 400 nm) were slightly greater the nucleation periods determined at shorter
wavelengths. This is because at low thicknesses (< 20 nm), the film is optically trans-
parent in the visible to near infrared range [102]. Hence the nucleation period will be
“delayed” when determined at these wavelengths. The nucleation periods estimated with

lower wavelengths (< 400 nm) returned the same values.

Table 4.1 compares the nucleation period and GPC data obtained by the VI method to
the data obtained by the fresnel reflectance model (Table 3.1 and Table 3.2). For the ZnO
grown at 50°C, there is a fairly close match for the obtained GPCs (0.68 and 0.62 nm/cyc)
while the nucleation periods differ (24 and 34 cycles). This difference may be a result of
the lower goodness of fit (GOF) achieved by the Fresnel model at low thicknesses resulting
in an inaccurate determination of the nucleation period length. All other obtained values
by both methods do show a close match which validates the use of the reflectance-time

method for nucleation period and GPC estimation.

As observed in Figure 4.1, as the thin film grows the reflectance intensity at a single
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Figure 4.1: Measured reflectance intensity (black crosses) at a wavelength of 400 nm as
a function of time (deposition cycles) for ZnO films grown on borosilicate glass with an
oscillation speed of 5 mm/s at different temperatures: a) 50°C, b) 100°C, ¢) 150°C and d)
200°C. The data was fitted to the VI Method (blue) to obtain the GPC.

wavelength will oscillate. The origin of this oscillation is due to thin film interference
effects [102]. Light waves reflecting off of the air-film and film-substrate interfaces undergo
a phase change. Light waves that travel through the film and reflect off of the film-substrate
interface have an additional travel distance that will alter its phase and constructively or
destructively interfere with the other reflected waves. Constructive interference occurs

when the film thickness is %)\, %)\, g)\...etc, whereas destructive interference occurs when
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Table 4.1: Comparison of the nucleation (number of cycles) and GPC (nm/cycle) obtained
by the R-t method and the Fresnel reflectance model in Chapter 3.

Nucleation Period GPC

R-t Fresnel R-t  Fresnel
50°C 24 34 0.68  0.62
100°C 12 14 1.54 1.68
150°C 10 10 1.40 1.48
200°C 6 8 2.02 2.03

the film thickness is %)\, 1, %)\...etc. Therefore, as the film thickness increases, the reflected
waves will switch between constructive and destructive interference and cause an oscillatory
pattern in the overall film reflectance as a function of time. It is evident that the frequency

of this oscillation is related to the growth rate of the film.

For comparison of growth behavior for all other substrates in this study, the metal pre-
cursor concentration was increased to 30% instead of the 15% previously used to promote
shorter nucleation times on the non conventional substrates. The deposition temperature
was set to 100°C, to stay below the melting temperatures of some of the substrates used.
With these conditions, ZnO was deposited on borosilicate glass and silicon. The measured
and fitted reflectance-time data are shown in Figure 4.2. The higher precursor concentra-
tion results in almost immediate nucleation on glass (within 2 deposition cycles) followed
by a fairly high GPC of 1.79 nm/cycle. For deposition on silicon, the nucleation period
was 12 cycles with a GPC of 0.63 nm/cyc. When compared to glass, the longer nucleation
time on silicon is expected. Glass is an oxide (SiOs) whose top surface is saturated with
hydroxyl (OH) groups available for reaction with the metal precursor. Whereas, the sur-
face of silicon is less populated with hydroxyl groups and thus requires more time for a

film to have complete surface coverage.
4.3.2 Deposition on Non-conventional Substrates

Deposition on Metal Layers

As shown in Figure 4.3, the nucleation period and GPC were obtained for ZnO deposited on

metal substrates such as gold, copper and aluminum foil. Aluminum foil had the shortest
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Figure 4.2: Measured reflectance intensity (black crosses) at a wavelength of 400 nm as
a function of time (deposition cycles) for ZnO films grown on a) borosilicate glass and b)
silicon. The data was fitted to the VI model (blue) to obtain the GPC.

nucleation period of 12 cycles, while copper had the the largest at 34 cycles and gold
had a nucleation time of 18 cycles. Based on the reactivity series of metals, aluminum is
the most reactive, followed by copper and gold [161]. This means that aluminum is more
easily oxidized and therefore requires fewer deposition cycles to create a thin oxide layer
(Al;O3) to populate the surface with hydroxyl groups. Once the the surface is sufficiently
hydroxylated, the reaction with the metal (Zn) precursor can proceed for ZnO growth. A
similar mechanism is expected for copper but requiring a longer nucleation period as it is
less reactive than aluminum. Gold is the least reactive metal out of the three and therefore
should have the longest nucleation period. In fact, since it is a noble metal and is chemically
inert, thin film growth was not expected at all but that was not the case here. Despite
this expected behavior, metal oxide growth on gold by ALD has been previously reported
but the specific nucleation mechanisms were not studied [121, 162]. Deposition on gold

did however, result in the lowest GPC of 0.28 nm/cyc which may be due to the substrate
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influencing growth with a particular surface morphology or crystal direction that is slower
compared to the growth on aluminum and copper [133]. X-ray diffraction measurements

are recommended to further investigate these mechanisms.
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Figure 4.3: Measured reflectance intensity (black crosses) at A = 400 nm as a function
time (deposition cycles) for ZnO films grown on a) gold, b) copper and ¢) aluminum foil.
The data was fitted to the VI model (blue) to obtain the GPC (nm/cyc).

Deposition on Polymer Layers

The growth behavior of ZnO films on PMMA and photoresist (Shipley S1800) layers are
shown in Figure 4.4. The ALD growth mechanism on polymer layers is dependant on
the chemical structure of the polymer and the permeability of the polymer films. For
polymers that have functional groups such as hydroxyls, the ALD growth occurs similar
to the growth on conventional substrates like glass [163]. However, for polymers that do

not have suitable reactive species, it was shown that the precursors diffuse and embed into
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the sub-surface of the polymer film and form metal oxide clusters or nuclei. After further
ALD cycles, the nuclei eventually coalesce into a continuous film that grows above the
surface of the polymer which corresponds to the end of the nucleation period [62,164].
Despite the different growth mechanism, deposition on polymer layers is still characterized
by an initial nucleation period followed by a linear growth period. For PMMA, a polymer
without suitable reactive species, a nucleation period of 18 cycles was observed with a GPC

of 0.53 nm/cyc.

In microfabrication, one of the more useful applications of polymers is for the patterning
of thin films and formation of unique nano/micro structures. In the fabrication of MEMS
based devices, polymers can be used as sacrificial layers that are removed to create free-
standing structures. In Chapter 6, micro-cantilever structural layers made up of zinc oxide
are deposited by AP-SALD on top of Shipley S1800 photoresist sacrificial layers. The
zinc oxide was deposited at three different deposition temperatures to obtain unique film
morphologies (50°C, 120°C and 200°C). The nucleation period and GPC of the ZnO grown
on photoresist at the three temperatures is obtained in Figure 4.4b-d. It is seen from the
figure that as the deposition temperature increased the nucleation period decreased and
the GPC increased, which is the same behavior that was observed for the depositions on
glass. The growth behavior data obtained here, specifically the nucleation periods, allows

for the accurate deposition of the cantilever structural layers with the desired thickness.

Deposition on Flexible Substrates

Observation of the nucleation period and GPC for depositions on flexible substrates such
as polyimide (Kapton tape) and paper were also demonstrated as seen in Figure 4.5. ZnO
growth on the polyimide substrate had a nucleation period of 10 cycles and a GPC of 1.36
nm/cyc. Here, the growth mechanism on polyimide is similar to growth on PMMA. Since
polyimide does not have the suitable reactive species for surface growth, the nucleation
phase is expected to occur in the subsurface. After which the film grows above the surface
in a linear fashion. The nucleation and growth rates are both quicker for polyimide than

PMMA. This difference in the growth behaviors may be related to porosity of the polymer
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Figure 4.4: Measured reflectance intensity (black crosses) at A = 400 nm as a function
time (deposition cycles) for ZnO films grown on a) PMMA, and Shipley S1800 photoresist
at a deposition temperature of b) 50°C, ¢) 120°C and d) 200°C. The data was fitted to the
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VI model (blue) to obtain the GPC (nm/cyc).

layers, size of the monomer (and molecular weight) and arrangement of the polymer chains.

For the deposition on paper substrates, fairly noisy reflectance intensities were observed
(Figure 4.5b). This is because paper has a matte finish and is comprised of a random
network of cellulose fibers with several air gaps (as opposed to a compact solid film), which
results in poor reflectivity. Nevertheless, an oscillatory pattern in the reflectance-time data

is still observed. Deposition on paper had a nucleation period of 48 cycles and a growth
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rate of 0.43 nm/cyc. Here, the nucleation is facilitated by the hydroxyl groups on the
surface of the cellulose fibers [165]. The successful demonstration of nucleation period and
GPC determination by reflectance, suggests that this method could be extended to other

fiber based textile materials such as the polypropylene based fabrics in the next section.
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Figure 4.5: Measured reflectance intensity (black crosses) at A = 400nm as a function time
(deposition cycles) for ZnO films grown on a) kapton (polyimide) and b) paper (sticky
note). The data was fitted to the VI model (blue) to obtain the GPC (nm/cyc).

Deposition on Fabrics

The onset of the COVID-19 pandemic has spurred huge interest towards the development
of antiviral coatings for personal protective equipment such as facial masks and other high
contact surfaces. Some metal oxides have shown antiviral properties and therefore it is
advantageous to use an atmospheric and scalable technique such as AP-SALD to coat
large rolls of polypropylene fabrics utilized in N95 masks. Figure 4.6, demonstrates the
ability of the in-situ reflectometry technique to observe the nucleation period and growth of

Zn0O on polypropylene fabrics utilized in N95 masks. Like paper, the fabrics are comprised
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of a random network of spunbound polyproylene fibers of varying densities. The growth
behavior of ZnO on both the low density and high density fabrics is shown in Figure 4.6a
and Figure 4.6b, respectively. Nucleation periods of 70 and 60 cycles were obtained for
the low and high density fabric. This fairly long nucleation period likely is due to the lack
of suitable reactive species (e.g. oxygen functional groups) in the polymer chain. This is
followed by similar GPCs of 0.14 and 0.16 nm/cyc for the low and high density fabrics

respectively.
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Figure 4.6: Measured reflectance intensity (black crosses) at A = 400nm as a function time
(deposition cycles) for ZnO films grown on spunbound polypropylene fabrics of a) low fiber
density and b) high fiber density. The data was fitted to the VI model (blue) to obtain
the GPC (nm/cyc).

SEM was used to confirm the presence of film formation on the fabrics, shown in Fig-
ure 4.7. The uncoated fabric is shown in part a (100x) and ¢ (2000x), while the fabric
coated with 100 cycles of ZnO is shown in part b (100x) and d (2000x). Successful depo-
sition of the ZnO film on the polypropylene fiber is confirmed by the matte-like surface
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appearance seen in part d compared to the metallic finish seen in part ¢ which comes from
surface charging effects of the organic compounds under SEM. Notably, the images show
the conformality of the ZnO coating around a fiber as well as the ability to deposit on
fibers that are within the fabric (as opposed to just fibers located on the outer surface
of the fabric). Unfortunately the thickness of the ZnO coating could not accurately be
determined from the SEM images due to the large variability in the fiber diameters (of
several micrometers). Further investigation is warranted to determine the thickness of the
coating and verify the obtained GPCs. One potential method for thickness determination
is encasing the fabric in an epoxy and cutting the sample in half with low temperature ion

milling to reveal its cross section for SEM imaging.

c) Uncoated Fab (2000X) -
‘- & o >

Figure 4.7: Scanning electron microscope (SEM) images of the uncoated (a and c¢) and
ZnO coated (b and d) polypropylene fibers after 100 deposition cycles.
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Deposition on 2D Materials

Finally, the nucleation period and growth of ZnO deposited on drop casted solutions of 2D
materials is observed in Figure 4.8. The 2D materials were treated with a femtosecond laser
as previously described in Chapter 2.2.2. Briefly, the laser treatment results in a reduction
of the 2D flake size from microns to nanometers. Along with the reduction in size, the laser
treatment introduces defects, dopants and functional groups to the flakes. This treatment
process makes these 2D materials exciting for a variety of different applications including
but not limited to solar cells, transistors and sensors. Coating these materials with a metal
oxide layer to form hybrid nanostructures has shown to be beneficial for chemiresistive gas
sensing [166] and therefore an understanding and accurate control of the metal oxide growth

behavior on 2D materials, is of importance.

As seen in Figure 4.9a, the drop casted graphene oxide solution forms an opaque film.
An optical microscope image (at 100x magnification) of the film (Figure 4.9b), shows that
the graphene oxide forms a wrinkled but connected film. Images of the film after ZnO
deposition are seen in Figure 4.9c-d. The optical microscope image shows a homogeneous
coloration of the film surface indicative of ZnO coverage. The growth behavior of ZnO on
graphene oxide is shown in Figure 4.8a. A short nucleation period of 6 cycles and a high
growth rate of 1.18 nm/cyc was observed. Here, the ALD growth of ZnO on graphene oxide
is easily done because of the oxygen functional groups and defect sites on the GO [167] This
is in contrast to pristine graphene, which is chemically inert, does not contain defects and
functional groups and therefore, must be oxidized first before a metal oxides can be grown.
The growth is expected to occur in an island like fashion, where ZnO nuclei first form
at the oxygen functional groups (primarily hydroxyl groups, OH). Subsequent deposition
cycles serve to grow those individual islands until a continuous film is formed (after 6
cycles in this case). In some applications it is advantageous to have a discontinuous metal
oxide film on graphene. This was demonstrated by Mu et al. who showed that a 0.5 nm
discontinuous ZnO film on graphene had a higher detection sensitivity to formaldehyde gas
than a continuous 3 nm ZnO film on graphene [168]. In this case, it is useful to use this

reflectance technique presented here to reproducibly obtain the discontinuous metal oxide

96



T
MNucleation:
| 6 cycles

T
GO

*  Rlcyc)
V| Fit

.‘§ > GPC: 1.18 nm/cyc

R(cyc)

0 10 20 30 40 50 60 70 80 90 100
Deposition Cycle

Nucleation:
18 cycles

0 50 100 150 200 250 300 350
Deposition Cycle

= MNucleation:
10 cycles

0 50 100 150 200 250 300
Deposition Cycle

Figure 4.8: Measured reflectance intensity (black crosses) at A = 400 nm as a function
time (deposition cycles) for ZnO films grown on drop casted solutions of femtosecond
laser treated a) graphene oxide, b) molybdenum disulfide (MoS5) and ¢) tungsten disulfide
(WS3). The data was fitted to the VI model (blue) to obtain the GPC (nm/cyc).

film.

The ZnO growth on molybdenum disulfide (MoS;) and tungsten disulfide (WS,) is
presented in Figure 4.8b and c. Images of the WS, film is shown in Figure 4.10. A
semi continuous film of WS, nanoparticles is formed as seen from the optical microscope
image in Figure 4.10b. The nucleation periods of 18 and 10 cycles for the MoS, and
WS; respectively, were longer than the nucleation period for graphene oxide. Similar to
pristine graphene, the deposition on the MoS, /WS, basal plane is expected to be strongly

inhibited and instead occurs at the grain boundaries or edges of the flakes which have

higher chemical reactivity [169]. Possible nucleation sites on the edges of the flakes include
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Figure 4.9: a)Drop casted GO film on silicon. b) Optical microscope image (100x) of GO
film. ¢) ZnO deposited on drop casted GO film. d) Optical microscope image (100x) of
7Zn0O deposited on GO film.

oxidized metal (Mo-O or W-0O), oxidized sulfur (S-O) as well as edge sulfur sites that
can react directly with the metal precursor (resulting in S-Zn bonds in this case) [170].
The shorter nucleation period for GO compared to MoSs /WS, is likely due to the higher
number of available oxygen nucleation sites. Correspondingly, both materials had lower
GPCs than GO (0.22nm/cyc and 0.57nm/cyc for MoS, and WS,, respectively). An SEM
image of the ZnO deposited on WS is shown in Figure 4.10d. The bare WS, particles
are not observed, instead replaced by ZnO particles with a hexagonal type shape. This
suggests that the WS, served as nucleation sites for the ZnO, which continued to grow
until it fully encompassed the WS, particles. Similar images are expected for the uncoated

and ZnO coated MoS, samples, due to structural similarities of MoS, and WS,.

4.4 Conclusion

In this chapter, the in-situ reflectometry technique was used to observe the growth behavior

of ZnO films, deposited by AP-SALD, onto various surfaces. The reflectance intensity at
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Figure 4.10: a) Drop casted WS, film on silicon. b) SEM image (7000x) of drop casted
WS,. ¢) ZnO deposited on drop casted WS, film. d) SEM image (5000x) of ZnO deposited
on WS,.

a single wavelength was obtained in time (deposition cycles) and fitted to the VI model
to determine the growth rate per cycle. Nucleation times were obtained by observing the
number of cycles until a significant change in reflectance intensity was observed. This
approach addresses a weakness of the Fresnel reflectance model (used in Chapter 3) where
the optical properties of the underlying substrate need to be known beforehand. The
growth behavior of ZnO was determined on various conventional and non-conventional
substrates where the optical properties of the substrate where unknown. This includes
surfaces like polymer films, flexible plastics, fabrics comprised of a random network of fibers
and drop casted solutions of two dimensional nanoparticles. The chemical composition
of the different surfaces greatly influences the nucleation behavior of ZnO and therefore

produces different nucleation times and growth rates.

The monitoring of nucleation time, allows for the accurate deposition of thin films on
various surfaces which may have implications on their intended application. This is relevant
because many applications require the deposition of metal oxide films on non-conventional

surfaces. For example, ZnO was deposited on polypropylene fabrics utilized to make N95
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masks with antibacterial or antiviral capabilities. The suitability of a ZnO/WS, hybrid for
use in a MEMS type gas sensor is evaluated in Chapter 5. In both of these applications the
nucleation period must be accounted for during the deposition of ZnO on these surfaces to

ensure adequate coverage.

It’s clear that the obtained reflectance data is for a single spot on the substrate. For
that single measurement spot, the nucleation period and GPC are determined. The ap-
plicability of the obtained results to the rest of the substrate depends on the substrate
itself and the AP-SALD technique. For flat uniform substrates such as glass, metals and
polymer films, the film growth is expected to be uniform throughout. Although, there
will be a small degree of non-uniformity which may come from uneven reactor head spac-
ing (i.e., human error) or the increased incorporation of oxygen on the outer edges of the
substrate which is readily accessible by atmospheric oxygen [171]. For porous substrates
such as the polypropylene fabrics used in this work, the porosity or density of the fabric is
consistent throughout the material. Therefore, the measured growth behavior of ZnO on
those substrates is applicable for the entirety of the deposition area. However, as shown
in Figure 4.9 and Figure 4.10, drop casted samples of the laser treated 2D materials pro-
duce a non-uniform distribution of material on the silicon substrate. This is due to the
agglomeration of the particles and their movement during solvent evaporation. In this
case the obtained growth behavior of ZnO on those samples is only applicable to the mea-
surement spot itself. The density of these particles varies throughout the deposition area
which would likely result in different ZnO growth behaviors. Here the objective was to
simply demonstrate the ability of the reflectance technique to observe the growth behavior
of ZnO on 2D materials. If the particles were uniformly dispersed on the substrate (via
spin coating or other synthesis methods), then the obtain growth data of the single spot
would be applicable throughout the sample.

Similarly, in Chapter 6 ZnO is deposited onto photoresist sacrificial layers to form a
cantilever structural layer. The thickness of the ZnO layer is critical to the structural
integrity of the beam, its natural resonance frequency and ultimately its performance as

a sensor. Therefore the GPC should be monitored to achieve precise ZnO thicknesses for
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the cantilever. This growth behavior should not be estimated from the growth behavior
on conventional substrates like glass or silicon, which had different nucleation times and

GPCs than ZnO growth on photoresist.
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“Do you smell it? That smell, a kind of
smelly smell. A smelly smell that

smells...smelly”

— Mr.Krabs

Chapter 5

Reflectance Screening Technique for

Responsive (Gas Sensor Materials

5.1 Introduction

A key component of gas sensor devices is the receptor material, which interacts with a gas
and produces a measurable response (signal transduction) indicating successful detection
of a chemical. In resistive based gas sensors, gas adsorption on a receptor material results
in a change in its electrical properties (e.g., resistivity /conductivity). Whereas receptor
materials in MEMS gas sensors typically take advantage of a physical change in material
properties when interacting with a chemical gas such as film expansion, stress changes and
mass changes [4]. Extensive research efforts have gone into discovering and developing
novel materials that are able to sense various gases with high sensitivity and selectivity.
Ultimately, to evaluate a material’s sensing capabilities, it needs to be integrated into a
fabricated gas sensor device and tested under the appropriate conditions. However, the

fabrication of MEMS devices can be quite lengthy and costly.
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As discussed in Chapter 2.1.1, the fabrication of MEMS sensors often involves many
steps which contributes to its complexity and cost. The process involves the deposition of
several layers, that are patterned through lithographic and etching techniques followed by
a release etching step to realize freestanding structures. These efforts could be outsourced
to a MEMS foundry but can be costly especially if many different receptor materials need
to be tested. In some cases the receptor material must be incorporated into the MEMS
structure at an intermediate step instead and therefore a custom fabrication process is
required. Essentially, the prototyping and testing of many different receptor materials
with MEMS sensors could be considered infeasible. For these reasons, a screening technique
may be preferred to identify those materials which have a positive response to target gases

before incorporation into the fabricated MEMS devices.

Simulation methods such as density functional theory (DFT) calculations, can be used
as a screening tool for responsive gas sensor materials. In DFT studies, the adsorption
behavior of a single molecule (of the target analyte) on a receptor material is determined.
The simulation outputs adsorption energies, bonding distance and the spatially distributed
charge density. Higher adsorption energies and short bonding distances are indicative
of high adsorption strength which can often be correlated to its performance as a gas
sensor [172-175]. However, DFT studies do not provide much information about signal
transduction upon gas adsorption, such as the change in electrical properties for resistive
gas sensors or change in physical properties for MEMS sensors. Furthermore, the simulation
is done with a single molecule of the target gas and a finite area of the receptor material
which evidently does not reflect the real conditions the gas sensor is tested under. To this

end, experimental screening techniques are required.

For the screening of receptor materials for resistive gas sensors, a combinatorial high
throughput (CHT) approach has been reported. In these CHT studies, a custom multi-
electrode substrate was used where many receptor materials (up to 64) can be deposited
and measured in parallel under the appropriate testing conditions [176-178]. By doing so,
the screening of receptor materials is accelerated. However, this approach is only valid for

resistive gas sensors and still requires the fabrication of the gas sensor electrodes. It would
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be challenging to adopt a similar approach for MEMS sensors, for the reasons discussed

above.

The use of optical techniques such as operando UV /vis diffuse reflectance spectroscopy
was introduced by Degler et al. to study tin oxide (SnO,) resistive gas sensors [110].
The UV /vis reflectance spectra of a SnO, film was monitored in dry nitrogen and during
exposure to carbon monoxide (CO) and oxygen (O) gases. Upon exposure to the gases,
a clear change in the reflectance spectra was observed. Similar results were presented by
Elger et al. who demonstrated a change in the SnO, reflectance spectra upon exposure to
an ethanol/nitrogen gas mixture [111]. In both cases, the change in reflectance spectra was
attributed to the formation of oxygen vacancies and the chemical reduction of the individual
SnO, grains causing a change the film’s overall photon absorption behavior. In this case,
reflectance spectroscopy can be used to screen metal oxides as receptor materials in resistive
gas sensors. As was demonstrated in Chapter 3 and Chapter 4, in situ reflectometry can be
used to monitor changes in thin film thickness. Thus it is also expected that reflectometry
can be utilized to screen for receptor materials that change in volume when exposed to
a gas. These materials can then be incorporated into MEMS type structures that take

advantage of this phenomena for gas sensing.

In this work, the reflectance signal of various potential receptor materials is monitored
as they are exposed to VOC vapors such as water, acetone, and ethanol. First the method is
tested with PMMA, a receptor material that is known to expand or swell in the presence of
VOC vapors, to validate the ability of reflectance method to capture the swelling behavior.
The technique is then used to monitor the response of 2D materials such as graphene oxide
(GO), MoS, and WS,, which are produced by a femtosecond laser treatment method.
Finally the the response of metal oxide thin films produced by AP-SALD is monitored to

evaluate their suitability as receptor materials in MEMS sensors.
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5.2 Experimental Section

5.2.1 Materials

All receptor materials tested in this work were prepared on silicon wafer pieces. PMMA pre-
pared by Rishard Rameez, a PhD student at the university of Waterloo was drop casted
onto a silicon substrate and dried. Solutions of graphene oxide, molybdenum disulifde
(MoS;) and tungsten disulfide (WS5) were treated with a femtosecond laser treatment tech-
nique described in Chapter 2.2.2. The laser treatment was done by Dr. Khaled Ibrahim,
a former doctoral student at the University of Waterloo. The experimental details of the
laser treatment are described in Chapter 4.2.1. The solutions were drop casted (1 pL
volume) onto the silicon substrate and dried at 60°C. ZnO coated WS, is prepared by
AP-SALD as described in Chapter 4. Similarly, bare metal oxide films of ZnO and SnO,
(100 nm thickness) are deposited on silicon by AP-SALD. ZnO deposition by AP-SALD
have been described in Chapter 3. The AP-SALD of SnO, was done by Louis Delumeau,
a masters student at the University of Waterloo. The precursors tetrakis-(dimethylamino)

tin(IV) (TDMASn) and ozone were used as the Sn and oxygen precursor, respectively.

5.2.2 Experimental Setup

Figure 5.1 depicts the gas delivery system and reflectance measurement setup. The pre-
pared receptor material samples were placed in a sealed enclosure (5.4 in. x 4 in. x 3in.)
with openings for a gas inlet and outlet line as well as a quartz window for reflectance
measurements. A bifurcated reflectance probe was mounted above the quartz window and
connected to a UV-vis spectrometer (Ocean Optics HDX) and light source (Ocean Optics
DH-2000). Reflectance spectra are captured every second and stored. For most of the
receptor materials tested the reflectance intensity at a wavelength of 655 nm was used,
which is the location of the deuterium alpha emission peak which provides a high signal

to noise ratio.

The gas delivery system comprised of two mass flow controllers (MFCs), compressed
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nitrogen gas, analyte and mixing vials is shown on left side of Figure 5.1. The analytes
used in this study (water, ethanol and acetone) were placed in the analyte vial. Similar to
bubbling of precursors for AP-SALD, the analytes are carried by the compressed nitrogen
gas (controlled by MFC 1). Pure nitrogen for purging the chamber before and after the
analyte exposure is controlled by MFC 2. Both the analyte stream and the nitrogen stream
are fed to a mixing vial and then fed to inlet connection of the enclosure. Unless otherwise
stated, each receptor material tested was exposed to analyte solvent vapors for 10 minutes
at a flow rate of 1000 SCCM (MFC 1). 10 minutes of pure nitrogen at 1000 SCCM (MFC

2) was injected into the chamber before and after the analyte exposure for purging.

Reflectance Probe
Analyte
Vial
— —‘;Quartz Window
e Receptor Film
2 Gas Inlet
N2 . . L substrate
l x > Enclosure Gas Outlet
Mixing
Vial

Figure 5.1: Schematic of gas delivery system and reflectance measurement setup.

5.3 Results and Discussion

As discussed in Chapter 2.1.2, PMMA has been used a receptor material in MEMS gas
sensors due to the innate swelling behavior of polymers when exposed to various gases [179].
This behavior was captured by reflectance measurements, as shown in Figure 5.2, for a

PMMA film deposited on silicon exposed to water, acetone and ethanol vapors.

The change in reflectance intensity at 655 nm is shown for the PMMA film on silicon.

The first 10 minutes (600s) corresponds to purging the test chamber with a nitrogen purge
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Figure 5.2: Change in reflectance intensity (at A\ = 655nm) of a PMMA film drop casted
on silicon. The film was exposed to vapors of water (blue), acetone (red), and ethanol
(yellow). Data is intentionally staggered along y-axis.

gas, followed by separate exposures to water(blue), acetone(red) and ethanol(yellow) vapors
for 10 minutes and a subsequent 10 minute nitrogen purge. Here, the reflectance intensities
are decreasing when exposed to the solvent vapors which indicates film expansion. Changes
in the reflectance intensity correspond to a change in film thickness. However, it is not clear
if the film is expanding or contracting. This is because both positive or negative changes
in the reflectance intensity can indicate an increase and or decrease in the film thickness
as observed in Chapter 4 where the reflectance of a growing film was shown to oscillate in
time. However, based on the mechanism of gas interaction with the materials tested (as
reported in literature), it is likely the films are expanding or “swelling”. This change in
reflectance intensity is observed at all measured wavelengths, but the reflectance at 655
nm is chosen as it has the highest signal-to-noise ratio due to the deuterium alpha emission
peak from the light source. Once the solvent vapor was removed, the reflectance intensity
starts to recover back to its original value which is suggests film contraction. The largest
change in reflectance intensity was for the water vapor, while smaller changes were observed
for acetone and ethanol. The reflectance intensity for water also reaches a saturated value

which suggest that no further water absorption can take place. The behavior is seen
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for acetone as well, although less pronounced. It appears the response for ethanol never
reaches saturation (within 10 minutes of exposure), and it is also the slowest to recover.
It is possible that the slower recovery observed for ethanol is due to a stronger sorption
affinity of this specific PMMA formulation to ethanol. The higher response for water may
be due to its smaller molecular size compared to acetone and ethanol which allows it to
have a higher diffusivity into the polymer. It is important to note that the due to the high
variability in the composition of PMMA films (different molecular weights, solvents and
processing) reported in literature it is difficult to compare the gas sensing response shown
here to the gas sensing response of PMMA reported elsewhere. Despite this, these results
verify that the reflectance method can be used to observe the expansion/swelling behavior

of receptor materials when exposed to a gas.

The reflectance method is now used towards the experimental discovery of receptor
materials that can be potentially used in MEMS gas sensors. The first of which is graphene
oxide that was produced with a femtosecond laser treatment method. The laser treatment
simultaneously reduces the size of the graphene oxide flakes and introduces defects and
functional groups from the solvent it was processed in. Here the graphene oxide was
treated in the 1:1 ethanol:water solution. Figure 5.3 shows the reflectance response of the
GO (drop casted on silicon) to solvent vapors tested. Interestingly, the largest response
was observed for ethanol, while the lowest response was observed for water. Likewise, the
response to ethanol reached a saturated value while it did not for water (within 10 minutes
of exposure). While the response to water recovered fully to near its original value, the
responses for ethanol and acetone never did fully recovery to their original value and instead
recovered to a new point. The swelling behavior of graphene oxide films in the presence of
water [23,180] and various alcohols [181,182] has been previously reported. The deposited
GO film is comprised of several layers of overlapping flakes. Similar to polymer materials,
it is expected that the analyte molecules infiltrate this layered structure and go into the
gaps between the flakes pushing them outwards which causes an expansion of the overall
film. Functional groups on the surface of the graphene oxide may favor the sorption of
ethanol over acetone and water. Further investigation into these mechanisms for GO is

presented in Chapter 7.

108



0.48 . | |
Graphene Oxide on Si
\U'lU'rP"'"" Ak oo Y
T 0.46 ML
c
o]
Y
n 0.44F
~<
4 —Water
—Acetone
| Ethanol i

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Figure 5.3: Reflectance intensity (at A = 655nm) of Graphene Oxide (GO) drop casted
on silicon. The sample was exposed to vapors of water (blue), acetone (red), and ethanol
(yellow).

The response of the laser treated MoS; and WS, (drop casted on silicon) is shown in
Figure 5.4 and Figure 5.5, respectively. The largest response for both receptor materials was
obtained for water. Clear responses to acetone and ethanol were obtained for WS, unlike
MoS,, which had a near-negligible change in intensity for the same solvents. For WS,
a quicker response time is observed for acetone compared to water. While the response
to ethanol vapor resulted in an initial small decrease in intensity before increasing. This
probable swelling behavior, in the presence of a gas, for MoS, and WS, has not been
reported previously, but it is expected to follow the same mechanism as graphene oxide
due to their similar flat flake-like structures. Further investigation into these adsorption

mechanisms for MoSy and WS, is presented in Chapter 7.

Hybrid heterojunction nanostructures comprised of a metal oxide and a 2D material
have been used as receptor materials in chemiresistive gas sensors. In these composite type
materials, the sensing advantage primarily comes from the interface between the two mate-
rials where a charge carrier depletion zone exists. The conductivity of this area is strongly
modulated by gas adsorption and desorption, hence making these hybrid materials suitable

for chemiresistive gas sensors [166]. The benefits of a metal oxide/2D material receptor for
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Figure 5.4: Change in reflectance intensity (at A = 655nm) of MoS, drop casted on silicon.

The sample was exposed to vapors of water (blue), acetone (red), and ethanol (yellow).
Data is intentionally staggered along y-axis.
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Figure 5.5: Change in reflectance intensity (at A = 655nm) of WS, drop casted on silicon.
The sample was exposed to vapors of water (blue), acetone (red), and ethanol (yellow).
Data is intentionally staggered along y-axis.

MEMS gas sensors have not yet been realized but is studied here with reflectance. Zinc

oxide was deposited onto a drop casted sample of WS,, by the AP-SALD technique de-
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scribed in Chapter 3 and its growth was monitored by the technique describe in Chapter 4.
The reflectance response of the ZnO /WS, hybrid structure is shown in Figure 5.6.
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Figure 5.6: Change in reflectance intensity (at A = 655nm) of ZnO coated WS, drop casted
on silicon. The sample was exposed to vapors of water (blue), acetone (red), and ethanol
(yellow). Data is intentionally staggered along y-axis.

Evidently, the response of the ZnO /WS, material to the solvent vapors is not improved
compared to the response of WS, alone. While the responses to water are comparable, the
responses to acetone and ethanol are lower for the hybrid material. These results suggest
that the ZnO may be limiting the expansion behavior of the WS,. Therefore despite being
promising receptor materials for chemiresistive sensors, ZnO/WS, hybrids appears less

promising for MEMS sensors.

Next, the reflectance response of metal oxide thin films (deposited by AP-SALD) was
measured when exposed to the solvent vapors. Figure 5.7a shows the response of a ZnO
thin film to water, acetone and ethanol vapors and Figure 5.7b shows the response of a
SnO, thin film to acetone and ethanol vapors. No measurable change in the reflectance
spectra (at all wavelengths) was observed for the ZnO thin film. In contrast, a change
in reflectance spectra was detected for the SnO, film, but notably only occurred at larger
wavelengths corresponding to the near-infrared range (A > 760 nm). In this wavelength

range, the SnO, reflectance intensity decreased when exposed to ethanol and acetone.
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Since this shift in intensity was not observed at other wavelengths (UV-Vis), it can be
concluded that the thickness of the ZnO and SnO, films is not changing. Metal oxide
films deposited by ALD are often used as non-permeable diffusion barriers for moisture or
oxygen sensitive materials [183]. This is because ALD produces compact, dense films. The
ZnO and SnO, film used here were deposited by AP-SALD and are of comparable quality
in terms of density and compactness. Thus, no analyte absorption or infiltration into the

films is expected and correspondingly, no volume expansion or increase in thickness.

The decrease in the reflectance intensity for SnO, in the near-IR range may be at-
tributable to chemical reduction of the SnO, by the analyte molecules which in turn changes
the free charge carrier concentration in the film. The free charge carrier concentration in-
fluences the IR absorption properties of the film. As discussed previously, similar results
for an SnO, film exposed to carbon monoxide and ethanol (at a temperature of 300°C)

were reported by Degler [110] and Elger [111], respectively.

The SnO, exposure to acetone was repeated at an elevated temperature of 200°C. This
was done by placing the test chamber on a hotplate. The obtained reflectance response
is compared to the room temperature measurement in Figure 5.8. It is evident that the
heated film had a larger decrease in the reflectance intensity than the RT film. This shows
that the SnO, response to chemical analytes is greater when when heated, which follows
why metal oxide based gas sensors are often heated (200°C-400°C). The higher operation
temperature facilitates larger chemical reduction of the metal oxide material, promotes
adsorption of the analyte and enhances the conductive properties of the metal oxide [15].
Conversely, the zinc oxide film heated to 200°C showed no observable reflectance response
to the vapors tested. Hence, the reflectance screening technique is used here to show that
SnO, may be a favorable receptor material for chemiresistive gas sensors while ZnO may
not be. It follows that much of the literature in metal oxide chemiresistive gas sensors
utilizes SnO, and it is widely used in commercial chemiresistive gas sensor products as
well [5,15]. Whereas implementation of ZnO in chemiresistive gas sensors often requires
doping to enhance the response. Ultimately, in the scope of this work, it appears that both

of the metal oxides tested here are not suitable for MEMS sensors that take advantage of
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Figure 5.7: Change in reflectance intensity (at A\ = 800nm) of thin films of a) Zinc Oxide
(ZnO) and b) Tin Oxide (SnOs) deposited on silicon. The films were exposed to vapors of
acetone (blue), and ethanol (red).Data is intentionally staggered along y-axis.

volume expansion or swelling such as the static MEMS sensors discussed in Chapter 2.1.1

and Chapter 7.

5.4 Conclusions

An optical method based on reflectance was used to screen for potential receptor materials
for use in static deflection type MEMS gas sensors. Films of potential receptor materials
were prepared on silicon substrates and exposed to vapors of water, ethanol and acetone in
a sealed chamber. The reflectance of the receptor materials exposed to vapors was obtained.
A clear reversible change in reflectance intensity is observed upon exposure to the analyte

vapors which is indicative of film expansion or swelling. This behavior was observed for
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Figure 5.8: Change in reflectance intensity (at A = 800nm) of thin films of tin Oxide (SnO,)
deposited on silicon. The film were exposed to vapors of acetone at a chamber temperature
of a) 25°C and b) 200°C.

PMMA, laser treated graphene oxide, MoS, and WS,, where the analyte molecules are
allowed to infiltrate into the porous structure of the films and cause expansion. This
behavior was not observed for ZnO films deposited by AP-SALD which are compact in
nature. However, a change in the reflectance at IR wavelengths was observed for SnO, likely
due to the high carrier concentration in the film which can interact with IR wavelengths.
The response of SnO, to acetone was further enhanced when the substrate was heated to

200°C.

The results suggests that PMMA and laser treated 2D materials are suitable recep-
tor materials for static deflection MEMS gas sensors, while the metal oxide films are not.
Furthermore, the coating of WS, with ZnO did not improve its “swelling” behavior com-
pared to uncoated WS,. So while hybrid ZnO/WS, receptor materials have advantages in
chemiresistive gas sensing, they are not ideal for MEMS static deflection sensors. In Chap-
ter 7, the laser treated GO, MoS,; and WS, are coated onto a nanomechanical membrane
type surface stress sensor (described in Chapter 2.1.2), for the sensing of various volatile

organic compounds.
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“Everything in life is vibration”

— Albert Einstein

Chapter 6

A Zinc Oxide Resonant Cantilever

Gas Sensor

6.1 Introduction

Resonant microcantilever sensors are known for their high sensitivity to single molecules
and the ability to make indirect mass estimations in the atto- and zepto-gram range. These
type of devices can therefore be used as gas sensors for the detection of toxic gases and
environmental pollutants in low quantities. As described in Chapter 2.1.1, cantilever gas
sensors are typically comprised of a structural layer, which makes up the main cantilever
body, and a sensing or receptor layer that has an affinity for a target gas analyte. Zinc oxide
is one such receptor material, popular for chemiresistive gas sensing due to its large density
of surface vacancies which can act as active sites for chemisorption. For these reasons, many
researchers have explored the benefits of combining resonant microcantilever sensors with

zinc oxide receptors, as discussed in Chapter 2.1.3.

In general, approaches have consisted of growing a “forest” of vertical 1D ZnO nanos-

115



tructures (e.g., nanowires or nanorods), onto the surface of a cantilever structural layer
(typically silicon). The main advantage to using 1D nanostructures is the higher surface
area available for analyte adsorption. These devices have been used for RH sensing and to-
wards the detection of DEA [48], nitrogen dioxide [51] and carbon monoxide [52-54]. ZnO
nanomaterials have also been implemented into QCM resonant gas sensors for RH (RH)
sensing and the detection of various VOCs. The details of these reported devices and their

sensitivities are listed in Table 2.1. For RH sensing, the best performing ZnO based QCM
Hz
%RH

Hz
%RH *

sensor [55] had a sensitivity of 100 while the best performing ZnO based cantilever

sensor [50] had a sensitivity of 3.5 Due to the high quality factors typically associated
with microcantilevers, it is expected that their sensitivities would generally outperform a
QCM based sensor but that is not the case here. Of course a direct comparison cannot
be made due to the differences in the ZnO material used however, it is clear that there is

room for improvement for ZnO based cantilever sensors.

A general strategy to improve resonant cantilever sensor sensitivity is by reducing its
mass while maintaining high natural resonance frequencies [37]. Both of these criteria
can be accomplished by reducing the size (i.e., volume) of the cantilever. Reducing the
cantilever mass closer towards the mass of analyte molecules, makes the cantilever more
susceptible to small mass changes from analyte adsorption. Moreover, cantilevers com-
prised of multiple layers generally have reduced quality factors due to intrinsic damping
effects that come from the mismatch between the layers. In the reports listed in Table 2.1,
the growth of 1D ZnO nanostructures (receptor layer) onto the surface of the cantilever
structural layer can be a source of intrinsic damping which can reduce the gas sensing
performance of the sensor. In most cases, additional layers and components are required
for cantilever actuation and readout, which further contributes negatively to the quality

factor. Hence, simplicity in the cantilever design, in terms of number of layers is preferred.

Indeed, these strategies for improving the resonant cantilever performance have been
implemented in previous literature. As described in Chapter 2.1.3, ultra low mass sensi-
tivity was achieved as a result of miniaturization of the cantilever structure. Li et al. [38],

achieved mass resolution of less than 1 attogram with a silicon carbide nanocantilever with
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a length of 600 nm, a width of 400nm and a thickness of 100 nm. Jensen et al. [37] created
a nanocantilever structure out of an ultra thin strand of a MWCNT which was able to
detect the mass of a single gold atom (zeptogram range). Here, the single MWCNT acts
as both the receptor and the structural layer for the sensor device, a concept which can be

leveraged in order to improve the quality factor and device sensitivity.

Conventional microcantilever structural layers comprised of polysilicon, silicon dioxide,
silicon nitride or various metals are not capable of sensing analytes on their own. Can-
tilevers made purely out of polymers for the sensing of VOCs have been reported [184].
However, there are significant challenges in their implementation, outlined by Li et al.
such as low stiffness, substrate adhesion, incompatibility with other fabrication processes,
electrical charging during actuation, susceptibility to residual stresses and poor long term
stability [185]. Metal oxides such as ZnO, are excellent candidates to serve this dual role
due to their comparable strength (elastic modulus) to silicon [186-188] and ability to in-
teract with analyte gases, which is evident from the many metal oxide based gas sensor

articles discussed in Chapter 2.1.3.

In this chapter, a microcantilever device is fabricated primarily out of ZnO which
serves as both the structural layer and the receptor layer. AP-SALD is used to deposit
the ZnO layer with thicknesses of 100-300 nm which is an order of magnitude lower than
the thicknesses of conventional microcantilevers, thereby reducing its overall mass. The
frequency shift response of the ZnO cantilever to changes in RH was measured. The results
showed comparatively higher sensitivities (for the RH range tested) than other frequency

shift based RH sensors.

6.2 Design

6.2.1 Design Considerations

As described above, the primary design element of the resonant microcantilever is the use

of a ZnO layer as both the receptor layer and the structural layer. ZnO was chosen due to
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its extensive use as a gas sensor receptor material as reported in literature (described in
Chapter 2.1.3). More importantly, the deposition of ZnO by AP-SALD is a well established
process as seen in Chapter 2.2.1. In Chapter 3, a more thorough understanding of its
growth behavior and optical properties is presented. A second design element is the use
of optical readout method known as laser vibrometry to measure the frequency response
of the device (described in Chapter 2.1.1). This method requires a reflective surface on
the top side of the cantilever and therefore requires a thin metallic layer. Additionally, the

minimum width of the cantilever beam must be 10 um to focus the laser spot.

The third design element is the use of an electrostatic actuation method to actuate
the cantilever structure to its natural resonance frequency (described in Chapter 2.1.1).
Electrostatic actuation is implemented by using a parallel plate capacitor configuration
where one electrode exists on the cantilever and the other is fixed on the substrate. This
requires the deposition of a bottom metal contact on the substrate. The reflective metal
layer for optical read out serves as the top electrode. The thicknesses of these metal
electrode layers are 50-100 nm, which is thinner than the structural ZnO layer thickness

of 100-300 nm.

The choice of electrostatic actuation which requires a bottom electrode, limits the
fabrication scheme to surface micromachining techniques. Bulk micromachining techniques
such as through wafer etching cannot be used. The choice of metal for the top electrode
must be compatible with other fabrication processes. For example, gold is not compatible
with the reactive ion etching (RIE) process. Finally, an air gap of 1 pum underneath the
structural layer is used. This gap is defined by the deposition of a sacrificial layer which
is removed in the release etching step at the end (see Chapter 2.1.1). The material for
the sacrificial layer must be carefully selected so that its etchant does not remove other
layers of the structure. Polymers like photoresist, are good candidates for the sacrificial
layer as they can be easily removed by oxygen plasma or solvents, which do not react with
the other layers. Metal oxides (besides ZnQO) can be used as well, as the etchant for one
oxide is not necessarily a good etchant for another. For example, porous aluminum oxide

membranes have been used for the formation of ZnO nanowires which grow inside the AlyO3
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pores. The Al,O3 membrane is subsequently etched by NaOH leaving behind unaffected
7Zn0O nanowires. Therefore Al,O3 might also be a good candidate for the sacrificial layer.
With these design considerations accounted for, the proposed ZnO cantilever structure

(cross-sectional view) is illustrated in Figure 6.1.

Length /Vidth

------- t Electrode thickness

Electrode thickness

¥ -Substrate -ZincOxide - Metal

Figure 6.1: Cross sectional schematic of the proposed ZnO cantilever structure with rele-
vant dimensions.

6.2.2 Mask Layout

The proposed cantilever architecture required the use of three photolithography masks to
pattern the deposited layers. A fourth mask was added at a later date to address challenges
in wirebonding (discussed in the following sections). The first mask patterns the deposited
metal layer to form the bottom electrode and its corresponding electrical trace and bonding
pad. The second mask, patterns the sacrificial layer. The third mask, patterns both the
Zn0O and the top electrode layers, while the fourth mask, patterns an additional metal
layer intended to increase the thickness of the bonding pads. As defined by the criteria
for laser vibrometry, the smallest feature size was 10 pm which necessitates the use of UV

lithography as opposed to e-beam lithography.

The mask geometries are depicted in Figure 6.2a. Mask 3 defines the cantilever geom-
etry. Several sets of devices were made with varying cantilever widths (10/25/50 um) and

lengths (50/100/200/300 pm). An array of release holes (2 um squares) were designed into
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the top metal electrode for beams that were wider than 10 pum, to allow for the release

etchant to get underneath the cantilever structure and remove the sacrificial layer.

Mask 2, which defines the sacrificial layer underneath the structural layer, is simply a
rectangular box with dimensions 5 um larger than the cantilever geometry, on all sides.
The additional area is a tolerance for errors in mask alignment which is done manually.
Similarly, the bottom electrode, defined by Mask 1, is also a rectangular box with the same
tolerance of 5 pm on all sides. Both the top and bottom electrodes are connected to a trace
(width = 10 um) comprised of the same metal. The trace extends out to the bonding pad
with dimensions of 100 x 100 pm.

An overlay of the 3 masks to form the cantilever structure is shown in Figure 6.2b. In
addition to cantilever structures, bridge type structures with the same dimensions as the
cantilevers were also fabricated. Devices consisting of a square plate (with area of 100/200
pum?) held with either a single arm, two arms on opposite sides, two arms on the same side

and four arms were designed as well.

Each device geometry was repeated several times to form an array of devices within
a die size of 9 x 9 mm, shown in Figure 6.3. The arrays were arranged to fit on a 3”
wafer. Alignment marks/crosses are placed around the individual dies comprised of the 3
mask layers, which aid in the manual mask alignment. 31 unique device geometries were

designed, resulting in over 500 devices on a single wafer although.

6.3 Fabrication

6.3.1 Fabrication Process

The starting substrate is a 3 inch silicon wafer with a top layer of thermal oxide (SiOs)
approximately 300 nm thick. A lift-off process is used to pattern the bottom metal elec-
trode, illustrated in Figure 6.4. First a negative photoresist (ma-N 1410) is spin coated on
to substrate at 3000 RPM for 60 seconds to result in a 1275 nm thick film. UV lithography

(MAG mask aligner) with mask 1, is done to selectively expose the photoresist to a dose
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a) Mask1l Mask 2 Mask 3

b) [
Cantilever Bridge
2-Arm
Plate Double Arm
Plate

Figure 6.2: a)Three photolithography masks to define the bottom electrode (blue), the
sacrificial layer (green) and the top electrode/cantilever structure (red). b) Overlay of the
3 masks to form cantilever, bridge, and plate type structures.

of 350 %ﬁ of UV light with a wavelength of 365 nm. The layer is placed in a developer
solution (ma-D 533/S) and rinsed with DI water to reveal openings in the photoresist
layer in the shape of the bottom electrodes. Aluminum is deposited by sputter deposition
(AJA Magnetron). Thicknesses of 50-100 nm were achieved with a sputter deposition time
of 359-719 seconds. Finally, the photoresist is removed with successive 5 minute baths

in acetone, isopropanol, remover PG and DI water, leaving behind the patterned metal

electrode.

Photoresist was used as the sacrificial layer, illustrated in Figure 6.5. Positive pho-
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Figure 6.3: Wafer level arrangement of designed devices. Arrays of each unique device
geometry were arranged into die sizes of 9 x 9 mm.

Photoresist
Substrate Substrate

Substrate

Figure 6.4: Schematic of bottom metal electrode fabrication. The sputtered aluminum
layer (grey) is patterned by UV lithography with mask 1 and liftoff process with negative
photoresist (green).

toresist (Shipley S1811) was spin coated onto the sample at 5000 RPM for 60 seconds to
result in a 1 pum thick film. UV lithography (MAG6 mask aligner) with mask 2, is done to
selectively expose the photoresist to a dose of 125 gn—‘é of UV light at a wavelength of 405
nm. The sample was placed in MF-319 developer solution and rinsed with DI water to

reveal the sacrificial layer.
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Figure 6.5: Photoresist (PR) sacrificial layer(green) patterned by UV lithography with
mask 2.

The ZnO structural (and receptor) layer is deposited by the AP-SALD technique de-
scribed in Chapter 2.2.1 and Chapter 3. DEZ and water are used as the precursors. The
film conformally covers the entire surface of the sample, including the sides of the sacri-
ficial photoresist layer. Conformal coverage is critical to ensure that the structural layer
is anchored to the substrate. Deposition was done on several wafers (all with the bottom
electrode and sacrificial layer) to vary the properties of the ZnO film. Deposition cycles
of 50, 100, 150, 200 and 300 cycles were used to vary the thickness of the ZnO film be-
tween 60-450 nm, with deposition temperatures of 50°C, 120°C, 200°C. The ZnO films are

discussed further in the following section, Chapter 6.3.2.

After deposition of the ZnO film, the liftoff process is used again to deposit and pattern
the top metal electrode, shown in Figure 6.6. The same process that was used to form
the bottom metal electrode was used, this time with mask 3. The thickness of the top
aluminum layer is 50-100 nm. The aluminum layer also defines the cantilever geometry
and is used as an etch mask for the RIE of the ZnO layer, shown in Figure 6.7a. Before
this etch step, the wafers are diced to form individual dies for separate processing. RIE of
the ZnO is done with an Oxford Plasmalab system. The etch gases were methane (CHy)
and hydrogen (Hs), with a chamber temperature of 60°C. The RIE process results in an
anisotropic (directional) etch which only removes the exposed ZnO, leaving behind the
7m0 structural layer underneath the aluminum top layer. The etch time is dependant on
the thickness of the ZnO film. For example the 150 cycle ZnO film, which had a thickness
of 200 nm, required an etch time of 3.5 minutes which was verified experimentally by

profilometry.
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Figure 6.6: Schematic of top metal electrode fabrication. The sputtered aluminum layer

(grey) is patterned by UV lithography with mask 3 and liftoff process with negative pho-
toresist (green). ZnO layer deposited by AP-SALD is shown in orange.

The critical step in a MEMS fabrication process is the removal of the sacrificial layer to
release the freestanding structural layer. As previously described, the release etchant must
selectively removed the sacrificial layer and leave the structural layer intact and therefore
chemical compatabilities must be considered. In this fabrication process the photoresist
Shipley S1811, is used successfully as the sacrificial layer. The use of Al;O3 as an alternative
sacrificial layer candidate was investigated and is discussed in Chapter 6.3.3. For the
selective removal of the photoresist sacrificial layer, both wet and dry etching methods
were investigated. Initial wet release experiments were unsuccessful which is elaborated in
Chapter 6.3.3. Ultimately, a dry etching technique known as oxygen plasma ashing was
able to successfully release the cantilever (depicted in Figure 6.7b). A CV-200RFS plasma
ashing system (Yield Engineering Systems) was used, which like RIE, generally produces
an anisotropic oxygen plasma etch. To achieve a lateral etch, an elevated pressure is
used (700 mTorr) and a low power (300 W) to promote scattering of the etchant (oxgyen
plasma/ions). The process was done in repeated 20 minute durations, until the photoresist

was removed and the cantilever was successfully release, which was visually confirmed by

SEM .
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b) Cantilever Release: Plasma Ashing

Figure 6.7: a)RIE of ZnO (orange) with CH, and Hy etchant gases. b) Cantilever release
etching by oxygen plasma ashing.

Successfully released cantilever devices can be tested using micromanipulator probes to
directly apply the actuation voltage onto the contact pads. However, to test the devices as
gas sensors, they must be placed in an enclosure (i.e.: test chamber) and therefore require
wire bonding to a chip carrier package. Devices were wire bonded to a 40 pin C-DIP style
chip carrier, with a Westbond 747677E manual wirebonder. Gold wire with a diameter of
75 pum is ball-bonded to the aluminum pads on the device and the gold pads on the chip
carrier. This process had a low yield rate, resulting in 10/100 useful devices on a single

chip. Attempts to improve this yield are discussed in Chapter 6.3.3

6.3.2 Zinc Oxide Thin Film

The ZnO film was deposited by AP-SALD onto the wafer surface which at the time was

comprised of areas of silicon oxide (substrate), sacrificial photoresist and aluminium. In
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Chapter 4, in-situ reflectance measurements revealed that the nucleation period and growth
rate of ZnO on these three different surfaces are different. The thickness of the cantilever
is a critical parameter that affects the natural resonance frequency of the cantilever beam
and by extension also affects the sensor sensitivity. Hence, the in-situ reflectance technique
demonstrated in Chapter 4 is advantageous for the accurate deposition of ZnO structural
layers on a polymer sacrificial layer. Furthermore, in this study, ZnO structural layers were
deposited at different temperatures. The growth behavior of the ZnO on the sacrificial layer
at these temperatures was shown in Figure 4.4b-d. It was observed that depositions at
lower temperatures resulted in longer nucleation times and slower growth rates. Here,
the in-situ reflectance technique is useful to achieve the same structural layer thickness

amongst the samples for comparison.

By varying the AP-SALD process parameters, the morphology and other properties
of the ZnO film can be controlled and optimized for gas sensing. The morphology of the
film is of interest here, as it directly influences the interaction with analyte gases (i.e.,
sorption). Figure 6.8 shows SEM images of ZnO films at different thicknesses deposited
by AP-SALD. The length of deposition was varied from 50-300 cycles, at a deposition
temperature of 200°C. It is clear from the images that the grain size increases as the
cycle number is increased, while the number of grains or grain density appears to decrease,
indicating that smaller grains are coalescing to form larger ones. The smaller feature size
of the 50-cycle film is expected to have a larger surface area for gas adsorption however, it
may not have the structural integrity to stand on its own as a cantilever. Whereas, thicker

films with larger grains are expected to have less surface area available for gas adsorption.

Similarly, Figure 6.9 shows the SEM images of the ZnO films deposited at different
temperatures (all with 150 deposition cycles). The change in morphology due to deposition
temperature is clear. ZnO deposited at 50°C has a loosely packed surface with empty gaps
(dark spots). The film at 120 °C formed a spherical type morphology, while the film at 200
°C formed a textured faceted morphology. While the films deposited at lower temperatures
may have higher surface area, their low packing density may result in a loss of structural

integrity for the cantilever structure.
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Figure 6.8: SEM images (100kX magnification) of ZnO films deposited by AP-SALD at
200°C with varying number of deposition cycles. a) 50 cycles, b) 100 cycles, ¢) 150 cycles,
d)200 cycles, e) 300 cycles.
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Figure 6.9: SEM images (100kX magnification) of ZnO films deposited by AP-SALD (150
cycles) at different deposition temperatures. a) 50 °C, b) 120 °C, c) 200 °C.

A cross sectional SEM image of the ZnO cantilever before the sacrificial layer release
step is shown in Figure 6.10. The image shows the compact 200 nm thick ZnO film (150
AP-SALD deposition cycles at 200°C) atop the 1 um sacrificial layer.

The observed changes in the material structure are further explored with x-ray diffrac-
tion (XRD). The diffraction pattern of the samples with varying thicknesses (50-300 depo-

sition cycles) are shown in Figure 6.11a. Diffraction peaks are observed at ~ 31°, 34° and
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Photoresist

Figure 6.10: Cross sectional SEM image (30kX magnification) of deposited cantilever lay-
ers, before sacrificial layer release. ZnO layer thickness is approximately 200 nm (150
AP-SALD deposition cycles).

56° corresponding to the (100), (002) and (110) planes, respectively. The 50 cycle sample is
fairly amorphous but has a small (002) peak. The (002) peak is dominant for the samples
with 100-200 deposition cycles, but is reduced for the sample with 300 deposition cycles.
The crystallite size calculated by the Scherrer equation [146] for the (002) peak is listed in
the figure. As the film grows the (002) crystallite size increases and reaches a maximum
of 55 nm at 150-200 cycles. The diffraction peaks for the ZnO samples deposited at dif-
ferent temperatures is shown in Figure 6.11b. The sample grown at 50°C is amorphous.
The sample deposited at 120 °C, has a single (002) peak, while the sample deposited at
200°C has all three peaks. In ZnO based chemiresistive gas sensors, films with a dominant
(002) peak showed improved sensitivities to analyte gases [189]. From the overall XRD
data obtained here, it can be concluded that preferential growth in the [002] direction is
possible by varying the deposition temperature. However, the the duration of deposition
or its thickness is another factor that can influence the film orientation, and too large of
a thickness may reduce its sensitivity to an analyte. At the same time, it is important
to ensure the packing density of film is adequate enough to hold itself up as a cantilever
beam. So while the deposition at 120 °C might be preferred to achieve the (002) face, its

packing (as shown in the SEM image) may not be adequate.
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Figure 6.11: X-ray diffraction patterns obtained for ZnO films deposited by AP-SALD
with a) 50-300 deposition cycles and b) 50-200°C deposition temperatures.

Lastly, Aluminum doped Zinc Oxide (AZO) films were deposited (150 cycles at 200°C)
with varying aluminum concentrations. The precursor TMA was used as the aluminum
dopant, and was injected into the metal precursor flow line every 10, 16 or 22 cycles
of Zn precursor, creating three unique films of varying Al quantity. It is expected the
the introduction of the Al dopant to the ZnO film would change the quantity of oxygen
vacancies in the film. These oxygen vacancies promote adsorption analytes onto the surface
of the film [46,47]. Hence, there is potential for improved sensor sensitivities through Al

doping.

6.3.3 Fabrication Challenges

Incompatible Materials

As described previously, AlsO3 and polymer based materials such as photoresist were
candidates for the sacrificial layer. This is because their removal with their respective
etchants would not affect the ZnO structural layer. The effectiveness of Al,O3 as a sacrificial
layer in these fabrication process was explored. The 1 um thick photoresist layer (Shipley
S1811) was replaced with a Al,O3 layer deposited by AP-SALD, with approximately the
same thickness. The film was deposited at a temperature of 200°C and required 1000

deposition cycles. The total deposition time was approximately 50 minutes. However,
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after deposition the film delaminated or “peeled off” the surface of the substrate, thus
making it unusable. This may be a result of the build up of residual stresses in the Al,O3
film which are amplified at large thicknesses. Hence, the use of a 1 um Al,O3 sacrifcial layer

is not successful and the use of a photoresist sacrificial layer was the preferred method.

ZnO structural layers with varying morphologies were deposited, as discussed in the
previous section. It was clear from the SEM images shown in Figure 6.9 that the films de-
posited at 50 °C and 120 °C had a loosely packed or porous morphology. Ultimately, these
morphologies were detrimental to the fabrication of the device. This issue was observed
during the patterning of the top metal electrode, shown in Figure 6.6. After deposition of
the Al layer, the final step is the lift off process to pattern the layer. This involves succes-
sive baths in acetone, isopropanol, remover PG and DI water, to remove the photoresist
and excess aluminum. However, after this step, the ZnO structural layer and photoresist
sacrificial layers were removed as well. This result suggests that the porosity of the ZnO
allowed the solutions to get through the structural layer and remove the sacrificial layer,
thus removing everything on top as well. The ZnO structural layers deposited at 200 °C,
did not have this issue likely due to their higher packing density which was impenetrable
by the liftoff solutions. Therefore the compactness of the ZnO structural layer is another
requirement that must be considered. The diffraction pattern of the ZnO films (shown in
Figure 6.11b) indicates that the 120 °C film had a dominant (002) peak which was pre-
ferred for gas adsorption. This presents a tradeoff between the compactness of the ZnO
layer and its gas adsorption behavior. A thicker film (> 150 deposition cycles) may resolve

this issue.

Cantilever Release

The use of both wet and dry etching methods for the removal of the sacrificial photoresist
layer was explored. The wet release method is often preferred in MEMS fabrication as it
typically takes less time than the dry release method and it does not alter the structural
layer. The wet release method has to be combined with critical point drying (CPD) to

prevent the cantilever from collapsing down as the etchant evaporates from the sacrificial
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layer gap. Here, a wet release recipe was adapted from [190] which comprised of a long bath
(4 hours) in a photoresist remover solution (remover PG) with gentle agitation followed
by CPD. Figure 6.12 is an optical microscope image of a 10 x 200 pum cantilever after the
wet release attempt. A crack at the beam’s anchor point is observed with only a partial
reduction in the sacrificial photoresist layer. As labeled on the figure, more photoresist
is removed near the anchor point. This suggests that the photoresist at the anchor point
may have been removed to release the beam only at the anchor point, while the rest of
the the beam remained adhered to the unremoved photoresist. The residual stresses in the
structural layer likely resulted in a bending moment at the anchor point that was larger
than the force of adhesion of the beam to the substrate, resulting in a crack. This wet
release method was repeated for 25 x 100 pum and 50 x 100 pum cantilevers and also
resulted in cracks at the anchor points. It is likely that these issues could be resolved
through further optimization of the wet release recipe, but this was not feasible at the
time.

Reduction in PR thickness
More PR removal

Cracked anchor

Figure 6.12: Optical microscope image of 10x10020.25um cantilever subjected to wet re-
lease method and critical point drying ultimately resulting in a crack. Partial reduction of
the sacrificial photoresist (PR) layer is also observed.

A dry release method by oxygen plasma ashing proved to be most successful in releasing
the ZnO cantilever structures. The parameters of the plasma ashing process are described
in Chapter 6.3.1. SEM was used to observe the removal of the photoresist sacrificial layer.
Samples were mounted on a variable angle SEM mount to observe the cross-sectional

profile. Cantilever devices with a 150 cycle ZnO film (= 200 nm thickness) were used to
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validate the release process. Figure 6.13 shows the cantilever structure before and after
a single ashing step of 20 minutes. It confirms that the release process does remove the
sacrificial layer. Additionally, it shows that the cantilever structure is conformal to the
shape of the photoresist layer underneath resulting in structures with a slight dip at its

free end.

a) Before Ashing b) After Ashing

Figure 6.13: Angled SEM images of cantilever before (a) and after (b) a single plasma
ashing cycle of 20 minutes.

Figure 6.14 shows the tilted SEM view of a cantilever device with a width of 10 pum
and a length of 200 pum at different times during the plasma aching. It can be seen that
the photoresist layer is receding as the release process time is increased. However, after the
2-hour mark, this particular device collapsed. One reason for its loss of structural integrity
is that the device length to width ratio was relatively large, that is the length was too large

and the width was too small.

Figure 6.14: Angled SEM images of cantilever 102200um at different stages of the release
process. a) 52 minutes, b) 1 hour and 20 minutes, ¢) 2 hour and 20 minutes.
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Wider beams (25 x 50 um) required the inclusion of release holes in the design to
accelerate the release process. Figure 6.15 shows the removal of the photoresist through
the release holes, leaving behind pyramid-like patterns in the remaining photoresist. This

shows that the plasma ashing process is in fact isotropic. The plasma ashing process is

repeated until cantilevers are fully released, as confirmed visually by tilted SEM .

Figure 6.15: Isotropic etching of the photoresist sacrificial layer through the release holes
on a 25x100um cantilever. Shown for etch times: a) 1 hour 46 minute and b) 2 hours 46
minutes.

A major artifact of this process is that the resulting cantilevers are curved upward and
in some cases warped, as seen in Figure 6.16. The source of the curvature is likely due
to residual stresses in the ZnO and/or Al layers. The residual stresses in the films impart
a bending moment on the cantilever in order to relax. This is further supported by the
observation of the cracked beam after the wet release method, suggesting that the films
were inherently stressed. Another reason for the curvature may be due to the prolonged
exposure to an elevated temperature (180°C) and high energy ion bombardment of the
plasma ashing process which may have resulted thermal expansion of the aluminum and
zinc oxide layers on the cantilever. The two films expanding at different rates can further
build up residual stresses in the film. The curvature of the beam becomes an issue for
optical readout by laser vibrometry, as the reflected light would not be directed at the
photodetector. The curvature was prominent for beam lengths of 100 and 200 pm while
it was minimal for devices with a beam length of 50um. Additionally, the curvature was

minimized by allowing cool down periods in between the 20 minute ashing cycles.
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Figure 6.16: Fully released curved ZnO cantilever beams with beam dimensions: a) 25 X
200 x 0.25 um, b) 50 x 200 x 0.25 pm and ¢) 25 x 100 x 0.25 pum.

Wirebonding

Wirebonding is necessary to be able to apply an actuation voltage to the device for gas
sensing measurements. 75 um gold wires were ball-bonding onto the aluminum contact
pads which were approximately 50 nm thick with a size of 100 x 100 gm. In many
instances, the first attempts at placing the wirebond scratches off the entire pad. As seen
in the optical microscope images of the devices (Figure 6.17), the aluminum pads have
significantly deteriorated, evident by the visible roughness. This roughness arises from the
high temperature (T=180°C) and long duration of the plasma ashing release process which
likely oxidizes the aluminum. Additionally, the thin thickness of the aluminum layers is
less than the ideal bonding pad thickness of 1 gm. The thin layer is more susceptible to
oxidation, as well. The top aluminum contact is deposited on the ZnO film which has a
distinet surface morphology and roughness (shown in Figure 6.8) which may contribute
to the poor adhesion of the wire bond. Due to the small size of the bonding pads, an
unsuccessful bonding attempt (seen in Figure 6.17b) made the entire device unusable. The

pads should be larger to allow for more than one bond to be made.

The first attempt to improve wirebond adhesion is to vary the process parameters of
the Westbond wirebonding tool. This includes the ultrasonic power, ultrasonic time and

temperature. Increasing the ultrasonic power and time can improve the adhesion of the
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Figure 6.17: Optical microscope images of the aluminum contact pads for the device. a)
A 20x image of a 25210020.25um device.The inset shows a further magnified image of
the surface of the pad. b) An aluminum contact pad after an unsuccessful wire-bonding
attempt.

wirebond. Additionaly, hydrogen plasma cleaning is often done to remove organic residues
from the surface before wirebonding. However, no set of process parameters or plasma
cleaning improved the bonding process which suggests the poor surface quality of the pads
was the limiting factor. To rectify this issue, a fourth UV lithography mask was designed
specifically to allow for further deposition of aluminum to increase the pad thickness and
size. The design of the fourth lithography mask is shown in Figure 6.18. Metal deposition
was done by thermal evaporation and patterned by lift off similar to the previous metal
deposition steps. The deposition time was set to deposit a 300 nm Al layer. The resulting

thickness and larger pad size improved the reliability of the wirebonding process.

6.4 Experimental Results

6.4.1 Successfully Released Structures

Figure 6.19 shows the SEM images of the successfully released and relatively flat cantilever
beams. The 25 X 50 pm device (shown in Figure 6.19a), required a total plasma ashing
time of 4 hours while the 10 x 50 pm device (shown in Figure 6.19b), required a total ashing

time of 8 hours. The longer release time for the smaller width device may be due to its lack
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Figure 6.18: Overlay of process lithography masks for an array of 10 x 500 x 0.25 um
cantilevers. a) the first three lithography masks are shown in blue (bottom contact), green
(sacrificial layer) and red (top contact). b) the fourth lithography mask shown in orange
is overlayed over the first three.

of release holes. The smaller beam length of 50 pum resulted in minimal curvature in the
beams when compared to the larger curvatures obtained for beam lengths of 100 um and
200 pm (shown in Figure 6.16). However, it is clear that there is some degree of warpage in
the 50 um length beams, as well as a non uniform separation gap to the bottom electrode.

All experimental results discussed in the following sections are for the 10 x 50 pum device.

6.4.2 Resonance Frequency Measurement
Experimental Setup

A laser Doppler vibrometer (Polytech MSV 400) is used to measure the velocity of the
cantilever oscillations. A fast Fourier transform (FFT) is applied to the velocity-time signal
to obtain the frequency response of the cantilever. Figure 6.20 shows the measurement
setup. The cantilever devices, wirebonded to a dip style chip carrier are placed inside a
metal enclosure with a quartz window. The laser is focused onto the top surface of the

cantilever. Delivery of gases to the test chamber was done in a similar fashion to the
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Figure 6.19: Fully released and relatively flat ZnO cantilever beams with dimensions of
a)25 x 50 um and b) 10 x 50 pm.

experimental setup described in Chapter 5.2.2 (schematically illustrated in Figure 5.1).
Gases used in this work include nitrogen, compressed dry air and water vapor/humidity
(produced by bubbling water with dry air). A wireless humidity sensor (SensorPush HT1)
was placed inside the test chamber to obtain accurate RH levels. For measurements done
in a vacuum environment, the test chamber is replaced with a vacuum enclosure (with an

optical window) and is pumped to a vacuum level of 3 mTorr.

Natural Resonance Frequency Determination

The natural resonance frequency (f,,) of the ZnO cantilever is determined by measuring its
response in a vacuum environment (3 mTorr). In this environment, the effects of damping
due to the surrounding medium are removed, which isolates the damping effects to the
material or the structure itself. Measurement in vacuum generally allows determination

of the natural resonance frequency without an applied actuation voltage, since external
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Vibrometer
Focusing Optics

Gas Injection

Test Chamber

Figure 6.20: Experimental setup for resonance frequency measurement. a)Laser vibrometer
focused on cantilever chip placed in gas enclosure. b) internal assembly of gas enclosure.

damping effects are removed. Figure 6.21 shows the natural resonance frequency of the
ZnO cantilever measured in vacuum (red line) and in ambient room conditions (atmo-
spheric pressure, blue line). The quality factors (@), were determined by the dividing the
peak frequency by the half power bandwidth [8]. The measurement in vacuum yielded a
resonance frequency of 243.69 kHz and a quality factor of 487, while the measurement in
ambient conditions yielded a resonance frequency 177.75 kHz and quality factor of 5. The
change in measurement environment resulted in a frequency shift of 66 kHz with signifi-
cant damping at atmospheric pressure. Notably, no actuation voltage was required for the
measurement in ambient conditions. That is, the cantilever “self-actuates” in air, despite
significant damping as indicated by the low quality factor. This self-actuation behavior
may be attributable to the low thickness of the cantilever layers (=~ 250 nm) and cor-
responding low mass, which allows it to be thermally excited by the collisions with the

Brownian motion of the fluid(air) molecules [191,192].

At atmospheric pressure, MEMS structures are subjected to viscous damping effects
from the surrounding medium (air). These effects are further amplified if large surface area

structures are in close proximity to each other (e.g., a cantilever beam and the substrate),
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Figure 6.21: Fast Fourier transform of the cantilever oscillation velocity [pm/s] when mea-
sured in 3 mTorr vacuum (red line) and in ambient conditions (blue line). Peak frequencies
(foae and fq;) and corresponding quality factors (@) are listed on the figure.

in a phenomenon known as squeeze film damping (SQFD). An expression to predict the
quality factor when SQFD is dominant is given in Equation 6.1 [8]. Where, w, ¢, L,FE and
p are the cantilever width, thickness, length, Young’s modulus and density, respectively. d
is the separation distance between the cantilever and the other surface (substrate) and 7

is the viscosity coefficient of the fluid (air).

o= wVEp (2)2 <i)3 (6.1)

i L w

The expression is valid for d < 1/3w, which is the case for the measured ZnO cantilever
(d =1 pm,w = 10 pm). Using values reported in literature for the Young’s modulus [193]
and bulk density [194] of ZnO (E = 159.4 GPa and pz,0 = 5.61 g/cm?), and air viscosity
[195] (n = 1.849 x 1075 %), the quality factor for the device in air is estimated to be
2.58. The estimate is comparable to the obtained Q factor of 5.87 which suggests that the
dominant source of damping for the ZnO cantilever in air is in fact SQFD. The difference
between the two values is likely due to the non-uniform gap of the ZnO cantilever as well

as differences in the actual Young’s modulus and density of the ZnO film deposited by

139



AP-SALD. From Equation 6.1, the Q factor has a cubic dependence on the gap distance.

Thus an increase in the gap distance can greatly decrease the effects of SQFD.

The origin of the of the 66 kHz frequency shift (from vacuum to ambient) is investigated.
Green and Sader reported a numerical model to determine the frequency response of a
cantilever beam immersed in a viscous fluid (i.e., air) in proximity to a solid surface (i.e.,
substrate) [191]. This model accounts for the dissipative and inertial loads experienced by
the cantilever in a viscous fluid. The inputs to the model are given in Equation 6.2-6.4.
H is the ratio between the gap distance (hg) and the width of the cantilever (b). T is the
ratio of the added mass due to the fluid inertia to the cantilever mass and is dependent on
the density of the fluid (ps), the density of the cantilever (p. = pzn0), the cantilever width
(b) and thickness (h). Re is the Reynolds number, dependent on py, b, the fluid viscosity
(n) and the radial resonance frequency of the beam in vacuum (f,..) which accounts for

its intrinsic stiffness.

_h
H= 70 (6.2)
_ b
T = th (6.3)
5] ’Uacb
e= p“il . (6.4)

Based on the calculated parameters above, an estimate for the resonance frequency of
the ZnO cantilever in ambient air was determined to be within 80-90% of its resonance
frequency measured in vacuum. That is, for f,.. = 243.69 kH z, the expected frequency in
air is within 194-219 kHz corresponding to a shift of Af = 24 — 49 kHz. This expected
frequency in air from the model is distant from the measured frequency in air of 177.75

kHz.

According to Equation 6.5, the remaining decrease in frequency may be attributable

to either a decrease in the stiffness (k) of the cantilever or an increase in its mass (m). k
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depends on the elastic modulus of the material as well as the cantilever dimensions. The
cantilever dimensions are not expected to be different in a vacuum environment. It was
shown that that the sorption of water (humidity) on ZnO nanobelts increased the elastic
modulus of the ZnO [196]. Based on this report, the sorption of water from the ambient
atmosphere on the ZnO cantilever should result in a frequency increase, but that is not
the case. Hence, it is likely that the remaining decrease in frequency is not primarily
attributable to the changing stiffness. The discrepancy in frequency shift is therefore
assumed to be as a result of an increase in mass of the cantilever, due to the adsorption of

species present in the air such as oxygen and water (humidity).

fn - —_ (6.5)

Figure 6.22, shows the resonance frequency shift (Af) and the quality factor as the
vacuum pressure was slowly increased from 3 mTorr to 1 Torr. As the pressure is increased
the frequency decreases towards the frequency measured in ambient atmosphere. This is
expected behavior, based on the adsorption of oxygen and water (humidity) on the ZnO
surface as air is introduced back into the chamber. The quality factors decrease from
421 (obtained at 3 mTorr) to 10 (obtained at 1 Torr). This trend follows a Q o« 1/P
dependence, which is in agreement with the molecular air damping regime, described by
Newell [8]. While the frequency shifts are associated with the adsorption of mass, the
change in quality factor can be associated with a change in pressure level and hence may

have potential applications in pressure sensing [197].

Measurement of the ZnO cantilever resonance frequencies in ambient and vacuum con-
ditions were done over a period of 75 days, shown in Figure 6.23a. The RH of the room was
within 25-30% on the days tested. As seen from the figure, the resonance frequency of the
7m0 cantilever decreases over time. The trend is similar for both measurements in air and
vacuum. The corresponding Q) factor for each measurement is shown in Figure 6.23b-c.
The trend observed in part a, is also observed for the Q factors in vacuum which suggests
that the stiffness of the beam is changing over time and is a source of further intrinsic

damping. The same trend was not observed for the Q) factors determined in air, likely due
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Figure 6.22: a) Measured resonance frequency shift (Af) and b) quality factor of ZnO
cantilever as the vacuum pressure is increased from 3 mTorr to 1 Torr.

to dominant air damping effects. The changing stiffness of the beam is likely due to the
relaxation of residual stresses in the cantilever layers, a phenomenon observed in polymer
cantilevers [185]. As discussed previously, the fabrication process yielded curved beams
which is indicative of residual stresses in the ZnO and/or Al layers. While the curvature
was minimized for the beam lengths of 50 um, it is evident from the non-uniform gap ob-
served in the SEM images (Figure 6.19) that the beam was still stressed. This instability in
the resonance frequency over time is not ideal, however, the difference between frequencies
measured in vacuum and in air remains the same. This suggests that the magnitude of the
frequency shift (Af) for the adsorption or desorption of an amount of gas will not change

over time.
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Figure 6.23: a)Measurement of resonance frequencies of ZnO cantilever in ambient (blue)
and vacuum conditions (red) over time (days). b) Q factors determined in vacuum. ¢) Q
factors determined in ambient atmosphere.

6.4.3 Frequency Response to Humidity

The previous results indicate that the ZnO cantilever is adsorbing species present in air
(likely oxygen and water). The effect of purging the test chamber with nitrogen is shown
in Figure 6.24a. Nitrogen was introduced to the chamber at flow rate of 100 SCCM, over
a span of 16 hours. The resonance frequency was measured every 15 minutes for the first
three hours, and the last hour. As seen in the figure, a positive frequency shift (Af) is
observed as the nitrogen is introduced which corresponds to a decrease in cantilever mass
and desorption of oxygen and/or water from the surface of the cantilever. After 16 hours
in nitrogen, a total shift of Af = +34.38 kH z is observed and the last three measurements
appear to be stabilized. At 1000 minutes the nitrogen is turned off and the lid of the test
chamber is opened which results in a rapid decrease in frequency corresponding to the
re-adsorption of oxygen and water from air. A frequency shift of 66 kHz corresponding to
complete desorption of oxygen and water was never attained, likely due to the imperfect

seals of the test chamber which allowed air to leak back in.

To isolate the water and oxygen desorption processes, dry air (comprised of 78.9%
nitrogen and 20.95% oxygen) was injected into the test chamber at a flow rate of 100 SCCM,

shown in Figure 6.24b. The frequency response is compared to the nitrogen experiment.
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Figure 6.24: a) Measured resonance frequency shift (Af) of ZnO cantilever in nitrogen
over a span of 16 hours. b) Measured A f in nitrogen (blue) compared to dry air (red) over
3 hours.

From the figure, it is evident that A fx9 is larger than A fp,yqeir. The larger shift in nitrogen
is attributed to the desorption of both oxygen and water while the shift in air is attributed

to the desorption of water only.

The frequency response of the ZnO cantilever in varied RH conditions is obtained. The
dry air humidity desorption experiment is repeated over a span of 16 hours. A commercial
wireless RH sensor (Sensorpush HT'1) with an accuracy of +4.5% below 20% RH and +£3%
above 20RH, was placed in the test chamber to record the RH level. Figure 6.25a shows

the measured frequency response to dry air (blue, measured every 10 minutes). The RH
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level reported by the commercial sensor is shown as well (red line). It is seen from the
figure that total shift was Af = 4+27.75 kHz after 16 hours of dry air (100 SCCM flow
rate). The humidity level of the test chamber decreased from 22.1 %RH to 5.8 %RH during
the testing span. The frequency shift curve of the ZnO cantilever and the RH response of
the commercial sensor appear to be mirrored images of each other, which may signify the

suitability of the ZnO cantilever for commercial RH sensing applications.
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Figure 6.25: Measured resonance frequency shift (Af) of ZnO cantilever in a) decreasing
RH levels over a span of 16 hours and b) increased RH levels over a space of 4 hours. The
RH of the test chamber is monitored during the test (red line).

The gas delivery system was used to increase the humidity level of the test chamber
from ambient conditions. This was done by “bubbling” water with the dry air carrier gas
to produce humidified air. The stream of humidified air was combined with an additional

stream of dry air before injection into the test chamber. The flow rate ratio between
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the humidified air and dry air was varied to set the RH level of the injected gas (with
a combined flow rate of 100 SCCM). Figure 6.25b, shows the frequency response of the
ZnO cantilever (blue) as the RH level was increased from 28.6% to 59% in steps (red line).
The RH level as determined by the commercial sensor are well resolved, which is likely
due to on board signal processing and averaging over many measurements. In comparison,
the frequency measurements of the ZnO cantilever are single measurements (not averaged)
and are unprocessed for noise reduction. A negative Af is observed which indicates the
adsorption of humidity onto the ZnO cantilever. A total shift of Af = —6.69 kHz was
observed. Opening the lid of the test chamber at 270 minutes resulted in an immediate
positive shift towards the f measured in ambient atmosphere, which indicates relatively

quick humidity desorption .

The measured A f from the humidity desorption/adsorption experiments in Figure 6.25
were combined and plotted as a function of the RH level of the test chamber, shown in
Figure 6.26a. The combined plot shows a non-linear, exponential relationship between A f
and RH%. The data was fitted to a two term exponential equation with 4 fit parameters
resulting in a R? value of 0.9898. Figure 6.26b, shows the data with the inclusion of
error bars to account for errors in the measurements. The frequency measurement error
or “noise” was determined by obtaining the standard deviation (og4) of 31 frequency
measurements of the ZnO cantilever held in ambient air conditions over the course of 1
hour, yielding 044 = 0.231 kH z. The error in relative humidity measurements was obtained
from the reported accuracy of the SensorPush HT'1 relative humidity sensor (£4.5% below
20% RH and +3% above 20RH).

The sensitivity (S) was determined by obtaining the derivative [51] of the fit of the
frequency vs. RH data (Equation 6.6). The calculated sensitivities were plotted as func-

tion of RH, shown in Figure 6.27. This shows the dependence of the sensitivity on the RH

level. The average sensitivity in the 30-60 %RH range was 251.9 %{qu, while significantly
higher sensitivities were obtained at low %RH. A maximum sensitivity of 3382 %%ZH was

obtained at 5.8 %RH.
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Figure 6.26: a) Measured resonance frequency shift (Af) of ZnO cantilever as a function
of RH level of the test chamber. The data was fitted to a two term exponential equation
to give a R? value of 0.9898. b) Same figure with inclusion of experimental error of 0.23
kHz in frequency axis and 3-4.5% in relative humidity axis.

or

S = 3rE

147



3500 . - . - . 25000
A
3000 \ 20000 —o
. ] =
> % 2500 | \ Q‘:ﬁ
q:c, v e 15
— \ | —
- 2000 F ° 15000
= =
= [
= 1500t \\_. 110000 é
= 1000 '.\ C%
73! 15000
500 | e
© Soanne conme-coum @ om ¢ com
0 i L i L i 0
0 10 20 30 40 50 60

Relative Humidity [%)]

Figure 6.27: Calculated sensitivity of the ZnO cantilever as a function of RH. The sensi-

tivity is given in 2= (left) and 222 (right).

For comparison to other gravimetric (frequency shift) based humidity sensors in litera-
ture, the sensitivity was determined in parts per million units (ppm), given in Equation 6.7.

These values are shown on the second y-axis in Figure 6.27. The maximum sensitivity at 5.8

%RH was 23649 £, while the average sensitivity in the 30-60 %RH range was 1556 #2% .

_ bppm. _Aaf 6
S = U RII —  ppm = 7 x 10 (6.7)

Table 6.1 is a comprehensive list of other gravimetric RH sensors reported in literature.
The type of devices includes quartz crystal microbalances (QCM), capacitive microma-
chined ultrasonic transducer (CMUT), piezoresistive micromachined ultrasonic transducer
(PMUT), film bulk acoustic wave resonator (FBAR), surface acoustic wave (SAW) res-
onators and microcantilevers. The ppm sensitivities and corresponding humidity ranges
are compared to the ZnO cantilever from this work. The highest reported sensitivity
of § = 1530 Z&% was obtained for the graphene oxide coated CMUT in the 43-94%
RH range [198]. The second highest sensitivity of S = 924 FF was obtained for the
MWCNT /nafion SAW device in the range of 11-75% [199].
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Table 6.1: Comparison of gravimetric (frequency shift based) relative humidity sensors in
literature.

Device Receptor Material Sensitivity [#%] Humidity Range (%] Ref
ZnO nanotretrapods 9.94 40-80 [55]
ZnO nanowires 0.37 48-88 [57]
ZnO nanoparticle/nanowire 0.12 11-97 [58]
ZnO nanoparticles 15.60 33-95 [61]
ZnO nanoneedles 0.7-2.14 11-95 [200]
QCM TiO2 nanoparticles 0.75 0-25 [201]
PEDOT/PSS nanofibers 8.69 38-59 [202]
GO/PEI film 2.73 11.3-97.3 203]
GO 2.87 6.4-97.3 23]
5.5 11-54
Cellulose nanocrystal 93 54.97 [204]
Graphene QD-chitosan 3.9 11-95 [205]
Mesoporous silica 462.2 0-80 [206]
Mesoporous silica 24 0-20
Guanidine polymer 52 0-20 [207]
CMUT/PMUT
GO 560 11-43 [198]
1530 43-94
GO 271.17 10-90 208]
GO film 5.9 383 200]
FBAR Zn0 5.94 2282 210]
MWCNT /nafion 924 11-75 [199]
Zn0 film 27 5-87 211]
GO film 235.6 383 212]
GO 29.62 10-90 213]
SAW CeO2/PVP 17.55 11-95 214]
PVA 10.41 0-99 [215]
. 4.85 5-5b
GO/PVA/SiO2 11.9 5500 [216]
CMOS Metal 265 1585 217]
Hydrogel 640-850 10-50 [218]
PMMA 192 10-50 219]
Chitosan/ZnO nanorods 16.9-83.3 30-80 150]
Microcantilever ZnO nanorods 4.4 30-80
GO 40 10-90 [220]
. 2378-23649 5.8-28 .
ZnO thin film 1556 30-60 This work

In comparison, the ZnO cantilever in this work achieves record high sensitivity in the
low RH range, which is several orders of magnitude larger than the values listed for other
devices. The sensitivity achieved in the 30-60 %RH range is also larger than the highest
reported sensitivity as well. The enhanced sensitivity of the ZnO cantilever may be at-

tributable to its low overall mass as well as the dual role of the ZnO layer as both the
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sensing and structural layer.

The adsorption mechanics of gases onto a surface can be described by an adsorption
isotherm model. The isotherm describes the amount (mass or volume) of adsorbate (gas
molecule) on the adsorbent (sensing surface) as a function of the gas concentration. Ta-
ble 6.2 lists 8 different isotherm models relevant for the adsorption of humidity onto various
surfaces. The expressions are given as an amount of adsorbed mass (X) as a function of

water activity a,, = %11%{

[221]. All other parameters are left as fitting parameters.

Table 6.2: Adsorption isotherm expressions.

Model Expression

X Kay
1+ Ka,,

Freundlich [223] X = Kay"

Langmuir [222] X =

BET [224] X = XnCay
(1 —ay)(ay(c—1)+1)
XnCKa
AB [221 X = i =
GAB [221] (1 - Kay,)(1 — Ka, + CKay)
B
Oswin [221] X=A { il }
1—a,
Henderson [221] X = {—WT_%]
Peleg [221] X = Aa}}} + Ba}?
Smith [221] X =A+ Blog(l — ay)

The ZnO cantilever frequency shift (Af) response was converted to a relative change

Am

in mass ™ as seen in Equation 6.8. This was subsequently fitted to the isotherm models

listed in Table 6.2, as shown in Figure 6.28.

Am = —2% c
" (6.8)
P Am _ _QH
me In

As seen from the figure, the best fit was obtained for the Langmuir and Guggenheim-
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Anderson-de Boar (GAB) isotherms, with a R? = 0.99889. The Langmuir isotherm as-
sumes that adsorption occurs until a complete monolayer of the gas is adsorbed, after which
no further adsorption takes place. The Brunauer-Emmet-Teller (BET) isotherm assumes
adsorption occurs in a multilayer fashion. The GAB isotherm is a refinement of both the
Langmuir and BET models and combines both monolayer and multilayer theory [221].
Good fits with the Langmuir and GAB isotherms and poor fitting with the BET isotherm
suggests that humidity adsorption on the ZnO cantilever takes place in a monolayer fashion

for the RH range tested here.

6.5 Design Recommendations

The promising results presented here, warrant a second design iteration to address areas
of concern. The first issue to address is the instability of the ZnO cantilever resonance
frequency over a timescale of weeks or months, shown in Figure 6.23. The decrease of the
resonance frequency over days was attributed to the relaxation of residual stresses in the
layers of the cantilever. One source of these residual stresses is the lattice mismatch between
Al and ZnO layers, which yielded curved beams for longer beam lengths. A design where the
top Al layer is not required would rectify this issue. Another solution is to the optimize
the residual stresses in the ZnO layer by varying the AP-SALD deposition parameters.
For conventional ALD, it was shown that the deposition process parameters influences the
amount of residual stress in deposited metal oxide films [225,226], and therefore a similar
effect is expected for films deposited by AP-SALD. However, optimization of the film’s

residual stresses should not be done at the expense of its structural integrity.

The second design recommendation is the removal of the top aluminum layer, which has
implications on actuation and read out method. As discussed previously, the removal of the
top aluminum layer is expected to prevent residual stress issues within the cantilever beam.
Removal of the Al layer also increases the ZnO surface area available for gas sorption. More
importantly, removal of this layer further reduces the number of layers on the cantilever

to 1 which should improve the quality factor as well as reduce the overall mass, making it
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Figure 6.28: ZnO cantilever RH response fitted to sorption isotherm models. a) Lang-
muir, b) Freundlich, ¢) Brunauer-Emmet-Teller (BET), ¢) Guggenheim-Anderson-de Boar
(GAB), d) Peleg, and f) Oswin. The Henderson (R* = 0.92327) and Smith (R? = 0.978849)

isotherms are not shown.

more sensitive to analytes. Suitable replacements for the actuation and readout method

are required. For the actuation method, it is advantageous to utilize the piezoelectric
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properties of the ZnO layer. An actuation voltage would need be applied across two
electrodes however, it is unclear if their placement on the cantilever itself is required.

«,

Electrodes for actuation is avoided altogether by utilizing the inherent “self-actuation”

behavior of the ZnO cantilever observed in ambient atmosphere (Figure 6.21).

With the removal of the top Al layer, readout via laser vibrometry or capacitance is
ruled out. Instead, piezoresistive elements can be placed at the anchor of the ZnO cantilever
to obtain its displacement signal. Doing so allows for a single ZnO layer cantilever to be
used as a gas sensor. However, the placement of the piezoresistor may introduce additional
damping or may prevent the self-actuation behavior. It is also possible that piezoresistive

readout may not be able to pick up the self-actuated oscillations.

The removal of the top Al layer also removes the requirement for the bottom electrode
layer. The effects of SQFD can be eliminated by creating a larger gap underneath the

cantilever. This can be done by a bulk etch of the substrate itself (bulk micromachining).

In the case that a top metal electrode is a necessity, an alternative metal that does not
oxidize easily should be used such as gold. However, implementation of gold requires further
changes to the fabrication process as it was not compatible to use as an etch mask for the
RIE of ZnO. Therefore, for the use of gold as a top electrode an additional lithography
step would be required to form a protective sacrificial polymer layer on top of the gold
so that is is compatible with the subsequent RIE process. Gold is also preferred for wire-
bonding. Moreover, larger pad sizes and pad thicknesses are required for improved wire-
bond adhesion. As discussed previously, the increase in the bonding pad thickness requires
an additional lithography step. Another consideration is the placement of the bonding
pads relative to the cantilever device. In the current design the pads are placed 100 pum
away from the device which is not ideal. In a new layout design, it is recommended that the
pads are placed further away on one side of the chip. Other electrical interface techniques
can be used to avoid wire-bonding altogether, such as the use of ribbon connector style

contacts.

The final design recommendation is to further miniaturize the ZnO cantilever by uti-

lizing 1D nanostructures such as nanowires, nanorods and nanobelts. Similar to the single
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MWCNT cantilever reported previously [37], a single 1D ZnO nanostructure can be uti-
lized as a cantilever for enhanced sensitivity potentially towards atomic mass resolution.
However, the complexity of such device and its readout systems would likely make it not

practical for use.

6.6 Conclusions

A novel zinc oxide resonant microcantilever device was fabricated and its humidity sensing
performance was evaluated. In this cantilever architecture, the ZnO layer served as both
the cantilever structural layer and the gas sensitive receptor layer. In doing so, the number
of layers on the cantilever was reduced to minimize potential interlayer damping effects.
Additionally, the overall cantilever mass was reduced by utilizing a thin ZnO layer thickness
of 200 nm, deposited by the AP-SALD technique. These design aspects were instrumental
to achieving record high sensitivities to water vapor or humidity when compared to other

frequency shift based humidity sensors. The ZnO cantilever demonstrated a remarkable

sensitivity of 23649 = at 5.9%RH and an average sensitivity of 1556 2% in the range of
30-60%RH. Notably, no actuation voltage was required to actuate the ZnO cantilever, as
it exhibited a “self-actuation” behavior in air. Adorption isotherm modeling revealed that
the humidity adsorption on the ZnO cantilever took place in a monolayer fashion, based

on the Langmuir and GAB isotherm models.

The ultra high sensitivity obtained at low %RH is particularly beneficial for applications
where low humidity or moisture levels have detrimental implications. Additionally, the self-
actuation behavior is advantageous for low-power consumption type devices. While the
results are promising, there are some areas of improvement. Notably, the instability of the
Zn0O cantilever natural resonance frequency over several weeks. This was attributed to the
relaxation of residual stresses in the beam, and would likely require further optimization
of the fabrication process. Other design recommendations include: removal of the top
aluminum layer, utilize self-actuation behavior instead of electrostatic actuation coupled

with piezoresistive readout and improvements to the design of the contact pads for wire-
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bonding. The response of the ZnO cantilever to other gases is proposed as future work.
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“The bamboo that bends is stronger than the

oak that resists.”

— Japanese Proverb

Chapter 7

Nanomechanical Gas Sensing with

Laser Treated 2D Nanomaterials !

7.1 Introduction

In recent years there has been a great interest in the development of 2D nanomaterials
for the detection of toxic gases, environmental pollutants and VOCs, which is reflected in
the sheer number of review articles on the topic [91-97]. Detection of VOCs in exhaled
breath has been particularly useful for the diagnosis of a broad range of diseases such as di-
abetes, liver and lung disorders, and different forms of cancer [228]. Two dimensional (2D)
nanomaterials such as graphene oxide (GO), molybdenum disulfide (MoS,) and tungsten
disulfide (WS,), are viable candidates for use in chemical gas sensors due to their large

specific surface area that can be tailored for analyte adsorption.

2D nanomaterials have been primarily used for the detection of toxic gases and pol-

lutants such as nitrogen dioxide (NOg), hydrogen disulfide (HsS), carbon monoxide (CO)

!This chapter has been adapted with permission from the published manuscript of the same title by
Mistry et al. [227], Copyright 2020, Wiley-VCH
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and carbon dioxide (COg) [91,92,229], while the detection of VOCs by these materials has
been limited. GO [24,230], MoS, [231,232] and WS, [233,234] have all shown a response to
water vapor or relative humidity changes. Without the aid of other compounds or dopants,
graphene oxide has shown a response to ethanol [235,236] and toluene vapors [237]. Simi-
larly, MoS, and WS, have shown a response to vapors of ethanol, acetone, hexane, toluene
and benzene [173,238,239]. In most of these reports, the sensing material is casted over a
set of interdigitated electrodes to form a chemo-resistive sensor. The interaction between
analyte vapors and the sensing material (i.e. through adsorption) results in charge transfer
and in turn changes the electrical response of the material (resistance, voltage, current or

impedance) and thus makes uses of the high theoretical conductivity of 2D materials.

To achieve high sensor response and sensitivity, resistive sensors require sensing materi-
als with high conductance [96] and analyte adsorption properties. Graphene and other 2D
materials have excellent conductive properties, but despite their large surface area, they
have weak adsorption properties with various analytes due to their naturally passivated
surfaces. The introduction of defects, dopants or functional groups improves analyte ad-
sorption [172,240-242] but may reduce the conductivity of the material [243,244] which

can have a negative effect on the response and sensitivity of a resistive sensor.

In this work, this tradeoff in the performance of sensors based on 2D materials is avoided
by utilizing a piezoresistive nanomechanical Membrane-type Surface stress Sensor (MSS)
[19,20] as a sensing platform instead of a resistive sensor. The MEMS-based MSS consists
of a round silicon membrane suspended by four supports with embedded piezoresistors.
The membrane is coated with a gas sensitive material known as a receptor layer, which
interacts with a target analyte resulting in a deflection of the membrane. This deflection
imparts a strain on the piezoresistors producing a change in their resistance. It is important
to note here that while the output of the MSS is still an electrical signal (resistance change
of piezoresistors), it is not dependent on the electrical properties of the receptor layer.
As described in Chapter 2.1.2, receptor layer materials that have been incorporated into
a MSS include PEI [19], PSS [20], silica-porphyrin hybrid nanostructures [22], titania

coated silica particles [21,245], porphine molecules with different center metal ions (zinc,
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nickel, iron) [246], gold nanocages [247], and recently nanoparticles based on metal organic

frameworks (MOF) [248].

Herein, graphene oxide (GO), molybdenum disulfide (MoS;) and tungsten disulfide
(WS,) are treated with a femtosecond laser treatment process to introduce defects, dopants,
and functional groups for improved gas adsorption properties. In Chapter 5, it was demon-
strated that the laser treated 2D materials showed a change in reflectance intensity when
exposed to vapors of water, acetone and ethanol due to film expansion. It is therefore
advantageous to integrate these materials onto a MSS platform and observe the sensing
signals and sensitivities to a variety of VOCs. By doing so, the suitability of 2D materials
for applications in piezoresistive gas sensing is evaluated. 2D materials typically have a
high Young’s modulus [249, 250] which has been shown to be advantageous for receptor
materials incorporated into an MSS [251,252]. The MSS platform eliminates the need for
highly conductive 2D materials, allowing the materials to be freely modified to improve
their gas adsorption properties. Additionally, the mechanisms that contribute to increased

sensor response of the 2D materials are experimentally investigated.

7.2 Experimental Section

7.2.1 Laser Treatment Process

The laser was produced with a Ti:Sapphire regenerative amplifier, producing a central
wavelength of 800 nm, pulse duration of 35 fs, average power of 2 W, and a repetition rate
of 1 kHz. These parameters were used in the treatment of all the 2D materials, unless
otherwise stated. The 2D material solutions were placed in 5ml vials and irradiated with
the laser. The incident laser beam was focused with a 5 cm off axis parabolic mirror. The
focal point was set at depth 0.5cm below the air/solution interface. During the irradiation

process the solutions were constantly stirred by a magnetic stirrer at 250 RPM.
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7.2.2 2D Material Solution Preparation

A highly concentrated (6.2 mg ml!) graphene oxide (GO) solution and ultrafine powders of
hexagonal boron nitride (BN), molybdenum disulfide (MoSs) and tungsten disulfide (WS5)
were purchased from Graphene Supermarket. Using the previously reported process [98],
4 ml of the highly concentrated GO solution was treated for 1 and 1.5 hours, respectively
to produce the undoped GO solutions utilized in this work. BN doped GO solutions
were prepared as previously reported [253]. 1.24 mg ml™! hexagonal boron nitride in a 1:1
deionized ethanol:water solution was laser treated for 55 min. The treated BN solution
and the highly concentrated GO solution (6.2 mg ml 1) were mixed at different volume
percentages: 5 vol% BN and 95 vol% GO, and 15 vol% BN and 85 vol% GO, and further
laser treated with a 1 W beam power for 50 minutes. The MoS, and WS, powders were laser
treated in a deionized water solution and a 1:1 deionized ethanol:water solution following
a previously reported recipe [101]. MoS, solutions at a concentration of 1 mg ml™! were
treated for 2 hours while WS, solutions at a concentration of 0.5 mg ml™! were treated for

20 minutes.

7.2.3 Materials Characterization

Characterization samples were prepared by drop casting 250 pL of the laser treated so-
lutions on silicon substrates and drying at room temperature. Raman spectroscopy was
carried out with a Renishaw micro-Raman spectrometer with an excitation wavelength of
632.8 nm and power of 20 mW. X-ray diffraction (XRD) was performed using an X'Pert
Pro Panalytical diffractometer system with the Kol wavelength of 1.524 Aat 45 kV and
35 mA. x-ray photoelectron spectroscopy (XPS) was done with a Thermo ESCALAB 250
with an incident energy of 1486.6 eV. The peak corresponding to the Si 2p transition was
used to calibrate the binding energies. Spectral analysis was performed by deconvoluting

Gaussian multipeak fits.
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7.2.4 MSS Fabrication and Receptor Layer Coating

The fabrication of the nanomechanical Membrane-type Surface stress Sensor has been
previously reported elsewhere [19,20]. Coating of the membranes with the 2D materials
was carried out with an inkjet spotting unit (LaboJet-500SP, MICROJET Corporation)
equipped with a nozzle (IJHBS-300, MICROJET Corporation). This instrument is capa-
ble of drop casting picolitre (pL) sized droplets with micrometer precision. The casting
speed, volume and number of droplets were fixed at approximately 5 m s, 300 pL and
300 droplets, respectively. The sample stage was heated to 60°C to evaporate the sol-
vent. Optical microscope images of the uncoated and coated MSS devices are shown in

Figure B.1.

7.2.5 Analyte Vapor Sensing

The coated MSS were placed in a Teflon enclosure kept at room temperature. The enclosure
was connected to an automated gas flow system consisting of a nitrogen cylinder, two mass
flow controllers and vials to hold the analytes to be tested. Nitrogen was used as a purge
and carrier gas. The total flow rate into the enclosure was set to 100 sccm. Vapors of each
analyte were produced by bubbling with the carrier gas at flow rates of 2%, 5% and 10%
of the total flow rate to vary the concentration of the analyte. The remaining balance was
nitrogen. The analytes used in this study were: water, ethanol, hexanol, hexanal, heptane,
methylcyclohexane, toluene, ethyl acetate and acetone. Table B.1 in Appendix B shows
the vapor pressure of the analytes and the calculated saturation concentration (100%) in
parts per million (ppm). The corresponding analyte concentrations (ppm) at 2%, 5% and
10% relative vapor pressures were determined from the saturation concentration and used
for sensor sensitivity calculation. At the start of the measurement, pure nitrogen was
introduced into the enclosure for 1 minute as a purging step. The analyte vapor flow was
introduced in 10 second ON/OFF cycles for 10 cycles for a total of 200 seconds, followed
by nitrogen purging. The measurement process was repeated for each analyte at each
relative vapor pressure. The resistances of the four piezoresistors were measured with a

Wheatstone bridge circuit as described elsewhere [251]. The data were recorded at the
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bridge voltage of -0.5 V and a sampling rate of 10 Hz. The last 5 cycles were used for

analysis and baseline corrected.

7.3 Results and Discussion

Solutions of multilayered 2D nanoparticles were fabricated using a previously reported
femtosecond laser treatment process [98, 101,253, 254]. The laser focal point interacts
with the untreated 2D flakes and the solvent molecules, whereby a multiphoton-absorption
ionization phenomenon occurs. The intense electric field of the laser extricates the electrons
from the molecule cluster, resulting in the constituents of the cluster to become highly
ionized with a mutually repulsive charge effectively breaking the bonds. This phenomenon
is known as Coulomb explosion. Leveraging this concept, the 2D flakes are broken into
smaller particles with highly active edge sites which may bond with the dissociated solvent
atoms, as illustrated in Figure 7.1. Due to the high power used in this process, several laser-
induced scenarios may occur including vacancy formation in the basal plane, introduction
of substitutional impurities from the solvent species, defect sites, dangling bonds, and
unsatisfied edges. All of these have the potential to enhance the adsorption properties of

the 2D material.

Fabrication of the MSS and its working principle have been reported previously [19,20].
The diameter of the membrane is 300 pm with a thickness of 2.5 pm. As depicted in
Figure 7.1, laser treated 2D materials were deposited as the receptor layer on the sensor
membrane. The coating of the sensors was carried out with an inkjet spotting system, which
deposited 300 droplets of solution (300 picolitres each) onto the membrane. The coatings
are expected to appear similar to the SEM images of drop casted GO and WS, films shown
in Figure 4.9 and Figure 4.10. The interaction of an analyte with the 2D material receptor
results in a deflection of the membrane, as illustrated in the lower portion of Figure 7.1,
which imparts a strain on four piezoresistors (illustrated in red in Figure 7.1; refer to
previous report [19] for detailed structure of each piezoresistor) embedded at the fixed

supports of the membrane. The strain induced in the piezoresistors by the introduction of
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Laser Treatment of 2D Materials in Solution Membrane Surface Stress Sensor (MSS)

RECEPTOR ‘

LAYER

No Analyte Analyte Presence

Figure 7.1: Laser treatment of 2D materials in solution and their application as the receptor
layer in the nanomechanical Membrane-type Surface stress Sensor (MSS) for gas sensing.
Laser treatment of bulk flakes of GO, MoS, and WS, dispersed in water or ethanol:water
solution results in the creation of defects and addition of functional groups from the solvent.
The solution is then casted as the receptor layer (green) on the MSS. The coated membrane
is physically deflected in the presence of a gaseous analyte imparting a strain on the
piezoresistors (red) placed at the four fixed ends of the membrane. Detailed schematic of
the MSS has been previously shown elsewhere [19,20].

different analytes was measured electrically using a Wheatstone bridge circuit resulting in

a millivolt output signal.

The coated sensors were placed in a sealed Teflon enclosure and were tested with the
following analytes: water, ethanol, hexanol, hexanal, heptane, methylcyclohexane, toluene,
ethyl acetate and acetone. Vapors of the analytes were produced by bubbling with a
nitrogen carrier gas and injected into the enclosure in ON/OFF intervals of 10 seconds
each for 10 cycles. The analyte concentration in the chamber was controlled by varying
the flow rate of the carrier gas to achieve analyte relative vapor pressures 2%, 5% and
10%. The concentration in parts per million (ppm) of each analyte is listed in Table B.1 in

Appendix B. Figure 7.2 shows the sensor response of the coated sensors exposed to water,
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ethanol, and acetone vapors at 10% relative vapor pressure. In all cases, an uncoated
MSS was measured under identical conditions for comparison (black lines in Figure 7.2).
Figure B.2-B.9 inAppendix B show the response data for each receptor layer, to each
analyte, at the three relative vapor pressures tested (2%, 5% and 10%). It is evident that
all the receptor materials tested are capable of sensing the analytes studied here, with

varying degrees of sensitivity.
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Figure 7.2: Coated MSS response [mV] to water (left column), ethanol (middle column)
and acetone (right column) vapors at 10% relative vapor pressure, response to other tested
analytes are included in Appendix B. The response to the analytes is compared between:
graphene oxides (top row) treated for 1 hr (blue) and 1.5hrs (red), boron nitride doped
graphene oxide (2nd row) doped with 5% (blue) and 15% (red) boron nitride, molybdenum
disulfide (3rd row) treated in water (blue) and ethanol:water (red) solutions, and tungsten
disulfide (last row) treated in water (blue) and ethanol:water (red) solutions. All results
are compared to the uncoated MSS response (black).

The estimated sensitivity (ApV Appm™) of the coated sensors was calculated by plot-
ting the amplitude of the response signal at each analyte concentration (ppm) and de-
termining the slope by linear regression [255]. The estimated sensitivities are listed in
Table 7.1 with the standard error of the regression shown in Table B.2 in Appendix B.
The sensitivities (s) and standard deviation (og4) from the linear regression analysis were

used to estimate the limit of detection (LOD) as 3044/s [229]. Table B.3 in Appendix B
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lists these calculated LODs (ppm). The 2D materials utilized in this work demonstrate a
large range of sensitivities from 0.01 pV ppm™ for the detection of ethanol with 5% BN-
GO to 43.40 nV ppm™ for the detection of hexanol with WS, laser treated in water. The
sensitivity to a particular analyte varied considerably depending on the 2D material that
was used as the receptor material. In general, the largest sensitivities were obtained for
the detection of hexanol which range from 6.90 to 43.40 pV ppm™. The lowest sensitivities
were obtained for acetone which range from 0.04 to 0.20 pV ppm™. As listed in Table B.1
in Appendix B, hexanol has the lowest vapor pressure while acetone has the highest vapor
pressure. Here, the vapor pressure corresponds to the amount of analyte that can exist in
the gas phase in the sensing chamber. Therefore, the high sensitivities to hexanol can be
partially attributed to its relatively low abundance in the gas phase and similarly, the low
sensitivities to acetone is partially attributed to its high abundance [256]. WS, treated in
water had the highest sensitivities to each analyte tested, ranging from 0.20 to 43.40 pV
ppmt. Conversely, the WS, treated in the ethanol:water solution had generally the lowest
sensitivities ranging from 0.04 to 6.90 1V ppm™. These results demonstrate the capability

of the laser treatment process to tune the gas adsorption behavior of the 2D materials.

Table 7.1: Estimated sensitivities of materials used in this work [Vppm™']. Standard
errors are listed in Table B.2 in Appendix B.
MoS; in MoS; in WS, in WS, in

Analyte 1HrGO 15Hr GO 5% BN-GO 15% BN-GO Water  Ethanol:Water Water Ethanol:Water
Water 1.80 2.30 0.49 0.53 1.20 1.40 3.10 0.50
Ethanol 0.04 0.10 0.01 0.10 0.30 0.30 0.70 0.08
Hexanol 19.50 24.90 14.49 16.85 16.20 18.10 43.40 6.90
Hexanal 1.20 1.60 0.79 0.75 1.30 1.70 3.50 0.60
Heptane 0.06 0.20 0.02 0.16 0.40 0.50 1.20 0.20
Methylcyclohexane 0.70 0.80 0.38 0.36 0.60 0.70 1.50 0.30
Toluene 1.60 1.80 0.82 0.82 0.70 0.90 2.20 0.50
Ethyl Acetate 0.20 0.20 0.14 0.16 0.20 0.20 0.50 0.20
Acetone 0.04 0.05 0.04 0.05 0.07 0.08 0.20 0.04

It is difficult to compare the obtained sensitivities with those reported in literature

due to the different sensor configurations used (i.e. resistive vs piezoresistive sensors)
and the inconsistency in units used to report sensitivity. One report with which a direct
comparison can be made is a piezoresistive microbridge structure coated with graphene
oxide for relative humidity (%RH) sensing that was reported by Yao et al. [24] When

normalized for the applied bridge voltage, the sensitivity of the GO coated sensor in Yao’s
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work was 15.9 pV %RH™. In comparison, the laser treated GO coated MSS in this work
obtained sensitivities of 603 1V %RH™? and 758 pV %RH! (%RH converted from ppm of

water), respectively.

In each study, an enhanced sensor response was obtained due to the laser treatment
process affecting the composition and/or structure of the 2D materials. These mechanisms
are discussed in detail in the following sections. A relative response intensity for each
receptor material towards each analyte was calculated as the amplitude of the coated MSS
signal divided by the amplitude of the uncoated MSS signal. The relative response plots
allow for evaluation and comparison of gas sensing capabilities of the laser treated 2D

materials.

7.3.1 Graphene Oxide

Figure 7.3 shows the relative response intensities of the MSS with laser treated graphene
oxides to the analytes tested. It can be seen here that graphene oxide treated for a longer
duration (1.5 hrs) consistently had a higher sensor response to the analytes than the 1
hr GO. To investigate these results, materials characterization was done, as shown in
Figure 7.4. The Raman spectra of the D and G peaks (located at ~ 1355 cm™ and ~ 1595
cm™! respectively) are shown in Figure 7.4(a). The spectra of the laser treated GO solutions
were compared to that of untreated GO (black). A ratio of the intensities between the
D and G peaks (Ip/Ig) is an indicator of the amount of defect sites in the material [98],
including carbon vacancies in the graphene sheet or carbon atoms not bonded in a sp?
configuration (i.e., functional groups). As shown in the inset of Figure 7.4a, the Ip/Ig
ratio increased from 0.85 for untreated GO to 0.9 for 1 hr GO to 1.21 for 1.5 hr GO. Defect
sites on graphene and graphene oxide act as suitable adsorption sites for various analytes,
and it was reported that an increase in the Ip/Ig ratio generally results in improved gas

sensing ability for graphene based sensors [180,237,257].

The interplanar distance of the stacked GO sheets was determined by XRD as shown
in Figure 7.4b. The 1.5 hr GO has a slightly larger interplanar distance of 0.887 nm
compared to 0.845 nm of the 1 hr GO. This is correlated to the increase in defect density;,
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Figure 7.3: Relative response intensity [mVmV ~!] of laser treated graphene oxide coated
MSS to VOCs at 10% relative vapor pressure. The graphene oxide was laser treated for 1
(blue) or 1.5 (red) hours.

as there is an increase in the number of carbons bonded to functional groups that push the
stacked planes away from each other [98]. While the difference in the interplanar distances
is fairly small, the slightly larger spacing of the 1.5 hr GO may allow for an increased
probability of analyte adsorption in between the planes. The reported and estimated
sizes of the analytes [258,259] are listed in Table B.1 inAppendix B. The sizes varied
from 0.277nm (water) to 0.624nm (heptane). This range is of comparable magnitude to
the interplanar space of GO such that it is conceivable that an increase in the spacing
would allow for higher chance of analyte adsorption and contribute to the higher MSS
response. This is in contrast to resistive based sensors, where a larger interplanar spacing
between graphene sheets would reduce the conductivity as a result of the charge hopping
mechanism (monolayer graphene resistive sensors perform better than multilayer graphene

sensors [260]).

XPS was done to determine and quantify the functional groups. Figure 7.4c and d
show the deconvoluted C 1s and O 1s spectra, respectively. Table B.4 in Appendix B lists

all the peak locations and atomic percentages. The atomic percentage of the sp? carbon
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Figure 7.4: Materials characterization of laser treated graphene oxide (GO). a) Raman
spectra of the D and G peaks of untreated (black), GO treated for 1-hour (blue) and 1.5-
hour (red). The inset figure shows the increase of Ip /I ratio as the laser treatment time
increases. b) XRD determination of interplanar spacing(d) of 1-hour (blue) and 1.5-hour
(red) laser treated GO. c¢) C 1s XPS spectra of 1-hour (upper panel) and 1.5-hour (lower
panel) GO. d) O 1s XPS spectra of 1-hour (upper panel) and 1.5-hour (lower panel) GO.
Peak quantities are listed in Appendix B.

bond (C=C) located at 284.8 eV [261], decreased from 40.3 at% for the 1 hr GO to 39.1
at% for the 1.5 hr GO. A decrease in sp? carbon bonds indicates an increase in defects and
attachment of functional groups with continued laser treatment. The deconvoluted C 1s
spectra further revealed the presence of carbon — oxygen bonds at ~ 286.8 eV, 287 eV and
288.3 eV which were assigned to the epoxy (C-O-C), C-Ox, and carbonyl (C=0O) bonds
respectively [262-264]. The total amount of carbon-oxygen bonds increased from 53.8 at%

to 54.4 at% as the laser treatment time increased from 1 to 1.5 hrs. In the O 1s spectra,
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peaks located at ~ 531.8 eV, 532.4 eV and 533 eV were assigned to carbonyl (C=0), epoxy
(C-O-C) and hydroxyl (C-OH) bonds, respectively [265,266]. Here, the increase in laser
treatment duration shows an increase in the amount of epoxy and hydroxyl bonds, from

29.0 and 21.0 at% for 1 hr GO to 45.5 and 26.0 at% for 1.5 hr GO, respectively.

The XPS results demonstrate that the increase in laser treatment time resulted in
a greater incorporation of oxygen functional groups onto the graphene oxide, consistent
with the Raman and XRD data. As previously described, the source of the additional
oxygen atoms was the water solvent that the GO flakes were dispersed, and laser treated
in [101]. Defects such as oxygen functional groups can act as active adsorption sites on
the surface of graphene. Several density functional theory (DFT) studies have demon-
strated the enhanced adsorption energy of oxygen functional groups compared to pristine
graphene, and that an increase in the number of oxygen atoms would lead to enhanced
sensor performance [237,267]. More specifically, these studies have all singled out the crit-
ical importance of hydroxyl groups for improved gas adsorption properties on GO. This
was verified experimental by Wang et al. who utilized different reduction techniques to
control the amount of hydroxyl, carbonyl and epoxy groups on reduced graphene oxide,
and showed the highest gas sensor response was achieved with the GO with the highest
amount of hydroxyl groups [268]. This is consistent with the results obtained here, where
the GO laser treated for 1.5 hr had a larger C-OH signal in Figure 4d and showed a larger

response to all analytes when incorporated in the MSS, as shown in Figure 7.3.

The high relative response to water seen in Figure 7.3 can be attributed to the hydrogen
bonding interactions with the oxygen functional groups in the laser treated GO [180,257,
261]. The second largest response was to toluene, which is an aromatic compound consisting
of a benzene ring (six carbons) with a single methyl side group. The high response to this
analyte can be attributed to the interaction between the mw-bonds of the graphene oxide
and the w-bonds of the benzene ring [246], known as the m — 7 stacking phenomenon which
occurs in aromatic and graphene type materials. This mechanism is supported by the fact
that the response to methylcyclohexane, which has an identical structure to toluene but

lacks the m-bonds, is lower than the response to toluene.
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7.3.2 Boron Nitride doped Graphene Oxide

Figure 7.5 shows the relative response intensities of the 5% and 15% boron nitride doped
(by volume) graphene oxides to the analytes tested. The 15% BN doped GO consistently
had a higher sensor response than the 5% BN-GO. The Raman spectra of D and G peaks
for the two receptor layers is shown in Figure 7.6a. It is seen that the 15% BN-GO sample
had a higher Ip/Ig ratio than the 5% BN-GO sample (0.93 vs. 0.88). The higher Ip/I¢
ratio can be attributed to a higher incorporation of boron and nitrogen dopants into the
GO sheet. XPS analysis of these materials was done with the results summarized in
Table B.5 and Table B.6 in Appendix B. The total nitrogen quantity in the doped GO
samples was 0.5 at% for the 5% sample, and 0.9 at% for the 15% sample. An increase in
performance of graphene based gas sensors as a result of nitrogen doping has been verified
theoretically [172,174,269,270] and experimentally [271]. Similar to the role of oxygen
functional groups, the incorporated nitrogen in the graphene sheet act as adsorption sites
for analytes. The deconvoluted N 1s XPS spectra are shown in Figure 7.6b revealing the
C-N-B (= 401.4 eV) and pyrrolic nitrogen (=~ 402.5 eV) bonds [253]. The 15% BN-GO
sample had a higher content of pyrrolic nitrogen (88.6%) than the 5% BN-GO sample
(50.25%). Pyrrolic nitrogen replaces two carbon atoms in the graphene network to create
a H-atom ring. As a result, these bonds have enhanced catalytic activity and have been
used as electrocatalysts for oxygen reduction reactions (ORRs) [272-276]. Co-doping with
boron, further enhances the catalytic activity as it was shown that the boron atoms can
help stabilize the nitrogen atoms and allow them to be located in more suitable sites for
ORR [277]. Boron doping also aids in increasing the total nitrogen content incorporated
into the GO [278]. Here, the enhanced electrocatalytic activity due to the BN co-doping
appears to be beneficial towards gas sensing applications. The highest relative response
obtained for the BN doped GO was to toluene (Figure 7.5), which is in contrast to the
undoped GO which had the highest response to water (Figure 7.3). This may be attributed
to the incorporation of pyrrolic nitrogen which retains the m-bonds of the graphene oxide

to further promote the adsorption of toluene.
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Figure 7.5: Relative response intensity of laser treated boron nitride doped graphene oxide
coated MSS to VOCs at 10% relative vapor pressure. The graphene oxide was doped with
5% (blue) and 15% (red) boron nitride.
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Figure 7.6: Materials characterization of boron nitride doped graphene oxide. a) Raman
spectra of 5% (blue) and 15% (red) BN doped graphene oxide. The Ip/Ig ratios are listed
in the inset. b) N 1s XPS spectra of 5% (upper panel) and 15% (lower panel) BN doped
graphene oxide. The yellow line represents the background. Peak quantities are listed in
Appendix B.
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7.3.3 Molybdenum Disulfide and Tungsten Disulfide

The relative response intensity of the MoS, and WS, receptor layers is shown in Figure 7.7.
The materials were laser treated in two different solvents (water and an ethanol:water
mixture) and their MSS responses were compared. It was previously shown that the laser
treatment of these 2D materials in water results in the incorporation of oxygen, whereas
treatment in an ethanol:water solution also results in the attachment of carbon atoms
from the ethanol to the periphery of the treated 2D flakes [101]. As shown in Figure 7.7a,
the sensor response was consistently higher when the MoS, was treated in ethanol:water.
The opposite effect was observed for the WS, receptor layers, where a much higher sensor
response was achieved with the water solvent, as shown in Figure 7.7b. Additionally,
both MoSs; and WS, do not appear to be selective towards toluene, which is supported
by the absence of m -bonds in these materials, unlike the graphene oxides discussed in
the previous sections. The Mo 3d and W 4f XPS spectra are shown in Figure B.10, with
the atomic percentages quantified in Table B.7 in Appendix B. The presence of oxygen
bonds in all four solutions was evident with peaks at ~ 233.5 eV and 236 eV assigned to
MoOx [279-281], and ~ 38.45 eV and 41.94 eV assigned to WO; [282] and WO [101,280],
respectively. The MoS, and WS, laser treated in water had higher atomic percentages of
oxygen bonds than the MoS; and WS, treated in the ethanol:water solution. As previously
discussed, an increase in oxygen atoms or functional groups tends to enhance the gas
adsorption properties of graphene oxide, however for MoS, this does not appear to be the
case. Ultimately, the analysis of the Mo 3d and W 4f XPS spectra was inconclusive. The
Mo and W atoms of the basal plane generally have low surface energy and are chemically
inert [173]. DFT studies have shown that gas adsorption primarily occurs on the sulfur

atoms in MoS, and WS, materials [92].

The S 2p XPS spectra of the MoS, and WS, treated in water and an ethanol:water
are shown in Figure 7.8 with a complete list of peak locations and atomic percentages
included in Table B.8 in Appendix B. As shown in the figure, the S 2p spectra can be
divided into two groups of peaks. Peaks in the range of 160-167 eV are attributed to
sulfide bonds, while peaks in the range of 167-175 eV are attributed to sulphate bonds
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Figure 7.7: Relative response intensity of laser treated MoS, and WS, MSS to VOCs at 10%
relative vapor pressure. a) The response of MoS, treated in water (blue) and ethanol:water
(red) solution. b) The response of WS, treated in water (blue) and ethanol:water (red)
solution.

[283,284]. The sulfide groups are deconvoluted into two sets of doublets both consisting of
a S 2p1/2 and S 2p3/ peak. The higher energy doublet represents bridging or apical sulfur
while the lower energy doublet represents unsaturated or terminal sulfur [285-288]. For
example, the MoS, in ethanol:water spectrum (lower panel of Figure 7.8a) showed peaks at
162.67 eV (S 2ps/2) and 163.93 eV (S 2p;/2) which were assigned to terminal/unsaturated
sulfur, while the peaks at 165.38 eV(S 2ps/;) and 166.82 eV (S 2p;/,) were assigned to
bridging/apical sulfur. The sulphate peaks are deconvoluted into various forms of oxidized
sulfur (sulfates/sulfonates) that take the form S(Oy) where x=2,3,4 [283,289-291]. For
reference, the untreated MoS; and WS, used in this study have no bridging/apical or

sulphate character [101] and hence, these bonds were created by the laser treatment process.

Table 7.2 lists the total sulfide and sulphate contributions for the four materials, cal-
culated as the sum of the atomic percentages of the peaks in each group. A higher sulfide
character is seen in MoS, in ethanol:water and in WS, in water. These two materials also
had the higher sensor response as seen in Figure 7.7, suggesting a correlation between the
sulfide bonds and enhanced gas sensing properties. Furthermore, these two materials also
had larger quantities of high energy bridging/apical sulfur bonds, whereas the MoS, in wa-
ter and WSs in ethanol:water had smaller proportions or none of these bonds Notably, the

WS, in ethanol:water, which showed the lowest relative response intensity in Figure 7.7,
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Figure 7.8: S 2p XPS characterization of laser treated MoSs and WSy, a) S 2p spec-
tra of MoS, treated in water (upper panel) and MoS, treated in ethanol:water solution
(lower panel). b) S 2p spectra of WS, treated in water (upper panel) and WS, treated in
ethanol:water solution (lower panel). Peak quantities are listed in Appendix B.

has the smallest sulfide component (Table 2) and no bridging/apical sulfur bonds in its S
2p XPS spectra (Figure 7.8). It was previously shown that bridging/apical sulfur have high
catalytic activity for application in electrochemical hydrogen evolution reactions [286,292]

and therefore, have benefits for gas sensing applications.

Table 7.2: Sum of sulfide and sulphate contributions for the MoS, and WS, materials.

Sulfur Composition MoS, in Water [%] MoS, in ethanol:water[%] WS, in Water[%] WS, in ethanol:water[%)]
Sulfide 42.75 73.77 71.79 14.90
Sulphate 54.24 26.33 28.21 85.07

7.3.4 Sensing Mechanism

Material characterization data presented in the previous sections have identified the mecha-
nisms that contribute to increased gas adsorption on the 2D materials utilized in this work,
however, the origin of the piezoresistive sensing signal has not yet been discussed. The
casted 2D-material coating is expected to be a randomly orientated network of overlapping
monolayer and multilayer flakes. When exposed to an analyte gas, the analyte molecules

penetrate this structure and adsorb onto the active adsorption sites (e.g.: oxygen func-
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tional groups on graphene oxide) resulting in an increase in the interlayer distance of the
stacked 2D sheets, which causes an overall film expansion or “swelling”. The swelling of
graphene oxide films upon exposure to water and various alcohols has been reported pre-
viously. [23,24,180, 181] The same swelling behavior is expected for MoS; and WS, films
due to their flat 2D structure similar to graphene. The expansion of the receptor layer
induces a surface stress on the underlying membrane causing it to deflect upwards [19,20].
This deflection imparts a strain on the four piezoresistors embedded at the fixed ends of

the membrane and produces a change in their resistance, which is measured electrically.

The measured piezoresistive signal is proportional to the surface stress on the mem-
brane. In a theoretical model presented by Wenzel et al. for coated microcantilevers
(Equation 7.1), the surface stress (o) is proportionally dependent on the elastic modulus
of the receptor material (Eg), specific volume of the adsorbed gas (V,), partition coefficient

of the gas (K,) and the concentration of the gas in the vapor phase (C,) [252,293,294].

~ —ERVLK,C,
B —

g

(7.1)

As described earlier, 2D materials typically have high Er which is advantageous for MSS
receptor materials as it results in a high induced surface stress. As observed in Figure B.2-
B.9, the MSS response increased as the relative vapor pressure of the analyte gas increased,
which is proportional to its concentration Cy. V, and K, relate to the interaction between
the analyte molecules and the receptor layer and are therefore dependent on the laser
treatment of the 2D materials to promote increased adsorption. For example, the increased
number of oxygen functional groups and defects on the laser treated GO would increase
the proportion of analyte molecules in the solid phase that are adsorbed onto the surface
of the GO resulting in high K, and V, [252]. Furthermore, the unique properties of each
analyte such as their molecule size, saturation vapor pressure and intramolecular bonds
are accounted for in K, and generate unique MSS signal response intensities. Through this
model and sensing mechanism it is evident that laser treated 2D materials are suitable for

use as receptor layers in MSS devices.

Finally, it is important to note that the responses obtained in Chapter 5 with the
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reflectance screening technique are widely different than the responses observed in this
chapter for the same analytes tested. This may be because the laser treatment times of
the 2D materials used in Chapter 5, where different than the ones used in this chapter.
For example, the GO solution tested with the reflectance screening technique, had a dif-
ferent laser treatment time of 20 minutes compared to the 1 and 1.5 hour treatment times
used here. The different laser treatment times likely resulted in a set of unique material
properties (e.g., amount of defects and functional groups) that may have changed their in-
teraction with the analytes. Nonetheless, the reflectance screening technique is still valid,
as it showed that the laser treated 2D materials did interact with the analytes to varying

degrees.

7.4 Conclusion

Nanomechanical Membrane-type Surface stress Sensors (MSS) were coated with laser
treated 2D materials to observe their ability to sense various volatile compounds. Uti-
lizing the MSS configuration instead of a resistive sensor configuration is advantageous
as it does not rely on the electrical properties of the sensing material. The 2D materi-
als were laser treated in water and an ethanol:water to introduce defects, dopants, and
functional groups to improve their gas adsorption properties, without concern about the
impact on the electrical properties. The results showed that a longer laser treatment time
for graphene oxide in water increased the sensor response as a result of the increase in
defects and oxygen functional groups. The opposite effect may have occurred if the laser
treated graphene oxide were used in a resistive sensor configuration where the increase in
defects and oxygen functional groups would be expected to reduce the conductivity of the
material, which may result in a lower resistive sensor response. Furthermore, the increased
interplanar spacing of the GO may have contributed to higher analyte adsorption and in-
creased MSS signal. This most likely would not have been the case in a resistive sensor
where the larger interplanar spacing would be expected to reduce conduction. Doping of
graphene oxide with boron nitride improved sensor response, which is attributed to the

introduction of pyrrolic nitrogen with high catalytic activity. Laser treated MoS; and WS,
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showed improved sensor response attributed to a higher content of sulfide bonds and the
formation of apical or bridging sulfur bonds with enhanced catalytic activity. Here, laser
treatment is expected to produce multilayered particles of these 2D materials. The multi-
ple layers increase the available surface area for analyte adsorption but would decrease the
conductivity of a resistive sensor, whereas this is not a concern for the MSS. Additionally,
2D materials used in resistive sensors ideally need large flake sizes to retain conductivity by
reducing the number of grain boundaries and a reliance on the charge hopping mechanism.
In an MSS it is ideal to have smaller flake sizes for an increase in overall surface area for

improved analyte adsorption and higher MSS signal.

The 2D material coated MSS demonstrated a large range of sensitivities to several
VOCs, ranging from 0.01 pV ppm™ for the detection of ethanol by 5% BN GO to 43.40
1V ppm! for the detection of hexanol with WS, treated in water. All sensors demon-
strated high response for the detection of water, most likely due to its small molecule size
and stronger adsorption capability due to hydrogen bonding. The sensor response to the
aromatic molecule toluene was the highest in the BN doped graphene oxides and second
highest for the undoped graphene oxides. This was attributed to the m — 7 stacking inter-
actions between the 7 -bonds in the toluene and the m-bonds in the graphene oxides. The
response of the MoS, and WS, coated sensors to toluene was not prominent compared to
the other analytes and therefore it is evident that the graphene oxides demonstrate some
degree of selectivity towards toluene. The detection of other aromatic compounds may
result in high GO sensor response as well and therefore warrants further investigation to
verify the m — 7 stacking mechanism. This is particularly relevant for the sensing of air pol-
lutants such as BTEX compounds [60] (benzene, toluene, ethylbenzene and xylene) which
occur naturally in crude oil and are released in the air through motor vehicle emissions

and cigarette smoke.

To avoid the influence of humidity on sensor performance, several approaches exist.
One approach is to use a filter that can eliminate the moisture from the sample gas. A
second approach is to utilize a microheater to raise the temperature in the vicinity of the

sensor to slightly higher than the ambient temperature [295]. By doing so, the effects
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of relative humidity changes are eliminated. A third approach is to compensate for the
effect of humidity at the data processing stage. An example of this was demonstrated by
using principle component analysis (PCA) and an artificial neural network as described by
Mumyakmaz et al. [296] An array of MSS devices coated with different 2D materials can be
used to overcome challenges in selectivity. Using various data analysis techniques including
a basic principal component analysis and advanced machine learning algorithms [245,297],
the unique relative response intensities of the receptors to each analyte form a characteristic

pattern that can be used to identify an unknown VOCs.
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“Part of the journey is the end.”

— Tony Stark

Chapter 8

Conclusions

In this body of work, reflectometry was used to generate useful insights towards the de-
velopment of new materials and novel architectures for MEMS gas sensors. Two main
applications of the reflectometry technique were demonstrated, which led to the develop-
ment of two unique MEMS gas sensor devices. The first application was the use of in-situ
reflectance spectroscopy to study the growth behavior and property evolution of metal ox-
ide thin films grown by atmospheric pressure-spatial atomic layer deposition (Chapter 3).
The in-situ technique revealed a two stage growth mechanism for metal oxides, comprised
of a initial non-linear nucleation period followed by linear growth. Real time monitoring
of the growth by in-situ reflectance spectroscopy is therefore crucial to enable the accurate
open-air deposition of metal oxide thin films with desired thicknesses, as linear growth
rates cannot be assumed from the start. In Chapter 4, the in-situ reflectometry technique
was further expanded to monitor the growth behavior of metal oxide films on various non-
conventional surfaces such as metals, flexible substrates, fabrics, polymer layers and films
of 2D nanoparticles. The nucleation period of ZnO deposited on the different substrates
varied greatly. Hence, it is beneficial to use the in-situ reflectometry technique to achieve

accurate ZnO thicknesses. This became particularly relevant for the accurate deposition
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of ZnO on photoresist, which was required for the fabrication of a novel ZnO resonant
cantilever gas sensor (Chapter 6). In this novel MEMS architecture, a ZnO thin film layer
serves as both the cantilever structural layer as well as the gas sensitive receptor layer.
Doing so reduces the number of layers on the cantilever to minimize damping effects. More
importantly the use of a 200 nm ZnO thin film, reduces the size of the cantilever and its
overall mass, which was instrumental to achieving comparatively high sensitivity towards

low relative humidity levels.

The second application of reflectometry, was to evaluate the suitability of various re-
ceptor material candidates for use in static deflection type MEMS gas sensors (Chapter 5).
The reflectance intensity of receptor materials was monitored as they were exposed to
analyte gases. Changes in reflectance intensity indicated that the receptor material was
interacting with the analyte gas. More specifically, the receptor materials were expanding
in the presence of the analyte gas, which makes them suitable for their integration into
nanomechanical membrane-type surface stress sensors(MSS) for gas sensing (Chapter 7).
Hence, the reflectometry technique can be used to screen for those materials that are suit-
able for MSS. The screening technique showed that laser treated 2D materials such as
graphene oxide, molybdenum disulfide and tungsten disulfide were indeed excellent recep-
tor material candidates. These materials were coated onto MSS to observe their ability to
sense a select group of volatile organic compounds with a wide range of sensitivities. Fur-
thermore, materials characterization revealed that the laser treatment of the 2D materials
was beneficial to attaining high sensor response and sensitivity, as it introduced defects,

dopants and functional groups to the 2D materials to promote gas adsorption.

Further improvements to the ZnO resonant cantilever structure were identified. This
included removal of the top aluminum layer to minimize residual stresses, as well as the use
of piezoresistive readout instead of laser vibrometry. Furthermore, it was shown that the
morphology of the ZnO layer could be altered by varying the AP-SALD process parame-
ters, and that some morphologies may be preferred for enhanced gas adsorption. However,
achieving those morphologies may come at the expense of the structural integrity of the

layer itself thus not making it not suitable to be a cantilever structural layer. Here, re-
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flectance spectroscopy may be able to determine if the cantilever is structurally suitable
by determining the refractive index of the layer, which is related to the compactness and
density of the material. For MSS based gas sensors, novel receptor material candidates
can be synthesized and optimized with the femtosecond laser treatment technique. The
reflectance screening technique can be used to screen those new materials for their suit-
ability. Furthermore screening can be done at IR wavelengths to observe the change in the
materials electrical properties upon exposure to an analyte gas. This would enable this

technique to screen for potential receptor materials for chemiresistive gas sensors as well.

While the focus of this work as been towards MEMS devices. The outcomes of the
in-situ reflectance spectroscopy of film growth with AP-SALD, are applicable to other
opto-electronic devices such as MIM diodes, LEDS, thin film solar cells and chemiresistive
sensors. The open-air growth of metal oxides by the AP-SALD technique is very promising
for the large scale, high volume manufacturing of thin films. Thus reflectance spectroscopy
becomes a crucial tool for online process monitoring and error analysis. In conclusion,
reflectometry may be a relatively simple technique, but it can be a very powerful tool not
only for the development of MEMS gas sensors but also the next generation of nanoscale

devices.
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Figure A.1: Thickness of deposited Zinc Oxide (ZnO) films at varying temperatures and
substrate oscillation speeds: a) 5 mm/s, b) 15 mm/s, ¢) 30 mm/s and d) 50 mm/s

226



a) Deposition Temperature=100°C
——15mm/s
150 b — 30mm/s
50mm/s
B
£
® 100 |
(0]
C
X
(8]
E
S0F
0 . . . EAr—
0 20 40 60 80 100
Deposition Cycles
C) 200 Deposition Temperature=200°C
—15mm/s
—30mm/s
150 | S0mm/s
3
L
2
® 100 f
C
X
o
2
'_
50 F
0 . . .
0 20 40 60 80 100
Deposition Cycles

Deposition Temperature=150°C

b) 150 :
—15mm/s
—30mm/s
50mm/s
€100 1
=
n
N
o]
c
v
Q
< sof /
0 . . L L
0 20 40 60 80 100
Deposition Cycles
d) Deposition Temperature=250°C
——15mm/s
150 F —30mm/s
50mm/s
E
=)
«» 100
1]
[}
=
X
o
=
'_
50
. 7 .
80

40 60 100
Deposition Cycles

20

Figure A.2: Thickness of deposited Aluminum Oxide (Al;O3) films at varying substrate
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Appendix B
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Table B.1: Relevant properties of the analytes used in this work.

Analyte Vapor Pressure @ 15°C Saturated Molecule Size/Length Estimated Cubic
[mmH g] Concentration® [ppm| [nm)] Length® [nm)]
Water 12.79 1682.63 0.277 [258] 0.310
Ethanol 32.91 4329.71 0.433 [258] 0.459
Hexanol® 0.34 45.55 - 0.592
Hexanal® 9.83 647.27 - 0.588
Heptane 27.15 3572.48 0.625 [258] 0.624
Methylcyclohexane 28.05 3691.16 0.590 [258] 0.596
Toluene 16.57 2180.63 0.564 [258] 0.560
Ethyl Acetate 57.01 7500.50 0.460 [259] 0.545
Acetone 147.62 19423.90 0.476 [258) 0.497

2 Sizes of hexanol and hexanal molecules were not found in literature.

b Since the size of hexanol and hexanal were not reported in literature, an estimate for the length of the molecules
was determined from its molar mass and density using a cubic volume approximation.

¢ Concentrations[ppm] of analytes at 2%, 5% and 10% relative pressures were determined by multiplying the
saturated concentration by 0.02, 0.05 and 0.1, respectively.
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Figure B.1: Microscopic images of uncoated and coated MSS devices.
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Figure B.5: Response [mV] of MSS coated with 15% boron nitride doped graphene oxide
to analytes present at 2%, 5%, and 10% relative vapor pressures.
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Figure B.6: Response [mV] of MSS coated with molybdenum disulfide (laser treated in
water) to analytes present at 2%, 5%, and 10% relative vapor pressures.
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Figure B.7: Response [mV] of MSS coated with molybdenum disulfide (laser treated in
water /ethanol solution) to analytes present at 2%, 5%, and 10% relative vapor pressures.
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Figure B.8: Response [mV] of MSS coated with tungsten disulfide (laser treated in water)
to analytes present at 2%, 5%, and 10% relative vapor pressures.
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ter/ethanol solution) to analytes present at 2%, 5%, and 10% relative vapor pressures.
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Figure B.10: XPS characterization of laser treated MoS,; and WSs. a) Mo 3d spectra of
MoS, treated in water (upper panel) and MoS, treated in water/ethanol solution (lower

panel).

b) W 4f spectra of WS, treated in water (upper panel) and WS, treated in

water/ethanol solution (lower panel). Table B.7 lists the peak quantities.
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Table B.2: Estimated sensitivities of materials used in this work [V ppm™!]. Standard
error of the linear regression is displayed in parenthesis.

5% 15%  MoS; in MoS, in WS, in WS, in
Analyte 1 Hr GO 1.5 Hr GO BN-GO BN-GO Water Ethanol:Water Water Ethanol:Water
Water 1.80 2.30 0.49 0.53 1.20 1.40 3.10 0.50
(0.55) (0.46) (0.01)  (0.01)  (0.18) (0.24) (0.29) (0.05)
Ethanal 0.04 0.10 0.01 0.10 0.30 0.30 0.70 0.08
(0.16) (0.02) (0.03)  (0.03)  (0.13) (0.15) (0.18) (0.18)
Hoxamol 19.50 24.90 14.49 1685  16.20 18.10 43.40 6.90
xano (0.33) (0.36) (0.01)  (0.01)  (0.04) (0.04) (0.09) (0.01)
Hoxamal 1.20 1.60 0.79 0.75 1.30 1.70 3.50 0.60
(0.55) (0.44) (0.01)  (0.02)  (0.24) (0.22) (0.40) (0.04)
0.06 0.20 0.02 0.16 0.40 0.50 1.20 0.20
Heptane
(0.03) (0.06) (0.01)  (0.04)  (0.25) (0.25) (0.60) (0.09)
Methvlevelohexane 270 0.80 0.38 0.36 0.60 0.70 1.50 0.30
ey (0.71) (0.06) (0.01)  (0.06)  (0.40) (0.46) (0.81) (0.15)
Toluene 1.60 1.80 0.82 0.82 0.70 0.90 2.20 0.50
(0.51) (0.58) (0.01)  (0.03)  (0.27) (0.24) (0.63) (0.34)
0.20 0.20 0.14 0.16 0.20 0.20 0.50 0.20
Ethyl Acetate (0.22) (0.32) (0.05)  (0.01)  (0.15) (0.13) (0.21) (0.08)
Acotone 0.04 0.05 0.04 0.05 0.07 0.08 0.20 0.04
(0.10) (0.14) (0.02)  (0.02)  (0.17) (0.15) (0.33) (0.12)

Table B.3: Estimated limit of detection (LOD) of materials used in this work [ppm].

MoS; in MoS; in WS, in WS, in
Analyte 1Hr GO L5Hr GO 5% BN-GO 15% BN-GO Water  Ethanol:Water Water Ethanol:Water
Water 0.915 0.604 0.085 0.084 0.469 0.518 0.285 0.337
Ethanol 11.993 0.843 9.845 0.903 1.320 1.510 0.801 6.754
Hexanol 0.052 0.044 0.002 0.001 0.008 0.007 0.007 0.009
Hexanal 1.380 0.833 0.032 0.091 0.573 0.396 0.349 0.245
Heptane 1.563 0.908 2.265 0.863 1.928 1.522 1.512 1.455
Methylcyclohexane — 3.072 0.228 0.039 0.543 2.005 1.993 1.638 1.576
Toluene 0.968 0.974 0.028 0.130 1.161 0.822 0.862 2.049
Ethyl Acetate 3.291 4.814 1.093 0.160 2.359 2.065 1.270 1.231
Acetone 7.815 8.940 2.018 1.240 7.354 5.854 5.096 9.70
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Table B.4: XPS analysis of laser treated graphene oxide (1 and 1.5 hours).

Material Spectra  Peak Identity Peak Position [eV] Atomic Percentage %
C-C (sp3) [298] 281.0 5.9
C=C (sp2) [261] 984.8 40.3
Cls C-O-C (epoxy) [262] 286.8 30.8
C-Ox (x=1,2,3) [263] 287.0 14.6
1-Hour Graphene Oxide C=0 (carbonyl) [264] 288.3 8.4
C=0 (carbonyl) [265] 531.8 40.0
0 1s C-O-C (epoxy) [266] 532.4 29.0
C-OH [265] 533.0 21.0
H,0-C [299] 533.7 9.0
C-C (5p3) 283.9 6.4
C=C (sp2) 284.8 39.2
C1s C-O-C (epoxy) 286.8 40.3
C-Ox (x=1,2,3) 987.2 7.4
1.5-Hour Graphene Oxide C=0 (carbonyl) 288.4 6.7
C=0 (carbonyl) 531.6 24.0
0O 1s C-O-C (epoxy) 532.4 45.5
’ C-OH 533.1 26.0
H,0O-C 534.0 4.5

Table B.5: Total elemental composition as determined by XPS analysis of 5% and 15%
boron nitride doped graphene oxide.

Material C 1S (at%) O 1S (at%) N 1S (at%) B 1S (at%)
5% BN doped GO 70.3 28.5 0.5 0.7
15% BN doped GO 66.2 31.5 0.9 1.4

Table B.6: Analysis of N 1s XPS spectra of 5% and 15% boron nitride doped graphene
oxide.

Material Peak Identity Peak Position [eV] Atomic Percentage %
C-N-B [253] 401.41 49.75

5% BN doped GO 1,0 hie N 402.48 50.25
C-N-B 402.71 11.37

15% BN doped GO, lie N 403.82 88.64
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Table B.7: Quantification of peaks shown in Figure B.10 (XPS analsis of Mo 3d and W

4f).

Material

Peak Identity

Peak Position [eV]

Atomic Percentage %

S 2s [101,300] 226.94 6.59

. Mo 3d5/2 [101,300 231.90 45.95

MoS2 in Water Mo 301;2 {101,300% 234.93 24.13
MoOx [279-281] 233.54, 236.16 9.22, 14.12

S 2s 228.41 6.90

MoS2 in Water/Ethanol Mo 3ds/, 236.35 34.28
MoOx 934.95, 238 2.86, 2.47

Mo2C [101,279] 232.9 19.14

W-defect[18] 34.68 5.12

W 4fy5 [101] 36.16 53.58

WS2 in Water W df; 5 [101] 38.12 25.16

WO3 [282] 38.45 12.83

WO [101,280] 41.94 3.31

W-defect 34.66 7.22

W 4f7 /o 35.98 41.73

. W 4f; /9 38.09 25.37

WS2 in Water/Ethanol WO3 / 28 40 0.36

WO 41.78 5.22

WC [101, 301] 36.82 10.70
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Table B.8: Quantification of peaks shown in Figure 7.8 (XPS analysis of S 2p

Material Peak identity Peak Position[eV] Atomic Percentage %  Sulfur composition
S 2p1y2
. 162.23 19.64
(Sngmlnal/Unsaturated) [285-288] Sulfide — 42.75%
3/2 .
MoS, in Water (Apical/bridging) [285-288] 163.42 25.25
S 2p1/2
(Apical/bridging) [285 288] 164.91 0.86
-5(02)-
s . 166.12 19.46
(Oxidized Sulfur) [283,289-291] Sulphate— 54.24%
S(0a) 169.12 26.69
(Oxidized Sulfur) [283,289-291] ’ '
-5(04)-
(Oxidized Sulfur) [283,289-291] 170.88 8.09
S 2p12 5
(Terminal /Unsaturated) [2124] 163.98 33.59
— 0;
S 213_3/2 o ] 165.38 97 97 Sulfide = 73.77%
MoS, in Water/Ethanol (Apical/bridging) [285-285]
2 / 5 2Pz 162.67 5.73
(Terminal /Unsaturated) [285-288] ‘ ’
5 2p1j2 166.82 7.18
(Apical/bridging) [285-288] ' '
_(?)(2(21?1;6(1 Sulfur) 169.57 10.26
’ Sulphate= 26.33%
S(0a)- 172.63 1.73
(Oxidized Sulfur) : :
-S(0,)-
(Oxidized Sulfur) 171.02 14.24
S 2ps3 /2
(Terminal /Unsaturated) 160.96 1.62
S 2 Sulfide= 71.79
WS, in Water (Tef")llr/jnal/Unsaturated) 162.08 6.60 . g
e S 2a2 164.56 6.65
Apical/bridgin. ’ ’
(Ap ging
S 2p1/2
Apical /bridging 163.36 13.34
(Ap ging
-S(0,)-
(O(xifl?ued Sulfur) 169.57 21.49
S(0) Sulphate = 28.21%
-S(03)-
(Oxidized Sulfur) 168.16 35.63
-5(04)-
(Oxidized Sulfur) 170.70 14.67
S 2pi/2
(Terminal /Unsaturated) 164.45 11.22 Sulfide = 14.9%
. S 2p3/2
J
WS, in Water/Ethanol (Terminal/Unsaturated) 163.53 3.77
-(?)ig(zlz;ed Sulfur) 169.86 S
$(0s) Sulphate= 85.07%
-S(03)-
(Oxidized Sulfur) 167.72 20.72
S(0u)- 168.74 32.42

(Oxidized Sulfur)
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Glossary

bandgap Refers to the energy difference between the top of the valence band and the
bottom of the conduction band in insulators and semiconductors. xvi, xvii, 65, 68—

70, 77-80

bimorph A bimorph is a cantilever used for actuation or sensing which consists of two

active layers. 12

chemiresistive Sensor based on change of electrical properties such as resistance. 5, 31,

109, 111, 112, 114, 115, 128
conductor A material that allows the flow of charge. 54

COVID-19 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first identi-
fied in 2019 responsible for the global health pandemic throughout 2020. 82, 93

extinction coefficient Imaginary part of refractive index, indicates the amount of atten-
uation (absorption) when an electromagnetic wave propagates through a material.

xvi, 53-59, 66—68

grain boundaries The interface between two grains, or crystallites, in a polycrystalline
material. Grain boundaries are 2D defects in the crystal structure, and tend to

decrease the electrical and thermal conductivity of the material. 64

gravimetric Resonant frequency shift based sensors. x, 31, 148, 149

insulator A material in which the electron does not flow freely. 54
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operando Refers to an experimental procedure or measurement performed in operating

conditions. 104

receptor A material that interacts with a gas in a quantifiable way. xxi, 2, 103, 104, 116,
157, 158, 161-165, 169, 171, 174

refractive index A dimensionless number(n) that describes how fast light travels through
a material, relative to vacuum. It is defined as n = ¢/v, where c is the speed of light
in a vacuum and v is the phase velocity of light in the medium. xvi, xvii, 53, 55, 59,

64-70, 78-80

semiconductor A material has an electrical conductivity value falling between that of a

conductor and an insulator. 54

sorption Absorption and adsorption considered as a single process. 5, 6, 8, 20, 37, 39,

108, 141, 151

transduction Conversion of a signal from one form of energy to another. 5, 102

trap Any location within a solid (generally a semiconductor or an insulator) that restricts

the movement of electrons and holes. 64

wheatstone bridge An electrical circuit used to measure an unknown electrical resistance
by balancing two legs of a bridge circuit, one leg of which includes the unknown

component. xiii, 19, 21, 25
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