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Abstract

In this dissertation, development of gas sensors on wearable substrates was studied to
overcome the limitations, e.g., high-temperature process for fabricating sensing material, high
sensing temperature, insufficient sensitivity and selectivity. The approach to overcome these
limitations was focused on developing coating methods on fabrics, catalyst doping, and
investigation of alternative sensing materials. A representative metal oxide with good
semiconducting properties, ZnO (3.37 eV band gap), was explored as a sensing material. Thin
films of the ZnO material were coated on sensor platforms by different deposition techniques:
sputtering, sol-gel, dip-pad-cure method, and electrophoretic deposition and their properties
were studied. Additionally, ZnO nanorod structure was grown by thermolysis-assisted
chemical solution deposition on ZnO seed layer to enhance the sensing performance by using
nanostructure. Among these deposition methodologies, dip-pad cure method was found to be

suitable to coat ZnO at low temperature on fabric substrates.

To lower sensing temperature from several hundred Celsius (i.e. 300 °C) to room
temperature in semiconductor oxide sensors, the effects of catalyst on gas sensing mechanism
and performance were studied. Additionally, composition gradient effects on gas sensing
behavior to improve gas selectivity were explored by adapting different metal elements. The
combination of two metallic catalysts by varying their concentrations in a sensor platform
was investigated: platinum and palladium combination and platinum and titanium

combination. Since the amount and island size of catalysts strongly influence structural
i



modification of metal oxide materials, the sensing properties can be changed. Therfore, the
fundamental study of catalyst elements and their effects on change in concentration were
conducted to realize chemical gas sensor module with improved selectivity and sensitivity

under multiple gas combination.

Another approach to reduce sensing temperature of semiconductor oxides is to utilize
non-traditional oxide materials. As a new sensing material, graphene oxide was used due to
its good semiconducting and chemical properties. Graphene oxide presents conducting or
insulating properties according to its reduction condition. Therefore, reduction of graphene
oxide was studied to achieve room temperature gas detection reported in the literature.
However, exploration of non-treated graphene oxide, i.e. pristine graphene oxide, was rarely
conducted. This study investigated the use of non-treated graphene oxide for gas sensors, and

its reduction behavior on electrical properties such as N-P transition was studied.

Finally, the combinatorial or composite structure was investigated with SnO,
nanostructure and graphene oxide to enhance gas selectivity. The ratio of graphene oxide to
SnO; was changed as the amount of SnO, was added. To explore how they interact to
improve the gas sensing behavior, the combined structure was also modified, for examples

bimorph structure and multilayer structure.
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CHAPTER 1. INTRODUCTION

1.1 Background and motivation

Gas sensors are widely used in various fields of food market, construction, and
automobile industry, to medical field to prevent the accident from unexpected gas flow
[1,2,3]. The fabrication of gas sensors on traditional silicon-based substrates has made
sensors more portable even as small as a micro-chip. For example, the utilization of SOI,
silicon on insulator, enables electronic devices to be miniaturized and brings enormous
research and development opportunities in the electronics. Gas sensors have also been
developed based on silicon-based wafers where the electrode’s structure and shape are easily
changed to improve the sensing performance [4]. As gas sensors expand their applications,
the attempt to adopt alternate and functional substrates has been focused. ITO (indium tin
oxide) glass is one of the examples as a functional substrate for electronics [5]. Adaption of
gas sensors on flexible substrates such as polyimide and PET (polyethylene terephthalate)
films is another example to install gas sensors in the complex place, where the sensors on

solid substrates are hard to be installed [6].

As the demands of gas sensors increase in the medial industry, research on the
investigation of wearable substrates has been attracted attentions. Especially in the medical
industry, development of gas sensors to detect gasses on the patient’s breath can be very
important to monitor and ensure the patient’s health conditions [7]. Approaches to embed or
carry electronics on human skin promote to explore other types of flexible substrates such as
membranes and fabrics. In terms of using fabrics, wearable electronic devices have been

explored especially for various medical purposes. It may be possible to monitor patients’
1



health condition all day as wearing the electronic devices in a part of the cloth. In this respect,
embedding gas sensing components on the fabrics has been focused. However, using fabric
substrates to embed electrical components still have limitations such as high-temperature

process, and high working temperature [8].

1.2 Objectives of research

In this dissertation, developing of gas sensors on wearable substrates was studied to
overcome the limitations, e.g., high-temperature process, high sensing working temperature,
poor sensitivity and low selectivity. The approach to overcome these limitations was focused
on developing coating methods on fabrics, catalyst doping, and alternative sensing materials.
A representative metal oxide with good semiconducting properties, ZnO, was focused (Eq =

3.37 eV) in addition to alternate SnO,, graphene oxides and their composite structure.

1. Process development at low deposition temperature: ZnO material was coated on
sensor platforms by different deposition techniques: sputtering, sol-gel, dip-pad-cure
(DPC) method, and electrophoretic deposition (EPD). The ZnO nanorods were grown
by thermolysis-assisted chemical solution deposition on the ZnO seed layer. Among
these deposition methodologies, suitable coating methods working at low temperature
were employed for fabric substrates. Then, properties of ZnO deposited via different
methods were compared to support the suitable deposition methods on wearable

substrates.

2. Catalyst effect by compositional gradient to lower the operating temperature and to

enhance the selectivity: To lower sensing temperature from several hundred Celsius
2



to room temperature of semiconductor oxide sensors and to improve the gas
selectivity, compositional gradient of catalysts was explored based on the catalyst
effects on gas sensing mechanism and performance. Two metals having different
catalytic activities were utilized: Platinum (Pt) and palladium (Pd). The thickness of
the catalyst layer kept constant, and only the composition (ratio of the components)

was changed to investigate the effect of the catalyst composites [4].

Alternative sensing materials to achieve room temperature gas sensing on wearable
substrates: Another approach to reduce sensing temperature of semiconductor oxides
was to utilize non-traditional oxide materials. As a new sensing material, graphene
oxide was used due to its good semiconducting and chemical properties. Graphene
oxide is well known as conducting or insulating properties according to its reduction
condition. Non-treated graphene oxide and its reduction were studied to understand
transition behavior of the electrical properties and further to construct semiconducting

graphene oxides for gas sensing application.

Combinatorial structure for gas selectivity: Finally, a single chip array sensor was
developed to discriminate types of gas mixture. Beyond metal catalysts, oxide
composite was investigated to achieve room temperature gas sensors with oxide
catalytic effect. The array was designed by fabricating gradient combination of
graphene oxide and other metal oxides such as ZnO and SnO,. Such a gradient
structure was investigated and applied for the gas sensing layer to improve the

sensitivity and selectivity from one chip.



1.3 Dissertation structure

This dissertation consists of 8 chapters including an introduction to conclusions of this

research. Each chapter covers details that are listed below.

Chapter 1 introduces how this dissertation contributes to scientific and engineering fields
providing the motivation, research objectives and dissertation structure.

Chapter 2 supports the purpose of this dissertation based on the literature survey:
deposition methods of ZnO, effects of a composition gradient of catalyst on the properties of
semiconductor oxides, use of graphene oxide as a gas sensor, and combinatorial structure of
oxide compounds.

Chapter 3 describes the experimental set up of the research: a process to prepare
solutions/suspensions to deposit the sensing materials and to fabricate the gas sensing devices.

Chapter 4 describes the exploration of various types of deposition methods of ZnO and
property changes of ZnO based on the deposition types. Investigation of coating methods on
wearable substrates was discussed.

Chapter 5 demonstrates the effect of a compositional gradient of catalysts by changing
the ratio of metal catalysts on gas sensing behaviors.

Chapter 6 covers the material study of non-treated graphene oxide and its reduced state
after thermal reduction for gas sensing behaviors.

Chapter 7 discusses the combined structure from graphene oxide and metal oxide for
enhancing gas selectivity.

Chapter 8 summarizes the achievements attained over the course of this research and

future research directions that may further advance the field.
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CHAPTER 2. LITERATURE BACKGROUND

2.1. Process development to adapt gas sensors on wearable substrates.

Science and technology are continuously focusing on the miniaturization of electronic
machines or devices using nano-fabrication on silicon substrates [1,2]. Efforts to realize soft
portable electronic devices such as wearable devices, electronic papers, and chip smart cars
became a possible route to revolutionize modern society [3,4]. Fabrics can be good substrates
for constructing electronic systems with another functionality, such as protection of the body
against the harmful environment and collection of body’s status and conditions [5,6]. Among
multifunctional inorganic materials, ZnO is a great candidate material having good
semiconductor properties including a band gap of 3.37 eV and 60 meV of exciton binding
energy [7]. Additionally, ZnO has much attention due to great UV blocking properties even
from lower UV wavelength range (UV-A, 100 — 280 nm) to higher range (UV-C, 320 — 400
nm) [5,7]. Therefore, ZnO impregnated fabrics have been demonstrated for UV protection,
clothing colors, and anti-odor function in  recent study in terms of functionalized garments

[6,9,10,11].
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Figure 2-1. (a) A photograph of working device on fabric, (b) ZnO crystal structures, and (c)

band gap structure changing by photonic source [5,12,13].

Multifunctional ZnO can be deposited by solution-based route such as dip-pad-cure
(DPC), hydrothermal, and thermolysis assisted chemical solution method as well as other
physical deposition methods. However, the use of fabric materials as a substrate for
functional systems remains a critical challenge due to issues with developing more robust and
cheaper fabrication of inorganic materials on fabrics [6]. Exploring new properties and
advancing fabrication of ZnO for the functional garment will demand morphological control
of ZnO nanostructures on fabrics. The environmental constraint of fabrics such as
temperature and pressure can be another consideration. For the development of functionalized

garments with ZnO, studies on process development are necessary.
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Figure 2-2. Illustrations of ZnO coating processes: (a) sputter deposition, (b) electrophoretic

deposition (EPD), (c) sol-gel deposition, and (d) dip-pad-cure coating (DPC).

Physical vapor deposition (PVD) is one of the most common deposition methods for thin
films. Among PVD, sputter deposition can operate at room temperature under high-pressure
condition. For uniform film deposition, vacuum condition requires several tens mTorr in
pressure [14-18]. Power can be supplied by DC (direct current) and RF (radio frequency) to
interact target materials with Ar gas in a chamber. This interaction results in generating
plasma (ionized gas) to transfer the target molecules to the substrates. To deposit thin film via
sputter deposition, substrates can be varied from very rigid substrates to flexible substrates
owing to its low operating temperature. However, this process can be more favorable to
deposit a thin film on flat surface area since the film does not cover whole substrates if the

substrates have a complex shape.



Table 2-1. Deposition conditions of ZnO via physical vapor deposition, sputter method.

Ref. Type Pressure,  Time, Power, Temperature,  O,/Ar Substrate
mTorr min W o

[14] DC 12-25 10-70 50 -100 RT - 450 Stainless
steel

[15] RF 5-30 5-30 100 - 200 RT 0.1 Si wafer

[16] RF 50 5-30 200 RT 0.3 Si wafer

[17] RF 6-45 30-60 150 - 300 RT 0.1 PET

[18] RF 2-7 25-125 RT - 100 PAN

The sol-gel process, one of the solution-based methods, allows ZnO grains to have
preferred orientation. The process has an intermediate step to elaborate a solid material from
a solution by using sol or gel. This process has benefits of glasses and ceramics and direct
thin film formation from the solution. To synthesize solid materials, the sol-gel process
contains two main chemistry reactions based on the transformation of molecular precursors
into an oxide network: by hydrolysis and condensation reactions. Through these processes,
the material, especially ZnO, can be formed with preferred orientations [19]. However, the
hydrolysis and condensation reactions to form ZnO require fairly high temperature over
300 °C. It can limit selection in substrates as summarized in Table 2-2. Even though the sol-
gel has advantages to change the morphologies of materials by a change in precursors or
additives, the high operating temperature to evaporate organic solvents remains as challenges

in terms of adaptability.



Table 2-2. Deposition conditions of ZnO via sol-gel coating.

Ref. Precursor  Alcohol  Additive Pre-heat, °C Post-heat, °C Substrate
[19] ZAD MeOH - 80 500 - 575 Pyrex
[20] ZAD EtOH DEA 400 400 — 800 Quartz
[21]  ZAD 2-PrOH MEA 250 650 Glass
[22] ZAD PVA - 120 600 Si (100)
[23] ZAD 2-ME MEA 300 700 SiN,/Si
[24] ZAD EG Glycerol 100 200 - 600 Glass

Electrophoretic deposition (EPD), another solution-based method, is well known as

colloidal process from suspensions. One of the unique characteristics of EPD is pre-

synthesized powder-based deposition working at room temperature. Once the powders are

charged in the suspension by any charging agent, they are attracted to the substrates, which

have conductivity. Two parallel electrodes are required to deposit the charged particles by

applied voltage in the suspensions. EPD is frequently used to deposit ZnO layer owing to its

short formation time, simple apparatus irrespective of substrate shape, no binder requirement,

and working at ambient conditions. However, the substrates need to be conductive for EPD

process. To overcome this limitation, modified voltage application such as AC power supply

has been adapted, but it results in low efficiency in film deposition.
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Table 2-3. Deposition conditions of ZnO via electrophoretic deposition (EPD).

Ref. Type Conditions Treatment Substrate
[25] DC 10t0 100 V for 5-25min 400 °C annealing Cu foil
for 15 hr
[26] DC 10 mAfor 1 hr - Stainless steel sheet
[27] DC 30V for 7 min 390 sintering br FTO glass
15 min
[28] AC 10 mHz - 100 Hz for 5 min - Au electrodes on
glass
[29] DC 14V for 40 min - Carbon fabric
[30] DC - - Carbon fabric

Dip-pad-cure coating is the fourth method introduced to coat ZnO on wearable substrates.
This method is based on chemical solution route at lower formation temperature. The
principle of the dip-pad-cure coating method is as same as dip coating [31]. Zinc acetate
dehydrate, and an OH provider completely melt in alcohol solvent forming Zn(OH). Then,
the Zn(OH) is transformed to ZnO during the curing process. The only difference is that the
substrates are passing through a padder, which has two rollers to squeeze the substrates with a
certain pressure. This means that devices on flexible substrates are suitable to adapt this
process. Through the padding step, the coating layers are easily penetrating to all surfaces of
the substrates instead of coating on only exposed area. As proven, the formation temperature
of ZnO is fairly low as 170 °C, which is high enough temperature for the wearable substrates

to be endured [1,8,32-35].
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Table 2-4. Deposition conditions of ZnO via dip-pad-cure (DPC) coating method.

Ref. Materials Solvent Dipping time, Curing Substrate
min temperature, °C
[32] ZAD + NaOH Ethanol 2 170 for 10 min cotton
[33] ZAD+TEA 2-MeOH 150 Fabric
[34] ZAD + NaOH Ethanol 5 170 for 10 min  Cotton/PET/Nylon
[1] ZAD+ NaOH Methanol 10 170 for 10 min PET
[8] ZAD + TEA IPA 10 95 for 8 hr Nylon
[35] ZAD + NH3 H,0 10 120 for 1 hr Cotton

Four types of ZnO seed layer coating methods are introduced above, and brief
characteristics of each process are summarized in Table 2-5. Based on the literature
background and summaries, solution-based fabrication of inorganic materials on fabric
materials can be good approach instead of physical vapor deposition or chemical vapor
deposition [2]. It is also known that the structure properties of ZnO (size, crystallinity, and
shape) can be easily altered by parameters in solution-based process [9]. Especially, DPC
coating seems to be most favorable to coat ZnO thin films for gas sensing layer owing to its
low process temperature and uniform thin layer formation. However, little attention has been
paid to the investigation of ZnO nanostructures driven by fabric types and their properties. In
this section, not only process comparison is performed to coat ZnO on wearable substrates,
but ZnO nanoparticles and nanorods also are grown on various fabrics such as cotton, PET,
and nylon by chemical solution process. The growth behaviors of ZnO nanostructures on

fabrics and their properties are characterized.
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Table 2-5. Summaries of deposition methods of ZnO seed layer [35-38].

Sputter Sol-gel EPD DPC
Coating at RT Coating at RT
Working
High vacuum Pyrolysis at Coatingat RT ~ Coating at RT
Condition
pressure 300 °C
Annealing at
Treatment No treatment No treatment Cured at 150 °C
600 °C
Uniform Uniform Simple process  Deposition in
Pros
deposition deposition Complex shape ~ complex shape
Poor adhesion Formation of
Only deposited High working
Cons Conductive ZnO at low
on exposed area temperature
Substrate temperature

2.2. Compositional gradient effect of catalysts on gas sensing performance to reduce

operating temperature and to enhance gas selectivity.

Semiconducting metal oxides, such as WO3;, SnO, and ZnO, have been attracting a

sustained interest for gas sensing applications because of their excellent gas responses [4,12].

Especially, ZnO is one of those semiconductors that has been widely investigated over the

past decades in some commercially available gas sensors for a variety of combustible and

toxic gas detections [3,5]. Most ZnO gas sensors use either thin film technologies or 3-D

nanostructures to enhance their sensing ability. While the first-generation gas sensors have

been investigated as the early gas detection to prevent fire and gas hazards, efforts to research
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and develop ZnO based gas sensors have still to be devoted to achieve multiple gases sensing
detections with greatly improved sensing performance. Especially, use of gas sensors has
become broaden, and adapting gas sensing components on garments has been explored for
medical purposes. Meanwhile, efforts to overcome the limitation of semiconducting gas
sensors such as high operating temperature have been focused [39,40]. Most of
semiconducting gas sensors including ZnO based sensors require several hundred degree to
activate the molecules to react with surface gases. However, this high operating temperature
IS not suitable to adapt gas sensors on patient’s garment to monitor their health conditions.
There have been several approaches to reduce the operating temperature of gas sensing
devices by controlling the band gap of semiconducting materials or changing structure of
coated layer [40,41]. But, these approaches are not sufficient by reducing the working
temperature of the sensors only several tens of degree. The most feasible approach in this
respect seems to develop catalysts on supporting materials [39]. Adapting catalysts is the well
known approach to increase active sites so that it promotes not only to react with surface

gasses at a lower temperature but also enhance gas selectivity towards a variety of gasses.

Figure 2-3 below illustrates the concepts of sensing mechanism of semiconducting
materials (especially n-type semiconductor) and effects of catalysts on the supporting
materials. In Figure 2-3 (a), individual grains of n-type semiconductor in electrical contact
are described. Specifically, each grain adsorbs oxygen on the surface, where the conduction
band is generated at the near-surface region as adsorbed oxygen has extracted the conduction
electrons from the materials leading to an insulating surface layer. Therefore, for conduction,
the electrons inside of grains need to jump to the next grain by passing through the insulating

layer.
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Figure 2-3. Schematic diagrams of (a) sensing mechanism of pure metal oxide, (b) spill-over
mechanism of catalyst on the surface of metal oxide, and (c) Fermi energy control of catalyst

on the surface of metal oxide [39].

Based on the illustration, the insulating layer is related to oxygen concentration (O, or O°)
and the generated layer is directly expressed as a barrier (Vs). Then, the concept of qVs is
where Vs increases as the concentration of O™ increases and the density of electrons (Ns) are
given by the Boltzmann equation as shown in Equation (2): Nq is the density of donors, k is
Boltzmann coefficient, and T is temperature. Therefore, the more amount of oxygen exists on
the surface; the higher barrier is generated, and the fewer electrons can be transferred to the
next grains resulting in higher resistance of the material. The term of RH, in Equation (3)
refers to reducing agent representing catalysts on the surface. The concentration of RH,
involves in controlling the concentration of O" to modify the conductance barrier. Therefore,
the existence of catalysts on the metal oxide surface plays an important role in gas sensing

performances.
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O, +2e > 20 (1)
Ns = Ng exp (-qV/KT) (@)

RH, + 20" = RO + H,0 + 2¢’ (3)

Once the catalysts are considered as important parameters to enhance gas sensing
performances, understanding of the catalyst mechanisms is required. Two main mechanisms
are introduced in the literature as shown in Figure 2-3 (b) and (c) called “spill-over” and
“Fermi energy control.” Following Equations (4) — (7) explain how the concentration of
oxygen is controlled by spill-over mechanisms. When the catalysts induce hydrogen and
oxygen dissociation, it speeds up the overall reaction. Therefore, the resistance of the devices
decreases rapidly as the concentration of catalysts (reducing agent) increases. Then, it results

in the electrons to jump to the next grains easily.

2Pt + Hy > 2Pt-H (4)
2Pt- + O > 2Pt-0 (5)

2H- + O > H,0 +e- (6)
RH, + 20" > RO + H,0 + 2¢° (7)

Fermi energy control is directly related to the migration of catalysts to the intergranular
contacts with good dispersion. As the catalysts react with surface oxygen, it automatically
removes the electrons from the semiconducting material with affecting the depletion of
electrons. A few catalysts only affect small changes in depletion layer but adequate catalysts
contribute to the overlap of the depletion regions and to extend to the intergranular contacts
as shown in Figure 2-3 (c). These phenomena influence to the Fermi energy level and the

surface barrier at the same time. Therefore, it is important to adjust the amount and dispersion
16



of catalysts on the surface of semiconductors.

Table 2-6 supports the effect of catalysts on metal oxide gas sensing behaviors. It has
been proven that the catalysts enhance the gas response and lower the sensing temperature.
However, these results still did not reach the room temperature gas sensing by the catalysts
and the investigation was only focused on single catalyst behaviors on the metal oxide. In this
section, the research will be more focused on the operating temperature to demonstrate gas
sensors on wearable substrates and effect of combined catalysts with composition gradients.
To explore the composition gradient of catalysts, Pt and Pd mixture and Pt and Ti
combination were performed as the ratio of the metal catalysts were changed with distance

[50-55].

Table 2-6. Effect of catalysts on gas response and sensing temperature.

Sensing
Ref. Materials  Catalysts Methods Target gas  Gas response
Temp (°C)
Pd: x 4 Pd: -100
Sputter/evap
[42] WOs3 Pd, Pt, Au NO,/NO Pt: X 2 Pt: -150
oration
Au: x 3 Au: -100
[43] SnO; Pt Pulsed laser CcoO X 2.5 -100
Chemical CzHeOH/ Ru: x 12
Ru, Rh, Ru: -170
[44] ZnO precipitation/ CqHao/ Pt: x 4.7
Pt, Au Pt: -70
sintering H, Ag: X 2
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[45] SnO; Pd Vapor grown O,/H; x 10 -

[46] SnO; g Ag Aerosol route  Ethanol x3 -
[47] ZnO Cu Sputter CO X 2.7 -150
[48] SnO; Pt Sputter CH4/H, X2 -
Carbothermal
[49] ZnO Au NO, X2 -150
route

2.3. Exploration of alternative materials to achieve room temperature detection.

Graphene, a monolayer of graphite, has been attracted in recent years due to its
outstanding mechanical, thermal, and electrical properties [56,57]. Graphene has extremely
high electron mobility and excellent electron transport at room temperature for applications in
various electric devices including gas sensors [58,59]. The derivatives of graphene have also
been investigated to improve the device performance. Graphene oxide (GO), a graphene sheet
decorated with oxygen functional groups such as epoxy group (R-O-R), hydroxyl (R-OH),
and carboxyl group (R-COOH), can be an ideal derivative for gas sensing application because
GO contains a diverse range of surface sites whose density is easily controlled [60,61]. GO is
made by the Hummers method mostly using natural graphite flake to make GO. This method
makes it possible to obtain chemically modified graphene in large scale production. On the
other hand, electrical conductivity becomes weaker (6 x 10° S/m) due to the oxygen-
containing groups. Table 2-7 shows that several researches based on pure graphene gas
sensors fabricated by traditional methods such as scotch tape. They demonstrated room
temperature gas sensors are owing to excellent electrical properties of graphene such as easy

electron transfer through double carbon bondings [64,65]. Additionally, many groups
18



explored the reduction of graphene oxide for the mass production of modified graphene and
demonstrated gas sensing performance at room temperature. These groups showed feasible
gas sensing performance with r-GO owing to its functionalization as well as mass production
of the films. Such functionalization can be obtained by many different ways including
thermal reduction that converts GO from an insulator to a semiconductor [62]. The reduction
can modify the number of active sites reacting with gas molecules and its influence on
electric transport. Therefore, most works reporting on gas sensing were focused on reduced or

modified GO rather than pristine or non-treated GO [57,59,63].

(a)
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Figure 2-4. (a) Schematic of the crystal structure of graphene oxide and (b) SEM image of a

GO sheet bridging the electrodes [56,59].

Table 2-7. Researches of gas sensor development based on graphene oxide.

Ref. Reduction Conditions Working Temp (°C) Gas type ppm
[59] Hydrazine RT NO, 100
[63] 600 °C in H, and NH3 RT NO, 10

[64] Pure graphene RT NO; 100
[65] Pure graphene 22 - 60 CO; 100
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[66] 120 °C for 1 hr 150 NH3 65

[67] Hydrothermal RT NO; 2
[68] Plasma reduction RT CO; 750
[69] Not treated RT H> 1000
[70] Hydrazine RT NH3 50

Reduction process has been performed, and understanding of reduction process to control
the electrical and sensing properties of GO is important. Three main reduction methods are
reported to transform GO to graphene: chemical reduction, optical reduction, and thermal
reduction as discussed in the introduction section. Chemical reduction of GO is conducted by
using chemical reagents at room temperature or by moderate heating. Chemical reagents for
the reduction are hydrazine, metal hydrides, and HI. These chemicals help to change the ratio
of GO and C/O to convert GO to r-GO. Hydrazine is soluble in polymer DMH or ammonia as
a surfactant to reduce GO. However, it is hazardous chemical reagent [59,70]. NaH, LiAlIH,,
and NaBH, are examples of metal hydrides and especially NaBHy, is the most effective for the
reduction of C=0 species but this reduction requires H,SO, pretreatment [71]. HI is well
known and most effective chemical reagents for reduction [72]. To overcome the harmful
environmental conditions of chemical reduction, thermal reduction has been attracted. This
method is conducted after obtaining GO powder or films. Firstly, it occurs over 2000 °C to
form GO powder within very short time. However, the temperature becomes lower to
1000 °C to obtain GO films under Ar and H;, atmosphere as increasing reduction time. This
high temperature is required to evaporate most of the oxygen groups; however, recent

researches take lower temperature below 1000 °C to get the intermediate state (r-GO) to
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explore its semiconducting properties. Table 2-8 shows the advantages and disadvantages of

each reduction method. Based upon this consideration, the thermal reduction has been

adapted for this dissertation. Additionally, Figure 2-5 shows how to analyze the conversion of

GO to r-GO by reduction methods.

Table 2-8. Advantages and disadvantages of each reduction methods [56,59,73]

Advantages

Disadvantages

Chemical reduction Low-temperature process

Toxic environment

Optical reduction Low-temperature process  Poor results in transform
Thermal reduction Non-toxic environment High temperature
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Figure 2-5. Individual XRD plots of graphene oxide/graphene films obtained at RT to

1000 °C [74].

Based on these backgrounds, gas sensing performance and behavior of non-reduced GO
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films have been rarely emphasized. Additionally, the transition in gas sensing behavior by
thermal reduction has also not been a focus. In this paper, we report the gas sensing behaviors
of non-reduced GO. Then, n-p transition in the gas sensing behavior of GO films with
thermal reduction is reported. The bond structure and phase change from GO to r-GO are
suggested to explain gas sensing properties of GO and r-GO films. The prototype to combine
GO and reduced GO by simple heat treatments would provide practical solutions to construct

a sensor array with selective and sensitive recognition of various gasses.

2.4. Investigation of combinatorial structure for gas selectivity.

As discussed in previous section, GO is obtained by Hummers methods with various
oxygen functional groups, having hydroxyl and epoxies functional groups on their basal
planes as well as carbonyl and carboxyl groups located at the sheet edges [60,61]. This results
in the large-scale synthesis of graphene sheets having comparable properties. However,
modified GO for graphene sheet could not reach 100 % to match its properties. To overcome
and compensate challenges, GO based composites have paid attention. These nanocomposites
have been reported as a radical alternative to conventionally filled nanomaterials [75].
According to the hydrophilic nature of GO, GO in aqueous solution is not compatible with
most organic materials. Therefore, inorganic materials such as ZnO and SnO, are good
candidates to make nanocomposites. One of the advantages of the nanocomposites is
enhancing electrical properties by increasing charge carrier or mobility of electrons. This
phenomenon also contributes to overcoming the challenges of r-GO based gas sensors as well
as metal oxide gas sensors as summarized in Table 2-9. Additionally, illustration of the
composite and the crystallographic unit cell of the selected metal oxides were shown in

Figure 2-6.
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Table 2-9. Advantages and disadvantages of r-GO and Metal oxide gas sensors [56-58,76,77].

Benefits Challenges

= High surface area (2600 m%/g)
= |nstability
= Excellent semiconductor
r-Go = Long recovery time

= Good electrical properties
= Varies with surface defect

= RT sensing

= Stability
Metal = Good semiconductor
= Higher operating temperature
Oxide = Good sensitivity

= Low production cost

Nﬂz + 01“-_' NU-+ 02

Figure 2-6. Schematic of (a) the proposed gas sensing mechanism of r-GO/SnO, by NO, gas

and crystallographic structure of (b) ZnO and (c) SnO, [76-78].

Investigation of the r-GO and metal oxide composites was conducted to explore the gas

sensing properties. Layer by layer structure and intercalation structures were fabricated via
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different methods as shown in Table 2-10. These articles reported that enhancement in

properties of the composite is owing to the high surface area and excellent electrical

properties of r-GO and the interaction between the r-GO and the metal oxide. However, most

researches were focused on r-GO films combining with metal oxide, and the specific

explanation of the interaction between two oxides was not clarified yet. Therefore, non-

treated GO and metal oxide composite were investigated, and the gas sensing mechanism of

the composites was specified. Moreover, the research showed the improvement in gas

response as catalytic effect and gas selectivity to VOC gases.

Table 2-10. Trends of gas sensor development of r-GO and metal oxide mixture.

Ref. Materials Structure Method Sensing  Gas type Conditions
type
[79] r-GO +2zZnO Layer Spray — n-type H,S 2 ppm @ RT
hydrothermal

[80] r-GO+WO3;  Mixture Drop coating p-type Alcohol 100 - 200 ppm
@ 300 °C

[81] r-GO+SnO, Mixture Drop coating p-type Propanol @513 K

[82] r-GO +2ZnO Layer Drop coating p-type Ethanol 10 - 50 ppm
@ 300 °C

[83] r-GO +Sn0O;, Layer Mini-arc reactor  p-type NH; 1-100 ppm
@ 300 °C

[67] r-GO + Cu,O  Mixture Hydrothermal p-type NO; 04-2ppm@

RT
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[84] r-GO + WO; Layer Drop coating p-type NO; 5ppm @
250 °C
[85] r-GO+2ZnO  Mixture Spin coating p-type CO 22 ppm @ RT
[86] r-GO +SnO;  Mixture Hydrothermal p-type NH; 10 - 50 ppm
@ RT
[87] r-GO +SnO;  Mixture Painting n-p type NO; 8 ppm @
250 °C
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CHAPTER 3. EXPERIMENTAL SET UP

3.1. Device fabrication

Three types of substrates were used to characterize deposited sensing materials and
fabricate devices to measure gas sensing properties: Si wafer, polyimide film, and fabrics. 4”
SiO,/Si wafers were selected as reference substrates, which are rigid and form amorphous
structure. Polyimide films were representative substrates as flexible substrates. It was chosen
as an intermediate step to adapt gas sensing devices to wearable substrates. Fabrics were
target substrates to embed sensing components. Cotton, nylon, and polyester were used to
coat sensing materials and adapt electrodes on them. Fabrics are greatly flexible and have
excellent mechanical properties such as elongation, and resistance [1]. Table 3-1 covers
mechanical properties of generally woven fabrics. However, it still has several disadvantages
as a substrate: high absorption rate toward solvent and low melting point to be burnt or
damaged [3]. Long-chains of polymer make fabrics then it is weak against heating. Therefore,

heating is most concern to handle the wearable substrates.

1N

éi wafer Polyimide

Solid/rigid substrate Flexible substrate Wearable substrate

Figure 3-1. Change of research focus on substrates from Si wafer to wearable substrates.
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Table 3-1. Mechanical properties of general woven fabrics [2].

Reinforcement type Flat tape
Young’s modulus E (GPa) 6.2
Failure strength o (MPa) 370

Failure strain & (%) 16

Density p (kg/m?) 932

My 56,100
M 325,000
Tape width (mm) 2.5
Tape thickness (mm) 0.046

Filament bundle diameter (mm) -

Denier (g for 9000 m) 1030

Once substrates were selected, conductive electrodes must be patterned on the substrates
to measure the change of electrical signal. A variety shape of electrodes had been used for
bulk and micro system, however, as devices become miniaturized, electrodes having large
capacitance have been considered in small scale. Therefore, interdigitated electrodes were
patterned on substrates rather than patterning dots to measure the resistance through sensing
layers. The interdigitated electrodes were designed to enlarge the surface area in same
dimension resulting in larger conductivity [4]. The arrays of electrodes were engraved on 75
X 75 x 0.5 mm stainless steel plate as shown in Figure 3-2 (a). The each electrode had 500 um

width and 400 pm distance between electrodes. The size of one device was 10 x 5 mm. Each
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device was cut by cutting tools such as diamond cutter for the SiO,/Si wafer to coat a sensing

layer on the top of the electrodes for sensing performances.

|

(a) Shadow mask AH H (b) On SiO,/Si wafer | ‘

c) On Polyimide film |
N EEEL]

HEEEHE
T
T

”qu TR 1

Figure 3-2. Images of (a) shadow mask of interdigitated electrodes and (a) patterned

electrodes on SiO,/Si wafer, (c) on polyimide film, and (d) on cotton paper.

Before patterning the interdigitated electrodes, the substrates were cleaned using ultra-
sonicator (Brason, 3510) in ethanol and D.I water for 5 min. each. The cleaned and dried
substrates were now ready to be used as substrates. The substrates were placed inside of the
magnetron-sputter chamber (Discovery 18, Denton Vacuum) as described in Figure 3-3. Pt
target (Lasker, 99.9 %) was used as electrode materials, which has good electrical
conductivity and resistance to being oxide [5]. However, for Si wafer, Ti (Lasker, 99.9 %)
target was also required as an adhesion layer between the substrate and Pt layer. Once the
chamber vacuum became below 5 x 10° mTorr, sputter deposition was ready to perform
under Ar atmosphere. RF sputter was conducted to coat Ti layer (10 nm) if it was required,

then, DC sputter was performed to deposit Pt layer (100 nm) over the substrate (detail
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deposition conditions were listed in Table 3-2). Now, the gas sensing platform was ready to

have sensing layers on the top of the electrodes.

Figure 3-3. Schematic diagram of inside of the sputter chamber

Table 3-2. Sputter deposition conditions for material preparations.

Power Power Time Estimate Ar O, Working

type (W) (sec) thickness (sccm) (sccm) Pressure

(nm) (mTorr)
Pt D.C. 100 300 100 25 0 4.3
Ti R.F. 400 25 10 25 0 4.3
ZnO R.F. 80 2500 80 20 2 5.0
Pd R.F. 100 30 42 25 0 4.3

3.2. ZnO deposition

Four types of deposition methods were employed to coat ZnO seed layer: sputter

deposition, sol-gel coating, electrophoretic deposition (EPD), and dip-pad-cure (DPC)
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coating. Then, ZnO nanorods were grown via thermolysis assisted chemical solution method.

3.2.1. Sputter deposition

ZnO ceramic target (Lasker, 99.9 %) was prepared to use the Discovery 18 sputter
machine. The target was installed in RF position. Most of the dielectric materials are
recommended to use RF power to take out molecules from the target [6]. The distance from
the target to substrate kept in 4”. The process vacuum condition was below 5 x 10°® mTorr
and the pressure inside of the chamber while deposition kept as 5.0 mTorr to supply sufficient
electrical properties of ZnO. Also, argon and oxygen gas were used simultaneously in the
ratio of 20:2 to supply enough oxygen amount to perform the stable and more stoichiometric
ZnO films [7]. 80 W of power was supplied to coat 80 nm of ZnO films as a seed layer

(details were described in Table 3-2).

3.2.2. Sol-gel deposition

Zinc acetate dihydrate (Aldrich, (C;H30,)2Zn-2H,) was dissolved in 2-methoxyethanol
(Aldrich, C3HgO,) with different chelating agents, i.e. diethanolamine (DEA, Aldrich,
HN(CH,CH,0H),) or monoethanolamine (MEA, Aldrich, NH,CH,CH,OH). The molar ratio
of zinc acetate and the chelating agent was 1:1 and the concentration of the precursor solution
were 0.5M. The solution was stirred at 80 °C for one hr to get the homogeneous solution and
cooled at room temperature for 24 hrs. The pre-synthesized solution was dropped on the
substrates and coated by spin coater (WS-400-LITE, Laurell Technologies Corporation),
rotated at 3000 rpm for 30 sec. Pyrolysis was performed by preheating the substrate at 250 —

300 °C for 10 min to evaporate organic solvents and to break the network chains to form ZnO
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[8]. The spin-coating containing preheating procedure was repeated three times to get 80 nm

thickness. Then the films were annealed at 600 °C for one hr in a furnace.

3.2.3. Electrophoretic deposition (EPD)

Commercial ZnO nanoparticles (Aldrich, 100nm) were purchased. 0.6 wt% of ZnO
suspension was prepared in 60 ml isopropyl alcohol (Aldrich, IPA). 0.1 g of PEI (Aldrich,
polyetherimide, (Cs7H2406N2),) was used as charging agent to ionize ZnO nanoparticles in
IPA [9]. The suspension was ultrasonication for 30 min before use to obtain a well-dispersed
suspension. This stable suspension was kept for 5 hrs. 1 x 1 cm of stainless steel plate was
chosen as a counter and working electrode. The distance between two electrodes was kept as
1 cm. The electrodes were immersed into the suspension, and constant voltage (100V) was
provided to attract the charged ZnO nanoparticles from the suspension by a power supplier
(Agilent, 6645A). The Deposition time was one min to obtain one um thickness. After

deposition, the coated layers were dried in ambient conditions overnight.

3.2.4. Dip-pad-cure (DPC) deposition

Woven cotton (138 + 2 g/m?), PET (62 + 2 g/m?), and nylon (65 + 2 g/m?) with fiber
thickness of about 17 um were used. These fabrics were ultrasonicated in ethanol and water
for 5 min. These were then dried at 50 °C overnight and cooled to room temperature prior to
ZnO growth. A transparent nanosol of ZnO was synthesized to grow a seed layer. Zinc acetate
dehydrate (Aldrich, (C,H30,),Zn-2H,, 0.04 M) and sodium hydroxide (Aldrich, NaOH, 0.12
M) were dissolved in ethanol for 2 hrs at 60 °C. Coating ZnO seed layer on fabrics using the

ZnO nanosol was performed DPC method in the ambient conditions. The cleaned pieces of
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fabrics were immersed in the ZnO nanosol for 5 min. and the piece was then padded with a

padder with constant pressure, 10 kg/m® The padded fabrics were air dried for 20 min at

room temperature and cured at 150 °C for 10 min to remove the organic solvent [10].

3.2.5. Thermolysis assisted chemical solution methods

Zinc nitrate  hexahydrate

(Fisher

Scientific, Zn(NOgs),-6H,O, 0.01M) and

hexamethylenetetramine (Aldrich, HMT, CgHi2N4, 0.01M) were dissolved in 400 ml

deionized (DI) water, followed by mixing for 24 hrs under stirring at room temperature. The

substrates were immersed in the prepared solution, and the solution was dipped in a hot water

bath (Iso Temp 202, Fisher Scientific) for 4 hrs at 85 °C to grow ZnO nanorods. After 4 hrs,

the substrates were rinsed with DI water then dried in the ambient conditions. In this manner,

ZnO nanorods were grown to c-axis preferred orientation as described in L. Vayssieres group

[11].

Substrate
preparation

Electrode
patterning

L

eed layer coatma ‘ ZnO NR growth

Figure 3-4. lllustrations of fabrications of ZnO based gas sensing device.
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3.3. SnO; deposition

To deposit SnO, nanoparticles by EPD, commercial nanoparticles were purchased. The
size of SnO;, was 20 nm and 450 nm to compare. To perform EPD to coat SnO, nanoparticles
uniformly, the particles were added to a various solvent such as isopropyl alcohol, ethanol,
and water to obtain stable condition. Selection of solvent was one of the most important
factors to obtain stable suspensions. In the case of dielectric constant, the proper range for
EPD was between 12 to 25. Below that number, the deposition would fail because of
insufficient dissociative power, while above the number, the high ionic concentration in the
suspension reduced the size of the double layer region and electrophoretic mobility [9]. For
deposition, 0.1 wt % of SnO, suspension was prepared in 60 mL IPA. The charging agent was
used with PEI. The mixed suspension was unltrasonicated for one hr to get a well-dispersed
suspension. 1x1 cm stainless steel or electrode patterned polyimide films were prepared as
substrates. DC power supplier was connected to each working and counter electrode to
provide electrical field. The distance between working and the counter electrode was 1 cm.
Applied voltage was varied from 50 V to 100 V to get uniform films for 1 min. After

deposition for several min., the coated films were dried overnight under ambient condition.

Table 3-3. Information of solvent used for EPD process [9, 12].

Dielectric constant Polarity index Conductivity
Water 80.4 9.0
Ethanol 24.3 5.2 Not specified
Acetone 20.7 6.2
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IPA 17.9 3.9

3.4. Graphene oxide deposition

Three deposition methods were employed to coat graphene oxide (GO, Graphene
Supermarket®) films: drop coating, spin coating, and EPD. After coating the GO films, the

thermal reduction was selected to obtain reduced graphene oxide (r-GO) films.

3.3.1. Drop coating

To coat GO on the electrode patterned substrates, drop coating was firstly used since
aqueous GO suspension was known to be hydrophobic. Using a syringe, a droplet of GO
suspension (0.1mL) was dropped on a glass piece and a patterned substrate and dried

overnight at room temperature.

3.3.2. Spin coating

Spin coating was also employed to obtain a thin layer of GO. It is well understood that
the slippery hydrophobic surface of glass or oxide layer will exhibit a low contact hysteresis
to make a water droplet with graphene flakes roll off easily [13]. Thus, three steps of spin
coating were conducted to spread the dispersion gradually and to prevent rolling off. The
deposition condition was adjusted based on the literature and spin speed is 500, 800, and
1600 rpm for 30 sec each in sequence with 12.5 g/L of graphene oxide solution [14,16]. For

low concentration of GO solution, the speed of spin coating was reduced down to 125 rpm
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for 30 sec and then gradually increased. A few drops of the GO suspension were cast onto the
substrate using three different spin speeds for higher concentration: 250 rpm, 400 rpm, and
800 rpm for 30 sec each. The deposited GO films were dried at room temperature for 24 hrs.

Then, all samples were dried overnight at room temperature.

Table 3-4. Reported conditions on spin coating of graphene oxide [14 — 18]

Group Solvent Concentration Process approach
J. Liu (2010) Methanol 400 rpm
H.A. Becerril Water 15 g/L 500 rpm 800 rpm 1600 rpm
(2008) (30s) (30s) (30s)
J. Wu (2008) Water 15g/L 500 rpm 800 rpm 1600 rpm
(30s) (30s) (30s)
S. Wu (2010) Methanol 0.5¢/L 4000 rpm
V.C. Tung (2009)  Methanol 1g/L 1000 ~ 2000 rpm

3.3.3. Electrophoretic deposition (EPD)

Commercial GO solutions dispersed in water were used. Typical flake size is 0.3 to 5 pm
and thickness is one atomic layer. Three different concentration including 0.5 g/L and 5.0 g/L
were examined to find optimal deposition conditions of GO films. A piece of stainless steel
and polyimide films were used as a substrate for EPD process. The substrates were cleaned
with ultra-sonication in acetone for 10 min to eliminate dust and oil on the surface of the
substrates. Pt electrodes were patterned on the polyimide film by sputter deposition method
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for a resistance measurement to detect gasses layer. To coat GO on each substrate, EPD was
employed. Well dispersed and charged GO flakes are ready to be attracted by the electric
force. Negatively charged flakes were attracted to positive electrode for coating. Under
certain voltage (10 V and 5 V for 0.5 g/L GO and 5.0 g/L GO respectively) for 1 min, the

coated films were dried overnight at room temperature under ambient condition.

3.3.4 Thermal treatment

After drying the coated samples at ambient conditions, the thermal reduction was
conducted to control the amount of functional groups in GO thin films. The thermal reduction
was typically performed using a tube furnace (Lindberg/Blue M) with flowing Ar gas (200
kPa). A series of samples were prepared by annealing at 50 °C, 100 °C, 150 °C, 200 °C, or
500 °C for 1hr. Then the samples were taken out from the furnace right after one hr thermal
reduction. The samples were placed in the air to cool them down overnight. The desiccators

were used to store the reduced samples to minimize the influence of environmental humidity.

Substrate Electrode =
preparation patterning | Sensing layer coating

Figure 3-5. Illustrations of device fabrications with GO layers.
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3.5. Materials characterization

The morphologies of thin film surface were characterized by SEM (scanning electron
microscopy, JEOL), and the crystalline structure of the films were analyzed by XRD (X-ray
diffractometer) and Raman spectroscopy. EDS (electron dispersive spectroscopy) was
employed for material compositions. Profilometer (Veeco, Dektak 150) was used to measure
the film thickness. Chemical bonding structure was analyzed by FTIR (Fourier
transformation infrared) and XPS (X-ray photoelectron spectroscopy). Solvent evaporation
and bonding change were analyzed by DSC (Differential scanning calorimetry). The UV-Vis
diffuse reflectance spectroscopy (Avantes) was used to analyze the reflectance and band gap
information of the samples. I-V measurement was also conducted to investigate the electrical

properties of the samples.

Table 3-5. XRD specification.

Wavelength Range Step size X-ray

1.54A 5~50° 0.25 40kV/20mA

Table 3-6. Specification of Raman spectroscopy

Grating # Range Exposure time Slit size

2400 325 ~441.56 nm 20 sec 0.1 mm

Table 3-7. Specification of FTIR spectroscopy

Spectral resolution Range Wavelength precision ~ Minimum signal to
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nose ratio

<1lcm? 500 ~ 4000 cm™* 0.01 cm™ 20000:1

3.6. Gas sensing measurement

Gas sensing behaviors were measured as described in Figure 3-6. The system used gas
bubbles as a gas delivery control method. Two gas cylinders, which were oxygen and
nitrogen, were prepared to generate the bubbles in the system. The amount and flow rate of
the gasses were controlled by a MFC (mass flow controller). Once the air mixture was flew
into the liquid source, spherical bubbles were generated and flow into the gas chamber. The
resistance change of the sensor was measured by a Keithley 2400 source meter. Two
conductive pin points located in the interdigitated electrode were used to extract the
resistance signals, and the data was recorded on a personal computer running the custom
Labview software. The sensing temperature could be controlled by a temperature controller if

it were required. Then, the gas responses were calculated by following equation (1):

Gas response = Ri/Ry 1)

, Where R;j is initial resistance and Ry is the resistance of the gas atmosphere [15].
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Figure 3-6. Schematic diagram of configured parts, gas cylinders, temperature controller,

MFC (Mass Flow Controller), and data acquisition computer run by NI Lab VIEW.

Table 3-8. Information of organic gases for gas sensing performance.

Molecular Polarity Groups Concentration,
Formula ppm
Ethanol C2HeO 5.2 Non-benzene 100
Formaldehyde CH,0 Non-benzene 100
Toluene C7Hs 24 Benzene 100
Styrene CsHs Non Benzene 100
Xylene CgHio 2.5 Benzene 200
Benzene CeHs Non Benzene 200
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CHAPTER 4. PROCESS DEVELOPMENT TO ADAPT GAS SENSORS ON

WEARABLE SUBSTRATES.

4.1. Process development of ZnO

Four deposition methods to coat ZnO seed layer were investigated: sputter deposition,
sol-gel coating, electrophoretic deposition (EPD), and dip-pad-cure (DPC) coating. ZnO seed
layer was deposited on various substrates such as nylon fabrics, stainless steel, or SiO,/Si
wafer according to the applicability of each processing method. After coating ZnO seed layer,
ZnO nanorods were grown on the seed layer to make the 3-D structure of gas sensing layer

for improvement on sensing performance [1].

Figure 4-1 shows SEM images of ZnO seed layer deposited via RF-sputter with 80 W for
2500 sec under 20:2 Ar to O, atmosphere and ZnO nanorods on the seed layer and nylon
fabrics. Even though sputter deposition requires high vacuum conditions such as 5 x 10°
mTorr, ZnO nanoparticles were successfully formed with 80 nm thickness on nylon fabrics
with good adhesion at room temperature. As taking the seed layer as nucleation assistance,
ZnO nanorods were grown with good coverage on the surface of the woven fabrics with 1.5
um in length and 100 nm in diameter. However, as described in the literature, thin films
deposited by sputter have coverage limitation, which means that only exposed area, can be
coated [2]. Therefore, such woven fabrics having complicated structure are hard to be coated

with uniform coverage via sputter deposition.
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Figure 4-1. SEM images of (a) ZnO seed layer (x10k) deposited by RF-sputter method and (b)

ZnO nanorods (x10k) on the seed layer on nylon fabrics.

The second approach to deposit ZnO thin films was a sol-gel method on SiO,/Si wafer.
Figure 4-2 presents morphology of ZnO thin films and ZnO nanorods on the seed layer. Via
sol-gel process, ZnO seed layer was deposited with around 80 nm in thickness after 5
repeated processes. Each grain and grain boundary were observed clearly with high
magnifications. In spite of uniform deposition on the substrates, pores were observed from
the sol-gel film. The reaction mechanism was described from (1) — (4) equations. This
reaction contains hydrolysis at the reaction (2) to (3) and condensation process at the reaction
(3) to (4). As shown in Figure 4-2 (b), c-axis oriented ZnO nanorods were grown on the ZnO
seed layer by sol-gel process. The ZnO grains from sol-gel method had also preferred
orientation to c-axis, but sol-gel approach has process limitation to demand pyrolysis and
post-annealing to evaporate the organic solvent and form ZnO nucleation sites [3]. Such limit
requires higher working temperature such as 300 °C for pyrolysis and 500 °C for post-
annealing, which is the reason SiO,/Si wafer was employed for the deposition test. Therefore,

sol-gel deposition is not suitable to apply to common wearable substrates.
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CoHs04Zn + NH30 (1)

Zn** + H,0 (2)
HOZn** + HO® (3)
ZnO 4)

Figure 4-2. SEM images of (a) ZnO seed layer (x100k) deposited by sol-gel method and (b)

Zn0O nanorods (x30Kk) on the seed layer.

To overcome temperature limitation of the sol-gel method, EPD was applied to apply to
wearable substrates. Figure 4-3 displays topography of ZnO nanoparticles via EPD and ZnO
nanorods grown on the nanoparticles. Under 100 V for 1 min, ZnO nanoparticles (100 nm)
were well attached on stainless steel substrates. The film thickness was measured with around
one um, which is fairly thick as a seed layer. In this EPD method, different topography of
ZnO nanorods was observed. ZnO nanorod shape was hard to find in Figure 4-3 (b). This
result is mainly due to non-preferred orientation of ZnO nanoparticles by EPD. Round shape
of the nanoparticles can provide nucleation sites and let ZnO nanorods to grow all around the
surface. However, space to grow nanorods seems to be limited. The growth of the nanorods
only contributed to the increase in the film density by packing pores in the film. Such denser

structure may degrade the gas sensing performance by applications as reducing the reaction
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sites where the number of sites is much higher in porous 3-D nanostructure [1]. In addition,
since EPD requires conductive substrates to attract particles from suspensions [4], it can be

limited to fabricate diverse electronic devices.

Figure 4-3. SEM images of (a) ZnO seed layer (x15k) deposited by electrophoretic (EPD)

method and (b) ZnO nanorods (x15k) on the seed layer.

The other suggested method called DPC was also used to coat ZnO on wearable
substrates. Figure 4-4 shows well coated ZnO seed layer via DPC process on nylon fabrics
and randomly grown ZnO nanorods on the seed layer. The ZnO seed layer was successfully
deposited on nylon fabrics at low temperature such as 150 °C without any damage to
substrates. The suggested reaction mechanism was discussed from (5) to (7) equations. This
process appears to be very similar to sol-gel process. However, it does not contain hydrolysis
and condensation step. The coated ZnO seed layer had 100 nm thickness covered with
nanoparticle shape. Due to the particle-like seed layer, ZnO nanorods were randomly grown
without preferred orientation. Via DPC coating, ZnO seed layer was fully covered on all
surface of woven fabrics regardless of the exposed area. Therefore, ZnO nanorods were able
to grow anywhere of fabrics including top, bottom, and side locations with good adhesion.

DPC coating method gives a great advantage to coat the sensing layer on the complex shape
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of substrates.

Zn(OAC); + 2EtOH - Zn(Et), + 2AcOH (5)
Zn(OEt); + H,O - Zn(OH), + 2EtOH (6)
Zn(OH); = ZnO + H,0 (7

Figure 4-4. SEM images of (a) ZnO seed layer (x10k) deposited by dip-pad-cure (DPC)

method and (b) ZnO nanorods (x10Kk) on the seed layer.

To compare ZnO growth via each deposition method, XRD characterization was
performed. Figure 4-5 gives the crystalline information of ZnO seed layers and ZnO NRs on
the seed layer. Regardless of deposition methods, three ZnO peaks were observed at 31.7°,
34.4°, and 36.25° representing (100), (002), and (101) planes respectively. Figure 4-5 (a)
described the ZnO formation via sputter method. These peaks explained the ZnO formation
on nylon substrates were randomly distributed, even though the intensity of (002) peak was
slightly higher. ZnO formation by the sputter method provides relatively oriented growth. The
randomly oriented growth of ZnO seed layer may result from round surface of the fabric
substrates not by the effect of the deposition methods according to the references [2,5]. XRD
patterns of ZnO deposited via sol-gel coating show different film orientation as shown in

Figure 4-5 (b). A remarkably higher intensity was observed at 34. 4°, (002) plane, comparing
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the peak with others at 31.7° and 36.25°. The growth of ZnO towards (002) plane was
expected because (002) plane has the lowest energy barrier to form ZnO crystalline. The
significant difference was clearly observed after growing ZnO NR on seed layers. The
difference in the intensities of the (002) peak and the others was almost 4,000 times. This
difference confirmed that the ZnO by sol-gel promoted c-axis growth of ZnO [6]
corresponding to the morphology shown in Figure 4-2. Completion of the pyrolysis and post-
annealing resulted in only ZnO peaks without intermediate chemicals such as Zn(OH) and
any organic solvents. Figure 4-5 (c) explains randomly distributed ZnO nanoparticles
deposited via EPD on the flat stainless steel substrates. Fairly strong intensities and random
distribution were probably due to the presence of the pre-synthesized nanoparticles from the
suspension that helps thick film form with around one pum. Additionally, no binders were
detected without heat treatment process. ZnO nanoparticles synthesized by DPC were
characterized as shown in Figure 4-5 (d). Randomly oriented ZnO NR peaks were detected,
but small (100) peak was observed from the ZnO seed layer. It was due to the thinner layer
with sub-nanoscale nanoparticles. As depicted in Figure 4-4, the size of the nanoparticles was
less than 20 nm and this weak signal was confirmed by SEM result. However, such thinner
layer was sufficient to prove ZnO formation at a lower temperature of 150 °C used for this

experiment.
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Figure 4-5. XRD spectra of ZnO seed layers (black) and ZnO nanorods (red) on the seed
layer via different deposition methods: (a) R.F. sputter, (b) sol-gel, (c) EPD, and (d) DPC.

The Red square indicates ZnO and the blue dot represents substrate peak.

Figure 4-6 compares XRD patterns of the ZnO seed layers deposited via different
methods. Formation of ZnO was successfully conducted regardless of deposition methods
and XRD peak intensities at (100), (002), and (101) planes. However, the preferred
orientation of the films and film thickness were varied. For the applications on wearable
substrates, sputter deposition, EPD, and DPC coating were favorable methods for low-
temperature deposition of ZnO seed layer. In this study, DPC coating was selected owing to
its uniform formation of ZnO at fairly lower temperature and excellent coverage on complex

substrates.
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Intensity (a.u.)

Figure 4-6. Comparison of XRD spectra of the ZnO seed layers deposited by various

deposition methods. The Red square indicates ZnO and the blue dot represents substrate peak.

Table 4-1 summarizes advantages and disadvantages of each deposition method for

application to wearable substrates. Among four methods, DPC was most favorable to coat

ZnO on garments because of lower deposition temperature for ZnO formation.

Table 4-1. Summary of advantages and disadvantages of deposition methods.

Advantages Disadvantages
Sputter deposition Working at RT High vacuum condition
Sol-gel coating Good coverage High curing temperature
Electrophoretic deposition ~ Working at RT Thick-film formation
Dip-pad-cure method Working at lower Only for flexible substrates
temperature
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4.2. Adaptability of ZnO sensing layer on wearable substrates

As taking the advantages of DPC coating such as low formation temperature and good
coating coverage, DPC coating was employed for further research. To verify the effect of
seed layer on fabric substrates, ZnO NR were grown on the pristine substrates and seed layer
coated substrates. Figure 4-7 shows coverage of ZnO NR on nylon substrates. Figure 4-7 (a)
depicted partially grown ZnO NR on the plain fabrics, however, fully coated ZnO NR was
observed on the substrates with ZnO seed layer as shown in Figure 4-7 (b). This observation

supported the requirement of seed layer for uniform coating deposition [7].

Figure 4-7. SEM images of ZnO nanorods (x10k) on the film without seed layer and with

seed layer deposited by dip-pad-cure (DPC) method.

The SEM images were used to observe the surface morphology of fabric substrates and
ZnO nanorods grown on various fabrics. Figure 4-8 (a), (b), and (c) show the surface
morphology of bare fabrics including cotton, nylon, and PET, respectively. Although weave
types show different patterns, the similar width of fibers (around 17 pm) was used to compare
the growth of ZnO nanostructures. Uniform coverage of ZnO seed layers and nanorods was

obtained for three fabric substrates. Figure 4-8 (d) shows the surface topography of a ZnO
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seed layer deposited by a dip-pad-cure method on nylon fabric. Irrespective of fabric types,
uniform coating of ZnO seed layers was obtained, and similar topography of the ZnO was
observed in this study. ZnO nanorods were then fabricated on bare fabrics and ZnO seeded
fabrics. Figure 4-8 (e) shows ZnO nanorods grown without a seed layer. The ZnO nanorods
were not uniformly grown on fabrics, and the nanorods were larger due to lower nucleation
density. The ZnO nanorods on seeded fabrics show uniform and dense growth along the
vertical direction. But the nanorods’ dimensions were slightly different depending on fabric
type. The size and length of ZnO nanorods on PET are around 50 nm and 1.5 um each. These
typical dimensions of the nanorods were corresponded to the dimensions when similar
deposition conditions for ZnO nanorods and seed layers are used on solid substrates [8,9].
However, the diameter of ZnO on nylon shows about three times larger than on the cotton
and PET, whereas the length of ZnO on the cotton was shorter than one on the nylon and PET.
Since the surface topologies of ZnO seed layers on the three fabrics were similar, the slight
difference in the ZnO nanorods’ dimensions may be attributed to expansion. Moreover,
contraction of fabrics resulting from temperature change and/or possibly solution
impregnation during the growth of ZnO nanorods in aqueous solution. Apparently, the
uniform growth of ZnO nanorods on fabrics requires a seed layer. It appears that solution
growth of ZnO nanorods can be significantly affected by the difference in shape change and

soaking solution depending on fabric types.
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Figure 4-8. SEM images of ZnO nanorods and seed layer on fabrics: bare fabrics (a) of cotton,
(b) of nylon, and (c) on PET, (d) ZnO seed layer on nylon, ZnO nanorods (e) without seed

layer and with seed layer (f) on cotton, (g) on nylon, and (h) on PET.

XRD analysis was performed to confirm the formation and to examine preferred
orientation of ZnO by the dip-pad-cure method on different fabrics. Figure 4-9 (a) shows the
peaks of ZnO seed layers on three fabrics. The peaks of the ZnO seed layers were relatively
weak due to very thin layers, around 80 nm. But the peaks of ZnO are clearly observed at 26
= 31.7°, 34.3, and 36.3° after nanorods growth as shown in Figure 4-9 (b). Preferred [002]
orientation of ZnO nanorods typically found on solid substrates was not observed due to
rougher and more rolling surface of fabrics. The peak intensity of ZnO nanorods on nylon
appears to be slightly weaker compared to those on the other substrates probably. It may be
due to the slightly lower density of ZnO nanorods on nylon fabrics, as can be seen in the

SEM images. XRD and SEM results indicate that low-temperature growth of ZnO seed layers
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and nanorods can be obtained by a combined dip-pad-cure method and a chemical solution

deposition regardless of fabric types.
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Figure 4-9. XRD spectra of (a) ZnO seed layer and (b) ZnO nanorods on fabrics.

The optical properties of nanostructured ZnO on the fabrics were examined using UV-vis
diffuse reflectance spectroscopy. Figure 4-10 (a) shows the diffuse reflectance spectra of bare
fabrics and ZnO nanorods grown on the fabrics. Reduction of the UV light reflection was
observed at around 410 nm on bare fabrics. ZnO coated fabrics showed another reduction in
the UV light reflection at around 380 nm, indicating an increase of UV light absorption due to
ZnO nanorods. The absorption spectra of ZnO was expressed as the Kubelka-Munk function
[F(Rwo)] obtained from diffuse reflectance measurements as shown in Figure 4-10 (b). No
specific absorption peaks in the range from 350 to 400 nm was observed from the fabrics. A
characteristic absorption peak occurred at around 380 nm corresponding to ZnO [10-12]. The
reflectance characteristics can also determine the UV-blocking ability of nanostructured ZnO

on fabrics. The absorbance and diffuse reflectance spectra thus demonstrate good absorption

ability of ZnO nanorods.
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Figure 4-10. Diffuse reflectance spectroscopy of ZnO nanorods on fabrics: (a) reflectance vs.

wavelength, and (b) F(Rw) vs. wavelength.

Electrical conductivity of the ZnO seed layer and nanorods on nylon was characterized
by I-V measurement in dark condition and at room temperature as shown in Figure 4-11. As
with optical properties, electrical conductivity was not significantly affected by fabric type.
The I-V characteristic curves of Al/ZnO seed layer and nanorods show nearly ohmic behavior
in forward or reverse bias. The linear increase of the current with applied bias is due to the
increase of the carrier drift velocity. The electrical current of the ZnO seed layer on nylon was
around 0.1 nA at 5V. The current of ZnO nanorods increased to 15 nA at 5V. Such increase
can result from the increased surface area by ZnO nanorods. Surface-volume ratio of
nanorods contributes to large number of electrons and trapping at surface states affects the

transport of charge carriers [13].
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Figure 4-11. 1-V measurement of (a) ZnO seed layer/nylon and (b) ZnO nanorods/seed

layer/nylon in dark condition and at room temperature.
4.3. Summary and Conclusions

Four deposition methods, i.e. sputter deposition, sol-gel coating, electrophoretic
deposition, and dip-pad-cure methods, were pre-selected to coat ZnO seed layer on wearable
substrates. ZnO seed layer was successfully coated via each method. Among these coating
methods, DPC method was chosen for its good coverage on fabrics and stable ZnO formation
at lower temperature (150 °C). Via this technique, ZnO nanostructures were successfully
fabricated on wearable substrates such as cotton, nylon and PET. The influence of seed layer
was critical to grown ZnO nanorods on fabrics similar to solid substrates. However, non-flat
surface and solution absorption during solution growth methods were considered as potential
parameters to affect the morphology of ZnO nanorods. XRD result presented ZnO peaks
without preferred orientation. The optical property of ZnO nanorods on fabrics showed
reduced diffused reflectance near 380 nm by absorbing UV light. Increased electrical
conduction was also observed due to the higher surface-volume ratio of the ZnO nanorods.

The growth of ZnO nanostructures by low-temperature chemical solution growth can be a
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good approach to embed functional ZnO nanostructures into various fabrics for developing

functional garments.
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CHAPTER 5. INVESTIGATION OF CATALYTIC EFFECT AND CATALYST

GRADIENT ON ZNO FOR GAS SENSING BEHAVIOR

5.1 Material preparation

Fabrication of ZnO nanorods gas sensors was performed as described in Chapter 3. This
ZnO NR gas sensors were employed to develop catalyst tuned gas sensors. Platinum (Pt) and
Palladium (Pd) were adopted as catalysts to explore the gradient structure of catalyst
composition on the ZnO NR sensors. Deposition of the catalysts was conducted by sputter
deposition. Each catalyst was deposited using one cathode under the substrate rotation speed
50 to obtain uniform films. Pt was deposited by DC sputtering under 100 W, where as Pd was
coated by RF sputtering under 400 W because the surface properties of Pt is much softer than
that of Pd. However, when fabricating compositionally gradient structure, some of sputter
conditions were changed. The location of Pd and Pt targets kept as same but the rotation
speed was changed to O instead of 50 to change catalyst composition on different location in a
sample [1]. After deposition without substrate rotation, composition was characterized

according to the position.

Figure 5-1. Schematic diagram of sputter deposition to deposit compositionally gradient
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catalysts.

4 in Si wafer

Pd400W

Figure 5-2. lllustration of the catalyst tuned samples according to the locations.

Table 5-1. Sputter deposition conditions of the catalysts.

Cathode Power Gas condition  Deposition time
Pt DC 100 W 25 sccm Ar 15/30 sec
Pd RF 400 W 25 sccm Ar 15/30 sec

5.2 Material characterization

Catalyst tuned ZnO NR gas sensor devices were characterized by EDS. Four samples
were prepared: 15 sec/30 sec deposited Pt catalyst on ZnO and 15 sec/30 sec deposited Pd
catalyst on ZnO respectively. Such catalyst amounts on the ZnO devices were not sufficient
to be detected by XRD [2]. Therefore, EDS analysis was employed to examine the
composition. As shown in Table 5-2, small amounts of the catalysts were detected. Pt with
0.61 at % was detected out of 99.39 at % of ZnO when the Pt was sputtered for 15 sec. After

the sputtering time is increased to 30 sec, more amount of Pt was observed with 1.29 at %.
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Similar trend was observed with Pd catalyst. Based on the detected amount of catalysts under
same sputtering time, it was estimated that the similar amount of two catalysts was deposited

on ZnO devices.

Table 5-2. EDS analysis of Pt and Pd assisted ZnO NR gas sensors (at %).

15 sec 30 sec 15 sec 30 sec
Pt 0.61 1.29 Pd 0.63 1.34
Zn 46.05 46.30 Zn 46.14 52.39
O 53.34 52.41 O 53.23 46.37

After defining deposition conditions to obtain similar amounts of catalysts by EDS, co-
sputter deposition was conducted to obtain the combinatorial structure without rotation of the
substrate holder. As marked in Figure 5-2, the composition at each position was analyzed by
XRD. The (111) peak of the Pd was detected at 40.119 ° [3] and that of the Pt was detected at
39.794 ° [4]. However, the position of the peaks was shifted depending on sample location.
From sample 1 to 3 as shown in Figure 5-2 (a), the peak indicating Pd shifted to the left,
where the Pt is dominant. The sample 1 is located just below the Pd target; therefore at
sample 1, Pd should be dominant element rather than Pt. However, at sample 3, it is located
closer to the Pt target so that the peak was shifted to the left indicating Pt dominant area. As
the samples change to the vertical way (e.g. sample 1, 4, 7, 10 as shown in Figure 5-2 (e)),
the change in the peak intensity was observed. The result indicated that less amount of the

catalysts was deposited as the samples were away from the targets.
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Figure 5-3. XRD spectra of gradient Pd and Pt composition on Si wafer according to different

locations.

The changes in peak position and intensity were confirmed by EDS analysis. As
summarized in Table 5-3, the amounts of Pd and Pt on ZnO NR devices were measured on
sample 1 to 6 prepared under 15 sec deposition time. Different amounts of Pd and Pt were
observed according to the position without substrate rotation as expected. From the XRD
results, more amount of Pd was observed at the samples located near upper left location
(under the Pd target) comparing with the samples located in lower right location (away from
the Pd target). Therefore, compositionally gradient structure of catalysts on the ZnO NR

devices was successfully deposited by co-sputter method.
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Table 5-3. EDS results of the combinatorial catalysts on ZnO devices for 15 sec.

Pd Pt
At %

1 0.28 0.57
2 0.42 0.37
3 0 0.66
4 0.55 0.41
5 0.68 0.52
6 0 0.64

5.3 Gas sensing performance

Gas sensing performance of the pure ZnO NR was firstly conducted as a reference. The
operating temperature was 200 °C and 300 °C and no gas reaction was observed with ZnO
NR gas sensors below 200 °C. The gas response of the ZnO NR at 200 °C was measured to
2.0 and the gas response of the sensor at 300 °C was measured to 3.3. The higher value was
observed at higher temperature because more electron can be activated to react with surface
oxygen [5,6]. Few electrons were available at lower temperature below 200 °C, and the gas

reaction did not occur.
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Figure 5-4. Gas sensing profiles of pure ZnO NR devices to 100 ppm of ethanol at (a) 200 °C

and (b) 300 °C.

The Pd catalyst tuned ZnO NR gas sensors demonstrated gas sensing behaviors to to
enhance sensitivity. Figure 5-5 shows the gas sensing behaviors of Pd deposited ZnO NR
sensors for 15 sec and Figure 5-6 shows that of Pd deposited ZnO NR sensors for 30 sec
under 100 ppm ethanol at different operating temperatures. The ZnO sensors with Pd for 15
sec showed good n-type gas sensing behaviors and the gas response at 100 °C was 3.9, the
gas response at 200 °C was 25.7, and the gas response at 300 °C was 10.0, which was
extremely improved comparing with the pure ZnO NR sensors. Also, the Pd catalyst with 15
sec deposition enabled to lower the operating temperature from 200 °C to 100 °C. However,
room temperature gas detection was not achieved with 15 sec deposited Pd - ZnO NR sensors.
Pd with sec deposition on ZnO NR sensors show different behaviors. At higher temperature
such as 200 °C and 300 °C, the sensors showed n-type gas sensing behaviors but at room
temperature, the transition behavior was observed. Meanwhile, the gas response was reduced
from 3.3 (300 °C) to 1.1 (100 °C) with decreasing the temperature for transition. Then, the
gas response was recovered to 1.2 at room temperature with p-type behavior. This transition
was unigue observation in terms of change in sensing type by operating temperature [7]. The

summary of the Pd catalyst tuned ZnO NR sensors was given as shown in Figure 5-7.
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The Pt catalyst assisted ZnO NR gas sensors were demonstrated as a way to improve
sensitivity. Figure 5-8 shows the gas sensing profiles of Pt with 15 sec deposition on ZnO NR
devices and Figure 5-9 shows the gas sensing profiles of Pt with 30 sec deposition on ZnO
devices according to different operating temperatures. All gas sensing behaviors with Pt
catalyst assisted ZnO gas sensors showed n-type behavior. The gas response was changed
with operating temperature. Increase in gas sensing behavior was observed with the increase
of operating temperature as the reactive sites increased. As proven in Pd catalyst devices,
higher gas response was observed at Pt with 15 sec deposition on ZnO NR devices rather than
Pt with 30 sec as shown in Figure 5-10. The highest gas response was observed at Pt with 15

sec deposition on ZnO NR operating at 200 °C. Then, it started to degrease at the higher

temperature.
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After confirming gas sensing behaviors by catalyst assisted ZnO NRs, one condition to
show compositionally gradient structure was selected to compare the gas sensing
performances. 0.68 Pd + 0.52 Pt sample (sample 5) was chosen to perform to detect 100 ppm
of ethanol gas. As shown in Figure 5-11, the sample 5 shows n-type gas sensing behaviors at
different temperatures. Additionally, the gas sensing response increased with operating
temperature. Even though this combinatorial catalyst assisted ZnO NR devices enabled to
improve the gas sensing response and reduce the operating temperature to 100 °C, room
temperature detection was still not achieved. The overall comparison of different devices was
given in Figure 5-12. The samples of Pt with 15 sec, Pd with 15 sec, and 0.68 Pd + 0.52 Pt
assisted ZnO NR devices enabled to enhance the gas sensing behaviors compared with pure
ZnO NR devices. Both gas sensing response and sensing rate were improved. The catalyst
assisted ZnO NR reacted with 100 ppm ethanol gas faster than the pure ZnO NR devices.
However, degration in gas sensing response was observed probably due to thicker coating of
catalysts that might cover sensing materials. Therefore, desired properties by combinatorial

structure of Pd and Pt would need thinner layer of catalysts with controlled dispersion on
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sensing materials.
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Figure 5-11. Gas sensing profiles of combined Pt and Pd catalysts on ZnO NR devices

according to different operating temperature: (a) 100 °C, (b) 200 °C, and (c) 300 °C.
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5.4. Conclusions
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Deposition of catalysts on ZnO NR gas sensing devices was successfully conducted by
gas sensing behaviors by catalyst assisted ZnO NRs, one condition to show compositionally
gradient structure was selected to compare the gas sensing performances. 0.68 Pd + 0.52 Pt
sample (sample 5) was chosen to perform to detect 100 ppm of ethanol gas. As shown in
Figure 5-11, the sample 5 shows n-type gas sensing behaviors at different temperatures.
Additionally, the gas sensing response increased with operating temperature. Even though
this combinatorial catalyst assisted ZnO NR devices enabled to improve the gas sensing
response and reduce the operating temperature to 100 °C, room temperature detection was
still not achieved. The overall comparison of different devices was given in Figure 5-12. The
samples of Pt with 15 sec, Pd with 15 sec, and 0.68 Pd + 0.52 Pt assisted ZnO NR devices
enabled to enhance the gas sensing behaviors compared with pure ZnO NR devices. Both gas
sensing response and sensing rate were improved. The catalyst assisted ZnO NR reacted with
100 ppm ethanol gas faster than the pure ZnO NR devices. However, degration in gas sensing
response was observed probably due to thicker coating of catalysts that might cover sensing
materials. Therefore, desired properties by combinatorial structure of Pd and Pt would need

thinner layer of catalysts with controlled dispersion on sensing materials.
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CHAPTER 6. EXPLORATION OF ALTERNATIVE MATERIALS TO ACHIEVE ROOM

TEMPERATURE DETECTION.

6.1. Deposition of graphene oxide

6.1.1. Deposition condition of graphene oxide by coating methods

Three types of coating methods were investigated to coat graphene oxide (GO) films
uniformly. Drop coating, spin coating, and electrophoretic deposition (EPD) were conducted
with commercial GO suspensions in an aqueous system. GO suspensions of 0.5 g/L, 5.0 g/L

and 6.2 g/L were used.

Spin coating was performed to explore coating coverage on metal/ceramic substrates.
Spin coating method for uniform coating of GO thin films is widely used, but the coating
conditions can vary according to solvent types and dispersed solid materials. Two primary
factors to determine spin speed in GO coating appear to be solvent types and solution
concentrations [1,2]. To examine the effect of the concentration on wettability, three GO
solutions with 6.2 g/L, 5.0 g/L, and 0.5 g/L were employed to coat a thin layer of GO at three
different speeds. The used spin speeds were 500, 800, and 1600 rpm, but coating time was
kept for 30 sec. Figure 6-1 shows partially covered GO on the surface of metal electrode, but
GO was not coated on the surface of ceramic substrate. Due to different wettability between
GO and the substrates, GO film was not coated on the Si wafer without the use of a metal
electrode [3]. Partial coverage of the GO films was observed at a low concentration of GO
solution such as 5.0 g/L. Even at 0.5 g/L solution, no deposited layer was observed on the

substrate. As the concentration of GO solution decreased, the degree of coverage appeared to
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decrease. The coverage may become worse as the GO concentration decreases because of
weak wettability of the solution causing more dispersion in water suspension. To overcome
this limitation, the control of the spin coating condition should be required or alternative

methods for uniform coating should be explored [4].

Figure 6-1. Graphene oxide deposition by spin coating with 6.2 g/L of GO in water: spin

speed were 500, 800, and 1600 rpm for 30 sec each.

As discussed in chapter 3, the condition of spin coating was adjusted according to
solution concentration. Due to lower concentration of our GO solutions, compared with
reported references (12.5 g/L of GO solution was mostly used), the rpm was reduced after
preliminary coating tests on glass substrates. The spin speed was reduced to 125, 200, and
400 rpm for 30 sec consequently, which is approximately 25% in rpm compared with the
reference conditions. As shown in Figure 6-2, no GO layer was observed at 0.5 g/L due to
low concentration and weak wettability regardless of spin speed. However, a thin layer of GO
was well formed on glass substrates at 5.0 g/L with lower rpm conditions. In the case of high
GO concentration of 6.2 g/L, the higher rpm conditions were required to spread out the
solution uniformly. Three incremental steps of spin coating conditions, which increase speed,
were necessary to prevent the solution from leaving from the substrate. The coating
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conditions should be determined according to the concentration of GO. In this study, lower

concentration of GO was applied considering the wettability and surface tension [3].

125 (30s) — 200 (30s) — 400 (30s) rpm

125 (30s) — 200 (30s) — 800 (30s) rpm

250 (30s) — 400 (30s) — 800 (30s) rpm

0.5glL 5.0 g/l 6.2 g/l

Figure 6-2. Deposition of GO on glass substrates by spin coating according to spin conditions.

While the spin coating conditions were controlled to deposit uniform and thin GO films,
an alternative method to deposit GO films was explored. The alternative method was called
drop coating (Figure 6-3). One mL of GO solution was dropped onto a substrate and dried
overnight to evaporate solution and to leave GO only. The solution did not spread out on
substrates but remained as a droplet due to its high surface tension. At higher concentrations
of GO solution such as 6.2 g/L and 5.0 g/L, darker films were observed, but GO films became
transparent at low concentration of 0.5 g/L. GO solution. The drop coating may be a good
coating method to deposit uniform GO films; however, thicker films of the order of tens of

micrometers were commonly deposited. Since gas sensing properties exhibit better
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performance with thin films or nanostructures [5], the drop coating may not be the best
method for gas sensor application. Spin coating seems to be a much more reasonable method
to obtain a thinner layer with consistent properties. In the case of 0.5 g/L GO solution, we
used drop coating to obtain a transparent and thin layer for comparative study with spin

coating.

Contact angle

R

Figure 6-3. Deposition of GO films on SiO,/Si wafer by drop coating at different
concentrations: before evaporation with 6.2 g/L and after evaporation with 6.2 g/L, 5.0 g/L

and 0.5 g/L from left to right.

To overcome the limitation of drop coating method, electrophoretic deposition (EPD)
was investigated to control thickness (Figure 6-4). GO films were coated on stainless steel by
EPD at different concentrations: 0.5 g/L and 5.0 g/L. Bias and time during EPD were 10 V
and 3 min at lower concentration and 10 V and 1 min at higher concentration. Deposited
films appeared to be uniform even at low voltage condition. In spite of short deposition time
used for the higher concentration, the film was thicker than expected. The same experiment
was conducted on electrode patterned polyimide substrate. Unlike stainless steel, the
conductive electrodes do not fully cover this substrate, but uniform GO films were obtained
from the substrate under the same EPD conditions described previously. To control the
thickness of GO films, the applied voltage was controlled to 5 V. This voltage was enough to
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coat GO on a piece of stainless steel, but not sufficient to cover the interdigitated electrodes

on the polyimide films.

-{a} « ._{h} ” .

Figure 6-4. Coating condition of graphene oxide films as changing concentration of

suspensions: (a) 0.5 g/L on stainless steel (left) and polyimide film (right) and (b) 5.0 g/L on

stainless steel (left) and polyimide film (right).

Table 6-1 briefly summaries the advantages and disadvantages of each deposition
method. Even though the spin coating requires multiple steps to coat uniform layers due to
wettability issue, the spin coating was used for gas sensing applications owing to easy

formation of thinner and uniform films.

Table 6-1. Summary of advantages and disadvantages of each deposition method.

Advantages Disadvantages
Spin coating Thinner layer formation Complicated steps
Uniform film formation Wettability issue at lower

concentration

Drop coating Simple approach Hard to control thickness
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All range of concentrations  Rough surfaces

Electrophoretic deposition  Uniform film formation Electrolysis

Easy to control thickness Thicker layer formation

6.1.2. Reduction of Graphene oxide

Reduction process of GO was conducted in a reduction environment by introducing Ar
gas into a furnace. For this study, a series of samples were prepared using different
concentrations: 0.5 g/L, and 5.0 g/L. The reduction temperature was examined ranging from
room temperature to 200 °C for one hr. GO films deposited via spin coating became darker
after heat treatment, but they still maintained continuous films on the substrates. each
deposition method. Even though the spin coating requires multiple steps to coat uniform
layers due to wettability issue, the spin coating was used for gas sensing applications owing

to easy formation of thinner and uniform films.

Figure 6-5. Images of graphene oxide film conditions coated by electrophoretic deposition

(EPD) as changing heat treatment temperature from RT to 200 °C.
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6.1.3. Characterization of reduced graphene oxide

SEM characterization was first performed to examine morphology and topography of the
GO films under different coating conditions. As depicted in Figure 6-6, the morphologies of
GO films deposited via different coating methods with 5.0 g/L suspension were compared.
The spin-coated GO film showed a relatively flatter surface (0.55 um in thickness) than that
of the dip coated film (10 um in thickness) and the film deposited via EPD (I um in
thickness). A unique characteristic of EPD processes was observed as shown in Figure 6-6 (c)
where small particles existed randomly on the film surfaces. The particle size was around 0.5
um, which matched the flake size in GO suspension. This confirms that EPD process is one

of colloidal deposition processes that use particles/flakes from the suspensions [8].

(@) Drop coating (6) Spin coating [l

Figure 6-6. SEM images of the morphology of the graphene oxide thin layer deposited via

different methods: (a) drop coating, (b) spin coating, and (c) EPD with 5.0 g/L concentration.

Figure 6-7 shows morphological changes according to suspension concentration. As
described, different concentrations of suspensions were prepared for film deposition: 0.5 g/L,
5.0 ¢g/L, and 6.2 g/L. These films were coated via drop coating for comparative study. The

differences in morphologies were clearly observed with increasing concentration. Fairly flat
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surfaces became rougher and had more wrinkles with more GO flakes. These results were

consistent when comparing the films coated by drop coating or spin coating.

(a) 0.5 g/L

Figure 6-7. SEM images of the morphology of the graphene oxide films with different

concentrations: (a) 0.5 g/L, (b) 5.0 g/L, and (c) 6.2 g/L deposited via drop coating.

To explore the effects of heat treatment on morphologies, 5.0 g/L GO films deposited via
spin coating were examined as shown in Figure 6-8. Each sample was heat treated at different
temperatures: room temperature, 100 °C, and 200 °C. The change of film morphology was
observed obviously with increasing temperature. The SEM images did not clearly show
isolated single-layer of GO flakes due to multiple stacking of GO and r-GO flakes in the
films. The GO film showed more wrinkled surface due to solvent evaporation from coated
suspension leaving agglomerated GO flakes. The reduced-GO film after thermal annealing
became flatter and thinner. This change may result in decreased thickness because the
interlayer gap between each GO layer becomes narrower as solvent evaporates and oxygen

functional groups are eliminated [9,10].
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Figure 6-8. SEM images of 5.0 g/L graphene oxide films deposited via spin coating and heat

treated under different temperatures.

The crystalline phase of GO was characterized in Figure 6-9 according to drop coating,
spin coating, and EPD deposition methods. As shown in the graphs, a peak was observed
where 26 is around 10°, indicating (002) plane of GO when the GO thin films were dried at
room temperature [9]. GO thin films showed different intensity of the (002) plane depending
on coating methods. The change in the XRD peak intensity, larop coating > | gpp > lspin coating,
corresponds to the SEM results in Figure 6. The (002) peak intensity of GO films was also
changed by solution concentration. Larger amounts of GO at higher concentrations resulted

in thicker film and higher intensity as shown in Figure 6-10.
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Figure 6-9. XRD patterns of the graphene oxide thin layer deposited via different methods:

drop coating, spin coating, and EPD. Red square indicates GO (002) peak and blue dots

represent substrate peaks.

Intensity (a.u.)

Figure 6-10. XRD patterns of graphene oxide thin layer deposited with different

concentrations by drop coating: 0.5 g/L, 5.0 g/L, and 6.2 g/L Red square indicates GO(002)

peak and blue dot represents substrate peak.

The evolution of GO to r-GO by thermal reduction at different temperatures was
examined by XRD as shown in Figure 6-11. GO films by spin coating was prepared using 5.0

g/L solution, and reduction temperature was varied from RT to 200 °C. GO phase was
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observed at 10° of 20 [9,10]. The intensity of the GO peak after thermal reduction was
reduced, and the peak corresponding to graphene phase was observed at 20 © of 20 [11]. This
XRD result shows that the interlayer distance of the GO films decreased from 8.10 A (20 =
10.9 °) to 4.43 A (26 = 20 °) after thermal reduction. This decrease results from the
elimination of oxygen-containing groups such as intercalated H,O molecules and various
oxide groups on the graphene sheets [11]. These values are quite comparable to those in the
literature where the interlayer distance of GO is in the range of 5 to 9 A, and that of

graphene is about 3.4 A [12].

Intensity (a.u.)

Figure 6-11. XRD patterns of 5.0 g/L graphene oxide deposited by spin coating. Reduction

temperature was varied: room temperature, 100 °C and 200 °C

Such a peak position observed in GO and graphene or r-GO can correspond to interlayer
distance according to Bragg’s law. If (002) planes of graphite or multi-layered graphene are
given as in Figure 6-12 (a), the interlayer distance is denoted as dgop. The change of XRD
patterns formed during the GO reduction, as well as the resultant GP, can be explained via a

simple and intuitive concept for various types of interlayer distances of graphene and GO is
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shown in Figure 6-12 (b) through Figure 6-12 (e). Because GP layers have intrinsic nano
curvature distortions (Figure 6-12 b) existing in a two-dimensional single crystalline structure,
the interlayer distance of GP (dgp) is slightly larger than that of the bulk graphite. The
reported dgp and graphite are ~3.4 [12] and 3.3483.360 A [13], respectively. When GO or

thermally reduced graphene has defects such as nanoholes (dpf) (Figure 6-12 c), the interlayer
becomes increased. In addition, GO and GP having oxide groups of €0x with a sp ® bond
(dox) (Figure 6-12 d) show even longer distance, and GO has the largest interlayer distance
(dco) because of its intercalated H,O molecules and various oxide groups (Figure 6-12 e).
The dgo Vvalue is in the range of ~5 to 9 A, depending on the number of intercalated water

molecules. The interlayer distance order is deo > dox > dpr > dep > graphite.
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Figure 6-12. Bragg’s law for GP or graphite (002) planes (a), and models for doy; of GO (e)

and thermally reduced GP (b-d). [14]

Figure 6-13 to Figure 6-14 show the structure and phase information of GO and r-GO
91



films analyzed by Raman spectra. Figure 6-13 shows the GO films coated by the drop coating
according to the concentration change from 0.5 g/L to 6.2 g/L. From the Raman spectra, the
D and G peaks of GO were obtained at 1342 and 1571 cm™ indicating vibrations of carbon
atoms with sp® electron configuration and the in-plane vibration of sp” bonded carbon atoms
respectively [15,16]. As the concentration increases from 0.5 g/L to 6.2 g/L, the intensities of
D and G peaks increased indicating the higher concentration of GO phase. However, the ratio
of D and G peaks seemed to be constant as the solution concentration changes. Figure 6-14
presents the 5.0 g/L GO films coated via different coating methods such as drop coating, spin
coating, and EPD. Similar to concentration effect, the D and G peaks of each GO film
seemed to be related to concentration and thickness of the films. However, overall peak

position and ratio of D and G are consistent with the property of GO.
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Figure 6-13. Raman spectra of graphene oxide thin layer prepared with different

concentrations via drop coating: 0.5 g/L, 5.0 g/L, and 6.2 g/L
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Figure 6-14. Raman spectra of graphene oxide thin layer prepared via different coating

methods: drop coating, spin coating, and EPD.

The Raman spectra also showed the change of bond structure as changing the heat
treatment temperature as shown in Figure 6-15. The 5.0 g/L GO films deposited via EPD
were analyzed to confirm the structure change. After thermal reduction at 200 °C, the
intensity of G peak was slightly decreased. The increased of Ip/lg ratio of r-GO films
compared to GO films can present reduced sp® bonds and the oxidized molecular defects
[16,17,18]. Information on GO and r-GO peaks are analyzed as checking D, G, and 2D peaks.
D and G peaks are located near 1340 cm™ and 1600 cm™ respectively. D peak is generated
due to oxygen groups, and Graphene peak originates g peak. Both peaks are observed in 0.5
g/L GO, 5.0 ¢g/L, and 6.2 g/L films regardless the coating methods. After heat treatment,
structure change is confirmed by checking the shift of each peak. Especially, 2D peak near
2600 cm™ is supposed to shift to 2700 cm™ and it was confirmed in Figure xx right figure. As

increasing the temperature, 2D peak was shifted to right as decreasing the intensity.
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Figure 6-15. Raman spectra of graphene oxide as changing heat treatment condition from RT

to 200 °C. D and G peaks are indicated in left and 2D peak is shown in right.

FTIR results presented the change of the oxygen contents and bonding structure from
GO to r-GO (Figure 6-16). Peak positions for both GO and r-GO films were similar, but the
intensities were different. Peaks at 3400, 1700, 1400, and 1100 cm™ indicating O-H, C=0, O-
H, and C-O stretching vibration decreased after thermal reduction of GO film due to the
evaporation of the functional groups [10,19]. The peak corresponding to C=C from 1616 to
1580 cm™ shifted and the ratio of C=0 peak to C=C peak decreased after thermal reduction.
Such change may occur when some electron-withdrawing groups such as oxygen-containing

functional groups bind to aromatic rings after reduction [20].
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Figure 6-16. FTIR spectra: graphene oxide (black) and reduced graphene oxide (r-GO) films.

The degree of reduction in GO was analyzed by XPS as shown in Figure 6-17. GO film
showed the low ratio of C/O = 2.57 and the film after thermal reduction, r-GO showed the
increased ratio of C/O = 4. The value of C/O ratio does not reach the case of highly reduced
GO (~10) and may be considered as partially reduced GO. But the similar range of C/O ratio
values was reported in thermally reduced GO. Ren et al. [20] reported C/O = 6.8 in r-GO film
reduced at 200 °C for 12 hr, and Yang et al. [18] had C/O = 3.9 value in their GO film
reduced at 200 °C for 30 min. Figure 6-17 also showed the decrease of two main peaks, i.e.
C-C (single bond, ~285.9 eV) and C-O (hydroxyl and epoxy, ~286.6 eV) as the film turned to
r-GO from GO. Minor peaks indicating C=0 (carbonyl, ~287.9 eV) and O=C-O (carboxyl,
~289.2 eV) were also decreased after thermal reduction. The remarkable increase in C=C

peak (double bond, ~285 eV) was observed, which indicates the recovery of the sp? structure.
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Figure 6-17. XPS spectra of (a) GO and (b) r-GO films at 200 °C.

During thermal treatment, the change of functional groups was confirmed by FTIR and
XPS analysis. To check energy consumption to eliminate and/or form bonding in GO films,
DSC technique was used. As shown in Figure 6-18, the operating temperature increased from
RT to 400 °C. The DSC data have several exothermal and endothermal peaks. The
exothermal peaks are due to the decomposition of oxygen functional groups from GO sheet.
Especially, the peak at 227 °C is remarkable reported in other references. Some endothermal
peaks occurred due to break of the double/single bonds to evaporate oxygen functional
groups. The energy consumption at 227 °C corresponds to the change in gas sensing

behaviors by GO and r-GO sensors.
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Figure 6-18. DSC analysis of graphene oxide as increasing temperature from RT to 400 °C.

6.2. Electrical and gas sensing properties

The electrical properties of the prepared GO thin films were analyzed by measuring the
initial resistance of the films as plotted in Figure 6-19. The initial resistance of pure GO film
prior to any treatment was measured to be around 2.0 MQ. However, the initial resistance of
the r-GO film was dropped to several hundred kQ2 when reduction temperature increased to
100 °C. After increasing the temperature to 500 °C, the r-GO films became a modified
graphene film with good conductivity. The initial resistance decreased with the increase of
reduction temperature because the sp? bonds were recovered from sp* bonds as the functional
groups were eliminated [9,19]. Therefore, elimination of oxygen functional groups results in
decreased distance between graphitic domains, which enhances charge transport via variable

ranges of hopping and/or creates continuous graphitic paths for charge transport [23].
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Figure 6-19. Initial resistance of graphene oxide films at different reduction temperature.

Electrical properties of GO/r-GO films influenced by reduction processes were analyzed
by evaluating gas sensing performance of ethanol and formaldehyde gasses. From the
literature, r-GO is reported as a p-type semiconductor [21]. However, a semiconducting type
of GO has been rarely specified. Figure 6-20 shows the gas sensing performance of non-
treated GO films deposited by drop coating according to different concentrations. As shown
in Figure 6-20 the initial resistances increased as the film concentrations decreased. Under an
ethanol atmosphere, the resistance decreased, and n-type sensing behaviors were observed at
room temperature regardless of GO concentration. The samples showed the response time of

around 36 sec on ethanol gas.
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Figure 6-20. Ethanol gas sensing behaviors of GO film coated by drop coating according to

concentrations and dried at RT: (a) 6.2 g/L, (b) 5.0 g/L, and (c) 0.5 g/L

Gas sensing properties of GO films were also explored using formaldehyde as shown in

Figure 6-21. Two main differences were observed: gas response and response rate. Firstly, the

gas response of GO sensors in formaldehyde gas was less than that of GO sensors in ethanol

gas. Secondly, the response time and rate became slower in formaldehyde gas as compared

with the properties of ethanol. These differences may enable the development of a single chip

to provide selectivity between gases.
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Figure 6-21. Formaldehyde gas sensing behavior of GO film coated by drop coating

according to concentrations and dried at RT: (a) 6.2 g/L, (b) 5.0 g/L, and (c) 0.5 g/L.
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The effects of heat treatment on GO films were characterized by measuring resistance
profiles at room temperature. Once the GO films went through heat treatment at 100 °C for 2
hrs, p-type behavior was observed. The initial resistance decreased dramatically from 1.5 MQ
to 150 kQ as the sp® carbon-carbon bond was recovered, and the functional groups were
eliminated [21]. The r-GO film reduced at 100 °C for 2 hrs became a p-type semiconductor
having hole-dominant electron transfer behavior instead of an n-type semiconductor having
electron dominant electron transfer behavior. This p-type behavior of r-GO may be due not
only to the polarization of adsorbed molecules but also to defects introduced on the graphene
sheets during the preparation or reduction processes [24]. Therefore, the defect-induced
changes in electronic properties, altered from n-type to p-type semiconducting with structural
deformations, contribute to effective adsorption of reduction gasses such as ethanol on the

surface of r-GO [23].
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Figure 6-22. Ethanol gas is sensing the behavior of 6.2 g/L GO film coated by spin coating

and heat treated at 100 °C for two hr.

Transition behavior was observed by measuring gas sensing performances while changing
heat treatment temperature as shown in Figure 6-22. For further study, thermal annealing

100



temperatures were changed in sequence as shown in Figure 6-23. Under lower temperature
such as RT and 100 °C, the resistance of the GO films was dropped as ethanol gas was
introduced, indicating n-type gas sensing behavior. However, under higher thermal annealing
temperature above 150 °C, the increased resistance of r-GO films was observed with ethanol
gas, which correlates with a p-type sensing behavior. This change in gas sensing behaviors
can be attributed to the change of a charge carrier from an electron to hole when the number
of functional groups, contributing to the number of reactive sites, changes [22,23]. The
response times of GO and r-GO films in sensing ethanol gas showed less than 2 min to reach
the saturated signal point. The sensitivity changed from 6.21 to 3.32 with the phase change
from GO (RT) to r-GO (200 °C). Such decrease of gas response may indicate the reduction of
functional groups from GO films, which means the decrease of the reactive sites on GO films
[22]. This trend also supports the recovery of sp? bonds by eliminating functional groups

from the GO films.
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The gas sensing behaviors of GO sensor were explained by two possible mechanisms as
shown in Figure 6-24. One mechanism is explained by recovery of carbon double bond
having weak bond strength. These bonds are easily reacted and recovered with surface
oxygen and gases, and the gas response can be improved even at room temperature. Another
mechanism is supported by reaction of gases with oxygen functional groups. These functional
groups are involved to the reaction; however, this reaction is reported as semi-permanent

reaction. Therefore, it contributes to the degradation in gas sensing after several cycles.

(a) ()

Figure 6-24. Gas sensing mechanisms of GO: (a) surface chemistry, (b) mechanism 1, and (c)

mechanism 2.

6.3. Summary and Conclusions

Graphene oxide films were uniformly deposited on various substrates through different
deposition methods: drop coating, spin coating, and electrophoretic deposition. While
deposited films via drop coating showed thicker and rougher layers, those via spin coating
provided thinner and flatter layers when the same concentrated solution was used. Among
deposition methods, EPD was considered as an easily controllable method to vary film
thickness. Thermal reduction was performed under Ar atmosphere to explore changes in GO
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properties. Evaporation of solvents was observed and elimination of oxygen functional
groups was estimated by the shift in XRD peak. DSC analysis also proved the solvent
evaporations during temperature change. Analysis of the films through FTIR and XPS
clarified the change of the amounts of oxygen functional groups as heat treatment
temperature changed.Non-treated GO films and heat treated GO films were prepared to
measure initial resistance and gas sensing properties. Initial resistance values were changed
according to solution concentrations and reduction temperature. Initial resistance increased
with decreasing the concentrations and increasing the heat treatment temperature. The results
were related with the change and the amounts of functional groups on GO surfaces as proven
by material analysis. The fabricated gas sensors with GO films were tested using resistance
profile measurement with different gases: 100 ppm of ethanol and 100 ppm of formaldehyde.
All gas sensing measurements were conducted at room temperature. Non-treated GO films
showed n-type gas sensing behaviors to both gases; however, p-type gas sensing behaviors
were observed at higher heat treatment condition (above 150 °C or 100 °C for longer heat
treatment time). Other behaviors such as gas responses, response rate, and recovery time were
changed depending on heat treatment temperature and types of gases. Higher gas responses
and faster reactions were observed with ethanol gas rather than with formaldehyde. Also,
slower gas responses were detected as the heat treatment temperature increased. GO and r-
GO films were demonstrated as promising candidates for room temperature gas detection
with fairly good gas responses. Furthermore, transition behavior from n-type to p-type gas

sensing is also very interesting for selective gas sensing.
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CHAPTER 7. COMBINATORIAL STRUCTURE OF GRAPHENE OXIDE AND METAL

OXIDE FOR SELECTIVE GAS SENSING.

7.1. Deposition of combinatorial structure

The combinatorial structure consisting of graphene oxide (GO) and metal oxide (MO)
was prepared: ZnO and SnO, were used as representatives of traditional metal oxides.
Bimorph structure and multilayer structure were considered to compare and understand gas
sensing properties. Moreover, the ratio of the mixture in the combined GO and MO was

controlled to explore the effects of compositional gradient on the properties of the composites.

7.1.1. Deposition conditions and characterizations of graphene oxide and ZnO

Bimorph structure of GO and ZnO was prepared: nanostructured ZnO sensing layer was
fabricated via sputter deposition and thermally assisted chemical solution method as
described in Chapter 3. Then, GO film was deposited via EPD process and on top of the
device. Figure 7-1 depicts the schematic diagrams of the bimorph structure and images of the
deposited condition of ZnO NRs and GO. GO films were controlled by applied voltage to
change film formation. Island type was formed under lower applied voltage, 5V, (Figure 7-1
(@) and fully covered films were deposited on the ZnO NRs under higher voltage, 10V

(Figure 7-1 (b))).
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Figure 7-1. Schematic diagrams of ZnO NR and GO mixture: (a) island type and (b) film type,

and images of the sensor platforms after deposition: (c) island type and (d) film type.

Morphologies of the films were characterized by SEM as shown in Figure 7-2 (a) and (b).
Single or double layers of GO were partially deposited on top of ZnO NRs forming island
type film under lower voltage (5 V) in Figure 7-2 (a). Also, fully coated GO film was
observed on top of ZnO NRs under higher voltage (10 V) in Figure 7-2 (b). A cross-section
view of the bimorph films supported the film formation of GO film on ZnO NRs under higher
voltage. This SEM image showed 80 nm of ZnO seed layer, 1.5 um of ZnO NRs, and 600 nm
of GO in the structure. Additionally, the ZnO and GO composites were confirmed by XRD as
shown in Figure 7-2 (c). A dominant peak of ZnO crystalline at 34.4 ° indicates c-axis growth.
A peak indicating Pt electrode was observed at 39.7 ° [1,2]. At lower angel, around 10 °, a
small peak was also detected, and this peak confirmed GO film [3]. This rsult strongly
supports the bimorph deposition of ZnO and GO composite on the patterned substrates with

Pt electrode.
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Figure 7-2. SEM images of ZnO NR + GO mixture: (a) island type and (b) film type. (c)

XRD spectra of ZnO NR and GO mixture.

7.1.2. Deposition condition and characterization of graphene oxide and SnO,

A 0.5 g/L GO suspension in an aqueous system and 0.1 wt % of SnO, suspension in IPA
system were used to fabricate bimorph structure of GO/SnO; films. To explore the effect of
material on sufrace, two types of films under different deposition sequences were prepared as

shown in Figure 7-3 (a) and (b). 10 V for 1 min was applied to coat GO and 100 V for 1 min

was provided to coat SnO, film.
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Figure 7-3. Schematic diagrams of SnO, and GO mixture: (a) SnO, over GO and (b) GO over

SnO;,, and images of suspension conditions: (c) 0.5 g/L GO and (d) 0.1 wt % of SnO,.

Film morphologies and structures were characterized by SEM and XRD respectively as
shown in Figure 7-4. Figure 7-4 (a) and (b) depicted that the SnO, nanoparticles were formed
island type instead of uniformly distributed film. This island formation of SnO, may affect
the sensing behavior layer. Additionally, clear SnO;, islands were observed when SnO, was
deposited later, and opaque particles were shown at thinner GO films when GO was
deposited later over the SnO, films. It was confirmed by XRD spectra. Strong SnO, peaks
were detected when the SnO, films were located on top of the samples. Moreover, the relative
peak intensity of the GO films was changed with film sequence: stronger peaks from the

material at the upper position and weaker peaks at under position.
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Figure 7-4. SEM images of the combinatorial structures: (a) SnO, nanoparticles over GO film

and (b) GO film over SnO, nanoparticles, and XRD spectra.

Multilayer of GO and SnO, composites was prepared by adding SnO, nanoparticles in
0.5 g/L GO suspensions. The ratio of GO to SnO, was controlled by adjusting the amounts of
SnO; nanoparticles. Four different suspensions were prepared to explore the ratio effect on
gas sensing properties. With increasing the amount of SnO; into GO suspension, the color of
the suspension was changed as shown in Figure 7-5 (a): from brown color with lower
concentration to gray color with higher concentration. Although additional agent to stablize
suspension was not added, the mixed suspensions remained as stable as the suspensions
before mixture. Multilayer structure of the composites was estimated as depicted in Figure
7-5 (b). Well-dispersed suspensions supported the formation of a multilayer of GO and SnO,

without distinct regions.
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Figure 7-5. (a) Images of suspension conditions of the mixture according to the ratio of GO to

SnO; and (b) Schematic diagram of estimated structures.

The effect of mixture ratio in the suspensions was firstly checked by measuring deposited
weight and Sn amount in Figure 7-6. The increase in deposition weight was observed with
increasing the amount of SnO, nanoparticles. This trend corresponded to EDS results shown
in Figure 7-6 (b). More amount of Sn was detected as more SnO, nanoparticles were added
by applying higher voltage. This increase indicates that there were more chances to gain
SnO; nanoparticles on the surface of the films as more amount of SnO, existed in the

suspensions.
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Figure 7-6. (a) Deposition weight of the combinatorial structure according to the ratio of
mixture of GO to SnO; and (b) EDS results of Sn % of the films.

112



The numerical results in Figure 7-6 were confirmed by SEM characterization as shown
in Figure 7-7. Figure 7-7 (a) to (d) depicted the surface morphologies of the films by change
in ratio of mixture. Figure 7-7 (e) described the cross section of the 1:6 mixture of the film to
confirm film thickness and multilayered structure. The surface morphologies supported more
amounts of SnO, nanoparticles with an increase of the ratio. Thin GO layers were observed in
the layers of the nanoparticles. Moreover, the multilayer of the mixture was clearly observed
in the cross section view. Distinct GO films and nanoparticles were randomly located in the
1.14 um thick film. This observation could advise that the EPD process is eligible to obtain
well-dispersed mixture suspensions by attracting both GO flacks and SnO, nanoparticles to

the same charged electrodes for multilayered nanostructure.

Figure 7-7. SEM images of the combinatorial structures: top view of (a) 1:1, (b) 1:2, (c) 1:4,

and (d) 1:6 of GO to SnO, and (e) cross section view of 1:6 sample.

XRD characterization was performed to support the SEM results. As shown in Figure 7-8,

three types of materials were detected. GO peak was observed near 15° and 28°, 34°, 38°, 51°,
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and 53° indicating SnO, nanoparticles, and two substrate peaks were observed at 43° and 52°
[4,5]. Additionally, four samples under different deposition conditions were compared.
Stronger peaks were detected as more SnO; nanoparticles were added to the suspensions,

which correspond to the SEM results.
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Figure 7-8. XRD spectra of the GO and SnO, combinatorial structure according to the ratio.

Thermal analysis of the GO and SnO, composites was also conducted to explore the
change in surface morphology and properties. After heat treatment of the samples, SEM
figures showed the change in the surface topography as changing the ratio of GO to SnO,.
The morphology changes were also analyzed before/after heat treatment of the films at
100 °C under Ar atmosphere as shown in Figure 7-9. The films became rougher as increasing
the amount of SnO, and temperature due to thickness change by solvent evaporation during

heat treatment.
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1:10fGOtoSN0,  1:20fGOtoSnO; 1:40fGOtoSnO;  1:6 of GO to SnO;
Figure 7-9. SEM images of GO + SnO, mixture before (top) and after (bottom) heat

treatment at 100 °C (1,000 magnification).

Structure of the composite films were examined by XRD as depicted in Figure 7-10 After
heat treatment at 100 °C under Ar atmosphere, structure change was not observed in SnO;
nanoparticles. However, the peak shift and the change in peak intensity of GO were detected

due to the change of carbon bonds. This result is consistent with the SEM results.
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Figure 7-10. XRD spectra of 1 to 6 of GO and SnO, mixture after heat treatment at 100 °C.

115



In mixed suspensions, GO flakes and SnO, nanoparticles require different electrical field
to attract [6]. Unlike SnO, nanoparticles, the GO flakes are attracted to the positive electrode
favorably resulting in higher deposition yield. However, since the mixed suspensions
consisting of nanoparticles and flakes are dispersed randomly, both materials move to the
same direction but in different speed by applied voltage as shown in Figure 7-11. Owing to
large surface area and faster movement of GO flakes, the flakes convey SnO, nanoparticles to
the electrode together even at lower voltage conditions. This process can explain the

formation of multilayer structure from mixed suspensions.
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Figure 7-11. Schematic diagrams of movement of particles in the GO and SnO; mixture

suspensions.

7.2. Electrical and gas sensing properties

Gas sensing performance was conducted with bimorph structure of GO and SnO, at
room temperature. For feasibility study, pure GO and SnO, based sensors were prepared to
sense 100 ppm ethanol gas. Figure 7-12 shows the gas sensing behaviors of pure GO films

and SnO; films on Pt electrode patterned polyimide. GO films were responded to ethanol gas
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at room temperature, and the sensitivity (Ri/Ry) was calculated as 1.26. However, SnO; films
did not show any response towards ethanol gas at room temperature. It is well known that
typical metal oxide gas sensors do not react with any types of gases on their surface at room
temperature because of energy band gap [7,8]. To activate the reaction sites on the surface of
metal oxide, elevating temperature is required to decrease the Fermi energy level to react with
surface gases [9]. On the other hand, GO films are easily react with gases at room
temperature due to their weak © bonding among double carbon bonding as well as the oxygen
functional groups on the film surface [10]. However, the GO film requires certain energy to
remove the adsorbed gases on the surfaces and therefore, the recovery time of the GO sensors

took longer than typical metal oxide gas sensors [11].
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Figure 7-12. Gas sensing behaviors of GO and SnO, sensors towards 100 ppm of ethanol gas:

(@) 0.5 g/L GO film and (b) SnO; film.

The bimorph structure GO and SnO; films was analyzed to investigated how they
interacted each other. Figure 7-13 shows the overall gas sensing behaviors of two structures.
GO and SnO; films reacted with ethanol gas showing n-type gas sensing behavior. However,
the initial resistance of the bimorph structures was measured differently: GO over SnO; films
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showed several tens of kilo-ohm whereas the SnO, over GO films showed several mega-ohm
range of initial resistance. Also, the sensors react with ethanol gases rapidly but the recovery
rates were different. The resistance of the GO over SnO, sensors recovered quickly once
introduced gas was stopped, but the SnO, over GO sensors took longer time to recover initial
resistance. The result may provide idea on the gas sensing mechanism of the GO and SnO;

sensors based on the mobility of main charge carriers and main participating materials.
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Figure 7-13. Gas sensing behaviors of GO and SnO, bimorph structure sensors towards 100

ppm of ethanol gas: (a) GO over SnO, film and (b) SnO, over GO film.

Table 7-1. Comparisons of gas sensing behaviors of GO and SnO, bimorph structure

according to its sequence.

GO over SnO; SnO, over GO
Initial resistance ~kQ ~MQ
Sensitivity Lower, 1.013 Higher, 1.31
Recovery time Faster Slower
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The catalytic effect of GO and SnO, composite on gas sensing properties was clearly
observed on mixture structure as well as a combinatorial structure with the change in mixture
ratio. The devices were tested at 100 ppm of formaldehyde at room temperature. GO and
SnO; based sensors were responded as the resistance decreased with the introduced gas
showing n-type gas sensing behavior. The gas response of the GO and SnO, sensors
increased comparing with the pure GO sensors, however, decrease in gas response was also
observed after the amount of SnO; increased over 1:4 ratio of GO to SnO,. Additionally, the
sensors responded to gas faster after mixing SnO, particles in the GO films. This

enhancement in gas response and response rate proved that the SnO, would serve as catalyst

in GO [12,13].
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Figure 7-14. Gas sensing behaviors of GO and SnO, multilayer sensors towards 100 ppm of

formaldehyde gas: (a) 1:0, (b) 1:1, (c) 1:2, (d) 1:4, (e) 1:6, and (f) gas responses according to

the mixture ratio.

Second set of gas sensing performance to explore the combinatorial structure was
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performed with the same gas, 100 ppm of formaldehyde but all samples were heat treated at
100 °C to check the temperature effect. The gas sensing response of the pure GO film was
measured slightly higher than that of the mixture. However, the overall tendency showed the
catalytic behavior of SnO, in GO films. The response values with 100 ppm formaldehyde to
the heat treated GO films were smaller than those to the non-treated GO films. In the case of

gas sensing behavior including response rate and recovery rate, it took longer time to get

recovered with fluctuation period in this case.
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Figure 7-15. Gas sensing behaviors of GO and SnO, multilayer sensors treated at 100 °C
towards 100 ppm of formaldehyde gas: (a) 1:0, (b) 1:1, (c) 1:2, (d) 1:4, (e) 1:6, and (f) gas

responses according to the mixture ratio.

Enhancement in gas selectivity was investigated by using styrene. Difference between
formaldehyde and styrene is existence of benzene group: styrene has and formaldehyde does
not. Firstly, the gas sensing behavior of GO and SnO; sensors showed different gas sensing

behavior. Once the gas introduced into the chamber, the initial resistance started to increase
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showing p-type gas sensing behavior. It seemed to be good observation to distinguish the type
of gas with one sensor array. However, under styrene atmosphere, the catalytic effect was
also observed. According to the mixture ratio, the gas response increased and decreased at the

point of 1:2 ratio of GO to SnO..
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Figure 7-16. Gas sensing behaviors of GO and SnO, multilayer sensors towards 100 ppm of
styrene gas: (a) 1:0, (b) 1:1, (c) 1:2, (d) 1:4, (e) 1:6, and (f) gas responses according to the

mixture ratio.

The combinatorial structure of GO and SnO, composites showed catalytic behavior on
gas sensing performance with the change in ratio. In Figure 7-17, normalized gas sensing
behaviors were summarized according to the ratio of the composites to formaldehyde gas. It
clearly showed that the enhancement of gas sensing behavior with an increase in the amount
of SnO; also degradation behavior after certain amount of the nanoparticles. Moreover, there
were gas response changes. With more amounts of the nanoparticles in the composites,

shorter gas response rate was observed, which means the SnO, into the GO promotes the gas
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reaction on the surface. This tendency followed the gas sensing response simultaneously. The
overall observation of the gas sensing behavior of the composites corresponds to the catalytic

effect of the mixture.
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Figure 7-17. The catalytic effect of the GO + SnO, composite to 100 ppm formaldehyde gas.

7.3.  Summary and Conclusions

Development of combinatorial structure with GO nanosheets and metal oxide
nanoparticles (ZnO and SnO;) was investigated to explore effects on gas sensing behaviors,
especially on gas selectivity. Bimorph structure of GO and ZnO/SnO;, was prepared to
compare with multilayer structure. In the case of GO and ZnO mixture, well-grown ZnO NRs
were etched into the acid GO suspensions. Therefore, it seemed to be hard to construct GO
and ZnO bimorph structure in this current system. However, catalytic effects and
compositional effects of GO and SnO, were successfully investigated. The samples were
prepared via EPD process, then, bimorph structure and multilayer structure were clearly

observed in SEM images. After gas sensing test, enhancement in gas responses were detected
122



after mixing GO and SnO; particles. Additionally, different gas responses were measured

according to the mixture ratio of GO to SnO,. These trends support the catalytic behaviors.

Moreover, different gas sensing behaviors were observed with styrene gas: n-type gas sensing

behavior with formaldehyde gas and p-type gas sensing behavior with styrene gas. This

change may contribute to investigating to develop single sensor array to detect multiple gases

in the future.
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CHAPTER 8. SUMMARY AND FUTURE WORKS

8.1. Summary of research

Investigation of gas sensors to detect VOC gases was conducted with functional
nanomaterials on flexible and wearable substrates. One of traditional metal oxide, ZnO, was
investigated owing to its excellent semiconducting properties and proven gas sensing
properties. For the ZnO sensing material to be deposited on wearable substrates, alternative
process method was explored because most coating methods of ZnO demand higher process
temperature. Therefore, four deposition methods were examined to coat ZnO seed layer on
diverse wearable substrates: sputter deposition, sol-gel coating, electrophoretic deposition
(EPD), and dip-pad-cure (DPC) methods. Among these coating methods, DPC coating was
only performed at lower temperature (150 °C) providing stable ZnO formation and its
uniform coverage on fabrics. ZnO nanostructures were also successfully fabricated on various
wearable substrates such as cotton, nylon and PET via this chemical solution method. Optical
and electrical properties of ZnO nanostructure grown by DPC coating were comparable of
properties of ZnO nanostructure. Therefore, the growth of ZnO nanostructures via this
chemical solution growth can be a proper approach to embed functional ZnO nanostructures
into various fabrics for developing functional garments at low temperature. However, well
grown ZnO nanostructure on garments was not sufficient for gas sensors because the ZnO
nanostructure still requires elevated operating temperature for activation to react with surface

oxygen.

To achieve operating temperature of ZnO gas sensing devices on wearable substrates,

exploration of gradient structure with metallic catalysts was considered. In addition to effort
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to lower sensing temperature, the design of multiple catalyst with gradient structure was
explored to improve gas selectivity. Deposition of the catalysts on ZnO NR gas sensing
devices was successfully conducted by sputter method. Pd and Pt catalysts improved the gas
sensing behaviors such as gas response, gas response rate, and selectivity. Enhancement in
gas sensing behaviors was observed with proper amount of catalysts, but degradation of the
gas sensing behaviors was also found with large amount of the catalysts. Improvement was
owing to the increase in activated sites and modification of the Fermi energy level, but the
degradation was due to blockage of the activate sites by excessive catalysts. Combinatorial
structure, i.e. gradient composition of the catalysts was also conducted to explore the
interaction between different catalysts according to mixture ratio. The combinatorial structure
was successfully deposited via co-sputter deposition. Evidently, the used catalyst and their

gradient influenced gas sensing behaviors.

However, the catalyst did not reach to perform room temperature gas sensing, which
means higher sensing temperature is still limit to fabricate wearable gas sensing devices.
Therefore, an alternative and new sensing material, graphene oxide (GO) was investigated.
Even though a single layer of GO is well known as an insulating material, it was reported that
multilayer of GO has semiconducting properties due to the surface defects along and inside of
the layers. Thus, GO can be a promising candidate as a sensing layer for room temperature
gas sensors as reduced-GO (r-GO) does. For the fabrication of gas sensors, deposition of GO
was firstly conducted via different methods: drop coating, spin coating, and EPD. Deposited
films were characterized by SEM and XRD. The films deposited via drop coating were
thicker and rougher, the films via spin coating were thinner and flatter, and the films via EPD
were thicker. As a comparison between GO and r-GO, thermal reduction under Ar atmosphere

was performed to explore changes in GO properties. Evaporation of solvents and elimination
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of oxygen functional groups were examined by XRD peak shift and peak change from FTIR
and XPS. Moreover, the electrical properties of non-treated GO films and heat treated GO
films were confirmed via measurement of initial resistance and gas sensing properties. Then,
room temperature gas sensing with GO and r-GO was demonstrated with 100 ppm of ethanol
and formaldehyde gasses. Gas responses, response rate, and recovery time were changed
depending on the heat treatment temperature, and types of gases. Additionally transition of
gas sensing behavior was observed, i.e. non-treated GO films showed n-type gas sensing
behaviors with both gases while p-type gas sensing behaviors were observed at higher heat
treatment condition (above 150 °C or 100 °C for longer heat treatment time). Room
temperature sensing of GO and its transition behavior from n-type to p-type gas sensing

behaviors are important observation for gas sensing applications.

Lastly, single chip array sensor with a combinatorial structure with GO nanosheets and
metal oxide nanoparticles (ZnO and SnO,) was investigated to realize selective sensing of
multiple gases. Bimorph structure and intercalation structure of GO and ZnO/SnO;, were
prepared by EDP to explore the interaction between two oxide materials. Enhancement in gas
responses was observed after mixing GO and SnO, particles. Additionally, different gas
responses were measured according to the mixture ratio of GO to SnO,. These trends can be
explained by catalytic behaviors. Moreover, different gas sensing behaviors were observed
with different types of gases: n-type gas sensing behavior with formaldehyde gas and p-type
gas sensing behavior with styrene gas. This change may contribute to developing a single
chip array sensor to detect multiple gases in a small scale without complicated assembly

procedure.
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8.2. Future works

GO gas sensors at room temperature and GO/SnO, composites were successfully
performed to adapt the sensors on wearable substrates. However, the sensing mechanisms
were still unclear. Therefore, the study of electron transfer in GO layers and the interaction
between GO and SnO, layers should be concentrated. Then, the embedment of electrodes on
wearable devices has technical challenges with current electrode patterning systems
(sputtering on shadow mask and micro-fabrication method) due to rough and disconnected
surfaces. Therefore, printing conductive materials for electrode can be performed so that the

electrode materials can be penetrated into the fibers without disconnection.
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