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Humidity SAW Sensor Sensitivity Enhancement via

Electrospraying of Silver Nanowires

Farid Sayar Irani

Abstract

In this research we investigated the influence of surface coatings of silver nanowires
the sensitivity of SAW (Surface Acoustic Wave) humidity sensors. Silver nanowires,
with PVP (Polyvinylpyrrolidone), which is a hydrophilic capping agent, were chemically
synthesized with an average length of 15um and an average diameter of 60nm. Humidity
sensors, with a 433 MHz frequency dual-port resonator Rayleigh-SAW devices were
coated bye AgNWs (Silver Nanowires) using the electrospray coating method. It was
demonstrated that increasing thickness of coated AgNW on the surface of SAW devices
results in increased sensitivity. The highest frequency shift (262 kHz) in these SAW
devices was obtained with injection of 0.5 ml of the solution with concentration of 0.5
mg/ml in injection rate of 1 ml/h. It also showed the highest humidity sensitivity among

the other prepared SAW devices.

Keywords: Humidity sensor, Silver nanowire, Surface Acoustic Wave (SAW) sensor,

Electrospray



Giimiig nanotellerin elektrosprey araciligiyla SAW nem sensor

hassasiyeninin geligtirilmesi

Farid Sayar Irani
Oz

Biz bu ¢alismada, yiizey akustik dalga nem sensorlerinin (SAW) hassasiyeti {izerinde
glimiis nanotellerin yiizey kaplamalarinin etkisini aragtirdik. Ortalama 60 nm ¢apinda
ve 15 pm uzunlugunda tizerleri polyvinylpyrrolidone (PVP) ile ¢evrili olan giimiis nan-
oteller kimyasal olarak sentezlendi. Nem sensorleri, 433 MHz frekansinda c¢ift girigli
rezonator Rayleigh-SAW cihaziyla, elektrosprey kaplama metoduyla giimiis nanoteller
ile kaplandi. Sensor {izerindeki giimiis nanotellerin kaplama kalinliginin artmasi sen-
soriin hassasiyetinin artmasima yol agmigtir. Bu sensoérler ile en yiiksek frekans kaymasi
(262 kHz) 0.5 ml hacminde, 0.5 mg/mL giimiis nanotel konsantrasyonunda ve 1 mL/h
enjeksiyon hizi uygulandiginda elde edilmistir. Bu ¢aligma daha 6nce SAW sensorleriyle

hazirlanan nem sensorleri arasindaki en yiiksek hassasiyeti gostermigtir.

Anahtar Sozciikler: Nem sensorii, Giimiis nanotel, Yiizey Akustik Dalga sensort,

Elektrosprey
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Chapter 1

General Introduction

1.1 Sensing and Sensors

Analytical chemistry and analytical techniques are necessary tools in the exploration of
the world surrounding us [1]. Intellectual information structure can produce theories
which needs a dependable input data. Therefore the quality of this information is
crucial [2]. A sensor is a device, which measures a chemical or physical quantity and
converts it into a signal that can be read by an observer or by an instrument, thus
sensors can be classified according to the type of energy transfer that they detect, for
example, electromagnetic and chemical [3]. Essential qualities for and effective sensors

are mentioned in following:

Selectivity: be able to detect one specific species among presence of various chem-

ical species,

e Reproducibility: it is key that the sensor can be trusted to give the same sig-

nal/output value for a certain set of conditions over the course of its lifetime.

e Accuracy: giving a correct concentration of the species being detected, ensuring
that the output value that the sensor provides is as close as possible to the true

value.

e Sensitivity or the limit of detection (LOD): the minimum signal that can be taken

as a meaningful measurement, and
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e Limit of quantitation (LOQ): the signal, at which quantitative results can be re-

ported with a high degree of confidence, should be known.

e Reversibility: ideally the sensing process should proceed equally well in both the
forward or reverse direction i.e. when the analyte is removed the sensor’s response

should return to the baseline.

e Stability: the characteristics of sensor should be stable when it is utilized in dif-

ferent conditions and environments.

e Linearity: over the desired measurement range the sensor’s response should be

linearly proportional to the concentration of analyte [3, 4].

1.2  Humidity

Humidity is widespread component in our environment which a makes it absolutely vital
health, human comfort and several industries and technologies [5].

Humidity measurement determines the amount of water vapor exist in a mixed gas,
like air, or a pure gas, such as nitrogen or argon. The most commonly units used in
measurement of humidity are Relative Humidity (RH), Dew/Frost point (D/F PT) and
Parts Per Million (PPM) [6].

"Relative Humidity (RH) is the ratio of the partial pressure of water vapor present

in a gas to the saturation vapor pressure of the gas at a specified temperature'

P
RH% = = x 100 (1.1)
Pg

"Absolute Humidity units are applicable for the primary measurement results inas-

much as one is able to directly measure the value of the water vapor content."

My
AB = T (1.2)

"Dew Point, is the temperature and pressure at which a gas begins to condense into a

liquid expressed in °C or °F,"
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1.3 Humidity sensors

Using of humidity sensors in industrial processing has increased. Besides, it plays an
important role in environmental control. In industries such as semiconductor produc-
tion,during wafer processing, humidity should be controlled continually when a highly
advanced integrated circuit is producing. Humidity control is also applicable in home
life such as in microwave ovens during cooking and level of humidity in buildings. Hu-
midity sensors have different applications in medical field as well, such as in respiratory

equipment, sterilizers, incubators, pharmaceutical processing, and biological products.

In agriculture humidity control has different applications, in a cereal storage or amount
of moisture in soil. In addition green-house air conditioning and dew prevention in

plantation protection requires controlling of humidity.

There are other examples of humidity control in industry which show importance of
humidity sensor usage in our life, such as film desiccation,oven and dryers atmosphere,

chemical gas purification and production of textile and paper.

Humidity measurement in manufacturing industries is crucial because it may affect the
business cost of the product and the health and safety of the personnel. [7] Sensor
sensitivity is a key factor in obtaining precise measurement results and as a consequence

helps control the product costs. [§]

There are three groups of humidity sensors. Electronic sensors, Optic sensors and Acous-

tic sensors. The most common type of sensors is electronic one.[9]

Humidity Sensors

Optical sensorsjl Acoustic sensors 8l Electronic sensors

FI1GURE 1.1: Types of Humidity Sensors
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1.3.1 Electronic Sensors

These days electronic sensors re used more than any other types of sensors in the world-
wide market. The first generation of mechanical humidity sensors were changed to
electrical sensors during a longtime. The detection in these sensors is based on changes

in resistance or capacitance of humidity-sensitive film.

Although electronic sensors have two main advantages which are low price of the in-
terrogation module and the relatively simple design. They have several disadvantages
like their response time which is almost long and varies from several tenth of seconds to
minutes. They need regular calibration and measurement would be difficult for relative
humidity below 5%. In addition, sometimes it is impossible or difficult to use them in
environments which are hard to access or atmospheres which are likely to explode and

electromagnetic zone

In the electronic sensors, Impedance of the device is changed with absorption of water
vapor into a hydrophilic layer. Changes would be measured by the contacts that are

applied to the layer.

The sensors response time is typically in the range of 5 to 60 s. The response is good
enough for many applications, however, in some other areas, such as breathing sensors,
it is too long. The accuracy does not work in high and low RH percentages (around 0%

RH and 90% RH) and only in few percentages is reliable.

Depending on whether these sensors work by changing in their resistance or capacitance,

they are classified into two groups which are described in the following subsections; [9]

1.3.1.1 Capacitance change-type humidity sensors

They consist of two conductive electrodes and a substrate between them. A polymeric
or metal oxide thin film is deposited on the substrate. The materials to make these
substrate are normally glass, silicon, or ceramic. In capacitive humidity sensors, the
dielectric constant is changed incrementally with increasing of humidity. This change is
almost directly proportional to relative humidity of environment around the sensor (see

1.3-a). Basic structure of capacitive type humidity sensor is shown in Figure 1.2.
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Podyrmiric humidity-sensing film
Lower alectrode
Upper electrode

Alurming substirote

Bosa ehecirode

Connection tarmmindl

FIGURE 1.2: Basic structure of capacitive type humidity sensor [10]

Numerous capacitance-change humidity sensors have been designed and produced with
interdigitated gold, platinum or silver electrodes. Moreover, different materials such as
Organic polymer, porous silicon and alumina are deposited as thin film on a ceramic

substrate. [10].

Typically the capacitance of the films, for 1% RH change, varies 0.2-0.5 pF, while this
value is between 100 and 500 pF at 50% RH for the bulk capacitance at room tem-
perature [11]. Performance of these sensors at high temperature ambient is as well
as low temperature which can tolerate up to 200 °C and they recover perfectly from
condensation[12]. Today, about 75% of humidity sensors on the market are capacitive
humidity sensors[13]. These sensors have wide application in the commercial, industrial

and weather telemetry fields.

Vaisala in Finland [5], with development of thin film in a capacitive humidity sensor

obtained a rapid response time of 1 s to reach 90% of out put value.

1.3.1.2 Resistive humidity sensors

The electrodes in these sensors are mostly made of noble precious metals. They are de-
posited on a substrate which is usually glass or ceramic, by thick film printing techniques

or thin film deposition.

In most of resistive sensors the type of electrodes is interdigitated (interdigital). The
thin film which is sensitive against humidity is coated between these electrodes [10].

In these sensors resistance value responds exponentially against changes in humidity.

Figure 1.3 exhibits basic structure of resisitive type humidity sensor.
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Polymer humidity-sensing fim

Comb elechoda

Aluming sutsirate

Base electrode

Connechion feminal

FIGURE 1.3: Basic structure of resistive type humidity sensor

The impedance change is typically an inverse exponential relationship to humidity, and

almost varies from 1 K to 100 M (see Figure 1.4) [10].

L T 10000
=| g ———
210 — .
s — | = 1000
i 190 (=]
= | | —,
170
3 | | | RPN el 3
180 W S e T e i 5 100
= 1 omabuc g e nominip SR S 7]
g 130 == : E
g 1o ; e 2
(=] b o e m— e m— | 10
> Shalic M. "SRG Clhl = gt 0 -
70 | |
| ! !
50 - 1 + +
0 . . M & & e W % W 20 3 40 50 6 70 80 90
RH (%) RH (%)

[10]

FIGURE 1.4: "(a)A near-linear response is seen in this plot of capacitance changes
against applied humidity at 25 °C (b) The exponential response of the resistive sensor
at 25 °C"

In resistive sensors, an increase in electrical conductivity happen when ionic functional
groups dissociate by absorption of water vapor molecules. The response time for most
of these sensors varied from 10 to 30 s for a 63% step change. The typical resistive

elements impedance ranges from 1 k€2 to 10002 [14].

1.3.2 Optic Sensors

This sensor use an optical fiber as a sensing element for measuring. These kind of sensors

are known as intrinsic sensors.

The first optical fiber commercially produced during the 80th decade. After that, many
researches were conducted on optical sensors and its potentiality. Electronic sensors have

difficulty or they are unable to work in certain environment or applications. Optical
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sensor could be a viable alternative for electronic sensors.

Optic sensors could be a viable alternative to electronic sensors in places using corrosive
material. Moreover, because of their lack of electricity, there is no spark surrounding
them and it would be safe to monitoring inflammable liquid or gases [15].

The great advantage that optical sensors have over electrical sensors, is that nearby

electric or magnetic fields can not have adverse effect on it [? ].

The other advantages of optical sensors is their fast response in compare to electrical

sensors. Moreover, there is no electric contact that sensed substance could damage it [16].

25 years ago, the first research on optical sensors was started. In most of fiber optic
humidity sensors a hygroscopic material is used which is usually diposited on a section
or on the tip of the optical fiber. Optical properties of these materials are changed by
humidity, as a result, a feature of the light which passes from them get modified and

turned to a detectable signal [17].

In a research, Bedoya [18] has discussed an optical humidity sensor contain an indicator

dyes and works based on its optical properties.

1.3.3 Acoustic Sensors

Humidity measurement by acoustic methods is categorized as one of the mechanical
methods.This technique is based on vibration frequency of acoustic devices when water
molecules are absorbed or adsorbed. Different methods have existed for measurement
of humidity in acoustic sensors which are based on '"surface acoustic waves (SAW),
the change in the resonance frequency of a quartz crystal microbalance (QCM), quartz
tuning forks (QTF) and film bulk acoustic resonators (FBAR) technology which are in

category of mass-sensitive humidity sensors" [19].

Mass sensors have major advantages in compare to other types of sensors. Their design
and production is very simple. They have low weight, and the power they require is
very low. Besides, in this measurement, the results which are obtained are based on

frequency shift which is accurate and totally reliable [19].
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1.3.3.1 QCM

QCM is the most popular mass sensor which is very stable and sensitive. An extremely
small mass change on nano gram scale could be measured by these sensors through

variation in frequency of a quartz crystal resonator [20, 21].

1.3.3.2 QTF

Earlier a cost-effective and plain alternative for QCM sensors were QTFs. Their sensi-
tivities are comparable As resonant frequency in QTF is affected by mass adsorption,
sensitivity is comparable with QCM. However, QTF has several advantages such as more
stable resonant frequency and significantly lower cost. In addition, since QTF working
frequency is extensively lower than QCM (up to a hundred kHz for QTF and from one

to several dozens of MHz for QCM), simpler electronics are used. [22].

Xiaofeng Zhou et al. [23] demonstrated sensitivity of QTF improve by coating a layer
of ceramic film on it, while it has no response against humidity variation. Water vapors
are adsorbed on the large surface of QTF film surface with capillary pores. Increase in

humidity level leads to decrease in resonant frequency of QTF.

1.3.3.3 FBAR

"FBAR and QCM have the same mechanism of action the QCM is produced in a top-
down process and FBARs in a bottom-up process using thin-film technology." Therefore,
thinner FBARSs can be developed, which higher resonance frequency would be obtained.

Resulted frequencies from FBARs are varied form MHz to GHz.

An alternative is the Shear Horizontal-Surface Acoustic Wave (SH-SAW) device which
includes a pair of inter-digitated transducers (IDTs). They can detect the surface shear
horizontal waves which are produced by converting electrical to acoustic energy and vice

versa.
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1.3.3.4 Plate Acoustic Waves (Lamb waves)

Recently, Lamb wave devices have also gained attention due to their high velocity, high

quality factor (Q), and large coupling [24].

1.3.3.5 Surface Acoustic wave (SAW)

Surface acoustic wave (SAW) resonators are a type of sensors with high sensitivity to
changes occurred on/in the surface, including temperature, humidity, mass loading, elec-
trical field etc. . [25]

Sensing in resonating device occurs when a layer of material is deposited between emit-
ting and detecting IDTs on the surface of the device, due to changes in mechanical
properties of the device which result in alter in the amplitude and velocity of the prop-

agating wave [26].

In general, the material which are used in SAW sensors are Organic molecules or poly-
mers. Velocity of surface waves is changed when these materials absorb water molecules.
Hence, using new hydrophilic materials have gained great attention. Moreover, Many

studies have done in order to improve the surface quality of the sensor [9].

Hoang-Si Hong with Gwiy-Sang Chunget al. [27-29] have used AIN films as a piezo-
electric substrate and cover it with different nanostructured metal oxide as a sensitive
layer to fabricate SAW-based umidity sensors. AIN films because of their attractive
characteristics such as superior temperature, the high-acoustic velocity and chemical
stability is a good choice as a piezoelectric substrate in SAW applications. The results
of experiments showed that the obtained velocity on an uncoated AIN film was about
5136 m/s and on a metal oxide coated AIN film was 5032 m/s [27].

"Surface acoustic wave sensors are a class of microelectromechanical systems (MEMS)

which rely on the modulation of surface acoustic waves to sense a physical phenomenon."

The sensor takes and electrical signal and convert it into a mechanical waves which, un-
like an electrical signal, a physical phenomena can influence it easily. Then the altered

wave would be converted back to electrical signal by device. Measuring the difference
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between input and output electrical signals, in amplitude, phase, frequency, and time-

delay, illustrate the presence of the desired phenomenon.[30]

The SAW velocity can be affected due to three basic interactions, i.e. operational mech-

anisms, namely: [30]

e The change in the film mass due to the adsorption of gas molecules in the film

material. This effect is referred to as the mass-loading effect

e The change in the conductivity of the film due to the interaction between the
associated electric field with the SAW in the piezoelectric substrate and the charge
carriers in the film material. This is brought about by interaction with the target

gas molecules. This effect is referred to as the acoustoelectric effect

e The change in the mechanical properties of the film material due to the adsorption
of gas molecules which might induce a swelling in the film. This swelling induces
a change in the shear and bulk modulus of the film and/or induces a change in the

film thickness. This effect is referred to as the viscoelastic effect

"These 3 effects can contribute to the change in the SAW velocity according to the
formula": [31, 32]

AV m
70 = —CmeA(Z

fo k2 i

410, S AhG) — — A2
SR A T e

5 ] (1.3)

in which Cm and C are the coefficients of mass sensitivity and elasticity of the substrate,
respectively, (m/A) is the change in mass per unit area, f, is the fundamental frequency
of the SAW device, h is the film thickness, G’ is the real part of the shear modulus,
K2 is the electromechanical coupling coefficient (a measure of the piezoelectric strength
of the substrate material), 00 is the sheet conductivity of the film, ¢y = €, + ¢, is
the capacitance per unit length of the SAW substrate material with ¢,, and ¢, being
permitivities of the substrate and free space respectively, and k is the wave number

(k = 2II/A, A is the acoustic wavelength)

The mass loading Am can be calculated as

Am = CVy
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where Cj is the concentration of the solution of the sensitive material, and V} is the
volume of the sensitive material. Due to mass loading, a frequency shift occurs, which

can be calculated as follows:

Am
Af = k2f§7

where k is the constant of the piezoelectric substrate, fo is the unperturbed resonant

frequency of the SAW oscillator, and A is the sensitive film area [31, 32].

1.4 Humidity sensing material

In order to build a sensor with a high sensitivity for a certain gas, the chemical coating
material should be chosen carefully to assure interaction between the target gas and the

chemical coating material [30].

Humidity sensing materials can be grouped into two types; ceramics and polymers. Both
groups could stay stable in different conditions and could work in environments with

various temperatures [33].

Sensing materials

Organic polymers

FIGURE 1.5

Polymeric materials or porous ceramics have been widely used to enhance the per-
formance of the humidity sensors, as they increase the capability of absorbing water
molecules either through their specific material properties or their significantly increased

surface areas. [25]
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1.4.1 Polymer Sensing Material

Compare to ceramics sensing materials, polymeric materials have several advantages.
They have higher sensitivity and lower humidity hysteresis. Its construction requires

low cost and it has flexibility and easy process-ability [34].

A good sensitivity was achieved with humidity sensors coated with polymeric material
were obtained in 2009 using silicon-containing polyelectrolyte [35]. "A silicon-containing
polyelectrolyte with crosslinking structure was deposited on a surface acoustic wave
(SAW) resonator operating at 433MHz to construct a humidity sensor by the method

of electrospray and heat treatment."

1.4.2 Ceramic Sensing Materials

Ceramics are chemical inert materials which make them great in various applications.
They can be used either as a film or porous bodies. In humidity sensing, porous ce-
ramics, because of larger capacity for adsorption of water, has more sensitivity than a

film-type one.

The porous microstructure and the surface reactivity with water greatly impacts the
performance of a ceramic humidity sensor [36]. Volume of pores in ceramic and distri-
bution of them are known to be of foremost importance in order to gain a high humidity
sensitivity [37]. "Changes in impedance of porous ceramics, resulting from various envi-
ronmental humidities, are associated with the water adsorption mechanism on the oxide
surface" [38, 39]. High porosity and a large surface area are advantageous to the sensi-
tivity [40]. Some studies have also noted the importance of distribution of pores and its
influence on the humidity-sensitive electrical response [37, 41].

In a work, P.M. Faiaet al. [42] used an emulsion of titania powders to fabricate a ceramic

thick film humidity sensor by spin coating technique in a low speed.

1.5 Nanomaterial Based Humidity Sensors

Various nanomaterials such as nanoparticles and nanowires of different materials and

carbon nanotubes are being used in Humidity sensors. Nanostructured materials as a
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sensor-sensitive material has attracted great attention in recent years because of their

unique physical properties and applications.

The nanoparticles’ physical and chemical properties are different of their bulk form,
especially in metallic nanostructures. Because of this feature, they have become very in-
teresting. With increasing in surface area of the nanomaterials, active interfaces increase,
thus sensitivity would be increased and response and recovery times would be decreased.
Nano-sized semiconductor metal oxides have generated low-cost gas and humidity sens-
ing materials. Different kind of nanomaterials are utilized in different humidity sensors,
such as different nano-structure of ZnO [43-46] SnOz nanowires [47], BaTiO3 nanofiber
[48] and T'iO2 nanotube [49] Ag nano-particles [25] carbon nanotube/Nafion composite
[50].

Hoang-Si Hong and his coworkers [43] described the fabrication and characterization of
zinc oxide (ZnO) nanorods based surface acoustic wave (SAW) humidity sensors. In this
work the SAW resonance frequency over a relative humidity (RH) varied in a range from
10% to 90% at 25 °C were investigated. A 750 kHz frequency shift was obtained from
the SAW sensor coated with ZnO nanorods as sensing layer. This value was increased

in compare with the frequency shift of the ZnO seed layer/IDTs/AIN/Si structure.
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In the other research D. J. Li,a C. Zhao et al. [25] enhanced a SAW humidity sensor

with silver nano particles. Smooth Ag film deposited by chemically deposited with high

porosity onto the SAW devices gains good humidity sensitivity of 800 kHz at 75% RH.
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silver nanoparticles with annealing in 400 °C in Ny 1 hr for Sample S4 and S5.

In a good example of using nanomaterials as a sensitive films in humidity sensors, Lei
Sheng et al. [50] obtained an very high sensitivity of 400 kHz/%RH by using a multi-
walled carbon nanotube/Nafion (MWCNT /Nafion) composite material. The response
time was very short and about 3 s at 63%. The sensitivity of SAW sensor, with MWC-
NT/Nafion composite, was much higher than simlar research such as the SAW sensor

with polymeric material (silicon-containing polyelectrolyte) as sensing layer. [35]
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Silver and its nanostructures are utilized as different sensors, including gas sensors (such

as ammonia sensors) [51]. Silver nanowire, due to its high surface-to-volume ratio, good

conductivity and a fast, simple, and cheap synthesis method has received great attention

in different applications, such as sensing devices. In this research, we tried to enhance

the sensitivity of SAW sensors against humidity with coating of silver nanowires, and a

poly(vinylpyrrolidone) (PVP) as a capping layer, on the surface of device.



Chapter 2

Experimental

2.1 Introduction

In this research it is tried to enhance sensitivity of SAW sensors while expose to humid-
ity with coating of silver nanowire. For this purpose Silver nanowires were chemically
synthesized through the method which Sahin Coskun et al. have mentioned in their
article [52] and it was coated on saw device by electrospray coating technique.

Whereas amount of materials which are coated on device has a great influence on the sen-
sor response, so effects of different parameters including time of coating, concentration

of solution and rate of injection were investigated.

2.2 Instruments and Chemicals
Chemicals which were used in this research: Poly(vinylpyrrolidone) (MW 55,000), silver
nitrate (AgNOs3), and isopropyl (99.5%) were purchased from Sigma-Aldrich (St. Louis,

MO, USA), Ethylene glycol (EG), sodium chloride (NaCl 99%), acetone, and ethanol

were purchased from Merck Co., Kenilworth, New Jersey, USA.

Instruments which were used in this research:

17
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The following instruments and devices were used: a hotplate and stirrer, a syringe and
syringe pump (kdScientific, Holliston, Massachusetts, USA), a centrifuge device (hettich,
Buckinghamshire, UK), a sonication device, an electrospray device (which consists of two
parts—a sensor holder, which rotates with a specific rate and is exposed to a negative
charge, and a second part, an injector to spray the material with a positive charge), a
SAW device (SAW Components GmbH, Dresden, Germany), an oscilloscope (Tektronix,
Beaverton, Oregon, USA) to measure the frequency shift before and after coating, a
sensor measurement setup (which includes 7 SAW devices, one of which is used as a
reference that is closed with a lid to block the influence of the gases, and the other six
of which are exposed to humidity at the same time), an optic microscope (Carl Zeiss,
Oberkochen Germany), and a Scanning Electron Microscope (SEM) with a maximum

resolution of 2 nm (JEOL JSM.6335F, Peabody, Massachusetts, USA) .

2.3 Synthesis of AgN'W

First, 10 mL of a 0.45 M EG (ethylene glycol) solution of PVP was prepared, and 7 mg of
NaCl was added afterward. The solution was poured into a two-necked round flask to be
stirred and heated at 170 °C. A second solution was prepared, and 0.12 M AgN O3 was
added to 5 mL of EG. This was injected dropwise into the PVP solution by an injection
pump at a rate of 5 mL/h. The mixture was stirred and heated at the same temperature
for an additional 30 min after injection. The solution color changes to a yellowish-brown.
The final solution was cooled to room temperature, while it was stirring. After keeping
the solution in a stable state for 2 days, the supernatant was decanted and the solid
layer was washed and centrifuged 5 times with acetone and 5 times with ethanol [52].
After all purification processes, the final precipitate, silver nanowires (AgNWs) with a
capping layer of PVP, was dispersed in isopropyl. Before dispersion in isopropyl, the
weight of the solid precipitate was measured with a precision digital scale in order to

reach a specific concentration of the solution.

2.4 SAW device preparation

A 433 MHz frequency dual-port resonator Rayleigh-SAW device (SAW Components

GmbH, Dresden, Germany) mounted on a TO-39 socket was employed. This was washed
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via dipping in acetone and ethanol, each for 5 min. The reference frequency was mea-

sured with an oscilloscope to compare with its frequency after coating.

2.5 Electro-spray coating

The electro spraying system consists of a two-compartment setup with a sample holder
in which sensors are placed on it and spins at 1000 rpm, exposing the sensors to a

negative discharge cloud and the positive electrospray mist. A schematic diagram and

its photograph are given in Figures 7 and 8.

FIGURE 2.1: Photograph of the electrospraying system
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F1GURE 2.2: Graph of impedance change against humidity percentage in a resistive
humidity sensor

A syringe was filled with the solutions and placed in the syringe pump. The solution
was injected at a constant rate into the sensors that were mounted on the rotator. As
mentioned above, in order to obtain sensors with different sensitivities, we changed the

amount of coating material on the SAW device. To that end, seven different SAW sensors
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were created by changing the injection rate, the volume, and the concentration of the

injected solution. The details for these seven sensors are given in Table 1.

TABLE 2.1: Parameters of AgNW-coated SAW sensors by the electrospray method

No Rotator  Volume Injection Rate Concentration Frequency Shift
S1 1000 rpm 0.75 mL 2 mL/h 0.25 mg/mL 240 KHz

S2 1000 rpm  0.25 mL 2 mL/h 0.5 mg/mL 165KHz

S3 1000 rpm  0.25 mL 2 mL/h 0.25 mg/mL 123 KHz

S4 1000 rpm  0.25 mL 1 mL/h 0.25 mg/mL 91 KHz

S5 1000 rpm  0.25 mL 1 mL/h 0.75 mg/mL 220 KHz

S6 1000 rpm 0.5 mL 1 mL/h 0.5 mg/mL 262 KHz

S7 1000 rpm  0.25 mL 1 mL/h 0.5 mg/mL 158 KHz

S8 1000 rpm 0.5 mL 1 mL/h 0.25 mg/mL 188 KHz

S9 - - - Uncoated SAW Device -

2.6 Characterization of AgN'W

The morphology and size of the polyol-synthesized silver nanowires were investigated
via SEM analysis, and the results are shown in Figure 9. The few silver nanoparticles
that can be seen in Figure 9a are normal and inevitable in polyol synthesis. These
nanoparticles have no significant effect on our experiments and results. The nanowires
have an average length of 15 um and an average width of 60 nm (Figure 9b). All wires
are covered with a PVP capping agent, and no agglomeration is evident in the SEM
photos. To observe the morphology of AgNWs on the surface of the SAW device and the
inter-digital transducers (IDTs), we used an optic microscope with high magnification
power and resolution. Figure 4 shows two different AgNW-coated IDT transducers
(Sensors S6 and S7). Both photos show few silver nanowires on top of the fingers and
between them. There is no connection between most of them, which demonstrates the
very low electrical connectivity of the film. Although the amount of material sprayed
on the surface of Sensor S7 (figure 10-b) is different in comparison to Sensor S6 (figure
10-a) , the difference is not distinguishable on the images. The reason lies in the weight

difference at the microgram or nanogram scales.
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(a) Figure 9a (b) Figure 9b

FIGURE 2.3: SEM images of silver nanowires (AgNWs): (a) the existing nanoparticles
among the nanowires; (b) the dimensions of the nanowires.

(a) Figure 10a (b) Figure 10b

FI1GURE 2.4: Optic microscope photos of IDTs coated with AgNWs by the electrospray
coating method. (a) Sensor S6; (b) Sensor S7.

2.7 Sensor Measurement

Sensors testing were done by an experiment which an isothermal gas were exposed at 22
°C, and consisted of seven steps of exposure to the humidity, which took 70min in total,
and a subsequent purging with pure air, after each step of exposure and one time at the
start of the experiment (80 min in total) to reset the baseline. During the measurements,
the humidity concentration was increased from 20% to 80% in seven steps. Each step of

exposure and purging was lasts for 10 mins.
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The system which sensors were tested with, is homemade and it is able to test 6 sensors
at a same time. The sensors are placed in a chamber with volume of 4 ml and the
temperature control in it. A multiplexing technique was using to read the frequencies of
each sensor during the test. An uncoated SAW sensor is also used as a reference which

is covered with a lid to block the effect of gases on thin film.

11.jpg 11.jpg

FIGURE 2.5: A photograph of SAW sensor measurment system and the cahmber
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Results and Discussion

As was explained, the frequency shift in SAW devices is altered by change in parameters
such as conductivity and mass of sensing film. Thus, several SAW sensors with different
coating loads of silver nanowires were prepared. The sensors response against humidity
was investigated and their characterization dependency on the mass and conductivity of
the sensing film was illustrated. To that end, seven different SAW sensors were made by
changing the injection rate, the volume, and the concentration of the injected solution.

The details for these sensors are given in Table 2.1.

In the primary investigation, it was concluded that no frequency shift was obtained
from SAW devices with a high load of AgNWs, which is conductive. A conductive SAW
device, which was obtained in the experiments, resulted from spraying 3 mL of the
AgNW solution with a concentration of 0.5 mg/mL at an injection rate of 2 mL/h. This
was also observed in the work of Cihat Tasaltin et al. [40], as they state that the active
range of the acoustoelectric effect of the SAWSs (the highest change of wave velocity) was
found to be in the range of 0.4 < (V(ojié‘s) < 1.7. This range also includes the maximum
point of insertion loss (IL). o5 = oh is the surface conductivity, and Cs = €, + €9 is
the concentration of the solution of the sensitive material (the total dielectric potential
associated with the SAW and the carriers of the electric charge in the gas-sensitive film
leads to a decrease in the velocity.). Vp is the sound velocity in the crystal without any

sensitive coated materials. The desired frequency shift was obtained from other sensors

with coat that was less thick. However, they were not conductive. The comparison of

23
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the measured frequencies with the duration of electro-spraying and the concentration of

the sprayed solution showed a direct correlation.

Sensor measurements were performed against humidity. The measurements were done
twice for each of the sensors. The concentration humidity varied in a range from 20%
RH to 80% RH. One uncoated sensor was tested as well to compare the results of the
coated sensors against it and to check the sensitivity improvement. The acquired data
was gathered in a spread sheet in order to draw the frequency graph versus the time for
each sensor (Figure 3.1(a)). The graph for Sensor S6, which was coated with a higher
volume and concentration of AgNW solution, is shown in Figure 3.1(b). The graph

shows frequency shift responses to the changes in humidity percentage.
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FIGURE 3.1: (a) An uncoated SAW sensor (S9) and (b) an AgNW-coated SAW sensor
(S6) response against humidity in seven different humidity percentage in the range of
20%-80% RH. The baseline corresponds to 0% RH.
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Frequency vs. RH% graph, which indicates sensor sensitivity, for Sensor S6 and the
uncoated one, is shown in Figure 13. It shows that the sensitivity of the SAW sensor
with a AgNW-coated surface is higher than the uncoated SAW sensor. For Sensor S6,
the frequency shift in 80% RH is about 6.5 kHz, which is three times greater than the
uncoated sensor at 80% RH.
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FIGURE 3.2: Sensitivity graphs of Sensor S6 and the uncoated SAW device.

The sensitivity graph for all seven sensors is shown in Figure 3.3. Considering the data in
Table 1 and Figure 3.3, it can be concluded that the sensitivity increases as the amount

of coated AgN'Ws on the sensor grows.
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Conclusion

The results of this research showed sensitivity of SAW sensor against humidity could be
enhance by coating proper material on its surface. Polyol synthesized AgNWs because
of its hydrophilic capping agent (PVP) and its high surface-to-volume ratio were used
for this purpose. In order to obtain ideal samples with various amounts of nanomaterials
on the surface of sensor, electrospray coating method was used. Sensor measurement
results demonstrated that with increasing thickness of coated AgN'Ws on the sensor the
sensitivity increases. It is also concluded that mass loading is a dominant factor in

AgNW-based SAW humidity sensors.

27
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