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ABSTRACT

Humidity measurement ascertains the amount of water molecules available in the atmosphere
and it is denoted mostly as relative humidity (RH). Humidity sensing and monitoring are quite
important for today’s advanced manufacturing as well as environmental monitoring. It finds
extensive applications in semiconductor industry, pharmaceutical, agriculture, food
processing, textile and biotechnology sectors. The types of techniques available for humidity
measurement are capacitive, resistive, surface acoustic wave (SAW), quartz crystal
microbalance (QCM), and mass spectrometry. Most of the commercially available humidity
sensors are based on capacitive technique. However, such sensors suffer from instability for
prolonged use and hysteresis due to the polymer dielectric layer. This apart, its fabrication is
not cost-effective. In this respect, resistive humidity sensor is attractive because of its simple

structure and easy to integrate with silicon technology.

A successful attempt has been made to develop chemically synthesized graphene oxide (GO)
based resistive type low-cost humidity sensor. Afterwards, GO was functionalized in order to
enhance humidity response. It was observed that metal oxide functionalized GO cannot give
good response whereas Nafion® ionomer functionalized GO enhanced humidity response
immensely. The sensing materials were characterized using optical microscope, scanning
electron microscopy (SEM), atomic force microscopy (AFM), transmission electron
microscopy (TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), energy
dispersive analysis of X-rays (EDAX) and fourier transform infrared (FTIR) spectroscopy.
The sensor devices were fabricated by drop-casting of sensing materials on patterned gold
electrodes on Si/SiO, substrate. Humidity sensing devices were exposed to six different
relative humidity (RH %) and the response of humidity sensors were found to be excellent
due to large proton conduction of GO and Nafion. The sensing mechanism is based on large
proton conductivity (in presence of humidity) provided by GO, which follows Grotthuss
mechanism. Apart from these, a FET based humidity sensor was also developed utilizing
Nafion functionalized GO as its channel material. The humidity measurement was performed
in custom-made humidity sensing setup coupled with semiconductor parameter analyzer
(SPA) via test fixture. The developed humidity sensors showed ultrafast response and
recovery (within few secs) with extremely good repeatability and stability. The GO/Nafion
based resistive humidity sensor gave response as high as ~ 18000 times (88% RH). | believe
realization of such humidity sensor will help in development of good performance low cost
resistive humidity sensor.

Key words: Humidity, sensor, graphene oxide, proton conduction, Nafion, SnO,, resistive,

FET.
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Chapter 1

Introduction






1.1 Introduction

This chapter discusses about the various parameters related with humidity sensor and
its applications in different industries. Apart from this, it describes about the
measurement techniques used in humidity sensing. Lastly, market situation of

humidity sensors have been explored in brief.

1.2 Background

Detection of different physical and chemical parameters (like pressure, air flow,
chemicals, temperature and humidity) is often necessary for various industrial
operations. A sensor is a transducer which detects such parameters and generates
corresponding output mostly in the form of an electrical signal [1]. On the other hand,
an actuator is a transducer which takes electrical or other form of energy and
subsequently converts them into different forms of motion. Such transductions of both

these transducers can be resistive [2], or capacitive [3] or inductive [4] or other Kinds.

Humidity sensor is a type of sensor, which when comes in contact with water vapour
interacts with them. This interaction initiates changes in certain properties of the
sensing material. Thus, by measuring the changes in that property of the material, the

concentrations of the water vapour can be detected [5].

The efficiency of a humidity sensor can be evaluated by following parameters:

Response:

The response of humidity sensor is denoted as the relative deviation in device current

owing upon exposure to the moisture.



The response of the humidity sensor is calculated as:

Response =

where, |RH -current through the device in presence of humidity and |air -current
through the device in presence of compressed air.

Sensitivity:

Sensitivity of humidity sensor is the amount of change in output current in response to

a change in relative humidity. The sensitivity of the humidity sensor is evaluated as:

o__Al
ARH %

where, Al is device current variation and ARH% depicts corresponding change in
relative humidity.

Response time:

The response time of a humidity sensor is defined as the time taken to reach 90% of
the full response

Recovery time:

Recovery time of a humidity sensor is defined as the time taken to reach 90% of the
baseline value.

Selectivity:

The selectivity of a humidity sensor is the ability of a humidity sensor to detect and

measure only water vapour presence in a gaseous mixture.



Apart from the above parameters, long term stability (often poor stability of humidity
sensitive polymer can be an issue), power consumption (sometimes heat treatment is
required to desorb the adsorbed water vapour, this requires power), linearity (non-
linear response needs complex circuitry or algorithm to linearise the sensor output)
and cost (sensor cost can be reduced by using low cost substrate and sensor material,
also sensor realization with interface circuit on the same silicon die can reduce the

cost drastically) are also key aspects for a good humidity sensor.

1.3 Humidity sensor applications

Humidity sensing and control are quite important for today’s advanced manufacturing
as well as environmental monitoring. Controlling of humidity is indispensable
particularly for semiconductor industry. For production of extremely advanced
electronic system in semiconductor foundry especially in wafer processing, moisture
contents are continually observed. In health care, humidity sensors are utilized in
sterilizers, incubators and pharmaceutical processing. In biotechnology sectors,
measurement of moisture control is substantially important for synthesis and
preservation of biological products [6]. In agriculture, humidity sensors are employed
for humidity monitoring of greenhouses and soil moisture sensing. In food processing
and preservation, detection of the moisture content is indispensable [7]. Besides, in
the textile manufacturing humidity takes part a crucial role as the fibers prone to
adhere with one another in presence of humidity [8]. Above all humidity sensors

play a significant role in detecting amount of moisture of surrounding atmosphere for



human comfort [9].Various types of humidity sensing instruments have been
developed based on different working principles and diverse hygroscopic sensing
materials [10-14]. Based on the units of measurement, humidity sensors are divided in
two main classes: Relative Humidity (RH) and Absolute Humidity sensors
(hygrometers). In the majority of humidity measurement applications relative

humidity measurements are more preferable than absolute humidity ones [15].

1.4 Humidity measurement

Humidity measurement ascertains the quantity of water molecules available in a

gaseous medium. In hygrometry relative humidity (RH) is defined as:

RH = P 1000
P,

Where p, is the partial pressure of water vapour present in a gas and p, is the

saturation vapour pressure of the gas at a given temperature. Relative humidity
depends on temperature, and hence most of the commercially available humidity
sensor contains in-built temperature sensor. RH calculation is done in percentage. But
the range of humidity required to be detected for all the mentioned applications are
different. So, there have been continuous efforts on developing highly sensitive
humidity sensors that perform over wide range of humidity and temperature with
ultrafast response and recovery time. Apart from these, good reproducibility, stability
over days and resistance against chemical contaminants are also required criteria for a

humidity sensor.



1.5 Market Survey

Humidity sensor is gaining considerable marketplace due to its extensive application
in different industries. According to MarketsandMarkets [16], an organization
involved in market survey for sensors, humidity sensor market at automotive sector
was approximately $1,084.38 Million in 2013 and is predicted to grow at$2,129.68
Million, at a CAGR of 11.05% between 2014 and 2020. Although there are different
types of humidity sensors, generally commercially available humidity sensors are
mostly capacitive. In market technology, platform used for humidity sensors are

CMOS, MEMS, TFPT and packaging types are SMT and Pin type.

1.6 Motivation

Considerable number of humidity sensors have been developed employing various
transduction techniques. Among them mostly capacitive humidity sensor is
commercially available. But its fabrication cost is high due to its intricate
multilayered structure. This apart, it sometimes shows long term instability and
hysteresis problem due to agglomeration of water molecules on its dielectric polymer
layer. On the other hand, resistive humidity sensor offers simpler structure, cost-
effective fabrication and also it is easy to integrate with CMOS platform. Several
nanomaterials (e.g. metal oxides [17]), polymers [18] and their composites have been
reported in literature as humidity sensing layers. Metal oxides sometimes require heat
treatment to desorb water molecule. Long term stability with polymers is always an
issue. Recently there are reports of using carbon like nanomaterial (e.g. CNTs [19],
RGO [20], and graphene [21]) as humidity sensing layer. Although, such materials do

not show good response towards humidity. In this respect, GO can be a good humidity


http://www.marketsandmarkets.com/Market-Reports/automotive-temperature-humidity-sensor-market-187951783.html

sensing material because it usually contains lot of defects, functional groups and also

it helps in large proton conductivity in presence of humidity.

1.70Dbjective of the thesis

a. Design and development of graphene oxide (GO) based resistive type humidity
sensor.

b. Development of functionalized GO based resistive humidity sensor to enhance
response.

c. Development of a Field Effect Transistor (FET) based humidity sensor.

1.8 Thesis Layout

The present thesis contains six chapters. Chapter 1 covers the introduction of the
present  work. Chapter 2 demonstrates the significant literature survey of the
research work focused on humidity sensing material at room temperature and also
discusses with different transduction technique employed in development of humidity
sensors. Chapter 3 explores the performance of graphene oxide (GO) as humidity
sensor. It includes the brief synthesis and characterization of graphene oxide and
fabrication of resistive type humidity sensor.Chapter 4investigates humidity response
of functionalized GO. It has two sections. In section I GO was functionalized with
SnO; in order to get larger response than GO based humidity sensor. In section Il GO
was functionalized with Nafion so as to attain enhanced humidity response.Chapter
5discusses development of back gate field effect transistor (FET) based humidity
sensor employing GO/Nafion composite as its channel material. Chapter 6 presents
conclusion of the current work. This chapter also point out the chief findings and
novelty of the present work. Moreover, the chapter also explains the future scope of

present study.



1.9 Contribution Made by the Scholar

Graphene oxide based resistive type humidity sensor has been developed successfully.
It has shown high humidity response. Afterwards, GO was functionalized with SnO,
and Nafion successively in order to get higher response. SnO, functionalized GO
based humidity sensor was unable to enhance response whereas Nafion functionalized
GO based humidity sensor exhibited ultrahigh response. After achievement of
considerable response in GO/Nafion composite based resistive type humidity sensor,
field effect transistor (FET) based humidity sensor has been developed utilizing
GO/Nafion composite as its channel material. Notable sensitivity was attained from

FET based sensor towards humidity.
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Literature Review
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2.1 Introduction

This chapter discloses the elaborate review of literature of the various kinds of
nanomaterial based humidity sensors and their transduction techniques. Also it
discusses evolution of electrical humidity sensor in brief. In literature reports of
different transduction techniques and usage of numerous nanomaterials, polymeric
materials are found. Response, repeatability, stability, response and recovery time are
essential parameters of a humidity sensors. It is difficult to develop a single sensing
material which will meet all the above objectives. For that reason, composites of
humidity sensing materials are usually employed so as to obtain high response
towards moisture. Moreover, choice of suitable transduction technique also matters.
Comprehensive arguments over scholarly articles related to different attributes of

humidity sensors are discussed in this chapter.

2.2 Evolution of Humidity Sensor

One of the most ancient type humidity sensors is LiCl humidity sensor. In 1938 it was
developed by Dunmore and it was named as Dunmore-type humidity sensor [1]. This
LiCl electrolyte based humidity sensor found to be pioneer for long days in humidity
sensing field [2]. LiCl based humidity sensor is the first electrical humidity sensing
device. The working principle is based on alteration of the ionic conductivity of
lithium chloride solution upon water vapour absorption. Humidity sensors made of
polymer film have also been invented long ago [3]. Polymer based sensors were
favoured over LiCl based sensors as they are relatively inexpensive and compatible
with integrated circuit (IC) technology. The polymer based relative humidity sensors
can be divided into resistive type and capacitive type. Furthermore, resistive type

humidity sensors can be divided into ionic and electronic conduction types [4].
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2.3 Transduction Techniques

2.3.1 Capacitive

Most of the commercially available humidity sensors are based on capacitive
technique [5-7]. The distinctive architecture of capacitive relative humidity sensors
resembles a sandwich having electrodes on either side [8]. Afterwards, humidity
sensitive polymer is deposited as dielectric between the two electrodes. Permittivity of
dielectric made of polymer material modifies upon moisture adsorption [9]. Following
this principle, the deviation in humidity level is sensed by determining the shift of the
dielectric capacitance. Adsorbed water can increase the relative permittivity and the
capacitance. Actually adsorption of moisture intensifies the polarization and enlarges
the relative permittivity of polymer dielectric. However, this type of sensors also has
drawbacks due to the polymer dielectric. The major problem arises from this polymer
dielectric layer is instability and hysteresis in case of prolonged usage [10]. As
polymer material prone to degrade over time, so long term stability is hard to achieve.
Hysteresis actually arises from agglomeration of adsorbed water molecules inside the
polymer dielectric layer. Moreover, the dielectric material for capacitive type
humidity sensors ought to be polar yet non ionic so that it does not dissolve in
aqueous environment [11]. Market price of capacitive type sensing devices is
normally more than resistive type sensing devices owing to their significant
manufacturing expenditure. Nevertheless, capacitive relative humidity sensors are
more lucrative than resistive type sensors because of considerable linearity in
humidity response. However, hydrophobic cross-linked polymeric materials are

preferred to be used as dielectric of capacitive moisture sensors so as to avoid
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generation of clusters of absorbed water [12]. Fig. 1.1 shows device geometry of

capacitive type sensing device.

Top Electrode Polymer Dielectric

Silicon Substrate Sio, Bottom Electrode

Figure 1.1: Schematic illustration of the device geometry of capacitive humidity
senor.

_ Asys, (%RH)
a d

C

Where
C= total capacitance;
d= thickness of the polymer dielectric layer;

&g, (%RH) = relative permittivity of the polymer layer

Relative permittivity changes with relative humidity and capacitance alters
accordingly. This apart, the capacitance and sensitivity are also affected by reduction

in dielectric layer thickness.
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A. Oprea et al. [13] developed capacitive type moisture sensing devices on adjustable
RFID. It showed achievements of sufficient sensing attributes like adequate
sensitivity and faster response time. The response and recovery time were within few

minutes. This planar humidity sensor is attracting for its low power consumption.

The most notable report of capacitive type humidity sensor was made by H. Bi et al.
[14]. They developed a graphene oxide (GO) based ultrahigh responsive humidity
sensor operated at room temperature. Drop-casted GO was treated as insulated
moisture sensitive substance. This capacitive humidity sensor showed sensitivity of up
to 37800 due to large proton conductivity. Its response and recovery time was 10.5 s
and 41 s. This highly sensitive sensor is appropriate where fast response and recovery
is not indented. Moreover, the sensor exhibited comparatively small hysteresis and

considerable reproducibility.

2.3.2 Resistive

Resistive humidity sensor gains advantage owing to its cost-effective fabrication, easy
to integrate with CMOS platform and easy and efficient operation. Resistive humidity
sensors usually hold metal electrodes fabricated on a wafer by conventional
photolithography technique. The resistive type sensing device actually estimates the
deviation of the relative humidity and interprets it in term of an alteration in electrical
resistance or current. The modification of resistivity due to presence of moisture
usually obeys an inverse exponential relation [15]. The resistive humidity sensing
devices are classified into ionic and electronic conduction types. The electronic and
ionic conductive devices evaluate the humidity level by measuring the modifications
of conductivity of the sensing layers at various relative humidity [16]. Fig. 1.2 shows

schematic illustration of the device geometry of resistive type humidity senor.
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Figure 1.2: Schematic illustration of the device geometry of a resistive type humidity
sensor.

2.3.3 Surface Acoustic Wave (SAW)

These sensors intrinsically transform tiny radio frequency pulses into acoustic waves.
Afterwards, these acoustic waves are revamped by SAW sensor and then convert back
to the radio frequency pulses without any outer power source. There is no junction
potential in SAW type sensor. This apart, SAW devices are extremely robust,
steadfast and are fabricated using fine layer of lithography technique. SAW type
humidity sensors have comb like IDT structure patterned on piezoelectric substrate.
They serve the purpose of input and output transducers. SAW devices are popular
even today because of their straightforward architecture which in turn helps to achieve
large scale manufacturing with high yield [17]. Fig. 1.3 exhibits schematic illustration

of the device geometry of SAW type humidity senor.
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OutputIDT

Piezoelectric Substrate

Humidity Sensitive Coating

Figure 1.3: Schematic illustration of the device geometry of SAW type humidity
senor.

2.3.4 Quartz Crystal Microbalance (QCM)

QCM humidity sensor, an acutely sensitive mass sensor is constructed following the
microbalance concept. It can assess changes of mass even in nanoscale order. It
observes the deviation of mass by estimating the change of its resonant frequency.
QCM sensors are fundamentally piezoelectric based instrument where metal
electrodes are deposited on either side of the quartz crystal plate. A quartz crystal
attached with Peltier module can quantify humidity changes. QCM humidity sensors
are highly precise owing to its frequency measurement technique. It is feasible to
ameliorate this type of mass sensor by decreasing the thickness of the quartz crystal
plate. The sensitivity of the QCM humidity sensing devices is mostly determined by
moisture sensitive coating element. It should have capability to adsorb the water
molecules effectively. QCM humidity sensors can measure very low humidity and it
also has a broad measuring range [18]. Fig. 1.4 shows schematic illustration of the

fundamental component of QCM type humidity senor.
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Gold Electrode Humidity Sensitive Coating
(upper side)

Basic QCM Structure Quartz Crystal Plate

Figure 1.4: Schematic illustration of the fundamental component of QCM type
humidity senor.

2.3.5 Mass Spectrometry

Mechanical resonators are extensively employed as inertial balances to identify
minute amount of adsorbed mass by monitoring changes of oscillation frequency.
However, with the progress in microelectronics fabrication technology and material
synthesis  nanomechanical resonators have been developed. In mass spectrometry
humidity sensor, nanoelectromechanical resonators act as precision mass detector.
Here resonant frequency alters upon minute amount of moisture adsorption. Normally
relation between deviation in resonant frequency and changes in mass is determined
by the architecture of the resonator and the position of the adsorbed element. The
most important fact is that the sample under test does not need to be ionized [19]. For
this reason it finds an appropriate application in biotechnology sectors as the

biomolecules very often prone to be damaged when subjected to ionization. Fig. 1.5
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shows schematic illustration of the fundamental component of mass spectrometry type

humidity senor.

Sample

Tonizer Mass Analyzer Detector

Figure 1.5: Schematic illustration of the fundamental component of mass
spectrometry type senor.

2.3.6 Optical

The optical waveguide is equivalent to interior reflection spectroscopy. It works on
the principle where light transmits via a channel by reflection inside the channel. The
transmitted light tends to be affected by moisture adsorbed to the reflecting plane of
the optical wave guide. The influence of vapour molecules is dependent to the angle
and wavelength of the input light wave. Apart from this, refractive indexes of the core
and cladding layer of optical waveguide also play an important role. If the refractive
indexes of the cladding layer are modified upon water uptake then a phase shift is
occurred at the output light wave that can easily be detected by the detector [20]. Fig.
1.6 displays schematic illustration of the fundamental principle of optical humidity

senor.
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Figure 1.6: Schematic illustration of the fundamental principle of optical humidity
senor.

2.3.7 Field Effect Transistor (FET)

The back gate FET type device usually is fabricated by drop casting humidity sensitive
material over metal electrodes patterned by conventional photolithography on Si/SiO,
substrate. Patterned electrodes, conducting silicon, drop-casted material and SiO, are
generally served the purpose of source, drain, back gate, channel and dielectric of FET.
The drain characteristics and transfer characteristics of FET type sensors generally are

explored in various level of humidity and sensitivity is calculated from drain current
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shift due to humidity level shift.The sensitivity of the FET type sensor was evaluated

as:

o__Al
ARH %

[21]

The advantage of FET type humidity sensor is that its sensitivity can directly be
adjusted using applied drain bias voltage. Sung Pil Lee et al. [22] successfully
demonstrated a FET type humidity sensor. The FET device was developed using
traditional microelectronics technology. The insulator was layers of TiO2/SizN4/SiO..
The device was operated in enhancement mode and exhibited significant drain current
increment with rise in relative humidity. The humidity sensitivity of the sensor was
3.2 HA/%RH. Fig. 1.7 shows schematic illustration of the device geometry of FET

type humidity senor.

Figure 1.7: Schematic illustration of the device geometry of FET type humidity senor.
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Although in literature there are different types transduction techniques of for
development of humidity sensors still resistive humidity sensor gains advantage over
all type of humidity sensors owing to its cost-effective fabrication, easy to integrate

with CMOS platform and easy and efficient operation.

2.4 Traditional Metal Oxide Sensor

Conventional humidity sensors based on bulk metal oxide (TiO2, ZnO, SnO;) required
external micro heater in order to provide activation energy and desorption of water
molecules during recovery operation. Heaters were generally fabricated at the bottom
of substrate and humidity sensing material was coated on top of IDT electrodes [23].
Fig. 1.8 demonstrates schematic illustration of the device geometry of conventional

bulk metal oxide based humidity senor.

Sensing Element

Electrode
Top View
(@)

Substrate

micro-heater

Bottom View

(®)

Figure 1.8: Schematic illustration of the device geometry of conventional bulk metal
oxide based humidity senor.
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2.5 Nanomaterials in Humidity Sensing

The preferable criteria of a humidity sensing device are large and faster response,
repeatability, stability, cost effectiveness and long lifetime. Till now, no such material
has been reported to fulfil the entire requirement at a time. Moreover, there are some
materials whose instantaneous performance is quite good but they lack in chemical
and thermal stability. But it is obvious that nanomaterials are far better than that of
their bulk counterpart due to their high surface to volume ratio [24]. In recent years
there have been several reports of nanomaterial based resistive humidity sensors.
Metal oxide nano particles (like TiO,, ZnO, Al,O3, SnO,), polymers nanocomposite
and carbon nanotubes are promising humidity sensing nanomaterials because of their
high surface to volume ratio. Metal oxides nanoparticles offer better performances
with respect to organic polymer materials owing to their improved chemical,

mechanical and thermal stability [25].

25.1TiO,

In TiO, humidity sensing is generally understood by the adsorbed vapour molecules
in porous framework and thereby forming proton conduction. Despite having
semiconducting properties, as humidity sensor TiO, shows humidity sensing property
because of its surface protonic conduction mechanism. Basically TiO, nanoparticle is
chosen as humidity sensing material because of its larger water adsorption capability
[26, 27]. Pi-Guey Su et al. [27] proposed a TiO, nanoparticle based resistive humidity
sensor working at room temperature. Its response and recovery time are 40 s and 20 s
respectively. They deposited composite humidity sensing layer on an Al substrate.
They also showed long-term stability, linearity, smaller temperature influence in their
work.
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2.5.27Zn0O

ZnO is a flexible semiconducting material being implemented in various sectors of
modern technology. It mostly finds applications as chemical sensors owing to its
unique chemical features. Humidity sensors of large sensitivity, stability and quicker
response have been developed utilizing ZnO nanowire as humidity sensing
nanoparticle. In case of resistive type ZnO based humidity sensor generally resistance
of ZnO layer reduces with rise in humidity. On the other hand, for capacitive type
moisture sensors permittivity modifies by water molecules adsorption of ZnO
nanoparticles acting as dielectric medium. In fact, vapour molecules adsorption take
places through chemisorption and physisorption. Chemisorption generally arises by
dissociation whereas physisorption is guided by hydrogen bonding [28]. Y. Zhang et
al. [29] developed a ZnO nanomaterial based resistive humidity sensor. This sensor
displayed considerable moisture sensitivity with substantial stability and fast
response. It showed a sensitivity factor of 5442 times at 12% RH and its response and
recovery time were 3 s and 20 s respectively. They coated zinc oxide nanorod and

nanowire on comb type Pt electrodes fabricated over Si/SiO, substrate.

2.5.3 Al,04

Al,O3 is also considered most suitable humidity sensing metal oxide nanoparticle in
terms of its independency of sensitivity over a wide range of temperature. Apart from
this, its nanoporous structure makes it sensitive to even extremely small humidity.
Al,O3 is a promising nanomaterial to detect low level of moisture content as a
consequence of electron tunnelling among the trapped immobile water molecules into

its nanoporous structure [30].
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2.5.4 Sn0O,

Development of humidity sensors nearly at ambient temperature was possible due to
emergence of SnO, nanoparticle. SnO, is basically a semiconducting material having
large bandgap. Water molecules are adsorbed on the metal oxide plane in hydroxyl
format [31]. Unlike TiO,, here sensing mechanism is based on electronic conduction.
Qin Kuang et al. [32] demonstrated a SnO, nanowire based resistive humidity sensor
due to high surface to volume ratio and special physical and chemical properties
resulting from the reduced sizes of SnO, nanowire. This new type of SnO, nano wire
based sensor showed large and quick response towards humidity in ambient
environment. Besides, it has exhibited significant  repeatability. It provided a
normalized response of 1200 at 85% RH that was quite large with respect to
previously mentioned humidity sensors but its response and recovery times were
substantially high. Its response time was 120s-170s where as recovery time was 20s-
60s. The sensing mechanism is based on displacement of already adsorbed oxygen

molecules on the surface of the SnO, nanowire by moisture adsorption.

2.5.5 Carbon Nano Tube (CNT)

Problem associated in many cases with the bulk metal oxide based humidity sensors
are the requirement of external heating for their operation as bulk metal oxides sense
humidity usually above room temperature and also their response is poor. Although
metal oxide in nanoparticle form sense humidity even at room temperature. Like
nanoparticle of metal oxide, CNT also sense humidity at room temperature [33]. The
conductivity of CNT is modified upon minute change of surrounding environment. It
has also been noticed that at room temperature, carbon nanotube based devices exhibit

larger sensitivity than organic (polymeric) humidity sensing devices. At room
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temperature organo-functionalized CNT offers much more humidity sensitivity than
the pristine CNT [34]. But this type of organo-functionalized composite suffers from
long term stability [35]. Fig. 1.9 exhibits schematic illustration of the hollow structure

of single-walled carbon nanotube and its functionalizing agents.

Hexagonal Network of CNT

Figure 1.9: Schematic illustrations of the hollow structure of single-walled carbon
nanotube and its functionalizing agents.

A. Paul et al. [21] demonstrated deoxyribonucleic acid functionalized (DFC) carbon
nanotube based zero gate biased FET type room temperature operated humidity
sensor with response and recovery time within few seconds. The sensor is operated on
the mechanism of change of channel resistance of the DFC network with rise in

humidity. The humidity sensor showed sensitivity of 0.57 (hnA/RH%) at 88% RH.

Resistive humidity sensors were developed on cellulose paper by J-W Han et al. [33].
Carboxylic acid functionalized single walled carbon nanotubes were employed as
humidity sensing element. The humidity sensor was cost-effective and environment

friendly.
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2.5.6 Graphene

Recently there have been some reports on graphene based humidity sensors owing to
their 2-D (two dimensional) structure, where most of the atoms are surface atoms and
hence they interact with any environmental perturbations [36, 37]. The chemical
nature begins to be like bulk graphite as soon as the number of layers becomes more
than 10 and this agglomerated graphene layers hardly sense humidity [38]. Nowadays
a considerable number of methods have been reported regarding synthesis of single or
few layer graphene. But their quality varies from one another in scalability issue.
However, pure graphene is less sensitive to analytes due to the absence of functional
groups and defect sites. Graphene is also suitable for making of composite materials
[39, 40]. Fig. 1.10 presents two dimensional honeycomb structure of graphene

nanosheet.

Figure 1.10: Two dimensional honeycomb structure of graphene nanosheet.
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However, A. Ghosh et al. showed a graphene based resistive humidity sensor capable
of working at room temperature [41]. Although its sensitivity was low and response
and recovery time were very large still their work attracted attention of researchers
towards sensing attributes of graphene. Its sensitivity was 76 times at 84% RH

whereas response time was 3 to 5 min and recovery time was few hours.
2.5.7 Graphene Oxide (GO)

Alternatively graphene oxide (GO), a graphene precursor, offers significant benefits
as a humidity sensing material [42]. GO is also a 2-D honeycomb structure of sp? and
sp3-bonded hybridized carbon atoms [43]. It consists of large no of reactive oxygen
functional groups like —OH, —COOH and epoxy [44-46]. These functional moieties
are attached at the basal planes and edges of hexagonal C-chains [47]. The presences
of polar oxygenated functional groups in GO make it electrically insulating and highly
hydrophilic [48]. In ambient environment GO is almost an insulator, hence shows
very large resistance. Thus instead of GO, researchers have also been trying reduced
GO (also known as RGO) as a resistive humidity sensor [49, 50]. Though RGO
usually shows finite resistance, but the amount of functional groups present is usually
less compared to GO [51-53]. Thus the existence of larger amount of functional
groups, especially sp* hybridized carbon atoms strengthen the hydrophilic attribute of
GO, and also owing to ionic conduction it exhibits excellent proton conductivity in
presence of humidity [54-56]. Hence, the coupling of GO with water molecules can
be utilized in humidity sensing application [14, 57-58]. Fig. 1.11 shows graphene
oxide nanosheet with hydrophilic functional groups. Yao Yao et al. [44] developed a
graphene oxide based humidity sensor recognizing possibilities of GO as a promising

humidity sensing material. The impedance type room temperature operated sensor
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exhibited sensitivity of 1100 at 98% RH. They studied the impact of moisture
adsorption on the electrical attributes of GO layer with the help of impedance
spectroscopy and also described the sensing mechanism sufficiently. Comb-like
electrodes were realized using conventional photolithography technique on a silicon
substrate. S. Borini et al. [57] reported development of GO based ultrafast humidity
sensor. It displayed very fast response and recovery time of 30 ms. They studied the

effect of water molecules on the electrical properties of GO films.

COOH COOH COOH COOH OH COOH

HO I
' O

\

OH

COOH COOH OH COOH OH COOH

Figure 1.11: Graphene oxide nanosheet with functional groups.

2.6 Humidity Sensitive Polymer

Numerous electrically conductive polymeric materials like polypyrrole, polyimide,
polyamide, polyaniline and PMMA exhibited great potentiality in humidity sensing
[59-65]. Polymer based substances are generally modulated chemically to form cross-

linked polymer and moisture sensing devices are usually developed utilizing this
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modified materials [66, 67]. While developing moisture sensor, the hydrophilic
polymeric materials are actually modified so that they cannot dissolve in aqueous

medium during adsorption process and establishing ionic conduction [68, 69].

P. J. Schubert et al. [11] successfully developed a polymide based capacitive humidity
sensor worked at room temperature. In this moisture sensor, the dispersal of vapour
molecules across the polyimide is utilized to trace the modification in relative
permittivity of a capacitive device. The sensor showed stability with negligible
hysteresis. The response and recovery time were 6 s and 30 sec. In this capacitive
architecture, polymide was used as dielectric and metal was used as top and bottom
electrode. The bottom electrode was basically a metal film coated over a silicon dice.
It was fully silicon Integrated Circuit (IC) compatible device. Apart from this, sensing

mechanism was also described.

M.  Matsuguchi et al. [69] developed crosslinked polyimide and fluorinated
polyimide-based capacitive type humidity sensors. Crosslinked polyimide and
crosslinked fluorinated polyimide were used as the dielectric of capacitive type
devices. The dielectric layers acted as moisture sensing element as relative
permittivity changes with humidity. These polymer based sensors exhibited stable
behaviour over long days. This apart, the stability of these sensors was assessed by
exposing the humidity sensing material to different test environment. The crosslinked
polyimide sensor was chemical-resistant and the crosslinked fluorinated polyimide
sensor showed quite stable performance even in coarse weather. The sandwich type

capacitive architecture used platinum bottom electrode and gold top electrode.

P.M. Harrey et al. [9] demonstrated polymide and polyethersulphone based capacitive

humidity sensor. It was developed applying the lithographic printing technology.
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Simple parallel plate capacitive architecture was adopted taking polyimide and
polyethersulphone as moisture sensing dielectric. The dielectric layers adsorb
moisture and dielectric constant changes with humidity. The humidity sensors were
operated in the range of 10-90% RH. Polyimide based device displayed significantly
large modification in capacitance with respect to polyethersulphone device. The
capacitance change (pF) and sensitivity (pF/%RH) of the sensors was found to vary in
reverse order with the thickness of the dielectric. Nevertheless, polyethersulphone

sensor exhibited faster response than that of its polyimide counterpart.

M Dokmeci et al. [8] fabricated extremely sensitive polyimide based moisture sensing
devices for observing relative humidity inside the hermetic glass soldered micro
packages. Highest sensitivity of 3.4 pF/%RH was achieved for 300 A thick polymide
film. The sensor was designed to show excellent stability as the calibration is not
possible after being locked into the micro package. This sensor also exhibited good
linearity. The device shows very negligible hysteresis. It is comprised of thin film of
polyimide inserted in between two metal electrodes to develop a humidity sensing
capacitor. A SiO, passivation layer is deposited at the bottom of lower electrode to
diminish parasitic effect. The upper electrode is basically interdigitated to render
water vapour inside the polyimide layer. Fig. 1.12 displays schematic illustration of

the cross-linked polymer.
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Polymer Chains Cross-linking

Figure 1.12: Schematic illustration of the cross-linked polymer

2.7 Nafion lonomer

Nafion®, a sulfonated fluropolymer, is being extensively utilized in proton-exchange
membrane fuel cells (PEMFCs) owing to its ultrahigh proton conductivity especially
in hydrated condition. It is also attracting considerable attention in humidity sensing
applications [70-74]. Actually the existence of ions in polymers influences a broad
range of attributes. Nafion was introduced first by the E. I. DuPont Company. In
Nafion proton conduction actually occurs by the generation of protons (H") and
hydrated protons like Hz0" (hydronium ion), HsO,"(zundel ion) and HyO4" (€igen ion)
which evolve from the dissociation of the sulfonic acid functional group of Nafion
[75-80]. Fig. 1.13 shows chemical formula of Nafion ionomer whereas Fig. 1.14

indicates fluorinated side chain of Nafion polymer.
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Figure 1.13: Chemical formula of Nafion ionomer
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Figure 1.14: Flurinated side chain of Nafion polymer
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2.8 Nanocomposite

A nanocomposite is a multiphase solid material to which nanomaterials have been
incorporated to ameliorate a specific attributes of the substance. It was noticed that
composites of nanomaterials are advantageous over their elemental counterpart.
Nanocomposite substances have appeared as appropriate substitute to conquer the
shortcoming of bulk material. These nanocomposites generally provide significantly
larger sensitivity. A large number of nanocomposites like CNT/Nafion, ZnO/TiO,
TiO,/Sn0,, GO/polypyrrole were utilized on the development of humidity sensor [81-
87]. Fig. 1.15 shows development of a nanocomposite based humidity sensor. Hui-
Wen Chen et al. [81] reported nano sized CNT/Nafion composite based quartz crystal
microbalance (QCM) type room temperature operated humidity sensor for estimation
of very small amount of moisture content in air. Its sensitivity was 4.86 (Hz/ppm,). It
showed response and recovery time within 5 s. Sensing film was deposited on the
gold electrode of QCM. CNT/Nafion sensing material, drop-casted on the gold
electrode of the Quartz Crystal Microbalance exhibited wonderful response with nice

stability and linearity.

Ultrahigh Sensitive
Proton Conductive

Graphene Oxide Nafion Humidity Sensor

Figure 1.15: Development of a nanocomposite based humidity sensor
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Wang-De Lin et al. [87] developed Graphene/Polypyrrole based room temperature
operated impedance type humidity sensor. It offered response and recovery time
within few seconds with a significant sensitivity. Its sensitivity was 138 at 90% RH
and it exhibited response and recovery time of 15 s and 20 s respectively. The
humidity hysteresis was low at all relative humidity (RH) (<0.16%). The humidity
sensitive layer was coated on an aluminium substrate and interdigitated type
electrodes were used to fabricate humidity sensing device. Moisture sensing

mechanism was also explained elaborately.

2.9 Sensing Mechanism

2.9.1 Grotthuss Mechanism

Sensing mechanism of GO and Nafion are mostly based on ionic conduction [88].
The functional groups present in GO and Nafion play a vital role in humidity sensing.
The hydrophilic functional groups of GO create protons (H*) when it adsorbs water
molecules. The proton conductivity of Nafion occurs due to dissociation of sulfonic
acid group (-SOzH). The conjugate hydrophilic and hydrophobic structure of Nafion
is also play a crucial role in development of stable humidity sensor. Literally the
proton transport depends on the Grotthuss mechanism [89]. In case of Grotthuss
mechanism proton jumps via water molecules through formation and disappearance of
hydrated ions (HzO", HsO," etc). Although this ionic conduction process has been
introduced long ago still its actual atomistic process needs considerable amount of

clarification. Fig. 1.16 exhibits Grotthuss mechanism of proton hopping.
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Figure 1.16: Grotthuss mechanism of proton hopping

M. R. Karim et al. [54] pioneered in the proton conductivity calculation of GO
nanosheet and they demonstrated how graphene oxide, a so-called electrically non
conducting material can display considerable ion conduction in presence of moisture.
The proton conductivity was estimated by a quasi-four-probe technique utilizing an
impedance analyzer. For development of sensor device, interdigitated gold electrodes
were patterned over substrate and water dispersible GO was drop-casted onto it. They
explined proton conduction mechanism of hydrated GO in details. This discovery
drawn considerable amount of attention of researhers working in the field of fuelcell
and sensor.

M. Koinuma et al. [55] also investigated on proton conduction of graphene oxide
nanosheets in presence of humidity. Proton conduction mechanism was explored
elaborately. The conduction basically based on the Grotthuss mechanism, in which
protons, created by the interaction of hydrophilic functional groups with water vapors

hop between water molecules.
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2.9.2 Vehicle Mechanism

There is also an alternate proton transport method that is mostly applied in bulk water.
This highly water adsorption induced proton conduction process is called vehicle
mechanism where proton moves through the water molecules. Actually in bulk water
when amount of protons becomes surplus then these excess protons start propagating
in conjugation with solvent molecules. Vehicular mechanism generally occurs at
higher level of humidity and in case of a highly proton conductive materials like
Nafion. The total ion transport is strongly affected by the vehicle movement rate. In
Grotthuss like conduction process protons are propagated via the generation and
deletion of hydrogen bonds so as to establish proton hopping. Unlike vehicle

mechanism, Grotthuss mechanism does not require any vehicle [90].

2.10 Comparative Performance

The modern nanomaterial based humidity sensors are unable to provide an overall
performance which is an essential characteristic of an ideal humidity sensor. In Table
1.1 comparative performances of various nanomaterials based humidity sensors have

been summarized.
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Table 1.1: Comparative Performance of Recently Developed Humidity Sensors

Previous Sensor Materials Temperature Response Response
Works Type Used &
Recovery
Time
Y. Zhang et al. Resistive room 5442 3s
(2005) [29] Metal Oxide temperature (12% RH) 30s
(Zn0O)
room not given 40s
Pi-Guey Su et al. Resistive Metal Oxide temperature 20s
(2007) [27] (TiOy) (25 -C)
Qin Kuang et al. Resistive Metal Oxide room 1200 120-170 s
(2007) [32] (SnOy) temperature | (85% RH) 20-60 s
(30 °C)
room 76 3t05
A. Ghosh et al. temperature (84% RH) min
(2009) [41] Resistive Graphene (25 -C) few
hours
Wang-De Graphene/ room 138 15s
Lin et al. temperature | (90% RH)
(2013) [87] Impedance Polypyrrole 20s
room 0.57 4s
A. Paul et al. temperature | (nA/RH%) 8s
(2013) [21] FET CNT/DFC (88% RH)
Hui-Wen Chen room 4.86
et al. (2005) [81] QCM CNT/Nafion temperature Hz/ppm, less than
(23°C) 5s
Yao Yao et al. room 1100
(2012) [44] Impedance Graphene temperature (98% RH) | not given
Oxide (25 -C)
H. Bietal. room 37800 1055
(2013) [14] Capacitive Graphene Oxide temperature (95% RH) | 41s
(25 -°C)
S. Borinietal. room 0.25-0.75 | 30 ms
(2013) [57] Impedance | Graphene Oxide temperature | (Normalized | 30 ms
(25°C) Response)
(80% RH)
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Chapter 3

GrapheneOxide Based Resistive
Humidity Sensor

o1






3.1 Introduction

In this chapter, synthesis of graphene oxide (GO) and its usage in humidity sensing
has been described. GO has been derived from fine graphite powder. The humidity
sensing layer was characterized rigorously using different nanomaterial
characterization techniques. Atomic force microscopy (AFM), scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HRTEM) and
X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were used for this
purpose. In order to develop humidity sensing device GO was drop-casted on
lithographically patterned gold electrodes on Si/SiO; substrate. The humidity sensor
exhibited significant response. It showed response of 1200 at 88% RH. It also showed
ultrafast response and recovery time. Its response and recovery time were within few
seconds (5 s and 6 s). This apart, it offered considerable stability and repeatability.
The function of oxygenated hydrophilic functional moieties attached with GO has
also been investigated experimentally by fabricating the humidity sensing devices by
thermally reducing GO for different time span. Besides these, sensing mechanism has

also been clarified thoroughly.

3.2 Material Synthesis

GO was produced utilizing modified Hummers and Offeman method [1-7]. Graphite
fine powder was purchased from Loba Chemie, India. The typical reaction includes
chemical exfoliation of graphite fine powder using NaNO3, KMnO,4 and H,SO, [8-
11]. At first, oxidation of graphite was done by reacting graphite with concentrated
H,SO,4 NaNOs, and KMnQO,4. H,0, (30%) was also used in this process. The whole

synthesis needs almost 120 min for completion. The major process equipment
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involves in GO synthesis are ice bath, stirrer, high-speed centrifuge and

ultrasonicator.

3.3 Material Characterization

3.3.1SEM

Surface morphology of GO was identified utilizing Carl Zeiss Auriga Compact
scanning electron microscopy. SEM image of Fig. 3.1 discloses that GO contains of

randomly align, thin, crumpled flakes adjoined with one another.

Figure 3.1:SEM image of synthesized graphene oxide nanosheets

3.3.2TEM

Transmission electron microscopy (FEI TECNAI G2) was utilized to investigate the
structural information. The wrinkled GO flakes are noticed in Fig. 3.2 (a).The selected
area electron diffraction (SAED) pattern of GO in Fig. 3.2 (b) is displaying six
shining dots aligned in hexagonal order. It actually depicts six carbon atoms of
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graphene. Besides these shining dots, few concentric rings were observed.

represents the existence of functional moieties adjoined to the carbon atoms [12].

(b)

Figure 3.2:(a) TEM image of graphene oxide flakes (b) SAED pattern of graphene
oxide flakes.
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3.3.3 AFM

Graphene oxide nanosheets were characterized using tapping mode AFM (Agilent
Technologies) so as to confirm the exfoliation of graphene oxide from graphite fine
powder. GO was spin coated on silicon substrate. The thickness of the nanosheets was
appeared to change in between 2-2.5 nm as exhibited in Fig. 3.3. In this way it was

confirmed that graphene oxide nanosheets were bilayared [13-15].

nm
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Figure 3.3:AFM image of GO flakes spin coated over Si/SiO, substrate with thickness
profile
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3.3.4 Raman Spectroscopy

Raman spectroscopy is extensively applicable method to characterize few attributes of
graphene like defected structures [16, 17]. The G band is associated with the in-plane
vibration of sp2-bonded carbon atoms. On the other hand, the D band is related to the
vibrations of carbon atoms with sp3 electronic configuration of defected graphene
[18, 19]. The D peak, situated at 1350 cm™ owing to first-order zone boundary
phonons, is available only in defected graphene structure [20]. Thus in Fig. 3.4
presence of D band indicates that used graphene has defective sites which are

particularly essential for sensing applications.
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Figure 3.4: Raman spetra of graphene oxide

3.3.5 XPS

X-ray photoelectron spectroscopy was employed to confirm reduction of graphene
oxide using PHI 5000 Versa Probe Il. After synthesis of GO by the modified

Hummers technique, the characteristic peaks of GO appeared as C-C (284.6 eV), C-O
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(286.3 eV) and C=0 (289.5 eV) in C1s spectrum as exhibited in Fig. 3.5 (a). XPS
characterization shown in Fig. 3.5 (b) and Fig. 3.5 (c) are displaying significant
elimination of C-O and C=0 functional moieties after 60 minute and 180 minute of
heat treatment at 160°C. It is explicitly noticed that hydrophilic oxygenated functional
moieties are decreased as it is reduced thermally. This apart, C/O ratios have also
been evaluated for GO and RGOs. C/O ratios were found to be 2.02, 3.44 and 4 for
GO, RGO 60 min and RGO 180 min. It is observed distinctly that C/O ratio rises with
thermal reduction owing to continuous removal of hydrophilic oxygenated functional
moieties from GO flakes. These hydrophilic functional moieties take part crucial role

in proton transport of GO flakes in humid environment.
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Figure 3.5: XPS Characterization (a). High-resolution XPS Cls spectra of GO

(b)High-resolution XPS C1s spectra of RGO after 60 min reduction.
resolution XPS C1s spectra of RGO after 180 min reduction.
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3.4 Sensor Fabrication

Silicon wafer of two inch diameter was taken for batch fabrication of humidity
sensing devices. At first, wafer was purified by piranha solution (H202:H,SO4::1:1).
Afterwards, native oxide was removed with 1% buffered hydrofluoric (BHF) acid.
Tempress thermal oxidation system was employed to develop 300 nm SiO, on the Si
wafer. Gold electrodes of thickness 150 nm were then defined on Si/SiO, substrate
employing conventional photolithography process. GO or RGO was drop-casted in
between the gold electrodes and then dried at room temperature. The schematic of the
device fabrication process steps have been demonstrated in Fig. 3.6 and Fig. 3.7
displays schematic of resistive type sensor device. Fig. 3.8 is showing fabricated

device.
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Figure 3.6: Fabrication process steps of resistive type humidity sensor.
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100 pm
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Figure 3.7:Schematic of resistive type humidity sensing device with dimensions

Drop-casted Copper Bonding Wire Conducting Silver Paste Vero-Board l
GO

Gold Electrode

Figure 3.8:Various part of humidity sensing device

Fig. 3.9 is showing Carl Zesiss optical microscopic image of drop-casted GO in
between gold electrodes. Inset is showing device and drop-cast dimensions. Gap
between gold electrode was 100 um and diameter of drop-casted GO was 200 um
approximately. The details device dimensions are shown at Fig. 3.9. However, this
optical microscopic image gives an idea of size and shape of electrode and drop-

casted film. After drop-casting, GO was not dried using heat treatment in order to
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avoid any thermal reduction. Device was kept in ambient environment for 1.5-2 hours

after drop-casting.

Graphene Oxide

Figure 3.9: Carl Zesiss optical microscopic image of drop-casted GO in between

gold electrodes
Mask was design using AutoCAD 2010 and verified using CleWin software before
fabrication. Spin coating was done using positive photoresist (HPR504). Mask aligner
and UV exposure were used for proper pattern transfer at photolithography process.
HPRD 429 and acetone were used as developer and photoresist remover. DI water
was used to rinseto remove excess acetone. Fig. 3.10 exhibits shape and dimension of
mask prepared by AutoCAD 2010 software.Fig. 3.11 demonstrates optical
microscopy image of fabricated emulsion mask on glass plate. Afterwards, patterned
gold electrodes were fabricated on Si/SiO, substrate using the mask. Fig. 3.12 shows
Dektak surface profilometric image of fabricated gold electrodes whereas Fig.
3.13exhibits Dektak surface profilometric thickness measurement of gold electrodes.

Thickness was found to be 147 nm approximately.
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Figure 3.10: Shape and dimension of mask
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Figure 3.11: Fabricated emulsion mask on glass plate and its optical

microscopy image
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Surface Profilometer Thickness Measurement

Figure 3.12:Dektak surface profilometric image of gold electrodes
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Figure 3.13:Dektak surface profilometric thickness measurement
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3.5 Device Fabrication Instruments

Fig. 3.15 shows digital image of device fabrication instruments. Tempress System
was used as oxidation furnace as shown in Fig. 3.14 (a) and Figure 3.14 (b) exhibits
Hind High Vacuum metallization chamber for metal deposition by thermal

evaporation.

Oxidation Furnace \ | 'Vacuum Metalization Chamber

Figure 3.14: Digital images of device fabrication instruments. (a) Tempress oxidation
furnace (b) Hind high vacuum metallization chamber.

3.6 Device Characterization Equipment

Fig. 3.16 is displaying device test and measurement instruments. Fig. 3.15 (a) shows
semiconductorparameter analyzer of Agilent technologies whereas Fig. 3.15 (b) exhibits

a vacuum probe station.
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yacuum robe Station

Figure 3.15: Device test and measurement instruments. (a) Agilent technologies
semiconductor parametric analyzer (b) Vacuum probe station.

3.7 Humidity Test Setup

The humidity measurement was performed in custom-made humidity sensing setup which
comprised of a stainless steel sealed chamber where the samples were placed for carrying
out the humidity sensing measurements. The setup was coupled with Agilent 4155C
semiconductor parameter analyzer (SPA) via Agilent 16088-60046 test fixture. Fig. 3.16
shows schematic diagram of experimental setup for measurement of the humidity.
Compressed dry air was allowed to enter into humidity test chamber directly to maintain
baseline humidity and compressed dry air was passed through water bubbler in order to
provide humid air. Humidity level of humid air was controlled by flow controller. In order
to release the extra air an exhaust was placed at the humidity test chamber. The humidity

test chamber was purged with flow of dry compressed air as and when required.
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Figure 3.16: Schematic diagram of experimental setup for measurement of humidity

The digital image of the humidity test setup is shown in Fig. 3.17. Fig. 3.18 shows

detailed description of humidity measurement setup.

Figure 3.17: Digital image of humidity measurement setup.
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Inside the air tight chamber, apart from humidity sensing device there was also a
reference humidity sensor. In Fig. 3.18 it is noticed clearly. The exhaust for letting
extra air to pass outside the sealed chamber is also seen. Compressed air (25% RH)
comes from dry air compressor and humid air (40%-88% RH) was created by passing
this dry air through a water bubbler. There are a dry air control valve and dry air
pressure indicator to achieve the base line humidity (25% RH). There are a humid air
control valve and humid air pressure indicator to adjust the humidity inside the sealed
chamber. There is also a display to indicate humidity and temperature. All the

required components of humidity test chamber are clearly visible in Fig. 3.18.
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Air Tight Stainless Steel Chamber ~~ /~
Compressed Air25% RH

Figure 3.18: Elaborate description of humidity measurement setup.

Fig. 3.19 indicates the probed device inside the stainless steel sealed chamber. The

optical microscopic image of electrodes and drop-casted GO with dimension are

displayed in inset of Fig. 3.19.
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Figure 3.19: Humidity sensing resistive device inside humidity test chamber.

3.8 Humidity Measurement

Measurements of the humidity were performed in ambient condition. The device was
fixed inside the humidity chamber and a voltage of 2 V was applied across the
electrodes. The devices were primarily purged with compressed dry air for 30 minutes
to obtain a steady baseline current. The relative humidity (RH) inside the test chamber
was maintained constant at 25% while purging the sample with compressed air. This
was the baseline test condition for the samples. Once the baseline current of the
sensors got stabilized, they were exposed to different % RH. Humid air for 10 minutes
followed by 10 minutes of dry air was passed through device. Fig. 3.20 is displaying

biasing arrangement for resistive type humidity sensor schematically.
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Figure 3.20: Biasing arrangements for resistive type humidity sensor

3.9 Humidity Sensing Result

V-I characteristics of probed GO based device was observed in lab ambience so as to
ascertain establishment of proper electrical connectivity. Fig. 3.21 shows V-I

characteristics of probed GO based device with negligible hysteresis.
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Figure 3.21: VI Characteristics of probed device with hysteresis
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The GO based humidity sensor was exposed to six different values of RH (40%—88%).
It was noticed that current throughthe GO based humidity sensor rises when it comes
into contact of humid air. The response of the GO based humidity sensor was

evaluated as:

| - |
RH RH
Response = A~ as lpy >> 1,

air air

where, Iry is current through the humidity sensing device in humid environment and

lir is current through the sensor in dry environment.

The response obtained from the humidity sensing device was found to be large. The
humidity sensor exhibited a response of ~180 times at 40% RH, whereas nearly 1200
times at 88% RH. This response is much larger in comparison to the responses
published in recent past from graphene based moisture sensors [21-23]. Fig. 3.22
displays response of GO based humidity sensor towards six relative humidity (40%

RH—-88% RH).

A humidity sensor is characterized by various parameters. Response, response time,
recovery time, repeatability and stability are mostly desired parameters. The response
of the sensor found to be very high. The response time (denoted as the time required
to achieve 90% of the highest response) and recovery time (denoted as the time
required to achieve 90% of the baseline value) of the humidity sensor were quite fast
as exhibited in Fig. 3.23 and Fig. 3.24 respectively. Response time altered in between

~2 seconds (40% RH) and ~5 seconds (88% RH) whereas recovery time changed in
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between 2 seconds (40% RH) and 6 seconds (88% RH). Recovery operation did not
require any heat treatment. Figure 3.25 and Fig. 3.26 exhibit how response and
recovery time vary with humidity. These results are much higher than the published

values in recent past [21, 23, 24-26].
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Figure 3.22: Response of GO based sensor towards various relative humidity (40%
RH-88%RH)
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Figure 3.23: Response time of GO based humidity sensor
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Figure 3.24: Recovery time of GO based humidity sensor
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Figure 3.25: Response time variation with humidity of GO based sensor
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Figure 3.26: Recovery time variation with humidity of GO based sensor
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Humidity sensitivity of GO flakes is based on proton conduction which depends on
level of hydration of GO flakes and quantity of oxygenated functional moieties
attached with it. Proton is generated when water vapours are in contact with
functional moieties of GO. Although ample functional moieties are present at GO
nanosheets, still at low humidity very less quantity of protons are created owing to
lack of vapour molecules. But at elevated level of humidity all the functional moieties
come into contact with water vapours and thus create protons in full extent [27]. In
order to obtain saturated current due to excessive proton creation at elevated humidity
level larger time is needed than that of low level of humidity. As a result response
time appears to be greater for elevated level of humidity. Same things occur in reverse
order for recovery time when a completely hydrated GO flake is dried and come back
to its primary stage [28-30]. As at higher humidity level nearly all the oxygenated
functional moieties adsorb vapours, naturally GO flakes require larger time to recover

to its primary condition.

This apart, linearity is also an important parameter for a humidity sensor. The
response of humidity sensor is said to be linear if the difference in response at two %
RH is proportional to the difference in % RH. Such response appears as a straight line
in the calibration curve. Linear fitted response vs. relative humidity is displayed in

Fig. 3.27.
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Figure 3.27: Linear fitted response vs. relative humidity.

Apart from response, stability, quick response and recovery time, repeatability are
also important parameters of a good humidity sensor. The GO based humidity sensor
was exposed to 50% RH for five cycles continually and the response of GO based
sensor showed excellent repeatability as exhibited in Fig. 3.28. In this process
compressed dry air (25% RH) and humid air (50% RH) were passed at the interval of

10 minute.
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Figure 3.28: Repeatability test of GO based sensor with 50% relative humidity.

GO plays a crucial part in moisture sensing owing to the presence of the hydrophilic
oxygenated functional moieties. This theory was proved experimentally by testing
humidity response of RGO where functional moieties are gradually eliminated through
heat treatment. GO was thermally reduced for four different time span (30, 60, 120 and
180 min) and the humidity sensing behaviour of each of the devices were noticed so as
to establish this fact experimentally. The comparative response of these RGO based
humidity sensors along with the GO based humidity sensor towards 88% RH is

displayed in Fig. 3.29.
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Figure: 3.29: Comparative responses of GO and thermally reduced GO based

humidity sensors (30-180 min) against 88% RH.

3.10 Variation of Humidity Response over Film Thickness

The proton conductivity o can be evaluated by using the following relationship:
o=1/(Rxdxw)

Where, | is the distance between the electrodes, R is resistance, d and w are the

thickness and width of the film, respectively [31, 32].The analytical equation reveals

this fact how proton conductivity is determined by thickness of drop-casted film,

width of the film and gap between the electrodes [33]. However, to ensure the

requirement of this widely used equation, some humidity response experiments have

been performed using single, twice and thrice drop-casted GO film. It was noticed

that humidity response of GO sheet was decreasing at larger film thickness. Width of
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the film and distance between electrodes were unchanged during this time. This
simple investigation discloses validation of the analytical equation referred
previously. Fig. 3.30 exhibits thickness of the drop-casted film and humidity response
of respective drop-casted GO film towards 88% RH. Grpaphene Oxide was drop-
casted on Si/SiO, wafer to prepare sample of different thickness. After drying the film
in ambient air film thickness was measured using Veeco Dektak profilometer. It was
found that thickness was 512.93 nm for single drop-casting while it was 744.35 nm
for twice drop-casting. Thickness was 1396.92 for thrice drop-casting. Fig. 3.31 to

Fig. 3.33 demonstrate the Dektak thickness profilometric images of GO films.
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Figure 3.30: Dependency of humidity response over thickness of drop-casted GO film
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Figure 3.31: Dektak surface profilometer image of the onetime drop-casted GO
film.
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Figure 3.32: Dektak surface profilometer image of the twice drop-casted GO film
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Figure 3.33: Dektak surface profilometer image of the thrice drop-casted GO film

3.11 Response Stability

One of the crucial fact in developing a humidity sensor is its reproducibly of response
on different humidity sensing devices. Humidity response experiments were
conducted taking three separate GO based humidity sensor devices so as to ensure
response stability. Fig. 3.34 displays the comparative response plot of three similar
GO based humidity sensor. It has been noticed that all the humidity sensors are

offering nearly same response of approximately 1200.
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Figure 3.34: Repeatability and variation of response from device to device.

3.12 Device Stability

Nanomaterials based humidity sensing devices are affected from response instability
with the time. However, current work is showing quite high stability. The stability of
GO based humidity sensor has been investigated month long. The sensor showed
almost same response even test was carried out after more than a month (in between
the tests the sensor was kept in ordinary lab ambience) Fig. 3.35 displays stability of

GO based humidity sensor with time towards 88% RH.
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Figure 3.35: Stability of GO based humidity sensing device over time

3.13 Summarized Results and Comparison of GO Based Humidity Sensor

Till now developed humidity sensors are unable to show an overall progress which
has been significantly reduced in current work [34]. In Table 3.1 results are
summarized of present work along with a comparative progress of GO based recently
developed humidity sensors. Although capacitive GO based sensor have shown much
higher response towards humidity still its response and recovery time are larger with
respect to the current work [25]. Besides this, an ultrafast GO based impedance type
humidity sensing device was developed [35], but this work did not mention any

stability and reproducibility of its sensor performance.
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Table 3.1: Comparative Performance of GO Based Humidity Sensors

Response /
Previous Sensor Materials Response Recovery
Works Type Used Time
Yao Yao et Graphene
al. Impedance Oxide 1100 times not given
(2012) [22]
H. Bietal. Graphene 105s
(2013) [24] | Capacitive Oxide 37800 41s
S. Borini et Graphene 0.25-0.75 30 ms
al. (2013) Impedance Oxide (Normalized 30 ms
[35] Response)
S. Ghosh et Graphene 5s
al. (2015) Resistive Oxide 1200 times 6s
[34]

3.14 Sensitivity of other Carbon Material

Humidity sensing experiments have been executed taking graphite and carbon
nanotube as sensing element also. It was observed that graphite was not sensing
humidity at all in any concentration of aqueous solution ( 10 mg graphite fine powder
purchased from Loba Chemie, India has been ultrasonicated initially with 2 ml of DI
water and subsequently thinner solutions have been made). Fig. 3.36 is showing
humidity response of graphite fine powder at relative humidity of 25% RH and 88%
RH. Actually C atoms at graphite powder are not exposed to environment whereas in
case of two dimensional GO nanosheets C atoms are almost exposed to surrounding

environment [9]. So, graphite does not sense.
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Figure 3.36: Humidity response of graphite fine powder

On the other hand, single-walled carbon nanotube was showing small sensitivity
towards moisture offering a response of nearly 120 that was comparable with
highly reduced GO. Carbon nanotube was purchased from Reinste Nano Ventures
Private Limited, India. Unlike graphite powder, CNT is nanomaterial. They can be
imagined as the outcome of folding graphite layers into carbon cylinders and may
be produced of a single-wall or multi-wall layer of graphene. The unique electrical
properties of single-wall carbon nanotubes (SWCNTSs) have created a tremendous
research platform on nanoelectronic devices and nanosensors. The conductivity of
the semiconducting carbon nanotubes (CNTSs) alters when water molecules are
adsorbed on the walls. This adsorption gives rise to change in local electrostatic

environment. But sensing performance of GO is better than pristine CNT as GO
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gathers lots of hydrophilic functional groups during its synthesis from graphite
powder. Fig. 3.37 is showing humidity response of single walled carbon nanotube

at relative humidity of 25% RH and 88% RH
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Figure 3.37: Humidity response of Carbon Nanotube

3.15 Study of Electrode Effect on Response

It was found that the device dimension will not affect response of GO humidity sensor.
Current through device obviously will be changed depending on the device dimensions
(especially gap between electrodes, electrode width) but as normalized current (Irp/lair)
are considered as sensor response, so ultimately the changes will cancel out each other
keeping a constant sensitivity irrespective of device dimension. Fig. 3.38 is showing

few of the fabricated electrodes of various dimensions.
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Figure 3.38: Dektak surface profilometric images of fabricated electrodes on Si/SiO;

3.16 Sensing Mechanism

The humidity sensing of hygroscopic nanomaterial towards humidity is function of
the adsorption of water vapours. Actually the proton jumps in between adjacent water
molecules. This mechanism is called Grotthuss mechanism [36, 37]. In case of
sufficient water adsorption by the hygroscopic material, adsorbed water becomes bulk
water and then proton conduction is mostly governed by vehicular mechanism where
extra protons are attached with water molecules and propagate through the water
molecules. Although this sensing mechanism has been thoroughly studied, there is

still an obscurity about this mechanism [38, 39].

GO is an electrical insulator owing to its hydrophilic oxygenated functional moieties.
They hinder the usual conjugation of graphene and make it an electrical insulator. But
due to proton conduction at high level of humidity, reverse trend was noticed, as it
showed excellent proton conduction in humid environment. Actually transport
properties of graphene oxide are entirely different in presence of high relative
humidity. The significant interaction of water molecules with hydrophilic functional
groups of GO generates proton (H"). Now the protons hop between adjacent water
molecules. The mobility of the proton is exceptionally large. In this way,

protonconductivity is established following Grotthuss chain reaction [36]. At low
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relative humidity, water molecules are bound with the hydrophilic functional moieties
of the GO sheets via double hydrogen bonding and they cannot proceed freely due to
the limitation of double hydrogen bonding and for this cause GO sheets show high
electrical resistance. Now at higher level of humidity, more water molecules are
adsorbed by GO flakes resulting single hydrogen bond between GO and water
molecules. Now the adjacent protons can easily move through water molecules [37].
In most of the cases proton (H") conjugates with water molecules and form

hydronium ion (H30") [40-42].

On the other hand, in dry environment RGO has lower electrical resistivity than GO
due to elimination of hydrophilic oxygenated functional moieties. But in presence of
humidity the opposite phenomenon is observed [39]. The robust conjugation of water
molecules with functional groups of GO actually generates protons and thus proton
conduction is prevailed across GO nanosheets. But as GO is reduced thermally, the
functional moieties start eliminating thereby lowering the proton conduction [43]. The
sensing mechanism is schematically described in Fig. 3.39. The importance of
functional groups was examined in the current work using an experimental
investigation (Fig. 3.29). Thus performance of GO is better than that of RGO. Fig.
3.39 exhibits honeycomb graphene oxide lattice with oxygenated functional groups. It
also indicates how proton (H") are created and further hydrated to form hydronium

ion (Hs0").
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Figure 3.39: Honeycomb graphene oxide lattice with oxygenated functional groups,
water molecules along with created proton (H") and hydrated proton

3.16.1 Grotthuss Mechanism

In Grotthuss chain reaction mechanism, movement of H is very fast exhibiting ultra
high proton conductivity through hydrated graphene sheets [39, 43]. But segregated
protons (H") are hardly available in aqueous medium. In bulk water, almost all
protons are attached with H,O molecules to form HsO™ (hydronium ions). Some of the
hydronium ions are further hydrated and constitute zundel (HsO,") and eigen (HgO4")
cations. Amount of higher order cations depend on the degree of hydration. However,
these cations eventually becomes H* leaving water molecules they captured. Fig. 3.40
(a) displays the proton (H") hopping through water molecules whereas Fig. 3.40 (b)

shows how hydrated protons are formed [43, 44].
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Figure 3.40: (a) Proton hopping mechanism (Grotthuss chain reaction) through water
molecules (b) Hydrated proton formation

In spite of the widespread familiarity of the word ‘Grotthuss’ it is obvious that bulk
liquid medium is most unlikely to provide a neat Grotthuss type proton transport [40].
Although proton jumping between adjoining hydrophilic sites may occur recurrently
still it may not provide proper proton conduction due to absence of net charge
transport. Fig. 3.41 displays schematic illustration of water mediated short distance

proton transport.

water mediated short distance proton transport

Figure 3.41: Schematic illustration of water mediated short distance proton transport
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3.16.2 Vehicular Mechanism

On the contrary, the hydrogen-bonded system is highly compact and restrains
vehicular type charge transfer across the solvent. In case of excessive water
adsorption vehicular mechanism dominates where the proton propagates through
solvent. Actually proton disperses jointly with a vehicle like water molecules and
forms hydrated proton (H3O", HsO,", and HyO,"). Later on the vehicle is released
from the hydrated proton and thereby letting the charge transfer of protons through
water molecules. The gross proton conduction is firmly determined by the vehicle
transmission rate [45]. In the Grotthuss mechanism, protons are transported via the
generation and destruction of hydrogen bonds in order to form proton jumping and so
Grotthuss-type mechanism does not require a vehicle. Fig. 3.42 is showing schematic

illustrations of Grotthuss and Vehicular type proton conduction.

ionic liquid

Grotthus type transport

¢

¢ % ¢ (3

Vehicle type transport

Figure 3.42: Schematic illustrations of Grotthuss and Vehicular type proton

conduction.
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3.16.3 Prediction of proton conduction

Proton conductivity of GO can be predicted using experimental and theoretical
approaches.

Experimentally proton conductivity (o) can be evaluated simply utilizing GO as
conductive material in between two electrodes fabricated on non-conducting wafer.
However, conductivity varies with resistance that is depended on humidity level
whereas in theoretical method proton conductivity is predicted using intrinsic

parameters of GO.

3.16.4 Experimental Conductivity Measurement of GO

Experimentally proton conductivity o can be evaluated by using the following
relationship:

o=I/(Rxdxw)

Where, | is the distance between the electrodes, Ris resistance, d and W are the
thickness and width of the films, respectively [31].

This analytical equation represents dependency of proton conduction on drop-casted
film thickness, width and gap between the electrodes. Several humidity response tests
have been carried out here using single, twice and thrice drop-casted GO flakes in
order to show the requirement of the analytical equation. It was noticed that humidity
response of GO film was decreasing for thicker film. Width of the film and electrodes
gap was unchanged during this time. This experiment discloses validation of the
frequently utilized analytical equation shown earlier. Fig. 3.31 has shown drop-cast
thickness of single drop-casted GO film. Fig. 3.43 is displaying the distance between
the electrodes | and width of the drop casted filmw. R is found from voltage current

relationship across the drop casted film at 88% RH.
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Fig. 3.43: Dimension of drop-casted film and distance between two electrodes

| =100m
2V
R=———=48.3Mohm(at88%RH)
41.412nA
d =512.93nm
w=200um
o =1/(Rxd xw) = 1004m 0.02S/m

(48.3Mohm x 512.93nm x 200 .zm)

3.16.5 Theoratical Conductivity Prediction of GO

Protons generate from dissociation of acid groups into water. They are divided into
two groups: protons situated near to the channels surfaces that take part in the surface
diffusion mechanism and those which are in the pore bulk region of the channel and
other that take part in the Grotthuss mechanisms. A simple equation for the prediction

of proton conductivity of GO membranes was derived by Choi et al [46]. The
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equation predicts the overall proton conductivity, o,,. and it is based on the various

+

proton transport mechanisms within a proton conductive membrane.

F* (b cZ 4 ps E
0, =&r| (DX c¥ +Dpg.C, +DC, |

where F is the Faraday constant, R is the molar gas constant, T is temperature (K) and

D% : Dfi and D/ are diffusion coefficients of protons for the surface, Grotthuss

mechanisms, and enmasse diffusion mechanisms respectively. Also C% is

concentration of protons participating in surface diffusion while C_. is concentration

of protons participating in Grotthuss diffusion. & andz represent porosity of

membrane and the tortuosity factor, respectively [46,47].

3.16.6 Surface diffusion transport
In the nanocomposite membranes, surface diffusion coefficient is dependant not only
on the type of surface acid groups of the host membrane and nanoparticle, but on their

concentration as well.

KgT
> _1 (5 e
DH+ :Z e,0 e,0
1 AGy, q AG;
5 |exXp Mo+ 5 (eXp|
IZ'M KgT Iz,p KgT

where g, Kg and h are moles of acid sites of nanoparticle/moles of acid groups of

membrane, Boltzmann constant and Planck constant, respectively. IZ ., and IZ , are

jump length of the surface proton for acid groups of membrane and nanoparticles,
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respectively. AG*’Z'O‘M andAGeZ"”pare effective Gibbs free energy of activation of

surface diffusion around the acid groups of the membrane and the nanoparticles,

respectively.

3.16.7 Grotthuss Proton Transport

5 l524,(Z,,.0. ) |1 tan(35)
Py = 102,22 52| | tan(%)
n(&.& )R 0 tan(%4)

where lg, u,, Z 6,, 6., n,Rand & are jump length of proton in the Grotthuss

H !

mechanism, the dipole moment of water, the charge number of a proton, the initial
and the final angle of rotating water molecule, water viscosity, the hydrodynamic
radius of the water molecules and distance between protons in the hydronium ion and

proton accepting water molecules, respectively.

3.16.8 Conductivity Calculation of GO
At 88% RH humidity adsorbed water molecules becomes like bulk liquid and

conduction process occurs by Grotthuss mechanism and total conductivity (o,. )

comprised of only Grotthuss transport.

F2 Z Z G FZ G
.. :§i2'|:ﬁ(DH+ Cx +DSC,. +D5+) — &7 ﬁ(DWCW)

Itis calculated as DS, ~7x107° cm?/s at room temperature [46, 47]
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R=8.314Jmol " K™

F =96485C mol ™

T =300K

DS, ~7x10”cm*/s

C, =11.018x10° mol / m?

£ =063
r=1.36

So, 7, =0.0186S /m

3.16.9 Specific Conclusion of the Conductivity Calculation

Proton conductivity of GO can be predicted using theoretical approaches where
proton conductivity is calculated using intrinsic parameters of GO. On the other hand,
proton conductivity can be evaluated experimentally simply by utilizing GO as
conductive material in between two electrodes fabricated on non-conducting wafer.
To validate the experimental work, proton conductivity of GO is also calculated by
using theoretical approaches. Theoretical value of proton conductivity has found to be

0.0186S /m whereas experimentally it is 0.02S/m. So, deviation of experimental

value from theoretical value is 7.53 %.

3.17 Summary

Chemically synthesized graphene oxide based humidity sensing device was fabricated
on Si/SiO, substrate. The sensor exhibited significant response in the range between
40% and 88% RH. The response of GO based resistive type humidity sensor varied
from ~180 times (40% RH) to ~1200 times (88% RH).The sensor is also quite fast.

Response and recovery time are found to be within few seconds. This apart, substantial
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reproducibility and stability have been shown by GO based resistive type humidity

Sensor.

Reference

[1] W. S. Hummers Jr and R. E. Offeman, "Preparation of graphitic oxide,"
Journal of the American Chemical Society, vol. 80, pp. 1339-1339, 1958.

[2] D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. Dommett, G.
Evmenenko, et al., "Preparation and characterization of graphene oxide
paper,” Nature, vol. 448, pp. 457-460, 2007.

[3] S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A. Kleinhammes, Y.
Jia, et al., "Synthesis of graphene-based nanosheets via chemical reduction of
exfoliated graphite oxide," Carbon, vol. 45, pp. 1558-1565, 2007.

[4] D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A.
Slesarev, et al., "Improved synthesis of graphene oxide,” ACS nano, vol. 4, pp.
4806-4814, 2010.

[5] H. A. Becerril, J. Mao, Z. Liu, R. M. Stoltenberg, Z. Bao, and Y. Chen,
"Evaluation of solution-processed reduced graphene oxide films as transparent
conductors,” ACS nano, vol. 2, pp. 463-470, 2008.

[6] D. Li, M. B. Mueller, S. Gilje, R. B. Kaner, and G. G. Wallace, "Processable
aqueous dispersions of graphene nanosheets,” Nature nanotechnology, vol. 3,
pp. 101-105, 2008.

[7] A. Kaniyoor, T. T. Baby, and S. Ramaprabhu, "Graphene synthesis via
hydrogen induced low temperature exfoliation of graphite oxide,” Journal of
Materials Chemistry, vol. 20, pp. 8467-8469, 2010.

[8] R. Ghosh, A. Midya, S. Santra, S. K. Ray, and P. K. Guha, "Chemically
reduced graphene oxide for ammonia detection at room temperature,” ACS

applied materials & interfaces, vol. 5, pp. 7599-7603, 2013.

[9] D. R. Dreyer, S. Park, C. W. Bielawski, and R. S. Ruoff, "The chemistry of
graphene oxide,” Chemical Society Reviews, vol. 39, pp. 228-240, 2010.

99



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

T. Chen, B. Zeng, J. Liu, J. Dong, X. Liu, Z. Wu, et al., "High throughput
exfoliation of graphene oxide from expanded graphite with assistance of
strong oxidant in modified Hummers method,” in Journal of Physics:
Conference Series, 2009, p. 012051.

N. R. Wilson, P. A. Pandey, R. Beanland, R. J. Young, I. A. Kinloch, L. Gong,
et al.,, "Graphene oxide: structural analysis and application as a highly
transparent support for electron microscopy,” ACS nano, vol. 3, pp. 2547-
2556, 2009.

J. Chen, B. Yao, C. Li, and G. Shi, "An improved Hummers method for eco-
friendly synthesis of graphene oxide," Carbon, vol. 64, pp. 225-229, 2013.

Z. Ni, H. Wang, J. Kasim, H. Fan, T. Yu, Y. Wu, et al., "Graphene thickness
determination using reflection and contrast spectroscopy,” Nano letters, vol. 7,
pp. 2758-2763, 2007.

Y. Huang, J. Wu, and K. Hwang, "Thickness of graphene and single-wall
carbon nanotubes," Physical review B, vol. 74, p. 245413, 2006.

P. Nemes-Incze, Z. Osvath, K. Kamaras, and L. Bird, "Anomalies in thickness
measurements of graphene and few layer graphite crystals by tapping mode
atomic force microscopy,” Carbon, vol. 46, pp. 1435-1442, 2008.

L. Malard, M. Pimenta, G. Dresselhaus, and M. Dresselhaus, "Raman
spectroscopy in graphene,” Physics Reports, vol. 473, pp. 51-87, 20009.

A. Ferrari, J. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, et al.,
"The Raman fingerprint of graphene,” arXiv preprint cond-mat/0606284,
2006.

K. N. Kudin, B. Ozbas, H. C. Schniepp, R. K. Prud'Homme, I. A. Aksay, and
R. Car, "Raman spectra of graphite oxide and functionalized graphene sheets,"”
Nano letters, vol. 8, pp. 36-41, 2008.

A. Kaniyoor and S. Ramaprabhu, "A Raman spectroscopic investigation of
graphite oxide derived graphene," AIP Advances, vol. 2, p. 032183, 2012.

A. Ferrari, J. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, et al.,

"Raman spectrum of graphene and graphene layers,” Physical review letters,
vol. 97, p. 187401, 2006.

100



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A. Ghosh, D. J. Late, L. Panchakarla, A. Govindaraj, and C. Rao, "NO; and
humidity sensing characteristics of few-layer graphenes,” Journal of
Experimental Nanoscience, vol. 4, pp. 313-322, 2009.

Y. Yao, X. Chen, J. Zhu, B. Zeng, Z. Wu, and X. Li, "The effect of ambient
humidity on the electrical properties of graphene oxide films," Nanoscale
research letters, vol. 7, pp. 1-7, 2012.

W.-D. Lin, H.-M. Chang, and R.-J. Wu, "Applied novel sensing material
graphene/polypyrrole for humidity sensor,” Sensors and Actuators B:
Chemical, vol. 181, pp. 326-331, 2013.

A. I. Buvailo, Y. Xing, J. Hines, N. Dollahon, and E. Borguet, "TiO/LiCl-
based nanostructured thin film for humidity sensor applications,” ACS applied
materials & interfaces, vol. 3, pp. 528-533, 2011.

H. Bi, K. Yin, X. Xie, J. Ji, S. Wan, L. Sun, et al., "Ultrahigh humidity
sensitivity of graphene oxide," Scientific reports, vol. 3, 2013.

Q. Kuang, C. Lao, Z. L. Wang, Z. Xie, and L. Zheng, "High-sensitivity
humidity sensor based on a single SnO, nanowire," Journal of the American
Chemical Society, vol. 129, pp. 6070-6071, 2007.

K.-D. Kreuer, "Proton conductivity: materials and applications,” Chemistry of
Materials, vol. 8, pp. 610-641, 1996.

J. F. Nagle and S. Tristram-Nagle, "Hydrogen bonded chain mechanisms for
proton conduction and proton pumping,” The Journal of membrane biology,
vol. 74, pp. 1-14, 1983.

M. Nogami, R. Nagao, and C. Wong, "Proton conduction in porous silica
glasses with high water content,” The Journal of Physical Chemistry B, vol.
102, pp. 5772-5775, 1998.

W. Gao, G. Wu, M. T. Janicke, D. A. Cullen, R. Mukundan, J. K. Baldwin, et
al., "Ozonated graphene oxide film as a proton-exchange membrane,"”
Angewandte Chemie International Edition, vol. 53, pp. 3588-3593, 2014.

E. A. Mistri, A. K. Mohanty, S. Banerjee, H. Komber, and B. Voit,
"Naphthalene dianhydride based semifluorinated sulfonated copoly (ether
imide) s: Synthesis, characterization and proton exchange properties,” Journal
of Membrane Science, vol. 441, pp. 168-177, 2013.

101



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

M. A. Hickner, C. H. Fujimoto, and C. J. Cornelius, "Transport in sulfonated
poly (phenylene) s: proton conductivity, permeability, and the state of water,"
Polymer, vol. 47, pp. 4238-4244, 2006.

C. Boyer, S. Gamburzev, O. Velev, S. Srinivasan, and A. Appleby,
"Measurements of proton conductivity in the active layer of PEM fuel cell gas
diffusion electrodes," Electrochimica Acta, vol. 43, pp. 3703-3709, 1998.

S. Ghosh, R. Ghosh, P. K. Guha, and T. K. Bhattacharyya, "Humidity Sensor
Based on High Proton Conductivity of Graphene Oxide,” Nanotechnology,
IEEE Transactions on, vol. 14, pp. 931-937, 2015.

S. Borini, R. White, D. Wei, M. Astley, S. Haque, E. Spigone, et al., "Ultrafast
graphene oxide humidity sensors,” ACS nano, vol. 7, pp. 11166-11173, 2013.

N. Agmon, "The grotthuss mechanism,” Chemical Physics Letters, vol. 244,
pp. 456-462, 1995.

K. Kreuer, "On the complexity of proton conduction phenomena,” Solid state
ionics, vol. 136, pp. 149-160, 2000.

S. Hu, M. Lozada-Hidalgo, F. Wang, A. Mishchenko, F. Schedin, R. Nair, et
al., "Proton transport through one-atom-thick crystals," Nature, vol. 516, pp.
227-230, 2014.

Y. Chen, X. Zhang, D. Zhang, P. Yu, and Y. Ma, "High performance
supercapacitors based on reduced graphene oxide in aqueous and ionic liquid
electrolytes,” Carbon, vol. 49, pp. 573-580, 2011.

H. Tateishi, K. Hatakeyama, C. Ogata, K. Gezuhara, J. Kuroda, A. Funatsu, et
al., "Graphene oxide fuel cell,” Journal of The Electrochemical Society, vol.
160, pp. F1175-F1178, 2013.

M. Sadakiyo, H. Okawa, A. Shigematsu, M. Ohba, T. Yamada, and H.
Kitagawa, "Promotion of low-humidity proton conduction by controlling
hydrophilicity in layered metal-organic frameworks," Journal of the American
Chemical Society, vol. 134, pp. 5472-5475, 2012.

D. Marx, M. E. Tuckerman, J. Hutter, and M. Parrinello, "The nature of the
hydrated excess proton in water,” Nature, vol. 397, pp. 601-604, 1999.

102



[43]

[44]

[45]

[46]

[47]

L. Stobinski, B. Lesiak, A. Malolepszy, M. Mazurkiewicz, B. Mierzwa, J.
Zemek, et al., "Graphene oxide and reduced graphene oxide studied by the
XRD, TEM and electron spectroscopy methods,"” Journal of Electron
Spectroscopy and Related Phenomena, vol. 195, pp. 145-154, 2014.

H.-C. Chien, L.-D. Tsai, C.-P. Huang, C.-y. Kang, J.-N. Lin, and F.-C. Chang,
"Sulfonated graphene oxide/Nafion composite membranes for high-
performance direct methanol fuel cells," international journal of hydrogen
energy, vol. 38, pp. 13792-13801, 2013.

G. A. Luduena, T. D. Kiihne, and D. Sebastiani, "Mixed Grotthuss and vehicle
transport mechanism in proton conducting polymers from ab initio molecular
dynamics simulations,” Chemistry of Materials, vol. 23, pp. 1424-1429, 2011.

P. Choi, N. H. Jalani, and R. Datta, "Thermodynamics and proton transport in
Nafion Il. Proton diffusion mechanisms and conductivity,” Journal of the
electrochemical society, vol. 152, pp. E123-E130, 2005.

A. Shirdast, A. Sharif, and M. Abdollahi, "Prediction of proton conductivity of

graphene oxide-containing polymeric membranes,” International Journal of
Hydrogen Energy, vol. 39, pp. 1760-1768, 2014.

103






Chapter 4

Functionalized GO Based Resistive Type
Humidity Sensor
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4. Introduction

Though GO based resistive sensor showed excellent performance in presence of
humidity, however in this work effort was made to improve the sensor performance
even further by functionalizing GO with metal oxides and polymer. In this respect, tin
oxide nanoparticle was used with GO; because literature showed tin oxide can give
good sensitivity in presence of humidity. Also, as polymer Nafion was chosen
because from literature it was seen that Nafion was used extensively in fuel cell

particularly because of its high proton conducting behaviour.

Section I: SnO; Functionalized GO Based Humidity Sensor

4.1 Introduction

SnO; nanoparticle was mixed with GO systematically and humidity response was
measured in each case. It was found that addition of SnO, nanoparticle in GO did not
improve the performance of the sensor, in fact the response was lower compared to

GO based humidity sensor.

4.2 Material Preparations

GO was synthesized using modified Hummers and Offeman method as discussed in
earlier chapter. Graphite fine powder purchased from Loba Chemie, India was
chemically exfoliated using NaNO3;, KMnO,4 and H,SO,. The synthesized GO was
purified afterwards. On the other hand stannous chloride hydrate [SnCl2 -2H20] was
purchased from Sisco Research Laboratories (SRL), India, in order to synthesize
SnO; nanoparticle hydrothermally [1]. DI water was used in the experimentation as
solvent (MilliQ, resistivity 18.2 MQ at room temperature). The mixture of water
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dispersible GO and SnO, were then ultrasonicated to achieve SnO, functionalized
(non covalent bond) GO. Fig. 4.1 shows GO/SnO, composites with different

proportion.

Figure 4.1: GO/SnO, composite with different proportions.

4.3 Material Characterization

4.3.1 Optical Microscopy
Fig. 4.2 exhibits optical microscopic image of GO/SnO, composite. It indicates
intermingling of GO and SnO, as composite. However, details of composite

formation can be ensured at SEM and EDAX characterization.

108



Figure 4.2: Optical microscopic image of GO/SnO, composite

4.3.2 SEM

Surface morphology of GO, SnO, and their composite were characterized using Jeol
SEM. SEM image displayed in Fig. 4.3 (a) discloses that synthesized GO consists of
randomly aligned, thin, folded nanosheets adjoined with one another whereas Fig. 4.3
(b) and Fig. 4.3 (c) exhibit SEM images of SnO, and GO/ SnO, composite

respectively.

HEEE  ZEkU lum  x18, 888

109



BEEE  ZEkU M w18, 888

dEaEE  Zaky I x18, 828

Figure 4.3: (a) SEM Image of GO (b) SEM Image of SnO; (¢) SEM Image of GO/SnO,
nanocomposite
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4.3.3 EDAX

EDAX is an extensively used method to identify the chemical constituents of a
sample. This technique detects the X-rays created as the outcome of the electron beam
interactions with the material. X-ray data is processed to acquire the percentage of
each measured substance present in the sample particles. SEM-EDAX is very often
employed to achieve morphological information of the material surface and
recognition of chemical constituents. Fig. 4.4 shows EDS spectra of (a) GO (b) SnO,
and (c) GO/SnO,. In section (b) and (c) of Fig. 4.4 existence of tin, oxygen and
carbon are clearly noticed with their atomic percentage. Fig. 4.4 (c) also shows

decrease of tin and carbon contents when SnO, is mixed with GO.
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Figure 4.4: (a) EDS spectra of (a) GO (b) SnO, (c) GO/SnO, nanocomposite

The EDAX of composite shows considerable decrease in C and increase in O atomic

%, thereby signifying the presence of GO in the composite. Also, the existence of Sn

(lesser % than in pure SnO;) proved the presence of SnO, as GO does not contain Sn.
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4.3.4 AFM
Here category of GO is same as GO used at chapter 3. So, AFM image with thickness

of the GO flakes can be found in Fig. 3.3 of chapter 3.

4.4 Sensor Fabrication

Gold electrode was fabricated on Si/SiO, surface following the process described in
chapter 3. Synthesized SnO, and GO/SnO, composites were drop-casted in between
the gold electrodes using Tarsons T100 Accupipet and then dried in ambient

conditions. Fig. 4.5 displays the fabricated devices of SnO, and GO/SnO,.

Figure 4.5: Fabricated humidity sensing devices

4.5 Humidity Measurement

The humidity measurement was performed in custom-made humidity sensing setup
which comprised of an air tight stainless steel chamber. The details of humidity

measurement of resistive type humidity sensor can be found in chapter 3.
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4.6 Humidity Sensing Results

V-1 characteristics of probed GO/SnO, based device was observed (in ambient
condition) in order to ascertain establishment of electrical connectivity. Fig. 4.6 shows

V-1 characteristics with almost no hysteresis.

Current (uA)

0 l 1 ' 2
Voltage (V)

Figure 4.6: V-I Characteristics of GO/SnO, humidity sensing device

During the humidity measurement, the baseline humidity was fixed at 25% RH. SnO,,
GO and GO/SnO, composite based sensors were kept inside the humidity test chamber
and the humidity level was varied from 40% RH to 88% RH. It was noticed that
current through the sensors rise when exposed to humidity. The response of the sensors

was evaluated as:

-1 |
Response = —H—3C ~ B o 1o >> |

where, Iru-current through the sensor in high relative humidity and Il-current

through the sensor in dry air. Humidity sensing devices were made with different
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proportion of GO and SnO.. It was noticed that a controlled addition of SnO, with GO
give maximum normalized response. First of all, humidity response of SnO, was
measured. Humidity response of SnO, was found to be very less with respect to GO.
SnO; nanoparticle then was mixed with GO in different proportion and humidity
response was measured in each case. It was found that addition of SnO, nanoparticle
in GO made response diminished. Fig. 4.7 exhibits a comparative responses of
devices made of different composition of GO and SnO, exposed at 88% RH.
However, addition of 1 mg SnO, with 3 ml GO gave a considerable response as
shown in Fig. 4.7. The response got was around 1050. The sensing performance
improves with increase in GO proportion. Still, its response was lower than GO based
humidity sensor. Table 4.1 shows compositions of hybrid materials subjected to

humidity response measurement.

Table 4.1 Material Preparation of SnO,-GO nanocomposites

Material Compositions
SnO; 1 mg in 1 ml DI water
Sn0,-GO (1) Sn0O,-GO (Sn0,:1 mg + GO: 1 ml)
Sn0,-GO (2) Sn0,-GO (SnOz: 1 mg + GO: 2ml)
Sn0,-GO (3) SnO,-GO (Sn0O2:1 mg + GO: 3 ml)
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Figure 4.7: Humidity responses of SnO,/GO nanocomposites

4.7 Sensing mechanism

The conduction process of GO/SnO, is considered to be simultaneously electronic and
ionic. In contrast to GO, there are no hydrophilic functional groups in SnO,. It is
generally believed that water molecules are adsorbed in surface of SnO,. Nanoparicle
of the SnO, is much more sensitive towards water vapours due to its high surface to
volume ratio. The sensing mechanism is determined mostly on the charge transfer
processes [2]. Tin oxide is inherently n-type material and water usually acts as donor
molecule. The presence of water reduces the resistance of tin oxide because of more
no of electrons available from water. However, in presence of GO proton transport
takes place, and tin oxide does not support this proton conduction. So, this might be
the reason of overall degradation of sensor performance where one is supporting
electron conduction whereas the other is supporting proton conduction. In fact, proton
conduction of composite might diminish because of conjugation of electron with

proton (H") and thereby neutralizing the charges.
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4.8 Summary

GO was functionalized with SnO, in order to get larger response than GO based
humidity sensor. SnO; nanoparticle was mixed with GO in different proportion and
humidity response was measured in each case. It was found that addition of SnO,
nanoparticle in GO made response smaller. It was also observed that amount of GO

determine the magnitude of response and SnO, has very negligible contribution.
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Section I1: Nafion Functionalized GO Based Resistive Humidity
Sensor

4.9 Introduction

As SnO, functionalized GO did not show any enhancement in response, alternative
material was tried to enhance the response. It was noticed that Nafion polymer shows
extensive proton conduction in hydrated environment, particularly in low relative
humidity. It has been observed that GO based humidity sensor does not offer adequate
sensitivity in low humidity [3, 4]. In order to address this drawback of pure GO based
humidity sensor an attempt has been made to add Nafion systematically with GO.
Nafion is a widely investigated ionomer because of its high proton conductivity.
Nafion owing to its ultrahigh proton conductivity in hydrated condition has been
extensively utilized in proton-exchange membrane fuel cells (PEMFCs) applications.
GO/Nafion composite was characterized using SEM/EDAX, XRD and FTIR. The
sensor was fabricated by drop casting GO/Nafion composite over gold electrodes
patterned by photolithography on Si/SiO, substrate. The sensor exhibited excellent
sensitivity towards humidity (18000 times at 88% RH) with response and recovery
time within few seconds when GO and Nafion were mixed at 1:3 proportion. Proton
conduction mechanism due to presence of hydrophilic functional groups in GO and

Nafion have also been investigated in details here.

4.10 Material Preparation

GO was synthesized using modified Hummers and Offeman method. It was
dispersible in aqueous medium. Graphite fine powder purchased from Loba Chemie,
India was chemically exfoliated using NaNO3;, KMnO, and H,SO4. The synthesized

GO was cleaned afterwards. 5 wt.% Nafion®in lower aliphatic alcohol and water was
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bought from Sigma Aldrich, USA (274704-25ML). It is basically Nafion®
perfluorinated resin solution containing 15-20% water. After that, GO and Nafion
were mixed in different proportion to obtain GO/Nafion solution. Fig. 4.8 shows a
digital image of synthesized GO and purchased Nafion along with their chemical
formula. Fig. 4.8 also displays a composition of GO and Nafion. DI water was used in

this experimentation as solvent (MilliQ, resistivity 18.2 MQ at room temperature).

GO Nafion

[(CF,CFy)n - (CF-CFy)]a

CF
2

F- C- OCF,CF,- SO H'

CFy
Graphene Oxide

Nafion
GO/Nafion
(E:3)

Figure 4.8: Synthesized GO, Nafion and GO/Nafion composite (1:3)

Fig. 4.9 displays how aqueous solution of GO was mixed with Nnafion
systematically. It was possible to mix water dispersible GO with Nafion polymer as it

also contains 15-20% water.
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3:1 2:1 1:1 1:2 1:3 1:5

Figure 4.9: Graphene Oxide / Nafion composite with different proportions

Fig. 4.10 shows process flow of Nafion functionalization of GO using a flow chart. It
describes how GO is functionalized with Nafion step by step. At first, GO was
synthesized usung modified Hammers method and it was mixed with Nafion
systematically. Now, considering one ratio of mixing, they were ultrasonicated for
half an hour to form good composite of GO and Nafion. But mixing them and
ultrasonication always do not ensure proper composite formation or functionalization.
For that reason composie was characterized using SEM, EDAX, XRD and FTIR. If
one of the characterization fails to prove the proper composite formation then whole
process was to start again from mixing of the GO and Nafion. Otherwise, composite is

ready for further use.
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Process flow of the Nafion functionalization

[ Start )
Synthesis of GO

Mixing GO &
Nafion :—

Ultrasonication

U

Nafion
Functionalized
GO

U

Composite
Characterization

(SEM/EDAX,
XRD, FTIR)

Functionalization
done ?

Yes

[ Stop ]

Figure 4.10: Description of the process flow of the Nafion functionalization
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4.11 Material Characterizations

411.1 SEM

Surface morphology of GO and GO/Nafion nanocomposites were characterized using
Carl Zeiss SEM. SEM image displayed in Fig. 4.11 (a) disclose that synthesized GO
consists of randomly aligned, thin, folded nanosheets adjoined with one another
whereas Fig. 4.11 (b) and Fig. 4.11 (c) exhibit SEM images of Nafion and GO/Nafion

composite (1:3) respectively. SEM images explicitly disclose formation of GO/Nafion

composites.

(@)
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Figure 4.11: SEM images of (a) Graphene Oxide (b) Nafion (c) GO/Nafion
composite(1:3)
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4.11.2 EDAX

EDAX is an extensively used method to identify the chemical constituents of a
sample. This technique detects the X-rays created as the outcome of the electron beam
interactions with the material. Fig. 4.12 shows EDS spectra of (a) GO (b) Nafion and
(c) GO/Nafion (1:3). In section (b) and (c) of Figure 4.12 existence of fluorine and
sulphur are clearly noticed with their atomic percentage. Fig. 4.12 (c) also shows

decrease of fluorine and sulphur contents and increase of carbon and oxygen when

Nafion is mixed with GO.

>
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Figure 4.12: EDS spectra of (a) GO (b) Nafion (c) GO/Nafion (1:3)
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The EDAX of composite shows considerable increase in C and O atomic %, thereby
signifying the presence of GO in the composite. Also, the existence of F and S (lesser

% than in pure nafion) proved the presence of Nafion as GO does not contain F and S.

4.11.3TEM
GO utilized in GO/Nafion composite was prepared by modified Hummers and
Offeman method as described in Chapter 3. Details of TEM characterization with

SAED pattern have been exhibited Fig. 3.2 of chapter 3.

4.11.4 AFM
Thickness of the GO flakes was found to be in between 2 to 2.5 nm. It has been shown

in Fig. 3.3 of chapter 3.

4.11.5 XRD

X-ray Diffraction is an analytical technique that uses an inherent attributes of the x-
ray beam, its wavelength and the laws of physics that evaluate how that beam
interacts with matter for materials characterizations. Primarily the technique has been
applied to well-ordered crystalline structures to identify crystal structures,
determining phase composition, measurement of stress, orientation. Apart from this,
XRD also includes the characterization of noncrystalline materials. X-ray diffraction
analysis (XRD) of drop-casted samples was performed on PANalytical's X-ray
diffractometer (X’Pert difractometer 3040/60) with monochromatic CuKa radiation.
Data were recorded from 05° to 80°. The XRD spectra in Fig. 4.13 (a) reveal the
oxidation of graphite powder wherefrom graphene oxide was synthesised [5]. Fig.
4.13 (b) indicates a major peak related to the carbonated structure of Nafion nearly at

20=18° [6]. Fig. 4.13 (c) shows peak for GO/Nafion (1:3) composite. The peaks are
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mostly originated from carbonated groups those are almost equally present in GO and

Nafion.
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GO/Nafion (1:3)
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Figure 4.13: XRD pattern of (a) GO (b) Nafion and (c) GO/Nafion (1:3)

4116 FTIR

Fourier transform infrared spectroscopy is ideal for the recognition of both organic
and inorganic materials. Aggregates of atoms (or functional moieties) are all coupled
with characteristic infrared absorptions. Thus, infrared spectrometry is useful for the
identification of functional moieties present within a material. The FTIR
characterization was also carried out for sensing layers (as shown in Fig. 4.14). The
FTIR spectra of GO shows an absorption peak at around 850 cm™' [7]. The FTIR
spectra of Nafion shows absorption peaks at different wavenumbers which
corresponds to different bonds as has been described in the literature [8]. The FTIR of
GO/Nafion composite shows coexisting peaks of both GO and Nafion and hence

ensure proper composite formation. FTIR spectra of the graphene oxide, Nafion and

128



composite were recorded on a Agilent Technologies Cary 630 spectrometer. Fig. 4.14

shows FTIR spectra of (a) GO (b) Nafion and (c) GO/Nafion (1:3).
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Figure 4.14: FTIR spectra of (a) GO (b) Nafion and (c) GO/Nafion (1:3)

4.12 Sensor Fabrication

Gold electrode was fabricated on Si/SiO;, surface following the process described in
chapter 3. Synthesized GO/Nafion was drop-casted in between the gold electrodes
using Tarsons T100 Accupipet and then dried in ambient conditions. Fig. 4.15
displays the schematic of the device with dimension and scale. Fabrication process

steps of this type of resistive device have already been shown in Fig. 3.6 of chapter 3.
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Figure 4.15: Schematic diagram and dimensions of sensor device

Fig. 4.16 further demonstrates description of GO/Nafion based humidity sensing

resistive type device in details.

Figure 4.16: GO/Nafion based humidity sensor
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4.13 Humidity Measurement
The humidity measurement was performed in custom-made humidity sensing setup
which comprised of an air tight stainless steel chamber. The details of humidity

measurement of resistive type humidity sensor can be found in chapter 3.

4.14 Humidity Sensing Results

That (1:3) is not weight ratio, it is volume ratio of GO and Nafion. Actually mixture
was prepared taking GO and Nafion solution using Tarsons’s Accupipet T100
(Variable volume micro pipette: 10-100 pl.). Here, volume was adjusted t0100 pl. Now
GO/Nafion composite with different proportions were prepared. However, V-I
characteristics of probed GO/Nafion resistive device was observed (in ambient
environment) in order to ascertain establishment of proper electrical connectivity. Fig.
4.17 shows V-l characteristics of probed GO/Nafion based device with small

hysteresis.

14 Hysteresis Characteristics

12 +

10 4
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. . ; .
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Figure 4.17: VI Characteristics of probed device with hysteresis
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During the humidity measurement, the baseline humidity was fixed at 25% RH. The
GO based sensor was kept inside the humidity test chamber and humidity level was
varied from 40% RH to 88% RH. It was noticed that current through the GO sensor

rise when exposed to humidity. The response of the GO sensor was evaluated as:

I, — 1. |
RH RH
Response = I T ;s Iy >> 1,

air air

where, Iry-current through the sensor in high relative humidity and I,-current

through the sensor in dry air.

Humidity sensing devices were made with different proportion of GO and Nafion
mixture and humidity response was observed for each composition. It was noticed that
a controlled addition of Nafion with GO give maximum normalized response. This is
due to optimization between on humidity current and off humidity current of a
particular device. However, when GO and Nafion were mixed in 1:3 ratio an ultrahigh
response was found. A response of ~1400 times against 40% RH and around 18000
times against 88% RH were offered by the humidity sensing device. This response is
substantially higher in contrast to the values published in recent past [9-11]. Fig. 4.18
exhibits a comparative responses of devices made of different composition of GO and
Nafion exposed at 88% RH. Fig. 4.19 shows humidity response of best composition
(GO:Nafion :: 1:3) at different humidity levels (40% RH-88%RH). The quality of a
sensor is evaluated by various criteria like response, response time, recovery time,
repeatability. This sensor found to be highly responsive. Like response, response time

and recovery time are other important criteria of an ideal humidity sensor. The
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response time (which is described as the time required to gain 90% of the maximum
response) and recovery time (which is described as the time required to gain 90% of
the baseline value) of the sensing device were also significantly rapid as demonstrated
in Fig. 4.20 and Fig. 4.21 successively. Response time is 4 seconds while recovery
time has been found as 5.5 seconds at room temperature without applying any heat
treatment. It was observed that response and recovery time varied with humidity level.
Fig. 4.22 and Fig. 4.23 display the variation of response and recovery time with
humidity. The reason has already been explained in details at previous chapter.
However, the large response along with these response and recovery time is better than

the published results in literature in recent past [12-14].
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Figure 4.18: Comparative responses of GO, Nafion and GO/Nafion
composite of different proportions towards 88% RH.
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Figure 4.19: Response of GO/Nafion (1:3) based humidity sensor to six different
% RH (40%—88%)
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Figure 4.20: Response time of GO/Nafion (1:3) based sensor
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Figure 4.22: Response time variation with humidity of GO/Nafion based sensor
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Figure 4.23: Recovery time variation with humidity of GO/Nafion (1:3) based sensor

Sensor’s repeatability or reproducibility towards a particular relative humidity level is
also an useful parameter. The reproducibility of the GO/Nafion based sensor was
tested by exposing to 50% RH for five cycles repeatedly and the response of the
humidity sensor was found to be distinctly repeatable as can be observed in Fig. 4.24.
Compressed dry air was purged for 10 minute in between two successive exposing to

50% RH for 10 minute.
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Figure 4.24: Repeatability test of GO/Nafion (1:3) based sensor with 50% humidity

4.15 Sensing Mechanism
Nafion is an extensively studied ionomer because of its high proton conductivity in
presence of high relative humidity. It is a perfluorosulfonic polymer. Fig. 4.25 shows

the chemical structure of Nafion.
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[(CF:CF), - (CF-CFy)],

Figure 4.25: Chemical structure of Nafion

It unites the hydrophobicity of the perfluorinated polymer structure with the
hydrophilicity of the end sulfonic acid function (-SOzH). This property of Nafion
creates a natural hydrophilic and hydrophobic nano separation. Ultimately, an
immobile micro structure is established which absorbs and desorbs water molecules

[15].

The salient feature of such micro structures is that their hydrophobic part provides
superior mechanical stability even in highly humid environments, while the hydrated
hydrophilic zones produce extremely large proton conduction. Actually the polymer
material behaves as a chemically inactive highly permeable spongy material for the
water of hydration, which actually exhibits significantly small interaction with the
polymer except for the first three water molecules per sulfonic acid group needed for
its initial hydration [16]. The better transport phenomenon of Nafion is, therefore,
mostly an outcome of a superior hydrophilic / hydrophobic segregation, which

happens automatically during the synthesis and hydration of the ionomer [17]. The
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amount of sulfonation, which intensifies the hygroscopicity, also diminishes the
morphological stability in the highly humid environment. There are few dissociated
protons those stay near to the anion surface sites and take part in surface diffusion,
whereas others with an elevated level of hydration engage in bulk diffusion following
Grotthuss mechanisms [18]. In case of Nafion proton conduction actually occurs by
the propagation of hydrated protons like HsO" (hydronium ion), HsO," (zundel ion)
and HgO4" (eigen ion) which evolve from the utter dissociation of the sulfonic acid
functional group. This is based on the postulate that sulfonic acid groups are
adequately powerful acids so that ion pairs SOz Hs0", SO3'Hs0," or SO3 HgO,4 ™ are

formed. Fig. 4.26 shows generation and association of hydrated protons with sulfonic

acid functional group [19, 20].

Figure 4.26: Generation and association of hydrated protons with sulfonic acid
functional group

The proton conduction in Nafion is firmly determined by its nanostructure and degree
of hydration. At low humidity, very few acid sites are dissociated and the interaction
among water molecules through hydrogen bonding is small. In this condition, Nafion
shows negligible conductivity due to very less amount of proton hopping limited

within the surface area [21-23]. When water content is low, very few acid sites are
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dissociated and the interaction among water molecules through hydrogen bonding is
poor. As a result, rate of proton transfer becomes very low. Proton hopping is limited
basically to the surface region showing very low conductivity. Still proton conduction
is much higher in case of Nafion in low humidity than that of GO. At high humidity
level, however, the behavior of water in Nafion becomes like bulk water [24].
Therefore, two distinct water atmospheres become prominent in Nafion. As for an
example, water molecules inside the central area of the pore is treated as ‘‘bulk
water’’. Mobility of proton is very rapid in this region. On the contrary, water
molecules close to the pore surface across the array of sulfonic groups is considered
as ‘‘surface water’’ and the proton movement via the surface is significantly meager
than that of bulk water. Thus proton conductivity of Nafion is consequence of
weighted average of the surface and bulk conductivities [25]. Fig. 4.27 shows
dissociation of sulfonic acid of Nafion in water and formation of hydrated protons

those in turn take part in Grotthuss mechanism.

H,0

Figure 4.27: Dissociation of sulfonic acid of Nafion in water and formation of
hydrated protons those in turn take part in Grotthuss mechanism.
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4.16 Summary

Chemically synthesized graphene oxide and Nafion composite based humidity sensor
was fabricated on Si/SiO, substrate. The sensor demonstrated exceptional humidity
response in presence of moisture in the range between 40% and 88% RH. This
happens due to the enormous proton conductivity of GO/Nafion nanosheets in
hydrated conditions. This ultrahigh sensitive sensor also offers fast response and
recovery time. Apart from this, GO/Nafion based humidity sensor has also shown

excellent reproducibility.
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Chapter 5

Graphene Oxide/Nafion Based FET Humidity Sensor
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5.1 Introduction

FET type sensors have some advantages over resistive or capacitive humidity sensors
[1]. In FET architecture sensitivity can be adjusted using applied bias in the gate
terminal [2, 3]. In this work, Graphene Oxide/Nafion composite based humidity
sensing field effect transistor (FET) has been developed. GO and Nafion were
intermingled systematically in order to maintain significant response even in low
humidity. GO was synthesized using modified Hummers and Offeman method and
Nafion was purchased from Sigma Aldrich, USA. A conducting silicon back gate FET
has been fabricated using traditional microelectronics technology. GO/Nafion was
drop-casted on patterned aluminium electrodes on Si/SiO, substrate. It was used as
channel material of FET. Patterned electrodes, conducting silicon, drop-casted
material and SiO, served the purpose of source and drain, back gate, channel and
dielectric of FET [4-6]. GO was characterized using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM)
and X-ray photoelectron spectroscopy (XPS). GO/Nafion composite was
characterized using scanning electron microscopy (SEM), high resolution X-Ray
Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR). GO/Nafion
based sensor was exposed to six different relative humidity (RH %). The sensitivity
of FET type sensor was appeared to be very high due to large proton (H") conduction
of GO and Nafion. The drain characteristics and transfer characteristics of GO and
GO/Nafion based FET type sensors have been explored in various levels of humidity.
However, the sensor displayed excellent sensitivity. Apart from this, the onset of
proton conduction owing to interaction of hydrophilic functional moieties of GO and

Nafion with water molecules have also been explained rigorously.
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5.2 Material Preparation

Material preparation is same as described in GO/Nafion based resistive type humidity
sensor that has been described at section Il of chapter 4. As GO/Nafion (1:3) found to
be best sample, so FET based humidity sensor has been designed using that

composition.

5.3 Material Characterization
AFM, TEM characterizations of GO can be found at Chapter 3 whereas SEM/EDAX,
XRD and FTIR characterizations of GO/Nafion (1:3) can be found at section Il of

Chapter 4.

5.4 Sensor Fabrication

Two inch silicon wafer was cleaned at first using piranha solution (H,0,:H,SO;, ::
1:1). After that, native oxide was removed using 1% buffered hydrofluoric (BHF)
acid. SiO, layer of thickness 300 nm was developed on the silicon using thermal
oxidation system made by Tempress System. Afterwards, a 150 nm thin aluminium
layer was deposited on Si/SiO, substrate by thermal evaporation system. Aluminium
electrodes were then fabricated on Si/SiO, substrate using photolithography process.
Thereafter a small portion of SiO, layer was etched to unveil conducting silicon to be
used as gate terminal of back gate FET. HPR 504 and HPRD 429 were used as
photoresist and developer. This apart, buffered HF was employed as SiO, etchant.

Aluminium was etched using aluminium etchant.

Synthesized GO and GO/Nafion (1:3) were drop-casted in between the aluminium

electrodes using Tarsons T100 Accupipet and then dried at ambient conditions. Fig.
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5.1 demonstrates details fabrication steps of FET type humidity sensor and Fig. 5.2
displays the schematic of the complete back gate FET device with dimension and

scale. Fig. 5.3 shows actual fabricated back gate FET in details.
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Figure 5.1: Fabrication steps of FET type humidity sensor
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Figure 5.2: Schematic diagram and dimensions of back gate FET sensor device
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Figure 5.3: Digital image of fabricated back gate FET device
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5.5 Humidity Measurement

The humidity measurement was performed in custom-made humidity sensing setup
which comprised of an air tight stainless steel chamber. The humidity sensor, placed
inside shield chamber, was coupled with Agilent 4155C semiconductor parameter
analyzer (SPA) via Agilent 16088-60046 test fixture. The humidity measurements
were performed at room temperature. The device was fixed inside the humidity
chamber. At first a dc sweep of OV to 5V was applied in between the source and drain
electrode keeping gate terminal constant at 2V. Next a dc sweep from -2V to 2V was
given at gate terminal keeping drain bias at 2V. In this way drain characteristics and
transfer characteristics were observed successively. The devices were primarily
purged with compressed dry air for 30 minutes to obtain a steady baseline current.
After a while, they were exposed to different relative humidity levels followed by 15
minute of dry air flow. Compressed dry air was allowed to enter into humidity test
chamber through water bubbler in order to provide humid air. Humidity level of
humid air was controlled by flow controller valve. In order to outlet the extra air an
exhaust was placed at the humidity test chamber. In chapter 3 details of humidity test
chamber can be found. Fig. 5.4 is showing biasing arrangements for FET type
humidity sensor and Fig. 5.5 is showing probed humidity sensing device inside

humidity test chamber.
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Figure 5.4: Biasing arrangements for FET type humidity sensor
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Figure 5.5: Humidity sensing FET type device inside humidity test chamber.
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5.6 Humidity Sensing Results

GO/Nafion 1:3 is not weight ratio, it is volume ratio. It has been described at section Il
of Chapter 4.

5.6.1 GO based FET characteristics at ambient condition

First of all, GO based FET device was characterized in ambient environment in order
to ensure proper FET action of the fabricated device. Fig. 5.6 shows drain current

variation of GO based FET at ambient environment upon zero gate bias condition.
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Figure 5.6: Drain current variation of GO based FET at zero gate bias in lab ambience

Afterwards, transfer characteristics of GO based FET were studied at ambient
condition. Fig. 5.7 exhibits transfer characteristics of GO based FET at ambient

condition. Lastly, in order to establish FET action firmly drain characteristics was
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investigated at ambient condition. Fig. 5.8 displays the drain characteristics of GO

based FET in ambient condition.
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Figure 5.7: Transfer characteristics of GO based FET (at ambient condition)
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Figure 5.8: Drain characteristics of GO based FET (at ambient condition)
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5.6.2 GO based FET characteristics at variable humidity

Thereafter, the drain characteristics of GO based FET humidity sensor was explored
to six different %RH (40%—88%) taking drain to source voltage (Vps) in the range of

0-5 V and gate bias (Vgs) with 2 Volt. Fig. 5.9 shows how drain characteristics

modifies with humidity.
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Figure 5.9: Drain characteristics of GO based FET (at variable humidity)
The transfer characteristics of GO based FET humidity sensor was studied to six
different %RH (40%—88%) taking gate to source voltage (Vgs) in the range of -2 to 2

V and drain bias (Vps) with 2 Volt. Fig. 5.10 demonstrates how transfer

characteristics modulate with humidity.
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Figure 5.10: Transfer characteristics of GO based FET (at variable
humidity)

Fig. 5.11 displays how transconductance modulates with relative humidity for a GO

based humidity sensor.
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Fig. 5.11 Variation of transconductance with relative humidity
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5.6.3 GO/Nafion (1:3) composite based FET Characteristics at variable humidity

It was observed experimentally that only controlled addition of Nafion with GO can
give maximum normalized current (Irn/lain. This is due to trade-off between on
humidity current and off humidity current for a particular resistive type device.
However, it was found that when GO and Nafion were blended in 1:3 ratio an
ultrahigh normalized current was found. Fig. 4.17 shows comparative response of

GO, Nafion and GO/Nafion composite of various proportions towards 88% RH.

During the humidity measurement, the baseline humidity was fixed at 25 % RH. The
GO/Nafion (1:3) based FET humidity sensor was placed inside the humidity test
chamber and humidity level was altered from 25% RH to 88% RH. It was observed
that current through the GO sensor increased when exposed to humidity. Thereafter,
the drain characteristics of GO/Nafion (1:3) based FET humidity sensor was explored
to six different %RH (25%—-88%) taking drain to source voltage (Vps) in the range of
0-5 V and gate bias (Vgs) with 2 Volt. Fig. 5.12 shows how drain characteristics

modifies with humidity.

The transfer characteristics GO/Nafion (1:3) based FET humidity sensor was studied
to different %RH (25%—88%) taking gate to source voltage (Vgs) in the range of -2 to
2 V and drain bias (Vps) with 2 Volt. Fig. 5.13 demonstrates how transfer

characteristics modulate with humidity.
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Fig. 5.14 displays how transconductance modulates with relative humidity for a
GO/Nafion based humidity sensor. Fig. 15 shows how normalized current (Irn/lair)

modulate with relative humidity.
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Figure 5.12: Drain characteristics of GO/Nafion (1:3) based FET sensor to seven
different % RH (25%—88%)
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Fig. 5.15 Variation of normalized current (Iru/l4ir) with relative humidity
Table 5.1 describes how sensitivity of GO based FET changes with % RH and applied
bias voltages. Fig. 5.16 and Fig. 5.17 display dependency of sensitivity on relative
humidity and bias voltage for GO based FET. Table 5.2 describes how sensitivity of
GO/Nafion based FET changes with % RH. Fig. 5.18 and Fig. 5.19 demonstrate
dependency of sensitivity on relative humidity and bias voltage for GO/Nafion (1:3)
composite based FET. It is observed that sensitivity of GO/Nafion (1:3) composite
based FET humidity sensor is far better than only GO based FET humidity sensor. In
Fig. 5.16 to Fig. 5.19 it is noticed how resolution of sensitivity can be adjusted using

applied gate bias voltage.
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5.6.4 Sensitivity

Calculation

The sensitivity of the FET type sensor was evaluated as:

oA
ARH % [7]

Table 5.1 Sensitivity of GO Based FET Humidity Sensor

Humidity 40% 50% 60% 70% 80% 88%

Sensitivity 0.012 0.014 0.017 0.032 0.036 0.039
(VGS=OV,VDS=2V)

(analogous to
resistive sensor)

Sensitivity 0.277 0.381 0.395 0.716 0.796 0.814
(Ves=2V Vps=2V)

Sensitivity 1.498 1.748 3.245 5.391 5.429 5.867
(VGS=2V,VD5:5V)

| ! | 1 | ! 1 ! | ! [
0.040 - -
E Vps =2V

Sensitivity (nA/RH%)

VGS =0V

40 50 60 70 80 88
Relative Humidity (%)

Figure 5.16: Dependency of sensitivity of GO based FET on humidity.
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Figure 5.17: Dependency of sensitivity of GO based FET on humidity.

Table 5.2 Sensitivity of GO/Nafion (1:3) Based FET Humidity Sensor

Humidity

40%

50%

60%

70%

80%

88%

Sensitivity
(VGS=OV,VDS=2V)

(analogous to
resistive sensor)

0.221

0.243

0.366

0.592

0.636

0.861

Sensitivity
(VGS=2V VDS=2V)

0.545

0.552

0.783

0.843

0.923

1.822

Sensitivity
(Ves=2V,Vps=5V)

75.858

78.453

93.285

96.489

106.651

132.343
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Figure 5.18: Dependency of sensitivity of GO/Nafion (1:3) based FET on humidity.
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Figure 5.19: Dependency of sensitivity of GO/Nafion (1:3) based FET on humidity.
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5.6.5 Comparative Performance of FET Humidity Sensors

In literature, among the developed FET type humidity sensors three works are worth

mentioning including the current work. Their comparative analysis are mentioned at

Table 5.3.
Table 5.3: Comparative Performance of FET type Humidity Sensors
Authors Materials | Response | Response | Advantages Disadvantages
Used &
Recovery
Time
Response is No information
S.P. Leeet 3.2 not larger than about its response
al. (1996) TiO, HA/%RH. | mentioned | current work and recovery time
Complex structure
not cost effective
Response is quite
Simple structure | smaller and
0.57 recovery time is
A. Paul et 4s Response time is | larger than current
al. CNT/DFC (nAéRH%) faster than work
(2013) (88% RH) 8s current work
Zero gate bias FET
Unstable
composite
Simple structure | Response is
smaller than work
Current | GO/Nafion | 132.343 not Low cost of S.P Lee et al.
Work nA/RH% | calculated
Response is Response &
larger than work | Recovery time is
of A. Paul etal. | not calculated

5.7 Sensing Mechanism

FET based humidity sensor has been made using same composite as has been

employed at resistive humidity sensor of chapter 4 (section I1). In this section, sensing

mechanism has been explained elaborately.
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5.8 Summary

Chemically synthesized graphene oxide and graphene oxide /Nafion based FET type
humidity sensor were developed on Si/SiO, substrate using conventional
microelectronics technology. GO/Nafion (1:3) composite based FET humidity sensor
also showed considerable sensitivity towards humidity compared to resistive humidity
sensor. Sensitivity was 132.343 nA/RH% at 88% RH taking Vgs and Vps as 2V and

5V respectively.
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Conclusions and Future Scope
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6.1 Conclusion

Humidity sensing is crucial for various industrial applications (e.g. wafer processing,
food processing, textile etc) and environmental monitoring (e.g. human comfort in
smart building). A wide variety of humidity sensors have been developed over the
years depending on transduction technique and materials used. Among them
capacitive sensor is mostly available in the market. Major problem of capacitive
humidity sensor is lack in long-term stability and hysteresis due to its polymer
dielectric. It is also not cost effective because of its complex structure. On the other
hand, resistive humidity sensor gains advantage owing to its simple structure and easy
compatibility with CMOS platform. To date, different metal oxides (e.g. ZnO, SnO,,
TiO,) have been employed for development of resistive humidity sensors, but they
usually need micro heater for recovery operation. In this respect, carbon based
nanomaterials like CNT, graphene are advantageous because usually they don’t need
application of heat. But they need to be functionalized to sense humidity and they too
suffer from long term stability due to functionalization (if polymer is used for

functionalization).

In this work, GO and functionalized GO based resistive and FET type humidity
sensors have been developed. Here GO was synthesized using Hummers and Offemen
method. It was characterized using FESEM, TEM, AFM, XPS and Raman
spectroscopy. GO based sensor has found to give considerable sensitivity along with
fast response and recovery (within few seconds). It has also exhibited excellent
stability and reproducibility. The response of GO based resistive type humidity sensor
varied from ~180 times (40% RH) to ~1200 times (88% RH) (six different humidity

levels were used), which can be considered much superior compared to the resistive
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humidity sensor results already published in the literature. Afterwards, GO was
functionalized in order to enhance the response even further. It was initially
functionalized with SnO, (as metal oxides show humidity sensing property). But
GO/SnO, composite did not show any enhancement in sensitivity compared to the GO
based sensor. On the contrary, when GO was functionalized with Nation polymer, it
showed exceptionally good sensitivity towards humidity. The response got from
GO/Nafion sensing layer was around 18000 times (against 88% RH). This is the
response from the optimised GO/Nafion composite (1:3). The nano composite was

made by controlled addition of Nafion with chemically synthesis GO.

Resistive humidity sensors were fabricated using conventional photolithography
technique. At first, silicon dioxide was grown on silicon wafer and then gold
electrodes were fabricated by thermal evaporation. Later, GO or functionalized GO

were drop-casted on the electrodes to fabricate the devices.

Humidity measurement was carried out in a customarily made humidity test chamber.
Device was probed inside the stainless steel air-tight chamber applying fixed bias
voltage of 2V across electrodes. In FET type, test was carried out by applying gate
and drain bias. It was observed that sensitivity can be adjusted using gate and drain
bias. Here optimised GO/Nafion sensing layer (1:3) was used to develop the FET
based sensor. FET humidity sensor also showed considerable sensitivity towards
humidity. Sensitivity was 132.343 nA/RH% at 88% RH taking Vgs and Vps as 2V
and 5V respectively. Apart from these, the humidity sensors have also shown

excellent reproducibility and stability.

The large response achieved from GO and GO/Nafion sensing layer were because of

excellent proton conductivity in the adsorbed water layer. The large sensitivity is also
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because of inherent defects and presence of different functional groups in GO sensing
layer. The addition of Nafion improves the performance even further because Nafion
helps to promote proton conductivity. | believe the work carried out on GO and
GO/Nafion based resistive and FET type devices will help in developing future

generation resistive and FET type humidity sensors.

6.2 Future Scope of the Work

The future scope of the work will be developing such sensors on the CMOS platform
and its interface electronics. Thus one will be able to achieve a single chip solution of
humidity sensor and circuit on the same silicon die. This will be low power, compact
and low cost. The other work might be to develop a rigorous sensing mechanism

model of GO/Nafion sensor’s proton conductivity in presence of humidity.
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Appendix A

Working principle of different characterization techniques

XPS

XPS is utilized to study the surface chemistry of both conducting and insulating
materials. It supplies the required information from the top 10 nm of a sample with
a spatial resolution between 3 to several hundred micron. As a surface is exposed with
X-rays in vacuum and it conveys its energy to a core-level electron, electron is
scattered from its primary condition with a kinetic energy determined by the incident
X-ray and binding energy of the atomic orbital from which it is derived. The energy
and intensity of the released photoelectrons are investigated to recognize and find out
the concentrations of the elements available. These photoelectrons emit from a depth
of less than 10 nm and so, the information acquired also comes from a depth of less

than 10 nm.

FTIR

FTIR depends on the fact that the most molecules absorb light in the infra-red region
of the electromagnetic spectrum. This absorption relates particularly to the bonds exist
in the molecule. The frequency ranges are estimated as wave numbers typically over
the range 4000 — 600 cm™. The background emission spectrum of the IR source is
first recorded, followed by the emission spectrum of the IR source with the sample in
place. The ratio of the sample spectrum to the background spectrum is similar to the
sample's absorption spectrum. The resultant absorption spectrum from the bond
natural vibration frequencies the existence of various chemical bonds and functional
moieties exist in the sample. FTIR is particularly useful for recognition of organic

molecular and compounds owing to the range of functional moieties, side chains and



cross-links involved, all of which will have characteristic vibrational frequencies in

the infra-red range.

XRD

X-ray diffraction is based on constructive interference of monochromatic X-rays and
a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to
generate monochromatic radiation, collimated to concentrate, and directed toward the
sample. The interaction of the incident rays with the sample creates constructive
interference with diffracted ray when conditions obeys Bragg's Law (nA=2d sin 0).
This law connects the wavelength of electromagnetic radiation to the diffraction angle
and the lattice spacing in a crystalline sample. These diffracted X-rays are then
identified, processed and counted. By scanning the sample through a range of 20
angles, all possible diffraction directions of the lattice should be obtained due to the
random dispersion of the powdered sample. Conversion of the diffraction peaks to d-
spacings permits detection of the mineral because each mineral has a set of unique d-
spacings. Typically, this is achieved by comparison of d-spacings with standard
reference patterns. All diffraction methods are based on generation of X-rays in an X-
ray tube. These X-rays are directed at the sample, and the diffracted rays are
collected. A key component of all diffraction is the angle between the incident and
diffracted rays. Powder and single crystal diffraction vary in instrumentation beyond

this.

SEM

A scanning electron microscope (SEM) scans a focused electron beam over a surface

to generate an image. The electrons in the beam communicate with the sample,


http://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html
http://serc.carleton.edu/research_education/geochemsheets/xrays.html
http://www.nanoscience.com/products/sem/

producing various signals that can be used to attain information about the surface
topography and composition. The electron microscope was constructed when the
wavelength became the limiting factor in light microscopes. Electrons have much

shorter wavelengths, allowing better resolution.

Scanning electron microscopy (SEM) is a technique for high-resolution imaging of
surfaces. The SEM uses electrons for imaging, much as a light microscope uses
visible light. The advantages of SEM over light microscopy include much higher
magnification (>100,000X) and greater depth of field up to 100 times that of light
microscopy. Qualitative and quantitative chemical analysis information is also
attained utilizing an energy dispersive x-ray spectrometer (EDS) with the SEM. The
SEM creates a beam of incident electrons in an electron column above the material
chamber. The electrons are generated by a thermal emission source, such as a heated
tungsten filament, or by a field emission cathode. The energy of the incident electrons
can be as low as 100 eV or as high as 30 keV depending on the evaluation objectives.
The electrons are focused into a small beam by a series of electromagnetic lenses in
the SEM column. Scanning coils near the end of the column direct and position the
focused beam onto the sample surface. The electron beam is scanned in a raster
pattern over the surface for imaging. The beam can also be focused at a single point or
scanned along a line for x-ray analysis. The beam can be focused to a final probe

diameter as small as about 10 A.

AFM
The atomic force microscope (AFM) is one kind of scanning probe microscopes

(SPM). SPMs are developed to estimate local properties, such as height, friction,



magnetism, with a probe. To acquire an image, the SPM raster-scans the probe over a

small area of the sample, measuring the local property simultaneously.

AFMs operate by measuring force between a probe and the sample. Normally, the
probe is a sharp tip, which is a 3-6 um tall pyramid with 15-40nm end radius. Though
the lateral resolution of AFM is low (~30nm) due to the convolution, the vertical

resolution can be up to 0.1nm.

To acquire the image resolution, AFMs can generally detect the vertical and lateral
deflections of the cantilever by using the optical lever. The optical lever operates by
reflecting a laser beam off the cantilever. The reflected laser beam strikes a position-
sensitive photo-detector consisting of four-segment photo-detector. The differences
between the segments of photo-detector of signals indicate the position of the laser

spot on the detector and thus the angular deflections of the cantilever.

Piezo-ceramics position the tip with high resolution. Piezoelectric ceramics are a class
of materials that expand or contract when in the presence of a voltage gradient. Piezo-
ceramics make it possible to generate three-dimensional positioning devices of

randomly high precision.

In contact mode, AFMs utilize feedback to regulate the force on the sample. The
AFM not only estimates the force on the sample but also controls it, allowing
acquisition of images at very low forces. The feedback loop comprises of the tube
scanner that controls the height of the tip; the cantilever and optical lever, which
identifies the local height of the sample; and a feedback circuit that strive to keep the
cantilever deflection constant by adjusting the voltage applied to the scanner. A well-

constructed feedback loop is mandatory to microscope operation.



TEM

The transmission electron microscope (TEM) uses on many of the same optical
principles as the light microscope. The TEM has the adjoied advantage of larger
resolution. This augmented resolution allows us to study ultrastucture of organelles,
viruses and macromolecules. Specially made materials samples may also be viewed in
the TEM. The light microscope and TEM are commonly employed in conjunction

with each other to complement a research project.

Since electrons are very small and easily deflected by hydrocarbons or gas molecules,
it is necessary to use the electron beam in a vacuum environment. A series of pumps
are used to accomplish an adequate vacuum for this purpose. Rotary Pumps are the
first in the series. They are also called the "roughing pumps"” as they are used to
initially lower the pressure within the column through which the electron must travel
to 10-3 mm of Hg range. Diffusion Pumps may achieve larger vacuums (in the 10-5
mm Hg range) but must be backed by the rotary pump. The diffusion pump also
maintains pressure. In addition a Turbo, lon, or Cryo Pumps backed by the preceding

pumps may be utilized when an even larger vacuum is necessary.

EDAX

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical microanalysis
method utilized in conjunction with scanning electron microscopy (SEM). The EDS
technique detects x-rays emitted from the sample during bombardment by an electron
beam to characterize the elemental composition of the analyzed volume. Features or

phases as small as 1 um or less can be processed.



When the sample is bombarded by the SEM's electron beam, electrons are emitted
from the atoms comprising the sample's surface. The resulting electron vacancies are
filled by electrons from a higher state, and an x-ray is ejected to balance the energy
difference between the two electrons' states. The x-ray energy is characteristic of the

element from which it was ejected.

The EDS x-ray detector measures the relative abundance of emitted x-rays versus
their energy. The detector is typically a lithium-drifted silicon, solid-state device.
When an incident x-ray strikes the detector, it generates a charge pulse that is
proportional to the energy of the x-ray. The charge pulse is converted to a voltage
pulse (which becomes proportional to the x-ray energy) by a charge-sensitive
preamplifier. The signal is then sent to a multichannel analyzer where the pulses are
sorted by voltage. The energy, as determined from the voltage measurement, for each
incident x-ray is sent to a computer for display and further data evaluation. The
spectrum of x-ray energy versus counts is evaluated to evaluate the elemental

composition of the sampled volume.

Raman Spectroscopy

Raman spectroscopy, a molecular spectroscopy which is noticed as inelastically
scattered light, permits for the interrogation and identification of vibrational (phonon)
states of molecules. As a result, Raman spectroscopy gives an invaluable analytical
tool for molecular finger printing as well as monitoring changes in molecular bond

structure (e.g. state changes and stresses & strains).

In comparison to other vibrational spectroscopy methods, such as FT-IR and NIR,
Raman has different important advantages. These advantages stem from the fact that

the Raman effect manifests itself in the light scattered off of a sample as opposed to



the light absorbed by a sample. As a result, Raman spectroscopy requires little to no
sample preparation and is insensitive to aqueous absorption bands. This property of
Raman facilitates the measurement of solids, liquids, and gases not only directly, but

also through transparent containers such as glass, quartz, and plastic.

Similar to FT-IR, Raman spectroscopy is highly selective, which allows it to identify
and differentiate molecules and chemical species that are very similar. Figure R-1
shows an example of five similar molecules — Acetone, Ethanol, Dimethyl Sulfoxide,
Ethyl Acetate, and Tolune. Although each chemical has a similar molecular structure,
their Raman spectra are clearly differentiable, even to the untrained eye. Using Raman
spectral libraries, it is easy to see how easily Raman spectra can be used for material

identification and verification.
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