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Abstract

The work on comparative study of spin coated, plasma treated and plasma polymerized
based capacitive / resistive type humidity sensor is reported in this thesis. PolyMethyl
Methacrylate (PMMA) is selected for the study.

Thethesisisdivided into 5 chapters.

Chapter 1 introduces the topic of research with necessary background. It also gives the
review of Humidity Sensors which consist of basic definitions of humidity (Absolute Humidity,
Specific Humidity and Relative Humidity), methods for creating humidity (Use of saturated
salts, Divided Flow method, Two Pressure Method, Two Temperature Method etc.), humidity
sensing methods (resistive /capacitive) and sensor fabrication technologies (thick film, thin
film, dip coating, spin coating etc.).

Ceramic or polymeric materials are used for humidity sensing. Polymer material
PMMA was selected for study. Review of the work reported in the literature on relevant topics
is carried out and presented. The material was deposited on glass/silicon/glass epoxy
(containing interdigited electrodes) substrates using spin coating and plasma polymerization
process. The spin coated films were aso treated by plasma. These three types of deposited
materials were studied for humidity sensing and their performances were compared. Aim of the
work and objectives are spelt out at the end of the chapter.

Chapter 2 describes the different experiments carried out for deposition of material
(spin coating, plasma polymerization and plasma treatment). Thicknesses of the films were
measured by gravimetric method or taly step method. Structural characterization of the material
is done by using FTIR and morphological observations were done with SEM. Humidity
response of the films is taken using two methods - continuous RH response (resistance
measurement) and static step RH response (capacitance measurement). Variation of optical
parameters, especially transmission, with humidity was studied using the home made system.
Sensor parameters such as sensitivity, response time and recovery time were measured.

In Chapter 3 results obtained on the humidity response (sensitivity, response time and
recovery time) of the spin coated, plasma treated and plasma polymerized thin films of PMMA
are given and discussed in the light of basic theory and the results reported in the literature. The
response is measured in terms of change in capacitance as afunction of humidity.

Spin coated PMMA films of various thicknesses are reported. Spinning speed and
viscosity (concentration) of PMMA solution were varied for obtaining films of various
thicknesses. FTIR of the deposited films was taken to confirm PMMA deposition. Response
time and recovery time were determined for some of the films. The obtained variation in
humidity response is discussed on the basis of structure of material and /or basic structure of
the sensing device.

Chemica structure of the film has an effect on humidity characteristic of the films
especiadly sensitivity and hysteresis. Attempt was made to modify the structure of the film by



plasma treatment on the surface of the spin coated films. Chapter 3 aso describes the results
and discussion on the plasma treatment of the spin coated films. Argon gas was used for the
treatment. RF power and treatment time were varied. Changes in the structure of the films were
found out using FTIR and SEM techniques.

Plasma polymerization is another method of modifying the structure of the film. The
effect of change in structure on the sensing characteristics is also studied and reported in this
thesis. The plasma polymerization was carried out in homemade system. Thicknesses of the
films were measured using taly step method. In this method MMA monomer was used for
deposition. The degree of polymerization can be changed by changing the deposition
parameters such as gas pressure, monomer flow rate, argon gas flow rate, deposition time and
RF power. These parameters were varied to get films of different structure. FTIR spectra were
taken to determine the structure of the films. These films were then used to determine their
sensitivity, response and recovery time. The results obtained are compared amongst themselves
and also with the ones available in the literature.

Chapter 4 describes optical response study of PMMA to humidity. For this study films
were obtained by drop casting and spin coating deposition methods. Thicknesses of the films
were measured using gravimetric method. The films obtained were used for optical response
study. The results on humidity response are given and discussed. It also states the concluding
remarks.

Chapter 5 summarizes the work done and proposes the future plans.
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Chapter |
Theoretical background and Literature Survey

1.0 Introduction

Humidity sensors have gained increasing applicatiom industrial processing and
environmental control [1, 2, and 3]. For manufactythighly sophisticated integrated circuits in
semiconductor industry, humidity or moisture levate constantly monitored. There are many
domestic applications, such as intelligent contfdhe living environment in buildings, cooking
control for microwave ovens, intelligent controllatindry etc. In automobile industry, humidity
sensors are used in rear window defoggers and rastambly lines. In medical field, humidity
sensors are used in respiratory equipment, stamslizncubators, pharmaceutical processing, and
biological products. In agriculture, humidity sersare used for green-house air-conditioning,
plantation protection (dew prevention), soil moistmonitoring, and cereal storage. In general
industry, humidity sensors are used for humiditytoa in chemical gas purification, dryers,
ovens, film desiccation, paper and textile produgtiand food processing. Other fields of
interest are meteorological services, civil engimgeand many more. In all these applications
there is a strong need for reliable, accurate amdclost humidity sensors, especially for low
relative humidity (RH) conditions.

There are many methods/principles used to medsumadity [4, 5, 6], ranging from
mechanical devices, wet-and-dry bulb hygrometrgneaical color change systems, optical fibre
systems, dew point hygrometry, infrared absorptiad LiCl cell, resonant frequency, thermal
conductivity, surface acoustic wave (SAW) and eleat impedance change. As far as electrical
impedance change sensors are concerned, whicé tsglt of this thesis, there are two types of
- capacitive type and resistive type.

Resistive-type sensors rely on a change of thetriglak resistance of a hygroscopic
medium such as a polymer film, sintered ceramiu,fisalt or treated substrate. Resistive-type
sensors exhibit a logarithmic response to humitigpically 1 k2 — 10 MQ between 90 and
10%RH) and require sophisticated electronics terpret. In addition, resistive-type sensors do
not respond well below 20%RH. However, they offeod interchangeability and are generally
cheaper to manufacture than capacitive-type sensors

Capacitive-type humidity sensors rely on a chamg@armittivity (e) of a ceramic or
polymer dielectric with relative humidity. Capavgitype sensors can be used in aggressive

1



environments such as the chlorinated air in swingpools or ammonia present in livestock
facilities. Capacitive-type sensors are more expert® manufacture than resistive type sensors.
It is also known that output of a capacitive-typeridity sensor gradually increases with long-
term use in a hot and humid atmosphere. Howeveraaitive type sensors have several key
advantages over resistive-type sensors: they d@xhibnear response to humidity, require less
complex electronics to interpret and can opera&r @vwider RH range. The measurement of
capacitance is the preferred method, since thipgsty is less influenced by other gases and
vapors.

The constructive design of a good humidity sensa rather complicated topic because
high performance humidity sensors claim many remments, including linear response, high
sensitivity, fast response time, chemical and paysstability, wide operating humidity range,
low cost, low hysteresis, and good resistance ¢onital agents [5, 7].

A wide variety of ceramic, polymeric and composiensors are being produced to serve
the applications of humidity sensing. Each of thgges of sensors however, has limitations,
and new sensor concepts continue to emerge. Cesmangors [8] are based on adsorption of
water molecules in the pores and grain boundafigwmus semiconducting materials such as
certain modified spinels or alumina. The internadface conduction increases with humidity.
However, the internal surfaces can become semi genily changed during prolonged
exposure to humid atmosphere or contaminants ssiohl @apor or smoke. An internal heater is
required to periodically regenerate ceramic seasar recover the humidity-sensitive properties
that characterize the virgin sensor. This addotoptexity and cost. Devices without heaters are
useful in low humidity applications or reasonablgan environments and some may require
recalibration.

Polymer based humidity sensors present many adyasitsuch as low cost, flexibility
and easy processability [5,7]. The resistive-typessrs are fabricated with polymer electrolytes
or polymer—salt complexes, while the capacitivestywith hydrophobic polymers. Some
polymer—salt complexes have been reported to werkuanidity sensors. Typical examples are
poly (propargyl alcohol) doped with sulfuric acigply (pdiethynylbenzene- co-propargyl
alcohol) doped with iron trichloride and poly(2-gl@mido-2-methylpropane sulfonic acid)

doped with alkali salts. It is also reported thla¢ tdoping of nanometer-size BaTiO3 with



Na2CO3 and NaH2PO4 can reduce the hysteresis in Rhkdependent impedance
characteristics.

In polymer film capacitive-type sensors, the segditm is often thin (5-25m) and
produced by casting or extrusion methods [4]. Pelgrnsuch as polyimide, cellulose acetate
butyrate (CAB), polymethyl methacrylate (PMMA) apdlyethylene terephthalate (PET) are
some of the materials employed in capacitive-typge $&nsors . Poly(methyl methacrylate)
(PMMA) is a promising candidate for polymeric serssgue to its processability and mechanical
stability. However, water sorption experiments MNRA revealed that the hydrophilic property
of the carbonyl groups contained was not enougkdqption of water molecules.

Different types of polymers play an important rahe optical sensors categorized as
inorganic and organic e.g. poly(vinyl chloride) (@) poly(tetrafluoro ethylene) (PTFE), nafion,
nylon, agarose, sol—gels, etc [3]. Conducting p@sgnare also in use as humidity sensors.
Polyaniline is unique among the known conductindympers because its conductivity is
controlled by the doping levels of oxidation andtpns. Oxidation states of polyaniline, whose
electrical properties are sensitive to water, pteva basis for potential applications in sensors
for humidity control. The aqueous environment ctesntie conductivity due to two reasons:

1. Adsorbed water molecules dissociate at imin®gén centers.
2. Positive charge migrates through the polymer.

An earlier study of this problem indicated that @feorigins of this drift phenomenon
was an irreversible increase in volume of the sgnpolymer, presumably caused by swelling of
the polymer in a hot and humid atmosphere [6]. Témult suggests that the prevention of
swelling in the sensing polymer is important in greparation of stable capacitive-type humidity
sensors. Cross-linking the polymer and formatioa ofyid film are supposed to be effective for
preventing such swelling phenomenon.

Plasma-deposited films have attracted increasitgrast as materials for passivation,
adhesion promotion, barrier coatings, optical wanggs, and relative- humidity (RH) sensing
applications [9]. Plasma deposition of films prasgdseveral advantages over the commonly
used technique of casting films from resins. Filmperties can be varied by adjusting the ratio
of feed gases. Also, monomer gases that do noaicorgactive sites for polymerization can be
polymerized by the production of active specieshie plasma. Material properties can also be

controlled by adjusting the plasma-processing patara such as reactor power and pressure.



Both Thin and thick film technologies are usedfarication of sensors. The benefits of
using thick-film technology for a humidity sensaeats inherent advantages of ruggedness and
cost, while thin-film sensors offer smaller sizedancreased sensitivity. Although there are
numerous thin-film polymer-based humidity sensasatibed in the literature and several low-
cost commercially available humidity sensors, thare not many reports on comparison of
performance. Studies of water uptake in polyimidia fusing a surface acoustic wave (SAW)
sensor have demonstrated the ability of the SAV8@eto detect small changes in water uptake
in polyimide. Therefore, the SAW sensor providesaltarnative sensor configuration and may
also yield information that could be useful for t@imization of a humidity sensor designed for
low RH.

Present thesis concentrates on the comparativey stfidPlasma treated, Plasma
Polymerized and Spin Coated PMMA Thin Film Basedrttlity Sensors and their performance

comparison.

1.1 Basic definitions of humidity [10, 11]

Humidity is a measure of the amtoof water vapor dissolved in air (excluding any
liquid water or ice falling through the air). Thenaunt of water vapor present in atmosphere
varies with time and location. The level of moistyaresent in the atmospheric air is known as
‘Humidity’ and specified by number of quantitieschuas absolute humidity, relative humidity,

specific humidity, etc. The definitions for all ageven as follows-

1.1.1 Absolute humidity [10,11]
The quantity of water in a particulaume of air at constants temperature is known as
absolute humidity. The most common units are grpensubic meter.
More technically: the mass of watapor (m,) per cubic meter of air and (Va) is

termed as absolute humidity as given in equation 1

AH‘\f——a—W ............... 1)

The absolute humidityanges with change in air pressure which leads to

problems in calculations where temperatures cay gansiderably. Hence , absolute humidity



is generally defined as mass of water vapor permass of dry air, also known as the * mass

mixing ratio’ which is much more rigorous for heaitd mass balance calculations.

1.1.2 Specific humidity [10,11]
Specific humidity (SH) is a ratio of nsasf water vapor to mass of air (including water
vapor and dry air) in a particular volume. Specifianidity (equation 2) is expressed as a ratio

of kilogram of water vapor () per kilogram of mixtures (mmg+m,,)

SH =% = % ........... 2)
Where,
ng> mass of dry air(kg)
> mass of water vapor(kg)
n—> mixture of dry air and water vapor(kg)

1.1.3. Relative humidity [10,11]
Relative humidity (RH) is the mtf partial pressure of water vapor in a gaseous
mixture of air and water vapor to saturated vap@sgure of water at a given temperature.

Relative humidity is expressed as the percentagesacalculated by using equation 3:

- EMD)
RH= =505 X100%. ... ©)

Where,
E()- saturated vapor pressure at temperature T1
E(J)- saturated vapor pressure at temperature T2
RH - Relative humidity diet gas mixture
Relative humidity depends on two dast the amount of moisture available and the
temperature. A change in relative humidity takesceleither by adding water vapor available
through evaporation or by changing surrounding temafure while holding the water vapor

constant.

1.2 Methodsfor creating humidity:
Humidity sensitive materials have to be subjectedat number of known relative
humidity values over the range of 0-100% RH atgiven temperature of measurement in order

to measure their response and to calibrate themrdtyeters are used in many fields hence it is



essential to calibrate them for standard humid aphere. There are some useful methods to
produce relative humidity. Four main methods asiilesd below are used for producing humid
atmosphere with varying relative humidity values.

a) Use of saturated salts

b) Divided flow method

c) Two pressure method

d) Two temperature method

1.2.1 Useof saturated salts: [10,11]

Large number of salts such as NaGIOE (NH,).SOy, H.SO;, KOH, KClI, LiCl etc. are
used for producing relative humidity. These salts @sed to produce super saturated solutions
by dissolving them in water. The produced mixtwdept in an air tight chamber due to which
at different temperatures, for different salts, #wilibrium vapor pressure of water in the
chamber varies resulting in different relative hdityi values. An air tight chamber is beneficial
as the system is very sensitive to the changeemperaturefor this the chamber must be
thermally isolated from its surrounding. Normallyextical gradient of water vapor pressure will
be present in such a system. Circulating fans @treduced outside the chamber to help to
eliminate the pressure gradient and to reduceitie tequired for equilibrium conditions. The
drawbacks of this system are the time requireceéprilibrium is very long (number of hours or
days also) and presence of salts may lead to detBan of the sensor due to corrosion. The
most common example is, 80, which is avoided in relative humidity control pess.

1.2.2 Divided flow method: [10,11]

As suggested by the name the divisioftoas is useful for measuring relative humidity.
An air or nitrogen is used as a carrier gas. Dny saturated air/Nat constant temperature is
mixed in different proportions using proportionisgluesto obtain different values of relative
humidity. If X is the volume fraction of gas passing throulgé saturator or the saturated air then
relative humidity is calculated using equation 4,

RHX=x 100%....... (4)
The accuracy of the system depends on the accofatdgsigning of the proportioning value or
the flow meters or the flow controllers. Only fixgdlues of relative humidity are possible. The

method is quite popular owing to the fastness nyiag relative humidity.



1.2.3 Two pressure method: [10,11]

Weaver [12] was the first investigator to use thiagple of two pressure method which
depends on the assumptions that the water vapesyme in gas mixture remains the specified
fraction of the total pressure when the total presshanges. For a real ‘air-water’ mixture a
small correction is required at low humidity.

The relative humidity calculation is donedxnyuation 5,

%RH == x 100 = — X 100......... (5)

Where,

P:-low water vapor pressure

P,-high water vapor pressure
E;-saturated water vapor pressure at P
E,-saturated water vapor pressure at P

The relation between water vapor and saturatedrwag®r pressure is given by equation 6,

E1 _ E2
oI Topeeeereeeens (6)

The advantage of the method is thatrétative humidity can be changed faster than the
other methods. For example in the two pressurergrethe time required to reach steady state

conditions at 2C is 30 minutes.

1.2.4 Two temperature method [13,14]

In the ‘Two Temperature method’ air is saturatethwvater vapor at lower temperature
(T1) and then heated to required temperaturg 60 that by varying i different humidity
conditions can be obtained. The relative humidéy be calculated with the help of equation 3
(section 1.1.3)

Many researchers tried to improve thithnd. C.L. cutting [15] gives a simple system
which can be used for calibration of small sensdise time required for steady, stable
conditions to be achieved in this type of systemwf ihe order of one hour at room temperatures.

1.3 Principles of Humidity M easur ements



Humidity can be measured using a variety of prilespThe principles and the corresponding
operating mechanism are given in Table-1.2. Thectieh of the measurement principle is

dependent on the material chosen and the applicatiocerned.

Table-1.1: Principles of Humidity measurements

Principle Operating mechanism

Capacitance Dielectric constant of material vawegk H,O absorbed

Coulometric Electrolyte is formed by absorption@g+H,0); dc potential
dissociates bD. Current level is proportional to the moisture
content.

Dew point Temperature corresponding to condensai@poration

equilibrium at a cooled surface; varies withCH

Gravimetric A volume of moist air is exposed to ayidg agent,
subsequently weighed.

Hygroscopic Length of the fiber varies with®l

Infrared Absorption at 1.5 to 1.98m; split beam to compare sample

cell and reference.

Microwave Attenuation of radiation withJ0.

Piezoelectric Hygroscopic coating changes crységjuency.

RF-Sensor Radio-frequency current due to dielectrange is a function
of H,0.

Resistance Conductivity depends ofOHabsorbed.

Saturated salt (LiICl)  Self-heating to temperature amndensatiorevaporation
equilibrium measures dew point.

Thermal conductivity Self-heated thermistors indge circuit; current imbalance
due to difference in heat dissipation between apiere and

reference cells.

In the present work capacitive type of sensors Wl studied. Polymethyl Methacrylate, a

hydrophobic polymer is used as a humidity sensitiaterial.



1.4 Polymersand their Characteristics:

Because of their versatility, their uniqgue pndigs and ease of processing and fabrication,
polymeric materials have found applications astjaselastomers, fibers, protective coatings
and adhesives. In parallel with these well-esthblisapplications, new needs have emerged
from technologies, which are still growing, such ascroelectronics, optoelectronics,
biotechnology and sensor applications.

Progress in organic and polymer chemistry has npussible the synthetic modification of
polymer structure and the improvement in polypreperties to fit the desired needs [16].

1.4.1 Overview of Structures of Polymers[17] :

Polymers are large molecules with many (poly) atpele units (mers). Polymer is a
macromolecule. When a polymer contains only smathiper of structural units it usually is
called as an oligomer. Three different types of/pars are shown in Fig-(1.3).

Linear chain Branched Chain Crosslinked Chain

Fig-1.1: Types of Polymers

A linear polymer is a polymer in which the unitsgach molecule are linked together in a chain-
like structure. A branched polymer is a polymer posed of molecules having a branched
structure. A cross linked polymer is a polymer cosgnd of macromolecules containing a three-
dimensional network structures and for this ream@ninsoluble. A cross linked product, which
is swollen by solvent, is called as a Gel. Croskdd polymers contain several network defects
such as unreacted functionality, or chain endssedoloops, entanglements. These defects

influence the elastic properties of the polymemmmeks.



The polymer shape is considered to have two aspEaéspolymeric configuration, which is the
polymer shape formed by primary bonding and polymeonformation, which is the polymer
shape due to rotation around primary valence bonds.

1.4.2 The Glass Transition Temperature[17]:

The specific volume of (in mm/g or¥kg) an amorphous polymer like PMMA changes lingarl
with increasing temperature (see Fig-1.2) up totthesition region where a change of the slope
occurs (steeper gradient). At certain temperatiueerate of change of volume increases and a
discontinuity is formed in the specific volume cervThis is known as glass transition

temperature (J) and is usually defined as the point at which tiegents of the two curves

Glass State Rubbery State o
Liquid State

Transition

intersect.

Specific volume

Tg Temperature

Vitrification

T; T

Fig-1.2: The specific volume of polymersas afunction of temperaturein the
transtion range

Below Ty, chain segments are frozen in fixed positions diisardered quasi lattice. Some
molecular movements of chain segments take placdenform of vibrations about a fixed

position.
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Motion of a chain loop

Motion of a chain end Y

Motion of a chain segment

Fig-1.3: Motion of chain loops and chain segmentsin thetransition zone

With increasing temperature, the amplitude of sempiad vibrations increases. In the
transition state, chain segments have sufficieatggnto overcome the secondary intermolecular
bonding force. Chain segments or chain loops mafope rotational and transitional motions
(see Fig-1.3) which are called as segmental matighort range diffusional motion.

Chain flexibility and intermolecular packing distas (chain stiffness), bulkiness,
flexibility of side chain, and polarity of the dhaare major parameters influencing. Thain
flexibility is determined by the ease with whichtation occurs about primary valence bonds. A
rotation involves an energy barrier that is of shene order as the molecular cohesive forces (1-5
kcal/mol). The decrease in chain flexibility incsea the § temperatures by increasing steric
hindrance. Steric hindrance is dependent on the sikzape and constitution of the backbone
group. Rigid and bulky side groups decrease lidgvability of the chain (steric hindrance is
increased) and the value of thg i§ reduced. Introducing flexible side groups resuh an
increase of intermolecular distances; consequeindlg volume predominates and thg i
lowered. Other factors influencingg Bre: crystallinity, tacticity, molecular weightramching

and intermolecular bonds.
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All polymers exhibit a glass transition at a parkisc temperature or range of
temperatures. Typical glass transition temperatafesrious polymers are given in Table-1.1.
The value of § depends on the experimental time scale and thBanedf measurement. The
values of  reported in the literature for any particular pogr however, may vary from 10 to
30°C [17].

Table-1.1: Glass Transition Temperatures (Ty) of some Polymers

Polymer T4 (°C)
Poly (ethylene) -80

Poly (isopropene) -73
Poly (caproamide) 50
Poly (vinyl chloride) 83

Poly (styrene) 100

Poly (methyl methacrylate) PMMA
Atactic 104 -108
Isotactic 42 — 45
Syndiotactic 105 - 120

1.4.3 FreeVolume Theory of Glass Transition:
The free Volume Mn a polymer is defined by:
V, =V, -V, —————————————— )

where t is the total volume of the polymer at temperaturdinl degree Kelvin), Y is the
theoretical molar volume for the most dense packihthe liquid molecules at OK. The total

volume of the polymer Yis the sum of the free volume ¥ind of the occupied volume,V

Vp =V, +V, === ——————— == ®)

The occupied volume JMncludes not only the Vander Waals radii but alsftuctuation
volume, which is associated with the thermal vilorzl motion. Cross linking reduces free

volume and increaseg T
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1.4.4 Relaxation Processin theregion of T4[17]:

The relaxation process in polymers can be comsidess the movement of molecular
segments of polymer molecules. For amorphous palyme the temperature region on either
side of the T, three well-defined molecular relaxation procesdt=n labeled with Greek letters
a, B andy [18] are commonly observed.

(i) arelaxation is a process abovg Tonsidered as the primary process and referrexs tihe
glass-rubber transition process. This relaxatiaoc@ss results from large-scale conformational
rearrangements of the polymer chain backbone, wbitur by a mechanism of hindered
rotation around the main chain bonds.

(if) B—relaxation is the process beloy, Tonsidered as the secondary process and referiasl
the glass transition process. This relaxation @ecesults from hindered rotations of side groups
independent of the polymer chain backbone.

(iii) yrelaxation is the process below dssociated with the disordered regions of therpely

The a relaxation is observed at the highest temperdtura given frequency or at the
lowest frequency for a given temperature as is liysgannected with the glass transition, e.g.
with large-scale molecular motions in the main aike chain of the polymer. The secondary
relaxation processes, usually connected with lieniteotions of polar groups in the side chain,

are observed in the glassy region of the polym@}. [1

1.5 The Plasma State [20]:

At very high temperatures partial molecular disstien reactions, excitations, and
ionization mechanisms are initiated through elettexpulsion process. Matter having equal
number of simultaneously generated and oppositedyged particles and a different number of
unionized neutrals has been recognized as thehfgtate of matter and such ionized gases were
termed as plasmas. Plasma is therefore an iogagd

Plasma contains a mixture of particles with diffeérelectric charges and masses. At a
first approximation, the plasma may be considehssinbally as consisting of two systems: the
first containing electrons and the second contgimieavy species, i.e. neutral species, ions and
neutral molecular fragments.

The mechanisms in the plasma are excitation an@xagbn, ionization and

recombination. To maintain the steady state oftedacand ion densities, the recombination
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processes must be compensated by ionization pexes® energy must be continuously

supplied to the system to sustain the plasma state.

10*

10%

10°

Electron Temperature (eV)

10

Solar
Corona

/

lonosphere
——— —

Discharge

Glow

Fusion plasma
Magnetron
Sputtering

nlacma

108

1012

1016

1020

Electron density (particles per m®)

Fig-1.4: Classification of plasmas

1.5.1 Glow Discharge Plasmas (Cold Plasmas) [20]:

On the basis of electron temperatures and eleckeosity the plasmas are classified into

various types. Fig-(1.4) gives the classificatidrplasmas. The plasmas are also classified from

the relative temperature of electrons and ionshéf temperature of the electrons is more than

that of ions it is known as hot plasma and if thezteon temperature is less than that of ions it is

known as cold plasma. In the present work conceotras made on the cold plasma. Cold

plasmas are also known as glow discharge plasmas.

The glow discharges can be generated by applyingpDRF potential across parallel plates or

by inductively coupling the RF power to the gase3émethods are described in this article.
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1.5.2 DC Glow Dischar ges:

A DC glow discharge is created by applying a po#iitetween two parallel plates in a
gas. Three important regions are observed in the gischarge in 50 cm tube filled with neon
as shown in Fig-(1.5):
¢+ Negative glow — region of bright glow is observegar the cathode. This is a zone of high
concentration of positive ions formed by collisiovith energetic electrons emerging from
Crook’s dark space. Molecules in excited statesadse formed in the negative glow region
(thereby giving rise to a bright glow by relaxatitmlower states) as well as negative ions and
free radicals.
¢ Dark Space — Adjacent to the cathode is the coatipaty dark region called as the cathode
dark space or the Crook’s dark space. This corredpdo the sheath formed in the cathode
region. This is the zone where the acceleratigmostitive ions to the cathode, and acceleration of
electrons away from it is observed. A similar shaatalso formed in front of the anode but it is
too thin to be seen clearly.
¢ Positive column — it is the region of the discleawghich most nearly resembles plasma i.e. a
partially ionized gas consisting of equal numbefrpasitive and negative charges. It can be
considered as a channel for carrying current froenntegative glow to the anode.

Typical distance between anode and cathode usedthforplasma processes like
sputtering, plasma treatment is around 5-10 crthitncase the distance the positive column has
negligible length leaving only the negative glowdahe dark spaces adjacent to each other.

15



Cathode Negative Positive Anode

|
ayer(s) glow column gIoYv
|
: | % % v+
Cathode Faraday Anode
(Crooke
Hittorf)
I
Luminous /
Intensity /K / / W
Ve
__\\_/.__-/VJ
Potential /
|—
dc
Field Ex
N
A
n+
Space Charge
Density |
n_ «-— «+ 1
]t
Current Density j+ j_

Fig-1.5: The Neon Discharge tube
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1.5.3 RF Plasmas:

When the RF field is applied to the capacitivetypled electrode, the electrode surface
in contact with the plasma is alternatively poladzpositive and negative. When negative it
attracts ions, and when positive it repels themhigh operating frequencies, the massive ions
cannot follow the temporal variations in the apglpotential but the electrons can. Thus a cloud
of electrons that constitute the electron compowénhe negative glow plasma can be pictured
as moving back and forth at the applied frequemcy sea of relatively stationary ions on the
powered electrode. At radio frequencies (5-30MH® électrons oscillating in the glow have
sufficient energies to cause ionizing collisiorng reducing the dependence of the discharge on
the secondary electrons and lowering the breakdmiage.

The RF voltages can be coupled through any kindnglendence it is possible to use
reactors without internal electrodes. Two most camrechniques for coupling RF power into a
glass tube, often refereed to as a tubular or fumaetor is by capacitive coupling or inductive
coupling.

Most RF apparatus operate at frequency of 13.56 Nk frequency is normally used for
generating plasma. This frequency lies in the 1PQdviHz range that has been allocated by the

Federal Communications Commissions for industrsal. u

1.6 Polymerization:

Before one tries to understand the plasma polyragoiz process the prior knowledge of
different mechanisms of polymerization is essentild this article the conventional
polymerization mechanism is discussed initially atheén later the plasma polymerization

mechanism is discussed.

1.6.1Conventional Polymerization [21]:

Conventionally, polymers are synthesized wied mechanisms namely stepwise or
condensation polymerization and by chain or addigolymerization.
1.6.1.1 Step Growth Polymerization [21]:

This is also called as poly-condensation. Here plolymer is formed by stepwise
repetition of the same reaction again and agaim.tkig to occur, the monomers which are

capable of undergoing stepwise reactions must pssseme active functional groups. If the
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monomer is represented by M and the growing moéebylM, step—growth polymerization can

be represented as:

M+M,; -~ M,+H,0
M,+M - M,+H,O
M,+M_, - M, +H,0

1.6.1.2 Chain-Growth Polymerization [21]:

This method of polymerization is also known as #uglition polymerization. This is
extensively used in industry. In this method a lagin molecule is formed by a series of
consecutive steps in seconds and the productsafeal polymer.

Addition polymerization can be schematically shcagn

Initiation: A*+M - M *
Propagation:M *+M - M,*; M *+M - M,*
Ter mination: M * - P,

Where, M is the monomer, M* is the reactive speckgsis the dead polymer and A* is the
initiator.
1.6.2 Plasma Polymerization:

Glow discharge polymerization or plasma polymerarathas been known for many
years; for example, Linder and Davies [22] desdilbtliee gases and solids formed by some
hydrocarbon vapors in a glow discharge in the y981. Later, Brick and Knox [23] have
described the major features and variables assdcvaith this process. Other articles have been
published describing the chemical, physical [24] afectrical [25] properties of glow-discharge
polymers.

In a glow discharge polymerization, organic vapars introduced into a chamber at a
pressure of about 1-5 Torr containing two paralectrodes. An A.C. voltage is applied across
the electrodes so as to initiate, and then to systauniform glow discharge in the intervening

space. High energy ions and electrons are prodircdéde glow and these bombard both the
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electrode surfaces and the molecules in the gasephBhese interactions initiate complex
chemical reactions which result in the formationtbin (up to about Sum) uniform and
continuous coatings on the electrode surface [26].

Plasma polymerization is a specific type of plasshamistry resulting in the deposition
of organic film. It refers to the deposition of poler films through plasma dissociation and
excitation of an organic monomer gas and subseqdeposition and polymerization of the
excited species on the surface of the substrate.dEposited films are called plasma polymers
and are generally chemically and physically differform the conventional polymer.
Hydrocarbons, fluorocarbons and compounds contginitrogen and oxygen and silicon have
been used as starting materials for plasma polyatgon[27].

The plasma polymers are characterized by the fatigfieatures[27]:

« The films have thickness between 500 A to 1 um

» Such films are highly coherent and adherent toreetyaof substrates including conventional
polymer, glass and metal surfaces.

* The films are highly cross linked and can be madbgie-free[27].

» The plasma polymers have no discernable repeatihigs do conventional polymers.

* The properties of the plasma polymer are not detertinby the monomer used but by the
plasma parameters. A product cannot be defineteaplasma polymer of ethylene; because
a variety of products can be obtained from ethylplasma therefore we can say plasma
polymers of ethylene are not polyethylene.

* The monomer used for plasma polymerization doeshagé to contain a functional group
such as double bond for the plasma polymerizabdake place[28].

Plasma polymerization is thus a very different psst from the conventional
polymerization. For this reason, both the generatlgepted terms “monomer” for the feed gas
and “polymer” to describe the resultant film anacsty not correct since there is no repetition of
unique repeat unit along a polymer chain. The tealally very different monomers are the
plasma fragments that generate the deposit thrbogihogenous and heterogeneous processes.
Plasma polymerization is strongly system depengentess and can be controlled using the

various plasma and plasma process parametersiadeaiih the experimenter.

19



1.6.2.1 Plasma Polymerization Mechanism [29]:

It is difficult to define a mechanism of plasmaypoerization because of the very large
number of elementary processes which must be ceresidIn order to interpret the kinetics of
the polymer deposition in terms of a very simplacten scheme with only small number steps,
the nature of the species which propagate chaiwtgrand the processes involved in initiating
polymerization needs to be determined.

The elementary reactions leading to plasma polyagdn can be grouped into five
generic types-initiation, adsorption, propagatiaeymination and reinitiation. While in
conventional polymerization the termination stefeiirupts the process, in the case of plasma
polymerization chain fragments can be reconventd iadicals by collision with electrons in
the gas phase or by impact of energetic partictephoton absorption on the surface of the
polymer film. Polymerization in the gas phase andtlee surface of the polymer film can be
summarized by the reaction proposed by Poll etal[2Zhe diagrammatic representation of the
process in shown in Fig-(1.6).

Path K- Monomer directly polymerized into the growingnfil plasma induced
polymerization. This is essentially a conventiomadlecular polymerization process trigged by
reactive plasma species. This can take place ériheimonomer has polymerizable functional
groups.

Path K-2 and K-3The intermediate reaction products can be ioxgferd molecules and

free radicals and the monomer need not have polyai#e groups to undergo polymerization.
lonization of a molecule by collision with an alrated electron is an essential process
for creating and sustaining plasma of the monomién o without non-polymerizable carrier
gas. In case of inert gas, ionization can occuthieyelimination of an electron from an electron
orbital and requires energy ranging from 12 to ¥5 Eherefore, in the process of ionization of
inert gases, electrons having energies lower thiaization potential or off-centered collisions do
not contribute to the ionization. In the ionizatioh organic molecules, the ionization energy
required is generally greater than 10 eV, whicfaisabove the bond energies of primary bonds
in organic compounds. Therefore, low energy elestrand/or off-center collisions that can not
ionize the molecule, can easily break the bondthéorganic molecules or create the exited
species (dissociation of molecules) which can @igthe chemical reactions. These side

reactions associated with ionization are absetitarplasma of inert and diatomic gases.
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Fig-1.6: Processesin Plasma Polymerization

1.6.2.2 Physical Plasma Process Parameters:

When a monomer is introduced into a glow dischattye rate of plasma polymer
deposition and the chemical and physical naturthefplasma polymer is affected by various
physical plasma parameters which are at the expeaten's disposal. These are
» f-Frequency of the exciting potential (Hz).

* W- Excitation power (W).

* F-Monomer flow rate (Vol. (STP)/unit time)
* Py -Plasma pressure (Torr).

« Geometrical factors like volume (&mn

* T-Temperature of the deposition site (K).

* neelectron density

» f(E)-electron energy distribution

* N-gas density

* T -residence time (seconds).
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The use of composite plasma process parameters glt@rnate approach used for
controlling the properties of the plasma polymene@f the most widely used parameter is the
WI/F, power to flow rate ratio. It is argued thag tthemical and physical properties of the plasma
polymer will remain constant if the W/F ratio is im@ined constant assuming that the pressure,
monomer flow and the excitation frequency also riensanstant. This is because W and F affect
the basic plasma parameteggandt. n.increases linearly with W armds inversely proportional
to F. W/F ratio provides only a qualitative undargting of the polymerization process.

1.7 Plasma Treatment of Polymer Surfaces:

It has been known that the interaction of radmatwith polymers can lead to the
formation of three dimensional network structuréjck generally improves the overall physical
and chemical properties of the original substrdieis physical and chemical change in the
polymer and the mechanism of cross linking and rcisgiission under exposure to radiation
energies has already been established [30-32].tApan radiation various other methods of
surface modification of polymers have been suggeated used to alter the polymer surface
without affecting its bulk properties. These vagauethods include chemical treatments, flame
treatments, coronas, low pressure plasmas, IR XJNy andy -ray irradiation, electron and ion
beam bombardment, ozone exposure and others [33].

The cold plasma conditions offer a unique routetf® polymer modifications as the
energies of the active species in the cold plasonditions are high enough to split the chemical
bonds from the organic derivative and consequetdlgred polymeric structures can be created
by controlling the plasma conditions. This procegsroute offers possibilities of achieving
unique surface characteristics of polymers for gigeapplications while the bulk structure and
other properties of the polymer are maintained.[34]

The surface modification by cold plasma range freimple topographical changes to
creation of new chemistries and coatings that ateedy different from the bulk polymer. The
surface modification is achieved by: Surface atiwva deposition and grafting. The plasma
treatments are also environment friendly and ecocalmompared to other forms of treatments.

The effects of plasma treatment on the polymer$2ge
» Create more reactive surfaces
» Affect wetting properties

* Cross linking
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* Change in molecular weight of the surface layers
The main advantages of this technique are [35]:

* Itis a clean dry technique and takes only minatadhieve.

* Only the surface properties of the polymer like peemeability, bondability and wettability
are profoundly changed while the overall bulk prmtipe of the material for which it was
originally chosen remain unchanged.

* The surface characteristics of the polymer is ddpehon the plasma parameters i.e. system
pressure, gas flow rate, input power, which aresutite control of the experimenter.

The processes which take place on the surfaceegbalymer due to plasma treatment are

shown in Fig-(1.7).

Plasma treatment

Porous Jubstrate Non-Jorous

B
=

Plasma polymerization Pore size reduction Cross linking of Functionalization (grafting)

of Substrate material substrate surface
PPPP979799¢7

Cross linking of conventional polymer

Fig-1.7: Surface Modification of Polymers by Plasma Treatment
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1.7.1 Plasma Modification of Polymers:

The modification of polymer surfaces by electricidcharges excited in a variety of
gases is a technique widely used as a method tease the surface free energy or wettability of
the material. The major virtues of the technique @ it is a clean reaction and does not take
much time and (ii) while making profound changestbe surface properties of the polymer
(permeability, bondability and printability) the enall properties of the material for which it was
originally chosen for remain unchanged (tensilergjth). The thickness of the modified layer
has been estimated to be in the range of 0 feni,0depending on the conditions of the discharge
(pressure, power, gas flow rate). With the iners g& the sustaining medium, the reaction
initiated in a saturated polymer, via either enetrgynsfer process, is thought to involve a cross
linking mechanism, in which the excited statesh@d polymer chain undergo homolytic bond
cleavage on de-excitation, producing a wide vartyfree radicals and unsaturated centers,
which by radical additions produce cross links ewadjacent polymer chains.

At higher power densities, ablation of small vd&athain fragments form the polymer
surface cannot be discounted. However, at relgtiel power loading ablation is expected to
be minimum.

Clark and Dilks [36] have shown that the naturel affectiveness towards surface
modification for each modes of energy transfer labée through glow discharge techniques.
They have used He, Ne, Ar and Kr as the inert gdseghe modification of ethylene-
tetrafluoroethylene by RF glow discharge. Their kvordicates direct energy transfer as the
prominent topmost surface modification parametdrjlevsubsurface restructuring is affected
largely through radiative energy transfer proc8$sey have demonstrated that helium is most
efficient gas for the cross linking of the outerinfesv monolayers whereas the cross linking of
the subsurface and bulk polymer is best effecteddmn.

The surface modification of PMMA films by,@nd HO has been studied by Terrergte
al [37] whereby they have effectively hydrolyzed alfophobic surface of the PMMA by glow

discharge.
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1.8 Humidity sensing mechanism of PMMA:

The typical water sorption isotherm in glassy patysasuch as PMMA are concave in
relation to the pressure axis. The dual-sorptiodehdased on both the dissolution of solutes
into a polymer and adsorption according to Langiauineory in micro voids is effective for
analyzing such isotherms [38-41]. However, the amhanf sorbed water which was based on
milligrams of sorbed water per 1g of dry PMMA , ieases with an increase in RH. When this
sorption isotherm appears, the swelling of the pealss and the resulting association of sorbed
water molecules in the higher humidity region anggested. Similar water sorption isotherms
were observed for all PMMA films with different dkinesses. This is attributed to the water
molecule’s highly condensable nature because arwatdecule has a highly polar and
amphiprotic structure. Hysteresis was hardly obegrvfor these sorption isotherms.
Consequently, the number of the associated sorlaerwnolecules seems to be small, arising
from PMMA'’s less hygroscopic nature [42-43] . A degse in the amount of sorbed water with
an increase in film thickness indicates an inhomeges water sorption in the PMMA film.

1.8.1 Basic Hypothesis of Diffusion - Mathematical Theory:

Diffusion is a process by which matter is tramgpd from one part of a system to
another as a result of random molecular motiong ffansfer of heat by conduction is due to
random molecular motions, and there is an obvioasogy between the two processes. This was
recognized by Fick [44] who first put diffusion om quantitative basis by adopting the
mathematical equation of heat conduction derivethesg/ears earlier by Fourier [45]. The
mathematical theory of diffusion in isotropic substes is therefore based on the hypothesis that
the rate of transfer of diffusion substance througit area of a section is proportional to the

concentration gradient measured normal to the@®cti

Where F is the rate of transfer per unit sectionth€ concentration of diffusing
substance, x the space coordinate measured naontia tsection and D is called the diffusion

coefficient. In some cases, e.g. diffusion in dlgolutions, D can reasonably be taken as
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constant, while in others, e.g. diffusion in higlolymers; it depends very markedly on
concentration. If F is the amount of material difhg and C the concentration, both expressed in
terms of the same unit of quantity, e.g. grams ramgmolecules, then it is clear from the
equation that D is independent of this unit and dia=ensions cfsec' the negative sign in the
equation arise because diffusion occurs in thectime opposite to that of increasing
concentration.

It must be emphasized that the statement expresadtematically by equation (9) is in
general consistent only for an isotropic mediumpséstructure and diffusion properties in the
neighborhood of any point are the same relativalltdirections. Because of this symmetry, the
flow of diffusing substance at any point is alorge thormal to the surface of the constant
concentration through the point.

Diffusion in a plane sheet-isotropic-is considereo be one-dimensional diffusion in a
medium bounded by two parallel planes. The plareetsiis considered to be so thin that
diffusing substance enters through the plane faocelsa negligible amount through the edges.
The solution to Fick’s law for sorption is given the equation (10). In which dMnd M, are the
masses of penetrate at times ‘t" and infinity, sxdjvely; 2 is the thickness of the sheet; D is the

diffusion coefficient.

Mt 8 = -2(2n+1)*M*Dt
=l-—= ) ———exp—mo———————— 0
Me I‘Iznz(2n+1) p{ 41° 0
Equation (10) can be simplified using Stefan’s agpnation to equation (11):
1
|\/|t Dt )2
- 2 ______________
Ma (I‘IIZJ o

From the plot of normalized capacitance V&/2l the diffusion coefficient can thus be
calculated.
1.8.2 Diffusion of H,0 in PMMA:

The water sorption of cross linked glassy polynsersh as epoxy [46-51] and melamine-
formaldehyde resins has been widely studied [S2hdtlerable amount of work has also been
done on the water sorption of dimethacrylate netedyecause of their application as dental

materials. Water sorption of PMMA, has also beemestigated extensively by Turner D. T. [53-
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55], where he has studied the sorption kinetics\arddmetric changes together with the effects
of molecular weight and cross links on water sompin PMMA.

According to his observations PMMA of low moleculaeight may take up less water
than samples of normally higher molecular weighirtirer he has noted that due to the addition
of cross linking agents, water sorption conformgrapimately to Fick’s law. The limiting water

sorption is also known to increase with increaserass links.

1.9 Polymer based Humidity Sensing methods:

Polymer sensors have been used longer than celensors beginning with devices
utilizing mechanical output from dilation of hais synthetic polymers [56-60]. Various kinds of
polymers have been used to prepare humidity seng@scellulose acetate, polyamide and
polymethyl Methacrylate. From the view point oéithbasic principles, they are classified into
two categories. The first one is the resistive tigpsed on the change in the electrical resistance
of the material due to sorption of water vapor #relsecond one is the capacitive type based on
the change in the dielectric constant of the malterith sorption of water vapor.

These devices suffer from inaccuracy and drift ttuereep. However other deficiencies
also exist. For example polymers are inherentlg ledbust than ceramics, exhibiting greater
sensitivity to both thermal and chemical changegplisations are therefore limited to lower
temperatures. Slow response and hysteresis tdoel rimore of a problem, since the bulk polymer
film must equilibrate with the atmosphere [61]. TErature compensation is always required,
since the change in capacitance with temperatusggisficant in comparison with its change
with humidity. Nevertheless, polymers tend to berenesistant to contamination than porous
ceramics, since the sensor mechanism is a bullerréitlan a surface phenomenon, and device
construction can be simple and less costly.

In order to improve the performance of thenkdity sensor modifications in the sensor
structure and the sensing material are proposedhwihclude various chemical modifications
[60] of the polymers to meet the requirement foe us basically two types of the humidity
sensors, i.e. the resistive type and the capaditpee. Some of the relevant ones are described in

the following sub articles.
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1.9.1 Resistive type Humidity Sensors:

The polymers which are useful for the resistiveetyumidity sensors have a basic or
acidic group such as quaternary ammonium or suiéomgoup which sorbs moisture. The
amount of sorbed water in the polymer correlatesh® environmental humidity. Since, the
electrical resistance of the polymer varies with #fimount of sorbed water; the humidity can be
determined by measuring the resistance or the iammed Typical impedances recorded in this
type of sensors range from 3-7.5 (log2Xin the RH range of 0—100 % [60].

In the fabrication process of these sensors agbajold electrodes are deposited on the
polymer films to fabricate a surface type or a s@ol type of a sensor as shown in Fig-(1.8).
However these hydrophilic polymers have a seridusrtsoming in that they are soluble in
water, so they cannot be used at higher humiditresrder to overcome these problem three
methods can be used by which the polymer can befieddo make them insoluble in water.
These methods are:

(i) preparation of the graft copolymer composed aothydrophobic trunk polymer and a
hydrophilic branch polymer,

(i) cross linking of a hydrophilic polymer and

(i) preparation of an interpenetrating polymertwerk (IPN) between a cross-linked

hydrophilic polymer and a crosistked hydrophobic polymer.

I A T

Polymer film Polymer film

Au _ﬁ

Ag paste / \\
i P

Surface type Sandwich type

Fig-1.8: Resistive type sensor
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When a hydrophilic polymer is chemically bondedaohydrophobic polymer film by the
action ofy-rays or the action of catalysts, the resultanftgralymer film sorbs water vapor
but is totally insoluble in water. Such graft polenfilms made of poly-tetrafluoroethylene
(PTFE) and polystyrene sulfonic acid have ideapprbes for humidity sensing [60-61].
When a hydrophilic polymer is cross-linked by aprapriate reaction, the polymer becomes
insoluble in water [62-63]. In order to preparerass-linked polymer film, a solution of the
hydrophilic polymer and the cross linking reagemtmixed and heated to accelerate the
cross-linking reaction. After the reaction, the neacted materials are washed out with

appropriate solvents.

Fig-1.9: Inter penetrating polymer network of a
hydrophilic and hydrophobic polymers

An interpenetrating polymer network (IPN) technigoas recently been found to be an
excellent method for preparing homogeneous polyaiieys. A polymer layer composed of
an interpenetrated cross-linked hydrophilic andydrdphobic polymer can be made using
this technique [64-65]. As shown in Fig-(1.9) baththe polymer networks are intermixed

together so that it is insoluble in water or in axlyer solvent.

Y. Sakaiet al [66] developed water resistant humidity sensoiirigaa long stability by using
the technique of graft polymerization. Inside a mmigporous polyethylene film, 2-
amylamido-2-methylpropane sulfonic acid was graftymerized by ultraviolet irradiation.

Thickness of the film and the porosity was 100 pmd #&0% respectively. Gold electrodes

29



were deposited on both sides of this grafted finfiorm humidity sensor. The impedance of
the sensor was measured with LCZ meter as a funoficlumidity with the films of various
grafting ratios.

The impedance decreased four or five orders of madm with the relative humidity
increased from 10-90%. Further at all humidities ittnpedance decreased with the increase
in grafting ratio. Response of the sensor to skgmge in humidity was taken. Sakaal[67]
observed that the response time is shortened fdrcantaining films (<2 W). The sensors
characteristics did not show appreciable changa after 120 days indicating the long term
stability.

1.9.2 Capacitive type Humidity Sensors:

In capacitive type humidity sensors hydrophobicypwrs (polymers insoluble in water)
are used. These polymers should have as few mmds\as possible so that the adsorbed
water molecules are isolated in order not to fofosters. In these sensors cross linking is
also used to modify the hydrophobic polymer to picla sensor with small hysteresis, high
selectivity and high sensitivity. The materials ogpd for capacitive type sensor are poly
methyl methacrylate, polyvinyl cinnamate, acetylesreterminated polyimide, cellulose
acetate butyrate (CAB) and polyamide have been krtovibe suitable material for capacitive
humidity sensors[61-67].

In contrast to the resistive type of hunyidiensors already mentioned above, for the
capacitive type humidity sensor a thin film of adlhgphobic polymer is sandwiched between
the electrodes, in which the upper electrode isllisslotted/grid type or consists of cracks
for the diffusion of water vapor into the sensimngymer. The dielectric constants of these
hydrophobic polymers are usually very low of ab8utwhen compared to that of water
which is 80. When a small amount of water is sorbgdthese polymers the apparent
dielectric constant increases, resulting in a linearease in the capacitance with relative
humidity except for the case when the sorbed wat#ecule form clusters. In addition when
the sorbed water forms clusters, hysteresis isreedeConsequently it is desirable to choose
polymers in which the sorbed water does not foromstelrs. It is also required that the
apparent dielectric constant is not affected bynig solvent vapors.

Although the hydrophobic polymers are insolubleniater they have some affinity for

organic solvents. A capacitive type humidity sensamposed of PMMA cross linked with
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divinyl monomers such as ethylene glycol dimethiateyhas been reported [68]and is found
to show less hysteresis as it sorbs water muchthessthe cellulose derivatives. This sensor
is also durable in organic solvents.

The humidity sensors have been improved by chenmuadification of the polymers
such as graft polymerization, cross linking (chexhimeans) or IPN formation so that the
sensor is durable at higher humidities. Recentlgsmpa deposited polymer films have
attracted increasing interest as materials for ipatssn, adhesion promotion, barrier
coatings [23-69] optical waveguides [70] and relati humidity (RH) sensing
applications[61,71-74].

Plasma polymerization has been used to deposduanthin films from a variety of
monomers. These monomers may or may not have afq@uoiymerizable structure such as a
double bond, triple bond or a cyclic structure [6Ilhe monomer primarily acts as a source
of elements to build a macromolecular structure].[62two monomers having different
functions and elements are polymerized by plasmgmmrization, the resulting film will
generally contain all the elements from both thenamers. Thus, polymer films with a wide
range of chemical and physical properties can daimdd easily by mixing two different
monomers and plasma polymerizing. There have bemreral publications on the
preparation, characterization and applicationshof tilms deposited from a single monomer
by plasma polymerization [75-78].

Deposition of polymer films by plasma polymerizatioffers many advantages over
commonly used techniques for deposition of polyfiers. This is because the polymer film
properties can be very easily varied or “tailoréy’ adjusting the plasma parameters. This
technigue also allows polymerization of monomeregashich do not contain reactive sites
for polymerization. This is achieved by the produomtof active species in the plasma. The
material properties can also be controlled by dnfjgghe plasma processing parameters like
power, pressure and monomer flow rate.

Capacitive humidity sensors using PPMMA as a hutyssiensitive element have been
reported by Andrewet al [79]. They have reported the role of cross linkahnsity in the
performance of the sensor. Four types of mateniae basically studied: linear PMMA,
PMMA cross linked with ethylene glycol dimethactda(EGDM), low-density plasma
deposited PMMA and high-density PPMMA. They useti3sb6 MHz capacitively coupled
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parallel-plate reactor. The capacitors were falbeitaon silicon substrates. The PMMA
dielectric lies between a solid lower electrode andlotted upper electrode. This slotted
upper electrode provides a diffusion path for watem the ambient into the PMMA. These
sensors measure the changes in the dielectric pertyiof PMMA as a function of moisture

content.

1.9.3 Resonant Humidity Sensor:

A third type of humidity sensing device has beetengly introduced by Schroth et al
[80]. Investigations in this area show that the Embhumidity has a strong influence on
both the electrical as well as the mechanical ptagseof the polyimide polymer. In order to
overcome these problems, the use of humidity indlwtenges of mechanical properties of
polyimide have been investigated and the resonamidity sensor has been introduced.
Schroth A.et al [80] have fabricated a resonant humidity sensoedbas polyimide. Their
sensor consists of an oscillating square membnahigh is covered by a polyimide layer.
Under the influence of humidity the layer undergaegolume extension, which leads to a
bending moment and therefore induces tensile &sess the membrane and therefore
induces tensile stresses in the membrane. Additygriae humidity dependent bonding of
hydrogen and hydroxyl molecules increases the roa$lse oscillating system. Both these
effects act simultaneously and cause a frequernifty sh

The sensor chip is fabricated using industrial l@ipdechnology which allows the
integration of the driving and the read-out circdihe membrane structure is obtained by
KOH etching from the back of the wafer in combipatwith an electrochemical etch stop at
the p-n junction between the p-doped substrateland-doped epitaxial layer. The detection
of the frequency shift as well as the thermal extwn of the oscillation is carried out by
piezoresistors located at the edges of the membiidres polyimide layer is located in the
middle of the resonator membrane. It is structupbgdphotolithography to increase the
influence of the humidity induced swelling. Thewhdurther carried out simulation of the
sensor behavior using FEM simulations to predictl @aptimize the sensitivity of the
described structure. They have concluded thatsemsing principle is suitable for measuring

quantities of RH because it combines the advantafes frequency measurement and
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standard industrial bipolar process manufacturimgl dhe separation between humid

environment and sensor electronic.

1.10 Sensor fabrication technologies[11,81]

Sensor fabrication is one of the impartasks and various technologies are used for the
same. The sensor deposition technologies affefardift parameters of sensors. The advantage
in science and technology offered many techniquessénsor fabrication for getting better
performance. The three main fabrication technobgieen as thick film, pellet and thin film.

Every technique has its own merits and demerits.

1.10.1 Thick film technology [82]

Thick film technology was introduced raothan 30 years ago. Generally in hybrid
microelectronics thick films are preferred in whigipecially formulated pastes are printed onto a
ceramic or insulating substrate in a definite patte produce a set of passive components. For
formulating thick films, pastes (functional matérta permanent blinder) are printed on the
substrates by screen printing and fired in the delten furnace in air/nitrogen atmosphere by
automatic process. This technology offers flexipilby a wide choice of shapes, size of
components, choice of substrate material, trimnehgomponents, easy hybridization and mass
production which are useful for sensor and transedimplementation. Thickness of thick film is

typically in the range of 10-3@m.

1.10.2 Péllet for mation technology [83]

Pellets are having thicknesses in tmgeaof hundreds of um. For pellet preparation a
large amount of paste with binder is needed. Tistepaf the functional material is added in dye
and pressure is applied on it by using hydrauliespr Thus applied pressure allows all the
particles of the functional material to combinedthger resulting in a pellet. The strength of the
pellet depends on the pressure applied. To incitbasstrength of pellet, generally some binders
such as poly vinyl alcohol is added. The bindeis stdength and compactness. Binders are burnt
out to neutralize their effect while subjecting tpellets for sintering. Finally electrodes are
printed on both the surfaces of pellets to makentheady to use.
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1.10.3 Thin film technology [84-85]

If the dimension of materials is less tlarequal to mfp of electrons it is defines as thin
film. The act of depositing a thin film to surfarseknown as thin-film deposition. The thin film
is deposited atom by atom or molecule by molecilein films are having many applications in
industry, research and development and in daig; he examples are anti reflecting coating,
mirrors, interference filters, sun glasses, deoogatoating on plastic and textiles, electronic
circuits and in research. The thin film depositisrdone by several processes such as physical
evaporation of material in vacuum, ion plating, tsgung, electroplating, spray pyrolysis, laser
ablation, spin coating, dip coating, etc. The mdthof depositing thin films are briefly described

in the following sub-sections.

1.10.3.1 Dip coating technology [84-85]

This is very simple type of thin film migsition technique, in which the substrate is
dipped into the given solution and pulled out afanm rate and then dried under atmospheric
conditions or infrared lamp. Thus dip coated samlecome ready to use. Some dip coated
films like those of tin oxide have to be subjecfedfiring at optimized temperature and time.
Reproducibility is questionable many times becaafseon-uniform thickness. If the solution is
non-uniform in density as a depth changing thenpttepared samples will be having random

thickness.

1.10.3.2 Spin coating technology [84-85]

Spin coating is used to get uniforrmtfiims on flat substrate. A predetermined amount
of solution is placed on the substrate, which enthotated at high speed in order to spread the
fluid by centrifugal force. Rotation is continuedchie the fluid spin off the edges of the
substrate, until the desired thickness of film ¢hiaved. The applied solvent used is usually
volatile, and simultaneously evaporates. Higherudargspeed of spinning results in thinner
films. The thickness of the film also depends anc¢bncentration of the solution and the solvent.
1.10.4 Deposition technologies[81,84-85]

In CVD chemically reacting volatile cooynd of a material is deposited in the presence
of other gas to produce a nonvolatile solid whiepakits on the substrate. The high temperature

CVD is having many applications in several manijdBe
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Physical deposition uses mechanicahermodynamic means to produce a thin film of
solid. An everyday example is the formation of fr&&ince most engineering materials are held
together by relatively high energies, and chemieattions are not used to store these energies,
commercial physical deposition systems used toiregulow-pressure environment to function
properly. The material to be deposited is placecernergetic, entropic environment, so that
particles of material escape its surface. Facirgggburce is a cooler surface which draws energy
from this particles as they arrive, allowing themfarm a solid layer. The whole system is kept
in a vacuum deposition chamber, to allow the pladido travel as freely as possible. Since
particles tend to follow a straight path, films dspped by physical means are commonly
directional, rather than conformal.

Sputtering relies on a plasma (usuallyoble gases, such as argon) to knock material
from a “target” a few atoms at a time. The target be kept at relatively low temperatures, since
the process is not one of evaporation, makingdhesof the most flexible deposition techniques.
It is especially useful for compounds or mixtureere different component would otherwise
tend to evaporate at different rates. The sputjestep coverage is more or less conformal.

Thermal decomposition of gaseous specseeh as hydrides, carbonyls and
organometallic compounds on temperature contradtsate is called spray pyrolysis.

1.11 LiteratureReview

Y. Sakaiet al [66] developed water resistant humidity sensolirigaa long stability by using the
technique of graft polymerization. Inside a microrqus polyethylene film, 2-amylamido-2-
methylpropane sulfonic acid was graft polymerizgduliraviolet irradiation. Thickness of the
film and the porosity was 100 um and 70% respelgtiveold electrodes were deposited on both
sides of this grafted film to form humidity sens@he impedance of the sensor was measured
with LCZ meter as a function of humidity with thérfs of various grafting ratios.

The impedance decreased four or five orders of matg with the relative humidity
increased from 10-90%. Further at all humidities itmpedance decreased with the increase in
grafting ratio. Response of the sensor to stepgdanhumidity was taken. Salaial observed
that the response time is shortened for acid coingifilms (<2 W). The sensors characteristics
did not show appreciable change even after 120 idaysating the long term stability.

Y. Sakaiet al [66] have reviewed the work of the last 10 yedr886-96) about studies on

humidity sensors fabricated with organic polymddsth the resistive and capacitive type of
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sensors are reviewed. They have concluded thatder do fabricate humidity sensors using
polymeric materials, one must modify the polymens ¢hemical reactions to meet the
requirements for reliable humidity sensors. Sevearathods useful for improving the
characteristics of humidity sensors are availableéhe literature. In case of resistive type of
sensor one must modify the hydrophilic polymer ¢arfsoluble in water while still maintaining
the hydrophilic character to adsorb sufficient waimlecules to form an ionic conduction path.
Cross linking or graft polymerization is a promgisolution to this problem. Sakei al [67]
have proposed several one step procedures fapuhmmse.

T. Maddanimathet al [86] have fabricated a resistive type humidity s®nby using surface
modified polyethylene (PE) and polypropylene (PIPje surface fictionalization of the polymer
was done by dipping the polymer films in oleum fdifferent time intervals at ambient
conditions and later washed in de-ionized wateeyThave shown that controlled sulphonation
have promising humidity dependent resistance craft#10°Q with change in the RH from
30 to 95%) and also other favorable characterisicsh as linearity and short response time.
They have carried out systematic study of humisiégsing behavior with and without different
types of surface fictionalization, where in it isted that the sensitivity is controlled by surface
structure and the extent of functionalization, @agis change in carrier concentration and the
mobility of the protons and counter ions.

Y. Li et al [87] have prepared resistive humidignsors using polymer solid electrolytes.
Monolayer and bilayer devices were prepared byifigmpolymer electrolytes or blends of
polymer electrolytes on interdigited gold electred€éhey tested the electrical characteristics of
the devices as a function of %RH in a home madeecglipped with a commercial humidity
sensor. Different values of %RH were obtained bphbag dry argon through water. The
impedance was measured for corresponding %RH. ddeithm of the impedance modulus or
the resistance gave straight lines, as a functio®BH, only for some devices based on
copolymers or polymer blends. They have concludatlitty utilizing mono or bilayer structures
of polymers or copolymers and empirically choosing more appropriate working frequency,
suitable conditions for a good humidity sensingideonstruction can be found.

Andrewet al [79] characterized the frequency dependent regpohthe films to moisture from
12 Hz to 100 Hz. A3 relaxation was identified in the linear and crbsked PMMA films, but

was observed to be absent in the plasma-depositesl fThis result they have interpreted as
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indicating that the high density of cross linkstle plasma deposited films inhibits segmental
motion in these films. The sensitivity of their PRM sensors at 100 Hz was about 60% of the
linear and the cross linked PMMA. The hysteresis feaind to be low above 1 kHz. The cross
linked PMMA however is reported to exhibit signditt hysteresis below 1 kHz. The response to
moisture at 100 kHz is most linear for the plasrepasited films. The sensitivity measured for
these sensors was 2 pF/%RH.

In order to minimize the hysteresis and to incrahgsesensitivity of humidity sensors, Chan
et al [88] have used porous polyamide to fabricate capachumidity sensor. The polyamide
selected contains weak hydrophilic carbonyl groupicv is suitable for increasing the
sensitivity. They deposited the polyamide sensaygi by spin coating polyamic acid onto the
lower Ti electrode (1500 A thick) patterned by exmeevaporation on an oxidized Si substrate.
The coating was cured at a temperature up t&C4l argon environment. In order to avoid
shorting AbO3; was deposited on to the lower Ti electrode. Tadase the sensitivity, cracks
were generated in the top electrode and the polyayar. To generate cracks on the sensor
structure, they deposited the upper chromium ealdetin a state of tensile stress using e-beam
evaporation. The width and size of the cracks weceeased with the thickness of the upper
electrode. Chast al [88] have suggested that if the polymer humidity-senkaggr is too dense
or hard, the sensor’s sensitivity becomes very domt the upper electrode should be porous for
water molecules to pass through and reach thergpiesyer. The sensor sensitivity they have
reported in the 10-90 %RH range is 0.25 pF/%RHyreasing with relative humidity. The
hysteresis was observed in the humidity range 3 %aRBD %RH. They have attributed this to
the hydration and dehydration processes.

Matsuguchi M.et al [89] have worked on the stability and reliabiliy capacitive-type
relative humidity sensor using cross linked polgmifiims. They have used cross linked
polyimide (C-PI) and cross linked fluorinated pohyile (C-FPI) as the sensing material in a
sandwich type sensor element. They observed tleatligctrical capacitance changed linearly
over 10-90% RH, their hysteresis was less. TheiiRTsensor demonstrated long-term stability
in harsh environments and the drift was as smaitlas pF after 1000 hr of exposure to°@0
temperature at 90 %RH atmosphere. The C-Pl sensoeg to be resistant to chemicals. The

sensor output was not affected even after expogiagsensor elements to saturated acetone
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vapor for 20 min. They have concluded that a stainé reliable sensor usable in an office
building and in a factory can be achieved by usivege sensors properly.

Matsuguchi et al [90] have prepared cross linked PVCA on a sulsstiading photo
irradiation technique and have evaluated them espacitive humidity sensor. The excitation
wavelength is shorter than 325 nm. The effect i@diation conditions on the degree of cross
linking and also on the sensing characteristic @asnined. In addition the adsorption behavior
of various polar organic vapors was also studiéx device structure in this case is a sandwich
type of sensor. Platinum thin film was used asweloelectrode and gold film as an upper
electrode. To measure the amount of adsorbed stiatéilm was prepared on AJ—cut quartz
crystal. The electrical properties were measureadguan LCZ meter. The humidity was varied
by controlling the ratio of dry and water saturas#d The response time was less than 30 sec. in
humidification process and was slightly higherhe tlesiccation process. This also depended on
the degree of cross linking. The degree of cradsrig was determined from the dielectric loss
measurement and the FTIR analysis.

It was found that as the photo irradiation timeréases the magnitude of the relaxation peak
reduced and shifted to a higher temperature stde.Known that the dielectric relaxation of a

polymer arises from the segmental motion of thennwhiain and the side chain. If the cross
linking reaction has taken place then the film lmees rigid and the segmental motion of the

main chain is depressed and as a consequenceetbetdc loss is lowered. Therefore, lowering

of dielectric loss confirms the formation of crds¥s. In this case, the cross linking reaction

proceeded with increase in the irradiation timee Thoss linking degree was also confirmed by
FTIR analysis 90% cross linking was reached withhrs of irradiation.

The humidity response of the PVCA films was measwae30°C in terms of the ratio of
capacitance at certain %RH and capacitance at 0.9%Rélratio was found to increase linearly
with humidity. The sensitivity was seen to haverbeahanced with photo irradiation time. The
maximum ratio observed was 1.2 at 90% humidityfdwr irradiated sample. From the results of
the amount of adsorbed water at a particular hugnad the degree of cross linking, the authors
postulated that the enhancement of water absorpbdity is related to the decomposition of the
polymer by exposure to UV light. Reports are algailable that the saturation value for water
uptake of the cross linked PMMA with dimethylact@anonomers increases with an increase in

the degree of polymerization.
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Jose M.et al [91] have for the first time developed a capacitivenidity sensor using
poly (ethyleneterephthalate)-PETT as the dielecliiey have fabricated a sandwich type of a
sensor by cutting 5Am PETT films in about 1cm diameter circles on whiohtallic gold thin
film (0.1-0.3 nm thick) was deposited by magnetspnttering. Electrical contacts were made by
nickel contacts. This device was incorporated inoaaillator circuit to use it as a humidity
sensor. This sensor enabled them to measure théibypirbetween 10-97 %RH range over
saturated salt solutions. They have concluded ttataccuracy of their sensor was about +
2 %RH in the complete measurement range. Its regpome was found to be comparable to
those of the commercial sensors and has goodistahier time.
Li Y. et al [87] have carried out work on capacitive sensoliagupolymer solid electrolytes.
They have used monolayer and bilayer devices pedpay filming polymer electrolytes/blends
of polymer electrolytes on interdigited gold eleckes similar to the ones used for resistive type
of sensor as mentioned above. They measured thatioarof capacitance with %RH at a
constant temperature 22. The measured capacitance in linear or logarithsciale gave a
linear trend with %RH. They have concluded thas¢hdevices give fast response and operate
over a wide range of %RH.
P.R. Story et. al. [1] reported study of low-castsors for measuring low relative humidity. The
performance of low-cost commercially available éfidifferent) capacitive and resistive type
polymeric humidity sensors has been compared to dfiaprototype thick- and thin-film
polyimide based sensors. Both capacitive and seidaoustic wave (SAW) sensing mechanisms
have been studied for the thin-film structure. Pphatotype sensors were optimized for improved
performance at low relative humidity (RH). The coemial capacitive microsensors have a
linear response in the range 5-95% RH. The resisgtensors are found to be non linear. The
prototype thick-film sensor has a non-linear resgonwhile the response of the thin-film
prototype sensor is comparable to that of the comialecapacitive microsensors. The SAW
sensor has the potential for higher sensitivitytttee commercial capacitive microsensors, but is
less linear.
Two prototype capacitive humidity sensors were atalied. They included both thick- and
thin-film interdigitated electrode designs as showfig. I(a) and (b). The thick-film sensor was
fabricated with 18 (0.65 mm wide) finger pairs sgh€®.65 mm apart on a 2 ¥12 in alumina

substrate using standard screen-printing proce3$esthick-film conductor, which had a final
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thickness of 23um, was Pd/Ag. The thin-film design was photolitregmically patterned
aluminum 150 nm thick on a quartz substrate. Theepaconsisted of 90 (10m wide) finger
pairs spaced 10m apart. A 2um polyimide film (DuPont Pyralin 2555) was spin tasat 5000
rpm for 60 s on both substrates. The samples wetieaked at 120 °C for 10 min and cured at
350 ° C for 30 min in nitrogen.

Authors found that capacitive type thin-film sendwd a fairly linear response with some
hysteresis at higher RH. Further they found thatttital percentage change in capacitance for
the thick-film sensor was greater than that of thi&-film sensor and the thick-film sensor
showed no response below 40% RH. They have atidbtltis to the microscopic structures of
these two sensors. The polyimide film is much tarci um) than the electrodes (150 nm) on
the thin-film sensor, therefore the electric fiéletween the electrodes can be considered to be
entirely most of the electric field is assumed ¢éoitb the air gap between the electrodes. In case
of thick electrodes the polyimide (&n) is much thinner than the thick film electrod28 gm).

A smaller overall response would therefore be etquedor the thick-film sensor. This only
occurred at low RH. The reason for the large cdpace change at high RH is not provided.

Y. Sakai et al [9Rhave presented review on the humidity sensorsdatad with organic
polymers.Several useful methods for improving the charasties of humidity sensors based on
polymers are proposed. In the case of a resisypve-sensor, cross-linking of hydrophilic
polymers or formation of interpenetrated polymetwoeks with a hydrophobic polymer makes
the hydrophilic polymers durable at high humiditi€saft polymerization is another method of
preparing water-resistive humidity sensors. In¢hse of capacitive-type sensors, cross-linking
is also useful to modify the hydrophobic polymeptoduce a sensor with small hysteresis, high
selectivity and high sensitivity.

Polymers insoluble in water — hydrophobic- havenbesed to fabricate capacitive-type
humidity sensors. Cellulose acetate butyrate (CAB) polyimide have been known to be
suitable materials for capacitive humidity sensétswever, many problems such as hysteresis,
stability at high humidity’s and at high tempera&tand durability on exposure to some kinds of
organic vapors still remain to be solved. To corngline capacitive-type humidity sensor for
practical use, it is important to elucidate thesseg mechanism of this type of sensor. Authors
have examined the correlation between the perntyttand the amount of sorbed water for the

various cellulose derivatives in one of their poea papers. The hysteresis was confirmed to be
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caused by the formation of clusters of sorbed watelecules. It was found that the polymer
should have as few microvoids as possible so ttettisorbed water molecules are isolated in
order not to form clusters. The formation of clusteeads to appreciable hysteresis. In some
cases cross-linking of the polymer chains was fotmdlepress the clustering of water. In
addition, the cross-linked polymers are durablinepresence of organic vapors.

Authors reported poly(methyl methacrylate) (PMMAYIPA sorbs a smaller amount of water
than CAB and other cellulose derivatives, resultingess opportunity to form clusters, The
hysteresis for a PMMA capacitive-type humidity semis therefore less than £!% RH, which is
smaller than that of the conventional sensors.diiteon, cross-linking of PMMA was carried
out using divinylbenzene or ethylene glycol dimetiytate. Authors report that the cross-linking
of PMMA reduced the hysteresis and the temperatoedficient. The durability in the presence
of organic vapors was also much improved. Authdss &ave reported Acetylene-terminated
polyimide and Poly(vinyl cinnamate) as humidity sers.

P.M. Harrey et al [4 reported work orCapacitive-type humidity sensors fabricated ushmgy t
offset lithographic printing proceséuthors used polyimide and polyethersulphone (P&S)
humidity sensitive materials.

Printed humidity sensors were fabricated via thedoative lithographic film (CLF) process and
evaluated. polyimide and polyethersulphone (PESgwevestigated as humidity sensor films. A
standard sheet-fed lithographic printing press dielkerg GTO46) was used to print the
electrodes of the sensor structures. Printed sensere formed on 25 mm PES, and three
different thickness grades of polyimide film: HN38N50 and HN100 (thicknesses of 7.6, 12.5
and 25 mm, respectively. In addition, sensors \wikterned electrode films which incorporate
micro-pores were also fabricated and evaluated.

For comparative purposes, a thin film sensor was frmed on polyimide HN film. The sensor
was fabricated by sputter coating gold electrodmasfionto opposing sides of the 7.6 mm
polymer film. The calculated thickness of the eledé films was 600 A ° (0.06m). This sensor
was used to compare the response times of the imguenal printed sensors to a more
conventional thin-film electrode sensor. Electritedting of the sensors was accomplished by
bonding silver wire test leads to the electrodendilof the sensors using a silver loaded
conductive adhesive. The effective overlap arethefsensor is 200 nfmHumidity tests were

performed using a Vaportron H100 humidity test cham
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The capacitance of the structures was measured adtiuke PM3606 LCR meter (1 MHz and 1
V test signal). The capacitance response of theossnwas studied over the range of 10—
90%RH. Both sensors responded linearly to changeslative humidity. The results indicate
that the sensors exhibited similar nominal capacga (235 pF). The polyimide sensor exhibited
a greater change in capacitance than the PES sewsothe measured range of 10— 90%RH.
These findings are in accordance with manufactuspecifications which detail Kaptonl HN
film polyimide as having a greater moisture absorptapacity than PES film (2.8% compared
to 2.2% ASTM D-570-98).

The capacitance change (pF) and sensitivity (pF/Yatthe sensors was shown to be inversely
proportional to the sensing film thickness. Thetf.6um) polyimide film sensor demonstrated
a sensitivity of ~1 pF/% RH, this is 2—3 times geedahan contemporary commercial capacitive-
type sensors. It has also been shown that themsspone of the sensor is inversely proportional
to the thickness of the polymer sensing film. Poigie sensors formed on 25, 12.5 and ufr6
film exhibited response timessft of 10.5, 5.0 and 1.8 min, respectively. Compaedyi, PES
sensors were shown to respond more quickly thaivalgat film thickness polyimide sensors.

Pi-Guey Su et dI7] have worked on resistive type humidity sensoretbas PMMA. The ionic
conductivity of PMMA was modified by doping with ondifferent salts KOH and K2CO. These
dopants are having largely different dissociationstants. The electrical properties of PMMA
doped with different amounts of KOH or a mixturekddH and K2CO3 were examined in detalil
as a function of relative humidity (RH), to eludiddhe contribution of the salts to the sensing
properties (linearity and sensitivity).

The sensors were fabricated by dip-coating andegjut#st in situ co-polymerization on
an alumina substrate with a pair of comb-like etst®s. The precursor solutions were prepared
from methyl methacrylate (MMA, 99%, Acros Corp.)OK (99%, Aldrich) and K2CO3 (99%,
Aldrich). The two inorganic salts were mixed intd at different compositions together with
a small amount of ethanol as an interface modifi¢ren, the alumina substrates were coated
with the precursor solutions and were in situ cbhaperized in an oven at 9@ for 1 h to give
PMMA-based humidity sensors.

Complex impedance of a sensor was measured witlC&meter (Philips PM6304) in a

test chamber at measurement frequency of 1 kHzampiied voltage of 1V, an ambient
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temperature of 25C and different humidity levels in the range of 30%RH. The humidity in
the test chamber was controlled by mixing dry ared air through mass flow controllers. The
RH values were measured with a calibrated hygram@®otronic) with an accuracy of
+0.1%RH.Sensitivity is defined as the slope of logarithnmpedance (log) versus %RH and
linearity in terms of correlation coefficient isfadeed as theR-squared value of the linear fitting
curve in the range from 30 to 90%RH.

Authors reported that pure PMMA exhibited only #ldi impedance change in the humidity
range studied. They attributed it to its hydroplegtoperty. When the PMMA was doped with
KOH, an inverse sigmoidal humidity dependence efltgarithmic impedance was observed at
both low and high dosage. The sensitivity (slopejeased from 0.0012 to 0.0638 with the KOH
doping. However, the impedance change was obseatv88—-60%RH and more notably at 50—
60%RH, and almost no impedance change in the raing@-90%RH.

The PMMA doped only with KOH had a high sensitivliyt low linearity. The poor
linearity of the PMMA/KOH complex was improved byrther doping of K2CO3. The PMMA
doped with a mixture of KOH (0.6%, w/w) and K2CO3.6%, w/w) was optimal in both
sensitivity and linearity in the range of 30—90%RH.

With simultaneous doping with KOH and K2CO3, the lingamcreased with increasing the

dosage of K2CO3. However, the sensitivity decreasild increasing the dosage of K2CO3.

The impedance continuously decreased along withhthmidity increase in the range of 30—
60%RH, though the impedance values increased widteasing the dosage of K2CO3 at 60—
90%RH. This behavior is thought to be due to agafiegs of ions at high concentrations.

In order to explain the results of the PMMA/KOH/K@B polymer—salts complexes,
authors discussed the mechanism for the conductemr@ion with %RH in the following way.
With the absorption of water, a sort of thin liquayer forms around the polymer chains or fills
the openings in the sensing polymer films througipiltary condensation or swelling. The
sorbed water enhances the electrolytic dissociatiothe inorganic salts in the polymer—salts
complexes. Finally, the sorbed water acts as ai@leey which gives rise to an increase in
mobility of the ions dissociated.

It is well known that KOH has a very high dissoiciat constant (6.63x1f) and
therefore it is easily and completely dissociatadar the conditions of low humidity. Compared
with KOH, the dissociation constant (1.50) of K2CiS3juite low. It means that the K2CO3 can
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be dissociated completely only under the conditiohsighly humid atmosphere. Thus, it is
important to incorporate both KOH and K2CO3 inte PMMA-based composites for the wide-
range humidity detection.

In order to get higher sensitivity and better limtyaof the PMMA/KOH/K2CO3
materials in a wider humidity range, the optimumpidg ratio of KOH to K2CO3 was
investigated. It was found that the PMMA doped wéthmixture of KOH (0.6%, w/w) and
K2CO3 (0.6%, w/w) was optimal in both sensitivitgdalinearity in the range of 30-90%RH.
The sample prepared at optimum conditions was durtiasted for evaluation of hysteresis and
stability. The hysteresis was evaluated by the grgrdifference in logarithmic impedance
between humidification and desiccation process$ed,is, by 100x(logdesic —logZhumid)/log
Zdesic at 60%RH. The hysteresis was within 4%RHa@dtnMoreover, the stability test, where a
sensor was subjected to repeated humidificationdasdcation cycles more than 50 times in the
range of 30—90%RH at 2%C, indicated that the present humidity sensors aarkormally
during the test.

Masanobu Matsuguchi et al [6] reported a capactipe humidity sensor based on a
poly(methyl methacrylate) (PMMA) cross-linked withivinyloenzene (DVB). They examined
the influence of introducing a cross-linked struetin the sensing polymer on the long-term
stability of the sensor in a hot and humid atmosphé&s the DVB content increased, the
irreversible increase in the water sorption abitifythe cross-linked PMMA by long-term aging
in a 40°C and 90% RH atmosphere was depressedwHsidbecause the irreversible increase in
volume of the sensing polymer caused by swellinguch atmosphere was prevented due to the
rigid cross-linked structure. The depression of dhé of the water sorption ability resulted in
the depression of the drift of the sensor capacéan

Sandwich-type devices were prepared for dielectrgasurement. Methyl methacrylate
(MMA) monomer was mixed with divinylboenzene at wars weight ratios and polymerized with
benzoyl peroxide until the mixture reached the appate viscosity, followed by spin coating on
a 4 in. alumina substrate with a Pt lower electrddes coated thin film was heated to achieve
complete polymeriztion at 80C for 24 h in a N2 atmosphere. The thickness wageday
changing the rotational speed of the spin-coaieally, a gold upper electrode was deposited by
vacuum evaporation technique. To measure the anodwarbed water, the cross-linked PMMA

film was also coated on a quartz crystal osciltatslement (4 MHz) having a silver electrode
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plated on both side3he relative humidity (% RH) of which was contrallby mixing dry and
wet air. The measurement was carried out at 100vkitflzan LCZ meter.

The aging test the devices were placed in a hutaidis which the atmosphere was
maintained at 40C and 90% RH. Each device was occasionally reméneed the humidistat,
and the humidity dependence of the device’s chariatits was measured over a humidity cycle
of 10-90% RH at 30C. After the measurement, the device was returoethé humidistat.
These procedures were then repeated.

It was found that the depression of a capacitiy@tyumidity sensor’s drift by long-term
aging in a hot and humid atmosphere was achievedtimducing a cross-linked structure in the
sensing polymer. The sensor’s drift was smallertfa cross-linked PMMA having a larger
DVB content, corresponding to a smaller changehim water sorption ability. The effect of
cross-linking on the drift was explained by the msgion of the irreversible increase in volume
of the sensing polymer caused by swelling of theVAby aging. The cross-linking technique
may also improve the chemical resistance of thsisgrpolymer in wet and humid atmosphere;
however, very little information is currently availe for such discussion.

In addition, it was shown that the drift of the senbased on the cross-linked PMMA

was observed only in the early aging period. Tesult means that long-term stability can be
achieved in a capacitive humidity sensor, even imoad and humid atmosphere, by the
pretreatment of the present sensor once in sueltinamsphere before use.
Zhi Chen and Chi Lu[N2] have reported review of Btals and Mechanisms of Humidity
Sensors.The review is based on various materials for bafative and absolute humidity,
including ceramic, semiconducting, and polymer male Extract of the review on polymer
materials, only is reported here.

Most of the polymers are carbon-hydride compouodsheir derivatives. The carbon
atoms link each other one by one, either by sigorall{single bond) or sigma bond plus pi bond
(double bonds or triple bonds), forming a long ohawvhich is called the backbone of the
polymer. Functional groups are rooted on the backpwhich could be either single atoms (e.g.,
oxygen or halogen) or molecular groups (e.g., —-CQANO2). The functional groups, along
with the basic structure of the backbone, deternttieechemical and physical properties of the
polymers. Polymeric humidity sensors have been lyidéudied in research and applied in

industry for more than 30 years. Most of the semsme based on porous polymer films thinner
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than millimeters and their sensing principle istgimilar to that of ceramic sensors. The film is
filled with micro-pores for water vapor condensatiand some of the measurable physical
properties change due to the water absorption.

The mechanism of protonic conduction inside theodsisd water layers on the surface of
the sensing materials was discovered in study O2Tanda-Fe203. As shown in Figure 3, at the
first stage of adsorption, a water molecule is doalty adsorbed on an activated site (a) to form
an adsorption complex (b), which subsequently teaasto surface hydroxyl groups (c). Then,
another water molecule comes to be adsorbed throydtogen bonding on the two neighboring
hydroxyl groups as shown in (d). The top water role condensed cannot move freely due to
the restriction from the two hydrogen bonding (R3¢d)). Thus this layer or the first physically-
adsorbed layer is immobile and there are not hyeltogonds formed between the water
molecules in this layer.

As water continues to condense on the surfaceeofdhamic, an extra layer on top of the
first physically adsorbed layer forms (Fig. 4). Shayer is less ordered than the first physically-
adsorbed. For example, there may be only one hgdrbgnd locally. If more layers condense,
the ordering from the initial surface may graduallgappear and protons may have more and
more freedom to move inside the condensed wateugfr the Grotthuss mechanism. In other
words, from the second physisorbed layer, wateremdés become mobile and finally almost
identical to the bulk liquid water, and the Groghumechanism becomes dominant. This
mechanism indicates that sensors based purely ter-plaase protonic conduction would not be
quite sensitive to low humidity, at which the wat@por could rarely form continuous mobile
layers on the sensor surface. The two immobilertaytbe chemisorbed and the first physisorbed
ones, while cannot contribute to protonconducticgvdy, could provide electron tunneling
between donor water sites. The tunnelling effelcing with the energy induced by the surface
anions, facilitates electrons to hop along theam@fthat is covered by the immobile layers and
therefore contributes to the conductivity. This heatsm is quite helpful for detecting low
humidity levels, at which there is not effectivé@tanic conduction.

According to sensing mechanisms, polymeric humidignsors are divided into two
fundamental categories: resistive-type and capeaeitipe. The former responds to moisture
variation by changing its conductivity while theté responds to water vapor by varying its

dielectric constant. Almost all of the humidity sems based on polymers operate at room
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temperature, due to polymers’ high sensitivity teath Copolymers and mutually reactive
copolymers have also been studied for humidity isgng?olymeric humidity sensors based on
piezoresistive, surface wave acoustic (SAW) devases Optical measurements are also studied.
Polymeric resistive humidity sensors are basedwantypes of materials: polyelectrolytes and
conjugated polymers.

Polyelectrolytes are hydrophilic or even water btduwhile conjugated polymers are
rather hydrophobic and unable to absorb much water.

Polyelectrolytes are polymers with electrolytic gps, which could be salts, acids, and
bases. Based on functional groups, humidity-semsitiolyelectrolytes can be fundamentally
divided into three major categories: quaternary amom salts, sulfonate salts, and
phosphonium salts.

Fuke M.V. et a[3] have worked on the evaluation of Co-Polyanilm@ocomposite thin
films as humidity sensoPolyaniline is unique among the known conductintypers because
its conductivity is controlled by the doping levelsoxidation and protons. Oxidation states of
polyaniline, whose electrical properties are séresito water, provide a basis for potential
applications in sensors for humidity control. Tlggi@ous environment changes the conductivity

due to two reasons:

1. Adsorbed water molecules dissociate at imin®gén centers.

2. Positive charge migrates through the polymer.

Spin coated films of Co-Polyaniline nanocomposite @valuated for their transmission
properties using He—Ne laser for humidity sensifige thickness (17-29_m) of the films is
varied by multiple deposition of Co-Polyaniline maomposite on a glass substrate. The samples
exhibit typically two to three regions in their séivity curve when tested in the relative
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humidity (RH) range of 20-95%. The sensitivity rasagfrom 0.1mV/%RH to
12.26mV/%RH for lower to higher thickness. The seasshow quick response of 8 s (20—
95%RH), and a recovery time of 1 min (95-20%RHhvgbod repeatability, reproducibility and
low hysteresis effect. The sensitivity of the senswreases with humidity and thickness.
Material characterization is done by X-ray diffiaat (XRD), scanning electron micrograph
(SEM) and Fourier transform infra-red spectroscpyR).
All the sensors roughly exhibit three regions ohssevity with very low sensitivity at low
humidity levels, increased sensitivity at mediunmiidity levels and high sensitivity at the high

humidity levels. At the thickness of 2357 the maximum sensitivity is seen. As the relative
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humidity increases the output voltage decreases l&wer humidity (20 to 40 RH%) the layer

of hydroxyl groups is formed93]. The water vapor molecules are chemisorbed thraugh

dissociative mechanism by which two surface hydrgxgups per water molecule are formed.
This does not change the transmission of lightughothe film. Therefore at lower relative

humidity the sensor response is poor. At a higlwenitity (60 to 80 RH%) the water molecules

get adsorbed on the wall of the pores. The lighaugh the film gets absorbed in proportion to
the deposition of water molecules on the pore wallsurn the output voltage decreases. For all
the samples at higher humidity, around 80%RH, switg behavior is exhibited because of
formation of water meniscus on the film, which atbsothe incident light making transmitted

intensity to be small.

The variation of humidity response i.e decreasténoutput voltage with increase in the
relative humidity is also attributed to the molyilaf Co ions which are loosely attached to the
polymer by weak Van der Waals’ forces of attractidnthors have taken the SEM images of
the films. They have reported that lower thickneds&ve higher porosity and hence give higher
sensitivity. Authors further found out that the hysteresisA8r574um thickness is 1%. And the
response and recovery time of the sensor is gisghsaand 1min, respectivelyhe repeatability
and the reproducibility of the optical humidity sen using Co-Polyaniline nanocomposite was

found to be very encouraging for all the concerdret for 23.5am.

1.11 Aims and objectives :

The main aim of this research was to deposit antléat the selected material - polymethyl
methacrylate - by plasma processes and comparepirdormances as capacitive type humidity
Sensors. .

The main objectives of the study were —

 Study and prepare the experimental set ups formaasreatment, plasma
polymerization and spin coating of thin and thidins.

» Formation of thick/thin film on the substrate ussgected material.

» Synthesize the materials by plasma polymerizatimh @asma treatment of spin
coated polymers.

e Structural & physical characterization of synthesdizpolymers by techniques
such as gravimetric method, taly step method, FBIRVI...etc.

» Fabrication of capacitive type humidity sensors.
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» Determination of sensitivity, response time, recgvetime, hysteresis,
reproducibility, repeatability of capacitive typensor.

» Study and specify characteristics of fabricatedssen using above mentioned
techniques.

» Study the optical properties of PMMA. For that stublop casted and spin coated
films of PMMA were used.

» Compare the characteristics of sensors fabricateagudifferent methods and
conclude accordingly.

» Comparison of the obtained results with the oneslable in the literature.
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Chapter-I1

Experimental Techniques

2.1 Introduction:

In the previous chapter the theoretical backgromecessary for the work carried out
given. The literature survey gives a bird’s eyewief the present scenario of polymer ba
humidity sensorfrom which the aims and objectives of the work hbgen outlinec

The present chapter describes the experimentsedarout for fabrication an
characterization of humidity sensor. The experirmaework includesIDC structure fabricatior
monomer distillation, spin coating, plasma treatment, plasmpolymerizatiol, structural
characterization by FTIRhe response of the material to relative hum and optical respons
of the material.

2.2 Sensor Fabrication:

For the sensor fabrication an intelited capacitie (IDC) type sensor structure v
selected. As shown in Fi@-1) it consists of planer metal electrodes inittierdigited ID form
selected for gathering large value of capacitamzk samall value of resistance component.
thin film of the sensor material acts as a dielectric betweefirtgers of the ID structure. Tt

fabrication process is describecdfollowing subsections.
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Fig.2.1 Inter-digited capacitor (IDC) pattern
2.2.1 Mask Preparation:

Eachfinger has length of 8mm and the distance betweersticcessive fingers is 0.31.
There areotal twenty fingers which covered an area of ab@8tcn®. The mask pattern wi
drawn by art work on white paper. The artwork iawdn on the cale which is ten times tt
original pattern. The final mask w made using photeeduction technique that reduces
image by10 times. The mask w made with Kodak high resolution plate (HRP). M
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preparation depends on the photo resist being uiseatlis work negative photo resist was used
therefore a positive mask was prepared.
2.2.2. Photo Lithography for pattern delineation

Photolithography is a technique of transferringasknpattern on to the substrate. In this
work mask was given to the fabricator. Then usingtplithographic techniques, 50 IDCs were
fabricated using glass epoxy copper clad substrate.
2.2.3 Cleaning of Glass, epoxy and silicon Substr ates:

Prior to PMMA deposition on glass substrates, dlass substrates (borosilicate glass
slides) were cleaned in the following manner:

The substrates were boiled in chrora@d (potassium dichromate dissolved in
deionized water plus a few drops of sulfuric a¢ad)a few min and kept soaked in it for an hour.
They were then rinsed in DI water and then cleanedeutral soap (labogen) solution. They
were again rinsed in DI water and ultrasonicalBacled in methanol for a few min.

The epoxy substrates were cleanegutiing them in acetone for 10 minutes. Then
wash those using DI water. Silicon substrates wkyaned by putting them in hydrofluoric acid
(HF) for 10 minutes. Then remove from HF and clegtissue paper.

2.3. Deposition of the sensing material :

After the ID pattern was transferred onto glassxgpmpper clad, the sensing materials
i.e. spin coated PMMA, plasma treated PMMA and mplagolymerized MMA were deposited
on the IDCs, glass, and silicon.

2.3.1 PMMA Deposition by spin coating:

Preparation of PMMA solution
Commercially available PMMA granuléSujpol India Ltd.) were dissolved in AR-
grade chloroform and subsequently spin coated prawiously cleaned IDC structures on glass
epoxy and glass substrates. In order to vary theosity of the liquid 0.1gm, 0.2gm, 0.3gm of

PMMA granules were dissolved in 10ml of chloroform.
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Fig.2.2: Spin Coater (WS-400-6NPP-LITE)

Spin coating and thickness measur ement

For the spin coating of the PMMA, the commerciaiailable PMMA granules (Gujpol
India Ltd.) were dissolved in AR-grade chloroformdasubsequently spin coated onto previously
cleaned IDC structures (where the PMMA got depdsitebetween the ID fingers) and glass
substrates. The thickness of the copper ID is aBdytm. A Laurell's (WS-400-6NPP-LITE)
spin coating system (fig.2.2) was used in this wti®pin coating was achieved by pouring the
solution on a clean substrate to fully cover itteifselecting the spin speed of the coater, it was
switched on to start spinning. The spin speed usé#tk experiments was varied between around
500-3000 rpm. The spin coating duration for all pes was 60 seconds. To remove the extra
solvent from the layer, the samples were placethénoven at a temperature of 60 °C for 20
minutes after spin coating.

Several experiments were carried out. Differentcenmtrations of the PMMA solution
were prepared by dissolving various amounts of PMMAchloroform. PMMA solutions
prepared were spun on to glass and IDT substrates.

Equation (2.1) is then used to calculate the theskrof the film. (by weight method)

Wherep is the density of the PMMA (1.17gm/cc), M is timass of the film, V is the
total volume of the PMMA film which is product ofrem ‘A’ of the film covered and ‘t’
thickness of the PMMA film.
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2.3.2. Plasma Treatments of Conventional PMMA:

The spin coated PMMA on copper ID structure, sii@nd bare glass substrates were
treated in Ar plasma in a tubular plasma system ITEHWK 1050X). The system was initially
evacuated to I®Torr using a rotary pump. Ar gas was then flusteeden min before adjusting
the pressure to 0.2 Torr. The power was varied &atwd0 to 60 Watt at the variable time of 5 to
15 minutes.

it-a‘ﬂ«
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J |

Fig2.3: PLASMA SYSTEM (EMITECH, K 1050X, ENGLAND)

Fig. 2.3 shows the schematic of the system usethéoexperiment. This system is specially used
for the surface treatment of polymers. The mostoirtgmt components of this system are a
vacuum chamber, a vacuum pump, a high-frequencgrgeor for plasma creation and a gas
feeding system.

2.3.3 Monomer (MMA) Distillation:

The commercially available monomer contains anbinbi added intentionally for preventing
polymerization. This has to be removed first befdre monomer could be used for
polymerization. Distillation under pressure lowkan the normal atmospheric pressure is most
suitable method for the purification of many orgatiquids. For the present work methyl
methacrylate (MMA) 99.00% (from Aldrich chemicalrmapany Inc.) 86 inhibited with 10 ppm
of hydroquinone monomethyl ether/4-methoxy pheMEKQ) is purchased.

The thermodynamic properties of MMA and its inhobbiare given below:
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MMA MEHQ

Boiling point (b.p) at 760 mm of Hg 10C 243°C
Melting point (m.p.) -48C 55-57°C
Molecular weight (m.w.) 100.12 124.14

The schematic of the distillation set up is shownFig-2.4. The monomer was first
washed with 5% NaOH solution to remove the inhibgach as hydroquinone and later twice
with distilled water using a separating funnel émpve the un-reacted NaOH. The monomer is
dried using NgCOs;, NaSQ or MgSQ. It is again dried with Cajtand kept for one hour.

The distillation is carried out at a pressure df6T orr in nitrogen atmosphere using the
standard procedure. The required pressure is aghiawsing water pump through Ilow
temperature trap. The monomer is then heated ahstant temperature of approximately’@5s
throughout the experiment, measured with a merthi@gmometer.

Distilled MMA is collected in a flask which is kept low temperature in an ice-salt bath.
The distilled monomer is removed and preservedwttemperature. The purity of the distilled

monomer is verified using FTIR spectroscopy.

Thermometer

Out

Condenser

-

To
Water
Pumt

In

Distilled Monomer
Reservoir

Nitroaen Cvlinde

Ice bath

controllel

Fig-2.4: Monomer Distillation setup
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2.3.4 Plasma Polymerization of MM A (PPMM A deposition):
The ID pattern developed by photolithography togetith glass samples (for ESCA

analysis) and silicon samples (for FTIR analysisg¢rev used as substrates for plasma
polymerization.

The schematic plasma polymerization set up is showkig-(2.5). It consists of an
inductively coupled tubular type gas flow reactastary pump; RF generator, an impedance
matching unit and liquid nitrogen trap [32]. Thebstrate holder was water cooled to maintain
the substrate below room temperature. It is ath¢behe chrome-coated mild steel base plate.

The system was evacuated using a rotary pump thradliguid nitrogen trap.

RF Power
Pressure <UD
Measuremel — Substrate Holder Cr plate base
- : (Water coolec kit
Matching Unit

— T A
L

Fig-2.5: RF Plasma Polymerization System

Indiictive cail

Monomer inle

Plate-1: Plasma Polymerization System
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The liquid nitrogen trap is used to condense thereacted monomer which will
otherwise contaminate the rotary pump oil and #&olaboratory environment. The reactor is
inductively coupled to a RF power supply (RF plagmmeducts, New Jersey model-5S) which
operates at a fixed frequency of 13.56 MHz (estéklil by international agreements) with a
power output in the range 0 to 555 W.

A pie type impedance matching network (Model MN-3%@0n RF plasma products) is
used to match the impedance of the plasma to thegd®ierator. The facility of the forward
power and reflected power measurements is alsadadwn this model. The actual power fed to
the plasma is the difference between the forwamdep@nd the reflected power.

The RF power is fed to an inductive coil, woundtbe slim portion of the reactor (Fig-
2.5) through a matching unit. The inductive cot lsgaven turns and is made up of hollow copper
tube of 6mm outer diameter, it was tapped to thetfoturn to give an inductance of 0.88.

After feeding the RF power to the coil, the inductoupled to the reactor acts as an
antenna and radiates the RF power outside to arpdpmte distance of about 2m, which
considerably influences the AC mains line and flatibns are observed on the instrument like
DC power supply or MFC’s etc. Hence any electromstruments in the laboratory start
malfunctioning. To avoid this, reactor is shieldedh mild steel sheet box which is earthed
electrically. The shield prevents the radiation sapout from the inductive coil. The reflected
power is observed on the RF generator and the lgomdwaer coupled to the plasma is calculated
by subtracting the reflected power from the inmitmower.

Mass flow controllers (MFC) of the accuracy of 8ctm are used for the measurements
of the carrier gas and the monomer flow rates. MitC’s are equipped with bypass valve so
that before starting the actual deposition thead other impurities from the monomer reservoir
can be pumped out.

Flexible teflon tubes are used to introduce thei@agas and the monomer into the
reactor, as teflon does not react with the monoifiee.system pressure is measured using digital
pirani gauge (Model DHPG-1025), supplied by HinglHvacuum Co. The system is evacuated
using a rotary pump (Hind High Vacuum Co.) andgbenping rate is adjusted using diaphragm
valve connected between the liquid nitrogen trag @@ rotary pump, this helps in setting the
required system pressure during the deposition.
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The glass substrates with the ID structure to ttesthumidity response, Si samples for
FTIR analysis and plain glass substrates for tl@sknmeasurement were mounted onto water
cooled substrate holder after cleaning the sulestiand the reactor.(Plate-1)

Initially the reactor is evacuated to a pressuréxdfo® Torr. After evacuating the system
the gas line was evacuated [32]. The system wahédllifor ten min by introducing argon at high
flow rate to flush the system with argon. The arfjow rate is then reduced to get the specified
experimental deposition condition. After the pressis stabilized, argon plasma is initiated for
ten min at 40 W.

The intense argon plasma further cleans the suésirahe monomer trap is filled with
liquid nitrogen. The monomer is then introduceditite argon glow discharge and the gas flow
rates, monomer flow rate, system pressure anddhempare all adjusted to the required value.
Due to the reaction of the monomer which take placine glow discharge, as the deposition
starts there is slight fluctuation in the systemsgure. The deposition parameters were varied in

the ranges:

Base pressure 0.01 mbar

Reactor Pressure 0.1 — 0.4 mbar

(at deposition)

MMA/Ar flow rate 8-35 cc/min
RF Power 10-45W

A large number of such experiments were carriedoguwtarying the gas and monomer flow rates, system

pressure and input power until deposition is finalbserved.

2.4 FTIR characterization of PMMA films:

The molecular structure of the cori@ral plasma treated and the plasma polymerized
films has been determined by Fourier Transformamgd (FTIR) spectroscopy [32]. IR
measurements of the purified MMA were also takdme films deposited on silicon substrates
were used for IR analysis. IR spectroscopic teamigs most widely used technique for
structural characterization of polymer films. IResprometer from Perkin EImer 2000 is used in
transmission mode and operated between 400 andc0b a KBr medium to record the

spectra. These spectra are compared with theastaiid spectrum of the MMA. The IR spectra
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of MMA, PPMMA and the conventional PMMA as well #se plasma treated PMMA are
analyzed. Polymer composition and the structurBRI¥IMA series polymer films deposited on
silicon substrate are evaluated by Fourier Transfiofrared spectroscopy (FTIR).

2.5 Relative Humidity (RH) M easurement of the sensors:

The RH response of all the sensalsi¢ated was measured using both the continuous
and step static mode. In the continuous mode thesRiHanging with time where as in the step
static mode the sensor is kept at constant RHriertmur each and then moved to the next RH
and so on.

25.1 Continuous RH Response (Resistance M easur ement):
The humidity cell shown in Fig-(2.6) and Plate-lhsvused for the characterization of the
humidity sensor. It consists of a closed flaskf fikéd with water (Total volume 500ml). The

relative humidity of the air in the enclosed sysisrgiven by equation (2.2):

Where ¢ (T,) is the saturated vapor pressure of water baténaperature Tand g (T2)
is the saturated vapor pressure at temperatyyan€br sensor. The RH is varied by changing the
temperature of the system using salt ice mixtuehld-2.1 gives the typical saturated vapor
pressure of water with corresponding temperatures.

For the Relative Humidity response of the sensesjstance Vs RH response was
recorded using the above mentioned system. Th@senkept in the flask 2 cm above the water
level with contact leads. These leads are connetdethe resistance meter for resistance
measurement.

The flask is then surrounded by ice salt mixturecfmoling, where as for the warming up
process the ice bath is simply removed. From Jvanatin T, and T, the RH is calculated, the
resistance is noted on the digital multimeter fr&ish (Model No.-12S) and the plots of
resistance Vs RH are drawn. All the measurementse wepeated twice to minimize

experimental errors.
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Fig-2.6. RH Measurement apparatus

Plate-11: Continuous RH response measur ement set up

Table-2.1: Typical saturated vapor pressuresof water at different temperatures

Temperature Saturated Temperature Saturated
°C Vapor pressure °C Vapor pressure
-15 1.436 13 11.231
-14 1.560 14 11.987
-13 1.691 15 12.788
-12 1.834 16 13.634
-11 1.987 17 14.530
-10 2.149 18 15.477
-9 2.326 19 16.477
-8 2.514 20 17.535
-7 2.715 21 18.650
-6 2.931 22 19.827
-5 3.163 23 21.068
-4 3.410 24 22.377
-3 3.673 25 23.756
-2 3.956 26 25.209
-1 4,258 27 26.739

0 4.579 28 28.349
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1 4.926 29 30.043
2 5.294 30 31.824
3 5.685 31 33.695
4 6.101 32 35.663
5 6.543 33 37.729
6 7.013 34 39.898
7 7.531 35 41.175
8 8.045 36 44.563
9 8.609 37 47.067
10 9.209 38 49.692
11 9.844 39 52.444
12 10.518 40 55.324

252  Static Step RH Response (Capacitance M easur ement):

For the static step RH response, saturated saiti@a$ of five different salts were used.
Borosilicate glass test tubes (diameter 1.25 ineyewinitially cleaned using the procedure
described earlier in section (2.3.2). The AR-gradis were then introduced into the respective
test tube using a spatula, the salts were madéwetsing de-ionized water using a dropper.
Care was taken to just wet the salt completelyrastdo dissolve the whole salt in water, thus a
saturated salt solution was prepared. Table-2.2vshbe saturated salt solutions used and the
respective humidities obtained over them. The telses were sealed using a greased rubber

stopper into which wire leads were inserted.

Table-2.2: Saturated salt solutions used and the respective relative humidities obtained

over them.

Saturated Salt solution % Relative Humidity

Preheated Silica gel 00%
LiCl 12%
MgCl, 33%
Mg (NOs)2 53%
NaCl 75%
K>SOy 97%
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The sensors were initially placed in silica gel fohr, and the capacitance was recorded.
Then it was transferred to each constant RH ceh wicreasing RH from 0%, 12 %RH to 92%.
The sensors were kept in each cell at constant &®Hbiie hour before the capacitance was
recorded. The readings were repeated for decreasiRfl i.e. from 92% RH to 0% in a similar

fashion. The measurements were repeated twicertioniae errors.

Plate-l11: Step static RH measurement set up

2.5.3 Response and recovery Time of the Sensor:

The response time of spin coatgulgsma treated and plasma polymerized sensors was
measured by first keeping the sensor in dry enwremt (silica gel) for 24 hrs. Its dry
capacitance/resistance was then recorded. Therselesoent was then immediately transferred
in a static RH environment namely 75% or 92%. Thange in capacitance/resistance over time
was recorded after every one sec till the capaoiaesistance showed saturation. The graph of
capacitance/resistance Vs time was plotted. Fraosngttaph the response time was calculated in
the linear portion of the curve between 10% an&u#RH.

The recovery time of plasma treaad plasma polymerized sensors was measured by
first keeping the sensor in humid environment ,§R) for 1 hour. Its humid
capacitance/resistance was then recorded. Therselesoent was then immediately transferred
in a static RH environment namely 12% or 0%. Thang/e in capacitance/resistance over time

was recorded after every one sec till the capaoiaesistance showed saturation. The graph of
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capacitance/resistance Vs time was plotted. Frasngitaph the recovery time was calculated in

the linear portion of the curve between 90% an&RH.

2.6 Optical response of PMMA:

The PMMA solution (Concentration @i in 10 ml of chloroformas then used to
form the films of PMMA by drop casting (5uL of stikn by a micropipette) on the borosilicate
glass substrate having fixed area of 1cmx1cm. Dvap spread on the substrate neatly which
were used as samples. The thicknesses of the iens varied by changing number of drops of
PMMA solution. The thicknesses of the films wereasigred by using gravimetric method.

A simple optical method was usetkti the prepared films for their sensitivity todsr
humidity. Closed humidity system for testing therfidity responses of the films was fabricated
as shown inFig. 2.7 It consists of a closed glass chamber (volumé),6with a neck for
inserting a sample under test and a probe of thedatd Vaisala humidity meter (humidity
range: 0-100% RH with an accuracy of 1-5% RH fdiedent humidity ranges). The chamber
was kept on an aluminum plate and was sealed frotsid® by modeling clay to make the
system air tight. The relative humidity was createside the chamber by keeping hot water in
the beaker and simultaneously monitoring the humith get maximum(85%)RH at room
temperature (30-36) as measured by the standard Vaisala humidityemétfter achieving
85% RH the beaker was removed. The 85% RH wasfke@ min. The chamber was gently
lifted and the saturated vapors were wiped by éigsapers and the chamber was kept at its
original position. Humidity was decreased by pytaehumidifying material like phosphorous
pentoxide (POs) in an appropriate amount in a pettry dish. Whilemidifying and
dehumidifying the chamber, the 2€5change in the temperature was observed.

A He-Ne laser beam, incident pedieular to the plane of the film, is allowed to
pass through the sample (films) and the transmittetpbut is measured using a simple
photovoltaic detector. The samples were mountethé chamber and were exposed to the
highest humidity. The related output in the formvoftage was measured by Digital Multimeter
(DMM) (Agilent U1241A).
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Fig.2.7. Experimental set up for the measurement of relative humidity.

Keeping dehumidifying material (Thomas Baker'sOP LR grade) in the chamber, relative
humidity was decreased to the lowest value andeelaoltage was also noted. The change in
relative humidity is related to the change in timgpat voltage of the sample. Normalized output
with respect to the lowest relative humidity is tpd. Output is normalized with respect to
voltage at lower humidity i.e.
% Normalized Outtp [(Vin-Vhn)/( Vin)]*100

Where \f, is output voltage at low humidity and,Ms output voltage at high humidity.

The sensitivity is defined as tiamge in transmitted output (mV) per unit change in
RH%, i.e.6 (mV)/ 6 (RH%)[6]. As there are four samples (one, two, three anddoop) having
different thicknesses, sensitivity is calculateddach sample.

We noted optical response of drop casted as wealpimscoated PMMA samples.
Measurement of moisturein the samples-
For the measurement of moisture, the samples wg@esed to 100% RH for around 10 min. and
then immediately weighted (Wx) on electronic bat(Citizen CX165) Then these samples are
vacuum dried and weighted again at room humidi§?4BH). The percentage moisture content
is calculated using following equation [19]
Moisture(%)=[Wx-\WVW o
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Chapter I

Results and Discussion on humidity sensing charactstics

Results on humidity sensing characteristics of smated, plasma treated and plasma polymerized
PMMA films are described in this chapter and diseas Further they are compared amongst

themselves and with the ones available in thedlitee.

3.1: Spin Coated PMMA as humidity sensor- Resultsral Discussion

3.1.1 Introduction

The process of applying a solution to a horizoragating disc, resulting in ejection and evaporatd

the solvent and leaving a liquid or solid filmcalled spin coating. Spin coating is a unique tepisin

the sense that it is possible to apply a highlyarm film to a planar substrate over a large aBfagm)
with a highly controllable and reproducible filmidkness. The spin-coating technique applies to
inorganic, organic and mixtures of inorganic/orgasolution.

Because of its ability to produce omfi layers, transparency in visible wavelengths asd
suitable glass transition temperature, PMMA (Paheihyl methacrylate)) is used as host in many opto-
electronic applications. In thin film humidity semg applications, achieving the required thicknegs
desirable surface quality is very important. Toduee a coating with such thickness, dilute solioh
polymer are necessary. Generally, thickness of leythis method is dependent on spin speed, pyimar
concentration, viscosity of solution and solvenpatdzability [1, 2]. The nature of this dependency
varies across different materials and solutions.

Depositing a viscous fluid on a kontal rotating disc produces a uniform liquid filBuring
deposition the disc should either be static or dtating at a low spin speed, where after the disc i
rapidly accelerated to a high spin speed. The adihdsrces at the liquid/substrate interface anel th
centrifugal forces acting on the rotating liquicu# in strong sheering of the liquid which causes
radial flow in which most of the polymer solutios rapidly ejected from the disc. This process
combined with subsequent evaporation of the liguaidses the thickness of the remaining liquid fidm t
decrease. For a solution, e.g. a polymer solutibie, evaporation process causes the polymer
concentration to increase (and thus the viscostyjhe liquid/vapor interface, i.e. a concentration
gradient is formed through the liquid film, whichfter evaporation of most of the remaining solvent,

consequently results in the formation of a unifgrractically solid polymer film.
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It is thus known that spin speed a&olution concentration significantly affect thiémf
thickness, while the amount of solution initiaflgposited on the disc, the rate at which it is depd,
the history of rotational acceleration prior to fiveal acceleration, and the total spin time hawatéd
or no effects.

3.1.2: Sample preparation by spin-coating process

Spin coating of PMMA on to silicon sulagé was carried out at various conditions. The
concentrations of PMMA were taken as 0.1g, 0.2g@B8d / 10cc of CHGI The baking temperature of
the sample after spinning was kept atG0This temperature range was selected as jtof PMMA is
105°C. Above this temperature PMMA may degrade. Moredxaking of the photoresists, which are
basically polymer/resins is also done in the simismperature range. The baking time was kept at 20
min. At this time the film becomes completely dnydanonsticky. Due to baking the film becomes dry
and its adhesion with substrates also get improVked.spinning was carried out at different spinespe
of 500, 1000 and 1500 rpm for a constant time ofi. The FTIR spectra were taken on one sample for
each condition.

As described above, total 27 sampleseweepared. The baking temperature wasceand
baking time was 20 minutes. The spin speed, coraté and obtained thicknesses are tabulated in

table 1 below.

Table-3.1: Thickness am) variation at different Spin speed and PMMA concatration.

01 |01 0.1 0.2 0.2 0.2 0.3 0.3 0.3
Conc.
(gm)
Spin
speed
(rpm)
500 5.25| 5.19 5.27 5.70 5.64 5.72 5.98 6.09 6.11
1000 3.40| 3.22 3.30 3.61 3.70 3.69 4.36 4.40 4.47
1500 2.84| 2.79 2.80 3.10 3.01 3.08 3.28 3.34 3.29

As can be seen from the table for particular cottaéon the thickness of the film decreases with
increase in the spin speed. This is indicatederfdlowing table 3.2 and Fig 3.1.
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Table-3.2Thicknessvariation w.r.t. speed and concentration.

Average Thickness(um)

Speed (RPM)

Concentration(gm)

0.1 0.2 0.3
500 5.23 5.7 6.09
1000 3.22 3.61 4.4
1500 2.85 3.01 3.29

Fig-3.1-Schematic of the relation
between film thickness, speed and
concentration in the spin-coating
process.
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For particular spin speed the thickrisdarger for larger concentration (larger vistgsiThese

results are as per expectations [2-6]. It can his@een that for particular concentration the ceang
the thickness is not greater than 5%. This indicéite reproducibility of the results. The thickresss

obtained are in the range of 2.79um to 6.11 pum.

3.1.3: FTIR Characterization of the spin coated fins:
In order to confirm the deposition of PMMA, FTIRsaption spectra of the deposited films on silicon

substrate was taken (Fig.3.2).

%T

—— 500 RPM
—— 1000RPM
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Fig-3.2 IR spectra of spin coated PMMA samples
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Fig.3.2 shows the representative IRcspeof the untreated PMMA films spin coated by 500
1000, 1500 RPM on to silicon substrates. The pedikes observed at 2995, 2946, 1731, 1447, 1240,
1149, 986, 610 citare attributed to CHasymmetric stretch, GHsymmetric stretch, carbonyl group
(C=0), CCH, C-0, CH bend in ester group, O-@idcking and silicon respectively. These peaks match
with the standard reported FTIR spectra of PMMA §Findicating confirmation of PMMA filmsA
broad —OH feature in the spectrum between 3600-8800is due to chemisorbed,8 [8]. This shows
all the expected peaks of PMMA confirming the miater
3.1.4: SEM of spin coated film:

Scanning electron microscopy was caroie@ll the spin coated samples. The typical micpl
is shown in fig.3.3

The films coated with 1000 and 1500 RPM of 0.2 and 0.3gm concentration showed smooth,
uniform surface with no cracks or micro-pores amnadgnifications and also at high resolutions hence

they were not photographed.

Typical SEM photographs of the film spin coated580 RPM and the other at 1000RPM with the
concentration of 0.3gm on silicon substrate aravshim Fig.3.3(a and b) respectively. The topography

is different in the two films.

AccV SpotMagn Det WD b———] 1 ym

250kV 30 24b34x SE 90 C-MET

Fig-3.3: SEM of spin coated film.
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3.1.5: Humidity Response of the spin coated films:

Humidity response of the films wasially measured in terms of change in resistanceals
observed that the resistance value was G &d the readings were not stable. Secondly it alss
observed that change in resistance with humiditg wery small, of the order of & and therefore
cannot be measured accurately. Therefore it waslel®¢o use capacitance method. Next the voltage-
divider or Wheatstone-bridge circuit is typicallgad for most resistive sensor applications. It is
reported by Story et. al. [9] that the linearitytb& humidity response depends on the relativeegat
the film resistance and external resistance sele€ter small values of external resistances inticgla
with the film resistance the humidity response amlmear and for comparable values the relation is
linear. The resistances of the films in the préserk are found to be very high. Therefore higltuea
of external resistance is required which will pggeblems in stability of the readings. This circuit
characteristic limits the ability of a resistivenser to provide a linear response with high sensjtat
low RH levels, but can provide increased sensytigit higher RH levels. This also prompted the use o
capacitive measurements.

Films of various thicknesses in the ®@o§j2.79um to 6.11 um were used for humidity sensi
Humidity response of the films in terms of capawita was initially measured using continuous step
method. No repeatable results were obtained. Tlaig Ibe because of the slow response of PMMA to
comparatively fast variation of humidity. Furthesqperiments were therefore carried out using stafcst
method

To take the readings of capacitance with changungitiity LCR meter (Agilent 4284A) was
used. Here one other parameter was introducedatdvas frequency. Readings of capacitance as a
function of frequency (from 300Hz to 1MHz) at diféat humidity levels for all the films were taken.
The responses were similar. A typical responséhickness 5.2pm is plotted in Fig. 3.4. It is observed
that the capacitance is almost constant over thengirequency range except at 500Hz and 1MHz. At
these two frequencies high capacitance value isrebd. The reason of these high values is yet to be

known. Therefore these frequencies are not usédtimer measurements.
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Fig-3.4Capacitance Vs frequency variation for onesample.

It is also observed that the capacitance increastbshumidity and the change in capacita
occurred for each frequency (including 500Hz andHiEMis not greater than 3pHumidity response is

studied, at typical frequency 600(Hz.
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Fig-3.5: Capacitance Vs Humidity variation for different thicknesses.

Humidity response of the films of diffent thicknesses measured at frequency of 5000t
shown in Fig.3.5It shows that as the thickness of film increasesscapacitance value also increa:
This is as expected because the value of the d¢apeeiis directly proportional to the cr-sectional
area of the dielectric filmlit may be noted that the electrodes of IDT are 8Bom thick and inte
electrode distance is 0.5mm. Further PMMA film thickness varies from 2.85 to 6.11micr
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Therefore it is possible that the electric fieldvibeen the electrodes is entirely through film. Simg
can work here as a dielectric material. So dependipon thickness we got the variations in the
capacitance values [9].

Further the response of all the films of differéhicknesses is linear. It may be noted that
capacitive-type humidity sensors rely on a chamgeermittivity €) of a ceramic or polymer dielectric
with relative humidity. PMMA adsorbs water. Watestpermittivity of ~80 and therefore adsorption of
water is increasing the permittivity of PMMA whiaek 2.6. Since amount of water adsorbed increases
with increase in humidity and therefore the caenie increases.

If thickness Vs sensitivity (slope) graplig.3.6 of these values is plotted, it shows a oamd
variation. This may be attributed to the variatadrthe humidity affected thickness of the filmsn&
PMMA is hydrophobic whole of the thickness of thénf may not absorb humidity. How much

thickness will get affected is unpredictable.
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Fig-3hickness Vs sensitivity (slope) graph
The sensitivity of high thickness film is greatean films having low thickness. So graph indicates
some variations accordingly.
3.1.6: Response and recovery time of the films:

Response and recovery time of spin cbéiten having 6.11um thickness was taken. It was
approximately 10 minutes and recovery time of 18utes which were better than reported value of 7-
14 min [10] for the plasma treated films and 15 fdih] for different humidity values.

In spin coated films, thickness of fi@ is of the order of some microns. The adsoraader do
not get into the film, but it remains on the sudamly. So the change in response time and recovery

time is attributed to surface phenomena.
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Fig-3.7: Response and recovery time of film.

3.1.7 Hysteresis of spin coated films:

Hysteresis is defined as the maximum differencinénresponse curves taken while increasing
and decreasing the variable parameter, at the sazahes of parameter. The hysteresis curves
(capacitance versus humidity) for 6.11um thickrféssis shown in fig.3.7. The hysteresis is fourmd t
be 1% for all RH values. For other films also hys$és of same order was observed. The hysteresis in
the response at lower RH is a result of slow ddgorpof the water from the surface of PMMA. At

higher humidity, the condensation occurs and foamsluster over the surface of the film, which
attributes to hysteresis [10].
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Fig-3.8: Hysteresis result for 6.11um thicknesslfn.
The sorption mechanism can be understood by camsgd@ dry sample placed in certain
humidity, and then the zone which is immediateljaeent to the surface takes up water both by §llin
of micro-voids and by a process of accumulatiomwater on the surface which results in small clisster

on the surface. The accumulation continues toritrie to the uptake of water as a result there is
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acceleration in the rate of sorption which contgwwatil the accumulation in the surface zone of the
samples reaches an equilibrium value. There afteorstant rate of sorption is achieved [12]. The
opposite will be the case in case of de-sorption.

3.2: Plasma treated PMMA as humidity sensor- Resudtand Discussion:

3.2.1: Introduction:

The hydrophilicity of polymers is one tbie key factors that determine the surface progexf
polymeric materials. It controls various properties polymers, including wettability, adhesion,
colorability, and anti-electrostaticity. Dependiog the situation, sometimes more hydrophilicity or
hydrophobicity of a polymer surface is desired. Fadification of the surface properties of a polyme
a number of methods have been developed. Physidatteemical modifications are two main methods.
The physical modifications include plasma, [13,&dona, [15,16] flame [17] and ion beam treatments
[18] while the chemical modifications comprise cheshreaction and wet treatment.[19,20]

As is observed from literature surveyrface modification of polymer surface is knoven t
increase the wettability and surface energy of gblymer surface [21, 22]. It is thought that this
technique may be able to give higher sensitivity better response and recovery time. Secondly, as
adsorption of humidity is a surface phenomenon pladma treatment for a few minutes can easily
change the surface structure, so the surface dPM&A films is modified by plasma treatment and its
effect is studied. For this purpose, Emitech KX3asma Etcher/Asher/Cleaner system was used.
Argon gas was introduced in the system. The flovargfon gas was 20sccm. PMMA solution of 0.1
concentrations was taken. Plasma treatment waswlitiméhe power of 20, 30 and 40watt for 2, 5 and 8
min. The system pressure was kept constant at Ba2.rRower greater than 40 W and time larger than 8

min was not used as this lead to etching of thepesn

3.2.2: The plasma treatment process

Spin coating of PMMA on to IDT, glassdasilicon substrates was carried out as stateddtiian
3.1.2.The concentration of PMMA used in the experits was 0.1 g /10 c.c. CHCIhe spinning was
carried out at the specific spin speed of 500 rprmafconstant time of 30 second. The samples prdpar
were plasma treated as explained in section 2cBi@ck section number).The FTIR spectra were taken

on one silicon sample for each condition.
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3.2.3: Characterization of the plasma treated fihs:
3.2.3.1 FTIR analysis:

The IR spectra of the untreated PMMInfspin coated on to silicon substrates is gived an
discussed in detail in section 3.1.3.
Fig-3.9, 3.10 & 3.11 show the FTIR absiamp spectrum of argon plasma treated samples on
silicon with power variations (20,30,40watts) aimde variation (2,5,8 min.) respectively. Peaks ¢gpi
of PMMA shown in Table-1 are observed. In addittmme new peaks are seen to be present and/or the

intensity of the old peaks is observed to have ghdn
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Fig-3.9: FTIR of samples plasma treated at 20wattofr different time durations.
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Fig-3.10: FTIR of samples plasma treated at 30wafor different time durations
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Fig-3.11: FTIR of samples plasma treateat 40watt for different time durations

The band due to ester C-O stretching mode at 1450is broad in modified samples which is
characteristic of cross linked polymer system [2B,Zomparison of the absorption peaks seen in the
region between 3600-3900 &nfattributed to -OH feature) shows newly formed/andhcreased —OH
functionality’s after treatment which may be resgibte for increase in the hydrophilic propertiesod
top surface[25]. The OH functionality varied fromngple to sample sugges variation in the hydrophilic
character of the topmost surface due to argon @dassatment. For samples treated at a constantrpowe
at 40 W with time variation from 2 to 8 min are stamtially reduced and not distinct(sentence
incomplete what has reduced is not clear). Fothalsamples (except sample treated at 30watt for 2
min.) the carbonyl and the ester functionality'srevvisible and there was no notable shift in tbaks
positions of C=0 at 1730 ¢hand C-O at 1149 cih& 1241 cmi* within = 3 cni*. For that particular
sample (treated at 30 W and 2 min??? mention lsesptpeaks are shifted to 1720, 1154" @nd 1241
peak is absent. This suggests that for other sanpéeC=0 and C-O environment has remained more
or less static even after the plasma treatmenbwadih their intensities varied considerably suggesti
cross linking [26]In the present case in PMMA C=C does not exist@a@® & C-O are responsible for
cross linking of the samples.

M. Matsuguchiet al [26] have shown that with the increase in the photdiation time there
was a rapid decrease in the absorbance at 1630afnmthe C=C stretching vibration. They have
attributed this fall in intensity of the C=C absanite peak to the degree of cross linking due tdagoho
irradiation. They have concluded that with photadiation time the degree of cross linking goes on
increasing until it reaches a maximum after whictemains constant. The peaks at 1149 and 1241 are
clearly observed, Ulriket al [27] also observed those peaks at 1150' @nd 1240 ci separately and
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with sufficient intensity. The %transmission peatensity of C=0 and C-O showed an overall decrease
with increased power.

Choi et al [28] have studied chemical changes in PMMA causedarious irradiations like UV,
X-ray, electron and proton beams. They have sugddbiat gaseous products like CO,£ZOH, and
main chain scissions may have caused due to itradigeading to formation of new bonds in the
polymer chain, cross linking being one of them. yrhave further confirmed that the decrease in the
carbonyl bond intensity is proportional to the demt dose of different radiations used.

The changes are also observed in the PMMA filngos&d to plasma in the present work. The
argument by Chogt al [28] that chain scission and the formation of nends due to irradiation by
UV, X-ray, electron and proton beams can also liengled in case of the present work. This is because
there are various species available in the plasmanteraction with matter, but the exact estimaite

them is difficult.

The C=0 and C-O absorption peaks(wréak values) in all the argon plasma treated sssnpl
(for power variation at constant time of 2/5/8 mmégre narrow and distinct only their % absorption
intensity changed. These results can thereforeobepared with those of Ulrike et al [27]. The %
absorption peak intensity of C=0 and C-O showed\arall decrease with increased power at constant

time.

In case of samples treated for 5 and 8 min aB@@&nd 40 W it is interesting to note that there
is an increase in C=0 as well as C-O functionalitye increase in C-O can be due to formation of new
C-O functionality as we had also observed loss @ @640 crit in the FTIR spectra. This could be
attributed to the fact that at this power, time anelssure the oxygen present in the reactor (thetoe
pressure was 0.2 mbar) could have got incorpoiatedhe material. This is in good agreement wité t
work carried out by Vargo Gradilla [29]. They haswidied the surface modification of PMMA by
0O./H,O and HO RF glow discharge plasmas. They had observednarease in the carbonyl
functionality in PMMA after Q'H,O RF plasma treatment for 10 min.

3.2.3.2 The SEM of the Plasma Treated Samples:

To observe the surface roughness or the ewtemicro-pore or cracks formation, the SEM was
taken of all selected samples namely argon plasested with 20Watt power applied for 2,5,& 8

minutes, 30 Watt power applied for 2,5,&8 minutd§Watt power applied for 2,5,&8 minutes.
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Micrographs are shown in Fig- 3.12. Micro poresavebserved all over the sample surface at a low
magnification X1000 and at higher magnificationX&000 these pores are found to be 1 tprn3 wide.

The micrographs shown for all the samples are taksame magnification.
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Fig-3.12: SEM of plasma treated samples

The pore density was low(20W/2 min. samplenpared with the samples treated at higher
powers and longer times. When observed under tiv, 8te untreated samples showed a very smooth
surface at all magnifications and also at high ltggms. In the present work, it has been obsefi@u
the FTIR and SEM that plasma treatments have lea@rious modifications in the polymer like cross
linking, changes in molecular weight and free vadudue to scissioning, introduction of hydrophilic
sites (C=0) and increase in porosity leading tées@ roughness. One or more of the parameters may b

responsible for giving the observed response ofsfilo humidity.
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3.2.4. Humidity Response of the Argon plasma Tréed Films:

Humidity response of the plasma treated films issoeed in terms of change in capacitance at
5000 Hz using LCR meter (Agilent 4284A). Changecapacitance with respect to humidity of three
samples plasma treated with the power at 20,30 48Watt for 2, 5, and 8 minutes are given in

Fig.15(a-d) and their outputs are compared withotlgut obtained for spin coated films with diffete

spin speeds.
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Fig-3.13.: Capacitance change w.r.t. humidity foplasma treated and spin coated samples
a)20 W,b)-30W,c)40W, d) Spin Coated films.
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Fig. 3.13(a-c) represent change in capacitance mdthidity of plasma treated samples at 20
watt, 30watt, 40watt respectively and Fig 3.13¢dpr spin coated samples with different speeds.
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These graphs indicate that at 5000Hz frequencytapéasma treatment, output increases in the
linear fashion as the humidity was increased. Tdasans for change in output for films treated for
different time intervals may be surface roughngsasre size and pore density. As these films adoe
at the powers of 20-40 W, surface roughening igegpossible. This change occurs due to surface
modification. While for the spin coated sample, a@istput response is slowly increasing up to the
humidity of 53%. Afterwards it increases in theelan fashion. The reason behind this behavior then
spin coated samples water did not get absorbdteimtterial, but it remains on the surface onlyttgo
change in capacitance occur is small initially asdhumidity increases the output increases afté 53
humidity.

It is also observed that the maximumange in capacitance in whole range of humidity for
plasma treated samples is 7pF and that for spitedosample it is 3pF. The dielectric constant of
PMMA is 2.6 and that of water is 80, the uptakewater into the polymer leads to changes in the
overall dielectric constant of the material henegding to change in the capacitance of the senilor w
%RH. Further plasma treatments have lead to vamoodifications in the polymer like, cross linking,
changes in molecular weight, free volume due tgssgning, introduction of hydrophilic sites (C=0)
and increase in porosity leading to surface rougbn®ne or more of the parameters may be respensibl
for giving the observed response of films to huyidi

The nature of the RH response curves follow spetiénd over the entire range of RH that was
measured. Overall it is noted that the slopes (pAYoof the curves are different for different traant

time and different powers. Those values are tabdlbelow (Table 3.3).

Table -3.3: Slopes (sensitivitpf/%RH) of the plasma treated samples.

Power. 20W 30W 40W

Treatment
time

2 Minutes 0.0375| 0.038880.0355
5Minutes 0.07125 0.07825| 0.04375
8 Minutes 0.0352%0.03375| 0.02713

The sensitivity values obtained are low, probahlg tb the small thickneg2-6um) of the films. Again
water in that situation may not get into whole tbe thickness of the material irrespective of

microporosity of the surface. So change in capacéaccured is small w.r.t. change in humidity.
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Surface roughness is another factor which is resptanfor sensitivity changes. If SEM shown in fige
(3.12) are observed, it is noted that as timeezttment is increased, number of pores are incrgakin
means that the samples treated for 8 minutes stsh@ maximum sensitivity factor, but that is not
observed. On the contrary for 8 minutes the setitsitiactors are less than other samples. This bey
due to the pore size variations. The pore densiipngreasing but the pore size is decreasing wigh t
increase in treatment time as well as with treatmpewer.

Therefore one can say that both surface roughaed hydrophilicity may in addition to some
other factors contribute to the overall sensitiafythe sensor.

Other factors which have to be considered are dnolsigg and change in molecular weight and
free volume of the polymer due to plasma treatm@ndss linking is evident in most samples but their
degree is difficult to calculate as derived fromliRTanalysis. The change in the molecular weight is
difficult to predict. It has been proposed thatr@ase in the molecular weight leads to increashen
water uptake whereas decrease in the molecularhiveagds to closer molecular packing leading to

decrease in the available free volume necessawydtar uptake[30]

According to Andrewet al [30] the differences in the free volume in theypoér is mainly
responsible for the observed differences in thesisigity of the sensors. The dual-state model f ga
sorption has been widely used in the interpretatibgas diffusion in amorphous polymers including
PMMA. In this model, sorbed gas molecules arerpreted as being a part of one of two populations i
the polymer, the Henrian population of moleculedbed by ordinary dissolution mechanisms in the

polymer, and the Langmuir population residing ie tfee volume within the polymer.

The concentration of water sorbed in the Henrigessin these films will depend on the
availability of hydrophilic sites like C=0 in casé argon treated samples. The Langmuir population
(dependent on the free volume available in thermely of the sorbed gas molecules on the other hand
will depend on the available free volume which umnt will depend on the cross linking density and
degree of packing porosity, and the presence asehak of side groups of the polymer backbone. Other
factors which contribute to the water uptake aréecudar weight and surface roughness.

Turner D.T. [30] has studied the sorption kinetissd volumetric changes in PMMA sheets,
where by after the immersion of PMMA sheets in wbe a week he observed that the total percentage
increase in weight of the samples leveled off ne@8 in which about one-half of the water was

observed to be accommodated in micro voids. Furthemer D.T. [31] studies on effect of molecular
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weight suggest that samples of low molecular we{yhwr = 60600, Mn = 33200) take up only 1.2 %
water as compared with the samples of high moleaukight (Mw>10) which take up water up to
2.0%. From the density changes which accompanyrvgatgtion it is estimated that a low molecular
weight sample accommodated only 15% water in mioids whereas about 50% of water was found in
samples of high molecular weight. This suggests Ith@er molecular weight means closer molecular
packing leading to lesser micro void formation.

If we once again observe the C=0 intensity in theamples it is observed that the C=0
absorption peak increases as we increase timeathtent. Once again it is to be noted here thaethe
samples with well defined C=0 absorption peaksmditigive any improvements in the sensitivity, on
the contrary these samples showed lesser sens{tirgatment time of 8 min.) than the untreated gam
suggesting the bulk properties of the polymer mayehchanged due to plasma treatment leading to
changes in the free volume.

All the factors discussed above are responsiblepéanda crucial role in determining the uptake
of water in the polymer. The percentage contributsd each factor in the water uptake is however not
known but the availability of free volume and thregence of hydrophilic sites are major contributors
the water uptake mechanism.

As the degree of cross linking, scissioning (amlity of free volume), changes in molecular
weight, hydrophilic sites available, and porossydifferent in all the samples due to various pkasm
parameters, the sensitivity shows wide variatidie sensitivity is also not uniform throughout R
range being measured,; this is due to the factttigapercentage of all these factors responsiblevéber
uptake at various depths in the polymer could ffferéint for different samples which in turn aregtea
parameter dependent.

Response time of plasma treated films:

The time interval in min between 90% and 10% of th@&imum capacitance (at saturation)
value is defined as response time and is calcufabed Capacitance Vs time graph. Fig 3.14 shows the
response curves of the plasma treated films treatt@@ Watt for 5 min since this film gave maximum
sensitivity.
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Fig-3.14: Response and recovery time of film.
The response time for sample plasma treated attBf@awa minutes is 6 min and recovery time of same
sample was 7 minutes which is better than 7 to it raported by Dabhade et.al.[10]. Kulwiki [11]sha
suggested that typical equilibration time for pogmbased sensors to be around 15 min which he has
further set as programmed time for sensor chaiaatem measurement. The observed time in the
present work 6 min and 7 minute is of similar orsieggested by Kulwiki [11].
3.2.5 Hysteresis:
Hysteresis defined as the maximum difference intéhe outputs (increasing and decreasing cycle) at
the same RH level. It is observed to be nearly déplasma treated sample at 30 watt. The hysteiresis
the response at lower RH is a result of slow deasorf water from the surface of PMMA. At higher
humidity, the condensation occurs and forms a etusver the surface of the film, which attributes t
hysteresis. Here, hysteresis for plasma treateglsasn
30 watt for 5 minutes film is shown in fig.3.15. rRather films also hysteresis of the order of 4%
was observed.
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Fig-3.15: Hysteresissdt for 30W/5 min. film

During increase in the %RH the response increa&Hims slow and the change in capacitance is
not much as the humidity is also low. After 50 %Rl sensor starts to show the variation in
capacitance gradually up to about 75 %RH when ¢émsa@ response is fast. The sensors do not show
the initial capacitance as the sensors were remtread the RH chamber after the maximum RH was
reached and as they require more to equilibratertitial capacitance can only be retained after the
sensor is kept at maximum RH for more than 15 roe to this cycle the sensor shows a large
hysteresis in the static mode of RH sensing.

Hysteresis is related to film thickness, since roemments are performed using fixed time
intervals and thin films equilibrate faster tharickler films. Other contributions to differences in
capacitance include process variations which leatifterences in dielectric permittivity of the real
and contact problem.

Another reason for large variation in hysteresmrirsample to sample can also be attributed to
the fact that the samples have a considerable mespiime therefore during the dynamic response the
sensor does not immediately respond to the chandasmidity which leads to hysteresis. According to
Andrew et al [23] hysteresis in polymer films is caused in paytthe mechanical relaxation of the
polymer when the water is sorbed. Relaxation toldheRH state is not instantaneous, so removal of
water lowers the cohesive energy density of themet, requiring a larger difference in chemical
potential between water in the ambient and waténérnpolymer to remove the water. Addition of cross
links to the polymer will increase the dimensiostlbility by limiting the movement of polymer chain

in any relaxation that occurs. Thus hysteresijgeeted to be lower in the cross-linked PMMA.
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3.3: Plasma Polymerized PMMA as humidity sensor- Ralts and Discussion

3.3.1: Introduction
This section describes the results on monomeripatiibn, deposition of plasma polymerized MMA

(PPMMA) films at various system parameters andattarization of the deposited films by SEM,

FTIR and RH sensing. The results are discussettim of the available literature.

3.3.2: IR Analysis of the Purified Monomer:

In the commercially available monomer (MMA) very ainpercentage of quinone (150 ppm) is
added as inhibitor to prevent polymerization. Thenomer was distilled using the procedure
described in section 2.3.3. The IR spectra of uiléd and distilled MMA are shown in Fig. 3.16 (i)
and (ii). Change observed in the spectrum indicttasthe monomer is properly distilled. All the
peaks observed in conventional PMMA (see sectidn3B.are observed in distilled monomer.
Standard IR spectrum is taken from Aldrich Libr§3®2] and compared with the results obtained. It
confirms the purification of the monomer. Furthes peak is observed at 3450 ¢nwhich

corresponds to OH stretching, indicating the abs@fenoisture in the monomer.
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Fig-3.16: IR spectra of MMA (i) Un distilled (ii) Distilled (iii) Standard

Aldrich
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This purified monomer is then used as a startinteriad for the plasma polymerization of the methyl
methacrylate [10].

3.3.3 Synthesis of Plasma Polymer Films

It is observed from the literature [33] that theaim variable parameters for plasma
polymerization are the monomer flow rate, carrias §ow rate, system pressure, input RF power and
reactor dimensions. Hattod al [34] carried out plasma polymerization of MMA im anductively
coupled, tubular type reactor at system pressuteTalrr, argon flow rate of 40 cc/min., MMA flowtea
of 3 cc/min and the input power of 20 W. Gangadl [35] had carried out depositions of PPMMA in a
reactor similar to the one used by Hattori wherytharied the pressure from 0.2 Torr to about I.Tor
The typical argon flow rate was 50cc/min and thenamer flow rate was varied between 10-50 cc/min.
The input power used was from
30 to 60 W.

Using above parameters as guidelines, depositiortha present work were carried out in a
similar inductively coupled tubular type reactoB[34]. A large number of experiments were carrietd o
in order to get deposition of plasma polymerizelindi having same chemical structure. Many
experiments with various combinations of powerspuge and flow rates were carried out to deposit th

films, for RH sensing.

The typical conditions used were in the rangesprafpw rate between 5-15 cc/min, MMA flow
rate 20-30 cc/min; pressure 0.1-0.4 mbar and the®¥er 10-45 W. The time of deposition was kept
constant at 1 hour to get sufficiently thick filmBlasma polymerized films were formed only at garta

combinations inthe above givenranges of parameters.

The oily films were obtained at relatively high gseare (0.4 mbar). The RF power used during
these depositions was also considerably highe6@aV. Such high power was necessary to obtain the
glow in the polymerization region at high pressuelower discharge power and pressure of 0.4 mbar,
the glow does not extend to the substrate holdeighnis necessary for the polymer deposition otihéo
substrate. These were not used for further charaaten.

Formations of oily films indicate that oligomersdormed at high system pressure and high RF

power. This observation is similar to the one rgubiby Duval and Theoret [36], they suggest that at
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high reaction pressure, (> 1 Torr) there is sugfitimonomer on the surface of the substrate tolgdss
the reaction chain and limits the degree of polymag¢ion. This leads to the formation of low moleul
weight oily products. This observation implies tiragmentation of the monomer may be taking place.

Liepins and Sakaoku [37] carried out plasma polymadon experiments in an inductively
coupled plasma in the pressure range between @@ twr. They have reported that polymeric powders
are formed nearly exclusively in an inductively ptad RF reactor where organic vapor is introduced i
the plasma of carrier gas. They have further regothat powdery film formation at higher pressures
also depends upon the structure of the monomer. bdetthyl methacrylate however lies in the list of
monomers which do not form powdery films[37]. Fotimma of oily films and not powdery films at
higher pressures in all our experiments is supddotethis result. Duval and Theoret [36] found that
high molecular weight is favored by low pressurd aigh power. They concluded that at low pressure
the surfaces are monomer deficient and the reaspeeies continue to grow yielding high molecular
weight solid products. These observations were \agfied by Kobayashgt al [38].

Films formed at pressure 0.2 mbar, arffow rate (5cc/min), MMA flow rate (25

cc/min) and time of deposition (1 h') are the fixestameters with different RF power from 10 to 4&wa
were subjected for further investigations. All fiilems were reproducible when similar parametersegiv

above were maintained.

3.3.4: Characterization of the plasma polymerizediims:
3.3.4.1 FTIR:

Three samples (one silicon and two IDT substratese deposited at each power level in the
range 10 to 45W. Samples deposited on silicon aesl dor FTIR measurement and remaining two
samples were used for humidity measurement. Thkiknvas measured using talystep method (Taylor
Hobson, Fukuoka, Japan). It was found to vary fad@ito 250nm in the power range used. The films
deposited on the silicon substrates showed col@tishs on the surface, which is created becatfise o
the variations on the thickness deposited on thsteate. FTIR spectra of the films deposited under
various power conditions are taken. The FTIR spectof conventional PMMA is used for comparison.
All the absorption peaks of PMMA are also obsenvethe PPMMA.

The representative IR spectrum of the films is shawfig-3.17.

89



— 10 Watt

604 — 15 Watt
20 Watt

501 — 25 Watt

40-

30 |

%T

o M\/\/‘MW
10+

IR, NN
-10- . . . .
0 1000 2000 3000 4000
Wave Number(cm-1)

Fig-3.17: FTIR speatof PPMMA samples

Table-3.4 IR absorption peaks for films at different RF power (10 to 45W)

Wave Peak Absorption peaks obtained for PPMMA films depositgddifferent power

number assignments | levels cn

conventional 10 15 20 25 30 35 40 45

PMMA cm* Watt Watt Watt Watt Watt Watt Watt Watt

3450 O-H stretch - - - - - 34755 3480 3454

2950 CH stretch 2958 2949.8 29498 29516 29364 2931 295@962

1730 carbonyl group 1715 174213 1711 1710 1705 1724742 1729

1640 C=C stretch 1634 16464 1658 - - - - -

1430 CH bend in 1435 | 1460.7 | 1435 - - 1456 1429.51454
CH, group

1370 CH bend in 1370 1384 1365.4 1377 1378 1377 1372 1378
CHgs groups

1140 1111.5| 1154 1110 1104.5 1110 11245 116 1161
C-O stretch

The peak positions are shown in &ald. Column 1 of Table 1 gives the FTIR absomtio
peaks of conventional PMMA. Column 2 gives the esponding assignments. Remaining 8 columns
give the absorption peaks obtained of the filmsoddépd under different power conditions. As can be
seen from the table the peaks observed in PPMM#sfére near to the ones in conventional PMMA but

are different in films deposited under differentygs conditions.
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As shown in the table, for 10W to 30W all the peaks very close to the standard peak values of
PMMA except the peak at 3450 ¢mAs this peak is not present, it indicates absefamoisture in
monomer at the time of distillation and so compless of the O-H stretch at 3450 ¢m

The IR spectrum shows absorption peaks at wave etsr8%50 cii due to OH stretch, 2950
cm* due to CH stretch, 1730 cthdue to carbonyl group, 1430 ¢nfor CH bend in Chi group, 1370
cm* for CH bend in CH groups and 1140 cindue to ester group. These peaks are all at sinvéae
numbers compared to conventional PMMA (refer to 184B.3.1). The only difference is that the
absorption peaks are broader than the conventiBMMA and seem to be merged indicating the
formation of cross linked polymer [23] The IR ara$ythus confirms the formation of the polymer.

These results are well in agreement with the resflfTobin et al [39], wherein they have found
that the index of refraction ‘n’ of PPMMA films igversely proportional to the deposition pressure a
constant plasma power. The density is presumexctease with the increasing ‘n’. They have inferred
that films produced at higher pressures can bee@ras ‘low-density’ and those deposited at lower
pressures as ‘high-density’ films.

In the present case the films deposited at lowesgure of 0.2 mbar could also be of high
density in nature as they showed broadening andyenesf absorption peaks in the FITR spectra
suggesting cross linking. Therefore we can furtkay that more cross linking may lead to higher
density of the PPMMA.

It is reported by Suzuldt al [40], that the humidity sensor that contains wiglsigned carbonyl
group as adsorption sites will respond directlyRrtd. As is evident from the FTIR spectra, all tHen§
deposited in the present work contain well defimedbonyl group at 1730 ¢hmand therefore are
supposed to be sensitive to humidity. The intensitthe carbonyl peak is however varying depending
on the polymerization conditions and degree oftmking. For 35 and 45W films, the peaks obtained
are very much close to the standard PMMA peak value

From 25W to 45W, all the peaks are absent at 1640 of the C=C stretching vibration,
probably due to high wattage.

The absorption peaks of 15, 40 and 48pecially in the range 1000-1200 tare seen to be
broader indicating the presence of cross links. Bdred due to ester C-O stretching mode at 1146 cm
is broad in 15, 40 and 45W samples which confirdnaracteristic of cross linked polymer. In the
present work the decrease in the absorption pelidivied by broadening for some samples is more
attributed to cross linking and the extent of crlogdng is different for different samples [10].
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Summing up the work on variation in power at fixade, one can say that in the present work the
decrease in the absorption peak followed by braadefor samples 15W, 40W, and 45W is more
attributed to cross linking. Out of these eight plag, from FTIR table it is observed that mostha t
peaks for 35W sample are close to standard peakswB are not getting peak near 1640'crihe
reason is to be analyzed.

3.3.5: Humidity Response of the plasma polymexed Films:

Humidity response of the plasma polymerized filnssmeasured in terms of change in
capacitance at 5000 Hz using LCR meter (Agilent4498Fig.3.3.3 shows the change in capacitance

with respect to humidity of all samples formed frathwatt to 45 watt power.
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sa] | —°— 15 Watt
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10 ,/':,(:. //
5] =m—"

% Humidity

Fig- 3.18: Capacitance change w.r.t. humidity foplasma polymerized samples.

As seen from fig-3.18, the variation of capacimidifferent in different humidity regions for
a particular film and these humidity ranges vamynirfilm to film. Broadly speaking there are two
regions, in lower humidity region( around 12-53%h¢ sensitivity is low and at higher humidity regio
(above around 53%) the sensitivity increases sugd@&he reason of this increase probably lies i th
structure of the films and the readings are takemhea room temperature and room environment.
However the detailed investigation are yet to beedd able 3.5 gives the values of sensitivitiesnia
different humidity ranges for different films.
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Table 3.5 Sensitivity of PPMMA films

Plasma Low humidity | High humidity
power region region

10 0.016 0.335

15 0.024 0.235

20 0.015 0.181

25 0.045 0.27

30 0.035 0.362

35 0.017 0.196

40 0.013 0.167

45 0.013 0.204

Higher sensitivity of the PPMMA films is interpret@as a larger concentration of sorbed water caused
by a higher free volume in the PPMMA film. In theepent case the cross linked polymer can be
regarded as a high molecular weight material accodating more water in the network structure.
The variation of sensitivity from film to film ist@ibuted to the difference in the free volume lve t
sensor films, presence and intensity of the carbgroup and the molecular topology of the films][23
While explaining the results obtained on PPMMA &lndeposited in parallel plate plasma
system Andrew et al[23] have used a duel-state mofigas sorption. In this model, sorbed gas
molecules are interpreted as being part of onevofgopulations in the polymer, a Henrian population
of molecules sorbed by ordinary dissolution mecrasi in the polymer and Langmuir population
residing in the free volume within the polymer. Base the PPMMA and PMMA films can be regarded
as basically identical as PPMMA and PMMA have bBemed from the same basic monomer-MMA,
the concentration of water sorbed in the Henrigesstan be viewed as being the same in these films.
The difference in the sensitivity of PPMMA filmsropared to PMMA films is regarded to be due to the
adsorbed water in the Langmuir population. Highemsgivity of the PPMMA films relative to the
PMMA films is interpreted as a larger concentratadrsorbed water caused by a higher free volume in
the PPMMA film. The PPMMA films thus have low detysithough they are cross-linked, which varies
as the deposition conditions. The films depositeden different deposition conditions have shown
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different sensitivity to RH. The differences in thielectric behavior of the PMMA and PPMMA films
reveal details of the difference in structures lesmwthe two materials.

Andrew et al [23]have reported the sensitivity of PPMMA films toatve humidity. The films were
deposited in parallel plate reactor. However, theirk show sensitivity lower than PMMA which is
reported to be due to the high density of crodsimimplying less free volume within which wateillw

be adsorbed in Langmuir population.

Turner D. T. [31] has reported that samples of PMdMAow molecular weight may take up less water
than samples of normally high molecular weight. rieurhas also concluded that, from the density
changes accompanying water sorption it is estimiiaida low molecular weight sample accommodated
only 15% water in microvoids, as compared with 5% samples of high molecular weight. In the
present case the cross linked polymer can be redaas a high molecular weight material
accommodating more water in the network structimréinear glassy polymers closer molecular packing
may be the cause of the material accommodatingressount of water.

The difference in the obtained density of cros&Hig in the present work as compared to the regdorte
work by Andrew et a[23] may also be attributed to the difference in thet@aused. In the present
study we have used an inductively coupled reactor.

3.3.6 Response and recovery Time of plasma polynmed films film:

To determine the response and recovery time okémsor, the graph of change in resistance Vs
time is plotted. (Fig. 3.19) From this graph thep@nse and recovery time is calculated. Respamse t
of the film is 118 sec and recovery time is 63 wheh is slower than reported value of 30sec [Z8le
reason of this increase probably lies in the stmacbf the films. Here we tried all the films buegot

good result for 35W film.
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Fig-3.19: Variation of Resistance with time for 7% humidity
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3.3.7 Hysteresis of plasma polymerized films:

Hysteresis defined as the maximum diffeeeinche two outputs (increasing and decreasing
cycle) at the same RH level. It is observed todarly 2% for plasma polymerized samples at 35.watt
The hysteresis in the response at lower RH iswtretslow desorption of the water from the suefax
PMMA. At higher humidity, the condensation occunsl &dorms a cluster over the surface of the film,
which attributes to hysteresis. Here, hysteresipfmsma polymerized sample at 35 watt film is show

in fig-3.20. For other films also hysteresis of trder of 2 to 5% was observed. Representativengoép
only one sample is given.
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Fig-3.20: Hysesis result for 30W film

3.4 Conclusion:

Comparative study of spin coated, plasma treatddoasma polymerization films as humidity sensor

Spin Coated Plasma Treated Plasma Polymerized
Parameters . . :
Film Film Film
Response time 10 minutes 6 minutes 118 sec
Recovery Time 12 minutes 7 minutes 63 sec
Hysteresis 1% 4% 2%
Repeatability Good Good Good
Reproducibility Good Good Not good
Ease of
Construction Very easy Easy Depends on system
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From above table, it is observed that plasma palaigon system can be preferred as the sensor
formed by that system has the minimum responseecwlery time. But on the other side to form a film
of 2000 Angstrom thickness, the system requiresrmim one hour. Also depending upon the type of
system, its reproducibility also changes. So lbeter to use a method by virtue of which good sens
can be built in minimum time interval. So spin aogtis preferred. Its response time is large but by
using some surface modification method it is pdedib modify its surface to get quick responsehef t
film. One of the methods is plasma treatment.
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Chapter-1V

Humidity Sensing Properties of Drop Casted PMMA Fims
Using Direct Optical Transmission Method

4.1 Introduction

The electrical response for humidity variations bhasn attributed to both chemi-sorption
and capillary condensation of water molecules Qhjer the years, different sensing methods
have been developed by measuring a variety of htywielated parameters [2]. Each of
these has unique advantages and limitations asdit&sble only in certain applications. The
range of applications in which humidity measurerseate needed is endless and is
increasing with time because with the advanceméntechnology new information is
required on the effects of humidity on quality audt the product as well as safety, comfort,
and health of the human beings. The conventionaémass used for sensing humidity are
electrolytic metal oxides, alumina thin films, awcdramics. [3] However, polymers are
identified as good candidates for practical appilices because High sensitivity, Low cost,
Simple fabrication technique. There is a wide cbéa@¢ molecular structures for improving
their properties. However there are shortcomingpapmer’'s e.g. low stability at high
humidity, too high impedance at low humidity anafting etc. To overcome these problems
some techniques are developed such as graftingss ctimking and embedding of

nanoparticles etc.

Polymers are having two main properties; they ¢t) @ surface capping agents & (ii)
provides matrix to disperse nanoparticles. Theycampatible with oxides and ceramics,
because of their low cost, flexibility, light weigtand easy processibility. They can be used
at room temperature. [4, 5] Various polymers hagenbused to fabricate humidity sensors.
From their basic principles, they are classifiet itwo categories based on (1) changes in the
electrical properties of the materials due to thgoaption of water vapor and (2) gravimetric
changes in the materials after absorption of wesgor. The first category is divided into
two types: -resistive type and capacitive type.n&ally hydrophilic polymers are used for
resistance type humidity sensors, whereas hydraphpblymers are preferred for the

capacitance type [6]. Nowadays, a variety of polsgytped with suitable molecules or dyes
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are being used in optical humidity sensing appbeet [7]. Based on the changes in electrical or
optical properties, different humidity sensors popularly studied.

Different polymers like PANI, PVA, PVP and PPMMA neat or doped with various
acids or mNA and with nano-metal polymer compositesreported for humidity sensing [8-14].
Sensors based on evanescent waves are well repbst@d]. In those planar optical wave guide
based and plastic optical wave guide based are statlied. Another simple but the most
sensitive optical method reported is direct trassion of laser beam through the humidity
sensitive film [5,18] The method is applicable orfty the materials which are optically
transparent to the laser beam used unlike thaptidad waveguides, which are applicable to any
material, that can be in the form of a film and k#as an optical clad .

PMMA is reported as a humidity sémsi material based on its electrical properties.

[21].To the best of our knowledge it is for thesfitime is evaluated in the form of drop casted
films for their Humidity sensitive behavior usingir€ct Optical Transmission Method.
Characterization of the deposited films is done&SEM, FTIR.
4.2.Characterization of Material :
The drop casted films having 1, 2,3 and 4 dropstéghas A, B, C, and D respectively, were
characterized by SEM and FTIR in the presenceftdrént percentage of Relative Humidity
4.2.1 SEM:

0003089 ‘B 0.00473g

Fig. 4.1 SEM pictures of A,B,C,D films.

The SEM pictures show uniformity of the film surdad-or the layer one (A Type), there are
bigger voids. The number of surface sites appeatetsmall in number. One can expect small
contribution from surface and intra grain sitese Bitype sensors show large number of grains
with micro voids. The C type have more number ofnmioids than those in type B while the D
type has agglomerated grains with bigger void® 3&me is reflected in the sensitivity curves.

The results summarized in table 4.1 are supporgesBM pictures.
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4.2.2FTIR:
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Fig.4.2 FTIR spectra with variable Relative Humidity
The FTIR spectra show the effect of humidity. Witlsrease in humidity, the % transmission
decreases and new peaks are introduced. At lowditynof about 12 % RH and 33 % RH,
PMMA samples show peaks at 1530 t@850 cnt, 3740 and 3840 cthand broad band at
about 1600-1800 cth The bond in the region 1600-1800 is due to C¥étching. The peak at
2350 cnt is attributed to gaseous G@hat represents asymmetrical stretching [22, Z8]s
bond is instrumental error. The weak bonds at higleve number i.e. 3840 and 3740 might be
due to attachment of OH bond with surface [24].
With increase in humidity the broad band in theéard 600-1800 cf becomes sharp at 1640
The broad band is introduced at 1240-I#Which is centered at 1330A strong peak in the
region 1240-1478is associated with the asymmetric stretching vibreof the carbonate anions
[25] due to bonding between carbon and two -OH gsd6]. The strong and broad absorption
band at a higher wave number (2800-378Gh the FT-IR spectra is attributed to the O-H
stretching.
4.3.0Optical response of PMMA:
After depositing PMMA solution on 1.0 cm x 1.0 crorbsilicate glass, film thickness was
measured by using following equation,

P = (M/V) = (M/A*).... (1)

Wherep is the density of the PMMA (1.17 g/cc), It is assd that the density of PMMA films

is constant irrespective of the film thickness. $/the weight of the film in gm, V is the total
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volume of the PMMA film in CC which is equal to tleea A of the film covered (1.0cmx1.0cm
size glass samples were used) and‘t’ thicknesseoPVIMA film.
The characteristic response of PMMA as a functiorelative humidity is shown in Fig. 4.3.
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Fig.4.3. Variation in transmitted output Vs Relative humidity for different thicknesses.
(@) output (b) Normalized output

Fig. 4.3. (a) shows the typical response, i.ectienge in transmitted light intensity measured in
mili volts (mv) with RH% variation for various tthoesses of PMMA films whereas (b) shows
normalized response normalized with respect todhgput at the lowest humidity for inter
comparison. It is observed that, in general, tla@amitted intensity of light decreases which
effectively decreases the output voltage with iaseein RH%. It is also seen that all the sensors
roughly exhibit three to four regions of sensitviiThe sensitivity is lowest in region 2 for
sensors A and B, in region 1 they exhibit highersgevity than in region 2. In the region 1 the
sensitivity comes from the surface sites, whereasgion 2, it is contributed by the surface sites
as well as intra grain boundaries The higher seitgiin region 1 means that surface sites are
more dominating than surface sites plus intra goatupation of water molecules.. Sensors of A
type exhibit 3 regions in their response againstRlelative Humidity; third region is because of
capillary condensation. The sensors of B, C, antyg2 exhibit 4 regions. The last region is
because of capillary condensation, the second magibecause of combination of surface sites
plus intra grain sites. The third region is atttdalito intra grain surface sites as well as capilla
condensation. At the thickness of 26.3um (C type)rhaximum response is seen for regions 2,
3 and 4. The highest sensitivity is exhibited ie first region by sensors D. The region wise

sensitivity is tabulated in table 4.1
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Table 4.1 Sensitivity as a function of film thicknes (region wise)

Layer | Regionl| sensitivit | Region | Sensitivit | Regio | sensitivit | Regio | Sensitivit
No %RH ymV/RH | 2 %RH | y mV/RH | n3 ymV/RH | n 4|y

%RH %RH | mV/RH
1(A) | 2-9 0.43 9-67 0.22 67-85 2.77 -- --
2B) | 2-7 0.4 7-50 0.24 50-68 1 68-85 1.99
3(C) | 2-28 0.5 28-45 | 0.81 45-69 1.95 69-85 3.12
4(D) | 2-15 1 15-41 | 05 41-69 0.54 69-86 3.2

The results can be explained as follows. At a lowemidity, first region of the sensitivity
spectra, water gets chemisorbed on the surfacefsitdew mono-layers. The thickness of these
mono-layers is negligibly small in comparison wiitle wave length of used light used for study.
Therefore the change in transmitted light intensstynegligibly small. The amount of sorbed
water increases with an increase in RH. At highenidity (second region) the water molecules
get adsorbed on the surface of the already cheb@dowater layers, the water molecules are
loosely bound on the film surface. Therefore thegupy intra grain sites. With the increase in
number of micro-pores, the amount of sorbed wdser mmcreases. This reduces the transmitted
intensity of light more than that in the first regi In the third and fourth region, because of the
contribution from capillary condensation, the refree index of the film increases with
adsorption of water, the transmitted intensitybsabed by the condensed water and light also
gets scattered at higher humidity as condensed featas a water forms a meniscus [27].

The weight of the film at room humidity and at hegh humidity was measured. The gravimetric
change in these weights is given as an inset in $k¥res. The change in the weight is a
measure of the porosity of the film. The porositythee film goes on increasing as a function of

thickness.
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Fig. 4.4. Adsorbed water as a function of thicknessf the film
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The model to describe the water absorption prosessplained by a model given in Figure 4.5.

adsorped
| water
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' water
molecules

Fig. 4.5. The adsorption phenomena of water moleces on film (a) at lower humidity (surface
adsorption); (b) at intermediate humidity (adsorption on capillary walls) surface sites plus intra —
grain adsorption (c) at higher humidity (full capillary condensation).

The response time of the sensor is 10s and recaweeyof the sensor is 20 s which are faster
than the reported values of 30 seconds [28] for AVA.4.6.

—u— Absoption
200 —o— Desotion
e
4004 e
’./
=
20004

1000 .

Resistance in Kohm

<}
o] e L s e N

vvvvvvvvvvv
0 0 10 D D H N O DV H D WO

Timeinsec

Fig.4.6 Response and Recovery Time of C film.

The fast response of the sensors can be attribbatdee fast penetration of water molecules into
the film. The slow recovery in the response is sulteof the slow desorption process and
capillary forces [29]. The maximum response is ernwed for thickness of 26.3um which gives
the maximum output voltage change (133mv) for thele humidity range (2 to 85%RH).

The thickness of 26.3 pm gives a maximum sensit{i09.01mV/%RH).
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To understand the role of thickness of the filme gercentage moisture content was
measured by weighing the samples at room humiditg at highest humidity and using
following equation, [30], the moisture content veadculated..

Moisture (%) =[ (Wx-W ¢)/W; ]*100 ....(2)
The sample was exposed to 85% RH for around 10 amd.then immediately weighed (Wx).
The weight of the sample was .44944gm. Then theessample was vacuum dried and weighed
again at room humidity (42%RH). The weight of tlEnple was 0.44931gm. The percentage
moisture content was calculated using equationT(2¢. weight change obtained for A, B, C and
D type films is shown in Fig. 4.7. The plot is lare However the humidity sensitivity is not
increasing proportionately. This is because nundiesites, number of voids, their sizes are

different. The height of the capillaries is alstetent.
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Fig 4.7 Change in weight with humidity for sample @) A b) B ¢) C d) D.
It is observed that water content increases wighfilim thickness, which also indicates that, the
porosity of the films increase with thickness. Maeight is saturated with increase in humidity.
By using this change of weight values, it is pogstb calculate percentage moisture content in
each film. The association of water increases #feactive index and effectively dielectric
permittivity of the film as free air is replaced bgsorbed water [13]. This also indicated that

losses at higher humidity are due to absorptionedsas scattering on input intensity.
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Conclusiors:

In conclusion, drop casted films BMMA were evaluated for their thickness
dependent relative humidity sensing propertiesgudirect transmission of laser light. The films
show response to wide range of humidity (2 to 85%RHhe C type films show the highest

sensitivity.
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Chapter- Vv
Futur e Scope

We would like to emphasis that plasma treated polymers can be used as alternative
materials for RH sensing, where the desired characteristics can be imparted to the polymer
surface by setting the optimum power and treatment time. We fedl a lot of work in this area
needs to be taken up for example various gases can be tried for this purpose including oxygen as
the C/O ratio is and important factor in determining the sensitivity of the PMMA to RH.

In the plasma polymerization process to the variation in the carrier gas for example
oxygen, could be tried for the incorporation of certain species in the polymer chain and then the
RH response could be studied.

Thus we feel synthesis of polymers with varied properties via plasma polymerization
route using various gases or plasma treatments of polymers using various gases for RH sensing
or for any other purpose for that matter remains to be an exciting field for future investigations.

Surface study of the material using different characterization techniques should be done.

Accordingly its sensitivity to RH should be determined.
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