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PREFACE

Material synthesizing and characterization has been one of the major arcas of
scientific research for the past few decades. Various techniques have been suggested for
the preparation and characterization of thin films and bulk samples according to the
industrial and scientific applications. Material characterization implies the determination
of the electrical, magnetic, optical or thermal properties of the material under study.
Though it is possible to study all these properties of a material, we concentrate on the
thermal and optical properties of certain polymers. The thermal properties are determined
using photothermal beam deflection technique and the optical properties are obtained
from various spectroscopic analyses. In addition, thermal properties of a class of
semiconducting compounds, copper delafossites, are determined by photoacoustic
technique.

Photothermal technique is one of the most powerful tools for non-destructive
characterization of materials. This forms a broad class of technique, which includes laser
calorimetry, pyroelectric technique, photoacoustics, photothermal radiometric technique,
photothermal beam deflection technique ctc. However, the choice of a suitable technique
depends upon the nature of sample and its environment, purposc of measurement, nature
of light source used etc. The polymer samples under the present investigation are
thermally thin and optically transparent at the excitation (pump beam) wavelength.
Photothermal beam deflection technique is advantageous in that it can be used for the
determination of thermal diffusivity of samples irrespective of them being thermally thick
or thermally thin and optically opaque or optically transparent. Hence of all the above-
mentioned techniques, photothermal beam deflection technique is employed for the

successful determination of thermal diffusivity of these polymer samples. However, the



semiconducting samples studied are thermally thick and optically opaque and thercfore, a
much simpler photoacoustic technique 1s used for the thermal characterization,

The production of polymer thin film samples has gained considerable attention
for the past few years. Different techniques like plasma polymerization, electron
bombardment, ultra violet irradiation and thermal evaporation can be used for the
preparation of polymer thin films from their respective monomers. Among these, plasma
polymerization or glow discharge polymerization has been widely used for polymer thin
film preparation. At the earlier stages of the discovery, the plasma polymerization
technique was not treated as a standard method for preparation of polymers. This method
gained importance only when they were used to make special coatings on metals and
began to be recognized as a technique for synthesizing polymers. The well-recognized
concept of conventional polymerization is based orf molecular processes by which the
size of the molecule increases and rearrangement of atoms within a molecule seldom
occurs. However, polymer formation in plasma is recognized as an atomic process in
contrast to the above molecular process. These films are pinhole free, highly branched
and cross linked, heat resistant, exceptionally dielectric etc. The optical properties like
the direct and indirect bandgaps, refractive indices etc of certain plasma polymerized thin
films prepared are determined from the UV-VIS-NIR absorption and transmission
spectra. The possible linkage in the formation of the polymers is suggested by comparing
the FTIR spectra of the monomer and the polymer. The thermal diffusivity has been
measured using the photothermal beam deflection technique as stated earlier. This
technique measures the refractive index gradient established in the sample surface and in
the adjacent coupling medium, by passing another optical beam (probe beam) through
this region and hence the name probe beam deflection. The deflection is detected using a

position sensitive detector and its output is fed to a lock-in-amplifier from which the



amplitude and phase of the deflection can be directly obtained. The amplitude and phase
of the deflection signal is suitably analyzed for determining the thermal diffusivity.
Another class of compounds under the present investigation is copper
delafossites. These samples in the form of pellets are thermally thick and optically
opaque. Thermal diffusivity of such semiconductors is investigated using the
photoacoustic technique, which measures the pressure change using an  electret
microphone. The output of the microphone is fed to a lock-in-amplifier to obtain the
amplitude and phase from which the thermal properties are obtained. The variation in

thermal diffusivity with composition is studied.
The whole work described in the thesis is divided into six chapters.

CHAPTER I gives a general outline of all the photothermal effect and their
applications.l-dimensional as well as 3-dimensional theory of periodic temperature
distribution which forms the basis of photoacoustic and photothermal beam deflection
technique respectively is given in this chapter. Application of the periodic temperature

distribution to the photoacoustics and photothermal beam deflection is also discussed.

In CHAPTER II different methods in the analysis of the probe beam deflection signal
like the zero crossing detection method, phase method, modified phase method,
amplitude method, thermal wave coupling method, multiparameter fitting method etc are
discussed. The advantages and disadvantages of each of these methods are briefed when
applied to materials of different category - thermally thick, thermally thin, optically
opaque and optically transparent. A theoretical piece of work extending the amplitude
method for determination of low thermal diffusivity of materials is included. We have

proved that while dealing with low thermal diffusivity 1.e. when the thermal diffusivity of



the sample is less than the thermal diffusivity of the coupling medium, the height of the

probe beam above the sample surface need be taken into account.

General discussion of different plasma polymerization techniques with emphasis on r.f.
plasma polymerization is given in CHAPTER IIl. It dcals with various aspects like
difference between plasma polymerization and conventional polymerization, properties
of plasma polymerized thin films etc. This chapter also includes the preparation and
optical characterization of three different plasma polymerized thin films namely poly o-
toluidine, poly m-toluidine and poly diethyl aniline. Optical characterization consists of
determination of direct and indirect bandgaps from the UV-VIS-NIR absorption
spectrum, refractive index from transmission spectrum and possible linkage in the
polymerization process by comparing the FTIR spectra of the monomer and the

corresponding polymer.

Design and fabrication of transverse PBD sctup for the determination of thermal
diffusivity of the samples 1s given in CHAPTER IV. The cxperimental setup is
standardized using InP. The measurement of thermal diffusivity of the three r.f. plasma
polymerized thin film samples using two different methods of analysis viz the phase
method and the amplitude method in two different coupling media, carbontetrachloride
and liquid paraffin is given in this chapter. It is found that there 1s no contribution from
the thermal properties of coupling media to the photothermal signal from the sample.
Since the substrate is non-absorbing at the pump wavelength, there is no photothermal

signal from the substrate too.

CHAPTER V describes the design and fabrication of an open Photoacoustic cell. The

experimental setup has been standardized vsing silicon wafer and InP. Determination of



the thermal diffusivity of certain copper delafossites is included. The effect of changing

composition on thermal diffusivity is also studied.

CHAPTER VI gives the conclusions and brief summary of the thesis.



Chapter I

CHAPTER I
INTRODUCTION TO PHOTOTHERMAL EFFECTS

1.1 INTRODUCTION

Interaction of electromagnetic radiation with matter causes absorption,
emission and inelastic scattering of light. Except for emission, absorbed energy
results in production of several forms of energy likc luminescence, photochemical
energy, photoelectrical energy or heat (figure.1). Heat can be produced promptly or at

various time delays. This heating induces changes in the sample as well as in the

Incident light

. . Transmitted
Optical absorption
. plical absorph [ight >
Reflected l
light /| 1 T e,
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y
Photochemical
energy
v
Energy -
transfer Photoelectrical
> energy
Heat G
Photothermal
effects

Figure I: Block diagram indicating the consequences of optical absorption leading to prompt or
delayed heat production



Chapter |
surrounding medium. These changes are referred to as photothermal effects [1,2].
Although it may seem counterintuitive to pursue phenomena based on the
ransformation of energy to the most chaotic form, heat, these techniques have many
advantages for applications in low absorption environments and in the domain of

materials characterization and nondestructive testing.

The discovery of photothermal effects dates back to Graham Bell’s
observation in 1880, of the generation of acoustic waves in a sample resulting from
the absorption of photons. In his experiment, sunlight was focussed on to the sample
contained in a cell connected to a listening tube. When the sunlight was repeatedly
blocked and unblocked, sound could be heard through the listening tube at the
sunlight chopping frequency. Unfortunately, this technique found only a few
applications due to non-availability of good light sources. In 1968, there was an
ypsergence in its use, after the invention of laser sources.

Photothermal effects are observed commonly in nature. A concrete example
of the photothermal effect observed in nature is the optical mirage effect. A hot
highway sometimes look like a reflective surface and appears as if it were a puddle.
This apparent shiny surface is not due to reflection but is just a mirage. Mirage effect
is one of the photothermal effects that have been exploited for physical and chemical
analysis. The phenomena can be explained as follows: radiation from the sun is
absorbed by the concrete or asphalt resulting in the surface heating. Energy is
transferred to the air above the surface and hence a temperature gradient is developed
petween the air near the surface and bulk air above. Since the temperature of air near
the surface is high, it expands resulting in a decrease in its density. The decreased
density results in decreased refractive index. Since light travels fast in low refractive
index media, light incident at an acute tangent angle is refracted upwards. Hence an
observer looking at the surface at an acute tangent angle does not see the surface but

rather see rays coming from the sky above the surface.
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In short PT generation is an example of energy conversion and has in general
three kinds of applications. a) PT material probing: do not cause any sample
modification. b) PT material processing: causes the sample to change to another

useful form. ¢) PT material destruction: makes the sample useless.

Modulated Beam

Deflected
Beam

/

Mirage
detection

Probe Beam

Probe Beéan

Sampl
Thermo elastic
Deformation Thermal Wave

T e |
Thermal Wave

Photopyroelectricity

Figure 2: Schematic of the various photothermal effects and the detection
mechanisms
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Of the above three, PT material probing 1s the most important i making
significant contribution to the field of science and technology. Photothermal matcrial
characterization relies on high sensitivity detection techniques to monitor the effects
caused by PT material heating of a sample. The effects are illustrated in figure 2.
Most of the photothermal effects occur simultaneously. The choice of a suitable PT
effect for detection depends on the nature of the sample and its environment, the light

source used and the purpose of measurement.

Photothermal Effccts | Detection methods (applicable to
sample S or adjacent coupling
medium F)

Temperature rise Laser calorimetry (S or F)

Pressure change Dircct photoacoustic detection (S)

Indirect photoacoustic detection (¥)

Refractive index change Probe beam refraction (S or F)
(Thermal or Acoustic) Probe beam diffraction (S or F)
Other optical probes (Sor F)

Surface deformation Probe beam deflection (S)
{Thermal or acoustic) Optical Interference (S)
Thermal emission change Photothermal radiometry (S)
Reflectivity/Absorptivity change Transient thermal reflectance (S)

Transient piezo reflectance (S)
Optical transmission monitoring

(SorF)

Table I . various photothermal effcets and the corresponding detection schemes
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detection methods for the various photothermal effects are classified generally into
two depending on whether the detection methods are applicd to sample itself or to the
surrounding media. The former one is the direct detection scheme and the latter is the
indirect detection scheme. Table I shows various photothermal effects and the
corresponding detection schemes. It is to be noted that all the PT detection schemes
require a modulation in the excitation light. The modulation can be in the form of
continuous train of pulses at nearly 50% duty cycle (continuous modulated PT
detection) or in the form of short intense pulses (pulsed PT detection) The continuous
modulated PT detection is in the frequency domain (lock-in-detection) and pulsed PT
detection is in the time domain. Brief descriptions of the various PT mcthods are

given below,

Temperature rise: Temperature rise can be directly measured using
thermocouples, thermistors, or pyroelectric detectors and 1s called laser calorimetry or
optical calorimetry or photothermal calorimetry [3,4]. Though the observed
temperature rise can be directly measured and can be related to physical parameters
like absorption co-efficients, the response and sensitivity is low. Moreover, heat
leakage from the sample must be minimized by elaborate thermal isolation. However,
it was shown that fast rise time and high sensitivity for a thin film sample 1s possible
if it is directly coated on to a thin film pyroelectric detector [5,6]. Heat produced
within the solid due to the non-radiative de-excitation process can give risc to
electrical signal in a pyroelectric thin film in contact with the sample and analysis of
the dependence of the pyroelectric signal gives the optical, thermal and geometric

parameters of the solid/pyroelectric system {7].

Pressure change: Another temperature dependent parameter cxploited is the
pressure change. Pressure variations or modulations resulting from the absorption of
modulated light by the sample are referred to as optoacoustic or photoacoustic

generation (8,9,10]. The pressure wave generated after light excitation contains
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contributions from various sources such as radiation pressure, electrostriction,
thermoelastic expansion (by non radiative transition or thermal energy of chemical
reaction), photoinduced volume change, gas evolution, boiling, ablation and diclectric
breakdown. The acoustic wave can be detected 1 the sample itself  (1.e. dircet
photoacoustic detection) or it can be detected via coupling fluid medium adjacent to

the sample.

Refractive index gradient: The majority of studies addressing the use of
photothemal spectroscopy for chemical analysis have been based on the refractive
index measurements. The refractive index change produced upon light absorption
may be induced by the pressure wave, density change, a temperature change {(by
radiationless transition or chemical reaction), molecular alignment, vibration
excitation, rotational excitation, electronic excifation, concentration change,
photoinduced volume change, creation of electric field (charge creation), clustering
and so on. In transparent samples, the temperature dependent changes in refractive
mndex of the sample itseltf are probed. For opaque samples, the temperature dependent
changes 1n refractive index of the fluid that couples heat out of the sample are
measured. Two types of refractive index gradient arc produced- 7hermal RIG and
Acoustic RIG. The thermal RIG is produced by the decreased density of the medium
caused by the local temperature rise, decays in time following the diffusional decay of
the temperature profile and remains near the initially optically excited region. The
acoustic RIG is associated with the density fluctuation of the medium caused by the
propagation of PA wave, decays in propagation distance following attenuation of the
PA wave and travels at acoustic velocity away from initially optically excited region.
The thermal RIG generated by the excitation beam affects the propagation of an
optical beam in its viscinity, including its own propagation resulting in a well-imown
effect of self-defocusing or thermal blooming [11]. In other words, spatial dependent
refractive index profiles can also result in focussing and defocusing of light. The

thermally perturbed sample acts as lens. Light transmitted through an aperture placed
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beyond the photothermal lens will vary with the strength of the lens. Photothermal
methods based on the measurement of the strength of the lens are known as
Photothermal lensing spectroscopy[12,13]. The thermal RIG also affects the
propagation of another weak beam in the viscinity of the excitation beam. Thus, as
light exits the medium, with a refractive index gradient, at an angle relative to the
incident ray. The detection of bending of light path is utilized in Photothermal
deflection method [14,15,16,17,18]. Some experimental apparatus measurc a signal
that is due the combined effects of deflection and lénsing. Thesc can be generally
classified as Photothermal refraction methods [19] and take advantage of the effects
of the temperature distribution on the probe beam propagation. The optical path
length changes that occur due to the Photothermal induced refractive index change
can be measured with interferometry. A periodic refractive index modulation results
in a volume phase diffraction grating. The grating will diffract light at an angle that
meets requirements from Bragg's law. The amount of light diffracted is proportional
to the refractive index change. The diffracted hight is measured with a photoelectric
detector. Methods used to measure spectroscopic signals based on volume phasc
grating formed by the photothermal heating arc called Photothermal diffraction
spectroscopy [20,21). The various configurations dealing with the different

measurements cited above are depicted in Figure 3.
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Figure 3a: Interferometry
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PUMP
REFRACTED
PROBE . PROBE
- NON-REFRACTED
ROBE
SAMPLE

Figure 3e: Perpendicular probe heam
deflection outside the sample surfuce

(mirage effect)

Surface deformation: Under steady state isobaric conditions, the density is related
to temperature through the volume expansion coefficient. Though temperature
dependent density changes are difficult to measure directly, these changes can affect
the samples in several different ways. In solid samples, the density change alters the
physical dimensions at sample surface. Sample dimension changes give rise to two
optical methods for monitoring temperature changes based on surface deformation. A
homogeneous deformation displaces the surface of the sample. Interferometry can be
used on reflective samples. Since small displacements of the order of few parts per
million of the wavelength of the probe beam light can be measured using
interferometry, this method may be used for sensitive measurements. Spatially
heterogeneous expansion {(contraction) can also causc the surface angle to change. A
probe beam reflected from the surface will change angle when heterogeneous
expansion occurs. Measurement of probe beam angle gives rise to the method of PT

surface displacement technique [22,23,24].

Infrared emission changes: Temperature changes can also be indirectly measured
using methods, which monitor infrared emission since the thermal infrared emission

i1s related to sample temperature. The method of photothermal radiometry [25] can be
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used to measure the infrared emission changes. Although not very scnsitive, this
method has great potential application m non-destructive matenial analysis and
testing. Using infrared sensitive cameras, it can be uscd for imaging the thermal

properties of large samples.

Other PT changes: Modulated PT heating of many types of metal or
semiconductor samples causes modulated reflectivity changes [26] or fransmission
and scattering changes [27] that can be due to density change or the photoacoustic
carrier generation at the surface. Transient thermal reflectance can be used to monitor
thermal properties. PT heating can cause changes in absorptivity of the sample. Zapka
and Tam have used probe beam absorption measurements to detect the change in the
Boltzmann molecular population distribution duc to PT heating of 2 gaseous sample

[28]. )

Photothermal signals depend on the thermodynamic and energy transfer
properties of the sample. Temperature changes resulting from optical absorption are
directly related to heat capacity and thermal conductivity. Since the thermal and
optical properties are to be known to a high accuracy, absolutc sample absorption
measurements are difficult. Hence, the dependence on thermodynamic and cnergy
transfer properties allows for the analysis of thermal structure of wmaterials.
Photothermal methods have been efficiently used for the measurement of acoustic
velocities, thermal diffusion coefficients, sample temperature, bulk flow rates, phase
transition, volume expansion coefficients and heterogencous thermal conductivities in

the solids [29-36].

Photothermal measurements are usually performed using laser light sources.
There are two main reasons for this. One is the high spectral purity and power of the
laser beam. For an excitation of a sample with a given absorption cocfficient, the

temperature change will be proportional to the optical power, in the case of
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continuous excitation or pulsed excitation. The photothermal signal is generally
proportional to the temperature change. Thus, the greater the power or energy, the
greater is the photothermal signal. Lasers can deliver high power or pulsed cnergies
gver very narrow optical bandwidths thercby enhancing the photothermal signals. The
second reason 1s the spatial coherence. The temperature change 1s proportional to the
optical power or energy, but at the same time is inversely proportional to the volume
over which light 1s absorbed since the heat capacity scales with the amount of
substance. The spatial coherence properties of the laser light also allow the light to be
focussed to small, diffraction-limited volumes. The small volumces enhance the signal
magnitude and allow the photothermal spectroscopy to be used 1 small volume

sample analysis and allow for microscopic analysis of heterogeneous samples.

In the present thesis, major emphasis i1s on photothermal beam deflection
{Mirage) and photoacoustic studies. As the photothermal techmiques are based on the
heating effects, the temperature distribution in the sample as well as in the
surrounding media are to be discussed, which can be related to the signal amplitude

and phase in both the above techniques. This 1s done in the next two sections.
1.2 PHOTOACOUSTIC EFFECT: ROSENCWAIG-GERSHO THEORY [37].

In the case of Photoacoustic technique the excitation beam is not focussed in
order to minimize the lateral heat flow. Hence, the heat diffusion can be analysed by

one-dimensional calculation of the periodic temperature ficld {38].

Consider a simple cylindrical cell of length L and diameter D as shown in
figure 4. Assume that the length L is small compared to thc wavelength of the
acoustic signal. The sample is considered to be in the form of a disk having diameter

D and thickness /. The sample is mounted so that its front surface 1s exposed to the
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Boundary layer of gas

Sanple Gas (flud)
Backing

material L, / / <
< Incident light

111 I <!

; -«

l B T
A+ N 0 ly

Figure 4: Geometry of 1-D Rosenwaig-Gersho model
gas (atr) within the cell and its back surface is a poor thermal conductor of thickness
1. The length /; of the gas column in the cell 1s then given by {,= L-I- /,. Further
assumption 1s that the gas and backing matcrials are not light absorbing.

Let ki, pi, C; o; represent the thermal conductivity, density, specific heat and
thermal diffusivity respectively of the material i. Then a;= (w/2a;)'? is the thermal
diffusion co-efficient and 1;=1/a; 1s the thermal diffusion length of the material. 1 can
take subscripts s, g and b for solid, gas and backing matenal respectively. @ denotes
the chopping frequency of the incident light beam in radians per sccond.

Assume that the sinusoidally chopped monochromatic light source with
wavelength X is incident on the solid with intensity I= (1/2) I, (1+ Cos wt)

The thermal diffusion equation in the three regions can be written as

ok 1
czp =——§(£ , < x< - Region [l (H
ot a, ot
o 1 0
2R e X < -l Region I (2}
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2
e 1% _ Aexp(Bx)[l + exp(jot] , -/< x <0  Region I 3)
a2 o
1
with A = P11
2k

s

where @ 1s the temperature and 1] is the light conversion efficiency. The real
part of the complex-valued solution @(x, t) of thc ahove equations is the solution of
physical interest and represents the temperature in the cell relative to the ambient
temperature as a function of position and time. Thus, the actual temperature field in

the cell is given by
T (x, =Re[o(x, h]+ ¢

where Re stands for "the real part of " and ¢ is thc ambient (room)

temperature.

The complex amplitude of the periodic temperature distribution, & at the

solid-gas boundary (x=0) is given by

[31’0 (r - 1Xb + l)cxp(osl)— (r + IXb -~ I)CXP(—GSI)“F 2(17 - ")CXP(“ B])

6= - .
21(‘?([32 _Gszj[ (g +1Xb + 1)ex GSIF(g ~1Xb - l)cxp(_o.‘_/)i 4)

k
where b = k,a, , &= s , r=(1—j)"—B— and o | :(1+.j)a.s'
k.a k.a 2a,

38 3 ¥
The main source of acoustic signal arises from the periodic heat flow from
the solid to the surrounding gas. The periodic heating causes the boundary layer of
gas to expand and contract periodically. This can be thought of as the action of an

acoustic piston on the rest of the gas column, producing an acoustic pressure signal
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that travels through the entire gas column. The displacement of the gas piston due to

the periodic heating can be estimated using the ideal gas law,

— 8“
8x(t) = 2npg %_-(—t)- = Tﬁ—exp{j(@t - %H (5)
o o

where the average dc temperature of the gas boundary layer is set as dc temperature at
the solid surface, To=¢+8, , ¢ being the ambient temperature at the cell walls.
Assuming that the rest of the gas responds to the action of the piston adiabatically, the
acoustic pressure in the cell due to the displacement of the gas piston can be obtained
from the adiabatic gas law PV' = constant, where.P is the pressure, V is the gas

volume in the cell, and vy ratio of the specific heats. Thus the incremental pressure is

P P,
8p(t) = 05V = Z0sx(y) (6)
VO Ig

where P, and V, are the ambient pressure and volume respectively and -8V is the

incremental volume. Then from equations (5) & (6)

5p(t) = Qexp‘: ,(mt "%ﬂ )

yPOB
where Q = ————
V[Z_Iga gTO

The actual physical pressure variation is given by the real part of dP(t) and Q

specifies the complex envelop of the sinusoidal pressure variation.

Substituting for 6
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BL.yP,
0= 0 02 <X
2ﬁkslgagT0(B -0 )

(r= 1Yo+ Dexplo 1)~ (r+ 1Yo~ Vexpl-o 1)+ 25 rexsl-pi)
(g + 1)(b + l)exp(osf)~ (g - 1)(1) - 1)exp(—cslj

. Thus, equation (8) can be evaluated for obtaining the amplitude and phase of
the .acoustic pressure wave produced in the cell by photoacoustic effect. It can be
observed that interpretation of the full expression for 8P(t) is difficult because of the
complex expression of Q. Physical insight can be gained easily if certain special cases
according to the optical opaqueness of solids arc examined. For cach category of
optical opaquencss, three cases accarding to the relative magnitude of the thermal

diffusion length i, as compared to the physical length / and the optical absorption
length pg.

P 1
Defining ¥ =—200 9)
2J31gT0

CASE I: Optically Transparent solids (i >1)
1. Case Ia : Thermally Thin Solids (u,>>1, 1>>pp)

We canset e® = 1-8/, e = | and kl>1in equation {8) and hence we obtain

Thus the acoustic signal is proportional to B/ and varics as {. In addition, the

thermal properties of the backing material come mnto play in the expression for Q.
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2. Case Ib: Thermally Thin Solids (p,>1; p<ug)

Here we can set exp (-B/) = 1-p/, e =1+ adand Irl<1in equation {8).

Then. @ = M(BQJY (11)
Zag ky

This equation is identical with equation (10) and hence the acoustic signal behaves in
the same fashion.

3. Case Ic: Thermally Thick Solids (ns>1, p,<<pp)

In this case we set exp (-Bl) = 1-Bl, ¢**' =0 and I | <<1 in cquation (8)

S

Now 0 - _,ﬂ[h]y .............. (12
2a_| k
g
The acoustic signal is now proportional to By rather than 3/. This means that light
absorbed within the first thermal diffusion length contributes to the signal, although
light is being absorbed throughout the length of the solid. Morcover, 1 being less
than the thickness /, thermal properties of the backing material will not influence the

signal. Here the signal varies as .

CASE II: Optically Opaque Solids
1. Case Il a: Thermally Thin Solids (w>>1 u;>>pg)

In equation (8), we set exp (-B/) = 0, e =1 and Ir|>>1
P

Then we obtain Q =(l—_l) Hp Y. (13)
ag kb
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Here the photoacoustic signal is independent of 3. The signal depends on the thermal

properties of the backing material and varies as 1/t.
2. Case Il b: Thermally Thick Solids (u,<l; u>pp)

We set exp (-8) =0, e =0 and Ir|>1 in equation (8)

We obtain Q = Q—_Jl

) B
2, [Ij]y o (14)

Though equations (13)& (14) arc similar, in the present case there 1s no contribution

from the thermal propertics of the backing material.

3. Case Il c: Thermally Thick Solids (1,<<I; u;<iis)

We set exp (-B) =0, e =0 and Ir| <1 in equation (8). Then we obtain

2a k

0= ﬂ.{ﬁ}y ............. (15)
g s

The photoacoustic signal will be proportional to Byi. The signal is independent of the

thermal properties of the backing material and varies as .

The theoretical analysis of the photoacoustic effect applied to different cases

discussed above can be suitably applied to the study of any kind of samplec.
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1.3 PHOTOTHERMAL PROBE BEAM DEFLECTION (PBD) OR MIRAGE
EFFECT [1,15,16,17,39,40,41]

In the case of photothermal beam deflection technique, the pump beam or the
excitation beam is focussed. Hence, instead of the above 1-D calculation of periodic
distribution of temperature, we have to resort to 3D calculations.

The heat diffusion equation in cylindrical geometry [38] is given by

2 2 2
gt _p &L ot tom oTy (16 )
ot ol ta 2l 2
When heat flow takes place in planes through z-axis then the heat diffusion equation
becomes
2 2
o _poe’r ot oy (17)
ot ol ra g2

The assumption that the homogencous sample is the absorbing medium and the fluid
and the backing are transparent still holds. The heat diffusion cquation in three

regions can be written as

2 2
o°T 0T, 0o°T 1 oT
s 1 7s S __+ s _ ol i <<
2 +r p™ t— DS = A(r,t)exp(az)(l+cxp(/wt)) I<20 ... (19)
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— 7r2

Pa a : : : .
1 5 € {1+ cos(wt)) is the heat deposited per unit volume where P is

A=
ksna

the exciting beam power, & 1s the optical absorption coefficient, 0 is the light
conversion efficiency, 'a' is the beam radius defined at 1/e” intensity.

The boundary conditions are

ot
ksﬁ(z=0>=kg325<z=(>> 2D
oT aT,
k—$ (z=-O=k—> (=) (22)
oz oz

Ts (z=-1, t)=Ty(z=-I,t)
Ts (z=0,5)=Ty(z=0t) (23)

Te(z=0,t)=Ty(-0,t)=0  with /;~00 Jy~00

Assume that /, and /; are very large compared to the heated area and negicct the

backward heat propagation in thesc two regions.

In order to obtain the periodic steady state temperature, the above differential
equations are reduced to simpler partial differential equation by Hankel
transformation and Laplace transformation is used to obtain ordinary differential
equation from the partial differential equation. Furthcrmore, the modulated source is

replaced by the unit source A(r)d (t)

2
o°T, (X,z,p)
(A, zp)+ — 0 —E—TO Oozp) 24)

-A%T
22 D,

0
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aZTO(x,z, »)

~ 32T, (2, p)+ R é)—TO (o2 p) - Ay ()exploz) oo (25)
N
2
o°T (A, z,p) )
~A2Ty (%2, p)+ ——0—~2—— = —be—TO(k,z, P (26)
where
— 2r2
o 0 5
Ao(l)= jA(r)IO(?\.r)rdr = on fe a7 Jo (A )rdr
0 ksnaz 0 ’
32,2 )
- oan e 8
4ksn

1) Assuming solution of the form to eq (24)

lz + 2,
TO (X,z,p) =e D
The general solution is
- k2+—g—z 1’7L2+—]%z
T, (*.2,p) =T, (r.p)e +B(A, ple

B (&,p) =0, since the fluid is supposcd to be very thick.
Equations (25) and (26) can be solved similarly.
Thus solution to equations (24), (25) and (26) arc
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J +——z
pﬂxzp ka ............. (27)
2, p
2+l 1} +2z oz
Ag(R)e
D +V(&, ple D -—————-—0( i (28)

T (X,z, U(?» p)e ..........
0 az - (kz + —g)

(A,z,p)= xpkv ............. (29)

After applying the Hankel inversion, to the above threc equations the steady periodic

T

state solution obtained is of the form
T(r, z,t) = TO (r, z,p*p = jo exp(jcot) ............ (30)

Thus the expressions for the modulated temperature field in the three regions are

T ()= (j)TS(K):xp(—B gzjcxp(j(ot)]o(kr)ldl .............. G1)
Tb'(r, z,t)= OjoW(k)sxp(Bb (z+ l)kxp(jmt)JO(kr)kdk .............. (32)
0

TS (r,z,t) = ZIU(?»)exp(Bsz)+ V(?\)exp(- Bsz)— E(K)cxp(az)] X exp(j (:)t)J O(?u‘))»d)~ ... (33)

where:
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Cxp[ _ )\'23 2 \J
_Pn 8

=t~
s(_lz_j_w_wz]
D

\ S

The final temperature distribution is obtained by substituting the following

E()

expressions in the above equations.

T(A)=-EQ)+UR)+vlR) L (35)
W(r) = ~E(tJexp(-al)+ URJoxpl- B 1)+ VR JexpB l) (36)
U()u) = [(1 - g)(b - r)exp(—al) + (g + ;.)(1 + b)cxp(BSl)];((i)) ................. (37)
V(r)= [(1 +g)b—r)exp(~at)+ (g + )1 - b)cxp(— BSI)J IP‘I E’: ; .................. (38)
and
H(A) = (1+ g)1 + blexp(B 1)~ (1- g1 - bexpl-B1) (39)
with g=-liig- b= —A—b—@l r::-g—

kS BS kS BS N
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T (l)" PT] _’__ e‘/\3(13/8 Z(b - )')e"qf + (1 +b)(’ - 1)613,/ + (l _ [7)(}‘ " l)e_BJl (40)
s 4k B, 21 (1+g)(1 +b)e“" _(1 ~g)(1 —/J)e‘“"' ......

The surface temperature can be written as

T,(0,t)= ‘Tx Ay, (v ndrexpljoty (41)
0

The geometry for the mirage deflection is as shown 1 figure 5. The propagation of

the beam through the spatially varying index of refraction is given by

af ) g
Es.[n E—)_Vin( ,t) .............. (42)

where 15 1s the perpendicular displacement of the bcam from its original direction, n is
the uniform index of refraction and Vn(r,t) is the gradient of the index of refraction

perpendicular to S(the ray path). This relation can be integrated over the ray path S

dfO 1
ST vl (43)

d path

Since the deviation is small, one can get the expression of the deflection (1)

dr, 1 on
6 =—LL=_—" |V T{,tds . 44
ds ndT '[ Tl tis @

1 on g
= ;—a—r—jVTg x ds
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In our case, the probe beam is propagating through the fluid along the x-direction.
Hence, the probe deflects with components in x-y plane and z-x plane so that after
calculating the vector product in the integrand of the above expression, we get the

transverse (6,) and the normal (8,) components of the deflection, respectively.

dn ' 0T A
0,5~ [Peax] s (45)
ndl - oz
7 T a
06, s L sincna—&dxk e (46)
ndl or

0, and O, are the deflections normal and parallel to the sample surface.

Figure 5: Geometry for 'mirage’ deflection. The probe beam is along x direction and excitation
beam or pump beam is along z direction.

Using the standard result

?T, (x)dx = ZT'Fs(l)cos(ly)dl .............. (47)
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Hence substituting for the integral in eq (34)

2 dn N7 :
= ;Eexp(ﬂnt)ﬁ‘:il Bg exp(— Bgz)cos (Ay)dAj (48)
0

n

Similar treatment of the integral in eq (35) results in

gt = ig-n{eth J'TJK P\. exp (— Bgz)sin (Xy)kaA ........... (49)
n 0

Substituting the value of T, (A) from eq. (30) in the above equation the general
expression for 6, and 8, can be obtained. 8, is related to the heat diffusion process
perpendicular to the surface whereas 6, represents the heat diffusion process parallel
to the sample surface.

Depending upon the optical absorption co-efficient, sample can be divided into
optically opaque and optically transparent. According to the thermal properties, each
are subdivided into thermally thick and thermally thin. Equation (30) will be modified
accordingly for each of these special cases [42]. The basic assumption is that the
thermal diffusivity of the sample is greater than that of fluid as well as backing i.e. b

Case I: Optically Opaque (ol >>1)
In these materials, the optical absorption length is much smaller than the

sample thickness.

r a
— ~1

l+r B, +a
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0y OO -Bz .22
=——1--5d-ll—P—ejmtjksin(ky)e § ~ATam /4

| |
) _LL____*J
£ ndT2kn 0 8 [ -2 1} '

and that of normal component is given by

a

. N N
g = & 11:P exp(_j(ot)jﬁgcos(ly)exp(— A4 }—é—[l i exp(— 2BJ)J€XP(" Bgz)dkj

For thermally thick solids, />n. Hence exp(~B,/)~ 0 and the intcgrands are further

reduced. For thermally thin solids, /<g.. And the equations arc suitably modified.

Casc II Optically Transparent solids (o <<1)

Now the tangential component and normal components are given by
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—7&202
0 -3z
et-_-_lg%zl; explor) [ASin(y 4 e § @k ... (52)
n 19 5 0 s
2.2 /
ldn P Y -Aa® | a i J -
=——— expl jot cos(Ay)ex —exp| =B zld\ ....(53
en ndT21tkS pU )(J)Bg () p{ JBZ ]L Bg ) - 53)

Both the above-mentioned cases are again classified into two according to the thermal

properties. For thermally thick solids, />p. Hence exp(— B,l) ~ 0 and the integrands

are further reduced. For thermally thin solids, I<p, and the equations are suitably

‘modified.

The two techniques detailed in this chapter can be suitably applied to various
materials for the optical as well as thermal characterisation non-destructively. The
analysis of the PTD signal and PA signal are discussed in the subsequent chapters,
along with their successful applications to measure various thermal and transport

parameters.
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CHAPTER I1

ANALYSIS OF PHOTOTHERMAL DEFELECTION SIGNAL
FOR DETERMINATION OF THERMAL DIFFUSIVITY:
THEORETICAL EXTENSION TO AMPLITUDE METHOD -

2.1 EXPERIMENTAL CONFIGURATIONS

Photothermal deflection technique is in the class of laser heating methods that
creates a temperature distribution within a material by impingement of a laser on to its .
free surface. As discussed in the last chapter, this technique uses two laser beams, one
for heating the sample (pump) and the other to detect the produced refractive index
gradient (probe). The pump and probe beams can be aligned with respect to each other in
two configurations [1]. Transverse PBD: In this case, the pump and probe beams are
perpendicular to each other. Collinear PBD: Here the pump and probe beams are paraliel
to each other. Moreover, the probe beam can be directed to the sample surface in two
ways [2,3,4] 1) Skimming configuration: In this configuration, the probe beam just grazes
the sample surface. This implies that the probe beam travels at a certain height above the
sample surface, which is determined by the size of the probe beam. The main problem
connected with the skimming configuration 1s thus related to the size of the probe beam.
Though the probe beam is focussed to a small spot size, it increases at the edge and 1n

order to avoid probe beam scattering the beam has to travel a distance 'z' far from the
surface which is at least z = ,})“L_t , where A is the probe optical wavelength and ‘L' is
i

the sample size along the probe beam path. 2} Bowncing conflmuration or surface
reflection scheme: The probe beam impinges on the sample surface at a certain angle and
the deflection of the reflected beam is noted. Hence, the height of the probe beam above

the samnle surface is zero. In the bouncing configuration, the probe beam deflection 1s
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obtained as a result of two different mechanisms, the thermal gradicent in the arcas near to
the heated sample (mirage) and the sample deformation due to thermal expansion. The
bouncing scheme however cannot be appiied to samples with no relevant probe
reflection i.e. absorbing, rough or non-reflecting samples. This problem can be overcome
by covering the surface with a thin reflecting layer. However, usc of this layer can causc
the pump beam reflection too. It is suggested that this problem can also be overcome by
covering only a small region of surface in order to guarantee probe beam reflection only.

But the smali dimension of the covered area limits the use of bouncing to large angles

only.

The effects introduced in both the configurations by the finite size of the heating
beam, finite height of the probe beam above the sample surface, the secondary effects
like finite size of the probe beam, sample temperature, optical misalignment, diffusivity
of the deflecting medium are discussed 1n detail by Salazar et a { [2]

There are two methods for making the optical beam deflection measurements [5].

Method 1: The Standard Method:

In this method the scparation between the pump and probe beams (transverse
offset, 'y’) is fixed (usually y=0 when the two beams mtersect). The signal amplitude
and phase are measured as some physical or operational parameter of the system is
changed. Thus when an infinitesimal probc beam skims the sample surface and when
there is no heat diffusion in the gas, this method measures the normalized surface
temperature t along a line passing through the excitation beam axis. Although
theoretically, this temperature is intcgrated along a line infinite in extent, it is effectively
determined only by the temperature in the region of the sample significantly heated by
the absorbed light. Thus as the pump and probe beams are moved across the sample

surface, the localized area contributes effectively to the OBD signal changes, whercby
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the optical and thermal propertics of the sample can be measured as a function of the

beam position.
Method 2: The Transverse Scan Method:

In this method, the pump beam is fixed to a particular position on to the sample
surface. The probe beam is then scanned across the sample surface perpendicular to the
pump beam. Hence, the scparation between the pump and the probe beams (transverse
offset ‘y’) is a variable. Thus, the normal and tangential beam deflection profiles are

measured about the center posttion of the exciting laser beam.

In all the above-mentioned methods and configurations of the probe beam
deflection, one condition Is strict which is reg:u'dir;g the size of the probe beam. This is
so beeause the basic cquations dealing with the normal and tangential component of the
deflection requires that the size of the probe beam must be small compared to the gas
thermal diffuston length. Large probe beams can be treated as a bundle of infinitesimal
hight filament cach satisfying thesc basic cquations and hence cach of them will be
deflected differently and the finite probe beam will have no well-defined deflection. In
addition, the beam spreads and its cross sectional shape will be distorted. Thus in short
if the ratio of the probe beam radius R, to the thermal diffusion length (ji,) of the
deflecting medium ‘g’, R/}, 1s small enough, then the different parts or rays of the probe
beam are submitted to approximately the samc thermal gradients and they undergo
almost the same deflection. On the contrary when this ratio is large enough, then each
individual ray of the beam is deflected in a particular direction with given amplitude and
phase. Under high excitation power, it was proved that there was deformation in the
probe beam shape due to constant heat gradient [6]. In the collinear configuration, the
effect of absorption of the probe beam must be taken into account. An absorption change
is always present when there is an increasc in thermal refractive index induced by the

pump beam, which is of the same order as that of magnitude of the refractive index
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change. It has been theoretically analyzed by Bertolotti e al [7] to extract the expression

for the deflection signal eliminating the probe bcam absorption effects from the

experimental data.
2.2 ANALYSIS OF EXPERIMENTAL DATA

As already explained above, the PTD cxperiment consists of a pump source for
excitation of the sample, which 1s modulated using a chopper and a probe source to
probe the refractive index gradient. The detlection of the probe beam 1s detected using a
position sensitive detector. The vectorial nature of the decflection implics that the
magnitude has two spatial components. The components are referred to as the normal
component @, and tangential component ¢, [1,8]. Different methods are developed by
many workers to analyze the amplitude and phase data for determination of thermal

diffusivity. Some of the important methods of analysis are given below.

a) Zero crossing technique:

The theory of the technique has been developed by Kuo et @i{9,10]. In this
technique, the transverse scan method is used and amplitude of the tangential component
of the deflection signal (A,) is measured using the lock-in-amplifier. A graph is plotted
between A, and the transverse offset *y’ as shown in figure. The antisymmetric plot is
explained on the fact that the probe beam deflection switches from left to right as one
passes from one side of the heated region to the other. The two points at which the plot
of real part of A, just goes to zero on either side of the central zero corresponds to points
that are shifted in phase by + /2 relative to the central position. It is to be noted that
these points do not correspond to quarter wavelength distance on cach side of the center.

However, this is not so for two reasons.
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1} The effect of finite heating beam size is such as to effectively add a constant to this
distance.

2) Cylindrical waves are not exactly periodic and first zero do not occur precisely at
+m/2 radians from the origin. It was later proved that the distance x4 between two

ninety degree phase points on either side of the origin is given by

[ .
X, = d+\/)7% =d+, yn ? , where ¥ is a parameter which depends on the kind

of material, 'd' is the distance on the order of the heating beam diamcter and 'f is the
modulation frequency.
y=1.4 when the sample 1s optically opaque and thermally thick.

v=1, for optically opaque thermally thin solids and optically transparent ones.

Thus, a plot of x4 vs /£ gives a straight line with a slope+/1.4nc , where o is the

thermal diffusivity of the sample.

Though this method of determination is direct and simple, it cannot be applied to
materials whose thermal diffusivity is lower than that of the surrounding fluid medium.
If the thermal diffusivity of the fluid is higher than that of the sample, then the mirage
signal will be dominated by the thermal propertics of the fluid. Thus, when the thermal
diffusivity of the specimen is much lower than that of the surrounding fluid, the
applicability of the zero crossing method becomes complicated as either no zero-crossing
exists or the signal level at the zero-crossing point is so small that noise makes its

accurate determination impossible.
b) Multiparameter fitting [11,12]:
This method has been suggested as a new method to determine the anisotropic

thermal diffusivities parailel to the surface of a solid sample. Moreover, this method can

be employed for the determination of low thermal diffusivity. The thermal diffusivity of
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specimen has to be calculated from entire mirage measurement data, which contains
information on the thermal properties of both the specimen and gas, the size of both
heating beam and probe beams and their alignment as well as the modulation frequency
of heating. Initially a possible data analysis mcthod for this kind of problem is the
multiparameter least square regression fitting developed by Anthony et a/ [13]. It was
applied for the determination of therma!l diffusivity of diamonds. Later this method was
extended by Rantala er a/ [12] for determination of low thermal diffusivity of materials
like polymers, ceramics etc. The severe thermal expansion of polymer samples, which
causes difficulties in the case of optical measurement, has been taken into account. The
sensitivity of the multiparameter to the sample diffusivity is studied by calculating the
variance of the fitting when the sample thermal diffusivity is held as fixed. Other
variables whose values are unknown are fitted. For example the height of the probe
beam, thermal diffusivity of the coating and the phase shift and the amplitude of the
signal. However, the thickness of the sample affects the accuracy of measurement. The
method is reliable only for samples with thickness exceeding 100 pm. When applied to a
polyvinyl film of thickness 50 pum, the thermal diffusivity obtained was double that of

expected value.

¢) Thermal wave coupling method [14,15]:

Photothermal measurements on thin films are not casy. While dealing with thin
films, it 1s to be noted that they arc always coated on to a substrate, It the fhm s very
thin then a significant portion of the pump power will be absorbed by the substrate. Thus
the true sample is a film-substrate composite. Wong et al derived explicit expressions
for the thermal diffusivity for film substrate composites by including contributions from
the thin film as well as the substrate to the temperature field at the probe beam position.
This method requires the measurement of the phase of deflection at two positions (yo)

over a range of pumping frequency from which the thermal diffusivity of the film can be
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found out. From the regression line of the phase - {* plot, the thermal diffusivity of the
substrate can be determined. The measurements arc made with probe beam well beyond
the pump spot so that the influence of the pump beam profile is negligible and also the
frequency range used is very high. Hence, measurable signal results only if the sample is

a highly absorbing one.
d) Phase Method [16,17]:

This method utilizes the phase of the tangential component of deflection signal

(90
Theoretically,

o =vscsl- o Y )] v

This implies that the phase varies linearly with the pump-probe offset 'y'. /, is the
characteristic length , which is the distance corresponding to onc radian phasc shift.
From the slope of plot of phasc vs. 'y, s, thermal diffusivity of the sample can be

determined using the relation
D=-— 2

This direct determination is possible only if the thermal diffusivity of the sample
is greater than that of the coupling medium. On the contrary, if the thermal diffusivity of
the sample is lower than that of the coupling medium, modificd phase method must be

applied. In such a case, slope 's' is determined for various modulation frequencices 'f' and
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a graph is plotted between % and %/? The slope of this straight fine graph, s', gives

the thermal diffusivity using the relation

2

D=ns" (3)
¢) Amplitude Method:

The method developed by Quelin et al took into account the linear variation of
logarithm of amplitude of the tangential component of the deflection signal with the
pump-probe offset. The three-dimensional thermal conductivity tensor of a polymer
crystal is determined in the front configuration where the pump and probe runs on the

same side of the sample [18] This is similar to the Phase method and the thermal

diffusivity is obtained from the relation D :ﬂ%Z where s’ is the slope of graph between
s

in[A] and'y'. Further they observed that only a numerical simulation led to the thermal
conductivity co-efficient perpendicular to the sample surface. Hence in order to
determine the thermal conductivity coefficient in the normal direction, they used
amplitude of normal component of deflection in the rear configuration, which means that

the pump and probe are running on either side of the sample [19].
23 THE PROPOSED MODIFIED AMPLITUDE METHOD

We propose a modification to the Amplitude Method to analyze the
photothermal probe beam defection signal for the determination of low thermal
diffusivity values of materials. This simple theoretical model, takes into account the
dependence of the photothermal signal on the height of the probe beam above the sample
surface, which affects mirage measurements when the thermal diffusivity of the coupling

medium is greater than that of thc sample. The present work is similar to the
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modification to the phase method proposed by Bertolotti e a/ for determination of low
thermal diffusivity. The method can be applied irrespective of whether the sample is
optically transparent or optically opaque and is independent of thickness.
In the amplitude method as discussed earlier, the slope (Syg) of the plot of
1

Im [A] vs. pump-probe separation 'y' is evaluated. Since Sy = 1- the
' .
determination of high thermal diffusivity is simple as it can be directly obtained

from the relation,

_nf
S szigh

D, 4

The result of numerical simulation of In [A;] vs. y for various modulation

frequencies for optically opaque and optically transparent cases is shown in Fig (1-2).
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Figure 1 Plot of InfA] vs pump-probe offset for four different modulation
JSrequencies ( W )v=6 {7, (A)v=10 Hz, (s )v=15 Hz, (0) v=20 Hz for optically opaque

samples with high thermal diffusivity.
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The plots are linear with their slopes increasing with the modulation frequency.
This implies that the characteristic length decreases as modulation frequency
increases. Table I shows the thermal diffusivity values obtained using equation (4)
for four different modulation frequencies. It 1s observed that the diffusivity values
obtained for each frequency, is in perfect agreement with the value used in computer

simulation (0.3x10™ m’s™") irrespective of whether the sample is optically transparent

or optically opaque.
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Figure 2. Plot of In{4] vs pump-probe offset for four different modulation frequencies (o)v=6

Hz, (A)v=10 Hz, (o Jv=15 Hz, (0) v=20 Hz for optical[); transparent samples with high thermal
diffusiviry.
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Frequency (Hz) 6 10 15 20
Optically )
D,(10" m’s’") |  opaque 0.293 0.294 0.296 0.298
Eq(4)
Optically
transparent 0.309 0.310 0.309 0.306

Tablel: Thermal diffusivity value calculated using Eq. 4 for optically opaque as

well as optically transparent samples possessing high thermal diffusivity.

However, for samples with low thermal diffusivity, the characteristic length is
different from the thermal diffusion length and has a strong dependence on the
vertical offset 'z' given by [4]

lL=u+kz (5)
where 'k’ is a coefficient depending on the ratio of diffusivities of the surrounding
medium and the sample. Hence, the vertical offset dependence has to be taken into
account while characterizing samples possessir}g low thermal diffusivity. It is to be
noted that the criteria for classification of materials possessing high or low thermal
diffusivity depends on whether the thermal diffusivity of the sample is higher or lower

than that of the coupling medium used. In our theoretical calculations, the thermal
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diffusivity of the coupling medium 1s taken to be that of carbentetrachloride (D~0.731 x

107 cm’ s™).

The difficulty mn measurement of low thermal! diffusivity arises due to the
contribution of the thermal properties of the coupling fluid to the photothermal signal.
When the thermal diffusivity value of the sample is low, the thermal diffusion length 1s
also low and becomes comparable with the second term of equation (5). Therefore, the
height of the probe beam above the sample surface has to be taken into account. Hence,
in skimming configuration. one can no longer take the slope of In [A] vs. 'y’ to be equal
to 1/, The problem can be ¢asily overcome by using the bouncing configuration (z = 0)
whereby the dependence of the characteristic length on 'z' can be ecliminated. The
bouncing configuration can be applied in the case of ceramics and rare earths provided
the surfaces are clean and polished. For materials like polymers, this configuration can
result in thermal expansion, due to their low thermal conductivity and high thermal
expansion coefficient, which will adversely affect the mirage measurement. Thus, the
skimming configuration is more suitable for thermal diffusivity determination in the case

of polymers, which possess very low thermal diffusivity.

Hence, while appiving the skimming configuration to low thermal diffusivity
measurements, the amplitude method is slightly modified considering the vertical offset
dependence of the characteristic length. We can eliminate this dependence by

determining the slope

RANEAGY!

-

€quation (5). The thermal diffusivity can be obtained using the relation,

. oL !
, of the plot of charactenstic length /, vs. —\/—.:, as suggested by
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D =nS!? (6)

low

Figure (3a & 4a) shows the numerically simulated plots of logarithm of signal
amplitude ln[A‘]against the pump-probe separation, for optically opaque and optically-

transparent cases respectively for four distinct modulation frequencies 6Hz, 10Hz, 15Hz,
20Hz. The thermal diffusivity value used for the simulation is 0.3 x 10 m’™ so that the
Dsanpie/Dasia =0.4. Table II shows the thermal diffusivity values calculated using
equations (4) & (6) for optically opaque and optically transparent cases. Though the
plots show a linear depcndence. the thermal diffusivity values calculated for each -

modulation frequency using equation (4) is found to be different. Unlike the case of high
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Figure 3a: Plot of In[A] vs pump-probe offset for four different modulation frequencies
(e )v=0 Hz, ( .)v=] 0 Hz, (o )v=15 I, (¢) v=200 Hz for optically opaque samples with
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thermal diffusivity, thesce values differ from the value used for computer simulation
too. implying a non-negligible dependence of the characteristic length (/) on vertical

offset (z). Applying the modification suggested eliminates this dependence. Figures
(3b) & (4b) shows the plots of / vs. %/? for the optically opaque and optically
transparent cases. It is seen from Table II that the thermal diffusivity value calculated

with equation (6) using the slopes of plots (fig (3b) & (4b)) yield the value used in

computer simulation for optically opaque as well as transparent cases.
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Figure 4a: Plot of InfA] vs pump-probe offsetfor four different modulation
Sfrequencies(e )v=6 H:, (¢ )v=10 Iz, (¢)v=15 Hz, (V) v=20 Hz for optically transparent

samples with low thermal diffusivity
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—
Frequency (Hz) 6 10 15 20
| D,(10°*
m’s™) 1.204 1.590 2.00 2.410
Eq(4) j
|
D a0* 0.300
mzs")
Optically Eq(6)
Lopaque
D,(10* 1.252 1.679 2.126 2.498
mzs'l)
Optically Eq{4)
transparent
DQao* 0.308
m’s™h)
Eq6) | ]

Table 2: Thermal diffusivity calculared using Eq. 4 and Eq. 6 for optically opaque as well as

optically transparent samples possessing low thermal diffusivity.

The method is applicable only if the height of the probe beam above the

sample surface is less than half the thermal diffusion length, Hence, the accuracy of

the method depends on the spot size of the beam and the chopping frequency [16]. If

the height of the probe beam above the sample surface is very large then the linearity

between the characteristic length /, and 1/f*? will not be exhibited.

However, 1if the geometrical configuration is the ‘bouncing’ one then the

vertical offset is zero. Thus in this scheme, the characteristic length 1s the same as the

thermal diffusion length even for low diffusivity samples. So equation (4) can be

used for the determination of their thermal diffusivity and is found to be equal for all

modulation frequencies. For very low modulation frequencies (~0. 1Hz), the

dependence of the characteristic length on the vertical offset is negligible. Hence,
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equation (4) 1s valid even in the case of low diffusivity samples. However, this

frequency range is not practical due to the 1/f noise appearing in the measurements.

To conclude, a new method 1s proposed for the analysis of the photothermal
deflection signal for the determination of thermal diffusivity when the measurements
are taken on samples, which possess low thermal diffusivity compared to that of the
adjacent coupling media. This method can be applied to both optically transparent
and optically opaque materials and no knowledge of the thickness of the sample 1s

required for the successful evaluation of thermal diffusivity.
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CHAPTER II1

PREPARATION AND OPTICAL CHARACTERIZATION
OF CERTAIN R.F. PLASMA POLYMERIZED THIN FILMS

3.1 INTRODUCTION

The term Plasma 1s derived from the ancient Greek language, which meant,
‘that what is built’ or ‘that what 1s formed’. In modern language Plasma describes the
state of ionized gas. An 1onized gas mainly consists of positively charged (ionized)
molecules or atoms (ions}) and negatively charged electrons. Crookes (1879) was the
first to give a description of this iomzed gas. Finally, fifty years later in 1928, the
fourth state of matter was given 1its own name by Irving Langmuir, when he
introduced the term plasma in his studies of electrified gases in vacuum tubes. Each
and every person has his/her own encounter with plasma. Lightning for instance is an
electric discharge in air and can be considered as plasma. In gencral when a molecule
is subjected to a severe condition such as intense heat, ionization of the molecule
occurs. The classical definition of Plasma limits the term to an appreciably tonized
gas or vapour that conducts electricity and is at the same time electrically neutral
fluid, hot and viscous. However, modern definition of plasma is less restrictive; the
term simply denotes a more or less 1onized gas. A gaseous complex that may be
composed of electrons, ions of cither polarity, gés atoms and molecules in the ground
or any higher state of any form of excitation as well as light quanta is referred to as
plasma. Plasma in this sense may be called cold and <.:an be generated using different
techniques [1,2,3,4,5]. Plasma created from an electric glow discharge is often called

low temperature plasma to distinguish it from hot plasma.

In laboratory, combustion. flames. electric discharge, controlled nuclear reactions,
shocks and other means generate plasma. Since plasma loses energy to its

surroundings mainly by radiation and conduction to the walls in order to maintain
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plasma statc continuously in a laboratory apparatus, energy must be supplied as fast
as it 1s lost. In order to maintain plasma state for a relatively long period of time, the
most obvious and most common method is the use of electric discharge. Most
experimental work in the study of polymerization is carried out using some kind of
electric discharge. There are many types of electric discharges, all characterized by
the presence of frec electrons and or an electric field. Among the many types of
electric discharge, all are characterized by the presence of free electrons and or an
electric field. Among these, glow discharge is by far the most frequently used in

plasma polymerization.

Hence, Plasma polymerization refers to formation of polymeric materials
under the influence of plasma (partially ionized gas), which is gencrated by some
kind of electric discharge. However, little attention Wwas paid either to the properties
of these materials or to the process as a means of forming useful materials as these
materials were initially regarded undesirable. At the earlier stages of the discovery,
the plasma polymerization technique was not treated as standard method for
preparation of polymers [1.3]. These methods gained importance when they were
used to make special coatings on metals and began to be recogmzed as techniques for

synthesizing polymers.

Although a great number of research studies have been published and
numerous potential application and uniqueness-of polymer formation process have
been demonstrated, the subject has not drawn much academic interest as a new
subject area of polymer science. This 1s largely due to the fact that the very unique
and advantageous feature of forming insoluble, infusible polymers has hampered the
basic study of the process at the molecular level. The well recognized concept of
conventional polymerization is based on molecular processes by which the size of the
molecule increases. The arrangement of atoms that constitute the molecules of a

monomer is accomplished during the organic synthesis of the monorner. During the
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polymerization of a monomer rearrangement of atoms within a molecule seldom
occurs. However, polymer formation in plasma is recognized as an atomic process in

contrast to the above molecular process.

In short, plasma polymerization was dealt with in the 1960's and 1970's as a
new and exotic method of polymerization. But the materials formed by plasma
polymerization are significantly different from conventional polymers and also differ
from most inorganic materials. Plasma polymers have no repeating monomer units
unlike the conventional polymers processed through ionic or radical mechanisms.
They are composed of a mixture of molecules cross-linked or fragmented and
rearranged from monomer molecules. Thus, the technique can be considered as a
method for forming new types of materials rather than a method of preparation of
conventional polymers. Certain molecules, which cannot be polymerized
conventionally because of the absence of active species to propagate the polymer

chain can be plasma polymerized.

Initially polymers formed under the plasma conditions were recognized as an
insoluble deposit that provided only difficulty in cleaning and nothing else. The two
most important characteristics of this undesirable deposit, which are the most sought
later, in modern technology of coatings, are excellent adhesion to substrate materials
and strong resistance to most chemicals. There are various steps involved in
obtaining a good coating by conventional methods while with the plasma
polymerization technique, a single step can produce a good polymer coating. Thus,

simplicity also favours plasma polymerization technique.
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MONOMER [ W

CONVENTIONAL
POLYMER

PLASMA
POLYMER

Figure 1: differentiates the plasma polymer from a conventional polymer of the
same monomer

Figure 2 Figure 3
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Figure 4

Figure 2:Scratch resistant layer on a polycarbonate pane. The fields that
are recognized as letters are uncoated. After treatment with a sponge it
becomes obvious that these fields are more severely attacked than the
coated fields.

Figure 3: Ship lamp of Aluminium, left side uncoated, right side coated
with a plasma-polymeric anticorrosive layer, after salt-spray-test..

Figure 4: Water drop on a surface being coated by plasma-polymerization
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Figure 1 gives a general idea of conventional polymerization and plasma
polymerization. The plasma polymerized thin films are highly adhesive, pinhole free,
dielectric, hydrophobic, cross-linked. highly branched and highly resistant to physical
and chemucal treatment [ 1. 6-12]. Some of the aspects of these films are exhibited in

figures 2-4.

Chemical reactions occurring under the plasma conditions are generally very
complex and consequently are non-specific in nature. These polymerization
techniques are advantageous when special excited states are required as intermediate
states. This cannot be achieved using other conventional polymerization technigues.
Thus. plasma polymerization is recognized as special means of preparing unique
polymers that cannot be made by other methods.~

Generally, many bulk properties of polymer films such as permeability,
electric volume, resistivity and dielectric constant can be considered as characteristic
material constants. The parameters do not change as the thickness of the film varies.
This is true for a film as its thickness is above a certain critical value i.e. 0.05 - 0.1lum
depending upon the paramcters under consideration. As the thickness of the film is
below a critical value, the constancy of the parameters is no longer observed. This
might be probably due to the increased contribution of flaws to the total film. As the
thickness of the film decreases the contribution from the flaws to the film increases. It
1s difficult to prepare flawless films with thickness below a critical value. However,
with plasma polymerization. we can obtain ultra thin film containing minimum

amount of flaws, which is a valuable asset in material characterization [1].

Before discussing in detail the mechanisms of formation of polymeric
materials in plasma, it is necessary to review some of the fundamental aspects of

polymerization.
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According to the growth mechanisms, polymerization is classified into two.

a) step-growth polymerization and b) chain-growth polymerization [1, 13].
3.1.1 STEP GROWTH POLYMERIZATION

In step-growth polymerization, a polymer 1s formed by the step-wise
repetition of the same reaction. If the monomer is represented by M, and the growing

molecules by M,, step growth polymerization can be represented by
M;+M=M,+H,0
M;+M=M;+H,0
M +M=M,,,»+H.O

It 1s seen that the reaction at cach step is identical to the first reaction. Since the
overall polymerization 1s the multiplication of the same reaction, the enthalpy change
AH, entropy change AS and the Gibb's free energy change AG for overall
polymenization are nearly identical to those in each step as long as the condition that
the reactivities of the functional groups are independent of the size of the reacting

molecules.
3.1.2 CHAIN GROWTH POL.YMERIZATION

In chain-growth polymerization, a long chain molecule is formed by a
series of consecutive steps that is completed in a very short time. In this case,
products are only final polymers. Unlike the case of step growth polymerization,
itermediate size molecules cannot be isolated. Conscquently, entire polymer

formation can be essentially considerced a one step process, as long as the concept of



Chapter 111
chenucal reaction that relies on the identification of reactants and products is
concerned.

If the chain carrying species 1s indicated by M* and the monomer by M, the chain
growth mechanism can be shown by

M*+M=M,*

M,*+M= M,*

TVin)."H\/I= Mn-'l *

&
M,,*—> M,, (Polymer)
The first three reactions represent the propagation reaction and the last reaction in
which the chain carrying species 1s lost 1s the termination reaction. In short, in
the step growth polymerization. each growth step is a chemical reaction between two

molecules whereas in chain growth polymerization, each individual growth step is a

chemical reaction between a chain carrying species and a molecule.

A typical example of the chain growth polymerization is the addition
polymerization. Dcpending on the nature of-the reactive species, the addition
polymerization can be classified as free radical polymerization, cationic

polymerization, anionic polymerization and so on.

Free radical polymerization:
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Since most of the studies of plasma polymerization suggests that free radicals
are the most likely reactive species in the formation of polymers under plasma
conditions, 1t 1s neccessary to review the fundamental aspects of free radical

polymerization. The reactions of the free radical polymerization can be looked upon

in four steps.

Step 1 Initiation

i Ky 2R

K¢
R.+M —» M.

Step 2: Propagation

M.+M  ——>» MM.
Myt M —2

Step 3: Termination

- - Pon.
Recombination MpetMy o P

. . +M.. Potl
Disproportionation M+ M, —_—> mer
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Step 4: Chain Transfer

KY
Myt A ——p Pnt A
K
ActM — 5 M.FA

The important aspects of free radical polymerization are 1) The rate of polymerization
is proportional to the square root of the initiator concentration or the square root of
the rate of mnitiation. 2) The degree of polymerization is inversely proportional to the
square root of the square root of the nitiator concentration or the square root of the

rate of mitiation.
Hence, faster polymerization leads to shorter chain length of the resulting polymer.
Ionic polymerization

Depending on whether the chain carrying reactive species is electrophilic initiator or
nucleophilic initiator they are classified into cationic polymerization or anionic
polymerization respectively. In the following schematic representations, electron used
in the A-B bond are represented by ‘dot” and the electron in monomer double bond is

expressed by ‘colon’.
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Electrophilic Initiator:

B

H H

HpC—CHx A:lc—|C+_”_ -
|
H X

H
* _
CHZ—C"' B™ 4 HpC = CHX
|
X
H
_ _HZC—iH“CHZ_T— ...... B~
X X
This 1s also referred to as cationic polymerization.
Nucleophilic Initiator:
H H
A: B s At g 28 TCHX g C|_‘Cl ) At
H X
H
| . .
L CHy—cC: At 4 HZC"‘T”
] X
H
———— — HyC— iH ——CHZ——T Do At
X
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This is referred to as anionic polymerization.

The difference between 1onic polymerization and free radical polymerization
is the fact that the growing chains n ionic polymerization are accompanied by
corresponding counter 1ons. Therefore in ionic polymerization, chain propagation is
highly dependent on the type of initiation (which determines the counter ion) and the
nature (particularly the diclectric constant) of the solvent used in the polymerization.
In the case of free radical polymerization, the reactivity of growing chain is nearly
independent of the nature of R or of the type of solvent. The initiator moiety R
remains at the non- recactive end of the growing chain. Another notable difference is
in the mode of chain termination. In ionic polymerization, the growing chain
possesses the electric charge and two growing chains cannot react due to the
coulombic repulsion of two similarly charged species. Hence, the termination by a
molecular reaction of the growing chain is absent in the cationic and anionic
polymerizations. Therefore, the termination occurs by other reactions such as chain
transfer and reactions with impurities. On the contrary in free radical polymerization,
the chain termination occurs by reaction between two free radicals (growing chains).
Consequently, the termination is an apparent monomolecular reaction (first-order

reaction).
3.1.3 RADIATION POLYMERIZATION:

. . . . .. o 60

Polymerization initiated by ionizing radiation such as y rays from “Co or
high-encrgy beams is somewhat similar to Plasma polymerization. For elucidating the
mechanism of plasma polymerization. an understanding of radiation polymerization is

helpful.
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The significant difference between radiation polymenzation and the
polymerizations discussed so far is that no inttiator 15 employed 1n radiation
polymcrizatiom The chain carrying species are created by jomization of a monomer

molecule. It is this aspect of radiation-induced polymerization, which is similar to

plasma polymerization.

Under irradiation, the monomer 1s ionized ejecting an eleciron forming a

cation radical M~

irradiation

HyC 2= CH H5C "_TH+-D- -(e7)

X X

The cation radical and the ejected electron may either recombine or separate
depending upon the distance of the initial separation. A cation radical that is
sufficiently separated from electron will then proceed with the polymerization

procedures.

The cation radical first adds to another monomer forming a dimer structure

that has a free radical at onc end (expressed by.) and a cation site at the other end.
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HoC —T+ + HpC —— cH >-HyC CH CHy I+H
X

X X

Propagation then proceeds independently at each site according to the respective

characteristic rate constant of the particular active site.

At the same time, some of the ejected electrons from the initial ionization are
captured by monomers to form anionic radicals M -. The anionic radicals also then
add to another monomer to form dimeric structure with free radical at one end and an
anionic site at the other. Propagation again proceeds independently at each active site
according to the respective rate constants of the anionic and free radical

polymerization.

Radiation induced polymerization differs from the polymerization by an
initiator in that (1) free radical and ionic polymerization co-exist, (i1) ion radicals

contribute to the initiator reaction and (i11) ionic sites have no counter 1ons.

3.1.4 PARYLENE POLYMERIZATION:

This kind of polymerization can be described as a rapid step- growth
polymerization by polycombination of difunctional active species. The reactive
species, hence do not add onto the monomer but they react with cach other to form
polymegr. In this sense, this kind of polymerization differs from the classes of

polymerization discussed in the preceding sections.

Parylene polymerization utilizes a dimer of p-xylylene or p-xyleylene

derivatives. Unsubstituted p-Xylene dimer is designated as Parylene N where as
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monochloro substituted dimer is designated as Parylene C. Various other kinds of

substitution are also possible.

Cl

|

CH

QT O

e =
HoC 7 N CH>

Parylene N
Cl1

Parylene C

Parylene C is used industrially and in research applications whereas Parylene N is
used 1 the study of Parylene polymerization and characterization of polymer
propertics. In Parylene polymenzation process, the system is first evacuated to the
level of 10” to 107 Torr with a known amount of dimer charged in the sublimation
‘chamber. Then the sublimation chamber is heated to 120-160 ° C and the cracking
chamber is heated to 600-650 ° C respectively. The sublimated dimer molecules

dissociate into p-Xylene at the cracking temperature.
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| l 600 - 650 O ¢

‘2CH2:Q:CH2

The cracked species reach the deposition chamber, which is at room
temperature and the polymer 1s deposited on the surface, including the wall of the
reaction chamber. The polymer formed 1s often highly crystalline and insoluble 1n

organic solvents.

Hence among the polymerizations described, plasma polymerization is close
to radiation polymerization and parylene polymernization. The radiation
polymerization 1s simular to plasma polymeriza‘tion in that the primary step is the
lonization of monomers. However, radiation polymerization does not yield polymers
in vacuum. The similarity between plasma polymerization and parylene
polymerization is in the formation of polymer deposits in vacuum and differ in that
parylene polymerization docs not involve the ionization process. In short, plasma
polymerization can be viewed as a hybrid of these two polymerization mechanisms.

s

3.2 PLASMA SOURCES
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In the plasma polymerization, plasma of the monomer vapour 1s generated by

different sources like

a) Direct current (DC) Glow Discharge.: This can be established by passing a
D.C. electric current through gas under low pressure. The cathode is
bombarded with positive 1ons, which results in the generation of secondary
electrons. These electrons are accelerated away from cathode until they .gain
sufficient energy to ionize the gas molecules or atoms that collide with the

electrons.

b) Alternating Current Glow Discharges: The polymerization mechanism
depends upon the frequency of alternation. Some of the AC discharges are

given below.

Silent Discharge: In the typical arrangement, the discharge tube consists
of a co-axial section and the linear and outer surfaces of the co-axial
sections are connected to high ac voltage of 1000V and a frequency of 50

to 60 Hz. The polymerization takes place near the electrodes.

Low Frequency Discharge: Two metal electrodes are placed inside a
reactor and 1s connected to a variable high voltage source. The required
voltage depends upon the pressure, the nature of the substance and the
distance between the electrodes.

Microwave discharge: Plasma can be produced using microwave
generators of few kW powers and is found to be successful with

Inorganic compounds.
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R.F. Discharge: At frequencies above IMHz., no direct contact between
electrodes and plasma 1s necessary. Hence in r.f plasma polymerization,
the energy can be fed to plasma by inductive or capacitative coupling.
Hence r.f plasma can be initiated and sustained by external electrodes at a
much lower voltage than it is required for maintaining DC glow

discharges.

This chapter describes the method of preparation of plasma polymerized thin
films and investigations on their structural and optical characteristics, which include
the analysis of FTIR spectra, absorption spectra and transmission spectra. The IR
spectra give information about possible bond linkages, whereas the optical parameters
like direct and indirect band gaps and refractive indices are evaluated from the

absorption and transmission spectra. -
3.3 PREPARATION OF PLASMA POLYMERIZED THIN FILMS ,

Three different polymers namely poly o-toluidine, poly m-toluidine and poly
diethyl aniline are prepared in a plasma deposition system comprising of an r.f.
generator source that uses four 807 RCA tetrode valves. The tuned plate, tuned grid
r.f. source oscillates in the frequency range 4.5 to 13 MHz and has an output power of
35 Watts. Poly-o toluidine and poly m-toluidine are prepared at a frequency of 6MHz
and poly diethyl aniline at a frequency of 7 MHz. The deposition chamber is a long
tube of length 35cms and diameter of 3.5 cms. The energy is fed to the deposition
chamber by capacitative coupling using aluminum foils for maintaining plasma. The
tube is connected to a rotary pump and is evacuated to a pressure of 10> Torr. The

monomer flow into the tube is regulated using a manually operated needle valve.
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" To
pressure =a
gauge

Monomer v

Aluminium foil

To rotary pump

Figure (5): Schematic of the plasma polymerization unit.

The polymer thin films are prepared on optically flat glass slides of
dimensions 75 x 25 x 1.4 mm. The glass plates are first cleaned in running water and
are immersed in chromic acid for about 1-2 hours in order to remove alkaline
impurities. The slides are then washed in distilled water and are cleaned
ultrasonically. The microscopic impurities are stripped off by ultrasonic agitation in

water. The glass slides are then dried and placed in the deposition chamber. The
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chamber is evacuated to a pressure of approximately 10 Torr keeping the monomer
needle valve closed. The r.f. power is switched on and a bluish glow appears in
between the electrodes. The monomer needle valve is opened gradually. After a
deposition time of about 25-30 minutes, a thin film of the corresponding polymer is

coated on to the glass plate.

3.4 OPTICAL CHARACTERISATION

3.4.1 BANDGAP MEASUREMENTS:

Optical absorption in solids occurs by various mechanisms. In all cases photon energy
will be absorbed by the lattice or by electrons and transferred energy will be
conserved. The lattice absorption, which occurs in the infrared region of the
spectrum, gives information about the atomic vibrations involved. The higher energy
parts of the spectrum associated with the inter-band electronic trapsition, provides
information about the electron states. In such process, the electrons are excited from a
filled band to empty band by the absorption of photons. This results in a sharp
increase in the absorption coefficient and the onset of this rapid change in absorption
coefficient is called the fundamental absorption edge. The corresponding energy 1s
referred to as the optical energy-gap or the band gap energy. There are two kinds of
optical transitions at the fundamental absorption edge of crystalline and amorphous

solids- direct absorption (or transition) and Indirect absorption (or transition).
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a) DIRECT ABSORPTION

For a direct transition from the valencc band to the conduction band, the wave vector
of the electron must be conserved. This can be explained as follows: In any optical

transition process, the total energy and momentum of the clectron-photon system
must be conserved. 1.e.

E;=E; +hv; k&kitq;

where E; and E( are the initial and final energies of the electron in the valence and

conduction bands respectively and k; and k¢ are the corresponding electron momenta.

Conduction band

Valence band

A\ 4

Figure 6: Direct Absorption
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'q’ 15 the wave vector of the absorbed photon. The wave vector of the photon in the

optical region 1s usually small. The momentum condition therefore reduces to

Hence the momentum of electron alone 18 conscrycd This selection rule indicates that
only vertical transitions are allowed between the valence and conduction band. The
bottom of conduction band and top of valence band lies at k=0 as shown in figure (6)
so that electrons near the top of valence band can make direct transition to the states

near the bottom of conduction band.

The density of states for a direct transition is given by [14]

_(2m
2n

~

N(E)

(hv —E )"

2
)
3

-

Theoretically by this equation, at hv=E,, N (E) =0; In reality this is wrong. This
means that the density of states is not nil in the band gap of the material and their
presence 1s attributed to the band tails. Band tails are nothing but perturbation of the
conduction and valence bands by the formation of tails of states extending the bands
into the energy gap (figure (7)). These are referred to as localized states and are

characteristic of amorphous solids or when defects, impurities etc are present.
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X

Figure (7): The left diagram shows the perturbation of the band edges by
Coulomb interaction with inhomogeneously distributed impurities. This leads
to the formation of tails of states shown on the right side. The dashed lines
show the distribution of states in the unperturbed case.

The transition between the band tails causes an exponentially increasing absorption

coefficient o, (d(Ina)/d(£)=1/kT) and is known as Urbach’s rule.

Hence 1n amorphous materials, three different types of optical transitions are to be

dealt with as shown in figurc (8). They are

1) Extended to extended transitions:

The transitions from extended to extended states are very similar to the ones known

from crystalline materials. The absorption coefficient in this case has the form
[15.16]

ahy = A(hv - Eg)'/:
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where 'a' is the absorption coefficient, 'hv' is the energy of absorbed light A is a
constant for different transitions indicated by the different values of 'm'. (ahv)® is to
be plotted against hv in €V to determine the allowed direct transition energy band gap

from the intercept of the extrapolation of (athv)? to zero on the photon energy axis.

2) Localized to extended and extended to localized transitions:

In 1deal crystalline matenals, no transition takes place in the gap. However, in
amorphous materials, there can be transitions from occupied extended states of
valence band to empty tail states of conduction band and also from occupied tail
states of valence band to empty extended states of conduction band. Both these
transitions will have similar matrix elements. The density of states of localized states
decays exponentially into the gap. Hence for transitions from localized to extended
states and for extended to localized states, there is an exponential relation between

absorption coefficient and frequency [17].

where E, is called the Urbach energy.

Since
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.Hence Urbach energy can be obtained from the inverse of the slope of plot between In

o) and frequency ().

Figure (8): Different optical transitions involved in the direct absorption.

3) Localized to localized transitions: These transitions usually are not very important
since the number of states involved is low and the transition matrix elements are
significantly smaller compared to those of the above-mentioned transitions. This is
due to the fact that the matrix elements are integrals over all space over the product of
two functions (the initial and the derivative of the final state) which are separated in
space and hence do exhibit almost no overlap. Transitions from localized to localized
states would lead to absorption in the low energy regions of the spectrum which in

most cases is the near to mid infrared region.
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b) INDIRECT ABSORPTION:

As seen in direct absorption, if the bottom of conduction band and top of valence
band lies at the same k (momentum) value then absorption process do not require
change in k and hence direct transition is possible. However, if the bottom of
conduction band and top of valence band has different k, then the absorption process
requires a change in k. In order to conserve momentum in such indirect transition,
participation of a phonon (lattice vibration, longitudinal or transverse) is required in
the optical absorption process. The phonon is either created by the absorption process
or thermally excited in the crystal, if the temperature is high enough. In the indirect
absorption process, either electron transition from valence band absorbing a photon
followed by electron transition within conduction band emitting or absorbing a
phonon takes place or hole transition for conduction band to valence band followed
by hole transition within the valence band emitting or absorbing a phonon takes place.
It is not necessary that energy be conserved in the intermediate stages though energy
must be conserved overall. Urbach’s rule does not apply to indirect transitions.

The absorption coefficient is of the form

.hv=Alv-E,)
Hence the intercept on x-axis of the plot of (cthv) vs. hv in eV gives the indirect band

gap energy ineV.

3.4.2 REFRACTIVE INDEX MEASUREMENTS

The refractive index of a dielectric film can be determined by the measurement of the
transmission T of light through the film using a simple method suggested by
J.C.Manifacier etal [18].
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Consider a thin film with a complex refractive index 1 =n-—ik , bounded by two

transparent media with refractive indices n, and n,. Considering unit amplitude for the

incident light, in the case of normal incidence, the amplitude of the transmitted wave

is given by

- 27rint:/\J

tt, exp( %
(M

l+rr, exp(— 4nin%]

in which t;1s, ). > are the transmission and reflection coefficients at the front and

A=

rear faces. The transmission of the layer is given by

T=—L|Af @
n

1]

In the case of weak absorption with k* << (n -n, ): and k* >>(n-n, )2

T len,nna )
C'+C, 0’ +2C Ca cos(47"%)

.

where C, ={n+n, Xn, +n).C, =(n-n,Xn, —n) and

a = exp(— 47‘1\% ) = exp(~ Kt) (4

K is the absorption coefficient of the thin film.

Generally outside the region of fundamental absorption (hv > E, thin film gap) or of
the free carrier absorption (for higher wavelengths), the dispersion of n and k are not

very large. The maxima and minuna of T in equation (3) occurs for
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4ant - = mn (5)

where m 1s the order number. In the usual case (n>n; , C,< 0), the extreme values of

transmission are given by the formulae

_16n,n,n'a

_lén,nn’a
T = P ) @

By combining equations (6) & (7), Lyashenko and Miloslavskii developed an
iterative method allowing the determination of n and a. J.C.Macifer etal proposed a
simplification of this method by considering Tpy, and. Ty as continuous functions of

A through n (1) and o (A). The ratio of equations (6) and (7) gives

c,[l (4 ] }
()]

Then from equation &

o =

s

n= [N+(N2 —nn:n]z)l;']

n.’+n’ T -
where N=°—2—]+2non| e

max mn

The above equation shows that n is explicitly determined from Ty, Tmin, Dy and ng at

the same wavelength.

~
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A Hitachi model U-3410 UV-Vis-NIR spectrophotometer is used to record the

absorption and transmission spectra of the plasma polymerized samples. The optical
absorption and transmission of samples prepared on glass substrate is measured
against a blank substrate as reference. Direct band gap, indirect band gap and Urbach
energy of the three plasma polymerized samples are determined form the absorption
spectra and refractive indices of the corresponding samples are determined from the
transmission spectra.

Figure (9) shows the absorption spectrum of the poly o toluidine thin film.
The direct and indirect band gaps are determined from the plots (10) and (11)
respectively. From the graph (12), Urbach energy is calculated. The transmission

spectrum of the thin film sample is as shown in figure (13).

4.0
35
&0;
2.5
2.0 ~

1.5

-absorbance

a2l ¢

1.0
0.5

0.0 —

—

T ——T

—1 —
600 650 700

T v T T M T
400 450 500 550
wavelength (nm)
Figure( 9) : Absorption spectrum of poly o toluidine thin film
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Figure (10): (chv)’ vs. hv plot for determining the direct band gap energy
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Figure (12): In(a) vs hv (Joules) plot for determining the Urbach energy
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Figure (13): Transmission spectrum of poly o toluidine
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Figure (15): (ahv)’ vs. hv in eV for determining direct band gap energy
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Figure (17): Transmission spectrum of poly m toluidine
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Figure (18) : In(a) vs hv (Joules) plot for determining the Urbach energy

The absorption spectrum and transmission spectrum of poly m toluidine thin film is
as shown in figures (14) & (17). The direct band gap, indirect band gap and Urbach
energy are determined from the plots (15,16 &18).

Similarly, from the absorption spectrum of poly diethyl aniline (figure (19)), direct
band gap (fig (20)). indirect band gcap (fig (21)) and Urbach energy (fig (22)) are
determined. Refractive index of the thin film sample is determined from the

transmission spectrum (fig (23)).
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Figure (20): (ohv)’ vs htv plot for determining direct energy band gap



(ahv)m (m'le V}I/

e

9000 -
8000 J
o0
6000 j

5000

s 3
[=]

(=N )
1. 1

1
2000

1000

« 220eV

Chapter 111

0 o T
00 04 08 1.2

-

T T T T T
1.6 2‘0/ 24 2.8
hv (eV)

T

32

Figure (21): (whv)'” vs hv plot for determining indirect energy hand

gap

In)
5
1

-2.0

-2.5 4

T T

4.00E+014 5.00E+014

T T

6.00E+014
hv (Joules)

—
7.00E+014

8.00E+014

Figure (22): In (o) vs hv (in Joules) plot for determining Urbach energy

.



Chapter 111

70-: /

60 + |

% transmittance

40 /

3oﬁ
. . . ————— gy

Ll v T T L v T

T T T T
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

wavelength (nm)

Figure (23): Transmission spectrum of poly diethylaniline

The direct bandgap energy, indirect bandgap energy, Urbach energy and the

refractive index of the three samples arc tabulated in Table 1.
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Sample Direct energy | Indirect energy | Urbach energy Rcfractive‘
bandgap (eV) | bandgap (eV) | (eV) index

Poly o toluidine 2.79 2.13 0.316 1522
Poly m toluidine 2.76 1.98 ‘ 0.511 1.545
Poly diethylaniline 2.86 2.20 0.406 1.577

TABLE I showing the direct bandgap, indirect bandgap, Urbach energy and

refractive index of the three plasma polymerized samples.

3.4.3 FTIR ANALYSIS [19,20,21}:

Michelson interferometer invented by Albert Abraham Michelson in 1880

forms the basis for the development of FTIR. Though originally, the Michelson

interferometer was designed to test the existence of “luminiferous ether” a medium

through which light waves were thought to propagate, Dr. Michelson was aware of

the potential use-of his interferometer in spectral analysis. He also'manually measured

many interferograms. Unfortunately the calculations required to convert an
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interferogram into a spectrum were time consuming and hence the use of an
interferometer to obtain spectra was impractical. The invention of computers and
advances in how computers perform mathematical operations made FTIR a reality.
J.W. Cooley and J.W. Tukey. at Bell I.abs, made the major advance in this area when
they invented “Fast Fourier Transform™ (FFT), or "Cooley-Tukey Algorithm”. This
algorithm quickly performs Fourier transforms on a computer, and is still the basis for
the transformation routines used in commercial FTIRs. The marriage of the FFT

algorithm and minicomputers was the breakthrough that made FTIR possible.

Intrared spectroscopy is the study of interaction of infrared light with matter.
The infrared spectrum is generally regarded as one of the most characteristic
properties-of a compound. The range from 0.75 micron to 200 micron 1.e. from just
outside the visible region and extending up to the microwave region is called the
infrared. The wavelength of infrarcd radiation is most frequently expressed in terms
of wavenumbers, which are the reciprocal of wavelengths expressed in centimeter
units. Two types of spectrophotometers are available, those linear in wavelengths and
those linear in wavenumbers. The wavenumber unit is most widely used today. The
majority of FTTRs operates in the mid infrared region of the spectrum, between 400-
4000cm™. As the infrared radiation interacts with matter, it can be absorbed, causing
chemical bonds in the matcrial to vibrate. Since the vibrational energy levels of the
molecules are quantized, only the infrared photon with a frequency exactly matching
that required for a vibrational transition will be absorbed by the sample. When an
infrared beam, whose frequency is changed continuously, irradiates the sample, the
molecule will absorb centain frequencics as the energy is consumed in stretching or
bending different bonds. The transmitted beam corresponding to the region of
absorption will naturally be weakened and thus a recording of the intensity of the
transmitted beam as a function of wavenumber gives the infrared spectrum. Hence,

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful tool for identifying
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types of chemical bonds in a molecule by producing an infrared transmission

spectrum that is like a molecular "fingerprint®,

Samples for FTIR can be prepared in a number of ways. In the case of liquid
samples, the easiest way 1s to place one drop of sample between two plates of sodium
chlorde (salt) so that the drop forms a thin film between the plates. Salt 1s
transparent to infrared light. In the case of solid samples there are two ways: 1) Solid
samblcs can be milled with potassium bronude (KBr) to form a very fine powder.
This powder is then compressed into a thin pellet, which can be analyzed. KBr is also
transparent in the TR. 2} Solid samples can be dissolved in a solvent such as
methylene chloride, and the solution placed onto a single salt plate. The solvent is
then evaporated off, leaving a thin film of the original material on the plate. This is
called a cast film, and is frequently used for polymer identification. Solutions can also
be analyzed in a liguid cell. This 1s a small container made from NaCl (or other IR-
transparent material), which can be filled with liquid, such as the extract for EPA
418.1 analysts. This creates a longer path length for the sample, which leads to
increased sensitivity. Sampling methods include making a mull of 2 powder with a
hydrocarbon oil (Nujol) or pyrolyzing insoluble polymers and using the distilled
pyrolyzate to cast a film. Films can be placed in an Attenuated Total Reflectance cell

and gases in gas cells.

All molecules are made up of atoms linked by chemical bonds. The
movement of atoms and chemical bonds can be likened to that of a system comprised
of springs and balls in constant motion. Their motion can be regarded as being
composed of two components, the stretching and bending vibrations. The frequencies
of vibrations arc not only dependent on the nature of particular bonds themselves,
such as the C-H or C-O bonds, but are also affected by the entire molecule and its

environment.

An infrared spectrum is usually studied under two regions:

a) The functional group region, 4000-1300 cm™ (2.5-7.7 um)
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b) The finger print region, 1300-909 em™? (7.7-11.0 um)

The high frequency portion (4000-1300 cm™) is called the functional group
region. The characteristic stretching frequencies for important functional groups such
as OH, NH, C=0 etc occur in this portion of the spectrum. The absence of absorption
in the assigned ranges for the various functional groups in is an ewvidence for the
abscncé of such groups in the molecule. Overtones and combination tones of the
lower frequency bands frequently appear in the high frequency region of the
spectrum. In general, the high frequency region shows absorption arising from

stretching vibrations and 1s uscful for the 1dentification of functional groups.

The region from 1400 cm™ — 650 cm’' is called the finger print region since
the pattern of absorptions 1n the region is unique to any particular compound. The
intermediate portion of the spectrum 1300 cm™ -909 cm™' region is usually complex
since both the stretching and bending modes give rise to absorption i the region. The
absorption bands in the finger print region are also complex with the bands
originating in interacting vibrational modes. Each organic compound has its own
absorption in the region. This region contains many absorption bands due to bending
vibrations and the region is particularly rich in number of bands and shoulders.
Aromatic compounds display numerous bands in the finger print region than their
aliphatic counterparts. The Patterns of the infrared spectrum in the finger print region
are very sensitive and change even with minor chemical or stereo chemical
alternations in a molecule. The finger print region of the spectrum is extremely

valuable when examined in reference to the other regions.

The bands in an infrared spectrum are generally classified by the intensity of
the bands: strong, weak and variable. The relative strengths of the absorption bands

n'spectrum is changed by the number of similar groups in a molecule.
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In the present work. the FTIR spectra of the monomer samples and the
corresponding polymers are recorded in the range 400cm™'-4000cm ™. The pellets of

the polymer samples mixed with KBr are used for the IR measurcments.

The FTIR spectra recorded in the range 400-4000cm™ of the o-toluidine
monomer and polymer are shown in figures (24) & (25). The o-toluidine molecule
consists of a methyl group and an amino group on a benzene ring, with the methyl
group attached to the ortho position of aniline. It is observed from the spectra of
monomer and polymer that the group frequencies corresponding to the benzene ring
are present in both the monomer and polymer implying that the benzene ring is
retained in the polymer. The most important observation made by comparing the two
spectra 1s that pertaining to NH stretching frequencies. In the monomer spectrum the
group frequencies corresponding to the symmetric (3376 e¢m’™") and asymmetric (3456
cm’') N-H stretching of the -NH, group are present whereas in the polymer spectrum
only a single group frequency (3356) is present. The presence of the sirfgle frequency
in the region 3350-3310¢m™ is characteristic of the secondary amines. Hence it can
be inferred that -NH- group in the monomer is changed to -NH group in the polymer.
Thus, the possible inkage is through the hydrogen abstraction of the -NH, group in
the monomer. This is the linkage reported for polyaniline [22]. The presence of group
frequencies 2925cm™ and 2866 cm’' indicates the presence of methylene group in the
polymer. This implies that that the methyl group of the monomer is changed to the
methylene group. Hence as evident from the FTIR spectra of the o toluidine monomer
and polymer samples, there are two linkages one of which is from the amino group
and the other from the methyl group. This substantiates the highly branched and

cross-linked nature of the r.f plasma polymers.

Figure (26) and (27) shows the FTIR spectra of the m toluidine monomer and
polymer sample. ¥ toluidine also contains a methy! group and amino group on a

benzene ring but the methyl group being attached to the meta position of the aniline
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molecule. The monomer exhibits two peaks 3423 cm’ and 3350 cm’' suggesting that
it 1< a primary anune whereas the polvmer spectrum exhibits only ene peak in this
region which 1s characteristic of secondary amine. Hence, here also the hinkage is by

hydrogen abstraction of the N2 group in the monomer.

The FTIR spectra of the monomer and polymer spectra of N, N Diethyl
aniline are shown in figures (28) & (29). N, N Diethyl aniline is a tertiary amine with
two cthyl groups replacing two hydrogen atoms of the amino group in the aniline
molecule and hence no peak is observed in the amino region of the monomer
spectrum. The observed peak in the polymer spectrum at ~3400 cm™ region can be
due to the —OH group of water molecule included while preparing the pellets, The
asymmetric and symmetric stretching vibrations of methyl and methylene groups give
rise to four absorption bands just below 3000 cm-1. In monomer spectrum all the four
bands are retained: 2960 cm’ & 2866 cm Which corresponds to stretching of
methyl group and 2925 cm & 2853 om ».Wwhich correspond to stretching of
methylene group. In the polymer spectrum one of the frequencies, (2872 cm-1)
corresponding to the symmetrical stretching of methyl group is absent. In addition to
this, another frequency 775cm-! corresponding to the rocking of ethyl -CH? is absent
in polymer. These two facts suggest that the possible linkage has taken place through

the ethyl group of the N, N diethyl aniline molecule.

In all the above-mentioned cases we deal with the analysis of FTIR spectra of
plasma polymerized compounds by comparing it with the corresponding monomer
spectra. However, it is to be noted that the exact structure of the polymer molecules
cannot be obtained only from such an analysis. This is so for various reasons, the
most important being the highly branched and cross-linked nature of the r.f. plasma
polymers. Due to the variable extent of fragmentation and/ or rearrangement of
atoms and ligands during the process of plasma polymerization in plasma, the IR

spectra also will vary with the conditions of the.plasma polymerization [1]. Thus the
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complete information on branching and cross-linking is not readily obtained from the

IR analysis alone.

To conclude, plasma polymerized thin films of three monomers, namely o-
toluidine, m-toluidine and diethyl aniline are prepared using excitation by an r.f.
source. The direct band gap, indirect band gap and Urbach energy are determined
from optical absorption spectral studies. It is observed that the band gap values lie in
the range of other plasma-polymerized samples [23]. Similarly the Urbach energies
obtained for the three samples also lie in the expected range [24]. The approximate
values of the refractive indices are estimated from the transmission spectra. The
possible linkage in the formation of polymers is also suggested from the FTIR
analysis, though it cannot accurately determine the exact structure, due to the highly

cross-linked and highly branched nature of the plasma polymers [1].
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CHAPTER IV

DESIGN AND FABRICATION OF A PROBE BEAM DEFLECTION
EXPERIMENTAL SETUP AND DETERMINATION OF THERMAL
DIFFUSIVITY OF R.F. PLASMA POLYMERIZED THIN FILMS

4.1 INTRODUCTION

Over the past two and a half decades, there has been a rapid increase in the
development and application of new and improved materials for a broad range of
applications in physics, chemistry, biology, medicine and in microelectronics. This has
led to a corresponding increase i requirements for thermal performance data. The
established therma! property measurement techniques include Differential Scanning
Calorimetry, Contact Transient Methods etc. However, these techniques either require
large samples or are too complex and time consuming. Above all, in these conventional
measuring methods the sample must be kept in contact with the detector, which produces
fluctuations in the thermal ficld to be measured. Meanwhile another set of non-
destructive and non-contact techmiques, commonly known as the Photothermal
techniques [1) detailed in Chapter [, have been developed and applied to study matter.
One of the most interesting applications of thermal wave physics is the measurement of
thermal diffusivity of solids. hiquids and gases. Different methods have been proposed for
particular cases depending upon the thermo-optical properties and structure of samiples:
Photoacoustic [2-7], nurage or photothermal beam deflection [8-13], photopyroelectric

[14-15]. All these techniques can be viewed, as alternatives to classical non-contact tools
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like Flash method [16]. The present chapter describes the design and fabrication of a
compact photothermal probe beam deflection (PBD) experimental setup and its
application to the determination of thermal diffusivity of certain plasma polymerized thin

film samples.
4.2 THERMAL DIFFUSIVITY- SIGNIFICANCE

When different parts of a body arc at different temperatures, heat flows from the
hotter parts of the body to the cooler. Out of the three modcs of heat transfer, convection
15 altogether absent in solids. In the present work, we study the conductive heat flow in
certain soiid samples, under conditions of negligible radiation losses. Thermal conduction
is a process by which heat is transferred from one part of the sample to another as a result
of the temperature gradient. Both electrons and phonons are instrumental in transferring
energy from one place to anothier in a solid. Electrons are primary carriers’ in metals and
these materials have fairly large thermal conductivities. For example at room temperature
the thermal conductivity of alununium is about 235 W/mK and that copper is about
400W/mK. Heat conduction in insulators can be considered as the diffusion of phonons
from the hot to the cold end.

Jean Founer derived a basic law defining the propagation of heat in one-dimensional

solids as
R __ T
ct ox

This equation is known as the Fouricr cquation. The above equation implies that the

quantity of heat conducted in the x-dircction of a uniform solid in time dt is equal to the
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product of the conducting area A normal to the flow path, the temperature gradient
(d%x } along the path and the thermal conductivity k of the conducting material.

The formal definition of thermal diffusivity arises from the expression for a transient
temperature field in a conducting solid, which is given by

16T
VT =——

o Ot

e o k
where the thermal diffusivity a is given by a = —
pe

where ‘k’ 1s the thermal conductivity, ‘p’ is the density and *C’ is the specific heat of the
material. The thermal diffusivity (o) is expressed in m’s™. It is evident from the units
that, a represents the rate of heat flow. The reciprocal of thermal diffusivity (l/a)
expressed in sm™” is a measure of the time required to heat-up a conducting material to a
particular temperature level. Obviously, ‘o’ is a significant thermo physical parameter

that detenmunes heat diffusion in bulk as well as thin film samples.

4.3 DESIGN AND FABRICATION OF A TRASNVERSE PBD SETUP FOR
THERMAL DIFFUSIVITY MEASUREMENTS

Though the photothermal deflection method has been a well established
technique for the past two decades, cfforts have been made by several workers [17] and
are sti-ll going on to make the experimental setup compact, economie, sensitive and error
free. For designing any experimental setup, thorough knowledge of the basic principle of
the expeniment and all the cquipment including the cost (to make the setup economical)
used in the measurement 1s a necessity.  The essential components for the mirage (PBD)

technique are: 1) Pump Source 2) Probe Source 3) Chopper 4) sample cell 5) Detection
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& Data acquisition assembly consisting of the position sensitive detector (bi-cell,

quadrant cell etc.), preamplifier and Lock-in amplifier.

1)

2)

PUMP SOURCE: Lasers with nearly monochromatic high spectral brightness
enjoy ssgnificant advantageous over the lamp/monochromator combinations
which account for their wide acceptance as light sources n Photothermal
experiments. In addition, the laser output is highly collimated with cylindrical
beam symmetry. The basic theory of the probe beam refraction treats the
excitation beam as Gaussian. The strength or amplitude of the photothermal
signal is directly proportional to the amount of laser light absorbed and to the
laser power. However, the hugh excitation power is found to cause deformation of
the probe beam [18]. In the present work, a Hé-Ne laser (A=6328 A°, power
20mW) with geometrical dimensions of length 50 cm and diameter 5 cm i1s used
as the excitation source. The {1/e?) beam diameter is 0.7 mm and the divergence
is 1.2 nulliradians. The beam is focused using a lens of focal length 10 em and
hence the beam is focused to a spot size of approximately 110pum. Compared to
the traditional PT experimental setups where Argon ion laser is the commonly
used excitation source, the present source is compact and economical. It also
meets the requirements of the pump source to be used in mirage experiments, in
tenms of coherence and directional properties in addition to the important
condition that the sample absorbs at least a small portion of the energy of the
puInp source.

PROBE SOURCE: Usually all the traditional setups use He-Ne laser as the
probe source. However, the availability of cheap and compact semiconductor
lasers operating in the visible region prompted us to use diode laser (A=6500 A°,

5mW, (1/e”) beam diameter ~ 0.8mm) as the probe beam. Since the power

=
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required for the probe source in murage experiment is small, only a low power
semiconductor laser is required. The size of the laser i1s about 7 cm long and 1.5
cm diameter and is focused using a lens of focal length Scm to a spot size of ~
52um. The work by Charbonnier et al {17], specified that even though they used
He-Ne laser as the probe beam, they obtained equally good results with a near
infrared semiconductor laser (A=7940A° and predicted that the availability of
visible semiconductor lasers would be substitute for the He-Ne laser allowing
reduction in setup dimensions and high frequency operation. The other
advantages of using the semiconductor lasers include easy power stabilization

and absence of high frequency pointing noise.

CHOPPER: Light from the excitation source should be modulated for
observing the photothermal signal. The two main types of modulation are
amplitude modulation and frequency modulation of which the former one is the
most common technique. There are several ways for obtaining the amplitude

modulation.

1) Mechanical Chopper: This is the most inexpensive, efficient and
easy way to modulate with the depth of modulation being 100%.
High quality, variable speed and low vibration noise chopper are
available commercially. However, modulation up to a few kHz can
be obtained with a mechanical chopper.

i1) Electrical: The output of electrically excited CW gas lasers such as
CO, laser can be modulated by varying the discharge tube current.
However, this method suffers a serious setback in that the depth of

modulation is cannot approach 100%. Moreover, the electrical
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circuits in the commercial ion lasers are not designed for high

frequency modulation (f>100 Hz). The only advantage of
overcoming the vibrations associated with the mechanical chopper
does not favor this kind of a modulation being used from practical
point of view.

ii1) Electro optic: This method is superior to electrical and
mechamical modulation methods with a modulation frequency range
0-20 MHz. The modulation depth can be as high as 100% and
produces three times lower notse than the mechanical choppers under
identical conditions. However, these modulators are expensive and
require wavelength specific half wave voltages.

1v) Acousto optic: Extra dense flint glass, lead molybdenate and
tellurium oxide are some of the crystals used in acousto optic
modulation. Power in the diffracted laser beam can.be as high as

75% of the input laser beam.

In the present work, we have opted for mechanical chopper (Stanford

Model SR 540) to meet our requirement. The unit can chop light beam at rates of

4Hz-4 kHz. Versatile, low jitter outputs provide the synchronizing signals

required for several operating modes. The whole frequency range operation

requires two blades: a 6-slot blade for operation in the frequency range 4Hz-400
Hz and 30-slot blade for 400 Hz 4 kHz.

The modulation frequency has a major role in determining whether the

sample thermally thick or thenmally thin. This is due to the fact that the thermal

diffusion length follows an inverse relation with the square root of modulation

frequency. As mentioned carlier in Chapter I, the sample is classificd into
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thermally thick or thermally thin according to whether the thermal diffusion

‘length is less than or greater than the thickness of the sample. Hence, by

controlling the modulation frequency, the sample can be changed from thermally
thick to thermally thin or vice versa. However, in the mirage measurements for
thermal diffusivity, the technique can be applied urespective of whether the
sample 1s thermmally thin or thermally thick. Only the analysis of the deflection

signal must be madc appropriately.

SAMPLE CELL: The sample cell used is a quartz cuvette of dimensions 10
mm x 10 mm x 5 mm. High purity carbon tetrachloride is used as the one of the
coupling fluids surrounding the sample, mainly due to the high value of dn/dT
compared to air. This implies that for each degree temperature rise there will be
considerable change m the refractive index, which will lead to an appreciable
beam deflection. The comparatively low values of thermal conductivity (k=0.099
W 'K'') specific heat capacity (C,= 0.85 Jg'K™) and thermal diffusivity (0.731
x 10-3 em2s-1) also make carbon tetrachloride an ideal coupling fluid for thermal

diffusivity measurements. Another coupling fluid used is liquid paraffin which

has a thermal diffusivity (0.3 x 107 em’s”, C;=2.14Jg'K™).

DETECTOR &DATA ACQUISITION ASSEMBLY: This assembly consists

of a position sensitive detector, a preamplifier and Lock-in-amplifier.

Position Sensitive Detector

Silicon photodetectors are commonly used for light power measurements

in wide range of applications such as spectroscopy, photography, optical remote
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control, optical switches, analytical instrumentation, medical imaging, laser
printers, bar code readers and many more. However there is another application
that utilizes the photodetectors as optical position sensors and hence are referred
to as Position Sensitive detectors (PSD). Under this head they are widely used in
ultra fast, accurate auto focusing schemes for a varicty of optical systems, human
eye movement monitoring ctc. The position of beam with fractions of microns
can be obtained using PSD’s and hence are conveniently used in beam deflection
or mirage experiments. The PSD’s are broadly classified into segmented PSD’s

and lateral e¢ffect PSD’s

Segmented PSD's are common substrate photodiodes divided into either
two or four segments or photodiode elements separated by a gap or dead region
and are referred to a s bi-cell and quadrant cell respectively. The photodiode
elements are generally masked on to a common substrate so that their cathode is
shared. A symmetrical optical bcam generates equal photocurrents on  all
segments, if positioned at thc centre. The relative position is obtained by
measuring the output current of each segment. The bi-cell is used for one-
dimensional measurement where as the quadrant cell is used for two dimensional
measurements. The light spot diameter should be larger than the gap between the

photodiode elements.

In the case of a quadrant cell, X and Y displacements of the light spot

can be obtained using the simple relationships given below. If the segments of

the quadrant cell are designated as A, B.C and D then dh

X= [(A+D)-(B+C))/ [A+B+C+D]
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Y= [{A+B)-(C+D)}J/[A+B+C+D]

However, in the case of a bi-cell, there are only two segments say A & B and can

measure only displacement in one direction, then
X=(A-BY/(A+B).

Lateral effect PSD’s are continuous single element planar diffused
photodiodes with no gaps or dead areas. Though Schottky discovered lateral
photo effect 1in 1930, devices using this principle became available only in the
last decade or so. These dctectors consist of only a single active element.
Dividing photon-generated electrons within the substrate of the device rather than
profiling the intensity distribution on the surface derives position. In fact the
lateral effect detectors are not perfectly linear. Most devices exhibit + 0.5%
linearity over the central 25% of their area, + 3% out to 75 % and + 5% out to the
periphery. The major contribution to this nonlinearity 1s the sheet resistance of
the device. At the centre of the detector where the light spot is equidistant from
all contacts these non-uniformities will tend to average out to a greater extent

than at out lying areas on the detector,

In the present work we used a bi-cell (SPOT 2D from M/s UDT Sensors
Inc) as the position sensitive detector for the probe beam deflection
measurements. The important features of this bi-cell include high accuracy,
excellent resolution, high-speed response, ultra low dark current and excellent

response match. Spectral response range s from 350-1100nm and excellent

.
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stability over time and temperature. They have fast response times necessary for
high speed or pulscd operation and position resolutions of better than 0.1 pm.
Though the signal output can be directly read from each segment, electronic
modules can be uscd in order to perform the task. We have constructed a
preamplifier to obtain the amplified output since the deflection signal is usually

small.

Preamplifier:

The block diagram of the preamplifier circuit used in the present setup is
as shown in figure (1}. Giving common signal from a function generator to the
two different inputs initially, tests the preamplifier and it 1s ensured that the
output is zero. Furthermore, two different inputs are fed to obtain the same result

as expected theoretically.
Lock-in-Amplifier:

The Lock-in Amplifier is used to detect and measure very small a.c
signals using a technique known as phase-sensitive detection in order to single
out the component of the signal at a specific reference frequency and phase. The
signals at other frequencies regarded as noise are rejected and do not affect the
measurement. Lock-in-amplifiers use a phase locked loop (PLL) to generate the
reference signal. The PLL locks the internal reference oscillator to the external
reference signal provided to the lock-in-amplifier resulting in a reference sine

wave of a particular frequency and a fixed phase shift. In the present work,

°
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SR830 (Stanford Research Model) is used. The SR 830 operates from 100V,

120V, 220V or 240V nominal a.c. power source having line frequency 50 Hz or

60Hz and can measure voltage from 2nV to 1 V.

The schematic of the experimental setup used for the measurement of thermal
diffusivity is as shown in figure (2). In the present work, we employed the transverse
scan method [9)]. The measurements arc performed by varving the distance between the
pump and probe beams, and hence requires that either of these two beams be fixed. We
chose to fix the pump beam and scan the probe beam across the sample surface, since our

pump source is bulky compared to the probe source. In traditional mirage experimental

Output from
bicell

Op Amp

™
%

Op Amp pP———

Output

Output from
bicell

Figure (1): Block diagram of the pre-amplifier
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setups. usually the probe beam is fixed and the pump beam scans across the sample
surface with the help of a mirror arrangement. This is because probe beam scanning
requires a synchronous movement of the lens focusing the probe beam and the detector,
which makes the system complex, especially when the probe source is bulky. In our

experiment, the probe laser is of small size that, it together with li}g focusing lens and

| FE55 W FE55 W G555 |

Figure 2: Schematic diagram of the experimental setup A: He-Ne laser. B: Mechanical

Chopper. C: Lens. D: Sample cell. E: Diode laser. F: Lens. G: Amplifier. H: Bi-cell

detector I: Lock-in-amplifier J: Aluminium Flat
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detector could be fixed on an aluminium flat of length 30 cm and width lem, which in

turn is fixed onto an XYZ translation stage, so that all the three move in synchrony. The
sample fixed in the cuvette is also fixed on a translation stage. The pump laser and these
two translation stages are fixed on an optical breadboard with honeycomb structure,
placed on a granite table so as to minimize the errors due to mechanical vibrations.

The experimental setup is standardized for thermal diffusivity using InP wafer of
thickness 350um using the Phase Method as described in Chapter I1. Figure (3) shows the
plot of phase vs. transverse offset at a modulation frequency 10 Hz. The thermal
diffusivity value calculated from the slope of graph is 0.444 cm’s’ and is in good

agreement with the literature value [19].

-0.35

10Hz
slope=8.40037

D=0.444 cm’s”’

0.40

-0.45 +

-0.50 +
-0.55 ~

-0.60 —

phase(radians)

. v Y . T . r . .
0.00 0.01 0.02 0.03 0.04 0.05
offset(mm)

Figure (3): Plot of Phase vs. offset of InP
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4.4 THERMAL DIFFUSIVITY OF PLASMA POLYMERIZED THIN FILMS

Plasma polymenzed thin films find innumerable applications ranging from corrosion free
adhesive coating materials to sensor technology and microelectronics [20-25). The
thermal diffusivity (and hence conductivity) is an equally important parameter like
electrical conductivity, which 1s to be known for the effectively applying these materials
for different purposcs. The thermal conduction parameters of polymers are very low
whose deternunation 1s really challenging and the sample being 1n thin film form adds to
the difficulty. However, employing the Photothermal Beam deflection technique or
mirage technique one can accurately determine the thermal diffusivity of thin film
samples of low thermal diffustvity. To the best of our knowledge, the present work
determined the thermal diffusivity values of R.F. plasma polymerized thir} films poly o
toluidine, poly m toluidine and poly diethyl aniline, for the first time. Hence we have
used two different methods of analysis namely Phase method [26] and Amplitude method
[27], which are described in detail in Chapter II. In the first set of experiments, carbon
tetrachloride is used as the coupling medium. The experiment is repeated using liquid
paraffin as the coupling medium. The measurements were performed at two different

modulation frequencies 1n cach case.

Figures (4,5) (8,9) and (12,13) show the phase vs. offset plot for poly — o
toluidine, poly- m toluidine and poly diethyl aniline respectively for different modulation
frequencies (which are indicated in the corresponding graphs). All the graphs are linear as
expected in the phase method. The slopes evaluated from these graphs are the inverse of
the characteristic length and thermal diffusivity values obtained from the slopes is

tabulated in Table I. For confirmation, the analysis was done using the amplitude method

>

114



Chapter IV
for the same set of modulation frequencies as done in the case of Phase Method. The

graphs between /n [amplitude] and offset are shown in figures (6,7), (10,11) and (14,15)
which are also lincar as expected. The thermal diffusivity values are calculated from the
slope and are tabulated in Table I1. These are in good agreement with the values obtained

‘earlier in Table I by the Phase method.

Heat diffusion in solids can take place either through the lattice vibration, carrier
diffusion and camer recombination. The latter two mechanisms arc mainly characteristic
of the semuconductors [28]. However, the thin film samples prepared by the r.f plasma

polymerization techmques are highly crosslinked, exhibit exceptional dielectric

2.0
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1.6

Phasc (radians)
- - —
=) (S 'S
1 1 I

o
©
1

°
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]

0.4 T T T T T v T T L
0.00 0.02 0.04 0.06 0.08 0.10

offset (mm)
Figure (4) phase vs. the pump-probe offset for 10 Hz CCl, for poly o toluidine
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properties [29] and are basically insulators. The high direct and indirect band gap
compared to the pump beam cnergy (1.95eV since a He-Ne laser having wavelength
632.8 nm 1s used) rules out the possibility of photo-excited carrier generation. Hence, any
heat diffusion in these samples are solely due to the lattice vibrations without any

contribution from electron diffusion or carrier recombination.

Two basic factors that need to be considered in the photothermal beam deflection
technique are the effects of coupling media and substrate on which the samples are
coated. In order to have an idea about the influence of the thermal properties of coupling
media to the deflection signal. the experiments were repeated using liquid paraffin as the
coupling medium instead of carbon tetrachloride. The Phase vs. offset plot and
In[amplitude] vs. offset plot for poly o toluidine, poly m toluidine and poly diethylaniline

are shown in figures (16) to (27) for

1.8 -

1.6-1
1.4-1

1.2 A

1.0

0.

0.6 .

Phase (radians)

0.4
1
0.2 4

0.0 A

T

=7 v T T T 1 v
0.00 0.02 0.04 0.06 0.08 0.10 0.12

offset (mm) _
Figiire (5) phase vs. the pump-probe offset for 12 Hz in CCl, for poly o toluidine
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Sample Mcthod of Frequency (Hz) Thermal
Analysis Diffusivity
(107%cm?*s™)
10 0.163 + 0.005
Phase Mecthod 12 0.164 +0.006
10 ' 0.166 + 0.005
Poly o Toluidine | o ;5)itude Method 12 i 0.160 + 0.005
5 0.132 % 0.009
Phase Method 10 0.139 +0.004
8 0.132 +0.007
Poly m toluidine | Amplitude method 10 0.139 +0.003
10 0.211 +0.001
Phase Method 12 0.210 +0.002
Poly ditheylaniline 10 0.211 +0.003
| Amplitude Method 12 0.222 +0.004

Table I shows the thermal diffusivity values obtained for the three plasma polymerized

samples with carbon tetrachloride as the coupling medium
P pling

different modulation frequencies. All the graphs are linear and thermal diffusivity values

are calculated from,the slopes, which are tabulated in Table II. It i found that Table T and
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Table II are in good agreement. Morcover, the measurement carried out at a different

modulation frequency also yielded the same value. If therc were any contnibution from
the coupling media. then the thermal diffusivity value calculated would have been
different for different modulation frequencies [26] and also the two coupling media with
different thermal properties would have yielded different results. The contnibution from
the coupling fluid to the photothermal signal becomes donunant in the skimming
configuration only when the thermal diffusivity of the coupling fluid is greater than that

of the sample. In the present work, although the thermal
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diffusivity of the samples under studv are low, the coupling media chosen in our
measurements carbon tetrachloride (D, = 0.731 x 107 cm’s™ ) and liquid paraffin

(Dt saeain ~ 0.3 X 107 emv's ') have sull Tower diffusivity values. In conclusion, the
thermal  propertics of the coupling media do not influence  the  photothermal

measurements.

As verified from thewr absorption spectra, all the samples under investigation

shows very Tow absorption at the pump laser wavelength, and are thermally thm at the
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modulation frequencies used in the experiment.  [n such circumstances, substrate
absorption can play non-neghgible rolc in the photothermal measurements. As a result,
the samples must now be treated as layered onc and we have to relax the assumption that
the backing or substrate 1s non-absorbing. However, in the present work, the samples are
coated on to a glass substrate, which is perfectly non-absorbing at the pump beam
wavelength. Hence, the effect of substrate on the photothermal measurements can be

neglected [30].

While dealing with the polymer samples, another important factor to be dealt
with 1s the effect of the temperature rise on the expansion of the samples. However, the
temperature rise in the heated area is estimated to be approximately 1 degree, which can
cause a surface deformation of only <lnm. This expansion can affect the photothermal
measurements only when the bouncing configuration 1s employed. In the present work,
skimming configuration is used where the probe beam skims the samplc‘ surface and the
height of the probe beam above the sample surface is imited by the spot size of the probe
beam. Due to the large spot size of the probe beam compared to the surface deformation,
any error in the photothermal measurements caused by the thermal expansion of

polymers is completely eliminated.

In conclusion, the thermmal diffusivity values of r.f plasma polymerized poly o-
toluidine, poly m- toluidine and poly diethyl aniline thin films are measured using a
compact and simple photothermal beam deflection experimental setup. The analysis of
the deflection signal for thermal diffusivity is done using the Phase method and is
verificd using the Amplitude method. The measurements are repeated for different
modulation frequencies and for two different coupling media, all of which are found to

lead to similar results.
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Sample Method of Frequency (Hz) Thermal
Analysis Diffusivity
(10%cm’s™)
10 0.162 + 0.008
Phase Method 12 0.155 + 0.005
10 0.167 + 0.005
Poly o toluidine Amplitude Method 12 0.164 + 0.005
8 0.132 +0.006
Phase Method 10 0.139 +0.004
8 0.137 + 0.004
-Poly 1 toluidine | 4 11y de method 10 0.138 + 0.005
10 0.219 + 0.003
Phase Method 12 0.221 + 0.004
Poly diethylaniline 10 0.220 +0.001
Amplitude Method 12 0.221 +0.007

Table II shows the thermal diffusivity values of the three plasma-polymerized samples

with liquid paraffin as the coupling fluid.
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Chapter V
CHAPTER V

PHOTOACOUSTIC INVESTIGATIONS ON CERTAIN
COPPER DELAFOSSITES

5.1 INTRODUCTION:

Substances exhibiting high electrical conductivity, optical transparency and
which can be efficiently grown into thin films are essential for the next generation
photovoltaics, energy efficient windows, flat panel displays, organic I.LED's and other
optoelectronic applications. Though certain transparent conductors like ITO and F-doped
SnO;, are extensively studied and used, they are insufficient for many future applications.
It 1s seen that the best p-type materials have much poorer properties than their n-type
analogues [1]. Majority of the transparent conducting oxides exhibit only n type
electrical conductivity. This limits their application to transparent electrodes and coating
films for IR reftection. The full potential of transparent conducting oxides (TCO’s) can
be realized only if p-type is developed. For instance, a combination of two types of
transparent conducting oxides namely a p type and n type in the form of a pn junction
would lead to a functional window that transmits visible light and yet generates
electricity in response to the absorption of ultraviolet photons [2, 3]. Transparent
conducting oxides like ZnO and SnO; are trﬁnsparent similar to glass but conductive like
metal. The traditional TCO's can be readily doped to form n type but never p type.
Bipolar doping, namely n type and p type doping is even more difficult. Moreover, in the
case of oxides the valence band is generally the 2p band of Oxygen. Though it is not
difficult to produce holes in this band through doping, the mobility of these holes is low.
The electronic conductivity of such p type oxides is highly activated and can be generally

measured at temperatures well above room temperature. The solution suggested to
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overcome the problem of low mobility holes is the use of a valence band that is not the 2p
band of oxygen but d or s band of a cation. However recent discovery [3] of a p type
delafossite oxide thin film. CuAlO,, is an
important step in that they even provide a

mechanism for equilibrium bipolar doping [4].

Delafossite type compounds have a
general formula ABQ; where A s a
monovalent metal ion (Cu, Ag, Pd, Pt) and B
is a trivalent 1on (Al, In, Ga. Cr. Co, Fe ctc.).
The trivalent B 1ons are octahedrally
surrounded by oxygen 1ons and the octahedral
are connected to form sheet, perpendicular to
the c-axis, of net composition [MO,]. The A
tons are also in layers perpendicular to the c-
axis and sandwiched between the [MO,]
layers. Each A 1on forms two collinear A-O

bands with oxygen 1ons in neighboring layers.

These compounds crystallize i a simple
Figure (1): Structure of delafossite

structure butlt of infinite one-octahedron thick

sheets of close packed MO, octahedra, These layers are linked together by the A-atoms,
forming linear O-A-O units, which are appropriate for A' cations. The stacking of
successive layers of MO, octahedra can result in different polytypes of which two
common cnes are 3R and 2H delafossites. The electrical properties of the delafossites
depend on which ion occupies the A site: Pd and Pt (d” ions) result in conductivity while
Cu and Ag (d'° ions) produce semiconductivity [S]. Delafossites are being employed as

catalysts, for flat panel displays, organic LEDs and various other optoelectronic
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applications in addition to their recent solar applications [3, 6]. In copper delafossites, the
monovalent metal ion ts Cu. The electronic, optical and structural properties of certain
delafossites are studied extensively by several workers [2,4,7,8,9,10,11]. However, the
thermal properties like thermal conductivity (related to thermal diffusivity), which is
equally important to electrical conductivity, remains relatively unexplored. In the present
chapter, the results of a photoacoustic study of the thermal diffusivity and transport
properties like carrier diffusion coefficient and surface recombination velocity of certain

polycrystalline copper delafossites, CuGa, Fe, 02 (x =0to 1) is reported.

Polycrystalline CuGa,..Fe, O, powders are prepared from a mixture of 95.9%
pure Cu,O, Ga,0, and Fe;0;. The mixture was pelletised_and heated at 1100°C for 24
hours in argon atmosphere. The solid solution of CuGa, ,Fe,O; in delafossite structure
can be formed for x=0 to x=1. The X-ray diffraction patterns of CuGa,_xFe,EOZ (x=0to 1)
do not show any peaks of impurity phases. The CuGa,, Fe O, crystallizes as the 3R
delafossite poly type (space group R3m). The powdered samples are again pelletised and

sintered at 1200°C in nitrogen atmosphere.

The wversatility and potential of the photoacoustic (PA) technique in the
characterization of materials has becn well established {12-18]. Photoacoustic technique
generally consists in a closed cavity detection of the encrgy liberated by atoms or
molecules through non-radiative de-excitation mechanism subsequent to the light
absorption by a sample. In the PA technique, the sample to be studied is placed in a
closed cell or chamber. For gases and liquids the sample generally fills the chamber [18].
However in the case of solids. the sample fills only a portion of the chamber and the rest
of the chamber is filled with non-absorbing gas such as air. In the present work, we dcal

only with the PA studies on solid samples.
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When the sample is uradiated with modulated electromagnetic radiation,
absorption of the intermittent radiation and subsequent non-radiative de-excitation takes
place in the sample material. This results in an acoustic signal in the gas medium with
which the sample surface is in contact within the cell or chamber. The acoustic signal
thus generated can be detected by a sensitive transducer (microphone) kept inside the
cell. The theoretical explanation to this effect in condensed media formulated by
Rosencwaig and Gersho [19] is given in chapter 1 of the thesis. The photoacoustic cells
are designed depending upon the sample (solid, liquid or gas) and also on the purpose of
measurement (trace gas detection, optical absorption, thermal charactenzation,
temperature varying measurements etc.). In any case, PA cells are broadly classified into
two: resonant and non-resonant cells. A phase transition measurement, where the sample
temperature has to be varied, requires a resonant cell, where the microphone is separated
from the sample chamber by a long narrow tube. In non-resonant cells, the microphone is
placed in close proximity of the sample so that the gas volume can be minimized which
in turn provides better signal. In the present work, an open photoacoustic cell (OPC) in
the transmisston detection configuration 1s used for measuring the thermal and transport

properties of the copper delafossites.

.5.2 OPEN PHOTOACOUSTIC CELL CONFIGURATION:

Open photoacoustic cell configuration is a modified and convenient form of the
conventional photoacoustic cell. This technique has been successfully applied for the
study of optical spectra of liquids {20}, discrimination of bulk and surface optical
absorption coefficients [21], determination thermal and transport properties [22,23] etc.

The open cell photoacoustic theory was developed by Helander e a/ [24, 25} and was
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later modified by McQueen et al [26]. The OPC technique does not require additional
transducer medium like air chamber in the case of conventional PA cells and may be
called minimal volume PA detection. The solid sample is mounted directly on to the top
of microphone leaving a small volume of air in between the sample and the microphone.
OPC detection has been widely employed in thermal characterization of samples. A
schematic representation of the open photoacoustic cell is shown in figure (2). The
periodic pressure variation in the air chamber can be derived using the R-G theory. The
sample is assumed to be optically opaque so that whole energy is absorbed at the sample

surface itself and the heat flux into the surrounding air is negligible.
Incident light
Sample

Microphone

Figure 2: Schematic representation of
an open photoacoustic cell.

The expression for the PA signal from the 1-D heat flow model of Rosenwaig and Gersho

[27] is obtained as
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b 1/2

"0 o(“ O‘s) .

8p:27t1gTOksfgsinh *1S—G?exp[/<mt _%)} M
where v 1s the air specific heat ratio, Po(T,) is the ambient pressure (temperature), I, is the
absorbed light intensity, f is the modulation frequency, and |; k; and a; are the length,
thermal conductivity and thermal diffusivity of material I respectively. Here i subscript

denotes the sample (s) and gas (g) media respectively and cg=(1+j)ag,

V2
a, = (% ) 1s the complex thermal diffusion co-efficient of the material i.
4

If the sample is optically opaque and thermally thick then equation (1) reduces to

feg] ")
a o
P o £ ° /% exp[j(mt—%—lsas)] 2)

nlgTokS f

n

where /; and a; are the thickness and thermal diffusion coefficient of the sample. Thus,

according to equation (3) the amplitude of the PA signal varies with modulation

1/2 1/2
frequency as (yf)exp - IS[%J and phase varies as —15 [T%SJ . Hence,

thermal diffusivity can be obtained either from the phase data or amplitude data.
However in the case of plate shaped solid samples surrounded by air, the contribution of
the photoacoustic signal from the thermoelastic bending of the sample cannot be
neglected, especially in the case of thermally thick samples [28]. This effect is mainly

due to the temperature gradient inside the sample along the z-axis as shown in figure (3).
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Since the temperature gradient cxists in a direction parallel to the z-axis, thermal

expansion depends on the z. This z dependence of the displacement along the radial

direction induces a bending of the plate in the z direction (drum effect) [29].

R’ 12 R’

v

JA 12

>

B |

172 +1J2

Figure (3): Geometry and sources of surface strain for the
thermoelastic bending. R’ and R are the microphone inlet hole radii
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The contribution from the samplc bending is described by a coupled set of equations. The
heating caused by the surface displacement (elastic waves) is neglected. For the

configuration shown in figure 3, assuming that all the light 1s absorbed at the surface,

(:) _ Iy cosh{[z - (15/2)}7 . } o 3

- k.o, sinh(/c,)

neglecting the inertial term also since the experiment is performed at low frequencies.

Assuming that the sample is cylindrically symmetric and thin enough such that 7, << R’.
In this condition the stress condition 1s applicable i.e. one has o, =0,, =0along z

direction where G ; is the stress tensor. Then on solving the set of thermoelastic

i
equations for the sample displacement u, and u, along the radial and z directions subjected
to the boundary conditions that the sample is simply supported at =R and z=l/2 and that

at the edges r=R’ it 1s free of forces and moments, one gets

: 2 : 2
u.(r.:):a 6(R i)M.+1+V d-T, - Yo« leT zz—li +2NT Z~I—’
: r T 1—\’;4 ’ s 4’ 2

133 I-v I I3
4)
with
IS
2 172
My = [dezT, Ny = jdsz (5)
RIve S
The first term in equation (3} represents the bending of the samplc and the other ones arc

due to the thickness dilation. The thermoelastic contribution Py, to the pressure fluctuation
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in the PA chamber can be calculated if the sample displacement along the z direction is

known using the piston model as

P, =vP, A% where AV is the volume change due to the sample surface displacement.
0
R
P, 2n [,
Hence Py = o J.drru, r,— (6)
Va o 2

Combining equations 3,4 & 5,

3RS YRl cosh(ls(vs)—[(lfc%)sinh(lscs)}—1
P _ /

- 2,2 . ejm' (7)
T RY K0! I, sinh(l,c,) |

where R, is the radius of the PA chamber in front of the diaphram. It follows from

equation (7) that fro a thermally thin sample (l Kej s)<< 1, the thermoelastic contribution

to the PA signal reduces to

4
Py~ 2R Mo e ®)
B8Rk,

This means that the PA signal becomes independent of the modulation frequency while

its phase ¢.; approaches 180". AT the same time for a thermally thick sample,

: i
P,:M(l_ij LT bl o)
4RIk f x) X
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VA
where x =/a, =ls(n%j " and

N e

tand = %\,_1) (10)

At high modulation frequencies such that x>>1, the thermoelastic contribution varies as

f' and its phase ¢ approaches 90° as

¢, = % + arctan(/l[/x _ lﬂ

(1)
Thus for a thermally thick sample, if the thermoelastic contribution is dominant then the

thermal diffusivity can be evaluated from the modulation frequency dependence of either

the signal amplitude or its phase.

5.3 EXPERIMENTAL

The main components of the experimental setup are 1) pump laser for exciting
_the sample 2) chopper to provide an intensity modulation for the incident beam 3) a
photoacoustic cell (which n the present case is an open photoacoustic cell) with an
electret microphone attached to 1t for detecting the acoustic (pressure) wave. Necessary
biasing must be given to the microphone depending upon the specifications of the one
used. The important criteria to be met with the electret microphone used is that it should
have high sensitivity and flat response in the frequency range chosen for the
experiment.4) Lock-in amplifier for obtaining the amplitude and phase of the pressure

wave,
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Kalc

Figure 4: A: He-Ne laser, B: Mechanical Chopper,
C: OPC, D: Lock-in-Amplifier E: Battery F: Chopper control

A schematic diagram of the experimental setup used is given by figure 4. A He-
Ne laser (632.8 nm, 20 mW) is used as the excitation source and is intensity modulated
using a mechanical chopper (Stanford SR 540). The samples in the form of discs are

pressed directly on to the top of the OPC using vacuum grease The laser beam is used
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without focusing in order to minimize the lateral heat flow. The pressure fluctuations as a
result of thermal waves produced are detected using an electret microphone (Knowles FG
3392). The amplitude apf?hase of the PA signal is obtained from the lock-in-amplifier
(Stanford SR 830). Ve)r‘riling the modulation frequency and noting the phase and
amplitude of the PA signal perform the experiment. The measurements are taken for
samnples of different thickness. The experimental setup is standardized using silicon wafer
and InP of thickness 414 micrometers and 350 micrometers respectively. We obtained the
thermal diffusivity values of 0.92 + 0.007 cm?s” for silicon and 0.414 + 0.002 cm®s™ for
InP. These values are in good agreement with the earlier results [30,31]. Figures (6) &

(7) show the plots of phase vs. frequency ” of silicon wafer and InP wafer.

0.1

0.2 4

03

Phase(radians)

-0.7 4

-0.8

0.9 . T . T . r , T . r
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172
frequency

Figure (5): Plot of phase vs.frequency’” for silicon wafer.
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Phase (radians)

39 . , , : . . . ——r
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172
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Figure (6): Plot of phase vs. frequency'” for InP wafer

5.4 RESULTS AND DISCUSSION:

Figure (7) to (10) shows thc variation of the PA signal‘ amplitude with
modulation frequency. It is observed that in each graph, at a particular frequency (fmin),
the amplitude drops to a minimum and then increases. Furthermore, as thickness

increases f,, decreases. This can be explained as follows: As frequency increases the
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thermal diffusion length (j1) decreases and at a low modulation frequency, the thermal

diffusion length is large that it exceeds the thickness (/) of the sample. Hence, a point is
reached when the the'. }1 diffusion becomes smaller than the thickness or the thermal
diffusion length falls inside the sample thickness as the frequency is increased. fi;, thus
corresponds to the frequency at which the sample changes from thermally thin (u>>/,) to
thermally thick (u<</;} and has been reported by Qing Shen ef a/ [32].

\
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Figure (7): Variation of PA signal amplitude with modulation
frequency.
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Figure (10): Variation of amplitude with frequency for CuFeO,

The thermal diffusivity values are determined from the graph drawn between the phase
and square root of modulation frequency. Figure (11) to (14) shows the plot of phase vs.

square root of frequency for samples of different thickness.
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It is observed from figure (11) to (14) that the phase varies linearly with square root of
frequency. Hence, the thermal diffusivity can be directly obtained However, figure (13)
is not linear. This can be attributed to the thermoelastic bcnding‘l which the thermal
diffusivity can be determined using equation (12). The thermal dit";ﬂsivity values of the

copper delafossite samples (CuGa,., Fe,0, ,x =0to 1) is given in Table [

SAMPLE THICKNESS (jum) THERMAL
DIFFUSIVITY (cm’s™)
CuGa0O,

650 1.041 + 0.004

500 1.011 + 0.005

CuGay4Feq,0, 620 0.794+0.003
470 0.790+ 0.002
Cucao‘sFCO_zOz 610 0.744 i 0.006
690 0.745 + 0.005

CuFeO, 850 0.833+ 0.004
670 0.837 + 0.002

TABLE I gives the thermal diffusivity values of CuGa,  Fe O, with x varying from 0 to
1 for different thickness :

.
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Figure (15) shows the variation of thermal diffusivity of the CuGa,.,Fe,O,

samples with varying composition. It i1s observed that the mixtures have thermal
diffusivity lower than *" gt of the pure samples. This is due to the fact that on the
substitution of solute :“" s, phonons are scattered as a result of difference in atomic
masses, atomic binding forces and lattice distortion introduced by the presence of solute
atoms{33]. The scattering of phonon reduces the thermal conductivity (thermal
diffusivity). In the present case, in mixture samples, Fe’* replaces some of the Ga** ions.
Even though the charge remains the same, Fe has a larger ionic radius than Ga and hence
the substitution will result in a lattice distortion. This can be the reason for the reduced

thermal diffusivity in the case of mixtures than that of pure samples.
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Figure (15) shows the variation in thermal diffusivity of CuGa,..Fe,0; with
composition ‘x’
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In semuconductors, the heat s generated i the sample following optical
absorption via three different process [34,35}: 1) an instantaneous intraband non-radiative
thermalisation with energy greater than E,. This process is due+ ‘he electron-phonon
collisions within the conduction band and occurs in a time scale of“}:‘;oscconds. The heat

power density due to this process is denoted by

=2 ) (;"};v” E.) [P (12)
where f§ is the optical absorption coefficient for photons of energy hv incident at the
surface with an intensity of I, (W/cm?®). 2) Nonradiative bulk recombination due to the

recombination of the excess clectron-hole pairs after diffusing through a distance
(D )“2, where D 1s the camier diffusion coefficient, and t 1s the band-to-band

recombination time. The power density for this process denoted by Qngrg 1S given by

£ :

Oner = —Fnlx.1)

(13)

where n (x.t) is the density of the photo excited carriers. 3) Non-radiative surface

recombination: The heat power density Qsg is given by

Osr = E,[od (x) + 08 (x + 4, )]n{x.1) (14)

Hence. the periodic temperature distribution in the PA cell should be the sum of
contributions due to the three components above mentioned. However, the periodic
variation of the sample temperature and consequently the PA signal has a complex
dependence on the modulation frequency. In the case of a thermally thin sample or when
the sample thickness (/) is less than the thermal diffusion length (y1) then the amplitudes
of thermalisation and bulk recombination components are dominant and in this frequency
range all the three components decrease with slope @™, As the thickness of the sample is

greater than the thermal diffusion length (thermally thick sample); then the slopes of the

.
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thermalisation and bulk recombination components change to co"‘exp[—l(a)/2D)y2j

where D 1s the thermal diffusivity. Nevertheless, the bulk recombination component
again changes slope wi" f%crcasing frequency becausc the carrier diffusion length (L,
>i1 ). Therefore, the bulfnd surface recombination components become dominant. This
imphies that the electronic components determine the behavior of the rear surface
temperature vs. the modulation frequency at higher frequencies [36]. Taking into account
the three heat sources, the pressure fluctuation for thermally thick sample is obtained as

{34,35]

2¢1 P _ F
5P 000 Hg ﬂ'exp(~lch)+—c—‘i 1 v ] (15)

= 4 —
. 5. 2 2
To]gcskscg £ | Dyt 645 -y o, J

1/2
where G = 1+ j)as La = (% } 1s the thermal diffuston coefficient of the sample,
: S,

/2 T I?./ , v
y = (%)T)’ (1+ joor) g = - r= /D“/ . = 0 Dy and

£ 3\ 1 i -
F= (ﬁ 0 XI + r)cxp (y!)— (l - rﬁ] - 0jexp (— *{1)

1, is the intensity of the incident optical beam, D is the carrier diffusion coefficient, t is

the band to band recombination time, v, is the carrier surface recombination velocity at
the (back) heating surface and v is the surface recombination velocity at the sample-gas

interface. The first term of equation (15) varies with modulation frequency as

%cxp(-a«/? ) where a =/ (n/o,} and corresponds to the thermalisation component

while the second term which is in the high frequency regime such that ¢ >y? scales as

£ corresponding to the non Radiative bulk recombination and finally the lat term of the

equation varying as f' corresponds to the non radiative surface recombination.
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In figures (11) to (14) we have chosen the low frequency range corresponding to
the first term of equation (15) in order to obtain the thermal diffusivity due to the
thermalisation process only. The transport properties of the copper, lafossites (CuGa.
Fe,0, , x= 0 to 1), namely the carrier diffusion coefficient and su’swce recombination
velocity are determined by studying the variation of the amplitude and phase of the PA
signal at high modulation frequencies.

In the case of CuGaO,, it is observed that in the frequency range 450Hz to
1400Hz, the amplitude varics with frequency as £'**°. Similarly for CuGa,oFe, ,0,, the
variation of amplitude with frequency in the range 450-750 is £'** and £'** in the range
800-1400 Hz. The sample, CuGa, sFeo,0,, shows a variation £'* in the range 600-130Hz.
Finally for CuFeQ,, the frequency variation is £'?* in the frequency range 500- 800 Hz
and f'’in the frequency range 850- 1400 Hz. These facts are depicted in figures (16) to
(19).
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Figure (16): Plot of PA signal amplitude vs. frequency for CuGaO,;
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Figure (22): Plot of phase vs. frequency for CuGagyyFe,,0,

161



07 n CuFe(

20 .

Phase (degrees)
1
|

-20 1 T T 1 v r T T T T T
200 400 600 800 1000 1200 1400 1600

frequency (Hz)
Figure (23): Plot of phase vs. frequency for CuFeO,

The vaniation of phase with modulation frequency fro the same set of samples is shown in
figures (20) to (21). From figures (16) to (19), it is observed in the high frequency
regime, there is no region where the frequency varics as £'° that comes from the non-
radiative surface recombination. and the frequency dependence of the PA signal
amplitude for the non-radiative recombination region ts the same throughout. This
dependence is similar to that observed for silicon [34,35]. Moreover, it is also expected
that the phase should initially decrease reach a minimum and then increase as the signal
amplitude changes from £'* to £'° This minimum is exhibited for only those samples
where wt<<l] [35]. This is also not observed for the samples under study (figures (19) to
(22)). Hence, in all the samples. it is concluded that PA signal is dominated by the non-

radiative bulk recombination. Considering only the non-radiative bulk recombination and
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Chapter V
assuming that @., - +ythe band-to band non-radiative bulk recombination signal

amplitude is expressed as

o
+ r!
2 »

eP,I,Da ““a t" 1
ey T (16)
P‘ (211: )J/ZTolgk,T s [32 +(bf)2]l 2
’l
where

a=D(v+v,)+Ivv, and b=2n/D.

From the best theorenical fit obtained using equation (16), carrier diffusion
coefficient and surface recombination velocity are determined. Figures (24)-(27) show
the vanation of signal amplitude with modulation frequency for the CuGa,,Fe,O,
samples with the square points showing the experimental values obtained and the line
showing the theoretical fit of equation (16). Since the pellets under study are not
polished, both the surfaces are rough so that v=v, The carrier diffusion coefficient and

the surface recombination velocity obtained are given in Table II.
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Figure (24): Plot of PA signal amplitude vs. frequency for CuGaO,
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SAMPLE CARRIER DIFFUSION ST RFACE
COEFFICIENT (cm’s™) RECC 1BINATION
VELOCITY (cms™)
CuGaO0, 16.5 233.5 )
CuGagFe, 0, 19.9 416
II CllGﬂO.gFCo,IO: 11.5 541 .
e SR O —
CuFeO, 27 | 703.8 |

TABLE Il shows the carrier diffusion coefficient and surface recombination velocity

values obtained for CuGa,;  Fe Q; with x varving from 0 (o |

In conclusion. the thermal diffusivity and transport properties (carrier diffusion

and surface recombination velocities) of four copper delafossite samples, CuGa, 4Fe, O,

with x varying from 0 to 1 are successfully determined using the open cell photoacoustic

technique. The detailed analysis of the dependence of amplitude and phase of PA signal

on the modulation frequency suggests that in the hgh frequency region, non-radiative

bulk recombination mechanism dominate the non-radiative surface recombination in the

heat transport process.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

Photothermal ¢ “ection technique and photoacoustic technique are two of the
widely used non-destr “ctive techniques for characterization of materials. The above-
mentioned techniques  utilize the refractive index gradient and pressure change
respectively generated as a result of the absorption of ntensity modulated
electromagnetic radiation. In the present thesis the author has carried out photothermal
deflection studies on certain plasma polymerized thin films and photoacoustic
measurements on a few senuconducting samples. In addition, a new model for the
analysis of photothermal deflection signal for determuning low thermal diffusivity
compared to that of the adjacent coupling medium, is proposed and is successfully

applied.

Photothermal effects or the light induced heating effects arc due to the excitation
and subsequent de-excitation of the sample non-radiatively thereby transforming the
absorbed radiant energy into thermal energy of the medium. Consequently, the optical as
well as the thermal properties of the samiple play a vital role in the photothermal signal
generation. Photothermal deflection and photoacoustic techniques are based on the
thermal wave propagation through the sample; these can be effectively used in the
determination of thermal and transport properties of materials. Depending upon the
nature of the sample under study (for eg. optically opaque or optically transparent,
thermally thick or thermally thin) and the purpose of measurement, any of these methods

are chosen and are suitably analyzed.
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L} - ‘f A Though ﬁfﬁ’c are su:'-:ml methods avaxlal i'or’ :E‘ig}ya'iv :\;u;;i’l‘(;l/:{ﬂﬂ[
deflection signal for thermal diffusivity, the situation bncomus difficult when the thermal
diffusivity of the sample is very low. This is mainly due to theefact that the thermal
properties of coupling medium surrounding the sample will be don 1ant and hence will
contribute to the photothermal signal. This can be reduced cither by 'lﬁ‘, the use of suitable
configuration i.e. bouncing configuration in which the probe beam is. hrected on to the
sample surface so that the height of the probe beam above the sample frface is zero. 2)
the use of a coupling fluid with low thermal diffusivity compared to that of the sample. 3)
eliminating the vertical offset dependence (z) of the characteristic length. The author has
suggested a new model, which 1s an extension of the Amplitude Method for climinating
the offset dependence thereby allowing the determination of sample possessing very low
thermal diffusivity compared to that of the sample. In the analysis, it was found that
when the sample thermal diffusivity was higher than that of the couplil}g fluid Amplitude
Method was sufficient for the analysis of the signal in determining the diffusivity.
Morcover, the different modulation frequencies used also gave the same result as used n
the computer simulation. On the contrary, when the sample thermal diffusivity was taken
to be lower than that of the coupling medium, 1t was found that Amplitude Method did
not yield the value used for computer simulation. The graphs obtained were similar to the
ones obtained for high thermal diffusivity and were linear with the slopes increasing with
frequency. However, for each modulation frequency the thermal diffusivity value
obtained is different and did not agree with the value used for computer simulation. In the
new method suggested the author eliminated the probe beam dependence by a graph
between the characteristic length and inverse of the square root of frequency. The thermal
diffusivity calculated from the slope of this graph gave the same value used in computer

stmulation.
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Plasma , “zeu samples ire well known for 5 adhesivencss a¥ well as
ability to form ultra thin films. They are being used in a wide range of applications:
staring from corrosion  evention to sensor technology and microelectronics. Though,
the electrical and opticr  properties of these films are being studied from time to time, the
thermal properties r- iained under the covers. The author prepared three plasma-
polymenzed films ar determuned direct band gap, Urbach energy and refractive index.
The linkage in the pc /merization process is also suggested form the FTIR spectra of the
polymer and monomer. The thermal properties are determined by the probe beam
deflection technique. A compact and cost effective probe beam deflection experimental
setup is designed and fabricated. Measurements are taken in two different coupling
media namely carbon tetra chloride and liquid paraffin for different modulation
frequencies. The deflection signal is analyzed using two different methods of a.nalysié:
Phase Method and Amplitude Method. Both yielded similar results for the thermal
diffusivity value of each sémple. Similarly, thermal diffusivity values obtained using
measurements with two different coupling fluids and for two different modulation
frequencies also show very good agreement. These observations imply that the measured
photothermal signals have no contribution from the thermal properties of the coupling
fluid. The thermal diffusivity values of the coupling fluids, DCC4~0.731 x 10-3 em2s-1
and Dliquid paraffin ~ 0.3 X 10-3 em2s-1 are small compared to that of the sample, the
thermal properties of the sample dominate that of the coupling media.. Another factor to
be taken into account is the surface deformation duc to the thermal expansion of
polymers. However, the temperature rise is estimated to be ~1 degree which will result in
a surface deformation of few Angstroms. This will affect mirage measurements only.if
bouncing configuration is used. In present case, skimming configuration is used. i.¢ the
‘probe beam just grazes the sample surface and travels at a finite height above the sample

surface.
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Photoacoustic technique is employed for the characterization of certain copper
delafossites. An open photoacoustic cell in the heat transmission co 5 guration 1s used for
the determination of the therma! diffusivity and transport propefg:s like the carrier
diffusion coefficient and surface recombination velocity of CuGa,F¢ 9, with x varying
from O to 1. The variation of the signal amplitude with modulation frec” >ncy for different
thickness are studied and observed a minimum in the signal amp]itudc.:lt a frequency at
which the sample changes {rom thermally thin to thermally thick. The thermal diffusivity
of the samples are determincd for various thickness and it is found that the thermal
diffusivity of the mixture compounds are less than the pure ones. This 1s explained as the
enhancement in phonon scattering due to the lattice distortion, difference in atomic mass,
binding energy etc on the substitution of solute atoms into a lattice. The analysis for
determining the transport properties like carrier diffusion coefficient and surface

recombination velocity suggests that the non-radiative bulk recombination is the

dominant mechanism compared to the non-radiative surface recombination.

To conclude, the author has successfully employed two of the powerful non-
destructive characterization techniques for the thermal characterization of some poiymer
and semiconducting materials, leading to the first measurement of important thermal and
transport parameters. In the case of PBD, a new method is proposed and applied for the
analysis of the deflection signal for samples of low thermal diffusivity compared to that
of the adjacent coupling medium. This meethod can be applied to both optically
transparent and opticaily opaque materials and no knowledge of the thickness of the

sample is required for the successful evaluation of thermal diffusivity.
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Further refineme 1e .nethodo)- 1y of these two impoértant phototuws.nal methoa.
can of course be made, tHe exploitation of which could contribute tremendously to

various fields of science - d technology.
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