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Preface

Spectroscopy is the measurement and interpretation of abéorption and emission
of electromagnetic radiation when atoms or molecules or ions move from one energy
level to another. Because of its versatility, range and non-destructive nature, optical
spectroscopy remains a widely used and most important tool for investigating and
characterizing the properties of matter. The photoacoustic (PA) effect originally
discovered by Alexander Graham Bell in 1880 has been developed into an elegant,
sensitive and nondestructive method for measuring the optical and thermal properties of
materials due to the availability of coherent optical sources and advancement in signal
processing and data acquisition systems. In the simplest terms laser photoacoustic
spectroscopy (PAS) involves the absorption of light energy by a molecule or atom and
the subsequent detection of heat energy released by the molecule upon return to the
ground state where as in conventional optical absorption spectroscopy the optical
absorption properties of the sample are studied by measuring the light transmitted by it.
Since PAS measures the internal heating of the sample, it is clearly a form of calorimetry
as well as a form of optical spectroscopy. The sensitivity of laser photoacoustic
spectroscopy arises from the inherently high efficiency of thermal conversion that occurs
in most of these light absorption processes coupled with the efficiency of the sensing
device that converts the pressure waves into a voltage pulse. One of the great advantages
of the PA measurements is that it is a direct monitoring of the non-radiative relaxation
channel and therefore the PA technique may complement the absorption and
luminescence spectroscopic techniques.

The basic physical process in the PA effect is that, a medium converts part of
the intensity modulated light energy absorbed by it into heat. Such heat can be detected

either by measuring the time dependent pressure fluctuations induced in a coupling gas or



by measuring the thermal stresses or strains in the absorbing medium. The pressure
fluctuations can be detected using a microphone and the thermal stress can be detected
using a piezoelectric transducer. The technique can be used to measure optical absorption
coefficient in extremely wide range of frequencies, to get information on thermal
properties of a material and as a tool for investigating nonradiative processes in matter.
The sample can be in the form of gas, liquid or solid. It can be either buik solid or in thin
film form. The main advantage of this technique is that only a small volume of the
sample is required and the detection mechanism is sensitive to weak absorptions.

In the studies reported here the gas microphone detection scheme is employed
and the samples are mainly in the form of thin films. The thin film samples selected for
investigations find several scientific and industrial applications.

The thesis is divided into seven chapters and the chapter-wise summary of the
same is given below. )

Chapter 1 gives a general introduction to photothermal phenomena giving
emphasis to photoacoustics. A review of the history of photoacoustics and the
development of photoacoustic technique is given. The photoacoustic spectroscopy can be
used in the investigation of optical and thermal properties of materials and for non-
destructive testing. This chapter gives an idea of the various branches of science and
technology where PA technique can be used for material characterization. A review of
the work done by various researchers using PA technique is also presented.

The second chapter describes in detail the absorption of radiation by matter and
the subsequent generation of photoacoustic signal in condensed matter. A general theory
for the photoacoustic effect in condensed media was formulated by Roscencwaig and
Gersho. Later on many improvements were made to the theory by McDonald and Wetse!
and others. However, all such modifications are valid only in certain specific cases and

these refinements have not changed the basic results of RG theory in most of the



experimental situations. The theoretical model of photoac.oustic signal generation in
condensed media formulated by Rosencwaig and Gersho (RG theory) is presented in this
chapter.

Chapter 3 deals with the PA studies on certain ceramic materials. Details of the
experimental setup and the open photoacoustic cell used for the studies are discussed in
this chapter. PA technique has been used for the thermal characterization of Silicon
carbide, alumina-zirconia, zirconia, barium titanate, barium tin titanate, lead magnesium
niobate titanate(PMNPT) and lead zirconate titanate(PZT) tapes. Significance and uses of
the materials selected for investigations and the details of the tape casting process are
discussed. Both reflection and transmission geometry have been used for the evaluation
of thermal parameters of the sample and the experimental details are given. The thermal
diffusivity,- thermal conductivity, thermal capacity and effusivity of the ceramic tapes
have been evaluated and the results are reported.

Chapter 4 describes the use of laser induced photoacoustic technique in the
study of photobleaching of Rhodamine 6G and Rhodamine B mixture doped in
polymethyl methacrylate (PMMA). Dve mixtures find application as laser media. Thin
films are prepared by incorporating Rhodamine 6G and Rhodamine B mixtures into
polymethyl methacrylate matrix. Energy transfer from a donor molecule to an acceptor
molecule in a dye mixture affects the output of the dye. Details of investigations on the
role of laser power. concentration of the dye, modulation frequency and the irradiation
wavelength on the photosensitivity of dye mixture film are presented in this chapter.
Photosensitivity is found to change with changes in donor acceptor concentrations. Dye
mixture doped PMMA samples are found to be more photosensitive when the dyes are
mixed in same proportion.

Chapter 5 deals with the non-destructive testing of multilayer coatings.

Multilayer dielectric coatings are used as laser mirrors and antireflection coatings. PA



technique finds application as an effective tool for nondestructive testing of materials.
The feasibility of the PA technique for the characterization of weakly absorbing samples
like reflection coatings is demonstrated. Details of the PA cell developed and its
calibration are also discussed. Sample can be directly mounted on the cell and from the
measurement of PA signal amplitude and phase as a function of modulation frequency of
the excitation source; thermal parameters of the sample can be evaluated. Details of the
optical sources used and the actual experimental setup used for the PA measurements are
given. Photoacoustic signal is found to be sensitive to the presence of a boundary in a
layered structure. PA signal generation in highly reflecting multilayer structure is very
complicated and hence calculation of thickness and thermal parameters from the PA
signal data is not possible. Since phase of PA signal is sensitive to the presence of
interphases, an attempt was made on depth profiling. The number of layers present in the
multilayer stack and the defective structure presemt in it are clearly brought out. Through
the detection of transmitted and absorbed radiation, reflectance of the film is calculated.
The average reflectance value calculated from PA measurement is in close agreement
with the value measured using conventional techniques. Experimental details and results
are presented.

Chapter 6 discusses the investigations carried out on cresyl violet (CV)
incorporated in polymer film. Thin film samples are prepared by incorporating a laser
dye- cresyl! violet- into polyvinyl alcohol and gelatin matrices. Film preparation method
and experimental details are presented in this chapter. Photostability of these samples are
investigated using photoacoustic technique. Introductory studies are carried out on CV-
gelatin film and detailed studies are carried out on CV-PVA film. Chopping frequency
dependence of bleaching of cresyl violet in polyvinyl alcohol due to. irradiation by laser

light is investigated. The results indicate that photo degradation rates can be controlled by



adjusting the modulation frequency. The influences of dye concentration and laser power

on photo degradation rate are also discussed.

Chapter 7 gives general conciusions of the present investigations and future

prospects of the work.
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Chapter 1

Introduction

Abstract

This chapter gives a general introduction to the different processes
resulting from light matter interaction. Different nion-radiative relaxation
processes that lead to photo-thermal phenomena in general, giving emphasis
to photoacoustic effect, is discussed in detail. A review of the work done by
various researchers and the applicability of photoacoustic technique for the

characterization of photonic materials are also included.



il 1. Introduction

1.1. Interaction of radiation with matter

Everything we know about light comes from its interaction with matter.
As the radiation falls on matter, the electrical vector of radiation interacts with
the atoms and molecules of the medium. The nature of interaction depends on
the properties of the material. There are a number of processes by which
radiation may interact with matter. Some of the phenomena that are likely to
occur when electromagnetic radiation passes through matter are dispersion,
reflection, refraction, scattering, absorption, polarization etc. The radiations
passing through matter are not essentially completely absorbed and it is
possible that some of them may pass into matter and undergo scattering or
reflection. Sometimes the radiations are neither absorbed nor scattered. In such
cases they only undergo changes in orientation or polarization. In some cases
the excited molecules formed due to absorption do not de-excite quickly but
lose the excess energy only after some time. In such cases, the energy is re-
emitted in the form of electromagnetic radiations mostly of larger wavelength
than the wavelength of the absorbed radiation. This happens in the case of
fluorescence and phosphorescence. When the energy of the radiation
corresponds to appropriate values they may be absorbed by matter, electronic,
vibrational or rotational energy changes occur. Sometimes a combination of
these changes may take place. The absorption of photons by atoms or
molecules will result in a series of processes or effects in a material (1-6).
When atoms or molecules absorb energy they go to excited states, which are
unstable, and give out the excess energy quickly through radiative processes
such as spontaneous emission and stimulated emission or through non-

radiative relaxation processes. The non-radiative relaxation processes mainly
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results in heat generation. Depending on the strength of the interacting electric

field of the electromagnetic radiation, materials exhibit several linear and non-

linear phenomena (7,8).

Ontical Excitation

4

Absorption

i

Excited state relaxation

I

Temperature change . Pressure change
(Thermal diffusion) ~¢—=p Densitvchange  ¢— (Acoustic wave)

.

Optical probe ¢—  Refractive index change —» Photothermal

Figurel. Basic processes responsible for the photothermal signal generation.

Destructive changes such as vaporization of the material and plasma
generation may take place as a result of photon-matter interaction at very high
power densities of the incident light (9-15). When the strength of interacting
field is of the order of atomic field, materials show different nonlinear optical
properties such as harmonic generation, hyper polarizability, higher order
susceptibility etc.(16). If the photon energy is high enough, photochemical
changes such as photo-decomposition, photo-ionization etc. may take place

(17). Chemical changes may be irreversible or reversible. Measurement of the
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energy absorbed or released through any of the relaxation channels factilitates
the study of various properties and parameters of the sample. During the last
two decades, many researchers have explored the non-radiative path of de-
excitation of specimen after irradiating with a chopped optical radiation to

investigate the thermal, optical, transport and structural properties of materials

(18-30).

1.2. Photothermal methods

Thermo optic spectroscopy is a branch of spectroscopy, which has
been developed to study those materials that cannot be studied using
conventional spectroscopic techniques. The peculiarity of this technique over
the conventional spectroscopy is that even though the incident energy is in the
form of photons, the interaction of these photons with the material is studied
not through subsequent detection and analysis of photons, but through a direct
measure of the energy absorbed by the material as a result of its interaction
with the light beam. Direct consequence of the non-radiative relaxation is a
change in temperature of the sample or the coupling fluid, which is in contact
with the sample. If the temperature change occurs in a faster time scale than
the time required for the fluid to expand, the rapid temperature change wiil
result in a pressure change in the sample. The non-destructive or non-intrusive
photothermal methods are based on the detection of a transient temperature
change that characterizes the thermal waves generated in the sample after
tllumination with pulsed or chopped optical radiation.

Since absorption of electromégnetic radiation is required for the

generation of photothermal signal, light that is scattered or transmitted is not
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detected and hence does not interfere with the photothermal techniques.
Another advantage is the capability of obtaining optical absorption spectra of
materials that are completely opaque (31, 32). It is a photo-calorimetric
method that measures how much of the electromagnetic radiation absorbed by
a sample is converted into heat. It can be used to obtain the absorption or
excitation spectrum, the lifetime of excited states and the energy yield of
radiative processes. It can also be used to measure the thermal and elastic
properties of materials, study chemical reactions, measure thickness of thin
films and for non-destructive testing of materials (33-43). The magnitude of
photothermal signal depends on the specific method used to detect the
photothermal effect and on the type of the sample analyzed.

The common detection techniques that are employed in photothermal
methods are shown in table.] Even though all these techniques are based on
the same principle, the detected parameter changes from one technique to
other.

In photothermal calorimetry, the change in temperature of the sample
due to non-radiative magnitude c;f the photothermal signal depends on the
specific method used to relaxation processes is directly measured.(45-50).The
temperature change is measured directly by monitoring the infrared emission
and it can be used in situations where a large temperature change has occurred.
This technique can be used for non-destructive testing and analysis of
materials. Thermal imaging of samples can also be carried out using this
technique. The major advantage of this technique is that remote sensing of the
signal is possible and investigations can be carried out on samples of any

shape.
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Thermodynamic Measured property | Detection technique
parameter
Temperature Calorimetry
Temperature
Infrared emission Photothermal radiometry
Pressure Acoustic wave Photoacoustic spectroscopy
Refractive index Photothermal lens
Photothermal Interferometry
Density Photothermal deflection
Photothermal refraction
Photothermal diffraction
Surface deformation | Surface deflection
Pressure Acoustic wave Photoacoustic spectroscopy

Tablel.Common detection techniques used in photothermal

spectroscopy.

In the photopyroelectric method (51-53), simultaneous measurement of

different thermal parameters is possible. In this case a pyroelectric sensor is

used. When thermal waves reach the pyroelectric sensor, it detects an electric

current, which contains information about the structure, thermal and optical

properties of the sample. Calibration of the detector is necessary for the

accurate measurement of data.

The temperature change due to non-radiative de-excitation can produce

changes in the volume and density of the specimen. Photothermal

interferometry directly measures the refractive index changes through the
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If the pressure change produced in the coupling gas due to the transient
temperature change in the sample is measured, the detection scheme is known

as opto-acoustic or photo-acoustic technique (68-70).

Two types of pumping mechanisms can be used for the excitation of
the sample. They are the pulsed laser excitation and modulated continuous
wave (cw) laser excitation. Pulsed excitation produces transient signals of
large amplitude immediately after the excitation and it decays as the sample
approaches thermal equilibrium through heat diffusion. Usually the transient
signals last for few microseconds in gas phase and several milliseconds in
condensed matter. By performing the transient waveform analysis, one can
obtain a variety of sample properties. If the excitation is carried out using a
periodically modulated cw laser, the signal will be periodic and its magnitude
and phase will be functions of modulation frequency. The frequency

dependent phase-shift information is essentially equivalent to that contained in

the time dependent signal transients obtained from pulsed excitation.

1.3. Photoacoustic technique

The term opto-acoustics (OA) or photo-acoustics (PA) usually refers to
the generation of acoustic waves by modulated optical radiation. In its broader
sense, photoacoustics can mean the generation of acoustic waves or other
thermo-elastic effects by any type of energetic radiation, including
electromagnetic radiation from radio frequency to X-ray, electrons, protons,
ions and other particles. Intensity modulation of the light source is a necessary
requirement for the production of PA signal as it is the periodic heating and

cooling of the sample, following absorption, which induces the measurable
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acoustic signal. The absorbed optical energy, which ultimately causes the
photoacoustic signal, is that fraction of the total absorbed energy, which is
converted to heat via non-radiative de-excitation processes in the sample. It is
Alexander Graham Bell who discovered the PA effect in 1880 (71). Later on
many theories are developed by several others and the technique has been
effectively used by many others in diverse areas of physics, chemistry and
medicine (72-81). With the advent of high power lasers, sensitive detection
schemes and data acquisition systems, the versatility of PA technique has
paved way to several innovative experiments.

The PA generation can be classified as direct or indirect. In direct PA
signal generation, the acoustic wave is produced in the sample whereas in the
indirect PA signal generation, the acoustic wave is generated in the coupling
medium adjacent to the sample. In the direct PA signal generation, acoustic
wave generated due to transient temperature change is measured using a
piezoelectric transducer kept in contact with the specimen. Since the volume
expansion of solids and liquids is less than that of gases, microphone detection
scheme is more sensitive for these types of samples. In the case of powdered
sample or gels, the piezoelectric detection is not applicable. In such cases, the
microphone detection scheme is used. The simple and elegant microphone
version of the PA technique can measure a temperature rise of 10® t0 10™ °C .
Different versions of microphone based photoacoustic technique are used for
the characterization of condensed matter (83-85). Depending on the position
of the microphone in the PA cell cavity, the PA technique can be employed in
two configurations viz., reflection configuration and transmission
configuration, details of which are given in later chapters. The transmission
configuration is found to be more useful in evaluating the thermal properties

of material (86). The disadvantage of the microphone version of the PA
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technique is that the response time of the detector is limited by the transit time

of the acoustic wave in the PA cell cavity and the low frequency response of

the microphone.

1.4. Photonic materials

The advent of advanced lasers has led to significant break-through in
basic science and the emergence of key technologies. These serve as the
foundation for the development of new photonic materials and devices, as well
as novel concepts for storage, display, communication and sensing. Photonic
materials are used for generation, guiding, amplification and switching of
light. Semiconductors, dielectrics, organic dyes, ceramics etc. are the
commonly used materials in photonics industry.

Some of the potential applications of nonlinear optics include quantum
computing, quantum communications, quantum tmaging, all-optical switching,
optical power limiting, and nonlinear optical image processing. However, the
implementation of these applications has historically been held back by the
limited availability of materials with the required properties of large optical
non-linearity combined with high optical transparency and high resistance to
laser damage. Several strategies have traditionally been exploited in an
attempt to create new materials with more desirable optical properties. These
strategies include the synthesis of new chemical compounds with intrinsically
large optical response and the creation of composite materials that can
combine the desirable characteristics of two or more constituent materials to
create a new material with tailored optical properties. Of particular interest is
the hope of developing artificial materials and structures with optical

properties fundamentally different from those of naturally occurring materials.
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Nanocomposite materials are especially well suited for photonics applications
because they can be constructed in such a manner as to produce enhanced
nonlinear optical response. Some of these materials are formed by the random
association constituents, whereas others are formed with deterministic
properties through various fabrication methods. But, mere development of a
new material with some specific features will not be sufficient for its effective
use in any of the applications. A complete characterization of materials is
necessary for a comparative study of different materials to identify the most
appropriate one. Photonic materials, being directly related to the generation or
detection of photons, optical techniques are the most suitable for their
characterization. Because of the high sensitivity, photothermal methods can be

effectively employed for the characterization of photonic materials.
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Chapter 2

Photoacoustics : General Theory

Abstract

During the past decade, there has been substantial development in
instrumentation and experimental methodologies related to photoacoustic
technique mainly due to the availability of high-energy sources, sensitive
detectors and equipment for data collection and processing. With its various
spectroscopic and non-spectroscopic attributes, photoacoustics has already
found many important applications in research and characterization of
materials. The photoacoustic technique is based on strong theoretical
background. Since the formulation of one-dimensional heat flow model by
Rosencwaig and Gersho to explain the photoacoustic signal generation, a
number of modifications and extended models have been reported.
Eventhough several modifications are proposed, the basic result of
Rosencwaig and Gersho (R-G) is valid for most of the experimental
conditions. The R-G theory for reflection configuration and its extension to

transmission configuration are presented in this chapter.
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2.1. Introduction

One of the important photothermal phenomena, the photoacoustic
effect was first observed in 1880 by Alexander Graham Bell (1). The term
photoacoustic effect (PA) usually refers to the generation of acoustic waves by
a sample as a result of interaction with modulated electromagnetic radiation.
Eventhough the PA effect was discovered more than a century ago, Veingerov
experimentally observed it in gaseous samples (2) only after the advent of
microphones in 1938. Emergence of lasers in 60’s gave a boost to the
photoacoustic studies in gaseous samples. A general theoretical formulation
for the photoacoustic effect in solids was gtven by Rosencwaig and Gersho in
mid -seventies {(4) and is known as Rosencwaig-Gersho (RG) theory. Later on
many scientists made modifications to the RG theory. Bennet and Forman (5)
in 1976 and Aamodt et.al in 1977 (6) have modified the basic theoretical
mode] by treating the acoustic wave transport in the gas using Navier-Stokes
equations. McDonald and Wetsel (7) made modifications on the RG theory by
taking into consideration the mechanical vibrations of the sample. Quimby (8)
made additional changes to the theory by making use of the three-dimensional
heat flow model. In 1982, Guli (9) formulated a theory based on thermo-
elastic considerations in the sample. Eventhough several modifications were
made and new theories were proposed, basic results of RG theory remains the
same for most of the experimental conditions and the predictions of R-G

theory have been experimentally verified by others (10-18).
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2.2. Photoacoustic effect in condensed media

The photoacoustic technique is essentially a closed cavity detection of
energy liberated by atoms or molecules through non-radiative de-excitation
mechanism, subsequent to light absorption by a sample. When a solid sample
placed inside an air-tight cavity is irradiated with a modulated optical
radiation, the energy liberated through non-radiative channels will result in the
generation of thermal waves within the sample. The thermal waves diffuse
through the sample to the gas in the cavity and will produce periodic pressure
fluctuations in the cavity. This pressure variation can be detected using a
microphone kept inside the cavity. If the sample to be analysed is in gaseous
form, then the sample itself can act as the source of signal generation and the
acoustic coupler to the microphone. Ir; order to investigate liquid samples, a
piezoelectric transducer is used. The piezoelectric transducer kept in contact
with the liquid sample will detect the acoustic pulse propagating through the

medium.

2.3. Rosencwaig —~Gersho Theory

Rosencwaig-Gersho (RG) theory is sufficient to describe the
photoacoustic signal generation in condensed media. It is a one-dimensional
analysis of the production and flow of heat from a sample on irradiation. The
theory which is being presented is for the reflection ( front side illumination)
configuration. According to this theory, for a gas-microphone detection
scheme, the signal depends on the generation of acoustic pressure disturbance
at the sample-gas interface, which in turn depends on the periodic temperature

change at the gas-sample surface.

10
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RG theory is formulated by considering the generation of
photoaCOUStiC signal in a simple configuration as in figurel. The sample is
considered to be in the form of a disc having diameter D and thickness fand it

is mounted so that its back surface is against a poor thermal conductor of
thickness / . The length I' of the gas column in the cell is then given by

I =L-1-1 "1t is also assumed that the gas and the backing material are not

light absorbing.

kkil'.!g Sample Boundary laver

NN

-
Incident
H— ight
-
R L .
'(l'l" 1-) -f 0 27;/1‘ l' X

Figure 1. Schematic representation of the photoacoustic cell configuration

The parameters used in the theory are :
K : the thermal conductivity (cal/cm-sec-°C)
P : the density(g/cm *)

C : the specific heat (cal/g-°C)
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o =K/ pC : the thermal diffusivity (cm ¥sec)

a=(w2a)”  the thermal diffusion coefficient (cm™)

1 .
p= — , the thermal diffusion length (cm)
a

® = 2xf where ‘f” denotes the chopping frequency of the incident light beam.

Sample parameters are denoted by unprimed symbols, gas(air) parameters by
singly primed symbols and backing material parameters by doubly primed

symbols.
Assume a sinusoidally chopped monochromatic light source with wave

length X incident on the solid with intensity

I=(%J Io (1 + cos wr) | (1)

where Iy is the incident monochromatic light flux (W/cm® ) and B denotes the
optical absorption coefficient of the solid sample (in reciprocal centimeters )
for the wavelength A .The heat density produced at any point x due to light

absorbed at that point in the solid is then given by

%BIOeB"(I + oS wf) (2)

where x takes on negative values since the solid extends from x = 0 to x = -/,
with the light incident at x = 0. The air column extends from x=0to x=/" and
the backing material from x=-/to x = — (I +77).

The thermal diffusion equation in the solid, taking into account the distributed

heat source, can be written as
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2 :
Q_Q:i?g-Aeﬂ"(He’w’) for /1< x <0 (3)
o a ot .
with
Blyn
A:——z-(]i— 4

where 0 is the temperature and 7 is the efficiency at which the absorbed light
at wavelength A is converted to heat by the nonradiative deexcitation
processes. For most solids at room temperature, 7 = 1. For the backing and the

gas, the heat diffusion equations are respectively given by

2

99 _199 pycren )
8x2 a Ot

2

2?0:—17% O0<x<l/ 6)
Ox o Ot

The real part of the complex valued solution 8(x ,t ) of equations(3) —(6)
represents the temperature in the cell relative to ambient temperature as a

function of position and time .Thus the actual temperature field in the cell is

given by
T(x,1)=Ref(x,1)+ 20 (N
Where Re denotes the “real part of ” and @ is the ambient (room)

temperature.
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To completely specify the solution of (3), (5), and (6), the appropriate
boundary conditions are obtained from the requirement of temperature and
heat flux continuity at the boundaries x=0 and x= -/ , and from the constraint
that the temperature at the cell walls x=+/ and x=-/—/is at ambient . It is
assumed that the dimensions of the cell are small enough to ignore convective

heat flow in the gas at steady state conditions.

2.3.1. Temperature distribution in the cell

The general solution for 8(x, 1) in the cell, neglecting transients, can be

wrtten as
( l " 3 l ia)t
S+ LI ewe e 8(a)
B(x.)=4 by + byx + b3eﬂ‘ +(Ue ™™ + Ve ™ - g e 8(b)
(1- %)F £85e =TT e 8(c)

For8(a),—l -I"< x< -/
For8(b),-1<x<0
For8(c),0<x< !

where W, U, V, E, and 6, are complex valued constants, by, by, bs, W, and F

1 /
are real valued constants, and ¢ = (1+i) a with a = (%a)/z 6 and W

represent the complex amplitudes of the periodic temperatures at the sample —
gas boundary (x = 0) and the sample - backing boundary (x = -/ ) respectively.
The d.c. solution in the backing and air make use of the assumption that the

temperature (relative to ambient) is zero at the ends of the cell. The quantities
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—

W, and F denote the d.c components of the temperature (relative to ambient) at
the sample surfaces x = -/ and x = 0 respectively. The quantities E and bs,

determined by the forcing function in (3), are given by

|
by =—% &)
3 ﬁZ
A ﬁlo
E= 3 5 (10)

2% 2m(p?-o2)

Since for all frequencies of interest, the thermal diffusion length is small
compared to the length of the material in both the gas and the backing, the

growing exponential component of the solutions to the gas and backing
material are omitted in the general solution (8). Thatis, ' </ and u'< [,

and hence the sinusoidal components of these solutions are sufficiently
damped so that they are effectively zero at the cell walls. Therefore, to satisfy
the temperature constraint at the cell walls, the growing exponential
components of the solutions would have coefficients that are essentially zero.
The temperature and flux continuity conditions at the sample
surfaces are explicitly given by the following set of relations.
8'(0,t) = 6(0,1)

6'(~1,t) = O(~1.1) (11)

"

1512
k'-——ot A
6x(’) kax(o,t)
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o0

06
ko (~1,t) = k—(~1,t
aX( ) ax( )

These constraints apply separately to the d.c. component and to the sinusoidal
component of the solution. From ( 11 ), the d.c components of the solution

can be obtained as

F, =bl+b

0 3
Wy =by —byl+bie P (12)
K kb vk

S =Koy b

s B

TWO =kb2 +kﬁb3€

These equations determine the coefficients by, bs, bs, Wy, and Fy for the time-
independent (d.c.) components of the solution. Applying (11) to the sinusoidal

component of the solution yields:

8y =U+V-E
W =e Ol e0ly e Plg (13)

—k'o"6’0 = kol —koV — kBE

koW = koe-ClU — ko — kpe PlE
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These quantities together with the expression for E in (10) determine the
coefficients U, V, W, and 8o Hence the solutions to (12) and (13) allow us
to evaluate the temperature distribution (8) in the cell in terms of the optical,
thermal, and geometric parameters of the system. The explicit solution of 6y,

the complex amplitude of the periodic temperature at the solid-gas boundary

(x = 0) is given by

Bly | (r=1)b+DeC! ~(r 16 -D)e Ot + 20— r)e P!

0" %502 (g + Db+ De! —(g ~1)(b - 1)e ™" .
where
p=£ as)
g :Ekj_' (16)
r :(1—1’)?2'% (17

and 6= (1 +1) a. Thus equation (14 ) can be evaluated for specific parameter
values, yielding a complex number whose real and imaginary parts, 6; and 6,
respectively determine the in-phase and quadrature components of the periodic
temperature variation at the surface (x=0) for the sample. The actual

temperature at x = 0 is given by

T,y = @y + Fp + 0, costat -6, sin ot . (18)
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where @p is the ambient temperature at the cell walls and Fy is the increase in

temperature due to the steady-state component of the absorbed heat.

2.3.2.Production of the acoustic signal

The main source of the acoustic signal arises from the periodic heat
flow from the solid to the surrounding gas. The periodic diffusion process
produces a periodic temperature variation in the gas as given by the sinusoidal

(a .c.) component of the solution

Bhc(x,t)= 906 — O xgiwt (19)

Taking the real part of (19 ) , we see that the actual physical temperature

variation in the gas is

Tpclxt) = eTax [91 cos(axt —a'x)~ 0, sin(et ~ a'x)] (20)

where 0; and 6, are the real and imaginary parts of 8o, given by (14 ). The
time-dependent component of the temperature in the gas attenuates rapidly to

zero with increasing distance from the surface of the solid. At a distance of

2z : :
—-=2nu , where g is the thermal diffusion length in the gas, the periodic
a

temperature variation in the gas is effectively fully damped out. Thus we can
define a boundary layer with thickness 2z (~0.1 cm at © /21 = 100 Hz) and

maintain to a good approximation that only this thickness of air is capable of

responding thermally to the periodic temperature at the surface of the sample.
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The spatially averaged temperature of the gas within this boundary

Jayer as a function of time can be determined by evaluating.

80) =;71r7§”“'9a.c (x,1)dx Q1)
z(wt—ﬂ/ 4)

6(1)"' ——-\/—'——'—9 (22)

242
using the approximation e-"<<1,

Because of the periodic heating of the boundary layer, this layer of gas
expands and contracts periodically and thus can be thought of as acting as an
acoustic piston on the rest of the air column, producing an acoustic pressure
signal that travels through the entire air column.

The displacement of this gas piston due to the periodic heating can be
simply estimated by' using ideal gas law,

9(1‘) 90#‘ Si(et-1/4)

&(t) = 27y
0= \/_T

(23)
Here, the average d.c. temperature of the gas boundary layer ,equal to the d.c
temperature at the solid surface is To= @o + Fo.

If it is assumed that the rest of the gas responds to the action of this
piston adiabatically, then the acoustic pressure in the cell due to the
displacement of this gas piston is derived from the adiabatic gas law

PV" =constant (24)
where P is the pressure, V is the gas volume in the cell, and v is the ratio pfthe

specific heats. Thus the incremental pressure is

P
@(’)='7()-5V:£Q&(1) (25)
0 {
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where Py and V) are the ambient pressure and volume, respectively, and -3V 1s

the incremental volume. Then from ( 23 ),

&(t) = '@ 4) (26)
where,
G
- 27
0 G (7)

Thus the actual physical pressure vanation, Ap(t), is given by the real part of

op(t) as

ap(6) =0, COS(W—Z-)—QZ sin(ax—f:—) 28)

or
Ap(t) = g cos(t —y —7’45) (29)

where Q; and Q; are the real and imaginary parts of Q, and q and —y are the
magnitude and phase of Q, that is,

Q=0 +i0y=ge ¥ (30)
Thus Q specifies the complex envelope of the sinusoidal pressure variation.
Combining (14) and (27) we get the explicit formula (31),

Plory

v vi pl 2
W2 (B - %)

-+ - Xo-1) % +2(6-r)” #
(g + DB+ ~(g-1)p-1)™

Q:

an
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a—

whereb=K"a"/Ka, g=Xa’/Ka, r=(1-)p/2a,and 6 = (+a. At ordinary
temperatures To = @ so that the d.c component of the temperature distribution
need not be evaluated.

Equation (31) can be used to evaluate the magnitude and phase of the
acoustic pressure wave produced in the cell by the photoacoustic effect. It is
difficult to interpret the full expression for Ap(t) because of the complicated
expression of Q as given by equation(31). Hence, some special cases,
according to experimental conditions, have to be considered to get a clear
physical insight. Different cases can be categorised according to the optical
opaqueness of the solid. For each category of optical opaqueness, there are
three different cases according to the relative magnitude of the thermal
diffusion length p, as compared to the physical length / and the optical
absorption length /3 = 1/B where B is the optical absorption coefficient. For all
the cases, it is assumed that g < b and b~1. ie, ¥'a’ <K'a" andxka=«k"a" .
Depending on the experimental conditions, sampie can be classified mainly
into two groups. Samples are optically transparent when the absorption length
exceeds the sample thickness and are optically opaque when the optical
absorption length is less than the physical thickness. The sample can be again
divided into two categories by considering its thermal properties. Samples are
considered to be thermally thin when the thermal diffusion length exceeds the

sample thickness and thermally thick when it is less than the sample thickness.

2.3.3 Special cases.
2331 Optically transparent solids (/3> /)

When the sample is optically transparent, the light is absorbed through
out the length of the sample, and some light is transmitted through the sample.
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Case 1(a): Thermally Thin Solids ( & >>/; u >lg)

Setting ePls 1-B/, e = 1, and |} >1 in equation (31}, we get

0- Yi(B —IZc:b - i3) = (1—_1)151{5_]}/ (32)
2aa x 2a K
with
o L (33)

o

1
where y = ‘,2%0 and a = —. The acoustic signal 1s thus proportional to B/
y7i

and has an o' dependence. Moreover, the signal is now determined by the
P

thermal properties of the backing material.

Case 1(b): Thermally Thin Selids (4> /;u <</,)

Setting e_'Bl =1- ,Bl,eid =(ltof),and | ri{<1 in equation (31) we get,

_ B
dka'a’h

= ————(1 — i?'B[ [ﬁ—])’

2a K

0

(B> +2a%)+ i( B> ~ 227}

(34)

In this case also, the acoustic signal is proportional to B/, varies as ®”', and
depends on the thermal properties of the backing material. Equation (34) is
identical to (32).



udl 2.®Photoacoustics:. . .

'C_gs_d(g Thermally Thick Solids (u</; u<<lg)

Setting e—ﬁ[ = l—ﬁl,e—d =0,and|r|<<1 in equation (31), the acoustic
signal becomes,
Q= —i&(ﬁ)Y (35)

24" k&

Here, the signal is proportional to Su rather than S That is, only the light
absorbed within the first thermal diffusion length contributes to the signal, in
spite of the fact that light is being absorbed throughout the length / of the
solid. Also, since p<I, the thermal properties of the backing material present in
(32) are replaced by those of the sample and hence backing material does not
have any contribution to the signal. The photoacoustic signal has a frequency
dependence of 0",

Cases la, Ib,and 1c for the so-called optically transparent sample
demonstrate a unique capability of photo acoustic spectroscopy, the capability
of obtaining a depth profile of optical absorption within a sample. By starting
at a high chopping frequency we can obtain optical absorption information
from a layer of material near the surface of the solid. For materials with low
thermal diffusivity this layer can be as small as 0.1 pm at chopping
ffe_quencies of 10,000 — 100,000 Hz. Then by decreasing the chopping
ﬁ'equency, we increase the thermal diffusion length and obtain optical
absorption data further within the material, until at ~5 Hz we can obtain data
down to 10-100 um for materials with low thermal diffusivities. This
Capability for depth-profile analysis is unique and opens up exciting
Possibilities in studying layered and amorphous materials and in determining

thin film thicknesses.
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2.3.3.2 Optically opaque solids( /g<</)
In these cases, most of the light is absorbed within a distance that 1s

small compared to /, and essentially no light is transmitted.

Case 2(a): Thermally thin Solids ( u>>1; y>>lp)

Setting e 20 2 oy , and rj>>1 in equation (31) we get,

2

o= ”)( = )Y (36)

Now the acoustic signal is independent of 8, which is characteristic of a black
absorber such as carbon black. The signal is 1/B/ times as strong as that in
case I(a) and depends on the thermal properties of the backing material. The

signal varies as o™

Case 2(b):Thermally thick solids (¢ </, u>1;)

Setting e ~0, ol ~0,and > 1 in equation (31), we get,

Q~

=24 kﬂ k

(B-2a-ipy==0 > ,)[ﬁ)Y (37)
Equation (37) is analogous to ( 36) , but the thermal parameters of the backing
are now replaced by those of the sample. Again the acoustic signal is

independent of 8 and varies as '
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a—

Case 2(c): Thermally Thick Solids (u<<I; u<lp)

Setting e A :,edZO, and|r <1 in equation (31) we get,

_—ipY CpmiBY [
0= oax 2a-pPrib=—s (k)Y (38)

In this case, eventhough the solid is optically opaque (8/<<1), as long as fu</

(i.e., u<l;), it is not photo-acoustically opaque. The light absorbed within the

first thermal diffusion length x alone will contribute to the acoustic signal.
Thus even though this solid is optically opaque, the photoacoustic signal is
proportional to 8. The signal is also dependent on the thermal properties of the
sample and varies as »™".

The different cases discussed so far can be made use of in the
photoacoustic study of any type of sample. One of the important predictions of
the R-G theory is that the photoacoustic signal is always linearly proportional
to the incident light intensity, irrespective of the sample properties and cell

geometry.

2.4. Heat transmission configuration

The heat transmission (rear side illumination) geometry used in the
open cell configuration is a modified form of conventional photoacoustic cell.
In this configuration the sample is mounted on the cell leaving a small volume
of air in between the sample and the microphone (18-33). The back surface of
the sample is free and is open to the ambient. The sample is illuminated from

the rear side and the microphone detects the pressure variation from the front
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side. The major advantage of this configuration is that samples having large
area can be studied, whereas in conventional PA cells sample size should be
smail enough to be enclosed within the cell cavity.

The R-G theory can be used to derive an expression for the periodic

pressure variation produced in the air column inside the PA cell.

Figure2. General schematic representation of open photoacoustic cell
(OPC)
1. Microphone 2. Air chamber 3.Sample 4. Cell body

Ambient Sample | Ailr Microphone
chamber
o
<
. X 0 Ly '(lg"" s)

Figure 3. Schematic representation of the OPC geometry
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Consider the OPC geometry as shown in figure3. Assume that the
sample is optically opaque and the incident energy is fully absorbed at the
sample surface itself. Then according to R-G theory, we can show that the
periodic pressure variation in the air chamber is given by,

- t— \
) }’Polo(aga,)m e](w II/ZJ

22Tl k. f Sinh(l o)

(3%

Now, if the sample is thermally thin (ie, lséls << 1), the equation (39)
reduces to

Woloagllzas ej(a)t-37r/4)
QYT Lk 7

g's™s

n

Q (40)

Here, the amplitude of the PA signal varies as f. 2 At high chopping
frequencies, sample is thermally thick (i.e., l.a;>>1) and the pressure variation

in the air chamber is given by,

-/ /
W Iy(a,a,) e Ve

S 1 — —
e](a)t rwl2-lag) (41)
all k, S/

Q0=

For a thermally thick sample, the amplitude of the OPC signal varies

€Xponentially with the modulation frequency as (%Jexp(— b\/7 ), where

b= ai and the phase decreases linearly with \/7 with a slope of b.

Hence, the thermal diffusivity ¢ of the sample can be easily evaluated either

from the signal amplitude plot or from the phase plot. However, a necessary
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condition to employ the OPC configuration is that the sample should be
optically opaque at the incident wavelength.
Investigations discussed in the subsequent chapters are based on the

theoretical models described in this chapter.
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Chapter 3

Thermal characterization of ceramic tapes

Abstract

Thermal characterization of ceramic tapes is presented in this chapter.
The evaluation is carried out using photoacoustic technique. Transmission
mode geometry is employed for the measurement of thermal diffusivity and
reflection mode geometry is used for the measurement of thermal effusivity.
In both these geometries, same open photoacoustic cell is used. From the
measured values of thermal diffusivity and thermal effusivity, thermal
conductivity value has also been evaluated. Investigations carried out on

seven different materials and the results obtained are presented.



3.1. Introduction

During the last decade, several methods have been developed for the
non-destructive characterization of thermal, optical and structural properties of
materials (1-8). The laser induced photoacoustic (PA) method has gatned more
popularity due to its simple, elegant experimental scheme as well as due to its
versatility in employing different configurations to measure the required
thermo-physical parameters with great accuracy (9-11). The principle of the
effect is that a sample in a closed cell i[luminated by modulated light at audio
frequencies produces an acoustic signal.

Photoacoustic technique has been made use of by many scientists for
the measurement of thermal parameters of thin films and sohd samples (12-
21). In the heat transmission configuration of PA cell geometry, when the
sample is lluminated with the chopped light beam, heat oscillations generated
at the illuminated surface, facing the ambient, propagate through the sample to
the sample-air boundary in the microphone chamber of the cell. Pressure
oscillations of the same frequency are induced in the air chamber by the
temperature variations at the surface interface between the sample and the air
and a microphone can detect them. The photoacoustic signals obtained have a
certain phase shift relative to the signal detected in the case of reflection
geometry. Since the phase shift of the signal does not depend on the optical
properties of the sample, it is simpler to extract information on the thermal
diffusivity from the experimental results. Phase measurements are most
suitable for determining the thermal parameters of the material.

Ceramics are considered to be one of the most suitable components for

the fabrication of many of the devices used in electronic and optoelectronic
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industry. In the case of ceramics, thermal accumulation causes thermally
mduced stresses in the sample, which in turn causes failure and deterioration in
ceramic-based devices. Since ceramic tapes are used for microelectronic device

fabrication, a thorough knowledge of the thermal parameters is essential.

3.2. Ceramics

Ceramics, one of the three major material families, are crystalline
compounds of metallic and nonmetallic elements. The ceramic family is large
and varied, and includes such materials as refractories, glass, brick, cement and
plaster, abrasives, ferroelectrics, ferrites, dielectric insulators etc (22, 23).
Eventhough ceramics are crystalline materials like metals, they have little or
essentially no electrical conductivity at room temperature because of fewer free
electrons. They have high stability and, on an average, higher melting points
and greater chemical resistance than metals and organic matenais. These
materials typically exhibit excellent corrosion resistance, high hardness, good
wear resistance and low thermal conductivity. Ceramic maternials find
applications in electronics and-optical hardware. They are used as substrates
for fiber optic waveguides in integrated optics and for the manufacture of

components in microelectronics.

3.2.1. Ceramic processing

Ceramic processing is the sequence of operations that purposely and
systematically change the chemical and physical aspects of the structure. The
processing commonly begins with one or more ceramic maternals, hiquds, and

special additives called processing aids (24). The forming technique used will
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Ee;end on the consistency (slurry, paste, plastic body or granular material) of
the system and will produce a particular un-fired shape with a particular
composition and microstructure. The finished material is then commonly heat-
treated to produce a sintered microstructure. The sintered product may have a
single component or a muiticomponent composite structure.

In processing ceramic materials, several processing additives must be
incorporated in a batch to produce the flow behavior and properties requisite
for forming. Although most of these substances are added in relatively small
amounts and some may be eliminated at a later stage of processing and do not
appear in the final product, they are essential matenials for processing. Polymer
molecules and coagulated colloidal particles that are absorbed and bridge
between ceramic particles may provide mter-particle flocculation, and are
commonly called flocculants or binders. In condensed systems, such as cast
bodiés and unfired ceramic coatings, the binder may improve the plasticity
green strength. Different types of binders are needed for different processes. In
tape casting it is necessary for the binder to be a film former as it comes out of
solution. Decomposition of the binder dunng firing commonly produces gas
and pores, which are eliminated during sintering to obtain dense ceramic. In
addition to the binders, a plasticizer is also added to modify the viscoelastic
properties of a condensed binder-phase film on the particles. Binders used in
ceramic processing must be plasticized to produce a moldable composition.
Casting processes are used to produce a self-supporting shape called a cast
from specially formulated shurry. Tape casting process is employed for the
Preparation of thin ceramic tiles that are used in the fabrication of

microelectronic components.

42



3.Thermal characterization. . ..

3.2.2. Tape casting

Doctor-blade processing or tape casting is a specialized method of
producing thin, flat uniform strip, which can subsequently be cut into
rectangular tiles. This process is a low cost process for the manufacture of
large areas of thin ceramic sheets of controlled thickness and high quality (25-
28). In this process norganic powders are mixed with a solvent and dispersant
in a ball mill. A binder and plasticizer are added to the suspension in a second
milling step. The homogeneous, well-dispersed and concentrated slurry is
degassed and spread on a flat moving carrier surface using the doctor blade
process. A thin sheet of high uniformity is formed. The solvents are evaporated
leaving the dried tape with sufficient strength and flexibility to be cut to the
proper shape. ' )

The thickness of the tape is a function of the height of the blade, the
viscosity of the slurry, the speed of the carrier film and the drying shrinkage.
The casting speed is dependent on the thickness of the tape, the evaporation
rate and the length of the machine, all of which control the drying time. In the
first stage of the firing process the binder and other organic additives are
burned out carefully and the resulting inorganic structure is sintered at higher
temperatures to a dense thin ceramic product with the desired properties. Green
sheets can be laminated to create multilaver systems that are transformed to a
monolithic structure by firing. The method is used almost exclusively for the
production of thin electronic substrates where the control of surface finish and
flatness is of ovemnding importance (29, 30). These include multilayer ceramic
electronic packaging, multiyear titanate capacitors, piezoelectric devices, thick

and thin insulators, ferrite memories and catalyst supports. In producing
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electronic packaging, metal circuit pattems and film resistors are commonly

printed on the green sheet and co-fired.

3.3 Significance of thermal parameters

3.3.1 Thermal diffusivity

Centuries before, Jean Fourier (1768-1830) derived a basic law
defining the propagation of heat in a one-dimensional homogeneous solid as
(31-33)

o0 or (1)

= g4 —
ot Ox

The above equation is known as Fourier equation. Equation (1) implies that the

quantity of heat dQ conducted in the x-direction of a uniform solid in time 4t

is equal to the product of the conducting area 4 normal to the flow path, the
temperature gradient d7/dx along this path, and the thermal conductivity £ of
the conducting material. Formal definition of thermal diffusivity arises when
deriving an expression for a transient temperature field in a conducting solid
from the Fourier equation. The equation describing the temperature field in a

homogeneous, linear conducting solid with no internal heat source is,

13T
V27=*5‘ 2)
a Gt

where the thermal diffusivity e is given by
k

a=— 3
oC 3

44



3.Thermal charactenzation. ...

where £ is the thermal conductivity, p is the density and C is the specific heat
capacity of the matenal. The thermal diffusivity @ is usually expressed in
m%/s. Thermal diffusivity is thus an important thermo physical parameter,
which essentially determines the diffusion of heat through a sample. The
inverse of thermal diffusivity is a measure of time required to establish thermal
equilibrium in a system for which a transient temperature change has occurred
(34, 35).

3.3.2. Thermal effusivity

Another important and unique thermal parameter, thermal effusivity,
measures the thermal tmpedance of the matenal. It is the ability of the sample
to exchange heat with the environment and hence it is an important parameter
for surface heating and cooling processé‘s. The major difference between
thermal diffusivity and thermal effusivity is that diffusivity is a bulk property
of the sample where as the effusivity is a surface property. The thermal

effusivity is defined as eg = M with dimension W s'? cm” K”', where £ is
the thermal conductivity, o is ihe density and C is the specific heat capacity.
Knowing the values of thermal diffusivity ( & ) and thermal effusivity, thermal
conductivity (k) value can be evaluated. The feasibility of photoacoustic
technique for the simultaneous measurement of thermal conductivity and heat
capacity has already been established (36). Thermal effusivity value of ceramic
tapes has great importancé when they are used for microelectronic device

fabrication or used as thermal barriers in integrated optics.
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3.4. Theoretical background

3.4.1. Thermal diffusivity measurement

The heat transmission configuration is depicted in figurel. For an
optically opaque solid, the entire light is absorbed by the sample at x = 0 and
the periodic heat is generated at the same place. Assuming that the heat flow
into the air (ambient) in contact with the front surface of the solid is negligibly
small, the thermal waves generated at x=0 will penetrate through the sample to
its rear surface. The heat thus reaching the sample-air interface at x=-/; will get

attenuated after traveling a very small distance called the first thermal diffusion

L/
length in air. Thermal diffusion length is given by u = (2%) ) ? where o and

o are the thermal diffusivity of air and modulation frequency of the mncident
light respectively. Consequently, this periodic heating process arising as a
result of the periodic absorption of light at the interface at x =0 results in an
acoustic piston effect in the air column in between the sample and the
microphone.

According to the one-dimensional heat flow model of Rosencwaig and
Gersho, for the arrangement schematically shown in figurel, the pressure

fluctuation in the air inside the chamber is given by (37-40),

1/2
Holg (agas )

¢ J (cot—;r/ 2)
(2m)l g Toks f sinh(las)

0=

where v is the ratio of specific heat capacities of air, Po and To are the ambient
pressure and temperature, [o is the radiation intensity, f is the modulation

frequency, and /, &, and ¢, are the length, thermal conductivity and the thermal
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diffusivity of the medium. / = g refers to the air and i = s refers to the solid

)Ilz

sample. Also ©; =(1+/) a; where a;= (R f/ a; is the thermat diffusion

coefficient of the medium / . In arriving at the above expression it is assumed

that the sample is opticaily opaque.

Laser . . .
Ambient Sample Air Microphone
m:u::;(>
<« ] ] {
X o - -(ly+1y)

Figure 1. Schematic representation of the open cell geometry

For thermally thin sample (je. [ a; << 1), the expression for Q
reduces to

7, ,Oaglf 2q, (J@r=3m/4)
372

(22)* ZTOIngkS f

1

Above expression implies that the PA signal amplitude from a thermally thin
sample under the heat transmission configuration varies as f 2 and the phase is
insensitive to the variation in the moduiation frequency.

When the sample is thermally thick (fe. [, a@; >> 1), the expression for Q

becomes
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1/2 172
[ (a a expl -/ /a J oot — -
_71’0 o' 2 S p[ () ej(a)t 7/2~1a)

9 T 1 k f
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The amplitude of the PA signal decreases with the modulation frequency as

(/f)exp(— b\/7 ) with b=/ } % , while the phase¢ decreases linearly
S

with bﬁ . Hence, the thermal diffusivity & can be evaluated either from

the amplitude data or from the phase data, provided the sample is optically
opaque and thermally thick in the frequency region of interest. Though the
phase and amplitude of the PA signal contains clear signature of the thermal
properties of the specimen, phase data is more reliable for open cell
configuration since the amplitude data depends on many external parameters
such as sample surface quality and detector response at different wavelengths.

Experimental results reported here are derived from the phase data.

34.2 Thermal effusivity measurement.

According to Rosencwaig and Gersho theory (37,38) for the heat
reflection configuration, when the sample is kept in contact with a thermaily
thin absorbing layer, the acoustic pressure in the microphone chamber is given

by the equation,

. Jo-r12)
L @m)igTyks f




where k; and o, are the thermal conductivity and thermal diffusivity. I =s

corresponds to the sample, 7= 0 corresponds to the absorbing layer and / =g
corresponds to the air in the microphone chamber. v is the ratio of specific
heats for air, P, is the pressure, I, is the incident intensity, /, is the length of the

gas column in the cavity, Ty is the temperature of the gas inside the chamber.

Here, ® = 2nfand b = ksos . The acoustic signal varies as / and
koo J

Ay

1s proportional to the ratio , the inverse of the thermal effusivity of the

s
sample.
In the absence of the sample (i.e., only the absorbing layer is present)

the pressure fluctuation inside the cavity is given by,

Wolgag @ 0 o/ (@1=3m/4)
3/2

Tylgl k. f

. . - 194
The PA signal varies as / ' and depends on the ratio —2
0

Now

b

X _loko %
&y @y ks

1/2

Thermal effusivity of the sample (e: =k /V"Zr:) can be evaluated by

measuring the signal amplitude as a function of modulation frequency from the
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absorbing layer-sample composite and that from the absorbing layer alone,
provided the thickness, density and specific heat capacity of thin absorbing

layer are known.

3.5 Experimental details

3.5.1 Experimental setup

The expenmental setup consists of an Argon ion laser (Liconix 5000
series), a mechantcal chopper (Stanford Research Systems SR540) and the
open photoacoustic cell. The schematic of the experimental set-up is given in
figure 2. The open photoacoustic cell (figure 3) has provisions for both rear
side and front side illumination. '

The intensity modulated optical radiation from the Argon ion laser is
allowed to fall on the sample kept inside the open photoacoustic cell. The PA
signal generated in the cell is detected using a sensitive electret microphone
(BT 1834) and is amplified using a lock-in amplifier. The phase and amplitude
of the PA signal are recorded using a digital lock-in amplifier SR 830. Samples
in the form of free-standing ceramic tapes are pasted on aluminium foils using
thermal paste to avoid mechanical vibrations of the samples due to its periodic
dilation (drum effect) during irradiation (41).
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Arzon [on Laser PrCell

A{;?

RO A

Lock-in-Amplifier

Figure 2. Schematic diagram of the experimental setup

3.5.2 Open photoacoustic cell

The major building block of the cell is an acrylic (perspex) disk of
thickness 1cm and diameter 5.5cm. The acoustic chamber is made by drilling a
bore of diameter 3mm across the thickness at the centre of the disk. One end of
this cylindrical hole is closed with an optical quality glass shde of thickness
1.4mm and the other end is kept open. Another fine bore of diameter 1.5mm
pierced at the middle of the main chamber and perpendicular to it serves as the
acoustic coupler between the main chamber and the microphone. At a distance
of 8mm from the main chamber the microphone is firmly glued to the orifice of
the side tube. Shielded wires are used to take the electrical connections directly
from the microphone. Entire system is then fixed inside a cylindrical hollow
block of aluminium, leaving halif the thickness of the acrylic disk outside the
aluminium holder. Solid sampies having uniform surface quality can be easily

stuck at the top of the sample chamber (open end) by using vacuum grease. On
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-the other hand, if the sample is very thin and requires more tight contact, then
another identical acrylic disk with a 3mm hole at the centre can be used to

press the sample in between the two disks.

-Figure 3. Open photoacoustic cell

1.Aluminium case 2. Perspex body 3. Microphone

3.5.3 Sample specifications

The investigations are carried out on green ceramic tapes obtained from
CMET, Trichur. All the samples have a uniform thickness of 70um. The green
tapes contain a polymer network in which ceramic particles are embedded.
Therefore no porosity is expected at green stage. Only after binder (polymer)
bums out, porosity will appear. Specifications of the samples are given in
tablel.
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Barium
SiC | PMNPT | PZT | ALOY |Zr0, | Barium | tin
Zr0, titanate | titanate
% ceramic 61.65 | 74.78 774213641 | 57.71 | 66.61 | 66.63
% binder {poly 257 1162 137 | 215 309 1200 245
vinyl butyral-
PVB)

% of plasticizer | 2.8 2.17 1.78 1333 411 |3.18 {3.55
{ Pthalates and
Glycoles)

Y%solvents 3298 | 21.43 19.43 | 38.76 | 35.09 | 28.21 | 27.37

In the case of AL O+/ZrO; ( Alumina- zirconia) the solvent is water and binder

is polyviny! alcohol(PV A).

Table 1

3.5.4.Thermal diffusivity measurements

The theory involved in the measurement of thermal diffusivity is given
in section 3.3. The rear side illumination or the so-called heat transmission
configuration is used for the present investigations. The ceramic tape sample is
pasted on thermally thin aluminium foil using a thermal paste and is fixed to
the top of the open photoacoustic ceil (OPC) using vacuum grease at the edges.
The cell is arranged such that the modulated laser beam falls on the aluminium
foil. Photoacoustic signal phase is measured as a function of modulation

frequency. The same experiment is repeated with aluminium foil alone.
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aﬁ’erence in phase readings of the two observations gives the phase for the

sample under investigation corresponding to a modulation frequency.

Figure 4. Cross sectional view of OPC geometry for the measurement of
thermal diffusivity
1.Microphone 2. Sample 3. Aluminium foil 4. Acrylic body 5. Glass window

. : : ) ; b4
Since the phase of PA signal changes linearly with bﬁ ,where b=1__|—,
as

slope of phase difference vs square root of frequency plot gives the value of
‘b’. Knowing sample thickness /_, thermal diffusivity( a, ) is calculated from
the slope.
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3.5.5. Thermal effusivity measurements

Same ceramic tape samples and the same open photoacoustic cell are

used for thermal effusivity measurements. In this mvestigation the reflection

mode geometry is employed. Sample is pasted on to aluminium foil and the

sampie aluminium foil combination is mounted on the PA cell so that the free

surface of the sample faces the ambient. Irradiation is made through the front

glass window and thermal waves are generated from the aluminium-gas

nterface.

g .
@ Laser
- 5
MM

\3

Figure 5. Cross sectional view of OPC geometry for the measurement of
thermal effusivity

1. Microphene 2. Sample 3. Aluminium foil 4. Acrylic body 5. Glass window
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Thermal effusivity is evaluated from the slope of the signal amplitude ratio

(ratio of amplitudes

corresponding to aluminium foil alone and

sample-+aluminium foil combination) vs square root of frequency plot.

3.6. Results and discussion

The vanation of phase difference in the photoacoustic signal

(difference in the phases corresponding to aluminium foil alone and ceramic

tape pasted on aluminium foil ) as a function of modulation frequency under

the heat transmission configuration for the samples under investigation is

shown in figures 6 to 12.

315
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Figure 6. Vanation of PAS phase difference as a function of

modulation frequency for alumina-zirconia sample.
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Figure 8. Variation of PAS phase difference as a function of

modulation frequency for Silicon carbide sample
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Figure 9.
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Figure 10.
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Variation of PAS phase difference as a function of

frequency for lead zirconate titanate (PZT)sample.
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Thermal diffusivities of the samples are calculated from the slopes of
the straight-line graphs and are tabulated in table 2. Literature values (42-47)
of the thermal diffusivities of pure ceramics and ceramic films are also
included for comparison. Since tape casting is a batch process, there may be
changes in the thermal parameters from batch to batch and will depend on the
presence of additives and binders, which are added during the tape casting
process. Values of thermal parameters of ceramic tapes are not available.
However, it is seen from the table that the thermal diffusivity values calculated
using the photoacoustic technique are of the same order of magnitude as that of
the literature values. It is found that addition of certain materials changes the
thermal diffusivity of the compound. Alumina has a higher thermal diffusivity
compared to zircomia (~0.1cm’s). Thermal diffusivity of alumina-zirconia
compound is greater than that corresponding to zirconia. The enhancement in
thermal diffusion of the compound sz;mple will be due to the presence of
alumina. The same effect has been observed in the case of tin doped banum
titanate also. Thermal diffusivity of barium tin titanate is found to be higher
than that of barium titanate. The enhancement in thermal diffusivity might be
due to the presence of tin in the compound. This shows that ceramic tapes
with required intermediate values of thermal parameters can be prepared by
mixing appropriate amounts of different materials. Difference in actual value
can be attributed to the presence of materials other than ceramics.

Figures 13-19 show the vanation of ratio of photoacoustic signal
amplitude between sample attached to aluminum foil and aluminium foil alone
as a function of modulation frequency. Thermal effusivities are calculated from
the slopes of the straight line fits.
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Calculated values of thermal diffusivity, thermal effusivity and

thermal conductivity vaiues are tabulated in table2. As a laser operating in the

light mode is used for irradiation, the incident power 1s stable. Uncertainty of

~%0.0005 can be expected in the calculations because of the variations that

may occur in tape thickness from the expected value.
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Sample Thermal | Thermal Effusivity of | Thermal
diffusivity | conductivity | tapes diffusivity(cm?/s)
of tapes | of tapes (ws'?/cm®K) | of thin films
(cm?¥s) (w/cmK) (literature

(43-48))

Zirconia 0.0044 0.049 0.74 0.002- 0.005

Alumina- 0.055 0.061 0.26 Between 0.1 &

Zirconia 0.002

Silicon 0.076 0.039 0.15 0.08

carbide

Lead Of the order of

Zirconate 0.0078 | 0.011 0.12 10°

Titanate(PZT)

PMNPT (lead | 0.029 0.017 0.1 Not available

magnesium

niobate

titanate)

Barium 0.0016 0.00941 0.24 0.0015

Titanate

Barium Tin 0.0066 0.048 0.6 Not available

Titanate

Table 2
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3.7.Conclusions

The present study clearly shows that the photoacoustic technique is an
effective tool for the thermal characterization of ceramic samples. Details of
investigations carried out on the thermal parameters of seven different ceramic
(green) tape samples and the results obtained are presented. Analysis of results
shows that the thermal diffusivity values depend on the constituents of the
medium. Mixing one ceramic with another changes the effective thermal
parameters of the sample .In general, addition of plasticizers and binders is
found to change the thermal diffusivity values of ceramic tapes compared to
pure thin film samples.
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Chapter 4

Photoacoustic studies on dye mixtures

Abstract

Laser induced photoacoustic technique is used in the study of
photostability of polvmethyl methacrylate (PMMA) films doped with
Rhodamine 6G-Rhodamine B dye mixture-system. Energy transfer from a
donor molecule to an acceptor molecule in a dye mixture affects the emission
output of the dye mixture. Details of investigations on the role of laser power,
concentration of the dye, modulation frequency and the irradiation
wavelength on the photosensitivity of the dye mixture doped PMMA films
are presented in this chapter. Photosensitivity is found to change with
changes in donor acceptor concentrations. Dye mixture doped PMMA
samples are found to be more photosensitive when the dyes are mixed in the

Same proportion.
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4.1 Introduction

Dye doped polymers find applications as active laser media
and in the modem photonic technology (1-7). High-density information
storage is an important technological objective. A large number of optical
storage media have been reported. They include both inorganic and organic
media. Current interests are in the write-once optical media and compact disk
recordable media. The modification of the dye is necessary for writing and
readihg at short wavelengths..The promising candidates for information
storage are organic dyes. One area that may be revolutionized by the use of
organic luminophores in piastics is the flat screen monitor industry. Current
flat screens typically— use expensive, delicate plasma technology. Organic
emitters doped in a polymer layer offer an inexpensive, malleable and easy-to-
produce alternative. Organic dyes are also of interest for sensors, optical
amplifiers and fiber optics. If organic fluorescent molecules are to be
effectively used in such applications, they must be able to withstand repeated
excitations and the large amounts of energy that will be cycled through them.
Unfortunately upon repeated absorption, the dye molecules begin to photo-
oxidize. This permanently destroys the dye, thereby limiting applications of
such organic materiais under exposure to high optical intensities. A nonlinear
absorber of light has the unique property that its optical absorption can be
altered by introducing changes in the intensity of radiation incident upon it.
Different types of organic molecules undergo optical bleaching (8-10) when
subjepted to high intensity radiation and are useful as passive Q switches for

lasers and as recording media (11,12). A number of techniques have been used
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to study photoinduced changes in laser dyes (13-19). Photochemical changes
induced in a medium can be monitored either by optical methods or
photothermal methods. In optical methods the radiative relaxation or optical
absorption (or transmission) is investigated whereas in photothermal
technique, the energy liberated as a result of nonradiative relaxation is
measured.

Spectroscopic  studies based on photothermal effects, like
photoacoustic  spectroscopy (PAS)20) and photothermal deflection
spectroscopy (PDS)21) offer powerful techmiques to study absorption of
highly fluorescent dyes and gives complementary information to fluorescence
spectroscopy through the detection of non-radiative relaxatton processes. The
dominant feature of laser heating is that a large amount of energy may be
absorbed in a short interval of time. Photothermal methods measure a signal,
which is directly related to the amount of electromagnetic energy absorbed by
the sample, which is converted into heat. These methods present the additional
advantage of being much less sensitive to the light scattered by surface
roughness and volume inhomogeneties (22). The photoacoustic technique has
already been used by many researchers to study the energy transfer
mechanisms in a number of dye systems (23-28).

Embedding a dye in solid matrices can modify the non-linear optical
pioperties of it. Although both morganic glasses and polymeric materials have
been successfully used as host matrices for lasing dyes, polymers offer a
number of advantages both from the technical and economical point of view,
which include high optical homogeneity (29), better chemical compatibility
with organic dyes, control over medium polarity and viscosity in a way similar

to conventional solvents (30), and adaptability to inexpensive fabrication
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techniques. Synthetic polymer hosts have additional advantages compared to
other matrices because these polymers exhibit good compatibility with organic
dyes permitting mimaturization and low cost integrated optical system
designs. One of the important advantages of transparent polymers compared to
traditional optical matenials (inorganic glasses and crystals) is that it is
possible to introduce organic dyes that play the role of active components into
polymers, which appreciably changes the characteristics of the polymer
matrix. Suitable matenais for different applications can be prepared by
properly selecting the type of solid matrix and the dye incorporated into it.
Intermolecular energy transfer between two molecular species separated by a
distance in the condensed phase has been observed in numerous molecular
systems {31-45). Main mechanisms invoived in the electronic energy transfer
in molecular systems are radiative transfer, non-radiative traﬁsfer and
excitation migration. Non-radiative transfer of electronic energy involves the
simultaneous de-excitation of the donor and the excitation of the acceptor, a
one step process that does not involve the intermediacy of a photon. A
necessary condition for non-radiative energy transfer between two molecules
is that the distance between the donor and the acceptor must be very small.
The energy transfer mechanism resuits in the quenching of absorption of the
donor molecule. Through suitable selection of dye combinations, absorption
characteristics and the photostability of the mixture can be changed.

Different organic polymers can be used as solid host material and the
basic requirements imposed on a polymeric host for lasing dye molecules are
good optical transparency at both pump and lasing wavelengths, good
solubility of the dye in the matenal, and resistance to pump laser radiations.

Most frequently used polymeric materials are based on methylmethacrylate
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(MMA), such as polymethyl methacrylate (PMMA) or compositions of the
methacrylate co-polymers like HEMA:MMA etc. PMMA is the most
frequently used host for lasing dyes due to its excellent optical transparency in
the visible region and its relatively high laser damage resistance. The low
solubility of majority of the conventional laser dyes in PMMA causes some
limitations. Good solubility of dyes is achieved by introducing modifying
additives, which aiso enhances laser damage resistance (46). Ethyl alcohol is
chosen as an additive because it combines good solubility for xanthene dyes

and enhancement of host laser damage resistance.

4.2 Materials

4.2.1 Rhodamine 6G- Rhodamine B Systems

Present work in the dye-doped polymer has been carried out with dyes
of the xanthene family. Xanthene derivatives, Rhodamine 6G and Rhodamine
B, with fluorescence emission’in the yellow-red region of the electromagnetic
spectrum are well known for their excellent laser performance in liquid
solutions as well as in solid matrices. For the present investigations rhodamine
6G chlonde ( CysH;CIN;O3, LOBA Chemie, GR, molecular weight 479.02 )
and rhodamine B (CysH3 CIN,O;, Merck,GR, molecular weight 479.02 ) are
used as received. Structures of the two dyes and that of PMMA are shown in
figurel. Eventhough rhodamine6G and rhodamineB have the same molecular

formula, their molecular structures are different.
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Figure 2 Structure of PMMA

4.2.2 Preparation of dye doped polymer samples

Methyl methacrylate (MMA)(CDH Chemicals) is washed three times
with 2% sodium hydroxide solution to remove foreign inclusions and then
with distilled water till the solution is clear. Few pellets of anhydrous calcium
chloride are added to the MMA and kept for 24 hours. The dry MMA is then
filtered. Since Rhodamine dye has limited solubiiity in the monomer MMA,
ethyl alcohol (Merck) is used as a solvent. The addition of ethanol as a
plasticizer has also been reported to increase the laser damage threshold of
PMMA (46). Accurately weighed dyes are dissolved in ethanol to prepare
stock solutions of the two dyes from which solutions of different
concentrations are prepared. For the preparation of different dye doped

samples, the monomer MMA is mixed with the respective dye dissolved ethyl
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alcohol in the ratio 4:1. Solutions of monomer —alcohol mixture with different
volume ratios of the two dyés and at different dye concentrations for a fixed
volume ratio are prepared. 1gm of benzoyl peroxide per 100ml of the solution
is used as an initiator for polymerization. The monomer-alcohol mixture
containing the dye and the initiator, taken in a glass test tube is kept in a
constant temperature bath maintained at 50°C for polymerization. Care is
taken to see that the dye is homogeneously distributed in the polymer matrix.
Afier 24 hours completely polymerized sample is taken out of the water bath.
Placing the dye doped polymer mixture drops on clean microscopic glass
slides results in thin coatings {spot casting) of the sample. The siides coated
with the samples are kept at room temperature for one week to dry. Perfect

drying is necessary to avoid shrinkage of the sample.

4.3 Experimental details.

Photothermal methods measure the photon energy that has been
converted into heat. A continuous wave (CW) laser induced photoacoustic
technique is used to investigate the photo-induced degradation of the dye
doped polymer samples. The experimental set-up and the open photoacoustic
cell used for the present investigation are same as that discussed in the
previous chapter. For the photoacoustuc (PA) signal measurements the
reflection mode geometry of the PA cell is employed (figurel). The excitation
source used is a highly stabilized Argon ion laser (Liconix 5000) and its
different emission lines are used for the study. The CW laser emission is

intensity modulated using a mechanical chopper (Ithaco HMS 230).
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Figure 3. Reflection mode geometry of the photoacoustic cell.

1. Microphone 2. Glass window 3.Acrylic body of the cell 4. Sample

The modulated light beam at specific power levels is allowed to fall on
the sample kept within the non-resonant photoacoustic cell. The photoacoustic
signal detected by the microphone is amplified using a digital lock-in
amplifier (Stanford Research Systems SR 830). Laser lines of wavelengths
488nm, 496nm and 532nm are used for the investigations. Influence of the
excitation light on the rate of dye photodegradation is studied at power levels
of 20mW, 30mW and 40mW. Other parameters that are vaned are the dye

concentration and the faser modulation frequency.
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4.4 Results and discussions

The process of photoacoustic sfg11al generation in condensed media
has already been experimentally established and a satisfactory theoretical
explanation has been given by Rosencwaig and Gersho(20). The complex

amplitude of the PA signal produced is given by the relation,

"iﬁtuz}qpolo

0=
- 4\/572)18418/(

where [ Is the optical absorption coefficient of the sample and p is the thermal
diffusion length in the medium; y is the ratio of specific heat capacities for air,
Py and T, are the ambient pressure and temperature respectively. Iy is the
intensity of incident light, /; and 4, are the length of the gas column nside the
cavity and the thermal diffusion length in the gas respectively and k is the
thermal conductivity of the sample. Hence, by any means, if the absorption
coefficient value changes, then the PA signal amplitude will also vary
accordingly. Any kind of photochemical reaction will result in a change in the
number density or concentration of the original species and this, in turn, will
result in a change in the optical absorption properties of the sample. Doping of
an organic dye in a solid matrix will not alter the thermal properties of the
host(30). So when a dye doped polymer is investigated using photoacoustic
technique, any change in the PA signal amplitude is essentiaily a measure of

the rate of photodecomposition of the dye. Results of the studies carried out to
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investigate the rapidity with which an optical dye in a solid host wreversibly
degrades when it is illuminated by visible light are presented here.

The absorption spectra for mixtures of Rh 6G and Rh B are shown in
figure(4). Absorption peak of Rh6G doped PMMA is around 520nm and that
of RhB doped PMMA is at 550nm. Absorption of RhB doped PMMA is very
low compared to that of Rh6G doped PMMA in the wavelength range selected
for investigations. It is observed that the addition of RhB dye decreases the

effective absorption of the mixture at 520nm.
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Figure4. Absorption spectra of different samples

79



4.Photoacoustic studies. . ..

Initial investigations are carried out on dye doped PMMA samples
with varying volume ratios of the constituent dyes, Rhodamine 6G and
Rhodamine B. The variation of PA signal amplitude as a function of time for

the different samples is shown in figureS
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Figure 5. PA signal amplitude versus irradiation time plot for different
volume ratios of Rhodamine 6G and Rhodamine B doped polymer samples

Concentration of Rhodamine 6G = lmM
Concentration of Rhodamine B = 1mM
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From the plot it is clear that PA signal degradation rate change from
sample to sample. Plots are shown shified from each other for the sake of
ciarity. All the samples containing Rh6G exhubit signal degradation and then
saturation on continued irradiation. This indicates that on irradiating the dye
doped PMMA sample with strong laser beam, photodegrdation of the dye
molecules take place and the resultant product does not absorb in the spectral
region where the original dye molecules absorb. The reduction in absorbance
is evident in the absorption spectrum (Figure 6). Therefore the observed
decrease in PA signal amplitude is due to the gradual decomposition of the
dye molecules. The time taken to attain saturation is found to vary from
sample to sample. This clearly shows the photosensitivity of the dye doped
PMMA samples. As RhB has very low absorption at the iradiation
wavelength , the photo-reaction is more for Rh6G. The PMMA sample doped
with RhB alone does not show considerable change in PA signal on
continuous irradiation whereas samples with Rh6G exhibit signal degradation.
From this it can be deduced that RhB doped PMMA 1s photochemically stable
at this particular concentrafion. Addition of RhodamineB changes the
photosensitivity of Rhodamine6G. The reduction in photochemical reaction of
Rh6G can be attributed to the enhancement in energy exchange to RhB. Non-
radiative energy transfer from an excited state donor (D*) molecule can occur
due to coulombic or electron exchange interaction between D* and the
acceptor (A) molecule. Non-radiative transfer of electronic energy involves
the simultaneous de-excitation of the donor and the excitation of the acceptor,

a one-step process that does not involve the intermediacy of a photon.

D*+A—D+A*
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This type of energy transfer occurs when the energies involved in
D*—D and A—A?* transitions are same, the excitation transfer being the
simultaneous occurrence of the two coupled or resonant transitions.

As the amount of RhB in the mixture is increased, the RhB- light
interaction increases while that of Rh6G decreases. Samples with small
amounts of RhB shows gradual photodegradation in the early stages followed
by saturation . In these cases the influence of rhodamine 6G is maximum. As
the volume ratio of RhB is increased above that of Rh6G, somehow changes
are introduced in the energy exchange process so that signal degradation is
very slow. This indicates that the presence of RhB stabilizes the sample
against damage. The sample with the two dyes mixed in [:1] ratio takes a long
time for photodegradation and takes more than one hour to attain saturation.
The PA signal'magm‘tude 1s also found to be maximum for this particular
combination. This may be because of the fact that the energy exchange
between the two dyes is maximum for this particular combination and it
reduces the rate of photochemical reaction.. Further investigations are carried
out on samples with dyes mixed in the same ratio. Even though a large number
of studies have been reported in the field of dye doped polymers, the exact
mechanism responsible for the photodegradation of lasér dyes in  polymers is
not yet fully brought out.

In order to investigate the influence of irradiation wavelength on the
photodegradation of the dye system doped PMMA, photoacoustic studies are
carried out at different wavelengths. 532nm, 496nm and 488nm lines of the
argon ion laser are used for investigations and the PA sigpal amplitude is

plotted as a function of irradiation time(figure7).
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Figure6. Absorption spectra of the sample before and after irradiation
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Figure7.PA signal versus time plot for different wavelengths (dyes of
same concentration(ImM) are mixed in the ratio 1:1)

Laser power = 30mW Modulation frequency = 80Hz
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The photodegradation rate is found to increase as the irradiation
wavelength increases from 488nm to 532nm. This is understandable as the
absorption of Rh6G is maximum at around 520nm. The PA signal amplitude
also increases as the irradiation wavelength approaches the peak absorption
wavélength. Even though higher wavelengths give higher values of PA signal,
investigations are carried out using 488nm because of the steady operational
conditions for longer time durations at this wavelength.

The variation in PA signal amplitude for PMMA samples doped with
Rhodamine 6G and Rhodamine B in the same volume ratio for a constant

concentration of Rh6G and different concentrations of RhB is given in

figure8.
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Figure 8 . PA signal amplitude versus irradiation time plot for PMMA
doped with rhodamine6G-rhodamineB systems. Rhodamine6G
concentration is fixed at 1mM and rhodamineB concentration(mM) is
changed.
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Figure 9 Abrorption spectra of dye mixture doped PMMA samples for
consant Rh6G and different RhB concentrations

In all the cases it is found that during the initial few(~5) minutes the
PA signal is flucruating and after that the signal is almost steady with a
vanation of around [0microvolts. From the plot it is clear that the decay time
is more for the PNMMA film in which dyes are doped in the ratiol:1. As equal
amounts of both the dyes are present in the mixture, photons are equally
shared between the two. In the case of films with low concentrations of RhB
(0.005mM and 0.1mM) PAS signal is found to be lower than that
corresponding to Rh6G alone. Here the presence of RhB effectively decreases

the non-radiative relaxation processes which in turn reduces the PA signal
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amplitude. Energy exchange is taking place between Rh6G and RhB
molecules. When the concentration of RhB is increased above O.1mM, PA
signal is found to be more than that corresponding to PMMA doped with
Rh6G alone and is maximum for 1:1 ratio with equal concentrations.

The absorption spectra of the samples also show maximum absorption
for the sample in which dyes are mixed in same proportion(figure9). For lower
concentrations of RhB, signal degradation is not appreciable whereas for
higher concentrattons, signal degradation is gradual and it takes longer time
for signal saturation. Presence of small amounts of Rhodamine B stabilizes the

dye mixture against photodegradation.
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Figurel0 . PA signal ampiitude versus irradiation time plot for PMMA
doped with Rhodamine 6G-rhodamine B systems. Rhodamine B
concentration is fixed at lmM and rhodamine6G concentration 1s
changed.

Laser power=30mW A =488nm modulation frequency, f = 80Hz
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The varnation in PA signal amplitude for PMMA samples doped with

Rhodamine 6G and Rhodamine B in the same volume ratio for constant

concentration of RhB and different concentrations of Rh6G is given in

figure10.

Rhodamine B dye has lower absorbance than Rhodamine 6G at

488nm. When the concentration of Rh6G in the system is very low, the
influence of RhB will be predominant and the signal is aimost stable under

continuous irradiation. As the concentration of Rh6G is increased to 0.5mM,

PAS signal increases and degradation is visible. Signal saturation occurs

within a short time. The presence of Rhodamine6G is found to enhance the

photosensitivity of rhodamineB and hence bleaching.
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Figure 11. PA signal amplitude versus time plot for dye system doped

PMMA at different irradiation intensities (dyes of same concentration
(ImM) are mixed in the ratio 1:1)
f=80Hz A=488nm
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From figure 11 it is clear that PA signal degradation increases with
increase in pump power. These plots show that degradation rate is not
uniform throughout. Initial degradation occurs at a faster rate foilowed by

slower decay, which is more visible at lower pump levels.
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Figure 12. PA signal amplitude versus time plot for dye system doped
PMMA for different modulation frequencies (dyes of same
concentration(1mM) are mixed in the ratio 1:1)

Laser power = 30mW A = 488nm

The photoacoustic signal decreases with increase in modulation
frequency. If ‘f is the modulation frequency, the number of light pulses falling

on the sample in ‘t’ seconds will be ‘ft’. With increase in the value of either
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frequency or uradiation time, number of photons falling on the sample and
hence absorbed by it will increase. This increased absorption results in faster
photodegradation. At higher modulation frequencies the degradation will be
complete within a short time so that no change in PA signal can be observed.
At lower frequencies photochemical changes take place at a slow rate and
decrease in PA signal amplitude is gradual. The plot (figurel2) also reveals
that signal degradation is slow at low chopping frequencies. Changing the

frequency of modulation can change the bleaching rate.

4.5 Conclusions

The photoacoustic technique has been implemented syccessfully to
investigate the bleaching of organic dye molecules embedded in PMMA
matrix. From the observations it can be concluded that the bleaching rate of
dye mixture doped PMMA matrix is directly proportional to the incident laser
power and can be controlied by changing the modulation frequency. Addition
of another dye into the system to form donor-acceptor combination can change
the photostability of a dye doped polymer matrix. Adding Rhodamine B can
enhance photostability of Rhodamine6G and photosensitivity of Rhodamine B
can be enhanced by adding Rhodamine6G. When the dye doped polymeric
material is to be used as an active medium for laser operations, the life-time of
stable operation can be increased through proper selection of dye
combinations and their concentrations. The dye doped PMMA can also be
used as an optical recording medium. Through suitable selection of dye

combinations and proper choice of concentrations of individual dyes, the time
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for optical recording can be adjusted. Additional tuning is possible by the

adjustment of pump power and modulation frequency.
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Chapter 5

Photoacoustic measurements on multilayer
dielectric systems

Abstract

The application of photoacoustic (PA) technique to the non-destructive
analysis of layered samples is demonstrated experimentally. This technique
makes use of a laser source, a photoacoustic cell, a mechanical chopper and a
lock-in amplifier. Multilayer stack of SiO; and TiO: is used as the absorbing
medium. Frequency modulated laser beam is allowed to fall on the sample
placed in the photoacoustic cell. The acoustic signal generated in the PA cell as a
result of the periodic absorption of the multilayer sample is detected using a
microphone and the resulting output is processed by a lock-in amplifier. The
amplitude and phase of the signal are measured as a function of the chopping
frequency. Striking step- like variations are observed in the phase-frequency plot,
which clearly reveals the different layers present in the mulitilayer structure.
Defect in the structure of a multilayer stack is also clearly brought out by the

investigations.
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5.1. Introduction

The photoacoustic effect has been proven to be an effective and sensitive
tool in the study of optical and thermal properties of solids, liquids and gases (1-
13). By using the PA technique one can obtain quantitative information on the
sample properties such as the thermal diffusivity, optical absorption coefficient or
thickness of a thin film specimen. In addition, by changing the chopping
frequency of the incident radiation, it is also possible to obtain a depth profile
analysis of some of these properties. At high chopping frequencies, information
about the sample near the surface is obtained while at low chopping frequencies,
sample properties from deeper within becomes accessible. This is a feature unique
to the PA technique. Another important aspect of the technique is its capability to
measure the optical absorption of opague samples.

Multilayer films are widely used in science and industry for the control of
light. Pertodic mulnlayer stack with films of two refractive indices in each period
have been widely used as narrow band filters, broadband reflectors, high
efficiency anti-reflection coatings, laser mirrors etc. The photoacoustic method
has been widely adopted for studying multlayered media and thin films deposited
on dielectnc and conducting base materials (14-18). The depth profiling
capability of the photoacoustic technique has been exploited advantageously to
study muitilayer dielectric thin films coated on a substrate. Ageing of multilayers
will, sometimes, destroy the quality of the films due to interlayer diffusion. The

PA technique can be used to determine the number of layers in a multilayer stack
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or it can be used to check the reduction in the effective number of layers due to
interlayer diffusion.

For the optimal performance of laser mirrors, absorbance A should be
minimum and reflectance R and transmittance T should have specific values. The
transmittance T can be measured with an accuracy of about 0.01% using the
commercial spectrophotometer. The measurement of reflectance R with the same
accuracy is very difficult with commercial equipments. The PA signal i1s a
measure of the amount of heat energy absorbed by the sample. The high
sensitivity of the photoacoustic technique can be used for the calculation of
absorbance of even highly reflecting specimen. Using the PA techmique,
absorbance can be measured with an accuracy of 0.01%. Once the transmittance is

evaluated, R can be calculated with an accuracy of 0.01%.

5.2. Theoretical background

According to the general theory of photoacoustics given by Rosencwaig

and Gersho (14), the actual physical pressure variation 0P(¢) in the gas column

n contact with he sample surface in the photoacoustic cell is given by,

SP(1) = Q) cos(ex ~ 7/4) - Oy sin(at - 7/4)

or

OP(t)y=qgcos(awx ~y -/ 4)
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where Q; and Q; are the real and imaginary part of the complex envelope of the
sinusoidal pressure variation (Q) and q and y are the magnitude and phase of the
acoustic pressure wave produced in the cell by the photoacoustic effect. PAS
magnitude and phase from a layered structure can be derived from the equations
given by Rosencwaig and Gersho (14). In the case of a two layer structure with
thin non-absorbing top layer and an optically and thermally thin bottom layer, the
photoacoustic signal is given by(15),

i
gx (_ﬂ_o_]e(—x/,u) cos(wt — X E) (1)
Cpou u 4

where [ is the incident monochromatic light flux, B is the absorption coefficient
of top layer, p density , C specific heat , @ chopping frequency, p thermal
diffusion length of bottom layer and x thickness of top layer. Thermal diffusion
length(ﬂ), thermal diffusivity (a) of the medium and modulation frequency (60)

are connected through the equation

2a
u=— 2
w

From equation (1) it can be seen that the presence of a top layer decreases the

photoacoustic signal amplitude and introduces a phase lag denoted by,

y="— 3)
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The additional phase lag {7 in the photoacoustic signal will depend on the

thickness of the top layer and the phase of the signal is quite sensitive to the
presence of a boundary in a layered structure. In all the reported studies number
of layers employed is very few.

Depth profiling aspect of PA technique has been used by many scientists
and a number of theoretical models have also been reported (16-24). Depth
profiling can be performed in several ways. By changing the wavelength of the
incident light, the depth of optical penetration, and thus the depth at which the
photoacoustic signal is generated, can be changed. The thermal diffusion length in
a medium is inversely proportional to  the modulation frequency of the incident
light. Hence it is possible to alter the penetration depth bS/ changing the frequency
of modulation. By changing the modulation frequency, the photoacoustic signal
can be made to originate from different depths in the sample. An important
application of the depth profiling capability of the photoacoustic technique is the
measurement of thin film thickness. Such measurements can be performed by
analyzing the magnitude and/ or phase of the PA signal as a function of the
modulation frequency. Full range depth profiling requires operation over a broad

frequency range.

5.3 Multilayer dielectric films

Multilayer films find applications as beam splitters, reflection coatings,
antireflection coatings, laser mirrors etc. Opaque metal films are used as mirrors

for maximum reflectance only in the infrared. In the case of semitransparent films
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the absorbance reaches a maximum if R = T. Semitransparent metal films can
therefore be used as beam splitters with high absorbance(27). Semitransparent
films are not suitable as output mirrors for a ]asér system. Dielectric films possess
uniform thickness and refractive index and are assumed to be homogeneous in
the direction of light propagation. In general, the absorption in dielectric films is
assumed to be negligible(28) .Because of these properties they give nse to
interference and most applications of thin dielectric films make use of the
interference effect. By using more than one layer, improved optical characteristics
can be achieved. Most applications of thin films are based on the use of multilayer
coatings. There are large variety of designs for multilayer coatings that can be
used for laser applications and the most important among them is a quarter-wave
stack. The simplest design of a muitilayer structure is a stack of alternating films
of equal optical thickness corresponding to one quarter of the design wavelength,
but of two different refractive indices. Design of quarter-wave stack on glass can
be represented as glass-LHLHLHILH-air where L and H represent low refractive
index and high refractive index layers. Such a stack exhibits high reflectance at
the centre wavelength region, where the effective optical thickness is equal to A/4.
The reflectance increases with increasing number of quarter-wave films in
discreet steps.

In the case of semitransparent films, reflectance R, transmittance T and
absorbance A are related through the equation,

R+T+A=1 4)
Laser mirrors should have a well defined reflectance, mostly high

reflectance, and they should exhibit extremely low losses. These requirements can

98



5. Photoacoustic measurements. . .,

be fulfilled by multilayer stacks of dielectric matenals. Laser mirrors normally
possess low transmittance T and high reflectance R. By knowing R and T one can
calculate the absorbance A and the value of A is a measure of the quality of the
mirror. For the optimal performance of a certain laser type, A should be a
minimum and R and T should correspond to specified values. So the accurate
measurement of reflectance is very important in the case of laser mirrors. The
photoacoustic signal is a measure of the amount of heat energy absorbed by the
sample. Using the PA techmque, absorbance A can be measured with an accuracy
of 0.01%. Once the transmittance is evaluated, R can be calculated with an
accuracy of 0.01%.

Muttilayer stacks selected for the present studies are quarter-wave stacks
(A4 thick at 632.8nm) of SiO; and TiOa.

5.4. Design and fabrication of a photoacoustic cell

For the study of solid samples, a simple and sensitive photoacoustic cell i1s
designed and fabricated. In the case of a conventional photoacoustic cell the
sample 1s placed inside a chamber which is provided with a single window. Such
PA cells can be used only in the reflection mode geometry. However, the non
resonant PA cell fabricated for the present studies allows one to use it in both
reflection mode geometry and transmission mode geometry. [llumination is
possible from both sides. The microphone (Knowles 1834) is kept in the side
chamber and is acoustically coupled to the main chamber through a small

cylindrical cavity. The cross-sectional view of the cell is shown in figure 1. In the
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reflection mode geometry, the sample is uradiated through the glass window and
in the transmission configuration irradiation has to be made from the rear side of
.the sample.

The photoacoustic cell is designed in such a way that its walls have good
acoustic impedance and the cell is acoustically isolated. In order to minimize the
PA signal generation from the walls due to the absorption of incident radiation,
the thermal mass of matenals used for the fabrication of PA cell should be quite
large. The cell is made out of an aluminium rod of diameter 8cm and length 6cm.
Aluminium is selected as the core material for cell fabrication because of its high
thermal mass. The acoustic chamber is made by dnlling a bore of diameter Smm
along its length at the centre of the rod. A glass window is fixed on one end, well
inside the aluminium block and perfect sealing is achieved using neoprene O ring.
The other end of the cylindrical hole is left open. Another fine bore of diameter
1.5mm pierced at the middle of the main chamber and perpendicular to it serves
as the acoustic coupler between the main chamber and the microphone. The
microphone is placed in the side chamber. Shielded wires are used to take the
electrical connections directly from the microphone. The open end of the cell is
covered with the sample to be studied. Another aluminium disc having the same
diameter as the cell is pressed to the rear surface of the sample to ensure its proper
positioning and acoustic isolation. This backing disc of aluminium has a hole of
diameter Smm drilled through it which allows for rear surface illumination of the
sample. If the sample is irradiated through the glass window, cell functions as a

conventional PA cell in reflecion—getmetry and if the illumination is through the
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bore in the backing aluminium disc, the cell functions as an open cell in

transmission geometry.

M - Micraphone
W —~ Window
S = Sample

Figure | Cross-sectional view of the photoacoustic cell.

101



S.Photoacoustic measurements. ...

5.5. Experimental

A schematic diagram of the experimental set-up is given in figure2.The
photoacoustic cell used here has provisions to illuminate the sample either from
the rear side or from its front side. The cell is used in the reflection mode
geometry for the present investigations. The experimental set-up consists of an
Argon 1on laser (Liconix 5000series), a mechanical hight beam chopper (Ithaco
model 230), a lock-in amplifier (EG & G 5208) and a non resonant photoacoustic

cell in which the sample and the microphone are kept.

Lock-in amplifier

Figure 2 Schematic of the experimental setup used for investigations
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5.6. Results and discussions

The response of the PA cell to the incident radiation is evaluated using
carbon black as the sample. The PA signal amplitude plot (Figure3) for the carbon
black film shows an o' dependence as per the theoretical prediction of
Rosencwaig and Gersho for a thermally thin carbon black. The phase piot (figure
4) doesn’t show any anomalous behavior. The cell has uniform response over a

large frequency range.

B
\ -
16
14
12‘ -
&fsm
104 e
x
B W
Q84
08 l
a4
T T T T T T T T T
12 14 18 18 20 22 24 26 28
LogF

Figure 3 Log Amplitude vs log frequency plot for carbon biack
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Eventhough the phase and amplitude of the PA signal contains clear
signature of the properties of the specimen, phase data is more reliable since the
amplitude data depends on many external iaarameters such as sample surface
quality and detector response at different wavelengths. Figures 5 and 6 show the
dependence of the phase of the photoacoustic signal with modulation frequency of
the laser beam for two multilayer stacks of 7 and 13 layers. Striking
discontinuities in the phase plot due to phase lag at layer boundaries are clearly
seen . Step like discontinuities are clearly brought out (figures5.b and 6.b) when
the measurements are done using a low resolution analogue lock-in amplifier (EG
& G 5101). The abrupt changes in thermal and optical properties at the interfaces
of the multilayer stack leads to abrupt discontimuties in the phase plot. It is
observed that the number of discontinuities in the phase plot exactly matches with
the number of layers in the thin film structure. However, the relationship between
the film thickness and phase lag need not be of the simple form given in equation
(3) due to the complexity of signal generation in multilayer films. The periodic
heat flow in the matenial is a diffusive process , producing a periodic temperature
distribution which is called a thermal wave. These waves will reflect and scatter
from features beneath the surface which have different thermal charactenistics
from thewrr surroundings. It is already established (25) that the muitibeam
interference of light waves within layers essentially change the mechanism of
photoacoustic signal formation. Multiple reflections occurring in the thin film
sublayer greatly enhance the effective optical absorption taking place in each
layer and consequently one can no longer treat the sublavers as optically thin .

The thermal wave that is very long will get reflected many times between
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boundaries of a thermally thin sample before getting damped The effects of
multiple reflections and interference of thermal waves (26) also have to be taken
mto account to obtain a correct theoretical picture of the actual phase lag
produced from the multilayer structure. If the sample is thin enough, thermal
wave interference will affect the photoacoustic response. Only a  detailed
theoretical treatment of the photoacoustic effect in multilayer structure can throw
light on actual phase dependence on thickness.

PA studies on a 21 layer SiO,/ TiO, structure have also been carried out.
In the higher modulation frequency range, the phase variation is very low and we
could identify only 18 irregularities/steps in the phase plot.

Figure 7 shows the frequency dependence of the photoacoustic signal
phase from the seven layer SiO,/ TiO; structure at a different point of irradiation.
The plot is similar to figure (5) except for an abnormal change in the phase
corresponding to higher frequency region. The relative increases in phase in the
frequency range 150-180 Hz corresponding to sixth and seventh layers can be
attnibuted to structural defects or surface damages in these layers.

Figure 8 gives the reflectance of the seven layer sample calculated using
photoacoustic technique. Absorbance and transmission measurements are carried
out by employing a 10mW He- Ne laser. 632.8nm radiation from the He-Ne is
used for this study as film is designed to have maximum reflection at this
wavelength. From these measurements, the reflectance of the sample is evaluated
using equation 4. The average value of the reflectance obtained at various
modulation frequencies, (98.48 %) is in close agreement with the value (98.8%)

measured using conventional techniques. However, the results obtained from PA
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measurements will be more accurate due to its higher sensitivity. This proves the
sensitivity of the PA detection technique in the optical characterization of highly

reflecting samples.
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Figure 8. % Reflectance for a seven layer multilayer system

5.7 Conclusions

The feasibility of the photoacoustic technique for the characterization of a
multilayer system has been demonstrated and the results are presented in this
chapter. As the PA signal generation in multilayer dielectric coatings is a complex
process, usual photoacoustics theonies are not applicable. Even though actual

evaluation of physical and thermal parameters are not possible using the existing
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theories , PA signal phase data reveals the number of layers in a multilayer
structure. The phase plot also reveals the defects in a thin film multilayer stapk.
Thus the present study demonstrates the feasibility of PA technique to precisely
probe layered structures .
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Chapter 6

Investigations on photobleaching of
cresyl violet in polyvinyl alcohol

Abstract

Bleaching of cresyl violet (CV) in polymer matrix due to irradiation by a
laser beam is investigated using photoacoustic technique. The linear dependence
of the photoacoustic signal amplitude on the optical absorption coefficient of the
sample is made use of in these measurements. Cresyl violet dye doped polyvinyl
alcohol (PVA} films are deposited on glass substrates. Investigations are carried
out at different dye concentrations, modulation frequencies and incident
wavelengths. The photobleaching rate is found to decrease with increase in dye
concentration and increase with increase in modulation frequency. In all these
cases it is found that photodegradation of CV-PVA film is a slow process.

Experimental details and results of the investigations are discussed in this

chapter.



6. Investigations on....

6.1. Introduction

Development of materials for fast optical switching and high
efficiency holographic recording has attracted much attention (1-20). Laser dyes,
which form the active media of several kinds of dye lasers, are compounds having
a strong absorption generally in the visible and ultraviolet regions of the spectrum
and fluorescence emission from the first excited singiet state at Stoke shifted
wavelengths. Photo sensitive dye films have been successfully used as write-once
-read many (WORM) type optical data storage materials. The suitability of a film
for these applications is judged by its non-linear response to optical radiation (1).
Because of the increased luminescence quenching resulting from a strong
interaction of excited state dye molecules, it is not feasible to use the dye directly
as solid-state cast films (2-5). This molecular quenching mechanism leads to
suppression of stmulated emission in pure dye films. If the dye molecules are
spatially separated by incorporating them as guest molecules in host materials,
quenching due to molecular interaction can be minimized (6-9). A non-linear
absorber of light has the unique property that its optical absorption can be aitered
by changes in the intensity of radiation incident upon it. Several different types of
organic molecules undergo optical bleaching when subjected to high intensity
radiation and are useful as saturable absorbers. Saturable absorbers show a typical
nonlinear response for optical absorption and can be employed in a variety of
devices like optical bistable elements, optical memory components etc. Cresyl
violet (CV) is one of the well-known laser dyes which can be used as a saturable

absorber. The phenomenon of saturable absorption is one of the first detected
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non-linear optical effects and has been widely used for passive Q switching and
mode —locking of lasers (10, 11).

The non-linear optical properties of a dye can be modified by embedding
it in solid matnices such as gelatin, polyvinyl alcohol, glasses etc. One of the most
promising approaches to optical limiting applications is the development of solid
guest-host systems (11-16). Typically the solid host s a transparent polymer or an
epoxy compound and the guest is an organic dye. Real time effects of exposure
on a number of materials have aiready been studied (17). It has been shown that
dyes like eosin or rose bengal , once incorporated in solid matrices, can be used as
optical phase conjugators (18,19). The non-linear response of the dye can either
be fast (nano seconds to microseconds) or very slow (milliseconds and sometimes
hours). The former type of response is suitable for fast*optical switching, while
the latter i1s useful in recording and optical information storage. It has been shown
that in dichromated gelatin (DCG) films the real time effects are caused by
absorption modulation. Real time bleaching of methylene blue and thionmne
sensitized gelatin are reported (17). The laser marking of thin organic films by
monitoring the reflectance variation as a function of time has also been reported
(20).

Apart from the use as active laser media, dye doped polymers find many
apphications in the modem photonic technology. Even though the
photodegradation of the dye is a disadvantage when these materials are used as a
laser medium, the dye degradation can be made use of in many other applications
such as holographic recording. Suitable materials for different applications can be

prepared by proper selection of the type of solid matrix and the dye incorporated

114



6. Investigations on. ...
into it. In all these applications a thorough knowledge of the photostability of the

dye incorporated in a solid matrix is necessary. Several theoretical models have
been developed to explain photobleaching of the dye under puised and continuous
wave trradiabon (21-23). However, these models are generally found to be vahd

only at low pump powers.

6.2. Methods to measure dye photodegradation

The photodegradation of organic dyes in a solid matrix is essentially due
to a photo-induced reaction. Since the primary photo-process is absorption of a
photon to create a photo-excited molecule, photochemistry and spectroscopy are
intimately related. In a quantitative study, therefore, a radiation source of known
intensity and wavelength and an appropriate detector are necessary to detect a
photochemical reaction or any other photo-induced changes.

A molecule excited to a higher energy state must return to the ground
state, unless it undergoes a chemical change. In condensed systems there exist a
number of ways for the excited molecules to dissipate the excess energy. Out of
these different paths, commonly occurring and most important channels are
radiative relaxation (fluorescence and phosphorescence), non-radiative relaxation
(usually thermal relaxation) and excited state chemical reaction. (23-27).

In the case of a photo-excited molecule, any of the above mentioned
relaxation mechanisms are possible. Irrespective of whether the dye molecules are
in a solution form or embedded in a solid matrix, the amount of energy liberated
via radiative or non-radiative relaxation mechanisms is determined by the number

of original dye molecules in the ground state as weil as those in the excited state.
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Any kind of a photochemical reaction will resuit in a change in the number
density of the dye molecules. Consequently, the optical absorption as well as the
amount of energy liberated through the radiative or non-radiative channels may
change. Hence, by measuring either of these quantities or both, one can easily
make a quantitative evaluation of the photochemical processes that the sample
undergoes. Another way to monitor a photochemical change is the analysis of the
resultant products.

Photochemical processes can be induced using continuous wave light
source or pulsed optical radiation and the reaction rate can be monitored either by
optical methods or by photo-thermal methods. In optical methods the radiative
relaxation or optical absorption {(or transmission) is investigated whereas in photo-
thermal technique, the energy liberated as a result of fion-radiative relaxation is
measured.

Photo-thermal methods are a group of highly sensitive techniques used to
measure optical absorption and thermal characteristics of a sample. The
fundamental principle of a photo-(;hemical method is the photo-induced change in
the thermal state of a sample. Sample heating 1s a direct consequence of optical
absorpuon and hence the photothermal signal depends directly on the quantity of
the light absorbed. Scattered and reflected waves do not produce photo-thermal
signal. So photo-thermal technique is more sensitive in the measurement of
optical absorption in scattering solutions, solids and interfaces.

In photo-chemical processes, generally, intermediate species (radicals) are
created and eventually the free radicals will be converted into some other

products. Usually these intermediate steps are associated with non-radiative
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energy transfer which in turn produce the thermai effects. Hence, photo-thermal
methods are more suitable for detecting these fast processes (28-35). They can
also be used to detect the photo-chemical changes that occur duﬁné a steady state
excitation of the molecule. As in the case of thermal and optical characterization
of materials, almost all the photo-thermal methods can be employed to investigate
the photo-chemical processes. Though many of the photo-thermal methods are
used in the photo-chemical study of gases and liquids, they are not widely
employed in solid samples such as dye doped polymers. Photo-thermal
interferometry, photoacoustics, thermal lens, photo-thermal beam deflection,
transient grating etc. are some of the most useful photo-thermal methods that can

be used to investigate photo-degradation of organic materials.

6.3. Experimental details

6.3.1. Preparation of the sample
6.3.1a. Cresyl violet dye

Laser dyes are organic compounds that relax radiatvely after
optical excitation, emittng in the visible or infrared region. Cresyl violet is one
of the commonly used laser dyes. Cresyl violet (C H N O CI), technically known
as 5,9diaminobenzo[a} phenoxazoniumperchlorate (or oxazine 9 for short) and
commonly referred to as LC6700 or CV670 is an efficient emitter at far red
wavelengths (36). It is stable under ambient conditions, with minimal power
saturation even at peak intensities as high as 100mW/cm? (37). It has a molecular

weight of 361.74. Cresyl violet has very low fluorescence quantum efficiency so
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that the non- radiative relaxation is the major channel by which molecules relax to

the ground state (38, 39).

-

Figure 1 Chemical structure of cresyl violet perchiorate

6.31b.Film deposition

Laser dyes have a range of practical applications when rigidized in a
polymer host. The basic requirements imposed for laser dye molecules in a
polymeric host are its good optical transparency at pump laser wavelengths, good
solubility of the dye in the matenal and resistance to pump laser radiation.
Polyvinyl alcohol is employed for a variety of purposes such as adhesives,
binders, holographic recording materials etc. Poly vinyl alcohol has been most
frequently used as a host medium for laser dyes due to its excellent optical

transparency in the visible region and its relatively high laser damage resistance.

118



6. Investigations on.. ..
Polyvinyl alcohol (PVA) (Aldrich make, Molecular weight =~ 14,000) is

dissolved in hot water to form a viscous solution. Cresyl violet 670dye —
perchlorate (Exciton make, molecular weight = 361.74) is added to the PVA
solution and stirred thoroughly to ensure uniform distribution of the dye
molecules in the host medium. The dye /PVA mixture is placed drop wise on
cleaned microscopic glass slides (spot casting) and are kept at room temperature
for one week for drying. Perfect drying is necessary to avoid shrinkage of the
sampie. Careful examination (including absorption spectrum) of the polymerized

samples confirmed that the dye is homogeneously dispersed in the host matrix.

6.3.2. Experimental setup used for the photeacoustic study

The experimental setup used for the present investigation is schematically
shown in figure 2. The excitation source used is a highly stabilized Argon ion
laser (Liconix 5000 series). The continuous wave laser emission from the Ar’
laser is intensity modulated using a mechanical chopper (Ithaco HMS 230). The
sample in the form of a thin film, deposited on glass substrate, is placed inside the
non-resonant photo-acoustic cell. The schematic of the non resonant photo-
acoustic cell used for the present investigation is given in figure3. The same cell
as that given in the previous chapter, i its reflection mode geometry, is used to
carry out investigations. The modulated light beam is allowed to fall on the
sample. A highly sensitive electret microphone (Knowles BT 1834), kept in the
microphone chamber of the PA cell, 1s used to detect the periodic pressure

variations generated in the air column in contact with the sample. The microphone
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converts these periodic pressure variations into electrical signal. Finally, the PA

signal is processed using a digital lock-in amplifier (EG & G 5208). Vanation in
photoacoustic signal is noted as a function of irradiation time. Influence of the
excitation light intensity on the rate of dye photodegradation is studied at 30mW,
40 mW and 50mW. Influences of dye concentration and modulanon frequency on

photo-bleaching rate are also studied.

PA Cell

Lock-in amplifier

Figure 2. Schematic diagram of the experimental setup for

photo-degradation studies
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Figure3. Schematic of the non-resonant photo-acoustic cell

1.Microphone 2.Glass substrate 3.Sample 4.Acrylic body 5.Glass window

6.4. Results and discussion

The process of photoacoustic signal generation in condensed media has
already been experimentally established and a satisfactory theoretical explanation
has been given by Rosencwaig and Gersho. The complex amplitude of the PA
signal produced is given by the relation (40),
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- iﬂyz}/P oo
42Tl a k

where B is the optical absorption coefficient of the sample, p is the thermal

Q:

diffusion length in the medium, y is the ratio of specific heat capacities for air, Po
and T, are the ambient pressure and temperature respectively. Io is the intensity of
incident light, /; and a, are the length of the air column inside the cavity and the
thermal diffusion length in the air respectively and k is the thermal conductivity
of the sample. Hence, by any means, if the absorption coefficient value changes,
then the PA signal amplitude will aiso vary accordingly. Any kind of photo-
chemical reaction will result in a change in the number density or concentration of
the original species and this, in turn, will result b a change in the optical
absorption properties of the sample. Doping of an organic dye in a solid matrix
will not alter the thermal properties of the host (12). So when a dye doped
polymer is investigated using photoacoustic technique, any change in the PA
signal amplitude 1s essentially a measure of the photo-decomposition of the dye.
The present studies show a decrease in PA signal amphtude with
irradiation time. In other words, increase in exposure (light intensity x irradiation
time) causes decrease in optical absorption of the sample, essentially due to
photo-decomposition of the dye molecule {photo-bleaching). It takes more than
two hours to complete the saturation effect indicating that the bleaching effect is a
slow process. The photo-degradation of the molecules causes the violet coloured
samples to turn colourless. Transmission measurements and PA measurements of
the bleached area of the sample does not show any appreciable variation even

after one month. The fact that the bleaching effect is a slow process, as far as CV
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in PVA is considered, indicates the sm of CV-PVA film as a holographic

recording medium.

The effect of laser power on photo‘beaching rate of the dye molecules is

investigated at three different pump powers. The variation of PA signal amplitude

as a function of time for different pump powers is shown in figure (4 ). From this
it is clear that degradation is fast during the initial stages followed by saturation.

The saturation in the PA signal corresponds to the complete photo-degradation of

the dye molecules from their original state. The optical absorption spectrum of the

sample (Figure (5)) also shows decrease in absorbance with mcrease in exposure.

It is also observed that dye degradation rate increases with increase in pump

power. For high pump powers, faster bleaching and hence saturation of PA signal

1s observed within shorter irradiation time.
with concentration of the dve molecules

alues viz.0.5mM/litre, ImM/litre and

The variation of photobleaching
is studied at three different concentration V
2mM/litre. In all these measurements, the laser power is fixed at 40mW and the
wavelength used is 488nm. The observed PA signal variation with time for
different concentration values is shown in figure (6). It can be seen that there is a
considerable increase in the photobleaching rate with decrease in dye
concentration. As the dye concentration is increased, the number of available
absorption centres also increases. So higher incident powers are necessary o
obtain faster bleaching. The experimental result that the bleaching 1ate decreases

with increase in concentration for the same pump power, also establishes this

conclusion.
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The dependence of photodegradation rate on modulation frequency is also

studied. The observed PA signal vanation with time for different modulation
frequencies is shown in figure (7). It is observed that the bleaching rate changes
with increase in chopping frequency. For higher modulation frequencies the
bleaching is so fast that saturation is attained within a few seconds. For low
chopping frequencies, quantity of energy falling on the sample per second is
small, resulting in low absorption rate and slow degradation. Thus by adjusting

the modulation frequency, rate of photo-degradation can be adjusted.
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Figure 7 PA signal versus irradiation time plot for different modulation
frequencies (A =488nm, concentration of the dye = 1 mM)
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6.5. Conclusions

The photoacoustic technique has been successfully made use of n the
investigation of photo-stability of organic dye doped polymer films. The fact that
the bleaching effect is a slow process in the case of CV — PVA filims indicates the
suitability of the medium as a low cost holographic recording medium. The speed
of recording can be adjusted by changing the pump power. For a fixed pump
power, recording rate can be further adjusted by changing the modulation

frequency. By increasing the pump power, exposure time can be reduced. It is
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observed that the rate of bleaching is directly proportional to the incident laser

power and it decreases with increase in dye concentration.

Increase in dye concentration increases the optical density of the sample.
The present study shows that by increasing the optical density of the sample, one
can decrease the photodegradation rate.

Even though a large number of studies have been reported in the field of
dye doped polymers, the exact mechanism responsible for photo-degradation of
laser dyes in polymers is not yet fully understood.
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Chapter 7

Summary and conclusions

Abstract

A summary of the work presented in this thesis is given in this
chapter. General conclusions arrived at and the future scope of experiments

in this field are presented.
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The photoacoustic investigations carried out on different photonic
materials are presented in this thesis. Photonic matenals selected for the
investigation are tape cast ceramics, multilayer dielectric coatings, organic
dye doped PVA films and PMMA matrix doped with dye mixtures. The
studies are performed by the measurement of photoacoustic signal generated
as a result of modulated cw laser irradiation of samples. The gas-microphone
scheme is employed for the detection of photoacoustic signal. The different
measurements reported here reveal the adaptability and utility of the PA
technique for the characterization of photonic materials.

Ceramics find applications in the field of microelectronics industry.
Tape cast ceramics are the building blocks of many electronic components
and certain ceramic tapes are used as thermal barrers. The thermal
parameters of these tapes will not be the same as that of thin films of the
same materials. Parameters are influenced by the presence of foreign bodies
in the matrix and the sample preparation technique. Measurements are done
on ceramic tapes of Zirconia, Zirconia-Alumina combination, barium
titanate, barium tin titanate, silicon carbide, lead zirconate titanate{PZT) and
lead magnesium niobate titanate(PMNPT). Various configurations viz. heat
reflection geometry and heat transmission geometry of the photoacoustic
technique have been used for the evaluation of different thermal parameters
of the sample. Heat reflection geometry of the PA cell has been used for the
evaluation of thermal effusivity and heat transmission geometry has been
made use of in the evaluation of thermal diffusivity. From the thermal
diffusivity and thermal effusivity values, thermal conductivity is also

calculated. The calculated values are nearly the same as the values reported
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for pure materials. This shows the feasibility of photoacoustic technique for
the thermal characterization of ceramic tapes.

Organic dyes find applications as holographic recording medium and
as active media for laser operations. Khowledge of the photochemical
stability of the matenial is essential if it has to be used for any of these
applications. Mixing one dye with another can change the properties of the
resulting system. Through careful mixing of the dyes in appropnate
proportions and incorporating them in polymer matrices, media of required
stability can be prepared. Investigations are carried out on Rhodamine 6G-
Rhodamine B mixture doped PMMA samples. Addition of RhB in small
amounts is found to stabilize Rh6G against photodegradation and addition of
Rh6G into RhB increases the photosensitivity of the latter. The PA technique
has been successfully employed for the monitoring of dye mixture doped
PMMA sample. The same technique has been used for the monitoring of
photodegradation of a laser dye, cresyi violet doped polyvinyl alcohol also.

Another important application of photoacoustic technique is in non-
destructive evaluation of layered samples. Depth profiling capability of PA
technique has been used for the non-destructive testing of multilayer
dielectric films, which are highly reflecting in the wavelength range selected
for investigations. Eventhough calculation of thickness of the film is not
possible, number of layers present in the system can be found out using PA
technique. The phase plot has clear step like discontinuities, the number of
which coincides with the number of layers present in the multilayer stack.
This shows the sensitivity of PA signal phase to boundaries 1n a layered

structure. This aspect of PA signal can be utilized in non-destructive depth
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profiling of reflecting samples and for the identification of defects in layered
structures.

In general, the versatility and utility of photoacoustic technique
for the evaluation of thermal and physical properties of certain photonic
matenials like ceramic tapes, dye doped polymer samples and multilayer
reflecting coatings, has been experimentally demonstrated.

Scope for future studies:

There are different areas where further investigations can be carried out.
Some of them are:

1.The effect of electric field on the thermal parameters of ceramic tapes has
not been investigated. As these matenals are used in the preparation of
microelectronic components, knowledge of the electric field effect will be
an added advantage.

2. The theory of photoacoustic signal generation in dielectric multilayer
coatings has not been developed.

3.Development of dye doped polymer matrices is an active area where

investigations can still be carried out.
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