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Preface

The emergence of lasers in the early sixties has not only revolutionized the field of optics

and communication but also paved new ways in the field of material characterization. Material

studies using photothermal techniques possess certain unique characteristics and advantages

over conventional methods. The most important aspect of photothennal techniques is their

ability to perform noncontact and nondestructive measurement. Photoacoustics, photothermal

deflection, thermal lens, photothermal radiometry and photopyroelectric methods are some of

the commonly used and powerful techniques for the thermal and optical characterization of

materials using lasers.

In this thesis the applications of photoacoustic and photothermal deflection techniques

for the thermal and optical characterization of different photonic materials, namely,

semiconductors, liquid crystals and dye-doped polymers are discussed.

In Chapter 1 a general overview of the various photothermal based material

characterization techniques is given. Special emphasis is given to photoacoustic (PA) and

photothermal deflection (PTD) techniques as these two methods are used for the studies that are

included in this thesis. The PA effect is basically the conversion of optical energy into acoustical

perturbation when a modulated light beam interacts with a sample kept in an air-tight cavity. A

part or most of the energy absorbed will be liberated in the form of heat and the flow of heat

from the sample to the coupling fluid is responsible for the acoustic pulse generation. The

quantity of heat liberated and the time taken to produce the acoustic perturbation depend on the

optical and thermal properties of the sample under investigation. Hence, a variety of optical and

thermal parameters of materials can be studied using this nondestructive testing method.

In PTD, instead of keeping the sample in an airtight cell, it will be kept in a fluid which

produces a change of index of refraction with temperature. The energy liberated as a result of

the absorption of light produces a refractive index gradient in the fluid close to the sample

surface. Another laser beam (probe beam) passing through this gradient will get deflected and

the strength of the deflection and its phase are functions of thermal and optical properties of the

specimen. An easily measurable thermal parameter using this technique is the thermal

diffusivity. It is defined as the ratio of the thermal conductivity to the product of specific heat

capacity and density of the sample. The thermal diffusivity is a very important thermal

parameter, which essentially measures the amount of heat diffused through the material in unit

time.
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The use of lasers in modern communication technology and in many other similar fields

necessitates the development of new materials for different kinds of applications. Materials that

find some kind of application in this field are generally classified as photonic materials. This

family of materials consists of a large variety, ranging from polymers, glasses, liquid crystals,

ceramics, semiconductors to photonic band gap materials. In order to use these materials

effectively in any application, a thorough knowledge of their optical and thermal properties is

necessary. Lasers themselves can do this job in a perfect nondestructive manner and the laser

based material characterization has already been established as a potential tool in this area.

Chapter 2 discusses the different theoretical models that are used for the studies

described in the following sections. In 1976, Rosencwaig and Gersho formulated the basic

theoretical model for the photoacoustic effect. Their theoretical analysis is essentially a one

dimensional heat flow model, by treating the sample as a distributed heat source. In subsequent

years, several modifications and extensions to this theory are suggested by a number of

researchers. Among these, the one suggested by McDonald and Wetsel, considering thermo

elastic bending of the sample, has great significance in many of the experimental conditions.

However, all such modifications are valid only in certain specific cases and these refinements

have not changed the basic results of R-G theory in most of the experimental situations.

One major renaissance in the field of PA technique is the emergence of open

photoacoustic cell (OPC) configuration. Thermal and optical characterization of materials in

solid or liquid states have become more simple, accurate and sensitive in OPC configuration.

Both front surface and rear surface illuminations of the sample are possible in this approach. If

the sample is in solid form, it can be directly mounted on the OPC and from the signal

amplitude or phase dependence on the modulation frequency of the excitation beam, one can

easily evaluate the thermal parameters such as the thermal diffusivity of the sample. In contrast,

when the sample is a non-absorbing liquid, the sample can be used as a backing material to

another thermally thin and absorbing solid sample whose thermal parameters are known.

Even though the concept of light beam deflection by thermally induced changes in the

index of refraction of a medium has been known for a long time, only in 1979 Boccara et.al

demonstrated the use of photothermal beam deflection method in material characterization.

However, the initial attempts made by many people to give a quantitative explanation to this

effect by making use of the one-dimensional heat flow model formulated by Rosencwaig and

Gersho failed in many experimental conditions, especially when the pump—beam is focused to

small spot size. In such situations, a three-dimensional heat flow model is required to give a

satisfactory explanation. Details of the three-dimensional model are included in this chapter.
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Chapter 3 deals with the photoacoustic and photothermal deflection studies on certain

III-V compounds. An open photoacoustic cell configuration is used to evaluate the thermal

diffusivity of the compound semiconductor InP For this purpose an open photoacoustic cell is

designed and fabricated and the details of the cell is also discussed in this chapter.

Photothennal beam deflection studies on n-type and p-type GaAs multilayers grown on

semi-insulating GaAs substrates are also included in this chapter. An argon ion laser is used to

heat up the sample and the refractive index gradient generated in the coupling fluid, close to the

sample surface, is detected using a low power He-Ne laser. The thermal diffusivity of thin films

as well as substrate of each sample is evaluated independently.

In Chapter 4 the thermal effusivity values in different phases of liquid crystalline

polymers, cyano-biphenyl liquid crystals and nematic liquid crystal mixtures, measured using an

open photoacoustic cell configuration, are discussed. The thermal effusivity is defined as the

square root of the product of the thermal conductivity, specific heat capacity and density. It is

actually a measure of sample's thermal impedance or in other words it is the sample's ability to

exchange heat with the ambient. The effects of molecular structure, orientation etc on the

thermal effusivity values of these materials are also discussed.

In Chapter 5 the phase transition studies performed in a variety of liquid crystals are

discussed. The liquid crystals studied include the cyano-biphenyl liquid crystals such as 7OCB

and 8OCB, and commercially available nematic liquid crystal mixtures. For this purpose the PA

signal amplitude is recorded as a function of temperature. The effect of bulk light scattering on

the photoacoustic signal strength and the difference in the signal amplitude profile during first

order and second order phase transitions are some of the interesting results that are discussed in

this chapter. The specific heat capacity profile during transitions between different phases of all

these materials are derived from the photoacoustic signal amplitude data and the various aspects

of the signal profile are also discussed.

Chapter 6 describes the use of laser induced photoacoustic technique in the study of

photobleaching of Rhodamine 6G doped polymethyl methacrylate. The fact that the

photoacoustic signal is directly proportional to the absorbed amount of energy is made use of in

this investigation. Dye-doped polymer samples are prepared at various dye concentrations for

the photostability measurements. The role of laser power, concentration of the dye, modulation

frequency and wavelength of the laser beam on the dye photodecomposition rate are presented

in this chapter.

Finally, the thesis is concluded with an overall assessment of the work and a general

conclusion.
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Chapter 1

Introduction

The present chapter gives a general introduction to the subject matter contained in this

thesis. It includes a short description of the photo-induced changes that occur during photon

matter interaction, with special emphasis to the nonradiative processes taking place in

condensed matter and the associated detection schemes. The chapter concludes with pointing out

the significance of the materials that are selected for the present investigations. The role of

photothermal methods in the investigations of photonic materials is also addressed.



1.1. Photo-induced processes
The absorption of photons by atoms or molecules will result in a series of processes or

effects in a material [1-6]. The excited level may loose its energy by radiative processes, such as

spontaneous or stimulated emission, and by nonradiative processes which mainly results in heat

generation. If the photon energy is high enough, direct photochemical changes such as photo

decomposition, photo-ionisation etc. of the excited molecule may take place. Destructive

changes such as vapourisation 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. Chemical changes

may be either reversible or irreversible. However, in the following sections only the

nondestructive changes that occur in condensed matter, subsequent to the photon absorption,

will be discussed.

% Photochemical processes

B L7‘ Radiative relaxation
Absorption

(hv)

E2

Nonradiative relaxation

[l Cl <I3<Z<:3

Figure 1: A schematic representation of various photo-induced processes

in condensed matter.

Figure 1 shows the main channels of photoinduced changes that occur in a sample. Here

E1 and E2 represent the energies of the lower and upper levels and h V = E2 — E1 is the

energy of the absorbed photon. The absorbed power in the sample I abs is determined in

accordance with

[abs = 1[1 — exp(—aL)] 2 aIL (1)
with aL << 1. Here, I and L are the incident light intensity and the sample length,
respectively and a is the absorption coefficient.

Now, the absorbed energy will be liberated through radiative, nonradiative or chemical

processes and each of these processes has specific quantum yield [2, 7,8]. If n,, n,,, and n PC
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are the quantum yields of radiative, nonradiative and photochemical processes respectively, the

total quantum yield of all the channels of de-excitation is given byn, +n,,, +12“ :1 (2)
Accordingly, the intensity I abs of the laser radiation absorbed will be distributed over all these

channels,

Iabs = Ir '*' Inr ‘l’ Ipc (3)
where I, = nrlabs, In, = nnrlabs and Ipc = npclabs are the amount of energy liberated

through the radiative, nonradiative and photochemical processes, respectively.

Measurement of the energy absorbed or that released through any of these relaxation

channels facilitates the study of various properties and parameters of the sample.

1.1.1. Detection methods

Spectroscopy is the measurement and interpretation of electromagnetic radiation

absorbed or emitted when the molecules, or atoms, or ions, of a sample move from one allowed

energy state to another. In its broad sense, laser based spectroscopic techniques can be divided

into three classes, (1) absorption method (2) radiative emission or photoluminescence

measurements and (3) nonradiative emission or opto-calorimetric measurements. These methods

can be employed independently or simultaneously, depending on the experimental set-up. It

should be noted that each of these methods can be used only for some specific studies and for a

complete characterization of the sample different approaches have to be employed.

The absorption method is the basic and the simplest approach and by using this

technique information regarding the optical properties and composition of the sample can be

obtained by varying different parameters such as the intensity, wavelength, polarization etc. of

the light beam that passes through or gets reflected from the sample [8-l 1]. However, a variety

of external parameters such as sample's surface quality, influence of stray light and many other

problems related to the source, detector etc. have a pronounced effect on the accuracy of the

conventional absorption measurements. The situation will be much more worse in the case of

solids, powders etc, especially if the sample is highly scattering or reflecting. In such situations

emission measurements (radiative/nonradiative) are more appropriate and will give more

information regarding the sample.

Photoluminescence is a general term which includes both fluorescence and

phosphorescence. Since the decay time of fluorescence is of the same order of magnitude as the

lifetime of an excited state, its study can shed light into various complex and ultra-fast processes
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taking place as a result of the light absorption in the sample [12-15]. Phosphorescence lifetime

usually falls in the millisecond to several seconds range or even longer. Fluorescence is the most

commonly employed method for the spectral studies of laser materials including organic dyes,

crystals etc., semiconductors and many other similar materials. This method is applicable in the

UV, visible and near IR spectral regions and the sensitivity of the fluorescence method is

extremely high. But the basic requirement for employing this approach is that at least a part of

the excitation energy should be liberated through the radiative channel, which is not always

possible. Both absorption and luminescence techniques can be used for the optical
characterization and for the structural studies, but they fail to give any information regarding

many other significant characteristics such as the thermal properties of the sample.

The nonradiative relaxation of photoexcited states usually result in heating of the sample.

Any kind of sample which absorbs energy will liberate at least a part of the excitation energy in

this way and hence the methods to measure this nonradiative part is applicable for almost all

types of samples. The liberated heat energy not only carries the information regarding the

absorbed energy but also it contains details regarding the thermal properties of the sample. A

group of such spectroscopic methods based on the measurement of photo-induced heating of the

sample are called the photothermal methods [1,3-7,16-26]. Hence we can say that the basis of

photothermal spectroscopy is the photo-induced changes in the thermal state of a sample.

The therrnalisation of a sample or the medium as result of nonradiative relaxation not

only results in a change in temperature of the sample but also it brings about changes in many

other parameters such as density, pressure, refractive index etc. Hence, there exist a number of

photothermal techniques depending on the mode of detection. Only the light energy absorbed

contributes to the energy liberated in the form of heat. Scattered or reflected light will not

contribute to the photothermal signals. Consequently, photothermal spectroscopy more

accurately measures optical absorption in highly scattering solutions, in solids and at interfaces.

Various processes involved in photothermal spectroscopy are schematically shown in

figure 2. Direct consequence of the nonradiative relaxation is a change in temperature of the

sample or the coupling fluid which is in contact with the sample. This temperature change

results in a change in the density of the sample or the coupling fluid. If the temperature change

occurs in a faster time scale than the time required for the fluid to expand, then the rapid

temperature change will result in a pressure change in the sample. The density change is

primarily responsible for the refractive index change of the medium which can be probed by a

variety of methods. Common detection techniques used in photothermal spectroscopy are listed

in table I.
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Figure 2: Basic processes responsible for the phototherrnal signa1_generation.

Table 1: Common detection techniques used in phototherrnal spectroscopy.

Thermodynamic
Measured Property Detection Technique

Parameter

Temperature Calorimetry
Temperature

Infrared Emission Photothermal Radiometry

Pressure Acoustic Wave Photoacoustic Spectroscopy
Refractive Index Photothermal Lens

Photothermal Interferometry

. Photothermal DeflectionDenslty .
Photothermal Refraction

Photothermal Diffraction

Surface Deformation Surface Deflection



From the above table it is clear that there exists a variety of methods to monitor the

thermal state of a sample. Direct calorimetric or thermometric methods use temperature

transducers to measure the temperature change in the sample. For this purpose, thermocouples,

thermistors, or pyroelectric devices can be used. Temperature changes can also be indirectly

measured from the infrared emission since the infrared emission is directly related to the sample

temperature. Although not very sensitive, photothermal radiometry has great potential in

nondestructive analysis and testing of materials. Infrared cameras can be used for the thermal

imaging of large samples.

Pressure transducers such as microphone, piezoelectric crystals etc. are commonly used

to monitor the pressure waves associated with rapid sample heating. The branch of photothermal

spectroscopy based on the pressure wave measurement is known as the optoacoustic or

photoacoustic technique. More details regarding the photoacoustic technique are given in

chapter 2.

Finally, there is another group of photothermal techniques based on the temperature

dependent refractive index change and associated detection schemes (figure 3). The major

difference between these group of methods and those previously explained is that in addition to

the pump laser to produce photothermal effect, usually a probe laser is also used to monitor the

refractive index changes. The probe-beam can be either passed through the sample under

investigation or through a coupling fluid which is in contact with the sample. Though there are

several methods to detect the temperature dependent refractive index change, all these methods

rely on a few basic principles of light propagation, namely, optical path-length change,
diffraction and refraction.

Photothermal interferometry directly measures the refractive index change by making

use of the associated optical path-length change. In this experimental configuration, usually both

pump and probe passes through the sample and the sample should be optically transparent at the

probe-beam wavelength. Thermal lens technique is based on the probe-beam focusing or

defocusing resulting from a spatially varying refractive index generated within the sample. Here

also, the sample should be optically transparent at the probe beam wavelength. This method is

usually employed in the study of liquid samples. Photothermal deflection essentially measures

the refractive index gradient generated in a coupling fluid within which the solid sample is

immersed. Spatial gradient in refractive index results in a change in the propagation direction of

the probe-beam. Details of this technique are given in chapter 2. Photothermal refraction is

essentially a combined effect of deflection and lensing.
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Figure 3: Different photothermal techniques based on the measurement of refractive
index change.

In the case of solid samples, localized heating may result in the thermal expansion of the

irradiation site, which in turn introduces a deformation to the sample surface. The amount of

surface deformation is determined by the thermal properties of the sample. In phototherrnal

surface deflection technique, a probe-beam is allowed to incident at an angle to the sample

surface. Any deformation introduced to the sample surface will result in a change in the

reflected beam position at the detector. However, this type of measurement is possible only with

solid samples which possess a good surface quality. Photothermal diffraction technique is based

on the probe-beam diffraction due to a periodic index of refraction (grating) generated when two

pump-beams cross each other inside or at the surface of a sample. The grating will diffract light

at an angle according to Bragg's law. This method is widely used for studies in the ultra-short

time scales.

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

7



matter. By performing the transient wavefonn analysis, one can obtain a variety of sample

properties. Now, if the excitation is carried out using a periodically modulated cw laser then the

signal will also be periodic, the magnitude and phase of which are 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.

Photothermal effect based techniques have a lot of applications in material and chemical

analysis. Its applications in biological and medical fields are clearly established [3-7, 16-26].

The important aspect of photothermal spectroscopy which makes it a unique approach in various

applications is its flexibility to perform in different experimental configurations. On the other

hand conventional optical absorption spectroscopy and luminescence studies require some

specific experimental configurations and basic requirements, which limits, to some extent, their

widespread use in material studies.

1.2. Photonic materials

Photonics can be defined as the science and technology of the generation, manipulation,

transport, detection, and use of light and other forms of radiant energy whose quantum unit is

the photon. Vast range of devices are coming under this definition, including light sources such

as lamps and lasers, devices such as polarisers, amplifiers, electro-optic devices, which modify

the nature of light, light detectors etc. Over and above this, there exists a very fundamental and

most important section in photonics technology, which is the materials science. Nowadays,

photonics finds applications in a variety of fields including communication, sensing, display,

imaging, medical, defence and industrial applications. But, for the effective use of this modern

technology in any of these potential applications, suitable materials are necessary from the

generation to manipulation, detection and display of light. For example, semiconductors will do

the job of both generation and detection of light and organic materials such as dyes in the liquid

or solid forms are suitable as sources of light. Liquid crystals are the most suitable materials in

the display technology, in addition to their use in optical computing and data storage. In addition

to the above listed materials, there are hundreds of different types of materials which find some

kind of application in the photonic technology. All those materials which are directly related to

the photonic technology are generally termed as photonic materials, analogues to the electronic

materials in electronics.

Being the technology of generation and harnessing of light, the immense market

potential of photonics has attracted the attention of industries. Consequently, a variety of new



photonic materials suitable for different applications have been developed by them. But, mere

development of a new material with some specific features will not be sufficient for its effective

use in any of the applications. Rather, a complete characterisation 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 characterisation. But, we have seen in the previous section that simple

absorption studies and luminescence studies have some kind of limitations in many situations.

However, photothermal methods, which is essentially an optical method, can be employed for

any sample since at least a part of the excitation energy will be liberated through nonradiative

channels. Moreover, among the different phototherrnal configurations, appropriate method can

be chosen depending on the specifications and properties of the sample.



References

11.

18.

K1iger.D.S (Edit.), Ultrasensitive laser spectroscopy, (Academic Press, New York) 1983.

Mukherjee.K.K.R, Fundamentals of photochemistry, (New Age International Publishers,

New Delhi) 1978.

Winefordner.J.D (Edit.), Chemical analysis: A series of monographs on analytical

chemistry and its applications, (John Wiley & Sons, Inc.) 1996.

Hieftje.G.M, Travis.J.C and Lytle.F.E (Eds.), Lasers in chemical analysis, (Humana:

Clifton, New Jersey) 1981.

Bindhu.C.V, Studies on laser induced photothermal phenomena in selected organic

compounds and fullerenes, (Ph.D. thesis, Cochin University of Science and Technology)

1998.

Kumar.A.V.R, Applications of laser induced photoacoustic eflect for the study of gases

and solids, (Ph.D. thesis, Cochin University of Science and Technology) 1992.

Zharov.V.P and Letokhov, Laser optoacoustic spectroscopy, (Springer-Verlag, Berlin)

1986.

Bauman.R.P, Absorption spectroscopy, (John Wiley & Sons, New York) 1962.

Olsen.E.D, Modern optical methods of analysis, (McGraw Hills, New York) 1975.

Jaffe.H.H and Orchin.M, Theory and applications of ultraviolet spectroscopy, (John Wiley

& Sons, New York) 1962.

West.W (Edit.), Chemical applications of spectroscopy, Vol. IX, Part I (John Wiley &

Sons, New York) 1968.

Guilbault.G.G, Practical fluorescence: theory, methods and technique, (Marcel Dekker,

New York) 1973.

Hercu1es.D.M, Anal. Chem. 38, 29A (1966).

Wehry.E.L, Modern fluorescence spectroscopy, Vols. I-II (Plenum, New York) 1976.

Winefordner.J.D, Schulman.S.G and O'Haver.T.C, Luminescence spectrometry in

analytical chemistry, (Wiley Interscience, New York) 1972.

Hess.P (Edit.), Photoacoustic, photothermal and photochemical processes in Gases,

(Springer-Verlag, Berlin) 1989.

Hess.P and Pelzl.J (Eds.), Photoacoustic and photothermal phenomena, (Springer-Verlag,

Berlin) 1988.

Luscher.E, Korpiun.P, Coufal.H and Tilgner.R, Photoacoustic eflect: principles and

applications, (Friedr.Vieweg & Sohn, Braunschweig) 1984.

10



19.

20.

21.

22.

23.

24.

25.

26.

Rosencwaig.A, Photoacoustics and photoacoustic spectroscopy, (John Wiley & Sons,

New York) 1980.

Se11.J.A, Photothermal investigations of solids and fluids, (Academic Press, Boston) 1989.

Hess.P (Edit.) Photoacoustic and photothermal processes at surfaces and thin films,

(Springer-Verlag, Berlin) 1989.

Mandelis.A (Edit.) Photoacoustic and thermal wave phenomena in semiconductors,

(North Holland, New York) 1987.

Pao.Y-H (Edit.), Optoacoustic spectroscopy and detection, (Academic press, New York)

1977.

D. Bicanic (Edit.), Proceedings of seventh international topical meeting on photoacoustic

and photothermal phenomena, 1991.

Badoz.J and Fournier.D (Eds.)Photoacoustic and photothermal spectroscopy, J.de Phys.,

Colloque C6 (Les Editions de Physique, Les Ulis) 1983.

Eich1er.H.J, Ghnter.P, and Pohl.D.W, Laser-induced dynamic gratings, (Springer-Verlag,

New York) 1986.

11



Chapter 2

Photoacoustics and photothermal deflection: General

theoretical approach

Phototherrnal methods are well developed from the experimental point of view and the

theoretical foundations on which they rely are also substantially strong. 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 in the

literature. In the present chapter a brief discussion regarding the Rosencwaig-Gersho model and

its extension to open photoacoustic cell configuration are presented. The three-dimensional heat

flow model used to describe the phototherrnal deflection signal generation is also included in

this chapter.



2.1. Historical developments
Among the different photothermal methods, the photoacoustic effect is credited with the

first observed photothermal phenomena noticed in 1880 during Alexander Graham Bell's

voyage for new inventions [1,2]. Though Bell has prophesised the scope of his novel

observation, after the initial flurry of interest generated by his original work, experimentation

with the photoacoustic effect is almost in a dormant state. After the advent of microphones,

Viengerov is able to observe this effect in gaseous sample [3]. Still the growth of this new

branch of spectroscopy is in a hopeless state due to many of the experimental limitations. The

emergence of lasers in early sixties paved a new way in the photoacoustic spectroscopy of

gaseous samples. But the applications of this technique have been efficiently extended to liquids

and solids only after the successful formulation of a general theoretical model by Rosencwaig

and Gersho in mid-seventies [4]. Subsequent developments in the theoretical aspects of

photothermal phenomena are mere extensions or modifications of Rosencwaig-Gersho model.

Though Bennett and Forman in 1976, and Aamodt et.al. in 1977 have modified the basic

theoretical model by treating the acoustic wave transport in the gas using Navier-Stokes

equations, the basic results of Rosencwaig-Gersho model remains the same [5,6]. Modification

to the R-G theory by McDonald and Wetsel in 1978 by taking into account the contributions

from thermally induced vibrations in the sample is somewhat intriguing [7]. By this time, a new

form of photoacoustic configuration, namely the open photoacoustic cell has emerged [9].

Nowadays, the open cell photoacoustic technique is in widespread use for the thermal

characterisation of solid and even liquid samples [10-20].

In fact, the concept of light beam deflection by thermally induced changes in the index

of refraction of a medium has been known for a long time. However, only in 1979 Boccara et.al

demonstrated the use of photothermal beam deflection method in material characterization [21].

Subsequent theoretical and experimental developments made by Jackson em] in 1981, Aamodt

et.al in 1981 and Grice em] in 1983 have formed a strong basis to this technique [22-24].

Initially, people used the one-dimensional heat flow model formulated by Rosencwaig and

Gersho to give a quantitative explanation to this effect. But, in many experimental conditions,

such as when a focused pump-beam is used, this approach failed. In such situations, a three

dimensional heat flow model is required to give a satisfactory explanation and the details of this

approach are included in this chapter.
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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 nonradiative de-excitation mechanism, subsequent to light

absorption by a sample. When a solid sample placed inside an airtight cavity is irradiated with a

modulated optical radiation, the energy liberated through nonradiative channels will result in the

generation of thermal waves within the sample. The thermal waves diffused through the sample

to the gas in the cavity will produce a periodic pressure fluctuation inside the cavity. This

pressure variation can be detected using a microphone kept inside the cavity. If the sample to be

analyzed is in the gaseous form, then the sample itself can act as the source of signal generation

and the acoustic coupler to the microphone. In order to investigate a liquid sample, a

piezoelectric transducer is usually used. The piezoelectric transducer kept in contact with the

liquid sample will detect the acoustic pulse propagated through the liquid. In 1976 Rosencwaig

and Gersho formulated a complete theoretical explanation to this effect in condensed media [4].

2.2.1. Rosencwaig-Gersho theory

The Rosencwaig-Gersho (R-G) theory is essentially a one-dimensional heat flow model,

which is sufficient to describe the photoacoustic (PA) signal generation in condensed matter

[4,8]. According to R-G theory, with a gas-microphone detection of PA signal, the signal

depends on the generation of an acoustic pressure disturbance at the sample-gas interface. The

generation of the surface pressure disturbance, in turn, depends on the periodic temperature at

the sample-gas interface. Exact expressions for this temperature are derived in R-G theoretical

model, but the transport of the acoustic disturbance in the gas is treated in an approximate

heuristic manner, which is, however, valid in most experimental conditions.

The formulation of R-G model is based on the light absorption and thermal-wave

propagation in an experimental configuration as shown in figure 1. Here the sample is

considered to be in the form of a disc of thickness 1 . It is assumed that the back surface of the

sample is in contact with a poor thermal conductor of thickness lb and the front surface is in

contact with a gas column of length lg. It is further assumed that both gas and backing material

are not light absorbing. Following are the parameters used in the R-G model which is being
discussed below.

k: the thermal conductivity (cal/cm-s-°C)

,0: the density (g/cm3)

C: the specific heat capacity(cal/g-°C)

14



a = yocz the thermal diffusivity (cmz/s)

a = ,/%a the thermal diffusion coefficient (cm")

y = %: the thennal diffusion length (cm)

where 0) = 2/9’ , with f the modulation frequency of the incident light beam.

Backing Sample Boundary layer Gas

: Incidentl light
<::nn

l

-(I + 11,) -l 0 27!/1,, [g X
Figure 1: Schematic representation of photoacoustic experimental configuration.

When a sinusoidally modulated light beam of intensity I0 is incident on a solid sample

having an absorption coefficient ,6’ , the heat density generated at any point due to the light

absorbed at this point can be represented by

%,fl0efl‘(1 + cos wt) (1)
The thermal diffusion equation in the solid taking into account the distributed heat

source, can be written as

-:2O 6 1  ,6707] fit $3776 (l+e'w') f0r—ZSxS0 (2)
For the backing material and the gas, the heat diffusion equations are

5267 1 5.9;7=;b§ for—(lb+l)SxS—l (3)
526 1 as?=——'— for0SxSIg (4)dc? ag 61‘

where 6’ is the temperature and 7] is the light to heat conversion efficiency. Here, the subscripts

b and g represent the backing and gas respectively. The real part of the complex valued solution

:9(x, I‘) of equations (2)-(4) is the solution of physical interest and represents the temperature in

the cell relative to ambient temperature as a function of position and time.
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After imposing appropriate boundary conditions for the temperature and heat flux

continuity, and neglecting convective heat flow in the gas at steady-state conditions, the explicit

solution for the complex amplitude of the periodic temperature at the solid-gas boundary can be

obtained as

mo l(r — 1)(b + 1)e°’ — (r + 1)(b — 1)e‘°’ + 2(b — r)e_'a l
‘’ : 2k</32 — o3)l (g +1)<b +1>e“’ — (g —1><b —1>e‘°’ ll”

where

k

b=kl]:%, g= fig, r=(1—i)%, o—=(1+z')a (6)
The periodic heat flow from the solid to the surrounding gas produces a periodic

temperature variation in the gas. 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

2%/lg, where pg is the thermal diffusion length in the gas, the periodic temperature variation in

the gas is effectively fully damped out. Thus there is a boundary layer of gas, which is only

capable of responding thermally to the periodic temperature at the surface of the sample. 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 gas column, producing an acoustic pressure signal that travels

through the entire gas column. Assuming that the rest of the gas responds adiabatically to the

action of the acoustic piston, the adiabatic gas law can be used to derive an expression for the

complex envelope of the sinusoidal pressure variation Q as

Q = 7—L9"— <7)2T0lgag

with (90 given by equation (5). 7, P0 and T0 are the ratio of heat capacities of air, ambient

pressure and temperature, respectively.

Equation (7) can be used to evaluate the magnitude and phase of the acoustic pressure

wave produced in the cell due to photoacoustic effect. However, a usefiil interpretation of the

above equation is rather difficult in the present form. Hence, some special cases, according to

the experimental conditions, have to be considered to get a clear physical insight. In fact, three

lengths related to the sample, namely, the physical length I , the thermal diffusion length /1 and

the optical absorption length I 5 l:  can be made use of in arriving at different special

C3565.
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Optically transparent solids (1 5 > 1)

_Ca,s_e;1(a_): Thermally thin solids ( ,1: >> I ; ,u > lfl)

We can set e_fl _=_ 1 —  eid 5 1 and lrl > 1 in equation (7) and we obtain

~ (1—z'),6l[&jQ‘ Zag 1:, Y (8)
withY = %9%; (9)

Now the acoustic signal is proportional to ,3 and varies as f -1 Moreover, the signal is

now determined by thermal properties of the backing material.

Qgeifbj: Thermally thin solids ( p > Z ; ,u < 15)

We can set e_'a E 1 — fl, eioi E (1 i 0'1) and Ir} < 1 in equation (7) and we obtain

~(1~i),57[fljQ‘ 2ag k,,Y (10)
The acoustic signal now behaves in the same fashion as in the previous case.

Q;§_eJ(g)_: Thermally thick solids ( p < I ; ,u << lfl)

We can set e—’a E 1 — ,67, e"0i E 0 and Ir] << 1 in equation (7) and we obtain

Q 2 —i£—:[f]Y (11)
Now, 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 sample. Also

since ( p < I), the backing material does not have any contribution to the signal. Interestingly,

the signal now varies as f’1‘5

Optically opaque solids (lfl << I)

: Thermally thin solids ( ,u >> I ; /1 >> lfl)

We can set e—’a E O, (aid 5 l and lrl >> 1 in equation (7) and we obtain

~ (1 —i){&jQ — Zag kb Y (12)
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Now the signal is independent of ,5 , which is valid for a perfect black absorber such as

carbon black. The signal will be much stronger compared to case 1(a) and varies as f '1, but

still depends on the thermal properties of the backing material.

Qasgiflu: Thermally thick solids ( /1 < l ; ,u > lfl)

We can set e_fl E O, e_d E 0 and Irl > 1 in equation (7) and we obtain

Q _ (1—z') (13)Zag
I 2

Equation (13) is analogous to (12), but the thermal parameters of the backing material

are now replaced with those of the sample. Again the signal is independent of ,5 and varies as

f—l

: Thermally thick solids ( y << I ; y < lfl)

We can set e_fl E O, e'°i E O and Ir] < 1 in equation (7) and we obtain

fl/I (/1)E —' ? — 14Q I Zag k Y ( )
This is a very interesting and important case. Even though the solid is optically opaque, the

photoacoustic signal is proportional to ,3 as long as flu < 1. As in case 1(c), the signal is

independent of the thermal properties of the backing material and varies as f -15

The different cases discussed so far can be made use of in the photoacoustic study of any

kind 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. In cases 2(a) and 2(b), we have seen that the PA signal is

independent of the optical absorption coefficient of the sample. For these cases, therefore, the

only term in (12) and (13) that depends on the wavelength of the incident radiation is the light

source intensity 10. Thus it is clear that the PA spectrum of an optically opaque sample

( ,u > I /,2) is simply the power spectrum of the light source.
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2.2.2 Open photoacoustic cell configuration

Open photoacoustic cell (OPC) configuration is a modified and more convenient form of

conventional photoacoustic configuration. In OPC, usually, solid sample will be mounted

directly on top of the microphone, leaving a small volume of air in between the sample and the

microphone [9-20]. It is an open cell detection configuration in the sense that the sample is

placed on top of the detection system itself, as in the case of piezoelectric and pyroelectric

detection. Consequently, this configuration is a minimum volume PA detection scheme and

hence the signal strength will be much greater than the conventional PA configurations. The

major advantage of this configuration is that samples having large area can be studied, whereas

in conventional PA cells sample size should be small enough to be contained inside the PA

cavity. A schematic representation of a typical OPC is shown in figure 2.

SO
M

Vfl C

Figure 2: A general schematic representation of an open photoacoustic cell. Here S is the

sample; 0 the 0-ring; M the microphone and C the cell body.

R-G theory can be used to derive an expression for the periodic pressure variation inside

the air chamber. Consider the OPC geometry shown in figure 3. Assume that the sample is

optically opaque and whole energy is absorbed at the sample surface itself. Then, for the

arrangement shown in figure 3, according to R-G theory, we can show that the periodic pressure

variation in the air chamber is given by,

1/2 _
_;P010(aga,) eJ<a»—zr/2)Q - - (15)

Ziflglgksf s1nh(lSo's)

Now, ifthe sample is thermally thin (i. e. , lsas << 1), equation 15 reduces to

no 1 a 1/2a j(ruz—3n/4)Q E 0 0 g s e (16)
That is, the amplitude ofthe PA signal decreases as f_1'5
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Figure 3: Schematic representation of the open photoacoustic cell geometry.

In contrary, at high modulation frequencies, such that the sample is thermally thick

(z'.e.,lSaS >> l),then
l/2

;4°0I0(aga/S) e_[s 737’/as

7rT0lgkS f ej(aI—/7/2—lSa5) (17)

Equation (17) means that, for a thermally thick sample, the amplitude of the OPC signal

decreases exponentially with the modulation frequency as  exp(—b\/7), where

b = l51l%S , whereas its phase decreases linearly withx/7 with a slope of b. Hence, the

thermal diffusivity as of the sample can be easily evaluated from either signal amplitude plot or

from the phase plot. However, a necessary condition to employ the OPC configuration is that the

sample should be optically opaque at the incident wavelength. The OPC configuration can not

only be used for the study of solid samples, but liquid samples can also be characterised using

this configuration. Commonly used approach in the study of liquid samples using OPC

configuration is by keeping the liquid in contact with a thermally thin solid sample, the thermal

properties of which are known [18-20].
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2.3. Photothermal deflection: Mirage effect
In 1979 Boccara et.al proposed and demonstrated the usefulness of photothermal beam

deflection (mirage effect) method for monitoring the temperature gradient field close to a

sample surface or within the bulk of a sample [21]. In subsequent years, many theoretical and

experimental developments have been reported in [22-32]. The method is essentially based on

the detection of refractive index gradient associated with the temperature gradient. As we have

seen in the previous section, absorption of optical radiation results in the generation of thermal

waves in the sample which heats up the gas or liquid above the surface. The heated gas deflects

a probe laser passing through it. The probe-beam deflection can be monitored using a position

sensing detector. Figure 4 shows a schematic diagram of the passage of a probe-beam through a

refractive index profile.

Pump beam

Surface temperature
profile

Vertical
Transverse offset
offset

Sample

Figure 4: A schematic diagram of the passage of a probe-beam through a refractive index

profile and the resulting normal and transverse components of the PTD signal.
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For a Gaussian beam propagating through an inhomogeneous medium, most of the beam

parameters can be deduced from the analysis of Casperson [33]. The propagation of a light beam

through a spatially varying index of refraction is given by [34]

d dog[no  = VJ_n(r, t) (18)
where ro is the perpendicular displacement of the beam from its original direction, no is

the uniform index of refraction, and V inlr, t) is the gradient of index of refraction

perpendicular to the ray path. The above relation can be integrated over the ray path:

dro 1Z = — .l V n(r,t)ds (19)
ds no path ‘L

where s is the optical path length. Since the deviation is small, one can get the expression for

the deflection €(t) as

$2ds l V _LT(r, :)ds (20)
path

3i|§’

l

=m0-%
where V_LT(r, t) is the temperature gradient perpendicular to the ray path. The deflection €(t)

can be resolved into two components 6,, and (9,. Where (9,, and 67, are, respectively, the

deflections normal and parallel to the sample surface and are given by

W051‘.19" =   (21)0 —oo

ldn+°°, 07f
and 9, = ;z—0"(fi_;lD s1na7dx (22)

Now, we have to evaluate the temperature field in the sample and in the surrounding

fluid. Though initially people used a one-dimensional heat flow model to evaluate the

temperature field, it is found to vanish in most of the experimental conditions, especially when

the excitation beam is focused. Hence, to get a complete general solution, we have to depend on

a three-dimensional model. Consider an experimental configuration as shown in figure 5. The 3

D model used to describe the phototherrnal deflection is more complicated than the 1-D model

used to explain the photoacoustic signal generation, since the thermal conduction in the solid
and fluid has to be taken into account in the former case.
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Figure 5: Schematic representation of experimental geometry used in 3-D model

Assume that the homogeneous sample is the only absorbing medium whereas the fluid

and backing material are transparent. For simplicity, it is assumed that all the three regions

extend infinitely in the radial direction, with the irradiated area usually being limited and small

compared to the radial size of the sample. The heat diffusion equations in the three regions are

azrf 1 pr, azrf _ 1 érf
69.2 + r fir 02.2 _ D f 6? for0 S 2 S If (23)

5727 151" fir 1 .
S +——S—+—TS F7-A(r,t)em(1+eJ”) for—lSzS0 (24)s5.3 rd‘ 0}

527;, 107,, 327;, 107,,
dflz +;7+?=Fb7' for—(l+lb)SzS—l (25)

Here, the suffixes f, 5 and b stands for fluid, sample and backing material, respectively. D is

the thermal diffusivity and a is the optical absorption coefficient of the sample.

After introducing appropriate boundary conditions and making use of Hankel transform,

one can arrive at the expressions for the modulated temperature field in the three regions as

Tf(r, 2, 1) = (ETA/1) €XP(—,5fZ) eXP(jdI)Jo(1r)/id/1 (26)

7i;(r,Z, I) oTW(/1) €Xp(,5b(Z + 1) + jat)Jo(/Yr)/Yd/1 (27)
0

Tsmz, r) = §[U(/1)exp(flsz) + Va) exp<-£32) — Eu) exp<a2>]
>< exp<ja»r>J.,<wd/1

(7-3)
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where

—2.2a’-’- \{

P7; expi 8 J

W = flks [4, g .3 , ,2] 0”
K. 2\ 00 ( 2l

with a2 expL /fig J: gexpL—2%JJ0(r/1)rdr (30)

/3,-2 = 22 +  <31)
= -E(/7.) + U(/1) + V(/1) (32)
W) = -Eu) exp(—aI> + UM) exp("/65]) + Va) exp(fls[) <33)

U(/1) = [<1— gxb — r) exp<—a1> + (g + r><1+ b) eXp(fls1)l % <34)

V(/%) = [<1 + gxb - r) exp<—a1> + (g + no — b) exp<—,65z>] %j—; (as)

k flwith =  b=%;—§f, r=fl£S (36)
and H(xi) = <1+ g><1 + b) exp</221) — (1 — g><1- b) exp(_flsl) (37)

In photothemial deflection technique, measurements are carried out using a probe-beam

propagating through a transparent fluid in contact with the sample surface. The temperature field

along the probe-beam path is a function of both the surface temperature and the distance

between sample—surface and the probe-beam.

The complex amplitude of the surface temperature can be obtained as

H1 + b><1— r) exp(flsl) + (1 — b)(1 + r) exp<-mi
_ °° —2(r — b) exp(—aI)

W’ ” ' 3 EV” <1+ gxl + 2») exp<,6s1> — <1 — g><1 — 2») eXp(-fls1) J (38)

><J0(/lr)/id/Z exp(ja)t)

In the above expression, the term in the bracket describes the thermal response of the

three media, namely, the sample, backing and the coupling fluid. Now, if the sample is

thermally thick, then the surface temperature of the sample can be easily evaluated by replacing

this term of the above expression by

(r — 1)

(g + 1)
(39)
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and for thermally thin sample the term in the bracket becomes

(r — b)(1 — exp(—a1)) + aSl(rb — 1)

(b + g)

Based on expression (3 8), many people have carried out photothermal deflection measurements

(40)

for the thermal and optical characterisation of solids [30-32, 35-48]. Among these, the thermal

diffusivity of solids is one of the most widely studied thermal parameter. Salazar et.al analysed

various theoretical and experimental conditions and arrived at certain expressions which

describe a linear relationship of PTD signal phase with various parameters such as pump-probe

offset, height of the probe-beam above the sample surface etc [31]. For a = b = z = 0,

where a, b and z are the pump-beam spot size, probe-beam spot size and the probe-beam height

above the sample surface, there exist a linear relationship between the phase of the transverse

component of the probe-beam deflection and the pump-probe offset. Slope of the plot

connecting the phase of the PTD signal and the pump-probe offset is given by

_L_ 79’m—/[s— AS (41)
Investigations discussed in the subsequent chapters are based on the theoretical models

described in this chapter.
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Chapter 3

Photoacoustic and photothermal deflection studies on

III-V compounds

The present chapter comprises of two sections. The first section discusses the

investigation carried out on sulphur doped n-type InP wafer using an open photoacoustic cell.

The thermal diffusivity of the sample is evaluated from the phase data associated with the

photoacoustic signal as a function of the modulation frequency. Analysis is made on the basis of

the Rosencwaig-Gersho theory and the results are compared with those from earlier reported

photoacoustic studies on semiconductors. Results show that, under the present experimental

conditions, the pure thermal-wave component is responsible for the photoacoustic signal

generation from n-type InP sample. Results obtained from a dual-beam photothemial deflection

studies on n-type and p-type GaAs thin films grown on a semi-insulating GaAs substrate are

discussed in the second section.



3.1. Introduction

Absorption of intensity modulated optical radiation by a sample leads to periodic heat

generation, thereby causing excitation of thermal waves in the sample. Thermal wave physics is

emerging as a valuable tool in the study of thermal parameters of materials, especially in the

semiconductor industry [1-17]. Among the various methods used to study these thermal waves,

the gas-microphone photoacoustic (PA) technique and the dual-beam phototherrnal deflection

(PTD) technique are the most commonly employed experimental approaches [15-26]. Apart

from the pure spectroscopic studies in the very beginning, the PA method has now grown to a

multipurpose analytical tool for the investigation of different thermal and optical properties of a

variety of materials.

In many of the earlier reported papers, PA signal amplitude data as a function of the

modulation frequency has been mainly used for the thermal diffusivity measurements in

semiconductors [22-28]. Since the first report of Sablikov et.al regarding the use of PA

technique for heat transport studies in semiconductors, researchers are using this approach for a

variety of measurements [29]. But a major renaissance in this field was made by Dramicanin

et.al [30], who analytically evaluated the expression for the distribution of the periodic thermal

flux originating from three principal thermal sources namely, the instantaneous therrnalisation

component, nonradiative bulk recombination and non radiative surface recombination. Their

model is very useful for the analysis of PA signal amplitude and phase at the front and rear

surfaces of a semiconductor sample. Subsequently, in more recent years, carrier transport

properties such as carrier diffusion coefficient, carrier recombination velocity and mean

recombination time are evaluated together with the thermal diffusivity of a large number of

semiconducting samples such as GaAs, CdTe, Si solar cells, CdInGaS4, InSb, GaSb etc using

the photoacoustic phase measurements [31-42].

Similar to the PA technique, PTD technique has also become mature both in the

theoretical aspect as well as from the experimental point of view. The only difference between

the PA and PTD techniques is in the mode of detection, but the basic mechanism of heat

transport on which the two methods relies is the same [15,16]. Consequently, PA and PTD

techniques can be used for similar type of studies, but each approach has its own advantages and

disadvantages. Following the theoretical model developed by Sablikov em] for the PA signal

generation in semiconductors, Foumier et.al formulated a one-dimensional heat-flow model to

describe the PTD signal generation in semiconductors, by taking into account the nonradiative

recombination processes [43]. However, the contributions from the free carriers plays a
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dominant role in the PA and PTD signal only under certain experimental conditions such as a

particular frequency range, sample surface quality etc. Details of each experimental approach

and the observed results are described in the respective sections.

3.2. Significance of thermal diffusivity
Centuries before, Jean Fourier (1768-1830) derived a basic law defining the propagation

of heat in a one-dimensional homogeneous solid as [44-46]

42- Z1".7‘"kAa't (1)
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 dt is equal to the product of the

conducting area A normal to the flow path, the temperature gradient dz/(ix along this path, and

the thermal conductivity k 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

l 51"V2 = ——T a 0? (2)
where the thermal diffusivity a is given by

: k“ /pc (3)
where k is the thermal conductivity, p is the density and C is the specific heat capacity of the

material. The thermal diffusivity a is usually expressed in m2s'1

The thermal diffusivity is thus a derived quantity whose significance is evident from the

above relationship. The reciprocal of thermal diffusivity, %, expressed in sm'2 is a measure of

the time required to heat-up a conducting material to some temperature level. Therefore, the

ratio of heating times for two materials of the same thickness will be inversely proportional to

their respective thermal diffusivity values. Obviously, a is a significant thermophysical

parameter that determines the heat diffusion in bulk as well as thin film samples.

Being a widely used and important substrate material in the field of semiconductor

technology, measurement of the thennal diffusivity and a detailed analysis of the heat diffusion

processes in InP have great practical significance. The same is the case with GaAs since it is a
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widely used compound semiconductor material in electronic and optoelectronic devices.

Moreover, the bandgap of semiconductors, in general, decreases as the temperature increases

[47-52]. These changes have very important consequences in electronic and optoelectronic

devices. The variation in the operating temperature may alter the laser frequency in

semiconductor lasers, and may alter the response of semiconductor modulators and detectors.

Hence, a clear knowledge of the thermal transport properties such as the thermal diffusivity of

these materials assumes importance.

3.3. III—V compounds
Most semiconductors of interest for electronics and optoelectronics have an underlying

fcc lattice. If two atoms of the basis are different, the structure is called the zinc-blende structure

and such semiconductor materials are usually known as compound semiconductors. Usually, the

compound semiconductors are denoted by the position of the atoms in the periodic table, e.g. II

IV, III-V etc. GaAs and InP are examples of III-V compounds. Both these compounds are direct

bandgap materials which ensures excellent optical properties as well as superior electron

transport in the conduction band. The bandgap energy in GaAs is 1.43 eV and in InP it is 1.34

eV [47-49,54]. In the field of semiconductor research the main thrust is towards III-V

compounds which are widely used in solid state electronics, in particular in the manufacturing of

very important types of devices such as those used in optoelectronics, microwaves, high speed

integrated circuits, high efficiency solar cells etc [53-59].

Bulk crystal growth techniques are mainly used to produce large size substrates on which

the thin film devices are fabricated. These techniques are widely used in the growth of

semiconductors such as Si, GaAs and to some extent InP. One of the commonly employed bulk

growth method is the Czochralski technique [60-65]. But, in the case of GaAs and InP the

Czochralski technique has problems arising from the very high pressures of As and P at the

melting temperature of these compounds. Not only the chamber has to withstand such high

pressures, but also the As and P leave the melt and condense on the side—walls. To avoid the

second problem, usually the melt is covered with a molten layer of a second material (e.g. boron

oxide) which floats on the surface. The technique is then referred to as Liquid Encapsulated

Czochralski (LEC) method. Both InP and GaAs substrates used in the present investigations are

grown by LEC method.
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The substrates that result from the bulk grown semiconductor boule are almost never

used directly for device fabrication. Invariably an epitaxial layer is grown over the substrate,

which may be a few microns in thickness. The epitaxial growth techniques have a very slow

growth rate which allows precise control over the dimensions in the growth direction. One such

technique is the Molecular-Beam Epitaxy (MBE) which is essentially a refined form of vacuum

evaporation [54, 60-62,66]. In this technique, elements are heated in crucibles called Knudsen

cells or furnaces and directed beams of atoms or molecules are condensed onto a heated single

crystal substrate where they react chemically under ultra-high-vacuum conditions. The special

merits of this technique are that thin films can be grown with precise control over their

thickness, alloy composition and doping level. Using rapidly acting mechanical shutters, the

composition can be changed abruptly, which permits novel structures to be prepared. MBE

grown n-type and p-type GaAs double-layers on a semi-insulating GaAs wafer are used for the

photothermal deflection studies.

3.4. Heat conduction in semiconductors

In general, two different mechanisms are responsible for heat conduction in a solid

material. One is the heat conduction due to the charge carrier motion and is termed as electron

or hole heat conductivity (Ice). The second mechanism is connected with the lattice vibrations

[66-70]. The lattice atoms (or ions) oscillating around their respective equilibrium positions

exchange energy with each other. When a temperature gradient is built up in a substance, this

energy gradient proceeds in such a manner that energy is transmitted from an atom which

oscillates more intensely to an atom which oscillates less intensely. Heat conductivity due to

lattice vibrations is termed as lattice, or phonon, heat conductivity (k L). The total heat

conductivity may thus be described by the quantity k as/C = ke + /CL (4)
the value of k L is related to the elastic properties of the solid and kg to the charge carrier

concentration. In dielectrics k L >> kg and in metals opposite is the case, z'.e. ke >> k L. In

semiconductors the value of ke strongly depends on the composition and on the temperature.

In the case of a semiconductor irradiated with an optical radiation of suitable energy, in

addition to the above-described mechanisms, photogenerated carrier recombination will also

contribute to the heat transport [22,30-43]. Free-carrier generation resulting from the light

absorption occurs when the incident photon energy is greater than the band gap energy. The

photon is absorbed in this process and the excess energy, E P}, — E g, is added to the electron
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and hole in the form of kinetic energy. Now, the nonradiative recombination of these carriers

will result in the release of excess energy in the form of heat to the lattice. The recombination

rate of majority carriers is equal to that of minority carriers since the steady state recombination

involves equal number of holes and electrons. Therefore, the recombination rate of the majority

carriers depends on the excess minority carrier density as the minority carriers limit the

recombination rate. There exist different possible pathways for the nonradiative recombination

[22,30-43]. Nonradiative band-to-band recombination depends on the density of available

electrons and holes and is proportional to the product of the two densities. In this case the

electrons carrying excess energy above the bandgap recombine with a hole and the energy

equivalent to the bandgap energy will be liberated as a phonon. Usually this process takes place

in the bulk of the material and is tenned as the bulk recombination. Another nonradiative

recombination process is the surface recombination. Surfaces and interfaces of semiconductors

usually contain large number of recombination centers because of the abrupt termination of the

crystal, which leaves a large number of electrically active dangling bonds. In addition, the

surfaces and interfaces are likely to contain more impurities since they are exposed during the

growth of the material. The surface recombination is also essentially an interband recombination

process and the excess energy is ultimately transferred to the lattice as heat. Trap assisted

recombination and Auger recombination are the other two recombination mechanisms. Apart

from these interband nonradiative recombination processes there exists an instantaneous

thermalisation component which arises from the intraband interaction of excited electrons with

the lattice. This process is an after-effect of excitation of electrons to the higher levels in the

conduction band. Such hot electrons will come back to the minimum of the conduction band by

imparting the excess energy to the lattice. This thermalisation process usually takes place in

ultra-short time scales (~ picosecond) and hence known as the instantaneous thermalisation

process [22,66-68]. In the subsequent section of this chapter experimental investigations of heat

diffusion in n-type lnP carried out by PA technique and PTD studies on GaAs multi-layers are

presented.
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Part A

3.5. Photoacoustic investigation of heat diffusion in n-type InP

3.5.1.Theoretical outline

The open photoacoustic cell (OPC) is a renewed form of conventional photoacoustic

configuration [25,40,7l-82]. OPC can be used in two different configurations for the thermal

characterisation of solids. They are the heat transmission configuration and the reflection

configuration. The reflection configuration is equivalent to the commonly employed front

surface illumination mode in conventional photoacoustic cells. The heat transmission

configuration is depicted in figure 1. 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 gas (air) in contact with the front side 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 = —lS will get attenuated after travelling a very

small distance called the first thermal diffusion length in the air. The thennal diffusion length is

given by /1 = 2“ Q), where a and 0) are the thermal diffusivity of air and modulation

frequency of the incident 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 figure 1, the pressure fluctuation in the air inside the

chamber is given by [l7,83-85]

}PoI0iagas)1/2

Zzzig Toks f s1nh( 150-5)
Q

where }/is the ratio of specific heat capacities of air, P0 and T0 are the ambient pressure and

temperature, I 0 is the radiation intensity, f is the modulation frequency, and Z,-, k,- and a,- are

the length, thermal conductivity and the thermal diffusivity of the medium. i = g refers to the

gas and i = .9 refers to the solid sample. Also 0; = (1 + j)a,-, where a,- = (ff / a')1/2 is

the thermal diffusion coefficient of the medium 1'. In arriving at the above expression it is

assumed that the sample is optically opaque and that the heat flux into the air in contact with the

irradiated surface of the sample is negligible.
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Figure 1: Schematic representation of an open photoacoustic cell configuration

For thermally thin sample (Le. lsas << 1), equation (5) reduces to

Woloaé/zasQ = (6)
Above expression implies that the PA signal amplitude from a thermally thin sample under the

heat transmission configuration varies as f -15 and the phase is insensitive to the variation in

the modulation frequency. On the contrary, for high modulation frequencies, when the sample is

thermally thick (i.e. lsas >> 1), equation (5) becomes

1/2

_ ;P0I0(agas)1/2 exp‘1si79r / as)Q /7“ k f ej(a)r—7r/2—lsas) (7)0 g 5

Equation (7) suggests that for a thermally thick sample, the amplitude of the PA signal decreases

exponentially with the modulation frequency according to (1 / f ) exp(—b‘/7 ), with

b = ls(7r / as)1/2 while the phase (9 decreases linearly with bs/7 Hence, the thermal

diffusivity as can be evaluated either from the amplitude data or from the phase response with

respect to the modulation frequency, provided the sample is optically opaque and themially

thick in the frequency region of interest. When the amplitude data is available, as can be

obtained from the fitting coefficient b appearing as the argument of the exponent (—b\/?

When the signal phase data is used, as can be obtained from the slope of the phase plot as a

function of f However, in the case of thermally thick, disk-like solid samples the

contribution from thermoelastic bending has also to be taken into account. This effect is

essentially due to the temperature gradient existing along the direction of thickness, due to

which the sample surface at higher temperature expands more than the other surface and
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eventually the sample bends outwards [l7,85-87]. In such situations the phase plot will no

longer obey the linear relation with the square root of the modulation frequency. Details of the

therrnoelastic bending and the modifications to the phase relation with the modulation frequency

are not discussed here since the sample under investigation (n-type InP) is free from this effect.

We have seen in the previous section that the charge carrier recombination (surface and

bulk) is an important factor which contributes significantly to the heat conduction in a

semiconductor. In such situations the expressions derived above for the amplitude and phase,

obtained by taking only the dominant phonon contribution into account, are not adequate. Then,

additional terms are required to accommodate the contributions from the surface as well as the

bulk nonradiative recombination processes, and consequently, the above expressions will

become more complex and nonlinear [29-30,32-39]. However, from the experimental

observations described in the following sections, no such effects are observed for n-type InP

sample and hence the corresponding theoretical model is not presented here.

Argon Ion Laser PA Ce“

Chopper

Lock-in-Amplifier

Figure 2: A schematic diagram of the experimental set-up

3.5.2.Experimental details

A schematic diagram of the experimental set-up based on the open photoacoustic cell

(OPC) configuration is shown in figure 2. The OPC employed here has provision to illuminate

the sample either from the rear side or from its front side. The design and fabrication details of

the OPC are discussed in the next section. The rear side illumination or the so-called heat

transmission configuration is used for the present investigations. The InP wafer is fixed to the

top of the air chamber of OPC using vacuum grease at the edges and laser irradiation is made on

its surface facing the ambient. Modulated optical radiation at 488nm from an argon ion laser
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(Liconix 5000) is used as the source of excitation. The original laser beam has a 1/e2 diameter of

1.2mm and is used without further focusing to avoid lateral heat flow. The PA signal is

produced in a small volume of air in between the sample and the microphone. The signal is

detected using a highly sensitive electret microphone (Knowles BT 1834) kept in a side

chamber. The phase of the signal as a function of modulation frequency of the laser beam is

recorded using a dual phase digital lock-in-amplifier (Stanford Research Systems SR830). Three

different laser power levels, 50mW, l0OmW and 200mW, with a stability of iO.5% are used for

the investigations. Since one surface of the sample is highly polished and the other side is

roughened, separate measurements are carried out with either face for laser irradiation.

3.5.3.Design and fabrication of an open photoacoustic cell

For the study of solid samples, a simple and sensitive OPC is designed and fabricated. In

the case of a conventional OPC the sample is placed directly on top of the microphone, by

leaving a small volume of gas in between the two [72,79,85,88]. Such OPCs can be employed

only in the heat transmission configuration. However, the design of the OPC fabricated for the

present studies allows one to illuminate the sample from both sides, z'.e. it can be used either as

an OPC or as a conventional photoacoustic cell. In order to achieve this goal the microphone is

kept in a 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 3. When the sample is

irradiated through the glass window, it is known as the reflection configuration and in the

transmission configuration irradiation has to be made at the outer surface of the sample.

The major building block of the cell is an acrylic (perspex) disk of thickness lcm 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 slide of thickness 1.4mm and the other end 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. 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 half the thickness of the acrylic disk

outside the aluminium holder. Plate-like solid samples having uniform surface quality can be

easily stick at the top of the sample chamber (open end) by using vacuum grease. On 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.
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Figure 3: Cross-sectional view of the OPC. (Top); 1: aluminium case, 2: perspex body, 3:

microphone. (Bottom); 1: microphone, 2: sample, 3: perspex body, 4: glass window, 5: gas

chamber, 6: incident laser beam
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3.5.4.InP sample

Sulphur doped n-type InP sample grown by liquid encapsulated Czochralski (LEC)

method is obtained from Sumitomo electric industries (Japan). The opposite faces of the wafer

have different surface qualities, one side is polished and etched whereas the other surface is pre

etched. The wafer has a thickness of 350 um and has a carrier concentration of 4.0 x 1013 /cm3

Square sample with dimensions 8mm by 8mm is used for the investigations.

3.5.5.Results and discussion

As indicated earlier, the heat conduction in semiconductors is mainly contributed by

three factors. If the excitation energy is more than the band-gap energy of the semiconductor

material, under certain experimental conditions, apart from the pure thermal wave component,

the photogenerated carriers may also contribute to the heat transport in these materials. When a

modulated optical radiation is incident on a semiconductor sample, the usually observed order of

different thermal diffusion processes in the thermally thick regime of the sample is as follows.

The pure thermal wave component dominates in the lower frequency range, followed by the heat

transfer by bulk recombination process and finally the surface recombination mechanism

[30,32-43].

Even though in many studies the amplitude behaviour is used for the evaluation of

thermal diffusivity of solid disk like samples, the necessary condition for employing this

approach is that the detector (microphone) should have flat response over the frequency range of

interest. Otherwise, complicated normalisation procedures are required as reported by Nikolic

et.al [30,34,89]. Figure 4 shows the variation of OPC signal amplitude as a function of square

root of the modulation frequency. It is very clear from the plot that it no longer obeys a linear

relationship as predicted by the theory. The exact reason for the deviation of the observed

amplitude data from the theoretically predicted behaviour is not known. The microphone

response may be a contributing factor. However, a change in response of the detector with

frequency will not affect the phase data and hence the measurement of phase as a function of

frequency seems to be a simpler and more reliable strategy. But, a major drawback of the phase

method is that the phase plot may not obey a linear relationship as predicted by the theory when

therrnoelastic bending of the sample contributes significantly to the signal.
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Figure 5 shows the variation of the PA signal phase with square root of the modulation

frequency for the n-type InP sample. In this figure we can identify a linear portion that satisfies

the equation (7). The deviation from the straight line fit in the low frequency region is obviously

due to the fact that the sample is thermally thin in this regime. From the slope of the phase data

in the thermally thick regime the thermal diffusivity of the sample is evaluated as 0.401 (t .005)

cm2s'1 This measured value for the n-type InP is less than the thermal diffusivity 0.4569 cm2s'l

(k = 0.68 wcm" K", p= 4.79gmcm'3, C = 0.3107 Jgm"K") of pristine InP [47,49,9o-94]. The

decrease in the experimentally observed value of thermal diffusivity of n-type InP can be

explained in terms of the dominant phonon contribution or the pure thermal wave diffusion.

Addition of the dopant adds to the scattering of the phonon which results in a reduction of the

phonon mean free path and consequently a decreased thermal conductivity [47,49,5 1,66-68,94].

Observations discussed in the following sections also confirm this dominant phonon assisted

heat diffusion mechanism in the InP sample under investigation.

This linear dependence of the phase data on the square root of the modulation frequency

is an important result that has to be analysed in detail. First of all, this observation implies that

the thennoelastic bending is not a contributing factor to the observed PA signal. The absence of

therrnoelastic bending in the present sample may be due to the fact that the InP sample has a

moderately high thermal diffusivity. Then the heat generated at the irradiating surface gets

transmitted quickly to the other side without leaving a considerable temperature gradient along

the thickness of the specimen. Also, the thickness of the sample is sufficiently high to withstand

such bending effects. But in the case of materials with low thennal diffusivity, the thermoelastic

bending may dominate and in such cases appropriate corrections have to be incorporated in the

calculation.

It is worthwhile to note here that in many OPC studies involving a variety of

semiconductors, more complex phase behaviour with a minimum in the phase plot is reported

[29,30,32-42]. This nonlinear behaviour of the phase data is attributed to bulk and surface

recombination processes of photogenerated carriers in those materials. However, from figure 5 it

is clear that for the present sample, the photogenerated excess carriers do not contribute to the

OPC signal in any significant manner in the frequency range of investigation. This is again

confirmed by recording OPC phase data for different incident laser powers, namely, 50mW,

100mW and 200mW. As can be seen from the figure, for all the pump powers the plots are

exactly identical and have same slopes. This implies that the OPC signal is not influenced by the

increased photogenerated carrier density at 200mW compared to that at 50mW.
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Figure 4: Semi-log plot connecting the OPC signal amplitude and \/7 for three different pump

powers.
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Figure 5: Variation of the OPC signal phase with J? for three different pump powers. Plots

corresponding to different incident intensities are shifted from each other for the sake of clarity.
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Figure 6: Variation of PA signal phase with \/7 for two different sample surface qualities.

Apart from this it is a well-known fact that the surface quality of semiconductor samples

has a pronounced influence on the carrier recombination properties such as the surface

recombination velocity [36,54,66-68]. In order to check whether the surface quality has any

influence on the OPC phase data, two different experimental configurations are used. In the first

case, the polished side of the sample is illuminated and the OPC signal is detected at the rough

side and in second case the sample is turned up-side down and its rough side is illuminated and

the signal is detected at the polished side. But the results obtained are again exactly identical as

shown in figure 6. This again confirms that throughout the frequency range of investigations, the

pure thermal wave component is the major contributing factor to heat diffusion in the present

sample. If the free carriers are contributing to the OPC signal, then its influence should be

visible within the frequency range of investigation [32-42].
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Part B

3.6. Photothermal deflection studies on GaAs multilayers

3.6.1.Theoretical outline

The photothermal deflection (PTD) technique can be employed in different detection

configurations for the investigation of solid samples [15,23,24,95]. Probe-beam deflection in the

skimming configuration is one of the widely accepted and simple approaches among the PTD

techniques. A schematic representation of the probe-beam skimming configuration is shown in

figure 7. In this configuration, the solid disk-like sample is irradiated with a laser beam having

suitable power density and the resultant refractive index gradient generated in the coupling fluid

(usually a liquid) close to the sample surface is monitored using a low power probe-beam

passing through this gradient. In this scheme it is assumed that the temperature distribution in

the coupling fluid, very close to the sample surface, is the same as that inside the sample. The

probe-beam propagating through the spatially varying refractive index gradient suffers a

deflection from its normal path and the amount of deflection is determined by a number of

thermal and optical parameters ofthe solid sample [96-107].

Pump-beam‘
Probe-beam

¢.

Figure 7: A schematic diagram of probe-beam skimming PTD configuration

The angle through which the probe-beam deflects from its trajectory, ¢ is given by [104-106]

l dn
¢ _ n dT

where "n" is the refractive index of the coupling fluid, "s" is the optical path length and V, is

lpath V,T(r, t)ds (8)
gradient transverse to the propagation direction.
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Let the probe-beam make a transverse offset "y" with respect to the pump-beam axis and

a vertical offset "z" with respect to the sample surface. From figure 7, it is clear that we can split

the effective deflection into two components, namely the lateral or transverse (¢,) and the

normal ((5,1) components and are given by [104]

1d °°éT¢z=;—;_L3 (9)
Id °°éT¢,,-Zfilgaix (10)

The temperature field distribution, due to the pump-beam absorption, obtained by

solving the heat diffusion equations in the sample as well as in the coupling fluid, leads to the

evaluation of ¢, and ¢,, as [106]

1 dn°T , _fl Z
¢, = —%fi 0sm(éj2)Ae 0 &z’§.e forz > 0 (11)

1 dn? _fl Z
¢,, = ——fl-n-fi 0cos(c52)Ae 0 ,6’0d§.e forz > 0 (12)

where A is a complex integration constant, 6' is the spatial Fourier transformed variable,

go = J52 + J%O , D0 being the thermal diffusivity ofthe coupling fluid.

Salazar et.a1 have analysed various theoretical and experimental conditions and arrived

at certain expressions which describe a linear relationship of PTD signal phase as well as

amplitude with various parameters such as pump-probe offset, height of the probe-beam above

the sample surface etc [107]. For a = b = z = 0, where a, b and z are the pump-beam spot

size, probe-beam spot size and the probe-beam height above the sample surface, there exists a

linear relationship between the phase of the transverse component of the probe-beam deflection

and the pump-probe offset. This linearity is found to be valid for three different configurations,

(1) when the probe-beam is propagated through the same side of the sample where the pump

beam falls, (2) when the probe-beam passes through the opposite face of the sample and (3)

when the probe-beam passes through the sample. The experimental configiration used in the

present study is of type (1). Slope of the plot connecting the phase of the PTD signal and the

pump-probe offset is given by

1m=/TS: 7%,S (13)
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Practically, the condition a = b = z = 0 cannot be achieved and a finite value of a, b

and z may result in a change in the slope, especially when the sample has very low thermal

diffusivity. But for samples having moderately high diffusivity the linear relationship will hold

without any change in slope for finite values of a, b and z [107-109].

In the case of semiconductor samples, in addition to the above described pure thermal

wave effect, electronic diffusion process and the carrier recombination process will also

contribute to the PTD signal as in the case of photoacoustic effect. However, the additional

terms arising from the carrier contributions come into the picture only at high modulation

frequencies at which the pump-beam modulation time scale approaches the carrier lifetime [43].

But in the present investigation, the measurements are carried out at low modulation frequencies

and hence the pure thermal wave approach is found to be sufficient for the analysis of the

experimental results.

3.6.2. Photothermal deflection set-up

A dual-beam photothermal deflection technique is employed for the heat diffiision

studies and for the evaluation of thermal diffusivity of n-type or p—type GaAs thin film double

layers grown on a semi-insulating GaAs substrate. Continuous wave laser emission at 488nm

from a water-cooled argon ion laser (Liconix 5000) is used as the pump-beam. The original laser

beam has a (1/e2) diameter of 1.2mm. In all the measurements a laser power of 50mW (i0.5%)

is used. The excitation laser energy, 2.54eV, is very high compared to the band gap energy,

l.43eV, of GaAs and hence the sample is optically opaque at the excitation wavelength. Carbon

tetrachloride (CCI4) is used as the coupling fluid to the sample, which is the most suitable and

commonly used coupling fluid in photothermal deflection studies. The significant parameters

that make CCI4 a potential coupling fluid in photothermal deflection technique are its low values

of thermal conductivity, k = 0.099 Wm'lK'l; specific heat capacity C, = 0.85 J g"K'l and thermal

diffusivity, on = 7.31 x 104 cm2s‘1 Another important parameter that favours the use of CCI4 is

its very high rate of change of refractive index with respect to temperature, (dn/dT) = 6.12 x 10'

4K", compared to many other liquids [1 10-1 1 1]. The sample is placed horizontally at the bottom

ofa quartz cuvette having dimensions l0mmx10mmx40mm and CCl4 is filled in the cuvette up

to a height of about 10mm above the sample surface.

A schematic view of the experimental set-up is depicted in figure 8. The cuvette

containing the sample is firmly fixed on a heavy stand. An argon ion laser beam is focussed on

to the sample surface using a convex lens of focal length 20cm. The pump-beam spot size at the
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sample surface is estimated to be 102nm. The mirror and the lens are fixed on an XY translator

and the translator is positioned in such a way that the centre of the mirror, lens and the cuvette

are in a vertical line, the Z-axis. Under this experimental arrangement, the pump-beam position

on the sample can be accurately varied along the X-direction by simply moving the translator in

the X-direction. The resolution of the translator scale is 10pm. A mechanical chopper (Stanford

Research systems SR540) is placed in the pump-beam path for modulating the pump-beam

intensity at any desired frequency.

A low power (3mW) He-Ne laser emitting at 632.8nm is used as the probe-beam to

detect the strength and profile of the refractive index gradient generated in the CCI4, very close

to the pump-beam irradiation site at the sample surface. The probe laser beam with a gaussian

profile and having a (1/e2) diameter of 800nm is focused using a double convex lens of focal

length 10cm. The probe-beam spot size at the point where it crosses the pump-beam is estimated

to be l0lum. The probe laser is arranged in such a fashion that it just skims through the surface

of the sample and it propagate in a direction (Y-axis) orthogonal to that of the pump-beam (Z

axis).

A plastic fiber having a circular core of diameter lmm is used as position sensitive

detector to monitor the periodic deflection suffered by the probe-beam. One end of the fiber is

firmly fixed on an XYZ translator at a distance of 15cm from the sample. The other end of the

fiber is coupled to a 0.25m monochromator (McPherson) tuned to the probe-beam wavelength.

This ensures a perfect elimination of stray light, including the scattered pump-beam, from

reaching the detector. A photomultiplier tube is coupled to the exit slit of the monochromator.

The output of the photomultiplier tube is fed to a dual phase digital lock-in-amplifier, through an

impedance matching circuit. A storage oscilloscope is also connected to the photomultiplier tube

output in parallel to the lock-in-amplifier. This is done to optimise the position of the pump

beam, probe-beam, sample and the detector to ensure a perfect distortion free signal. The entire

experimental set-up is laid out on a moderately vibration-isolated table to protect from the

ambient vibrations. Whole measurements are carried out at a pump-beam modulation frequency

of 10.6Hz and the probe-beam height above the sample surface is kept as minimum as possible

to get non-diffracted (from the sample edge) signal. At high modulation frequencies the noise

contribution from various background sources are observed to suppress the PTD signal and

consequently accurate measurements are not possible in the high frequency region.
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3.6.3.GaAs thin film sample specifications

Both n-type and p-type GaAs thin films grown on a semi-insulating GaAs substrate are

used for the investigations. The thin films are grown by molecular beam epitaxy (MBE) method

(Technical University of Eindhovan, The Netherlands). Each of the samples contains two

epitaxial layers. The sample structure together with the specifications of each layer, including

the growth conditions and dopants are given in figure 9.

Sample 1

Si doped GaAs I: 0.25 pm, r1 = 3.6 x 10”/cm3, T = 580 °C
Si doped GaAs 1: 10.00 pm, 11 = 3.6 x 10”/cm’, T = 630 °c

Semi-insulating GaAs 1: 400-0 Pm
figmplg 2

Si doped GaAs

Si doped GaAs

1: 0.20 pm, n = 2.0 X1016/Cm3,T = 610 °C

1: 2.80 pm, 11 = 2.0 x 10”’/cm3, T = 695 °c

Semi-insulating GaAs 1: 400-0 Hm
am e

Si doped GaAs 1: 0.20 pm, n = 2.0 x 10"‘/cm3, T = 610 °c
Si doped GaAs 1: 1.80 um, 11 = 2.0 x 10”/cm3, T = 695 °C

Semi-insulating GaAs 1 = 400-0 Pm
Samplg 4

Be doped GaAs

Be doped GaAs

1: 0.20 pm, p = 2.0 x 10”‘/cm3, T = 610 °c

1: 1.80 pm, p = 2.0 x 10”‘/cm3, T = 695 °c

l= 400.0 mmSemi-insulating GaAs

Figure 9: Structure and properties of the doped GaAs epitaxial layers on the semi-insulating

GaAs substrate. Here, I corresponds to the thickness of each layer, n (p) represents the electron

(hole) concentration and T is the substrate temperature at which the layers are grown.
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3.6.4.Results and discussion

Photothermal deflection (PTD) measurements are carried out independently by

irradiating either the thin film side or the substrate side of the samples. In PTD technique, there

exist various experimental approaches to evaluate the thermal diffiisivity of solids and the

strategy used in the present investigation is the measurement of PTD signal phase as a function

of pump-probe offset at a fixed modulation frequency in the probe-beam skimming

configuration [l5,105-106]. In order to achieve this goal the probe-beam as well as the position

sensitive detector and the sample are firmly fixed at a particular position and the pump-beam

irradiation site is varied from one side of the prob;-beam to the other side. Typical variation of

the signal phase with the pump-probe offset for sample 3 when the semi-insulating GaAs

substrate side is facing the pump-beam is shown in figure 10. The minimum in the phase plot

corresponds to the zero offset or when the pump and probe beams cross each other. Figure 11

(a) and (b) projects the linear portion of figure l0 and from the slope of these plots the thermal

diffusivity of the substrate is evaluated using the relation given by equation (13). The measured

value of a, calculated from the average of two slopes, is given in table I. We have seen in the

previous section regarding the heat conduction in doped semiconductors that the photogenerated

free-carrier recombination processes also contribute to heat transport in these materials. But in

the case of intrinsic semiconductors, similar to dielectrics, only the phonons contribute to the

heat transport due to the very low free-carrier density in these materials [66-68].
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Figure 10: Variation of PTD signal phase with pump-probe offset for sample 3 (substrate side).
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Figure 11(a): Variation of PTD signal phase with pump-probe offset for sample 3 (substrate

side). Here probe is on the left side of the pump.
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Figure 11(b): Variation of PTD signal phase with pump-probe offset for sample 3 (substrate

side). Here probe is on the right side of the pump.
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Figure 12: Variation of PTD signal phase with pump-probe offset for sample 3 (film side).

Figlre 12 shows the variation of PTD signal phase with the pump-probe offset for

i when the thin film side is facing the pump-beam. The n-type epitaxial layers have

moderately high carrier concentrations (see figure 9) and the parameter that differentiate one

layer from the other is only the temperature at which they are grown, which has some significant

role in determining the thin film properties. The pure thermal wave component of the PTD

signal arises from the instantaneous intraband electron-phonon interaction. Thermal energy will

also be released by nonradiative recombination of the photoexcited carriers which are diffused

into the semiconductor. This is the electronic component of heat transport. Foumier et.al have

made a rigorous theoretical and experimental analysis in this regard and have proved that at very

low frequencies, z'.e. when 0)? << 1, only the pure thermal wave component contributes to the

PTD signal and consequently the signal behaviour (both amplitude and phase) is characterised

by the thermal diffusivity of the sample [43]. Here, a) = 27;)’ where f is the pump beam

modulation frequency and 2' is the minority-carrier lifetime.

On the other hand, when the pump-beam modulation time scale is much shorter than the

minority-carrier lifetime, i.e. when an‘ >> 1, the contribution from pure thermal wave

component drops off and the PTD signal is now due to electronic processes. ln this regime the

signal behaviour is characterised by the electronic diffusivity. Usually, minority-carrier lifetime

for n-type GaAs is of the order of microseconds and for p-type GaAs it is as low as nanoseconds
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[47,49,94]. Hence, at a modulation frequency of lO.6Hz (=94ms), we are far away from the

requirement for the contribution from electronic diffusion and recombination to PTD signal.

Intuitively, the PTD signal variation shown in the figure 12 is determined by the pure thermal

wave component. Figure 13 (a) and (b) projects the linear portion of the figure 12 and from the

slope of these plots the thermal diffusivity of the sample is evaluated using the relation given by

equation (13). The measured value of a, when the thin film side is facing the pump beam, is

given in table I. Here, the thickness of the thin films are too small compared with the thermal

diffusion length and hence the tabulated thermal diffusivity value is expected to be the effective

diffusivity of the thin films and that of the substrate.

Figures 14 to 16 shows the variation of PTD signal phase with the pump-probe offset for

the other samples (sample 1, 2 and 4) with either the thin film side or the substrate side facing

the pump-beam. The thermal diffusivity values evaluated in each case are tabulated in table 1.

Though the observed thermal diffusivity values vary from sample to sample, it is rather difficult

to arrive at a general conclusion regarding the heat transport in these multi-layer samples since

more than one physical parameter of the thin film samples are different for different epitaxial

layers. However, almost identical (2 values for the substrate side of all the four samples

indicates that the thin film epitaxial layers grown on the other surface of the substrates have no

influence on the measured PTD signal. The literature values of a of GaAs is in the range 0.2

cm2s'l to 0.36 cmzs" [47,49,94,112,113] and the experimentally observed values also falls

within this range. The wide range of a values reported in the literature is due to the large

variation of thermal transport properties of semiconductor materials with the growth condition,

defects etc. But, the decrease of a values of the epitaxial layers to a still lesser value points to

some interesting but complex heat transport mechanisms in these samples. Though only

phonons are contributing to the heat transport in the frequency value of investigation, the

increased scattering centers arising from doping of GaAs with either Si or Be and the

consequent reduction of phonon mean free path does not seem to be the only reason for the

noticeable reduction in the diffusivity values of the epitaxial layers. The thin film layers are

thermally very thin and hence the measured a values may be an effective diffusivity of the two

epitaxial layers and the substrate layer. Recently, a number of research papers have come out

with experimental observation of substantial reduction (up to 50%) in lattice thermal

conductivity in semiconductor thin films, when the thin film thickness is of the order of the

phonon mean-free-path [1 13-1 17].
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Figure 13(a): Variation of PTD signal phase with pump-probe offset for sample 3 (film side).
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Figure 13(b): Variation of PTD signal phase with pump-probe offset for sample 3 (film side).

Here probe is on the right side of the pump.
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Figure 14 (a, b): Variation of PTD signal phase with pump-probe offset for sample 1 (film

side). Here, probe is on the left side (a) of the pump and right side (b) of the pump beam.
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Figure 14 (c, d): Variation of PTD signal phase with pump-probe offset for sample 1 (substrate

side). Here, probe is on the left side (c) of the pump and right side (d) of the pump beam.
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side). Here, probe is on the left side (a) of the pump and right side (b) of the pump beam.
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Figure 15 (c, (1): Variation of PTD signal phase with pump-probe offset for sample 2 (substrate

side). Here, probe is on the left side (c) of the pump and right side (d) of the pump beam.
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Table I: The thermal diffusivity values of GaAs multi-layers evaluated using PTD technique

Sample Thermal diffusivity 0: in cmzs"
Film Substrate

Sample 1 0.165 0.210

Sample 2 0.187 0.212

Sample 3 0.193 0.212

Sample 4 0.160 0.206

However, no such conclusions are possible with the present data since the exact values

of phonon mean-free-path of the samples investigated are not available. Moreover, there exists a

large discrepancy between the experimentally observed value of phonon mean-free-path and that

evaluated theoretically. For example, in a very recent paper, J u et.al have measured the effective

phonon mean-free-path in Si as 300nm while that evaluated using the kinetic theory is only

43nm [I14]. However, a kinetic theory expression can be used to evaluate the phonon mean

free-path in the bulk sample A bulk as

3kAbulk = b"l%v (14)
where kbulk is the bulk thermal conductivity, C is the volumetric heat capacity and v is the

speed of sound in the material. For bulk GaAs, kbulk = O.46W/cm-°C, C = 0.33]/g-°C, and

v z 4.0 x 105 crn/s, which leads to the estimation of phonon mean-free-path approximately as

100nm [47,49,94,ll2]. This value is smaller than the surface layer thickness of 200nm or

250nm of the samples. However, the estimated value of phonon mean-free-path need not be

strictly true and hence any analysis of the observed thermal diffusivity data without knowing the

exact value of A bulk is meaningless.
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3.7. Conclusions

Two most commonly used and powerful non-destructive and non-contact analytical

methods, namely the photoacoustic and phototherrnal deflection techniques, have been

successfully implemented for the thermal characterisation of certain compound semiconductor

materials. The thermal diffusivity of n-type InP is evaluated from the phase data of the

photoacoustic signal under heat transmission configuration. By employing this approach and

using the pure one-dimensional heat flow model of Rosencwaig and Gersho one can easily

evaluate the thermal diffusivity of solid disk-like materials having moderately high diffiisivity

values. The results of the present investigation show that even in the case of semiconductor

samples this simple and direct approach can be applied for the thermal diffusivity

measurements, provided the investigations are to be done in the frequency region where the pure

thermal wave component is the major contributing factor to the signal. The observation of the

absence of thermoelastic bending in the case of thick InP wafer is quite reasonable and it is

expected that many of the semiconductor materials will behave in this manner as most of them

have moderately high thermal diffusivity values.

Dual-beam photothennal deflection technique offers a novel means of measuring the

thermal diffiisivity of thin films grown on bulk substrates. PTD measurements carried out on

GaAs multi-layer samples prove that by employing this approach it is possible to appraise the

thermal diffusivity of the substrate alone, without the influence of the thin films grown over its

surface. But if the thickness of the thin film(s) is small, such that the thermal diffusion length is

much greater than the film thickness, then the evaluated diffusivity value will be only the

effective diffiisivity of the f1lm(s) and the substrate. In addition to this, very complex thermal

wave scattering mechanisms such as the phonon scattering at the interfaces may also have a key

role in determining the thermal diffusivity of the thin f1lm(s), especially when the film thickness

approaches the phonon mean-free-path.

Compared to the photoacoustic technique, the photothermal deflection method is more

complicated and sensitive to ambient conditions such as vibration of the experimental set-up,

properties of the coupling fluid etc, which suggests that a very careful experimental arrangement

is required for the latter technique. But in the study of materials like thin films coated on bulk

substrates the PTD method is more suitable since the irradiation and detection can be easily

performed on the same side of the sample.
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Chapter 4

Photoacoustic evaluation of thermal effusivity of

transparent liquids and liquid crystals

Open photoacoustic cell is a renewed form of conventional photoacoustic configuration

and it possesses a number of advantages over its predecessors. In this chapter the use of an open

photoacoustic cell in the study of thermal effusivity of non-absorbing liquids and liquid

crystalline samples are discussed. A simple and sensitive minimum-volume open photoacoustic

cell is designed and fabricated for room temperature measurements. Investigations at elevated

temperatures are performed using a conventional resonant cell by modifying it into the open cell

configuration.



4.1. An introduction to liquid crystals
The molecules in a solid exhibit both positional and orientational order, in other words

they are constrained to orient in certain directions and to occupy certain specified positions with

respect to each other. In liquids the molecules do not have any positional or orientational order,

2'. e. the molecules are aligned randomly and it occupies random positions. The liquid crystalline

phase exists in between the solid and the liquid phase. The molecules in a liquid crystal (LC) do

not exhibit positional order, but they do possess a certain degree of orientational order.

Consequently, LCs are anisotropic materials, and the physical properties of the system vary with

the average alignment of the molecules [1-7]. If the alignment is large, the material is very much

anisotropic. Similarly, if the alignment is small, the material is almost isotropic. Although the

LC phase is a hybrid state between the liquid and solid phases, the LC is much more like a

liquid than a crystal. When a solid melts to a liquid crystal, it loses most of its original order,

leaving only a small amount to be lost when the substance changes to a conventional liquid.

Evidence of this is found in the calculations of latent heat of melting from solid to LC and from

LC to liquid [1-5]. A typical material having a LC phase will exhibit a heat of melting from

solid to LC, which is 10 times its heat of melting from LC to liquid.

By and large, the term liquid crystal covers a wide area of chemical structures, physical

properties and technical applications. A very large number of chemical compounds are known to

exhibit one or several liquid crystalline phases. But not all substances can form a liquid crystal

phase. Despite significant differences in chemical composition, these molecules have some

common features in chemical and physical properties. They have rod-like or disc-like molecular

structure, rigidity of the long axis and strong dipoles and/or easily polarisable substituents.

Typical rod-shaped organic moieties forming LC phase are about 25 angstrom in length and 5

angstrom thick. Some typical chemical structures that can form a LC phase are: cholesterol

ester, phenyl benzoates, surfactants, paraffines, glyco lipids, cellulose derivatives etc [1-7,9].

Liquid crystals are broadly classified into two categories: thermotropic LCs, and

lyotropic LCs. These two types of LCs are distinguished by the mechanisms that drive their self

organisation, but they are also identical in many ways. Majority of LCs are thermotropic, in

which the transitions to the liquid crystalline state are induced thermally [1-8]. Thennotropic

LCs can be further classified into two types: enantiotropic and monotropic. The former type can

be changed into the liquid crystal state by lowering the temperature of a liquid or by raising the

temperature of a solid. However, the monotropic LCs can only be changed into the liquid crystal

state by either an increase in the temperature of a solid or a decrease in the temperature of a
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liquid, but not both. In general, thennotropic mesophases occur because of anisotropic

dispersion forces between the molecules and because of packing interactions. Therrnotropic LCs

are usually made of discotics or rod-shaped molecules. Discotics are flat disc-like molecules

consisting of a core of adjacent aromatic rings. This allows for two-dimensional columnar

ordering. Rod-shaped molecules have an elongated and anisotropic geometry which allows for

preferential alignment along any spatial direction.

In contrast to thermotropic mesophases, lyotropic LC transitions occur with the influence

of solvents, not by a change in temperature. Lyotropic mesophases occur as a result of solvent

induced aggregation of the constituent mesogens into micellar structures [1-7]. Lyotropic

mesogens are typically amphiphilic, meaning that they are composed of both lyophilic (solvent

attracting) and lyophobic (solvent-repelling) parts. This causes them to form into micellar

structures in the presence of a solvent, since the lyophobic ends will stay together as the

lyophilic ends extend outwards towards the solution. As the concentration of the solution is

increased and the solution is cooled, the micelles increase in size and eventually coalesce. This

separates the newly formed liquid crystalline state from the solvent.

Though the LC phases show long range orientational order, all the molecules will not

align in the same direction all the time. However, they tend to align more in one direction over

time than other directions. This direction is referred to as the director of the liquid crystal. The

amount of order is measured by a quantity called the order parameter of LC [l,10]. This order

parameter is highly dependent on the temperature of the sample. The order parameter "s" is

defined as

1 2s=§<3cos 6-1) (1)
where 0 is the angle which the long molecular axis makes with the director and the angular

brackets denote a statistical average. For perfectly parallel alignment s :1, while for random

orientation s :0. Typical values for the order parameter of a liquid crystal range between 0.3 and

0.9, which varies with temperature due to kinetic molecular motion.

4.1.1. Liquid crystalline phases

Liquid crystalline phases are named according to their degree of molecular ordering [1

4]. For smectic phases there are various possible ways in which the constituent molecules can

order and this enables the generation of six quasi-smectic crystal mesophases and five true

smectic liquid crystal phases. The quasi-smectic crystal phases are given the letters B, J, G and
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E, K, H which are rather arbitrary but relate to the degree of ordering of the constituent

molecules. True smectic liquid crystals are given the symbol S and a subscript which indicates

the phase type (SA, Sc and S3, S1, Sp).

Smectic liquid crystals have a soapy texture and are usually found at lower temperatures

than the nematic. In smectic phases the molecules are arranged in layers which are not well

defined and the different types of smectic phases arise because of the different possibilities of

molecular ordering within the phase structure. The smectics are thus positionally ordered along

one direction. Many compounds are observed to form more than one type of smectic phase. In

the smectic-A mesophase, the director is perpendicular to the smectic plane, and there is no

particular positional order in the layer. Similarly, the smectic-B mesophase orients with the

director perpendicular to the smectic plane, but the molecules are arranged into a network of

hexagons within the layer. In the smectic-C mesophase, molecules are arranged as in the

smectic-A mesophase, but the director is at a constant tilt measured normally to the smectic

plane. There are also tilted phases which have hexatic in-plane ordering, like the Smectic I and

Smectic F, as well as various crystalline smectics. In simple terms, the smectic phase arises if

the lateral intermolecular forces of attraction are stronger than the terminal forces. Hence, on

heating, the terminal forces breakdown first, in-plane translational order is lost and this results in

a lamellar arrangement of molecules in which the layers are not well defined.

\\HI,\0 mfllflu umnm
0 Q ‘.10: momm ommmm'\,‘I, Wmm Wmwn’nI. mmm. mmm,

Figure 1: Schematic representation of Nematic (left), Smectic-A (middle) and Smectic-C (right)

phase of a liquid crystal.

The nematic phase is given the symbol N and there is only one nematic phase. The

nematic liquid crystal phase is characterised by molecules that have no positional order but tend

to point in the same direction (along the director). Consequently, nematic liquid crystals are the

least ordered of the liquid crystals. They tend to lie nearly parallel to one another, forming a

‘threadlike' pattern. The nematic phase does not have a layered structure and the only degree of
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ordering is the statistically parallel arrangement of the molecules in the direction of the director.

Accordingly, the nematic phase is very fluid and much like a conventional liquid. When placed

next to the wall of the container they will lie parallel to the wall (or perpendicular, depending on

the exact properties of the liquid crystal).

The cholesteric or chiral nematic liquid crystal phase is typically composed of nematic

mesogenic molecules containing a chiral center which produces intermolecular forces that

favour alignment between molecules at a slight angle to one another. That is cholesteric liquid

crystal exhibits a twisted structure, the director rotates about an axis as we move through the

material.

Columnar liquid crystals are different from the previous types because they are shaped

like disks instead of long rods. This mesophase is characterised by stacked columns of

molecules. The columns are packed together to form a two-dimensional crystalline array.

Figure 2: Columnar liquid crystal

4.1.2. Liquid crystalline polymers

Liquid crystalline polymers (LCPS) are a class of materials that combine the properties

of polymers with those of liquid crystals. These hybrids show the same mesophases

characteristic of ordinary liquid crystals, yet retain many of the useful and versatile properties of

polymers [ll-21]. Normally flexible polymers will display liquid crystal characteristics on

incorporating rod-like or disk-like elements called mesogens into their chains. The placement of

the mesogens plays a large role in determining the type of LCP that is formed. Main-chain

polymer liquid crystals are formed when the mesogens are themselves part of the main chain of

a polymer. Conversely, side-chain polymer liquid crystals are formed when the mesogens are

connected as side chains to the polymer by a flexible bridge called the spacer.
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Figure 3: Main-chain (top) and side-chain (bottom) liquid crystal polymer structure. Here, the

bead like structure corresponds to the mesogen.

4.1.3. Liquid crystal mixtures

Although all the liquid crystalline compounds have, in general, the familiar long, lath

like structure, in many respects their structural composition is completely different. In the design

of liquid crystal compounds the most important aspect is that they must exhibit the correct type

of liquid crystalline phase over the desirable temperature, usually room temperature.

Additionally liquid crystals must have a suitable combination of structural features to enable the

generation of a rather subtle blend of physical properties. Clearly, to obtain everything from one

material is not possible and so liquid crystals for commercial applications are all mixtures of

appropriate materials that provide the best compromise of different properties. However, a

complex balance has to be struck to achieve optimum results [22-29]. Nematic mixtures are of

great interest in many liquid crystal applications and they are important in many ways. There are

many nematic mixtures with thermodynamic stability. The best liquid crystal materials for

displays are multi-component nematic mixtures with a wide temperature range. The liquid

crystal mixtures are generally used to

(i) widen the temperature range of phases.

(ii) investigate interaction between different phases

(iii) investigate pre-transitional behaviour

(iv) identify unknown substances by mixing with substances with well known phase

behaviour.
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4.1.4. Induced alignment in liquid crystals

We have seen that the molecules in liquid crystalline phase possess certain kind of

alignment in some preferred direction. But a perfect alignment of these molecules in any desired

direction can be achieved by some externally controlled methods. The best method is to use

electric or magnetic fields in the desired direction [1-4,7,30-33]. The interaction of external

fields with the dipole moment of the medium will result in a change in the orientational order or

macroscopic reorientation of the director. Consequently, these external fields may alter the

optical and thermal properties of the sample. Due to the anisotropy of the dielectric constant and

diamagnetic susceptibility, the free energy of the liquid crystal in an external field has a

minimum value for a completely defined orientation of the director relative to the field. An

easiest way to achieve orientation in LC thin films or surface alignment in bulk samples is to

bring the sample in contact with a previously treated solid surface [1-4,34-36]. Usually polymer

films coated on glass plates rubbed in a particular direction are used for this purpose.

4.2. Thermal effusivity
The thermal effusivity, similar to thermal diffusivity, is a unique thermal property of a

material [37]. The major difference between the two is that diffusivity is a bulk property of the

sample whereas the effusivity is a surface property. The thennal effusivity is defined by

es = ./kpc with dimension w s"2 cm‘: K", where k is the thermal conductivity, ,0 is the

density and C is the specific heat capacity. Though the thermal effusivity is an abstract thermal

quantity and is a relevant therrnophysical parameter for surface heating and cooling as well as in

quenching processes, it is one of the least explored quantities in physics. Actually, the thermal

effusivity is a measure of the sample's thermal impedance or it is a measure of the sample's

ability to exchange heat with the environment. The thermal effusivity of liquid crystals has great

importance when they are used as temperature sensors or in temperature sensitive

devices/applications. For example, one of the most recently introduced and important

applications of liquid crystalline polymers is in the field of optical data storage [38-41]. The

thermo-optic recording is achieved by incorporating a dye into the sample, which on irradiation

with laser beam absorbs the light energy and re-radiates it as heat. Consequently the sample is

locally heated into the isotropic phase and a change in the optical density takes place on cooling.

Usually very thin films (5-10 pm) are used for the optical data storage. Here, the speed with

which the laser treated area cools back into the glassy or liquid crystalline phase is mainly

determined by the thermal effusivity of the thin film.
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4.3. Theoretical outline

Details of the open photoacoustic cell configiration and a general theoretical treatment

regarding the same are given in chapter 2. Schematic diagram of an open cell photoacoustic

configuration used for the present investigation is shown in figure 4. Consider a thin, solid,

absorbing layer in contact with a non-absorbing liquid. If this system is exposed to a modulated

optical radiation, the absorbing layer absorbs the light and periodic heat is generated at the

surface of this layer in contact with the liquid sample, z'.e. at x = -10. The thermal wave thus

generated gets diffused through the thermally thin absorbing layer to the gas column behind it.

The thermal diffusion equations for the configuration shown in figure 4 are [42],Ms _ Lfl ,£12 _ as a (a)
azro 1 arc, mo .37:70?-%ew(l+eJfl) (2b)
azrg 1 078.and dcz = Z7 (2c)

where a',- =  is the thermal diffusivity of the medium 1'. Here the suffix i denotesI 1

different media, 1' = s refers to the liquid sample, 1' = 0 refers to the absorbing layer and 1' = g

refers to the air in the microphone chamber. And ,8 is the optical absorption coefficient of the

thin layer. Assume that the entire light is absorbed at x = —l0.

Gas (g) Abso b‘ g T a spa ent <Ijr in r n r
layer Liquid

X 4 lg O -1,, -(l,+l.,)
Figure 4: Schematic diagram of open photoacoustic cell configuration.

Then, solving equations (2) together with the boundary conditions of temperature and

heat flux continuity, we can arrive at the expression for the acoustic pressure in the microphone

chamber as,

1/2

74°010(agas) eJW‘”’2)1 : 2/7T0lgkS f (3)
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Equation (3) implies that the acoustic signal now varies as f'1 and is proportional to the ratio

" 6% = eS_1, the inverse of the thermal effusivity of the transparent liquid.5

On the other hand, if there is no liquid sample in contact with the absorbing layer, then

the pressure fluctuation Q2 inside the cavity is given by

ypojoaé/2a0 ej(ax—3/7/4)3322 = (4)
Thus, according to equation (4), the signal varies as f "M and depends on the ratio a0/k0.

Using this as a reference signal and from the ratio of equations (3) and (4), one can easily

eliminate all the constants and other geometrical parameters of the cell. Then the thermal

effusivity of the liquid sample can be evaluated by measuring the signal amplitudes as a function

of modulation frequency from the absorbing layer with and without liquid sample, provided the

thickness, density and specific heat capacity of the thin layer are known.

4.4. Experimental details
Investigations are carried out with two different open photoacoustic cells. For room

temperature studies, a simple and minimum-volume OPC is designed and fabricated and its

details are given in the next section. Measurements at elevated temperatures are carried out

using a temperature variable resonant photoacoustic cell. This cell is converted into an open cell

by simply removing the glass window. The former cell is used for investigating the room

temperature nematic liquid crystal mixtures. Studies on liquid crystalline polymers and

cyanobiphenyl liquid crystals (7OCB and 8OCB) are carried out using the latter cell. The liquid

crystal sample holder used for the investigations is made of a nylon ring of thickness 3mm and

inner diameter 7mm. Bottom of the ring is closed with a 60um thick copper foil. The liquid

sample (liquid crystal) is filled inside the ring and the entire sample holder is placed on the top

of the sample chamber of the cell. Cross-sectional view of the sample-holder resonant-cell

assembly is shown in figure 5. Different fixed temperatures are used for the present

measurements. For this purpose a sensitive temperature controller (Aplab 9602) is used. The

heater coil (6OW) wound over the sample compartment is connected to the dc power supply

through the temperature controller. The temperature controller measures the temperature of the

sample using a chromel-alumel thermocouple inserted into the body of the sample chamber

through a 1mm bore which ends up very close to the sample. The output voltage from the

thermocouple drives the electronic part of the temperature controller and hence it always forced
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to maintain the sample temperature (by putting the heater on-off) to a manually set value on the

controller. Since the sample chamber has very small volume, the fluctuation in the measured

value of the sample temperature is only about i 0.13 °C. This, in fact, is found to be a

reasonably good temperature stability that gives an almost stable photoacoustic signal.

Incident Light

M
To lock-in
amplifier

Figure 5: Cross-sectional view of the open photoacoustic cell - sample holder assembly. N the

nylon ring, C the copper foil, T the thermocouple, S the stainless steel body, H the heater coil,

ST the stainless steel tube and M the microphone.

4.4.1 Design and fabrication of an open photoacoustic cell

A minimum-volume open photoacoustic cell is designed and fabricated for room

temperature studies on the nematic liquid crystal mixtures. Cross-sectional view of the cell is

depicted in figure 6. The bottom half of the cell is fabricated by drilling a cavity of diameter

lcm and depth 5mm at the center of a circular acrylic (perspex) block of thickness lcm and

diameter l0.5cm. An electret microphone (Knowles BT 1834) is fixed at the bottom of this

chamber and electrical connections to the microphone are taken through the bottom of the

chamber. In order to eliminate electromagnetic interference, high quality shielded wires are used

for taking the output from the microphone as well as the battery connection to it. Also, both the

connections are taken directly from the microphone by avoiding intermediate junctions which

may result in the generation of noises. A rubber O-ring (having diameter slightly greater than

that of the cavity) fixed in a groove at the surface of the chamber ensures airtight arrangment.

Another acrylic sheet having the same dimensions and with a lcm (diameter) hole at its center,

serves as the top of the cell. Both the acrylic blocks are tightly fixed on two brass frames. The

entire structure is fixed on a fiat horizontal platform made of stainless steel. The performance of

76



this minimum-volume open photoacoustic cell is found to be excellent with a very high signal to

noise ratio.

The sample holder used together with this cell is the same as that used with the resonant

cell. Here, the bottom of the ring is closed with a copper foil of thickness 75pm instead of

60pm. The liquid (liquid crystal) is filled upto half of the sample holder it is placed directly on

the microphone chamber, leaving a small volume of air in the chamber.

,1®
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Figure 6: Cross-sectional view of the open photoacoustic cell for room temperature

measurements. (Top); 1 the brass frame, 2 the acrylic sheet, 3 the screws, 4 the microphone, 5

O-ring and 6 the platform. (Bottom); N the nylon ring, C the copper foil, A the acrylic sheet,

and M the microphone.
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4.4.2 Experimental procedure

In addition to the open photoacoustic cell, other components used in the present

experimental set-up are an argon ion laser (Liconix 5000), a mechanical light beam chopper

(Ithaco HMS 230), and a lock-in-amplifier (Stanford Research Systems SR 510). In the case of

measurements carried out using the temperature variable cell, a temperature controller (Aplab

9602) and a dc power supply are used along with the cell. A block diagram of the experimental

set-up is shown in figure 7. The same set-up, excluding the temperature sensing and controlling

unit, is used for the room-temperature measurements using the minimum volume open cell.

Laser emission at 488nm is used in all the measurements. When the large-volume resonant cell

is used for the investigations, laser power of 200mW is used to ensure a high signal-to-noise

ratio. But for the investigations using the minimum-volume open cell, laser power of l0OmW is

found to be sufficient to give high, stable signal. All the measurements are carried out in the

absence of any external electric or magnetic fields. The photoacoustic signal detected using the

microphone is processed using the lock-in-amplifier.

Argon Ion Laser PA Ce"
K___

TemperatureChopper Controller

Lock-in-Amplifier

Figure 7: Block diagram of the experimental set-up

The experimental procedure adopted for thermal effusivity measurements is as follows.

Initially, the signal amplitude is recorded as a function of modulation frequency of the incident

laser beam when the sample holder is empty. This signal produced by thermally thin copper foil

with air in the sample holder is taken as the reference signal. Then, without disturbing the

experimental set-up, the sample holder is filled with the non-absorbing liquid (liquid crystal)

and again the signal amplitude is recorded at the same laser power and over the same frequency

range as used earlier. The thermal effusivity of the liquid sample is then calculated from the
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ratio of the two signal amplitudes and from the known values of specific heat capacity, density

and thickness of the copper foil.

In the case of transparent liquid samples such as water and glycerol, filling the sample

holder with these liquids has not resulted in a reduction in the incident intensity on the copper

foil. However, though all the liquid crystals used are optically non-absorbers at 488nm,

scattering loss in different phases reduces the incident light intensity on the copper foil. Hence,

the fractional change in transmitted intensity is to be measured for the evaluation of thermal

effusivity. The same experimental set-up, with another sample holder, is used to measure the

percentage transmittance at 488nm. For this purpose copper foil at the bottom of the sample

holder is replaced with a glass plate (l.5mm thick) and its outer surface is coated with a thick

carbon black film. For an empty sample holder, linear dependence of the photoacoustic signal

amplitude on incident light intensity is observed, which is in accordance with the Rosencwaig

Gersho theory. Then the sample holder is filled with the liquid crystal and the photoacoustic

signal at a fixed light intensity is recorded and from this value the percentage transmittance in

each of the mesophases of the different samples are accurately estimated.

4.5. Results and discussion

4.5.1. Thermal effusivity of water and glycerol

Initially, the present experimental approach is verified using water and glycerol as the

non-absorbing liquids. These liquids are well transparent in the visible region and their thermal

properties are well known. Both the minimum—volurrre cell and the resonant cell are employed

for the measurements. In either case the acoustic signal produced by the empty sample holder

and that obtained after filling it with these liquids are measured as a function of the modulation

frequency. Typical variation of the signal amplitude for glycerol-copper system and water

copper system measured using the two cells are shown in figures 8 and 9.

It is worthwhile to note here that, in either case, amplitude of the signal produced by the

empty sample holder (copper foil alone) is greater than that from copper-liquid (water or

glycerol) composite sample. This indicates that the liquid acts as a heat sink, or part of the

thermal energy generated at the liquid-copper interface is absorbed by the liquid due to its finite

thermal conductivity. A comparison of figures 8 and 9 also confirms this. The thermal

conductivity values of water, glycerol and air are 0.591 Wm"'K'1, 0.270 Wm'lK'l and 0.0241

Wm"K'l, respectively [43]. Consequently, water, being a liquid with higher thermal

conductivity than glycerol, produces a lesser signal compared to the latter.
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Figure 8: PA signal variation with modulation frequency for glycerol and water, measured using

the non-resonant open photoacoustic cell
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Figure 9: PA signal variation with modulation frequency for glycerol and water, measured using

the resonant open photoacoustic cell
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Figures 10 and 1 1 show the log (f 1/2) versus log (R) plot for water and glycerol. Here f is

the chopping frequency and R = (PAf/ PAC) where PAr is the signal produced by the liquid filled

sample holder and PAC is that from the empty sample holder. The thermal effusivities are

evaluated from the y-intercept of the straight line fit to the experimental data. The calculated

values of thermal effusivities of water and glycerol are given in Table I. The measured values

are found to agree well with the literature values. The density and specific heat capacity of the

copper foil are pa = 8.96 g cm'3 and Co = 0.385 J g'1 K'1 respectively [43]. Copper foils of two

different thickness are used for the measurements using the minimum-volume cell and resonant

cell and are [0 = 75 um and I0 = 60pm respectively.
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Figure 10: Normalised signal amplitudes with respect to the modulation frequency for glycerol

and water, measured using the non-resonant photoacoustic cell
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Figure 11: Normalised signal amplitudes with respect to the modulation frequency for glycerol

and water, measured using the resonant photoacoustic cell



Table 1: Thermal effusivity of water and glycerol measured using open photoacoustic cell

Thermal effusivity in W 51/2 cm'2 K4 measured using

Liquid sample Minimum-volume cell Resonant cell Literature value*

Water 0.155 (:0.002) 0.154 (i0.002) 0.158
Glycerol 0.094 (i0.001) 0.093 (i0.001) 0.093

"'CRC Handbook of Physics and Chemistry

4.5.2. Thermal effusivity of liquid crystalline polymers

Therrnotropic, side-chain, liquid crystalline polymers LCP1, LCP93 and LCP95 are

obtained from Merck Inc. UK and are used without further purification. The molecular structure

of these materials are given in figure 12. LCP1 and LCP95 are homopolymers whereas LCP93

is a copolymer. Since the first two compounds are made of flexible poly siloxane backbone the

glass transition temperature of these materials are very low. But the stiffer poly acrylate

backbone of LCP95 results in a very high glass transition temperature in this material. Some of

the important thermal and structural parameters of these materials provided by the manufacturer

are given in Table II. Here, investigations are carried out only in the isotropic phase as the

smectic phases of all these compounds are highly scattering which ultimately results in complete

loss of transparency in these phases.

Table II: Some of the important thennal and structural parameters of comb-shaped

liquid crystalline polymers LCP1, LCP93 and LCP95.

Liquid Chain length Transition temperatures in °C
crystalline Npolymer T2 SC'I SA'I

LCP1 35 -10.9 70.7LCP93 20 -9.3 76LCP95 12.5 49.5 85.4
" Ts; Glass transition temperature, Sc-l; Smectic-C-Isotropic, S A-I; smectic-A-Isotropic.
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Figure 12: Molecular structure of the liquid crystalline polymers LCP1, LCP93 and LCP95

In order to arrive at the expression (3) we have assumed that the liquid in contact with

the copper foil is perfectly transparent at the excitation wavelength. Though all the above liquid

crystalline polymers in the isotropic phase are optically non-absorbers in the visible region, the

highly viscous nature of the samples in this phase reduces the optical transmission at 488nm by

a substantial amount. The percentage transmittance of LCP1, LCP93 and LCP95 at 90 0C are

measured as 70%, 77% and 54% respectively.

Figure 13 (a-f) shows the variation of signal amplitudes with modulation frequency (f)

and the log f "2 versus log R plots of the liquid crystal polymers LCP1, LCP93 and LCP95.

Again, f and R have the same meaning as described earlier. The thermal effusivities are

evaluated from the y-intercept of the straight line fit to the experimental data. The estimated

values in the isotropic phase at 90 0C are summarised in Table III. It is a clearly established fact

that the thermal properties such as the thermal conductivity or specific heat capacity in a

particular thermodynamic state of a liquid crystal remains constant irrespective of the

temperature value. At 90 °C all the materials investigated above are perfectly in the isotropic

phase and hence the values reported in Table III are unique.
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Figure 13: Photoacoustic signal variation with modulation frequency for different liquid

crystalline polymers (a-c). Plots (d-f) show the normalised signal amplitude variations with the

square root of modulation frequency.
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Table III: Thermal effusivity values in the isotropic phase ofliquid crystalline polymers

Liquid crystal Thermal effusivity in W sl/2 cm'2 K"LCP1 0.074
LCP93 0.073
LCP95 0.069

A closer look into Table III reveals that the thermal effusivity of LCP95 is much less

than that of LCP1 and LCP93. The chain length of LCP1 is approximately 35 units while that of

LCP93 and LCP95 are approximately 20 units and 12.5 units [44]. Hence, the present

observation suggests that an increase in chain length could result in an increased value of

thermal effusivity which is in accordance with the earlier observation of Rondelez et.al. that the

thermal conductivity of liquid crystals is directly related to its chain length [45]. Even though

the effective length of the main chain in LCP93 is slightly greater than that of LCP1, the latter

possesses a slightly increased thennal effusivity than the fonner. This indicates that in a comb

shaped liquid crystalline polymer the thermal transport is not only determined by the main chain

but the side chains also have some substantial influence, as the side chain including the spacer of

LCP1 is much longer than that of LCP93. Similarly, the notable decrease in the thermal

effusivity value of LCP95 may be due to the decreased chain length of this compound. But the

fact that this compound is made of a different polymer backbone should also be taken into

account while comparing with LCP1 or LCP93. Hence, the generalisation of thermal properties

of comb-shaped liquid crystalline polymers by analysing the data from only a couple of

compounds is rather difficult because the features of the structure of these materials together

with the mutual effect of the individual structural elements of the macromolecules significantly

complicate the identification of common behaviour in their properties.

4.5.3. Thermal effusivity of 7OCB and 8OCB

Liquid crystals 8OCB and 7OCB are obtained from Merck Inc, U K and are used

without further re-crystallisation. The literature values of phase transition temperatures of 8OCB

are 54 °C, 67.5 °C and 80.5 °C corresponding to the crystalline to smectic-A, smectic-A to

nematic and nematic to isotropic transitions respectively and that of 7OCB are 55 0C, 73.5 °C

for the crystalline to nematic and nematic to isotropic transitions respectively [46-53]. The

thermal effusivities in all these phases except in the crystalline phase are measured using the

85



present method. Measurements are carried out at 60 °C, 72 °Cand 90 0C respectively for the

8OCB samples in the smectic-A, nematic and isotropic phases. While, in the case of 7OCB

samples, the investigations are performed at 60 °C and 90°C corresponding to the nematic and

isotropic phases respectively. The fixed temperatures for the measurements in each phase are

selected so to ensure that the samples are in thermal equilibrium in the respective phases. For the

same sample thickness as used for the thermal effusivity measurements (l.5mm), the optical

transmittance (at 488nm) of 8OCB at 60 °c, 72°C and 90°C are 67%, 71% and 97.4%

respectively. The optical transmittance of 7OCB at 488nm is measured as 65% and 95.8% at 60

°C and 90 °C respectively. Variation of the signal amplitude with modulation frequency and the

logarithmic plot connecting the square root of the modulation frequency and the ratio of signal

amplitude to the reference signal in each phase of 8OCB are shown in figure 14 (a-0. The

thermal effusivities are evaluated from the y-intercept of the straight line fit to the experimental

data and the estimated values are summarised in Table IV. From the tabulated values of thermal

effusivities it can be seen that the smectic-A phase has the minimum thermal effusivity followed

by a slight increase in the nematic phase. The isotropic phase at 90 0C shows the maximum

thermal effusivity. The literature values of specific heat capacity of 8OCB shows a slight

increase in the isotropic phase [48]. This may be one of the reasons for the increase in effusivity

in the isotropic phase. The variation in the density between the different mesophases is reported

to be very small compared to the percentage change in the thermal effusivity value.

Table IV: Thermal effusivity in the various mesophases of 7OCB and 8OCB

Thermal effusivity in W Sm cm'2 K4

Liquid crystal Smectic-A Nematic Isotropic
7OCB No smectic phase 0.051 t 0.003 0.068 i 0.003
8OCB 0.056 t 0.003 0.057 i 0.003 0.071 t 0.003

In terms of the liquid crystal molecular orientation, the nematic phase has the

translational symmetry of a fluid, but a broken rotational symmetry characterised by long-range

orientational order produced by the alignment of their long molecular axes along the director. In

the nematic phase, however, the centers of mass of the molecules are still randomly distributed.

Therefore, in the absence of any external magnetic or electric fields to align the molecules in a

preferred direction, any measured value of thermal conductivity will be its average value given

by
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Figure 14: Photoacoustic signal variation with modulation frequency in different phases of

8OCB (a-c). Normalised signal amplitude versus the square root of modulation frequency are

given in (d-D.
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(k) = %(k,, + zky) (5)
where kx and ky are the thermal conductivities parallel and perpendicular, respectively, to the

director in oriented samples [2]. We can rewrite the above expression in terms of the thermal

effusivity es as

<es> = files), + (2es)y] (6)
Similar observations are made in the case of 7OCB. The experimental plot connecting

the signal amplitude and modulation frequency and the square root of the frequency versus ratio

of signal amplitudes in the logarithmic scale are shown in figure 15. The thermal effusivity

values in the nematic and isotropic phases are summarised in Table IV. In this case also the

thennal effusivity in the nematic phase is lower than that in the isotropic phase. This observation

is quite reasonable since 7OCB and 8OCB are identical materials. Here also, in the nematic

phase, the measured value of thermal effusivity will be its average value given by the expression

(6)

A comparison of the present data with any of the reported thermal parameters of 8OCB

or 7OCB is rather difficult because all the required parameters at the respective temperatures are

not clearly available in the literature. Also, the data such as the specific heat capacity values

varies significantly from sample to sample depending on small changes in their purity [54]. In

the present case, a major reason for the decrease in the thermal effusivity value in the nematic

phase may be due to the fact that the photoacoustic signal amplitude is mainly determined by a

very thin surface layer called the first thermal diffusion length within the sample. The thermal

diffidsion length is defined as it = (zot/tn)” where at = (k/pC) is the thermal diffusivity, k is the

thermal conductivity, p is the density, C is the specific heat capacity and to is the modulation

frequency of the incident optical radiation. The thermal diffusion length in liquid crystals will be

only a few tens of microns in the frequency range used in the above measurements. In many

situations surface layers of liquid crystals are reported to show a totally different behaviour

compared to their bulk properties. Consequently, from the above observations it is quite

reasonable to assume that the surface effects in the nematic and smectic-A phases plays a

dominant role in determining the thermal effusivity in these phases. Moreover, the closeness in

the thermal effusivity values of 8OCB in the smectic-A and nematic phases is also a reasonable

observation as the thermal conductivity and specific heat capacity in these two phases are

reported to be almost constant [l-5,48,49].
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A comparison of the two materials shows that the thermal effusivities in the nematic and

isotropic phases of 7OCB are slightly less than that of 8OCB in the corresponding phases. This

can be explained using the simple arguments introduced by Rondelez et.al., that the thermal

conductivity is strongly affected by the structure of the liquid crystal molecule [45]. By treating

liquid crystalline molecules as rigid rods, they have proved that the intramolecular thermal

conductivity is exceedingly high with respect to the intermolecular one. Consequently, 7OCB a

shorter homolog of 8OCB, possesses a lower thermal conductivity and hence a lower thermal

effusivity than 8OCB.

(C)
(8)150 , 0.00

Cu 7OCB - nematic phaseE. Cu+7OCB. ‘ .5. 110- '°~°"”
E£1 E ‘% B.’i S -o.o4Wg 70ns 1 I j5 . x

-0.06T30 . . . . . . . . .20 30 40 50 60 70 0.7 0.8 0.9 1.0
Frequencyf(Hz) Log (W2 )(b) (d)

120

C“ 7OCB - isotropic phase1ool Cu+7OCB -0.06 
‘E
3.
‘E 803 A -0.0713 E% 60-1 3E -0.08
N

E 401
-0.09~20 I I I I I I F I I20 30 40 50 60 70 0.7 0.8 0.9 1.0

Frequency t (Hz) Log (W2 )

Figure 15: Photoacoustic signal variation with modulation frequency in different phases of

7OCB (a-b). Normalised signal amplitude versus the square root of modulation frequency are

given in (c-d).
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4.5.4. Thermal effusivity of nematic liquid crystal mixtures

The nematic liquid crystal mixtures BLO01, BL002, BLO32 and BL035 are obtained

from Merck Inc. UK and are used without further purification. All these compounds are multi

component liquid crystal mixtures, which exist in the nematic phase at room temperature. Each

mixture contains four to nine components and are primarily based on cyanobiphenyl group. The

nematic to isotropic transition temperatures of BLO01, BL002, BLO32 and BL035 are at +61 DC,

+72 °C, +87 °C and +96 °C respectively, and the nematic to smectic transition temperatures of

all the compounds are below -20 °C [44]. The thermal effusivities in the nematic phase of these

mixtures are measured at 27 °C. For this purpose, initially, the optical transmittance of these

samples at 488nm is estimated at 27 °C and are found to be 67%, 66%, 64% and 65%

respectively, for BLO01, BL002, BLO32 and BL035.(3) (C)650 -0.03CU BLO01
Cu+BLOO17? 55°‘ 43.04

=413 e_8 450- vg g’ -0.05
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“’ 350<°- i , -0.06I I I I I r I I I l25 35 45 55 65 75 0.70 0.75 0.80 0.85 0.90 0.95
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Figure 16: Photoacoustic signal variation with modulation frequency in the nematic phase of

BLO01 and BLOO2 (a-b). Normalised signal amplitudes versus square root of modulation

frequency are given in (c—d).
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Figures 16 and 17 show the frequency versus PA amplitude and log

plots of the liquid crystals BLOOI, BLO02, BL032 and BL035. Again f is the chopping

frequency and R = (PAr/ PAC) where PA,- is the signal produced by the liquid crystal filled

f 1/2 versus log R

sample holder and PAC is that from the empty sample holder. The straight lines represent best

linear fit to the experimental data. The thermal effusivities are evaluated from the y-intercept of

the straight line fit to the experimental data and the estimated values are summarised in Table V.

Here also the tabulated values in the table are only the average thermal effusivity given by

expression (6). As the specific heat capacity or thermal conductivity data of these liquid crystals

are not available in the literature a comparative study of the present data is rather difficult. But

the measured values of the thermal effusivity fall in the range of several other liquid crystals in

the nematic phase [1-5].
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Figure 17: Photoacoustic signal variation with modulation frequency in the nematic phase of

BL032 and BL035 (a-b). Normalised signal amplitude versus the square root of modulation

frequency are given in (c-d).
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Table V: Thermal effusivity of nematic liquid crystal mixtures

Liquid Crystal Thermalzeffuszivity inW s cm‘ K‘

BL00l 0.063 (10002)
BL002 0.062 (i0.002)
BL032 0.057 (:0.002)
BL035 0.056 (:0.002)

An important observation to be pointed out here is that the thermal effusivity of B1001

and BL002 are almost the same but differ from those of BL032 and BL035. This obviously

suggests a different molecular composition for the first two liquid crystal mixtures compared to

the other two mixtures. However, being a patented commercial product of Merck, the structural

or compositional details of any of these mixtures are not known for an elaborate analysis of the

results.

4.6. Conclusions

In conclusion, the usefulness of open photoacoustic cell configuration for the thermal

characterisation of non-absorbing liquids and liquid crystals is demonstrated. Besides the

interest in its value, the importance of thermal effusivity as a physical quantity is due to the fact

that it is a unique thermal parameter for each material. Knowledge of its absolute value leads us

to the evaluation of thermal conductivity or specific heat capacity, if any one of these is known,

density being an easily measurable quantity. Investigations are carried out in a variety of low

molecular-weight liquid crystals and high molecular-weight liquid crystalline polymers.

Measurements carried out in various mesophases of 8OCB and 7OCB are found to be very

interesting. The influence of surface effects in these liquid crystals on its thermal effusivity

values is highlighted. The effect of molecular structure is also clearly visible in the thermal

effusivity values of different members of a particular family of liquid crystals. The comb-shaped

liquid crystalline polymers are studied only in the isotropic phase, as their liquid crystalline

phases are not transparent. But the observed values of thermal effusivity in the isotropic phase

are, to some extent, sufficient for a careful analysis of the data with respect to the molecular

structure and related parameters. Multi-component liquid crystalline mixtures are another class

of materials that are investigated.
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The present method overcomes the basic requirement of conventional photoacoustic

method that the sample under investigation should absorb the excitation radiation. In the present

experimental approach the sample to be investigated should be optically transparent at the

excitation wavelength, which is satisfied by almost all liquid crystals and a large variety of

liquids in the visible region of the optical spectrum. Consequently, a number of powerfiil lasers

emitting in this regime can be effectively used for the above type of measurements. The new

photoacoustic approach is very simple and less time consuming and its high accuracy may

render it as a valuable tool for the thermal characterisation of liquid crystals. A combination of

the present method with the earlier reported conventional photoacoustic configurations can be

used for a complete thermal characterisation of liquid crystals and non-absorbing liquids.
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Chapter 5

Photoacoustic analysis of phase transitions in

liquid crystals

Application of photoacoustic technique for the detection of phase transitions in a variety

of liquid crystals is discussed in this chapter. Investigations are carried out in 7OCB and 8OCB

liquid crystals and in multi-component BLO01, BLOO2, BLO32 and BL035 nematic mixtures.

The novelty of the present method is that the experiment is performed at a wavelength at which

the liquid crystal samples do not absorb the optical radiation. Photoacoustic signal generation is

achieved from such a non-absorbing sample by mixing it with a very small amount of an organic

dye which absorbs the incident radiation. By employing this approach both first order and

second order phase transitions have been detected. A qualitative evaluation of the heat capacity

profile during phase transitions is also made by using a simple analysis based on the

Rosencwaig-Gersho theory.



5.1 Phase transitions

A phase is a form of matter that is uniform throughout in chemical composition and

physical properties and can be distinguished from other phases by these definite properties and

composition. A substance in the solid phase has a definite shape and rigidity, but the liquid

phase has no definite shape, but has a definite volume. The gaseous phase has no definite shape

or volume, but has a shape and volume determined by the shape and size of the container.

Usually, phase transitions are associated with a sudden change in the physical properties of the

system when temperature, pressure, or other thermodynamic variable changes [1-5]. For a given

thermodynamical conditions a phase is said to be stable when its energy called the Gibb's free

energy, given by G = U — TS + PV, is minimum. During a phase transition, if the Gibb's

function varies discontinuously with respect to pressure and temperature, such transitions are

said to be of first-order. But, if 07)}? and fir changes continuously and

[520/é’1‘2)P, (a"2C/d)2jT and ((92 %DflJ changes discontinuously during a transition, then it

is said to be a second-order phase transition [l-4]. Being a material showing both first order and

second order phase transitions, liquid crystals are exploited widely for phase transition studies

[5—10].

5.1.1 Phase transitions in liquid crystals

We have seen in chapter 4 that liquid crystalline materials can exist in a number of

mesophases between the crystalline solid and the isotropic liquid state. Consequently, these

materials exhibit a rich variety of phase transitions each having its own unique identities.

Transition from one mesophase to another state can be brought about by pure thermal processes,

ie. by changing the temperature of the sample. Liquid crystals belonging to this group are known

as thermotropic materials [5-8,11]. There is another class of liquid crystals called the lyotropic

liquid crystals, the details of which are given in the previous chapter. Of these two classes, the

former type finds applications in technological devices such as display systems while the latter

has great significance in biological systems. The present chapter deals with the studies on

thermotropic liquid crystals

Though a detailed description of the different mesophases and their properties are given

in chapter 4, it would be appropriate to recall the significant properties of the phases that are

discussed in this chapter to facilitate the understanding of the results of the investigation. As we

know, an essential requirement for mesomorphism to occur is that the molecule must be highly
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geometrically anisotropic in shape, like a rod or a disc and on an average their longjaxis should

point in a preferred direction, called the director. The nematic phase carries only Zxlongi-range

the molecules. Consequently, the molecules are quite mobile in this particular phase. Typically,

nematic viscosities are of the order of 0.1 Poise. Smectic liquid crystals are layered systems with

varying degrees of order within each layer and with differing angular relations between the

director Pi and the normal to the layers. When there is no order within a layer and when if is

perpendicular to the plane of the layers, we have the case of smectic-A liquid crystal. Compared

to nematics, smectics are very viscous and the typical value of viscosity are of the order of 10

Poise. Because of higher symmetry, the nematic phase usually occurs at a higher temperature

than the smectic-A phase [5-8]. Apart from these mesophases, all liquid crystals transform to the

totally disordered isotropic phase at elevated temperature, z'.e. after the mesophases. Cooling

down to a lower temperature, i.e. prior to the mesophases, will result in the crystallisation of

these materials. The transition between these phases can be either first order or second order

where critical fluctuations play an important role. Regarding the theoretical models used to

describe various phases and phase transitions, Maier and Saupe have proposed a molecular

theory of the nematic phase in which the alignment of the molecules parallel to a preferred axis

is described by an orientational order parameter [12]. Kobayashi and McMillan extended this

model to the smectic-A phase by introducing another order parameter, namely, the amplitude of

a density wave in the direction of the nematic preferred axis [13-15].

In order to determine the order of different kinds of transitions and to fully characterise

the nature of the fluctuations at critical and multi-critical points, different types of high

resolution experimental techniques are usually employed. During the last couple of decades an

impressive amount of calorimetric results have been obtained and in many cases a better

understanding of several phase transitions in liquid crystals have been reported. These results

have been obtained with measuring techniques such as differential scanning calorimetry (DSC),

ac calorimetry, steady state calorimetry and the recently introduced photoacoustic and

photopyroelectric methods [16-24]. In early days, many of these experimental efforts have

largely been devoted to the study of static thermal quantities such as heat capacity and enthalpy.

In the last decade, however, a number of high-resolution studies on thermal transport properties

during phase transitions are reported. This is achieved by extending ac calorimetry to the high

frequency regime and by applying laser induced photoacoustic or photopyroelectric methods

[23-35]. Zammit et.al have used the photoacoustic technique for the simultaneous measurement

of thermal conductivity, diffusivity and heat capacity during smectic-A to nematic transition in
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certain cyanobiphenyl liquid crystals [32]. They are also able to evaluate the critical exponents

of these thermal parameters during the phase transition. Apart from these calorimetric studies

there exists a number of experimental methods to study the phase transitions in liquid crystals

and a few of such methods are light scattering, IR and optical absorption, fluorescence, inelastic

neutron scattering, dielectric measurements, electron paramagnetic resonance, ultrasonic studies

and x-ray studies [36-47].

Laser induced photoacoustic studies on phase transitions in 4-cyano-4'-heptyloxy

biphenyl (7OCB), 4-cyano-4'-octyloxy biphenyl (8OCB) liquid crystals and on certain multi

component nematic liquid crystal mixtures are discussed in the following sections. Regarding

7OCB and 8OCB, phase transition data obtained from investigations using many other methods

are available in the literature [48-5 6]. However, the nematic mixtures investigated here are some

of the recently developed compounds by Merck Inc. [57]. BL001, BLO02, BL032 and BL035

are the trade names assigned by the manufacturer. Each of these low molecular weight mixtures

contains four to nine cyanobiphenyl components. These mixtures possess a wide nematic range

around the room temperature and hence they find a lot of applications in display technology.

5.2 Experimental details
Laser induced photoacoustic technique is used to monitor various phase transitions in

liquid crystalline materials. A schematic diagram of the experimental set-up is shown in figure

1. The radiation source used to produce the PA signal is a water-cooled argon ion laser (Liconix

5000). The laser emission at 488nm wavelength is used for the investigations. The laser beam

having a l/e2 diameter of 1.2mm is intensity modulated at 344Hz using a mechanical chopper

(Ithaco HMS 230). The beam is then passed through a convex lens of focal length 5cm. The

distance between the lens and the sample surface is adjusted in such a way that the entire surface

of the sample gets illuminated. All the measurements are performed at an incident laser power

of 20mW. Defocused laser beam at low power level is used to reduce the localised heating at

any point in the sample. Investigations are carried out by heating the sample from the room

temperature to elevated temperatures. Temperature scanning rate of 0.2 °C per minute is adopted

throughout the measurements. The output of the microphone (Knowles BTl834) is recorded at

regular intervals of temperatures using a single phase analog lock-in-amplifier (Stanford

Research Systems SR 510).
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Figure 1: Schematic diagram of the experimental set-up used for the phase transition studies.

Cross-sectional view of the resonant PA cell used for the investigations is shown in

figure 2. The sample chamber is 3mm in radius and 6mm in depth. Top of the sample

compartment is closed with a glass window which allows the optical radiation to impinge on the

sample. In order to protect the microphone from damage due to heating of the sample, the

microphone compartment is positioned away from the sample chamber. The two chambers are

then acoustically coupled through a thin-walled stainless steel tube of inner diameter 1mm and

of length 19cm. This resonant PA cell has an acoustic resonance peak at 440 Hz. The cell has

provision to operate in the temperature range from 77K to 400K. For subzero-temperature

measurements, liquid nitrogen can be used to cool down the sample temperature. Meanwhile,

the heater coil (60W) wound over the sample chamber serves as the heat source for above-room

temperature studies. The heater coil together with a stabilised DC power supply and a chromel

alumel thermocouple forms the temperature controller unit. The thermocouple is inserted into

the body of the sample chamber through a narrow bore of diameter lmm which is drilled from

one side of the cell body and ends up very close to the sample in the chamber.
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Figure 2: Cross-sectional view of the temperature variable photoacoustic cell. W the

glass window; SC the sample chamber; HC the heater coil; S the stainless steel tube; TC

the thermocouple; M the microphone and LN the provision for pouring liquid nitrogen.

5.3 Results and discussion

5.3.1 Phase transitions in 7OCB and 80CB

The liquid crystals 7OCB and 8OCB are obtained from Merck Inc. UK and are used

without further purification. These compounds are white powder in the crystalline state at room

temperature, while in the smectic-A and nematic phases they are white viscous fluids and finally

in the isotropic phase they appear like an ordinary, colourless liquid. Similar to most of the other

liquid crystals, 7OCB and 8OCB do not absorb the optical radiation in the visible region [5

8,36]. Hence, in order to generate the photoacoustic signal, these materials are mixed with a

very small amount (0.5 % weight) of an organic dye Eosin (Merck) which has a very good

absorption at the excitation wavelength (488nm). High thermal stability as well as the good

photostability of the dye has been taken into account while selecting it as the colouring

substance. The liquid crystal sample taken in the photoacoustic cell has a thickness of about 2

millimetre. The photoacoustic signal amplitude is recorded during the heating of the sample,

starting from the crystalline phase. Great care is taken in the choice of the laser beam intensity

as well as the heating rate to make sure that the photoacoustic signal profile is not affected by

too high a laser intensity or by a high heating rate. Though a thick layer of the sample is used for

the investigations, the photoacoustic signal is mainly contributed by the light absorbed within

the first thermal diffusion length of the material [58]. The thermal diffusion length /zis equal to

,f 2“ , where a is the thennal diffusivity and a2 is the modulation frequency. Usually, the
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thermal diffusion length is only a few micrometer in liquid crystals [5-8,31,36]. Consequently,

the alignment and other properties of the surface layer will reflect in the photoacoustic signal.

Since the PA signal profile varies with pressure and temperature inside the cell and

depends on the thermal properties of the gas (air), calibration of the experimental system is

necessary. For this purpose, the temperature response of the PA cell is recorded using carbon

black as the sample. The observed signal amplitude profile is shown in figure 3. This data is

used to normalise the PA signals obtained from the liquid crystal samples.

PA amplitude in arb.unit.

3o'44'58'72'e6'1<'3o
Temperature in °C

Figure 3: Response of the PA cell with respect to temperature, recorded using carbon

black sample.

The normalised PA signal amplitude variation during heating of the liquid crystal 8OCB,

starting from the crystalline phase, is shown in figure 4. From this plot it can be seen that there

is a remarkable variation in the PA signal amplitude at three distinctly different temperatures.

This anomalous behaviour of the signal is obviously due to the sudden changes in the thermal

parameters like heat capacity, thermal conductivity etc of the sample. Such changes occur

normally during transition from one phase to another phase of the material. In the case of 8OCB,

the observed transition temperatures are 54.3 0C, 66.9 °C and 80.8 0C. These values are in

agreement with the reported phase transition temperatures 54 °C, 67.2 °C and 80.2 0C of this

particular liquid crystal [l8,49-52]. These transition temperatures are assigned to crystalline to

smectic-A, smectic-A to nematic and nematic to isotropic transitions respectively.
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Figure 4: PA signal amplitude versus temperature plot for 8OCB.

From the thermodynamical point of view, the large decrease in the PA signal profile

during melting, i. e. the crystalline to smectic-A transition, can be explained as follows. During

melting, all the available heat is absorbed by the melting process. Or in other words the sample

acts a heat sink for the entire heat, including the heat generated by the photoacoustic process.

Consequently the PA signal amplitude drops markedly, as visible in figure 4. It is worthwhile to

note that, in figure 4, the crystalline to smectic-A and nematic to isotropic transitions are marked

by a dip in the PA signal profile followed by a small peak structure. These two transitions are

reported to be first order in nature [49-52]. On the other hand, during the smectic-A to nematic

transition, the dip in PA signal profile has smaller depth compared to the other two transitions.

Also in this case, the PA signal profile does not carry any peak structure in the vicinity of

transition temperature. Further more, in the case of smectic-A to nematic transition, the sudden

change in PA signal amplitude is restricted to a relatively small temperature range while for the

other two transitions the change in the signal amplitude is visible over a much larger

temperature range. These facts attributes a different nature for the smectic-A to nematic

transition in 8OCB, which is reported to be essentially a second order transition [15 ,50,51].

Similar results have been observed in the case of the liquid crystal 7OCB as well. The

normalised PA signal variation with temperature for 7OCB is shown in figure 5. In this case,

only two transitions are observed and the corresponding transition temperatures are 55.6 °C and

74 0C. These values are in agreement with the earlier reported values of 55 0C and 73.5 °C,
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which corresponds to crystalline to nematic and nematic to isotropic liquid transitions

respectively [48,59,60]. Both the transitions are first order in nature. In the case of both the

liquid crystals, no major change in the transition temperatures has been observed in comparison

with the earlier reported values. This clearly indicates that the transition temperatures of 7OCB

and 8OCB remain almost unaffected by the addition of a small amount of the organic dye. It has

already been reported that the very low concentrations of dyes in the liquid crystals will not

affect their thermal properties or transition temperatures in any appreciable manner [61].

7.6
V-E" . '3, v

9 ”ff"""“'Vs v(5E 7-2 ' ‘ V’ Ve V '.3 V vE V«= 1E 6.8- v V’3 . .%2 1 V;(U Vg V2  ' I ' I ' I 25 40 55 70 85
Temperature in ° C

Figure 5: PA signal amplitude versus temperature plot for 7OCB.

5.3.2 Phase transitions in nematic liquid crystal mixtures

The nematic liquid crystal mixtures, namely BLOOl, BLOO2, BL032 and BL035, used for

the investigations are obtained from Merck Inc. UK [57]. All these compounds are in the

nematic phase at room temperature and transform to isotropic liquid phase at elevated

temperatures. These mixtures also do not absorb the optical radiation in the visible region and

hence as in the case of previous measurements, organic dye Eosin (0.5% by weight) is added to

enhance the light absorption at the excitation wavelength (488nm). The liquid crystal samples

kept inside the photoacoustic cell have a thickness of around 2mm. The samples are then

thermally thick and optically transparent. Again, the measurements are carried out by heating

the sample, starting from the nematic phase.
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The photoacoustic signal recorded in the case of the liquid crystals BL001 and BL002

during the heating process is shown in figure 6. From these plots it is clear that as the

temperature crosses the transition point, the photoacoustic signal amplitude changes from a

maximum to a minimum. Similar observations have been made in the case of liquid crystals

BL032 and BL035 and the photoacoustic signal profile during the nematic to isotropic transition

of these liquid crystals are shown in figure 7. The observed values of transition temperatures are

60.8 0C and 71.8 °C for BL001 and BL002 respectively. The transition temperature of BL032

and BL035 are located at 86.7 0C and 95.7 0C respectively. These values are in good agreement

with the thermal data provided by Merck Inc. [57]. According to the manufacturer the nematic

to isotropic transition temperatures are 61 °C, 72 0C, 87 °C and 96 0C, respectively, for BL001,

BL002, BL032 and BL035. Hence the present observations also confinn that the addition of a

trace amount of a dye to the liquid crystals does not affect the transition temperature in any

significant manner.

From figures 6 and 7, we can see that there is a gradual increase in photoacoustic signal

in the nematic phase as the temperature approaches the transition temperature. It is a well known

fact that the elastic properties such as the surface tension and viscosity vary gradually with rise

of temperature in the nematic range itself [5—8,31,36]. This may have some influence on the

gradual increase of photoacoustic signal in the nematic phase itself as the temperature

approaches the transition point. However, this is a special case associated with liquid crystals

alone and hence the available general theories for photoacoustic effect are not sufficient to give

a satisfactory explanation for this observation.

Another important point that has to be noticed from figures 6 and 7 is that the signal

amplitudes in the nematic and isotropic phases differ by a large value. Eventhough the

dependence of density on the photoacoustic signal is clearly explained in the Rosencwaig

Gersho theory, the change in volume and hence the change in density during nematic to

isotropic transition is less than 0.5% in most of the liquid crystals [5-8,31,36]. Hence density

change cannot account for such a large difference in photoacoustic signals in the two phases.

But, it is a well-known fact that the nematic phase possesses strong light scattering property

compared to the isotropic phase. In the present case, the sample is optically transparent at the

excitation wavelength and hence the absorption and scattering processes will take place along

the entire thickness of the sample. Under the present experimental condition such a multiple

scattering effect in the nematic phase will increase the effective path length of the light beam

inside the sample, leading to an increased light absorption and correspondingly an enhanced

photoacoustic signal in the nematic phase. In fact this difference in signal amplitudes between
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the ordered nematic phase and the isotropic liquid phase is clearly visible in the case of 7OCB

also (figure 5), but in the case of 8OCB this difference (figure 4) is not as large as in the other

cases. It must be noted here that 8OCB has an additional smectic-A phase and it is not clear

whether the presence of this mesophase will influence any of the physical properties in the

nematic phase.
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Figure 6: PA signal amplitude versus temperature plot for BLOO1 and BLO02.
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Figure 7: PA signal amplitude versus temperature plot for BL032 and BL035.
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5.3.3. Analysis of the PA signal profile using R-G theory

Rosencwaig and Gersho developed the theory for photoacoustic effect in 1976 [58]. This

one-dimensional heat flow model is valid in most of the cases and a complete discussion

regarding this is given in chapter 2. For the complex photoacoustic signal Q = q exp(-iip), with

amplitude q and phase u; (with respect to the incident radiation), the following equation holds:

_ 77;fl 07 g P 0
2~/E72,/clgag(,6’2 — 02)

I-(r — 1)(b + 1)e°’ — (r + 1)(b — 1)e‘°’ + 2(1) — r)e‘fl

i (g + 1)(b + 1>e°’ — (g — 1><b — 1>e‘°’ i
where, 10, P0 and T0 are respectively, the incident light intensity, the ambient pressure and

Q

‘| (1)

temperature; 73 the ratio of heat capacities of the gas, k and flare the thermal conductivity and

optical absorption coefficient of the sample, I the sample thickness, lg the thickness of the gas

column in the cell, and cr = (l+z')a, with a = Up. the thermal diffusion coefficient. 77 is the light

to heat conversion efficiency. One further has b = (kbab kg), g = {kga%fli'

r = (l — 1') ,6 /20. Here, the subscripts g and b refer to the gas and the backing material. When

the sample is optically transparent and thermally thick, we can set e_fl E 1 — ,3, e_d S 0

and Irl << 1, then the expression for acoustic signal will reduce to the form,

Q E ‘U40 01 0 £24‘\/§T0lg agks (2)
In this case, 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 sample.

Also, since the thermal diffusion length of the sample is smaller than the sample thickness, the

backing material would not have any contribution to the PA signal. The above equation can be

written as

/’ /u.S‘2\«Helm
where the proportionality constant K includes all the constant terms in equation (2). For air,

( pg / T0) is a slowly varying function of temperature, which can be evaluated from the thermal

parameters of air. The term (A152/ks) is equal to (2/a),0SCS) where a) is the chopping
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frequency, p5 and C5 are the density and heat capacity of the sample. Hence the reciprocal of the

PA signal amplitude multiplied by l /./g /72,) will be a quantity proportional to the heat capacity

of the sample. The variation of ( ,ug / T0) with temperature is shown in figure 8 [62].
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Figure 8: Variation of ( pg /T0) of air with temperature.

The behaviour of [(1 / PA signal)x(pg / To)], which is proportional to specific heat

capacity, with respect to temperature is studied for all the liquid crystals. The corresponding plot

for the liquid crystals 7OCB and 8OCB are shown in figure 9. From this plot, we can see that

the quantity proportional to the heat capacity of both liquid crystals exhibits a sharp peak

structure across the transition regions. It is worthwhile to note here that the sharp increase in

heat capacity is occurring in a narrow temperature range during the second order smectic-A to

nematic transition. But, in the case of the other two first order transitions, namely crystalline to

smectic-A and nematic to isotropic transitions, the increase in heat capacity occur in a much

broader temperature range. Also, the intensity of the peak during the smectic-A to nematic

transition of 8OCB is less than that during nematic to isotropic transition. This is in good

agreement with the earlier high-resolution ac calorimetric measurement on 8OCB made by

Garland em]. [51].
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Figure 9: [(1 / PA signal)x(ug/ To)] versus temperature plot for 8OCB and 7OCB.
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Figure 10: [(1 / PA signal)x(p.g/ To)] Versus temperature plot for the nematic mixtures BLO01,

BL002, BL032 and BL035.

The typical behaviour of [(1 / PA signal)><(ug/ To)] with respect to the temperature, for

the nematic liquid crystal mixtures is shown in Figure 10. Typically, the specific heat capacity

of liquid crystals shows only a sharp peak structure across the transition temperature [5

8,31,36,48-56]. The present observation of a dip structure prior to the transition peak is resulting

from the gradual increase in the PA signal in the nematic phase as the temperature approaches

the transition temperature. This dip in the heat capacity profile may be due to some surface

effects as discussed in the previous section. Again, the difference in the signal amplitudes in the

nematic and isotropic phases are attributed to the difference in bulk light scattering properties in

these two phases. However, any reports regarding the phase transition studies on these nematic

liquid crystal mixtures are not available in the literature for a comparative study. Though, the

present measurement is only a qualitative one, the same method can be used to evaluate the

absolute values of static and dynamic thennal parameters of the liquid crystals if the material

under investigation is optically opaque at the excitation wavelength [32].
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5.4 Conclusions

The application and advantages of photoacoustic technique for determining the phase

transition temperatures in a variety of liquid crystals are discussed. First order as well as a near

second order phase transition in two alkoxy-cyanobiphenyl liquid crystals, 7OCB and 8OCB,

have been studied using a gas-microphone photoacoustic technique. The observed phase

transition temperatures are found to be in good agreement with the earlier reported values. It is

confirmed that the addition of a very small quantity of an organic dye to the liquid crystals will

not affect the transition temperatures in any significant manner. Results obtained from the

nematic liquid crystal mixtures are also very promising. The difference in the measured signal

amplitude in the nematic and isotropic phases is attributed to the difference in the light

scattering properties associated with the degree of order of these phases. Decrease in signal

amplitude during phase transitions is mainly due to the increase in the heat capacity of the liquid

crystal.

Present investigations show that the PA technique is a powerful analytical tool for the

study of variations in thermal parameters associated with phase transitions in liquid crystals and

in the identification of the order of transition. This method is very simple, less time consuming

and can be performed using an optical radiation at any wavelength by properly selecting the dye

and hence is a very promising tool for the thermal characterisation of liquid crystals.
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Chapter 6

Photoacoustic investigations on photostability of

Rhodamine 6G doped PMMA

Synthesis of rhodamine 6G doped poly (methyl methacrylate) samples and their

photostability studies using a laser induced photoacoustic technique are discussed in this

chapter. The linear dependence of photoacoustic signal amplitude on the optical absorption

coefficient of the sample is made use of in these measurements. rhodamine 6G doped PMMA

samples are prepared using conventional free-radical polymerization method. Investigations are

carried out at different incident light intensities, wavelengths, dye concentrations and

modulation frequencies. The photobleaching rate is found to increase monotonically with

increase in pump power and decrease with increase in dye concentration. Various aspects of the

mechanisms of the photodegradation of the dye molecules and the role of different externally

influencing parameters such as wavelength, modulation frequency etc. are discussed in detail.



6.1 Importance of dye doped polymers
Conventional laser systems employing solutions of organic dyes have been in existence

for many years and are widely used as tunable lasers, from the ultraviolet to the near infrared

range [1-10]. However, the need of complex and bulky laser designs, requirement of large

volumes of the organic solvents and handling problems have limited their use in many

applications. Consequently, from the early days of the development of liquid state dye lasers,

people are looking for an alternative, a solid state strategy, to employ these organic

chromophores. In fact a direct employment of the dye materials as solid-state cast films is not

feasible because of increased luminescence quenching resulting from a strong interaction of

excited—state molecules [7-10]. This molecular quenching mechanism leads to a complete

suppression of stimulated emission in pure dye films. A strategy to circumvent this

concentration quenching due to molecular interaction is, therefore, to spatially separate the dye

molecules by incorporating them as guests in host materials [1 1-14].

As a result of the search for new laser materials in the last decade there has been a

renewed interest in the use of solid matrices containing laser dyes to produce tunable solid-state

dye lasers [13-27]. A solid host for lasing dyes is an attractive alternative to the liquid-phase dye

lasers with obvious advantages such as compactness, manageability, lack of toxicity and

flammability, suppression of flow fluctuations, solvent evaporation etc. In the dye doped solid

matrix systems, the dye molecules are dispersed in a solid host medium which is either chosen

to be polymers or sol-gel materials. Soffer and McFarland in 1967 [11] and Peterson and

Snavely in 1968 [12] independently reported stimulated emission from polymer matrices doped

with organic dyes. Since then a number of solid organic and inorganic polymer matrices have

been described, where the laser dyes have been in most cases merely dispersed. Although this

approach is very attractive, the first results are not very encouraging, with low lasing

efficiencies, fast dye photodegradation and low laser damage threshold of the solid host.

Consequently, the research on solid-state dye lasers remained almost dormant for more than a

decade. During the past two decades new and optimized approaches have led to significant

advances in these systems with respect to laser efficiency and damage threshold. Late 1980's

have witnessed the development of improved host materials with higher laser damage resistance,

which gave a new interest in this field [15,l6,28,29]. Also, in the past decade the synthesis of

new high-performance dyes and the implementation of new ways of incorporating the organic

molecules into the solid matrix have resulted in significant advances towards the development of

practical tunable solid-state dye lasers [30-3 6].
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Even though the recently reported works with silica gels [37-41] have indicated that the

sol-gel materials might show higher photostability and better lasing properties than those based

on organic polymers, the polymeric matrix approach offers various advantages. Most frequently

used polymeric materials are based on methyl methacrylate (MMA), such as poly methyl

methacrylate (PMMA) or compositions of methacrylate copolymers like HEMA: MMA etc.

[16-21,27,30]. The advantages of these synthetic polymer hosts are better optical transparency,

homogeneity of refractive index, good compatibility with the organic dye, inexpensive

fabrication techniques, lightweight etc. In addition to these, chemical control of the polarity in

the visible range and the modification of viscoelasticity are possible in polymers. Furthermore,

new modified polymeric organic materials have been developed with a laser radiation threshold

that is comparable to or higher than those of most laser-damage-resistant inorganic glasses and

crystals [18,42].

Though the polymers possess a large number of advantages over the conventional dye

lasers, the finite lifetime for stable operation of the dye incorporated into the solid host still

persists as a limitation to the commercial exploitation of this kind of active laser materials. One

of the important parameters to reduce the photodegradation of the dye is to optimize the rigidity

of the host. Dissipation of the excess energy of photoexcitation can be favoured by a more

efficient phononic coupling of the dye molecule to the host media. This can be achieved by

using optimized copolymer mixtures as matrix materials or by covalent linkage of the dye

molecules to the polymeric chain [l5,20,43].

Apart from the use as active laser media, dye doped polymers find many other

applications in the modern photonic technology. Though the photodegradation of the dyes 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 [44,45]. Several studies on

photo-induced bleaching of organic dyes impregnated in solid matrices have been reported

during the past few decades [46-49]. Such studies have great importance due to various

applications of these materials such as active laser elements, passive Q-switches, optical data

storage, photonic displays, optical wave-guides etc. Suitable materials for different applications

can be prepared by properly selecting the type of solid matrix and the dye incorporated into it.

For example, dye doped polymer can be used as an active laser medium, phthalocyanines doped

polymers can be used as Q-switches and dye-sensitized gelatin or poly(vinyl alcohol) can be

used as holographic recording media [1 8,35,49].

In all the applications discussed above, a thorough knowledge of the photostability of the

dyes incorporated in a solid matrix is necessary. Several theoretical models have been
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developed to explain photobleaching of the dye under pulsed and continuous-wave (cw)

irradiation. Dyumaev et.a1. have studied the dye photodegradation in a polymer matrix under

high power pulsed irradiation [18]. They have also developed a theoretical model for the

photodestruction of lasing dyes by correlating the dye concentration, pump power, pulse

duration and number of pump pulses. Newell et.al. have developed a model to explain their

observations on dye photobleaching using transmission studies under cw laser irradiation [50].

F ilho et.al. have studied the laser-induced iodine desorption from polystyrene and compared the

results with the theoretical model developed by them [51]. However, these models for cw laser

irradiation are generally found to be valid 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

photoinduced reaction. Since the primary photo-process is absorption of a photon to create a

photoexcited 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 photoinduced changes.

A molecule excited to a higher energy state must return to the ground state, unless it gets

involved in a photochemical reaction and loses its identity. In condensed systems there exist a

number of ways for the excited molecule to dissipate the excitation energy. Out of these

different paths, commonly occurring and most important channels are radiative relaxation

(fluorescence or phosphorescence), nonradiative relaxation (usually thermal relaxation) and

excited state chemical reaction [52-57].

In the case of a photoexcited dye 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 nonradiative

relaxation mechanisms is determined by the number of original dye molecules in the ground

state as well as those in the excited state. Any kind of a photochemical reaction will result in a

change in the number density of the original dye molecules. Consequently, the optical

absorption as well as the amount of energy liberated through the radiative or nonradiative

channels may change. Hence, by measuring either of these two quantities or both, one can easily

make a quantitative evaluation of the photochemical processes that the sample (dye) undergoes.

Another way to monitor a photochemical change is the analysis of the resultant products.
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In order to induce a photochemical process as well as for its detection one can use either

a steady state light source or a pulsed optical radiation. In its broadest sense, we can divide the

detection methods into two categories. The first one is purely optical methods in which the

radiative relaxation or the optical absorption (or transmission) is investigated. The second

method is the photothermal techniques in which the sample is excited using an optical radiation

and the quantity detected is the energy released through nonradiative relaxation processes.

6.2.] Optical methods

Pure optical methods are the oldest and the simplest techniques to study the

photodegradation of organic dyes in a solution form or when they are impregnated in a solid

matrix [45-50]. Optical transmission studies, fluorescence or phosphorescence methods are

some of the major optical methods that can be used for the dye photostability studies. The basic

theory applied in the optical transmission studies is the Beer-Lambert law, expressed as

I = 10 exp(—a,,. C. I) (1)
where 10 and I are the incident and transmitted intensities of the light beam with a frequency v.

a,, is the optical absorption coefficient which is a function of the frequency (wavelength) of

radiation. C and I are the concentration of the absorbing species and the optical path length,

respectively. Hence, a change in the number density of the absorbing species (say, the organic

dye in the solution or solid matrix) can be detected very easily by simply measuring the

transmitted light intensity. This can be done either as a function of time or as a function of

wavelength of the incident light, depending on the experimental situation. If the photochemical

reaction takes place in a faster time scale, then the time dependent measurements are more

suitable; whereas, if it is a very slow process then the wavelength scanning (optical absorption

spectrum) is ideal [45]. The advantage of wavelength scanning is that it not only cam'es the

signals of the degradation of the original molecules but also the signatures of the creation of new

products and their absorption properties will be visible in the spectrum. Usually a single source

of light is used for inducing a photochemical change and for detecting it. Since most of the dyes

absorb in the ultraviolet or visible region, lasers and are lamps are the most suitable sources for

this kind of studies. A large number of reports are available in the literature where this simple

photon transmission method is used for the photobleaching studies of different dyes in solid

matrices [46, 48-50]. The experimental set up usually used for the optical transmission studies is

very simple and is shown below.
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However, the necessary requirements for employing this method are the need of a good

surface optical quality for the sample and it should not be optically opaque. Apart from these,

the methods discussed above suffer from many other constraints and hence its application in a

detailed study of the different mechanisms responsible for the photodegradation is strictly

limited.

Source Sample Detector

Figure 1. Block diagram of a typical optical transmission set-up for the photostability studies.

In the case of a luminescent dye such as a laser dye, a still better approach is to study the

radiative relaxation (fluorescence or phosphorescence). In this approach, the sample is excited

using a suitable optical radiation and the variation in the radiative emission during a

photochemical change is detected. This method has been employed in many of the photostability

studies on dye doped polymers [15,19]. Apart from mere fluorescent studies to investigate the

photostability of the dyes, people have also used the decay of laser output when these materials

are used as an active laser media [l6,20,24,27,30]. If the excitation radiation has sufficiently

high energy, then multi-photon absorption may take place and hence the photochemical process

will become more complicated [58,59]. In such situations pure optical methods are not sufficient

to understand the intricate intermediate steps as well as a complete quantitative evaluation of the

photochemical process. The major reason for this is that many of the intermediate steps are

associated with nonradiative relaxation processes and this cannot be effectively detected using

an all-optical method. In such situations the photothermal methods play a vital role.

6.2.2 Photothermal methods

Photothermal methods are a group of highly sensitive techniques used to measure optical

absorption and thermal characteristics of a sample. The fundamental principle of a photothermal

method is the photo-induced change in the thermal state of a sample. Measurements of the

temperature, pressure or density changes that occur due to optical absorption form the basis of

the photothermal spectroscopic method [60-63]. Sample heating is a direct consequence of

optical absorption and hence the photothermal signal is directly dependent on the quantity of the

light absorbed. Scattering and reflection losses do not produce photothermal signals.

Subsequently, photothermal spectroscopy more accurately measures optical absorption in

scattering solutions, solids and at interfaces.
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In a photochemical process, generally, intermediate species (radicals) are created and

eventually the free radicals convert into some other products. Usually these intermediate steps

are associated with nonradiative energy transfer which in turn produces the thermal effects.

Hence, photothermal methods are more suitable for detecting these ultrafast processes [64-71].

They can also be used to detect the photochemical changes that occur during a steady state

excitation of the molecules. As in the case of thermal and optical characterisation of materials,

almost all the photothermal methods can be employed to investigate the photochemical

processes. Though many of the photothermal methods are used in the photochemical study of

gases or liquids, they are not yet widely employed in solid samples such as dye doped polymers.

Photothennal interferometry, photoacoustics, thermal lens, photothermal beam deflection,

transient grating etc. are some of the most useful photothermal methods that can be used to

investigate photodegradation of organic materials.

6.3 Experimental details
6.3.1 Preparation of rhodamine 6G doped PMMA samples

Rhodamine dyes, belonging to the Xanthene family, with fluorescence emission in the

yellow-red region of the spectrum are well known for their excellent laser performance in liquid

solutions as well as in solid matrices [7-9]. For the present investigation rhodamine 6G chloride

(Loba Chemie Wien) is used as received. Initially, the monomer methyl methacrylate (CDH

Chemicals) is mixed with ethyl alcohol (Merck) in the ratio 4:1. Reasons for using ethyl alcohol

as an additive to MMA are discussed in the next section. Solutions of monomer - alcohol

mixture at three different dye concentrations namely, lxl0'3 mol/1, 5x104 mol/1 and l><l0'4

mol/1 are used for polymerisation. Benzoyilperoxide (CDH chemicals) is used as the

polymerisation initiator (1% by weight). The monomer-alcohol mixture containing the dye and

the initiator held in thin glass test tubes is kept in a constant temperature bath maintained at 50

(i0.5) °C for polymerisation. Completely polymerised samples obtained after 48 hours is then

kept at room temperature for one week for drying. Perfect drying is necessary to avoid shrinkage

of the sample. Careful examination (including the absorption spectra) of the polymerised

samples confirmed that the dye is homogeneously dispersed in the polymer matrix. Plane

undoped PMMA samples are also prepared under the same experimental conditions for using it

as a reference sample in optical absorption recording. The dried samples are then cut into small

disc like pieces of thickness 1.2 mm and their faces are polished using fine emery paper and

finally with woolen cloth. Polishing is done only to reduce the scattering losses.
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6.3.2 Recording of photoacoustic spectra

The linear dependence of the PA signal amplitude on the absorption coefficient of the

sample is used to record the PA spectrum, which is essentially the optical absorption spectrum,

of the dye doped PMMA matrix. For this purpose a l000W Xe arc lamp (Oriel 6269) is used as

the excitation source and a 0.1m monochromator (Oriel 7250) to select the desired wavelength.

The block diagram of the experimental setup is shown in figure 2. To protect the

monochromator from thermal damage due to the large infrared emission from the arc lamp, a

water cell (5cm long) is used in front of the monochromator. The water will effectively filter out

the infrared portion of the spectrum. In order to achieve a large signal to noise ratio, the entrance

and exit slits of the monochromator are adjusted to get maximum signal (bandwidth l0nm).

Light coming out of the monochromator is intensity modulated using a mechanical chopper

(Ithaco HMS 230) and the PA signal is processed using a lock-in-amplifier (Stanford Research

Systems SR 510).

wc Monochromator PA Cell
Litii L‘ L2 L3

: ""fi §®:::::0 ........ . '0::::;.,
Chopper

Xe arc lamp
Lock-in-Amplifier

Figure 2. Schematic diagram of the experimental setup used to record the photoacoustic spectra.

WC, the water column; L1, L2 and L3, the focusing lenses.

Though the xenon arc emission spectrum is a continuum, its intensity varies from

wavelength to wavelength and hence, an intensity normalisation procedure is required. For this

purpose carbon black thin film coated on a glass plate is used as the sample. Being a perfectly

black body, the absorption and emission of carbon black throughout the spectral region of

interest is uniform and hence the PA spectrum recorded using this sample will be essentially the

emission spectrum of the arc. The emission spectrum of Xe are recorded using PA method is

shown in figure 3. This spectrum is used to normalise the PA spectrum of the dye doped PMMA

samples and the photodegraded samples. In addition to the PA spectrum, optical absorption

spectra of the samples are also recorded using a spectrophotometer (Milton Roy, Genesys 5).
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Figure 3. The emission spectrum of Xe are recorded using PA method
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Figure 4. PA spectra and optical absorption spectra of rhodamine 6G samples before and after

bleaching (dye concentration: 1 x 10'3 mol/1). (a,c)PA spectrum before and after bleaching, (b,d)

optical absorption spectrum before and after bleaching.
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6.3.3 Experimental setup used to study the dye photodegradation

A continuous wave (cw) laser induced photoacoustic technique is employed to

investigate the photo—induced degradation of the laser dye rhodamine 6G doped in PMMA. The

experimental setup used for the present investigation is schematically shown in figure 5. The

excitation source used is a highly stabilised 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 (lthaco HMS 230). The modulated light beam at specific power levels is

then allowed to fall on the sample kept in a home-built non-resonant PA cell. The details of the

cell are given in the next paragraph. A highly sensitive electret microphone (Knowles BT 1834)

is used to detect the PA signal. Finally, the PA signal is processed using a single phase, analog

lock-in-amplifier (Stanford Research Systems SR 510). Laser lines at 476nm, 488nm, 506nm

and 514.5nm wavelengths are used for the investigations. Influence of the excitation light

intensity on the rate of dye photodegradation is studied at 50mW, 100mw, 150mW, 200mW and

250mW. Other parameters that are varied are the dye concentration and the laser modulation

frequency.

Argon Ion Laser PA Cell

Lock-in-Amplifier

Figure 5. Schematic diagram of the photoacoustic set-up for the photostability studies

The photoacoustic cell used for the present investigation is made of a heavy stainless

steel block which effectively protects the PA signal from the ambient noises. The cross-sectional

view of the cell is shown in figure 6. The cell is designed in such a way that it can be used either

in the front illumination configuration or in the rear side illumination configuration. W; and W2

are two glass windows and M is the microphone. The sample chamber is 5mm long and 4mm in
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diameter. The microphone is kept 3mm away from the sample chamber and is coupled to the

sample compartment through a bore of 3mm diameter. For the photostability studies, thin disk

like sample is kept in the space between the window (W2) and the PA cavity. Laser irradiation is

made through the other window W1 (front illumination).

°’ P +9v

Figure 6. Cross-sectional view of the photoacoustic cell. W1 and W; are the glass windows, M

is the microphone, C is the PA cavity and S is the position to keep the sample.

6.4 Results and discussion

In chapter 2 we have discussed the Rosencwaig-Gersho theory (R-G theory) which gives

a satisfactory explanation to the generation of photoacoustic effect in condensed media. The dye

doped PMMA samples are optically transparent and thermally thick, as the thermal dlffLlSlOl’l

length in PMMA is only a few tens of microns in the frequency range of investigations. Then,

the complex amplitude of the PA signal produced is given by

_ ‘iflU27PoIo
Q ' 4x/Ejblgagk

(2)

where ,6 is the optical absorption coefficient of the sample and /1 is the thermal diffusion length

in the solid material; y is the ratio of specific heat capacities of air; P0 and T0 are the ambient

pressure and temperature, respectively; 1,, is the incident light intensity; lg and ag are the length

of the gas column inside 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 /3 value changes, then

the PA signal amplitude will also vary accordingly. Any kind of photochemical reaction will
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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. Equation (2) is not only

valid for optically transparent samples but also for opaque samples, provided the sample is

thermally thick. Moreover, doping of an organic dye in a solid matrix will not alter the thermal

properties of the host. Therefore, in the present case photodecomposition of the dye (and hence a

change in its concentration) will not alter the thermal parameters of the host material. The above

discussed facts clearly indicate that when a dye doped PMMA sample is investigated using PA

method, any change in the PA signal amplitude is essentially a measure of the rate of

photodecomposition of the dye.

Before going to the details of the experimental results, let us discuss the reasons for

choosing ethyl alcohol as an additive to the monomer (and hence the polymer). One of the major

reasons is that it combines good solubility for xanthene dyes and enhancement of the host laser

damage resistance [17,18]. Another reason, from the point of view of the use of dye doped

PMMA as an active laser medium, is that polymerisation causes a decrease in the dielectric

constant (EMMA E 4 and epMMA E 2.9). This results in a shift of equilibrium between the dye

monomer molecules and their aggregates towards the latter and consequently, the conversion

efficiency decreases. Introduction of ethyl alcohol into MMA and PMMA causes 5 to increase

and results in a reduction of the interaction between the cation and the anion in a dye ionic pair.

This leads to expansion of the tight ionic pairs and shifts the equilibrium between the monomer

and the dimer configurations toward the former; thereby increasing the quantum yield and the

conversion efficiency of rhodamine 6G chloride [17]. This increase in quantum yield and the

conversion efficiency on going from tight ionic pair to the expanded one is due to a decrease in

the luminescence quenching of the dye-cation excited state that is associated with electron

transfer from the anion to the cation.

The effect of laser power on photobleaching rate of the dye molecules is investigated at

different pump powers ranging from 50mW to 250mW. The variation of PA signal amplitude as

a function of time for different pump powers is shown in figure 7. From this plot it is clear that

the PA signal amplitude decreases quickly during the initial stage followed by a saturation. This

obviously corresponds to a decrease in the absorption coefficient of the sample at 488mn. The

saturation in the PA signal corresponds to the complete photodegradation of the dye molecules

from their original state. The PA spectrum as well as the optical absorption spectrum of the

sample shown in figure 4 also confirms this observation.
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Figure 7. PA signal amplitude versus time plot for rhodamine 6G doped PMMA at different

incident laser intensities (A = 488nm, dye concentration 1 x 10'} mol/1).

From the spectra it is clear that the long-wavelength absorption band of rhodamine 6G in

PMMA matrix falls in the blue-green region with the peak at 530nm. However, the

photodecomposition of the dye completely wipes out this long-wavelength band. This indicates

that on irradiating the dye doped PMMA sample with strong laser beam, photodegradation of

the dye molecules takes place and the resultant product does not absorb in the spectral region

where the original dye molecules absorb. Therefore the observed decrease in PA signal

amplitude is purely due to the gradual photodecomposition of the dye molecules. The finite

value of the PA signal even after complete degradation of the dye molecules is the contribution

of the solid PMMA matrix. The bleaching of the dye molecules causes a colour change of the

sample from yellowish-orange to a colourless one. It is also clear from figure 6 that as the pump

power increases the plot becomes steeper or the dye degradation takes place at a faster rate.

This is more clearly displayed in a logarithmic plot connecting PA signal and time as given in

figure 8.
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Figure 8. Log-Log plot connecting the PA signal amplitude and time for different pump powers

(X = 488nm).

The slope of the plot, which gives the rate of bleaching, is found to monotonically

increase with the increase in laser power. Figure 9 shows the plot connecting the rate of

bleaching (in arbitrary units) and pump power. This observation is in accordance with many of

the earlier reported studies on photodegradation of dyes in solutions and in polymer matrices

[18]. This plot indicates that the photobleaching rate varies linearly with the pump power within

the range studied. The plot also indicates that there exists a threshold power level below which

there is no appreciable degradation of the dye molecules for a reasonable time duration.

The variation of photobleaching with concentration of the dye molecules is studied at

three different concentration values namely l><10'3mo1/lt, 5><lO'4mol/lt and lx1O4mol/lt. In all

these measurements the laser power is kept fixed at 100mW and the wavelength used is 488nm.

The observed PA signal variation with time for these dye concentration values is shown in

figure 10. From this figure it can be seen that there is a considerable increase in the

photobleaching rate with decrease in dye concentration. This observation is in good agreement

with the earlier reported results based on the lasing studies on rhodamine 6G doped PMMA

[17]. The rate of bleaching at a concentration of lxlO4mol/lt is found to be 2.61 times greater

than that at a concentration of lxlO'3mol/lt and for a concentration of 5x104mol/lt, it is 1.77

times greater than that at a concentration of 1x1O'3 mol/1t. Also, the photobleaching of
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Figure 9. Variation of the rate of bleaching of rhodamine 6G doped PMMA with incident laser

power (1 = 488nm, dye concentration 1 x 1O'3 mol/1).
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Figure 10. PA signal versus time plot for three different dye concentrations (7. = 514.5nm, laser

power 100mW).
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Figure 11. PA signal versus time plot for three different modulation frequencies

(9. = 488nm, laser power 200mW).

rhodamine 6G in PMMA is observed to be an irreversible process. The PMMA matrix is found

to be very stable and it can neatly withstand an intensity modulated laser radiation at a power

level of 250mW. Also, the unbleached sample does not show any noticeable degradation even

after its storage for two months at room temperature.

Another possible parameter that may influence the rate of photodegradation is the

excitation pulse duration or the modulation frequency. The effect of modulation frequency on

photobleaching rate of the dye is investigated at three distinct frequencies namely, 25Hz, 123 Hz

and 2OOHz. The PA signal variations at these chopping frequencies are given in figure 11. It

can be seen from this figure that within the range selected, the chopping frequency does not

have any noticeable dependence on the photobleaching rate of the dye molecules. This implies

that the photodestruction of rhodamine 6G in PMMA matrix depends only on the total incident

energy per unit time on the sample, which is same for all the chopping frequencies. However,

for certain other dyes doped in certain other polymers, a dependence of chopping frequency on

photobleaching has been noticed earlier [72].
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Figure 12. PA signal versus time plot for different wavelengths (laser power used is 50mW,

concentration f the dye is 1 x 10'} mol/l). Plots corresponding to different wavelengths are

shifted from each other for the sake of clarity.

Generally, laser dyes have two broad absorption bands, one in the short-wavelength

region (usually in UV) and the other in the long-wavelength region [8,9]. Even in a particular

band, one can use different wavelengths for pumping a dye laser. In the case of rhodamine 6G,

different emission lines of an argon ion laser come under the long-wavelength absorption band

of the dye. In order to investigate whether these distinct lines have any influence on the

photodegradation rate of the dye, four different wavelengths namely 476nm, 488nm, 506nm and

514nm are employed. The laser power is kept constant at 50mW for all the wavelengths. The

time evolution of the PA signal amplitude for different excitation wavelengths are shown in

figure 12. From this plot it is clear that the selected wavelengths have no significant influence

on the photobleaching rate of the dye.

Even though a large number of studies have been reported in the field of dye doped

polymers, the exact mechanism responsible for photodegradation of laser dyes in polymers is

not yet fully brought out. There exist a large number of channels for the photochemical reaction

processes. The reaction will takes place only when the molecules are in the excited state. Most

of the analyses available in the literature are based on the pulsed laser excitation. Under such

high energy ( > 107 W/cmz) excitation, multi-photon absorption process is possible and the dye
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photodecomposition mechanism becomes very complex as the reaction may happen from any of

the excited states. In a recent paper published by Ferrer et.aI, it is pointed out that the dyes

undergo a thermal degradation due to the poor thermal conductivity of the polymer matrix [32].

However, this explanation does not seem to be reasonable as temperatures as high as 80 °C are

used for the polymerisation of the dye doped samples. Also, considering the very high

fluorescence quantum yield of laser dyes such as rhodamine 6G, the thermal energy liberated

will be very small. However, a more reasonable and genuine explanation is given by Dyumaev

et.al. They have recently reported that the excitation of the dye molecules can give rise to

electron energy transfer from the dye molecules to the polymer macromolecules. Subsequently

vibrational relaxation of the first excited state of the polymer macromolecules results in the

formation of radicals by a mechanism similar to that for UV or ‘y irradiation of polymers[l8].

These radicals interact efficiently with the dye molecules in any of the excited state, resulting in

their destruction. If this is the major mechanism responsible for the photobleaching of the dye,

then the addition of a low molecular weight additive such as ethyl alcohol may improve the

photostability of the dye to some extent. The addition of a low molecular weight additive may

significantly improve the dye photoresistance through resonance vibrational cross relaxation,

which hampers the formation of macroradicals.

It is a clearly established fact that at relatively low radiation intensities ( < 106 W/cmz)

the dye destruction occurs from the first excited (singlet or triplet) electronic states and the

photobleaching rate is linearly dependent on the radiation intensity [18]. The laser intensities

used for the present investigations falls in this range and hence the dye destruction takes place

while the system is either in the first excited singlet-state or lowest triplet state. Also, a linear

dependence of dye degradation rate on the incident intensity is observed as reported earlier. It is

expected that in the present case the dye degradation is due to the excited state reactions with the

polymer macromolecules or with the free radicals formed in the matrix during polymerisation.

6.5 Conclusions

The photoacoustic technique has been implemented successfully to investigate the

bleaching of organic dye molecules embedded in PMMA matrix. Based on the experimental

observations using the PA technique, the following conclusions have been made. In the case of

Rh 6G doped in the solid matrix PMMA, the rate of photobleaching is directly proportional to

the incident laser power and it decreases with increase in concentration of the dye molecules.

Moreover, it is found that the photobleaching rate of the dye is insensitive to modulation
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frequency when the dye is irradiated with an intensity modulated cw laser. This means that the

time scale of photo-induced reaction is shorter than milliseconds, as the investigated time scales

are in the millisecond regime. Hence in the present case the rate of photodegradation depends

only on the total energy incident on the sample. Also, no noticeable change in the bleaching rate

is observed for the four different irradiation wavelengths used.

It is obvious that an increase in dye concentration increases the optical density of the

sample. The present observation indicates that by increasing the optical density of the sample

one can decrease the photobleaching rate. Therefore, if we use a dye-doped polymeric material

as a laser active element, the lifetime for stable operation can be increased by increasing the dye

concentration. However, in this case care should be taken to ensure that the selected

concentration values do not bring them to the range of fluorescence quenching. Alternatively, if

one uses such a material as a medium for optical data storage, then by decreasing the dye

concentration one can decrease the time for recording.
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Chapter 7

Summary and conclusions

A detailed account of the investigations carried out by the author on certain selected

photonic materials of current importance, such as III-V semiconductors, liquid crystals and dye

doped polymers are given in this thesis. Photoacoustic and photothermal deflection effects

arising as a result of modulated continuous-wave laser excitation is made use of in these studies.

A variety of measurements included in this monograph points out the versatility as well as the

potential of photothermal based techniques in material characterization.

The origin of photothermal effects is based on nonradiative transitions which transform

a part of the absorbed radiation energy into thennal energy of the medium. Consequently, the

optical absorption properties and static and dynamic thermal properties of the sample play a

vital role in the photothermal signal generation. Since both photoacoustic and photothermal

deflection techniques are based on the thermal wave propagation through the sample, these

methods can be effectively utilized for the evaluation of thennal transport properties such as

thermal diffusivity of materials.

In recent years, interest in research on electronic and photonic properties of

semiconductor materials, especially compound semiconductors, has captured special attention of

the research community across the whole world. In semiconductor materials, in addition to the

electronic and phononic contribution to the heat conduction, free carrier recombination is a

major contributing factor. Photoacoustic signal phase measurement is an excellent approach for

the evaluation of thermal diffusivity and identification of heat transport mechanism in

semiconductor materials. The thermal diffusivity of a moderately doped n-type indium

phosphide evaluated by photoacoustic measurements is found to be less than that of an undoped

sample. This leads to the conclusion that free carrier recombinations, either bulk or surface, are

do not contribute to the heat diffusion and the subsequent photoacoustic signal generation.

Studies with samples of different surface polishness also confirm this aspect, since the surface

quality of semiconductor materials has a pronounced effect on the carrier recombination at the

surface. Further analysis of the photoacoustic phase data obtained from an open photoacoustic

cell measurement suggests that therrnoelastic bending is absent in this sample. In photothermal

based measurements the thermoelastic bending is usually observed in optically opaque and thin



disc-like solid materials, resulting from the temperature gradient existing along the thickness of

the sample. But, moderately high value of thermal diffusivity of indium phosphide results in the

distribution of thermal energy in a rather enhanced rate, which reduces the temperature gradient

existing along the thickness and hence there is no bending of the sample.

The photothermal deflection technique has certain advantages over photoacoustic

technique, especially in the study of thin film samples coated on bulk substrates. When a solid

sample is irradiated with a focused laser beam, thermal waves generated from this point source

will propagate in all directions, the characteristics of which are determined by the thermal

properties of the sample. The profile of refractive index gradient generated in a coupling fluid in

contact with the heated surface of the solid sample is ultimately decided by these thermal waves.

A probe-beam propagating through this gradient gets deflected. The phase of the deflection

signal as a function of the distance between the point source and the probe-beam holds a linear

relationship and the slope of the plot determines the thermal diffusivity of the solid sample. The

thermal diffusivity of n-type and p-type GaAs thin films of few hundred microns thick is

measured using this approach and the results show a decrease in the thennal diffusivity values

compared to bulk samples. The thermal wave scattering as well as reflection at the boundaries

may have some influence in this observation.

The fact that photoacoustic technique can be performed over a wide range of temperature

is an added advantage of this method in material characterisation. Consequently, this approach

has a special importance in the study of liquid crystals, different phases of which are lying in

different temperature ranges. Being long rod-shaped molecules oriented in different directions in

different phases, each mesophase of liquid crystals show totally different thermal, optical and

physical properties. Thermal effusivity values in different phases of a variety of liquid

crystalline materials reported in this thesis clearly show the variation of thermal properties in

different phases. From the effusivity values of 7OCB and 8OCB measured using an open

photoacoustic cell, it is concluded that thennal effusivity increases with increase in molecular

chain length. This observation, in fact, is in agreement with the previously reported thermal

conductivity studies on identical liquid crystals. Measurements carried out in the isotropic phase

of different side chain liquid crystalline polymers leads to the conclusion that, not only the main

chain but the side chains also have a significant role in determining the thermal transport

properties of these materials. Results obtained from the investigations of nematic liquid crystal

mixtures are also very promising. Even though the structure and composition of liquid crystal

mixtures are unknown, the thermal effusivity measurements can be made use in the

identification of materials which possess almost similar thermal properties.
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Another use of photoacoustic technique in the study of liquid crystalline materials is for

the investigation of transition between different phases. From the thermodynamical point of

view, these transitions will be associated with a drastic change in the static and dynamic th€ITI‘l§l,_

parameters of the sample. Since the photoacoustic signal strength is determined bv the thermal

[Indies of the sample, any change in these parameters will be reflected in the signal. From the

phase transition studies included in this thesis, it can be seen that the photoacoustic technique

can be easily employed for the precise determination of transition temperatures in liquid

crystals. A simple analysis of the signal amplitude data using the R-G theory leads to a

qualitative evaluation of the specific heat capacity profile during first order or second order

phase transitions. Difference in bulk light scattering properties in the liquid crystalline and

isotropic phases of liquid crystal materials are also visible in the photoacoustic signal.

Various difficulties in the handling of complex and bulky structured conventional liquid

phase dye lasers pointed out the need for a compact design, which finally resulted in the

development of dye doped solid matrices. However, right from the beginning to this date,

photodecomposition of organic dyes in solid matrices has been a subject of detailed

investigations. In most of the previously reported measurements, pulsed laser excitation is used

and the photostability studies are performed by making use of the radiative emission.

(‘nntinuom wave nhotoacoustic studv of photobleaching of rhodamine 6G doped poly methyl

methacrylate samples show that the photobleaching rate is directly proportional to the incident

laser intensity. Also, it is observed that there is decrease in photobleaching rate with increase in

dye concentration. These observations are in perfect accordance with the earlier reported

radiative emission studies. Since the pump laser beam is modulated in the millisecond time

scales, the observation of identical photobleaching behaviour at different modulation

frequencies implies that the pulse duration has negligible influence on the photochemical

reaction rate. A well-defined and strong photoacoustic signal profile obtained from such a

highly fluorescing sample shows the high sensitivity of photoacoustic technique.

In general, the author believes that the application of photoacoustic and phototherrnal

deflection techniques in the characterisation of certain photonic materials such as

semiconductors, liquid crystals and dye-doped polymers are highlighted in this thesis. The

potentialities of photothermal effects are not yet fully exploited and hence the scope of its

numerous applications in different fields of science and technology can be widened.
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