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SUMMARY
During the course of this work we succeeded in building
a complete experimental setup for Laser Photoacoustic Spectro-
scopy, including building up necessary mechanical and electro-

nic components at the Department's workshops.

The setup was tested and its performance was evaluated in
the light of the Rosenwaig-Gersho (RG) theory of photoacoustic

spectroscopy in condensed media.

The photoacoustic spectrum of CdS both as a function of
modulating frequency for a fixed wavelength and as a function
of wévelength for a fixed frequency were obtained. The log-log
curve of the photoacoustic signal with frequency was explained
in the light of the RGwtheory and the difference in the freq-
uency dependence was explained in terms of the relative values
of the thermal diffusion length wu and the opticallpath length

The overlap region between the two frequency domains was
1

lB.
determined and a value of B = 91.3 cm ~ for CdS at N = 593 nm

was calculated.

Finally the photoacoustic spectrum of CdS with the wave-
length was transformed into the corresponding curve for the
variation of the optical absorption coefficient B of CdS with
the wavelengthﬂx over the whole tunability range of the dye

laser.
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Chapter 1

INTRODUCTION

Broadly speaking, spectroscopy can be defined as the study of
the interaction of enerqy with matter. Hence it is a science
eﬁcompassing many disciplines and many techniques. The energy
of interaction in optical spectroscopy is in the form of elec-
tromagnetic radiation with wavelengths ranging from less than
one Angstrom in the X-ray region to more than 100 microns (10‘3)
in the far infrared. Because of its versatility, range, and
nondestructive nature, optical specroscopy remains ane of the

most important tools for investigating the properties of matter,

Conventional optical spectroscopies tend to fall into two

major categories namely, transmission and reflection spectros-

copies respectively. These optical techniques preclude, however,

the detection and analysis of radiation absorbed by the material
under investigation, even though such a process is often the one
most interesting to the investigator. One should also indicate
some of the limitations of these conventional spectroscopic
methods. For example, conventional transmission spectroscopy

is inadequate in measuring very weak absorption which involves
the measurement of a very small attenuation of a strong trans-
mitted signal. In addition to weakly absorbing materials there
are many substances , both organic and inorganic, that are not
readily amenable to the conventional transmission or reflection

methods of spectroscopy. These are highly light-scattering
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materials, such as powders, amorphous solids, gels, smears, and
suspensions. Other difficult materials are those that are
optically opaque and have dimensions that far exceed the penet-

ration depth of the optical radiation,

Over the years, several techniques have been developed to
permit optical studies of highly light-scattering and opaque
substancés. The most common of these are diffuse reflectance1,
attenuated total reflectinnz, internal reflection spectroscopy3,
and Raman scatteringa. All tﬁese methods have proven to be use-
ful, yet each suffers from serious limitaticgs. In particular,
each method is applicable to a relatively small group of mater-
ials over a small wavelength range, and the data obtained are

often difficult to interpret.

During the last two decades, an old optical technique has
been redeveloped to study those materials which are not suitable
for the conventional transmission or reflectian techniques.
This old new metﬁod is called photoacoustic spectroscopy PJIS5
and it differs from the conventional techniques in that the in-
teraction of the incident electromagnetic radiation is studied
through a direct measurelof theenergy absorbed by the investi-
gated material as a result of its interaction with the photon
beam. It should, however, be kept in mind that a photoacoustic

signal could be generated through the absorption aof particle

energy resulting from electron or ion beam bombardment.
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Although the experimental methodology of PAS will be dis-
cussed 1atér in chapter 3, yet a brief description seems appro-
priate at this stage (Fig 1.1). The sample, solid liquid or
gas, is often placed in a closed cell containing also a sensi-
tive microphone. The sample is illuminated with monochromatic
light which is intensity modulated by an electromechanical
chopper or some other method. When some of the incident energy
is absorbed by the sample, internal energy levels within the
sample are excited. Upon subsequent deexcitation of these
levels all or part of the absorbed photon energy is transformed
into heat through nonradiative deexcitation processes. In a
gas sample heat enerqy appears as kinetic energy of the gas
molecules, while in a solid or liquid, it appears as vibrational
energy of ions or atoms. Now since the incident radiation is
intensity modulated, the internal heating of the sample will

also be modulated.

Since in PAS we measure the internal heating of the sample,
it is clearly a form of calorimetry, as well as a form of opti-
cal spectroscopy. However conventional calorimetric detection
methods based on the use of a calorimeter and the usual tempera-
ture sensors such as thermistors and thermopiles, though simple
and well developed, have several inherent disadvantages for
photoacoustic spectroscopy in terms of sensitivity, detector
rise time, and the speed at which measurements can be made.

More suitable calorimetric techniques measure heat production
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Figure 1.1 Block diagram of a modern gas photoacoustic spectrometer.
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through velume and pressure changes produced in the sample
(and picked up by a sensitive microphone) or in an appropriate

transducing material (such as a piezoelectric detector) in con-

tact with the sample.

Present microphenes and associated electronics: can detect
tempefature rises in a gas of 156 OC, corresponding to a ther-
mal input of about 169 calories/cmj. sec. The primary disad-
vantage of the microphone calorimetr;c detection method is that
the response time is limited both by the transit time for a
sound wave in the gas within the cell cavity and by the rela-
tively low-freguency response of the microphone. These two

factors together tend to limit the response time of a gas mic-

rophone system to about 100us or longer.

In liquids, or bulk solid samples heat production can be
measured through subsequent pressure or stress variations in
the sample itself by a piezoelectric detector in intimate con-
tact with the sample. These transducers can detect temperature

7 56 ©

changes of 10° to 10 C corresponding, for typicél solids and

liquids, to thermal inputs of about 156 calories/cmj. sec., It
should be borne in mind, however, that since the coefficient of
volume expansion of liquids and solids is 10-100 times smaller
than that of gases, measurement of heat production in liquids
and solids directly with a microphone would be 10-100 times less

sensitive than using a piezoelectric transducer in direct con-

tant with the sample.
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When a piezoelectric detector cannot be used, as in the
case of a powdered sample, or a smear or gel, a gas (air) is
used as a transducing medium coupling the sample te a micro-
phone. The periodic heating of the sample from the absorption
of the modulated incident radiation results in a periodic heat
flow from the sample to the gas, which itself does not absorb
the incident radiation. This in turn produces pressure and
volume changes in the gas that drives the microphone. This
method is quite sensitive for solids with large surface to
volume ratios such as powders, and is capable of detecting tem-

perature rises of 156 to 155 °

5

C corresponding to thermal input

of about 15° to 13° calnries/cmj. sec.

There are several advantages to photoacoustic spectroscopy.

Since absorption of incident radiation is required for the

generation of a photoacoustic signal, light which is transmitted
or elastically scattered by the sample is not detected and thus
does not interfere with the PAS signal. This is of crucial
importance for essentially weakly absorbing transparent media,
or highly 1 ight-scattering materials, such as powders, amorphous
solids, gels, and colloids. Another advantage is the capability
of obtaining optical absorption spectra of completely opaque
materials since the technique does not depend on the detection
of photons. Alsa, unique to photoacoustic spectroscopy is the
capability of performing nondestructive depth-profile analysis

of absorption as a function of depth inside the material.
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Since the sample in PAS plays the role of the electro-
magnetic radiation detector, no photeelectric device is nece-
ssary, and hence studies over a wide range of the incident
radiation are possible without changing the detection system.
The only limitations are that the source be sufficiently ener-
getic (at least 1DAW/cm2) and that the windows used be reason-
ably transparent to the incident radiation. Finally since the
FAS signsals arise, from a radiationless conversion process, it
is complementary to radiative and photochemical processes.
Thus PAS may be used as a sensitive indirect method for study-
ing the phenomena of fluorescence and photosensitivity in

matter.

It should be pointed out however that PAS is much more
than a spectroscopic technique. As a spectroscopic toel it can
be used to measure the absorption or excitation spectrumﬁ, the
lifetime of excited states of matter?, and the energy yield of
radiative processesa. On the oether hand PAS can be used to
measure thermal and elastiec properties of materialsg, to study
chemical reactions10, to measure thicknesses of layers and thin
films11 and many other nonspectroscopic investigations. In such
studies the calorimetric or acoustic aspect of PAS plays the

dominant role, while the electromagnetic radiation is simply a

convenient excitation mechanism.

With the previous wide scope properties of PAS, the tech-

nique has found many important applications in pure and applied
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research., The technique is applicable to all types of materials,
inorganic, organic and biological, and on all phases of matter-

gas, liquid, and solid.

The purpose of the present research is to build and test a
reliable experimehtal setup for photoacoustic spectroscopy and
to use it for spectroscopic studies in cadmium sulphide (CdS)
powder. Before describing the experimental setup and the results
obtained using it, we have to review the basic theory of PAS in
solid media. The resﬁlts of such a theory are crucial for the

analysis and understanding of our experimental data.

: 350695
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Chapter 2

General Theory of The Photoacoustic
Effect in Condensed Media:

The Gas Coupling Method

10
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Chapter Two

General Theory 0f The Photoacoustic Effect In
Condensed Media: The Gas-Coupling Method

2.1 Introduction

The modern theory of photoacoustics in condensed media is
still not complete, although considerable progress has been
made in the last two decades. The use of a gas-phase micro-

phone and obtaining photoacoustic spectra of sclids and liquids

& 7
began with the work of Hey and Gollnick, Harshbarger and Robins,

and Rosencwaigg. The PA signal was generated by sinusoidally
modulated cw light beam incident on the condensed sample, and
the periodic heating of the gas at the irradiated surface of
the sample generated the acoustic wave, which was detected by

a gas-phase microphone. The first attempt at a modern, quan-
titative theory was made in 1973 by Parker9 who derived the
theoretiecal expression of the PA signal that would be
observed from weak absorpticons in esentially fransparent
windows. However many of the prominent features of the more
general photoacoustic spectroscopic (PAS) theories can be

found in Parker's previous special treatment.

A more general theory for the photoacoustic effect in
cendensed media was formulated, some years later, by Rosencwaig
10 '
and Gersho . This theecry, now commonly referrd to as the RG

theory, or " gas-piston " model, shows that the PAS signal
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depends on the generation of an acoustic pressure disturbance
at the sample-gas interface and on the transport of this dis-
turbance through the coupiing gas to the microphone. This
sample-gas disturbance depends in furn on the periodic tempera-
ture at the interface. The RG theory derived exact expre-
ssions for this temperature, while it treated the traﬁsport of
the disturbance in the gas in an approximate heuristic manner

which is, however, valid for most experimental conditions.

The general theory was later refined by Bennet and
Forman11, Aamodt et 3112, and Wetsel and McDonald13 who treated
the transport of the acoustic disturbance in the gas more
exactly using Navier-Stakes equations. Thece refinements were
able to account for observed deviations from the RG theory
at very low frequencies and at frequencies near the ccll
resonances. There has been a further refinement to the theory
by HMcDonald and Hetsel1q, who have included contributions to
the signal from thermally induced vibrations in the sample.
Figure 2.1 shows a block diagram explaining the method of
photoacoustic detection in condensed media using gas coupling

as will be discussed in the next section.

In this chapter we shall review the RG general theory
and concider some of the later impravements. The basic results
of the theory will be used to interpret our experimental data

on cadmium sulphide CdS.
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2.2.1

14

The Rosencwaig-Gersho Theory

The Thermal Diffusion Equations

We shall carry out a one-dimensional analysis for
the production of a PA signal in a simple cylindrical
cell as shown in Fig. 2.2. The cell has a diameter D,
and length L which is small compared to the wavelength
of the acoustic signal. The sample in disc form af
diameter D and leﬁgth 1 1is resting tightly 2gainst
a poor thermal conductor backing of thickness l". The
length 1' of the gas column in the cell is given by
1' = L-1-1", MWe further assume that the gac and backing

materials do not absorb light.

We now define the following parameters

k : tho thermal conductivity (cal/em.s.C),

the density (g/cm3)

the specific heat (cal/g.°C),

P
c
o = k/PC: the thermal diffusivity (cm’/s),

1 -
a (w/20% Y?: the thermal diffusicn coeffiecient {(cm

T : the thermal diffusion length (cm).

1
a-

where w is the chopping frequency of the incident light

),

in radian per second (rad/s). In the follewing treatment,

we denote sample parameters by unprimed symbols, gas

parameters by single primed symbols, and backing material

by doubly primed symbols.
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The basic idea of the theorv of PA generation is
represented in Fig. 2.1. The periodic heating of the
sample occurs in the optical "&bsorption length" defined
by,

(2.1)

s/ B

where B is the abserption ceefficient (cm_1) of the incident
optical beam in the samwmple. However, only the hezat within a
diffusion length u from the interface can communicate with
the coupling gas and heat up 2 gas layer of length u' which

expands periodically, producing acecustic waves. This is the

essence of the RG theory or "gas-piston" model.

McDonald and Hetsel14 suggested that in some cases,

additional effects may be generated owing to the accustic uave
praduced in the sample causing the interface itself to vibrate
as indicated in Fig. 2.1. This effect is frequently small
compared to that of the gas piston. This is, however, not the
case when the sample is sufficiently transparent ( B< 1 cm‘1)
and the modulation frequency f is sufficiently large

( f:>103 Hz). Vhen this happens a “composite piston" model
must be used because the gas-piston effect and the sample

surface vibration effect may both contribute significantly

to the observed PA signal.

Now let 2 sinuscidally chapped monochrematie light beam

DfswavelengthA be incident on the sample with intensity,
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I = IO {1+ cos wt) . (2.2)

1
2
where I~ is the premodulation intensity of the beam (W/cmz).

The heat density (W/cm3) produced at any point x due ta light

absorbed at this peint inside the sample is then

BIo eﬂx (1 + cos wt) (2.3)

.

where x takes on negative values since the sample extends
from x = o to x =wl, with the light incident at x = o
(Fig. 2.2). Note also that the air column extends from x = o

to x = ¥, and the backing from x ==1 to x = - (1 + 1",

The thermal diffusion equation in the sample taking the

distributed heat source into consideration is

iwt

¥8 = 1 28 - peBX(14eiM) For —1¢ x40 (2.4)
2 = 3t
with ax
A = ?__]_:_9_2 (2.5}
7k

where € is the temperature and n 1is the efficiency at
which the modulated absarbed light at wavelength X is conver-
ted to heat by the nonradiative deexcitation processes. For
most solids n = 1 at room temperature. The corresponding
heat diffusion equations for the backing and the gas are
respectively

228
%2

=1 38 ' |
= - 3¢ -1"-1 € x & -1 (2.6)
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32

X

@

-:-(—, % 0gxel’ (2.7)

a8

The real part of the complex valued solution B(x,t) of the
equations (A.3) to {A.6) represents the temperature in the
cell relative to ambient temperature ¢0‘ Thus the actual tem-

perature field in the cell is given by

T(x,t) = Re B{x,t) + ¢0 (2.8)

The appropriate boundary conditions arc obtained from the
requirement of temperature and heat Flux continuity at the
boundaries x = o and x =~1, and from the constraint that the
temperature at the cell walls x = + 1 and x = -1-1" is at
the ambient (room) temperature. Finally we assume that the

cell dimensions are small enough to ignore convective heat

flow in the gas under steady-state conditions.

2.2.2 Temperature Distribution in the Cell

The general solution 8(x,t) in the cell neglecting

transients can be uwritten as

1] 3 wr
1 (x+1+1") l'!0+h’es (x+1) dwt “1-1" ex g -1
lll

B(x,t)= b,}+b2+b3eBx+(UesX+Véax—EeBX)éWt “1¢x€ o

J 3
(1-x }E + BOE"‘ ant 0$xg 1 (2.9)

-X
Tl
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vhere W,U,V,E, and QD are complex valued constants; hq, b, ,

b, HO, and F are real valued constants, and & = (1+i)as with
L ,

a = (u/2% }-“, In fact 80 and ¥ represent the complex

amplitudes of the periodic . temperatures at the sample-gos
boundary {(x = o) and the sample-backing boundary (x =-1},
respectivelvy., The d.c solution in the backing and gas already
make use of the boundary condition that the temperature, rela-
tive to ambient, is zero at the ends of the cell x = -1-1" and

x = 1'. and F denote the d.c component of temperature,

¥
o

relative Lo ambient, at the sample surface x ==1 and x = @,

respectively. The guantities E and b3, determined by the

forcing function in en. A.3, are given by
b, = — (z.17)

81
E - = (2.11)
(2?-62)  21(8%-6%)

In the general solution 2.% we amit Lhe growing exponantial
component of the solutions to the gas and backing material
because u"< 1 and u'€ 1' for all frequencies w of interest
(u' ~0.02 cm for air when w = 630 rad/s). Hence the sinu-
scidal components of these growing solutions are sufficiently
damped and are effectively zere at the cell walls. Therefore,
to satisfy the temperature constraint at the cell walle, the
growine exponential components of the solutiens would have

egsentially zero coefficients.
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he temperature and flux continuity corditons at the

sample surfaces x = o, and x =-1 are given by
8'(o,t) = 8(o,t) (2.12a)
g (-1,t) = 8(-1,t) (2.12h)
1’ 38" (o0,t) = k 33(o,t) (2.12¢)
x x
k'Rt (-1,t) = k 28 (-1,%) (1.124)
X Ix

These toundary conditions apply separately to the d.c component
and a.c component of the solution. Applying (2.12) to the d.c

conponent of the solution 2.9 gives

Fo = by + by (2.13a)
o = by-b,l + h3581 (2.13h)
:%; Fo = kb, + ka3 (2.13¢)
%% Wo = kb2 + ka3 Esl (2.13c)

Equotions 2,13 detorwine the coefficients b1,b2,h3, WC and
FO for the time-independent (d.c) compenent of the snlution.
Again spplying the constraints (2.12) to the a.c compaonent cf

the soluftion 2.9 gives
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B, =U+V-E (2.142)
W= 561 U+ 051 v-5tl g (2.14h)
K 679 = kBU-IBY-LBE (2.14¢)
kogmy = 16ab) u-kee®tvowestle (2.14d)

These couslions together with 2.1

determine the coefficients

u,v,¥, and Eﬂ. With the determination of all arbitrary con-

stants using squations 2.13 and 2

.14, we can deterpine the

temperature distributien (2.8) in the cell in terms of the

aoptical, thermal, and geometric parameters of the esysten. The

explicit expression of 8_, the cemplex amplitude of the perio-
n L]

dic temperature at the solid-gas {(x = n) boundary is given by
Bl (r-9b+1)eb o (re) (5125002 (5-0)3% (2.15)
BT 2 31 —£1
2K(B -p") (g+1){(b+1)e "-(g-1)(b-1)e

where

b o= fMa"
l2s
1
g = k'a
ftn
T = (1-1)

E_
2a

and O = (1+i)a, asz stated before.

(2.16)

(2.17)

(2.18)

Fg. 2.15 can be eveluaoted

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



22

.for specific parameter values, yielding a complex number whose

real and imaginary parts, 91 and 82 respectively determine the
in-phase "and quadrature coﬁponents of the periodic temperature

variation at x = o for the sampie. Specifically, the actual

temperature at x = o is given by

(0, t) = ’B + f + 8, coswt - B, sinwt o (2.19)

where ¢B is the ambient temperature at the cell walls and FD
is the increase in temperature due to the steady-state (d.c)

component of the absorbed heat.

2.2.3 Pfoduction of The Acoustic Signal

As previously indicated, thp acoustic signal arizes from
the periodic heat flow from the solid to the surrounding gas.
The periodic diffusion process pfcduces a periodic temperature
variation in the gas as giveniby the a.c component of the sol-

|
ulation 2.9 for o<x%f§ , that is

¢
_ -6 x _iwt
B, & (x,t) = B, e e’ (2.20)

With 6' = (1+i)a’ we see, by taking the real part of 2.20,

that the actual physical temperature variatien in the gas is

_al
Ta.c.(x't) - g2 * [91 cos(wt-a'x)—stin(wt-a'x)] (2.21)

where 81 and 82 are the real and imaginary parts of 82, as

given by (2-15). It is obvious from eq. 2.21 that T C(x,t)

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



23

is fully damped out at a distance x = 2% = 2R u' from the solid-
’ ¥ .

a
gas boundary, where u' 1is the thermal diffusion length in the

gas. Thus we can define a boundary layer (see Fig. 2.1), whose
thickness is 2mu' { 0.1 cm at w_ = 100 Hz) and assume, to a
: 21

Qood approximation, that only this layer of gas responds therma-
| .

1lly to the periodic temperature at the surface of the sample.

The spatialiy averaged temperature of the gas within the

previous boundary layer is given by

-

- 2rrut
B(¢) = 1 S Ea.c.(x’t) dx (2.22)
2wu!
o

Substituting for Ha c from eq. 2.20 and using the approxima-
tion 52n<§.1 we get

a— 3 — ﬂ

Seg) = 1 @ st - W4 (2.23)

—nae [n]
2Jzn

This layer of gas acts as an acoustic piston on the rest of the
gas column, producing a periodic acoustic pressurebsignal that

travels through the entire gas column. The displacement ox(t)
of this gas piston due to the periodiec heating can be estimated

using the ideal gas law

Sx(t) 2uu’
8(¢) T

0
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or, substituting for 8(¢) from eg. 2.23 we get

o

u' s,
o U dlwe- %) (2.28)

J7 1

bx{(t) =

0]

where we have set the average d.c. temperature of the boundary
gas layer equal to the d.c. temperature at the solid surface,
that istG = ¢5+F0. This is a reasonable approximation in view
of the fact 2®wu' is only ~ 0,1 c¢m at a frequency of 100 Hz and

gets even smaller at higher frequencies.

If we now assume that the rest of the gas responds to the
action of this piston adiabatically, then the acoustic pressure
in the cell due to the displacement %x(t) of this piston is

derived from the adisbatic gas law

va = constant _ (2.29%5)

If PD and Vo are the ambient pressure and volume respectively

" inside the gas cell, then the incremental pressure is given by

JP §V 3P
bP(t) = V° = ! S BxX(t) (2.26)
o 1

where ﬁe have used the fact that $V/V0 z px{t)/1'.

Now substituting for ®x{(t) from eq. 2.24 we get
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1

WP (g) = VP 8 i(wt-9/4) (2.27)
J2 1'a'T -
0
or
4p(y) = o slvt-Wa) (2.28)
where
0= YP.8, ' (2.29)
¥z 1'atT,

Bearing in mind that 80 (eg. 2.5 is complex we can put

Cal

Q= 0 +iQ, = ge ¥ (2.30)

Now using eq. 2.30 in eq. 2.28 and taking. the real part ap(t) of

$P(t) as the actual physical pressure variation we get

ap(t) Q

1 cos{wt —-g)— 02 sin(wt - %) (2.31)

or

ap(t) = g cos(wt -+ - %) (2.32)

In fact Q specifies the complex envelope of the sinusoidal
pressure variation. The explicit formula for Q is obtained by

substituting for GO from eq. 2.15 in eq. 2.29 where we get

BI_YP_ (r-1) (b+1)e¥=(r+1)(b-1)e 2 (b-r)eB?

Q 61

27 T _kl'a' (82-67) (g+1) (b+1) 0L —(g-1)(b-1)&0]

(2.33)
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where b = k" a"/ka, g = k'at/ka, t = (1-i)B/2a3, and 6 = (1+i)a
as defined earlier. At ordinary temperatures T0 szD so that
the d.c. caomponents of the temperature need not be evaluated,
Thus using eq. 2.33 we can evaluate the magnitude and phase of
the acoustic pressure wave produced in the cell by the photo-

acoustic effect.

2.3 Special Cases.

It is relatively difficult to explain the full expression
for ap(t) of eq. 2.32 because of the complicated expression
of Q as given by eq. 2.33. However, we gain physical insight
by examining special cases where eq. 2.33 becomes relativelf
simple. These special cases are grouped into two main categories
namely, (1) optically transparent solids with 1ﬁ$d ; and(2)

aptically opaque selids with %€<<1 , where

{2.34)

is the optical absorption length, and 1 is the thickness of the
solid. Now for each main category of optical opaqueness we con-
sider three cases according to the relative magnitude of the

thermal diffusion length u as compared to 1 and 18' For all
the cases evaluated below, we make use of the reascnable assump-
tion that ¢g<b and b~1 which means that k'a'<4{k"a" and

k"a" = ka. The previous six cases are shown in fig. 2.2 where

we have defined
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the special cases for the photoacoustic theory of
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QPO IO
Y 2 — (2.35)
2Jz 1 1

2.3.1 Optieally Transparent Solids (1€>1)

‘In these cases, the tight is absorbed throughout the
length of the sample, and some light is transmitted through the

sample.

Case 1a: Thermally thin Solids ( u>>1; LJ>1B ).

-84

here we put e "= 1 ~ Bl , éﬁl':

1, and Iri>»t in eqg. 2.33. We

then cobtain

Za'a'k" 2a! k"

=
1

(2.36)

In this case the acoustic signal is proportional tn B ; since
u"/a' is proportional to 1/w, the acoustic signal has an ﬁ1
dependence. Moreover the thermal properties of the backing

material affect 0 through the parameter ( u"/k"}.

Case 1b: Thermally Thin Solids {u>»d ; u LiB)
Here we put EE?P— B , 351‘5 (1 + 658 ), and Iri<? in eq. 2.33.

We then get

(1“1)81 n
——Q-I'-%-—[(82+2a2) fi82o2a2)) = My (2.37)
4ka'ta’b 2a' k"
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Eq. 2.37 is identical to eq. 2.36 with identical conscquences.

Case 1c: Thermally Thick Solids (u<( l;LJ«lB)

-61 ..

Bl = 4.1, 8% = 0, and 101 «1.

Here we set e

The acoustic signal then becomes

Q® - i Bu {u Y (2.28)
2a' k

The signal is proportional, in this case, to Bu rather than B81.
This indicats that only the light absorbed within the first
thermal diffusion length contributes to Q, in spite of the fact
that light is being absorbed throughout the length 1 of the
solid., Alsc since u<d1l, the thermnl proporties of the backing
Imaterial are replaced by those of the sample through the para-

meter { u/k ). The frequency dependence of Q in this case is
ﬁ3/2.

The previous three cases of optically thin solids demon-
strate a unique capability of photo-acoustic spectroscopy of pro-
bing the depth profile of optical absorption within a sample
For materials with a high thermal diffusion coefficient "a'" the
probed surface layer can be as small as 0.1 um at chopping

frequencies of 10& - 105

Hz. Then by decreasing the chapping
frequency, we ilncrease the thermal diffusion length "u" and
obtain optical absorption data further within the material, un-

til at ~ 5Hz we probe depths down to 10-100 um for materials
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with high a-values and up to 1~ 10 mm for materials with low a-

values,

This capability for depth profile analysis is unique and
opens up exciting possibilities in studying layered and amorphous

materials and in determining overlay and thin film thicknesses.

2.3.2 UOptically Dpaque Solids (IB<<1)

In these cases, most of the light is absorbed within a
small distance compared to 1, and essentially no light is trans-

mitted.

Case 2a:s Thermally Thin Solids (u>>lju>>la).
—Bl -~ eiﬁl -

In this case we set in (eq. 2.33) & , - 1, and 1r1>>1,
We then obtain

q -: (1-1) ( U-" ) Y 2.39
9! K"

In this case our acoustic signal Q is independent of B. This
applies to the case of a very black absorber such as carbon

black. The signal is quite strong (% times stronger than case
1

1 a), depends on the thermal properties of the backing material,

and varies as w .

Case 2b: Thermallv thick solids (u<l; uw>l,).

B
Here we set in {eqg. 2.33) EBl 20, g6l =~ 0, and 1rl>l.

We then obtain
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Q*

Y (g-2a-i8) = ( 221 )¢ By (2.40)
2a'akp 2a' k

Thisisanalegous to eq. 2.39 except the thermal proporties of the
backing are replaced by those of the solid. Again Q@ is inde-

pendent. nf P and varies as ﬁ1.

Case 2c: Thermally Thick Solids (u<<l;u<l

' B)o
e set &1 « o, 3% 2 0, and 1rl<? in eq. 2.33.

We then obtain

Q = “BY  (2a-peig) = TIBM u,y oy (2.41)
&a'aﬁk 2a’ k

This is a very interesting and important case. Although we are
dealing here with a very optically opaque solid (Bl>>1) yet, as
long as gu<1 (i.e. u<lB) y -the solid is not photoacoustically
opaque and @& 1is proportional to 8. As in case 1lc, the sig-
nal is also dependent on the thermal properties of the sample

and varies as ﬁ3/2.

We shall apply, in chapter 4, the results of the present
basic theory of photoacoustic spectroscopy in solids to the

analysis of our experimental data on CdS.
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Chapter 3
The Experimental Setup

Introductian

Figure 3.1 shows a block diagram of the experimental setup
which has been used for the measurement and recording of the
‘photoacoustic spectra. A dye laser pumped by an argon ion laser
provides a coherent tunable light source. The laser beam, after
bein modulated by a variable ¥requency rotating disc chopper, is
divided By a beam splitter ihtu two beams. The first beam is
directed towards a photoacoustic cell which contains carbon pow-
der and acts as a power monitor for the dye laser when it is
scanned in wavelength by a clock motor attached to the laser
tuning mechanism. Its function depends on the fact that for a
very black absorber such as carbon black the thermal diffusion
length u is much larger than the optical sabsorption path length
lB (case 2a, chapter 2), and the photoacoustic signal is indepen-
dent of the optical absorption coefficient. In this case the
only term in eq. 2.39 that is dependent on the wavelength of the
incident radiation is the liéht source intensity 10: Thus it -

is clear that the photoacoustic spectrum in this case is simply

the power spectrum of the.light source,

The second laser beam enters into . a second identical
photoacoustic cell containing a powdered sample of cadmium sul-
phide (CdS). The two photoacoustic signals from the two photo-

acoustic cells are then amplified by two separate low noise

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



33

1so0e@ SISyl JO BIusD - ueplor Jo AlisiBAIUN JOo AkelqiT - PaAISSaY SIYDIY |1V

Power Monttor

Wmﬂ {Lock-in |
>~ Amp.
. [
. Sample nm__.v . | [Ratio
Argon—ion Dye PA —JLow-noise Meter
Laser Laser mmmﬂm_. cell Preamp. .
Chappey .U
Lock-in{
3, Amp ]
Reference
Plotter - m_umﬂ_‘c.d
_ Analyzer

Fig 3.1 Block —Diagram of Experimental Set-up



34

preamplifers (see Apendix A). The resulting signals are then

fed into two lock-in phaée sensitive amplifiers. Both ampli-
fiers are supplied by a reference signal from the chopper. The
photoacoustic amplified signal of the CdS sample is then divi-
ded by the corresponding photoacoustic signal of the power moni-
tor by an analog divider (see Apendix B). The normalized output
spectrum of the ratioc meter is now fed into a spectrum analyzer

where it is stored and later recorded by the plotter.

We shall now give more specific details on the respective

components of the previous experimental setup.

3. The Tunable Laser Source

An argon-ion laser (Spectra-Physics, Model 171) is used as
a pump source for Spectra-Physics, Model 375 Tunable Dye Laser.
The argon ion laser operates on population inversions in doubly
ionized, singly ionized, and atomic argon that are excited by
electrical discharge. Highly stable CW emissions occur at
severél UV wavelengths near 360 nm and at a dozen blue-green
wavelengths in the 500 nm region. The argon ion laser is mode-
rately efficient and the present high energy modelg are capable
of producing about 4W in the ultraviolet and - 20W in the blue-
green region of the visible spectrum. It is worth mentioning
that the gain in ion lasers is generally very strongly dependent
on current density because such high densities are essential for

maintaining a large population of ions in ionic states. In low-
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current discharges, however, the atoms are primarily in excited
states of the neutral atom. Secondly, the pwer output of ion
lasers varies approximately as the square of the power input
over a very large range of operating parameters. These pro-
perties result from the fact that the excitation process that
generates the population inversion requires more than one colli-

sion step to reach the final upper state of the laser transition.

The model 171 Spectra-Physics argon ion laser utilizes
power densities in excess of SkW/cm2 in its plasma tube. The
length of the laser cavity with the prism wavelength selector
is 1,77 + 0.003 meter with longitudinal mode separations of
c = 8&;7 MHz. The Doppler-broadened argon ion gain profiles
ﬁ:ve bandwidths of more than 5000 MH z.

The dye laser is by far the most promising source of tunable
coherent radiation in the UV-visible region. With the use of
selected dyes, this laser can be continously tuned over the 340-
1200 nm region with a spectral width of less than 1nm. Moreover,
with the use of optical elements within the dye cavity, such as
an etalon, linewidths of about 15 R are attainable for ultra-
high-resolution work. In addition to its role as a primary
source of continously tunable narrow-band optical radiation, the
dye laser can also be used to excite nonlinear devices that gene-

rate tunable coherent radiation as short as 100 nm. The tunabi-

lity, spectral purity, and spatial coherence of dye lasers makes
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them an excellent source for high resolution photoacoustic

spectroscopy.

The model 375/376 laser system consists of Model 375 dye
laser and Model 376 dye circulator. It is designed specifica-
lly to be pumped by an argon ion laser such as Spectra-Physics
Model 171. The system is capable of préducing tunable CW
laser radiation at any wavelength from about 570 to 650 nm using
8 solution of Rhodamine 66 dye in ethylene glygol. By using
other dyes, any wavelength from 440 to 915 nm may be obtained.
Therefore the laser gain medium of the dye laser is a liquid
solution of organic dye which absorbs pump laser light focused
on it by the input mirror and emits light at longer wavelengths
through fluorescence. This emitted light passes through the dye
stream many times as it is reflectéd back and forth between the
mirrors which form the optiecal cavity of the dye laser. As the
light passes through the dye stream, dye molecules previously
excited by the pump light are stimulated to emit at the fluore-
scence wavelengths, providing laser action. Fig. 3.2 shows the
dye laser output spectrum profile for Rhodamine 6G. The fluore-~
scent emission spectrum of the dye is typically a m%rror image
of the absorption spectrum displaced towards longer wavelengths.
On the long wavelength side of the dye laser output, lasing is
limited by the dye gain profile, and the shape of the dye laser
output profile is approximately determined by the shape of the

dye gain curve. On the short wavelength side, however, lasing
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is limited by the absorption of the dye. Thus the dye laser
output spectrum profile does not follow the shape of the dye
gain curve in this area, but tapers off as the long wavelength

tail of the absorption curve i$ reached.

The input mirror of the dye laser has a radius of curvature
of 5cm and focuses the ocutput beam .of the pump laser into the
~dye stream, and is coated to provide maximum reflection at argon
ion laser wavelengths., The laser has a three mirror folded
optical cavity as shown in Fig. 33, witb the "fold" occuring at
the collimating mirror. The dye laser beam is reflected from
the end mirror, through the dye stream, to the collimqting
mirror, to the output mirror and back again to complete one
round trip as shown in the Figure. TRe standard end mirror and
collimating mirror are identical. Both have a 5 c¢m radius of
curvature and are coated to provide maximum reflection in the

600 nm wavelengﬁh region for use with Rhodamine 6G dye. The

fluorescent spot of the dye is located at the center of curvature

with respect to the end mirror and at the focus with respect to
the éollimating mirror, The output mirror is flat and is also

coated for the same 600 nm wavelength region.

The length of the dye laser cavity between the extreme
mirrors is about 36 cm with longitudinal mode separation of
&V= ¢ = 400 MHz. This mode separation is a result of the lon-

2L
gitudinal resonance condition for any optical cavity,
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or eguivalently, VY = where n is an

I'\JI);
>
]
i
N
-

L =n

integer.

Wavelength tuning is accomplished by a highly selective
Fabry-Perot funing element shaped as a wedge and is inserted
inside the dye laser cavity as shown in Fig. 3.3, The trans=
mission of a Fabry-Perot etalon or etalon-like device such as
the tuning wedge is given by the Aliry formula. For a symme-
trical lossless etalon with a reflectivity independent of

wavelength, the formula reduces to

1
L4r

nr)?

1 + sinzﬁ

where Q = 2'nn1é9/c s+ T is the transmittance, r is the coeffi-
cient of reflection, n is the index of refraction, 1e is the
effective optical length of the cavity, ¢ is the speed of
light, and VW is the ﬁptical frequency. T = 1 and 'I‘m =

max in

1wy 2 Fig.3.4 shows the transmission of an etalon~type device

(1+r)

for various reflectivities. The frequency separation between

two transmission maxima satisfying the resonance condition is
c

called the free spectral range {(FSR) = Snl
e

Fig., 3.5 shows the construction of the tuning wedge with
a FSR = 100,000 GHz = 110 nm. This is about the same as the

width of the Rhodamine 6G dye gain curve. The wedge is
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composed of wvery tin deposited layer of refractive index n
and wvariable length 1e with mirrors on either side. As the
wedge is moved laterally across the optical beam, the effec-
tive mirror spacing le changes, shifting the peak transmission

frequencies of the tuning wedge.

The output line width of the laser is mainly determined
by mode competition, To understand this process we note that
the dye gain curve of about 100 nm is wider than the cavity
axial mode spacing by at least a factor of 2 x 105 (see Pig.
3.6A)., All these longitudinal modes lying under the dye gain
curve derive their energy from the same energy source-the dye
fluorescence transition. These modes can be considered as a
series of coupled oscillators at slightly different fregquen-
cies., These coupling factors will result in competition, and
modes wiil tend to steal energy from one another. If for
example a mode is favored with respect to others by some gain/
loss mechanism it will increase in amplitude at the expense
of the others. The cavity modes near the peak of the dye gain
curve receive more of the energy pumped into the dye at the
expense of modes lying farther frém the peak. Therefore, the

laser ocutput, rather than being spread over a range of 100 nm,

it is concentrated within a range of about 2 nm (see Fig. 3.6B).

Similarly, with the tuning wedge inserted inside the cavi-
ty, the laser output is not the untuned output of Fig. 3.6B

modulated by the wedge transmission since mode competition
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reduces the linewidth to 0.3 nm (see Fig. 3.6 C). Total out-
put powver does not decrease markedly, and thus the modes near
the peak increase in powef at thé expense of those lying far-
ther from the peak., The extra fine tuning etalon (see Fig.
3.3) will now further promote mode competition and narrows
linewidth to 0.05 nm (see Fig. 3.6D). This last element is a
thin uncoated piece of glass about 0.llmm thick and 900GHZ
FSR. It acts as a transmission filter, allowing the laser to
operate only at the resonance frequencies of the etalon, and
thus provides coutinous wavelength tuning as it is tilted with

respect to the dye laser beam.

Fig. 3.7 shows how the dye laser can be tuned with the
tuning wedge alone, As the wedge is tuned, its transmission
peak moves with respect to the dye gain curve (Figs. 3.7 A,B)
and the output wavelength of the dye laser changes. The laser
tunes continously across the gain curve of the dye as the
wedge is moved laterally. Eventually, as the peak transmission
frequency of the tuning wedge moves farther from the center
of the dye gain curve, an adjacent tuning wedge transmission

peak moves closer to the peak of the dye gain curve. At this

point, the laser may be oscillating at two distinct wavelengths,

separated by about 110 nm (Fig. 3.7c). As the wedge is moved
a little farther (Fig. 3.7D) the laser no longer oscillates at
the previous frequency, but now has an ocutput only at the new

frequency at the opposite side of the dye gain curve. If the
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dye laser is operating at high power, this frequency hop
occurs earlier than it did previously, and the frequency
range over which the dye‘laser can be tuned is now less than
it was at low power. This large output wavelength hop can
be prevented if desired by using stops to limit the tuning

wedge  travel.

With both the tuning wedge and the fine tuning etalon in
place, there are two ways to tune the laser-either with the
wedge or with the etalon-as shown in Figs. 3.8 and 3,9 respec-—-
tively. 1In this case, of course, the continous tuning range
is limited to the free spectral range of the fine tuning eta-
lon which is lnm. Notice that the exact output wavelength is
not deter%ined strictly by the dye gain curve, the tuning
wedge transmission curve, or the fine tuning etalon transmi-
ssion curve, All three elements combine to determine the

output wavelength, with the fine tuning etalon being most in~

fluential,

3.2 The Photoacoustic Cell-The Gas-Microphone Cell.

Figure 3.10 shows a schematic diagram of the photoacous-
tic cell for the gas-microphone PAS system which usually
contains the sample and microphone, An electret microphone
with internal self-biasing provided from a charged electret

foil has been used in the present cell,
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In designing a photoacoustic cell, one has to consider

the following relevant criteria:

l. Acdoustic isolation from the cutside world,
2, Minimizing extraneous photoacoustic signals arising from
the interaction of the light beam with the walls, the

windows, and the microphone in the cell.
3. Microphone configuration.
4. Means for maximizing the acoustic signal within the cell.

5. Restrictions'imposed by the samples to be studied and the

type of experiment to be performed.

We shall now consider the previous criteria in some more detail,

Acoustic isolation does not impose a serious problem pro-
vided one uses lock-in detection methods for analyzing the
photoacoustic‘signal. One should aveid, however, using chopp-
ihg frequencies cleose to those present in the acoustic and
vibrational spectrum of the cnvironment, The design should
have good acoustic seals and thick walls which form an effi-
cient acoustic barrier, In addition, some isolation of the

cell from room vibrations should also be considered.

To minimize the photoacoustic signal arising from the
interaction of the light beam with the windows and walls of
the cell, one should use windows which are as optically trans-

parent as possible for the wavelength region of interest, and
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construct the bodv of the c¢ell out of thick polished metal

such as aluminijium. brass, or stainless steel. A large polished
thermal mass resurts in little absorption of light with sub-
sequent small temperature riSe at the surface and a small pho-
toacoustic signal. One shoﬁld-also keep all inside surfaces
clean to minimize photoacoustic signals from surface contami-
nation, Finally the design should consider minimizing the
amount of scattersd light that can reach the microphone
diaphragm,

The microphone used for the cell of Fig, 3.10is a cylin-
drical small electreL micr;phone lem in diameter and l.ocm
long. Such microphones have rated sensitivity of about 1mV/
sbar, with a flat frequency response from about SOH; to 15kH=z,
The photoacoustic signalé from the microphones were first
preamplified by a locally built low noise prcamplifier before
being fed to the lock-in amplifiers, With a carbgn black
absorber the photoacoustic signal was about 20mV at 790 Hz flor
the incident laser light at 5980 K. The signal.to noise ratio
ffor the carbon-blacL‘abéorber was about 500:1.. The noise is

mainly electronic due to the microphone-preamplifier system.

Since the signal in a photoacoustic cell used for solid
samples varies inversely with 1! {eq. 2.33), one should mini-
mize the gas volume provided that the distancé 1° between the
sample and the cell window should always be.greater than the

’

thermal diffusien length u of the gas. This results from
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the fact this boundary layer of the gas acts as an acoustic
piston generating the signal in the cell, and when 1% u’, the
photoacoustic signal decreases. Now since u'sc (w)_-15 we
should keep 1°»u’ for the lowest chopping frequencies used.
For air at room temperature and pressure u’= 0.06em at 10H=z,.
A reasonable value for 1” would then be about 0.1 cm. At
higher fregquencies thermoviscous damping becomes predominant
resulting in an attenuation ;Ex' wvhere E is a damping coe-

15

fficient given by -7,

=
i

dco ( 2FL )

where d is the closest dimension between cell boundaries,
as in a passageway, c," is the sound velocity, fg is the gas
density, and n, is the effective viscosity which depends on
both the ordinary wviscosity and thermal conductivity of the
gas. Again for air at room temperature and pressure, thermo-
vigcous damping is negligible at 100Hz if d »0,.,0lcm. In
general it is better to keep any passageway dimension between

1=2 mm,

The limit to which one adheres to the previous criteria

depends on the type of sample used (powder, smear, liquid etc.L

its size, and the type of experiment one wishes to perform.
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Chapter 4

EXPERIMENTAL RESULTS AND CONCLUSIONS

4.1 The Power Spectrum of The Dye Laser.

In this chapter we shall consider some of the predictions
of the Rosencwaig-Gersho theory of the photoacoustic effect in
solids which we detailed in Chapater 2, and shall show how

these predictions could explain our experimental results.

We shall begin with the most important and obvious results
of the theory which indicates (see egq. 2.33) khat the photo-
acoustic signal is always linearly proportional to the incident
light power for any sample or cell geometry. However we have
seen {eqs. 2.39 and 2.40) that in the special cases when the
thermal diffusion length in an optically opaque sample i
greater than the optical absorption length (p:>1B), the photo-
;coustic signal is independent of the optical absorption coe-
fficient B of the sample. In these special cases, the only
wavelength dependent parameter in eqs., 2.39 and 2.40 is the

light source intensity Io' and the photcaccoustic spectrum in

these cases is simply the power spectrum of the light source.

Fig. 4.1 shows the power spectrum of the dye laser as
indicated experimentally by the photoacoustic spectrum of a
porous carbon powder sample. The laser was scanned over the

o o
wavelength range from 5727 A to 6352 A; and the spectrum
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indicates the large intensity fluctuations of the laser power
over the respective range of tuning. It should be mentioned
in this respect that one can utilize this property of the
photoacoustic spectrum in constructing a power meter that
would have a greater wavelength range than other available
power meters, while maintaing high sensitivity and a fairly
large dynamic range, The same power meter could be used from
the X~ray range to the far infrared, requiring only a change
of entrance window to allow suitable transmission of the in-

cident radiation.

4.2 Normalization of the Power Spectrum of the Dye Laser,

To overcome the intensity fluctuations of the dye laser
power spectrum of Fig. 4.1 a photoacoustic cell containing
carbon powder was used as a power monitor (see Fig. 3.1). Nor-
malized PA spectra are then obtained by dividing the photo-
acoustic signal of the sample by the signal of the power moni-

tor using an analog divider (see Appendix +B).

To test the efficiency of the previous normalization pro-
cedure the power spectrum of the dye laser of Fig. 4.1 was nor-
malized and the experiﬁental result is demonstrated in Fig. 4.2.
The resulting intensity fluctuations of the dye laser power as
measured by the ratio (Imax- Imin)/Iav over the entire tuning

range of the dye does not exceed 6% compared with 200% before

normalization.
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4.3 Variation of The Photoacoustic Signal with Frequency.

The Rosencwaié—Gersho theory of the photoaccustic effect
has made certain predictions about the wvariation of the photo-
acoustic signal with the modulation frequency. These predic-
tions depend on the thermo-optical properties of the investi-

gated sample.

4,3.1 The Case of Carbon Black,

We have seen that carbon black is characterized by its
photoacoustic "opaqueness" as well as its optical opaqueness,
in the sense that the acoustic signal is independent of the

optical absorption coefficient B, and is given by (see Eq, 2.39)

lai ut
2a’ ( E: )

To find the frequency dependence of Q we substitute for a’

1 ol 1 :
and u" where a’= ( == )}? and u" = ( 2= )2, and we get
24 w
Qv 1zt L
k" W
which indicates that Q wvaries as w_l i.é. a log-log graph

of Q versus the modulation frequency f would give a

straight line of slope -1.

Fig. 4.3 shows the experimental plot of log Q against
log £ for carbon black. The slbpe of the best fit straight

line to the experimental data points is equal to =1 as
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predicted by the RG theory.

4.3.2 The Case of Cadmium Sulphide.

To study the variation of the PA signal Q with freq-
uency f for a sample cadmium sulphide, a sample of Cd3 in
powder.form was used. The experimental graph of log Q against

log £ is shown in Fig. 4.4,

To understand the nature of the dependence of the PA
signal Q on the modulation frequency f as demonstrated in
Fig. 4.4 we note that CdS 4is an optically opaque solid with
yB< 1, in the sense that most of the light is absorbed within
a distance that is small compared to the length of the sample
1l such that essentially no light is transmitted, For such
materials we have to differentiate between two situations.

The first one occurs in the low frequency domain where u‘>1B,

i.e. the thermal diffusion length wu is greater than the opti-

cal path length lB. We have seen in Chapter 2 that for such

thermally thick solids Egq. 2.39 shows that

o
i

and with u

which shows that in the low frequency range where u>l the

B’
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PA signal Q varies as w-l i.e. a plot of log Q versus log T

gives a straight line with slope -1.

‘Now with continous increase in the modulation frequency

3

f, a stage is reached when u, which wvaries as w becomes

smaller than the optical path length 1 In this case the PA

Bi

signal Q, as Eq. 2.40 indicates, becomes equal to

-iBu ( n

and with a’= ( Py , u = - we get
-. x
Q w =iB 5 3/2
k w
which indicates that Q wvaries as w-3/2, i.e. a plot of log Q

against log w gives a straight line with a slope of ~3/2.

Looking back now on the experimental graph of Fig. 4.4 we
indeed observe that by varying the chopping frequency we move
from a region of w-l dependence with a slope of =1 for the

3/2

log-log curve to another region of w dependence with a

slope of —2' for the log=log curve as shown in Fig.l4.4. The
2

transition between these two regions cccurs for CdS around

f = 400 Hz, At this transition frequency u = 1 Now u =

B.

2 (% K
( = )* where = s For Cds.
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k = 0.2 watt (cm. K)-l
= lt.B,g.cm-“3

C = 0.33 Joule (g.k)~t

Substituting for these values we get

o, = 0,15 (cmz/sec)

Now at f = 400 Hz and «¢= 0,15 cm2. sec_l we get for the ther-

mal diffusion length u at this frequency,

( 2 x 0.15%

¥
= 0,011
2x3. 14x400 ) em

We conclude from this that at f = 400 Hz we have u = lB =

0,011 cm, and with 1B = % we find that B = 91,3 em™t at
A= 593 nm. This is the dye laser wavelength at which the

data were taken.

4,4 The Normalized Absorption Spectrum of CdS.

Pig. 4.5 showﬁ the normalized photoacoustic signal of
cadmfum sulphide CdS at room temperature over the wavelength
rangé15?l-635.5 nm of the dye laser.‘ Our results agree rea-
sonably well with‘those of other workersls’lT. Cadmium sul-
phide.is a directeband semiconductor with the band edge as
measured by the pééition of the knee in the PAS spectra at
N = 5i8.1 nm (2.4e¢V) was found to agree very well with the

8

values recorded in the literaturel « Unfortunately the
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tunability of our dye laser using Rhodamine 6G dye does not

cover the previous wavelength.

Several remarks of PAS spectra of semiconductors are
in place at this point. First the photoacoustic spectroscopy
technique gives the correct spectrum for both direct (CdS) and
indirect (GaP) bandgap semiconductors. Second the samples can
be in the form of commercially available powders taken off the
shelf without further purification or of single crystals ground
up to powder form to reduce reflectivity and increase the sur-
face area, Third, the quantity needed may not exceed a few
milligrams. Finally the relative simplicity of the experimen-
tal technique used. All of this'emphasizes the ease and con-
venience with which data of importance for thg optical and
electrical properties of semiconductors may be cobtained with-
out the requirements of high purification or high vacuum

techniques.

4.5 The Variation of The Absorptivity B of Cd§ with Wavelength.

Fig. 4.5 of the PA spectrum of CdS could be transformed
into the corresponding variation of the optical absorption coe-~
fficient of €dS5 with wavelength over the tunability range of
the dye laser. Using‘the calculated value of B = 91.3 Cm-l at
%= 593 nm (see sec. 4.3.2) we computed the corresponding var-

iation of B with wavelength as shown in Fig. 4.6,
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4,6 Conclusions.

During the course of this work we succeeded in building
a complete experimental setup for Laser Photoacoustic Spectro-
scopy, including building up necessary mechanical and electro-

nic components at the Department's workshops.

The setup was tested and its performance was evaluated in
the light of the Rosencwaig-Gersho (RG) theory of photoacous=

tic spectroscopy in condensed media.

~The photoacoustic spectrum of CdS both as a function of
modulating frequency for a fixed wavelength and as a function
‘of wavelength for a fixed frequency were obtained., The log-
log curve of the photoacoustic signal with frequency was ex-
plained in the light of the RG-theory and the difference in the
frequency dependence was explained in terms of the relative
values of the thermal diffusion length u and the optical path

length 1 The overlap region between the two frequency do-

BI
mains was determined and a value of B = 91.3 cm_l for CdS at

A= 593 nm was calculated.

Finally the pheotoacoustic spectrum of CdS with the wave-
lengthh was transformed into the corresponding curve for the
variation of the optical absorption coefficient B of CdS
with the wavelength ﬁ over the whole tunability range of the

dye laser,
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Appendix B

Appendices

Low Noisa Preamplifier

Analog Divider.
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