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ABSTRACT
When a modulated beam of light impinges on a
solid, elastic waves are produced as a result of
the surface motion due to thermal expansion. In
semiconductors, in addition to this thermal
expansion effect, there ic alsco mechanical strain
induced in the material due to the photogeneration
of excess free carriers. Theory predicts the
dependence of this strain on the pressure
dependence of the energy gap, dﬁg/dp, thereby
giving a theoretical foundgtion for the study of
.the difference of thic effect in a direct band_gap
semiconductor and an indirect band._.gap
semiconductor in view of the difference in sign of

their pressure coefficients of the band gap.

An experiment has been performed to
in;estigate this difference by carrying out
photoacoustic measurements on the magnitude and
phase of the acoustic signals generated as a
result of these effects, in GaAs (direct) and
si]i;on (indirect). In GaAs, the results have been
found to be very unsatisfactory due to the
experimental factors cited. As for silicon, no

results have been obtained because it required
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modulation frequencies of over IMHz in order to
sustain a detectable strain. However from the
information obtained, we learn that the electronic
strain is the dominant contributor toc the total
acoustic signal, in both cases. Measures to take
in order to improve the situation have been
explored in some detail. The importance of the
beam spot size has been highlighted. Generally,
several important points which need more attention

have been revealed.



CHAFTER ONE

INTRODUCTION

1.1 PREVIEW
Photoacoustic microscopy has emerged as a vseful
technique to investigate optical and thermal
properties at and near the surface of a

1,2,3,4
material . This technique although rew is
an outgrowth of a much older method most commonly
refered fo as Photoacoustic Spectroscopy(PAS). The
photoacoustic effect, in which optical en;rgy
absorbed by a sample is detected through the
subsequent thermal generation of acoustic signals
was discoverd by Alexander Graham Bell more than
100 years agas « Only recently has it developed
into a popular research and analytical tool in

such areas as Physics, Chemistry, Biology and

Medicine.

PAS of solids‘typically involves the
irradiation of a surface of an usually apaque
csample with an intensity modulated optical(laser)
or electron beam focussed and scanned across the
surface., Localised periodic heating results from
the absorption of the incident beam. The solution

to the periodic thermal diffusion equation



appropriate to this situation ie a ‘thermal wave~”
very highly damped so that it propagates not more
than a wavelength. Infact this wave is attenuated

to 1/¢ after propagating one reduced wavelength

M = >‘/2 ¢1.1)

where 7\ is the wavelength and M is referred to

as the “thermal diffusion length’ given by

2k \ Y,
W - ( 2
wcf €1.2)

Here K is the thermal conductivity, j’the density,
¢ the specific heat capacity, and (Wthe freguency
at which the heat is being produced. In spite of
their being damped,thermal wave interactions with
sample features may be treated mathematically as
scattering and reflecticon interactions, just as is
the case with the conventional optical and

acoustic waves,

The thermal wavee generated in the sample by
the absorpticA of the optical {photon or electron)
beam will, through their various interactions,
provide thermal wave images of those surface and
subsurface features with different thermal
characteristics. As in optics and acoustics, the
resolution achieved in thermal wave imaging is set

both by the spot size of the optical or electron

UN“VRGWV IXTY P ARETVE € T wveam o



beam and by the reduced wavelength of the thermal
waves. This wavelength, as may be seen from
equation (1.2) is in turn determined by the
frequency at which the optical beam is modulated.
Thermal waves are most difficult to detect
directly since, because of their strong damping,
they will only penetrate 10 m in silicon at
200KHz - 20MHz. However associated with these
thermal waves are acoustic waves of the same
frequency but of much longer wavelengthe (Scm -
0.5mm). These acoustic waves have a very large
range and can be readiiy detected with a
piezoelectric transducer in contact with *the
sample, as applied in most photoacoustic
experiments. However, because of their large
wavelengthe, the acoustic waves at these
frequencies do not interact with or image any of
the microscopic features in the sample but serve
simply as the carriers of the imaging information

generated by the much shorter thermal waves.

Up to now, thermal_wave imaging and
microscopy have been used primarily for the
detection and imaging of subsurface features in

&,7,8,9
opaque samples . At low frequencies, where
the thermal wavelengths are large, the subsurface
features are macroscopic in size. Rosencwaig and

& 10

Bussel and Brandis and Rosencwaig have

‘demostrated thermal_wave imaging of microscopic



subsurface features at 100KHz or more, using laser

scanning and electron beam scanning, respectively,

Thermal_wave microscopy can, however, be
used for more than subsurface imaging, in
particular to image surface thermal features which
are otherwise invisible tao eijther optical or
electron probes. The thermal features so imaged
are those areas in the sample with sufficiently
different thermal characteristics from their
surroundings so as to cause scattering and changes
in propagation of the thermal waves when they
enter these regions. It has already been *
demostrated that changes in a sample’s thermal
properties due to structural phase changes or
changes in crystallinity can be readily detected

with a thermal wave or a photoacoustic technique.

However, one of the most promising
application of the technique appears to be in the
study of semiconductor devices. For example
thermal_wave electron microscopy has been used at
640KHz modulation frequency to detect and image
p-doped silicon regions in a Eare silicon waferlg.
In sﬁéh work, it has generally been assumed that
photoacoustic generation in semjconductors is
predominantly due to thermoelastic effects. In

this report, anather important mechanism for

Photoacoustic generation in semiconductors, that




of periodic mechanical stress_strain flunctuations
induced through the photogeneration of free

carriers, is investigated.

The advantage of this Photoacoustic
spectroscopy is that the photoacoustic signal is
directly related to the amount of strain induced
in the material, due to both the generation of
electrons and holes and the thermal heating.
Changes in material or geometric structure will
change the absorption or reflection charateristics
at the absorbing surface and alter the
photoacoustic signal, thus visual informatioh
about the local thermal and elastic properties on
a microscopic scale is provided, Infoermation about
de_excitation processes, aleo on a microscopic
scale is obtained. This technique showe an
excellent way for non.deetructive investigation of
bulk materials. Besides, photoacoustic methods use
inexpensive lagers and simple electronice to
produce the image in not less than a few minutes,
This is an advantage because the sample should not
be heated for a long time as this may cause

distortione in the ’image-forming’ thermal waves.

1.2. BASIC IDEaS

From the band model faor the diamond type crystals

(i.e. crystals with cubic symmetry), the band
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structure versus interatomic distance is found as
shown echematically in Figure 114. The bottom of

the conduction band correspoﬁds to 100> minimum

in K.space, while the top of the walence band to

<100> minimum, in silicon, for instance. We will

consider the intrinsic case for the sake of

simplicity but the result is practically the same

for the extrinesic case too.

The total energy of the electrons in the

conduction and valence bands in the wolume unit is

Ey
Ehﬂ: = E ﬂ‘(E,n) NV(E) dE N
]
Ev
]
=
+ E £ {E,n> N_(E> dE
n C
EC

(1.3
E denotes energy, f, ie the electron distribution
function, N, , Ny + are the densities of statecs
in the conduction and valence band,respectively,
EV s EV are the energies corresponding to the
bottom and to the top of the valence band and Ee s
EE are the energies corresponding to the bottom

and the top of the conduction band.

Intraducfng into equation (1.3) the
distribution function of the holes fP

-fP=1 —--{3n (1.4



one obtainse the relation

Ev EV
Epor = E N, dE - E £, Ny dE
Ey E'v
gl
+ E f, N_ dE
E, (1.5

The first term in equation (1.35) represents the
total energr of electrons in the valence band, W,
when the latter ie filled up. The two latter

terms, for non_degenerate carrier gas, are equal

to
Ey
E fP NV dE = p(EV - 3/2k5 T
EI
1
Ee
E fh Nc dE = n(EC + 3/2k3 T
E, (1.6

ny, p denote electron and hole concentraticone and
(372)kgT is the thermal energy of a current
carrier. Further we shall put n=p, then from

equations (1.5) and (1.6),we get

Etot

W+ ntE, -~ E) + 3kgTn

or

E =W + + ~ .
ot nEg + 3n kg T (1.7)



where Eg = Ec— EV is the energy gap. We shall call

by e dilation (deformation? of the crystal,

a0 (1.8)

where a is the actual lattice constant (i.e.with
current carriers in the crystal), 4o is the
lattice constant when there are no current
carriers. Since all of the state energies depend

explicitly on © , one can write

dEtdt d dE5

f—— - — + -

dt dg dg (1.9
If one assumes that the elastic properties of
sclide are related to the valence electrons only,

15
then cne can get, from the theory of elasticity ,

dl
—= = (30| + 6Cp0 €
de (1.10)

where Cyy , Cya are the moduli of elasticity. Hence

we can write equation (1.9) in the form

dE*-Vt 3n AE
- = 3(0“"" 2Ca 2t + = | -
T

d¢ {3 3;

where (AEs/;p)T is the pressure dependence of the

(1.11)

energy gap, B ie the volume compressibility
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coefficient.

4ot

At equilibrium ~—-— = 0, and then

df

€ = e n(a_E%

3By + 26> e
or
1 ;)E 5’
¢ =-[=1)] n d..
2\ dp Y) (1.12)
T
§ : »
where ij = Ssemmee—— e ie a tensor quantity.
ﬁcc”+ 2C4p?

The formula (1.12) gives the dependence of
the dilatation of the crystal on current carrier
concentration. If the current carriers are
generated by light, one can introduce a
photostriction coefficient (the meaning of which
is deformation of the crystal related to the unit
concentration of the electron.hole pairs,
it
An

From equation (1.12), one can obtain the

Xy =

expression for OIP as

(1.13)
op T
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It will be worth noting that the sign of this
‘strain’ effect is the same as the cign of
pressure coefficient of the energy gap. This
etrain should then be positive (dilatation) for
direct band_gap semiconductors (GaAs, GaSh, etc.)
and negative (contraction) for indirect band._gap
semiconductors (Si,BaP, etc.).This is so because
it has been observed experimentally that, when a
direct band_gap semiconductor is subjected to
pressure, the energy gap increases with increase
in pressure, whereas for the indirect case, the

enerqgy gap narrows with increase in pressure.

In this work, the samp]eg (which are
cemiconductor wafers) were half_coated with
metallic chromium soc that when the optical beam is
scanned from one side to the other, we have both
the electronic and thermal strains cccuring on the
uncoated side and the thermal strain on the other.
Hence there is need to understand, in some detail,
the process of thermal diffusion on both sides of

the samples.

1.3.THE PROCESS OF THERMAL DIFFUSION

The diffusion equation describing the periodic

heating on the bare semiconductor surface may be
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stated as
2. .
KV T —wacT=0 (1.14)

where T is the laser induced pericodic temperature
in the semiconductor, at angular frequency W, K
is the thermal conductiuitr,‘f is the density and
c ie the specific heat capacity of the

semiconductor. The solution to such an equation is

%

A
— (WD x Jlwt - (W2py
Tix,t) = Ae € €1.15)

from where the thermal diffusion length is deduced

L
as Mg = (20700

The flux of heat at the absorbing surface
may be treated as a boundary condition. If P is
the power of the incident laser beam and hf is the
energy of an incident photon of light, then the
number of photons arriving per second on the
surface is P/hf. I¥ RS iec the optical reflectivity
of the semiconductor surface, then Rg(F/hf) is the
number of photons reflected per second and hence
the effective number of photons illuminating the
surface is (P/hf)(1-Rg). Since hf—[(3/2)kat:+591
is the effective energy used in heating the

sample, the flux of heat at the absorbing surface

may be cstated as
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dT P % /52y
K - = (1-Rg)== (hf - Ey= 3K;Ty) e

dx [x=g hf (1.16)

Here E3 is the band_gap energy of the
semiconductor, kg is the Boltzmann’s constant, T,
is the ambient temperature and the beam is assumed
to be Gaussian distributed with radius a. The
rapid relaxation to the band edges of the
generated electron_hole pa?rs gives rise to

heating in the semiconductor.

The pericodically generated carriers in the
semiconductor also obey a diffusion equation,
which may be stated as

yA
DV N - juON + - =g

N
- €1.17)

where N is the density of carriers, D is the
diffusivity of the semiconductor, ¥ is the excess
carrier lifetime. For the undoped GaAs sample used
in this experiment, it was estimated (section 3.3
that Y ~80us. The duration of the light pulse at
this frequency is ™5 pus, so that the rate at which
carriers are being generated is greater than the
rate at which they recombine. So, since the

experiment is being done in a region where WY}
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the recombination term may be neglected and

equation (1.17) reduces to
2
DV'N - jwN =0 _ (1.18)

Just as in thermal diffusion, the carrier density
is found to diffuse intoc the bulk of the
semiconductor as an exponentially damped wave
(solution of equation (1.18)) with a diffusion
length Me= (2D/un% In the case of the silicon
sample,it was assumed that the carrier lifetime
should be much smaller than that for GaAs, in view
of the fact that the indirect transition in
silicon cannot be detected in the absorption
spectrum because of its larger energy and smaller
probability. In this case, therefore, the
recombination term in equation (1.17) ma¥ not be

neglected.

Also, the generated carriers produced by the
incident laser beam may be treated as another
boundary condition at the free semiconductor
surface. If we assume that one photon of light,
hf, generates an electron_hole pair (i.e. assuming
unit quantum efficiency), then P/hf is the nuhber
of electron_hole pairs injected per second and

(P/hf)(l—ﬁg) is the effective number of generated



electron_hole pairs. The boundary condition may

then be stated as

dN P it sa?)

D —- = (I—RS)—— e
dx X=o0 hf (1.19)
It is aleo assumed here that surface recombination

is negligible. The distribution of the carriers is

concsidered to assume a Gaussian profile.

On the metallized side (i.e. the Cr coated
cide) of the samples, =ince the layer of Cr is
treated merely as a source of heating at the
surface of the semiconductor and hence there i no 2
generation of electron_hole pairs, the flux of

heat on this side is simply given by

daTr P —(r2/32)

K == = (I—RC()—_ e
bt

dx | X=0 (1.20)

where RC¥ is the reflectivity of the Cr layer.
Thermal diffusion within this layer can be ignored
as the thermal diffusion length in Cr at Z00KHz is
~7um, which is far larger than the size of the

coating thickness.

1.4. DERIVATION OF THE ACOUSTIC GENERATION

In this derivation of the excitations of the
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acoustic transdgcer, the theory of Kino and
Stearns is usedéo. We will not go into great
detail but a brief background will suffice. We let
SO,U% vo, and u°, be the stress, strain,
velocity, and particle displacement, respectively,
when there is no heat source present, and S’,OJ,
v’y and u’ be the acoustic fields arising due to
thermal excitations. According to this theory,

both sets of fields obey the following set of

equations

2 >
%.S=—L«)fu ¢1.21)
> -
N.i= 0O (1.22)
.jw'3='3 (1.23)

The unexcited fields obey the additional relation

o 0 ©
S =C: 0 ar 8§, =C:: 0. (1.24)

whereas the thermally excited fields obey the
equation

t G.'

: = Cij( - X T (1.25
.f is the density of the sample material and C or
C(S ite tensor elastic constant, so that equations

(1.24> and ¢1.25) represent tensor products. It is
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assumed here that all fields have a periodic time
dependence with angular frequency W and T is the
laser induced periodic temperature at frequency, W,
The detaile behind this theory are beyond the
scope of this project, hence we will not go into
it, except to mention that X, &y, and Agare the
principal thermal expansion coefficients
associafed with the principal axes of the crvstal,
and ¥, = og =X =0, For cubic symmetry, or an
isotropic material , ¥ = o, = 083: o ie the linear

coefficient of thermal expansion.

This derivation only assumee thermal strains
to be present. In this experiment, we have, in
addition, the effects of the electronic strain, so
that equation (1.25) needs to be modified, in
order to accomodate this electronic strain. This
is achieved by simply writing equation (1.25) to

be of the farm

1 dE
= . -— O — - —-—s LN
Ciint <6k-t G(Tsk( And. )

8"-
L
“ 3 dp J (1.26)
It can be seen that this equation has been
obtained by simply adding the electronic strain
term to equation (1.25), just as the thermal term

was added to equation (1.24) to obtain equation

(1.25).
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The excitation of the piezoelectric
transducer by the acoustic waves generated in the

semiconductor will then be of the form

3 (1.27)

V=aA AO(O(T+-1-?-E-S An) d3><
W “

V is the voltage ocutput at the transducer, A is a
proportionality constant whose precise value is
not considered important here and AOZ'- O:,a"r 03:4'0;30
is the volume dilation of the sample

associated with the acoustic fields due to the
transducer, if it were driven externally and
without any illumination present. Afis the volume
dilation associated with the almost plane waves
incident on the free semiconductor surfaces at the
angle of 30 to the.surface normal. The integral
ie taken over the entire wolume \} of the sample
and the aluminium buffer rod used in the

experiment.

1.5. DETERMINATION OF THE ELECTRONIC AND THERMAL

—— - ————————{—— (" oo " - o o W—~_— o O~ T | o - o > " W o S " o o (o S T S0

The fielde N and T in equation (1.27) extend into

the samples only by a few microns. As in Kino and
0 .

Stearns’ work, A may be taken to be constant and

0
equal to ZS'{ . From equations (1.14) and (1.18),
X=0
7
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we have ‘
K 2
T=—-=—=VY{T
jwfc (1.28)
and
D
2
N=--— VN
Jw (1.29)

Substituting these two equations into equation

(1.27) qgives

oe 2 (A

‘representing the output of the transducer.

(1.30)

Equation (1.30) may be rewritten as

oe 28

K o > D dEq = = 3
) (—§-V-$T+——EQV-VN)¢1X
Jjo Y, %<0 f(: 3 dp

V

so that by using Gauss“s theorem, we obtain

vz_f_(A‘” ) (Eﬁ%"r+?é§g%t\9.d8
(%=0 (1.31)

Jjw fe 2 dp <.

and applyring fhe boundary conditions of equations
(1.18), (1.1%9), and (1.20), we get for the

illumination of the bare semiconductor



o ldEsj
(hf - E. - 3T + - -
X [fc( 3 Bz dp) ¢1.22)

and for the metallized side of the semiconductor,

we find

A‘Taz o
Vo= mmm= (1-Rp P (A

€x=°)[§;] (1.33)

The bracketed expression in equation (1.32)
consists of two terms, one involving & , the other
invalving (dEs/dp>. These terms correspond to the
contributions of the thermal and electronic
strains, respectively , to the total photoacoustic

signal.

1.4, OBJECTIVE OF THIS WORK

It ie well Known that introduction of excess free
carriers results in the local mechanical
straining, consisting in a change of lattice
constant (dilatation or contraction) of a

semicaonductor. In the case of diamond type
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cryetals, there are two reascne for this:

(i), a hole in the valence band decreases the
energy of the covalent bonds

{ii). an electron in the conduction band
introduces some added component of the

bonding and anti_bonding energyr.

For the case of photogenerated carriers,
where an equal number of excess free electrons and
holes ie assumed, it has been shown (section 1.12)
that the local strain produced in a diamond type

semiconductor ie of the form

d
) ; (3—;) Ar SC:’ (1.34)
T

The parameter (aEQXAp)T .denotés the pressure

dependence of the energy» gap of the semiconductor
at constant temperature, and An is the number of
generated electron_hole pairs. For silicon, it is

ol _25 |
found that . = -9.5X10 x A ndii, where D is

) a3
expressed in cm . This so called electronic

strain may be compared with the thermal strain

that arises from heating of the semiconductor,

th
5., = o 95‘(" / €1.35)
L) _\
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where Olis the linear coefficient of thermal
expansion and © is the temperature flunctuation in

the semiconductor.

It is clear from the above equations that
the mechanical strains due to photocarrier
injection and local heating are very similar in
form for semiconductors of cubic symmetry. The
strains vary linearly with An and e '

respectively, and both are isotropic.

In a photoacoustic measurement, we would
therefore expect that as long as the incident
photon energy is greater than the band gap (i.e.
hv>E5), the electronic strain will produce
acoustic waves in the semiconductor in a manner
analogous to the thermal strain. Furthermore, in
the case of indirect band_gap semiconductors (e.g.
silicon) where o = 3)(10_60C—l, it is clear that the
electronic and thermal strains will be of opposite
cign. Hence we would expect acoustic waves
generated from photoinjection of free carriers in
silicon to be opposite in phase to acoustic waves
generated from the periodic heating of the
silicon. On the other hand, in direct band_gap

semiconductors (e.g. Gallium Asenide), the two

strains will be of the same sign and hence we
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should expect the acoustic signals generated in

both cases to be in phage.

The aim of this work was therefore to verify
this phenomenon and investigate the importance of
the electronic strain in photoacoustic generation
in both the direct and indirect band.gap
semiconductors. As materials for investigation,
silicon (indirect) and Gallium Asenide (direct)

were chosen, for convenience reasons,



CHAPTER TWO

A REVIEW OF THE APPARATUS

In thie chapter, componente which have been
used in the photoacoustic detection and
measurements reported in this work are reviewed.
These include the Acousto.optic modulation
technigque, the Piezoelectric transducer and thev

Phase Sensitive Detector (PAS).

2.1. ACOUSTO-OPTIC MODULATION

The study of acousto_optic deflectore/modulators
represents a direct application of the laws of
diffraction of light by acoustic waves.
Acousto_optics deals with interactions between
acoustic wavee and light so that acousto_optic
modulators utilicse acousto_optic interaction
ultrasonically to wary the amplitude or phase of a
light beam. This acousto_optic interaction is a
way of influencing the propagation characteristics
of an optical beam by applrying a low frequency
acoustical field to the medium through which the

Tight wave passes.



Acousto_optic devices are based on a
deflector or light modulator consisting of a
transparent medium in which ultrasound is
propagated. The acoustic waves can be progressive
or stationary, plane or focussed in the region
where they interact with the beam of light. These
waves are produced by a piezoelectric transducer,
which itself consists of a material which can be a
monocrystal, thin layers deposited by evaporation
or a ceramic like the ones discussed in éection
2.2. In acousto_optic deflectors/modulators a
certain proportion of the incident light from a
laser source is deflected in one (orrmore)
direction due to periodic variations in the index

produced by the pascage of the acoustic waves.

Fig.2. represents a typical example of light

. . . -\ .
diffraction by acoustic waves. is the acoustic
wavelength, )~that of light, the interaction
length L is the dimension of the acoustic beam in
the direction of propagation of light, D is the
width of the light beam in the direction of
propagation of acoustic waves and in a Bragg
diffraction, the angle of incidence e% is equal to

half the angle of deflection, itself equal to the

ratio 7\/>?.
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Fig. 2 Standard example of the diffraction of light by

acoustic waves.
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It can be shown that the proportion of light
diffracted by such a grating is related ta the

parameter Y H

YV =kL én,
Krnown as the modulation; gﬁois the amplitude of
the variation of the refractive index due, in this
particular case, to the photoelastic effect, and

K=2ﬂ?x is the wavevector of the incident light.

To characterise the type of diffraction, we

use the dimensionless parameter @, given by

nk | (2.1
where ?* is the acoustic wave number, n is the
refractive index of the interaction medium. There
exist two extreme cases in which analrtical
solutione to the problem of light diffraction by
acoﬁstic waves are found. They are given byv

Gt and ax>i
corresponding to Raman and Math diffraction, and
Bragg diffraction respectively. The difference
being that the former is used with normal or
quasi_normal incidence. The initial light beam of
angular frequency W and of amplitude, say, 1 is

split after interacting with the acoustic waves,



into several beams corresponding to different

orders of diffraction.

In the Bragg diffraction, there is only a
gingle diffracted beam. The phenomencn only
involves one phonon per photon, absorption and
emission cannot cccur simultanecusly, contrary to
what happens in the Raman and Nath region. The
relation between the associated quantities, the

acoustic waves and light are:

> -> 2 x
Kd = KL + K for wave vectors
wy = w t w™ for angular frequencies

The i subscript indicates the incident photon, the
d subscript the diffracted photon, + sign
corresponds to the anmnihilation of a photon, the -
sign to the creation of the same particle. Fig.3.

represents the abeorption of a phonon. Given that

»

u)<<wé, u)d&u);', and F(io\ L‘:"Z-‘I y it can be shown
that the quantities above are cbeved for an
incidence such that

GBB = Sin~{21£2*

- Qyh (2.2)

e% is the Bragg angle and ) is the velocity with

which the grating travele parallel to itself.
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Fig. 3 Bragg diffraction in the case of absorption of phonon
in a medium where the refractive index is the same for
. incident and diffracted waves (the triangle is isosceles).

o
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Where

+*
A+ s29™ <1,

B, _ A

2))“ (2.3

The angle of deviation of the Iight beam is equal

to 2 E%(Fig.s. above). Under conditions of

incidence given by equation (2,2), the proportinn,?b

of diffracted light is at a maximum and equal to
2
/}1 = sin ¥, (2.4

In reality, acoustic plane wave frontse behave like
partially reflecting plane mirrors, of which the
reflective power can be varied by varying the
acoustic power. The proportion of non_deflected

light at the Bragg incidence is obviously equal
te 1-1.

To understand the effect of an acoustic
pulse, let us suppose that ultrasound or acoustic
waves of frequency »F%, no longer continous but in
the form of a pulse of width T, is transmitted
through the Iight beam. Suppose for example that
we are using the experimental situation where Q>>1
(i.e. in the Bragg case, as used in this work).

The maximum efficiency is obtained at the Bragg

Iy
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incidence. At the passage of the acoustic beam
acrose the light beam, a fraction of the light
beam is deflected in the form of a light pulse.
The light beam is then focussed in the interaction

region.

The Acousto_optic Light Deflector_Modulator,
used in this experiment, intensity modulated,
randomly positioned, or continously scanned a
laser light beam at rates up to 40KHz or greater.
As & deflector, it had a capability of 100 spot
resolution by the Rayleigh criterion for a

uniformly illuminated aperture.

The model ADM-40 used was an all solid state
acousto_optic light deflector_modulator
manufactured from high quality flint glass as the
interaction medium with epoxy bonded lead
zirconium titanate piezoelectric transducers
(cection 2.2) for generating the acoustic waves.
The usable optical wavelength range is from 420 to
700nm. A light beam entering the acoustic field at
nearly normal incidence is deflected at an angle
proportional to the acoustic wavelength. A
frequency deviation of 20MHz centred at 40MHz can

deflect &33nm light throuah an angle of 3.25
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milliradiane centred é.3 milliradians from the
undeflected beam. Since the deflector_modulator
utilised a "phased array beam steering technigque",
the deflected light had nearly constant intensity
acrose the deflection angle. Resclution depended
on the time bandwidth product which is determined
by the length of the optical aperture and

bandwidth of the transducers.

When used as an intensity modulator, the RF
input frequency to the ADM-40 was held constant
while the signal amplitude was varied to produce
intensity modulation of the laser beam. The
relation between light intensity and applied
voltage to the ADM-40, as in any acousto_optic

device, is not linear but is
2
I = Sin kU

where K is a constant and V¥ is the applied
voltage. It is therefore necessary to incorporate
a correction circuit in the RF driver to linearize
the input_ocutput characteristice if desired.
Diffraction efficiency (i.e. the percentage of
incident lightAdiffracted into the first main
order) is also dependent upon beam diameter.

Efficiency is 854 for a 1.4mm diameter beam, and




804 for a 0.65mm diameter beam.

Intensity modulation appears on both the
diffracted and undiffracted light, one being the
inverse of the other. A 100X depth of madulation
could not be obtained with the undiffracted beam,
while a ratio in excess of 1000:1 was poscible

with the diffracted beam at dc.

2.2, PIEZOELECTRIC DETECTION

By definition, piezoelectricity ic the electricity
(electric charge) generated in a material when
mechanical pressure is applied to it (Fig.4.). The
opposite effect also occurs; the material changes
its phrsical shape when an electric charge is
applied (Fig.5.>. The former is referred to as the
"generation code" and the latter is called the

"motor code®.

Among the other important properties of
piezoelectric materials are; the
“electromechanical coupling",to convert mechanical
energy into electrical energy and uicevuersa and
ie denoted by a small letter K; the "dielectric
constant", which is a measure of the amount of

electric charge that it can retain compared to the
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Fig.5 Change in shape when voltage is applied
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charge that would be stored by electrodes of the
came area and separated by air as a dielectric
(this ic analogous to the dielectric constant of a

capacitor); the "d constant", a ratio of

short_circuit electric charge developed per unit
area of electrode to the mechanical stress applied
to the piezoelectric element (the d constant will
alsoc express the ratio of strain developed along
{or around) a specific axis to the value of
electric field applied parallel to a given axis).
The "g constant” indicates the ratio of electric
field generated along a given axis to the stress
applied along (or around) a specific axis. This
constant also denotes the ratio of strain
developed along (or arcund) a given axis to the
electric charge per unit area of electrade
perpendicular to a specific axis. For example, g
will provide the ratio of the electric field *
developed in the material s Z-axis. It will also
indicate the ratioc of strain developed in Z~-axis
to the electric charge per unit area of its

electrodes.

These properties of piezoelectric materials
are very important to understand especially if »ou

are using piezoelectric detection in photoaccustic
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experiments because they determine how a
particular piezoelectric transducer can respond to
the level of the generated acoustic waves in the

samples under test.

Typically, photoacoustic analysis of solids
involves the irradiation of a surface enclosed in
a gas.filled cell, by a chopped or modulated beam
of light. If the wavelength of the monochromatic
periodic light beam entering the cell through a
transparent window is one that the sample surface
absorbs, the subsequent thermal de_excitation of
the energy states excited by the light beam will
give rise to pressure oscillations in the
surrounding gas, amplitudes of which are
proportional to fhe abeorption of the light by the
surface. Thece oscillations are detectable with a
microphone alsc located in the cell, and the
resulting signal is amplified and measured by a
phase sensitive detector (Fig.é.).

14
McClelland and Kniseley have proposed an

optimal design of a typical Microphone_PAS cell.
They have proviqed a set of experimental data that
suggests there is little to be gained in signal to
noise ratico and nothing to be gained in

photoacoustic signal by working at modulation
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ig. 6 Photoacoustics of a sample using a microphone detector



frequencies exceeding about S0Hz. Clearly, the
sensitivity of the microphone to thermal and
extraneous enviromental signals mitigates against
ite use if some other suitable detector is
available.Infact the gas._microphone technique
works better on gaseocus and powder samples than on
bulK solid samples or liquids where the
surface_to_volume ratio is not large because the
heat transfer from sample to the gas in the cell
is considerably reduced. For bulk solids, & more
efficient means for measuring the amount of

internal heating is depicted in Fig.7.

A piezoelectric transducer (e.g. a Lead
Zirconium Titanate(pzt) ceramic) is in direct
contact with the solid bulk sample, which is
illuminated with an intensity modulated light.
Because a piezoelectric transducer is being used,
modulation frequencies can be in the MHz range, if
desired. The internal heating caused by the
absorption of the incident light will result in
both thermoacoustic and thermcelastic signals
being generated in the sample. If the
piezoelectric détector is more than a few thermal
diffusion lengths away fram/the light absorbing

region, then only the thermoelastic signals will
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l«———Piezoetectric detector

Bulk solid sample ) .

L+ To processing electronics

Photo acoustic stress

Fig.7 Photoacoustics of a bulk solid sample using the
piezoelectric method.
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be detected.

The voltage, V, produced by the
piezoelectric transducer due to a

17
stress O in the bulk sample is given by

U= g t k¢

where g is the piezoelectric constant mentioned
earlier, t is the thicknese of the piezoelectric
crystal and K is the electromechanical coupling
be tween the sample and the piezoelectric

transducer.

For a finite solid sample, the strese ( is
usually composed of both longitudinal and shear
stresses having different boundary conditione at
the surfaces of the sample. A careful analysis of
thise situation indicates that the pfezoe]ectric
signal tends to decrease with modulation frequency
at Tow frequencies (f{IMHz)>, then decrease more
slowly or even increase at higher frequencies
(1MHz<1GHz)>, and then finally decrease rapidly at
very high frequncies (f>1GHz)>. The actual
frequency behaviour is dependent on the optical,
geometrical, thermal and elastic properties of the
sample, although for most situations, the

strongest photoacoustic signals occur at low
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modulation frequncies, where easily detectable
signals of 1-10 MV can be obtained from
piezoelectric ceramices where samples of up to lcm
in volume absorb a few milliwatts of optical

power .,

The use of piezoelectric detectors for
measuring optically generated acoustic signals
offers greater versatility than microphonic
techniques. Sensitivity similar to that attained
with microphones is possible, but without the
phrysical vunerability of a microphone.
Piezoelectric transducers can perform
satisfactorily in either an ac mode or an impulse
mode offering additional freedom to the
experimenter. Furthermore, the feasibility af
detecting only the acoustic wave rather than its
thermal effects permits direct analysis of phase
angle relationships and facilitates identification
of the signal source. In addition, a piezoelectric
syestem is better suited for photoacoustic imaging
and microscopy since the sample need not be
limited in size or shape, as it does not need to

be enclosed in a small sealed gas_cell.
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2.3. THE PHASE SENSITIVE DETECTOR (PSD)

The most common source of noise encountered in low
level measurements is Johnson noise caused by the
random motion of thermally agitated electrons in
resistive materials. Johnson noise is "white
noise", that is, its root mean square value per
unit bandwidth ie constant from dc to frequencies
extending into the infra.red. Other noise sources
include discrete interfering signals, flicker
noise, and shot noicse. These noise sources all
have one thing in common, they obscure a signal of
interest, cause measurement errors or make a
measurement impossible. However, with phase
sensitive detection, a small signal can be
measured that might be 50dB or more below the

noise level.

Phase sensitive detection is a technique
which measures the mean amplitude of ac signal
(Ug? often buried in noise and is normally used
in applications where the signal results from the
application of an ac stimulus to a system under
test (as done iﬁ this work)>. Since photoacoustic
measurements involves such signals, phase

sensitive detection is up to now, the most




reliable technique used and a clear understanding

of this method is very important.

The Phase Sensitive Detector (PSD) is a
phase sencitive ac voltmeter that responds to
input signals at or near the frequency of a
reference signal. To better understand the
operation of PSD, a diagram of a typical design is

shown in the Fig.8. below.

In order for the PSD to operate a reference
voltage which is coherent with the signal of
interest is required. Therefore a voltage derived
from the stimulus (which may be mechanical,
optical, magnetic, etc.) is applied to the
reference input. The ocutput comprises a dc wvoltage
proportional to the required component of the
signal and also ac components due to noise. The ac
components due to noise are filtered with the

low_.pase filter of variable time constant.

The input signal, after being amplified (and
perhaps filtered), ic applied to one input of a
PSD. The reference signal is processed by a
reference circuit which, in this case, can change
the phase but not the frequency of the reference

cignal (the stimulus?, and ie applied to the other
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input of the PSD.

Most PSDs work on the principle of the
synchronous switch (Fig.10.». The signal is
pericdically switched into the load resistor, the
frequency and phase of the switching aperation

being determined by the reference voltage.

It is clear that if the signal and reference
voltage have the same frequency and phase, the
vaol tage appearing across the load resistor will
have the form shown below (Fig.i1.)-there should
be noise in this signal, of course, That is, the
switch will act as a halfwave rectifier for
signals of the same frequency and phase as the
reference. If the signal is in quadrature with the
reference, the corresponding waveform will be as
shown in Fig.12. and rectification will not occur.
Intermediate phase angles give a dc output

proportional to the in_phase component.

Thus, a signal input which is exactly the
same as the reference input results in an output
at "zero Hz" or dc. It can be seen that the dc
component easily passes through the output
low_pass filter. This action mar be summarized as

followe:
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v

Fig.10. Diagram representing the principle of

the synchronous switch.



...47..

Let the reference voltage be Wiinwt.

Then if the signal wvoltage is bgainﬁut-kx)
a dc voltage will appear across the

load resistor proporticonal to Ve Cosd .

Signals at any frequency other than the reference
tand its odd harmonics) cannot yield dc output.
Signals at nearby frequencies, however, produce
relatively low frequency components that can pass
through the low_pass filter with little
attenuvation. The output filter includes a wide
range of time constants so that the rejection of
all unwanted signale including Johnson noise, can
be made arbitrarily large. Thus the response of
the system to noise will depend on the time
constant T, of the dc measuring circuit and

the PSD acts as a selective rectifier of bandwidth
1/T, radians per second.Thus by use of the
appropriate time constant the desired bandwidth

%or the entire system may be obtained.

It should be noticed that the PSD alsc
responds with reduced sensitivity to noise bands
centred on frequencies which correspond to odd
harmonics of the reference frequency; with a flat
noise spectrum this effect reduces the effective

signal_to_ncise ratio by 1dB especially when they




Fig.11. Output voltage appearing across the
load resistor whenr the input signal
te in phase and hae the csame
frequency with the reference vol tage.



Fig.12. The output signal when the input
signal is 90 out of phase with the
reference signal.




are used in chopped light experiments.

Actually the PSD shown in Fig.10. is
unbalanced. A better performance can be cbtained
by ueing a balanced switching circuit with a
two_way switch connected to two lcad resistors, as
shown in Fig.13. The voltage acrose the two load
resistors obtained with an in_phase signal are
shown below. It can be seen that the balanced FSD
gives a full wave rectification rather than hal+f

wave rectification, into the dc measuring device.

Mathematically, the operation performed by
the PSD corresponds to multiplying the signa)
input voltage by a square wave, that is by a
function F) (t) where

1
ﬁ (t) = Sinwt + - Sin3Wt + ,....ce00en
3 :
so that if the signal voltage itself is US%(t)’

the cutput is

where the average time is T, , the time constant.

Thus the PSD performs a Fourier analysis of
Fgit> and extracts the components corresponding to

Sinwt <(and ite odd harmonics). In short, it
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Fig.13. A balanced version of the PSD showing
the synchronous switching circuit

which incorporates twoc load resistors
and a two_way switch.
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extracte a signal from noise by multiplying the
signal input voltage with the reference and then
filtering the product with a low_pass filter of

time constant To .




Vi -V

VY

Fig.14. Voltage across the two l1cad resistors
obtained with in_phase signals,
Notice the resultant full_wave
rectification.
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3.1. CALIBRATION OF THE APPARATUS

In most experiments involving noise in the signhals

of interest, it is quite important that some sort

of calibration of the detection system is carried
out so as to be able to clearly differentiate
between the various signals that may arise. In
this photoacoustic experiment, as in other similar 3
works previously carried out, there is quite a
substantial noise level encountered which tries to
obecure and distort the true results. As a result,
a calibration of the detection and measuring
cystems is very important if the results are to be
understood and explained well. Besides, it also
helps the experimenter to Know the behaviour of

the measuring system one is using.

3.1.1. CALIBRATION OF THE PHASE SENSITIVE

This simply involved taking a 2Volts p_p signal

from a signal generator and attenuating it by

e
RIS 3 E0 SO



PSD
SIGNAL > >—1 AC AMPLIFIER > SIGNAL INPUT
GENERATOR
| OUTPU
REFERENCE R REFERENCE
CHANNEL - INPUT

O .

0SCILLOSCOPE

VOLTMETER

Fig.-15 Block diagram of the Calibration of the phase Sensitive
Detection system
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about 80dB. This attenuated signal is passed
through the AC amplifier, from the amplifier into
the phase sensitive detector where_it was mixed
with the reference signal from the signal
generator through the reference channel (shown in
Fig.15.>. The cutput of the FSD, as the range of
frequencies from 10Hz~-1MHz was being scanned, was
monitored using an oscilloscope and a digital
valtmeter. Then the plot of the output voltage
against the frequency was drawn, as shown in the
Figures 16¢a) and 14(b), which correspond to two
different filter choices of the measuring system.
In both cases, it can be seen from the calibration
curves that the ocutput tails off around 100KHz as
it approaches IMHz. This is as expected because at
iMHz, the cutput is attentuated by 3dB from its
maximum value, that is according to the
characteristics of the PSD. The fall at low
frequencies is also due to the filter
characteristice of the measuring srstem, where the
S50Hz components are filtered ocut of the input
cignal giving out a reduced output voltage. In the
remaining regiop, the output signal is constant as
there should not be any variations of the output
with frequency since the amplitude of the input

signal remains constant. It is just the frequency
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we are changing, for both the reference and the
input signals to the PSD, otherwise the amplitudes
remain constant. So we do not expect any
variations in the output signal. In other words,
the inputs to the FPSD (both the input and
reference signals) are of constant amplitudes and
are in phase so that we expect the cutput to be

the same in the remaining region.

3.1.2. CALIBRATION OF THE FPIEZOELECTRIC TRANSDUCER
Thie was done by illuminating a disc of the lead
zirconium titanate (pzt) piezoelectric transducer
with a modulated laser beam, thereby inducing some
stress_strain flunctuations in the pzt. Due to
these stress_strain flunctuations there is a
voltage generated across the parallel faces
{(gection 2.2.) of the disc, which was collected by
wires (leads) attached to the faces.This ocutput
voltage from the transducer was then passed
through the amplifier and intoc the phase éensitiue
detector. From the PSD, the ocutput was monitored
by the oscilloscope and a voltmeter. At each

modul ation frequency, starting from 10Hz up to
I1MHz, the output voltage was recorded and the

calibration curve obtained as shown in Fig.17.
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In this experiment, an intensity modulated
optical beam is focussed across the surface of the
opaque transducer resulting in localized periodic
heating from the absorption of the incident beam.
From the basic equation governing this thermal

18
diffusion

I T(x,t) 82T<x,t:-

dt R (3.1)
the solution to this periodic thermal diffusion
equation appropriate to this situation will be a
thermal wave, so.damped that in most caces, it
propagates not more than a wavelength, although
this is aleo dependent on the modulation
frequency. D = k/cP where K is the thermal
conductivity, ¢ is the specific heat capacity,
and § is the density. T is the periodic
temperature distribution which is different at
different distances from the absorbing surface and

at different timee, t.

This equation can be satisfied by a product
solution T(x,t)=f(x)gl(t).At any particular plane,

say ®, , and under any steady state varying heat
Jwt
supply for example, e y the temperature at x

must vary periodically (but,not necessarily in
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phase) with the heat supply. That is

T
dt

g0 that equation (3.1) becomes

= jwT

*

2
oT
D -, = JWT
X

or
Xt '
3.2 pewsm T = (3.2)
This is identical to the skin effect situation

encountered in electromagnetic waves. From

equations (3.1 and (2.2)

1 X
—_ H w
. €§1+J)( DY %

F¢x) = A (3.3
so that
i 4
-(W/2DF x jlwt-(wW 2D ]
Tix,t) = A e e (3.4)

Equation (2.4) represents a thermal wave of wave

>
number K = (W/ZDﬁ:and wavelength 7\ given by

A 2 200k %
= 2K = (8T DW= (4TTD/F) (3.5)
where f is the modulation frequency, “%ETF.

The amp]ituds of the temperature cscillation

—Kx ~-x (WA 200 —(2T0xI/)
diminishes like e = g = g
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‘thue falle more rapidly for large frequencies,
just as shown in Fig.17. At a distance of one
wavelength, the amplitude ie reduced by & factor
of 9—2“-= 0.0019, so that the waves are very
strongly attenuated. Since the wavelength falls as
we approach 1MHz, we expect the temperature wave
to propagate intc the sample through a very short
distance. For the piezoelectric transducer uced

3 -\
s and C=420JKg

here, k=1.5um °C , f=7.5x103 Kgm
so that at high frequencies, the wavelength is of
the order of a few microns. These parameters are
important especially when measurementse by periodic
methods are being performed. In most ordinary
cases, observations will be made cover a distance
of the order of a wavelength and this somehow

determines the frequency one can adopt for

modulating the beam.

The pzt output i determined by the total
strain and this will be different for different
heat (temperature) distributions. The more the
waves penetrate into the solid, the more these
pressure effecte in the sample and hence the
larger the uoltége generated. In addition to the
large distances penetrated by the thermal waves at

low frequencies, the period of heating is such
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that the sample has enough time to expand and
contract, thue giving out large voltages. The
rapid fall suqggests the effect of changing the
temperature distribution (élthough the estimated
thermal depth is only O.imm at 10Hz>., The flat bit
is when effectively only one face ie heated and

the pzt output ie caused by the bending effect.

The peak in the calibration curve was due to
the resonant response of the pzt transducer
itself, It was observed to exhibit resonance at
200KHz, 300KHz, and S00KHZ. From its
specifications, its resonance is at IMHz although
it was found to show resonance at these
frequencies. The Eeason for its not showing any
resonance at 1MHz could be because of the
limitation in the operating frequency of the PSD
system {(section 3.1.1). This limitation, as we
will see later, proved to be a severe drawback in
carrying out measurements at higher frequencies
{MHz range) as the phase sensitive detector system
only worked well up to S00KHz.

The other @mportant point to note is that
there is a progressive lag sz = (W/ZD)éx, in the
phase of the temperature wave. This lag will

increase with frequency. The temperature




flunctuations such as the positions of the maxima
and minima of temperature are propagated into the

colid with velocity (20/@)*:.

3.1.3. CALIBRATION OF THE SEMICONDUCTOR

An attembt was also made to calibrate the
cemiconductor; that is illuminating the GaRs wafer
with a modulated beam of light and then lookKing at
the response of the GaAs at different modulation
frequencies. This was done in order to obtain some
idea, though crude, as to what frequency we might
need to modulate the beam,that can give us some .

max imum response from the samples.

The Gans wafer was first mounted on an
aluminium buffer rod (igstead of cementing
it directly on the pzt)di, at the back of which a
pzt piezoelectric transducer was then cemented to
detect the acoustic signals from the
cemicaonductor, passing through the aluminium rod.
From the pzt, the signal was processed through the
amplifier and phase sencsitive detector and then
measured by a upltmeter and an oscilloscope. The

GaAs cample was 0.20mm thick and lcm in diameter,

with the polished surface being illuminated.
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In this experiment, the illumination causes
the injection of carriers {(electron_hole pairs) in
the semiconductor, which as seen in section 1.2.
constitutes & strain in the solid. The pericdic
photogeneration of these carriers causes periodic
stress.strain variations in the sample which
results in acoustic waves being propagated through
the material. We therefore should expect response
of the pzt to be proportional to the number of
generated carriers., The more the generated
carriers, the larger the stress.strain
flunctuations and hence the larger the output

signal recorded by the detection <y =tem.

A plot of fhe magni tude of the generated
acoustic signal versus the frequency of modulation
ie shown in Fig.19. The shape of the curve seems
to suggest that there is a better ocutput response
in the frequency range of 1KHz-10KHz, an
indication that modulation frequencies in this
range produce a larger strain effect in the
sample, due to greater numbers of generated
carriers. Infact we can get some idea of the true
input voltage to the PSD system; that is the pzt
output, by making use of the calibration curve of

Fig.l1é{b). For example, true input at 200Hz
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Viokiz ©n Fig.14(b).

= Vapp K "TTTmmmomo oo
Vooo on Fig.1é(bd.

where hﬂOKHa ie at the region where the responce
is flat, etc. We also note that the behaviour
below 1KHz is very largely determined by the SO0Hz
filter characteristics shown in Fig.14(bJ.
However, to draw a more quantitative conclusion
from this measurement, the process of the
generation of carriers must be investigated in

greater detail.

In a semiconductor an electron_hole pair is
produced when an electron passes from the valence
band to the conduction band provided h1’>E3 where,
hy is the photon energy and Eq is the band gap. In
the experiment the wavelength of light used is
914.5nm which corresponds to hV =2.42eV, and E5
for Gaks is about 1.47eV. The reverse process is
the recombination of the electrons and holes. The
time rate of this process increases with the rate
at which electrons and holes meet. The number of
recombinations per unit time and wvaolume ic then
proportional to the concentration of electrons, n,
and to that of holes, p. On the other hand, the
production rate of electro_.hole pairs per unit

time and volume is independent of the number of
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electrone and holee and depende only on the width

of the forbidden gap.

If we introduce (by means of this light>
into the semiconductor densities n and p greater
than the equilibrium values Mo and P o the
electrons énd holes will recombine and tend to
restore the system to equilibrium. The results in
Fig.1?. may be explained in terms of the rate of
change of the number of carriers. In a simpler

form we have,

Variation of Generation Recombination
the number = | rate of - | rate of )
of carriers carriers carriers

- (Gther losses
of carriers

Assuming that the dominant scurce of losses is
through the recombination process, we can neglect

the last term and write

dn(t) n{t) jwt
- - - + N e

dt T 0 (3.6)
where n(t) is the density of carriers (say,
electrons)‘k ie the carrier lifetime and taking
Noexp{jwt) as our generation rate. If we assume

the soclution n=Nexp{(mt), and substitute this into
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equation (3.8), we obtain

mt Jjwt .
N (mt + 1/ e = N, e (3.7

For these two sides to be equal, we should have

m=jw and N = Ng/(m + 1/, or

jw o+ 1/ (3.8)

so that the density is related to the frequency of
modulation. Ng ie determined only by the beam
intensity. The magnitude of the output depends
both upan the amplitude of the variation of the
generated carriers, and upon the distribution of
the carriers in the semiconductor, necessarily
associated with the diffusing heat (temperature)

wave and affected by the thickness of the sample.

Now, from the magnitude of the carrier
dencity Cequation (2.8)), if 143w orwiidl,
that is very short lifetime <{ period, then
not N, %% , is independent of W  and we have simply
a constant number of carriers. But there will be
frequenciee high enough that © >>‘,"::" and then

nol No/ww , so that the effect decreases almost

linearly with W (Fig.20.). The bending effect is
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more dependent on the skin depth,§ , (that is, the
depth of penetration of the temperature wave into
the sample). Since g&}/(fﬁ% the skin depth becomes
extremely small as the ?requency ies increased. The
bending effect will be a maximum when d (the
thickness of the sample) is effectively hal+f
wavelength long but this will be an almost
indistiquishable peak superimposed upon the
asymptotic value for S<<d. (See solid bold curve

irl Fig-zou)n

If these two pencil responses are
multiplied, that is,the frequency variation and
the skin effect, we cbtain almost what Fig.19%.
shows, especially at high frequency (as we
approach IMHz). The falling off at low frequencies
is difficult to justify though this could be due
to the S0Hz Line Reject Filters at the input of
the measuring svystem which filters off the S0Hz
components of the signal and thﬁs attenuates the
output. In addition to thie, there is the effect
of rapid recombination compared to the alow
generation of carriers at these low frequencies,
since the lifetime of the carriers is much esmaller
than the rate at which carriers are being

generated. For the Gafs sampie ueed
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when Wt = 1. Assuming that the output voltage is
linearly related to n¢(t)> , we can deduce from the
measurements of Fig.19., that WY = 1 atwWa2Mx20Xx
103 hence Yt 7~ 80us so that the experimental
results are roughly in agreement with the theory

within experimental errors.

The reason for using the aluminium buffer
rod is to separate the semiconductor from the
polarized pzt transducer, and avoid any possible
heatfng of the transducer, though it is noted from
the calibration curve (Fig.19.> that the resonance
has shifted a little presumably because it is
stuck on the aluminium. It will alsc be noted that
the wafer ie mounted at 30 with respect to the
transducer. This has been done to enhance the
detection of the longitudinal acoustic waves
generated, as has been shown in previous

19,20,21
works

2.2. SAMPLES AND MATERIALS
Two semiconductor samples were selected for
investigation to represent a range of direct and

indirect band.gap semiconductors. These were
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thermally oxidicsed wafers of (100> cut silicon and
Gans, of diameter 2.5cm and thickness 0.41mm and
0.43mm, respectively. The <ilicon was doped with
an arder of 10B P atoms/cms while the GaAs was
undoped. Each had half of its polished surtace
(which was being illuminated) coated with
Chromium, Cr, metal about ?DG—BDDA thick for GaAs
and 850—880A<§0r silicon. The coating was simply
to serve as a source of heating for the
semiconductor @hile in the bare région, both
thermal heating and generation of carriers due to
the light beam will occur., The thicknesses of the
metallic coating as measured for each sample are
shown in Fig.21. and 22., taken at different
points of the samples, and it can be seen that
there is a large variation in the thickness of
Gadse than in silicon. The wafers were then mounted
onto an aluminium buffer rod (section 2.3) the
back of which was stuck a IMHz lead zirconium

titanate (pzt) piezoelectric transducer.

Fig.23. shows the configuration of the
transducer. The point to note is that the
aluminium, as mentioned earlier (section 3.3)
serves as a buffer region to separate the

semiconductor from the pzt transducer in view of
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_?9...

the sensitivity of the later to heat waves. Though
the signal is somehow attenuated by the aluminium
ags it passes through the magnitude of this
attenuation is very negligible (about
0.0034dB/mm> . From the figure, we can also notice
that the semiconductor surface will be at an angle
of 30° with recpect to the pzt. Thie hae been
found to enhance the detection of the generated
lengi tudinal waves, which has been Known to show
strong directivity with very weall generation at
normal incidence of the beam to the absorbing

19,20
surface .

3.3. EXPERIMENTAL PROCEDURE

A argon.oion gas laser beam ()~=514.5nm) of a
variable beam power, up to 2ZW (though the
coperating power used was around Z00mlW) was used as
a light source. The light was passed through an
acousto_optic modulator which intensity modulated
the beam of light at rates up to 40MHz or greater.
Drive power to this acousto_optic modulator was
derived from the Intra Action Model ME-40 signal
processor. Thie signal processor, when used with
the acousto_optic modulator could be used to

amplitude modulate or to shift the optical
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frequency of the laser light. In this experiment,
it was used to amp]itqde modulate, from dc to
video frequencies, according to the required
level. The Model ME-40 accepted an analog {nput
signal and provided a 100 percent amplitude

modul ated output. An input signal voltage of
approximately 1Volt could produce an RF cutput of

2Watts.

The light beam entering the acousto_optic
modulator at nearly normal incidence comes out as
a split beam, the deflected and undeflected heams.
The angle between the deflected and undeflected
beam is dependent upon the light wavelength and
the acoustic frequency, = 0.26 X>\Xf- The total
deflection angle of 3.25milliradians is
proportional to the total frequency deviation,
Af=20MHz, the angle being limited by the
piezoelectric transducers which act electrically
as a band pase filter. The intencity of the
deflected light is proportional to acoustic power.
Since the two split beams are still very close to
one another and only one beam is needed for the
illumination, ffom the modulator the beams are
reflected back and forth by/two mirrors in a bid

to separate them further apart and ieclate one.



fAfter the deflected beam was icsolated by allowing
it through a small €lit and the cther blocked, it
wase focussed by a lens into a spot size of about

120 pom onto the samples.

One after another, each sample was then set
up as explained in the previous section. The
sample and traneducer housing was grounded to
prevent charge pick_up signals. The beam was then
scanned across the sample surface, from the coated
side to the bare semiconductor, or vice versa. At
firet, the beam wase scanned acrose the entire
face, along the diameter of the wafer. Howewver, it
turned out during the course of the experiment
that there was no reascn to do this as it only
resulted in variations in the output signal due to
the diferences in the sample and coating
thicknessee over large scanning dietances. So the
beam was just confined in a small region, on both
sides of the junction to limit it to a uniform
thickness. Scanning was accomplished by turning a
Knob of a vernier scanning mechanism which was
holding the sample set up (and incorporating a
potentiometer).'By turning this Knob, the
absorbing surface could be moved across the beam.

The surface could also be inclined in different
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positions by a suitable arrangement of Knobs
maKing sure that the surface could be placed at
different angles to the beam - as the angle of the
beam toc the sample surface is also very important
in generating acoustic signals (Chapter Four)zo.
The responcse of the samples to the illumination is
manifested by the output voltage generated at the
pzt transducer, which was directed through the &C
Precicsion Amplifier, Ortec Brookdeal Model 9452.
From the amplifier, the signal is then passed
through the phase sensitive detection system, an
EG&G Princeton Applied Research Two_Phase
Lock_in_Analyser, Model 5208, for processing. Both
the magnitude and phase of the accocustic signal
were measured. The cutput from the PSD was
monitored by an oscilloscope and measured by a
digital voltmeter. This output was alsoc combined
with the outputs from the potentiometer in the
scanning device in such a way as to provide a
two_dimensicnal projection of the signal on the X-
Y recorder, with the Y_axis from the output of the
PSD giving either the photoacoustic signal

magnitude or its phace.

Starting with Gats, the beam was scanned

through the sample absorbing surface and as the
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beam crosses from the coated (uncoated) side to
the uncoated (coated) side, the changes in the
magnitude and phase of the signals were observed
and recorded on the X-Y recorder, as will be shown
in the next chapter, although for silicon there
was no response at all for reasons explained

later.



CHAPTER FOUR

RESULTS

4.1. VERIFICATION OF THE PHASE RELATIONSHIPS

——— — ———— — ———————— o —— o t——— ———— S $400 O SO S O~ s

Starting with Gads, Figures 25-27 show the
magnitude and the phase of the generated acoustic
signal relative to the modulated incident laser
beam pliotted as & function of the position of the |
beam on the sample. In the bare Gafds, we have the
generation of holes and electrons (section 2.3)
which results in the so called electronic strain.
In the Cr layer, the acoustic generation must only
be due to thermal stresses, since essentially no
light will penetrate through this larver into the
semiconductor and hence there will be no carrier
injection. Clearly, neither the behaviour of the
magni tude nor the phase are in good agreement with
our theoretical prediction, that the signals due
to electronic strain and thermal strain should be
in phase. The measurements were repeated on three

different points (see Fig.?l.) of the sample
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surface in order to confirm this change in phase
and in each case, almost the same Kind of
behaviour was obtained. They all showed a change
in phase of between 3&}—400 as the beam moves from
the bare GaAs to the metallized side. In the case
of the magnitude, there is also a continous drop
in the same direction of scanning. The drop is
such that it appears toc be almost linear and the
position of the junction is not well defined on
the curves. The change in magnitude of the
acoustic signal as the beam reaches the edge of
metallization is not well shown on the resulte, sg
that it becomes somewhat difficult to explain this

Kind of behaviour.

As for silicon there was no acoustic signal
detected on both sides of the junction. It was a
pity that despite repeated attempts using a very
powerful laser beam (500mW>, it was not possible
to obtain any acoustic waves in the sample that
could be detected by the transducer. The whole
range, 1Hz-IMHz, of frequency was tried but
throughout, there was nothing at the output except
noise. It was later discovered that we needed to
modulate the beam of light at very high

frequencies (in the MHz range) in order to
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register some acoustic signals. Unfortunately, the
limitation of the operating frequency range {only
up to S00KHz?) of the measuring syetem (the PSD)
could not permit measurements to be done at such
high frequencies. It was assumed that the carrier
lifetime in silicon must have been much less than
that of Gads, so that the rate of recombination of
carriers is much higher than the generation rate
at thece low modulation frequencies, hence there
is an absence of strain during the pulse duration.
So we needed modulation frequencies so high that
the rate at which carriers are produced is much
higher than the rate at which thev recombine in
order to maintain a steady state strain situation
which could then be easily detected by the
transducer.

It is therefore useful to include the
experimental results given by Stearns and Kino20
in order to demonstrate clearly what had been
expected. Fig.28. shows the results they obtained
on their silicon sample. A= the beam crosses from
one side of the junction to the other, there is a
180° phase shift cccuring in the signal. In
addition to the differenfe in sign of the two

strainse, as discussed in section 1.3., the results
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alsoc seem to suggeset that the electronic strain is
the dominant contributor to the generated acoustic
wavee in the uncoated side of the silicon. It can
be noted that Stearns and Kino used a very tiny
spot size (X20um)> and scanned through a very small
distance, ©120um on both sides of the boundary. We
expected to produce similar results though we were
scanning through a larger distance, but what was
obtained were very unsatisfactory and inconclusive
results. What was being detected was all noise in

the system.

Going back to GaAde, the phase shift we
expected in the acoustic signal was not clearly
obtained as the phase Kept changing with the
scanning distance, on both sides of the sample. In
addition to the problem of the big spot size,
which obscured the fine detail that is revealed in
experiments where very tiny spot sizes are used
(for a example in Stearns & Kino’s case), there
was also the effect of the strange profile of the
thickness of the Cr layer resulting into a
non_abrupt edge (Fig.21.}, which is manifested in
the resu]ts; As for the spot size, it was so big
(120pum> that when it is at the boundary, it

actually illuminated both sides of the junction so
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that there is no good resclution of the
Gans_Cr.GaAs junction. As a result, it was
difficult to observe any abrupt change as the beam

crossed the junction.

4.2. CALCULATION OF THE ELECTRONIC AND THERMAL

In this work, hf=2.42eV, and for GaAs, dEq /dp =
24 -3 _ -6 o -l
1.72 X10 cm , Egq =1.47eV, & =5.73X10 K,

f =5320 Kgm_3 and ¢ =418.48 JKg"‘ o,
Substituting these into the bracketed expression
in equation (1.32) we find that the contribution
of the electronic strain to the total
photoacoustic signal is approximately 10 times,
that of the thermal strain, compared to the -2.4&
times in silicon calculated by Stearns and Kino.
This indicates that the electronic strain

contribution is larger in direct band_gap GafAs

than in the indirect band_gap silicon.

The ratio of the transducer response when
the laser beam is incident on the semiconductor to
the response when incident on the metallized side
is the ratic of equations <1.22} and (1.33).
Substituting in the values , and in the experiment

RGaas0-33 and RC‘=U.25, we obtain wc,qﬂs/ucr g, &5,
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A comparison of these calculations with the
magnitudes of the acoustic signal found on both
sides of tﬁe csample in the resulte in Figures
25-27 (for GahAs), we only see a good agreement at
the extreme ends of the curve. But even so, there
does not seem to be any consistency in this ratia
in the rest of the region, due to the changing of
the signal. Stearns and Kinc calculated for their
silicon and they found -1.3. In both cases, we see
that the electronic effect is still the dominant

contributor, to the acoustic signal.



CHAPTER FIVE

DISCUSSION AND CONCLUSION

5.1. DISCUSSION

Thie experiment was set to investigate the effect
of both electronic and thermal strains in both the
direct band_gap semiconductor {(Gams) and the
indirect band.-gap semiconductor {silicon>. It was
also to prove that the two strains are of the same
sign in direct band.gap semiconductors and of
different signs in the case of indirect band_gap
semiconductors by verifying whether the two
signale are in phase or 180o ocut of phase with acne
another. From the results in the last chapter,
there seems to have been a successful attempt in
GaAs. The no_phase shift we anticipated in this
sample did not come out clearly because of the ag?

-40°

phase shift observed. It is quite difficult
to explain these results, except to point out that
this kKind of behaviour appears to have been
influenced by some experimental factors, which i+

they had been corrected, the results may have

agreed very well with the theory.
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Some of the factore which had & serious
bearing on the experimental results are; the
thickness of the Cr coating, the beam spot size,
and the limit in the modulation frequency imposed

by the measuring system.

The thickness of the metallic coating, as we
lhave already seen, was not unfform. The coating
decreases as one moves further away from the bare
GaAs. This presumably resulted in a corresponding
change in the absorption of the light by the
surface as the beam is scanned across, resulting
in a non.uniform heating of the sample. We needed
a very uniform sputtering to avoid any mismatch in

the absorption of light

The beam spot cize was not ideal for better
resolution of the image. We needed a spot size of
a few microns in order to obtain a clear and
detailed picture of the changes in the signal as
the beam crosses the junction. With my beam size
of about 120um, it was found in the course of the
experiment that the fine detail which could have
been revealed with a tiny spot size was being
cbecured by the big spot size. Lack of the
sophisticated instruments to bring down the spot
size to the required level prevented the use of

such a spot size.
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The other seriocus setback was in the
modulaticon of the beam. Very high modulation
frequencies (in the MHz range) were required,
especially for silicon. The fact that the
measuring electronics could not operate with
signale of frequency over S00KHz meant that we
could not modulate the beam at the frequency
needed. This_limitatian deprived the experiment of
a very important parameter, that of working at
IMHz and above. That is why in silicon no signals
were being detected at the frequencies used
because carriers recombined quicker than they are
generated and hence there was no strain registered
within the period of illumination. The situation
would have been better if a PSD system with a very
high operating frequency was used, for then
modulation frequencies of over S00KHz would have

been possible to use.

5.2. CONCLUSION

The lack of success in the experimental work is a
pity but the work has revealed several important

points to which greater attention will have to be
paid, if I continued the work. In addition to the

few points already raised in the above section, we
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need to mention the bond between the semiconductor
and the aluminium buffer rod. This bond could
affect the value of [Y but as long as the bond is
uniform over the scanned distance, the
calculatione done are independent of [f and thus
unaffected by the bond. I think more care is
needed to identify the crystallographic

orientation of the samples and their mounting.

It should alsc be mentioned that the
experiment suffered {Eom acoustic wave rescnance
in the aluminium and this would account for why we
got almost no response in certain positions of <the
spot. It wquld be worthwhile to test this
resonance by setting up the system with a number
of pzt transducer chips on the facee and look at
the response from one driven chip to the others

used as detectors.

Fhotoacoustic Spectroscopy, however, appears
to hold considerable promise as both a general
analytical tool and as a dedicated process.control
instrument for the semiconductor industry,
especially in sensors and alarms. Photoacoustic
methods can be emplored in a semiconductor
fabrication line to monitor the presence of

electrical shorts or leaks in integrated circuits
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at a very early stage of the device fabrication.

Photoacoustics may also be used to visualise
and inspect patterns and structures that are below
the surface and to perform localized thin film
thickness measurements. With these various
capabilities photoacoustics seems to be heading
for major applications in large.scale integrated
circuits, sensore and other electronic and

semiconductor devices.
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