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ABSTRACT

The optical properties of a selection of layered
semiconductor samples have been studied in the far-infrared
by reflection dispersive Fourier transform spectroscopy
(DFTS) and attenuated total reflection (ATR) spectroscopy.

In DFTS the reference mirror in a two-beam
Michelson interferometer is replaced with the sample to
obtain a dispersive interferogram. This technique allows
both the amplitude and phase to be measured directly. The
amplitude and phase reflectivities of a variety of
epitaxial layers (including a GaAs/AlAs superlattice)on
GaAs substrates are presented. The measurements on the.
epitaxial layers are in good agreement with theoretical
results obtained using standard multilayer optical
calculations.

ATR spectroscopy, which permits the study of non-
rad iatlve transitions, has been used for the first time to
study surface phonon-polaritons on a GaAs/Al"Gai xAs
multiple quantum well (MOW) structure, as well as a CdTe
epitaxial layer deposited on a GaAs substrate. Both P- and
S-polarised measurements have been made with a far infrared
FT spectrometer fitted with an ATR stage at the output
port.

In the MQW sample, the experimental results are

compared with theoretical calculations derived by treating



the MQW structure as an effective uniaxial dielectric
medium. The measured and theoretical results are in
excellent agreement both qualitatively and quantitatively.
Surface phonon-polaritons are observed 1in P-polarisation
but only bulk modes are seen 1in S-polarisation as predicted
by theoretical calculation.

For the CdTe epitaxial sample, surface
phonon-polaritons are observed by ATR in P-polarisation in
the CdTe reststrahl region. In S-polarisation, a sharp
guided wave 1s observed in the GaAs reststrahl region. The
results for both polarisations are in good agreement with

calculat ions.
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CHAPTER (1.)

INTRODUCTION

The techniques of molecular-beam epitaxy (MBR) and
métallo organic chemical wvapour-phase deposition (MOCVD) were
developed during the 1970*s to produce layered semiconductor
samples. However, little work has been done on lattice-
vibrational properties of layered semiconductors compared to
the electronic properties.

Optical propagation in a layered medium was first
discussed by Rytov (1956), and detailed discussions have been
given by Yeh et al (1977) and Yariv and Yeh (1977).

It is well known that the interaction of
electromagnetic radiation with optical phonons leads to a
spectral region of high reflectivity known as the reststrahlen
band in the far infrared. This type of coupled excitation is
known as a bulk phonon-polar iton. A surface polariton 1s a
coupled mode of the electromagnetic field and a dipole-active
excitation, propagating along an interface between the
dipole-active medium and another medium (for example air or
vacuum) . Detailed accounts are given by Otto (1974),
Agranovich and Mills (1982), and Cottam and Tilley (1989).
When the excitation involved 1is a transverse optical (TO)
phonon, the mode is called a surface phonon-polariton.

For wavelengths much greater than the periodicity of
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the layered structures, the bulk-slab model usually leads to a
good description of experiments in the reststrahl frequency
region. In this model, the dielectric response of each layer
is described by a bulk-type dielectric function. This fact was
established by Raj and Tilley (1985), Liu et al (1985) and
Agranovich and Kravstov (1985)

In the 1980 *s, with the fine control available in
MBE, 1t is possible to prepare samples 1in which each layer is
only a few monolayers thick with any desired sequence of
components. For these samples, the Dbulk slab model is
Inadequate. Many theoretical studies have been performed to
yield explicit expressions for the dielectric function of
these samples, for example Ren et al (1984) . This problem
appears not yet to be fully resolved.

In this work far infrared measurements by dispersive
Fourier transform spectroscopy (DFTS) and attenuated total
reflection (ATR) spectroscopy have been made on a variety of
layered semiconductor samples.

DFTS was used to study the bulk modes, by reflecting
far infrared radiation at normal incidence near the centre of
the sample. The ATR technique was used to study surface
phonon-polaritons in the reststrahlen regions by placing the
sample near the base of a prism in which radiation is
undergoing internal reflection at obligque incidence. The two
techniques have enabled all infrared-active bulk and surface

phonon modes and guided waves propagating in multi-layer

16



semiconductor specimens to be investigated.

Fourier transform spectroscopy (FTS) may be defined
as a technique whereby a spectrum is determined by the
explicit application of Fourier transformation to the output
of a two-beam interferometer. In chapter (2) a review of FTS
is given, including a detailed discussion of non-dispersive
(power) and dispersive techniques. Also, the concept of the
complex insertion loss developed by Chamberlain (1972) to
relate the complex Fourier transform to the amplitude and
phase 1is discussed.

The instrument used to study the bulk modes, as
described in chapter (3), was based on the cube interferometer
by Grubb Parsons Ltd, which divides the radiation into two
partial beams at 90* to each other. The specimen is placed in
the position of the fixed mirror of the interferometer so that
it interacts with only one of the partial Dbeams. For the
reference measurements the specimen 1is replaced by the fixed
mirror.

The term polariton does not appear in the literature
before 1958 and seems to be due to Hopfield et al who also
gave the first experimental evidence for phonon polaritons in
cubic GaP (1963) . Chapter (4) is concerned with polariton
modes arising from frequency dispersion in the dielectric
function. Also, a review of Dbulk and surface ©polariton

dispersion curves of a super lattice has been given.

17



The amplitude r and the phase 0 of the DFTS
reflection spectra of two epi-layer semiconductors and one
short period super lattice on doped substrates are discussed in
chapter (5) . These spectra are compared with theoretical
spectra obtained by using a standard multilayer optics
technique. The overall agreement between measurements and
calculated data is good in all cases. However, the theoretical
model to calculate the spectra for the short period
super lattice is still being developed.

Recently, the ATR method has become the principal
technique to study surface polariton dispersion curves. A
detailed discussion of the ATR technique 1is given in chapter
(6).

In this work the surface phonon polariton
measurements were made using a far infrared FTS fitted with an
ATR stage at the output port. The instrument used is described
in chapter (7).

In chapter (8) we report for the first time the
observation of surface phonon polaritons on a long period
GaAs/AlxGa% xAs multiple quantum well (MQW) structure. The
measurements were made 1in both p (transverse magnetic, TM) and
] (transverse electric, TE) polarisation. The experimental
results are compared with theoretical spectra derived by
treating the MQW structure as an effective uniaxial dielectric
bulk medium. The experimental and theoretical results are in

excellent agreement.

18



ATR measurements were also made on an epitaxial layer
of CdTe on a GaAs substrate. These measurements were made in
both p and s polarisation. The measurements have revealed a p
polarised surface polariton in the CdTe reststrahlen band as
predicted by calculations based on standard multilayer optics
techniques- In each polarisation the measured results are in

good agreement with calculations.

19
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Chapter (2)

FOURIER TRANSFORM SPECTROMETRY

2.1 FOURIER TRANSFORM SPECTROSCOPY

The method of Fourier transform spectroscopy (FTS)
[see, e.g. Bell 1972, Chamberlain 1977] may fce defined as
the technique whereby a spectrum 1is determined Dby the
application of a Fourier transformation to the output of a
two beam interferometer. The output data obtained after
scanning is the Fourier transform of all the spectral
components known as the interferogram. Now, Dbecause of the
progress made 1in recent times in the development of small,
dedicated computers and microprocessors as integral
components of laboratory equipment, the advantages of

"Fourier spectroscopy" are being widely realized.

2.2 FOURIER TRANSFORM PAIR

The arrangement used in some types of modern
Fourier transform spectrometer 1is shown in fig(2-1). In this
arrangement the 1light from the source 1is collimated by a
mirror ¢ before being amplitude-divided by the beam splitter
B. With an extended source, of wavelength X, rays can enter
the system over a wide angle and concentric bright rings are

seen, figure (2-2). That condition is given by
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X cose = mX

where m 1is an Integer or zero and x/2 is the mirror
separation- The collimation has the effect of making the
whole cross-section of the illumination field through the
instrument correspond to the axial e = 0) direction.
Circular fringes are therefore absent and the whole field
has uniform intensity. The changes 1in this intensity as a
function of distance travelled by the moving mirror Mi are
measured with the mirror and the detector arrangement shown
in the figure. The intensity D(x) measured by the detector

as a function of the optical path difference 1is expressed as

(Bell 1972)
«+00
D(x) =1 B(v) [ 1 + cos (27Tvx) ] dv (2.1)
o +«»
D(x) = 1B(v) dv + B(v) cos (27Tvx) dv (2.2)

When the two mirrors are exactly equidistant, optically,

from the beam-splitter,

x =0 and D(x) = D(0)

D(0) = 2 B(v) dv (2.3)

22



therefore we have

D(x) - 1/2 D(0) = B(v) cos (2wvx) dv (2.4)
We may write

I(x) B(v) ecos (21vx) dv (2.5)

which shows that the interferogram depends on the spectrum
according to a cosine Fourier integral.

The spectrum, with the wvariablev given in
wavenumbers an™»' can be obtained by applying an inverse

cosine transformation to I(x),

+00

B (v) (OI(X) cos (2nvx) dx (2 .6)

equations (2.5) and (2.6) are called a Fourier transform
pair.

If the interferogram is not symmetric, a complex
Fourier transform 1is wused instead of a cosine transform
(Bell 1972, Chamberlain 1979 and Chantry 1984). The complex

form of the interferogram function I(x) is given as;

+00

I(x) = B(v) exp ( i277vx) dv (2-7)
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and the spectrum is given as;

oo
B(v) = I(x) exp (-i27Tvx) dx (2.8)

The Fourier transform pair relates the two functions T(x)
and B(v) so that if one is known, the other can be

determined.

2.3 POWER FTS

In power FTS (e.g Bell 1972, Chamber lain 1979 and
Chantry 1984), the specimen 1is usually placed in the output
beam before the detector window and after the two beams from
the arms have recombined. The experimental configuration for

non-dispersive Fourier transform spectrometry is shown

schematically in figure (2-3). This shows both reflection
and transmission modes for a standard Michelson
interferometer. From these arrangements either the power

reflectivity or power transmissivity can be obtained.
Internal reflection spectroscopy, also known as
attenuated total reflection (ATR) spectroscopy is a
non-dispersive method to study the surface properties of
suitable specimens. This technique will Dbe discussed in

detail in chapter (6).
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2.4 DISPERSIVE FOURIER TRANSFORM SPECTROSCOPY (PETS)

Dispersive Fourier spectrometry (DETS) is a
powerful technique for measurements of both optical
constants of suitable materials from direct measurements of
their amplitude and phase response functions, either in
reflection or transmission. The method has been reviewed by
Birch and Parker (1979). 1In DFTS the sample is placed in one
arm of the interferometer, fig (2-4). One partial beam is
interacting with a dispersive medium and the other is not,
so the symmetry of the interferometer is disturbed. The
difference Dbetween the phase shifts of the partial beams
will then show significant wvariations and the interferogram
will Dbe markedly asymmetric, figure (2-5), for reflection
DFTS.

The experimental configurations for dispersive
Fourier transform spectrometry are shown in figure (2-6). 1In
fig (2-6 .a) the specimen 1is placed in the fixed mirror arm
of the interferometer and the radiation in that arm passes
through it twice. This technigque 1is known as a double-pass
transmission measurement. If the specimens are highly
absorbing, a single- pass transmission measurement is taken.
The configuration for this technique is shown in figure
(2-6,b). The optics of this interferometer are arranged so
that the radiation in the fixed mirror arm only passes

through the specimen once. If the specimen is opaque, a

25



reflection measurement is required, and the fixed mirror of
the interferometer 1is replaced by the sample as shown in

figure (2-6,cC).

2.5 DFTS AND THE COMPLEX INSERTION LOSS

For completeness, we now give a brief summary of
some aspects of the theory of DFTS (see Birch and Parker
1979). To derive an expression relating the interferogram to
the optical constants, it is useful to define the complex
insertion loss. Following the approach of Chamberlain

(1972), we can define the complex insertion loss;

L(v) = L(v) exp 10i(v) (2.9)

as the complex factor which describes the changes which
occur 1in the amplitude and phase of an electromagnetic wave
propag- ating in the fixed arm of the interferometer when a
reference material, such as a vacuum or perfect mirror, is
replaced by the specimen.

The electric field vector of a wave propagating in
the fixed arm of the interferometer in free space can be

written as a Fourier integral

r+oo

E EQ (v) exp [i27Tv(z-ct) ] dv (2.10)
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where;

EQ 1is the amplitude
z 1s a coordinate in the direction of propagation,
t 1is the time

Similarly, the electric field propagating in the moving

mirror arm can be written as;

+00

12 . Eo(v) exp [127WV (z+x-ct) ] dv (2.11)

where x/2 1is the displacement of the moving mirror from the
position of zero optical path difference.
Now if we place a sample in the fixed mirror arm,

the output from the fixed arm can similarly be written as;

%00

11 Eo(v)L(v)exp i[2nv(z-ct)+S$i(v)+#o(v)] dv
-0 (2 .12)

where 4>o(v) 1is asmall residual phase difference denoting

lack of perfect symmetry in the interferometer due to
imperfect alignment, or some other asymmetry between the
optical paths. The resultant electric field amplitude in the

recombined beam propagating toward the output port is;

g(v,x) exp [127Tv(z-ct) ] dv (2.13)
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where

g (v, x) Ero(v) [L(v) exp i#(v) + exp (iZnvx)] (2.14)

and

#(v) = 4>i(v) +  4>0 (V) (2.15)

The output intensity

Is (x) - Ir Ir

reaching the detector is proportional to g (v, x)
g* (V,x) ,where * indicates the complex conjugate. Therefore,

the output intensity Ig(x) can be expressed as

Is (x) = g(v,x) g (v,x) dv (2.16)

rtoa

Eo(v) lo*(v) [ 1 + w-(v) 1di

400
+2 Eo(v) Eq (v) L(v) cos[<E) (v)-277vx]dv

(2.17)

Since the first term is independent of x, it is of no
further interest. The second term is the interference
function which is wusually recorded as the Interferogram.

This function can be written as a sum of even and odd
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components :

Q0
Js(x) = I p(v) cos <>Vv) cos (27TVX) dv
++00
+ p(v) sin §(v) sin (2nvx) dv (2.18)
where
p(v) = 2 Eo(v) 1lo*(*') L(v) (2.19)
is the recorded power spectrum, while #(v) contains the

phase response of the sample. Now, if we take the cosine and

sine transforms of equation (10), the resulting functions

are given by

o
p(v) = Ig(x) cos (27Tvx) dx
p(v) cos #(v) (2 ..20)
q(v) = oIog(x) sin  (27vx) dx
p(v) sin 0(v) (2 .21)

The computed spectrum will be given by
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= plv) exp i#(v) (2 .22)
with a modulus of
P(v) =l p2(v) + q2(y)]1/2 (2.23)
and a phase
#(v) = tan-1[ g(v)/p(v) ] (2.24)

From equations (2.8), (2.15) and (2.18)—-(2.21) it follows
that the complex insertion loss 1is related to the complex

Fourier transform of the interferogram by

2 Eo(v) Eo*(v) L(v) exp [ i$o(v) 1

>
Ig(x) exp (Inrivy ) dv (2.25)

If we remove the sample from the fixed arm of the
interferometer, the interferometer returns to the
symmetrical configuration and a background interferogram

Io(x) may be recorded. It can easily be shown that

rtoo

To (x) - Po(v) cos [ Qo(v) = 27rvx ] dv (2.206)

which i1s similar to the interference part of equation
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(2.17), with

*

Po(v) = 2Fo (v) Eo' (v) (2.27)

The cosine and sine transforms of equation (18) can be

computed to give

*+00

Po (v) = IIo(x) COs 27TVX dx
Po(v) cos #o(v) (2.28)
and
go (v) = IIQ (x) sin 2ttvx dx
Po(v) sin <&o(v) (2.29)

Then, the computed background spectrum of the interferometer

is given by

So (y) = Po(y) + igo(v)

Po(y) exp [ i4>0(v) ] (2.30)

which is a complex quantity and has a modulus

Po(v) t Po"-(v) + go2(v) ]JVZ (2.31)
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and a phase of

45(»") = tan-1 [ go(v) / Po(v) 1 (2.32)

Hence from equations (2.27)-(22.30) it follows that

2 Eo(v) Eo*(v) exp [ i<Do@) 1]

r+co

Ig (x) exp ( litivy ) dx (2.33)

To obtain the complex insertion loss, we take the ratio of

the two complex Fourier transforms as shown below

=4+00

Tjg(x) exp (i27Tvx) dx

+oa

llo(x) exp (127Tvx) dx

FT Cls(x)]
(2.34)

FT [Io(x)3
The function FT in equation (34) is the Fourier transform as
a mathematical operation performed in the computer. By using
the equation 34)r the complex insertion loss can be
calculated directly if complex numbers are used.
Since the Fourier transform programs are written

in Pascal, and standard Pascal does not support the complex

32



notation, the complex insertion loss L.(V) and the phase
$i(v) are calculated separately from the sine and cosine
Fourier transforms of Ig(x) and IgCx). Using equations
(2..20)-(2 .21) for Ig(x) and equations (2.28)-(2.29) for

Io(x) gives

L(V) = -0 T0—0—— IY/I (2-35)
IPo (v) + qo*(v)]1l/2
and
. a(v , qo (y)
*i(v) = tan-1 [ ] - tan-1] ] (2.36)
P (v) Po (v)

2.6 THE AMPLITUDE REFLECTIVITY OF AN OPAQUE SOLID:

Since all the materials studied in this thesis are
opaque and highly absorbing, their optical constants could
be determined by measuring their front surface complex
amplitude reflection coefficients.

The method described below applied to all data to
obtain the complex insertion loss. The principle of this
method is that; firstly the background interferogram Ig(x)
is recorded using a perfect mirror. Second, we replace the
fixed mirror with the sample, then the specimen
interferogram Ig(x) 1is recorded. As the phase spectra of
all samples wused in this work are well-determined above

their reststrahlen bands on physical grounds, the specimen
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phase can be set by applying a linear phase correction. This
simplifies the experimental work, particularly when a small
samples («bmm x S$un) are used. Because the materials are
highly absorbing, only the first reflected partial wave can
be observed and there are no higher order terms due to
transmission and subsequent reflections. The amplitude

reflectivity of the fixed mirror is given by

ro (v) = ro(v) exp [ i<bo(v) 1 (2.37)
For a perfect mirror, the amplitude would be equal to 1.0
and the phase equal tox The amplitude reflection

coefficient of the reference mirror would therefore be given

fay

rb (v) = exp (1TD) (2.38)

The amplitude reflection coefficient of the specimen is

given by

rg (v) = rg(v) exp [i#g(v)] (2.39)
By using equation (26), the complex insertion loss 1s given

by

rg (V)

n(v)

ro (v)

34



rg(v) exp [ id>s(v) ]

ro(v) exp [ iv ]

= rg(v) exp i[ 4>g(v) - T 3 (2.40)

FT ( Ig(x) 3

FT [ Io(x) 3

So the insertion loss L (v) and the phase #g(v) can be
calculated from equations (2.35) and (2.36), apart from the

linear correction mentioned above. Then by using equation

(2.40) the amplitude rg(v) can be determined.

2.7 THE RESPONSE FUNCTIONS:

Consider a plane parallel specimen of complex
refractive index Ni (v) immersed in a medium of complex
refractive index N2 (v) as shown in fig(2-7). Using the
Fresnel equations at normal incidence, given by Birch and
Parker (1979), the amplitude reflectivity of the surface of

the sample 1is given by

Ni(v) - N2 (v)
r (v) = (2.41)

Ni(v) + N2 (v)

If medium (1) is a vacuum, since the instrument is evacuated
while scanning, the refractive index N\ 1is equal to 1.0 and

equation (2.41) reduces to
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1 - N? (v)
r(v) = : (2.42)

1 + N2 (v)

Rearranging equation (2.42), the complex refractive index

N2 (v) is given by

1 - r(v)
N2 (v) = (2.43)
1 + r(v)
From Maxwell's equations (Chantry 1984), the complex

refractive index 1is given by

N (v) = n(v) + ik(wv) (2.44)

Refractive index

I
o]
s

where real N (v)

I
o
)

Imag N (v) Absorption index

Using equation (2.44) the refractive and absorption indices
can be calculated. Also the complex dielectric permittivity

is related to the complex refractive index by

€(v) = N*"(v) = [ n(v) + ik(v) 1”

= n2(v) - kZ(v) + 1i2n(v)k(v) (2.45)

and

€ (v) = €x(v) + ie" (v) (2.406)
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From equations (2.45) and (2.40) the real, and imaginary
components of the dielectric permittivity can be expressed

in terms of the refractive and absorption indices as

€* (V) =n"(v) - kZ(v) (2.47)

€x(v) =2n(v)k(v) (2.48)

Since the electric susceptibility x is related to

the dielectric permittivity by

€(v) =1 + x{v) (2.49)
where;

X{v) : x*(v) + 1a”(v) (2.50)
It can be determined from the above equations. From

equations (2.49) and (2.50), the real and imaginary parts of

the dielectric permittivity are given by

ex = 1 +%' (2.51)
it = g4 (2.52)
The electric susceptibility will Dbe of use later to

determine the optical characteristics of solids.
As has Dbeen shown, all of the response functions
can Dbeobtained from the Fourier transform pair using the

complex insertion loss
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Fig ( 2.2) Appearance of the fringes with

quasiraonochromatic tight
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Fig (2.4) Schematic diagram showing the position of

the sample 1in dispersive Fourier transform
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OPTICAL PATH DIFFERENCE
Fig (2.5) Comparison of a symmetrical background
interCerogram and an asymmetric sample
interferogram in reflection DFTS
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Fig (2.6) Schematic diagram of a dispersive

Fourier transform spectrometer
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Fig (2.7) The rays reflected from and transmitted

through a sample immersed in a medium
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CHAPTER (3)

INSTRUMENTATION FOR DISPERSIVE

FOURIER TRANSFORM SPECTROSCOPY

3.1 THE OPTICAL INTERFEROMETER

The instrument is essentially a classical MichelIson

interferometer. It 1is based on an NFL/Grubb Parsons cube
interferometer. The schematic diagram of the reflection
instrument 1is shown in figure (3.1). The basis of this

system 1s the central cube where the beam splitter is kept
at an angle of 45 to the incoming beam. The beam splitter
is made of Mylar which is used for a number of reasons. It
can be supplied as large industrial rolls which are not
expensive. It is transparent in both the far infrared and
the visible, so that it allows the use of a laser beam which
is coincident to the optical axis for alignment. Also, if
the plastic is broken, a new piece can be stretched in place
in a few minutes. The equation relating the thickness of the
beam splitter to the interference maxima and minima, given

by (Bell 1972) is

mX = 2d [ n% - 1/2

where;

d is the thickness of the Mylar
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n 1is the refractive index
The condition for an interference maximum (constructive
interference) 1s that;

m=1/2 , 3/2 , 5/2  ........

and for an interference minimum (destructive 1interference)

is that ;

m=0 , 1 f2 ........00...
As a numerical exaunpie for a 6.25 urr thick beam splitter,
the peak efficiency (constructive interference) for m = 1/2

occurs at 250 cm™" then it falls to zero at 500 cm~" (m =
1) . Because all of the optical Reststrahlen responses of
semiconductors are in the range 100 cm”” to 500 cm™". Mylar

film of thickness 6.25 fir was used 1in this work.

3.2- THE COllLIMATOR:

The radiation source used is a fused quartz
encapsulated Mercury lamp ( Philips 125-HPK ). The lamp is
inside a copper heat shield, into which is drilled the exit
aperture. The size of the aperture is normally between 5 and
10 mm. The shield is coupled to a water cooled jacket. The
excess heat generated by the lamp is transfered to the
water,which is connected to a water circulator and
temperature stabiliser.

A parabolic mirror is used to collimate the beam

leaving the aperture and reflects it through 45® to a plane
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mirror. Theplane mirror has a small circle of Aluminium
removed to allow the laser beam to pass down the optical
axis of theinterferometer. The collimated beam then travels
towards thebeam splitter, where it is divided into the two

arms.

3.3- REFERENCE MIRROR ARM

The reference mirror 1is fixed in position but
adjustable in orientation for optical alignment of the
interferometer. Because the interferometer has been designed
for dispersive or asymmetrical reflection, the sample may
replace the reference mirror. The shape of the sample holder
depends on the temperature of the measurements ;

1- Room temperature measurements are performed wusing a
sample plate, held in position by two micrometers. This
allows the sample to be adjusted for optical alignment of
the interferometer using a laser.

- For low temperature measurements, a cryostat can be used
as a sample holder. This consists of an inner can onto which
a block of copper is attached. On one end of this the sample
or reference mirror is fixed. We usually use silver paint to
fix the Scunpie or the mirror. Outside the can is a wvacuum
jacket which needs to be pumped to at least 10'" torr to
prevent the sample icing up. The cryostat can either be used

with liquid nitrogen at 77 k or liquid helium at 4.2 k when
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boiling.

3.4- MOVING MIRROR ARM

The moving mirror is an optical flat mounted on a
high precision 1linear translation unit and 1is driven by a
hydraulic piston (Burton and Parker 1984). The linear
translation unit consists of a high precision cross roller
bearing made by E.S.E. Ltd, model no NK3 - 180. The
parallelism tolerance 1is less than 1fin over the complete 10
cm travel. Onto this is mounted a 50 mm diameter optically
flat mirror. Springs were attached to the linear bearing to
return the mirror. The bearing 1is coupled to the piston via
a 1/4 inch silver steel rod, which passes through a Wilson
vacuum seal. A stainless steel ball was soldered to both the
linear bearing and the piston to give a better contact. Also
the ends of the rod had a machined cone which improved
contact. This was necessary to stop the contact point with
the rod from varying when scanning. The piston was connected

via two nylon pipes to the hydraulic reservoirs and control.

3.5- HYDRAULIC SYSTEM

A schematic diagram of the hydraulic piston circuit

is shown in figure (3.2) (Burton and Parker 1984). Hydaulic

pressure 1is derived from a cylinder of Nitrogen, A, and a
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system of solenoid operated valves in the spool wvalve unit,
B, 1is used to control the gas pressure over a pair of oil
reservoirs, and . Pressure from the reservoirs is
transmitted to the ends of a c¢ylinder, G, containing a
piston, H, which is mechanically coupled to the moving
mirror drive wunit. All the components were obtained from
Active-Air Automation Ltd. There are two hydraulic needle
valves which allow the scan speed to be varied from 1/xms~"
to 10mms“"* Faster speed could be obtained by increasing the
bore diameter of the piston or by removing the hydraulic
fluid. Full details of the hydraulic set-up have been given

by Burton and Parker (1984).

3.6- HYDRAULIC CONTROL:

There are two relays to control the hydraulic
movement of the piston. By switching 12v across one of the
two relays it will open, and so allow the compressed
nitrogen to push the hydraulic fluid, and so push the piston
in one direction. If we apply 12v to the other relay, the
piston will reverse direction. We use pulses which can be
generated from the computer, via an 1ERE interface unit, to
switch states of the relays. These pulses switch the
hydraulic direction, via the switching box, through a three
stage system as shown in figure (3.3). This allows the

piston to scan forward, stop and change direction, etc.
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Because of this, multiple scanning and averaging of the data

runs, to improve the signal to noise ratio, 1is possible.

3.7- OUTP£JT OPTtCS:

A reflecting arrangement has Dbeen used as the
output optics. On this system, an optically flat mirror has
been used to reflect the beam, after Interfering at the beam
splitter, to a spherical mirror. The spherical mirror
condenses the beam to a focus some 10 to 15 cm away where
the detector 1is located. Just 1in front of the focus there is
room to place various filters. Black polyethylene has been
used as a filter to cut off any high wavenumber components

(>550 cm-1) .

3.8- DETECTOR:

A Golay cell detector has been used in this work.
It is a thermal detector which offers spectral coverage from
250 nm to the millimeter region with high sensitivity. Its
operating principle is thermal expansion of a gas upon
heating. A chamber containing a gas of low thermal
conductivity 1is sealed at one end with a diamond or quartz
window (chosen according to the spectral region required)
through which radiation reaches a thin absorbing film which

responds readily to infrared radiation, the film in turn
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warming the gas with which it is 1in contact. A rise 1in
temperature of the gas in the chamber produces a
corresponding rise 1in pressure and therefore a distortion of
the flexible mirror membrane with which the other end of the
gas chamber 1is sealed. With the aid of a suitable optical,
system and a photocell, the deformation in the flexible
mirror membrane 1is transfered into changes in voltage. The
change 1in the voltage is then recorded as a measure of the
infrared absorption. The disadvantages of this detector are
that the device is very fragile and 1s fairly slow in
response. Also, this detector 1is very sensitive to radiation

overload.

3.9- rJrs5gr FRINGES:

A helium-neon laser, supplied by Sclentifica-Cook
Ltd, has been used for sampling the interferogram (Burton et
al 1982) . The 1laser beam is directed down the optic axis of
the system through the etched hole in the collimator mirror.
Because the laser 1is a monochromatic source the associated
interferogram will be a cosine wave. A small photo-diode (RS
305-462) has been used to detect the variation in laser beam
intensity and converts it to a wvoltage. Because the
wavelength of the laser is 632.8nm the interference fringes
will be 316.4nm apart. Since the laser shares the same path

as the optic axis, 1f there 1is any change in the path length
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of one of the arms due to thermal, effects, the laser fringes
will automatically compensate. Also the laser fringe
intensity can be used as a sensitive method of alignment.
When the largest signal 1is obtained from the photo-diode,

the [R signal is also the largest.

3.10- mastr control channel ELECTRONICS:

The photo-diode 1is placed inside the output optics
chamber. The radiation excites electrons across the band-gap
to produce a voltage. A low noise amplifier (Brookdea.l type
435) has been used to amplify the input fringes, which are
of the order 100mv to 700mv. The unit also has low and high
pass filters. Since the scan speed produces fringes from
100Hz to 1IkHz, the high pass filter is set to 100Hz, while
the low pass 1s set to 1 kHz. After the amplifier the signal
is sent to a fringe counting unit, see figure (3.4).

The signal will pass through two 741 op-amps, which
can cimplify the fringes to 1lOv. The gain, as well as the D.C
offset, can be varied as required. After amplification the
signal ©passes to a Schmidt trigger (TTL  7414) which
generates a very sharp rising edge to 5v when the input
signal 1is greater than 2v. This will convert the cosine wave
into a square wave. Also it can be seen that, by changing
the D.C offset, the trigger point of the Schmidt can be

varied. After the signal has been squared, it can either
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pass directly to the monostable (TTL 74221) or pass into the
counting chain. The chain is constructed from two reversible
binary counters (TTL 74193) which are triggered by rising
edges. The counters can divide the fringes into blocks of 2
to 256, depending on the counter switch. Since the fringe
spacing is 316.4nm this gives control of the spatial
separation of the ADC pulses from 316.4nm to 80.998#m. A
signal corresponding to the start of each block passes to
the monostable (TTL 74221) to generate a narrow b5v trigger
pulse. The width of the pulse can be varied by the RC pair
to suit the ADC in use. Typically the wvalues of 4.7k and

47nf are used to give a pulse width of 50#s.

3.11- ANATuOGUR S IGNAL :

The output from the IR detector was sent to a
simple op-amp as shown in figure (3.5). The circuit works as
follows. Using a resistor chain, the input from the detector
is divided by 10 and then coupled to the first amplifier.
The overall chain amplifies the signal and adds an offset.
This residual offset could be varied by the 5k
potentiometer so that the final output D.C. voltage was
between 0 and 10v. The signal was amplified by a factor of
about 8 by the first op-amp, whose gain was controlled by
the 39k resistor. After this, the signal was fed into the

second op-amp, which controlled the final output size of the
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signal by the wuse of the 100k potentiometer. A 47nf
capacitor was coupled to the output 1line to filter any high
frequency noise propagating up the connecting 1line from the

computer.

3.12- ADC INTERFACE CIRCUIT:

The IEEE interface unit i1s a modular system called
Microlink, built by Biodata Ltd. It consists of a mainframe
with a power supply which can accomodate 7,12 or 18 modules
depending on the specification required. For our instrument
only 3 are needed. They are a high speed clock (HSC) , an
analogue signal conditioning module (AN-1) and an analogue

to digital convertor (A-12D).

HSC:

This is used to trigger the ADC unit from the
electronic trigger. It can also be used to multiplex more
than one input signal 1if needed. This gives a maximum data

rate of 20 kilobytes/second.

AN-1:

This has a switch to select the input analogue
signal from O.lv to 1Ov. Also there is a Gain Trimmer to set
full scale input, and an offset trimmer to alter the D.C.

base level.
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A-I2D:
This converts the analogue signal to a 12 bit digit

to be read by HSC.

3.13- THE MICROCOMPUTING SYSTEM:

The computer used to control the system is a Sirius
computer (now traded under the name Victor). It has two 5.25
inch floppy disc drives, each capable of storing about 600
kilobytes of data, as well as having 512 kilobytes of

memory. All the programs are written in Pascal.

3.14- ANCILLARY EQUIPMENT:

In the far-infrared water vapour is a problem due
to its high absorption. To eliminate most of the water
vapour absorption, the system is vacuum pumped.

The instrument 1is mounted on an optical table,
supported by four gas controlled pneumatic Isolation legs,
made by Ealing Optics Ltd. The pneumatic 1legs reduce the
effect of floor bound vibrations being transmitted to the
Instrument.

The Mercury lamp has a water jacket to control the

thermal response of the IR output, as mentioned before.
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3.15- SPECTRAL RESPONSE VERSUS SCAN SPEED:

The relation between the modulation frequency of a
given spectral component and scan speed can be given by the

formula below

S = X (1)
where?

fm = modulation frequency (H%)

Va = spectral component (cm™")

S = scan speed (cms~")

In this work the scan speed is selected by setting
the corresponding modulation frequency for the laser
fringes. To enable this to be done conveniently equation (1)

can be rewritten as

fm 1
Lf = X ———- (2)
6.328x10-5 va
where;
Lf = laser fringe frequency (HS)
6.328x10-5 = laser wavelength (cm)
This function has been plotted for wvarious
modulation frequencies, and 1is shown in figure(3.6). The

axes were chosen to be logarithimic so as to show the
various modulation frequencies as straight lines.

It can be seen from figure (3.6) that by wvarying
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the scan speed, a given spectral component will be modulated
at a different frequency. Figure (3.7) shows the response of
a Golay against modulation frequency, it can be seen that

the best response is around 1 to 2 Hz.
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3.16- INSTRUMENTATION TEST:

1- WATER VAPOUR:

The Ideal choice for testing the instrumental
system 1is that of using water vapour as a test material
because of thousands of absorption bands in the IR. These
have been measured and catalogued by various groups, but the
results of Rao et al (1966) have been used in this work.

The ratio spectrum of water vapour Is shown in
figure (3.8). We found that the spectral components are in

excellent agreement with the data of Rao et al (1966).

2- GaAs OPTICAL CONSTANTS:

GaAs 1is the substrate of all the samplesused in
this work, as well asone of the sample components. Because
of this we found itis useful to <calculate the optical

constants of GaAs and compare the measured values with the
values calculated from a classical model of a damped simple
harmonicoscillator. Also this could be used as a second
test of the instrument.

The amplitude r and the phase 0 of the complex
reflectivity of GaAs at room temperature are shown in figure
(3.9). These data have been used to calculate the refractive

index n and absorption index k, figure (3.10), using
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equation (2.41).
The theoretical calculation of the amplitude r and

the phase 0 of bulk GaAs at room temperature using the data

of Kim and Spitzer (1979) are shown in figure (3.11). Figure
(3.12) shows the calculated refractive index n, and
absorption index k. The overall agreement between

measurements and calculation is good in all cases.
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Fig (3.7): Plot of absolute response versus
frequency of a modulated infrared

signal for a Golay detector

68

50



units

arbi trary

Dowl o4 A

o om Vo

0c

B=m

fn OE0m =

w

SAcd

co

ooot?

69



(0

00

0

phase

o O Voo @.

EVvBO Qo% OEBNL RoB
L«OTDCIQ>0

>

Lan JR 2 1= )

Bobmooom oxfh

ooo

oOoOo

© 8

aaniiidwv

(@)

70



oS oo EIORH

=00Q

s pO,ﬂlrv.

SISt

<0 QmOoOo

-

XOoR.T oAiR-0as «

o0

71



[e)e)

[e]e)

[e] o
300t3T) ;903 UOT33GI1WJ A~TBUa"UI

72

=0~ ° —

g0

G Oyt 2



'Gl

Bom.ybﬁﬁa Uﬂt =)

X

8

73



CHAPTER 4

INTERACTION



CHAPTER (4)

PHOTON-PHQONON INTERACTIONS

4-1 INTRODUCTION

Many years ago (Kittel 1976), the word polariton
was used to describe a mode of mixed phonon-photon
character. Nowadays polaritons are regarded as
quasi-particles in solids consisting of a photon coupled
with an elementary excitation (e.g, a phonon, exciton, or
magnon) which polarizes the medium. Otherwise the word
polariton 1s used to describe any mixed mode involving a
photon. The existence of such coupled mechanical-
electromagnetic excitations in solids was first predicted
in 1951 by Huang for cubic ionic crystals of the NaCl type.
The theory of polaritons was summarized in 1954 by Born and
Huang in their well-known text book on lattice dynamics.
Experimental evidence for the existence of polaritons was
given first by Henry andHopfield in 1965 on cubic GaP.
Further important experimental investigations of phonon-
polaritons in those early days were the experiments of
Porto et al on ZnO in 1966 and on a-quartz by Scott et al in
1967.

Although there has been a steady growth of interest

in bulk polaritons, the latter half of the 1970s saw the
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development of a strong interest in surface polaritons. A
surface polariton is an electromagnetic wave travelling
along an interface with an amplitude decaying exponentially
with distance from the interface. The first study of surface
waves, which was Dbased on lattice dynamics, was due to
Lifschitz and Rosenzweig in 1948. These authors recognized
that 1in diatomic crystals 1like NaCl, in addition to the
acoustic surface waves which become the usual Rayleigh waves
in the continuum 1limit, k# - 0, optical surface modes may
occur. Recently, the attenuated total reflection (ATR)
method has been applied to the study of surface polaritons
for the first time by Bryksin et al on NaCl (1971).

The dispersion of the dielectric function of a
semiconductor multilayered structure is determined by a
number of resonances at different frequencies. For a doped
semiconductor multilayer, the lowest frequency response
<50-150 cm"1) arises from the collective, or plasma,
oscillations of the gas of free carriers (Boardman, 1982 and
Cottam and Tilley, 1989). In polar lattices the second
response 1is due to coupling of the electromagnetic field
with TO phonons. This leads to a reststrahl frequency region
<100-500 cm'l) which might be discussed within the bulk-slab
model by means of the effective-medium approximation to that
model. The Dbasic assumption which is made is that each
component layer of the multilayer samples 1is sufficiently

thick to be described by the corresponding bulk dielectric
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function. Otherwise, when each layer is many monolayers
thick, then it 1is ©possible that the local and distant
fields should be related in the same way as in the bulk, and
we may employ the Dbulk slab-model with some confidence.
Reviews of the bulk-slab model have been given by Yariv and
Yeh (1977) and Raj and Tilley (1985).

A theoretical study of ATR on semiconductor
superlattices in the reststrahl frequency region has been

done by Raj and Tilley in 1987.

4.2 THE DISPERSION REIATION OF INTERFACE POLARITONS:

To 1investigate phonon polaritons, the following
procedure 1is given 1in Boardman (1982) and Raj and Tilley
(1985) . We consider the plane interface Dbetween two
semi-infinite dielectric media as shown in figure (4.1).
Suppose we have an electric field with components both
perpendicular and parallel to the Z=0 boundary of fig (4.1).
We take the 7 axis normal to the interface and the X-axis as
the direction of propagation of the mode. For a plane wave
with all fields proportional to exp(ik%x - iwt), since there
is no surface mode with E- field in the Y-direction, we take

E in the X-7Z plane;

E = (Eix,0,Eiz)exp(ikx-iwt)exp(ikiz) (4.1)

in medium (1), with a similar form in medium (2). We take a
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single frequency w, and since the boundary conditions will
be applied in the whole plane Z=0, the wave vector gy must
be the same in both media. For the mode to be localised, E
must decrease with the distance from the interface Im(klz) *
0 and Im(k2z) < 0. In order for equation (4.1) to satisfy
Maxwell's equations in both media, the wave vectors must

satisfy;

k*"x 4+ k*iz = €1 w2/c2 (4.2)

The equation v.D = 0 gives the ratios of the field

amplitudes in equation (4.1)

kx "ix + "iz Eiz = 0 (4.3)

The amplitudes in the two media are related by the
continuity of the tangential component of E and the normal

component of D

Elx = ~2x (4.4)

ciEiz = €2E2z. (4.5)

From equation (4.1)

kxEix + klzElz=0 (4.5)
kxE2x + k2%E2z=0. (4.7)

Substracting equation (4.7) from equation (4.6) gives;

kx(Eix - E2x) +%1zBlz " k2zE2z = 0- (4-8)
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Since E$x = S2x

it leads to

"Iz Exz k2z E2z

«1l klz Eiz / ei €2 k2z E2z [/ «2

klz / €1 = k2z / €2. (4.9)
Substitution from equation (4.2) leads to the explicit
result

k" x =(w2/c2)€i €2 / + €2 (4.10)
Equation (4.10) represents the dispersion relation of the

excitation. By neglecting the damping, ¢| and €2 are both
real. Equation (4.9) shows that for surface polaritons to

exist, €1 and €2 must have opposite signs, ie

€1 €2 < 0 (4.11)

Since the right hand side of equation (4.10) must Dbe

pos itive, we have

€1 fe2 <0 (4.12)
Equations (4.11) and (4.12) determine the frequency
intervals in which the surface polaritons occur. As an

example of surface phonon polaritons on cubic crystals, the
dispersion curves of the surface wave on semi-infinite GaP

(Marschall et al, 1972) are shown in fig (4.2).
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4 -BULK POLARITON DISPERSION CURVES FOR SUPERLATTICES

We take the Z-axis normal to the layers of the
superlattice which have thicknessesa,b and isotropic
frequency -dependent dielectric functions €i(w) and €2 (w).
The dispersion relation for a mode of wave number (ky, kg)
is given by Yeh et al (1977), Yariv and Yeh (1977,1984) and

Raj and Tilley (1985) as,

cos (k3A) = cos(gia)cos(g2b) - gg,psin (g2b) (4.13)
where;

gti = (€1 w2/c2 - k™"x), i=1,2 (4.14)

Us = 1/2 (qz/d + gi/qz) (4.15)

which applies for S-polarisation (Ein theY direction)

9p — 1/2(€2gi/€iq2 + (4.16)

which applies for P-polarisation (Ein theX Z plane )
and A = a + b 1is the spatial periodof the superlattice.

In the long-wavelength limit, if

kzA K1 , kxA«1,

giA « 1 and g2Ad,

for S-waves equation (4.13) reduces to

k*x + k*z = (cj2/c2) (€ia + €2b)/ (atb) (4.17)
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and for P-waves to

k*z (atb) + +€2b) (€E2a +€ib) /ei€2 =

(w2/c2) (eia + 62b) (atb). (4.18)

Equation (4.18) has the following solutions;

ks =0 (4.19)

€ia +€2b = 0 (4.20)

c“*xxk2z + f-"zzk"x = w2/c2 (4.21)
with

Exx = (Eia + €2b) / (atb) (4.22)

e-"zz = (e'"ia + e"1l2b) / (atb) (4.23)

Using equations (4.17) and (4.21), Raj, Camley and Tilley
(1987) have obtained the theoretical dispersion curves for
bulk modes of a GaAs/AlxGai xAs super lattice, using the
parameters obtained by Maslin et al (1986), where €% and i
are the frequency dependent dielectric functions of GaAs/
AlxGai-xAs respectively. Both dielectric functions are

described by the usual reststrahl region expression

€ =€00 + Piw2i/ (w2i-w2-iwyi) + (w22-w%-iwy2) (4. 24)
where €« 1s the Dbackground dielectric constant, and a2

are frequencies of the TO phonon resonances with y| and V2
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corresponding damping parameters, and pi and p: are the
dipole strengths of the resonance. These bulk dispersion

curves are shown in figure (4.3)

5-SURFACE POLARITON DISPERSION CURVES FOR A SUPERLATTICE

In the effective-medium description, a semi-
infinite superlattice 1is a uniaxial medium with a principal
axis normal to the surface. The dispersion equation for the
surface polariton is then (Hartstein et al 1973 and Borstel
and Falge 1977)

A

¢} "xx"zz ~ m

where Qmy 1is the dielectric constant of the bounding medium.

The localisation requirement ¢xx < O must be satisfied.

Modes with €%% <0 are <called real excitation surface
polaritons, while modes with €%% > 1 are called virtual-
excitation or photon-induced surface polaritons. In fig

(4.3) we show the surface-polariton dispersion curves (Raj,
Camley and Tilley 1987) together with the ATR scan line. The
crossing of the frequency scan line with the branches of the
surface-polariton dispersion curves gives the dips 1in the
ATR spectrum which will be discussed later. Figure (4.4)
shows two distinct types of surface-polariton. The

full-line curves represent the case when both Gxx and €%%

are negative, the real surface modes. The dashed curves
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represent the case when Cxx 1is negative but simultaneously
€zz 1s positive, the virtual surface modes. The dispersion
curve shows that there are four surface-mode branches. The
first and the fourth branches (we refer to the Dbranch
starting at the lowest frequency as the first and so on) are
a mixture of a real and virtual surface mode. However for
the first branch the virtual-excitation part exists over a
very small frequency range and can not be seen on the scale.
The second branch 1is a real surface excitation throughout,
and the third branch is a wvirtual surface excitation

throughout.
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Fig (4.1): Schematic diagram of a plane Interface
between two semi-Inf Inlte dielectric

media
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CHAPTER xSl

DFTS MEASUREMENTS

ON LAYERED SEMICONDUCTORS

5.1- INTRODUCTION

Recently, layered semiconductors have attracted
much attention from scientists in both theoretical and
experimental areas. L.attice-vibrat ional properties of
layered semiconductors have been much less studied compared
to the electronic properties. "

A number of crystal growth techniques have been
developed for the production of layered semiconductor
specimens. Among these, the main techniques are molecular
beam epitaxy (MBE) and metallo-organic chemical wvapour-phase
deposition (MOCVD) . In MBE, beams of atomic or molecular
species passing through wultra-high wvacuum impinge on a
single crystal substrate and in the right conditions crystal
growth occurs epitaxially. Because of the fine control
available in MBE, it is possible to grow specimens with any
desired sequence of layer thicknesses and compositions. Also
it 1s quite possible to prepare specimens in which each
component is only a few monolayers thick. A review of MBE is

given by Joyce (1985). Also Parker (1985) and Chang and
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Ploog (1985) both include detailed chapters on MBE as well
as on the physics of the resulting specimens. In MOCVD,
growth occurs by deposition from a flowing vapour. Both MBE
and MOCVD were used to produce specimens which were used in
this work.

During the past twenty years it has been
established that dispersive Fourier transform spectroscopy
is a powerful technique for determining absolute values of
the far infrared dielectric response functions of solids
from simultaneous measurements of their amplitude and phase
reflection spectra (Birch and Parker 1979).

In this work DFTS has been used to measure the far
infrared amplitude and phase reflection spectra of a variety
of epitaxial layers (including a GaAs/AlAs superlattice).
The measurements are given along with the theoretically
calculated spectra for these many layered structures.
Calculated spectra were obtained by standard multilayer
optics techniques.

The measurements have Dbeen done using Golay
detectors having two different window materials (Diamond
which has a flat response across the whole of the far
infrared and Quartz which does not transmit above 250 cm™").
Mylar was used as the Dbeam splitter material with the
thickness chosen to suit the spectral range of the window
material. A Dblack polyethylene filter was used to cut off

WA

any high frequency components above about 600 cm
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The wvalues plotted for the amplitude lie between
zero and one, with the wvalue of the amplitude reflectivity
of one being equivalent to a perfect mirror. The
experimentally measured phase 0 1s the difference between
the phase response of the sample 0g and the phase response
of a perfect mirror 1,

i.e 0 = 03 - 7T
is the function plotted in all the figures.

Figure (5.1) shows the interferogram obtained using
a diamond window Golay detector with two identical mirrors
in the arms of the interferometer, while figure (5.2) shows
the interferogram obtained when one of the mirrors has been

replaced with a superlattice sample. As can be seen 1in the

wings of the interferogram, subsidiary interferograms
(signatures) are present. These are due to multiple
interference effects causedby the Golay cell window. This

limits the resolution obtainable with this detector as the
interference signatures donot ratio out between the
reference and sample interferograms.

It has been found that a scan speed of around 400
Hz for the 1laser fringes gives the Dbest signal to noise
ratio when operating with a peak of around 250 cm””. The
speed was reduced when the higher wavenumber regions were

needed.
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5.2- DFTS MEASUREMENTS OF BJI..K MODES ON AN EPITAXIAL TI.AYRR

OF CdTe

An epitaxial layer of CdTe on a GaAs substrate was
studied by reflection DFTS. The specimen consisted of an
epitaxial layer of CdTe (of thickness « 3/tm) deposited by
plasma MOCVD on a GaAs substrate of dimensions 15x5x0.5 mm".

Theoretical curves were obtained by standard multilayer

optics techniques. The calculation was performed on a 3
layer system, layer 1 Dbeing a vacuum. The calculated
amplitude r and phase 0 spectraare shown infigure(5.3).

The measurements have Dbeen done using a Golay
detector fitted with a diamond window. A Mylar film of
thickness 6.25 /xn was used as a beam splitter. The amplitude
and phase reflection spectra measured by DFTS are shown in
figure(5.4).

The measured spectra are compared with the
calculated spectra in figures (5.5) and (5.0). It can be
seen that the measurements are in good agreement with the
calculation, and they reveal both the CdTe and GaAs
reststrahlen bands, which 1lie in well separated spectral
regions. The measured response of the composite system is
described very well by bulk values of the dielectric
response functions of the two components.

It can be seen from figure (5.4) that at

frequencies (<140 cm“™™) below the reststrahlen band of CdTe,
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both the film and the GaAs substrate are transparent. At
higher frequencies also, above the CdTe reststrahlen region,
the CdTe layer 1is transparent and Dbehaves as a dielectric
film.

The complex reflectivity of the specimen 1is not
determined solely by the optical constants of the CdTe
epitaxial layer. This can be understood by considering the
interference between the beam reflected from the top of the
CdTe layer and the infinite series of multiply reflected
beams passing through the film, as shown in figure (5.7). We
denote the complex amplitude of the externally reflected
beam by r(e), and the resultant complex amplitude of the
series of internally reflected beams by r(i), with the

modulus and phase given by expressions of the form

r(e) = ro(e) exp i"(e) (1)

It is sufficient to consider only the external reflection
and the first internally reflected partial wave. The
amplitude and phase reflection coefficient for a single
surface bounded by media i and J are given by (Birch and

Parker, 1979);

rijz =[ (nt*-nj +ki”'=kj*)** + 4 (njk|-nikj )"

[ (nt+nj)~ + (ki+kj)21-2 (1)

tan0ij =2 (njki-nikj) (t*—nj *+kt~-k3*) (3)
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and the complex factor for propagation through a dielectric

medium is

ai = exp(-ail/2) exp(iwniL/c) (4)
where L 1s the layer thickness. The above equations allow
estimates to be made of the amplitudes and phases of r(e)
and r(1i). The first order approximation of the overall

reflectivity of the specimen may be taken as their sum;

r = r(e) + r(i) (5)
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Fig (5.5): Diagram showing the comparison between the
calculated and measured r spectrum of CdTe

epi-layer specimen
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5.3- DFTS MEASUREMENTS OF BUI"K MODES ON A Ain ?sGan 7sAs

EPI-TAYER:

The amplitude and phase reflection spectra were
measured by DFTS for an epitaxial layer of AIg.25Gao.75AS.
This sample is made available by Philips Research
Laboratories. This specimen consisted of an AIg.25770.75"®
epitaxial layer of thickness 400 A" deposited by MBE on a
GaAs substrate. The measurements were made using a Golay
detector fitted with a diamond window and Mylar Dbeam
splitter of thickness 6.25 #m.

Figures (5.8) and (5.9) show the Fourier
transforms of the background and sample interferograms
respectively, each interferogram being the average of 100
scans. The far infrared amplitude reflectivity and phase
spectra are shown in figures (5.10) and (5.11)

Using the standard multilayer optics techniques
described for the CdTe epi-layer sample, the theoretically
calculated amplitude and phase reflectivity spectra shown in
figure (5.12) have Dbeen obtained. Reststrahlen parameters
for Alo zgGao 75AS were obtained by interpolating the data
of Kim and Spitzer (1979). From figure (5.10), it can be
seen that both the GaAs and A]JAs reststrahlen bands, which
lie 1in well separated spectral regions, are observed. Also
figures (5.10), (5.11) and (5.12) show good agreement

between measurement and calculation.
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Figure (5.IL) shows that below the reststrhalen band of GaAs

both the epi-layer and substrate are transparent.
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5.4- DFTS MEASURRMKNTS OF BULK MODES ON A SHORT PERIOD

SUPERLATTICE:

In the last decade, there has been considerable
interest in the ©properties of superlattices, which are
structures composed of alternating layers of different
materials. The simplest model for the band structure of a
semiconductor super lattice is shown in fig (5.13) .
Thicknesses a of a material with band gap E” alternate with
a thicknesses b of a material with a band gap E*f where
Eb < Ea* In a single gquantum well, fig (5.14), an electron
or hole 1is confined in a square well of a finite depth and
width b. For the periodic system, two possibilities arise.
If the barrier widths a are large compared with the distance
over which the bound-state wave functions extend into the
barriers, then the wells are effectively isolated from one
another and discrete energy levels at the bound-state values
may be observed. This type of specimen is usually called a
multi-quantum well (MQW). In the second possibility, where a
is sufficiently small, the Dbound-state wave functions of
adjacent wells overlap in the intervening barrier and the
energy level Dbroadens into a band. This is called a
superlattice. However, we often apply the name superlattice
to both types of structure.

In an the far infrared optical properties are

satisfactorily described by the bulk slab model, in which
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each layer is assumed to have the dielectric function of the
corresponding bulk material. This will be shown later in
chapter (8). In this chapter we present the reflection
amplitude and phase spectra of a short period superlattice
specimen. This sample has been obtained from Philips
Research Laboratories, and was grown by MBE. The sample is
composed of 150 alternating layers of GaAs and A3.As, each 2
monolayers thick. Either side of the super lattice was a
cladding layer 0.1 ias thick, composed of Alo”"Gag”gAs, and
the complete structure was grown on a n-type GaAs substrate,
with a carrier concentration of about 10"B cmT”,
approximately 400#m thick.

Using a Golay cell detector fitted with a diamond
window and beam splitter of 6.25 Jan thick Mylar, the
amplitude and phase spectra are shown in figure (5.15). The

A

measurements were made at a resolution of 4 cm~ Figure
<5.16) shows the theoretical reflectivity spectrum obtained
by Dumelow et al (1989) wusing data from the rigid ion model
of Ren et al (1988). The relation between the reflectivity
and amplitude is given by
R = 1r|2

From figures (5.15) and (5.106), it can be seen that the
features observed in the far infrared amplitude spectrum are
in reasonable agreement with those seen in the theoretical

calculated reflectivity curve. In the measured amplitude

spectrum feature 1 is due to a bulk plasmon in the
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substrate. Features 2 and 3 arise from the reststrahlen
bands of GaAs and AlAs respectively.

Below the plasmon frequency, the dielectric
function of the substrate is negative which leads to high
reflectivity. Measurements were made using a Golay cell
detector fitted with a quartz window and a Mylar beam
splitter of thickness 12.5#m. These measurements confirm the
high reflectivity expected in this region, as shown in
figure (5.17). More work 1is 1in progress on short period

superlattices to improve the theoretical models.
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CHAPTER (6)

ATTENUATED TOTAL REFLECTION

ATR TECHNIQUE

6.1- INTRODUCTION

Fourier transform infrared spectroscopy is a well
established technique that is widely used as a bulk analysis
technique. In recent years, however, FTS has been
increasingly used to study surfaces and thin films to solve
surface related problems.

Attenuated total reflection (ATR) spectroscopy 1is
a technigque that 1s used to study surface characteristics.
The ATR technique first used by Otto (1968) has become the
principal technique for the measurement of surface polariton
dispersion curves. The geometry of the ATR technique

suggested by Otto (1968) 1is illustrated in figure (6.1). The

upper medium, described by a frequency independent
dielectric constant elr is the prism, and medium 2 is
typically an air gap with €2 = 1 which acts as a spacer

between the prism and the specimen under study. The incident
beam in the prism propagates at angle § with respect to the
normal. If the refractive 1index of the prism is greater than
the refractive index of the gap medium, €i > €2r then for

greater than the critical angle, when the incident beam
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reaches the interface between the prism and the air gap it
will normally be 100 % specularly reflected. In other
words, the 1light wave incident from the prism onto the
vacuum will be totally reflected at the bottom surface if

np sinO > 1.

Thus, total internal reflection will occur if?

np-1 < sin 8 < 1.

The wave vector K% of the incident 1light within the prism

Is

A

np y c

and its component kyx parallel to the 1lower surface of the

prism is

kxx = w np sin 8/c

In the wvacuum below the lower prism surface, the electric
field will decay as exp (-ad), with d measured perpendicular

to the surface and

a = w (np2 sin®e -1)~/2 yc

Thus we have an evanescent wave 1in the vacuum propagating
parallel to the surface with k"x >w/c. This evanescent wave

can couple to nonradiative surface excitations. When the
frequency and single of incidence are such that a surface

polar iton is generated on the specimen, some of the energy
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of the incident beam 1is transfered to the surface polariton,
and the reflection coefficient drops strongly.

For the ATR curves the reflection coefficient may
be investigated in two ways. First 1f we fix the frequency
of the incident wave to be near the frequency for the
surface polariton, we may adjust the parallel wave vector by
changing the angle o0. Thus 1if one plots the reflection
coefficient versus angle, and a sharp dip 1s found, this
indicates the excitation of a surface polariton. Bulk
polaritons may also be detected, although these usually
appear as broad dips (Camley and Mills, 1982). Second, there
is a frequency scan with a fixed angle. Previous theoretical
and numerical work shows that it 1s necessary to perform
this scan with 0 not much greater than the critical angle 0"
of the prism because the optimum gap decreases as the angle
of 1incidence increases. For angles much greater than 0% the
gap required for useful coupling 1is probably 1less than the
surface irregularity on a typical specimen. Choice of the
optimum gap is an important part of the experimental design.
If the thickness of the air gap, d, 1is too small then the
system is overcoupled and the properties of the isolated 2-3
interface will not foe observed. If d is too large the system
is undercoupled and the 2-3 interface mode is only weakly

excited so that only a small reflectivity dip will be seen.

120



6.2- ANALYSIS OF ATR EXPERIMENTS

Otto (1974) first writes the general expression for
the reflectance Rof P polarised light incident within the
prism. The dielectric function for the prism is taken to be
the real gquantity¢l = np2, with a gap of width d, and ¢ 2
1. The dielectric function of the sample 1is given by the

complex quantity

€w) = €'"(w) + 1 e"(w). (6 .1)

The component of the wave vector parallel to the sample

surface 1is

kxx= np (w / ¢ ) sin o0 (6 .2)

and the reflectance 1is given by

E = IN rpv / D (63)
where;

N = (E«v + a) + rVipv(€«v - «) exp(-2ayd) (6.4)
and;

D = (ecKv + a)  r"lpv(eav " «) exp(-2ayd). (6.5)

rpv 1s the reflection coefficient at the prism-

vacuum interface and is given by

fpv(w,k) = Bp_i€p«v / Bp+icp*v (6.6)
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ofy = ( - w2/c2 )i/2 (5.7)

a = (k2 -cw2/c2)1/2 (6.8)
and;

/o = (€pw2/c2 - k2)1/2. (6.9)

This expression is wvalid if,

np sin 0 > 1 (6 .10)

that 1is, the prism-vacuum interface 1is totally reflecting
(R=1) 1if the sample is absent.

The ratio of the electric field amplitude at the
sample-vacuum interface to the electric field amplitude of
the incident wave 1is found to contain the gquantity D, given
by (6.5). Setting D = 0 specifies the normal-mode condition
which in this case 1is the dispersion relation of the surface
optical wave including the perturbing effects of the prism.
If the prism is removed by letting d » «, one gets the

expression

€ av+a=0 (6 .11)

which yields the unperturbed surface optical wave dispersion

relation. Equation (6.11) can also be written

k = (w/c) (€/€+l)1/2" (6 .12)
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To treat the case in which ¢ 1s held fixed and w (and k) is
varied, the expression for R Is expanded 1in terms of the

quantity?

Q) =w - Wo (6.13)

noting that when w is wvaried, the wvariation in k 1is given

by

k = ko + (ko /Wg) 100 (6.14)

where ko and Wg are real quantities determined bythe fixed

angle 9.

ko= (Wo / ¢) np sin O. (6.15)
By usingequation (7.12) which gives thesurface optical
wave dispersion relation under the conditions that Intrinsic

damping and radiation damping are neglected

ko = (Wo/c) [e'(Wo)/e'(Wo)+1]1i/2 (7.16)

the result is

4 Wii e"2#o0d
R =  1- (7.17)

(w-wio-Wrre"2avo) (wii+wife-2*vo)2

where;

W|T"= hRe{rpy (Wofko))

“ir~ hIm(rpy (Wofko)}

123



Wii= - (€20/€ 10>

h = 4€lo / (l€iol + 1)

€lo ~ € (7o)

A~ 1lo" /AW *W=wo
and

C2o0 = e" (Wo).

The reflectance dip is centered at the shifted frequency

w = Wo + o>rr exp f-2avo”3] (7.18)

and has the halfwidth

wii + wi® exp [-2#vod] (7.19)
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CHAPTER (7)

ATR INSTRUMENTATION

7.1- INTRODUCTION

The technique of attenuated total reflection (ATR)
was 1introduced by Otto (1968) and by Raether and Kretschmann
(1971) to observe surface phonon-polaritons, and it was
applied for the first time by Bryksin et al (1971).

In this work we use an FTS spectrometer together
with ATR spectroscopy to observe surface phonon-polaritons
in a long period G-aAs/AlxCrai-jc”s multiple quantum well (MQW)
structure and a CdTe epitaxial layer on a GaAs substrate.
The measurements have Dbeen done in both directions of
polarisation (P and S) . The instrument allows measurements

to be carried out at room temperature.

7.2- ATR INTERFERObglTER

The apparatus and the experimental technique are
based on an NPL/Grubb Parsons cube interferometer fitted
with an ATR stage in the collimated beam at the output port
of the interferometer. The instrument is mainly a power FTS
interferometer which has been described in chapter (3). An

ATR stage 1s inserted into the collimated beam at the output
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port of the interferometer. A diagram of the ATR system is
shown in figure (7.1). The collimated beam coming from the
FTS interferometer i1s sent through a slit (A) adjusted to
lie at the centre of the beam for two reasons. Firstly it is
desirable to maximise the intensity of the collimated beam.
Secondly, this 1limits the collimated beam to fit the prism
surface area and to stop any reflection from the sample

holder or from the interferometer sides.

7.3- THE PRISM

The prism used in our experiment has been cut from
a single crystal of silicon. The prism angle is equal to 20**
so that the beam incident normally on the surface of the
prism has an incident angle of 20" on the base of the prism.
The dimensions and geometry of the silicon prism are shown
in figure (7.2). We chose silicon because of its high
refractive index (n=3.413), low absorption coefficient

(a=1 .0cmrl) and lack of dispersion in the far infrared.

7.4- INCIDENT ANGLE ADJUSTMENT

A movable plane mirror has been used to adjust the
incident besmn to be normal to the surface of the prism as
shown in figure (7.3). If coupling with the sample is

neglected, the energy throughput through the prism can be
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calculated from

'e ™ [ (1-R)e-*d _ R(i-R)e-««* ] i

= [ (1-R) (e-«d _ Re-ad) 1 ir,
= [ (1-R)2 e-“d 1 1lo
where, 17 is theoutput beam intensity

lo is theincident beam intensity

a is theabsorption coefficient

R is thepower reflectivity of the Si prism
d is thepath length through theprism
For silicon n= 3.413 and ::= 1.0 cm™" which lead tor
R = It,2 = 1n 1/n+1]2 » 0.3
Ic = 0.025 1IQ

We used plane mirrors to avoid having more than one incident
angle at the prism. Theoretical calculations by Raj & Tilley
(1989)* show that if there are many angles of incidence, the

surface-mode dips would be broadened.

7.5- AIR GAP ADJUSTMENT

In our experiments the samples were separated from

the surface of the silicon prism by a thin air gap of

* Personal communication.
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approximately 10 /fm to obtain optimum coupling (as predicted
by the theoretical calculation) . To adjust the air gap we
used two mylar strips between the prism and the sample
holder. Also we used a system of four screws or the
sensitive micrometer system shown in fig (7.3) to change the

air gap until a good spectrum was obtained.

7.6- THE OUTPUT OPTICS

A combination of a plane mirror and a concave
mirror 1is used to focus the transmitted beam from the prism
onto the detector. In this system, the collimated beam is
reflected off the optically flat mirror to the spherical
mirror which condenses the beam to a focus some 10 to 15 cm
away at the detector. Just in front of the focus there 1is
room to place various filters. A free-standing wire grid
wound from $§fis diameter tungsten wire has been used in front
of the detector to polarise the output radiation. The
polariser is not 100% efficient and this leads to weak
cross—-talk between the P and S polarised spectra as will be

seen later.

7.7- THE FILTERS

Both optical and electrical filters are wused to

clean-up the wanted signal so that the signal to noise
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ratio (S/N) will Dbe high enough to give an acceptable
spectrum when the interferogram is transformed. Low
frequency noise due to the high sensitivity of the liquid He
cooled Ge detector to mechanical vibrations of the optical
components in the interferometer was removed by connecting
an electronic filter between the detector and the amplifier
{which has Dbeen described Dbefore in chapter (3)3* This
filter is a high pass filter with a corner frequency of 600
Hz.

We used black polyethylene to block the unwanted
higher wavenumber region. The Dblack polyethlene filter was

placed just in front of the detector.

7.8- THE DETECTOR

We have used two detectors, a Golay cell detector
fitted with a dicuivond window and a liguid He cooled Ge
bolometer detector. For a Golay cell the Intrinsic response
time (the speed with which the detector responds to changes
in the incoming signal) 1is about ©50ms. The Golay cell 1is
sensitive throughout the whole infrared region. On the other
hand the response time of a liquid He cooled Ge detector
(«1#s) is much faster than the Golay cell. Simultaneously
the noise in the cooled detector is considerably reduced. It
was found that the radiation beam was greatly attenuated by

the ATR system as discussed later, so that, in some cases.
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the use of a liquid He cooled Ge detector was very important

to get an acceptable signal to noise ratio.

132



REFERENCES

V V Bryksin, Yu M Gerbsteien and D N Mirtin, Fiz Tverd

Tela, 13, 2125, 1971 (Sov. Phys. Solid State, 13/ 1779,

1972.
E Kretschmann, Z Phys ik, 241, 313, 1971.

A Otto, 2 Phys. 216, 398, 1968.

133



Fig

(7.1) :

BS

M2

Schematic diagram showing the ATR stage

used for this work.

BS:

fixed mirror, : moving mirror,

: Mercury lamp, P : polariser

Silicon prism, D: detector

Mylar becun splitter
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Fig. (7.2): Schematic diagram showing the dimensions and the

geometry of the silicon prism used in the ATR stage.
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CHAPTER (8)

RESULTS AND DISCUSSION

FOR ATR MEASUREMENTS

8-1 INTRODUCTION:

In recent years there have been many studies of the
surface properties of superlattices which are structures
composed of very thin alternating layers of different

materials.

In the present work surface phonon-polaritons have
been measured on two samples, a long period GaAsyAlxGa”-"As
multiple quantum well (MQW) and an epitaxial layer of CdTe,
both on GaAs substrates. The measurements have been done in
both P polarisation (E in X-Z plane) and S polar isation (E
in the Y direction). A Golay detector fitted with a diamond
window has been used to obtain the measurements of both the
two samples. In the case of the MQW specimen, we also used
a 1liguid He <cooled Ge Dbolometer detector to measure the
spectrum for P polarised incident radiation near 280 cm™”" to
ensure that all the features are real amd reproducible. A Si
prism has been used. The critical angle (0c) of the prism is

given by

sin 0c = 1 / rip
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1/ 1/€p

where €p = 11.65

ec = 17.04~*

Since the optimum air gap decreases as the angle of

incidence increases, the angle of incidence 0 should not be

much greater thaui the critical angle. We have taken 0 = 200,
The optimum air gap thickness with this angle 1is of the
order of 10 /un (Raj and Tilley 1987). If the air gap ismuch

smaller the system is overcoupled and the properties of the
specimen surface polariton are highly perturbed by the
proximity of the prism. Conversely, if it is larger, the
coupling of the evanescent wave to the samplesurface is
weak and some dips are not brought out as clearly.

It was found that the radiation beam was greatly
attenuated by the prism, because of the high reflectivity of
silicon (refractive index of silicon is 3.413) and the long
path length («3cm) 1in the prism. To minimise further energy
losses, the radiation was polarised using a free-standing
wire grid wound from 5 /ir diameter tungsten wire which was
placed in front of the detector. A black polyethylene filter
together with the scan speed were used to filter out any
high frequency components. It has been found that a scan
speed of around 400 Hz for the laser fringes gives the best
signal to noise ratio with a Golay detector. The

corresponding frequency was found to be around 7000 Hz for
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the bolometer detector.

Mylar was used as the beeun splitter material, with
different thicknesses used to suit different spectral
ranges, as discussed in chapter (3).

The measurements were made at a resolution of 4cm””

with the Golay detector, and a resolution of lcm”l with the

bolometer detector.
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8-2 ATR MEASUREMENTS FOR THE MQW

In recent work Raj, Caraley and Tilley (1987)
describe the theoretical calculation of attenuated total
reflection (ATR) spectra of semiconductor superlattices in
the reststrahl frequency region. They derived the
theoretical spectra by treating the multiple quantum well

structure as an effective wuniaxial dielectric bulk
medium. The parameters which have been used to calculate the
theoretical ATR spectra were obtained from previous
experimental measurements on the same sample (Maslin et al

1986) .

The work described here includes the first
observation of surface phonon-poiar itons on an &"W. This
sample 1s made available by Philips Research Laboratories.
The dimensions of the MQW are shown in fig (8.1). The
structure consists of 60 periods, each period composed of 55
A"~ of (laAs and 170 A” of Alo.35 Gag.65 As, with 0.1 s of
Alo.35Gao.65As cladding on each side and a top layer of 200
A* of GaAs. This is grown on a GaAs substrate of about 400
pm thickness. As cam be seen, the total thickness of the
multilayered structure is only about 1.4 pm, compared to

over 400 pm for the bulk medium.

The far infrared ATR spectra for the geometry shown
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in fig (8 .2) have been calculated within the model described
by Otto (1974), Agranovich et al (1982), and Boardman
(1982) . Because of the number of layers a matrix formulation
has been used. We take the 7Z axis normal to the layers with

interface positions at:

%12 - 0

%23 = -dl

%34 = - (di+d2)

$45 = - (di+d2+d3)
%56 = - (di+d2+d3fd4)

The Y axis 1is taken transverse to the plane of incidence.
Consider p-polarised 1light inside the prism incident at an
angle. The non-vanishing components of the electromagnetic
field are f*f Sz a™d Hy. It 1is convenient to work with the
Y-component of magnetic field H*y because the other
components are zero. H”"y 1in medium n can be written i1in two

alternative forms;

Hny hni exp [-iknz(z-Zn,n+1l))

+ 9nl exp [iknz (z-zn,n+1)] (8-1)

or

Hny = hnu exp C-ikhz<z-Zn-1,n)l1

+ 9nu exp tiknz(z-Zn-1,n)3 (8—-2)
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for n=0 to n=5.

hni and h”u are the complex amplitudes of the
wave travelling in the negative Z-direction in medium n.
9nl and gnu are the complex amplitudes of the
wave travelling in the positive Z-direction in medium n.
in equations (8—-1) and (8-2) we have dropped explicit
dependence on the common factor exp (i (kxX - wt) . The
alternative amplitudes are related by:
thpy exp (-iknzdz) 0 hnl hnl
= ?n (8-3)
Gnu 0 exp (iknzdz) Gnl 9ni
The knz's are defined as:
knz = [(w2/c2) €, - 1/2 n=3 (8-4)
and
kgz =[(w2/c2)€xx “(ex <zz)kx2]l/2 (8-5)
where k% in the prism is
ky = (wfc) €pifl sine (8-6)
Since the parallel component of the wavevector kx must be
continuous at an interface equation (8-6) applies 1in all
media. Cnx = “nz "~°r all media except the super lattice, in
which case €nx “ "xx/ "“nz ~ "zz also €gx ~ "oz ” “p.
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The tangential component of the electric field is

derived from Maxwell'’s equation and standard

boundary
conditions at each interface yield:
“nl P+ P- h(n+1l)u
9nl P- P+ 9 (n+i)u
h(n+l)u
Mn, n+1 (8-7)
9(n+l)u
where
P+ = 1/2fl1 £ (€n k(n+l)z / "~ (n+l) "nz)3 (8-8)

and in equation (8-8) €3

I
m
o
o

The amplitudes 1in the prism are now related to the

downward amplitude in the prism by

hoi hSu
4
= Mol n Fi Mi,i+1 (8-9)
i=1
901 0
where gsu = 0 since the condition of the experiment is that

143



there is no upward travelling wave in the substrate.

Equation (8-9) could be written as

(8-10)
tel 111 vy !

and the ATR intensity reflection coefficient is:

R = |1 221 / rii |2 (8-11)

The theoretical ATR spectrum for this sample in P _
polarisation, using equation (8-11), is shown in fig (8.3).
The dips labelled S% to S4 identify the surface- mode
features. The dip marked Gi is the excitation of a bulk
polar iton.

The measured far infrared ATR spectrum obtained by
averaging 100 scans using a diamond-window Golay <cell
detector is shown 1in figure (8.4). These measurements were
made at a resolution of 4 cm"!. It can be seen from figure
(8 .4) that this low resolution 1is not enough to resolve all
the surface mode features. Also we cannot see the guided
mode dip (bulk polaritons).

Changing the detector to a 1liquid He <cooled Ge bolometer
which is a fast detector with signal to noise ratio forty

times better than the Golay cell detector, an average of
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two hundred ATR scans (resolution 1 cm“?) of the MQW sample
together with the Dbackground spectrum of the interferometer
is shown in figure (8.5). This shows that all the surface
mode features are clearly resolved, and that the features
are ©present in the ATR specimen scan and not in the
background scan.

The two figures (8.4 and 8.5) give a good indication of the
reproducibility of the measured spectrum with the two
different detectors.

Figure (8 .6) shows three sets of fifty ATR scans of the
specimen which clearly shows the reproducibility of the all
measured features.

A number of runs are co_added until an acceptable signal to
noise ratio has been achieved. Figure (8.7) shows the
measured ATR spectrum for P-polar isation with acceptable
signal to noise ratio. All the four surface feature dips,
simultaneously with the guided mode dip (bulk polariton) are
clearly identified and have been labelled in the figure. The
oscillatory structures in the regions 320-360 cm~" and
220-250 cm"! are due to signatures from the diamond window
of the Golay cell detector. These structures could not be
completely eliminated by ratioing the specimen spectra and
the Dbackground spectra for theinterferometer. The two
figures (8.3 and 8.7) show the good gqualitative agreement
between the theoretical and the measured ATR spectra for

P-polar isat ion.
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A theoretical ATR spectrum for S polarisation when

the angle of incidence is 20* and the air gap 1is of the

order of 10 pn is showi in figure (8 .8). The dip of about
295 cm"! is due to bulk-polar iton modes and not a surface
mode (Borstel and Flage 1977). The measured ATR spectrum for
this polarisation direction is shown in figure (8.9).

Although there is general agreement between the two ATR
spectra, there are some discrepancies:

1- The position of the dip is around 300 cm"! in the
measured ATR spectrum.

2- The experimental curve has a lower reflection coefficient
throughout most of the frequency range.

3- There 1is a weak minimum in the measured curve near 280
cm'l which could arise from the strong doublet due to
surface polaritons and it 1is observed here because the wire
grid polariser used for these measurements is less than 100%

efficient at this frequency.
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Fig (8.1):

200 A

1000 A

5A
-170 A

5A
%-170A
55A

T-170A

-170A
55A

1000A

GaAs

Schematic diagram of the MQW sample
consisting of 60 layers of AlGaAs and
GaAs, with AlGaAs cladding and a GalAs
protection layer. This 1is deposited on

a GaAs substrate.
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1.35 um
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Fig (8.2): Schematic diagram of the geometry

of the Si ATR prism and MQW sample

148



Rood@po

Bog M8 o5 c

£_._d

ie

o8

£8

— A O S0 vofRAET

o B i o8 S ﬁ@@poa.x.

00

[a¥}

CD

X4!A!4Dayaa

8

00

B8 a3

149



(=)
pno 2350Ro 0o Qm3 o § — O3 2 O& UOV OO/P

R0 =010 o8f o ov~m R mm . .oOs m@< oM o0 M oﬂUu S A

vBRu_UvRAR
008

og

401d oT" ey

150



o2

U=

S n—-—

FPAROROY oRU: H g %Qv Do ypod o ePoBELSRER Bol Bmad

cnoHT . o

€|

o

e
00 O O/D\
ot
O]
™
-
A
Nej
M
O
a
3
o,

oo Onmw

151



038

7o g woe ® v x}p

~5 _.oorone

o!l® o=

(== S

BO <A'Ce 008K} BO MSOYE ~sR bpopAoy

o 3

o

=

o
o

oo-=

punoj6>|3Bg

Ay

152



ID

co

co

cD
X|!A!p3itaa

153

Cco

(¢]

ck

=iV eloRy 1Y

cr
-rJ

uu

0)

rl

(3av)



Ros _fpo

g5

O™ JOCE swmm Oyl 208 VORIELY 8

L 0dHE ¥ fo @ Ppf0E B o, WoE30 of 4

00

00

o>
CD
CN

oJ
CD

CD

co
<o

XjiAipayay

154



<o

vO

LoRL O

T B oovt. O3 MM Roowas o oBmEL M oyl g 8:

Rofq

= mmeC..O.>a

a>
oJ

Z ANOh
ovuo

CD

CD

CD

oo
CD

AliAid43aijay

155



8-3 ATR MEASUREMENTS FOR CdTe ON A GaAs SUBSTRATE

The surface polaritons 1in an epitaxial layer of
CdTe on a GaAs substrate sample have been measured by an ATR
experiment in both P and S polarisation. The geometry of the
sample 1is shown in fig (8.10). The specimen consisted of an
epitaxial layer of thickness « 3.5 Jjxm deposited on a GalAs
substrate of dimensions 15x5x0.5 mm”. This sample is made
available by Dr S.N.Ershov*.

The amplitude r and the phase »~ of the complex
reflectivity have been calculated and measured for this
sample using dispersive Fourier transform spectrometry
(DFTS). A discussion of these results has been given in
chapter (5).

The ATR spectra 1in the reststrahl fregquency region
have been calculated for the geometry shown in fig (8 .10)
using the stamdard multilayer optics technigques. We take the

Z axis normal to the Scunple with interface positions at;

Zi2 =0

223 *“

7234 - (di+dz)

Since all the media are cubic then k”z 1is defined as:

» Faculty of Physics, Gorky State University, USSR
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“nz - [ (w”r/c2)

n=1,2,3,4

Following the procedure which we used to calculate the ATR

spectra for the MQW sample, we obtain the following results

hll 1
Mi2 F2 M23 F3 M34

911 0
hll rii rl2 1
911 A21 T22 0

* ~21 / rii

)
Il

The theoretical ATR spectrum for this sample in
P-polar isation when the angle of incidence 1is 20* and the
air-gap is 15 /firo, is shown in fig (8.11).

Using a diamond-window Golay cell detector, a
spectrum obtained by averaging 100 scans is shown in fig
(8.12). We wused a resolution of 4 cm"! which 1is available
with a Golay <cell as discussed before. Surface phonon
polaritons are observed as expected in the CdTe reststrahlen
band.

The two figures (8.11 and 8.12) show the good

qualitative agreement between the measured and the
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theoretical ATR spectra for P-polarisation. The fringes
observed 1in the measured spectra below the reststrahlen
band of CdTe arise from interference between the Dbeams
reflected from the top of the specimen and the base of the
substrate. At higher frequencies the second beam is heavily-
attenuated and the fringes are not observed. Similar fringes
are not ©present in the calculated spectra, in which a
semi-infinite substrate has been assumed.

For S polarisation the calculated ATR spectrum is

shown in figure (8.13). A sharp guided wave mode 1s observed
around 285 cm"!. Using a diamond-window Golay cell detector,
an ATR spectrum of 200 scans is shown in figure (8.14). It

can be seen from the two figures (8.13 and 8.14) that the
overall agreement between theory and experiment 1s generally
quite good. However, the oscillatory structures in the
experimental spectrum are due to signatures from the diamond
window of the Golay cell detector. These signatures could
not be completely eliminated by ratioing the specimen and
the Dbackground spectra. Also, the polariser 1is not 100%
efficient, and this leads to weak cross-talk between the p

and s polarised spectra.
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CHAPTER (9)

CONCLUSIONS

Measurements by DFTS and ATR far infrared spectro-
scopy have been made to study both bulk and surface phonons
propagating in semiconductor multilayer samples.

Using the Otto configuration an ATR stage has been
designed to enable us to study surface polaritons 1in layered
semiconductors. A sensitive micrometer has Dbeen used to
adjust the optimum air gap between the Si prism and the
sample. New output optics have been constructed to fit the
ATR stage of a power FTS interferometer.

Far infrared measurements by DFTS have revealed

both epi-layer and substrate reststrahlen bands. The
experimental results are in good agreement with
calculations based on stauidard multilayer optics

techniques.

Results from the 11 parameter rigid ion model
developed by Ren et al has Dbeen used to calculate the
reflectivity spectrum of a short period GaAs/AlAs
superlattice. This shows reasonable agreement with DFTS
measurements. However the theoretical model needs more work
to give explicit results. A Dbulk plasmon arising from the
doped substrate was also observd in this sample.

In this work the observation of surface phonon
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polaritons on a long period GaAs/AlyGai-xAs multiple guantum
well (MQW) has been reported for the first time. The
measurements were made 1in both p- and s polarisations. The
experimental results are compared with the theoretical
spectra derived by treating the MQW as an effective uniaxial
dielectric bulk medium. The experimental and theoretical
results are 1in excellent agreement both gqualitatively and
quantitatively. Four surface mode dips and one guided wave
dip are observed 1in p-polarisation at frequencies which are
in good agreement with theory and, as expected, no surface
mode features are observed for s-poiarisation.

ATR measurements were also made on a semiconductor
sample consisting of an epitaxial layer of CdTe on GaAs
substrate. The measurements have revealed a p-polarised
surface polariton in the CdTe reststrahlen band as predicted
by the theoretical calculations.

In this work we have shown how a combination of
I"TS and ATR far infrared spectroscopy may be used to give
very detailed information about bulk and surface phonon and
guided waves propagating in a semiconductor epi-layer
system.

In long period superlattice (MQW) the optical
properties are satisfactorily described by the bulk slab
model, 1in which each layer is assumed to have the dielectric
function of the corresponding bulk material. A simple

effictive medium aproximation to this model, describing the
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superlattice as a single wuniaxial medium, gives a good
account of far infrared reflectivity and atr spectra.

This work has established the applicability of ATR
spectroscopy to multilayer specimens. It has been suggested
that ATR could be used to observe surface plasmon polaritons
on superlattices, and we believe that such measurements

could be carried out by the method described here.

167






Publications based on the work described in this thesis:

A R El Gohary, T J Parker, N Raj, D R Tilley, P J Dobson, D Hilton and C T B Foxon.
"Observation of surface phonon-polaiitons on a MQW specimen by attenuated total reflection

spectroscopy."

Semicond. Sci. and Technol. , 4, 388, 1989

T Dumelow, A R El Gohary, K A Maslin, T J Parker, D R Tilley and S N Ershov.
"Bulk and surface phonon-polaritons and guided waves on an epitaxial layer of CdTe deposited
by plasma MOCVD on a GaAs substrates ".

Semicond. Sci. and Technol., in press (1989.)

T Dumelow, A R El Gohary, A Hamilton, K A maslin, T J Parker, N Raj, B Samson, SR P
Smith, D R Tilley, P J Dobson, D Hilton, K Moore and C T B Foxon.

"Study of bulk and surface phonons and plasmons in GaAs/AlAs superlattices by far infrared and
Raman spectroscopy".

J. Mat. Sci. and Eng. Section B: solid state Mats, for Adv. Tech. in press (1989.)

T Dumelow, A R El Gohary, K A Maslin, T J Parker, D R Tilley and S N Ershov.
"Far infrared spectroscopy of bulk and surface phonon polaritons on epitaxial layers of (ZdTe
deposited by plasma MOCVD on GaAs substrates".

J. Mat. Sci. and Eng. Section B: solid state Mats, for Adv. Tech. in press (1989.).

168



