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CHAPTER 1

INTRODUCTION




It is well established that when the surface of a conducting material
contains an excess charge created by an external electric field, a
modulation of the reflectance spectrum occurs, Electric-field modulation
techniques of the reflectivity are used for a) the elucidation of optical
structure associated with critical points |Cardona (1969)] and b) the
study of modulation effects of intraband transitions near the plaéma.

" frequency | Serapkin (1972)] .

There exists an essential difference between the former and 1€tter concept :
The former one is known as the Franz - Keldysh effect [Keldysh (1958)] and
'is concerned with the effect of strong electric fields on the optical ’
properties of insulating or semiconducting materials in spectfal regions.
where w>>tup ,whereas the latter is associated with free carrier effects,
Dus to the natu;'e of the experimental btechniques employed the Franz - Xeldysh
effect is obéerved when the penetration depth of the radiation is 1essi than
the depth of the perturbat.ion, whereas the effect, associated with intra -
band transitions, is observed whén the depth of pertﬁrbation is very much

| less than the penetration depth of the incident radiation,

However, the same term (ELECTRO-REFLECTANCE) has been used for both of

these effects, Most electro-reflectance experiments have been carried

out in the visiblé and UV parts ‘of the ele\ctromagnetic spectrum,

txe and Hammer (1967), however are the only research workers who observed
a qualitative modulation peak in the IR and in the vieinity of the
reflectance plasma edge of Ge and tin - doped GaAs. Lerge absorption
corrections were required due to the absorption by the saturated methanol -

Naci electrolyte solution used, Their results were not reproducible, but

indicate that a rather large effect should be expected,




The scope of the work reported here was to extend ER studies associated
with free elecfron effects into the near IR and obtain valuable quantita-

tive results in order to develop and evaluate a microécopic theory.

The theory proposed is analysed in Chapter 2, The effect of the free
carrier parameters on the magnitude énd shape of the ER‘spectrum is studied,
- A summarized vefification of the celculated resuvlts is given for the visible
and ultraviolet spectral regions, Chapter 3 includes the experimenfal
techniques employed to measure quantitative]y the ER specti'a of various
materials, in the near IR, The ER spectra of GeTe films are given in
Chapter 4 for both Internal and External Reflection Spectroscopy,

Chepter 5 inoludes the experimenfal and caloulated results for SnTe films

for both IRS and ERS,

Chapter 6 desoribes the theoretical and experimental ER spectra

of tin-doped indiuvm oxide films and a comparative study of D,C, sputiered
and Chemically (CVD) fabricated films,

Also it was found necessary to develop a computer technigue for the

- eveluation éf the Drude - model parameters fro@ reflectivity data around
the plasme edge, The features and limits of the technique are discussed
in Appendix D, |

Finally, Chapter 7 summarizes the results of the investigation and

3ndicates fruitful areas of further research,
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2

THEORY




2.1 Introduction

Several semi -~ empirical models have been developed for the explanation

of the electroreflectance effect in metals,

Hansen andProstak, (1967) proposed that when an electric field is applied
across the surface of the sample the free electron concentration of the
metal is changed, The shift in the free eiecfroﬁ concentration causes a

change in the plasma frequency “é’ where:

2 Né
@y = ==
mr m’e 8o 81.

In other words a rigid - shift of the plasmaL edge is assumed, The rigid
shift model yields en electro - reflectance spectrum which simply is

& normalized first - derivative of the reflectivity with respect to

wavelength, So, for a metal like silver, which ezhi‘pits ‘& pronounced
reflectivity minimum at about 0,325 pﬁ, peaks of both signs should
oocur in the electro - reflectance spectrum, McIntyre (1973), however,
experimentally showed that the spectral response of AR/ R for
silver exhibits only one peek at the vicinity of the reflectivity

ninimum,

The above model was subsequently refined by Hansen end Prostak (1968),

| They proposed that the optical constants of the metal are Shifted along .
the energy axis, by the same fraction that o b is shifted, by the
application of a low - frequency electric field on the surface of the
metazt. However , & plasma frequency shift does not induce a uniform shift
of the real and imaginary part of the dielectric constant, along the

energy axis, The shift is not rigid but varies with the photon energy.,
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and generally is a rather complicated function of photon energy,
Thus, the model employed by Hansen and Prostak would beApractically
epplicable only over very narrow frequency intervals, i.e., when o=

constant,

MoIntyre and Aspnes (1971) proposed a model based on & first - order
approximation for the reflectance change of a two - phase system produced
by the generation of a thin intermsdiate (transitioh) region of fhickness
d << >\ s Whose the complex dielectric conatant varies continuously
between two limiting values, in a direction normal to the surface plane |
of the metal, A mean perturbation of the dielectric constant is defined
by averaging its local change over the transition region and assuming

- that the part of dlelectrie coﬁstant due to the contribution of bound
electrons is not altered by the applied low-frequexicy electric field,

The MoIntyre - Aspnes model is independent of the actual form and thickness

of the surface charge distribution induced by a low-frequency electric
field and quantitatively accounts for the electro-reflectance spectrum
of silver and gold.

' However; ths perturbation of fhe complex dielectric constant has arbitra-

rily been defined as
= - AN

This implies that SL’ i,e, the,lattioe‘dieleotric constant of the
metal is 1; but this is generally not valid,

Thus,it may be argued that quantitative and qualitative dist.:repanoiea
observed by MoIntyre (1970), between his experimental and calculated
electroreflectance spectre of silver and gold can be mainly attributed
to the fact that the lattice dlelectric constant has a.rbitrarifly been



taken equal to 1,

Kofman, Garrigos and Cheyssas (1974) developed a model based on the
following assumption: When a constant electric field is applied in a
‘direction normal to the surface of the metal the free electron
oconcentration at the surface increases so that the ‘total electric field
®inside" the metal vanishes, If an electromagnetic wave fé.lls upon the
metal, the excess electrons are forced by the electric fieid of the wave
to move, giving rise to a surface current density, This surface ourrent
density is taken into account in the boundary conditions fdr the
magnetic field at the surface of the metal,

The main handicap of that model is that the thickness of the perturbed
Jayer is used as a scaling faotor to obtain the best agreement with the
vexperimental results for gold, silver and cooper, However, their
interpretation is cconsistent because the values of the perturbed-layer
thickness required for a good fitting of the éxperimental results are in

agreement with the velues predicted by the Thomas = Fermi ‘Eheory.

| Anderson and Hansen (1973) froposed a model which tekes into acocount
contributions from bound electrons, They assumed that the low frequency
eleotrio field oreates an exponentisl band bending but it does not
affect the Fermi level, whicli remains unché,nged. The exéess chérge

.distribution (p) at the surface of the metal is calculated as a function

of the distance (r) from the surface of the metal, from Poisson's
equation in the same manner as the elestrostatic screening length; this

gives

.

v24>.(r).=l+7r°[n (r) -n(o.)]
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where & ( r ) is the electrostatic potential, and =n (r) - n(o) is

the deviation from uniform electron concentration, The reflectance,
£inally, of a metallic £ilm with band- bending at the surface is caloulated
by dividing the surface region into a series of thinner films, each with

a different set of optical constants, Knowing the dielectric constant of
the metallic film having no surface charge; the change of reflectance can

be celoulated by substracting the latter from the former,

It has recently been claimed by Bewick and Robinson (1975) that the
published details of this model contain a number of errors in the equati§na.

Finally, Howson, Avaritsiotis and Fox (1975) have shown that f£ilm thickness
and changes in structure of thin films can strongly affect the shape and

magnitude of the electro - reflectance effect,

However all these models are supported by only & limited number of
measuremenf; in the visible and near ultra - violet (silver) regions of
the electromagnetic spesctrum; only three metals heave been studied:gold,

silver and cooper,

In investigating different materials for an effect in the near infrared
it has become obvious that the electro - reflectance spectrum depends to
a large extent on the properties of free carriers,

Consequently it becomes necessary to derive an expréssion for the electrq—
reflectance in terms of the properties of the free carriers, i.e., carrier

density, effective mass, relaxation time and lattice dielectric constant,




2,2 A New Model

When a static or low - frequenoy electric field is applied onto the surface
of a conducting material a distribution of exceesa free carriers is
generated in the vicinity of the surface; the depth , /, of the
_perturbation depending on the free carrier density of the material and

the strength of the field,

If I<< )\ (where A is the wavelength of the electromagnetic wave used
as a probe, detectiné changes of the optical properties of the interfa.ce),
the optical behavior of the perturbed metal may be described in terms of

a three-phase syétem consisted of two semi - infinit.e phases , and an

ultra - thin intermediate region of-enhanced carrier density; fig. (2.1).
‘This is a widely accepted approximation firstly adopted by Hansen and
Prostak, (1967). As far as the validity of the inequality A >> [ is
concerned, L is always much less thah the wavelength of the incident
slectromagnetic radiation in a wide spectral region arcund the plasma
‘edge, where the optical properties of the material are dominatéd by intra-

band transitions.

An expression for electro - reflectance in bulk materials will be
obtained by introducing the concept of optical impedance, Consideration

will be given to the normal incidence only,

Since the magnetic (H) and electric (E) vectors of the incident
electromagnetio radiation are continuous , at the interfaces, the
optical impedance Y may generally be defined as:

L

1
e Vo (2 (
(2.1) 4 Y= 3 = ( gr go ) = °°§St‘l ohms
: : - “r %o

Heavens (1965) or Ramo, Whinery,and Van Duzer, (1965) give the impedance
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of the intermediate phase of a three phase system as

Y, cos K, L+ Y, sink, /
« Y2 cos K2 +J Y3 sin K2..

where Yz, Y3 are the optical impedances of the enhanced iayer and bulk
material respectively, K2 is the propagation comstant in the enhanced
layer ahd { d4s its thickness, The propagation constant is generally

given by

(2.3) Ky == =K} +3K;

where ny is in general complex,

The refractive index of phase 1, however, is considered to be & real

number, If K,'zﬂ << 1',aﬁd K'z',ﬂ« 1 eq.(2.2) may be written as
Y Y '
, ] 2 '2’
(2.4) Y, =¥ | 1+ 3Ry L(5—~5*=)
i 73 [ 27N Y Y, ]

In the' case of weak perturbations the enhanced layer has a refractive

index only slightly changed from that of the bulk material, such that

. (205) D2 = nz + Ans
Consequently, substituting egs. (2.1) and (2.5) into eq. (2.3) gives
(2.6) LR (1-2 jmfAnz/c )y

providing that n, / 1, is <4 , i,e, that the real and / or imaginary

part of n3 are not close to zero,
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The amplitude reflection coefficient, or in other words the Fresnel

coefficient of the' system is given by:

¥ - 1,

(2.7) P = ——
Y, + Y,

where I1 is the optical impedance of the electrolyte equal to

const.) / n, , olms, Substituting eq.(2.6) into eq.(2.7) gives:
1 ?

(n, -n3)l- 23 -%- n, I An,

(2.8) r= :
: (1:11-l.-n:,’)--’.'Zj--é’c‘g-r:ﬁﬁAn3

" The coefficient of amplittide reflection for. the unperturbed ma.te"‘ial

i,e, a two phase system, is given by.

(2.9) r I s

Substituting eq.(2,9) into eq. (2.8) gives

2,10). - - r=r, +2.1—n LA ,-,,-( LI 1
(2.10) | | % By n1_n3)
or '

' . - a,n
- @ L ostsu3 2 Lan, J2

For small perturbations we may write

(2.12) r=r +Ar

Substituting eq, (2,12) info eq, (2,11) gives
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n, n |

(2.13) Ar S gan (LT3 ;

An expression for the change of refractive index will be found next,

The complex dielectric constant of the free carrier material is in general

given as ' S |
. . 2 - ‘

(2.14) 85=10; = €55+ 855

where is the contribution from the bound electrons and e

the contribution of the free carriers and ' is generally expected to be
a function of frequency, The latter can be expressed according to Drude's

‘ ,model' as

» 2
: W
(2.15) €p =8 (1 ~—-L )
37 L @2 4 g
where g, is the lattice dielectric constant, @  is the relaxation

23 3F
\
|

time of the free carriers and cop is the plesma frequency given by

(2.16) w2 = Ne

From eas. (2.14), (2.15), and (2.16) an expression for An3 cen be
obtained, given by v

Substituting in eq, (2;13) gives

(2.18) Ar =2_j..n1 o L AN ,[eﬂ,- SL]
' - g
1




- 15 =

The qu_anti‘t& /. AR represents the change of surface carrier density
due to the application of a low frequency electric field 6n the surface

| of the conducting meterial, If we as8sume that the electrio field is applied
-with the aid of a capacitive configuration, (and this is always the case

in practice), the latter quentity can be expressed as

. (219) . f-ATF = EL
' q

where C is the capacitance per unit area, V is the applied voltage, and
q is the free carrier charge. Substituting eq.(2.19) into eq, (2;18) |
gives ‘

(2.20) ~ Ar HWCV g3y -8
o _ cNg 83 "81

Finally the energy reflected by the unperturbed syétem is given from

’ *
(2.21) : R=r 1
_ So, _ :
(2.22) AR _Ar | Ar
= —_— ‘
R To To
where: ‘
! ’ ] * .
. (2.23) Ar I T L + Juk)
: ' r; O-N q- g; _81

Substituting egs. (2.20) and (2,23) into eq.(2.22) we obtain:

o hen, €.,-8
(2.2l+)- %R = = 1t |22 L] oy
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Eq. (2.24) may finally be written as:

(2.25) AR _ P QT |-G *“31"93““‘

= c-v
R cmim € (oo 't: + 1) [(gA-&') +32].

where:

(2.26) .1 éB = (n.2 - kz) -2 jnk

83 = gA'-
n and k being the refractive index and extinotion coefficient of the
bulk material, The expression in brackets determines the shape of the
electro-reflectance spectrum, The magnitude of the effect is dominated
by the terms outside the brackets: i.e. by the relaxation .time, the -

reletive optical mess, the capacitance , and the applied voltage,

Eq. (2.25) is applicable in the case of any real material because €

end involve contributions from both intraband and interband

€p » | |
trapsitions, In this model it is assumed ‘implicitly that bound electron
states are not affected by the epplied electric fieié.; only the plasme

frequency of the free carrier gas in the Venhanced. layer is shifted. Thev
influences of interband 'transition‘s appear only indirectly throﬁgh their

contribution to the bulk dielectric constant which is not modulated by

the low = frequency electric field.

The mathemstical result of our assumption is independent of the thickness
of the enhanced layer a.na..d:l.stri'bution of the excess free cafriecr density
at the surface of the material, In other words, when [ << A and to

~ first order approximation, the magnitixde of electro - reflectance is in-
~ sensitive to the soreening length and the ectual charge = distribu-

tion profile, -

The magnitude of the effect is linearly dependent on both the applied
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voltage and the capaéita.noe which is used in practice to generate the
electrioc field responsible for the perturbation of the surface optical
properties of the materisl under investigation,

In this treatment, no specific model has been assumed for the structure

of phase 1 of fig.(2.1)at the neighbourhood of the enhanced layer,

The optical moaule.tion effects are assumed to be solely due to a
perturbation of the free carrier density at the surface, Although idealized
“this assumption lays on a pragmatic basis: As a general rule phase 1 of
ﬁg. (2,1) is tramsperent in tha. i‘ange of optical measﬁrements.
COhsequently since the frequency dispersion pf its dielectric constant

-is small and monotonic, we can safely assume that the primary origin of

the sharp peaks o'pserved in the experimental ER spectra may be »attri‘butéd'

to the pronounced structurs of the optical constants of the metal,!&c‘krtym(1973).

2.3 Implications of the Present Model

We are seeking a simplified version of eq, (2.24) in order to elucidate
the role of the optical parameters '(i.g. SL’ Am; s C, n,) of our
system, in the determination of magnitude and spectral response of the -
ER effect.

It is assumed that the peak of the ER effect‘occura in the vicinity of
the plasma frequency; this assumption will be verified later on
-theoretically and experiment@. Ir | wPEAK is the ﬁ:eqnehcy
oorreaponfling to the peak value of the ER spectrum, then

“prak = Wp * AW




- 18 -

where A¢ < Wp ; up being the plasma frequency of the material under
investigation, Moreover, if we assume that (g,.;p-l;)"1 << 1, eq, '(2.1 5)

oan approximately be written as

€ =~ 1280 : -1
(2.27) 576 |[EEE (o)
- Consequently for Drude - type materials
£5-8 28w+ 3T -
(2.28) t3 =&y 1 wo €4
' 2AW+ T - —5——
g 7

The imaginary part of eq, (2,28) is

1
gop (1)

€, = €.
(2.29) In ( —e—— i) = - , L
- | | T( 2hem —F— )+ 1
L

The right - hand side of the latter equation be.co’mes} maximum when

-~ (2.30) Aw= = =21,

giving the value at the maximum of

€,- &

(2.31) I ( 5T, )m

= ’pr ( 1.""'%)

Substituting eq. (2.31) into eq. (2.24) we obtain , [w ST

' Lagn 8.
o '[?] ai e SR LA
MAX | 0 ni m, SL L




A similar expression will be obtainéd when inter = band transitions

are taken into account, In the presemce of inter - band transitions eq,
(2.16) is not valid any ionger. -The. experimental élaisma frequenoy in that
case can be found from e8q, (2.14) by putting the real part of 83. equal
to zero, In this way we obtain the following expression for the

experimental plasma frequency Wy ¢

€

(2.33) w2 _ I" .w§
: R (81')
L
(2.34) | E;‘ =2 +&

By substituting W, by w_ ineqg, (2.27) ‘and following the same
procedure we obtain "
Ao, ~ Pz’E

- (2.35) i Vyax = '2"";(-?';.'
L

|

\

|

\

\

where R ( 5£ ) is tho real part of E. which is defined as:
|

|

| A 1
where OJM<< UJZ. 1
|

|

|

The maximum v_alﬁe of the effect is given by an equation similar to egq,

€.32) providing that the rela.za_,tidn time € 18 replaced by

; -
(2.36) 7’|z +wx-11(i’i)- |
‘ | R (E€])

where Im ( € 3B) represents the imaginary part of the dielectrio

constant due to inter - band transitions,
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It is inter'esting to note that interband transitions affect strongiy the
effective relaxé._tion time defined in Eq, (2.36). More specifically, the
effective relaxation time may become very small if interband éffects
become promounced, This will have as a result the degradation of the

magnitude of the ER peak, according to Eq.(2.32).

" 2,3, Position of the FER Waximum

From egs, (2.30) and (2.35) the following important points can be made:
the position of the ER maximum depends upon the ratio of the dielectrie
constant of phase 1 of fig, (2,1) to the lattice dielectric constant and

also on the spectral position of plasme frequency.,

T_a'bie (2.1) contains the 4calcula.ted spectral positions of ER maxima of

various materials in comparison with reported experimental data, The values
have been computed from optical meas_u:.'em_ents_' reported  for gold and silver
. by Cheyssac et al (1972), for a.ntimony-by Fox et al (1974) and for gallium

ersenide and germanium by Axe and Hammer (1967).

2¢3,2 Megnitude of the ER Maximum

Eq, (2.32) ocan generally be written as

AR . cvV
c ¢ _ ’
R Jyax ° R( 81‘)2

[AR:I N .lrnwf R(g7) - €,

(2.37)

“where b is the so-called optical mobility and is defined as

| - a%’
(.38) . P A e

R
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Table (2.1) Predicted ER data of various materials in comparison .

with reported experimental values,

15 -1 . : S
b (2107 sec ) 3.43  6.08 0.126 0.0924 0.0773
Px observed(“?) | 0.55 0.40 15 20.4 - 244
peak exp (pm) 0.50° - 0.32 — o 20 ‘ 24 .
' « ~ KNOWN TO

AR -1 -3 -3 REPORTED  KNOWN TO - BE HIGH
RV| max v 3x10 10x10 ™ - A SMALL  BE HIGH  BUT LESS
L P  THAN GaAs
p (x10%° sec” 1) 3.14 129 0.126 ~  0.0924 _  0.0773
% 1.0 ° 1.07 .- 0.5 0.0675 0.23 .
(x 107 1% sec) 1.5(0.33)  2(0.94) . 3.1 8.9 | 4.8
(m sec T V' 6x107% 1.6x1070 - 1x1072 . 2.3x1070 3.7x10 2 .
. 20 6 90 10.9 16.0
) 23 18 90 10,9 .  16.0°

£ atw | - o 4 : B
m(eg) x 1.7 2.5 0 o .0
w_(x 101 sec™) 0.154 0. 405 0.00L  0.007 0.004

peak .\ 0 (um) 0.51 . 0.29 15 19 24

AR wh 1.7x1073  5x1073 %102 7x10 1x10 !
RV} max CALC 3 : :

- (1) Cheyssac et al (1972).
(2) Fox et al (1974).
(3) Axe and Hammer (1967).
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. ' ’
where < is the apparent value of T .

| Equation (2,37) demonstrates that for a material to give a large electro-

reflectance éffect for & given amount of induced charge it should bave

& high optical mobility and a value of R( 8;‘) such that the funetion in
braden is mexinised i.e. R(E]) = 2€,. .

Given that 81 is usuvally rather smallfﬂ;é.terials with smell values of

R (S;) are likely to exhibit large electroreflectance peaks,

An approximate expi‘ession for the magnitude of the ER maximum, when

'€L= 2 81, is

(2.39) AR PR S
: R MA.X— »c80n1 - o

The latter expression has been used to calculate the magnitudes of the
ER mexima of various materials shown in Table (2,1 Although, eq. (2.39)
is an approximate one, the results obtained using it are comparable to

experimental data for gold and silver,

It is worth noting that the latter equation predicts oons.iderably large
ER ir_na.x:'lma for values of optical mobility which several materials exhibit

at room temperature, (for example GaAs , InSb,SiC),

Speaking in terms of the plasma edge morphology, a large value for optical

mobility implles a sharp plasma edge, The sharpnéss of the plasma edge ia

the principal criterion for i'ela’éively large ER 8ignals,

Moreover, the value of lattice dielectric constant affects the value of

reflectance minimum; for small values of lattice dielectric constant
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" the reflectance minimum shifts towards zero reflectance,
The conclusion is that asccording to the present theory materials exhibiting
a sharp plasma edge accompanied by a deep reflectance minimum are the

most suitable for giving relatively large magnitudes of ER effect,

It is interesting to note that the value of ZER effect may become zero,
in the spectral region of an expécted maximum, for both'real’ and 'ideal’
materials, This will happen when the quantity Mg9-91we%(an)

will become zero,i.e. -
_ - "
(2.40) R(£}) = €,

- In the case of ideal mate_riala, i. e, 8;‘ = 81.’ the magziitude of the ER
effect will become zero when the latticve dielectric constant of the
material beccmes equal to the dielectric constant of ambient, Thus, a
Drude - type material will not exhibit an ER effect if its lattice
dielectric constant becomes equal to the ambient dielectric constant, and
not if'the ambient dielectric constant takes the value 1 as it is pre&icte&' ‘

by McIntyre's model,

2.3.3 Polarity of the ER Effect

This is a controversial subjeot; Hansen and Pro.étalc assign a positive sign
for the ZR effect and are justified by their experimental fesults. |
McIntyre and Aspnes deduce a negative sign for the ER effect and are
justified by their experimental results, Koffman, Garrigos and Cheyssac
give it a nég'ative polarity, thanks to a negative sign emerging from

their calculations, (Garrigos PhD Thesis 197k, Université de Nice_). :
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McIntyre and Aspnes manipulation is unacceptable since the final answer
to the question of the" ER polerity is that for pure free - electron
metals the effect is very small and positive whereas for metals with
dnterband transitions the effect is prédicted to be considerably larger
and negative, by making various assumpﬁions. concerning the values of the
free electron and bound electron parts of the dielectric constant,

. According.to the present interpretation the pola.iity of the ER spectrum
depends upon the polarity of the free carriers of the materials under
investigation, the relative direction of the low - frequency electric field
which generates the perturbaﬁoﬁ on the surface of the sample, and the
velue of R(€7). |

We assume that the specific capacité.hce C (in ¥ / m2)‘of' eq. (2.37)

is in generél the oﬁe of a system conéisted' ‘of_ two parallel plates ,- one

of which is the surface of the material under investigation, separé.ted by -
e dlelectric of thickness aD and dielectric constant €. This
assmnétion is a widely accepted approximation for the double layer
capa&itance when electfplyhic techniques are employed, and there is no

- question ofAbeing invalid in cases where solid state configurations are
used, i.'e. schottky diode etc, conseqﬁently,whgn dD is small

compared with the geometrical dimensions of the electrodes, so that edge

effects become negligible;

(2.41) c. Voc(coﬁst.) EDGF

where Eb c is the low frequency electric field appiied onto the surface
of the material under investigation, Substituting eq, (2.41) into eq,

(2.37) gives

| . 4n R( €) -
2u12) [a2] o tmTs [‘eg) 5,
, _ MAX m;mecsd R(S;‘). D
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The préfaotor on the right-hand side of the latter equation is always
positive and the quantity into brackeis is positive for most of the materials
in the épectral region under consideration, So, the polarity of ER

effect is a matter of defining the positive direction of the low -

frequency electric field vector and knowing the polarity of the freé
carriers of the material under investigation,

Thus, if we define E to be negative when its unit vector is

DC
directed onto the surface of the material and assume the existence of
positively charged free carriers,(i.e, q = +e) ', the polarity of the
 ER effect turns out to bepositiVe; This definition is consistent with e;x2.24
bgcause an exoess: of holes causes a shift of the plasma frequency and ‘

consequently the reflectivity spectrum, towards larger photon energies

which is generally expected to give positi#e differences,

However in frequency regions where R( S;) < 81 s the term into.brackets |
ea. (2.42) , becomes. negative thus, changing the sign of the ER effect,
determined py the polarity of free carrier and direction of the low

~ frequency perturbing electrioc field, So, the polarity of the effect is
governed by the polarity of free carriers, the relative direction of the
low -~ frequency electric field, and the sign of the term in dbrackets of
eq. (2.42). |

2,3, A Detailed Menmipulation of the Effect of the Optical Parameters

of the ER Spectrun,

It is interesting to examine in detail how, for an ideal material, the
various parameters affect the shape of the electro - reflectance spectrum,

using the complete mathematioal expression of our model,
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2.3.4o1 lattice Dielectric Constant Dependence

Assuming materials obeying Drude's model the quantity
- E
"y 81 + WT, &B

3
(W?z? + 1) [( g, €, +e;]

(2.43) ~ F=

‘ ~has been plotted as a function of WZ for a large number of values of
(cup'c), and & , as it is shown in figs (2,2 - 2,12), The effect
of € on the magnitude of F and eventuallyon AR/R is

drematic, specially for values of €. 1less than about 30 (See Figs,

L
(2.2), (2.3) and (2.4); the lower the value of EL the higher the
magnitude of electfo-reflectance for given < and m*

If ¥ is frozen Fig.(2.13) shows that the electro = reflectance peak
occurs: in the vicinity of the plasma edge, The htter_figux;e shov."s again
F=f (W7, W, "5 EL) but contains 8 curves only (inétead of 200 ),

for clarity, Fige. (2.2 - 2,12) show that there is a single peak for each
value of.(wp’c), over ( <) and for 200 values of (u)p-c).

The maximum values of F have been plotted against ( (,Up-z;)v in fig, (2.14).
It is interesting to note, that, according to the present model and for
ideal materials, the maximum value of F is not thé ‘same for all the
values of (UJP‘U). It ge'ems that €.  introduces & "ripple" in

L

the function Fy . =% (wp'c, E’L), the "amplitude" and "frequency"

of which are inversdy proportional to the value of &L'

Quantity F, as we have already pointed out, determines the spectral
_distribution of the ER effect ; in order to find the actual value of ZR
effect we must multiply F by
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where ¥ , m*, £

o N are the optical parameters of a material,
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2.3.4,2 - Relaxationm Time Dependence

The relaxation time is oontained in both the later constant term, T ,
and quantity PF. So, its changes should affect the IR 'speotrum both in
shape and magnitude, The effect of relaxation time on the ER spectrum

is shown in fig.(2.15). As far as the reflectance is concerned, the effect
of the relaxation time on it, is shown in fig.(2,16). In this case the
optical constants of GaAs fromﬂAxeAaﬁa Hammer (1567) have been picked

up to demonstrate the effect of ‘degradation of the relaxation time

from 8,9 to 1,9 x 10~ #3ec on the shape of the plesma reflection edge

and the calculated ER spectrum,

It is interesting to note the brodening of the ER peaks, with

degrading free carrier relaxation time, This effect has been attributed
to a numbervof surface scattering mechanisms, 'located surface charges.
scattering by lattice wibrations, and scattering from surface roughness,
@ee MoIntyre (1973) and Cahan et al (1970X], but no quantitative o
explanation has been given, -

The proposed model , however, gives (for the first time), a quantitative
explanation of that effect; the effect is explained independently of

the nature of the scattering mechanism,
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2.3.4.3 Optical Effective Mass Dependence

Information concerning the effect of changing the effective mass, my ,
on the ER spectrum can be obtained from figs, (2,2)-(2.12), -
Careful examination shows that when w, T becomes small, i.e, ~ 0,6,
the quantity F becomes very small, independently of EL o This implies
that for a given value of relaxation time, F is small when wpvz;

becomes small (u)P'u—»O.6). Since €, is constant each time, it cen

L
be argued that, when the free carrier density is constant, F becomes

small when m;f becomes large,

The final effect is further affected by the presence of m; in the

denominator of the constant term , Zq.(2,44) .

Firally, in the case that oup'c is small, for ¥ : constant,
m; ¢ constant, and 8L: constant, or in other words for materials with

low-fres carrier density F becomes relatively small,

It is worth noting that for véry low free carrier cqncentra.tions and. in
- spectral regions fer enough from the reflectance plasma edge, towards
short wavelengths, the basic assumptions of the present model become
invelid, because the perturbation depth becomes la:bge in comparison with
the wavelength, The effect is still called eiectro - reflgctande R |
although a Franz - Keldysh - type theory is used for its explanation,
Cardona, Shaklee and Pollak (1967). Naturally the present model is

valid in Spectra;l. regions covering the plasma edge and longer wavelengths,

The search has been carried out by varying ( w=) and (U.Jpﬁ:)

between 0,6 and 120,0; it was considered that this range covers most of
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the cases met or to be met in practice,-and the most important that the

computer time needed was already considerable,

2.4 Application of the Model in Thin Films

Expressions for the electro-reflectance in thin £ilms will be derived,
Consideration will be given to two éxperimental configurations used in
practiée: a) the External Reflection Spectroscopy (ERS) and b) the
Internal Reflection Spectroscopy (1ms), ﬁowsbn,_Avaritsiotis and Fox
(1975), Avaritsiotis MSc Thesis (197h), In the first case the
electroﬁagnetic.radiation falling onto thev film comes from phase 1,
meets the perturbed interface and immerses into the film, as it is shown
in Fig.(2.17). In the second case the electromagnetic waves come frpm
phase 3 and immerse into the film to meet the perturbed interface

between phase 2 and phase 3 as it is shown in Fig, (2.17).

The reflectence of the film in both cases is given by Fox, Howson and

Brmony (1974)

(2')"'5) V R = f . ri*‘
where:
r,+ T, exp (-J B)
(2.14.6) : rf = ] 2
: 1+r, raexp(-jI§
] % *
(2.47) | s G4 =7

1 +rf rs exp (+JB*)

c

(2..1;8) O a. [_2_02.9_] Eé |
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and

@L9)  By=my- ik

‘The case of normal incidence will be considered.

2.4,1 External Reflection Spectroscopy (ERS)

The Fresnel coefficients for the two interfaces of Fig, (2.17) are given

in this case by (Heavens 1965).

(2.50) Ty = 27 iz
: n, +n,

(2.51) r, = ;2—::{2
Oy + 1y

Our aim is to express the normalized change in reflectance (AR/R)
of & £ilm in terms of normalized o;ética.l changes occuring at the interface_
between phase 1 and phase 2, i,e, in terms of AR, /R, which hes

already been calculated for bulk materials eg, (2,25) and is given by

(2,52) AR, ) Ar, . ary
R1 Ty r;‘
From eq, (2,28) we obtain
(2.53) AR Arf . Arg
. 5 =
re - ri*.

The quantities of the right hand side of the latter equation can be

expressed in terms of AR, / Ry as it will be shown next,




Fron egs, (2.46) and (2.47) we obtain respectivelyf

Ar Ar r,-exp (-JB)
(20514') -3 = 1 - 2 - o Ar1
Tp Tyt exp(=-JB) 1 +.r1r2exp(-aB)
AT - Ar? ri-exp (+j B¥)
(2.55) L - 1 - == ' -ary
rg r§ +r3 exp(+jB *) 1 ek ry exp(+J B*)
The latter equations may be written as
Arg o r, r, exp (-J B)
(2.56) = T - -
Te 1+ -ri--exp (-3B) 1+r, 1, exp(-33B)
1 .
- * * oy ' *
(2.57) ATE A% r¥ r3 exp(+3 B)
= r* - . A
rk =2 . ., »
£ 1 4 == .oxp(+JB*) 1 + rjf r3 exp(+J 33
r;“ .
Where
' Ar B AT
(2.58) A=e——m  ana &%=
4 3

Substituting eqs, (2.56) and (2,57) into eq, (2,53) We finally obtain,

(see Appendix B), -

A AR,
(2.59) | [—-‘3—3-] = (W - W), [ 1 ]
o L B ppg Ry < ms
where
1 .Jig__' (-ﬂ ) cb 2 H |r2| .
| P exp cos & + T;‘;-l- exp (- B8 ).sind
(2.60) w =

1 ;Ez—vvexp (26 ) +2

l'r'gl" exp (= [ )scos ®

[

&



(2.61)

(2,62)

(2.63)

 (2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

W2 =

- L5 -

R, B, exp (-2 )4;|r1”r2| exp (=8) cose+2H|r1l Irdexp(-ﬁ)sinj

1+R, R, exp (=248 ) +2|r“r2| exp (-A8) cos 6

s de e

@ - - 22 )+ 2my 10

tan (8,) =
(2 - m5) - ¥

2n‘l k2
2
5 - ) -

tan ( 5,) =

2 2
R, = |r1| and R, =-[r2|

Expression (2,59) is a general equation for the electro-reflectance of

thin £ilms, in the case of ERS, It is valid for any thickness and as

oan be seen from egs, (2,60) and (2,61) when 4 =0, i.e, S =0

The right hand part of Eti. (2.59) consists of two main parts:the onme in

|

| ) |
" the expression for one interface is obtained, ‘

_ ' |

|
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the parenthases which regulates the megnitude of the electro-reflectance
effect,being a function of £ilm prbpertiés and thioknéss,and the one outside
the parentheses which generates the spectral distribution of the effect

end its initial magnitude,being a function of the perturbed opticel
properties of the interface,

EQ.(2:59) has been used to calculate ER spectra of a great variety of

materisls and film thicknesses, For the materials used in these calculations

and the range of film thicknesses employed (i.e, 200 - 20,000 £ ) it was
found that (W1 - 2) is always positive in the spectral region of the
plasma edge. Thus, the polarity of the effect in the vicinity of the

plasma edge is solely determined by the second term existing in the

right-hand side of Eq. (2.59).




2.4,2 Internal Reflection Spectroscopy (IRS)

The Frecnel coefficients for the two interfaces of Fig.(2,18) are given
by (Heavens 1965).

(2.70) ory= S 1_12
: , n; +1,

(2.71) T, = :2 - n,
' n2-|‘-n1

a £ilm in terms of normalized optical changes occuring at the interfacs

2 with reference to fig,(2,18).

From eqs,(2.46) and (2.47) we respectively obtain

(2 72) Ar.f - Arz éxp ("j B) r1. OXP("jB). AI‘2
| Te Ty +rpexp(=J B) 1+r, 1, oxp (- B)

(2.73) Arg i Ar} exp (+ B) ) r} exp (+ B*), ary

- r} + T3 exp (+3B) 1+ v} v} exp (+ B*)

The latter equations may be rewritten as

<
|
i
We are seeking an expression for the normalized change in reflectance of
|
|
i
\

oy e S emCi®)  mmemCiD. e
| - "
’ —r'l*exl’ (=3 B) t+7r,7, exp (-3 3B)
2 .
\ | ' * px .
o R sremGuay o HEeR B e
[ r; r¥ 1+ r"* rék exp(+jB*)

1
Ty tem (v 3Y)




(2,76) | G =

Substituting eqs. (2,74), (2.75) and (2.76) into eq,(2.53) we finally
. obtain, (See Appendix C),

(2.77) [AR] = (Q1-@). ARZ] exp (- 48 )
| - R By s

IRS
where- II‘ | o |
exp‘(-,d).;.-}l- cos d +2.;_1._ H sin &
(2.78) Q1 = ' | 72| X
- wexp (=2/5) +2 =4 exp (= B ) cos
R =2
o) Q2,= R, R, exp(-/4 ) +xr]|r,|cos © +2|r ||r,| H sin@

1+ Ry Rzlexp (- 28) + 2lr1||r2|exp (- Beos 6

A1l the parameters of egs, (2,78) a.nd (2.79) have been defined previously,
In the case of IRS the magnitude of the electro-reflectance signal is

. expeoted to be much more lower than in the case of bulk or ERS beceuse
of the expotential termlpresent in the right hand side of eq, (2.77).

Expression (2.77) is valid for any film - thickness.When d=0,i,e, 8 =0,

Eq, (2,77) becomes similar to eq.(2,25) which determines the ER effect in .
& two-phase system, . |

Finally, calculations according to Eq.(2,77) showed that the bquaritity

(Q4-8,) of the right-hend side is always positive in the spectral region of
the plasma edge and for film thicknesses from 200 to 20,000 £,
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3.1 Introduction

A tecbﬁique using alternating signal processing of the incident radiation
was used, The optioal_'modulation was created and recorded using the
following components: | |

a) Iight source,

) Monochromator, -

o) Detector,

d) Phase sensitive detector and amplifier,
6) Modulation oscillator, recorder,attenuator,
and chopper,

£) Modulating unit,
The block diagram of the setup is shown in Fig,(3.1). In the present

chapter, the characteristics and the limitations of the individual

components are discussed.

3.2 Light .S ource

The source choosen was a N‘ernst glower which coﬁsists; of a mixture of
rare earth oxides in the form of a réd ab'out 2.5 cm long by 3n13n
dianmeter, It has a negative resistance rise with temperature and requires
pre-heating .to,reach its operating condifions.-_The filament was mounted
in a specially designed asbestos—jacket which reduced the effects of
~draughts and served as a holder for the heater, The operating temperafgre
was about 1900°c. At this temperature the distribution of energy in the

infrared spectrum is shown in Fig.(3.2). From this figure it is evident

tha.t. whithin the regions 1«2 and 3-12 ‘microns the intensity of the

radiation drops by three orders of magnitude, |
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Fig, 55.22 Spectral distribution of the emission from a Nernst
glower, at about 1900°C and upon dispersion by a rock salt prism
according to A,Vasko (1968). Dents on the curve are dus to thm

atmospheric absorption of the radiation,

3.5cm

Fige Sé.ﬂ Photograph of the electrolytic modulator used in

the course of ER measurements,
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Power to the filament is supplied from a Hilger and Watts Nernst
Filament Power Supply Unit FL 111, designed to provide a 240 V a.o.

voltage,

.3.3 Monochromator

A Hilger and Watta. D330-331 double monochromator was used; this is a

- plane grating , symmetrical Czerny - Turner instrument, The fequired

wavelength at the exit slit is obtained either manually by rotating

the grating tabls with a calibrated wavelength micrometer, or by motor-

drive for spectral scanning purposes, Both entrance and exit slits were
provided with a) calibrated width variation over a large range (O-3mm),

and b) filter holders,

Thé luminoéity (or the output factor) of the monochromator is in general
proportional to the area of the disperser and the slit—heightlto focal
length ratio, Moreover, it inoreases as the square of the slit width,
(Stweart 1970,p.226), provided that entrance and exit slit widths are the
same, The diffraction gratings used héve a ruled are# 52 x 52 mm?. The
focal length of the monochromator is 300mm and the maximum height of the

slits is 18 mm,

Three diffraction gratings were available and used in the course of the

measurements, covering the spectral regions from 0,67 to 2,0 miocrons and

2,7 to 16,0 microns, and having blaze wavelengths 1 micron (600 1ineq/ﬁm),

4 miorons (150 1ineq/mm)rand 8 microns (751ines /mm),

Filters were used for selective attenuation in order to assist the mono =

chromator in the purification of radiation, An indium - arsenide infrared
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filter was used for the spectral region 3,8 to 7 microns in order to

re ject short wavelength radiation éntering the monochromator, A silicon
Pilter was used for the spectral region between 1,3 and 5 microns,

Finally an indium antimonide filter was used for the spectral region

| between 7.5 and 16 microns,

A simple and inexpensive attachment to the monochromator was constructed
for accurate recording of wavelengths and is described in Appendix E,

The use of this attachment offers the possibiiity of remote wavelength

- monitoring and simultaneous recording of marks superimposed on the

recorded spectrum, and corresponding to px_'edetermined positions of the
wavelength miorometer ‘drum, Also, it facilitates the use of the mono-
chromator wheﬁ work is ca.rried out in a poorly illuminated room, Its main
features are: a) stable .high accuracy in determixiing the position of the
wavelength drum and b) no modification of any part of the monochromé.tor
is required, |

The calibration of the wavelength drum was set using the known positions

of absorption - lins maxima of tetrachloroethylene ( CZCIA)’ acetonitrile -

(cznsn)_, carbon disulphide (CS,), and chloroform (cnc;13). Table (3.1)
summarizes the absorption - line maxima used in our calibration scheme,
Moreover atmospheric absorption provided a sufficient check on the
accuracy of the calibration of the wavelength drum, Wavelengths for
water vapor absorption were taken from Burch et al (1963), and for
oar'bon dioxide ebsorption from Burch, Gryvnak and Williams (1962) and
Gebbie et al (1951). The carbon dioxide ebsorption band at L.27 microns,
being partioularily intense, was suitable for quick checks of the

correctness of the calibration of the monochromator during its use,

Checks were also made, at frequent intervals, using a polystyrene sheet




exhibiting pronounced absorption peaks in the spectral region between

3 - L microns and 6 - 7 microns,

TABLE (3.1) Calibration Scheme (+)

VAVELENGTH ~ ACETO-

TETRACHLORO- CARBON  CHLOROFORM POLYSTYRENE

Nos, NITRILE ETHYLENE - DISULPHIDE 0H013' (C8HI+) n
02H3N 02011‘_ 082
T 2.28 4,02 3.56 17k - 3,303
2 3,34 5.38 4,36 2439 3442
3 36 7.39 4,63 3,32 3.51
b bbb - 6,61 417 6,69
5 6,67 - - 6.58 6.88
6 - - - 6T 7.39

(*) For the conversion into wave numbers from wavelengths quoted,

the following relation holds good: yien D=

10000

,Vasko (1968),
pm

(+) Values quoted have been obtained from: Mecke R, ,and Langenbucher

F., INFRARED SPECTRA of Selected chemicel compounds,196k.

All calibration runs were performed at & scanning spee'd of 0,2 microns/min

(for & 150 L. / mm gra.t;lng) in the direction of increasing wavelength, and

a filter-period of 3 sec was used, The slit - widths were adjusted each

time so that a compromise between high signal - to - noise ratio and

adequate resolution was obtained, The reproducibility of the instrumental

| setting was checked by repeated running of the same sharp - lined spectrum

at high signal - to = noise ratlio and slow scanning rate and observing

the ma_gnitude 61‘ appa_rent changes (less than 0,05) in positions pf the

1ine maxima, The rate of recording was slow enough (30 cm / min) so that

the entire detecting amplifying and recording system had time to reach a
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high fraction‘(say 99%) of the recorded response which would be reached

in an indefinitely long time (say 50 times the filter pariod).

3ol Detector

Two types of I,R. detectors were used: a pyro - electiric detector

and a pneumatic detector.

The most commonly used figures of merit to describe the characteristics
of the detector are the Noise Equivalent Power (NEP) and the detecfivity
(D¥); see Nudelmen (1962), |

The NEP is defined as the rms value of the sinusoidally modulated
radiant power faliing upon a detector which will give an rms signal
voltage equal to the Ims noise véltage from the detector, The black

- body temperature of the source, the chopping frequency and the electrical
bandwidth are specified, It is worth noting thet the detector performance

increases as the NEP - decreases,

(3.1) NEP. = H.A . . .y

2

v Vg (Af)

where H 4is the rms value of the irradiance falliﬁg onto the detector
of area A, and Vh,/ Vg is the ratio of the rms noise voltage in the

bandwidth Af of the rms signal voltage,

Neglecting surface effects most detectors exhibit a NEP which is
directly proportional to the square root of the detector area,
The detecti#ity D* is defined as: |

1 .
Lt
NEP

(3.2) | D* =
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i -
The units of D® ares om o HaZ W 1.

In the case of thermal detectors (pyroelectric, Golay, bolpmeteré) the
radiation,ébsorbed causes their temperature to rise and this produces
a change in some physical property of the detector, They do not require
cooling and their response is theoretically 1ndependent of wavelength,
but in praotice the detector window and llmltatlona of available

blackening materials modify this assumption,

- A pyroelectric detector consists of a ferroelectric crystal which
exhibits & spontaneous electric polarization which.is temperature
'rdependent. The usual method of construction is to apply electrodes onto
opposite faces of a thin slice of pyroelectric material which will then
behave as a capacitor, If the absorbed radiation incident on one face is
varied then the temperature and hence the‘polarisation will elso
fluctuate, This will induce charge on the electrodes which will appear
as & voltage when measured by high impedance voltmefers; Holeman (1972),

Blackburn and Wright (1970), Chynoweth (1956),

The Golay cell consists of a small cavity containing a gas such as xenon

or helium at low pressure, Radiation is absorbed by 2 specially designed

membrane and heats the gas, Part of the cavity wall is a flexible diaphragm,

silvered on the outside, which is distorted when the gas pressure changes
and deflects a 5eam of light shining on a photocell, A small change iﬁ
incident radiation causes a large change in photocellloutput; Golay (1947),
(1947) and (1949).
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3eke1 Pyro = electric Detector

A triglycine sulphate (7,G.S.) pyroelectric IR detector type No

| PSC222 was used at the early stages of our series of experimental

studi_es. The PSC222 is made by Plessey Co Ltd and the complete unit
consists of a sensitive element with a low noise preamplifier and a

standard 709 operational amplifier output stage,

. : 1
However the relatively low detectivity, D* , (500X,10,1) 5x1 e el
e NJE.P, (hx10-19&Yatt-Hx%)dictated the use of 2 more sensitive and low

noise infrared detector having a broadband spectral response,

 3.4.2 Golay Detector (IR50)

This unit contains the pneumatic head, the optical amplifier and a solid
state amplifier, It is made by PYE UNICAM Ltd and is provided with

& potassium bromide window 6mm thick wﬁich iimits i_ts: wé.w}elength range
between O.L and approximately 25 microns, The sensitivity with KBr |

6

window is 3x10° Volts / Watt and the NEP at a black body temperature

of 500°K , chopping frequency of 11 Hz and bandwidth of 1 Hz is

7x10~ 11

Watts, Its maximum overload input is 2x10™° Watts approximately,
cofre