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ABSTRACT

The microwave complex permittivities of the amorphous semiconductor
Si12 GelO A530 Te48 and anthracene organic crystals have been measured
in the freguency range 1-4 GHz and 29-31 GHz in the presence of high
steady electric fields, and at various temperatures. The results show
that in amorphous semiconductors thefe is a resonance absorption at the
frequency of 1.6 GHz, and the resonance frequency is strongly temperature
dependent, and that in anthracene organic crystals the real part of the
complex permittivity.is independent of frequency in the frequency
ranges from 1 to 4 GHz and from 29 to 31 GHz and not sensitive to
temperature in the temperature range from 10 to 50°C. Within the
frequency range under investigation the real part of the complex
permittivity of both amorphous semiconductors and organic crystals is
not affected by the applied steady electric field.

On the basis of the expérimental results the resonance absorption
phenomenon in the amorphous semiconductors is attributed to rotational
vibration of dipoles, which may be formed by the aggregate of atoms of
different types, about their equilibrium position. Because of low
resonance frequency these dipoles are expected to be large in size and
in moment of inertia. For anthracene organic crystals the real part

of complex permittivity may be due mainly to electronic polarization.
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CHAPTER 1
INTRODUCTION

The study of high field transport phenomena in semiconductors
has received much attention during the past two decades. The progress
towards detailed understanding of high-field effects actually began
in 1951 when the first high field experiments on Ge and Si were carried
out by Shockley and Ryder {53, 57]. Since then, intensive efforts
have been made to explore the high-field or the so-called hot electron
transport phenomena in semiconductors.

| The study of high-field transport is of considerable practical
interest. Many solid state electronic devices are either based on
some effects of high fields on the carriers or necessarily involve this
in their operation.

The complex permittivity is one of the important parameters
governing the properties of semiconductors. Thus, the study of this
parameter under various conditions may lead to a better understanding
of the structure of the materials and to some guidelines to
their practical applications.

The present project is mainly concerned with the microwave complex
permittivities of thé amorphous semiconductor Si12 Gelo As30 Te48 and
anthracene organic crystals in the presence of high steady electric
fields. 1In the case of amorphous semiconductors, the present theory
of solid state physics is apparently unable to explain the optical,
electrical, and thermal properties of these materials, while in organic
crystals the behaviour of Il - electrons is still not fully understood.

. a d
8112 GelO As30 Te48 has been used as the model sample for the study



of amorphous semiconductors and anthracene as the model sample for

that of organic crystals, This is one of the major reasons of choosing
these materials for the present investigation. The behaviour

of their complex permittivity as a function of frequency: temperature,

and applied bias field has been studied in the hope that this would provide
further insight into the properties of these materials.

Chapter 2 presents a brief review of previous theoretical and
experimental work and Chapter 3 the experimental techniques and theory
used to determine the complex permittivities from the measured para-
meters. The experimental procedures and microwave circuits used are
described in detail in Chapter 4, the experimental results and discussion
are given in Chapter 5, and conclusions arising from this investigation

in Chapter 6.



CHAPTER 2
REVIEW OF PREVIOUS WORK

The earliest work on the effect of high electric fields on the
behaviour of electrons in solids was carried out in connection with
dielectric breakdown in insulators. Theoretical studies of the effect
of high fields on the distribution function and mobility of electrons
in semiconductors were first carried out in the 1930's [14, 15] but
experimental results in this field were not availgble until 1951 [53, 57].
Shockley [57] and Ryder [53] were the first to show experimentally that
at rdom temperature and 78°K the mobility of carriers in lightly doped
germanium and silicon decreases with increasing field under high electric
fields. (higher than 1 KV/cm); they attributed this to an increase in
energy of the carriers by the applied field. Shockley [57] has also
calculated the carrier mobility for n-germanium as a function of field
and his results are in agreement with the experiments.

Electric conductivities at high electric fields have been
extensively studied in germanium and silicon of various types and con-
centrations of dopents and at various temperatures, in III-V compounds,
and in other semiconductors. Large mobility changes with electric field
have been found not to be due to change of electron energy, particularly
in piezoelectric materials such as CdS and 2ZnO [12]. In well-doped
Cds crystals, the current is ohmic up to the field for which the
electron drift velocity approaches the sound velocity and tends to
saturate or to increase slowly with increasing field [58]. The monochmic
behaviour has been shown to arise from the generation of acoustic flux

by the carriers, which takes place when the drift veloéity exceeds the



sound velocity,

Application of a high field to a metal would not produce
significant change in electron temperature, because the average electron
energy is already high even without field. Hot electrons have, however,
been introduced into a metal by tunneling from another metal or a semi-
conductor when appropriately biased [40, 592, 60]. In this situation the
properties of greatest interest are the rate of energy loss and the mean
free path of the electrons.

Not all of the conductivity changes observed in high fields are
due to the change in mobility. Changes have been observed at low
temperatures in germanium [1, 32, 54, 55], silicon [66], GaAs [45]
due to impact ionization of shallow-level impurities by the hot carriers.
In InSb, 1large changes at room temperatures and below have been shown
to be due to impact'ionization of the lattice by hot carriers [50, 61].

Theoretical approaches to high field transport phenomena are
mainly based on the determination of the carrier distribution function
for a given condition by solving the Boltzmann transport equation
[36, 46]. 1In the following we briefly review some previous work in this

field.
2.1. Experimental Approaches

One of the early experiments employing microwave techniques to
study absorption properties of semiconductors subjected to a high dc
field is that of Arther et al [4]. 1In their experiment, the semiconductor
sample was cut in the form of a rectangular slab and inserted into the
waveguide through a narrow slot cut in the center of the broad faces of

the guide. The dc field was applied parallel to the microwave electric



field. They have found that microwave attenuation in n-Ge of 5 ohm-cm
resistivity decreases with increasing applied dc field, Since the d.c.
field is parallel to the microwave electric field and the latter is much
smaller than the former, the field due to microwave radiation represents
a small oscillation around the mean applied field and so the absorption
is proportional to the differential mobility at that applied field.
Figure 2.1 shows the electron velocity as a function of applied d.c.
field with the saturation velocity at about 4.5 KV/cm, and this is in
general agreement with that theoretically predicted by Ryder and

Shockley [14, 15].

Using the same sample and waveguide geometry as those of Arther
et al, Gibson et al [21], have measured the attenuation and phase shift of
the sample holder atafrequency of 34.75 GHz under various d.c. fields,
and found that the mobility at this microwave frequency is inﬁermediate
between the mobility (v/E) and differential mobility (dv/dE) obtained
from the variation of carrier velocitylwith electric field. They have
also found that the contribution of free carriers to the dielectric
constant is negative at zero field but becomes positive at high fields.
Their results for n-Ge is shown in Fig. 2.2 and Fig. 2.3. It is
interesting to note that electron carriers in n-type materials follow
these theoretical predictions, but not holes in p-type materials.

Another experiment was carried out by Zucker et al [71] involving
the heating of charge carriers by large d.c. pulses and superimposing
on these a small microwave electric field parallel to the d.c. field.

In their experiment the sample was shaped in the form of a thin filament
and then inserted into a small circular slot cut in the broad faces of

a waveguide which was shorted one quarter of a guide~wavelength beyond
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the sample. The conductivity and dielectric constant as functions of
applied d.c. field at a frequency of 70 GHz for moderately doped n-Ge
samples are shown in Figs. 2.4 and 2.5. They have also reported that
such a field dependent phenomenon of the conductivity and dielectric
constant for n-Ge depends also on crystal orientation. The d.c.
conductivity and small signal dielectric constant as functions of the
d.c. bias fields, taken along differnt crystal orientations and at 77°K,
are shown in Figs. 2.6and 2.7. The effect of crystal anisotropy on con-
ductivity is maximum at about 1XV/cm, and tends to decrease at higher
fields. 1In general, the conductivity decreases monotomically with
increasing fields while the small signal dielectric constant usually
increases with electric field, reaches a maximum value at a specific
value, and then decreases again with field. This phenomenon of anisotropy
has also been observed in n-Si [27]. Using a method similar to that of
Gibson et al, Gunn [24] showed by differentiating graphically the d.c.
mobility curve that the a.c. mobility equals the differential mobility.
A similar phenomenon has also been observed in n-InSb [12] and some
results are shown in Figs. 2.8 and 2.9. The sharp rise in conductivity
and decrease in dielectric constant occurring at higher fields are
attributed to the increase in carrier concentration due to impact
ionization [12].

The effect of d.c. bias field on microwave complex permittivity
of n-Si and n-GaAs at various temperatures has been studied by Wu et
al [68], using the frequency 9.03 KMc/sec and applied d.c. field up to
4.5 KV/cm. Their results are shown in Figs. 2.10 and 2.11. Glover [22]
has also measured relative permittivity and microwave conductivity of

n-GaAs at 35 GHz as functions of applied d.c. field up to fields of
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a, 300°K; b, 78°K. (After Zucker et al [71]).
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16 KV/cm and his results are shown in Figs, 2.12 and 2.13, The large-
signal and small-signal permittivities of n~GaAs converge only at low-
fields where electron inertia due to momentum relaxation is the only
process of importance. At higher fields, thermal relaxation processes
predominate with different effects in the two cases. The small-signal
permittivity shows a large sharply peaked maximum at a field near the
threshold value. The large-signal permittivity, on the.other hand, has
a comparatively much smaller and broader peak occuring at a field higher
than the threshold. The large signal permittivity is defined as an

average over large signal swings.
2.2. Theoretical Approaches

The d.c. bias dependence of the microwave complex permittivity
can be analysed on the basis of conservation of energy and momentum [21].
This approach can further be simplified if a § function distribution
can be used to represent the distribution of all carriers having the
same energy, and the constant energy surfaces can be assumed to be
spherical.

The rate of change of net momentum of carriers in an electric

field is given by

—4d

-

d(m*v ) _
Evamiadi E - (2.1)

]

m
where the first term represents the rate of gain of momentum from the
field and the second term represents the rate of loss of momentum to
the lattice, Tm being the momentum relaxation time.

The average rate of change of carrier energy in the field is
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- (2,2)

where the rate of loss of energy to the lattice, represented by the
second term on the right, has been assumed to be proportional to the
excess of energy over the thermal equilibrium value EL. The quantity
Te is the energy relaxation time which in general is a function of
carrier energy.

In the presence of a high d.c. field, but in the absence of any

microwave field, Eg. (2.2) in steady state becomes

(2.3)

|
4
]
e

where the subscript "0" indicates d.c. equilibrium conditions.

When a small microwave electric field is superimposed in a direction
parallel to the d.c. field Eo' the total energy and drift velocity

of the carriers can be written as

(2.4)

in which Ae << e, and Av . << v

3 do* By assuming that the energy

dependence of Tm and T€ can be written in the form

(2.5)

—
1l

o

Q]

where n, and n, are constants. Then in the presence of a small

microwave field Tm and T€ can be well approximated by
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- -1 Ae
T . T (L +n, —) ,
m mo 1 Eo
(2.6)
-1 -1 Ae
Te = Tt ny g )
O
_ . . iwt , .
Writing the microwave field as Eac e and substituting Egs.

(2.4) and (2.5) into Egs. (2.1) and (2.2), we obtain the first order

approximation.
iwt
dAvd ) eE_ e i Avd . Vio Ae .7
dt m¥* T 1T € )
mo mo o}
or
€ - €
dlAe iwt Ae 0 L
ac - ¢ Vo Eac e + e Avd Eo - e 1+ n2( e Y1 (2.8)

The first two terms on the right-hand side of Eg. (2.7) give the complete
effect of the microwave field on momentum when the energy of the

carriers remains unchanged. The third term shows the change in Tm with
energy. The first two terms on the right-hand side of Eqg. (2.8) represent
the first order change in the rate of energy gain due to the super-
position of the microwave field on the d.c. field, whereas the third

term gives the change in the rate of energy flow because of the changes

in € and TE

The complex conductivity O(w), related to A var is given by
ne A 5
o(w) = ———m (2.9)
E e
ac

By making the approximations,

(W Tm)2 << 1 , and
(2.10)
>>
TE Tm f;

are reasonable for the freguencies and materials "used in the

previously cited investigations, though the second
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condition in Eq. (2,10) (i.e. TE >> Tm) is not well satisfied for
carriers with energies greater than the optical phonon energy; the real

part of the conductivity can be expressed as

OR =0 (1 - ~—"QE§—§) (2.11)
© 1+ wll

where OO is the conductivity at the field Eo' and

D
i

2n (€, = €)/T €, (2.12)

and

-1
Teo[l + (nl + n2) (eo - EL)/EO] . (2.13)

=
Il

Using the imaginary part of the conductivity and Eg. (2.6), the high

frequency dielectric constant can be written as

o] 2
0 il
e (W) =¢ - AT — (T = ———) . (2.14)
r r(lat) o mo 1+ w2ﬂ2
It can be seen from Egs. (2.11) - (2.14) that if Tm is independent of

carrier energy, or if ny is zero; OR and Er(w) would have values
appropriate to those at a d.c. field Eo' The in-phase modulation of
T gives rise to the second term of Eq. (2.11), whereas the out-of-
phase term tends to counteract the usual contribution of carriers to
Er(w) provided that ny > o. This is the origin of the increase in

Er(w) found experimentally at high bias fields.

Arther et al [4] have reported that at low frequencies

dv
0 =ne Y (2.15)
aE
dv 3
From Eq. (2.11), for wm << 1 and by setting O_ = ne | = ne(—) we
R ac dE

obtain
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dx"zd
1 -am = 1/m ) )
dE

' (2.16)

where U is the carrier mobility in the field éo' Thus from Eq.

dc
(2.11) we have

II = (2.17)

€

where all quantities on the right-hand side are directly measurable.
Using this equation, Gibson et al [21] have found that the values of
I for n-Ge are in the range of 1 to 3 x 10—-11 sec in the field
range of 500-5000 V/cm. Once 1I has been determined experimentally
Eg. (2.11) and the measured GR and OO can be used to determine Q.
Since Tmo can be deduced from d.c, data, all the quantities required.
to calculate er(w) can then be determined. However, the values of
Er(w) were calculated from Eg. (2.14) are in good agreement with
experimental results for n-Ge but show poor argument for P-Ge.

To modify this theory, Gibson et al [21] have made the assumption
that the carriers follow a drifted Maxwell-Boltzmann distribution and

that the dominant scattering mechanisms are acoustic and optical phonon

scattering; and obtain the momentum and energy balanced equations:

N *dVd'—N E - ) Vit v 5 1 a% (2.18)
W gg T Ne o ot’ aco ot’ op :
3
d(= XK_T)
2 "B ~ = of of 3~
N —ar "~ Newvy°E- JOE[(at)aco + (Bt)op] d’v (2.19)
where (%%)aco and (g{-op are, respectively, the rates of change of

the distribution function of the carriers due to scattering by acoustical
and optical phonons; N and V are, respectively, the concentration

and velocity of carriers; KB and T are, respectively, the Boltzmann
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. 3 .
constant and the temperature of carriers; and 5 KBT is the mean energy

of the carriers; Gd is the displaced velocity as defined in the

assumed drifted Maxwellian distribution function.

- - m* |V - v
_ D )3/2 exp ( n* |V vd]

il T
2 KB 2KBT

) (2.20)

in which my is the density of state mass. By neglecting terms of

second and higher order of v we can write the distribution function

dl
in the form
£(V, v, T) = f + £ cosb (2.21)
d o) e
where
m
_ D 3/2 €
fo(€uT) = N(—--—27T KBT) exp ( ———KBT) (2.22)
£, v, m =2 ¢ |7 ]5.] (2.23)
e 7 7a’ KBT o a -
cosf = ——E (2.24)
el |v]
Bfo Sfe
Sgﬁatton [63] hg; obtained expressions for (gz_oaco' (§E_-aco'
o) e . . . .
(at )Op and (at op’ Thus by substituting these expressions, in

appropriate form, into Egs. (2.18) and (2.19) a small signal analysis
da Av

EYe and 3/2 K aAr in

B dt

leads to first order expressions for m*
Av and AT. There expressions are similar to Egs. (2.18) and (2.19)

in form and therefore the solution for O(w) can be easily obtained.
However, expressions for oO(w) and €{(w) and II are the same as those
given by Egs. (2.11), (2.14), and (2.17), although § and 1 are
defined differently. In this theory II is a sensitive function of the
ratio of optical to acoustic mode coupling constants. Gibson et al have

evaluated Il for n-Ge for different values of this ratio, ranging from



the value required to account for the temperature dependence of the
mobility to values considerably lower. The experimental values obtained
agree as to the order of magnitude of the theorectical value of I over
the range of bias fields from 0 to 5 KV/cm. However, Gibson et al
were not able to duplicate the variation of I with E for all values
of the ratio of coupling constant and suggested that the most probable
reason for the lack of agreement between theory and experiment is that
at fields as low as 2 KV/cm, or higher, regions of momentum space are
populated with carriers whose average effective mass is dependent upon
their energy either through the departure from the parabolic relation-
ship of € and K with the <111> wvalleys, or through the population
at K = o minimum. Conwell [12], on the other hand, disagrees with
this suggestion, because there is no evidence for a departure from the
parabolic €-K relation or a variation in effective mass, at fields as
low as 2 KV/cm. Scattering to the K=o minimum is not, in any case,
expected to have much effect because of the small density of states in
this minimum. However, the discrepancy between theory and experiment
may also possibly be due to the use of the shifted Maxwell-Boltzmann
distributiono. This distribution would be particularly poor in the warm
electron region, i.e., in fields up to about 2000V/cm. Another possible
source of discrepancy between theory and experiment is the neglect of
the relaxation due to intervalley scattering [34]. The intervalley
scattering time has been shown to be of the order of the value TE at
78°K. A simple treatment of the frequency dependence of the conductivity
including relarxation repopulation as well as energy relaxation has been
carried out by Schmidt-Tiedmann [56].

Using the same approach as that adopted by Gibson et al,Kopetz
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and Potzt [34] have analyzed the microwave conductivity under hot
electron conditions.

The only theoretical approach to the problem of high field
transport which has yielded quantitative results. ig through the solution
of the Boltzmann equation [35, 36, 38]. The validity of the Boltzmann
equation in the region of high fields has been partially investigated
by Hasegawa and Yamashita [28]. Using a method similar‘to that
of Kohn and Luttinger [33] for low fields, they have shown that for the
simple band structure model, and for acoustic mode scattering only, the
transport equation obtained from the eqguation of motion of the depsity
matrix is equivalent to the Boltzmann equation. For their model, the
solution of the Boltzmann equation may be expressed by a series of

Legendre polynomials [13]

8

£(e,x) =

n G () Pn(x) (2.23)

n

™

o
where x 1is the cosine of the angle between K and E. If the loss
of carrier energy in a collision is only a small fraction of the total

carrier energy and the scattering is not predominantly forward or back-

22.

ward, the distribution can be considered to be spherically symmetric [10].

In such a case all terms in the expansion in comparison with that for
n = o are small and in addition, it has been shown in most cases that
G2(€) << Gl(e), and that Gn(e) for n > 3 are much smaller. There-

fore, for the simple model and approximately elastic and isotropic

scattering, a good approximation to the distribution function is obtained

with only two terms in Eq. (2.23). Thus, we have

f = fo(e) + K ge(e) : (2.24)
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where KE is the component of K in the field direction. The Boltzmann

equation is given by

of Jf of
—_— = —— + —_— .
5t - Gee T GPc (2.25)
of , . . . .
where (gzﬁE is the rate of change of the distribution function due to

the field and it may be written as

of  _ eE
G = g Vgt
2
- h K
eE 2 ! E _!
T T a (ge * 3 € ge * m* fo) (2.26)

For spherical constant energy surfaces and constant effective mass m*;

2 2
2
where the term Q—E§E- has been replaced by its average 5‘8; the
. . _ . of .
prime represents differentiation with respect to €; and 3 e 1S

the rate of change of f due to scattering which is given by

9(XK_ g ) KEg
B e, .. "¢ (2.27)

! 0 t c T

where 7T 1is the relaxation time due to elastic and randomising scattering

processes. Thus, we can write the Boltzmann equation in the form

2
(afo) - 5 % - EE-( + 24 4 il f') _ (2.28)
ot T n e T 3% m* o’ 3t )
of _ .
In the steady state, 3% " O the coefficient of each Legendre polynomial
vanishes, giving
of
o eE 2 !
—) = — + Z € .
(Bt )c b (ge 3 ge) (2.29)
hee T '
9, = - T £, (2.30)

In the presence of a microwave field, Eg. (2.28) can take on the following

forms
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ot "¢ 3 " E% de 9’ T 3t '
-9 dg
e heE _ e
T m* ot (2.32)

where E* is the total field (applied d.c. and microwave electric fields).
If the microwave field is parallel to the d.c. field the total field

can be expressed as

* * 1
E =E_(1+) oWy (2.33)

where A is a constant which is much smaller than unity for small

signal analysis. By setting

£ =f + Af, VT
e} os 1

iwt (2.34)
ge = ges + Xgl €

where fos' g , £

os 17 and gl are constants independent of time.

Using the above equations, we obtain by neglecting 2nd order term in A

the following

afos eE0 5 .
Tt le TR Ues T3 %) 70 (2.35)
* .
h eEO T
Jes T 7 mx fos : (2.36)
of *
e B
1, 2° "0 1 4 . 3/2 .
(Bt Ve 3 4 E% ac € (Geg * gl)] = vty (2.37)
*
-he EO T afos Bfl
9 T w1+ w0 (ot T 3e ! (2.38)

It is clear that Egs. (2.35) and (2.36) represent the d.c. components
of Egs. (2.29) and (2.30). They have been solved to various degrees

for n-Ge by Reik and Risken {51], and Yamashita and Inoue [69]
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. . . oS
taking into account the optical and acoustic scattering in (—>Bt

) .
c
Nag and Das [42] have obtained a solution of Eqs. (2.37) and
(2.38) for n-Ge at a field of 2 KV/cm assuming isotropic cffective
mass, acoustic and optical phonon scattering, and using various values
for interaction constants. Their analysis is successful in explaining
the d.c. curves; and the agreement between their theory and experiment
is fairly good for changes of O but comparatively poor for changes

of €.
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To assess the effect of inter-electronic scattering on hot-electron

microwave conductivity, Guha and Nag [23] have recalculated the results

of Gibson et al [21] taking the effect of anisotropic effective mass

into account, but assuming that the inter-electronic scattering establishs

a Maxwellian distribution. They have shown that experimental results
on the microwave incremental conductivity agree with the theory based
on a displaced Maxwellian distribution and the analysis by Nag and
Das [42], and calculated that the conductivity is not sensitive to
inter-electronic scattering because the effect of anisotropy in the
band structure is small at room temperature.

For a more accurate solution of the Boltzmann equation Budd [39]
converts the Boltzmann equation into an integral equation with time and
position variables measured along the collison-free trajectories of the
carriers. He has solved the Boltzﬁann equation for P-Ge using this
method. The theoretical analysis agrees quite well with experimental
results. Law and Kao [38] have also presented a new approach to the

exact analytical solution of the time dependent Boltzmann transport

equation by means of an iterative perturbation technique for single-valley

semiconductors, and give examples to demonstrate the use of their method

to predict a.c. and d.c. conductivities in nondegenerate single-valley

semiconductors.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES

3.1. Measurement of Microwave Properties Using a Slotted Waveguide

Structure,

Semiconductor properties may be measured at microwave frequencies
by inserting a suitable sample, normally a rectangular slab in a wave-
guide [11, 21, 24, 39]. The cond;ctivity and permittivity are deduced
by measuring the propagation coefficient corrected for an inhomogeneously
filled waveguide. This method is straightforward provided that the
sample is in contact with at least two of the waveguide walls. In the
measurement of hot-electron effects, a direct voltage is applied to the
sample, and in this case the sample has to be insulated from the wave-
guide walls. It is also desirable to keep the contacts on the sample
outside the wavequide, to avoid difficulties arising from carrier
injection. 1In this situation some principal effects such as those

arising from the presence of the slot and the finite length of the sample

have to be considered [25].
3.1.1. Inhomogeneously filled waveguide.

In the following discussion it will be assumed, in order to
simplify calculations that the dielectric loss is very small and may be
neglected. For semiconductors, however, the permittivity Er will
be replaced by the complex permittivity E; = 8' - j€".

The normal modes of propagation for guides loaded with dielectric

slabs are generally not either E or H modes, but a combination of

E and H modes. An exception is the case of Hno modes which have
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the electric field parallel to the slab and no variation of field along
the dielectric-air interface,

For an asymmetrically loaded guide as illustrated in Fig, 3.1,
with a slab whose relative dielectric constant is Er, the relation
between the two wave numbers Kln in air and K in the dielectric

2n

can be determined from the transcendental equation [11, 39],

= —~ K t 3.
Kln tan Kznt oy EAD Klnd (3.1)

where t is thickness of the slab. The eigenvalue of Eq. (3.1) may

be obtained directly by considering the transverse plane equivalent
circuit of the loaded guide as illustrated in Fig. 3.2. The equivalent
transmission-line circuit is a junction of two lines, with characteristic
impedances proportional to the wave impedances (inversely proportional

to the wave numbers) of the two sections, terminated by short-circuits

at opposite ends. The wave numbers Kln and K2n are determined from
the condition that the zero impedance load at X = a must transform to

a zero impedance at x = o, On the basis of conventional transmission-

line theory we have

- -1
iK tan K, t + i K., tan K_ 4
7 - 1 2n 2n in 1n (3.2)
in K -1 -1 )
1n Kln - K2n tan K2nt tan Klnd

The condition that Zin should equal zero is in fact that given by
Eq. (3.1). This transverse-resonance procedure is useful for finding
eigenvalue equations for guides loaded with several dielectric slabs.
The eigenvalue equation for LSE modes for an inhomogeneously
but symmetrically filled guide, as illustrated in Fig. 3.3, which is
usually used in the measurement of semiconductor properties, can be

obtained from the condition that a short circuit should appear at the
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Fig. 3.2. Transverse equivalent transmission-line circuit
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centre of the slab for asymmetrical modes and an open circuit for
symmetrical modes. The corresponding eigenvalue equations for these

two cases are given by

K, t
- 3.3
K2n tan Klnd Kln tan ( )
K. t
K. cot K. d = K. tan -8 (3.4)
1n 1n 2n 2 :

Symmetric modes are those which have a symmetrical variation of Ey
with respect to x about the point x = a/2.

The relationship between the propagation constant in the 2

direction and the transverse wave vectors is

*2 2 mT, 2 2
= + (/)" - K
Y K1n (b ) o)
2 mm, 2 * 2
= + (— - .
K2n (b ) o Ko (3.5)
Equation (3.4) for the Hlo mode can be written as
- 1
tan[(Y*2 + Kz)% (é———E)] cot[(Y*2 + e* Kz)f t/2]
o 2 _ r o (3.6)
2 2. % *2 * 2% :
*
(r*" + k) (y =+ € K

This equation has been used by Gunn [24], Gibson et al [21] and Wu et
al [68] for measuring the complex permittivity of n-Ge, n-Si, and

n-GaAs.

3.1.2. The dielectric step discontinuity

So far only the ideal case in which the dielectric slab is
assumed to be infinite in length has been considered. For a dielectric
step discontinuity the Rayleigh~Ritz [11] method may be employed to
obtain an approximate solution for the equivalent circuit of the

junction of an empty and inhomogeneously filled rectangular waveguide
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shown in Figs. 3.4 and 3,5, As an example, the parameters for an
equivalent circuit, see Fig, 3.6, with Ki = 4, €. = 2,56, a = 0.90
inches, and t ranging from O to 0,5 inches, have been computed and
plotted as functions of t/a. The turns ratio n:1 is equal to unity

for all values of t, The series reactance Xl is very small, while the
shunt reactance X2 is large. For all practical purposes, the equivalent
circuit is just a junction of two transmission lines, with characteristic
impedances proportional to the wave impedances of the H mode in

10

‘the two regions.
3.1.3. Propagation constants of the loaded guide.

Using measurements from a transmission bridge Gunn [24] has

*
obtained Yy from

*

Y =oa+ 3B = |

Aa Ad I

.- | + 5] (3.7)
(21 22) 8.686 (21 - 22) 97.3

where A and AA are, respectively, the phase and attenuation change
between two identical samples except for differing length, 21 and 22.
From Egs. (3.6) and (3.7) we can determine EZ .

The same technique has been used for a completely filled wave-
guide section by Westphal [67]. If AA is given in dB, and A¢ in

degrees, the attenuation and phase constants of the sample filled

guide are

An .
o = 8.68 AL Nepers/unit length (3.8)
Adp 27

™
|

= 57.296 AL + AIAQ radians/unit length (3,9)

where A% = 21 - 22. The only difficulty of this method is that it
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Fig. 3.5. Equivalent circuit for the dielectric step
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Fig. 3.6.

Equivalent-circuit parameters for the dielectric step.
Er = 2,56, KO = 2 rad./cm.
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requires two samples with exactly the same electrical properties and
cross-section, This is usually not easy to obtain and also the
uncertainties arising from multimeasurements increase,

Considering the multiple reflections at the interfaces between
the loaded and air filled section of waveguide, Wu et al [68] have

determined the transmission coefficient T*. It is given by

x % —O0F - YS)Q
4 Yo Y e

* _ A+ 50)
- e - — s * o (3.10)
(g + YD = (v =) e

The propagation constant Y* can be found from Egq. (3.10) either by
*
graphical means by plotting A and ¢ as functions of Y , or by

numerical computation methods. The latter technique was adopted by Wu

who used a Newton-Raphson iteration technique.
3.1.4. Corrections required for a slotted waveguide system

The practical waveguide circuit, shown in Fig. 3.7 differs from
the idealized model in three significant respects.

a) Reflections occur at each end of the sample and must be considered
when calculating the propagation-coefficient from the measured
values of attenuation and phase.

b) The slots disturb the field pattern within the waveguide so that
the propagation constant is no longer related exactly to the
semiconductor properties by Eq. (3.6).

c) Additional reflections may occur at the ends of the slotted
section, causing measurements of attenuation and phase to depend
on the longitudinal position of the sample in the slot.

The approach used by Gunn [25] was to extend the range of

measurements made on the semiconductor, to permit extrapolation to the
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Fig. 3.7. Practical waveguide circuit.
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ideal case considered above, The techniques so far described are aimed
. *
at providing an accurate estimate of the propagation coefficient Y

and hence of the complex permittivity. To take into account the end effects

Gunn has deduced the following equation
1
Y = zv-cosh ——— (3.11)

where T1 is the complex wave transmission coefficient corresponding to

a sample of length £, T corresponding to a sample of length £ + 21,

2
and T3 to length £ + 221, He has suggested that for practical systems
it is desirable to use long samples and to derive the propagation coefficient
of the inhomogeneously filled section from the slopes of straight sections
off graphs plotted against £.

The effect of the insulated slots can be determined by measuring
the dependence of the propagation coefficent of a slotted guide on its
b dimension [25, 39]. Thé correction procedure to allow for the presence
of the slot is based on the fact that the effect of the slot is likely
to be localized near the two broad walls of the guide. As the separation
b Dbetween these walls is increased the change in propagation conditions
caused by the slots will decrease and in the limit, when b tends to
infinity, its behaviour will be essentially the same as for the ideal
case. This suggests that the propagation coefficient Y* for the slotted
section will differ from the propagation coefficient Y' for the

corresponding geometry without slots by a correction term which tends to

zero as b tends tc infinity. This relation may be expressed in the form

Y =Y + B—'+ B—'+ cces (3.12)



For the first approximation Eg. (3.12) can be written as

(3.13)

The constant Kl is likely to be complex since the region of the slot

contains semiconductor which absorbs energy. Eg. (3.13) may thus be

split into real and imaginary parts as

' K

a=a 4 (3,14)
' 1(ll

B=B8 + B (3.15)

where a' and B' are, respectively, the attenuation and phase change
coefficients for the ideal waveguide structure without slots and o

and B are the corresponding one's for the slotted guide with height b.
The values of the constants XK' and K" can be obtained by performing
a series of measurements on waveguides with different heights.

The section of waveguide containing the slot and the semiconductor
sample forms a complicated transmission system of which the measured
attenuation and phase are functions of the position of the sample in the
slot and.the magnitude of the attenuation. To avoid an apparent decrease
in attenuation produced by the slot coupling, the slot should be short,
or the sample should be located in a position close to one end of the
slot. The magnitude of the slot-coupling effect depends on the physical

dimensions of the slot and the thickness of the insulant [46].
3.2. Measurements of Microwave Properties Using Slotted Coaxial Line

Many techniques are available for the measurements of dielectric
properties of materials using the slotted line [5, 37, 64, 6434, Different

' sample shapes have been used for these techniques and Fig. 3.8 shows
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two such shapes. For the materials under investigation a technique using
a capacitive sample holder which terminates the slotted line is found
to be the most suitable., A restriction results for the other methods
from the difficulty of producing suitable samples. Hence, this technique
will be presented in detail.

A small shunt capacitor terminating a coaxial transmission line
section is used as a sample holder, as shown in Fig. 3.8. The equivalent

*
circuit of this sample holder is a capacitor of capacitance C = Er CO

*
[30], where €r is the relative complex permittivity of the material

filling the test capacitor, which can be calculated from the measured
input reflection coefficient at any desired frequency and temperature,
provided that the geometrical dimensions of the capacitor are much smaller
than the wavelength.

Stuchly et al [64] have found the relation between the optimum
capacitance of the empty sample holder CO and frequency for lossless
materials. This relation is

Z
£

Z
o

- e (3.16)

It

1 . . . .
ol is the impedance of the empty capacitor, and Zo is
o

the characteristic impedance of the coaxial line. They have obtained

where 2
c

the optimum capacitance of an empty sample holder for any frequency in

the range of 10 MHz to 10 GHz.

3.2.1. Voltage standing wave ratio measurement.

Several methods are available for the measurement of voltage
standing wave ratio [VSWR] in a transmission line using a standing wave

indicator [5, 37, 46, 52,643 . The choice of the method is dependent
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Two different sample shapes used in conjunction with coaxial
line techniques.
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on the expected magnitude of the VSWR, the degree of sophistication
required to reduce the errors of the measurement to an acceptable minimum,
and the conditions imposed by the nature of the experiment, When the
VSWR is large, the method of Roberts and Von Hippel [6, 41, 52] is
employed. The procedure is to measure the distance between two points

on either sides of the minimum at a level of field strength which is an
’arbitrary multiple M of the minimum field strength. This is shown in
Fig. 3.9. If the measured width is W, then the standing wave ratio

can be found from the equation
M2 - cos2(%g)

2
S =

sinz(Eﬂ) (3.17)
A
g

where S is the VSWR, and Ag is the guide wavelength. For minimum

error it can be shown [20] that M must be selected such that

2
S + 1

In order to determine M accurately, precise knowledge of the
minimum field strength is essential. However, in experiments where the
VSWR is very large or where the incident field strength is very low, this
minimum may approach the general noise level of the detector system and
may even fall below it. As a result, the errors in establishing M
could become extremely large. A method which overcomes this problem by
specially avoiding measurements in the noise region at the minimum, is
proposed by Owens [46]. The procedure, as indicated in Fig. 3.10, is to
choose a convenient level of field strength just above the noise level
and to note the distance Wl between points on each side of the minimum

at this level and then repeat for a field strength M times the first

. one to find the seperation W2. The equation
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2
82 =1 + M -1 (3.19)
T M
in?(—2) - Mm% sin® (D)
Sin )\ )\
g g

is used for calculating the standing wave ratio.

The main advantage of both methods is that measurcments are
concentrated around standing wave minima where the total fiecld is low,
so that, although the probe coupling is appreciable, the influence of

the probe is very small.

3.2.2. Line attenuation errors.

Line attenuation presents a fundamental limitation to the accurate
measurement of VSWR of a transmission-line load. An expression for VSWR

at any point on the line is given by [5]

= tanh[tanh—1

0 |

é_ + al (3.20)
L

where O is the line attenuation in nepers/meter; £ 1is the distance
from the point at which the VSWR is measured to the load reference plane
and SL is the standing wave ratio at the load. For high VSWR's and

low loss lines, i.e.: é—~<< 1 and of << 1, we obtain
L

1
—l—:—+ ol (3.21)
S S
L
If the line is terminated in a perfect short then

MIH

o
where SO is the short circuit VSWR. Hence, as a first order correction

for VSWR for small line attenuation, we can use the equation

~

1.
s

mlH

+ %— (3.22)
L [o)

to find the corrected VSWR at any point on the line.
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CHAPTER 4
EXPERIMENTAL PROCEDURES

The two experimental techniques presented in Chapter 3 were used
in this investigation., The transmission bridge technique was used to
measure permittivity over the frequency range 29 to 31 GHz and the
slotted line technique at a lower frequency range from l‘to 4 GHz. The
second technique allows application of bias field up to 25 KV/cm whereas
the field as applied in conjunction with the first technique is limited

to a maximum of 3.5 KV/cm.
4,1. Sample Preparation

The material used in this experimental work is a chalcogenide alloy
Si12 - GelO - ASBO - Te48 and undoped anthracene crystals.

Samples used for the two experimental techniques differ only in
the final shape and dimensions, but not in the main procedure of sample
preparation,

The amorphous alloy was supplied by Malven Radar Research Laboratories
in England and received in the form of an ingot, approximately 3 cm in
length and 1 cm in diameter. The basic steps in producing samples from
the bulk material are outlined as follows:

The ingot was cut into wafers with a precision diamond wheel cutter,
each wafer being approximatély lmm in thickness. It was found that this
thickness is adequate to allow handling and machining of the sample
without breaking it. A diamond edge cutter was used to cut the wafers

into rectangular shapes approximately 7 x 7 mm, to be used with the

transmission bridge technique. An ultrasonic cutting machine was used
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to cut the wafers to smaller diameters of 6,5 mm with a specially designed
cutting cylinder with an inner diameter of the same dimension, This
diameter is slightly larger than the diameter of the sample mount
terminating the slotted line, This diameter increase is needed in order
to prevent surface breakdown at the sides of the sample.

To reduce the thickness of the sample to the desired thickness
of about 350 microns for each technique, each sample was'mounted on a
brass block using wax as an adhesive. Care had to be taken at this point
not to subject the sample to excessive heat for this could result in
localized regions of recrystallization. The brass block was heated to
the melting temperature of wax, and once the sample had been placed into
position the entire assembly was quickly cooled to room temperature.

The exposed side of the sample was then polished to reduce the sample
thickness by about 200 microns. After one surface had been polished the
sample was removed and remounted on the brass block so that the other
surface could be polished. This final polishing step was used to reduce
the sample thickness to the desired value. It was then removed from the
brass block and placed in warm trichloroethylene to remove wax, finger-
prints, dirt and other foreign substances from its surface. To avoid
any kind of chemical reaction between the sample and trichloroethylene,
the sample was subjected to cleaning for not more than five to ten
minutes and then transferred to methanol.

It should be mentioned here that this amorphous material is
extremely brittle; a property which limits the thickness of the sample
to the above mentioned values. It was found that reducing the thickness
any further would cause breakage of the sample.

The anthracene .crystals were supplied by Harshaw Chemical Company.
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The bulk anthracen was cleaved parallel to the a-b plane to a thickness
of about 5 mm., It was impossible to start with an initial sample
thickness of less than 5 mm without breaking the sample. The thickness
was reduced by polishing the sample very slowly with a smooth cloth
dampened with pure benzine. Care was taken in order not to damage the
crystal by overheating or introducing -lattice dislocations. It was then
cut to either a rectangular shape using a very sharp knife, or to a
circular shape using a specially designed sharp cutter in the shape of

a cylinder of proper diameter.
4.2, Transmission Bridge

The transmission bridge provides a convenient means of measuring
the propagation coefficient of the section of the guide containing the
dielectric material as adjustments of the attenuation and phase standards
are largely independent. The bridge circuit used is based on two 10dB
broadband directional couplers [Hitachi, model R2101-10] of directivity
better than 35 dB. The circuit diagram for the bridge is shown in
Fig. 4.1. The matched isolator assembly in the top bridge arm reduces the poss-
ibility of reflections from the sample entering the lower arm or being returned
to the sample. It consists of an isolator [Hitachi model R1901] of
minimum isolation of 20 dB and an E-H tuner which can compensate to
within a VSWR of 1.02, for a mismatched load having a VSWR as high as
10.1 to 20.1. The lower bridge arm consists of a precision direct reading
attenuator of the range 0 to 50 dB and accuracy 0.1 dB or +1% of
reading, whichever is greater, and a precision direct reading phase
shifter [TRG model A528] of 0.6 dB insertion loss. Two variable

. attenuators, [Hitachi model R1525] of 0 to 30 dB attenuation range are
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used to control the output of both Klystons. Two Klystrons [OKI model
30V10] are used respectively as a signal oscillator and local oscillator.
They have a frequency range from 28 - 32 GHz with a minimum output power
of 100 mW, The mixer preamplifier [Varian model KGT-7-60-20-50] has

an i.f. frequency of 60 MHz, a 3 dB bandpass of 24.0 MHz and a power
gain (rf to If) of 23.5 dB. The i.f. amplifier has a bandwidth of
20.5 MHz and adjustable gain of from 20 to 81 dB. The ffequency of the
signal oscillator is measured by means of a broadband direct reading
frequency meter [Hitachi model R2210] with a 10 MHz minimum scale
division and accuracy of +0.14%. The detector is an oscilloscope
[Tektronix, model 454] ha&ing a bandwidth of 150 MH=z.

A closed water cooling system is used to keep the klystrons at
constant temperature and hence maintained at stable frequency operation.
The system consists mainly of a portable coolant pump [Narda model 582z2]
and two copper tubes of %~ inch diameter which are wound around each
klystron, as shown in Fig. 4.2. This cooling system has proved to be
very satisfactory with the klystrons reaching stable frequency operation

in about 20 minutes.
4.2,1. Measurement procedure.

The measurement proéedure can be divided into steps as follows:
1. After the equipment was switched on for approximately 20 minutes
the signal klystron was adjusted to the proper frequency, and checked
with the wavemeter. The local oscillator was then adjusted to present
maximum undistorted signal output on the oscilloscope screen, This is

an indication that a difference frequency of 60 MHz has been obtained,

2, The tuners invarious parts of the circuit were adjusted to
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initially provide matched conditions, Tuner 3 was adjusted for maximum
crystal current output and attenuator 2 set to maintain a crystal current
level of 0.2 mA, which was chosen experimentally so as to provide linear
mixing. When matching the local oscillator arm, attenuator 1 was set

to its maximum value for a minimum signal to the mixer.

3. To match the rest of the circuit, the attenuation level was reduced
in attenuator 1, then the calibrated attenuator in the 16wer arm was

set to maximum so as to isolate the lower arm and permit adjustment to
tuner 1 to obtain a matched condition between the isolator and the sample
holder. The circuit was matched when tuners 1 and 2 were so set that the
i.f. éﬁtput is a maximum. Tuners 1 and 2 could be left unchanged, but
tuner 1 required adjustment with each change in sample measurement
conditions. When performing measurements attenuator 1 should be reduced
to a low level to ensure sufficient detection system sensitivity. Another
factor which has to be taken into consideration when setting this level

is the maximum power level of 3 mW which can be absorbed by the thermistor
used in conjunction with the wavemeter.

4, The system was then ready for taking measurements. The attenuation
A and phase shift ¢l -were noted for the empty sample holder at bridge
balance. The sample was then introduced with bias field E, and

readings A and ¢2 noted. The attenuation and phase shift due to the

2

sample under bias conditions is then given by A = A_ - A and ¢ = ¢

2 1 2~ ;-

These parameters can then be processed as discussed in Chapter 3 to

give the complex permittivity of the sample.
4.2.2, Sources of errors

1) Instrument errors: The precision attenuator has some parasitic
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phase shift which varies with attcnuator setting and the small attcnuation
characteristic associated with the calibrated phase shifter also changes
with its setting, However, A and ¢ are only relative readings so
errors due to this source are negligible,

2) Deviation from theoretical conditions: The equations used to
derive the complex permittivity were obtained assuming ideal conditions;
i.e., no reflection at the slot edges and only the domihént mode
propagating in the sample holder guide. This assumption is estimated

to be a few percent off the real physical situation [68].

3) Human Factor: Errors arising from the fact that the bridge
balanée depends on the balance observed on the oscilloscope screen,
which in turn is being judged by the human eye. Also, all readings of
attenuation and phase shift are taken from instrument scales. These
errorscan be minimized by repeating measurements and averaging the

readings so obtained.
4.3. Slotted Coaxial Line Technique.

The equipment arrangements used consists of a precision slotted-
line terminated by a specially fabricated coaxial line mount containing
the sample. The superhetrodyne detection technique was used because
of its greater sensitivity. Measurements were madg over the frequency
range 1 to 4 GHz.

A block diagram of the experimental arraﬁgements is shown in
Fig. 4.3. It consists of a precision slotted-line [Alford 2382A-4]
operable in the frequency range 0.4 to 4 GHz, a signal oscillator
[H.P. 8690A main frame sweep oscillator with ﬁ.P. 8699B plug in unit

with a frequency range 0.1 - 4 GHz)], and a precision test receiver
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[Airborn type 132, with Type 132 preamplifier}, A biasing insersion
unit [GR 874-FBL] was used to provide the d.c., connection between the
inner and outer conductor of the slotted line, and a unit oscillator
[GR type 1218A] served as the local oscillator for the rangé 0.9 - 2 GHz
and a signal source [H.P. model 8616B] for the frequency range 1.8 -

4.5 GHz.
4.3.1. The sample holder.

A specially fabricated mount was used for these measurements and
is shown in Fig. 4.4. It was designed to allow application of the d.c.
biasing voltage. The wide flanges, isolated by a 20 micron thick mica
sheet, introduce a very large capacitance compared to that of the
sample. Fig. 4.5 shows the mount construction. To permit measurements
of permittivity at different temperatures, a copper tube of é-inch
diameter was wound in a spiral shape and attached to the sample holder

as shown in Fig. 4.6. The mount temperature was charged by passing

hot water through the tube.
4.3.2. Measurement procedure

1. The equipment was switched on for about 45 minutes to allow it to
warm up and reach stable conditions. The frequency of the main oscillator
was adjusted first to the desired frequency. The frequency of the local
oscillator is then set 30 MHz below this frequency. This condition is
detected by obtaining a maximum at the receiver meter. The level of

the local oscillator is set to give a mixer current of between 0.2 -~

1 mA which insures linear mixing conditions.

2. The load reference plane was first found. The center rod of the
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sample holder was replaced by one of longer length and which made a firm
contact with the énd plate? Positions of standing wave minima were
determined by measuring two points on the sides of each minimum 3 dB
above its level. This was done for different frequencies over the whole
frequency range. The location of the end plate was then determined
using the fact that the distance between each minimum and the short
circuit end must be equal to integral numbers of half wavelengths. The
final value, consistent with the slotted line scale, was -6.475 cm.

3. The short circuit was then removed and the mount containing the
sample was connected to the slotted line. Again the position of two
points around the minima and 3 dB above its level were recorded. These
results were fed to the computer to obtain the complex permittivity at
different bias conditions.

4, To measure the effect of temperature on permittivity, the sample
mount was heated by a constant flow of hot water for about one hour to
allow it to reach a stable temperature condition before any measurements
were carried out. The temperature was measured using a copper-constantan
thermocouple and special thermocouple potentiometer [Cambridge portable

potentiometer No. L-361086].
4.3.3. Sources of error

1. Slotted line attenuation errors: 1In this series of measurements
the line attenuation was neglected even though it might introduce
certain errors. These errors, however, are negligable since the line
attenuation is very small as is seen by the high short-circut VSWR
which results,

2. Frequency deviation errors: Frequency deviation affects the
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position of minima during measurements, It also affects the receiver
reading due to deviations in the i.f. frequency. This error was
minimized by allowing the oscillators enough warm-up time and by taking
readings at all available minima on the line and averaging them.

3. Leakage capacitance errors: Capacitance CO was estimated using
the actual dimensions of the sample holder capacitor. This is not its
time value, due to the leakage capacitance, and a correction was applied

using an experimentally derived curve given by Stuchly et al [64].
4.4. Measurement of I-V Characteristics

The circuit shown in Fig. 4.7 in conjunction with Tektronix type
549 storage oscilloscope were used to record the current-voltage
characteristic of the amorphous semiconductors. The voltage and current
were recorded by increasing the voltage slowly up to a certain value
and then the voltage was kept constant until the current reached its

final value.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1. Theory of Polarization and Absorption

The resonance absorption may occur in solids containing dipolar
molecules with large moments of inertia due to rotational oscillations
of the molecules about their equilibrium positions [18, 19]. Consider
©a set of oscillating dipolar molecules in which each molecule can be
considered as a linear harmonic oscillator having the moment of inertia
I, the dipole moment & and the corresponding natural frequency wO/ZW.
If the concentration of such molecules is assumed to be so small that
the interaction between them can be neglected then the equation of

>
vibration of each oscillator at an applied field E can be written as

2 > ->
aml _ _ 2, lexE| (5.1)
dt2 o I

where 6 1is the angular displacement.

In the case of polarization of a dielectric by an applied alternating
field, a phase shift will occur *“etween the dipole oscillations and
the field due to the damping forces. Also, if the field is removed, the
dipole will relax to its original state in a time dependent mainly on
the collision process within the dielectric. Using the decay factor for

the polarization proposed by Frolich [18]
a(t) = OL(o)emt/T cos(wot + Y) (5.2)

where U is the phase angle by which the polarization lags the driving
field. The real relative permittivity (dielectric constant) is given

by
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)

A
€ - € ='§*—('— +

o0 2.2 5.3
1+(w+m)2T2 1+ (w-w)T ( )
o e}
and the imaginary relative permittivity is given by
" A
e =88 wt — + Wt =) (5.4)
2 1+ (wW+w)'T 1+ (w~-w)'T
o o
where
_ (5.5)

2 (7 dw
Ae ; J 82 (W) o
0

which can be determined from experimental data with a reasonable accuracy.

At constant temperature £

By means of differentiation
n

W= w_,
Rt}

we can obtain mm and it is

w =—1-1/(1+w2T2‘)
m T o

and hence the maximum value of ¢

€M (w ) =L V1 + w2l = = Aew 1
m 2 o} 2 m

I1f wOT >> 1 we have

w =W
m e}
and
" w 1
€ =g (W) ==A7Ac wrt
max m 2 0
Thus, the maximum and minimum values of

the equations

as a function of w has a maximum value when

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

]
€ can be determined using

(5.11)
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' Ae min
= — = - —— 5.12
€ C > W T € ( )

The half-value points, where €" falls to 1/2 of its maximum value,
corresponds to +Ae = % . Thus, the longer the relaxation time T, the
sharper the resonance.

In the following;experimental results will be presented and then

followed with discussion based on the theory.

5.2 Experimental Results of the Amorphous Semiconductor 5112 GelO As30 Te48

5.2.1 Current-voltage characteristics

Figure 5.1 shows the oscillograms of the current-voltage characteristics
of a sample having the dimensions of that described for the coaxial line
technique. 1In each figure we can see the final equilibrium in current-
voltage characteristics of the sample under different bias conditions.

We are interested only in the final state on each curve because this

gives the condition at which the permittivity is measured at a specified
bias field. The figure shows also that the material has an ohmic current-
voltage characteristic up to a certain threshold voltage, and then the
voltage across its drops while the current increases up to certain
current and then it follows another ohmic curve with higher conductivity.
Hence, the amorphous semiconductor under investigation has two conductivity
states. It switches from the low conductivity state to the high one at

a certain voltage, which is dependent on temperature and the size of

the sample [48].
5.2.2 Absorption spectrum

Figure 5.2 shows the real and imaginary parts of the complex
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permittivity of the amorphous semiconductor as a function of frequency,
in the frequency range 1-3 Gllz, it is clear that the material shows a

resonance absorption at a resonance frequency of 1.6 GHz.
5.2.3. The effect of temperature on the absorption spectrum

The temperature range was limited to 10°C-42°C as a wider range
may lead to serious changes in the dimension of the sample mount, which
may in turn lead to the separation of the contact surfaces of the
sample. This separation will cause serious errors in the permittivity
measurements. Figure 5.3 shows the effect of temperature on the absorption

spectrum. The resonance frequency increases with increasing temperature.

5.2.4. Complex permittivity of the amorphous semiconductor in the

pbresence of high d.c. electric field

The permittivity of the amorphous semiconductor has been measured
at a frequency of 4 GHz in the presence of fields up to 20 Kv/cm, and
at the frequency 30 GHz in the presence of fields up to 4 Kv/cm. No
appreciable change was observed in the real permittivity under these

bias fields.
5.3. Experimental Results of Anthracene Organic Crystals

5.3.1 Freguency dependence of the relative real permittivity (dielectric

constant)

The dielectric constant of anthracene in a direction perpendicular
to a-b plane of the crystal, was measured in the frequency range 1
{

to 4 GHz, The dielectric constant Er was found to be equal to 3,7,

Figure 5.4 shows that the dielectric constant of anthracene is in
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independent of frequency in the frequency range used,
The dielectric constant in a direction parallel to the a-b
crystal plane was also measured to be 2.38 in the frequency range 29-31

GHz,
5.3.2 Temperature dependence of relative real permittivity

The relative real permittivity was measured at the frequency
2 GHz over the temperature range 10°C-50°C, The relative real permittivity

is not sensitive to temperature, as shown in Fig. 5.5.

5.3.3 Relative real permittivity of anthracene in the presence of

high d.c. field.

An electric field ranging from O to 20 Kv/cm was applied to
the anthracene sample perpendicular to the a-b plane of the crystal
and parallel to the microwave field, at a frequency of 30 GHz, and a
field up to 4 Kv/cm parallel to the a-b plane of the crystal at a
frequency of 4 GHz. No change in the dielectric constant was observed

under the above conditions.
5.4. Discussion of Results

4. , . a
5.4.1 Amorphous semiconductor S112 GelO s30 Te48

a) Resonance Absorption

Resonance absorntion in dielectrics is well known to be due to
displacenent of charges bound elastically to an equilibrium position
{3, 18]. This behaviour has been referred to as optical polarization
as its resonance‘frequency lies in the optical range. The mechanisms

responsible for resonance absorption are either electronic or atomic
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polarization, and thus the relaxation spectra may lie either in the
visual or infrared regions, Frolich [18, 191, however, suggested that
the resonance absorption may also be of importance in solids containing
dipolar molecules with large moments of inertia. The resonance in this
case is due to rotational oscillations of the molecules about their
equilibrium positions. The relaxation time of such a behaviour, however,
has not yet been investigated.

It is believed that the resonance absorption in amorphous semi-

69.

conductor Si Ge As Te observed is due to the rotational vibration

12 10 30 48

of dipolar molecules about their equilibrium position. There are two
reasons to support this suggestion. First, the resonance frequency
of the absorption spectrum is very low compared to that caused by atomic
polarization [18]; and second, the resonance frequency of the absorption
spectra caused by atomic or electronic polarization is not very
sensitive to temperature, while the one in Sil2 Gelo As30 Te48 is
fairly sensitive to temperature changes as shown by Fig. 5.3.

From the experimental curves given in Fig. 5.2 and Eq. (5.9), and

on the basis of the fact that €" falls to 1/2 of its maximum value at

-1
a frequency (w - wo) =T the values of Ae and T are found to be

T = 2.45 x 10‘_9 sec

This relaxation time 7T, in terms of the period of oscillation of the

. ) ' -9 .
dipolar molecules, which is of the order of 0,62 x 10 sec., is a
relatively short relaxation time. This may imply that the damping force

is fairly large, in this material. This damping force may be due to
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the high collision rate of the molecules with their surrounding molecules.
In order to compare the experimental results in Fig. 5.2 quantit-

tively with the theory outlined in Section 5.1, the values of Aeg, T,

and fo obtained from the experimental data are substituted into Egs.

(5.2) and (5.3), which are then solved by the computer. The results

are shown in Figs. 5.6 and 5.7. It can be seen that the experimental

results are in good agreement with the theory. This leéds to the

following two conclusions:

i) As the theoretical equations were derived on the basis of classical
mechanics and thermodynamics, this indicates that the dipolar
molecules responsible for this absorption spectra are large in
size and have a fairly large moment of inertia, and,

ii) These theoretical equations were also derived without taking into
account the interaction between oscillators. One may therefore deduce
that the number of dipolar molecules per unit volume is fairly
small, or they are shielded from each other by another neutral
medium.

Summarizing the above results, we can state that the observed
absorption spectra is due to the rotational vibration of large dipolar
molecules with large moment of inertia about their equilibrium position.
The interaction between these dipoles is fairly weak, but their collision
rate with the surrounding molecules is high, thus giving rise to a short
relaxation time.

The formulation of these dipolar molecules and their behaviour
may be explained by looking at the structure of amorphous alloy given
by Adler et al [2]. They have proposed that the configuration of the

amorphous alloy Ge As , Te is roughly 30% Te atoms with one Te

15 4 81’
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and one Ge neighbour. The remaining Te atoms are at varying though

not large distances from the Ge atoms and will have As neighbours, etc.

It has also been reported [65a, 48a] that the phase separation occurs,
frequently on a fine spatial scale, in many glasses formed by cooling
melt solutions. This phase transition has been observed in the

Ge As

amorphous composition 5112.6 10 30 Te47.4

by Phillips et al [48a].
The composition of this material is very close to the amorphous semi-
conductor under investigation, so it is likely that such a phase
transition in these materials may lead to the formation of dipolar mole-
cules of fairly large size. The applied alterating electric field will
cause these dipoles to rotationally vibrate. Also these dipoles are
separated from each other by the phases of the rest of the compbsition,
so the interaction between them is relatively weak.(

The increase of the resonance frequency of the absorption spectra
with increasing temperature can be explained as follows: Referring to
Eg. (5.1) the increase in wo can be due either to a decrease in the
moment of inertia of the dipole or to an increase in the binding forces
between it and its surroundings. The latter reason is more reasonable,
as any change in the moment of inertia will not be of appreciable effect
in this small temperature change - The binding forces depends on the
internal fields, so the observed behaviour of the resonance frequency
suggests that these forces increase with increasing temperature. This

can be explained qualitatively, as these dipoles are "frozen in" in the
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material so the increase in energy by increasing temperature will increase

their potential energy and hence their natural frequency wo as the

2
potential energy of each dipole is equal to 1/2 I wo.

b) Complex permittivity in the presence of high d.c. electric
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field,

The experimental resulﬁs show that the dielectric constant of the
amorphous semiconductor Si12 Gelo ASBO Te48 does not change
with the presence of high electric field. At this low conductivity
state the main carriers contributing to conductivity are hopping
electrons [45al. It would be expected (see Egq. (2.14)), that when the
material is in the low conducitivity state the carriers contributing to
the dielectric constant at high fields up to the threshold field are
negligible. Although in the high conductivity state the increase in
conductivity can be as high as 105, the transition between the two
states occurs only in one or more filaments of size (of the order of a
few microns) much smaller than the electrode size: Their formation
is mainly due to diffusion of certain atoms towards the region to make
the structure of the filamentry path more crystalline, but not cause
much increase in carriers. The impedance of the sample at the high
conductivity state may then be represented by the equivalent circuit
shown in Fig. 5.8, in which Cl and Gl are the capacitance and
conductance of the conductive filament. Since the filament cross
section area is very small compared to the sample surface area, Cl
is very small irrespective of the magnitude of the change in the real

permittivity of the conductive channel. Referring to Fig. 5.1, maximum

Gl obtained during measurements was lO~5 mho which is small compared

u

with the loss capacitance Er Co which is larger than 10—3 mho. Hence,
the contribution of Gl to the absorption in the sample is very small.
This is why the transition from the low conductivity to the high
cohductivity state does not affect the complex permittivity of the

sample.



Fig. 5.8. Equivalent circuit for amorphous semiconductor

5112 Gelo As30 Te48 sample in the high conductivity

state.
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Tahle 1
Dielectric constant of Anthracene Crystals
- 14
10 4~-lO3 Hz| 5.07 x lOlO Hz 4.6 x 10 -~ 7.4 x 1014 Hz
[31] (17} [2a]
€11 2.51 2,35 —_—
. 2,7 2.76
822 2.99 0
€
33 4,11 3.70 3.93
5.4.2 Anthracene organic crystals
a) Frequency dependence of the relative real permittivity (dielectric

constant) .
The dielectric constant of anthracene has been measured at various

frequencies and orientations [2a, 17, 31] and the results are summari-

and € are the dielectric constant

€07 33

zed in Table 1, where €117
in directions corresponds to the a, b and c¢ crystal directions. It
should be noted that the value of the dielectric constant, 3.7, was
measured in the frequency range 1-4 GHz and in the direction C', which
is perpendicular to the a-b crystal plane, and the value 2.38 in the
frequency range 29-31 GHz and in the direction parallel to the a-b
plane. So the value 2.38 is expected to be an average value of the
dielectric constant in the directions a and b. Comparison of these
results with the results in Table 1, indicates that the real permittivity
of anthracene is constant over all these fregquency ranges.

From the above results it is likely that the mechanism responsible

for polarization in anthracene is electronic polarization, As this

type of polarization does not experience changes over the frequency
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ranges aforementioned . Since the electronic polarization is temperature
independent [18] the dielectric constant of anthracene would be expected
to be temperature independént as shown in Fig. 5.5,
b) Dielectric constant of anthracene in the presence of high d.c.
electric fields
The experimental results show that there is no appreciable change
in the dielectric constant of anthracene in the presence of high d.c.
electric fields up to 20 Kv/cm. Hwang et al [29] have reported that at
room temperature the anthracene has a low conductivity of the order
10"13 mho cm"l for fields up to about 30 Kv/cm. The low conductivity
indicates that the concentration of carriers is very small and hence
their contribution to the dielectric constant in the presence of high

electric field is negligible.



CHAPTER 6

CONCLUSIONS

On the basis of the results and discussion given in Chapter 5,

the following conclusions are drawn.

1. : . T
Amorphous semiconductor 8112 Gelo AS3O e48

. . A
a) Amorphous semiconductor 5112 Gelo s30 Te48 shows a resonance

absorption in the frequency range 1-4 GHz. The resonance appears at the

frequency of 1.6 GHz corresponding to a relaxation time of 2.45 x lO'_-9
sec, at room temperature (293°K).

b) The rescnance freguency of the absorption spectrum increases
with the increasing temperature in the temperature range 13-42°C.

c) The dielectric constant of the amorphous semiconductor Si12 Ge10
As30 Te48,at room temperature, is not sensitive to bias fields up to

20 Kv/cm at the frequency 4 GHz, and up to 3 Kv/cm at the frequency

30 GHz.

d) The resonance absorption is attributed to rotational vibration

of dipolar molecules having large moments of inertia about their
equilibrium positions. The experimental results are in close agreement
with the theoretical equations based on this model. The increase of
the resonance frequency with increasing temperature is attributed to an
increase in the potential energy of the dipolar molecule due to an
increase in the internal fields as the temperature is increased.

e) The dielectric constant is not affected by high d.c. bias field,
and this is due to that the size of the conductive filament being very

small compared with the size of the sample.
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1T, Anthracene Crystals

a) The dielectric constant of anthracene organic crystals is equal
to 3.7 in a direction perpendicular to the a-b crystal plan in the
frequency range 1-4 GHz, and 2.38 in a direction parallel to the a-b
crystal plane in the frequency range 29-31 GHz,

b) The dielectric constant is not sensitive to temperature changes
from 10°C to 50°C in the frequency range 1-4 GHz.

c) The dielectric constant is not sensitive to d.c. bias fields

up to 20 Kv/cm at the frequency of 4 GHz, and up“to 3 Kv/cm at the
frequency of 30 GHz.

d) The mechanism responsible for the above phenomena in anthracene
may be electronic polarization and this explains why the dielectric
constant is not sensitive to temperature.

e) The dielectric constant is not affected by the applied d.c.
bias field because the carrier concentration is too small to show the

effect.
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