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Tn recent years there has boen an inereasing mterest in the study of mierowave
proporties of tlun senu-metal and metal films (Gunn 1967, I’Ajello & Freedman
1969, Rumey ef «l 1970). The dielectrie properties of these ilms are utilised in
materal characterization for the purpose of deviee fabrication and ave helpful
in tho evaluation of uscful free carvier parameters viz mobility and relaxation
time  Bismuth is o popular semi-metal, well known for its typreal band stine-
ture and has evoked gieat mterest m the past few yoars (Smith ef ¢f 1963, Willinms
& Smith 1964, Tripathi 1970)  The microwave appheations of thm metallie-
films have also gainod mmportance recently as exemplificd by the use of films as
microwave mirrors and as large size film seflectors (Korolev & Gridnev 1963).
Howevor, the microwave investigations of hismuth and metal films have recorved
very hittle attention  Since the proportios of thm films are quite different {from
those of the bulk. it s of interest to have measurements on filme 1 may be
added here that the skin depth of these films is of the order of few microns for
microwavos and hence nmuerowaves would be best suted for the mvestigation
of thin films,

Wo consider the propagation of electromagnoetic waves u a rectangular wave-
guide in TE;; modo.  Thm metal {ilny 1s mounted along the axis of the waveguide
and the length of the film 1s wround 2 em Thoe surface of the film w parallel 1o
the nurrow wall of the wavegude v much the same way as in an ordinary vane
typo attenuator

For the portion of the wavegmde loadod with the thin film, we can define
a propagation constant, an expression for which may be obtained from om carlier
paper (Dube & Natarajan 1973). The somi-motal film may be considercd as a
logsy dueloctric with an effective dieloctyie constant defined as

€= oo AT e (1),

whore ez 18 tho lattice (icleetric constant, o 11 the complex conductivity and w
15 tho frequency of the wave 1t may be mentioned here that cq (1) is justified
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only when the dimension of mterest, (e.g. tho thickness of the film) is greater than
the Debye length ( i.e, tho sereoning length Ap = :—;Zv":;) ky 18 the Boltzmann
constant, —e, N and T arc the charge, concentration and temperature of olectrons).

In a typical bismuth sample with electronic concentration N ~ 5% 10Y/ce.
the Dobye length at room temperature is of the order of 1008 The films consi-
dored in the present invostigation are thicker than the Debye length and hence
can bo treated us blocks of lossy dielectrie. The boundary conditions of the
continuity of tangential component of clectric voetor and its space derivative
at tho two faces of the sample arc then justified and the propagation constant is
governed by the samo dispersion relation (Dube & Natarajan 1973)

1t may be added hero that the complex conductivity of the film may be cx-
prossed as

o= Netr (I—1wr1)

= m(wr?41) @
where 7 is the momentum rolaxation time of carriers. For films under dincussion,\
the film thickness ix smaller than the bulk mean free path and hence the surface)

scatioring of olectrons iy important. So far no analytical expression for 7 due to
surface scattering is available.

Thm bismuth, gold and alummium films were propared by the thermal cva-
poration of 99.99%, pure matorial m & vacuum of about 10-*mm Hg  The films
woro doposited on to freshly cleaved mica substrates approximately 0.006 cm
thick. Film thicknosses were measured utihsing the frequoncy shifts of a erystal :
coutrolled oscillator (Chopra 1969).

The phase shift and attenuation for the samples were moeasured usmg the
standard two channel bridge technique described carlier (Dube & Natarajan 1973).
One arm of the microwave bridge contains the calibrated variable phase shifter
and attenuator and the other contains the sample holder which is nemly 5 cm
long waveguide having a sharply cut longitudinal slot at the center in the broad
side dimonsion. The sample is ntroduced through this slot Proper care is taken
for the films to have good contacts with the top and bottom sidos of the waveguide
walls. Adjustment of variable impedance to bring about null conditions at tho
dotoctor ond with and without the specimen measures the phase and attenuation
introducod by the film. The components of permittivity are oblained using the
values of phaso constant and attenuation constant (Dube & Natarajan 1973)

In terms of an appropriate effective mass m* and a relaxation time 7, the
dieloctric constant and conductivity of a metal film may bo written as

Ne*r?
= T G - @
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Nedr
T ] T -

The lattice dieloctric constant e, in the presont case can bo neglected as the
electron contribution is highly dominant. Thus mcasured values of ¢, and e
can be used to evaluate the relaxation time from (3) and (4).

The experimental data for phase and attenuation constants for thin films of
bismuth, gold and aluminium are shown m tables 110 3  The variations of phase
and attenuation for bismuth films with thickness from 240 to 7204 have been
shown in figure 1

Table 1. Complex permittivity for thin bismuih films of various thickness.
The measurements were taken at room temperature (312°K) and ad
a frequency of 9.410 GHz.

Thickness Phase shift/  Attenuation/

(Angstroms) Length Teongth & €
(Deogroes) (Decibels)
240 256 75 +/ 0-30 % 10° 3 12x10°
3060 12-0 10-8 0-91x 10° 2 01 x 10°
480 15-5 12-2 0-89 x 108 2-38x 10°
600 20-0 137 0-83 % 10° 1-88 10°
720 30-4 16-3 1-05 % 10° 1:86x 108

Table 2. Complex permittivity for thin gold films of various thicknesses.
Tho measurements were taken at room temperature (310°K) and at
a frequency of 9410 GHz.

Thickness Phase shift/  Attenuation/

(Angstroms) (lg‘:;ﬂ};) (])I;?:?Elt:u) @ “
80 205 151 774 % 108 1-67% 109
105 28:5 177 7-56% 106 1-36 % 10
120 425 198 816 x 10° 1117 10°

140 556-8 23-4 7-86% 108 1:15x 108
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TFig 1. Variations of phase shift, and ationuation with film thickness,

Tho high values of ¢; and ¢ as shown in tho tables are due to free carrer
effects in bismuth and in metal films The same order of magmitude of those
parametors is obtamed by subsututing appropriate values for the quantities in-
volved in eqs. 3 and 4 Varation of relaxation timo 7 with thickness for bismuth
films 15 plotted in figwre 2 The docreasc in 7 with tho decrease in thickness may
be attributed to surface scattormg  Howover. a quantitatave treatment of this
scattoring Js not -awvuilable in lterature. . . .. . .-
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Table 3. Complex penmittivity for thin alluminium films of various thick-
nessos. The measwrements were taken at room temeprature (310°K)
and atl a frequoncy of 9.410 GHz

Thickness Thuso shift/  Atlenuation/

(Angstroms) Longth Longih
(Dogrees) (Decibles)
120 51 10-6 2 58 10° 776107
130 95 2 401108 12 6 100
1560 187 20-7 O AT 100 10 G 10°
200 13-0 24-8 511 <10° 842, 10%
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Jig 2 Varation of relaxation time with film thickness,
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