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ABSTRACT 

Thin bismuth films have received attention recently for possible 

device applications. However, no studies have thus far been undertaken 

to determine the complex permittivity of such films in the microwave 

frequency range. The purpose of this work was the measurement of the 

complex permittivity of several thin bismuth films within the Ku-band, 

the Ku-band being the frequency band between 12.0 and 18.0 GHz. 

A number of methods for the fabrication of thin crystalline bis

muth films were studied. It was found that the size of the crystalline 

regions of the vacuum deposited films could be enlarged by a recrystal-

lization process. The vacuum deposited films were first surface oxidized 

and then raised to their melting points. Subsequently the films were 

supercooled by blowing helium across their molten surfaces. Single crys

tals up to three-eighths of an inch on side having a cellular dendritic 

surface structure were thus produced. The size and imperfections of these 

crystals were determined by means of a chemical etch and subsequent micro

scopic examinations. 

The resistivity, magnetoresistance, and Hall coefficient of the 

vacuum deposited and the cellular dendritic bismuth films were studied 

as functions of thickness, temperature and magnetic field strengths up 

to 5000 gauss. All of the transport parameters were found to be thickness 

and temperature dependent. While the resistivities of the vacuum deposited 

films were higher than those of the dendritic films their magnetoresistance 

was considerably smaller. It was observed that for vacuum deposited films 

xi 



at 23°C and -196°C and for dendritic films at 23°C the Hall coefficient 

was independent of the applied magnetic field. However, the dendritic 

films at -196°C the Hall coefficient, even at low field strengths, was 

a function of the magnetic field. Temperature cycling had pronounced 

effects on the transport parameters of all of the films studied. 

A microwave bridge circuit was built and the theory of its oper

ation presented. This circuit was used to determine the propagation 

constants of waveguide sections filled inhomogeneously with the films and 

their substrates. These waveguide sections were part of a specially 

built structure located within a dewar which permitted measurements to 

be made both at room and cryogenic temperatures. The complex permit

tivities of thin bismuth films at 14.50 and 14.93 GHz were calculated 

from the measured propagation constants. These permittivities were found 

to be larger for thinner films than for thicker ones and larger at room 

temperatures as compared to cryogenic temperatures. In particular, the 

real and imaginary parts of the complex permittivity for vacuum deposited 

films were found to range from 10^ to 10^. The differences in the dc and 

rf conductivities were found to be consistent with previously reported 

results for metals. The real and imaginary parts of the complex permit

tivity of the one recrystallized film studied were found to be of the 

order of 10^ and 10^ respectively. The large difference between the dc 

and rf conductivities of the recrystallized film is probably due to the 

large mean free path possible in bismuth even at room temperatures. 



CHAPTER 1 

STATEMENT OF THE PROBLEM AND THE METHOD OF TREATMENT 

Statement of the Problem 

The objective of this work is to measure the complex permit

tivity of thin bismuth films within the Ku-rband, the Ku-band being 

that frequency band between 12.0 and 18.0 GHz. This problem was moti

vated by the following. Bismuth is a semi-metal which means that the 

pure substance is conducting at absolute zero with carriers consisting 

of an equal number of holes and electrons. This suggests a solid state 

plasma. In fact, the effective relative dielectric constant of bulk 

bismuth crystals has been measured at Ku-band frequencies and above 

by investigators studying plasma phenomena in bulk bismuth. Smith, 

Hebel, and Buchsbaum (1963) working at 70 GHz and 1.2°K reported 

that the relative dielectric constant ranged from -10^ to -10**. On 

the other hand Williams and Smith (1964) working at Ku-band frequencies 

and 1.5°K indicate it to be about +10^ for low magnetic fields. The 

use of this high dielectric constant material in the form of thin 

films for possible slow-wave structures of millimeter-wave amplifiers 

has been proposed by Carlile (1967). While the energy band structure 

of bulk bismuth is sufficiently understood to allow the successful 

prediction of experimental results, the corresponding band structure of 

thin bismuth films is not. No theory has been presented in the liter

ature which accounts for the varied behavior of the transport parameters 
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documented to date nor have any attempts been made to measure the 

permittivity of such films at microwave frequencies. Since the 

properties of thin films are generally quite different from those 

of the bulk (Chopra 1969) it is of great interest to measure the 

permittivity of such films. The complex permittivity of such films is 

one of the most important design parameters of future devices which 

would utilize this material. 

The Ku-band was chosen since it was previously used by Williams 

and Smith and an ample number of microwave components for this band 

were at hand. 

Only one paper (Gunn 1967) has appeared to date which concerned 

itself with the microwave effects of thin bismuth films. This paper 

was a study of wave propagation at 9.25 GHz in a rectangular waveguide 

containing thin bismuth films. Good agreement was reported between 

the calculated and measured values of the complex propagation constants 

even though the effect of the substrate and the relative dielectric 

constant of the film had been neglected. Due to insufficient reported 

data and the assumptions made, not even the microwave conductivity of 

films could be inferred from this work. 

Method of Treatment 

The measurement of the complex permittivity of thin bismuth 

films within the Ku-band was accomplished in four phases. First, a 

vacuum system was built and var:i ous film fabrication techniques were 

investigated. Secondly, the resistivity of the films was measured 



for later comparison with the results of the microwave measurements. 

Thirdly, a measurement technique was developed and the theory of its 

operation analyzed. Finally, the complex permittivity of some of the 

films was measured both at room and cryogenic temperatures. 



CHAPTER 2 

THE PRODUCTION OF VACUUM 
DEPOSITED BISMUTH FILMS 

The Vacuum System 

A four inch vacuum system was assembled for the purpose of 

fabricating bismuth films. A basic, leak checked, high vacuum component 

package consisting of a pneumatic gate valve, liquid nitrogen baffle, 

and a diffusion pump with pneumatic roughing and air inlet valves was 

purchased from Consolidated Vacuum Corporation of Rochester, New Jersey. 

Due to an inadequate and unreliable in-house air supply, dry compressed 

nitrogen was used to operate the pneumatic valves. Tap water was used to 

cool the jacket of the diffusion pump. Because of its excellent oxidation 

resistance in the catastrophic event of air accidentally coming in contact 

with the hot diffusion pump oil, Dow Corning Type 704 Diffusion Pump Fluid 

was chosen. For reasons of economy a stainless steel base plate and 

adaptor connecting it to the pump module, in addition to the evaporation 

apparatus housed within the bell jar, were designed by the author and 

constructed by commercial machine shops and the machine shop of the Depart

ment of Electrical Engineering. 

The vacuum within the bell jar was monitored by means of an Electron 

Technology Incorporated Type ETI 4336 TP ion gauge in conjunction with a 

Vecco Type RG-3A Thermocouple and Ionization Gauge power supply, the 

ionization gauge and power supply being compatible according to the manu

facturers. The ionization gauge, utilizing its four inch long glass 

4 
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Fig. 2.1 The Vacuum System 
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extension which had an inside diameter of three-fourths of an inch, was 

connected directly to the base plate by means of a compressional fitting. 

This arrangement insured that the indicated and actual pressure within 

the bell jar were in reasonable agreement. The ultimate pressure obtained 

after about ten hours of operation and the use of liquid nitrogen was 

-7 
7 x 10 mm of Hg. This was in agreement with the specifications given by 

the manufacturer of the pump module. 

The power supplies required for the evaporation and crystaliz-

ation process were also built by the author. These consisted of adjustable 

auto transformers having input voltages of 117V. connected to the primary 

windings of large power transformers. The secondaries of the latter were 

connected by means of vacuum feedthrus to the evaporation and crystal

lization heaters within the bell jar. By utilizing the voltage taps on 

the transformers, secondary currents up to 200 amperes ac could be de

livered to the evaporation heater. For purposes of characterizing the 

evaporation and crystallization processes the primary currents in both 

supplies were monitored. 

The complete system, including the automatic controller and a 

diffusion pump overheat overheat protective circuit, both built by Mr. 

David Nelson as part of a master's thesis project (Nelson 1971), is shown 

in Fig. 2.1 mounted in a Dexion frame. Shown on the instrument panel 

side, left, and beginning at the bottom and proceeding upwards are: 

1) evaporation heater power supply 

2) crystallization heater power supply 

3) diffusion pump overheat protective circuit 
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Fig. 2.2 Evaporation and crystallization assembly 
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4) Veeco ionization and thermocouple gauge power supply and 

pressure monitors 

5) vacuum system control panel 

6) film thickness and rate monitor and 

7) a pyrometer for temperature monitoring required by the 

crystallization process. 

Also shown in Fig. 2.1, flanking the vacuum system, are cylinders of 

compressed gases. The cylinder on left contains dry nitrogen for the 

operation of the pneumatic valves while the cylinder on the right 

contains reactor grade helium which was used in the crystallization 

process. Near the bottom of the vacuum system a series of valves may 

be seen which were used to regulate the water flow to the cooling coils 

of the diffusion pump and the cooling of the quartz crystal thickness 

monitor. 

The Evaporation and Crystallization Assembly 

The evaporation assembly shown in Fig.' 2.2 is a tower like 

structure located within the bell jar and consists of two parts: a 

base located near the bottom and a doubly slanted roof. The platform 

near the bottom serves as a base upon which the resistive heater 

assembly can be mounted. Electrical insulation was achieved by the 

use of four vacuum ceramic blocks upon which the heater assembly and 

the current leads which fed it were mounted. The blocks were threaded 

at both ends which permitted a completely rigid assembly. Two of these 

may be seen near the bottom of Fig. 2.3. A series of parallel holes, 



Fig. 2.3 Bottom portion of the evaporation 
assembly showing the shutter 
and the resistive heater 

Fig. 2.4 Crystallization heater 

9 
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drilled in the bottom of the base, allowed the evaporation source to be 

located at the center of the platform. The roof was composed of two 

sections, one side was designed to hold the target substrates, the other 

the quartz crystal thickness monitor. Both sides were slanted so that 

they were equidistant from the vaporization source and intercepted equal 

amounts of flux from the source below. The size of the bell jar limited 

the height of this structure to 14". 

The box like stainless steel structure mounted on the left side 

of the evaporation assembly houses a small heater. Within it are located 

three long coils of nichrome wire wound about ceramic rods and insulated 

from the metallic sides by large sheets of mica. The purpose of the 

heater was to heat the rigidly attached aluminum block to the various 

temperatures required for the subsequent oxidation and crystallization 

processes. The top of this structure may be seen in Fig. 2.4. The 

copper tubing passing through the block allowed it to be cooled readily 

by forcing compressed air through it. Temperatures of the block were 

monitored by thermocouples inbedded in its side. The heater was able 

to attain temperatures in excess of 700°F when 3.5 amperes were passed 

through its heating coils. This capability was more than sufficient for 

all subsequent oxidation and crystallization processes undertaken. The 

position and construction of the heater was.such that it could also be 

used to heat the target substrates prior or during an evaporation. 

Choice of the Evaporation Method and 
Form of the Evaporation Material 

Because of the low melting and vaporization points of bismuth 

(m.p. 271°C, v.p. 790°C) resistive heating was chosen as a suitable 
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evaporation method. Initially a tungsten boat and cover, consisting of 

two rectangularly shaped strips of tungsten .005" thick with oblong 

depressions in their centers and with the section having a small hole 

in its center serving as a cover were used in conjunction with bismuth 

powder of 99.9999% purity obtained from Electronic Space Products of 

Los Angeles, California. Currents of the order of 150 to 180 amperes 

were required to heat the boat and cover to a temperature sufficient 

for evaporation purposes. Currents of this magnitude tended to heat 

the simple feed thrus used which in turn warmed the 0-rings providing 

the vacuum seal. Heating of the latter was highly undesirable due to 

outgassing of contaminants during the evaporation process. Thus this 

heating method was abandoned and replaced by a spiral tungsten filament 

wound about an alumina crucible containing powdered bismuth. This 

reduced the required heating currents to 60 amperes and eliminated any 

further heating of the current feedthrus. 

It was noticed that when powdered bismuth was used the resulting 

films often had a slightly milky appearance. Hard residues were always 

found attached to the solidified metal remaining in the tungsten boat 

or alumina crucible. The color of the residue found in the tungsten 

boat was a whitish-yellow of no particular structure and somewhat brittle. 

The residue, however, found atop the remaining metal in the crucible 

had a yellow appearance and a definite crystalline structure. The latter 

was hard, difficult to chip off the metal and tended to dissolve in 

a mixture of hydrochloric and nitric acids but only after several hours 

of immersion. In fact the metal remaining in the crucible dissolved 



much faster than the yellow residue. This yellow residue probably was 

the basic bismuth trioxide, Bi203' (Smith 1946) which was formed when 

oxygen trapped in the powder reacted with the metallic bismuth as it 

was heated to vaporization temperatures. Since no chemical analysis 

of the residues was ever undertaken, the formation and partial presence 

of the other oxides of bismuth like Bi20^, Bio, and Bi03 could 

not be dismissed. 

Thus because of the occasional milky appearance of the films 

and possible detrimental effects of the residues in the crucible on the 

desired properties of the films, bismuth in shot form of 99.9999% purity 

was again obtained from Electronic Space Products of Los Angeles, 

California. Thereafter no more yellow residues were noticed and the 

films generally lost their milky appearance. All films studied in this 

work were produced using bismuth in shot form evaporated from an alumina 

crucible heated by a tungsten spiral. 

Substrate Cleaning Procedure 

One of the main factors influencing the successful production 

of recrystallized bismuth films was the cleanliness of the substrate. 

The consequence of insufficient cleanliness is shown in Fig. 3.1. A 

number of cleaning schemes were investigated utilizing a variety of 

detergents and solvents. The ultimate test of any of these methods 

was the appearance of the cleaned substrate when held against a light 

source. No discoloration, streaks, residues, evaporation marks or lint 

particles should be visible. The slide should literally have a crystal 

clear appearance. The following cleaning recipe for glass substrates 



produced the largest number of successfully crystallized films: the 

slide was first washed in a mild detergent like Decontam by scrubbing 

its surface either by hand or with a cotton swab and thereupon 

agitating it in the same solution using a sonic cleanser. Thereafter 

the slide was handled only with clean tweezers. The slide was next 

rinsed with tap water and sonically agitated to remove any remaining 

detergent. Agitation was followed by a visual inspection and any slide 

not appearing clean was rejected. Those slides passing inspection were 

carefully dipped into a hot chromic acid cleaning solution composed of 

16 parts of concentrated sulphuric to one part of chromic acid 

heated to 90°C. The slides were immersed 15 to 30 seconds in this 

solution. Care was exercised to avoid splattering which resulted when 

water and the acid cleaning solution came in contact. After the acid 

treatment, the slides were rinsed with liberal amounts of tap water 

until all trances of yellow both on the slide and in the rinse had 

disappeared. Thereupon the slides were washed in deionized water and 

stored in anhydrous methyl alcohol. Prior to an evaporation, the slides 

were given a final rinse using trychloroethylene vapors which were allowed 

to condense on the substrates washing their surfaces as the condensed 

liquid dripped from the slide. A final inspection eliminated any sub

strate not having a crystal clear appearance. 

The mica substrates, which were used only to a limited extent, 

were not cleaned in any manner since the cleaning agents tended to 

penetrate the multi layered structure of the mica. Generally it was 
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not possible to completely remove these remaining residues which seemed 

to affect the vacuum deposited films giving them a spotted appearance. 

Fortunately the mica substrates purchased were clean in appearance 

and free of finger prints. 

Evaporation Process 

The evaporation process began with the evacuation of the bell 

jar. Using liquid nitrogen, a pressure of about 2 x lCT^mm of Hg was 

obtained after three hours of operation. Once this desired pressure 

had been reached, the evaporation heater was turned on with the shutter 

shown in Fig. 2.3 covering the crucible. After the bismuth within the 

crucible had been heated to a temperature of abov.t 800°C and a uniform 

rate of evaporation had. been established, the shutter was opened and 

allowed to condense on the target substrates as well as on the interior 

of the bell jar and its contents. During the evaporation the pressure 

-5 
within the bell jar normally climbed to 3 x 10 mm of Hg and remained 

there as long as the same evaporation rate was maintained. As soon as 

the heater was turned off, the pressure quickly dropped once more to 

2 x 10 ̂ mm of Hg. This pressure increase was probably caused by the lib

eration of gases absorbed on the evaporant. Despite some experiments 

involving lengthy outgassing procedures, the pressures during the evapor

ations could not be significantly reduced. It was difficult to precisely 

estimate the effects of the impurities on the properties of the films. 

However, the findings of Fritsche and Seufert (1963) and Fritsche, Marguard 

and Wolf (1965) indicated that oxygen absorption by their films effectively 



lowered their electron densities which in turn seemed to.affect the Hall 

coefficients to a greater degree than the resistivities. 

By filling the crucible with the same amount of bismuth shot 

prior to each evaporation and using the same warm-up and evaporation 

currents approximately the same evaporation rates were realized for 

each subsequent evaporation. Thus after a few evaporations, a curve 

was drawn up indicating the length of time required for an approximate 

film thickness. Evaporation rates used in the preparation of all the 

films ranged from 150 to 170 A°/sec. 

Determination of Film Thickness 

A variety of techniques exist for the determination of film thick

ness. Detailed discussions, summaries, and their shortcomings may be 

found in Chopra (1969) and Heavens (1965). Initially film thicknesses 

were measured utilizing the frequency shifts of a crystal controlled 

oscillator. The oscillating quartz crystal was housed in a water-cooled 

enclosure within the bell jar while the oscillator was located externally. 

A small portion of the oscillating crystal was exposed and located the 

same distance from the source as the substrate. The positioning of the 

oscillating crystal was the reason for the roof-like shape of evaporation 

assembly and the circular cutout shown in Fig. 2.4. During an evapor

ation, equal thicknesses of bismuth were deposited onto the substrate 

and crystal simultaneously. The resultant mass deposited on the crystal 

caused a change in its resonant frequency. This resultant frequency 

change may be translated to thickness by means of an Edwards Speedivac 

Thickness Monitor provided the mass density of the film is accurately 



known. Since, however, density was thickness dependent, this method can

not be used as a standard and calibration curves must be obtained by an 

alternate method. In addition, difficulties were encountered in main

taining crystal oscillation. Vibrations or jarring of the vacuum system 

often detrimentally affected the electrical contact with the crystal which 

then ceased to oscillate. For these reasons, this method was abandoned 

in favor of an optical interference method using a Reichert microscope with 

an interferometer attachment, yellow filter, and a micrometer eyepiece. 

This instrument, its use, and photographs of the interference patterns 

obtained are detailed by Nelson (1971. 

All films studied in this work were measured optically. Eight 

or more readings were taken at equidistant points around the periphery 

of the slide and averaged to obtain the quoted film thickness. Maximum 

deviations from the average were about ±12%. About 6% of this error was 

attributed to the measuring scheme. Thickness was essentially determined 

form the relative location of three lines which were part of an inter

ference pattern. Due to the diffuse nature of these lines, their centers 

could not be located with complete precision resulting in an error of about 

6%. The other 6% could be attributed to the fact that the source did not 

radiate isotropically, and that because of their flat rectangular shape, 

not all points on the substrates were equidistant from the source. In 

evaluating this error, it should be noted that vacuum deposited films 

were approximately 1/2" x 2" in size. Duggal and Rup (1969), using a 

similar interferometric technique to determine the thickness of bismuth 

films deposited on mica, report an experimental error of ±4% of their 
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thickness measui'ements. The dimensions of their substrates were consider

ably smaller, 2.5 x 0.4 cm respectively. 



CHAPTER 3 

THE PRODUCTION AND STRUCTURE 
OF BISMUTH FILMS REGROWN 
FROM THE LIQUID PHASE 

The Oxidation Process 

When the vacuum deposited films on glass substrates were heated 

to the melting point, the films ruptured and separated into many small 

droplets. This is shown in Fig. 3.1. Careful microscopic examination 

revealed that these minute droplets had a definite crystalline structure. 

It was suggested by Clawson (1965) that the integrity of the molten film 

can be preserved by growing a thin oxide layer over the vacuum deposited 

films to counteract the surface tension forces which form when the films 

are raised to their melting point. However, it is likely that the surface 

tension forces which tend to rupture the film depend not only on the 

material, bismuth in this case, but also on the nature of the substrate 

and its cleanliness. Initially considerable efforts were directed towards 

producing recrystallized films on Corning #1 microscope coverglass slides. 

Despite much experimentation yield rates remained extremely low. Clawson 

never indicated the substrates used, cleaning procedures, nor yield 

rates. Later by means of a private communication, Clawson (1968), he 

indicated that the substrates used were Corning #0211 glass. 

Several substrate materials were investigated besides Corning 

#1 coverglass slides. These were mica substrates, Grade V-l, obtained 

IS 



Fig. 3.1 Film rupture caused by insufficient 
oxidation or substrate cleanliness 

Fig. 3.2 Fine cellular dendritic structure 
produced by an extreme cooling rate 
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from the Spruce Pine Mica Company, Spruce Pine, North Carolina, ordinary 

microscope slides, polished copper and Corning 7059 glass substrates. 

The latter substrate was used for all of the films subsequently studied. 

Corning 7059 glass is an alkali-free glass having an expansion coefficient 

of 52 x 10~^/°C and a surface roughness of 60A°. Since limited 

successes were obtained with all the substrates investigated, surface 

flatness does not seem to be a predominant factor in the successful 

production of recrystallized bismuth films. 

After the thickness of the vacuum deposited films had been 

determined they were placed on the aluminum block which formed part of 

the heater assembly shown in Fig. 2.4. The bell jar was then evacuated 

until an air atmosphere at a pressure of lOOOy of Hg remained. A small 

amount of helium was subsequently admitted for the reduction of thermal 

gradients and better heat transfer. The films were then raised to about 

230°C and maintained at that temperature for periods ranging from 

ten minutes to two hours. The actual oxidation time depended upon the 

substrate material and the thickness of the film. Generally thinner 

films tended to require longer oxidation times. Excessive oxidation 

resulted in films which exhibited a golden to smokey-brown appearance. 

Although these could be successfully crystallized, it was always possible 

to produce oxidized films which showed no discolorations of any kind 

and maintained their original metallic tone. 

The temperatures were measured with iron-constantan thermocouples. 

One was placed in a small hole drilled into the aluminum block directly 

below the slide, the other was attached between the stainless steel 



Fig. 3.3 Surface structure produced by a 
very slow sooling rate 

Fig. 3.4 Pastry-like surface structure resulting 
from a moderate cooling rate 
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heater housing and the aluminum block. Temperature was indicated 

by the pyrometer shown in Fig. 2.1. Initially both thermocouples 

were checked against a mercury thermometer by inserting them into 

a hot oil bath. Agreement between the thermocouples and the mercury 

thermometer was good. The existence of considerable thermal gradients 

in the bell jar was evidenced by the rather large disagreement between 

these two thermocouples. Interchanging the thermocouples yielded 

the same differences. Thermal gradients depended upon the amount 

of helium within the bell jar. The more helium present, the closer 

the agreement in the temperatures indicated by the thermocouples. 

Attempts were made to measure the temperature of the film but the 

indicated reading depended upon the pressure contact between the sub

strate and thermocouple. Considerable difficulties were encountered 

in maintaining this contact. Furthermore, the thermocouple itself 

conducted heat away from the point of contact and was thus a source 

of error. Attempts to measure the actual oxidation temperatures 

were therefore abandoned and the readings were used for repeatability 

purposes only. Clawson used oxidation times of approximately 5 

minutes at 230°C but did indicate the technique of measurement. 

A number of attempts were made to measure the actual thickness 

of the oxide layer. Prior to oxidation, the thickness of the film 

was measured. The films were then oxidized and allowed to cool. 

The oxide layer was then dissolved using a dilute solution of hydro

chloric acid and the thickness remeasured. No changes in thickness 
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other than those attributable to experimental error could be detected. 

From this it must be concluded that the oxide thickness necessary 

for the successful production of recrystallized films is quite small 

and beyond the resolution of the interferometer used. Since 300A° 

was the approximate minimum thickness change which could be detected 

by the interferometer, the oxide thickness was certainly no more than 

this. Clawson makes no mention of the thickness of the oxide or any 

attempts to measure it. 

The Recrystallization Process 

After the vacuum deposited films had been surface oxidized, 

the oxidizing atmosphere was removed by evacuating the bell jar to 

15 to 20p of Hg, the limit of the roughing pump. Evacuation was 

stopped and a small amount of fresh helium was introduced. The 

temperature was then slowly raised to the melting point of the bismuth 

film. High heating rates tended to rupture the thinner films and 

were therefore avoided. Generally, it was possible to watch the melting 

process of the film. A melt line either straight or oval in shape 

would originate at some point on the film and move across its surface, 

its origin probably being a point of good thermal contact between 

the aluminum block and glass substrate. Generally, since neither 

was ideally flat, thermal contact varied from point to point. Once 

the film had become molten, it was cooled. The resultant crystalline 

structure depended upon the cooling rate. If the heater was shut 

off and the film allowed to cool slowly, the structure shown in 

Fig. 3.3 was obtained. If the heating plate was cooled by forcing 



Fig. 3.5 Interface between a vacuum deposited 
and recrystallized region 

Fig. 3.6 Free dendritic structure 
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compressed air through the copper tubing passing through it and at 

the same time evacuation of the helium atmosphere was begun, the 

structure shown in Fig. 3.4 was obtained. If, however, in addition 

to the above, cool helium was blown across its surface, the latter 

would suddenly freeze yielding the structures shown in Figs. 3.5, 

3.6, 3.7, and 3.8. Once the films had solidified they had to be 

visually monitored in order to prevent their remelting as it was not 

possible to remove them from the hot aluminum plate. Remelting was 

preventable by blowing additional helium across the surface of the 

film until the temperature of the block had decreased sufficiently. 

The quench procedure was physically accomplished by blowing helium 

into a slit copper tube sealed on one end, with the slit positioned 

over the bismuth film. This tube and a film specimen may be seen 

Fig. 2.4. 

The Surface Structure of the Films 

7059 substrates were used to produce the crystalline films 

shown in Figs. 3.3, 3.4, 3.5, 3.6, 3.7 and 3.8. On the other hand, 

a Corning #1 microscope coverglass slide was used to produce the 

specimen shown in Fig. 3.2. All pictures have the same magnification 

and represent an area of 1.3 x 1.0 mm. 

A preliminary examination of these figures, particularly 

Fig. 3.6, reveals a structure having main and side branches. Due 

to the striking similarity to a tree, this type of crystal structure 

or morphology is called dendritic after the Greek word for tree. 



At least two basic types of dendritic structures are immediately 

apparent namely cellular and free (Hurd 1968). In the free 

dendritic structure, the dendrites grow with little or no regard 

for their neighbors. Figs. 3.5, 3.6 and to some extent 3.4 are good 

examples of this type of structure. In the cellular dendritic structure 

the growth and orientation of the dendrites are very much dependent 

upon their neighbors with Figs. 3.2, 3.7 and 3.8 being representative 

examples. Figs. 3.2 and 3.7 show the dendrites extending in an 

orderly fashion into the once molten interior. The length of the 

cellular dendrites may range from less than a millimeter to more 

than two centimeters. Their growth stops when the members of one 

cell impinge on the members of another cell growing in a different 

direction. This is shown in Figs. 3.2 and 3.8. Cells up to one 

cm on a side have been observed. The film surfaces of the specimens 

shown in Figs. 3.2, 3.7 and 3.8 were allowed to melt completely before 

the quench procedure was initiated while the surfaces of the specimens 

shown in Figs. 3.5 and 3.6 were not. Fig. 3.5 shows the interface 

between a portion of such a surface, the left side having been allowed 

to melt and subsequently quenched while the right side never quite 

attained the melting point. 

The specimen shown in Fig. 3.2 is an example of an extremely 

fast rate of cooling. Since the thickness of microscope coverglass 

slide is only one-sixth of that of 7059 substrate, its light weight 

and lower heat content enabled it to be cooled faster than the other 

films. The helium blown across its surface during the quench procedure 



literally blew it off the crystallization heater. This produced a 

somewhat finer dendritic structure than that seen in Figs. 3.7 and 3.8. 

The relationship between dendrite spacing and the cooling rate employed 

has been recently pointed out by Grant (1970) in work with aluminum. 

The Solidification Process 

The process of solidification of a molten metal such as bismuth 

is commonly referred to as the process of freezing. At the atomic 

level the freezing process takes place when a single bismuth atom 

attaches itself to an already existing section of crystal. If such 

a system were thermally isolated just as many bismuth atoms would 

leave the solid surface as would join it. The temperature at which 

this occurs is called the equilibrium temperature. Thus for complete 

freezing or complete melting to finally occur, more bismuth atoms 

must join the surface than leave it or visa versa. Suppose that a 

bismuth crystal and its liquid are in contact at a temperature slightly 

below the equilibrium temperature. This, of course, tends to favor 

the freezing process. However, as an atom of bismuth attaches itself 

to a solid section, it gives off a certain amount of heat energy. This 

is called the atomic latent heat of fusion and is equal to the average 

amount of heat which must be supplied to a bismuth atom attached to 

a crystal to convert it back to the liquid phase. The freezing process 

cannot continue indefinitely unless heat is somehow extracted from 

the liquid-solid interface, otherwise, the heat liberated by the 

solidification of some of the bismuth atoms would eventually raise 



Fig. 3.7 Interface between the glass substrate 
and the cellular dendrites 

Fig. 3.8 Cellular dendritic structure 
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the temperature until the equilibrium temperature was attained. 

During normal solidification, this heat is removed from the melt-

solid interface by conduction into the solidified material. The 

interface thus moves across the surface until all of the molten 

bismuth has finally solidified. The rate of solidification or freezing 

is dependent upon the rate at which the latent heat can be removed. 

During normal or slow solidification, a smooth solid-liquid interface 

is always observed and termed stable. An example of a film which 

was allowed to solidify slowly is shown in Fig. 3.2. 

A different situation exists if the molten portion of the 

bismuth is suddenly cooled to a temperature lower than that of the 

solid edges. This condition, which involves the existence of a liquid 

at a temperature below its normal solidification temperature, is 

known as supercooling. The solid-liquid mixture discussed initially 

may be attained either by cooling the liquid or heating the solid. 

On the other hand, the supercooled condition can only be approached 

by a temperature decrease. It is not a condition of stable equilibrium. 

Heat will immediately be conducted into the melt from the warmer 

edges. This reversal in the direction of heat flow is responsible 

for dendritic growth. If the solid-liquid interface contains a bump 

or finger-like extension, the tip of this bump, surrounded by the 

supercooled liquid, is able to supply its heat energy to the heat 

hungry supercooled liquid more rapidly than a flat interface. Thus 

the liquid in the immediate neighborhood is raised to its freezing 

or solidification temperature. Nearby bismuth atoms will attach 



themselves to this growth liberating more energy, most of which heats 

the surrounding supercooled liquid, allowing additional atoms to go 

from the liquid into the solid phase. Thus these fingerlike extensions 

grow very rapidly forming side branches and twigs by the same process. 

Examination of Figs. 3.6, 3.7 and 3.8 show that these secondary 

branches grow at an acute angle with respect to the main branch. Upon 

solidification bismuth expands by about 3.5%. This expansion subject 

to the constraints imposed upon the structure by neighboring dendrites 

and the substrate accounts for the roof like and staked platelet like 

appearance shown in Figs. 3.4, 3.5 and 3.8. 

Chalmers (1959) points out that definite relationships exist 

between the growth directions of the primary and secondary arms of 

the dendrites and the crystallographic axis of the material. However, 

the rhombrohedral structure of bismuth is not listed. This is not 

too surprising since the dendritic structure obtained for bismuth is 

dependent on the amount of supercooling. 

The initiation of a transformation from an unstable to a more 

stable phase is called nucleation. When this process is initiated 

by foreign particles (Knight 1967) or by contact with a substrate, 

oxide or film (Chalmers 1959) it is called heterogeneous nucleation. 

It is reasonable to assume that heterogeneous nucleation is the 

mechanism whereby the growth of the dendritic structure in the thin 

films is initiated. Thus one would expect a less ordered structure 

and a smaller grain size for an increased number of crystallization 



nuclei present (Samans 1963). This was generally noted for specimens 

like the ones shown in Figs. 3.5 and 3.6 which were quenched before 

the whole surface had been allowed to melt. The vacuum deposited 

films were composed of crystalline regions varying in size. The 

oxidation process annealed the film causing the crystalline regions 

to grow somewhat larger. Thus, the interface between the solid and 

the supercooled molten film was rich in nuclei, some of them being 

small crystals randomly oriented in addition to oxide particles and 

other impurities. On the other hand, films that had been allowed to 

melt completely before the quench procedure was initiated showed the 

more ordered structure depicted in Figs. 3.7, 3.8 and 3.2. 

The Crystal Structure of the Films 

From the earlier works of Bussem, Gross and Hermann (1930) 

and Lane (1932) and the more recent works of Turnbull and Warekois 

(1961) and Clawson (1965), it was concluded that bismuth films deposited 

on unheated glass substrates at pressures of less than 10 ^mm of Hg 

and ranging in thickness up to 40,000 A0 are crystalline. These 

vacuum deposited films generally consisted of small single crystal 

regions, varying in size, with the trigonal axis oriented predominately 

perpendicular to the substrate. The actual size of these regions 

is in contention, depending probably on the actual thickness of the 

film. Turnbull and Warekois reported that in many instances the 

2 
single crystal regions of their thick films extended over 10 mm . 

Clawson working with films about 5000 A0 thick, indicated the size 

of these regions to be of the order of 3000 A0. 



32 

Recrystallization considerably modifies the size of the single 

crystal regions. X-ray studies undertaken by Clawson and by Nelson 

(1971) revealed considerably larger crystalline regions than those 

for vacuum deposited films with the trigonal axis still perpendicular 
t 

to the substrate. The two investigations, however, were not identical. 

Clawson studied crystalline films resembling the free dendritic structure 

shown in Figs. 3.5 and 3.6 while Nelson confined his study to helium 

quenched films resembling the cellular structures shown in Figs. 3.2, 

3.7 and 3.8. In particular Nelson showed that the trigonal axis was 

oriented normally to the substrate within ̂ 5°, the resolution limit 

of his instrument. Furthermore, he found by x-ray scanning that 

regions like those depicted in Figs. 3.2 and 3.7 were single crystals. 

Additional information regarding the perfection or rather 

the imperfection of these single crystal regions were obtained by 

chemically etching these films. Unfortunately, this was a destructive 

test and the information obtained was of a two dimensional nature 

only. Although considerable work has been carried out in the area 

of etching of crystals,not all aspects are completely understood. 

It is, however, generally agreed upon by authors on works of metallurgy 

and crystal growth like those of Buckley (1951), Samans (1963) and 

Knight (1967) that the etchant attacks imperfections of a crystal 

first and then, if allowed to continue, the entire crystal will 

eventually dissolve. Atoms at imperfections are bound less tightly 

than those forming part of a perfect crystal lattice. Since less 



energy is required to remove them, they go into solution first. This 

process continues until a visible etch figure is formed. 

A suitable chemical etch for bismuth films consisted of a 

mixture of three parts each of concentrated nitric and glacial acetic 

acid added to four parts of water. Removal of the oxide coating with 

a 5% solution of hydrochloric acid prior to dipping the specimen into 

the etch was found to produce better results. Etching time was quite 

short and depended upon the actual film thickness. In order to avoid 

dissolving the film, it was best to dip the specimen briefly into the 

etching solution several times, checking it repeatedly for a change 

in its luster. The latter was caused by the etchant attacking the 

surface and was generally an indication that sufficient etching had 

taken place. The films were then quickly rinsed with water and alcohol 

and dried. 

Subsequent examination of etched specimens in sunlight revealed 

the outlines of various regions glistening with different intensities. 

Tilting the specimen slightly brought different sections into view. 

The glistening of such areas was caused by light being reflected 

from similarly oriented etch pits. Such areas were observed to vary 

in size from a few square millimeters to about two square centimeters. 

The latter was observed as a result of etching one of the slowly 

cooled films shown in Fig. 3.3. Based on the x-ray examination by 

Nelson (1971) it was concluded that these areas were single crystal 

regions containing some defects. 



Fig. 3.9 Etch figure showing a grain boundary 

Fig. 3.10 Etch figure showing etch pits 
of different sizes 

34 



Figs. 3.9 and 3.10 show the appearance of these pits magnified 

500 times when viewed through a microscope. The dark line running 

diagonally across Fig. 3.9 was the result of a grain boundary having 

been completely etched away. A change in the orientation of the etch 

pits is evident in the two regions separated by the dark diagonal line. 

The etch pits themselves, according to Knight, form at points where 

dislocation lines emerge at the surface of the crystal. These lines 

may form loops within the crystal or may terminate at a crystal boundary 

but never within the crystal. This type of dislocation can be thought 

of as being caused by an extra plane of atoms partially stuck into a 

crystal lattice with the dislocation lines being the edges of the plane. 

(This is quite similar to a short book mark stuck between the pages 

of a book distorting the adjacent pages.) Since an actual crystal 

has many such dislocations, many etch pits develop. Bismuth crystals 

5 
pulled from the melt have typical dislocation densities of 10 dislocation 

2 
pits/cm (Gilman 1963). Fig. 3.10 also reveals etch pits which vary 

in size. These were also noted by Palatnik, Kosevich and Moskalev 

(1963) who related them experimentally to the size of the dislocation 

defects. Fine pits correspond to small dislocation loops while large 

pits corresponded to large dislocation loops. Since their films were 

fractions of a millimeter thick, it was not possible to correlate 

their loop sizes to this work. Further examination of Figs. 3.9 and 

3.10 reveals partially superimposed triangles resembling Christmas 

trees. These are believed to be stacking faults caused by micro-

scratches, particles and stains on the substrate (Mendelson, 1964). 



As the name implies a stacking fault is an imperfection relating to 

the ordered arrangement of the crystal planes. 

The Uniqueness of the Recrystallization Process 

In this chapter a new technique for the production of thin 

crystalline bismuth films was described. It was based on a method 

discussed by Clawson (1965), differing, however, in that the dendritic 

structure was produced at will. Vacuum deposited films were surface 

oxidized by heating them in an oxidizing atmosphere for time periods 

depending on temperature, substrate materials and film thickness. 

Upon removal of the oxidizing atmosphere the film was raised to its 

melting point. To this point the procedure was essentially identical 

to the one reported by Clawson. By controlling the cooling rate 

different types of crystalline structures were obtained. The technique 

developed here consisted of gently blowing cool helium across the 

molten surface suddenly freezing the film. This supercooling process 

produced crystalline bismuth films exhibiting a dendritic structure. 

Single crystals up to three-eighths of an inch on a side were produced 

in this manner. If the quench procedure were omitted, crystalline 

films were still produced, generally, however, no dendritic structure 

was formed. 



CHAPTER 4 

MEASUREMENT OF THE RESISTIVITY, 
HALL COEFFICIENT, AND THE MAGNETORESISTIVITY 

OF VACUUM DEPOSITED AND DENDRITIC BISMUTH FILMS 

A Brief Review of Previous Work 

The most recent studies of bismuth films can be divided into 

two groups. The first group concerns itself with quantum size effects 

and is generally limited to films less than 2000 A° thick. The second 

group concerns itself with a study of the general transport properties 

of films greater than 2000 A°. Due to the lack of an appropriate theory 

almost no attempts have been made by the various investigators to inter

pret the results of their own investigations. Overall correlations of 

the findings are difficult to make since films are prepared under a 

variety of conditions and the magnetic field strength used varies from 

group to group. 

The quantum size effect is defined by Sandromirskii (1967) as 

the dependence of the thermodynamic properties and kinetic coefficients 

of solids on some of their geometric dimensions when these become com

parable to the effective wavelength of the carriers. Thus when the thick

ness of a thin film becomes comparable to the effective de Broglie 

wavelength of the carriers, the energy spectrum of the latter changes 

from a quasicontinuous character to discrete levels. This in turn can 

be shown to lead to oscillations in the carrier density, magnetore-

sistance, conductivity and mobility (Sandromirskii 1967). At room 
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temperature this critical thickness is about 5 A0 for most metals and 

700 A° for bismuth (Duggal and Rupp 1969). 

Ogrin, Lutskii and Elinson (1966) were the first to note this 

quantum size effect in thin bismuth films. At 78°K and 4.2°K they found 

oscillations in the mobility, magnetoresistance, resistivity and Hall 

coefficient when these were plotted against film thickness. At 300°K 

only oscillations in the mobility were detected. The thickness of their 

films ranged from 200 to 1600 A0 and were prepared by sputtering 99.9999% 

pure bismuth onto heated mica substrates. 

A later but similar study conducted by Duggal and Rupp (1969) 

also noted the thickness - dependent oscillatory behavior of the resist

ivity and Hall coefficient. Their measurements were conducted at 90°K. 
A 

At 300°K oscillations were noted in the Hall coefficient only. Their 

films were prepared by evaporating 99.999% pure bismuth unto heated mica 

substrates. The magnetic field strength was less than that used by Yu et 

al (1966). No attempts were made to compare their experimental findings 

with the theory proposed by Sandromirskii (1967) because of certain dis

crepancies between the theory and the observed behavior of the Hall 

coefficient and resistivity. Similar discrepancies between the theory 

of Sandrimirskii, which was extended by Goldfarb and Tavger (1969) to 

include the effects of anisotropy, have been observed by Ogrin et al 

(1968), Garcia and Kao (1969), and Fesenko (1970a). 

Ferenko (1970b) also noted oscillatory galvanometric phenomena 

in thin bismuth films. He investigated the differential Hall voltage 

and magnetoresistance of 1000 A° bismuth films as functions of time. The 
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observed oscillations were interpreted to be a manifestation of a quantum 

size effect. 

Leverton and Dekkar (1951) briefly investigated bismuth films 

prepared by distillation of 99.8% pure bismuth and ranging in thickness 

from 2000 to 13,000 A°. They measured the Hall coefficient and magneto-

resistance at room temperature as functions of the magnetic field and 

2 2 
found them to vary as R(H) = Rq - bH and p(H) = PQ + aH respectively. 

They included that free electrons trapped in surface states as well as 

tetravalent impurities (Jones, 1936) could be responsible for field the 

dependent Hall coefficient. They neither indicated the nature of their 

substrate nor attempted to correlate the values of a and b with the thick

ness of their films. 

Colombani and Huet (1957, 1962a, 1962b, 1963) extensively studied 

the Hall coefficient and magnetoresistance of bismuth films ranging in 

thickness up to 13,700 A° as functions of the magnetic field. Field 

strengths up to 30,000 gauss were used. They vacuum deposited 99.99% 

pure bismuth between layers of I^O^, then heated the films to their 

melting points with subsequent recrystallization. The measurements were 

conducted in the temperature range from 23 to 220°C. The Hall coefficient 

was found to vary as R = Rq + RB and negative values of R^ were noted 

for some of their thicker films. Both the Hall coefficient and the 

magnetoresistance were found to be thickness dependent. 

Fritsche and Seufert (1963) studied the effects of gas absorption 

on the resistivity of thin bismuth films. Increases in the resistivities 

due to oxygen absorption were reported to be less than 5%. Annealing of 



40 

the films was found to eliminate unstable grain boundaries and reduce 

the effects of oxygen absorption. 

Clawson (1965) studied bismuth films about 5500 A° thick which 

had been recrystalliz'ed by controlled melting and resolidification. He 

indicated that resultant reduction of the intergrain boundaries in the 

films produced galvanometric properties which are comparable to those 

measured perpendicular to the trigonal axis of single crystal bismuth. 

He neither indicates the type of glass substrate nor field strengths 

used. 

Fritscke, Marquard and lVolf (1965) reported the sign of the Hall 

coefficient to be dependent upon the deposition rate and the angle between 

the substrate and the impinging bismuth vapor. These factors very likely 

influence the size and the orientation of the crystallites which in turn 

affect the sign of the Hall coefficient. The films were deposited upon 

an amorphous layer of E^O^. 

Koike and Kurokawa (1966) studied the thickness dependence of 

the elastoresistance, resistivity, temperature coefficient of the resist

ivity and the Hall coefficient of bismuth films ranging in thickness from 

200 to 50,000 A0. 

Duggal, Rup and Tripathi (1966) similarly studied the thickness 

dependent behavior of the resistivity, Hall coefficient and the temper

ature coefficient of the resistivity of bismuth films ranging in thickness 

from 500 to 36,000 A°. The latter were prepared by evaporating 99.999% 

pure bismuth onto heated mica substrates which were then annealed. Their 

study also was limited to room temperatures and a single magnetic field 



Fig. 4.1 Electrical contacts used to measure 
the resistivity, the magnetoresistivity 
and the Hall coefficient 

Fig. 4.2 Test fixture used to hold 
the bismuth films 
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strength of 1200 gauss. An increase in the resistivity.for films less 

than 2000 A° was noted. However, the sign of the Hall coefficient re

mained positive while the temperature coefficient of the resistivity 

changed its sign at about 1000 A0. 

Kao (1966) also investigated the magnetoresistance and Hall coef

ficient resistivity of bismuth films at 300°K, 77°K and 4.2°K. Unlike the 

previous studies, the thicknesses of his films ranged from 10,000 to 

100,000 A° and were prepared by evaporating 99.9999% pure bismuth onto 

unheated substrates. Although his study is limited to six films he cal

culates the approximate values of the carrier concentrations and their 

relaxation times at room and cyrogenic temperatures assuming a single 

spherical Fermi surface and diffuse scattering of electrons at the boundary. 

More recently McLennan, Katzberg and Kitchen (1968) studied the 

temperature dependence of the resistivity of bismuth films ranging in 

thickness from 240 to 24,000 A°. The films were prepared by evaporating 

99.9999% pure bismuth onto heated mica substrates. They conclude that 

the negative temperature coefficient of resistance is caused by grain 

boundary effects. 

Traon and Combet (1969) investigated the resistivities and Hall 

coefficients of vacuum deposited films ranging in thickness from 300 to 

12,000 A° between 4.2 and 300°K. Similar to previous studies the resistiv 

ities and Hall coefficients were found to be both temperature and thick

ness dependent. However, the Hall coefficient was found to be independent 

of the magnetic field. The functional dependence of the conductivities 

on temperature and film thickness was similar to that reported by 
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McLennan et al. A change in the sign of the Hall coefficient was noted 

for films thicker than 6500 A°. A similar observation was made earlier 

by Koike and Kurokawa. The signs of the Hall coefficients for their 

thicker films differ from those reported by Kao. 

Gerber and Mayeur (1969) studied the temperature dependence of 

bismuth films between 23°C and 150°C. The films were deposited onto 

heated substrates. The resistivities of the films were found to be higher 

than those reported for bulk bismuth. For films less than 200 A° thick 

a tunneling effect was reported to account for the results obtained. 

Futhermore, it was concluded that structural imperfections significantly 

influence the conductivities of films having thicknesses less than 6000 A0. 

The data given in this paper appears to be similar to that reported earlier 

by McLennan et al. 

Michon (1969) studied the resistivities of annealed bismuth films. 

Based on his experimental findings he was able to formulate an empirical 

law which expressed the resistivity of a film as a function of temperature 

whatever its thickness. His study was confined to four film thicknesses 

ranging from 1000 to 7000 A0 and two annealing temperatures of 160 and 

250°C respectively. 

The Establishment of Electrical Contacts 

The specimens were prepared by first scraping off all of the un-

desired film until the shape resembling two "EM,s placed back to back was 

obtained. This shape was similar to the ones which have been used by 

various investigators in the past (Putley 1968). Care was taken to in

sure that the length, to width ratio was greater than 4 thus avoiding 
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shorting errors (Isenberg, Russel and Greene 1948). Next a short length 

of indium wire was placed on a Teflon block and a Teflon roller was re

peatedly rolled over it until the desired thickness of a few thousands of 

an inch was reached. (Flattening the indium wire on glass is not recom

mended since the indium tends to stick to it.) Portions of the resultant 

indium ribbon were then cut to fit the contact areas. Thereupon the bis

muth film as well as the indium strips were rinsed in a very dilute solu

tion of hydrochloric acid in order to remove any oxides which might impair 

a good electrical contact. This was followed by thorough rinses of water 

and methyl alcohol. After the alcohol had evaporated, the indium strips 

were placed over the appropriate contact areas and gently pressed against 

the film. The slide was then placed on a strip heater and kept there un

til the indium had melted and formed a bond with the bismuth film. Care 

was taken to keep the temperature of the heater at about 175°C. This was 

sufficient to melt the indium (m.p. 157°C) readily but insufficient to 

oxidize the bismuth film to any great extent. A Variac was used to control 

the temperature of the strip heater. Flexible connecting wires were "tinned" 

with indium over a portion of their length and placed on a contact area. 

This area was then reheated until the indium covering the slide and wire 

had melted and formed a good connection. All other connections were made 

in the same manner. These connections were quite delicate since tugging 

the wire would generally result in the wire, the indium strip and the 

adhering bismuth film to be torn off the glass substrate. 

Fig. 4.1 shows a bismuth film and its electrical connections. 

The end connections are its current connections while the center 



connections are used to measure the Hall voltage. Fig. 4.2 shows the 

test fixture upon which the bismuth films were mounted. A small bismuth 

film resistor can be seen. Shown near the top is a thermistor used 

for monitoring the temperature. The metallic parts visible are non 

magnetic. 

Measurement of the Resistivity, Magnetoresistivity and Hall 
Coefficient of Vacuum Deposited and Dendritic Bismuth Films 

Resistivities were determined by measuring the resistance of 

that portion of the film located between the indium current contacts. 

The resistivity was then calculated using 

p = R wt (4.1) 

£ 

R was the measured resistance and A, w, and t were the length, width 

and thickness of the bismuth film. The resistivity thus measured was' 

transverse to the trigonal axis which is oriented normally to the sub

strate for both vacuum deposited and dendritic bismuth films. 

The magnetoresistivity, Ap/p, which is defined as the increase 

in the resistivity caused by an external magnetic field divided by the 

resistivity measured in the absence of the field, was calculated using 

Ap = R(B)-R . (4.2) 

P R 

R(B) was the resistance exhibited by the film in the presence of the 

external magnetic field while R was the resistance measured when the 

field was zero. For this measurement the magnetic field was always 

perpendicular to the substrate and thus along the trigonal axis 
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The Hall coefficient was calculated in the usual manner using 

the well known expression 

VH = RH li . (4.3) 

In Eq. (4.3) was the Hall voltage measured across the width of the 

film, R^j was the desired Hall coefficient, I was the current passing 

through the sample, B was the external magnetic field normal to the 

substrate and t was the thickness of the film. Following convention, 

the polarity of the Hall voltage was so chosen that the Hall coefficient 

was negative when electrons were the majority carriers. The actual 

transverse voltage measured across the width of the film was the sum 

of the true Hall voltage and an Ir voltage. This Ir voltage appeared 

since it was not possible to place the Hall voltage contacts at the same 

equipotential points at both sides of the film. The Ir voltage was 

identified by noting that the true Hall voltage was zero when the 

external magnetic field was shut off. It was thus possible to correct 

for the Ir voltage and only the true Hall voltage was used in Eq. (4.3) 

to calculate R^. The current, I, used to determine R^ was 30.0 ma. 

Based on a number of experiments it was concluded that R^ was independent 

of the magnitude of the current within the limits of 3.0 to 100.0 ma. 

The equipment used to measure the resistivity , Hall coefficient 

and the magnetoresistivity is shown in Fig. 4.3. All resistance measure

ments were made with a Rubican Wheatstone bridge. Current was measured 

with a Sensitive Research Instrument Corporation dc milliamcter having 

an accuracy of 1/2%. Both units may be seen on the stool in front 



of the magnet power supply. The magnetic field was generated by a 

Varian Mod //V-4007 electromagnet and a Varian adjustable power supply. 

The electromagnet itself is seen to the left of the stool and the 

power supply is located behind it. The maximum obtainable magnetic 

field strength depended upon the separation of the pole pieces. Dewar 

size and width of the nuclear magnetic resonance probe limited 

the maximum attainable magnetic field to approximately 5000 gauss. 

The direction of the magnetic field was identified with the use of a 

north seeking compass needle. The magnetic field was measured both 

with a Perkin Elmer Numar (nuclear magnetic resonance) Model M-2 

Precision gaussmeter and a Bell Model 110A gaussmeter. For reasons 

of convenience, the Bell gaussmeter was used to measure field strengths 

less than 1000 gauss. It was calibrated prior to use using the Numar 

unit whose accuracy was within .01 gauss. The Bell gaussmeter may 

be seen in Fig. 4.3 sitting on the top of the Numar oscillator unit 

located on the platform above the electromagnet. On the other hand 

the power supply and resonance indicating unit of the Numar unit was 

located on the top of the Hewlett Packard frequency counter seen on 

the top of the magnet supply. The Hall voltage was measured with a 

Fluke Model 803 AC-DC Differential Voltmeter which had an accuracy 

of .1% and exhibited an infinite input impedance at the null. Current 

for the Hall effect experiments was supplied by a Power Designs Model 

4005 transistorized power supply operated in the constant current 

mode. The latter two units may be seen in Fig. 4.3 located next to 



Fig. 4.3 Equipment used to measure the resistivity, 
Hall coefficient and the magnetoresistivity 
of vacuum deposited and dendritic bismuth 
films 
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the Hewlett Packard frequency counter. Temperature was measured with 

a Keystone Carbon Company thermistor type RL 10x04-10K-315-S5. Cali

brated curve was furnished by the manufacturer. Accuracy was estimated 

to be within +5%. The resistance of the thermistor was measured with 

a Hewlett Packard transistorized multimeter. This unit may be seen in 

Fig. 4.3 to the left of the Numar oscillator unit. 

The uncertainties in the values of the resistivities and Hall 

coefficients were estimated to be about 15%. Of this, 12% was attributed 

to the uncertainty in the film thickness while the remainder was due 

to instrument errors and uncertainties in the determination of the lengths 

and widths of the films. The uncertainties in the magnetoresistivities 

were estimated to be about 5%. 

Discussion of Experimental Results 

The resistivity for dendritic bismuth films as a function of 

thickness is shown in Fig. 4.4. It is evident that the thickness de

pendence is more pronounced at -196°C than at'23°C particularly for 

thinner films. This may also be seen from Fig. 4.5 which shows the 

ratio of the resistivities at -196°C and 23°C. For thicker films the 

—6 
resistivity approaches.1.2 x 10 ft-meters. This is identical to the 

value of the resistivity measured perpendicular to the trigonal axis of 

bulk bismuth crystals at 23°C, as reported in the summary by Boyle and 

Smith (1963) .. 

The temperature dependence of the resistivity of several den

dritic bismuth films is shown in Fig. 4.9. This dependence is less 

pronounced for thick.er films than for thinner ones. 



The Hall coefficient, R^, of dendritic bismuth films at 23°C 

was found to be independent of the magnetic field. On the other hand 

at -196°C R^j was found to be dependent on the magnitude of the applied 

magnetic field. This dependence is shown in Fig. 4.6. Table 4.1 

indicates the difference in the Hall coefficients of dendritic films 

at 23°C and -196°C. It is seen that R^ is thickness dependent and 

that its sign is generally negative. In addition the magnitude of 

R^j is greater for thinner films than for thicker ones and larger at 

-196°C than at 23°C. 

The magnetoresistivity of dendritic bismuth films as a function 

of thickness, magnetic field strength and temperature is indicated 

in Figs. 4.7 and 4.8 and Table 4.2. At 23°C the magnetoresistivity 

is quite small and may be considered a second order effect. On the 

other hand at -196°C this effect becomes more pronounced and it is 

larger for thicker films than for thinner ones. The functional de

pendence of the magnetoresistivity on the magnetic field is shown in 

Fig. 4.7. The temperature dependence of the magnetoresistivity for a 

2 
magnetic field strength of .30 webers/m is shown in Fig. 4.8. The 

temperature sensitivity is more pronounced for thicker films than 

for thinner ones. 

The resistivity of vacuum deposited bismuth films at -196°C 

and 23°C is shown in Fig. 4.10 and the ratio of these resistivities 

is shown in Fig. 4.11. It may be noted that while the resistivities 

of the vacuum deposited films are larger than those of the dendritic 

films their measured resistivities correlate poorly with thickness. 
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The temperature dependence of the resistivity for several vacuum de

posited films is shown in Fig. 4.14. 

Fig. 4.12 indicates the thickness dependence of the Hall 

coefficients of vacuum deposited films at 23°C and -196°C. It was 

found that within the range of magnetic field strengths available 

2 
(0 to .5 webers/m ) the Hall coefficients were independent of the 

magnitude of the applied magnetic field. On the other hand, the sign 

of the Hall coefficient changed from a negative value at 23°C to a 

positive value at -196°C. 

The magnetoresistivity of vacuum deposited films as a function 

of thickness and magnetic field strengths is indicated in Fig. 4.13 and 

Table 4.3. It can be concluded that while it is larger for thicker 

films than for thinner ones it is a second order effect both at -196°C 

and 23°C. 

The cooling of a bismuth film to the temperature of liquid 

nitrogen (~196°C) and then letting it warm up to room temperature 

(23°C) shall be referred to as a liquid nitrogen cycle. The effect 

of one previous liquid nitrogen cycle on the resistivities, magneto-

resistivities and Hall coefficients of bismuth films is shown in Tables 

4.4 through 4.9. It can be seen that temperature cycling has pronounced 

effects on all of parameters studied. It is likely that these changes 

were caused in part by structural changes of the films such as the 

widening of microcracks. In addition the electrical contacts were 

also altered by the liquid nitrogen cycle. The noted increase in the 

resistivities of vacuum deposited films shown in Table 4.5 and to a 



lesser extent the changes in the resistivities of dendritic films 

support this view. It can be concluded that any future low temperature 

applications of bismuth films will have to take these temperature cycle 

changes into account. 
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Table 4.1 

Comparison of the Hall Coefficient 
of Dendritic Bismuth Films at 

23°C and -196°C 

Film Hall Coefficient 
at +23°C 

Hall Coefficient Hall Coefficient 
Thickness 

Hall Coefficient 
at +23°C at -196°C „ at -196°C 2 
o< B< .3w/m B = .05w/m B = .30w/m 

(Angstroms) (MKS) (MKS) . (MKS) 

1,400 -. 128xl0~6 -5.05xl0"6 -3.64xl0-6 

2,300 -.116xl0~6 -3.38xl0"6 -2.08xl0"6 

2,900 -.142xl0~6 -6.70xl0"6 -4.18xl0"6 

4,300 -.122xl0"6 -4.10xl0~6 -2.83xl0"6 

4,400 -.125xl0"6 -6.62xl0"6 -2.44xl0"6 

6,500 -1.115X10"6 -3.55xl0_6 -2.00xl0-6 

8,200 +.089xl0~6 -1.89xl0"6 -.98xl0"6 

9,000 -.007xl0~6 -.960xl0-6 -.50xl0"6 

9,900 -061xl0-6 +.670xl0-6 +1.44xl0-6 

12,500 -,070xl0~6 -1.30xl0~6 -.80xl0"6 

12,700 -.018xl0~6 -1.37xl0~6 -1.59xl0~6 
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Table 4.2 

Comparison of the Magneto Resistivity 
.of Dendritic Bismuth Films at 

23°C and -196°C 

Film 
Thickness 

(Angstroms) 

Ap 

P 

T = 23°C 

B = .30w/m2 

Ap 

P 

T = -196°C 

B = . 05w/m2 

Ap 

P 

T = -196°C 

B = .30w/m2 

1,400 .008 .010 .261 
1,800 .031 .040 .396 
2,300 .016 .022 .324 
2,900 .012 .034 .586 
3,700 .013 .032 .639 
4,300 .014 .032 .620 
4,400 .017 .018 .633 
6,000 .021 .050 .900 
6,500 .018 .068 1.179 
8,200 .023 .058 1.435 
8, 800 .016 .076 .889 
9,000 .020 .058 1.233 
9,300 .017 .033 .976 
9,900 .015 .028 .592 
12,500 .018 .084 1.846 
12,700 .016 .044 1.637 
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Table 4.3 

Comparison of the Magneto Resistivity 
of Vacuum Deposited Bismuth Films at 

23°C and -196°C 

Film 
Ap 

Thickness P P 

T,= +23°C T = -196°C 

(Angstroms) B = .20w/m2 B = .30w/m2 

720 .001 .001 
1,900 .002 .004 
2,300 .002 .001 
6,200 .005 .009 
7,500 .003 .026 
9,300 .004 .014 
9,300 .004 .018 
10,700 .007 .039 
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Table 4.4 

Change in the Resistivity of Dendritic 
Bismuth Films After One Liquid 

Nitrogen Cycle 

Film 
Thickness 

(Angstroms) 

Resistivity at 
Room Temperature 
Before Liquid 
nitrogen Cycle 
(MKS Units) 

Resistivity at 
Room Temperature 
After Liquid 
Nitrogen Cycle 
(MKS Units) 

% 
Change 

1,400 1.84 x 10"6 1.76 x 10"6 -4.35 

1,800 1.54 x 10"6 1.58 x 10~6 + 2.60 

2,300 1.54 x 10~6 1.58 x 10"6 + 2.60 

3,000 1.61 x 10"6 1.77 x 10-6 +9.95 

3,800 1.51 x 10~6 1.59 x 10"6 +5.30 ' 

4,300 1.42 x 10"6 1.46 x 10~6 +2.82 

4,400 1.47 x 10~6 1.46 x 10"6 -0.68 

6,000 1.43 x 10"6 1.42 x 10"6 -0.70 

6,500 1.53 x 10"6 1.51 x 10"6 -1.31 

9,000 1.39 x 10"6 1.36 x 10~6 -2.16 

9,300 1.37 x 10"6 1.51 x 10"6 + 10.2 

12,700 1.35 x 10"6 1.38 x 10"6 +2.22 



Table 4.5 

Change in the Resistivity of Dendritic Bismuth 

Films After- One 
Nitrogen Cycle 

Film 
Thickness 

(Angstroms) 

Resistivity at 
Room Temperature 
Before Liquid 
Nitrogen Cycle 

(MKS Units) 

Resistivity at 
Room Temperature 
After Liquid 
Nitrogen Cycle 
(MKS Units) 

0, 
*0 

Change 

720 3.84 x 10"6 3.93 x 10"6 + 2.34 

1,900 3.94 x 10"6 3.96 x 10"6 +0.51 

2,300 5.05 x 10"6 5.08 x 10"6 + 5.94 

2,300 2.91 x 10~6 3.11 x 10"6 +6.87 

6,200 3.14 x 10"6 3.22 x 10"6 + 2.54 

7,200 2.23 x 10"6 2.28 x 10"6 +2.24 

7,500 2.27 x 10"6 2.34 x 10"6 +3.53 

10,700 2.15 x 10"6 2.16 x 10"6 +0.47 



Table 4.6 

Change in the Value of the Hall 
Coefficient of Dendritic Bismuth 

Films at 23°C Caused By a 
Previous Liquid Nitrogen Cycle 

Hall Coefficient Hall Coefficient 
at Room Tempera at Room Tempera

Film ture before Liq ture after Liquid £ 'O 
Thickness uid Nitrogen Nitrogen Cycle Change 

Cycle 

(Angstroms) (MKS) (MKS) 

2300 -. 116xl0-6 -. 127xl0~6 +9.5 

4300 -.122xl0~6 -.126xl0"6 +3.3 
—6 -6 

6500 -.115x10 -.109x10 -5.2 

9900 -.061xl0_6 -.070xl0~6 + 14.7 

Table 4.7 

Change in the Value of the Hall 
Coefficient of Dendritic Bismutl^ 
Films at -196°C and .30 webers/m 

Caused by a Previous Liquid 
Nitrogen Cycle • 

Hall Coefficient Hall Coefficient 
at -196°C before at -196°C after 

Film Liquid Nitrogen Liquid Nitrogen % 
Thickness Cycle Cycle Change 

(Angstroms) (MKS) (MKS) 

2300 -2.11xl0"6 -2.74xl0~6 +30.0 

4300 -2.82xl0_6 -2.69xl0~6 -4.6 

6500 -2.02xl0"6 -1.62xl0"6 -19.8 

9900 +1.38xl0"6 +1.12xl0-6 -18.8 
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Table 4.8 

Change in the Value of the Magnetoresistivity 
of Dendritic Bjsmuth Films at 23°C and 
.30 webers/m Caused by a Previous 

Liquid Nitrogen Cycle 

Film 
Thickness 

(Angstroms) 

Ap 

P 

at room tempera
ture before 
liquid nitrogen 
cycle 

Ap 

P 

at room tempera
ture after 
liquid nitrogen 
cycle 

s-

Change 

2300 .0146 .0139 -4.8 

4300 .0205 .0199 -2.9 

6500 .0201 .0191 -5.0 

9900 .0147 .00311 -78.9 

Table 4.9 

Change in the Value of the Magnetoresistivity 
of Dendritic Bismuth Films at -196°C and 

.30 webers/m Caused by a Previous 
Liquid Nitrogen Cycle 

Film 
Thickness 

(Angstroms) 

Ap 

P 

at -196°C before 

liquid nitrogen 
cycle 

Ap 

P 

at -196°C after 
liquid nitrogen 
cycle 

% 
Change 

2300 .324 .331 +2.2 

4300 .619 .679 +9.7 

6500 1.17 1.19 + 1.7 

9900 .592 .894 +51.0 



CHAPTER 5 

TECHNIQUE FOR THE MEASUREMENT 
OF THIN BISMUTH FILMS 

Definition of the Complex Permittivity and Loss Tangent 

The equations describing the electromagnetic fields at a point in 

a medium at rest with respect to the coordinate system used are 

-J-
V x E = -SB 

3t (5.1) 

V x H = 8D + Js + Jc (5.2) 

9t 

V • B = 0 (5.3) 

V • D = p (5.4) 

These are known as Maxwell's equations. They are quite general and 

may be applied to homogeneous, inhomogeneous, anisotsopic and non linear 

media. In the above, using the MKS system of units, 
->• 

E is the electric field vector in volts/meter, 

. 2 
B is the magnetic induction vector in webers/meter , > 

** 2 
D is the electric displacement vector in coulombs/meter , 

H is the magnetic field intensity vector in amperes/meter, 

3 
p is the free charge density in coulombs/meter , 

2 
J is the source current density vector in amperes/meter , 
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2 
Jc is the conduction current density vector in amperes/meter', 

and t is the time in seconds.-

-V 
Frequently and J£ are combined and form a single term J. 

-)• 

It is noticed that aside from the source terms J and P. these 
c ' 

4-
equations seem to contain four independent quantities E, B, D, and H in 

addition to the partial derivatives of B and D with respect to t. In 

order to solve this set of equations some assumptions must be made re

garding the interrelationship between some of these variables. These 

interrelationships are commonly known as the constitutive relationships 

and assume a variety of forms depending upon the model chosen to deal 

with the particular problem at hand. Commonly they are expressed as 

B = y y H (5.5) 

-> i 
D = e0e E (5.6) 

•+• -v 
J = OB (5.7) 

-jolt 
in addition a time variation of the form e is usually assumed e 

1 *) 
is the permittivity of free space and equals 8.85 x 10 farads/meter 

I 
and e- is relative permittivity of the medium, y is the permeability 

I 
of free space and y is the relative permeability of the medium, a is 

the conductivity of the medium in mhos/meter. 

1 t 
For the usual case y , e , and o are constant scalar quantities. 

However, they assume tensor forms to describe plasmas and ferrites and 

may be functions of position to describe inhomogeneous media. In addition, 
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they may be functions of frequency, temperature, and pressure. Their 

complicated behavior may be deduced from appropriate models developed 

in plasma and solid state physics or directly measured. 

This treatment shall limit itself to the usual case where 

i i 
y , e , and a are scalar quantities independent of field strengths. 

Then assuming a sinusoidal time variation and substituting Eqs. (5.6) 

and (5.7) into (5.2) one obtains 

-+ 

V x H = -jwe (e + jg ) E + Jg (5.8) 
we 
o 

The quantity in parenthesis, + jg , is frequently called the complex 
we 

permittivity of the medium. Thus ° 

i 
e = e + jg 

we (5.9) 
o 

Frequently g is designated as e" . Then Eq. (5.9) may be rewritten 
we 

as Q 

e = e' (1 + je^') (5.10) 
e' 

The ratio e"/e' is referred to as the loss tangent of the material. 

It is proportional to the ratio of the power lost in the form of heat 

to the energy stored per cycle. Consequently it finds use in the 

specification of how lossy a dielectric material is. Let Wj represent 

the energy dissipated in a region of volume T and the energy stored 

in the electric field in the same region. Then 



74 

W1 = /// V * dT 

T 

= /// M'E dT 
^ T 8t 

I'." 

Assuming a sinusoidal time variation and making use of Eqs. (5.6) and 

(5.7) • 

i ^ , y 

W! = 
a!fl E'EdT 

T 

W = -jtoe e/Jf E-Edx . 
z 0 x 

Forming the ratio the to W2 one obtains 

V1 

_=2S__ C5.li) 
W we e 
2 0 

where a/we^ is recognized as the loss tangent referred to above. 

A Brief Survey of the Existing Techniques for the Measurement of the 
Complex Permittivity 

A very large number of techniques exist for the measurements 

of dielectric constants. In fact almost any set of electromagnetic 

measurements may somehow be used to infer the properties of the medium. 

The more commonly known techniques may be divided roughly into trans

mission line or wave guide methods and cavity measurement or cavity 

perturbation techniques. In addition free space measurements have 

also been used. 

Wave guide or transmission line techniques are generally based 

upon the construction of a section of transmission line, the dielectric 



material completely filling the section of wave guide in question thus 

altering its characteristic impedance. By suitably terminating this 

section or altering its length, the resultant changes in the reflection 

coefficient may be used to deduce the properties of the medium filling 

the guide. Closely related to this procedure is another which involves 

measurement of the input impedance defined at some reference plane of 

a section of guide filled with a dielectric. Knowledge of the input im

pedance then allows the complex permittivity to be found. Variations 

of this technique exist which utilize the transmission coefficient 

rather than the reflection coefficient and sometimes both (Bady 1957). 

Cavity methods utilize changes in the resonant frequency and the 

quality factor (ratio of the energy stored to the energy dissipated per 

cycle) which occur when materials exhibiting complex permittivities 

are introduced into a particular cavity. Expressions may be derived from 

which the complex permittivity can be deduced from the resultant changes 

of the resonant frequency and quality factor. 

Free space techniques are based on the transmission and reflection 

of a plane wave incident obliquely on a finite slab of material. The 

latter, however, are beset by a host of difficulties such as the sup

pression of undesired reflections, the launching of a plane wave in 

a limited space, diffraction from the edges of the sample and the 

availability of a slab of material of suitable size or a frequency source 

producing a sufficiently small wavelength. Detailed discussion of these 



various techniques, ranges of usefulness, sample configurations, 

necessary equipment and calculations to be performed are given by 

Altschuler (1963) and Redheffer (1966). The most useful of these 

treatments seems to be that given by Altschuler. 

Provided that neither the relative dielectric constant nor the 

loss tangent is very large one of the many suggested methods may be 

successfully employed. If, however, these limits are exceeded and 

perhaps other constraints are imposed, a difficult measurement problem 

confronts the experimenter. A lack of measurement sensitivity can 

generally be shown to be responsible for the inapplicability or failure 

of the outlined methods. 

The Inapplicability of the Standard Measurement Techniques 

The more conventional techniques for the measurement of the 

complex permittivity of thin bismuth films were inapplicable because of 

the following properties and constraints: 

1. The films exhibited a high loss tangent. 

2. Their dc conductivity was thickness dependent. 

3. The films could be deposited only on rectangularly shaped 

substrates. 

4. The films were extremely fragile and easily damaged by 

scratches. 

5. Measurements had to be performed both at room and cryogenic 

temperatures. 
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The large loss tangents of the bismuth films and the inability 

to cut the resultant films into discs or deposit them onto dielectric 

rods generally ruled out cavity schemes. Large loss tangents can reduce 

the quality factor, Q, of a cavity to the point where resonance can no 

longer be detected. Furthermore if small rectangular samples are placed 

in cylindrical cavities derivation of accurate formulas would have proven 

a formidable task. A number of attempts were made by the author to 

measure the complex permittivity of the films via a cavity perturbation 

method using a rectangular cavity. The method had to be abandoned since 

difficulties were encountered, particularly at cryogenic temperatures, 

in the measurement of Q and the resonant frequency. 

Some waveguide techniques require either an approximate prior 

knowledge of the complex permittivity or, if this is not known, samples 

of two different thicknesses. Since dc measurements clearly indicated 

the conductivity to be thickness dependent, particularly at cryogenic 

temperatures, these methods had to be ruled out. 

Still other waveguide techniques require that the section of waveguide 

located behind the sample be appropriately terminated with open and 

short circuits and a matched load. For high loss tangents, changes 

in the terminating inpedance no longer yield significant changes on the 

input measurements and thus suffer from a lack of sensitivity. 

Finally, one technique suitable for high loss materials and thus 

showing some promise had to be ruled out since the sample location from 

some reference plane had to be precisely known. Furthermore, the method 



required the sample to be removed and a short circuit placed at the 

exact location previously occupied by the film. Sample removal and 

the accurate knowledge of the distances in view of the cryogenic require

ments voided this technique also. 

While the high loss tangents of the bismuth films essentially 

ruled out most of the conventional techniques, problems of a similar 

nature are encountered when dealing with materials exhibiting extremely 

high relative dielectric constants. A search of the current literature 

revealed only a few useful papers concerned with the measurement of 

microwave behavior of semi-conductors, semi-metals and other high 

permittivity substances. The methods described may be divided into 

reflection and transmission techniques. Many involve assumptions which 

limit their usefulness. Papers dealing with reflection methods 

generally involve terminating the end of a waveguide with a semi

conducting sample and measuring the reflection coefficient. Generally 

a valve for the dielectric constant is assumed in order to calculate 

the resistivity. These papers generally limit themselves to silicon 

or germanium or epitaxial layers of the latter. Representative 

descriptions of this method and some variations may be found in the 

papers by Jacobs et al (1963), Allerton and Seifert (I960) and Bichara 

and Poitevin (1964). Reflection methods generally are not suited for 

high conductivity materials and are not true dielectric constant measure

ments . 



79 

In all of the methods considered above and in the one which was 

finally adopted, surface effects were neglected. It was assumed that 

the material was uniform throughout and the existence of a transition 

region where perhaps there was a continuous change in the conductivity 

as the wave penetrates into the material was neglected. The effects of 

possible transition regions on the interpretation of microwave reflection 

measurements when dealing with high electron density materials such as 

semiconductors have been pointed out by Kinney (1968) and Nag et al 

(1963). 

The Microwave Bridge Method 

Transmission methods suitable for high loss or high relative 

dielectric constant materials required the use of a more sophisticated 

circuit called a microwave bridge. Increased sensitivity was obtained 

at the expense of additional components and the comparison of two signals, 

one having interacted with the substance under investigation, the other 

suitably altered by passing it through a different portion of the circuit. 

The added complexity of the circuit and the non-idealness of the additional 

components generally give rise to multiple internal reflections which 

can detrimentally affect measurements performed on low loss, low relative 

dielectric constant materials. The microwave bridge method, not unlike 

some of the previous methods reviewed, required at least two samples 

of the same material differing only in thickness or length. Due to 

the thickness dependent conductivity, the conventional method of mounting 

the samples transversely to the direction of propagation could not be used. 



Instead it was decided to adopt the scheme of Gunn and Brown (1965) 

and mount the samples longitudinally. Different lengths cut from the 

same film-substrate combination were introduced through slots located 

in the center of the broad dimension of the guide. Thus the use of 

samples having different lengths rather than different thicknesses over

came the problem caused by the thickness dependence shorn by the thin 

films. 

While the transverse mounting of a sample permits a completely 

rigorous interpretation of the experimental results, the longitudinal 

mounting method does not. The ends of finite dielectric slabs, inserted 

longitudinally, gave rise to higher order modes which must be taken 

into account if a truly rigorous solution is desired. The presence of 

a double dielectric slab of finite length and exhibiting losses is a 

formiable boundary value problem. In fact, no rigorous solution of a 

finite lossless dielectric slab has ever appeared in the literature. 

Collin (I960) considered the problem of a finite dielectric slab located 

in the center of a rectangular waveguide and backed by a short circuit 

using a variational approach utilizing only two modes. From this 

approximate approach he concluded that the problem was equivalent to 

two transmission lines of different characteristic impedances joined at 

a junction. No estimate was given concerning whether this conclusion 

still holds for materials of large complex permittivities. A similar 

conclusion was reached by Collin and Vaillancourt C1957) when the die

lectric slab extended completely across the board dimension of the 
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guide but only partially across the narrow dimension. For this case 

one end of the dielectric step extended to infinity. 

In this work the sections of guide filled with the films and their 

substrates were considered as sections of a transmission line whose 

c 
characteristic impedance was different from that of the waveguides 

connected to it on both ends. Both the film and its subsrate were treated 

as lossy dielectric materials. These assumptions are reasonable since 

the TE^q mode, the dominant mode of the empty guides, can also exist 

in an inhomogeneously filled waveguide. 

The Tapered Structure 

Since it was desired to measure the complex permittivity of 

some of the bismuth films at cryogenic temperatures, the microwave 

structure, hereafter referred to as the tapered structure, shown in 

Fig. 5.1 was built. The structure was designed to fit into the inner

most chamber of a dewar 43" deep and 3.75" in diameter. The latter 

dimension limited the width of the tapered structure to 3.25". For 

low temperature experiments the air within the innermost chamber was 

removed by repeated flushings with helium and finally slightly 

pressurized. Waveguide pressure windows, located between the input 

and output flanges and the 90°E-plane bends at the left of Fig. 5.1 

contained the helium. Adequate pressure seals were achieved by means 

of ordinary 0-rings. No air was permitted within the inner chamber 

during a low temperature experiment since the water vapor it contained 

could have condensed on the moving parts causing them to bind. A 



Fig. 5 . 1 The t apered structure 
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packet of drying agent was always attached to the structure to absorb 

any moisture present. The actual cooling agent, liquid nitrogen or 

helium, was placed into a separate chamber which surrounded the inner

most chamber housing the tapered structure. For room temperature 

experiments it was not necessary to pressurize the inner chamber nor 

displace the air present with helium. 

The tapered structure itself consisted of three main parts: 

two feed waveguide sections, the actual tapered structure far right 

and the mechanism for introducing samples of different lengths into 

the waveguide (center). Two stainless steel waveguide sections com

prised only parts of the total lengths of waveguide which connected 

the actual tapered structure to the external circuit. Their purpose 

was to prevent heat from being conducted into the cold inner chamber. 

However, because of the large undesirable losses exhibited by the 

stainless steel waveguide sections their lengths were limited to 

11.0". The remainder of the required lengths of connecting waveguide 

were made from a standard copper bronze alloy. The transition between 

the guides may be seen near the top of Fig. 5.1. Although the external 

dimensions were slightly different, the external dimensions of .311" 

x .622" remained the same. 

Because it was only possible to produce films of limited size, 

the requirement of several sample lengths of the same film necessitated 

the waveguide section housing these films to be reduced in height. It 

was therefore decided to reduce the standard height to Ku-band wave

guide from .311" to .100" by means of gradual tapers. The broad internal 



dimension of .622" was left unchanged. Thus the tapered structure 

consisted of two gradual linear tapers one on each side and 8.375" long, 

having an initial internal height of .311" at the top and tapering down 

to .100" at the bottom. Both ends of the tapered section were connected 

to 90° E-plane bends each having and internal height of .100" and a 

radius of .600". The height of .100" was maintained throughout the 

bottom portion of the tapered structure. The structure itself was 

machined from brass and gold plated to resist corrosion. At the lowest 

frequency of interest, 12'GHz, the taper was over six guide wavelengths 

long. According to curves given by Matsumaru C1958) and Moreno (1958) 

the impedance mismatch due to the length of the taper alone should 

result in a VSWR of less than 1.05 to 1.0. This was considerably less 

than that caused by the windows and the four 90°E plane bends which 

formed part of the structure. Since the gradual taper affected only the 

height of the guide, which was operated in the dominant TEjq mode ex

hibiting no y-variation, the negligible effect of the taper was quite 

reasonable. Hence the effect of this taper was neglected. 

The mechanism used to introduce samples of various lengths into 

the guide was located in the center of the tapered structure. This 

mechanism consisted of a precision 100 turn dial indicator (right) and 

two stainless steel shafts 35" and 8" long. Again stainless steel 

was used to prevent heat from being conducted into the cold interior. 

A compressional fitting located at the top, surrounding the short 

shaft, prevented helium from escaping during low temperature experi

ments. The dial mechanism was attached to the short shaft which was 



finely threaded on one end. The latter screwed into a rectangular 

brass extension, 2.50" long, attached to the long shaft. The long 

shaft was keyed near its center to prevent its rotation since only 

vertical motion was desired. The keyway was located near the center 

of the two feed guides. Thus as the dial was turned, the short shaft 

attached to it screwed into or out of the threaded brass extension 

raising or lowering the long rod. The long shaft was split near the 

end closest to the tapered structure. The sample to be introduced was 

slipped into the split end and held there by means of set screws. Fig. 

5.1 shows a sample of Rexolite 1422 thus attached and being introduced 

into the slotted portion of the tapered structure. All moving parts of 

the mechanism were lubricated with finely powdered dry molybdenum 

disulfide. 

The Propagation Constant for a Rectangular Waveguide Filled 
Inhomogeneously with Two Adjacent Dielectric Slabs 

Modes existing in waveguides loaded with one or more dielectric 

regions generally cannot be separated into pure TE and TM modes as can be 

done with ideal empty waveguides. Generally to meet the imposed boundary 

conditions a superposition of both TE and TM modes must be formed. Rather 

than dealing with such superpositions the same fields may be generated 

by suitable Hertzian electric and magnetic vector potentials. Collin 

(1960) serves as a standard for this approach. An important exception 

exists when the dielectric slabs filling the guide extend completely 

across the narrow dimension of the guide, the y-dimension, but only 

partially across its broad dimension or x-dimension. For this case 



it is possible to excite a series of modes which exhibit no y-variation, 

that is, there is no variation of the fields along the air dielectric 

interface. These modes are designated as TEno modes where the sub

scripts refer to the allowed variations in the x and y directions. 

The propagation constant corresponding to the modes will be obtained 

from general waveguide theory. Outlines of the latter approach are 

given by Johnson (1965) and Jackson (1963). 

Alternate approaches are also possible. For the case n = 1, 

that is the TE^q mode, the transverse resonance technique described 

by Weeks (1964), Collin (1960) and Gunn (1967) may be applied. It 

must be noted that this technique is of limited generality and does 

not yield the electromagnetic fields for the various regions. Both 

the waveguide and the transverse resonance technique yield transcendental 

equations which must be solved by various iterative schemes for the 

desired propagation constant y. Chambers (1954) has devised an 

approximate technique based on a variational approach which yields an 

i 
explicid expression for the propagation constant. Alternately, if 

the dielectric slab inserted into the waveguide produces only a small 

perturbation of the electromagnetic fields, a perturbational approach 

may be used to determine y. Discussions of this approach and examples 

may be found in Harrington (1961) and Altman (1964). 

It will be recalled that according to general waveguide theory 

the fields for the TE or transverse electric modes may be derived from 

the longitudinal component of the magnetic field, Bz subject to 



V. ^ + (w2ye-k.2) 

and 

3B_ 

3n 

= 0 

B = 0 
z 

. (5.12) 

(5.13) 

Once Bz has been obtained the transverse components of the electro

magnetic fields are calculated by applying 

and 

Bt = 

2 T2 to ye-k 

jk Vt B2 (5.14) 

Et = 
2 2 

to ye-k 

jw V. x B 
/ 

(5.15) 

A time variation of the form e-^^ has been assumed throughout and 

suppressed. When losses are present k becomes complex and assumes the 

form k = 3 + jot where a > o. Then a wave ti'aveling in the positive 
j (kz-ojt) -azj (gz-cot) 

z-direction assumes the form e or e e . This 

is consistent with the notation used in the following chapter. 

The mode has only one component of the electric field. For 

the geometry chosen and the manner in which the films were mounted this 

component was oriented in the y-direction which was in the plane of the 

film. No electric field component was oriented along the trigonal axis. 

Clawson (1965) used Van Der Pauw's method (Van Der Pauw 1958) to measure 

the resistivities and Mall coefficients of vacuum deposited and re-

crystallized films in the plane normal to the trigonal axis. Since com

muting the electrodes produced the same results, he concluded that the 
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films were isotropic in that plane. Similar assumptions were tacidly 

made by Gunn (1967) who studied the microwave behavior of bismuth films 

at 9.25 GHz and by Howard (1969) who developed equivalent circuits based 

on impedances exhibited by low resistance bismuth films in the infrared 

region. It is likely that the same assumption was made by Ramey, Landes 

and Manus (1970) who in their paper dealing with microwave properties of 

thin films with apertures show the behavior of the power transmission 

coefficient of thin film windows in a waveguide as a function of the pro

ducts of film thickness, conductivity and the waveguide cutoff frequency. 

While some points seem to correspond to bismuth films no thicknesses, 

conductivities, or operating frequencies are indicated. (Because of this 

it is this author's opinion that their paper does not qualify as one which 

indicates the microwave behavior of bismuth films.) Thus the bismuth films 

were assumed to be isotropic in the plane normal to the trigonal axis. 

The magnetic permeability of the films was assumed to similar to 

that of bulk bismuth. Based on the data shown in the summary by Boyle 

and Smith (1963) it was taken to be equal to yQ, the value for free space. 

The propagation constants corresponding to the TEnQ modes for the 

inhomogeneously filled waveguide shown in Fig. 5.2 will now be derived. 

Disallowing y-variations Eq. (5.12), (5.13), (5.14) and (5.15) simplify to 

2 
d B . .2 ,2> „ .. • 

zi + (oj y e. -k ) B . = 0 (5.16) 
—-— 1 o l J zi ^ J 

dx 

r -joj SB . 

y = "~2 72--—- C5'17> 
ye.-k 3x 

u> o . l 
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jk 3B 
XI 

Zl (5.18) 
2 2 

u> y £-k 3x 
o 1 

3B 
zi 

3x 

= 0 (5.19) 

x = 0 

and 3B 
z4 

3x 

= 0 (5.20) 

x = a 

In addition the tangential components of the electric and magnetic fields 

shall be required to be continuous at the interfaces located at x = d^, 

x = d£ and x = d^. This requires the propagation constant to be the same 

for all regions. The subscripts identify the direction of the field and 

the region under consideration. The fields in region 1 are 

B . = A, cos k,x 
zl 1 1 

E = ju A, sin k,x 
yl ^ 1 1 

(5.21) 

(5.22) 

B ^ = -jk A1 sin k^x 

k, 

(5.23) 

2 2 2 
where k, =to y,E,-k and the condition that 3B .. 

1 11 zl 

3x 

= 0 

x = 0 

for 0 <_ y <_ b has been applied. 
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Z2 2  2  

(5.24) 

Ey2 = 0- A2Ph(x-V (5.25) 

B*2 
2 

A,5jk2Cx-di) (5.26) 

2 2 2 
and where w ^2e2~^ ' Since A2 and ^2* are ar^^trary this point 

the factors e^2^1 and e^2^1 have been included for convenience in 

matching the boundary conditions. The fields in region 3 are 

Bz3 = A3 + A2 e;ik3(:x"d2:) 
(5.27) 

E _ = to 
y3 k~ 

3 

A^k3(x-d2) _ A, ijk3(x-d2) (5.28) 

Bx3 
3 

A3 5k3Cx-d25 - A^ Sjk3)x-d2) 
(5.29) 

2 2 2 
were k^ = w p^e^-k • Again since A^ and are arbitrary at this point 

the factors eJ 3 2 and eJ 3 2 have been included for convenience in 

applying the boundary conditions. The fields in region 4 are 

B
Z4 = A4 cos k4Ca-x) 

E
y4 = ziiH a4 sin k4(a-x) 

k4 

(5.30) 

(5.31) 

B . = ik A. sin K,,(a-x) 
x4 f- 4 4 

4 

(5.32) 



2 2 2 
where k. = m y e -k and the condition that B 4 

4 4 4 z 
= 0 for 

x = a 
0 <_ y b has been applied. 

Requiring the continuity of the tangential components of the 

electric and magnetic fields at the interfaces located at 



x d^, d^, and d^ produces the following homogeneous system of equations which may be expressed in 

the matrix form 

jk2 sin k,d -1 +1 o 0 

y 

y. 

o 

cos k^d^ -1 

+y3 e 
jk2t2 

U' 

-1 

+k3 e 2 2 -k e 2 2 -1 +1 

2 

+y3 e ^ ^ -1 

y. 

0 ijk4 4lc3t3 -jk4 -sin k4fa-d_0 
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4 *• 3-
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0 +y,, e 5 +y4 e 3 3 4 

"^3 

-cos k. (a-d ) 
4 3J 

y. 

A ' 
2 

A ' 
3 

= 0 

C 5.33) 

For the sake of generality the permeabilities for the various regions have not yet been set 
equal to y^. 

VD 
04 



This homogeneous system is consistent provided that the determinant of the coefficient matrix 

equals zero or 

jk2 sin Yj 

V»s kjdj 

2 _ ..2. 

-1 

-1 

jk2t2 

3 e 

^3 e 

U. 

+ 1 

-1 

-jkoto 
-!Cje 2 2 

~ j k 2 h  e 2 

-1 

-1 

jk t. 

+1 

-1 

•iV, 
0 jk^ e 3 3 -jk^ e 3 3 -sin k^fa-d^) 

0 y^ 4^3*3 y^ eJ ^ 3 _cos } 
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v< 

= 0 (5.34) 

3 h3 

where kf = «.<PlVk2, k/ = A^-k2, k/ = k4 = A^-k2, t2 = d^ t3 = d^, a, 

the broad dimension of the guide, y^ and the permeabilities and permittivities of the appropriate 

regions and k = 3 + ja where a > o. 
to 



For the case of interest regions 5 and 2 correspond to the 

bismuth film and its substrate while regions 1 and 4 are empty. Thus 

W1 = V2 ' y3 " "4 - V kl = k4 = k2 " J 

k3 = /w y e -k2, k = 3 + jot with a >o, = eo(e2' + e3 = eo^ 

'e3' + je3*1) where £2M = ° 2 '  anc* e 3*' = ^3 

Subject to the assumptions above the determinental dispes-sion 

relation or Eq. (5.34) be expanded producing 

tan k^tg - k2 tan kjd^ tan ^2^2 tan k^t^ 

h 
+k3 tan k2t2 + k3 tan k1d1 + k^ tan k-^ (a-d^) 

 ̂ S. *7 
-k2k^ tan k^(a-d3) tan k^d^ tan k2t2 

k:2 

2 
-k tan k^fa-d^) tan tan "3^3 

k2kl 

2 
-kj tan k^(a-dj) tan tan kjtg = 0 , (5.35) 

. v 
For computational purposes Eq. (5.35) may be more useful than the 

determinental form of Eq. (5.34). 

If the permittivities of the slabs and their location are 

known it is found that only certain values of k will satisfy Eqs. (5.34) 

and (5.35). These are the propagation constants for the inhomogeneously 



filled guide shown in Fig. 5.2. In the absence of losses k is either 

purely real^indicating a propagating mode, or imaginary indicating a 

non propagating or evanescent mode. When losses are present k becomes 

complex and the distinction between propagating and non propagating 

modes becomes less clear. Alternately, Eq. (5.34) anj 5.35) may be 

used to determine the complex permittivity of one of the slabs if the 

permittivity of the other is known from a knowledge of the complex 

propagation constant of the combination. This approach will be 

demonstrated in Chapter 7. 



CHAPTER 6 

THE THEORY OF THE 
MICROWAVE BRIDGE 

Introductory Concepts 

No complete theory of the microwave bridge has appeared in 

the literature to date. Altschuler (1963) avoids any discussion of 

the bridge claiming the range of permittivities capable of being mea

sured with this device is duplicated by the methods he subsequently 

discusses in detail. Only Hedheffer (1966) seems to devote some 

space to this device. Unfortunately his discussion is vague and 

consequently of little use. Because of its sensitivity the microwave 

bridge has been used to measure high permittivity substances when the 

methods outlined by Altschuler fail. In particular it was used by 

Harris and O'Konski (1955) for the measurement of high permittivity 

dielectric liquids. Similarly, it was also employed by Burdic et al 

(1964) for the measurement of barium-strontium titanates exhibiting 

relative dielectric constants of the order of 2000. Gunn and Brown 

(1964) describe the use of a slotted waveguide structure in conjunction 

with a bridge for the measurement of semiconductor properties. Tischner 

(1960) suggests its use in determining the electromagnetic properties 

of a plasma in a wa.veguide test section. Recently, Gunn (1967) measured 

the propagation constants corresponding to films of bismuth and indium 

antimonide again using a bridge in conjunction with a slotted waveguide 

section. 
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The chapter will rigorously develop the theory of the micro

wave bridge'and show how it is used to determine the magnitude and phase 

of the transmission coefficient of a filled section of waveguide. 

Subsequently an expression for the transmission coefficient will be 

developed in terms of the propagation constant for the section of 

waveguide under investigation. Finally it will be shown that by mea

suring a series of transmission coefficients the propagation constant 

can be determined. The conventional transmission line approach will 

be used. 

It will be recalled that the equations governing the voltage 

and current along a transmission line are given by 

dV =-ZI (6.1) 
dz 

dl_ =-YV (6.2) 
dz 

where V and I are the voltages and currents along the transmission 

line and Z and Y are the characteristic impedance and admittance per 

unit length respectively. Differentiating Eq. (6.1) with respect to 

z and making use of Eq. (6.2) produces 

d2V - y2V = 0 (6.3) 

dz2 

where y = / YZ and is called the.propagation constant of the system. 

In the absence of losses it is purely imaginary and when losses are 



present it assumes the form -a + j3 where a >_ o and where a time 

- j tut 
variation of the form e is has been assumed but suppressed. The 

general solution of Eq. (6.3) has the form 

Vt = V+ £Yz + V" i YZ (6.4) 

represents the total voltage at any point along the line. The first 

term represents the form of the incident wave traveling in the .positive 

z-direction while second term represents a reflected wave traveling 

in the negative z-direction. Using Eq. (6.1) and solving for I one 

obtains 

It = -1 (V+ eYZ - v" e^Z) (6.5) 

where Z = Z_ and is called the characteristic impedance of the trans-

Y 
mission line. I represents the total current at any point along the 

line. 

The Microwave Bridge 

A microwave bridge consists of a signal source and associated 

circuitry which are so constructed so as to separate a signal into 

two portions, letting one portion travel a longer electrical distance 

than the other and finally combining the two signals thus producing 

an interference pattern. From the latter, phase and intensity differ

ences can be determined. 

The signal flow diagram for the bridge used to determine the 

complex transmission coefficient for a filled section of waveguide is 



A B C 

vly * v:;v 
D _ -j 
S = V.Te 

s 
.. 

0 — s-o 

j (6 s-ut+BoA ) 
s = v 

Fig. 6.1 Signal-flow diagram of the microwave bridge 

t-* 
o 
o 
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shown in Fig. 6.1. This microwave bridge consists of two arms which 

are appropriately divided by reference planes. It is assumed that the 

arms are completely isolated from each other such that reflections or 

signals from one arm nev.er enter the other. Let the filled waveguide 

section occupy the region between the reference planes B and C. Generally 

since an impedance mismatch exists at the reference planes B and C 

reflected waves exist in the region bounded by the planes A, B, and 

C. No impedance mismatches are assumed to exist in the lower arm which 

has also been appropriately divided by the reference planes A', B', 

and C'. Hence no reflected waves are present. It is important to 

note that if the impedance mismatches at B and C were absent and the 

waves were in phase at A and A' an observer stationed at z = 1 would 

detect no differences in the phases of the signals emerging from C 

and C1. This indicates that the bridge measures relative differences 

only. Let Vj be the magnitude of the incident signal voltage in the 

upper arm and Vq the magnitude of the incident signal voltage in the 

lower arm and assume the signals to be in phase at z = -d. For the 

sake of generality the magnitudes are not assumed to be equal. Let 

Y0 = j$0 be the propagation constant in all sections of the bridge 

except the section bounded by the reference planes B and C. Since 

the filled guide generally will exhibit losses, a propagation constant 

of the form -a + j3 with a ̂  o must be assumed. After the signal has 

passed through the filled guide it has been attenuated by an amount 

R and experienced a phase shift <{> compared to the signal voltage in 

the lower arm. Since the transmitted voltage at C is proportional 

to the incident voltage at B, the forms of the signals at C and C' 
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+Ynz +Y0z • j(j> 
are V^Te and VQe respectively where T = Re . All this is indicated 

in Fig. 6.1, the signal flow diagram for the bridge. The signals then 

proceed towards D and D' and are allowed to interfere with each other. 

Ferrite isolators are located at D and D' which permit the signals to 

enter the region but prevent them from re-entering the arms of the bridge. 

For the sake of generality the distances 5.^ between C and D, and , 

between C1 and D', are not necessarily equal. 

In order to examine the interference pattern produced by the 

tWo signals it is convenient to introduce a one dimensional coordinate 

system, s as shown in Fig. 6.1. The'wave from D' traveling in the 

positive s-direction has the form 

j (3 s - wt + 8 L ') 
S - VQe 01 (6.6) 

where 3 * is the phase shift experienced by the signal in traveling 
o x 

from C' to D1. Similarly, the wave from D traveling in the negative 

s-direction has the form 

- j (3 s + wt - B L -
S = V1Re 0 (6.7) 

where $ is the phase shift of the wave in the upper arm experienced 

i 

in traveling from C to D. The standing wave or interference pattern 

is the sum of the waves traveling in opposite directions or 

S = S+ + S" (6.8) 

or 

_ j ') 
O — 6 

-j (2$0s+3. -*)-<!>) 
VQ + VjRe o 1 (6.9) 



Since the distances SL̂  and are fixed physically, let = 3q (A^'-£j) . 

Since only the magnitude of S can be investigated with a standard 

slotted guide, probe, and carriage combination, one obtains 

|S| = [(V0+RV1cosC220S+TJ;-4)))2 + CV1Rsin(230s+i|;-(f)^2]J2 (6.10) 

which simplifies to 

I s I  = [Vo2+2RV1cos(23C)S+I|;-<|)) + V?V * f2 (6.11) 

By means of a precision attenuator having negligible phase shift, 

attenuation can be introduced in the lower arm such that 

VQ = RVX - (6.12) 

Then 

|SJ =  / 2  RV1[l + cos (23qs+^-(J)) (6.13) 

or 

S = 2RV1|cos(g s+jp - $ ) | ' (6.14) 
0 2 2 

The latter is the form of the standing wave pattern detected by an 

observer using a probe, carriage and slotted waveguide assembly. The 

magnitude signs appear since only the positive magnitude of signals 

can be detected. 

<J) can be deduced in the following manner: For a null the 

argument of the cosine function must equal (2n+l)II where n=0, 1, 
J 

2,... . If a filled section of guide is located between the reference 

planes B and C it will produce a phase shift and nulls will be found 

wherever the condition 

3 s. + ~ <p = (2n. + 1) IT 
o j j j J 2 

(6.15) 
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is met. Subsequently if the filled section of guide located between 

the reference planes B and C is replaced by an empty section of guide 

of equal length, the phase difference, <j>, detected by an observer 

stationed at z = 1, equals zero as pointed out previously. Thus nulls 

will be found whenever 

3Q
si + £ = (2ni + 1) II . (6.16) 

2 2 

Assuming the shifted minima corresponding to the same value of n can 

be found, Eq. (6.16) may be subtracted from Eq. (6.15) producing 

* = 23o Csi • V> C6.17) 

where sq is the minima location when the guide in question is empty, 

s^ the shifted position of the same minima when the guide is filled 

and $ = 211, the propagation constant of the empty waveguide. 

Ag 
In order to have sharp nulls the amplitude of both waves must 

be equal. Attenuation must therefore, be introduced such that 

V0 = RVJ (6.12) 

where o <_ R <_ 1. This may be achieved by introducing the required 

amount of attenuation, a, by means of a precision attenuator located 

in the lower arm of the bridge. It is assumed that this device produces 

negligible phase shift and exhibits input and output impedances of 

ZQ, the characteristic impedances of the empty, lossless guides connected 
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to it. Let VQ be the input voltage and RV^ the desired output voltage. 

Then power into the device is 

Pi = I VoVo* • (6.18) 
2 Zo 

Similarly the power out of the device delivered to the external circuit 

where characteristic impedance is Zo is 

Po = _1 (RV-,) (RV,)* , (6.19) 
2 — 

Zo 

Using the definition of attenuation 

a = 10 log (Po) in db, (6.20) 
1U Pi 

substitution Eqs. (6.18) and (6.19) into Eq. (6.20), and recalling that 

R, V, and VQ are r^al quantities yields 

, 2  a = 10 log1Q (RV1)/ . (6.21) 

Vo~ 

Solving for R produces 

R = VJ3. 10 tor (6.22) 

V1 

Where and VQ are the magnitudes of the incident voltages in the 

upper and lower arms of the bridge, a, the amount of attenuation intro

duced, and R the magnitude of the transmission coefficient. It will 

be shown in the subsequent chapter that VQ can easily be made to equal 

by means of trimming attenuators. 



106 

The Transmission Coefficient 

Having developed a method for the measurement of the trans- • 

mission coefficient, expressions will subsequently be derived which 

allow the propagation constant corresponding to the filled section of 

guide located between the reference planes B and C to be determined. 

The voltages and currents corresponding to the regions between A and 

B, B and C, and C and D will be identified by the subscripts 1, 2, 

and 3. The characteristic impedance of the region between B and C 

will be designated Zq^ whereas the characteristic impedances to the 

right and left of this section are assumed to be identical and equal 

to ZQ. Since no reflections exist at D, only transmitted waves are 

present in the region between C and D. At the reference planes B 

and C, located at z=0 and z=£, the boundary conditions of continuity 

of the voltages and currents shall be imposed. It should be evident 

that these boundary conditions are equivalent to the continuity of the 

tangential components of the electric and magnetic fields at the inter

face between two media if a field formulation rather than a transmission 

line approach had been chosen. Thus the voltages and currents under 

consideration are 

+ V2 e (6.23) 

(6.24) 

(6 .26)  



+v 
Vt3 - V3e (6.27) 

+Y z 
• I ^ i V e 0  ( 6 . 2 8 )  

Zo 3 

subject to the boundary conditions 

V = V for z = 0 ( 6 . 2 9 )  
tl t2 K J 

Vt2 = Vt3 for z = £ (6.30) 

Ttl = Jt-2 for z = 0 (6.31) 

and I = lt3 for z = £ (6.32) 

Application of the boundary conditions yields the following system of 

equations: 

V - V2 - V + 0 = "V1 

+yl ' -yl +y % 
0 + V e + V q - V3e ° = 0 

-ZVj' -V + V2» + 0 = -ZVj (6.33) 

+y£ ' -yl +y I  
0 + V2e - V2e - V Zff 0 = 0 

where 
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Solving the above system for by the application of Cramer's rule 

produces 

V3 

1 -1 

- z  

•1 -V, 

+ y Z  - y H  

0 e 

+1 • -ZV, 

+ y Z  

e 

- y H  

-e 

-1 -1 

+ y Z  - y i  

e e 

-1 +1 

+Y& -yH 
0 e 

+y0a 

-e 

-Ze 
-Yoa 

(6.34) 

Expanding the above and after some algebraic manipulations one obtains 

V3 " V1 
(6.35) 

-4Z -(Y+YQ)£ 
CZ-1)2 e 

2  - 2 y &  

1 - Ql) e 

2 
CZ-1) 

The coefficient of is called the transmission coefficient. For 

convenience let 

A = -4Z 

Cz-i)2 
(6.36) 
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and 

B = CZ+1D2 (6.37) 

t z - i ) 2  

Then V^/V^ may be simplified to 

- C y+yJ * 
T = Ae (6.38) 

-2y£ 
1 - Be 

A single measurement of T does not permit y to be determined. 

This is caused by the fact that the expression for the transmission 

coefficient actually contains two unknown quantities, y and 

whick generally are both complex. This difficulty may be circumvented 

by measuring the transmission coefficients of a number of filled 

guides which differ only in length. Utilization of the correspondingly 

different transmission coefficients will allow > to be determined. 

Determination of the Propagation Constant 

Let Tj be the transmission coefficient corresponding to a filled 

section of guide of length Z., Similarly let T and T„ correspond to 
J- 2 

filled sections of guide of lengths 5.^+A and 5^+2A respectively. A is 

a constant increment in length between successive lengths of filled 

waveguide. Then 

-C y+y0)A  
Ti = CAe ° ) (6.39) 
1 -2y£, 

1 - Be 
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and 

-CY+Yjfcj. -CY+Y0)A 
T, = (AI  ) e (6.40) 

-2y£, -2yA 
• 1 - (Be ) e 

'* (Y+Y0)&, "2(Y+Y0)A 
TV = CA£ X) e 

-2y£ ~4yA 

1 - (Be -1) e . (6.41) 

Making the substitutions 

-2yA 
B' = Be 

and 

-Cy+YJA, 
A' = Ae 

Eqs. (6.39), (6.40) and (6.41) may be expressed as 

T1(l-Bl) = A' (6.42) 

-2yA -(Y+YJA 
T (l-B'e ) = A'e ° (6.43) 

and 
-4 yA -2(y+y )A 

T3(l-B«e ) = A'e 0 (6.44) 

By dividing Eq. (6.42) by Eqs. (6.43) and (6.44 A' may be eliminated. 

Thus 

Tl(i - B') 1 

-2yA -(Y+Y0)A 
(6.45) 

T2(l - B'e ) e 

and 

T.(l - B') 1 
_ = . (6.46) 

-4yA -2(y+y )A 
T3(l - B'e ) e 0 
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Solving Eqs. (6.45) and (6.46) for B' and equating the results yields 

(Y+YjA 

06.47) 

-2yA - (y+y0)A 

T2e - V = T2 " V 

-4yA -2(Y+Y )A 

3E 
- T 

le T3 " Tl6 

"2(y+y0)A 

After considerable algebraic manipulation it follows that 

•1 
Y = 1_ cosh 

A 

-2y A 
T
2CT3 + Tle °5 

2T1T3G 

y0A 
(6.48) 

Thus an explicit solution for y, the complex propagation constant, has 

been obtained from the transmission coefficients of three identically 

filled guides the lengths of which have been incremented by a constant 

amount, A. Actually Eq. (6.48) is still a transcendental equation 

and complicated by the fact that both y arid the argument of the inverse 

hyperbolic cosine function are complex. This difficulty may be cir

cumvented by using an alternate form for the inverse hyperbolic cosine 

function. For example let 

w = 

-2yA 
T
2(T3 + Txe )• (6.49) 

-V 
2TiT3e 

Then, according to Eq. (6.48) 

Ay = cosh-* w 

or 

w = cosh Ay • (6.50) 
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Using the exponential form of the hyperbolic cosine, Eq. (6.50) may 

be expressed as 

yA -yA 
e + e = w 

or 
2yA yA 
e  -  2 w e  + 1 = 0  (6.51) 

Applying the quadratic formula to Eq. (6.51) produces 

yA 
e 

/*2 ~ 
= w + / w - 1 

from which it follows that 

y = 1_ In (w + /w - 1 ) 

A 
(6.52) 

Equation (6.52) can readily be evaluated by means of a computer and com

plex subroutines. When the latter are not available an alternate scheme 

for the solution of Eq. 6.48 is presented in Appendix I. 

If it is possible to initially adjust the bz'idge such that 

= V0, then only two different lengths of filled guide are required. 

However, the resulting expression will not be as elegant as Eq. (6.48). 

Substituting the expressions for A and B into Eq. (6.38) produces 

-CY+Y0)£ 
T = -4Ze 

2 ? - 2 y S L  

(z - 2Z + i) - yr + 2Z + ih 

(6.53) 

Solving Eq. (6.53) for Z results in the following quadratic equation 

' -2yjI 

Z2 - Z 
-(Y+YnH 

2T(1 - e ) - 4e 
-2y I 

T(1 - e ) 

+ 1 = 0 (6.54) 
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Since the characteristic impedance is not a function of length, the 

quadratic equation must yield the same roots regardless of the values 

of T and £. Thus the coefficient of Z in Eq. (6.54) must be a constant. 

Let and T2 correspond to the lengths and respectively. Then 

-2yJL -(Y+Y0)A -2y£ - (Y+Y 
T (1+e x) - 2e T

2
(;i"e > " 2e 

-2y£ -2Y^2 
TjCl-e X) T2Cl-e ) 

After some algebraic manipulations one obtains 

~Y0^2 
sinh yC^2~^i^ = ® sinh Y&2 ~ ® . sinh Y&j (6.56) 

(6.55) 

T1 T2 

where y = -a + jB 

^0 = jeo 

- a l  
20 ^1 T2 = 10 e 1 

and -a9 
u t 1 

20 J(f>2 
V X 0 2 0 e  .  

When high loss materials are measured, results of the high loss 

approximation may be used as a starting point in any root search scheme 

employed to determine Y* 

When the condition VQ = cannot be met nor suitably incremented 

filled waveguide sections are available, Eqs. (6.48) and (6.55) cannot 
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be applied. Then as before let T , T and T correspond to filled 
J . 2 *  * 3  

sections of guide having the lengths and ^3* Then using 

Eq. (6.38) 

-(Y+Y )£ 
T (1 - Be = Ae 1 (6.57) 

- 2 y Z 2  - C y + Y 0 ) ^ 2  

T2(l - Be ) = Ae ° (6.58) 

and 

-2rl -(Y+Y )A3 
T3(l - Be °) = Ae 0 (6.59) 

A may be eliminated by'dividing Eq. (6.57) by Eqs. (6.58) and (6.59) 

Thus 

-2Y£ -Cy+YJ^i 
T (1 - Be •) e 01 

_ = ' (6.60) 
-2yl -(y+yJ£ 

T2(l - Be ) e 0 2 

and 

- 2 y H  _ ( y + Y  ) £ .  

T (1 - Be x) e X 

=  (6 .61)  
-2yZ% - (Y+Y.)A 

T3(l - Be 6) e 0 3 . 

Solving Eqs. (6.60) and (6.61) for B and equating the results produces 

-CY+Y0)Ar2Y4 -(Y+YJV2^-, -CY+YJA -CY+Y0)A2 
T2e ^_T e 02 1 T2e 0 1 - Tje 

"(Y+Y0)^1~2Y5'3 ~ (Y+Y0)^3-2Y^i -CY+Y0)A. - (Y+Y H, 
T3e - Txe T3e - T^e 0 

(6 .62)  
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which after some algebraic manipulations reduces to 

-(Yq+Y)£, -2y£., -2y£2 
e (e - e J 

-Cy +Y)^9 -2y&, -2y£ 
+  T T e °  ( e  -  e  
13 

-CY +Y)A. -2Y^0 -2yA 
+ T2T3 e (e - e ) = 0 (6.63) 

No further simplification appears possible. Again, the high loss 

approximation may be used as an initial starting point for root search 

scheme in the determination of y. 

The High Loss Approximation 

It has been shown that the transmission coefficient has the 

form 

-(Y+YJ£ 
T = Ae 

- 2 y S L  

1 - Be 

where y = -a + j$ the complex propagation constant of the filled section 

of guide, yq = j$0,'the propagation constant of the empty waveguide, 

A = -4Z/(Z-1)^, B = (Z+l)*Y(Z-l)^ and Z = Zq^ the ratio of the char-

Z 
o 

acteristic impedances of the empty and filled waveguides. When high 
a a 

loss materials are measured for which e » 1 

-j23&+2ot& -j23&+2x& 
then 1 - Be e - - Be (6.64) 
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This permits the expression for the transmission coefficient to be 

approximated to 

-a^ j (3-3_)& 
T - -A e e (6.65) 

B 

Recalling that the measured transmission coefficient may be expressed 

as 

-a/20 j 26 Ss 
T = 10 e (6.66) 

and equating Eqs. (6.65) and (6.66) one obtains 

-a/20 j23Q6s ( ( -al j[(3-3n)&+«] 
10 e (6.67) 

where fi is the phase angle of -A. Taking the natural logarithm of 
B 

both sides and equating real and imaginary parts produces 

and 

23q<5s = (0-3 )A+fl (6.68) 

a lnlO = a& - In 
20 

(6.69) 

Both equations have the familiar'form, y = mx + b, of a straight line 

of slope m and intercept b. Thus plots of resultant phase shifts, 

235s, and attenuations a lnlO produced by filled sections of v/aveguides 
20 

differing only in length versus their lengths will yield straight lines 

where slopes are 3-3Q and a- Since 3 = 2rr , where X is the guide 
^ A ® 

wavelength of the empty guide which is kno§n due to direct measurement, 

3 is readily found. 
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The intercepts of these straight lines are ft and In jB . 

A 
While they are of no particular interest in the determination of y, • 

a knowledge of their values does permit the approximate determination 

of the complex characteristic impedance of the filled waveguide. 

The Low Mismatch Condition 

When the impedance mismatch between the empty and filled guides 

is small, the ratio Z = can be approximated by unity. Then according 

Z 
o 

to Eq. (6.53) the expression for the transmission coefficient simply 

reduces to 

+ CY-YJ& 
T « e (6.70) 

Using Eq. (6.66) and the definition of y and yq produces 

-a/20 j2$ <5s j(3-ej£-cc£ 
10 e = e 

or 

2fy>s = ce-iy*. ' (6.71) 

and 

a lnlO = al (6.72) 
20 

For example the low impedance mismatch condition can be met when 

low loss materials of low dielectric constants and whose widths are 

small compared to the guide width are inserted longitudinally into a 

waveguide. The mismatch .can be reduced even further by moving the slab 

closer to one of the guide walls. Unfortunately this can reduce the 

phaseshift to the point where it can no longer be measured accurately. 
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Summary 

In this chapter it was shown that the microwave bridge measures 

the complex transmission coefficient of filled sections of waveguide 

and that by measuring a series of transmission coefficients corres

ponding to guides differing only in length the complex propagation 

constant may be determined. Equation (6.36) yields the propagation 

constant for the most general case involving three guides of arbitrary 

lengths. If the bridge is initially adjusted such that the signal levels 

in both arms are equal, then only two different lengths of filled guide 

are required and Equation (6.56) may be applied. However, when three 

lengths incremented by a constant amount are available, the complex 

propagation constant may be obtained directly from Equation (6.52) rather 

than Equations (5.36) or (6.56) which are transcendental. Mien high 

losses are present or low mismatches encountered the complex propag

ation constant may be obtained from Equations (6.68) and (6.69) and 

Equations (6.71) and (6.72). Applications of Equation (6.52),the high 

loss approximation and the low mismatch condition are described in the 

following chapter. 
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CHAPTER 7 

THE MEASUREMENT OF THE COMPLEX 
PERMITTIVITY OF THIN BISMUTH FILMS 

The Microwave Bridge Circuit 

A block diagram of the microwave bridge is shown in Fig. 7.1. 

The signal source was a Ku-band klystron, tunable from 12 to 18 GHz 

powered by a Hewlett Packard klystron power supply. This signal 

source was isolated from the actual bridge circuit ly means of a 5db 

attenuator. Signal division was achieved by means of a 20db broad-

wall directional coupler. The signal from its main arm passed directly 

into the upper arm of the bridge while the signal from its secondary 

arm, 20db below the signal level in the upper arm, was passed into 

the lower arm of the microwave bridge. Approximate equality in signal 

levels was re-established by introducing 20db of attenuation by means 

of attenuator #1. This provided excellent isolation from signals re

flected by samples mounted in the tapered structure. However, before 

passing into the tapered structure, the signal in the upper arm of the 

bridge was passed through an additional 20db directional coupler. The 

signal which coupled into its secondary arm was passed through a re

sonant cavity frequency meter and into a receiver while the signal 

• in its main arm passed into the tapered structure and interacted 

with the sample under test. Meanwhile, the signal in the lower arm 

of the bridge passed through the trim attenuator If2, the 20db isolator, 
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Fig. 7.1 Block diagram of the microwave bridge circuit-
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the precision attenuator and finally into the slotted guide. There 

the signals from both bridge arms were allowed to interfere producing 

a standing wave pattern. 20db ferrite isolators prevented the interfering 

signals from re-entering unwanted sections of the bridge. The inter

ference or standing wave pattern was examined by means of a standard 

slotted guide, probe and carriage combination using a microwave re

ceiver as a null detector. Relative differences in signal levels could 

be resolved to less than .2db using a microwave receiver as a null 

detector. Null positions could be measured to .01 cm using a micro- • 

meter shown in Fig. 7.2 

Fig. 7.2 shows some of the components which comprised the 

microwave bridge. Starting at the left and proceeding counter clock

wise, the following components can be seen: 

1. the precision attenuator 

2. the slotted guide, tunable probe and carriage combination 

3. connecting waveguide 

4. one of the two ferrite isolators 

5. an attenuator (not used) 

6. the precision dial of the tapered structure mechanism 

7. E-H plane tuner (not used) 

8. and the resonant cavity frequency meter. 

Experimental Procedures 

Initially an empty waveguide was placed between the reference 

planes B and C of Fig. 6.1. These can be thought of being located 



Fig. 7 . 2 Portion of the microwave bridge 
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at the bottom of the tapered structure. For convenience the precision 

attenuator was set to zero and attenuators #1 and were adjusted 

until the sharpest possible nulls were observed in the slotted waveguide 

by means of the probe and carriage combination using the microwave re

ceiver as a null detector. Maximum receiver gain was used. The sharpest 

possible null was obtained when the signal was totally lost in the re

ceiver noise. When this had been achieved the signal levels in both 

arms were equal and = V , a = 0 and R = 1. Next the locations of 

several successive nulls were carefully measured and noted. These 

served not only as reference minimas but were also used in the deter

mination of the guide wavelength necessary for subsequent calculations. 

It should be recalled at this point that the distance between two 

successive minimas is one half the guide wavelength. The empty guide 

was then replaced with a filled section of guide of the same length. 

The probe and carriage combination was adjusted until the shifted 

minimas were found. Attenuation via the precision attenuator was in

troduced in order to again obtain the sharpest possible nulls. A 

succession of small corrective adjustments both in the probe position 

and attenuator settings were generally necessary in order to obtain 

the sharpest null possible. Suppose the attenuation introduced was 

a^db and a particular minima has shifted a distance (s^ - sq) where 

and Sq are the new and old minima positions. Then the magnitude 

and phase of the transmission coefficient are 
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Rj = 10 20 

* = 47r (b -b ) 

and the transmission coefficient is given by 

. !i jfi Csrso) 

^ = 10 e g 

Thus the magnitude and phase of the transmission coefficient for the 

foiled section of waveguide located between the reference planes B and 

C have been determined. 

The operating frequency was determined by carefully tuning the 

cavity frequency meter until a decrease in the signal detected by the 

receiver located in the upper arm of the bridge was noted. The micro

meter setting of the frequency meter was recorded and used in conjunction 

with calibration curves furnished with the frequency meter. 

Modification of the Tapered Structure 

Initial experiments using Rexolite 1422, a very low loss, low 

relative dielectric constant material (e = 2.54), resulted in surprisingly 

good agreement between the measured and calculated values of e. This 

material and the initial mounting method is depicted in Fig. 5.1. How

ever, when bismuth films on glass substrates were mounted in a similar 

manner, considerable radiation was detected emanating from the top 

and the bottom slots of the tapered structure. It is quite surprising 

that Gunn and Brown (1965) make no mention of a radiation problem in 

spite of the fact that their diagrams show their semiconductor samples 



Fig. 7.3 The modification of the tapered 
structure 

Fig. 7.4 The mounting of the samples within 
the waveguide 
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protruding both from the top and bottom slots of their slotted guide 

section. Thus, in order to avoid interpreting radiation losses as 

dissipative losses, the tapered structure was modified as shown in 

Fig. 7.3. The slots were replaced by a waveguide magazine consisting 

of 5 successively stacked sections of waveguide separated .150" and 

having internal dimensions of .100" x .622" respectively. The magazine 

was able to accept samples up to 1.30" in length. 

This modification not only overcame the radiation problem but 

also permitted the samples to be mounted anywhere within the guide. 

This was quite convenient when dealing with high loss samples where 

the limit of the precision attenuator was exceeded. When such high 

losses were anticipated, the samples were mounted closer to one of the 

walls reducing the levels of the attenuations measured. However, this 

resulted in a decrease in the observed phase shifts. Thus some com

promise had to be made such that the attenuations and phase shifts re

mained within certain limits permitting their most accurate determination. 

Mounting of the Bismuth Films 

The bismuth films investigated were first cut to size using a 

diamond saw and then carefully mounted in the waveguide magazine. A 

small amount of clear household cement was applied to the narrow edges 

of the substrates to hold the specimens in place. Due to the high 

losses exhibited by the films, losses due to the glue were neglected. 

Great care was exercised in mounting the films as their surfaces were 

easily scratched. Only four samples of appropriate lengths were mounted. 



The fifth section remained empty and served to balance the bridge 

and allowed.the accurate determination and the location of the 

reference minima. Fig. 7.3 shows some films mounted within the 

waveguide magazine. 

For alignment purposes the waveguide magazine had a series 

of scribe marks on one of its surfaces. Sections of the magazine 

were brought into proper alignment with the waveguides connecting 

to it on both sides by suitably adjusting the dial of the pre

cision turn indicator until one of the scribe marks was aligned 

with the bottom surface of the tapered structure. The corres

ponding dial reading was then noted. This procedure was continued 

until the proper dial readings for each aligned magazine section 

had been obtained. To minimize the error caused by a slight 

amount of free play in the mechanism, the alignment procedure was 

repeated several times and the average dial readings were used 

for the subsequent experimentation. An average of 6.02 revol

utions were required to bring successive magazine sections into 

alignment. Stops were built into the mechanism and the lowest 

possible position of the magazine was always carefully noted. 

At cryogenic temperatures, as a result of unequal contractions 

between the tapered structure and the positioning mechanism, the 

stop would occur at a slightly higher dial setting. This differ

ence was used to correct the dial settings determined at room . 

temperature prior to a low temperature experiment. 
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Discussion of Experimental Results 

Figs. 7.5 to 7.16 indicate the frequency dependence of 

the propagation and attenuation constants corresponding to wave

guides filled inhomogeneously with 7059 glass alone and combinations 

of bismuth films of various thicknesses deposited on 7059 glass 

substrates. With the exception of the 7059 glass data all pro

pagation constant curves and all attenuation constant curves employ 

similar scales. The mounting location is indicated near the top 

left hand side of each figure. Since this location differs for 

each film and substrate combination, care must be exercised when 

comparing various propagation and attenuation constants. 

The cutoff frequency for the TE2Q mode in an empty Ku-

band waveguide having an internal height of .311" and an internal 

width of .622" is 19 GHz. A dielectric slab inserted longitudinally 

effectively lowers this cutoff frequency to a new value which is 

determined by the location of the slab and its permittivity. This 

mode was strongly exited at frequencies above 15.5 Gz for the 720, 

1600, and 1800 A° vacuum deposited films and 16.8 Gz for the 

3733 A0 recrystallized films. The existance of this mode was 

detected by the occurrance of double minimas, unusually high atten

uations and inconsistent results. The large rate of increase of the 

attenuation constant after 15.5 GHz for the 1600 A° film shown in 

Fig. 7.11 is an example of higher order mode exitation. 

Since the theory of the microwave bridge is valid only for the 

dominant TE^ mode, all propagation and attenuation constants were 
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measured below the cutoff frequency of the TÊ q mode. Thus the 

TE^q mode was responsible for the upper frequency limit of the 

propagation and attenuation constant measurements. 

The high loss and low mismatch approximations decouple the 

propagation and attenuation constants allowing each one to be measured 

separately. Prior to acquiring the Polorad microwave receivers, 

Hewlett Packard 415 Voltage Standing Wave Indicators were used as 

null detectors in the bridge circuit. Because the insufficient 

sensitivity and dynamic range of this device, attenuations could 

not be measured with sufficient accuracy. Hence the scattering para

meter method was used to measure the attenuation of the 3700 A° re-

crystallized bismuth film. This technique is described in Appendix II. 

In addition this technique was used to determine the attenuation 

constant of the 7059 substrate. The loss of the latter was almost 

too low to be measured. 

Analysis of the Data 

The complex permittivity of the bismuth films was determined 

in the following manner. First the complex permittivity of the 7059 

glass substrate was determined using the propagation and attenuation 

constant data shown in Figs. 7.5 and'7.6. This permittivity was then 

used in conjunction with the propagation and attenuation constant 

data for a bismuth film and substrate combination to determine the 

complex permittivity of the film. . Specifically, in order to accomplish 

this end, two computer programs were prepared by Mr. Richard Riggs 
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(Riggs 1971). The first program, hereafter referred to as the single 

slab program, allowed the determination of the complex permittivity 

of a single slab inserted longitudinally within a waveguide from the 

corresponding attenuation and propagation constant data. The second 

program, hereafter referred to as the double slab program, calculated 

the complex permittivity of one of two adjacent slabs, inserted longi

tudinally in a waveguide as shown in Fig. 5.2. It required the 

specification of the permittivity of the second slab and the complex 

propagation constant corresponding to the two slab combination. 

Both programs consisted of simple search routines in the complex 

i 
£ - e" plane for values of e' and e" which satisfied Eq. 5.35. 

From Figs. 7.5 and 7.6 it is seen that the complex propagation 

constant for 7059 glass at 14.50 GHz and 23°C is 

y = 325 + jl.O. 

Using this value in conjunction with the single slab program, the 

complex permittivity of the substrate was found to be 

e2 = 5.425 + j.023 . 

This value compared favorably with the manufacturers value of 

= 5.74 + j.029 and the more recent value given by Gunderson (1970) 

of = 5.66 + j.0226 both specified at 8.6 GHz. Unfortunately 

neither source specified the method of measurement nor its accuracy. 

The above measured value was used for all subsequent calculations, 

temperature dependence being negligible. 
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The double slab program was tested before it was used to 

determine the complex permittivities of the bismuth films. A double 

slab was simulated using the 7059 glass data with an imaginary division 

within the slab running parallel to the sides. Thus the complex perm-

N ittivity of one slab and the complex propagation constant of the double 

slab combination were known. The program was then allowed to search 

for the real and imaginary parts of the complex permittivity of the 

unknown slab until Eq. (5.35) was satisfied. Only one such value was 

found, namely = 5.425 + j.023 as anticipated. 

After the double slab program had been successfully tested 

it was used to determine the complex permittivity of thin bismuth 

films at 14.50 and 14.93 GHz. This again consisted of a systematic 

i ii r 
root search in the complex ~ e3 plane for values of and 

ii 
which satisfied Eq. (5.35). This search covered the first and 

8 ' 8 _2 " 8 
second quadrants in the range -10 <_ ^ + 10 and 10 £ 10 . 

This covered all likely values physically possible. Negative values 

1 
of were considered since these are possible for media exhibiting 

plasma properties. Since conductivity is a positive quantity, only 

II 
positive values of were considered. Only one root was found for 

each data point within the specified range. 

The final test was conducted to check the correctness of the 

results obtained from the double slab program. A new program was 

prepared which calculated the complex propagation constant from the 

known complex permittivities of two adjacent slabs. Using the 



Table 7.1 

The Complex Permittivity of 
Thin Bismuth Films a.t 14.50 GHz 

Film 
Thickness 

(Angstroms) 

Temper
ature 

C°c) 

Propa
gation 
Constant 

(radians/m) 

Atten
uation 
Constant 

(nepers/m) 

Measured 
t 

£3 

Measured 
f t  

£3 

(MKS") 

Calcu
lated 

£3" 
fMKSI 

720 23 643 321 1.43xl05 1.16xl05 3.23X105 

720 -191 430 198 5.93X104 0.85xl05 1.14xl0S 

1,600 23 436 120 2.60xl04 2.32X105 8.72xlOS 

1,800' 23 . 526 142 3.77X104 2.30xl04 8.81xl04 

3,700 23 417 42 8.56X104 3.54X103 8.26xl05 

3,700 -191 403 33 7.32X104 2.82xl03 3.76xlOS 
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Table 7.2 

Temperature Dependence of 
the Complex Permittivity of 

a 720 A° Bismuth Film at 14.93 GHz 

Propa
gation 
Constant 

Atten
uation 
Constant 

Temper
ature 

f°C) 

Measured 
1 

e3 

Measured 
II 

£3 
fMKSl 

Calculated 
If 

£3 
TMKS1 

435 204 -191 .54xl05 .84xl05 l.llxlO5 

500 303 -100 .84xl05 1.12xl05 1.61xl05 

650 357 23 1.35xl05 1.22xl05 3.14.105 
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calculated permittivities of the substrate and the 1600 A° film, the 

complex propagation constant for the combination was found. As expected 

it was identical to the one determined experimentally. 

Table 7.1 shows the complex permittivity of thin bismuth films 

at 14.50 GHz calculated from the complex propagation constant data 

given in Figs. 7.7 through 7.16. All of the films except the last 

were vacuum deposited films. The last films, 3700 A° thick, was 

recrystallized from the liquid phase having a surface structure shown 

in Fig. 3.4. Table 7.2 shows the temperature dependence of the complex 

permittivity of a 720 A° bismuth film at 14.93 GHz. The complex 

propagation constants used in the determination of the permittivity 

are indicated in both tables. Compared to 250 radians/m, the pro

pagation constant of the empty waveguide, they are quite large. Using 

the appropriate thickness dependent dc conductivity the imaginary 

parts of the complex permittivity or o/u>eQ have been calculated for 

purposes of comparison and appear in the last column of each table. 
» ' 

For vacuum deposited films the dc conductivity is larger than 

the microwave conductivity by factors ranging from 1.3 to 3.8. On 

the other hand, for the recrystallized film the dc conductivity is 

234 times larger than the microwave conductivity at room temperature 

and 133 times larger at -191°C. The ratio of the microwave conductiv

ities at 23°C and -191°C for the films studied is about one half of the 

value calculated suing the dc conductivities. Due to a lack of an 

appropriate theory it is not possible to interpret these results. How

ever, it can be shown that these results are consistent with previous 
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results for metals. The differences in the dc and rf conductivities 

of vacuum deposited films are consistent with the results of Maxwell 

(1947) who compared the dc and microwave conductivities of commonly 

used metals such as aluminum, chromium, copper, silver and gold. For 

example, for chromium the dc conductivity is about 3 times larger than 

the rf conductivity whereas for aluminum the factor was about 1.6. The 

unusual behavior of the recrystallized film is likely due to the large 

mean free paths of the carriers contributing to the conduction mechanism. 

Recrystallization drastically enlarges the single crystal regions such 

that mean free paths of several microns or more are possible in bismuth 

even at room temperature (Pippard 1954) . A relationship indicating 

that large differences can be expected between the dc and rf conductiv

ities for large mean free path lengths has been forwarded by Serin (1947). 

His theory, however, deals with metals rather than semi-metals and 

utilizes a geometry different from the one employed here. 

The large relative dielectric constants appearing in the fourth 

and fifth columns of Tables 7.2 and 7.1 are surprising. It appears by 

comparing the vacuum deposited and recrystallized films that the large 

dielectric constant is inversely proportional to the size of the single 

crystal regions. The relative dielectric constant of bulk crystals 

of bismuth measured at optical frequencies is about 100. The existence 

of these large relative dielectric constants is consistent with the 

earlier experimental observation of higher order mode exitation above 

15.5 GHz. 



148 

Uncertainty Analysis 

It was not possible to rigorously estimate the total uncertainty 

in the values shown in Tables 7.1 and 7.2 because the model chosen for 

these measurements neglected higher order mode effects produced by the 

ends of the substrate-film combinations. However, based on the satis

factory agreement between the measured and specified values of the sub

strate permittivity and the relationship between the measured and 

n 
calculated values of it can be concluded that to the order of the 

approximations used, higher order mode effects were negligible. On 

the other hand it was possible to gain some insight into uncertainties 

which arose from measurement errors. 

Due to the complexity of Eq. (5.35), an expression relating 

the effect of possible input data errors on the permittivity could 

not be obtained. Thus in order to gain some insight on the effects 

of possible errors, each input parameter was individually varied by 

+20%, the others remaining at their original values and the resultant 

complex permittivity recalculated. The film 1600 A° thick was selected 

for this experiment, = .243") is the location of the substrate 

from the waveguide wall and = .033") is its thickness. 't^C = 1600 A°) 

is the thickness of the bismuth film. f( = 14.50 GHz) is the operating 

I I! 
frequency, ( = 5.425) and ( = .0230) are the real and imaginary 

parts of the complex permittivity of the substrate. 3( = 436 rad/m) 

and a( = 120 nep/m) are the propagation and attenuation constants 

corresponding to the film and substrate results of these variations. 



Table 7.3 

The Effect of a 20% Change of 
an Input Parameter on the 
Complex Permittivity of the 

1600 A° Thick Vacuum Deposited 
Film at 14.50 GHz 

Parameter 
Increased 

20% 

% 
Change 
in e3-

% 
Change 
in e3« 

d2 
-1.0 +2.3 

*2 
-12.7 +4.1 

*3 
-16.6 -16.4 

f +107.5 . -13.8 

r 
e2 

-20.1 +3.0 

it 
E2 

0.0 0.0 

e +61.0 -7.2 

a +2.3 +19.3 
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Errors in frequency produced the largest change in the per

mittivity of film. This was understandable since frequency enters as 

a squared quantity. However, since the uncertainty in the frequency 

measurement was less than .25%, no significant errors resulted from 

this parameter. Since substrate thickness and locations could also 

be measured accurately, errors from these sources could also be con

sidered as negligible. Substrate losses had a negligible effect on the 

permittivity of the film. The relative dielectric constant of the 

substrate was accurate within 5%. Thus the largest errors originated 

from t^, a, and 3. 

The uncertainty of t^, which was about 12%, not only affected 

the results of the double slab program but also the values of a and 

3. Film thickness variations along the length of the sample filling 

the guide affected the measured attenuations and phase shifts from 

which the complex propagation constants were calculated. Since the . 

growth of the vacuum deposited film is statistical in nature one would 

expect somewhat larger thickness variations for thinner films than for 

thicker ones. This should result in a somewhat better correlation 

between the real and imaginary parts of the complex propagation constant 

and frequency for thicker films than for thinner ones. This can be 

seen by comparing Figs. 7.7 and 7.8 corresponding to the 720 A° film 

and Figs. 7.13 and 7.14 corresponding to the 1800 A° film. This error 

was minimized by performing several experiments changing only the 

frequency each time and drawing a smooth line through the data points. 
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The effect of a 5% change of an input parameter used to cal

culate the complex propagation constant of a 1600 A° thick vacuum 

deposited film at 14.59 GHz by means of Eq. (6.48 ) is shown in Table 

7.4. The frequency is different from the one used to prepare Table 

7.3 since an actual data point rather than an averaged one had to be 

used for this experiment. As before, each parameter was individually 

increased by 5%, the others remaining at their measured values, and 

the complex propagation constant recalculated for each case. A(=.1005") 

is the increment in length between successive samples. a^(=26.15 db) 

_ 2  
and 6s^(=1.328 x 10 m) are the attenuation and minima shift corresponding 

to the short sample, (=28.99 db) and 6S2(=1.353 x 10 ^m) are the 

attenuation and minima shift corresponding to the second sample. 

_ 2  
ag(=31.48 db) and Ss^(=1.482 x 10 m) are the attenuation and minima 

shift for the longest sample. Experimentally the major sources of 

error arose in the measurement of 5s^ and a^. This measurement involved 

the greatest attenuation and the smallest signal to noise ratio. Based 

on experimental observations the maximum uncertainty in this measurement 

was less than 2%. Thus the uncertainty in the calculated real and 

imaginary parts of the complex propagation constant was about 10%. 

The effect of a 5% change of an input parameter used to cal

culate the complex propagation constant by means of the high loss 

approximation, neglecting the error incurred by its use, is less than 

indicated by Table 7.4. This is due to the method itself which involves 

drawing the best straight line through three or more data points and 

subsequently calculating its slope. This averaging procedure tends to 



Table 7.4 

The Effect of a 5% Change of 
an Input Parameter on the 
Propagation and Attenuation 
Constants of a 1600 A° Thick 

Vacuum Deposited Film at 14.59 GHz 

Parameter 
Increased 

20% 

£ 

Change 
in 0 

% 
Change 
in 3 

A -5.5 -2.4 

al 
-13.5 -3.6 

6sl 
+24.8 -5.8 

a2 
-17.2 • +5.7 

6S2 
-45.2 -9.1 

a3 
+26.6 +2.4 

5s3 
+8.2 + 19.6 
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minimize errors. The value of the complex propagation constant cal

culated at 14.59 GHz using the high loss approximation is about 10% ' 

smaller than the result obtained by Eq. (6.48 ). Thus the approximation 

is conservative as can be seen from Figs. 7.11 and 7.12. 

Assuming uncertainties of 10 and 12% in the complex propagation 

constant and film thickness respectively, and the total uncertainty 

from these sources to be additive, permits the total uncertainty to be 

estimated to'be about 40%. Although large, the uncertainty is unable 

to produce order of magnitude changes in the values shown in Tables 

7.1 and 7.2. Such large errors in the measured values corresponding 

to high permittivity substances are not uncommon. Burdic, Lyon and 

Pippin (1964) report uncertainties up to 19% in the measured values 

of the complex permittivity of strontium barium titanate compounds. 

From the results of this chapter thi'ee conclusions may be 

made. First, the presented technique was successful in determining 

the complex permittivity of. thin bismuth films. Secondly, the large 

relative dielectric constant exhibited by thin bismuth films is a . 

thin film phenomenon. This observation is supported by the fact that 

the recrystallized film, which has more bulk-like properties than the 

vacuum deposited films, exhibited a smaller relative dielectric constant 

than any of the vacuum deposited films. Finally although the uncer

tainties are large they are unable to invalidate the findings of this 

chapter. , 



CHAPTER 8 

SUMMARY AND RECOMMENDATIONS 

Thin bismuth films have received attention recently for possible 

device applications. However, no studies have thus far been undertaken 

to determine the complex permittivity of such films in the microwave 

frequency range. The purpose of this work was to measure the complex 

permittivity of several thin bismuth film, within the Ku-band of the 

microwave spectrum. 

A number of methods for the production of crystalline bismuth 

films were studied. These resulted in the observation that the size 

of the crystalline regions of the vacuum deposited films could be en

larged by a recrystallization process. During the process the vacuum 

deposited films were first surface oxidized and then raised to their 

melting points. By controlling the cooling rate a variety of surface 

structures were realized. In particular if the molten films were super

cooled by blowing cold helium across their surfaces, single crystals 

up to three-eights of an inch on a side having a cellular dendritic 

structure were formed. The size and imperfections of these crystals 

were determined by means of a chemical etch and subsequent microscopic 

examination. This simple inexpensive method has not been exploited 

fully to study the various imperfections found in crystalline films 

and should therefore be extended. In addition studies should be under

taken in order to correlate the orientation of the etch pits to the 

crystallographic axis of the single crystal regions. 
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The resistivity, magnetoresistance, and flail coefficient of 

the vacuum deposited and the cellular dendritic bismuth films were 

studied as functions of film thickness, temperature and magnetic 

field strengths up to 5,000 gauss. All of the transport parameters 

were found to be thickness and temperature dependent. IVhile the 

resistivities of the vacuum deposited films were higher than those 

of the dendritic films their magnetoresistivity was considerably 

smaller. It was observed that for vacuum deposited films at 23°C 

and -196°C and for dendritic films at 23°C the Hall coefficient was 

independent of the applied magnetic field. However, for dendritic 

films at -196°C, the Hall coefficient, even at low field strengths, 

was a function of the magnetic field. Temperature cycling had a 

pronounced effect on all of the parameters studied. Since this could 

have a pronounced effect on any future low temperature applications 

of thin bismuth films, studies should be undertaken to see if this 

effect can be minimized. In particular substrate materials should be 

studied whose expansion coefficients are quite similar to those of the 

films. 

After carefully considering the existing techniques for the 

measurement of the complex permittivity of a high loss substance and 

the constraints imposed by the bismuth films themselves it was decided 

to use the following approach. The films and their substrates were 

mounted longitudinally within a waveguide. A theoretical expression 

was derived from which the complex permittivity of the film could be 
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determined from a knowledge of the complex propagation constant of the 

inhomogeneously filled guide containing the film and its substrate. 

In order to assure adequate sensitivity despite high losses it was decided 

to measure the required propagation constants with a microwave bridge. 

A microwave bridge circuit was built and the theory of its 

operation presented. It was shown that the microwave bridge measures 

the complex transmission coefficient of filled sections of waveguide 

and that by measuring a series of transmission coefficients corresponding 

to guides differing only in length the complex propagation constant 

may be determined. This circuit was then used to determine the propa

gation and attenuation constants of waveguide sections filled inhomo

geneously with their films and their substrates. While end effects were 

neglected, it is felt that the error incurred is unable to significantly 

change the findings of this work. This is supported by two results. 

First, good agreement between the measured and the specified values of 

the permittivity of the substrate were observed. Secondly, the agree

ment between the dc and rf conductivities of vacuum deposited films 

were found to be consistent with previous results for metals. For 

further work the problem of finite dielectric slabs located within a 

waveguide should be solved to a higher degree of precision and then 

extended to cases involving losses. This would allow the above mentioned 

error to be estimated more rigorously. 

The real and imaginary parts of the complex permittivity of 

bismuth films were calculated from complex propagation constants 



157 

measured using the bridge. For vacuum deposited films they were found 

5 4 
to range from 10 to 10 . On the other hand the real and imaginary 

parts of the complex permittivity of the one recrystallized film tested 

4 3 
were found to be of the order 10 and 10 , respectively. In all cases 

the complex permittivity was found to be slightly smaller at -191°C 

than at 23°C. The smaller rf conductivity of the recrystallized film 

is likely caused by the large mean free paths possible even at room 

temperatures. Experimentally the large relative dielectric constants 

exhibited by the films were not unexpected. The large measured pro

pagation constants and the detection of higher order modes above 

15.5 GHz indicated that the relative dielectric constants of the bismuth 

films were likely quite large. Thus it can be concluded that both the 

relative dielectric constants and the loss tangents exhibited by thin 

bismuth films are relatively large. Furthermore any future microwave 

applications utilizing these films will have to be able to tolerate 

these large losses. 



APPENDIX I 

SOLUTION OF THE EQUATION y = 1_ Cosh _1W 
A 

Substitution w = u+jv and y = -a+j3 into cosh yA = w and sep

arating real and imaginary parts yields 

and 

u = cosh aA cos $A 

v =-sinh aA sin 3A . 

(1 .1 )  

( 1 . 2 )  

Dividing Eq. (I'-l) by cos 3A and Eq. (1-2) by sin 3A and making use 

of the identity 

2 2 
cosh aA - sinh aA = 1 (1.3) 

twice yields 

u v  = 1  
2 2 

1 + sinh aA sinh aA 

Solving for sinh aA one obtains 

(1.4) 

sinh aA = r + (1.5) 

where 

ri 
/• 2 2 
(u +v -1) + 

, 2  2  . . . .  2  .  2  
(u +v -1) +4v 

(1 .6 )  
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Then a = sinh * r+ CI.7) 

Using the exponential definition of sinh aA produces 

aA -aA 
e - e CI. 8) 

which may be rewritten as 

2aA 
e  - 2 r j ^ a A - l  =  0  

e 
aA 

Solving for e and taking the natural logarithm results in 

(1.9) 

a = 1_ In 

A 

r + . _ 
+ — — 

/ 2 ~ 
/ r+ +1 (I.10) 

Since a must be real 

a1 = 1_ In 
1 A 

/ 2 7 
r +  + / r +  +1 CI.li) 

a9 = 1_ In 

* A 

+ /r 2 + 1 ( 1 . 1 2 )  

Actually only one value of a is possible for a passive system exhibiting 

attenuation. For this case the negative value for a must be chosen. 

Similarly dividing Eqs. (1.1) and (1.2) by cos 3A and sin 3A 

respectively and making use of Eq. (1.3) yields 

= 1 (1.13) 

1 - sin^3A sin^3A 

from which 

sin 3A = r (1.14) 
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where 
•i 

r 
+ 

+ t 2  2  i^ 2, i 2  r 2 2 (u +v -1) +4v - (u +v -1) (1.15) 

2 

Since we desire 3 to be greater than zero and positive 

3-l = 1. sin"1 (r+') 

and 39 = ]][ - 3 
* A 

(1.17) 

The latter results since the sine function is positive in both the 

first and second quadrant. The high and low loss approximations dis

cussed earlier may be used to determine the appropriate value of 3. 

formation equations relating the rectangular coordinate system to the 

coordinate system to the elliptic coordinate system. A chart similar 

to the well known Smith Chart could be prepared allowing the graphical 

determination of a and 3. However, since w is not readily calculated, 

a and 3 are best determined using Eqs. (I.11), (1.12), (1.16), and 

(1.17) in conjunction with a computer. 

Equations (1.1) and (1.2) may be recognized as the trans-



APPENDIX II 

THE SCATTERING PARAMETER METHOD 

The insertion loss of a two port microwave network may be 

determined in terms of scattering parameters. Consider the micro

wave network shown in Fig. II.l fed by two transmission lines of 

X 1? 
characteristic impedance Zq. V and V represent the incident and 

reflected voltages at the reference planes T^ and T^. The relation

ship between these voltages may be expressed in terms of scattering 

parameters, ^, such that 

V = siiV + si2v2i . • cn.i) 

and ' 

' V = ̂ iV + S22V2i * tn-2> 

It shall be assumed that the network is passive and obeys the reciprocity 

condition = S21-

Due to the presence of the network not all of the power avail

able at T^ will reach T^. A portion of the incident power will be 

reflected. This shall be called the reflection loss of the network. 

A portion of the incident power will be dissipated within the network. 

This is called the insertion loss of the network. Let F^ represent the 

fractional measure of the power transmitted to the network as compared 
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with the incident power. Then 

F^ = incident power - reflected power 
incident power 

The incident power is given by 

P .  = 1  
xnc T 

V, (II.3) 

Zo 

The reflected power is given by 

P * = 1 ' 
ref j 

V, (II.4) 

Zo 

When T^ is terminated with a load impedance equal to the characteristic 

impedance of the line all power incident to the load wi'll be absorbed 

and none will be reflected back into the network. Thus = 0. 

Substitution Eqs. (II.3) and (11.4) into the expression for one obtains 

F = 1 
r 11 (II.5) 

The power available at T^ is given as 

P1 = I 
2 

V, (II.6) 

Zo 

The power delivered to the matched load at T^ is given as 

2 
P2 = I 

2 
V, (II.7) 

Zo 
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Expressed in db the total loss which includes the reflection and the 

insertion loss is defined by Ginzton (1957) as 

L = 10 log 
10 (II.8) 

Substituting Eqs. (II.6) and (II.7) into (II.8) yields 

2 
L = -10 log 

10 21 
(II.9) 

The insertion loss may be separated from the reflection loss by 

2 
multiplying 

21 
by Fr/Fr anc* expanding the result. This produces 

(11.10) L = -10 logl*(l-
S11 

2) - 10 log10 1—
H C
M

 
C

O
 2 

1 -
S11 

2 

The first term is interpreted as the reflection loss due to impedance 

mismatches while the second term 

Ld » -10 log10 
21  

11 

(11.11) 

represents the insertion loss of the network. 

It is possible to express the scattering parameters and thus 

the insertion loss of the network in terms of complex reflection 

coefficients defined and measured at T^ when T^ is suitably terminated. 

Y X 
Let the voltage reflection coefficient, V /V^ , measured at T^ be 

designated as F . T and T when a short circuit and open circuit and 
sc oc o 

x i 
a matched load is placed at When T^ short-circuited V^ /V2 = -!• 
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Then 

and 

r = S,, + S,„ 
sc 11 12 

V, 

V„ 
sc 

-1 = S 
21 V, + s 

22 

sc 

(11.12) 

(11.13) 

When T^ is open-circuited ^2^2" = + * Then 

r = S,, + S,0 
oc 11 12 

V, 

V, 
oc 

(11.14) 

and 

+ 1 = S 
21 V, 

V 1 
2 

+S 
22 

sc 

(II.IS) 

When T2 is terminated with a matched load V^1 = 0. Then 

r = S„ . 
o 11 (11.16) 

Using Eqs. (11.12) through (11.16) expressions for the scattering 

parameters may be obtained in terms of the reflection coefficients. 

When these are substituted into (11.11) one obtains 

LD = •10 log 10 
2 (r -r )(r -r ) 

sc o oc 0 

^sc^ 

1- r 2 

(11.17) 
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The tapered structure may be identified with the system shown 

in Fig. (II.1), the inhomogeneously filled guide being considered as the 

network and the connecting waveguides being represented by the trans

mission lines. Reference planes can be defined at the flanges of the 

90°E-plane bends. To the order of the high loss approximation, the 

relationship between the input and output power of the tapered structure 

may be expressed as 

I 
-2a 
e =P o u t  (II.18) 

P. 
m 

X 
where a =aZ+a^.ao may be regarded as the portion of the insertion loss 

due to the connecting uides whereas aZ is the portion of the insertion 

loss due to a film and substrate combination of length Z. a can thus 

be regarded as the attenuation constant of the inhomogeneously filled 

guide. Taking the logarithm to the base 10 of both sides, multiplying 

by 10 and recognizing that the left hand side represents the total in

sertion loss, Lp, produces 

LP = aZ + aQ (11.19) . 
8 .686  

Thus plotting the insertion loss versus sample lengths produces a 

straight line whose slope is the attenuation constant of the inhomo

geneous ly filled guide. 

The circuit which was used to measure the insertion loss is shown 

in Fig. (II.2). Initially a short circuit was placed at T^. This allowed 
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the determination of the reference minima and the guide wavelength 

Xg. Subsequently the short was removed and an appropriate termination 

was placed at TThe resultant shift in the null positions As and 

the voltage standing wave ratio, S, was noted. The complex reflection 

coefficient at T^ corresponding to the termination at T^ was then 

calculated from 

jJI(l-4A S lAg 

S.-l e 1 (11.19) 
T. = 
l 

Si+1 

As was positive if the observed null shifted toward the generator and 

negative if the null shifted toward the load. Use was made of the fact 

that a sliding short located at multiples of Ag/.? from a reference plane 

represents a short at that plane whereas at odd multiples of Ag/2 it 

represents are open circuit. 
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