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I. INTRODUCTION 

Thin film metal-insulator-metal diode devices have 

been investigated quite extensively in recent years. 

The interest in these devices has arisen, in part, from 

the possible application of such devices as active circuit 

1 1 t d b d
l, 2 

e ements ore ec ron sources, as suggeste y Mea 

3 
and Geppert. Additional motivation has been provided 

by interest in the transport of "hot electrons II in the 

insulator and in the metal overlayer with subsequent 

emission into vacuum. The term "hot electrons" is used 

to describe a nonequilibrium situation in solids where 

a group of electronic energy levels above the Fermi 

energy is characterized by a greater electron population 

than that waich coincides with the lattice temperature. 

Well-known examples of this phenomenon include photo­

emission and secondary emission, in which the internal 

secondary electrons and photoexcited electrons can be 

characterized as hot electrons. 

When an insulator and a metal are placed in contact 

the insulator presents a barrier to electron motion, 

which is part of its forbidden energy gap. However, 

when an electric field on the order of 106 v/cm. is 
0 

applied to a thin insulating film on the order of 100 A 

thick, sandwiched between two metal films, a current is 
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observed. 
4 

This current could be ionic current, but, 

if the metal and insulator are stable during the applica­

tion of this field, ionic current can be ignored. The 

current must then be an electron current. The electrons 

must either surmount the barrier, Richardson-Schottky 

5,6 
current, or penetrate through it. Thi~ penetration 

of electrons through a barrier is known as tunnelling 

and was first described by Fowler and Nordheim
7 

in 1928. 

It has specifically been applied to thin film devices 

2,8-11 by other authors. A combination of the two 

. 12 13 processes is also possible. ' Another mechanism 

that has been proposed to explain the current observed 

is the Pool-Frenkel effect.14 In this effect the 

current is limited by the field enhanced thermal emission 

of electrons from a discreet trap level into the con­

duction band of the oxide. Other possible processes 

for the conduction mechanism in thin oxide films have 

15 been summarized by Jonscher. These processes could 

1°6-18 all be modified by space charge. Thus, the electron 

process of importance in these devices is in some doubt. 

Under appropriate conditions a fraction of these elec­

trons, accelerated by the electric field and injected 

into the overlayer metal film as hot electrons, can 

penetrate the overlayer film and arrive at the vacuum 
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interface with sufficient energy to escape, thus con­

stituting an emission current. 

Hot electron emission from such devices was first 

2 
repor·ted by Mead in 1961 using Al-Al2o3-Al thin film 

devices. The fraction, a, of the total sample current 

which was emitted into vacuum depended on the sample 

voltage and current, as well as the sample construction 

details, and was as high as 0.01. Similar experiments 

19 with Al-A1
2
o3-(Al or Pt) samples were reported by Cohen. 

These early experiments demonstrated that emission 

currents could be drawn from such thin film device~ 

but the fraction of the total sample current that was 

emitted was small. Instabilities and breakdown effects 

were observed which severely limited the total current 

ob ta inab le . 

20 Mead reported more extensive studies in 1962 

using Be-BeO-Au devices, in whi~h the emitted fraction, 

a, of the sample current was measured as a function of 

Au overlayer film thickness. The results indicated 

strong attenuation of the hot electrons in the metal 

overlayer films, and gave evidence of elastic interactions 

of the injected electrons in the insulating film. Ranter 

and Feibelman21 studied Al-Al2o3-Au devices with results 

that were in general agreement with the previous results. 
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using Mead's results for attenuation in the Au films, 

an estimate of the importance of inelastic interactions 

in the Al2o3 film was obtained. 
. 22 

Collins and Davies 

12 and Savoye and Anderson also concluded that strong 

attenuation of the hot electrons occurred in both the 

insulating film and metal overlayer. 

The simple energy-band picture, originally proposed 

by Mead, 1 a_llows one to distinguish three stages in the 

hot electron emission process: injection of electrons 

1nto the insulator: transport of the electrons through 

the insulating film: and transfer through the metal 

overlayer region into vacuum. 

The electron injection process has been analyzed 

theoretically by several observers. 5 , 6 , 8- 16 , 23- 25 

The conclusion arrived at is that both thermal and field 

effect currents can occur with the barrier height 

determining which mechanism is dominant. The simple 

. 11 23 band picture was used by Simmons ' to analyze the 

electron injection process in terms of tunnelling, 

where the insulator presents a potential barrier to 

the electrons. An approximate multiple-image correction 

to the potential profile was included in the analysis. 

The experiments of Nelson and Anderson26 with 
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Al-Al2o3-(Al and Au) devices were found to be in good 

agreement with Simmon's potential profile model. 

A major difficulty in the studies of thin film 

emission diodes is that the mechanisms of importance at 

the various stages of the hot electron transport process 

are not readily separable on an experimental basis. 

12 
Although the work of Savoye and Anderson allowed a 

partial decoupling of the'hot electron interactions at 

the various stages of the electron transport ~rocess 

a number of uncertainties still exist. A large number 

of impurities are inev-itable in the oxide film and at 

the oxide-metal overlayer interface when the films 

are moved from the vacuum system into an aqueous 

anodizing solution and back into another vacuum system. 

There is the possibility of an oxide gradient in the 

insulating film resulting in rectification effects, as 

27 seen by Nelson, the insulator must be the oxide of the 

underlayer metal, and the metal and insulator films are 

amorphous. 

The number of 1mpurities in the devices can be 

greatly reduced if the device is never removed from the 

vacuum system during fabrication and study. This could 

28,29 
be accomplished by plasma anodization of a vacuum 

deposited underlayer metal and subsequent deposition of 
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an overlayer. The possibility of an oxide gradient and 

the condition that the insulator must be the oxide of 

the metal underlayer can be removed by vacuum deposition 

of the insulating layer. This can be accomplished by 

rf sputtering of the insulator30131 or reactive sputtering
32 

of a metal or semiconductor in an active gas by de 

methods. Another method of deposition is to evaporate 

the insulator at a controlled deposition rate by use 

of a high energy electron beam as first proposed by 

33 
O'Bryan. General design principles of this method 

are discussed by Holland. 32 

A major problem with amorphous devices is that the 

mean free path of hot electrons may be dominated by 

scattering from imperfections, while in an ordered 

device the electron scattering may be reduced to that 

characteristic of the ordered crystal. Another problem 

is that the simple band picture may not give a true 

description of the barrier profil~ as a consequence of 

the spatial variations. The influence of structural 

effects in the thin insulating film was considered by 

• 34 h d f f • 1 Harris, w o presente strong evidence o pre erentia 

conduction associated with lo~alized defects in the 

insulator. The existence of preferential electron 

emission through holes in the overlayer metal film was 
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12 disc us se d by Savoye and .Anderson. Thus, structural 

effects of both .insulator and metal overlayer films 

play an important part in the emission of hot electrons 

into vacuum. Mccoll and Mead, 35 in their studies of 

electron current through single crystal mica films, found 

that tunnelling theory provides a self-consistent 

quantiative description for smaller voltages, but was 

completely inadequate for use with voltages larger than 

the barrier height. This is another indication that 

ordered devices may dif£er. Ordered devices can be 

fabricated by epitaxial growth36 of each layer on a 

single crystal substrate. 
• 

xn the present work it was found to be essential 

for a detailed interpretation of the emission results 

that certain other experiments be conducted on a given 

sample in order to gain information not directly obtain­

able from the I-V characteristics and simple emission 

results. The x-v characteristics must be measured to 

determine if the injection mechanism is field or ther­

mally dominated emission. The simple emission measure­

ments yield information on the attenuation of the hot 

electrons. 

The experiments were designed to· permit complete 

fabrication and study of the devices J:n situ, and hence 
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the information provided by these experiments was made 

for a given sample known to be free from impurities. A 

number of samples were prepared during one evacuation 

of the system and so measurements were made over a range 

of insulator thicknesses. 

Evaporation of the MgO dielectric layer was done 

at a pressure of 10-S Torr with no o
2 

gas admitted 

during fabrication as well as with various background 

pressures of oxygen admitted in an attempt to produce 

stoichiometric MgO and thus vary the barrier presented 

to the flow of electrons by the dielectric layer. All 

measurements of device I-V characteristics were done at 

a number of different temperatures in order to determine 

the effect of temperature on the device characteristics. 

The results were then combined into a comprehensive 

model for the hot electron emission process for vacuum 

deposited Au-MgO-Au sandwich devices. 
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J:J:. THIN FILM SAMPLE FABRICATION AND MEASUREMENT TECHNI.QUES 

A. General Considerations 

J:n any experiment involving thin film devices the 

utmost care is required at all stages of sample fabrica-

tion and measurement to avoid contamination by trace amounts 

of impurities. These considerations are of particular 

importance in the present work. where films on the order 
0 

of 100 A thickness are required to be uniform in composi-

tion and thickness and free from localized defects. 

J:t is necessary to carry out all stages of sample 

preparation and measurement without breaking vacuum. This 

requires means for producing the various films and making 

the various measurements with the sample in situ. In addi­

tion to measurement of sample transport properties. elec­

tron diffraction studies
37 

must be made to determine film 

order. 

The original choice of materials to be used was a 

device made of Au-MgO-Au thin films deposited on a cleaved 

single crystal substrate. The reason for this choice is 

that Au and MgO are quite similar in crystal structure 

12 and size. and the fact that Savoye and Anderson had 

discovered preferential emission of electrons through 

holes in a gold overlayer. MgO was a good insulator 

because a considerable amount of information has been 
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38 
obtained on MgO, particularly in these labs, and the 

properties of MgO are thus quite well known. 

B. Preliminary Studies 

The major problem of concern is whether vacuum 

deposited MgO films are free from pinholes and breakdown. 

This problem was thought to be solved by a few preliminary 

investigations of MgO films rf sputter deposited on two 

types of substrates. The first attempt was a series of 

MgO films sputtered onto an unpolished nickel substrate. 

The resistance of the film was measured using a Triplett 

multimeter with a fine wire attached to one lead. The 

fine wire was moved around on the film to check uniformity 

and to discover any pinholes which might be present. 

These films were found to have many pinholes but had a 

high resistance in places free from pinholes. The next 

series of tests were run on MgO films sputtered onto a 

thin film of gold which was deposited on a clean micro­

scope glass slide. These films were relatively free fr.om 

pinholes and also had a high resistance as determined with 

an ohmmeter. 7t was assumed from the results of these 

studies that sputter deposited MgO would make a good 

insulator for metal-insulator-metal diode devices. 



l.l. 

l.. Initial vacuum system 

xn order to fabricate and study the ordered metal.­

insulator-metal diode devices without breaking vacuum 

a number of items must be incorporated into the vacuuum 

system. These include an electron diffraction system, a 

means to electrically measure the devices, and means of 

depositing the underlayer, insulator, and overlayer into 

a given pat·tern. The first attempt at a vacuum system 

which would incorporate all these systems is shown in 

Fig. 1. The LEED apparatus had been incorporated into 

the top half of the bell jar. The LEED apparatus was 

shielded from the sputtering chamber by a stainless steel 

disk 5" in diameter with a 2" hole in the center. In this 

hole was a rotating substrate holder which was turned by 

means of a chain drive. on each side of the substrate 

holder was a cleaved single crystal MgO substrate. When 

the substrate was facing down the Au and MgO layers could 

be deposited1 when it was facing up it could be studied 

with the LEED apparatus. The substrate had leads attached 

to it for the purpose of heating, temperature monitoring, 

and measurement of the diode characteristics. The in­

sulating substrate holder carried these leads which had 

to be easily detachable. A pre~sure contact system was 

built for this purpose. It consisted of 13 stainless 
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steel washers which rotated on tungsten ribbons imbedded 

in another insulator. 

The sputtering half of the bell jar included Kovar 

feedthroughs for use as rf sputtering electrodes. One 

electrode was shielded by a ceramic MgO disk. The other 

electrode had a Kovar disk attached to it which held a 

high purity MgO ceramic disk, used as the sputtering 

target. Th~ metal layers for these devices were to be 

formed by de sputtering of a high purity gold disk. The 

gold disk was mounted on an insulating disk which could 

be rotated so that the sputtering of gold was to be done 

directly above the MgO disk, as can be seen in Fig. 1. 

When MgO was to be sputtered the gold was rotated out of 

the plasma area. Initially the gold was to be sputtered 

using a triode configuration with a nickelate cathode39 

as the electron source. However, difficulty was encoun­

tered in providing sufficient filament power for conver­

sion of the cathode. Thus, a tungsten filament was used. 

The resulting diode was to have the geometrical con­

figuration shown in Fig. 2b. This design could be accom­

plished by means of a single mask which consisted of two 

stainless steel plates as shown in Fig. 2a. These plates 

were attached to a threaded stainless steel rod by means 

of square nuts. One half of the rod had left-hand threads, 
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while the other half had right hand threads, so that both 

plates moved in and out from the substrate center at the 

same time and speed. This threaded rod was to be rotated 

by means of a chain drive. The method to be used in pro­

ducing a diode configuration shown in Fig. 2b was as fol­

lows. When sputtering·was to be initiated the edges A of 

the sheets would just overlap so that no deposit could 

be made while the target was sputter cleaned. The sheets 

were then to be separated so that edges A were 0.1" apart 

and a gold film deposited. The sheets were then to be 

moved in so that they overlapped while the MgO target was 

sputter cleaned. Then the sheets were to be moved out 

so that edges A were 0o2" apart and MgO deposited so that 

it completely covered the Au underlayer. The sheets.were 

then moved so that edges B would just overlap and the 

Au overlayer deposited crosswise over the MgO layer pro­

ducing the desired Au-MgO-Au diode device. 

A bell-jar collar was used between the baseplate 

and the bell jar in order to allow an adequate number of 

electrical feedthroughs into the vacuum. The completed 

system had three moving parts: the substrate holder, the 

mask, and the gold target. Many components were mounted 

partially on the baseplate and partially on the collar. 

The-result of this configuration was that any changes 



14 

that were necessary were extremely difficult to make as 

a consequence of the many moving parts and the close 

spacing involved in a S" I.D. bell jar. 

The initial pumpdown of this system was made and a 

number of baseplate feedthroughs were found to leak in 

the 10-l Torr range. Rather than remount the components 

on a new baseplate, a new vacuum system configuration 

was used, still employing a 5" I.D. bell jar. 

40 The vacuum system also included a Ti getter to aid 

in pumpdown and to obtain a lower ultimate pressure; two 

sputter ion pumps, 41 one was a diode pump and the other a 

42 triode pump; two gas admission systems, one to admit 

Ar gas for sputtering, this system included a cataphoresis 

tube43 for cleaning the Ar gas, and one to admit o2 gas 

for reactive sputtering in case the MgO films contained 

excess magnesium. 

2. Second vacuum System 

The second vacuum system developed for these studi~s 

is shown in Fig. 3. The upper half of this system also 

contained the LEED apparatus. The electrical leads for 

the LEED apparatus, which are not shown, were run through 

an insulator attached to the stainless steel shield and 

attached to electrical feedthroughs in the bell-jar base­

plate and collar which is described below. Removal of the 
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LEED apparatus was necessary in order to replace the sub­

strates, which were otherwise inaccessible. Therefore, 

the LEED system was also mounted on this shield which 

in turn was easily demountable. 

The bell-jar collar consisted of a stainless steel 

cylinder 0.1" thick with large flanges on top and bottom 

for attachement to bell jar and bell-jar baseplate respec­

tively. Six smaller flanges were welded to the side of 

the cylinder. The collar was necessary in order to mount 

a magnetic feedthrough to rotate the substrate holder in 

a vertical plane. Additional electrical feedthroughs 

• were needed so a five lead press and a six lead press 

mounted on flanges were attached to the collar. There 

was also a Pyrex glass window to enable visual indexing 

of the substrates behind the substrate masks. 

The substrates were single crystals of MgO and were 

held on the rotating substrate holder by small tabs. 

The substrate holder had room for-three substrates and a 

blank which was to face the target during sputter cleaning 

of the target. Inside the cylindrical substrate holder 

four small stationary heater filaments were mounted. The 

substrates were to be heated during deposition of Au and 

MgO in order to increase the probability of ,, _;itaxial 

growth of the film. The substrate could als he heated 
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during LEED investigations in order to minimize the charg­

ing of the dielectric substrate. A stationary insulator 

containing electrical contacts to electrical feedthroughs 

on the collar were also mounted inside the rotating sub­

strate holder. The electrical contacts to the diodes were 

thus able to make pressure contact to the stationary leads 

when the substrate was in position in the LEED chamber. 

Mounted on each side of the substrate holder were de 

sputtering assemblies with Au targets directly in line 

with the substrates and 1.3" away. The MgO target was 

mounted on a Kovar rf feedthrough directly below the sub­

strate and 1 11 away. A substrate mask was mounted between 

the substrate and each target resulting in a Au-MgO-Au 

diode as in Fig. 2. 

Although this system had only one moving part, the 

substrate holder, the close spacing in the 5" I.D. bell 

jar resulted in some unsolvable problems. The main prob­

lem was the heat radiated by the filament used for de sup­

port of the plasma. The heat caused cracking of the 

44 45 quartz crystal, ' used to determine deposition rates, 

before any rates could be determined. In addition the 

heat opened up leaks in the baseplate feedthroughs when 

the filament was on, the leaks sealed when the filament 

was cooled but would open again when the filament was 
- . - --- - - - - ..... - - . - -
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again heated. The filament was then placed inside a heat 

shield with five metal layers separated by approximately 

0.1••• This did not help. It was decided that the close 

spacing involved in a 5 11 I.D. bell jar could not be 

tolerated. Rather than build a larger vacuum system a 

new approach was attempted. 

The vacuum system included the same pumping and gas 

admission systems as included in the initial vacuum system. 

3. Six Port vacuum System 

The six port 'vacuum system consisted of the-standard 

bell-jar baseplate and collar with a special top shown 

in Fig. 4. The six holes on the 2.674 DIA.B.Co had bel-

-· - - - ---
lows welded into them to move six different substrates, 

mounted on rods, from port to port and into each port for 

that particular part of the experiment. The system with 

push rods is shown schematically in Fig. S. ~n this sys­

tem six separate, related experiments could be carried 

out in the six different ports labeled A-Fin Fig. S, 

with the intention of fabricating and testing.!.!! situ 

ordered layer metal-oxide-metal diode devices. The six 

ports will be described in detail below. Port A was used 

to deposit the metal overlayer and port B to deposit the 

metal underlayer. Port c was used to rf sputter deposit 

the insulating layer. Port D contained the LEED system 
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used to determine the order of the film growth. Port E 

was the measurements port and port F was used to sputter 

clean the substrate. This vacuum system included the 

same pumping and gas admission system as the two previous 

systems with the exception that it contained two diode 

pumps as well as one triode pump. 

The part of the system within the bell-jar collar 

contained the six substrates mounted on six different push 

rods labeled I-VI in Fig. S. These push rods had holes 

drilled through them every 1/4 in. so that they could be 

pushed out into a particular port with a pick attached to 

a bellows and subsequently removed from this port. Each 

push rod ran through a guide rigidly attached to a rotating 

ring. Rotational motion could be achieved by pushing on 

the side of two of the push rods with the same picks used 

for linear motion. In this manner any given substrate 

attached to a push rod could be rotated and aligned with 

any given port. 

The geometry that allowed six push rods and thus six 

substrates was that which had two push rods I and II in 

Fig. 5, that could move into ports 180° apart, above the 

others and aligned in a horizontal plane. Push rods IIX 

and IV were just beneath I and II, and V and VI were 

beneath these. Figure 5 also shows push rod VI pushed 
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out into port D, the LEED system. The size of the collar 

limited the system to six substrates. 

A complete experiment on a single substrate was to 

be accomplished by the following succession of events. 

The substrate was to be inserted into port F and sputter 

cleaned, it was then to be moved- to port D and the surface 

was to be examined with LEED. The substrate would then 

be moved to port Band a metal underlayer sputter deposited 

and the film order then studied with LEED. The substrate 

was then to be moved to port c and an insulating layer rf 

sputter deposited and the film order again studied with 

LEED. The substrate would then be moved to port A and a 

metal overlayer sputter deposited onto it with a study of 

film order again made. Finally the substrate was to be 

moved to port E and measurements made on the completed 

device. The following is a short description 0£ each tube. 

a. Metal Overlaver Tube 

The purpose of this tube was to deposit the metal 

overlayer, which was always gold. The inside of the tube 

contained a filament, two anode rings, and a virtual 

cathode to produce a de supported plasma. The plasma was 

confined to a beam with this geometry and the aid of an 

external magnet producing a field parallel to the filament­

anode-virtual cathode center line. The gold target was 



20 

mounted in such a position that it was just on the edge 

of the plasma and in the same plane as the center of the 

substrate mask. The mask was mounted outside the plasma 

area and directly opposite the Au target, 3" from it. 

The mask allowed deposition of a 0.1 11 wide vertical strip 

of metal as the overlayer. 

A filament enclosed in a Ta heat shield was mounted 

on the mask for the purpose of heating the substrate 

while deposition was taking place, in order to increase 

the probability 0£ epitaxial growth. The filament was 

a 0.020" diameter advance wire wound into a spiral which 

then encircled the substrate mask. The heating of the 

substrate was found to be quite uniform with this geometry. 

Using this filament the substrate could be heated to a 

temperature of S00°c with a filament power of 50 watts. 

The sputter deposition rates for this tube were 

very uniform from run to run at a given target current 

and voltage regardless of the other parameters. The 

deposition rate vs. target current curve was very close 

to the straight line predicted by Bell and Anderson46 

assuming a hemispherical distribution of sputtered atoms. 

b. Metal Underlayer Tube 

This tube was designed exactly the same as the 

metal overlayer tube with the exception of the masko 
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This mask allowed deposition of a 0.1 11 wide horizontal 

strip of metal for the underlayer film. 

The sputter deposition rates for this tube were 

nearly exactly the same as for the overlayer tube. 

c. ~gO Insulator Tube 

This tube employed rf sputtering to deposit the 

insulating layer of the devices. The major difficulties 

encountered in the six port vacuum system occurred in 

this tube. These difficulties and changes in tube 

design will be explained in section II-B-3-g. 

d. LEED Tube 

The LEED tube was used to determine whether the 

films grown were single crystal, polycrystalline, or 

amorphous. The unit consisted of a 2 1/2" diameter 

display chamber and a three element electron gun as 

shown in Fig. 6. Except for the gun, the main metal 

parts were #304 stainless steel. 

The screen of the display cha'IJlher was a Pyrex 

hemisphere coated on the inner surface with conducting 

tin oxide over which was a thin layer of phosphor. 

Electrical connection was made between the conductive 

coating and the mounting plate via spring-loaded 

tungsten point contacts. 
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Znside the display screen and concentric to it were 

two hemispherical grids (2 3/32 11 and 1 7/8 11 in diameter) 

47 
which were fabricated by chrome plating a tungsten mesh. 

The flat end of the smaller grid was closed to prevent 

penetration of external fields into the display chamber. 

The only LEED pattern ever observed in this tube 

was of the substrate, single crystal MgO, after sputter 

cleaning. This pattern was observed at a pressure of 

10-J Torr of Ar gas. No problems were encountered while 

the pressure was so high. The fact that the surface 

could be studied at so high a pressure made the experiment 

possible since the background pressure of the system 

was never below 10-8 Torr and the pumpdown time from 

10-J Torr to • 1 b 6 h this leve was a out ours. 

e. Measurements Tube 

This tube contained a Supramica 500* disk with four 

spring contacts attached to it for electrical contact to 

the underlayer and overlayer films. The I-V characteris­

tics of the device could then be measured without 

removing it from the vacuum. 

. . 
*Supramica 500 is the trade name of the Mycalex corporation 

of America for their synthetic mica. 
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The end of the tube was made 0£ a quartz window for 

which the light transmission versus photon energy had 

been measured. The center of the Supramica had a hole 

in it so that the light would be incident on the diode 

itself. The purpose of this arrangement was to measure 

the potential barrier presented to the electrons by the 

. 26,27 
insulator. The arrangement also allowed for phot~-

emission measurements to be made, since a grid was present 

for collection of photoemitted electrons. 

A swinging phosphor screen was also present so that 

the emission density patterns from the device as well 

as the total emission could be measured. This screen 

could be swung into a position in front of the diode 

while these measurements were to be made and then swung 

out of the line of sight to the diode when the photo-

measurements were made. 

£. Sputter Cleaning Tube 

The purpose of this tube was to clean the substrate 

surface by Ar+ ion bombardment. The design of the tube 

was identical to the overlayer and underlayer tubes except 

that no target was r,;esent. The plasma was a de supported 

plasma with an rf potential applied between the substrate 

and the filament. RF sputter cleaning of the substrate 

was believed to be necessary in order to obtain an 
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atomically clean substrate surface, since Au will not 

grow epitaxially on a dirty MgO substrate.48 

g. Methods used in the Fabrication of 

Sputtered Metal-MgO-Au Devices 

The six port vacuum system had many problems. The 

size of the system prevented pressures below 5 x 10 -9 

Torr with the small ion pumps. This pressure could 

be attained only after a substantial bake at 250°Co 

Movement of the bellows after a bake always led to a leak 

in one or more of the bellows. Without a bake the 

-a ultimate pressure was 5 x 10 Torr. The bellows would 

last for two or three pumpdowns before a leak would 

open up in one, if the system was not baked. Each time 

a bellows was replaced the shutdown time of the vacuum 

system was one week. 

The first attempts to produce a sandwich device 

were done with Ag on an MgO substrate. Silver was used 

in the hope that silver might grow epitaxially on MgO 

somewhat easier than gold does. ~n every attempt at 

device fabrication the underlayer and overlayer presented 

no difficulty and the deposition of an MgO insulating 

layer was never achieved. 

The first tube to be used to rf sputter deposit 

MgO consisted of two Kovar rf feedthroughs at right 
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angles to each other with no line of sight between 

the two MgO targets. One MgO target directly faced 

the substrate. This tube geometry was discarded after 

attempting to determine sputter deposition rates as a 

function of the rf potential between the two rf 

feedthroughs. The rates were extremely low and the 

films were very non-stoichiometric with an excess of 

Mg. This was determined by the brown-dusty film deposited 

on the glass walls of the tube. 

The next tube used to deposit MgO was designed the 

same as the metal over.layer and under layer tubes. The 

plasma was a de supported plasma with the rf potential 

placed between the MgO target and the filament. The 

metal parts of the tube sputtered quite rapidly so the 

tube was redesigned to keep all metal parts of the tube 

out of the line of sight to the substrate. The first 

conclusive evidence of MgO dissociating into Mg and o 

was found with this tube. 'When the filament was on for 

a de supported plasma the filament would burn out quite 

rapidly. If the plasma was an rf supported plasma 

with no hot filament in the tube all the metal parts in 

the tube became oxidized. 

Deposition ra~es were determined using a quartz 

crystal monitor in this tube. Rates as high as 
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45 A/min. were determined. The films again appeared 

to be non-stoichiometric,but not as bad as with the 

previous tube,so device fabrication was attempted using 

this tube. The first three devices were all shorts 

between underlayer and overlayer. After the substrates 

were removed from the vacuum system it was discovered 

that the metal mask had sputtered onto the substrate. 

When a positive potential was applied to the mask with 

respect to the filament, which was rf ground, no 

improvement was noted. 

The same tube was used for the next six devices. 

The changes that were made were to replace the metal 

mask by an MgO mask and the plasma was an rf plasma 

with the rf applied between two MgO targets. In each 

case the underlayer was sputtered from the substrate 

in a circle corresponding to the hole in the MgO mask. 

The part of the silver underlayer that remained was 

definitely oxidized. It was thus.decided to return to . 

a gold underlayer since it does not have a stable oxide. 

The next three devices attempted using this tube 

were also unsuccessful. No mask was used and in each 

case the underlayer was completely removed from the 

substrate. 
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A new rf sputter deposition tube was designed pat-

49 
terned after the Varian Plasma Peak sputtering unit. 

Sputter deposition rates as high as 10 A/min. were 

determined using this tube. The quartz crystal was 

. so removed and the MgO film studied using a microprobe. 

The microprobe used* did not have the capability of 

detecting oxygen but the films were non-conducting 

and contained Mg. No other metals could be detected. 

The films, however, did appear to be Mg rich. 

When the quartz cyrstal was removed and the next 

series of device fabrication attempts were made the 

metal underlayer was again removed from the substrate. 

Evidently the field configuration inside the tube was 

greatly changed when the insulating substrate replaced 

the metal quartz crystal holder and sputtering of the 

surface again occurred. 

A final attempt was made to use this tube with a 

metal mask. The approach was to ~ttempt to have the sa~e 

electrode geometry present as when the quartz crystal 

was in the tube. This meant that the substrate had to 

be in contact with the mask. As a consequence of the 

*The microprobe used was operated by Dr. Paul weiblen, 

Geology Department, University of Minnesota. 
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many alignment problems present in. this vacuum 

system the close spacing of substrate to mask could not 

be achieved and the mask again sputtered onto the sub­

strate. 

The next approach to the problem was to attempt a 

de glow discharge in an oxygen atmosphere to reactively 

sputter Mg. A glow discharge could not be maintained 

-2 
at a pressure below 3 x 10 Torr. At this pressure 

the Mg sputtered quite rapidly producing MgO films but 

the deposition rate was so low that it could not be 

measured. This was a consequence of the short mean free 

-2 . 
path at a pressure of 3 x 10 Torr. The target to 

substrate spacing was approximately 10 cm. and the mean 

free path at this pressure is approximately 0.15 cm, 

resulting in many collisions occurring before the 

molecules could. reach the substrate. A thick deposit 

of MgO was noted on the glass tube to a distance of 

about 1 cm from the target but no deposit could be 

detected beyond this point. 

Xt was decided that a large bell jar type vacuum 

system would be necessary to fabricate and study 

ordered metal-insulator-metal tunnel devices J:_g_ situ. 

A Varian ultra high vacuum system was obtained. This 

system is described below. 
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c. Experimental vacuum System and Techniques used 

in Final Approach 

1. Description of vacuum System 

The vacuum system used in the final approach was 

constructed by Varian Vacuum Division and was custom 

built for the University of Minnesota. 

The base chamber is the standard Varian base chamber 

for vacuum system Vl-221 and includes a 110 liter/sec. 

noble ion purnP,Varian number 912-7006. The base 

chamber also contains 10 feedthrough ports and titanium 

sublimation cartridge number 916-0017 to aid in pumpdown 

and also to attain a lower base pressure. The outside 

diameter of the base chamber is 12". 

The work area of the vacuum system is a stainless 

steel bell jar, 12 11 O.D. and 12" high. The system has 

8 flanges mounted on it with centers 4 1/2" from the 

top and one flange on the top of the system concentric 

with the system. A schematic diagram_of the bell jar 

work area is shown in Fig. 7. TWO ports are 6 11 I:.D. 

One 0£ these ports admits the LEED system and the 

other port is a window, Varian number 954-5129, to view 

the LEED pattern and for visual alignment of the sub­

strates with the various ports. Two of the ports are 

4" I.D. and 90° from each 6 11 port. One of the ports 
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admits the manipulator, varian·number 954-5031, on 

which five substrates are mounted. The manipulator 

has rotational motion, lateral motion in two axes and 

linear motion in one, and it tilts in any direction. 

Thus, each substrate can be placed in a variety of 

positions within the work chamber. The other 4" I.D. 

port holds the sputter cleaning apparatus. The four 

1 1/2 11 I.D. flanges are located 45° from a 6" I.D. 

flange and a 4" I.D. flange. Two of these ports contain 

filaments, one to heat the substrate during deposition 

and one to heat the completed device during measurements. 

One of these ports holds a Pt-Ftl0%Rh thermocouple to 

monitor substrate temperature during deposition. The 

final 1 1/2 11 J:.D. port contains a UHV gauge, Varian 

number 971-5008. This gauge 51 
is a Bayard-Alpert type 

-4 ion gauge which will measure pressures from 10 Torr 

-11 down to 2 x 10 Torr. The flange port on the top of 

the system contains the measureme~ts apparatus. 

A Varian number 971-5009 MilliTorr gauge is mounted 

on one of the ten ports on the base chamber. This gauge 

measures pressures from 1 Torr to 10-s Torr and is thus 

an.· effective gauge to use for pumpdown of the system as 

well as for measuring the pressure of gas admitted for 
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sputtering. Connected to another one of these ports is 

an Ar and/or o2 admission system as on the previous 

vacuum sys terns. 

A stainless steel plate 1/4" thick x 10.eu in 

diameter separates the base chamber from the bell jar. 

This plate is used as a shield to prevent sputtered and 

evaporated material from depositing on the measuring 

apparatus in the bell jar. A mask, shown in Fig. Ba is 

mounted on the center of this shield. DPposition of 

materials through this mask onto a substrate will result 

in a metal-oxide-metal device shown in Fig. Bb. As can 

be seen from this figure each substrate contains three 

devices. Since there are five substrates present, 15 

devices can be fabricated in one pumpdown. 

A shutter is mounted on a linear motion feedthrough, 

Varian number 954-5049, which in turn is 100unted on one 

of the 10 ports on the base chamber. The shutter prevents 

deposition of material onto the substrate until the 

source is clean and is releasing material at the chosen 

rate. 

2. Description of Experimental Apparatus and 

Preliminary Results 

The first attempts to deposit films were by 

sputtering. The sputtering apparatus was similar to 
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that _previously described except that the discharge 

support system consisted of a filament and an anode 

at opposite sides of the base chamber. The targets, 

gold, aluminum, and MgO, were near the center of the 

base chamber and shielded from each other. Although 

high discharge currents were drawn, 4 amps, the target 

currents were always small. This was a consequence of 

the diffuse plasma which seemed to fill the entire 

base chamber. As a consequence of the large gap, 12 11 

o.n., permanent magnets did not afford much assistance 

in increasing the sputtering rate. The sputter 

deposition rates were all very low. The rf sputtering 

was attempted with a de supported plasma and with a 

straight rf plasma. In either case the deposition rates 

were extremely low and all metal parts, including the 

base chamber, were also sputtered. sputtering was 

therefore determined to be an unsatisfactory deposition 

method. 

Since some success had been attained in producing 

metal-oxide-metal devices by evaporation of the oxide, 52 

an electron beam evaporator was mounted on the base 

chamber and the sputtering apparatus was removed. The 

electron beam evaporator is a 2 kw e-gun evaporation 

source with three crucibles, Varian number 920-0003. 
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The underlayer, insulator, and over1ayer can be deposited 

using this source and the underlayer and overlayer can 

be of different materials. 

The LEED apparatus is similar to that used in the 

6 port vacuum system with the exception that it is 

larger, the hemispherical collector is 4" in diameter 

and there are four grids. The electron gun is the 

same type as used in the 6 port system except that it 

is made from stainless steel. 

The sputter cleaning apparatus is a tantalum 

can with a hole on one.end, 0.6 11 x 0.9", and a filament 

and anode within the can. This apparatus is similar 

53 
to that used by Weber except that it is somewhat 

larger. The principle of this system is that a plasma 

is supported within the can and ions drawn through the 

focusing hole to a target which is at a negative 

potential with respect to the anode. This type of 

apparatus is necessary to sputter clean the substrate 

since rf sputtering of the substrate cannot be done. 

The apparatus was placed in another vacuum system and 

tested on a Ta2o5 film grown on Ta by aqueous anodization 

of a Ta sheet to determine the uniformity of the 

sputtered area. The cleaned area was uniform to within 
0 0 

about 5 A after about 200 A of T~
2
o

5 
had been removed. 
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Since the substrates are insulators and will charge up 

when bombarded by ions, sputter cleaning of an insulator 

was tried next. In order to prevent charging of the 

insulator a filament was placed between the sputtering 
0 

can and a substrate with a 1000 A thick silver film 
0 

and a 200 A thick gold film on it. Within 30 minutes 
0 

the 200 A thick Au film was completely removed and within 
0 

2 hours most of the 1000 A thick silver film was removed. 

From these results it was decided that this method 

for sputter cleaning of the substrate surface would be 

satisfactory. 

The measurements system consists of a supramica 

disk on which are mounted 8 pressure contacts to make 

electrical contact to the underlayer film and the three 

overlayer films. A planar grid is mounted on the supra­

mica on the side opposite the pressure contacts. The 

supramica is l/8 11 thick and so the sample to grid spacing 

is about O • 2 11 
• Imrned ia te ly beyond the gr id is an anode,. 

which has a hole 0.055" in diameter and beyond this is 

54 
a Faraday cage with a hole 0.055" in diameter. The 

two holes are aligned with the center of the center 

device of the three devices. This device can thus be 

studied with edge effects being avoided, while the other 

two devices on a substrate must inc1ude the edge effects. 
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The deposition rates for the electron beam evaporator 

were determined. The deposition rate for gold varied 

0 0 

from 23 A/min. at 1.4 kw to 800 A/mino at 2 kw of.beam 

0 

power while for MgO it varied from 4 A/min. at 40 watts 

0 

to 90 A/min. at 120 watts. 

3. sample Preparation 

For these studies, diode samples consisting oE a 

common Au underlayer film and a common oxide film were 

formed, and three Au overlayer films were deposited to 

produce three active units. 

a. Glass Substrates 

The substrates were cut from microscope slide glass, 

l" x 0.6". They were then mounted in the substrate 

holder and the entire assembly was cleaned thoroughly 

by ultrasonic agitation in Freon TWD, a detergent 

solution, and rinsed thoroughly with tap water and 

finally, methanol. After drying,the assembly was placed 

in another ultrasonic agitator and first boiled in Freon 

and then ultrasonically agitated in Freon. The assembly 

was then immediately placed in the UHV system. The 

vacuum system was then evacuated and baked to 150°c 

which brought the pressure to a typical value of 

-11 
6 x 10 Torr. The substrates were then heated to a 

temperature of 400°c by means of a -W-filament to further 
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clean the surface. With the shutter in position to 

prevent deposition on the substrates. each source was 

thoroughly outgassed. The vacuum was again allowed to 

-11 reach its base pressure. 6 x 10 Torr. before sample 

fabrication was begun. During deposition of the metal 

layers the pressure rose to 10-9 Torr and to 10-B Torr 

during deposition of the oxide layer. The entire 

fabrication process took less than 30 minutes. 

b. Mg0 Substrates 

As stated in section II-B-3-f, gold will not grow 

epitaxially on a dirty MgO substrate. Since the MgO 

. single crystal could not be cleaved in vacuum,other 

methods to obtain a clean surface were attempted. The 

MgO substrates were cleaned in the same manner as the 

glass substrates and then cleaved immediately prior to 

insertion into the vacuum system. -~~e cleaving was 

done on a laminar flow bench to minimize the collection 

of dust on the surface. Some substrates were sputter 

cleaned in vacuum. some were heated to 500°C before 

deposition began, and some were immediately deposited 

onto after baking of the system. 

c. caF2 Substrates 

The single crystal caF2 substrates were cleaned 

in the same manner as the MgO substrates with the 
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exception that they were not cleaved. A proper cleavage 

plane could not be achieved with the CaF2 substrates. 

Some CaF2 substrates were not cleaned before ins·ertion 

into the vacuum system. 

4. Millisecond-Pulse Measurement of I-V 

Characteristics 

The I -v characteristics of the thin film samples s s 

were measured using a millisecond pulse technique 

55 developed by Savoye to minimize sample breakdown 

effects during measurement and to enable extension to 

the high current densities necessary to measure the 

emission into vacuum. The circuit permitted pulse 

measurements using a four-terminal method, and is shown 

schematically in Fig. 9o A voltage ramp of the desired 

time duration was generated by the time-base plug-in 

unit of oscilloscope I. (Both oscilloscopes employed 

in these measurements were Tektronix 536 X-Y, with 

appropriate plug-in units on x and y channels.) This sig­

nal, amplitude modulated by the operational amplifier, 

Philbrick P45AL inserted in a model MP solid state 

manifold, used with a gain of 2, was applied to the 

sample under test. A signal proportional to the 

instantaneous current (Is) through the sample was 

obtained across the resistor R
8 

and ~pplied to one channel 
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of a dual-channel plug-in unit on the vertical amplifier 

of oscilloscope II. The instantaneous voltage W> s 

across the sample, given by the difference in voltage 

between points A and B, was determined by a differential 

amplifier on the vertical input of oscilloscope I. 

The resulting difference voltage was applied to the 

horizontal amplifier of oscilloscope II. This arrangement 

allowed the display of V versus time on oscilloscope s 

I while the measurement was in progress, and hence pro-

vided a valuable check on the measurement. 

A signal proportional to the emission current (I) e 

was obtained across the resistor R and applied through e 

a low-level pre-amp to the second channel of the dual-

channel amplifier on the vertical side of oscilloscope II. 

The resulting display on oscilloscope II thus consisted 

of a simultaneous plot of I vs.: V and I vs. V, s s e s 

on a single-pulse basis. Scope unblanking was accom-

plished by modulation of the gate signal generated by 

the time-base unit. 

A direct tracing of a photograph of some typical 

I-V characteristics obtained from a thin-film emission 

diode using this pulse technique is shown in Fig. 10, 

where the various curves are labeled•·on the figure. 

During each pulse, the two signals, Ie and I
8

, were 
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displayed alternately by means of a multivibrator 

chopper, internal to the dual-channel plug-in unit 

of scope II, whic~ switched the CRT beam from I to 
s 

Ie at the rate of 100 kHz. 

The results of a measurement are shown in the 

photograph. In the measurement two pulses were applied 

to the sample, the first pulse was used to display the 

entire Ie and I vs. v characteristics and the second ' s s 

pulse to present the expanded-scale characteristics. 

As is seen from the photograph, the I-V characteristics 

obtained are nonlinear. The region of more rapid current 

change was displayed on an expanded voltage scale with 

a-suppressed zero by means of the Tektronix type z 

plug-in unit on the horizontal channel of oscilloscope II. 

This z-unit allows display of the difference between a 

desired signal and an internally-generated, highly 

accurate, variable de voltage. The input circuits have 

a large dynamic range so that saturation effects do not 

occur, thus allowing display of small variations in 

large signals on the most sensitivie scales. As an 

example, in Fig. 10 the I-V characteristics are shown 

expanded by a factor of 10 on the horizontal scale. 

It is seen that good agreement is obtained between the 

11 normal" and the "expanded" traces, and that much 
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more accurate readout of the expanded trace character­

istic is possible. 

Measurements obtained on a pulse basis have been 

extended to sample current densities as high as 0.2 

amperes/cm
2

, without causing breakdown. In comparison, 

similar samples measured on a slowly-varying de basis 

were found to suffer breakdown at current levels of the 

order of 10-
2 

amps/cm
2

. Evidently the breakdown process 

in these devices is not a simple function of current 

density or applied field, but depends also upon the 

length of time that the bias is applied. This observa­

tion suggests that processes similar to those which 

56 have been designated impulse-Thermal Breakdown are of 

importance in these devices. 

s. Pulse Technigues Applied to Emission 
I 

Measurements 

Measurements of hot electron emission into vacuum 

were made using the millisecond pulse technique pre­

viously discussed. No noticeable emission differences 

were noted with the samples in the position aligned with 

the hole in the Faraday cage and those not aligned with 

this hole. Thereafter the grid, anode, and Faraday cage 

were all biased at 22.S volts with respect to the 

underlayer film. 
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Measurements were carried out starting at the lowest 

emission current levels commensurate with the sensitivity 

of the apparatus (- 10-10 amperes). Data were taken 

at successively higher current levels, to the maximum 

-2 output of the operational amplifier (- 10 amps), 

and then repeated for successively lower current levels 

to the lower limit. In this manner irreversible changes 

occurring in the sample during a measurement sequence 

could be detected, and a check on the reproducibility 

of the data was provided. 

6. DC Measurements of I-V Characteristics 

A study of the current-voltage characteristics of 

thin film metal-oxide-metal diodes reveals considerable 

information concerning the nature of the oxide. As 

well as the current flow mechanism, temperature effects, 

rectification effects, and time-dependent changes can 

be investigated. 

Measurements were ma.de using a 4-terminal connection 

to the sample in situ. In each case the slowly varying 

de bias was applied to the devices after the pulse 

measurements had been completed. The I-V characteristics 

of the samples did not change. A schematic of the circuit 

is shown in Fig. 11. The bias was applied using batteries 

and a motor driven potentiometer and the curre-nt was 
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monitored by measuring the voltage developed across 

a series sampling resistor with a Keithley 602 electro­

meter voltmeter whose output was recorded on they 

channel of a Hewlett Packard Mosley 135M X-Y recorder. 

The applied voltage was measured with a Keithley 603 

electrorneter amplifier with the outp11t applied to 

the X channel of the recorder for low level voltages, 

less than l volt. For the higher voltages the applied 

bias was monitored directly by the X channel of the 

X-Y recorder. 

The current-voltage characteristics were measured 

on a de basis as well as on a pulse basis in order to 

monitor the I-V characteristics to lower levels than 

could be obtained on a pulse basis as well as for easier 

read-out of the characteristics. 

Easier read-out of data was necessary in order to 

plot the data obtained as a function of the temperature 

of the device. A filament was piaced in the vacuum sys­

tem at a location 10 11 from the device in the measurements 

position. The filament current was varied and the 

temperature of the device was allowed to come to equili­

brium. The temperature was monitored by a Pt-Pt10%Rh 

thermocouple which was located beneath the pressure 

contact to the center ove~layer. 
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III. RESULTS OF EXPERIMENTAL STUDIES OF HOT ELECTRON 

TRANSPORT IN THIN-FILM EMISSION DIODES 

A. Introduction 

As stated in section I, the electron process of 

importance in these devices is in some doubt. A number 

f i t . t 12,13,57-59 d" h . · o nves iga ors have iscussed t e situation 

when the transport mechanism appears to be a combination 

of thermal and field effects. There appears to be a 

range of barrier heights in which the thermal effects 

dominate the mechanism·, small barriers, a range in 

which both effects are seen, and a range, large barriers, 

in which the field effects overshadow the thermal 

effects. The I-V characteristics of the device must be 

measured to determine which mechanism is of importance. 

If the I-V characteristics are measured as a function 

of the temperature of the device a better understanding 

of the mechanism involved can be achieved. The emission 

into vacuum of hot electrons irom the diodes lends an 

insight into the scattering mechanism taking place 

in the oxide. 

The experimental techniques which have been 

developed for these studies were discussed in some detail 

in previous sections. These investigations have involved 
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fabrication and testing of 60 thin film sample sets. The 
0 0 

MgO film thicknesses ranged from 60 A to 680 A. 

B. High Level I-V Characteristics of Thin Film 

Emission Diodes 

The I-V characteristics of the thin film samples 

were measured using the millisecond-pulse technique 

discussed in section II-C-4 and also by the slowly 

varying de technique discussed in section II-C-6. The 

level of measurements was restricted to avoid damage 

to the samples. In the simple band theory of solids, 

neglecting image forces, the barrier ~R is given by 

~ -X, where~ is the work function of the metal and 
m I m 

x
1 

is the electron affinity of the insulator. If ~R 

-is a low value,< 1 ev, the Schottky mechanism will 

dominate and no tunnel electrons will be seen. At the 

higher barrier heights the electrons will not have 

enough thermal energy to surmount the barrier and tunnel 

current will be the dominant mechanism. Nelson 
26 

measured the barrie~ for· Al-A12o3-Al devices and found 

that it was 2.2 ev with no applied bias. For the same 

12 
type of device, Savoye found that field effects were 

dominant and that thermal effects were also present, 

but insignificant. It was believed that a Au-MgO-Au 

device would exhibit strictly field effects because the 
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simple barrier picture indicated that a barrier of 4.65 eV 

would be present at room temperature. This value was 

79 
obtained from the work of Holscher, ~Au= 5.45 and 

60 Kemp and Neeley, x = a.a ev. If the I-V characteris-

tic was strictly tunnellin~, the Fowler-Nordheim 

equation as applied to solids would indicate the 

dependence of current on voltage. This equation can 

be written in the form: 

2 - (F /F) 
J - J (F/F) e o • 

0 0 

where J and F are parameters of the insulator. 
0 0 

Assuming the free electron mass, 

9 2 2 
J = 7. 2 x 10 cp A/ cm 

0 0 

7 3/2 F = 6.8 x 10 ~ V/cm, 
0 0 

- - -- - - -
where~ is the potential barrier height in electron 

0 

volts presented by the oxide modified by the image forces. 

For~ = 4.65 ev, 
0 

then: 

• 11 2 
J = 1.36 x 10 A/cm 

0 
F

0 
- 6.16 x 108v/cm, 

8 
-(6.16x10) 

F • A/cm2 

if Fis the field present in the insulator. Since the 

area of each device is 6.45 x 10-2 

9 8 2 
I= 8.77 x 10 CF/6.16 x 10) 

0 

For an insulating film 89 A thick the device character-

istic should look like that shown in Fig. 12, where the 

currents are labeled in amps per division. TWO features 
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of these characteristics are immediately noticeable, 

the high voltage necessary before any measurable 

current can be drawn and the extremely high slope of 

the curves. 

The first evaporated Au-MgO-Au device that was 

measured in any great detail was PY-G-11(1). This 
0 

device had an 89 A thick oxide layer and its I-V 

characteristic is shown in Fig. 13. In contrast to 

the theoretical tunnel curves, current is drawn at very 

low voltages and the slope of the curves is much less 

than those in Fig. 12. However, the curves are definitely 

nonlinear. 

or 

The Fowler-Nordheim equation can be written as: 
2 _-F os/v 

J: == aJ (V/sF ) e 
0 0 

2 • 2 
x/v = aJ (1/sF ) 

0 0 
e 
-F s/V 

0 

where a is the device area and s·ls the oxide thickness. 

J:f one takes the logarithm of each side the expression 

becomes: 

- lnrL. aJ (1/sF ) 21- F s/v 
0 0 _ 0 

so that a plot of ln(I/V2) vs. 1/V should yield a 

straight line. The I-V characteristics of device PY-G-

11(1) is shown plotted on this Fowler-Nordheim plot in 
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Fig. 14. It can be seen that the Fowler-Nordheim 

expression does not hold for this device. 

The Richardson-Schottky equation which may be 

applied to a metal-oxide-metal device, as explained 

by the simple band theory, is given by van der Ziel: 61 

2 -cpR/kT bv112 
J = AT e e 

where 

b = (q3/4~e e s) 1/ 2 (kT)-l 
r o 

In these expressions: 

A= Richardson's constant, 

g - charge of the electron 

2 2 
120 A/cm °K 

e = rel.ative dielectric cons·tant of the oxide r 

e
0 

= permittivity of free space 

k = Bol.tzmann's constant 

T = temperature in °K. 

This expression can also be written as: 

ln I= ln ~ + b v112 

so that a plot of ln I vs. v112 should yield a straight 

line, if the Schottky mechanism·is the dominant mechanism. 

Such a plot of the I-V characteristics of device PY-G-11(1) 

is shown in Fig. 15. As can be seen from this figure 

the Schottky mechanism explains the characteristics quite 

well. 
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At this point, however, one must be careful noc 

to assume Schottky emission just because the plot of 

1/2 log I vs. v is a straight line. As pointed out by 

62 Hartman, the Pool-Frenkel effect has a similar I-V 

character is tic. 

J = G 
0 

This equation is written as: 

(2bv112 - w/kT) 
Ve 

where G is a constant with the dimensions of a conductiv-
o 

ity, ,; is the energy difference bet~.,een the trap level 

and the bottom of the conduction band, and all other 

symbols have already been defined. As can be seen this 

mechanism would also plot as a straight line on a 

log I vs. v 112 plot. Furthermore, a bulk-limited 

conduction mechanism discussed by Meaa63 also plots 

as a straight line on this type of plot. 
64 

O'Dwyer 

has recently machine calculated the voltage-current 

characteristics for films of a few hundred to a few 

thousand angstroms thickness with the help of a 

dielectric model originally proposed by Frolich.
65 

1/2 
His result is also a straight line on a ln I vs. V 

plot. 
15 

Jonscher points o~t that the bulk limitation 

as proposed above probably does not arise for very 

• thin dielectrics, 150 A or less, but probably holds 

for the thicker films. 
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A number of checks can be made to determine if the 

Schottky mechanism is involved or if one of the other 

mechanisms is present. 62 Hartman noted that the 

dielectric constant, as determined by the slope of the 

log I vs. v112 plots, was too high for SiO films if the 

Schottky or Pool-Frenkel mechanism is the dominant 

mechanism. He also noted that the zero field intercept 

of this curve varied as a function of the dielectric 

thickness, with the intercept becoming higher for thicker 

films. This should not happen for the Schottky or Pool­

Frenkel mechanisms. This intercept gave a much different 

1 
barrier height than the slope of the lnI

0 
vs. T plot~ 

and it should be the same for the Schottky mechanism. 

If one assumes the Schottky mechanism to be the 

controlling mechanism for these devices, the slope of 

the curve in Fig. 15 is b, which can be written as: 

~1/2 -1/2 -1 y e s T • r b= 

Assuming the low frequency dielectric constant of MgO, 

which is 9.8, 4 and an oxide thickness of 80 A, the 

slope gives a temperature of 330°K. The actual device 

temperature during measurement was 313°K, as measured 

by the Pt-Ptl0%Rh thermocouple. A calculation 0£ the 

temperature change of the device, during .measurement, 
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was made. The heat equation for this problem was 

55 solved by savoye and he arrives at the expression: 

where 

6T= 2 fk'J Vr€ 
K Y'v s s 

2 
k =~co= 3.92 x 10-3 

£!!!._ for glass sec 

K = thermal conductivity= 8.0 x 10-3 watts/cm°K 

t = pulse length in seconds. 

using these values the expression becomes: 

6T = 8.9 J V .f"e s s 

and for a 10 millisecond pulse, with Js = 0.126 A/cm
2

, 

vs= 2.9 volts, 

zt can be seen that the device did not heat up much 

during pulse measurements. Xf the temperature is thus 

assumed to be 313°K,the relative dielectric constant 

of the oxide is· calculated to be 10.9,which is fairly 

close to the assumed value of 9.8. Alternatively if 

the relative dielectric constant is 9.8 and the tempera-

• • ture is 313°K the oxide thickness must be 89 A instead 

• of the calculated 80 A. This variation is well within 

the bounds of the experimental error involved in a 

deposition rate calibration of evaporated material. 

Since there is no~ ,EFiori reason for assuming the high 

frequency dielectric constant for the Schottky mechanism, 
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as there is in the Pool-Frenke1
14 

or Fowler-Nordheim12 

mechanisms, the Schottky mechanism cannot be ruled out. 

However, if one assumes the Poo1-Frenkel mechanism, 

the plot of ln(X/V)vs. v112 should be straight line 

with a slope of 2b. Such a plot of the I-V characteris­

tics of device PY-G-11(1) is shown in Fig. 16. Although 

it is not a straight line over the entire plot,a 

straight line is drawn on the figure. Assuming an 
0 

oxide thickness of 89 A,the slope of this line gives a 

dielectric constant of & = 3.17, which is in good r 

agreement with the high frequency dielectric constant 

4 of MgO, which is 2.95. Therefore the Pool-Frenkel 

mechanism cannot be ruled out on this basis either. 

However, the curved line on Fig. 16, which is in extremely 

good agreement with the data points, is a plot of the 

Schottky equation. It thus appears that the Pool-

Frenkel mechanism does not hold. 

Devices were studied with oxide thicknesses in the 
0 0 

range of 69 A to 680 A. In al1 cases, in which no oxygen 

gas was admitted during the deposition of the MgO fi1m, 

the I-V characteristics plotted as a straight line on a 

ln I vs. v112 plot and similar to the curve in Fig. 1• 

a ln :t 2 vs. i plot and also similar to Fig. 16 for a 

:t V 1/2 
ln V vs. V plot. Figure 17 presents a summary of 
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data obtained from the thin samples studied in detail 

in which the MgO layer was deposited with no oxygen 

gas admitted during deposition. As can be seen from 

this curve there is essentially no change in the zero 

field intercept as a function of oxide thickness, another 

indication that the current flow mechanism is not bulk 

dominated. 

From the Richardson-Schottky equation with zero 

field: 

where a is the area of the device. xt can be seen from 

this expression that cpR can be obtained: 

CP. == kT ln aAT2 

R XO • 
The barriers obtained . this given in Table x. in manner are 

Xt can be seen that the barriers are in remarkably good 

agreement. This determination of the barrier height 

may not be accurate because of the questionable value of 

the Richardson constant. 62 
However, as Hartman pointed 

out, a change in this co~stant by an order of magnitude 

would only change the barrier determined in this manner 

by about 10%. 

Figure 18 shows the Schottky plot of the devices 

• with the thicker (680 A) insulating films. Although 

the intercept is not the same, as a consequence of 
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Tab1e I 

BARRIERS FOR DIFFERENT DEVICES AS OBTAINED FROM THE ZERO 

FIELD INTERCEPT OF THE SCHOTTKY" PLOT 
0 

DEVICE NO. S(A) ~ (ev) 

PY-G-19(2) 79 0.710 

PY-G-11(1) 89 0.714 

PY-G-18(2) 109 0.700 

PY-G-17(1) 159 o. 721 

PY-G-20(1) 680 0.695 

PY-G-20(3) 680 0.695 

measuring these devices at a 1ower temperature the 

barriers obtained in this manner are near1y the same. 

The difference in current at a given voltage, and 

consequently the different intercepts, is caused by a 

slight difference in device area. The overlayers for 

these two devices were deposited through a different 

mask than for the other devices. These barriers are 

much lower than that predicted by the simple model, so 

other measurements were necessary in order to determine 

what the conduction mechanism is. These measurements 

are described in the fol1owing sections but a number 

of other features of the I-V characteristics became 

evident during the measurements on these devices. 
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The forward, overlayer positive, and reverse, 

overlayer negative, characteristics of each of these 

devices were identical. This indicates that the 

barrier is symmetrical, which is not the case for 

devices fabricated by oxidation of the underlayer metal 

film. 
27,66 

Rectification effects have been seen 

for devices with identical metal electrodes which 

indicated a non-synunetrical barrier, probably due to 

an oxide gradient in the oxidized film. 

Another feature that was noted was that the I-V 

characteristics, as measured by the slowly varying de 

technique, were the same with the voltage decreasing 

as with the voltage increasing. Other 

27 29 59 67 authors ' ' ' have seen a hysteresis effect, where 

the retrace differed from the original trace. If the 

current on the-retrace is higher, at the same voltage, 

than on the orig_inal trace, it is probably due to 

Joule heating. However, to change the current by a 

noticeable amount the current must be left at the 

maximum value for about one minute. In the present 

experiment the voltage was always lowered after 

less than 30 seconds for measurements to the upper 

limits and heating was negligible. If the current 
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on the retrace is lower, at the same voltage, than 

on the original trace, it is due to the filling of 

68 69 . traps ' while the voltage is applied. This in 

turn increases the effective barrier at the underlayer­

oxide interface. As the voltage is decreased, the 

finite lifetime associated with the trapping sites 

causes the effective barrier to remain higher and 

thus the current is lower for the same applied voltage. 

These traps arise from impurities introduced into 

the oxide film during oxidation. The impurities are 

not present in the evaporated MgO films. The results 

also cast doubt on the Pool-Frenkel and other trap 

limited mechanisms. 

The X-V characteristics of the devices indicate 

that three problems involved in the oxidized underlayer 

type device have been removed. These problems were: 

the oxide must be that of the metal underlayer, the 

oxide gradient present in oxidized films, and the 

impurities introduced as a result of oxidizing the 

underlayer. 



c. Temperature Measurements of the I-V Character-

istics of Thin Film Emission Diodes 

The I-V characteristics of the devices indicate 

that the Schottky mechanism is probably the dominant 

mechanism in the transport of electrons through the 

oxide film. Since this mechanism is very temperature 

dependent and the tunnelling mechanism has very little 

temperature dependence it was decided to measure the 

I-V characteristics of the devices as a function of 

temperature. The method for this measurement is 

described in section II-C-6. 

The I-V characteristics of device PY-G-11(1), as 

a function of temperature, are shown in Fig. 19. It 

can be seen that there is a large dependence of the I-V 

characteristics on temperature with a change of less 

than 100°K giving rise to an increase of current, at 

a given voltage, of an order of magnitude. This effect 

is also seen if some of the other mechanisms proposed 

are present. However, if a plot 0£ the zero field 

intercepts, of the ln I vs. v112 plots, is made on a 

2 
ln(t

0
/T ) vs. 1/T plot, the slope of this plot should 

again give ~R' as can be seen below: 
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2 -cpR/kT 
I = aAT e 

o 2 -q>R/kT 
I

0
/T = aAe 

57 

ln(IdT
2
)= lnaA - cpR/kT 

If this slope gives ~Ras the same value as q>R obtained 

from the zero field intert:ept calcul.ations the mechanism 

of importance is the Schottky mechanism. A ln I vs. 

1/2 V pl.ot for different temperatures for device 

PY-G-11(1) is shown in Fig. 20. The intercepts, I
0

, 

2 3 are plotted on a ln(I
0
/T )vs. 10 /Tin Fig. 21. The 

barrier height, ~R' obtained in this manner is 0.33 ev 

as compared to 0.71 ev by the zero field intercept 

method. This result casts some doubt on the Schottky 

mechanism. Table :II shows the comparison of the ..... 

barrier heights obtained using the two methods for the 

devices listed in Table I. 

Table II 

BARRIER HEIGHTS FOR DIFFERENT DEVICES AS OBTAINED BY THE 

ZERO FIELD INTERCEPT AND THE SLOPE OF THE 

DEVICE NO. 

PY-G-19(2) 

PY-G-11(1) 

PY-G-18(2) 

PY-G-17(1) 

2 ln(I
0
/T )vs. 1/T PLOT 

S (A) 

79 

89 

109 

159 

q>R (ev) 

(Zero Field) 

.71 

.71 

. 70 

.72 

q>R (eV) 

(Slope) 

.33 

.33 

.35 

.33 
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As can be seen from this table the results are 

quite consistent and cannot be explained by a simple 

Schottky mechanism. 

D. • Measurements Made on Devices Fabricated with 

ox~en Gas Present During Deposition of the 

oxide Film 

The results on the above devices indicated that 

the oxide films were not pure MgO. The MgO probably 

dissociates· to some degree during evaporation and 

probably does not re-combine at the substrate surface 

to give a stoichiometric film. The result is a film 

with an excess of magnesium atoms. It was decided to 

attempt to grow a more stoichiometric film by admitting 

oxygen gas during the deposition of the MgO film. 

Since the pressure in the vacuum system is on the 

-8 order of 10 Torr during deposition of the MgO films 

the first attempt to produce stoichiometric films was 

done with oxygen gas admitted to the system to a 

pressure of 1 x 10-S Torr, and this device, PY-G-22(2), 

was measured. oxygen gas was admitted to a pressure 

-7 of 10 Torr during fabrication of the next device, 

PY-G-25(3). A summary of these two devices and one 

fabricated with no oxygen admitted is shown in Fig. 22. 

It will be noted that although the x-v characteristics 
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still plot as a straight line on a ln I vs. v 112 plot, 

the zero field interecepts are no longer the same. The 

zero field interecept values of ~Rare .780 ev for device 

PY-G-22(2) fabricated with 10-e Torr of oxygen gas and 

0.823 ev for device PY-G-25(3) fabricated with 10-7 Torr 

of oxygen. It is evident from these curves that 

something is changing in the MgO film when deposition 

of the MgO is done with oxygen present in the system. 

The plots of ln(I /T2) vs. 103/T for these two 
0 

devices and PY-G-11(1) are shown in Fig. 23. It will 

be noted that the slopes of the plots decrease with 

increasing amounts of oxygen present during the MgO 

deposition. This would indicate a lower barrier, if 

the mechanism was strictly a Schottky mechanism, for 

increasing amounts of oxygen, while the zero field 

intercept indicated a higher barrier. The barriers 

measured in this manner give ~R of 0.21 ev for PY-G-22(2) 

and 0.11 ev for PY-G-25(3). 

A number of devices were fabricated with the 

deposition of MgO done in an atmosphere of 10-6 Torr 

of oxygen. None of these devices could be measured. 

These devices either.broke down before any current 

was drawn or they were initially shorts. The devices 

• with MgO thicknesses greater than about 70 A always 
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broke down when about 12 volts were applied and those 

with thinner oxides were all initially shorts. It is 

believed that the devices with thicknesses less than 

0 
about 70 A were shorted due to pinholes. 

A number of devices were fabricated in which the 

MgO was deposited with 10-s Torr of oxygen gas present 

for a short time and then the film was completed after 

the oxygen had been pumped from the system. The first 

device fabricated in this manner showed definite 

rectification effects with higher currents drawn for 

the overlayer negative than for the overlayer positive, 

as expected. This device had an Mg0 film that was 

• 120 A thick with oxygen present during deposition of the 

first 30 i. The oxide layer was again too thick because 

the device broke down before any appreciable current 

could be drawn. All subsequent devices fabricated in 

this manner were either initially shorted or they were 

also unstable and broke down before any quantitative 

measurements could be made. 

One device, however, was stable long enough for 

some measurements to be made. The I-V characteristics 

of this device, PY-G-38(1), are shown in Fig. 24. The 

curves are labeled in amps per division and+ signifies 

that the overlayer is positive. zt can be seen that 
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the device broke down at about 17.6 volts. The 

interesting features of these characteristics are the 

difference in current for the two biases, the charac­

teristics are ohmic to about 6.5 volts, and the sharp 

rise in current beyond this bias. Figure 25 is a plot 

of these characteristics on a Fowler-Nordheim plot, 

ln(X /v2
Jvs. 1/V, where I is the actual current minus 

C C 

the ohmic current. As can be seen from these curves 

the x-v characteristics of this device can be explained 

quite satisfactorily by the Fowler-Nordheim tunnel 

equation. The barrier, ~
0

, can be obtained from the 

slopes of these curves. They are: 1.9 ev for the over-

layer positive and 1.74 ev for the overlayer negative. 

The fact that the barrier is higher for the overlayer 

positive is expected since the more stoichiometric 

part of the oxide film is near the underlayer. These 

results are consistent with the hypothesis that the 

MgO films are magnesium rich and that admitting oxygen 

gas during deposition of the MgO film increases the 

stoichiometry as seen by an increased barrier height. 

The other devices plotted in this manner still plotted 

as in Fig. 14. 
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E. Low Level I-V characteristics of Thin Film 

Emission Devices 

Xt was noted during the study of the x-v character­

istics of these devices that at low fields, - 104 V/cm, 

the I-V characteristics were ohmic. It was decided to 

study the I-V characteristics at these low levels in 

order to get a better understanding of the conduction 

mechanism. 

The first device measured in this manner.!!! situ 

was device PY-G-21(3). The I-V characteristics were 

linear up to a field of> 104 V/cm and the resistance of 

the device was 1.3 x 10
5 n at a temperature of 312°K. 

The resistance was measured as a function of temperature 

and is plotted vs. 103/T in Fig. 26. A similar plot for 

-8 -7 devices PY-G-22(2), 10 Torr oxygen, and PY-G-25(3), 10 

Torr oxygen, are also shown on this figure. Two features 

of the device resistance are noticeable in this figure. 

One of these features is that the resistance increases 

as the amount of oxygen gas increases during MgO deposition, 

even though the oxide thicknesses are not all the same. 

PY-G-21(3) and PY-G-22(2) both have an MgO layer of about 
0 

90 A thickness and PY-G-25(3) has an oxide thickness of 
0 

about 60 A. The other feature is that the temperature 

dependence of the resistance is not linear on a plot of 

this type. 
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F. Measurements of Electron Emission into vacuum 

from Thin Film Diodes 

The present experiment was designed to permit 

simultaneous measurements of the I-V characteristics 

of the device and the emission into vacuum from the 

device. Data was obtained using the millisecond-

pulse technique discussed in section II-c-s. Although 

the experiment was designed to permit measurements on a 

given emission diode over a range of overlayer film 

thicknesses, this was never accomplished. After measure­

ments were made on a given device and more gold was 

deposited to increase the overlayer thickness the 

devices were alwa~s shorted. Consequently the 

measurements were made on each device with only one 

overlayer thickness. The overlayer thickness for each 

device was calculated from the resistivity of the film. 

The resistance per square of a thin metallic film is 

typically higher than that predicted by the bulk 

i . i 32 res stiv ty. The resistance of a given metal film 

also depends on the substrate. Thus, although this 

method is not an accurate method for determining the 

exact thickness, the ratio of thicknesses can be 

accurately determined. All films were deposited to a 

• calibrated thickness of 200 A, except where noted, 
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see section II-C-2. The thickness of the overlayer 
0 

for device PY-G-11(1) will be assumed to be 200 A 

and the rest of the overlayer thicknesses calculated 

with respect to this overlayer. The calculations 

-1/2 
=KR will be based on the assumption that S 

0 s J 

where R is the sheet resistance inn/square, s is the 
S 0 

overlayer film thickness, and K is a constant. This 

emperical relationship has been observed by a number of 

k 
20,32,55 

wor ers. The sheet resistance of device 
0 

PY-G-11(1) is 1.5 n/square and a thickness of 200 A 

for this value is not unreasonable (see reference 55, 

Fig. 8) since it lies between the value calculated from 

the bulk resistivity and savoye's results for gold 

on Al2o3 • Table III lists the devices previously 

Table III 

OVERLAYER-THICKNESSES FOR MEASURED DEVICES 

DEVICE NO. R (O/square) s 

PY-G-11 (1) 1.50 

PY-G-17(1) 1.60 

PY-G-18(2) 1.22 

PY-G-19(2) 3.39 

PY-G-22(2) 1.38 

PY-G-25(3) 1.50 
0 

*Deposited to a thickness of 150 A. 

S
0

(A) 

200 

194 

222· 

133* 

209 

200 
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discussed with their sheet resistance and calculated 

overlayer thicknesses. 

The overlayer film thicknesses are of importance 

because attenuation of the hot electrons occurs in 

the overlayer film as well as in the oxide film.
12• 20 • 70 

The- emission transfer ratio, a, for device PY-G-11(1) 

is plotted vs. sample voltage, V, in Fig. 2Z. The 
s 

immediate feature that is seen is that the emission 

transfer ratio, a, decreases with increasing V, in 
s 

th 1 b h . . 12,71 contrast to e resu ts seen y ot er investigators. 

12 savoye, for example, was able to ex~lain the increase 

of a with increasing v on strong inelastic electron-
s 

phonon interactions. His results indicated a mean-free­

• path of about 7 A with an energy loss of 0.1 ev per 

·interaction. xn this case only a fraction of the electrons 

would arrive at the overlayer metal with sufficient 

energy to escape over the vacuum work function barrier. 

This fraction would be expected to increase with increasing 

v and, depending upon the details of the electron 
a 

energy distribution, could in principle increase suffi-

ciently rapidly with sample bias to give rise to a net 

increase in a with V. However, if these interactions a 

did not occur, or if the interactions were elastic, 

one would expect that a would decrease with increasing 
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Vs, since injection into the overlayer would then occur 

at higher energies and the mean-free-path for hot elec­

trons in the metal overlayer is expected to decrease for 

i i 1 t 72,73,74 ncreas ng e ec ron energy. This effect is seen 

here experimentally. 

Figure 29 is a comparison of emission results for 

the devices previously discussed in which no oxygen was 

admitted during the deposition of MgO. Figure 29 is a 

comparison ·of emission results for devices fabricated 

with different amounts of oxygen present during the MgO 

deposition. The results for device PY-G-11(1) are also 

plotted on this figure for comparison purposes since 

it has the oxide thickness closest to that of device 

PY-G-22(2). 

Prom the data presented in these figures the 

following observations can be made: 

1) The magnitude of the emission transfer ratio, a, 

is seen to decrease with increasing vs for each MgO 

thickness regardless of the amount of oxygen gas present 

during deposition of the MgO. 

2) The general shape of the log a vs. V curves a 

is similar for all devices except at the low voltage 

1evels where the measurements are not as accurate. 

Strangely, the main effect of increasing the MgO 
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thickness is to increase the transfer ratio at a 

given voltage. 

3) The effect of increasing the oxygen pressure 

during MgO deposition is also to increase the transfer 

ratio at a given voltage. 

G. Attempts to Fabricate a Device with a Single 

crystal oxide 

As stated in section I an attempt was to be made 

to grow an epitaxial device, at least a device with a 

single crystal MgO film. A number of attempts were made 

on different substrates but in no case was a single 

crystal device achieved. 

The devices fabricated on the MgO substrates appeared 

to have highly disoriented layers. These results were 

true regardless of the method of substrate preparation. 

Each device was a short circuit between underlayer and 

overlayer. Ten sample sets, thirty devices, were 

fabricated with no success. 

The devices fabricated on the CaF2 substrates 

appeared to be slightly more ordered than on the MgO 

substrate$. The MgO film for two of these devices 

exhibited a ring pattern when studied with LEED. Each 

device was a short circuit between underlayer and 
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overlayer. Five sample sets, fifteen devices, were 

fabricated with no success. 

The devices fabricated on the single crystal sub­

strates were done with the substrate temperature at 

400°c during deposition of the various layers. The 

deposition rates were then varied to attempt to achieve 

epitaxy. 

Since a perfect cleavage plane was not achieved 

with any of these substrates the surfaces were never 

nearly atomically smooth. The devices had 
0 

MgO films of about 100 A thickness, about 15 molecule 

layers, so it can be seen that the substrate must be 

very smooth in order to achieve a device with no 

pinholes. 

Another problem that is involved is that during 

36 
epitaxial growth of a thin film, the film must nucleate 

so that single crystal growth can occur. This nucleation 

leads to pinholes in the film until the film has reached 

a certain t~ickness. Since these devices mu~t have thin 

oxide layers it appears that epitaxial growth and non­

shorted devices are two competing mechanisms. 

Epitaxial growth may be inhibited by the fact that 

the MgO films are non-stoichiometric with an excess of 

Mg atoms. Zn order to achieve stoichiometry and still 
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have a measurable device the MgO layer must be on the 
0 

order of 40 A thick. Thus again. epitaxy and a measurable 

device are incompatible. The conclusion arrived at 

is that-the epitaxial growth of a measurable device with 

a stoichiometric film of MgO between two metals may 

not be impossible, but is surely extremely difficult. 

Time did not permit the pursuit of this topic any further. 

Table 7V is a summary of the results of all devices 

studied extensively. 



DEVICE NO. 

PY-G-11(1) 

PY-G-16(3) 

PY-G-17(1) 

PY-G-18(1) 

PY-G-18(2) 

PY-G-19(2) 

PY-G-20(1) 

PY-G-20 (3) 

PY-G-21(3) 

PY-G-22 (2) 

PY-G-25(3) 

PY-G-38(1) 
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Table IV 

SUMMARY OF DEVICE DATA 

s 

89 

106 

159 

106 

109 

79 

680 

680 

90 

90 

60 

90 

8 0 cpl 

200 • 714 

.741 

194 • 721 

.694 

222 . 700 

133 • 710 

.695 

.695 

• 732 

cp2 

.33 

.33 

.34 

.35 

.33 

.34 

209 

200 

. 780 .21 

.823 .11 

1.9,1..74 -

zn this table: 
0 

S = oxide thickness, in A 

• s
0 

• overlayer thickness, in A 

R 

5 l.3xlO 

4-.25xl0 5 

7 .4xl0
5 

4.3Sx1O5 

p 
02 

-

-
-

cp
1 

= barrier obtained by zero field :intercept method, in ev 

~2 • barrier obtained by slope of Arrhenius plot, 

in ev 

R • resistance of device for ohmic part of 

characteristic, in n, at about room tempera_ture 

P = pressure of o2 gas admitted during MgO 
02 

deposi~ion, in Torr 
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:tV. ANALYSIS OF HOT ELECTRON TRANSPORT PROCESSES XN 

VACUUM DEPOSITED THIN-FILM EMISSION DIODES 

A. xntroduction 

The transport of hot electrons in thin film 

emission diodes can be viewed as involving three 

stages, which are in principle separable: 1) a 

process by means of which electrons are injected into 

the thin oxide film, 2) transport through the oxide 

film, and 3) transmission of electrons through the 

overlayer metal film region, with emission into vacuum. 

A major difficulty in studies of such devices lies in 

the fact that these processes are not readily separable 

on an experimental ba,is. 

Xn preceding sections of this thesis, a series of 

experiments was discussed which involved the study of 

the transport of hot electrons through these devices 

fabricated under a variety of conditions and the 

subsequent emission into vacuum of these electrons. 

These efforts were directed toward providing as complete 

an experimental description of the film properties and 

-:the transport processes as possible in order to 

determine the properties of vacuum deposited thin 

oxide films. 
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The present section first presents a brief summary 

of the important experimental observations of these 

studies. Analysis of the experimental results is 

separated into two stages: electron injection into 

the oxide film, and transmission of a fraction of the 

injected electrons into vacuum. The processes of 

importance at each stage are thus as nearly as possible 

subjected to analysis separately, and the results 

combined to formulate the complete model for the hot 

electron transport process in vacuum deposited thin­

film emission diodes. 

B. Summary of Experimental Observations 

These studies have involved investigations of 

Au-MgO-Au thin film emission diodes with the MgO film 

deposited with different amounts of oxygen gas present 

in the vacuum system and to different thicknesses. 

The properties of the MgO films changed as the amount of 

oxygen present in the vacuum system changed during 

deposition of the MgO film. This change was to 

higher biases necessary for the same sample current. 

These observations are consistent with an increase 

in barrier height with an increase in the amount of 

oxygen present. This might be expected if the films 
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are more stoichiometric with more oxygen present during 

deposition. 

The thin film sample I-V characteristics were plotted 

on a ln I vs. v112 plot for direct comparison'. between 

samples. The data for each sample plotted in this way 

were fit by straight lines, in qualitative agreement 

with the simple Richardson-Schottky or Pool-Frenkel 

equations. The data was plotted on a ln(I
0
/T2 ) vs. 1/T 

plot for each device. The data for each sample plotted 

in this manner were fit by straight lines. However, 

the data plotted in these two manners gave different 

barrier heights, if one assumes the Schottky equation, 

or different trap. levels, if one asswnes a Pool-Frenkel 

equation. Thus the data is inconsistent with either of 

these mechanisms applied in a simple manner to these 

devices. The data were also inconsistent with the simple 

Fowler-Nordheim equation adapted for internal field 

emission since it did not plot as a straight line on 

ln{I/V2)vs. 1/V plot. 

An emission current into vacuum was observed for 

all sample types, which was stable and reproducible and 

free from breakdown effects. The magnitude of the 

emission transfer ratio, a, decreased with increasing 

sample voltage, v
5

, and increased for thicker oxide films. 



74 

The indications are that the barrier presented 

to the flow of electrons by the oxide film increases 

with in~reasing amounts of oxygen present during the 

depositi'on of the MgO. Since no devices could be 

measured which were fabricated with an oxygen pressure 

-6 of 10 Torr or greater present during MgO deposition, 

an attempt was made to produce a device with an oxide 

layer consisting of two regions with a different 

composition near either of the metal-oxide interfaces. 

Although the results indicated that these devices 

show rectification effects, since the barrier at either 

interface was different, no devices fabricated in this 

manner were stable over a large current range and no 

extensive quantitative results were obtained. 

All devices fabricated on single crystal sub-

strates were initially shorted and could not be repaired. 

The conclusion arrived at is that the epitaxial growth 

of a measurable device with a stoichiometric film of 

MgO between two metals may not be impossible, but is 

extremely improbable. 

C. Discussion of a Model for Xnjection of Electrons 

into the oxide Film 

Experimental results have been presented for the 

I-V characteristics of vacuum deposited thin film 
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emission diodes which are in agreement with an expression 

in which x is directly proportional to V at low fields s s 

and in which l.nX is proportional to V 112 at high s s 

fields. However the results are not consistent with a 

field-controlled emission-limited Pool-Frenkel mechanism 

whereby electrons are emitted from a discrete trap level 

into the conduction band over the Coul.omb potential 

barrier under the attendant lowering by the applied 

electric field. The origin of this equation was in 

connection with conduction processes in bulk insulators 

or semiconductors14 in which the effects of the electron 

image force on the interface barrier are of less importance 

in conduction than for very thin films. 

The results were also not consistent with the simple 

Richardson-Schottky equation used for emission into 

vacuum, modified for emission into the conduction band 

of the dielectric by multiplying e bye. The origin o r 

of the Richardson-Schottky equation was in connection 

with thermionic emission of electrons into vacuum from 

metals oe high work function in whi~h the work function 

is lowered by the electric field because of image force 

modification of the metal - vacuum interfacial barrier. 

These results are not directly applicable to the case 

of internal electron emission from a metal into an oxide, 
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since a detailed analysis must consider the influence 

of the oxide dielectric constant in modifying the 

5 electron image force. Emtage and Tantraporn 

and Pollack6 obtained results which they attributed to 

a Schottky emission mechanism. The problem as applied 

to these devices needs some modification since the 

multiple image force corrections to the barrier must 

be made. This probl.em is sol.ved in Appendix i:. The 

result is: 

2 -cpR/kT 
.148 v·484 

I = 
kT (1) aAT e e , 

for the equation that·applies to Schottky type emission 

into the conduction band of the insulator for high 

fields. It can be seen that the current dependence on 

voltage is not exactly the same as for emission into 

vacuum from a thermionic cathode. However, the zero 

field intercept of the plot of ln l: vs. V .484 should 

still give the barrier height, cpR. A plot of ln :I vs. 

v-484 for device PY-G-11(1) is shown in Fig. 32 for the 

various temperatures. As expected the device character­

istics plotted as a straight line on this curve. The 

only difference between this plot and a plot of ln :I 

~~- v112 is that the zero field intercept is slightly 

lower for T = 313°K. The value of~ obtained from the 
R 

zero field intercept in Pig. 32 is .722 ev as compared 
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to .714 eV from the zero field intercept of the 

1/2 ln I vs. V plot. 

Figure 33 is a plot of ln(I
0
/T

2
) vs. 103/T for I

0 
.484 obtained from the ln I vs. V plots at different 

temperatures. It can be seen from this figure that the 

plot is not a ''straight line" as it is in Fig. 21. The 

plot should be a straight line according to Eq. (1) 

if the barrier is independent of temperature. However, 

as stated in section III-B, the barrier was expected 

to be much higher than that measured in these devices. 

The barrier, however, could be lowered if impurities 

were introduced into the MgO film allowing energy 

states in the forbidden gap in the bulk material or at 

the surface. Since these devices were fabricated and 

studied in ultra-high-vacuum the probability of intro­

ducing foreign impurities into the device is slight. 

The impurity atoms must ·then be excess Mg giving rise 

to a localized energy level. Depending on the number 

of excess Mg atoms, or oxygen vacancies, and the 

location of this level in the energy band structure, the 

barrier could be temperature dependent. Thus the 

barrier picture as shown in Fig. 30 is complicated by 
• 

the presence of donors. Calcula~·ons of the effective 

80 Debye length shows that the sq.· ce barrier, modified 



78 

by the electron image force, is the correct shape for 

this barrier. The emission data indicates that a height 

of ~R ~ .72 ev is the correct height. 

Sirice the dependence of the barrier height on 

app1ied vo1tage deviates from the ln I vs. v·484 law 

for lower voltages, expression (1) does not ho1d for 

low voltages. This expression should thus be written 

as: 
2 -~R/kT f(V)/kT 

:t = a.AT e e (2) 

where f{V) is a function of applied voltage and is 

plotted in Fig. 31. This expression shows that there 

should be a current at zero applied voltage. However 

no current is observed at zero applied voltage. Consider 

that the overlayer is biased positively. This expression 

then gives the value of the current from the overlayer 

to the underlayer, or the electron flow from the underlayer 

to the overlayer. However, at zero applied voltage 

there is an electron flow from under1ayer to overlayer 

due to thermal agitation which allows electrons to 

flow over the barrier from underlayer to overlayer. 

However, since the barrier is symmetrical and the 

~verlayer and underlayer are the same material, gold, 

at zero applied voltage the same number of electrons 

should have thermal energy to flow over the barrier from 
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overlayer to underlayer. In equilibrium this gives 

rise to equal and opposite currents, so that the measured 

c.urrent at V = 0 is I = O. As the barrier is lowered 

for electron flow from underlayer to overlayer it is 

raised for electron flow from overlayer to underlayer. 

Thus the correct expression for current from a Schottky 

type mechanism is: 

]: = aAT2 e -cpR/kT [e f ( V) /kT _eg ( V) /kT7 
_JI 

where, 

g(V) = f(V) - ev. 

From this expression it can be seen that at v = O 

g(o) = f(o) 

and 

J: = 0 • 

(3) 

(4) 

(5) 

Figure 34 is a comparison between the data for device 

PY-G-21(3) and Eq. (3). The data points are circled 

and the solid line is Eq. (3). J:t can be seen from this 

figure that there is extremely good agreement between 

the data and Eq. (3) over 6 orders of magnitude of 

current and 5 orders of magnitude of voltage. Further­

more, Eq. (3) predicts a linear relationship between I 

and V for low voltages. The bracketed expression in 

Eq. (3) can be written as: 
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-eV/kT} e • 

For fields< 104 v/cm, f{V) ~ K, thus (6) becomes: 

-ev/kT) 
- e I 

(6) 

( 7) 

where K is a constant and ~R-K = ~, the actual barrier . 0 

h • ht d" -eV/kT • 1 • • • th eig . Expan ing e in a Mac aurin s series e 

bracketed expression becomes: 

1 [l 
ev l(ev) 

- -kT+2kT 

2 3 
1 ev 7 
6 (kT} + • • • _; • (8) 

-3 For voltages on the order of 5 x 10 volts, which is 

where the :c-v characteristics of the .this device, 

PY-G-21(3), start to 

1 ev 2 
d • 1· • ev o 186 eviate from 1near1ty, kT = • 

and -(-) - O 017 2 kT - • • So it can be seen that below 

this value of 

-]: = 
0 

or, 

voltage, (3) can be written as: 

2 -<po/kT ev 
aAT e (kT) 1 

V = 1:R, 

where R is given by 

R a:: 

cp /kT 
kTe o 

eaAT2 

(9) 

(10) 

(11) 

For this device at T - 312°K thi~ resistance is 8xl04 o· 

while the measured resistance was 1.3 x 105 0, which 

is remarkably good agreement considering that the 

Richardson constant is involved in this expression. 

The data for devices PY-G-17(1), 18(2), and 19(2), 

which were measured at high voltages only, are shown 
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in Fig. 35 where ln I is plotted vs. v•484 . As for 

device PY-G-11(1) the barriers calculated from the zero 

field intercept do not change substantially from those 

calculated from the zero field intercept of the ln I vs. 

v1l 2 plots. Figure 36 shows a comparison between the 

devices fabricated with varying amounts of oxygen 

present during deposition of the MgO on a ln I vs. v•484 

plot. The barriers obtained from these plots are given 

in Table v along with the barriers found £or device 

PY-G-38(1) from the Fowler-Nordheim plots. 

Table V 

BARRIER HEIGHTS FOR A NUMBER OF DEVICES 

WJ:TH DIFFERENT PARAMETERS 

• DEVICE NO. s (A) q>R (ev) P (Torr) 
02 

PY-G-11(1) 89 . 722 < 10-8 

PY-G-17(1) 159 .724 < 10-8 

PY-G-18(2) 109 . 701 < 10-8 

PY-G-19(2) 79 .711 < 10-8 

PY-G-22(2) 90 .792 10-8 

PY-G-25 (3) 60 .833 10-1 

PY-G-38(1) 90 1.96, 1.74 10-5 , < 10-8 

This table illustrates the fact that the barrier 

height does not change with oxide thickness but that the 

barrier height increases with increased oxygen pressure 
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present during deposition of the MgO film. Figure 37 

is a plot of the data for devices PY-G-22(2), MgO 

-8 deposited at 10 Torr o2 , and PY-G-25(3), MgO deposited 

-7. 
at 10 Torr o2 , on log-log paper. The solid lines drawn 

on the curves are expression (3) with the appropriate 

values of ~R for these two devices. Again there is 

strikingly good agreement between the experimental 

points and the theoretical curves over six orders of 

magnitude of current. The values of resistance 

calculated and experimentally found wer~ again in 

extremely good agreement. For device PY-G-22(2) the 

calculated value is 3.9 x 105 n while experimentally 

it was determined to be 4.3 x 105 n. For device PY-G-25(3) 

the numbers are 7.1 x 105 O and 7.5 x 10
5 n respectively. 

The remarkably good agreement between Eq. (3) 

and the data indicates that the Schottky type mechanism, 

modified for these devices, is the dominant mechanism 

for injection of electrons into the oxide film. The 

data also indicate that the barrier presented to the flow 

of electrons by the oxide is much lower than that 

predicted by the simple band theory. If the barrier 

was ~M-x1 , the barrier would be 4.65 ev regardless of 

the number of excess Mg atoms or oxygen vacancies. 

However the barrier is much lower than this and also 
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depends on the number of excess Mg atoms in a manner 

such that the barrier is lower for more excess Mg. 

The fact that the barrier seen is lower than that expected 

is not altoghether unreasonable. Other authors have 

. 81,82,83 
seen this ~ame e£f~~t for metal-semiconductor 

i f d 84 • . · nter aces. Mea gives a semi-emperical analysis 

in which he characterizes the barrier as ~M-XS for 

semiconductors of ionic character and independent of 

metal electrode for semiconductors of covalent bonding. 

A brief resume of this analysis is given below, 

not as a statement to determine the barrier height 

but as a statement that it could be much lower than 

~M-XI• Figure 38 is a reproduction of a figure in a 

85 classic paper on surface states by Shockley. This 

figure shows the traditional splitting of atomic energy 

levels as the wave functions of the atoms overlap. In 

addition it shows the energy of the surface states as 

a function of lattice spacing. one fact is evident, 

that is that there are two distinct regions of surface 

state behavior. At large separations, the wave functions 

overlap only slightly and the surface states lie at the 

band edges. At small separations the wave functions 

overlap s'trongly and the surface s ta tea are near the 

center of the gap. This provides a valuable clue to 
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the behavior of different types of semiconductors with 

respect to surface states. In essentially ionic 

materials, the wave functions are atomic in nature and 

the overlap is small. Surface states are formed by the 

two types of atoms at the surface of the crystal: and 

their energies lie close to the valence and conduction 

band edges. The upper surface states are unoccupied 

and the lower surface states are occupied. Thus the 

Fermi level at the surface may move from near the 

conduction band edge to near the valence band edge 

without creating any surface charge. This behavior 

is quite consistent with the oversimplified picture 

of the ionic crystal and it does explain the results 

for many materials. Until the wave function overlap 

reaches a critical value the surface states lie at 

the band edges. A small increase in overlap above this 

critical value causes the surface states to move rapidly 

to a region near the center of the forbidden gap. 

The above analysis holds for·intrinsic semiconductors 

and insulators. However when impurity atoms are added 

to the crystal the location of the Fermi level may 

change. If these atoms give rise to donor levels near 

the conduction band the Fermi level may be closer to 

the conduction band than the valence band. If the 
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impurities occupy interstitial positions in the lattice 

the wave function overlap would be greater than in the 

original material. A large density of donor like 

surface states near the conduction band could exist at 

the surface. 

How do these surface states affect the barrier? 

The surface states are distributed in energy somewhere 

in the forbidden gap of the oxide, and when the free 

surface is charge neutral they are filled to some 

energy, E, below the conduction band. This will then 
0 

locate the Fermi level at the surface. If an electric 

field is applied at the surface this field will induce 

charge in the oxide, primarily in the surface states if 

their density is large, and the Fermi level at the 

surface will shift from this value. However, the larger 

the number of surface states per unit energy interval, 

the smaller the movement of the Fermi level for a 

given induced charge. The same argument may be applied 

to the energies of a matal-oxide interface. In the 

limit of very high surface state density, the Fermi level 

at the surface is fixed by E
0

, and the barrier energy 

is just the difference between the band edge and this 

Fermi level independent of the contact potential 

difference between metal and oxide. 
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Bardeen87 discusses the behavior of the barrier 

as a function of surface state density. The conclusion 

arrived at is that for a high density of surface states 

the barrier height is nearly independent of the work 

function of the metal and is about the same as for a 

free surface. The height of the barrier is thus deter­

mined by the location of the surface states and their 

density. 

There is some experimental evidence that excess 

Mg in MgO gives rise to a localized energy level 

near the bottom of the forbidden gap or possibly in 

88 89 the valence band. ' These states are low lying 

donor states and when the crystal is irradiated with 

UV a current is carried by holes. The donor level 

in their samples is the ground state of an F center 

and when irradiated by UV the electron enters the 

excited state. An electron from the valence band can 

then be thermally excited into the ground state of 

the F center giving rise to a hole in the valence 

band. The current under these conditions is then 

carried by holes. Other results of Yamaka and sawamoto90 

found that the current in MgO with an excess of Mg was 

carried by electrons. Their conclusion comes from the 

results of measurements of the thermo-electromotive 



87 

force at a temperature range of 650°c to 1000°c. These 

results indicated a donor level in the forbidden gap 

nearer the bottom of the conduction band. 

Xt ·can be seen that there is some doubt as to the 

location of the donor levels in MgO with an excess 

of Mg. 
89 The explanation given by Olson for a low 

lying donor level can be summarized as follows: 

The MgO crystal is heated in a magnesium vapor pressure. 

The excess· magnesium thus arrives at the surface and 

reacts with the crystal. Rather than a diffusion of 

magnesium atoms into the crystal into interstitial 

positions this reaction causes diffusion of oxygen to 

the surface, creating an oxygen vacancy. This oxygen 

vacancy becomes the site of tightly bound electrons or 

a low lying donor level. Their analysis excluded Mg 

atoms in intersitital positions because the crystal 

cannot accommodate them. 

An excess magnesium atom in an interstitial type 

position would probably give rise to a donor level 

nearer the conduction band. Since the films studied 

here are not single crystal films, the excess magnesium 

could very well occupy positions which are of an 

interstitial type. The experimental evidence indicated 

that this must be the case since the barrier is so low. 
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Thu~ there must exist localized donor levels near the 

conduction band and donor like surface states also 

near the conduction band. 

According to Fig. 33 the barrier height changes 

as a function of temperature. Figure 39 is a plot of 

ln(X /T2
) vs. 103/T for the two devices fabricated with 

0 

o2 gas present during the deposition of MgO. The results 

from device PY-G-11(1) are repeated here for comparison. 

It can be seen that none of these curves plot as 

straight lines. The zero field intercept of the ln X 

.484 . l f vs. V gives a va ue o 1
0 

as: 
-co__/kT 

X = aAT2e 'K (12) 
0 

Thus 

(13) 

or 
2 . 

ln(xo/T ) = lnaA - ~kT • (14) 

Therefore it can be seen that if cpR ~ cpR(T) the slope 

of the ln(I /T2
) vs. 1/T plot shoul.d be a straight line: 

0 

dl.n(:tcfT
2

) /d(l/T) = - cpR/k • (15) 

However if~ is a function of temperature this becomes: 
R 

dln(Xc/T
2
)/d(l/T) = -cp (T)/k - (1/kT)d~ (T)/d(l/T) 

R R (16) 

Thus the slope of these plots will not be proportional 

to the barrier height, which may explain the difference 

seen betw2en the barriers found by the two methods in 
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section III-C since the barriers were found from the 

slope of the best straight line fit to the data for the 

2 3 ln(I
0
/T) vs. 10 /T plots. If d~R(T)/dT is positive. 

i.e. if the barrier increases with increasing tempera­

ture. then d~R(T)/d(l/T) is negative and the slope of 

the ln(I /T2 ) vs. 1/T plots will give a number which 
0 

is smaller than the actual barrier. The barrier heights 

.484 obtained for these three devices from the ln I vs. V 

plots are plotted in Fig. 40 as a function of tempera­

ture. It can be seen from this figure that the barrier 

heights do increase with increasing temperature. Thus 

the slope of the Arrhenius plot will give a value for 

the barrier height which is actually less than the real 

barrier height,as seen in these experiments. 

The barrier is the distance, in energy, between 

the location of· the Fermi level and the bottom of the 

conduction band at the surface. In a bulk n-type 

semiconductor the Fermi level does move farther from 

the conduction band with increasing temperature. A 

similar process must exist for these devices. A 

discussion of this problem is given in Appendix II: .• 

After oversimplification of the problem a qualita­

tive result was obtained for the barrier height as a 



90 

function of temperature and donor concentration. The 

result is: 
r, 2 w/kT 112 , l .~ = kTlntl/2){N0 /Nd+[(Nc/Nd) +BNce ./Ndj 11 , (17) 

This simple calculation shows that the barrier increases 

for increasing temperature, increases £or decreasing 

donor concentration, and increases faster for increasing 

temperature as the donor concentration decreases. These 

results are all consistent with the experimental results. 

This expression is plotted as the dashed curves in 

Fig. 40 and it can be seen that the agreement with the 

experimental results is fairly good on a qualitative 

basis. 

The model developed here for the barrier height 

depends on the existence of surface states. As pre­

viously stated the barrier under these conditions should 

be nearly independent of the work function of the metal. 

55 Savoye found a contact potential difference of 

~Au-~Al = .B eV in his Al-Al2o3-Au samples. If the 

surface state model holds, the barrier should be nearly· 

the same for current flow in either direction, if it 

does not hold the barrier will be modified by the 

contact potential difference between the metals. 

A number of Au-MgO-Al devices were fabricated.· These 

devices were very unstable and usually broke down 
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before any extensive measurements could be made. one 

device, PY-A-1(1), was stable long enough to measure the 

x-v characteristics at T = 313°K. The results of this 

measurement are shown in Fig. 4~ on a ln I vs. v•484 

plot. The barriers obtained from thes:e plots are: 

for the Au-MgO interface, ~ = .702 ev, and for the 
RAU 

Al-MgO interface, ~RAl = .643 ev. It can be seen that 

there is some difference between the two electrodes, 

~ -~ 1 = .059 ev, but this value is much smaller 
RAu RA 

than the difference in work functions between gold and 

aluminum. This difference in barriers is about the same 

value as the difference noted by Mead83 for different 

metals on CdSe. Thus the model incorporating surface 

states to lower the expected barrier is consistent with 

the observed results even though no quantitative results 

could be obtained. 

We conclude that the current transfer process of 

importance in these thin film emission diodes is that 

of field-controlled emission-limited Schottky emission 

mechanism whereby electrons are emitted from the metal 

electrode into the conduction band of the insulating 

film over the image force interfacial barrier under the 

attendant lowering by the electric field. The simple 

Schottky equation does not hold but the equation 
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derived by taking into account the multiple image 

corrections to the barrier profile give excellent agree­

ment with experimental results. The effective height 

of the energy barrier at the Au-MgO interface deduced 

from this analysis is about .7 ev. This value can only 

be explained if a large density of interface states 

exist. The barrier height is temperature dependent and 

also depends on the excess magnesium concentration. 

This model implies that a large density of surface 

states, which are all ionized, allows the barrier to be 

much smaller than initially expected and that the 

effect of increasing the temperature is to ionize more 

donors allowing more electrons to enter the conduction 

band of the MgO. This results in a higher barrier for 

higher temperatures. 

Zn this model the electrons injected by the Schottky 

emission process appear in the conduction band of the 

insulating film, where they are accelerated by the strong 

electric field toward the positively biased electrode. 

The processes by means of which the injected electrons 

are transported through the insulating film are discussed 

in the next section. 
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D. Discussion of Emission into vacuum 

The electron injection process in these thin film 

emission diodes has thus been characterized as a 

Schottky emission process. The subsequent transport 

of the injected electrons through the insulator under 

the influence of the strong electric field can be 

expected to involve some energy loss. 

Figures27, 28, and 29 show the emission transfer 

ratio, a= I /(I +I) as a function of sample bias. e e s 

'l'Wo features of these plots are very striking. One is 

that the transfer ratio decreases with increasing 

sample bias and the other is that for only one device, 

PY-G-25(3), is the sample bias greater than 5.45 volts. 

Figure 44a shows the energy band diagram for these 

devices under an applied sample voltage of 4 volts, 

which is higher than most sample biases reached in 

these experiments. The straight line with the arrow 

shows the trajectory of an electron which loses no 

energy in traversing the oxide and metal overlayer. 

Zt can be seen that the electron should not be emitted 

into vacuum since it does not have enough energy to 

surmount the metal-vacuum interfacial potential barrier. 

The anode-overlayer spacing is large enough so 

that Schottky emission should not occur from the metal 



overlayer into vacuum. The resolution of the measure­

ments was such that emission currents on the order of 

10-lO amps could be measured. For current of 10-10 

amps due to "thermionic" emission a sample bias of 

~ 4.45 volts would be necessary. Therefore there 

should be no electrons emitted into vacuum until the 

sample bias is~ 4.45 volts. 

Savoye and Anderson
12 

discuss the possibility of 

preferential emission of electrons through holes in the 

gold overlayer film. In order for electrons to be 

emitted from these Au-.MgO-Au devices the electrons 

must be emitted through holes in the gold overlayer 

film. The energy band diagram appropriate to the 

fraction of electrons which arrive at the oxide-overlayer 

interface in the vicinity of a hole is shown in Fig. 44b 

for a 4 volt sample bias. 

In the case of large holes, the field at the 

underlayer beneath the hole might be expected to 

decrease fairly rapidly with distance from the edge, and 

hence the current density would also decrease beneath a 

hole. In consequence only a fraction of the area of a 

particular hole would be expected to contribute 

appreciable emission current. 
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Electron micrographs of thin gold films deposited 

on cold substrates indicate that such films consist 

of a large number of agglomerates, separated by relatively 

narrow open regions resembling slots, which are 

h • db f. 1 11 d f' d 'd h 93 , 94 c aracter1.ze ya airy we e 1.ne wit. 

We therefore assume that in the present case the holes 

in the Au overlayer films can be represented by slots 

of characteristic width d. 

The width of the slots for a typical case is 

difficult to estimate from the electron micrographs, 
0 

but is on the order of 20-200 A for a film of about 

loo o h. k 55 A t 1.c ness. In the present experiments with MgO 
0 0 

films varying from 60 A to 160 A thickness, the electric 

field strength at the underlayer beneath a slot might 

therefore be expected to decrease r~pidly with distance 

from the slot edge. The electron current emitted into 

the oxide film beneath a slot can be estimated using a 

solution to the electrostatic problem for the field 

beneath a slot as a function of the distance from the 

slot edge. 

A solution to the electrostatic problem simplified 

by neglecting the dielectric discontinuity at the 

surface has been obtained, and is presented in Appendix III. 

From this solution, numerical calculations for the 
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field strength, F(y), as a function of the distance, 

y, from one edge of the slot were carried out for the 

ratios of oxide thickness to slot width of interest, 
0 

assuming all slots are 100 A wide. Results of these 

calculations are presented in Fig. 45, where relative 

field strength, F/F
0

, is plotted versus y. Notice that 

the ordinate scale is an expanded scale extending only 

from 75% to 100%. 

The magnitude of F/F is seen to decrease rapidly 
0 

with distance and at a rate strongly dependent on the 

oxide thickness, as expected. 

The relative electron current, j 
1

(y) resulting 
re 

from the field Fat y is: 

(19) 

We have assumed the simplified form for the Schottky • 

equation since it is nearly correct for the fields of 

interest. The constant~ has the value,~= 4.5 x 10-3 

(cm/volt) 112 , for T = 313°K, the temperature at which 

emission data was taken. 
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Let there be N such slots per unit area and of 

length -t. If y is the ratio of overlayer hole area to 

total overlayer area 

· y = N-td • (20) 

An estimate to the current emitted into the oxide beneath 

a hole in the overlayer film can thus be made. 

The sample current, Is, can be viewed as consisting 

of two contributions1 1) a contribution from Schottky 

current density j from regions of Au lying beneath the 
s 

gold overlayer, and 2) a contribution from regions of 

Au lying beneath holes in the gold overlayer, which is 

written as j 1 (y)j • This second contribution will re s 

depend upon the position, y, under the slot of width d, 

with O < J' 1 (y) < 1. Assuming that J. is constant, 
- re - s 

and determined by the magnitude of the applied field 

at the Au underiayer beneath the Au overlayer, 

we 

or 

write for the sample current: 
d 

J:s = jsa (1-y) + jsN-ta I jrel ~y) dy 
0 

0 

- I , e 
(21) 

(22) 

where a is the sample area and the integration is over 

a single slot of width d. 

A similar expression can be written for the emission 

current, J:
8

: 
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d 

:Ce= jsa[(l-y)Poo0 t + Y !J jrel(y)PosaH(y)dy'' <23> 
0 

where at is the attenuation factor for the Au film, P
00 

is the fraction of the electrons which arrive at the 

overlayer film energetically capable of emission, P 
OS 

is the fraction of the electrons which arrive at a 

slot energetically capable of emission, and aH(y) 

expresses the transfer ratio through a slot of width d, 

as a function of posicion y. For the biases, V, used 
s 

in these experiments, P = o. Since the sample 
00 

current beneath a slot is less than the sample current 

beneath the overlayer and 1-y ~ 1, Is and Ie can be 

written as: 

or 

On 

X • j a - I s s e d 

1 e • jsay ¼ S jrel (y) P osa.H(y) dy • 
0 

(24) 

(25) 

this model the measured transfer ratio a.Mis: 
d 

"' :i: :~ = Y ! J jrel (y) P osaH(y) dy • 
e s 

(26) 

0 

a • M 
0 6 

For an applied field of F
0 

= 2.5 x 10 volts/cm (27) 

becomes 

a • M 

l r 7.l{[F(y)/F ]
112

-1} 
y d J P osaH (y) e o dy • (28) 

0 
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Xf no energy loss occurred in the oxide all electrons 

arriving at 

escape, for 

a slot would be energetically capable 

6 F = 2.5 x 10 volts/cm, and a good 
0 

of 

approximation under these conditions would be a 8 (y) - 1 

for O ~ y ~ d. Xn this case, 

1 rd 1.1{[F(y)/Fo71/2_l} 
aM = y d J e -' dy (29) 

• 
0 

This expression for aM can be integrated numerically for 

each oxide thickness of interest. This has been done 

and aM is plotted vs. S, the oxide thickness, in 

Fig. 46. This shows that a, on the basis of field 

alone, should go up for thicker oxides. Also shown on 

this figure are the actual emission ratios, for 

F 
0 

6 = 2.5 x 10 volts, divided by a suitable y. They 

used here is not the actual y since the emission transfer 

ratio drops off as a function of voltage. They used 

was one in which the data would then fit the theoretical 

• curve for s = 159 A. It can be seen in this figure that 

the other data points fit the curve quite well. 

An examination of Fig. 29 shows that an extension 

of the data to V = 0 leads to values of yon the order 

of 2 x 10-3 . This would put a lower bound on y of 

-3 2 x 10 . The reason for saying that this value is 

a lower bound on y is that the term a (y) in Eq. (23) 
H 
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is not a constant of value 1.0 since the electrons 

arriving near the edge of a slot have a greater 

probability of being trapped than those arriving at 

the center of a slot with the same value of v. This 
X 

is a·consequence of the fringing field at the slot. 

This value for y is quite reasonable. A comparison 

with the results of Savoye (see reference 55, Fig. 40) 
0 

shows that for an overlayer thickness of 200 A, 

y has a value of~ 6 x 10-3 for gold on Al2o 3 . As 

noted in section III-F of this thesis, the sheet 

resistance of a gold film on MgO is lower than for a 

gold film on Al2o3 , indicating a more continuous film 

of gold on MgO, i.e., fewer pin-holes in the gold. 

This would lead to a smaller value of y for Au on MgO 

than for Au on Al20 3 , as seen here. 

Possible energy loss mechanisms in the MgO film 

include impurity scattering, impact ionization of 

valence electrons, and electron-phonon interactions. 

Xmpact ionization of valence electrons can only 

occur if the energetic electron has kinetic energy 

E ~ Eg, where E
9 

is the band-gap energy. Because 

there is a potential barrier of magnitude~ between 
0 

the overlayer Fermi level and the bottom of the oxide 

conduction band and the energy distribution of electrons 
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in the metal drops off quite rapidly above this level, 

the maximum kinetic energy available for v
6 

volts 

applied is approximately E = ev - ~. From this the m s o 

threshold voltage for impact ionization to be possible 

is eV s ~ E
9 

+ cp
0

• The band-gap energy, E
9 

, of MgO is 

8.7 ev and cp ~ .7 ev. These values show an estimate 
0 

of the threshold voltage for impact ionization of about 

9.4 volts. In the present experiments the maximum 

applied voltage is always less than 9 volts, hence 

impact ionization of valence electrons can be ignored. 

Electron-phonon interactions, in particular the 

creation of optical phonons, can be expected to result 

in a loss in energy. The creation of optical phonons 

can be expected to result in an energy loss on the 

98 order of 0.1 ev per interaction. The mean distance, 

A, required for an electron of energy E to create an 

optical phonon can be crudely estimatea12 on the basis 

of the theories of intrinsic breakdown of insulators 

llCll 
A,._, dE/dx ' (30) 

. 
where hW is the optical phonon energy and dE/dx is the 

rate of energy loss to the lattice with distance x. 

56 
o•nwyer gives an expression for dE/dt, for energies 

less than the valence-band ionization energy, which is 



with 

dE/dt 

1/-r (E) - !if o - 2 

2 e w -2 
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(31) 

(_L _ _!_) E-1/2 , 
erh er,t 

(32) 

in esu, with erh and er,t the high and low frequency 

dielectric constants respectively. using dE/dx - dE/vdt 

.! 2 with E = 2 mv, l can be written as 

l -
me 

2
109 ( 4E/ tiw) 

• (33) 

For electron energies on the order of the phonon 

energy and e ::" 10, 
r.t 

- -8 0 erh - 3, l - 6.2 x 10 cm= 6.2 A. 

This can be compared with some results obtained from 

studies of secondary electron emission from MgO, in 
0 

which a mean free path of about 5 A is found to be 

appropriate for describing the internal secondary 

h . 98 escape mec anism. 

on the basis of this estimate it can be seen that 

electron-phonon interactions alone cannot explain the 

results depicted in Figs. 27, 28, and 29. There are 

two reasons for this: 1) an electron would only lose 

about 2.6 ev ~n energy in traversing the thickest of 

these oxides and most of the electrons incident on a 

hole in the gold overlayer would escape, at an applied 

voltage of 4 volts, and 2) the mean free path should 

increase with increasing electron energy. Therefore 

on the basis of electron-phonon interactions the 
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ratio, a, would be expected to.go up with in~r.paqing 

sample voltage contrary to expF.rimental results. 

The term impurity scattering used here included 

two distinct types of events. In one case the 

scattering center does contain a weakly bound electron 

and in the other case it does not. 

In the case in which the scattering center does 

not contain a weakly bound electron the mean free path 

is equal to the average distance between impurity 

atoms and can be 

• (34) 

mn*Nie
2

log (1 + 

This again will not explain the experimental rPAults 

since A again increa~es with in~reaqing biaR and it 

would be essent~ally elastic scattering. 

For the case in which the impurity does contain 

a weakly bound electron there exists the possibility 

of appreciable energy loss per interaction if the 

scattering site, such as a donor or trap, contains an 

electron which can be excited into the conduction band 

of the insulator. Furthermore the mean free path in this 

case would decrease with increasing sample bias. This 

can be seen on the basis of the following analysis. 
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As the electron is accelerated ·in the conduction band 

of the oxide it gains energy and when it has gained 

energy greater than the energy difference between the 

conduction band minimum in the oxide and the donor level 

it could lose this energy to the donor electron which 

is then ~xcited into the conduction band of the oxide. 

The greater the applied bias the more of these inter­

actions that could occur. 

This, however, leads to avalanche phenomena so that 

for each interaction there are two electrons in the 

conduction band for each initial electron. This would 

greatly increase the sample current if a great number of 

these interactions took place. However this effect is 

not noted in the sample X-V characteristics which can 

be completely explained on the basis of a Schottky type 

mechanism. Xf the total number of these interactions 

was small,then the transmission ratio a should increase 

or at least stay nearly constant with applied voltag~. 

As can be seen by this qualitative analy$is none. 

of the possible energy loss mechanisms can ex~lain the 

observed behavior for these devices. The most probable 

explanation is that the oxide emitting surface becomes 

charged. When a sample current is first drawn,electrons 

arrive at the slot and those with enough energy are 
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emitted into vacuum. The remaining portion are not 

collected by the overlayer immediately but lead to a 

space charge at the slot. Thus the emitted current is 

dependent on sample current and time and in this manner 

indirectly dependei1t on the sample voltage. This is 

shown quite dramatically in Fig. 47. 

Figure 47a shows the actual scope trace of is and 

Xe vs. v
8 

for device PY-G-17(1). The pulse amplifier 

saturates at a given output power and the voltage is 

then constant beyond this point. The actual V vs. s 

time is observed on oscilloscope x (see section II-C-4). 

The applied voltage was allowed to saturate in this 

particular measurement and the actual pulse is shown in 

Fig. 47b. I and I were not observed as a function of s e 

time but were seen on oscilloscope II plotted vs. V. 
s 

I
9 

was seen to reach a maximum value when v
9 

reached its 

maximum and remained at that current as evidenced by 

a bright spot at that point. time can then be 

inferred from this curve and is shown in ~ig. 47b as a 

constant current of 6.7 x 10-3 amps for 6.75 msec. < t < 

-8 10 msec. I however was seen to drop to 4.6 x 10 amps 
e 

from its maximum of 7.6 x 10-B amps. This drop is shown 

as a linear drop as a function of time in Fig. 47b but 

may very well have another time dependence. This is 
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direct evidence that the oxide in the neighborhood of a 

slot does become negatively charged by the electrons 

that are not emitted into vacuum. The total charged 

area is so slight, however, that it does not affect 

the sample current. 

Thus, although n is a function of applied sample 

voltage it is actually indirectly dependent upon voltage 

through the voltage dependence upon current and time. 

A better functional dependence for a would be a= o.(I,t). 

However, since I= dQ/dt an even better functional 

dependence would be a= a(Q,t). The total charge, Q, 

that has arrived at the overlayer is given by: 
t 

Q = r :r (-r) d-r 
.., 0 

• 

Again assuming the simple Schottl.y equation: 
f3Vl./2 

J: = J: e 
0 • 

(35) 

(36) 

2 and since Vis linearl.y dependent on time, V 
A 1/2 

= n -r: 

thus-; 

..,n-r 
J: = J:

0 
e , 

t 

o = x r oJ 
0 

A 1/2 
t,JO'r d 

e 'T • 

J:ntegration yields: 
2J: 1/2 

Q o r(~ tl./2_1) 6nt = 2 2 L n e 
6 n 

(37) 

(38) 

-, 
+ lj. (39) 

The results previously men~ioned havP been obtained 

on th~ assumption that F(y)/F is a constan~ valu~ r.or 
0 

each device. However since the insulator is chargi_ng 
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up at the emitting slot,F(y)/F is actually decreasing 
0 

as F
0 

increases. This means that the· ratio j 1 (y) is re 

actually decreasing as F
0 

increases so that relatively 

fewer electrons arrive at the slot as F increases, or 
0 

aM from Eq. (27) decreases as F
0 

increases. 

Further evidence that the charging of the slot 

area is the determining factor in the emission results 

is shown in Fig. 48. In Fig. 48a, a of device PY-G-11(1), 

at v = 2 volts, is plotted vs. the time it took for 
s 

the voltage ramp to reach 2 volts, i.e., dV/dt is 

different for each plotted point. Figure 48b is a plot 

of a with the same parameters, plotted vs. Q, the total 

charge passed through the insulator as found from 

Eq. (39). As can be seen from these figures a decreases 

as a function of time, or total charge, even though the 

sample current _and sample voltage are the same. Similar 

results were obtained for each device, however on only 

one other device were the measurements extensive enough 

to determine a charging "time constant", this was device 

PY-G-17(1). The results of these two devices are plotted 

on a loga vs. t plot in Fig. 49. Xf a can be described 

-t/T 
as a = a e this "time constant", -r, is 2 msec for 

0 

PY-G-11(1) and 2.4 msec for PY-G-17(1). The decay of 

the charge is fairly rapid since a succeeding pulse, 
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on the order of one second later, gave identical results 

to the first pulse. The electrons are apparently being 

trapped in surface states which exist in the vicinity 

of the slots and have a time constant on the order of 

a millisecond which is in reasonable agreement with 

80 the time constants found for slow surface states. 

A further note of evidence that the emission current 

is controlled by charging of the insulator at the slot 

is given by the fact that no emission into vacuum was 

observed when the devices were studied using the slowly 

varying de method. 

The following section presents a brief summary of 

the important experimental results obtained and a 

discussion of the conclusions which can be drawn in 

terms of the preceding analyses. 
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v. SUMMARY 

This investigation was primarily concerned with the 

transport of hot electrons through vacuum deposited thin 

film emission diodes with subsequent emission into 

vacuum. The studies were specifically carried out on 

the evaporated Au-MgO-Au system. 

The possible mechanisms for current flow from metal 

electrode to metal electrode are the following: 1) ohmic, 

2) space charge limited, 3) tunnelling of electrons into 

the conduction band of the oxide and subsequent flow 

to the other electrode, 4) a Poole-Frenkel effe~t in 

which the electrons are thermally emitted from traps into 

the conduction band of the oxide by field enhancement, 

5) mechanisms whereby electrons travel through the oxide 

by jumping from trap to trap, and 6) Schottky emission 

of electrons into the conduction band of the oxide. 

The current-voltage characteristics were nonlinear 

which ruled out ohmic conduction except at very low 

field strengths and the current was not proportional 

2 16 
to V as it should be for space charge limited current. 

Tunnelling-could be ruled out since the functional 

dependence of X upon V was inconsistent with this 

mechanism (see Fig. 14). A Poole-Frenkel mechanism 

could also be ruled out on the same basis (see Fig. 16). 
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Furthermore when the MgO films were deposited in an 

oxygen atmosphere the term * in the exponent;".·. in the 

-$/kT av112 
equation r =re e becomes lar9e11which would 

0 

indicate. a lowering of the trap level by pi:-oducing more 

stoichiometric films of MgO, if the Poole-Frenkel 

equation is assumed. It would indicate a higher barrier 

if the Schottky equation is assumed. It is much more 

reasonable to assume that the barrier is higher than a 

lowering of the trap level. 
15 • 

Some authors have observed a power law dependence 

of current upon voltage in which IaV at low voltages, 

attributed to ohmic current flow, Iav2 for intermediate 

voltages, attributed to space charge limited current, 

and InVn where n > 2 for higher voltages. The term, n, 

i_n the exponPnt··: ·_ has varied from 4 all the way up to 

16. This behavior has been attributed to the hopping of 

the electron between energy states in the forbidden gap 

of the insulator and eventual collection by the metal 

overlayer. Their analysis thus involved two or more 

changes in current flow mechanism as the voltage is 

increased. A look at Figs. 34 and 3~ show a similar 

dependence of X upon V which can be completely explained by 

a Schottky type emission process in which the multiple 

. 
image correction to the barrier profile has been made. 
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using the multiple image correction to the potential 

barrier profile results in an I-V characteristic which 

is linP.ar for low voltages and ultimately reaches a 

· 484 dependence such that ln Iav· The expressions derived 

using the multiple-image correction, Eq. (1)-(9), were 

plotted on log-log paper and fit the data over six 

orders of magnitude of current and four orders of 

magnitude of voltage. The conclusion drawn is that 

the electron flow in these devices is that of emission 

of electrons over the potencial barrier into the 

conduction band of the oxide by a Schottky type process 

and subsequent acceleration by the strong electric field 

to the collection electrode. 

A number of other features of these devices were 

brought to light during study of the I-V characteristics. 

There was no aging effect observed in these devices as 

noted by nearly every other author. The I-V character­

istics were identical for the overlayer. biased positively 

as for the overlayer biased negatively, indicating a 

symmetrical barrier, when gold was used as both electrodes. 

There was no hysteresis noted in de measurement of the 

device characteristics and the pulse measurements were 

identical to the de measurements. The barrier height 

did not change as the oxide thickness changed. 
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The barrier height did change as the amount of oxygen 

present in the vacuum system changed during deposition 

of the MgO film. The change was to a higher barrier 

as the oxygen pressure was made higher. Raising the 

oxygen pressure during deposition of the MgO ~ilm probably 

leads to a more stoichiometric film. The excess Mg 

present in these films giv~s ri$e to donor levels in the 

"bulk" and at the surface. These levels are nPar the 

conduction band so that the barrier is quite low. 

Decreasing the number of donors leads to a higher barrier 

since the Fermi level will be lower for fewer donors. 

The barrier height was also seen to change with tempera­

ture as noted by the results depicted in Figs. 39 and 40 

and this change could be explained in a qualitative 

manner by asswning a high density of donor like interface 

states and 11bulk 11 donors. 

Another possible explanation for the nonlinear. 

2 ln(7 /T) vs. 1/T plots and the different barrier obtained 
0 

by taking the slopes of these plots would be another 

current flow mechanism,which is nearly independent of 

temperature, such as tunnelling, superimposed on the 

Schottky current but of much smaller magnitude. 7t is 

impossible to determine which of these explanations hold 

or if both do. 
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The barrier height can be raised significantly 

by depositing the MgO in a high pressure of oxygen gas, 

-s on the order of 10 Torr, as evidenced by device 

PY-G-38(1). The barrier for this device was raised to 

about 2 ev and tunnelling became the dominant mechanism 

for current injection. The barrier to electron flow from 

overlayer to underlayer for this device was lower 

because the oxide near the overlayer was deposit~d after 

the oxygen had been pumped from the system resulting 

in a nonsymmetrical barrier. This is further eviden~e 

that the barrier goes up as the oxide film becomes more 

stoichiometric. None of the devices fabricated with a 

high pressure, > 10-6 Torr, of oxygen present during 

deposition of the MgO were stable long enough to do 

extensive measurements. 

Xn order to fabricate more stoichiometric devices, 

which can be measured, the oxide films must be very thin, 

- 0 < 50 A, and all devices made with such a thin oxide film 

were shorted between underlayer a·nd overlayer due to 

pinholes. This led to the conclusion that single crystal 

devices may be impossible to attain. This would be 

especially true i£ the excess Mg in the films would in 

some way inhibit epitaxial growth 0€ the oxide film. 

Xn this case the films would have to be stoichiometric 
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and very thin. Furthermore a perfect cleavage plane 

would have to be attained. None of the devices 

fabricated on angle crystal substrates were single 

crystal devices, and all were shorts. 

The low potential energy barrier is due to a high 

density of donor like interface states. If this is true 

the barrier should be nearly the same regardless of the 

metal used for the electrodes. One device, PY-A-1(1), 

which was a Au-MgO-Al device, was stable long enough to 

make one 7-V characteristic run. The barrier to current 

flow from Au ➔ Al was nearly the same as that from 

Al ➔ Au. The difference between barriers to current flow 

was of the same order of magnitude as that seen for 

83 different metals on case by Mead. This is further 

evidence that the electron flow is controlled by the 

metal-oxide interfacial barrier. 

Further evidence for Schottky emission is noted by the 

fact that emission into vacuum is seen from all the 

devices at very low sample voltages. The sample biases 

are never large enough to allow emission of electrons 

into vacuum through the gold overlayer film. Thus the 

electrons must be emitted through pinholes in the gold 

film, i.e., directly from the oxide film. The emitted 

electrons must still overcome a potential barrier at 



115 

the oxide-vacuum interface which is the electron affinity 

of the MgO. l'.f the electrons were not coming over the 

underlayer-oxide interfacial barrier they would not have 

enough energy to be emitted into vacuum until the sample 

bias had reached about 1.0 volt or more. Emission into 

vacuum was noted from these devices at sample biases 

less than 0.5 volts. Thus, if the electron affinity of 

MgO is~ a.a ev, the emission current must be due to 

the electrons in the tail of the Fermi distribution 

above the energy level of the oxide conduction band. 

These electrons then have enough energy to be emitted into 

vacuum. 
l: 

h • • t· e b h 0 h Te emission ra io, a= 1 appears to e ig er 
7e+7 s 

for the thicker oxide films at any given sample bias. 

J:t also appears to be slightly higher at the same field 

in the oxide. This can be explained on the basis of 

the electric field strength beneath a slot. The thicker 

the oxide the greater the electric field strength 

beneath a slot in the overlayer film. Thus for the 

thicker oxides more electrons are being emitted into 

the conduction band of the oxide beneath a slot in the 

overlayer film, and thus more electrons are arriving 

at the slot area for the same average field strength 

in the oxide. 
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This analysis is complicated by the fact that the 

oxide is charging negatively at the emitting slot. This 

is seen by the fact that the emission ratio goes down 

as the sample bias is increasing. None of the possible 

scattering mechanisms in the oxide film could account 

for this dependence of a on V and still give sample I-V 
s 

characteristics consistent with the Schottky mechanism 

observed here. Thus the emission transfer ratio is 

dependent on sample bias only to the extent that the 

bias depends on time or total charge passed through the 

oxide. 

Evidence that a depends on the time is shown in 

Figs. 47, 48, and 49. Figure 47 shows that if the sample 

bias is left at the same value for any length of time 

the sample current remains constant but the emission 

current decreases rapidly. Thus a decreases as a function 

of time for a given sample bias. Figures 48 and 49 

show that a decreases at a given sample bias as the 

time it takes to reach that bias increases. The 

dependence on the time taken to reach a given sample 

bias is such that -t/-r 
ry, == a e where the "time constant" 

0 

for charging is about 2 msec. 

Further evidence that the oxide is charging in 

the vicinity of an emitting slot is the fact that no 
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emission into vacuum was observed when the devices 

were studied using the slowly varying de technique. 

Thus, although these devices are poor cold cathode 

electron.emitters, a number of other uses may be possible. 

Since the metal-oxide interfacial potential barrier 

can be varied, depending upon deposition parameters, an 

array of these devices with different barriers could be 

used as light detectors such that a signal could be 

picked off at different points on this array, depending 

on the frequency of the light. The results obtained from 

device PY-G-38(1) indicates that these devices with 

different barrier heights at each interface could be 

designed as rectifiers. Much more work would be necessary 

to achieve either of these "practical" devices. 
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APPENDIX I 

Application of the Schottky Emission Problem to a Meta1-

Xnsu1ator-Metal Diode 

The following analysis for internal Schottky 

emission uses a physical model similar to that assumed 

for the case of emission into vacuum. The process of 

electron injection into the conduction band of the oxide 

film is analyzed in terms of the simple band theory of 

75 solids, in which the metal overlayer and metal under-

layer are idealized according to the Sommerfeld model. 

The oxide is assumed to present a barrier to electron 

conduction of height ~R' modified by the electron image 

force. The energy level diagram appropriate for the 

potential barrier in this case shown in Fig. 30, drawn 

for a rectangular barrier height, ~R' of 0.72 eV and an 

• oxide thicknes~, s, of 100 A with the zero of energy 

taken at the Fermi energy of the Au underlayer. The 

single image correction and the multiple image correction 

to this barrier are also shown. 

The exact expression for the multiple-image 

correction to the potential energy of an electron in a 

medium with dielectric constant e e between infinite r o 

parallel plane electrodes is derived by Savoye (see ref. 

55, Appendix II). The result is: 
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evi = - e2 {L + '; [ ns - nlsl--1.} (I-1) 
S1Te:re:o . 2x n=l (ns)2 : -x2 

This expression gives the image correction in joules. 

Using the appropriate values this 
CD 

expression becomes: 

ev. = -
l. 

3.59 
e; X 

r 
{1 + !x I: 

n=l 
! 2 7} {ev). 

n[ (s/x) n -1 , 
-1 (I-2) 

In ·this expression the distance, x, of the electron from 

one plate and the total dielectric thickness, s, are in 
0 

A. Assuming the low frequency dielectric constant of 

MgO the expression becomes: 

ev. == -
1 

CX> 
.3!7 {l + 2x ~ 1 } (I-J) 

s [ / 22 7 .. n=l n (s x) n -lJ 

This expression can be written as: 

(:r-4) 

.367. 
where - is the single image potential energy and 

X 

c(;-) is the multiple-image correction. Since this 

series has no closed form some approximations must be 

made. When x = s/2 expression (I-3) becomes: 

(X) 

V .367 f1 ~ 1 } ei=- X l, +"-' 
n--1 n(4n2

-l) -
(:r-5) 

The easiest method for obtaining this expression in 

simpler form is to solve the porblem with the electron 

midway between the two electrodes. Since the force on 

the electron is zero in this case, a method differing 

from Savoye•s must be used. In this case the coulomb 
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potential of all the image forces will be calculated at 

the center of the dielectric and the potential energy 

of the electron thus found by multiplying this expression 

by -e. Let the electrode spacing bes, with one electrode 

taken as the origin as shown in the diagram below. The 

positions and signs of the image charges are noted 

below the x axis with the distance from the electron 

noted above the x axis. 

25 s 0 s 2S 

-~ +e. -e +e. -e 
.lS -.i. s 3S S'S - 1 ,_ - - -1. 2. .1. 

0 

The total coulomb potential can be written by 

inspection: 

e {! - 2 2 .L 2 .. ·} vi= -+ - + -4'11"£ reo 2s 3s 4s Se (:r-6) 

or 
00 ~-l) n+l 

vi== 
e 

E 2,re • 
reos n=l n 

(:r-7) 

Thus the potential energy of the electron at the midpoint 

between the electrodes is: 

e2 ~ (-l)n+l 
ev1 = - "" 2,rcrc0 s n-l n 
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oo (-1) n+l . . 76 . 
E --------- 1s convergenc and is n 

n=l 77 78 
ln(x+l) evaluated at x = 1. ' 

The Taylor series expansion for f(x) is 

ro f (n) (x ) 

f(x) - E O (x-x )n, 
n=o 

n~ o 

thns: 

ln(x+l) = 
n=l n 

For x = 1 this becomes: 

CX) 

ln(2) = .E 
n=l 

(-l) n+l 
n • 

• 

the Taylor 

given by: 

(I-9) 

(I-10) 

{I-11) 

So we can write the potential energy of the electron as: 

ev. -
1 

e
2 ln2 

21re e s r o 
• (I-12) 

According to Simmons (see ref. 11, Eq. (33) and Fig. 4) 

an extremely good approximation to the multiple image 

correction is 

ev. 
1 

of the form: 

Ks2 
= - x (s-x) • (I-13) 

To find the value of Kone must equate this expression 

to expression (I-12) at X 

2 e ln2 
I( = 81re • e s 

r 0 

Thus the expression 

2 e ln2 
evi = - a '1Te e r o 

s 
= -2' one 

[ 
s -, 

x(s-x) J 

gets: 

(I-14) 

(I-15) 
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is an extremely good approximation to the multiple image 

correction and this expression is plotted in Fig. 30. 

Putting in the appropriate values 

- s 7 ev. = -.soa ) , 
i Lx(s-x ~ 

0 

where dimensions x ands are in A. 

(I-16) 

From Eq. (I-18) it can be seen that the actual 

barrier cp
0 

is given by 

r s 7 ( ) - cp - • soal ( ) ev • R X s-x (I-17) 

Thus when an electric field is applied, the barrier to 

electron flow becomes 

or 

X 
cp(x) = ~ - ev -

0 S 

r S 7 X 
cp(x) = co... - • SOSL· ( ) ' - ev - • 'H X S-X ~ S 

(J:-18) 

(l:-19) 

The resulting barriers for a field of 3 x 106 V/cm, 

which corresponds to an applied voltage of 3 volts 
0 

across the 100 A thick oxide film, is also shown in 

Fig. 30. Even though Eq. (J:-19.) is a simplified 

approximation to the true multiple image modification 

it is still extremely difficult to work with. To apply 

this expression to the Schottky equation the maximum 

of the potential energy of the electron when a field is 

applied must be found. Let eVilF be the potential 

energy of an electron in an applied field. 
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ev1.fF = - .sos[ (s ,: 
X S-X _j 

X ev -
s 

(I-20) 

eviJF 
d (ev. I ) 

is found when d~ F = 0 or 
max 

.sos[ s-2x 7 - ~ = o. 
2( ,2. s 

(I-21) 
X s-x -

The solution to (I-23) cannot be found for general 

values of sand v. Thus the problem will be solved 

numerically for an oxide thickness of 100 land compared 

to the solutions found for the single image problem. The 

values of -evilF 
max 

are plotted against F in Fig. 31. 

As can be seen from this figure the dependence of the 

potential maximum on applied electric field deviates 

from a straight line on a ln(eVilF ) vs. ln(F) plot 

5 
max 

for fields less than about 10 v/cm. ~t the fields 

where the curve is linear the dependence is not propor­

tional to v112 but to v•4 s4 • using Simrnon's multiple 

image approximation. Since the barrier height is 

~ + evilF it can be seen that the barrier is lower 
max 

for the multiple image correction than for the single 

image correction for all applied fields of interest. 

Thus evi(F can be written as 
max 

evilF = -nv·484. 
max 

Therefore,if Richardson's equation is written 

J = AT2 e-t/kT 

(:t-22) 



t = cp R 
0484 

DV . 

l.24 

(I-24) 

so the Schottky equation for a dielectric sandwiched 

between two metal electrodes becomes 

2 
J = AT 

-cp. /kT DV •484 /kT 
R e e • (I-25) 

using the values obtained in this manner this equation 

becomes 
-~/kT .14Bv·

484
/kT 

e e • (I-26) 
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APPENDIX II 

Barrier Height as a Function of Temperature and Excess 

Mg Concentration 

The barrier height is defined as the energy differ­

ence between the bottom of the conduction band and the 

Fermi level at the interface. In a bulk semiconductor 

this difference, in the bulk, increases for an increase 

in temperature for an n-type semiconductor. The location 

of the Fermi level as a function of temperature is found 

by the condition of charge neutrality in equilibrium, 

the total positive charge is set equal to the total 

negative charge. If surface states are present the 

charge involved with these must also be taken into 

account. For a device of this type however, the condition 

of charge neutrality must be imposed on the entire 

device and not·just for the oxide. 

Figure 42 is a schematic energy band diagram for a 

metal showing how the barrier changes under different 

conditions. Figure 42a shows the barrier presented to 

the flow of electrons out of the metal when the interface 

is a gold-vacuum interface. In these devices the MgO 

films deposited have an excess of Mg atoms which give 

rise to a donor level quite a distance from the conduction 

b d 
88,89,90 an. If no surface states were present the 
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barrier presented to the flow of electrons from the 

metal, Au, to the oxide, MgO, would be 9R = ~M-xX 

as previously stated. The energy band diagram for this 

problem-is shown in Fig. 42b. This picture shows_that 

the donors near the interface must be ionized in order 

to get a barrier of this height. The distribution of 

ionized donors is schematically shown on this figure 

by the separation between signs. The result is a sheet 

of negative charge just within the metal. Thus it can 

be seen that to lower the barrier from ~M to ~M-xI a 

positive charge density must be set up in the oxide. 

To lower the barrier even further, more positive charge 

must reside in the oxide and therefore more negative 

charge in the metal. Since all the "bulk" donors are 

ionized near the surface this "extra" positive charge 

must come from -ionized donor like interface states. 

The energy band picture for this situation is shown in 

Fig. 42c. Thus a large density of donor like interface 

states must exist at the Au-MgO interface. 

This picture is somewhat misleading since it deals 

with a metal-bulk oxide contact. In reality there is 

another metal-oxide interface very near the one pictured 

here. To determine what the potential energy of an 

electron is the oxide looks like, Poisson's equation must 
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be solved using the proper boundary conditions. This 

91 problem has been solved by Geppert for an intrinsic 

oxide and he found that the depression of the potential 

energy profile at the mid-point between the two metal 

interfaces was 2.74 x 10-19 ev using the following 
0 

parameters, ~R = 1 ev, er= 9, s = 100 A and T = 300°K. 

Thus, for an intrinsic oxide the barrier is essentially 

flat. 
92 

Roberts found a potential energy depression 

-13 
at the mid-point between electrodes of 5 x 10 ev 

for an n-type semiconductor with the following parameters, 

16 3 
Nd= 10 /cm, ~R = 0.7 ev, Ee-Ed= 1.2 ev, er= 10, 

0 

s = 100 A, and T = 300°K. The parameters used in this 

problem are nearly the same as those involved in a 

Au-MgO-Au device and the mid-point potential energy 

depression is again negligible. Thus Figs. 42b and 42c 

would show flat bands terminating on another electrode 

for a device of this type. 

The above analysis did not include image forces 

and when these are included the potential barrier will 

have the shape shown in Fig. 30, as calculated in 

Appendix I. 

The charge neutrality condition for the device is a 

very complicated expression since it must include all 

charges. Since the oxide film is not a single crystal, 
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the energy band diagram does not strictly hold. In 

this case there is probably no single discrete donor 

level, there may be traps at various levels due to 

lattice inperfections which apparently do not affect 

the conduction mechanism, the surface states probably 

have a band of discrete allowed energy levels, and 

there may very well be acceptor levels at the interface 

and in the oxide. The charge neutrality condition can 

be written as: 

where: 

(II-1) 

Pt - number of unoccupied donor like surface 

states 

+ Nd = number of ionized "bulk" donors 

P - number of holes in the valence band 

n - number of electrons in the conduction band 

N = negative charge just inside the metal 

electrodes 

N' = number of filled "bulk" traps t 

Na = number of ionized donors 

nt = number of occupied acceptor like surface 

states. 

Since the Fermi level at the surface is near the conduction 

band and the band gap is so large, coupled with the fact 

that the bands are flat, 91192 the number of holes in the 
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valence band and the number of ionized acceptors can 

be ignored if they are low lying in the forbidden gap. 

The acceptor like surface states can also be ignored. 

Thus (II-1) can be written as 

Pt+ N: = n + N + Nt. 

Xf the further assumptions are made that at the 

(II-2) 

temperature involved in these studies all the donor 

like surface states are ionized and N = Pt this 

expression can be written as 

N+ = n + N' d t • (II-3) 

Each of the terms in (II-3) are expressed by either a 

series or an integral. If one more assumption is made 

that the donors and traps have a single discrete level 

this becomes: 

(II-4) 

This expression is very simplified but is still extremely 

difficult to handle because there· are four unknowns. If 

one ignores the traps a qualitative solution can be 

made for the barrier as a function of temperature. 

This extremely simplified solution then becomes: 

(XX-5) 



130 

Let 

Ec-Ef - cpR 

Ef-Ed = Ee-Ed- (Ec-Ef) - v-Cl\t 

Then the· expression becomes 

~/k ~R/kT 2~R/kT 
N /(2e

1 
T + e ) = N /e d C 

which can be solved for ~R• This solution is: 

1 2 w/k 7112 = kT ln -2 f N /Nd + ! ( N /Nd) + 8:N' e T /Nd } ~ lC LC C _; 

(IJ:-6) 

(II-7) 

(II-8) 

So it can be seen that ~R increases for increasing T, 

increases for decreasing Nd, and in.-~reases faster with 

T for smaller Nd. 
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APPENDIX III 

Calculation of the Fringing Field, F, at a Plane Electrode, 

Beneath a Slot in an Opposing Plane - Parallel Electrode 

The variation of field F(x) at the underlayer, 

which determines j (x) as a function of position, x, s 

under a slot of width, d, in the overlayer can be 

obtained approximately by the following method:* 

Fig. 43a shows the geometry assumed: the insulating film 

thickness is s with dielectric constant e e, the r o · 

slot width is d. This problem is idealized in Fig. 43b, 

where an electrostatic problem is indicated in which we 

have assumed no dielectric discontinuity, and also that 

the slot is infinitely deep. 

This electrostatic problem can be solved by a 

h . ff l . 95,96 Schwarz-c risto e transformation. The z-plane 

representation is shown in Fig. 43b, and the transforma­

tion to the upper half of thew-plane shown in Fig. 43c 

is accomplished by: 

1/2 1/2 
dz/dw = K(w-a) (w-b) /w(w-1). (III-1) 

*Note that in this appendix xis taken as the distance 

from the slot edge, while in the text it is the coordinate 

perpendicular to the overlayer plane. 
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To find the value of Kand the relationship between a 

and bone must integrate in the complex plane. In 

these expressions Z.= x+jy 
C C 

r dz 
J 

= Jr ~ dw dw 
D D 

and w = u+jv. 

(III-2) 

re 
In the z plane, Jn dz - js, while in the w plane this 

integral can be taken along a semi-circle of very large 

radius, such that w = Rej8 , dw = jRej9ae, and 

IRejef = R ·>> a, R >> b, and R >> 1, then: 

1T 
(Rej9}1/2(Rej9ll/2 

js - rK jRej9 d9 
J Rej 8Rej 8 

0 

7r 

-s jKd8 - j1rK • (J:II-3) 

0 

Therefore 

K - s/Tr • (III-4) 

Another integration that can be made is 

B B s dz= 
r dz 
J dw dw • (III-5) 

A B A 

In this case SA dz= js, and now.integrate along a small 

·e 
semi-circle in the w-~lane such that w = reJ, where 

·e 
lreJ I= r << a, r << 1, r << b so that 

7r 

. - r (ab) l/2 
• 8 / JS= K ----- jreJ d8 = -j .!!.(ab)l 2

1r. (III-6) 
J rej8 (-1) v · 

0 

Therefore ab= 1. Thus (III-1) can be written as 
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(III-7) 

which cannot be integrated easily. The substitution 

P2 = (w-b)/(w-a) (III-8) 

yields: • 
· 2 2 

Z 
__ 2 s r { b-a) p d p 

• 2 2 2 2 • 
7r J a (1-a) (p -1) (p -b ) (b+p ) 

(III-9) 

Letting a - ~ results in 

. z r (b+l) 
2 

(b-1) p
2

dP 

Tr J (l-p2) (b2-p2) (b+p2) 
(III-10) 

or 

(III-11) 

Integration yields 

The constants of integration have been set equal to 

zero and this fixes the origin of the z-plane. It is 

noted that when p = o, w = b, and z - 0, this information 

is shown in Fig. 43b and c. As w ➔ a, z ➔ -d, but 

p ➔ CD so z ➔ -s(b-1)//b. Therefore 

d/s = (b-1)//b . (J:II-13) 

The transformation from thew-plane to the x-plane 

h h f • ld . . . . 97 b were t e ie is uniform is given y 

V 
0 

X = - log w • 
Tr 

The field strength, F, is given by 

(J:II-14) 
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NOW as w ➔ o, z ➔ -oo, 

therefore we write 
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and F ➔ V /s as it should, 
0 

F = Fo (w-a)l/2(w-b)l/2 
w-1 

• 

(III-15) 

(III-16) 

(IIJ:-17) 

For negative real w this gives the field at the 

underlayer and the calculations need only to be made 

for -1 .=:, w < 0 • At w = -1, z = -d/2. + j s, and from 

symmetry the field will be the same on either side 

of the point on the underlayer beneath the center of 

the slot. A numerical calculation of F(z) at 

z c x+js for x ~ -d/2 can be made choosing -1 !:. w ,:s: 0, 

evaluating F/F
0 

from (III-17) and finding x from 

x/s = Re{;[1n(i~~)-ln(~~~)-
2
(~l)tan-

1
(j;,>J}<rr:r-18) 

2 where p is given in (III-.8). 
0 

It will be assumed that d = 100 A and the appropriate 

-values for d/s for these devices will then be~ 1.67, 1.28, 

1 .12, . 92, and . 63 . 

The calculations for the field strength at the 

anderlayer metal beneath the slot in the overlayer 

were carried out numerically and the results are shown 

plotted as F/F
0 

vs. distance from one edge of the slot 

in Fig. 45. 
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