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INTRODUCTION

Materials can be classified as conductors, semiconductors, or
insulators. The distinguishing difference among these classes is
the resistivity. Conductors generally have resistivities of the order
of 10_5 ohm-cm; semiconductors fall in a range around 1 ohm-cm; and
insulators have resistivities near 10™° ohm-cm. This large difference
in resistivity of the three classes of materials is the basis of their
engineering applications. The resistivities of all three classes
may be functions of nmany parameters, including temperature, purity,
conditions of preparation, and the field strengths applied to them.

The experimentally determined resistivities for a group of vacuum
deposited thin film insulators will be presented in this paper.

This work will briefly discuss the theory of conductivity for
insulators and present experimental data showing current-voltage charac-
teristics for several thin film, vacuum deposited, insulators. The
meximum electric fields which could be applied to the films will also
be given along with the yield of "unshorted” structures and the neximum
thickness obtained on room temperature substrates. Finally, the
method of sample preparation will be described, including the elec-
trodes and substrate chosen and equipment used for deposition. These
parameters are of growing interest for users of insulators. Both the
development of new devices and improvement of existing ones are assisted

by increased knowledge of thin film isolation technology.



CHAPTER |

CONDUCTION THECRY

Figure 1 shows the energy band diagram for the arbitrary metal-
insulator-metal (M-1-M) structure. Here, the barrier represents an ideal
trap-free insulator. When dissimilar metals are used for the elec-
trodes, the barrier height will be different on the right and left sides.
This is because the work functions of the two metals are in general
different. The dissimilar electrode model predicts asymmetrical |-V
characteristics." Since aluminum electrodes are commonly used for
data reported in the literature, and because of technological advan-
tages to be described later, only similar electrodes will be discussed
in the theory, and only similar aluminum electrode data will be presented.

Assuming like electrodes and a simple rectangular barrier in the
insulator, and neglecting image forces for the present, $ = <& =
Thus the model becomes symmetrical,l*2 a justified simplification as

verified by experiment in this work.

The M-I-M Structure—Representation of Trapping in Insulators

Films formed by vacuum deposition are generally polycrystalline or
amorphous, and their band model can be represented by the usual pic-
ture with the addition of a continuum of trapping levels throughout
the forbidden gap (Fig. 2).3 These trapping levels capture injected
electrons for varying lengths of time, depending on their depth, and
trappi'ng can greatly reduce the current through the insulator.455 As
will be shown, the filled traps strongly affect the Fermi level because

there are few free electrons remaining for conduction.



The Effects of Trapping in Insulators 3.6

The insulators used in this work were all vacuum deposited with
either a filament or electron beam source. As was stated above, such
films contain a significant number of "traps." These traps are allowed
energy levels in the forbidden energy gap. The occupation of the trapping

levels can be found from the results obtained for impurities. Thus we

can write

nt =\ {' BDc Ef met)/ky +1)

where N is the trapping site density. 3979899 Thus, for a trapping level

several KI units above the Fermi level,

nt “ 2Nt exp (Ef - E?)/KT

Also from semiconductor theory, we know that the concentration of elec-

trons in the conduction band can be written as

n = NC exp [(E_f - EC)/KT]

where is the state density in the conduction band —1019/cm3. Com
bining the expressions for n and m, we find
N

n/nt =w ~ exp [(et " EC)/KT]
which will generally be very small since the depth of trapping levels
for insulators can be quite deep. This equation, with the mobility
equation, y - — Ji, which will be described in a later section, also
implies that the mobility is greatly reduced when deep traps are present
and that their discharge will take a long time. This is seen in Fig. 3

for a Si-SiO”-Al structure. 3 This current, representing only a fraction



of the trapped electrons, demonstrates the presence of traps with dis-
charge times of 20 minutes or more.

The reason that only a fraction of the trapped electrons are observed
can be explained with the aid of Figs. 3 and 4.3 More traps are filled
at the negative electrode (assuming electron traps only) than at the
positive electrode. When the external circuit is shorted, electrons
slowly move toward both electrodes as the traps empty; however, more
electrons will go to the negative electrode than to the positive electrode
because traps were filled to higher levels there. The net difference
in the rate at which electrons reach the two electrodes can be record-
ed by using an ammeter as the shorting device.

Those traps nearest the plates empty first, enabling one to envision
creating a ripple-type quasi Fermi level across the insulator, due to

alternately applying and removing the voltage.

The Biased M-I-M Structure— Space-Charge-Limited Currents?"6'1O

Figure 5 is the energy level diagram of an insulating film.
Fig. 6 represents a biased trap-free M-I-M structure to be used as a
model for the calculations which follow. Following Lindmayer and
Wrigley,3 it is assumed that the current is primarily a drift current

of electrons (single carrier case); hence
J = qyEn

Since the electrons are the only carriers, the space-charge density

in the insulator is gn, and Poisson’s equation then becomes

dE/dx = -qn(x)/ee0

From these equations



-J = yeeOEdE/dx =3 yeeo(dE2/dx)
This can be integrated by noting that only E is dependent upon x, so that
E(x) = i/2(-Ix + c)/yeeo

The integration constant, c, can be set equal to zero, since for truly
space-charge-limited conditions the field at x = 0 is nearly zero.

This evaluation is valid because the term "space-charge-limited” means
that the injected electrons themselves reduce the electric field near

the injecting contact. We now obtain
E(x) = /2.Jx/yeeo

by noting that since the actual current is negative, the negative sign
on J has no significance. This can be integrated to give the voltage

across the sample.

=] E(x)dx

from which
J = 9yee V_2/8d3

Note that since the mobility, y, is not very temperature dependent in the
insulator, this space-charge-limited current is far less temperature
dependent than injection currents in semiconductor p-n junctions. The
injected current is only weakly dependent upon changes in the Fermi
levels.

The assumption made early in this section that J ney be taken as

drift current is shown by Fig. 7 to be valid for voltages above 0.25 volts.



The space-charge-limited currents modify the Fermi level in the
insulator for two reasons. The first is the electron spatial distribu-
tion. The second is the result of the filling of electron traps. As
the injected electron concentration increases, at some distance into
the insulator, x, the trapping levels in the insulator fill. As the
voltage is decreased, the filled traps empty with a finite discharge
time. The time dependent trap charging and discharging cause two effects
on the 1-V characteristics. The first is to reduce space-charge-limited
currents and the second is either to produce ac hysteresis (see Fig.

8), or when observed under dc conditions, time dependent current decay
at zero voltage (see Fig. 3).

The reduction in space-charge-limited current caused by traps can
be handled approximately by breaking up the electron concentration into
free and trapped components, n and n , respectively. It is then possible
to define an effective mobility, yi’C» by the relation

A
ny = (n + n’iy
and repeat the derivation for space-charge-limited current using both
the free and trapped electron concentrations. These steps result in

a current
J = 9y“ee V_2/8d3
0 a

so the trap free current has been effectively reduced by the ratio

A
=J2
y n+n£

Since n is fouhd to be much greater than n for most amorphous and poly-

crystalline insulators,



As an example, for one of the samples in this experiment the equation
for trap-free conduction predicted 105 times more current than was actually
observed.

Mobility is also related to the trapping. The time an electron
loses in a trap serves to reduce the net motion of the electron. Because
trapping is dominant in vacuum deposited insulators, mobilities may be
as low as 0.01 cm2/volt-sec. The trapping ratio, n/n”, cannot be
given for a film without qualification as to the deposition conditions
and substrate used, since these parameters strongly affect the value
obtained. Thus, trapping sites greatly reduce space-charge-limited cur-
rents. For this reason it is difficult to correlate space-charge-
limited currents with theory unless the mobility reduction factor can
be determined. Figure 9 shows an experimental current-voltage charac-
teristic for an AI-TiO-Al structure where the current is believed to
be space-charge-limited.

The time dependent current decay in Fig. 3 due to traps can be ex-
plained as follows. When the M-I-M structure is biased, electrons are
stored in the trapping sites. These traps discharge when voltage is
removed, but not as quickly as the electrodes to which the potential
was applied. Using a sensitive electrometer, discharge currents can be
seen with typical films for as long as several hours after the elec-
trodes are shorted. Trapping also causes |-V hysteresis. An |-V
plot showing hysteresis in which the sample voltage was swept at a cons-
tant rate is given in Fig. 8.

The capacitance of M-I-M structures can be as high as 1 yfd/cmz.

Therefore, 1-V hysteresis measurements must include a consideration of



the charging currents of the electrodes. The effects of simple capacitance
and hysteresis were avoided by using very slow sweep rates in obtaining

the data presented here.

The Biased M-I-M Structure—Tunneling Currents
Tunneling is a quantum-mechanical phenomenon whereby electrons
may penetrate a classically forbidden barrier (the insulator in M-I-M

12 There must be

structures) if the barrier is sufficiently thin.
empty allowed states on the other side of the energy barrier at the same
energy level as the filled states in order to achieve net tunneling
currents.

There are two models with their resulting equations to describe
tunneling in the "thin" and "thick" regimes. The models are shown in

Figs. 10 and 11. The first equation is an approximate relation for direct

tunneling given by Lindmayer and Wrigley. 3

J - {exp [- (47Td/h) (2m )/7[> - qVv /72)1//7
2 e a

- exp [-(4TTd/h)2m ) 1724 + oV ) 172])

These direct tunneling currents are usually negligible at thicknesses
above 50 8.

The strong thickness dependence of the direct tunneling current
causes great difficulty when comparing theoretical and experimental |-V
relations. Both the deposition and the thickness measurement of in-
sulating films 10 $ - 50 $ thick are extremely difficult. Figure 12
shows some predicted direct tunneling resistivities taken from an approx-
imate theory.2 Figure 13 shows the resistance of experimental samples

compared with the same theory.



The Fowler-Nordheim relation describes the currents predicted by

3
the scheme shown in Fig. 11 and is given by

J = JO(E/EO)Z exp (—EO/E)

where J - 16Trqj)2m /9h

E, = 87t48/2(2nb)1/2/3hq

E = Va/d
This relation predicts that tunneling may dominate the conduction cur-
rent even in thick insulators because electrons can see a reduced barrier
thickness at high biases, as the figure shows. 3,13 SiO™ is reported
to be an ideal insulator for studying Fowler-Nordheim tunneling because

it can be prepared by the thermal oxidation of silicon. 14515 Si02

prepared this way shows a remarkable absence of electron trapping effects.

The Biased M-I-M Structure—Schottky Emission Currents

Schottky emission occurs when the electrons surmount the inter-
facial barrier, € Following Hartman, Blair, and Bauer,16 a current
flow which increases exponentially with the square root of the applied
voltage for large fields is usually ascribed to Schottky emission.
The Schottky emission equation modified for emission into an insulating

film is given by17'18

J = AT2 exp (6VLI/2 - (f>/KT)
2
where A = 120 A/(cm-K°) is the Richardson constant, and
6 = (q3/eeod)1/2/KT

Schottky emission may be the injection mechanism for space-charge-

limited currents, in which case a space-charge-limited relation would



describe the resulting I-V characteristics rather than the relation above.
For those cases in insulators where Schottky emission currents dominate
the I-V characteristics, the possibility exists that under higher

biases Fowler-Nordheim tunneling may replace Schottky emission as the

. Lo 19,20
dominant injection process.

The Biased M-I-M Structure— Breakdown

Under high biases insulators show nonlinear |-V characteristics,

and destructive breakdown is observed at 106 to 107 volts/cm. Buden-

stein, discussing breakdown conduction in thin films of SiO, MgFR2, CaF",
L
Cng, CeOZ, and Teflon, feels that breakdown is not a function of the

pre-breakdown |-V-T characteristics. He goes on to discuss what he has
physically observed when breakdown does occur:

The measurements of the characteristics of single break-
downs wherein the voltage waveforms are correlated with the
light intensity waveforms of individual spectral lines during
breakdown are believed to provide a new perspective to the
understanding of breakdown conduction. Based upon these, the
optical micrography and the electrical measurements, a model
of the many aspects of breakdown has been proposed. This
represents an advance on a model previously suggested by
the authors. The central feature in this model is the tran-
sition in a time of less than 10 nanoseconds from the pre-
breakdown conducting state to a breakdown conducting state.
In this time a region about 10 microns in diameter is conver-
ted from a solid into a conducting plasma. This conducting
plasma is responsible for the low resistance during break-
down, for the light emission during breakdown, and for the
final quenching of the breakdown»21

Low Bias Thick Film and Bulk Resistivity Description
Currents which appear to be linear with bias are observed in
thicker (>25 micron) M-I-M structures, provided the steady current

is low enough to avoid any significant modulation of conductivity by

the injected carriers.22 Therefore, a constant bulk resistivity

Registered trademark, Dupont, Inc.



characterizes their conduction properties. The bulk resistivity
depends upon the purity and structure of the insulator. For vacuum
deposited films, the bulk resistivity is generally lower than for high

quality, grown insulators.

The Stability of Insulators

The considerations discussed so far have been true in general for
polycrystalline insulators. While most insulators are considered stable
compounds, they exhibit distinct changes due to the ambient, and these
changes can be detrimental during storage and long term usage. Similar
changes could result from the effects of residual gas during vacuum
deposition. Some data are given in the tables based on variation of
I-V curves of samples for the insulators reported in this work.

Many considerations of stability are very subtle and the evaluations
given are only qualitative.

Long term adherence is an important thin film consideration which
all the insulators used in this work passed. It must be mentioned
again, however, that the evaporations were done onto aluminum electrodes.
Vacuum conditions, substrate cleanliness, substrate material, and insu-

lator thickness strongly affect adherence.

Forming Curves

The freshly prepared structures were not stable under the initial
application of voltage. Sudden sharp changes in |-V characteristics
were observed, usually at field strengths of 104 to 107 volts/cm.
These irreversible changes are called "forming." In this work the form-
ing generally resulted in decreased resistivities and more stable charac-
teristics. There were, however, several cases of increased resistivities

and additional forming during the second or third,voltage ramp applied



to the structures. Figures 14 and 15, plotted on linear coordinates,
show the inconsistent forming and the more consistent sweeps #3 and #4
after forming. Figures 16 and 17 show forming curves and breakdown for
some of the M-I-M structures. Figure 18 shows the more consistent

I-V curves for three samples after forming.



CHAPTER 11

DESCRIPTION OF EXPERIMENTS AND EQUIPMENT

For the samples in this report a thin aluminum strip was vacuum
evaporated onto a cleaned glass slide. The insulator was evaporated
onto the aluminum and a counterelectrode deposited over the insulator.

All slides were precleaned using the following technique:

1. Scrubin Sparkleen. "

2. Rinse thoroughly in running distilled water.

3. Rinsein Sparkleen.

4. Rinsethoroughly in running distilled water.

5. Dry immediately with heat gun or filtered high pressure air.

The slides fogged uniformly under hot breath and 50-100 8 films of
lead sulfide deposited uniformly on them. More thorough cleaning
techniques developed using radioactive tracers have been reported in

the literature. 23

It is believed that glass slides are quite free from lapping and
cutting oils which are found on semiconductor crystals and that this
makes possible a different cleaning procedure. Glass is also much
smoother than the surface of a semiconductor. Even after etching, the
ratio of the surface of a 200 8 film of aluminum on glass to the geo-
metric area is as low as 2.5. This ratio is called the surface
roughness factor. It should be as low as possible to achieve an insu-
lator overlay with a high breakdown strength. Rhodium on glass has a
roughness factor of nine. Often, annealing or exposure to reactive
gases will reduce the true surface area considerably.

Cleaved crystals will have a high surface roughness factor unless

AFisher Scientific Co., 1458 N. Laymon Ave., Chicago, lllinois.



the cleavage occurs along a single crystallographic direction.
In a multilayer structure surface roughness will propagate through
at least three interfaces, although there will be smoothing effects

as the films are made thicker. 23

Geometry of Samples

All samples were deposited on Lapine& Clinac selected microscope
slides, which are soda-lime glass. A set of three masks was used; they
could be changed only by opening the vacuum system. The first mask
was used to deposit an aluminum base electrode 40 mmlong and 1 nmwide
onto the glass. The aperture in the second mask was 35 nmm long and 3 mMmn
wide. The insulator was deposited through this mask over the base
electrode, except at the ends. The third mask formed nine counter-
electrodes, which were approximately 10 mmlong and alternately 1 or 2
mmwide, and at right angles to the base electrode. The samples were
thus M-I-M capacitor structures. The areas of the samples were alter-

nately 2 rnlﬁ2 or 1mm2.

The Choice of Electrodes

Nine Au-SiO, -Au, nin§ Cu-SiO -Cu, and eight Pb-SiO,-Pb structures

X X
were deposited to compare with AI-SiOX-AI. The SiOX was 200 X thick
on each structure. For the gold, lead, and copper structures a
resistance of 10-30 o, was measured. For the structures using aluminum
electrodes, eight read between 109 and 1010 fi. Ten ohms were measured
on the ninth structure because no insulator was deposited in order to
check the contact resistance, and for effects of oxide growth on the

lower aluminum electrode. On at least one M-I-M structure for each

m -—-mnm
Lapine Scientific Co., 6001 S. Knox Ave., Chicago 29, Illinois.



insulator, the insulator deposition was omitted. These metal-metal
resistances always read 10 to 30 First breakdowns occurred on the
Al-SiON-Al structures at 12 to 14 volts , with a large number of break-
down pulses at 14 to 16 volts.

A second set of tests was made. Eight AI-SiO™-Au and eight Al-
SiO™-Pb structures were made to compare yields with Al-SiO™-Al
structures. The gold and lead were deposited on top of the insulator
as counterelectrodes. All samples show similar resistances in the
multimegohm range. The structures with dissimilar electrodes showed
up to a factor of four resistance change with polarity. The AI-SiO -
Al structures showed less than 3% resistance change with polarity.

It was concluded from the above that aluminum permitted deposition
of the most uniform insulator overlay. The reason for this may be the
monolayer of aluminum oxide which forms on the electrode, creating a
nnest" for the insulator deposition. It was observed that when depos-
ited on copper, gold, and lead electrodes, the insulators contained
"voids" or "pinholes." M-I-M structures using gold and copper elec-
trodes were unshorted when the SiOX was deIposited more than 500 $
thick. However, these structures had much lower breakdown voltages

than similar structures using aluminum electrodes.

Description of the Vacuum System

An ordinary diffusion pumped vacuum system is shown schematically
m Fig. 19.2

The vacuum system used in this work was a Carl Hermann and Associ-
ates (CHA) system (Fig. 20) which was equipped with a Granville-Phillips
T

CHA Industries, Palo Alto, California.
** Granville-Phillips Co., 5675 E. Arapahoe Ave., Boulder, Colorado.



10 liter liquid nitrogen cold trap. The bell jar measured 18 by 30 inches.

The system was equipped with a 12-hole baseplate and a 9-hole collar,
giving good flexibility for the installation of hardware. Figure 21
shows the geometry of the installed hardware. The filament grounding
strap was designed for this experiment along with the multiple source
installation. The figure shows from left to right, a high voltage
glow discharge feedthrough, a micrometer leak valve, the MRC electron
beam gun, a water cooling feedthrough, a Drumheller source, and five
tungsten or molybdenum boats.

The controls of the system shown in Fig. 20 include electro-
pneumatic valves, two thermocouple (TC) gauges, two ionization gauges,
and an automatic pumpdown-sequencing unit. The sequencing unit con-
tains a TC gauge output meter-relay which closes when a preset
pressure is reached during roughing. The roughing valve is then closed
and the forepump and gate valves are opened through relays in the
unit. For venting and starting there are two buttons and during auto-
matic operation these are the only two necessary for pumpdown control.
During venting the sequencing unit closes the gate valve and opens the
vent until the operator releases the stop-vent button. The system need
not be attended for switching from roughing to high vacuum operation.
However, a gate valve should not be left open for long periods because
after the liquid nitrogen trap warms up, oil vapor would enter the
bell jar.

Figure 20 shows the deposition equipment installed in the bell jar.
The sources were installed near the baseplate. The quartz crystal
monitor and substrate were located above at a distance of 20 to 60 am
from the sources. For very thin (<300 insulator depositions "geo-

metric leverage" was used to increase the deposition on the crystal.

16
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Several evaporations used the crystal at 30 an and the substrate at 60
cam from the source. The monitor then read four times the actual deposi-
tion thickness. |If the crystal is located too close to the source, it
mey tend to stop oscillating if the radiative heating is excessive.

The materials which were vacuum deposited were placed in a group
of evaporation sources as shown in Fig. 21. The high current feed-
throughs were fed to a five-position switch. A change of source required
merely rotating the source selector switch. Differing materials were
never evaporated from the same source to avoid contamination of the
deposited film. Pyrex shields used over each source not only prevented
cross-contamination, but aided in keeping the bell jar and baseplate

clean.

Deposition Methods Used

Thermal evaporation is achieved by raising the temperature of the
material in a vacuum system until its vapor pressure is appreciable,
i.e., at least 10_3 Torr. The system vacuum must be much better than
that to reduce contamination, i.e., 10_g Torr. In this pressure range
there is little chance for collision of the escaping molecules with
residual gas in the system. When the molecules strike a surface they
will stick or be reflected. The sticking coefficient may be close to
unity depending on the evaporant, the substrate, and the cleanliness
of the substrate. The residual gas can also be built into the film.
A background pressure of 10_0 Torr corresponds to an arrival rate for
the residual gas of about one monolayer per second.

For the insulators in this experiment two evaporation methods were
used: direct heating and electron bombardment. Direct heating required

installation of a resistance source; tungsten and molybdenum boats,

filaments, and tungsten heated ceramic crucibles were used. The sources



are constructed to operate at 5 to 10 volts with a current of M to

200 A. No attempt was made to choose the optimum source as too few
evaporations of any insulator except SiO™ were made, for which the Drum-
heIIerlsource is standard.

Electron bombardment was achieved with an I\R:M electron beam
deposition unit powered by a Variant KW beam deposition power supply.
The principle of electron beam deposition is similar to that of a simple
vacuum diode. A negative 4 kV bias is applied to a filament electron
source. The electrons are accelerated through the 4 kV potential, strik-
ing the grounded anode containing the evaporant. The hearth itself
is water cooled but the material, being in the electron path, is heated
by absorbing energy from the electrons. The construction of the power
supply requires that filament temperature be controllable. It also re-
quires self-protection from arcing which is a frequent occurrence
even in normal operation. A sustained arc can form between the fila-
ment and cup in the deposition unit, causing a very high surge current
which could damage the power supply. Two features of the Varian supply
prevented any damage: a saturable transformer with suitable high volt-
age insulation and an overcurrent-cutoff interlock. Two additional
interlocks insuring adequate water flow and a closed bell jar were
used with the electron beam equipment. A water flow of 0.25 G.P.M.
was maintained to carry off up to 2 KW of heat developed at the cup.

The bell jar interlock protects the operator from possible contact with

the high voltage inside the system.

‘Drumheller source: Allen Jones Corp., Gardena, California.
»»Materials Research Corp., Orangeburg, New York.
tVarian Associates, Palo Alto, California.



Thickness Monitors

Four methods were used to determine film thickness. The first two
were possible only after deposition. The first used weight determined
by a microbalance plus area and evaporant density. This is primarily a
calibration technique. The second observed the step at the edge of
the film via an interference microscope. These two methods are limited
to films thicker than about 500 8. The second two were monitoring

methods used during deposition to prepare evaporated films of specified

thickness.

A Sloan Deposit Thickness Monitor (DTM) included an oscillator
head with an attached, exposed, 5 nmtz quartz crystal. The crystal was
inserted into the vacuum system beside the substrate. As deposition
proceeded, the mass of the quartz crystal increased, causing the crys-
tal's resonant frequency to decrease. This frequency change was com-
pared to a heterodyne VWO in the control box and the difference
frequency was shown on a panel meter. A simple formula, thickness -
2Af/p,25 where p is the density (p = resistivity elsewhere in this report)
of the evaporated material, converts the frequency change to thick-
ness. The "2" in this formula is best regarded as a constant to be
determined empirically.

There were several technological difficulties encountered with
the Sloan DIv

1. When dielectrics are evaporated, the spring crystal contact to
the metallized surface of the quartz slab nmay become insulated from
the crystal, and oscillation will cease.

2. When extremely high surge voltages are present during discharge

cleaning or electron beam evaporation, transients may be induced. The

11
Sloan Instrument Corp. , Santa Barbara, California.



sparking caused at least one oscillator unit to fail. (An electrostatic
shield was used subsequently to prevent this.)

3. Heating of the crystal caused its frequency to drift and
necessitated either water cooling of its mount or a time delay between
evaporation and reading of the frequency change. A water cooled crystal
holder is marketed by Sloan. Water cooling tubes make it difficult to
change the crystal location in the vacuum system.

4. Vacuum compatible insulated wire should be used to couple the
oscillator to the vacuum system feedthrough. Single conductor No. 26
ANG Teflon coated wire was used for most work. All connections were
crimped, not soldered.

The crystal monitor gave some trouble even at greater distances
when used with the electron beam unit. A final thickness reading some-
times had to be obtained by waiting a few minutes after deposition to
take final readings. Electrons from the gun travel to aLl parts of
the bell jar. This was easily observed by sprinkling 5% europium doped
gadolidium oxide26 powder on the metal parts of the vacuum system and
observing the red cathode luminescence which appeared when the beam
unit was turned on. The powder was easily removed from the system after
the test with a vacuum cleaner. It is felt that the electrons, in
addition to the heat, can be detrimental to the stable operation of
the crystal circuit. While no monitoring method is superior in all
respects, quartz crystal monitoring was used because it was adequate,
simple, and convenient for these depositions.

Dual ionization guage thickness monitoring was used for several
early evaporations. Ore ionization guage was placed in the vapor stream,
and the other, shielded from the stream, was nearby. The vapor

stream caused a local pressure increase proportional to evaporant density.



The gauge currents were fed to a differential electrometer, the dif-
ference in current being calibrated to yield evaporation rate.

Both monitoring methods lend themselves through the use of feed-
back to evaporation rate control. The ionization gauge monitors were
used to control rate between 0.1 8/sec and 100 8/sec during evaporation
of gold films on glass substrates. The rate was kept constant within
a few per cent. Rate control was tried with silicon monoxide, but the
results were erratic. A calibration could not be made that remained
valid and the rate sometimes slowly increased during evaporation. This
mey have been caused by the dielectric evaporant coating the collector
and grid of the ion gauge and reducing the current.

The original gauges broke several times because they were too
fragile to be installed, positioned, and removed frequently from the
vacuum system. On the basis of these results, more rugged gauges were
designed.l The new gauges featured elements isolated from the vapor
stream so that results with insulators were improved with regard to
consistency and accuracy.

A 100 kHz capacitance bridge was used with a few films to verify
thickness after removal from the system. The disadvantage of this method
is that the dielectric constant is known to vary depending on evapora-
tion conditions. Thickness was calculated from the formula, C =
£eQV/d. This formula neglects potential penetration into the electrodes
and thus d is in slight error. Ku and Ullman discuss the need to
consider this effect, especially for very thin dielectrics and low density

metals. 27

%

Mr. Jon Culton and Mr. Dale Coad were responsible for the design and
construction of the improved gauges.



Decomposition

Since most materials used for insulating films are compounds, the
possibility of decomposition on heating exists. |If the material de-
composes, its vacuum deposition will become difficult, if not impossible.
The binding energy of the atoms in the molecule should be much greater
than the cohesive energy of the crystal. Because decomposition will
occur at thermal energies far below the interatomic binding energy,
decomposition can be observed in many cases during deposition. Metal
oxides which decompose leave the elemental metal deposited on vacuum
system surfaces. Other symptoms may be a color change (not related to
interference) and semiconducting rather than insulating properties in

the resulting film.

Evaporation of ThOP*

Comparisons of thickness measurements on ThOF’\2 8indicated there
may be inconsistencies, Also the ThOF residue in the source became
more difficult to evaporate as the charge was used. It is likely
that the deposited films were actually ThF™ and the residue in the source
ThO’\.19 Therefore, the data obtained would be data for ThF" films.
Heitmann and Ritter reported ThF" films to be amorphous and highly
etch resistant. B The evaporated films are highly transparent also,
and might be tried for passivation of luminescent devices. Thorium
compounds are radioactive and aluminum foil liners in the apparatus

and the wearing of a respirator for cleaning are recommended by the

above authors.

Types of Measurements
The samples were measured in several tests. Breakdown field

strengths were compared to published data when available. This was



done by applying voltage until destructive burnout occurred and record-
ing the critical electric field. Most of the samples broke down, as
may be seen from the data, at field strengths of 106 to 107 volts/cm.
This along with high low-voltage resistance is sufficient to assure
freedom from pinholes. A pinhole will breakdown at from 2 to 5 x 104
volts/cm. A metal to metal short as small as 30 8 will appear to be a
short circuit. |If one or two monolayers of oxide (-10. $) were to form
between subsequent depositions of electrodes, the short resistance would
not be affected. This can be verified by observing from Fig. 12 that
tunneling resistance would be less than one ohm, compared to lead resis-
tance in the order of 10 ohms.

Low-voltage resistances were read using a four point technique.
The linear coordinate I-V curves and breakdown voltages were recorded
on an X-Y plotter. The semilog plots were obtained using one
Keithley" 600 A electrometer to indicate voltage and another for
current. Voltage was applied using a regulated dc power supply.

Because of the nonlinear nature of the sample resistances, a
fixed one volt was applied and the resultant steady current recorded.
Resistance scales can give misleading results because the electrode
voltage varies with the scale chosen. It is very likely that the one
volt applied in some cases did modulate the sample conductivity
and was therefore not a true bulk resistivity reading; however,
applied voltages less than .one .volt cause currents so small as to
require difficult sample shielding techniques» This was not attempted
because of the large number of M-I-M structures made and evaluated.

For most of the films, e was calculated from the measured capaci-

A
Keithley Instrument Corp., 12415 Euclid Ave., Cleveland, Ohio.



24
tance and listed .in the data section. The values of d were those
measured with an interferometer= Higher than.expected .dielectric cons-
tants were observed.. This may be.due .to the high frequency (100 kHz),
the strong trapping.effects, and electrode .effects.27 The data were sparse

and no .error analysis was attempted for the relative dielectric constants.

Self-Healing .Breakdown .Technique ..of .Measuring Maximum-'Voltages .and Pinholes
A technique reported-by Klein and—Gafri29 for looking at the
meximum breakdown strengths o f.insulators was .tried. : The aluminum
counterelectrode is made less than 1000 8 thick. When breakdown occurs,
the discharge burns back the electrode instead of.letting it melt
through to form a.short.. The .voltage can then be increased again. The
location of a burnout is observed through a microscope. Thus, the capaci-
tor has "self-healed" and revealed the location of.its weak spots and
their number. From these tests film uniformity can be determined. n
one sample breakdown.occurred at.3V, 4V, 10V,,15V,,and.18V before des-
tructive breakdown occurred. The early breakdowns were observed to
be along the perimeter of the M-I-M ;structure. This same observation
is reported.by other experimenters.”®
Breakdowns near.burnout.slowly propagated.on .some.structures, form-
ing irregular lines that wandered through the sample. Popping sounds
were audible. Observation .was through an optical.microscope, using
80x mignification and backlighting. Thirty to 100 distinct burnout holes
could be seen .in some structures before destruction. In addition,
the initially smooth electrodes became rough and .dull in appearance
over the active region.
It is felt that this technique served.the very useful purpose of

determining uniformity of thickness of insulators in M-I-M structures.



Particularly, this technique .wes .used to determine that insulators formed

more uniformly on aluminum than on gold, copper, or lead.

Comparison.of Electron .Beam.and Filament Evaporation

The electron-beam technique does.not show.overall superiority to
filamentary evaporation». It can-do.a wider variety of materials and
larger volumes in shorter times. The higher initial.cost and occasional
arcing problem, which renders all ionization gauges in the system inope-
rative, are its.major disadvantages. The film adherence, pinhole
density, and ease of use seemed reasonably similar.for both methods
for the insulators tested. The hearth .in the beam.gun will far outlast
filament sources and frequent use of,one or two materials can pay the
cost of the beam unit in filament replacement costs alone. For the
high temperature oxides and .metals the beam .unit shows its superiority
both by ease of evaporation and.by keeping the vacuum system and sub-
strate cooler. Spitting, if it is a problem, as with silicon monoxide,
was a problem with both the beam and filament. A .Drumheller type
source as a filament and proper material form were solutions to this
problem.

The MRC direct beam unit functioned well with the Varian.power supply.
The electron beam unit and filament sources were found to complement
one another for the materials in.this work. Due to long hearth and
filament life, the beam unit has an advantage with.respect to servicing.
However, the charge must be carefully placed in the hearth to prevent

its jumping out during evaporation.

Conclusions and Data
The prime aim of this work was to characterize electrical properties

of some vacuum deposited insulating films with the intent of determining



their suitability for device use. Available sources were both electron
beam and resistance heated types.

The compiled and averaged data are given in the tables and supple-
mented with a few I-V curves. No..thin film insulator was found to be
superior to SiO- evaporated.from.a.Drumheller source. ThOF® is suggested
for trial as a passivator where convenience and optical transparency
are desirable. All the insulators tried, except for TiO.(this was not
TiO~”), could, under the proper means, yield acceptable, adhering,
insulating films of 5% or higher yields when deposited on aluminum

electrodes on glass microscope slides.



Thin Film Insulating
Material™ »8>0

Bensity 19,31,32

Electron Beam
Evaporable

Filament Evaporable3
Evaporation Temperature
% Yieldb

Peeling Thickness

(YM)

Resistivity for 1 Volt
Applied (ave ) (ohms)

Thickness*™ (X)
Breakdownd (V/cm x 10_ﬁ)

Comments

includes crucibles,

Summary of Parameters

Table 1.
> oOO
% 19 %
< S .
2.1 3.4 3.8
Yes Yes Yes
Drum- No No
heller
Low High Medium
100 100 62
>4.0
>1012 1012 1011
500 700 225
8 5 7
Best 2nd best
overall by e beam

bUsing glass substrate and aluminum electrodes.

cUsing room temperature glass slides,

aluminum electrodes,

~Dielectric breakdown strength for the thickness listed.

P

7.1
Severe
Yes  Arcing
Yes No
Low Low
IS IS
2.2 .97
1011 1010
420 160
2 6
2nd best by
filament

Drumbheller source, boats, or coil filaments,

Y R

B

4.9
Spits II\:/?/m (I:Doer;y
No -II:TiiI:r;.s poses
Low Low High
A 80 0
1.0 >2.5
io12 109
700 275
4 2
Most
transparent

and filament source.

Sos Yope

7.4

Spits
Yes

High

1010
1500
2

Lumines
cent



Table 2. Filament Evaporated Insulators

Thin Film Insulating _
Material SiO AL2°3 MO

Forming Curve Number
in Fig. 16 or Fig. 17

(0]
Film Thickness by DIM (A) 330 300
Film Thickness by Inter-
ferometer (ft) 250 195
Capacitancea (pF) 6300
Dielectric Constantb 14
D.C. Resistivity for 2x 105
1 Volt Applied (ave)
(ohm-cm)

Dissipation Resistivity ¢

V First Breakdown

MgF2

78-2

867
663

6.5

4x109

I.OxIO5 7.7x105

(volts) 13 1 14
Destructive Break-
dowmn (volts) 14 19
Comments Drumbheller Supports Evidence of
source melted decomposition

aUsing a 100 kHz bridge.
bSparse data - rough values; e = Cd/£QA
CAs calculated from dissipation using a 100 kHz bridge.

o
-300 A thick.

Ce02

72-1

159
2510
4,5

2x108

4.4x105

10

CeF3 ThoF2

475 281
2600
8.3

3.5x105

2 .6X104

TiO

130

140

1.5x10

10

Alumina
basket
melted



Table 3. Electron Beam Deposited Insulators

Thin Film Insulating
Material

Forming Curve Number
in Fig. 16 or Fig. 17

Film Thickness by DIM (8)

Film Thickness by Inter-

ferometer (8)
Capacitance (pF)
Dielectric Constant3
D.C. Resistivity for

1 Volt Applied (ave)
(ohm-cm)

Dissipation Resistivity c

V First Breakdown
(volts)

Destructive Break-
down (volts)

Comments

aUsing a 100 kHz bridge.

SIO 1003 MO MgF2 Ce02
52-4 53-4  56-3
360 300 100
330 700 220 420
1120 2750 1240
8.9 6.9 5.9

1.5X1011 2.8x1012 3.7xI010 1.ix1012

4.5x106 1.9xI05 4.4x106 5.2x10"

300 8 thick.

GeR3

59-6

680

1750

14

ThOF2

280

3730

12

1.4x1012 8.2x108

2.9x105
6 16 9 5 16
28 b 16 10 25
Carbon hearth All sam- Spits
used;outgases pies short-

ed

ASparse data - rough values; £ = Cd/e A
cAs calculated from dissipation using a 100 kHz bridge.

1.1x105

TiO

100

All samples
shorted



Table 4. Filament Evaporated Insulators 5000 X thick.
Thin Film Insulating _ HOE? Tio
Material Sio, AL2°3 MO MgF2 GC2 CeF3 ThOF [
Forming Curve Number
in Fig. 16 or Fig. 17 65-4 67-4 79-3 73-4 66-4
Film Thickness by DIM (X) 5000 5000
Film Thickness by Inter-
ferometer (8) 6320 5360 8050 3100 5525 5530
Capacitance3 (pF) 167 81 254 532 190
Dielectric Constant® 12 50 23 19 12
D.C. Resistivity for
1 Volt Applied (ave) 7 7 9
(ohm-cm) 1.5X1011 1.8X1011 1.2x1010 4.0x10  1.8x10 3.9x10
4

Dissipation Resistivity © 4.9x106 1.9x10° 3.9X104 O 1.1x107
VT First Breakdown

(volts) >70 >70 >70 16
V Destructive Break-

down (volts) 20

R Supports Evidence of Decom-

Comments &§ured melted decomposition posed

~sing a 100 kHz bridge.

ASparse data - rough values; e = Cd/e™A.
cAs calculated from dissipation using a 100 kHz bridge.

(G955,
Eu.045) 2°3

1500
991

17

2.7x1010

9.3x105

18

3

Powder
spits



Table 5. Electron Beam Deposited Insulators ~5000 $ thick.

Thin Film Insulating

Material SIOX AL2°3 MO MgF2 Ce02 CeF3 ThOF2 TiO
Forming Curve Number

in Fig. 16 or Fig. 17 54-4 64-4 55-5 57-3 58-7 60-3 62-4 63-5
Film Thickness by DIM ($) 2000 3540 2000 5000 1400
Film Thickness by Inter-

ferometer ($) 1750 3000 1950 7580 2670 4570 12,500 2050
CapacitanceE (pF) 535 221 543 312 6380 290 190 830
Dielectric Constant?® 11.6 7.5 12 27 21 15 27 19
D.C. Resistivity for

1 Volt Applied (ave) 9 6
(ohm-cm) 2.3x10 3.3X1011 7.3xI1010 3.3xI010 3.1x1010 7.3X1011 1.6x109 4.9x10

Dissipation Resistivity0 8.5xI05 3.3xI06 5.IxIO5 2.4x104 1.2x105 3.3xI05 8x105 4.9x104

V First Breakdown

(volts) 770 3 2 45 15
Destructive Break-
down (volts) 71 >70 67 >73 0 14
Comments Qu-color Carbon hearth Extreme  Spits Easy = Decom-
contamination used;outgases arcing posed

aUsing a 100 kHz bridge.
ASparse data - rough values; £ = Cd/E A.
cAs calculated from dissipation using®a 100 kHz bridge.



Figure 1. Energy band diagram of an M-I-M structure at zero bias,
showing the heights of the insulator forbidden gap above the
Fermi levels.



Injected Electrons

E-C

Before Injection With Injection

Figure 2 Energy band diagram of an insulator showing the increase in
occupation of a continuum of trapping levels due to injected
electrons.



Figure 3. Experimental long-term discharge current from a Al-SiO -

Si structure. The SiO (6000 A) was thermally grown. 2
(From Lindmayer 6 Wrigley, Fundamentals of Semiconductor
Devices, D. Van Nostrand Co., Princeton, N.J., 1964, p. 442)



Figure 4.

Best fit curve through computer generated points for the electron
distribution in an insulator for one-carrier space-charge

limited current. The ordinate applies to the normalized current
of magnitude 10. For the normalized current of 100 the vertical
scale should be multiplied by five, and by 100 for the normal-
ized current of 10,000. (From Lindmayer £ Wrigley, Fundamen-
tals of Semiconductor Devices, p. 436.)



Injected Electrons
\

N
1
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With Injection

KR-280

Figure 5e Energy diagram band of an insulator showing the increase in
occupation of a single trapping level due to injected electrons.



+ X

KR-283

Figure 6. Energy band diagram for a biased M-I-M structure showing a
single carrier (electron) space charge. An approximate

relation for the current is J = 9££0anzl8d3.



Figure 7.

Best fit curve through computer generated points for the
current-voltage relation for one-carrier space-charge limited
current. For practical voltages the characteristic is
quadratic. (From Lindmayer S Wrigley, Fundamentals of
Semiconductor Devices, p. 435))



V¥ (Volts)

Figure 8. Current-voltage relation showing hysteresis in an Al-SiO
Si structure. The SIO (5000 8) was thermally grown.
(From S. M Hu, J. Electrochemical Soc. 113, 697 (1966).



(mA)

Figure 9.

Slow sweep rate current-voltage relation for an AI-TiO-Al
structure. The TiO (~100 S) was electron beam deposited.
Some decomposition probably occurred causing the extraordin-
arily low resistance. The current follows closely J™ 2
showing the space-charge-limited effect. a






Figure 11 ¢ Energy band diagram for a biased M-I-M structure where the
bias is great enough for the effective barrier thickness to
be reduced. This leads to Fowler-Nordheim tunneling.
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Figure 12 .

(Vlem)

KR-286

me-Field Strength for 1 Volt Applied

Low voltage theoretical tunnel resistance vs. thickness for
various barriers corrected for image forces. SiO tunnel
resistance has been plotted from estimates based on a

barrier height = 3 and dielectric constant of 4. The range
of experimental resistances for AI-SiO -Al structures is
expected to lie to the right and belowXthe SiO lines shown
above. (From J. G. Simmons, J. Appl. Phys., 3%, 1802 (1963).)



Figure 13 Low voltage resistance vs. thickness for 40 samples from five
slides. For comparison the bulk resistance and tunnel resis-
tance curves from Fig. 12 have been reproduced. Thickness
was measured using a crystal monitor and "geometric leverage.”



Figure 14 .

Slow sweep rate current-voltage relation for an AI-ThOF -

Al structure. The ThOF2 (900 8) was electron beam deposited.
The negative resistance which appears here is a result of

the forming and is non-repeatable. These results, taken on an
X-Y plotter, are typical of the type obtained when applied
fields are high enough to cause forming but not high enough to
cause destructive breakdown. AIll four sweeps were started

at the points marked (0,0) and are separated for clarity.

For less than 5 volts applied, the current is in the nano-
ampere range.



Figure 15.

Slow sweep rate current-voltage relation for AI-ThOF -Al
structure. The ThOFP* (900 $) was electron beam deposited.
The negative resistance which appears here is a result of
the forming and is non-repeatable. At lower currents

than those resolvable on this curve the D.C. current-voltage
relation after forming is repeatable. All three sweeps were
started at the points marked (0,0).



( AMPS)

Figure 16.

47

Al-Ins.-Al structure forming curves (first application of voltage)
for vacuum deposited insulators. Breakdowns, when observed,

are shown with arrowheads. The base electrode was deposited
-1500 8 thick and the counterelectrode deposited -800 A thick.
See tables for information about each insulator.



Figure 17. Al-Ins.-Al structure forming curves (first application of voltage)
for vacuum deposited insulators. Breakdowns, when observed,
are shown with arrowheads.

The base electrode was deposited
-1500 A thick and the counterelectrode deposited -800 8 thick.

See tables for information about each insulator.



Figure 18.

V-* (Volts)
KR-288

Slow sweep rate current-voltage relations for three Al-CeO-
Al structures on the same slide. The cerium oxide (-100 8)
was electron beam deposited. M-I-M structures simultaneously
deposited on the same slide showed dc resistance variations
of at least this magnitude for all insulators tested.
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Figure 19. Schematic representation of the vacuum system to be shown
in Fig. 20.



Figure 20.

A commercial diffusion pumped vacuum system with bell jar
raised, showing an electron beam deposition unit power

supply.
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Figure 21 . Photograph of the hardware used for deposition. From left to

right: high voltage feedthrough, micrometer leak valve,

MRC electron beam gun, watercooling feedthrough, Drumbheller
source, and five tungsten or molybdenum boats.



APPENDIX

HGH TEMPERATURE OXIDES AND NITRIDE

Dielectric Density Resistivity Soften or Dielectric
Material (CGS) (at 1000°K) Melt Point Constant
(in °K) (bulk)

Aluminum Oxide 3.37 2x108 2313 8
Beryllium Oxide 3.03 1.5x108 2843

Borosilicate

glass 2.52 1x102 828

Cadmium Oxide 6.95 1773

Calcium Oxide 3.35 8x106 2903

Cerium Oxide 7.10 1x103 3073

Ferroferric

Oxide 3.14 1x10° 1811

Hafnium Oxide 9.68 5x10n 3173

Lanthanum

Oxide 6.56 2483

Lithium Oxide 2.01 1973

Plutonium Oxide 11.46 2553

9

Magnesium Oxide 3.77 6x10 3223

Silicon Oxide 2.6 8x105 1708 4
Silicon Mo

oxide 2.1 6
Silicon Nitride 2.37 2228 4.2-6.2
Tellurium

Dioxide 5.67 1005.8

Thorium Diox-

ide 10.0 5x103 3540

Titanium Diox-

ide 4.0 4x103 2113 100
Uranium Diox-

ide 10.6 1x10° 3153

Vanadium Oxide 3.35 1x10° 963

Yttrium Oxide 5.05 2683

Zinc Oxide IXIO-1

Zirconium Diox-

ide 5.07 IxIO1 2983

From Thermophysical Properties of High Temperature Solid Materials, ed.
Y. S. Touloukion, Research Center, Purdue University.
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