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CHAPTER I
INTRODUCTION

The volume plasmon theory, proposed by Bohm and Pines (1951) and
the surface plasmon theory proposed by Ritchie (1957) predict the excitation

of surface plasmons and volume plasmons by electrons which penetrate solids.
These excitations in thin metallic £ilms have been the subject of study by
Garber (1965) and Pray (1966). It was the purpose of this investigation to
examine the dependence upon the angle of incidence of the primary beam to
the surface plasma excitation utilizing an ultrahigh vacuum system to obtain
cleaner surfaces. Also of interest was the effect upon these excitations
of various amounts of secondary electron suppression.

A nearly monoenergetic beam of electrons was incident upon a thin
(<300 ﬁ) aluminum film deposited under ultrahigh vacuum conditions (~ 10"9
torr) as the top layer of an Al—-AlZO3—A1 diode. The currents from the top
and bottom layers were then measured as a function of electron energy.
The top current was expressed as a fraction of the total current and plotted
versus the primary energy. The effect of various amounts of suppression
voltage on the currents has been investigated under normal vacuum conditions
(10—6 torr). Substantial differences were noted which indicated that except
at the lowest electron energies (< 60 e.V.) and the highest (> 500 e.V.), no

electron transport took place across the top layer which could lead to

traversal of the A1203 dielectric.



CHAPTER II

GENERAL CONSIDERATIONS

In this chapter consideration is given to previous work on low energy
electron studies in thin solid films. Attention is given to three types of
interactions: surface plasma excitation, volume plasma excitation, and inner

shell interactions.

I. PREVIOUS WORK ON LOW ENERGY ELECTRON TRANSMISSION IN SOLIDS

For several years interest has been centered on the characteristic
energy losses of electrons in solids. Experimenters sought to determine
electronic energy levels in solids using an incident electron beam of high
energy. Several review articles give adequate discussion of previous work
(L. Marton et al. (1955), L. Marton (1956), R. H. Ritchie (1957), Klemperer
and Shepherd (1963), R. D. Birkhoff (1964), G. Hohler (1965), R. H. Ritchie,
M. Y. Nakai,and R. D. Birkhoff (1967)]

The theory which best seems to explain the characteristic energy
losses is the collective excitation or plasmon model originated by Bohm and
Pines (1951). This model has been studied by investigators both theoretically
and experimentally. Some losses below the plasmon energies have been

interpreted by Ritchie (1957) as surface plasmon excitations.
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II. TYPES OF INTERACTIONS OF LOW ENERGY

ELECTRONS WITH ALUMINUM

Mean Free Paths of Electrons Near the Fermi Energy

First we consider electrons with energies between the Fermi level and
the plasmon threshold. An electron with energy one volt or less above the
Fermi level will have a very long mean free path., This is easily understood,
because after collision, both the primary and secondary electrons must have
energies above the Fermi level, Thus, as an energetic electron slows down
closer and closer to the Fermi energy, the number of electrons with which it
may interact is effectively reduced. Attenuation lengths have been calculated
to be 520 A [see Ritchie et al. (1967)] for silver for electrons with energies
near the Fermi level. The attenuation is due to electron-phonon as well as
electron-electron scattering. We concern ourselves with attenuation lengths
because the several processes involved prevent a precise determination of the
mean free path for a particular process. The attenuation length is more
easily interpreted experimentally as the distance in which a -beam of
electrons is reduced to :12- of its original intensity.

For comparison with other metals we cite the results of several
researchers. Quinn (1962) has calculated the electron-electron mean free
path to be 560 4 in silver, a slightly higher figure than the 440 X obtained
through the experiments of Crowell, Spitzer, Howarth, and LaBate (1962).

For gold, Crowell et al. (1962) obtained a 740 ! attenuation length. In so
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doing they assumed that the optical absorption of gold on silver was the same
as that for gold on glass. This assumption was found unreasonable by Soshea
and Lucas (1965) who, using correct optical data, obtained an electron
attenuation length of 350 i.

A method avoiding the problems inherent in the optical method for
determining attenuation lengths and mean free paths has been given by Crowell
and Sze (1965). They injected electrons into a thin metallic film, supported
by a Ge or Si substrate, through a Si point contact. This method has pro-
duced attenuation lengths in gold of between 229 and 372 A, values in
reasonable agreement with that of Soshea and Lucas.

A tabular listing of the data of several investigators for Ag, Pd, Cu,

and Au is given in Table L

Surface Plasmon Cross Section

Above 10 e.V. in aluminum, surface plasmon excitation by incident
electrons is thought to occur with high probability. The equation relating
surface plasma frequency to volume plasma frequency for an ideal free

electron metal has been given by Ritchie as
hw =——— hw , (1)
where @, is the volume plasma frequency; w_ is the surface plasma frequency,

h is Planck's constant and € is the dielectric constant of the medium

bounding the investigated surface.



TABLE I

ATTENUATION LENGTHS AND MEAN FREE PATHS FOR ELECTRONS

Element Attenuation Electron- Electron- Investigator
Lengths (4) Electron Phonon
Mean F.ree Mean Free
Path (4) Path (4)
Ag 560% Quinn (1962)
950% Quinn (1963)
520% Ritchie et al. (1965)
440 Crowell et al. (1962)
570% Mott and Jones (1958)
Pd 170 Crowell et al. (1962)
Cu 50-200 Crowell et al. (1962)
420% Mott and Jones (1958)
720% Quinn (1962)
1580% Quinn (1963)
580% Ritchie et al. (1965)
Au 740 415% Crowell et al. (1962)
350 Soshea and Lucas (1965)
2297 Crowell and Sze (1965)
357# Crowell and Sze (1965)
523% Ritchie et al. (1967)

*Theoretical value

tObserved at 298°K
}0Observed at 105°K



In the case that the crystal is bounded by vacuum, € is unity. The

surface plasma frequency then becomes

he =

1
s —ﬁhw . (2)

For normal incidence, the probability for a surface plasma excitation

by a relatively energetic incident electron is

Of-

= EAS A
P(E) 1+e¢ [. J G)
o
where E >> Es' Here ES is the energy of the surface plasmon; E is the
energy above the vacuum level of the incident electron; and Ry is Rydberg's

constant, 13,60 e.V.

For an incidence angle of ©, primarily for © near mw/2

-

4 'Ry
P(E)_l—keo ‘,E‘:Il

cos 6 ° (4)

For intermediate angles

P(E)~~T;(~l~+€ L—XII = z)z ILOSZQ - (x tan 6 cos ¥+ 1)2]%&. 5)

An inspection of equations (3) and (5) shows that P(E) increases with 8,
While at high energies the Born approximation may be used to calculate
the inverse mean free path, it may only be relied upon at lower energies

(E ~ Es) to produce values of the correct order of magnitude, Still these
equations give some indication of the angular dependence of the probability

at low energies above the surface plasmon threshold.
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The oxidation of the surface affects the energy of a surface plasmon.
According to equation (1) when one finds an oxide layer on aluminum or
magnesium, with a dielectric constant greater than one, the surface plasma
frequency is lowered.

It has been shown [Stern and Ferrell (1960)] that a layer of dielectric
constant € and thickness of 20 4 is sufficient to force the use of equation (1)
instead of (2). Consideration of these facts demonstrates the importance of
performing experiments under ultrahigh vacuum conditions. If the ultrahigh
vacuum system sufficiently decreases the oxidation rate, it is possible to

neglect the dielectric constant of the surface oxide layer.

Volume Plasmon Interactions

In the energy region between 15 e.V. and 100 e, V., volume plasma
excitation may occur,

Ritchie (1959) and Quinn (1962) derived results which make it possible
to calculate the stopping power of aluminum for electrons of primary
energy below the L, shell threshold, 72 e.V. As mentioned above there
are two dominant interactions in this energy region, electron-electron and
volume plasma excitations. It is only in an energy region one to three times
the Fermi energy that it is possible to write a simple expression for the
stopping power due to electron-electron interactions:

_d4E. 0,073

U CER (6)

In this relation the stopping power is in Fermi energies per angstrom where



E is the energy of the incident electrons in Fermi units. It is clear that
electrons of a few tens of volts energy will slow to near the Fermi energy

within a few angstroms.

. . E .
It is possible to calculate dE_ from mean free paths. Quinn calculated

dx

the mean free path of a low energy electron for volume plasmon excitation.

Birkhoff (1964) has shown this relation to be expressible as

137 Bzc
E _+E E
w ,@ni:é_ EP E/ ]

where wp is the volume plasma frequency, Ep is the plasma energy, B is the

(7)

ratio of electron velocity to the velocity of light, c, EF is the Fermi energy
and E is the energy of the incident electron in electron volts. Dividing the
plasma energy of aluminum by this mean free path, one obtains the stopping
power of aluminum for plasmon excitation;
JU—
\/’E +E - /EF
hwpﬂ I— -

/E JEE

(®)

__E> -
o o

Figure 1 gives the curves for the stopping powers of electron-electron

137 B c

and volume plasma interactions and the sum of the two.

Inner Shell Interactions

In the energy range from about 100 e.V. to the limit of this investi-

gation, it is possible to have an interaction of the bornbarding electron with
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the mner shell electrons of the target atom. The threshold for the Lz-shell
ionization is 72 e, V. and for the Ll-she]l 117 e. V.

One may use either the Born approximation or the Gryzinski (1965)
classical approximation to calculate the electron-L-shell interaction cross
section. Ritchie (1967) used the prescription of Walske (1956) to correct the
Born approximation for K- and outer-shell screening.

The stopping power —(%-E—) of a given L-shell for electrons with energy

%Ry is for 1 = mv? /728 R
M2 oge Ry is T g RY -
W 2
2 ML+./1 -7
qp 8ma N T 7

(o]
A, waw | 2 g QW)dQ , (9
oHf n[l—ﬁ—y%l

where kZ = W-% and

o3 _( Z*II)Q N (—k4+3k2+64)Q+(%k6+;31'+;§'§k2+£;1
gl(Q’k):{ 12 2. }
QUQ - k¥ + % + K%
(10)
X ex {;2- tan-1 ( 2k )} [ 24 ]
Pk ol 1 LT L amr/k
4

- o e 2 . .
The quantity (1-e Zﬂr/k) is unity if k= becomes negative. W is the

energy lost by the incident electron, and Q = (change in momentum of incident

i
= . 2
particle)/(2M Z o cf Ry)®. All energies are measured in units of Zcg Ry-.

Zeff = (2-4.15). All L-shell electrons are assumed to have equal binding

energies. O is the ratio of the actual L-shell ionization energy to the
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2 . . . . .
neffective ionization energy %7 Ry. N is the atomic density [Ritchie

eff
et al. (1967)]. Figure 2 gives a comparison of theoretical and experimental
values for the L-shell stopping power.

An estimate of the probability of L-shell ionization in the energy
region employed here may be made as follows. If Po is the probability of
reaching depth x without an L-shell interaction and dx/A the probability of an
interaction in the distance x to x+dx, then the probability for no interaction
decreases according to
dx

—dPo= POS\—(E—) (11)

Using the relation dx = dE/(dE/dx) and integrating we get

E,
dE
P =exp[—hj —=—1 (12)
o dE
> ME) 3 (E)

where El is the initial electron energy, E_ the energy with which the primary

2
electron exits the top layer, A (E) the L-shell mean free path, and g—f—(l?.) the
stopping power of the conduction electrons., A graph of (1- PO), from Eq. 12
using values of A(E) and %(E) from Ritchie et al. (1967) is given in Figure

3. Thus we see that the probability for an L-shell interaction is quite high
in foils a few hundred angstroms in thickness.

As the primary energy increases past the maximum in the Li-shell

cross section, the range of the primary electron increases. These ranges
have been calculated from experimental data by Kanter and Sternglass (1962)

and Garber (1965). Their results are summarized in Figure 4,
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CHAPTER III

EXPERIMENTAL

I. OUTLINE OF THE EXPERIMENTAL METHOD

In this experiment a beam of electrons was directed at a thin non-
self -supporting film to determine the number of electrons, i.e., the
fraction of current, that was stopped in the film due to absorption and
scattering. Since these films of aluminum were of the order of 150 to
300 .f\.thick, it was necessary that there be a supporting substrate. As in
previous work, we decided to use the aluminum-insulator-aluminum
sandwich. The bottom layer was aluminum of high purity and of sufficient
thickness to stop all electrons leaving the top layer. The insulator was
aluminum oxide formed on the bottom layer of aluminum through an
anodizing process. The top layer was then evaporated in the ultrahigh
vacuum system to the desired thickness., A beam of electrons from an
electron gun was incident upon the top layer either normally or at any
desired angle. The currents to the £ilm and conducting substrate were then
measured as a function of energy. A cross-sectional view of this target

is presented in Figure 5.

15
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II. EQUIPMENT

The vacuum system, the electron gun, and the current measuring
system were the three major components involved in this work. A photo-

graph of the apparatus is given in Figure 6.

Vacuum System

The vacuum system is shown in Figure 7. A National Research
Corporation 6-inch, oil diffusion pump using Dow-Corning 705 fluid backed
by a Welch Duo-~Seal mechanical forepump constituted the pumping system.
Oil back-streaming was reduced by incorporation of a Granville Phillips
Company series 251 6~inch cryosorb liquid nitrogen cold trap. Mixing of
forepump and diffusion pump oils is reduced by the incorporation of a
molecular sieve in the vacuum line between the two pumps. Pressures
before operation were normally 2 x 10_9 torr. These pressures were
measured by an NRC Equipment Corporation Type 563~K ionization gauge,
read by an NRC thermocouple and UHV ionization gauge control, model 763.
The evaporation chamber was a 12-inch electropolished stainless steel
pipe with a lower 10-inch flange to connect to the cold trap. All O-rings
were diamond~shaped copper O-rings except the one between the system
cover and a 16-inch upper flange which was of aluminum wire. The cover,
made of l-inch-thick stainless steel, was attached to the upper flange by
means of twelve 5/8-inch stainless steel bolts and nuts. These were

tightened to 175 foot-pounds of torque to properly seal the aluminum O-ring.
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Figure 6. Photograph of Apparatus
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This cover served as a mounting platform for all internal equipment except the
film thickness monitoring crystal which was mounted upon a dividing plate which
separated the evaporation source and the film substrate. Eight 1 1/4-inch in-
side diameter feedthroughs equipped with non-rotatable conflat flanges. Varian
number 954-5069, were located at all access ports. The flanges were equipped
with standard flat copper O-rings and were capped by the proper feedthroughs.
There were two eight-wire current feedthroughs, Varian model 954-5014, with
conflat flanges which provided electrical contact with the gun, sandwich, and
film thickness monitor, Two threaded copper bar feedthroughs supplied current
to the evaporation boat. Two linear motion feedthroughs permitted movement
of the mechanical shutter between substrate and evaporation source, and
rotation of the target. This arrangement is seen in Figure 8. A Speedivac

film thickness monitor, Model 1, was used to determine film thickness.

Electron Gun

Previous research had made use of a gun whose lowest energy range
was about 6 e.V. To go below this energy, it was necessary to alter the
design of the electron gun. The gun used was modified from a design used
by Compton et al. (1966). The lowest energy was on the order of 1.0 e.V.
with an energy spread, which varied from 10% at the lowest energy to 3%
at 100 e.V. and above. The gun, which is shown in Figures 9 and 10, was
composed of a stack of five stainless-steel plates numbered from 1-5.

The filament was positioned near the aperture in plate one. A narrow
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stainless~steel plate was placed in back of the filament and connected to
the negative side of the filament (the cathode) to turn the electrons toward
plate number 1, the anode. The fifth plate was grounded. All spacers in
the gun were machined of lavite and fired to harden and to reduce outgassing.
The filament was made of 5 mil tungsten wire. Before using the gun, it was
necessary to allow it to warm up for approximately 1% hours to permit the
current from the filament to become stabilized. It was noted that if this
procedure was neglected, the electron energy of the gun varied enough to
render unreliable readings. Normal current through the filament was 2.5
amperes at a potential of 2 volts. The energy range of this gun was from
1.0 e.V. to 3 k.e.V. The higher value was limited by arcing that took place
between the feedthrough terminals. Power for the accelerating voltage was
supplied by a John Fluke power supply, model 400 BDA. Leads were attached
to the plates first by spot welding, but this was found to produce a bond of
insufficient strength to withstand the necessary amount of handling to
attach the gun in place. Finally, it was found that soldering with a high
temperature solder would produce a good bond that could be cleaned so that
outgassing was negligible, The only other problem encountered in using the
gun was the alignment of the plates after disassembly to replace a filament.
This difficulty was resolved by the use of two aligning pins placed in the
holes in the back of the gun and by placing small ceramic tubes over the
screws that hold the plates together. All in all the gun served its purpose

very well; however, its energy spread was not as narrow as had been hoped.
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This was perhaps due to the fact that the beam was not pulsed as described
by Compton et al. (1966) nor was a magnetic focussing field present as called

for in the original design.

Current Measuring System

Previous work indicated that the current in the electron beam should
not exceed 10_7 amps and that the exposure time of the beam to the target
should be as short as possible to reduce heating. These stipulations required
that the current measuring device have a high sensitivity and a fast response
time. The resistivity of the aluminum oxide dielectric was found to be of
the order of 106 ohms; therefore, the input impedance of the current
measuring system had to be much less than this figure. A system which met
all of these requirements was two Philbrick model P2 solid state differential
operational amplifiers, a Vidar model 510 integrating digital voltmeter, and
a Vidar model 260 voltage-to-frequency converter. These were connected as
shown in Figure 11. The two amplifiers were operated in a closed loop so
that the input currents from the foils were converted to output voltages.
Suppose we require a current of 10"7 amps., Ii’ to give an output voltage of
10 millivolts, V0 (that is, allow a current of 10“7 amps. to produce a full-
scale deflection of 10 millivolts). Then the required feedback resistance,
Rf, is given by the relationship

R =V /L . (14)

Here Rf represents the feedback resistance, VO the output voltage, and Ii
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the input current. From this relation, we can see that the value of R £ is
105 ohms. The input impedance (Ri) of the Philbricks is given by the following
relations
R, = V./L (15)

and

A= VO/Vi . (16)
Here Vi is the input voltage with respect to ground, Vo is the output voltage
with respect to ground, Ii is the input current, and A is the amplifier gain.
If the maximum output voltage is V0 = 10_‘2 volts while If, 10"7 amps. and
A is approximately 105, then the input impedance is 1,00 ohm. This require-
ment for input irmpedance is well within the range of the P2 Philbrick
amplifier. The current from the top foil, T r is directed to one of the P2
amplifiers where it is converted to the voltage which is proportional to
the current received (see Figure 12), This voltage is fed to the internal
voltage-to-frequency converter of the Vidar 510 integrating digital voltmeter.
Here it is converted to a frequency which is also proportional to the initial
current. Next, this frequency goes to the scaler of the Vidar 510 integrating
digital voltmeter. The current from the bottom foil, L, is fed into the
second P2 amplifier where it is converted into a voltage which is proportional

to the current, I,. This voltage is then fed into the external Vidar 260

5
voltage-to-frequency converter where it is converted into a frequency,

proportional to the current, IZ' This frequency goes to the preset count

scaler of the integrating digital voltmeter where it controls a variable time
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base gate. By thus regulating the amount of time for which the scaler scans
-

the frequency, ]:"1, from the top foil, we receive a ratio of the currents

leaving the top and bottom foils.

The unity gain band width for full output is 1.5 kHz, i.e., the response
time is less than 1 millisecond. The amplifiers are electrically and mechan-
ically shielded, thermally insulated, and have high linearity and low leakage
currents. After 200 hours warm-up time, the drift was guaranteed to be
less than 200 microvolts per month,

The Vidar model 260 converter has 105 ohms input resistance with
input voltage of 10 millivolts and a full-scale sensitivity from 5 millivolts
to 5 volts. The accuracy of each scale is better than 0. 05%. The converter
has an accuracy of within 0. 10% of the final value after 200 microseconds.
The Vidar model 510 digital voltmeter has the input impedance of 105 ohms
at 100 millivolts. Full-scale sensitivity was from 10 millivolts to 100 volts
with an accuracy greater than .015% on any scale in a 5-digit readout. The
time-base gate was variable with preset count options of 103, 104, 105
counts. Thus, the Vidar model 510 digital voltmeter, the Vidar model 260

voltage-to-frequency converter and the Philbrick P2 amplifiers meet all the

requirements placed upon the current measuring devices.

Secondary Electron Suppressor Assembly

To investigate the role played by secondary electrons in this experi-

ment, we decided to incoxporate a suppressor assembly into the apparatus
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which would allow varying amounts of secondary suppression. The assembly
took the form of two stainless~steel plates containing small apertures and
separated by two 2mm-thick lavite spacer-washers. The first plate, that
first encountered by a primary electron on its way toward the target from
the electron gun, was grounded. Its aperture was sufficiently small to
completely shield the edges of the aperture in the second plate from the
primary beam. The second plate (that next to the target) was the one to
which the appropriate biases were applied. The assembly was positioned near
the film (second plate 2 mm from target surface) by mounting it on the
target holder. Again two lavite spacer-washers were used to electrically
insulate the second plate from the grounded holder.

When the bias was to remain constant during a complete investigation,
the bias voltage was provided by a Keithley model 240 regulated voltage supply
with an accuracy of + 1% or .1 volt. When the final bias was to be ten
volts more positive than the cathode, the bias was obtained by tapping the
accelerating voltage and adding to it a positive ten volts by means of two

8.1 volt mercury batteries and a potential divider.

III. PROCEDURE

Target Preparation

It was necessary to have a supporting substrate for the non-self-
supporting film. Kodak projector slide cover glasses 8.3 cm. x 10,2 cm.

were wrapped in Scotch brand masking tape and sawed to a size of 5 cm. x
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10.2 cm. The wrapping procedure was performed to prevent scratching of
of the surface of the substrate. These glass plates were then cleaned with
a solution of Knox-70 Laboratory Glass Cleaner and flushed with distilled
water. The plates were then placed in a chromic acid mixture of potassium
dichromate and sulfuric acid for a period of not less than 24 hours. Just
prior to insertion into the vacuum deposition system, the plates were
removed from the mixture and flushed with distilled water for about 30
minutes. This process cleaned the glass very well; that is, after this pro-
cedure was initiated, there was not a single case in which the film came
loose from the substrate during the anodizing procedure. After flushing
with distilled water the plates were placed in a vacuum desiccator and left
until thoroughly dry. When dry the plates were removed from the desiccator
and placed in the standard 12-inch bell jar vacuum evaporator. Here they
were cleaned again by ionic bombardment for a period of from 3-5 minutes
at a pressure near .05 torr. This system was then pumped down to operating
pressure of 2 x 10_6 torr. At this pressure and with a mechanical shield in
front of the substrate, the aluminum containing boat was outgassed. The
shield was removed, the evaporating mask was placed between the substrate
and the boat, and the evaporation was made. In previous work it had been
necessary at this time to remove the film from the vacuum evaporator,
anodize the aluminum, and then place it back in the vacuum evaporator to
evaporate the silver-manganese electrical contacts. This step was eliminated,

however, by changing the shape of the bottom film. With the bottom
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film in the shape as shown in Figure 13, it is possible to lower the film
into the anodizing solution without contaminating the solution with the
silver-manganese,

After the bottom layer had been evaporated on the glass, the silver
manganese contacts were evaporated onto the substrate in the same vacuum
system. The glass substrate and the bottom film were removed from the
vacuum evaporator and placed in the anodizing apparatus shown in Figure 14,
The anodizing solution is a 3% solution by weight of tartaric acid in distilled
water with a pH adjusted by ammonium hydroxide to 5.5. For this arrange-
ment Hass (1949) reported that a linear relationship between the oxide
thickness and the applied voltage existed. However, more recent woxrk by
Garber (1965) and Holland (1961) showed that this relationship is not lineaxr.
Their work is indicated in Figure 15. Using a General Radio Company Impedance
Bridge type 1650-A, the capacitance of the target can be measured. From the
capacitance the thickness of the dielectric can be calculated. The dielectric
constant is taken to be 8 [Hartman and Chivian (1964)]. The relation between

capacitance and thickness is:

2
 €8.85 A (cm. )’
TR ="t

Here T is the thickness in angstroms, ¢ is the dielectric constant relative

(17)

. . . . . . 2
to vacuum, C is the capacitance in microfarads, and A is the area in cm. ~ of
the dielectric. It has been shown in previous work [Garber(1965)] that a
75 A thick aluminum oxide dielectric gives sufficient insulation for this

work. To insure that the dielectric was of good quality, the plate was left



TOP LAYER OF
ALUMINUM

Figure 13. Top View of Sandwich

——— SILVER = MANGANESE
CONTACTS

— BOTTOM LAYER OF
ALUMINUM OXIDE (75A)
ANODIZED ONTO o
ALUMINUM (~ 2000 A )

e



34

\]' 12 VOLT
_— STORAGE
BATTERY
mA

7|l = 2ll—PURE ALUMINUM
/

~—J— - = || —- /3% TARTARIC ACID+ NH40H
‘_\_ _\‘_J/’ pH=5.5

S~ ALUMINUM TO BE ANODIZED

Figure 14. Schematic Diagram of Anodic Oxidation Apparatus




150

35

°< =
< I
\2}
QT
<00+
L R
O
% i
U-l i [+]
= & 4 13.5 A/VOLT
T O /
| S
/
- /
/
-
S
-/
O / 1 ! ! I ! | i | 1 | 1 1 |
@) 5 10

ANODIZING POTENTIAL IN VOLTS

Figure 15. Oxide Thickness Versus Applied Voltage




36

in the anodizing solution for a period of 5 minutes. After removal, the

plate was flushed with distilled water to remove the electrolyte and was
degreased with isopropyl alcohol. The plate was next dried in a vacuum
desiccator. Next the leads were soldered to the silver manganese contacts

by means of a low temperature solder. During this procedure the bottom

film and dielectric were shielded by means of a paper shield to prevent any
contarnination, e.g., solder droplets. At this point any contamination

would puncture the dielectric and a short would result when the top film was
evaporated. The substrate was then placed in the rotating holder, shown in
Figure 7, in the vacuum system, and the system was closed. To obtain

proper operating pressures, the system was baked out at a temperature of
200°C for a period of from 12 to 24 hours., The baking procedure was not
observed in the instances when the system was to be opened before observations
were taken to allow placement of the secondary electron suppressor assembly.
After baking, the system was cooled, the gun filament was heated, the
mechanical shutter was closed and the outgassing procedure for the evaporation
source was performed. After outgassing the shutter was raised, and the
material for the top layer was evaporated. The target was then rotated to
the proper angle. If a target was to be observed with varying degrees of
secondary suppression, the system was then opened and the suppressor

assembly was installed,

A completed target is shown in Figure 16. Thickness was monitored

during evaporation using a calibrated Speedivac film thickness monitor,
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Experimental Procedure

After the gun had been warmed, the top layer evaporated and the slide
rotated to the proper angle, the accelerating voltage was set at 1.0 e.V.
Readings were taken at 1 volt intervals from 1 volt to 20 volts. From 20
volts to 50 volts, 2 volt intervals were taken and from 50 to 100 volts, 5
volt intervals were taken. Twenty volt intervals were used from 100 to 500
volts and 50 volt intervals from 500 to 1000 volts. Thereafter the intervals
were 100 volts until the energy required for complete penetration was
reached. The evaporating mask in the ultrahigh vacuum system was made in
the form of an L so that when the sandwich was rotated to the chosen angle,
the mask could also serve as a bias plate.

The bias on the Li-shaped bias plate during electron bombardment of
the target was usually five volts negative, a figure suggested by previous
work [Garber (1965)]. It was desired to investigate the effect of various
bias voltages on the current ratios. This investigation was carried out using
the secondary electron suppressor assembly. Voltages were applied as
indicated in Table II unless otherwise specified.

This evaporation mask also served as an electronic shutter to prevent
the beam from the electron gun from striking the target continuously.

The rotating switch, circuit diagram in Figure 17, was connected so that
when the switch is turned to the off position the bias applied to the bias
plate was 1500 volts negative or larger. This prevented the electron beam

from reaching the film. When the switch was in the on position the plate was
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TABLE II

SECONDARY ELECTRON SUPPRESSOR ASSEMBLY BIAS VOLTAGES

Bias Plate Primary Electron
Voltage Energy, E, ine.V.

Grounded 1
"
-1 10
-2 11
-3 12
-4 13
-5 14
-6 15

-E+10 16
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biased as shown in Table [I. After an accelerating voltage was set, the
rotating switch was turned so that the bias was on the plate. The counting
interval on the scaler was turned on. When the scaler ceased counting its
activating switch was turned off to prevent a second count and the rotating
switch was turned off so that the electronic shutter was activated. The
ratio was noted and then another accelerating voltage was set. The previous
reading was then recorded. This method allowed a short time for equilibriurm
to be attained before a second reading was taken. The setup described
previously in the current measuring system provided a means for measuring
the ratio of the bottom current to the current in the top foil. Let B
represent the current in the bottom layer and T the current in the top layer.
The ratio was then B/T. The following equation shows the relationship
between B/T and the quantity plotted on the following graphs, T/B + T

T
B+ T

1/(%+ 1) = (18)

This ratio T/(B + T) is plotted on the linear axis of semi-log paper against

the energy in electron volts on the logarithmic axis.



CHAPTER IV
RESULTS AND DISCUSSION

Figure 18 presents a graph of the ratio of the current collected in
the top layer of the Al—AlZO 3'A1 diode to the total current impinging upon
it for various bias voltages and taken undex 10_6 torr vacuum conditions.
The curve representing the situation using -E + 10 V. bias shows a rising
current to the top layer in the lower energy region (< 100 e.V.). This may
be explained by a decrease in the mean free path with increasing primary
energy. The order of magnitude of the attenuation length for electrons
with primary energy less than those at which the top current becomes

constant may be determined as follows. We may use the equation

where Fl is the ratio of top current to total current at the energy of

interest; F_ is the corresponding ratio at the energy where the top current

2
becomes constant; t is the thickness of the top layer in angstrom units,
and L is the attenuation length. A graph of the attenuation length for the
180 4 foil versus energy with bias (-E + 10) is presented in Figure 19.

The region of the -E + 10V. biased curve of Figure 18 in which the

current to the top layer is constant (60 e.V. to 500 e.V. ) demonstrates

that at these energies there is no electron transport taking place across the

top layer and through the insulator.
42
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The third region, that above 500 e.V., shows an increasing penetration
of the top layer. From this region of the curve one could calculate stopping
powers. This has been done by previous investigators [i.e., Garber (1965)].
For a comparison of theoretical and experimental data of such investigations,
refer to Figure 2.

Figures 20-25 give data taken under ultrahigh vacuum conditions
(~10—9 torr) using a bias of five volts negative. As is noted, observations
were made for various angles of incidence. In the low energy region (< 60 e.V.)
we notice that the current to the top layer increases as the angle of incidence
increases. This is in qualitative agreement with predictions [Ritchie (1957)]
that the probability of surface plasma interactions should be enhanced as the
reciprocal of the cosine of the angle of incidence.

For the second region, 60 e.V. to 500 e.V., we note that the ratio of the
top current to total current is not as high as for a similar region of the
curve in Figure 18 using -E + 10 V. bias. This fact leads us to conclude that
there has been a decrease in top current due to secondary electron emission
from the top layer. In the vicinity of ~150 e.V. the curves representing the
various angles cross. After crossing, the curve for the greater angle is
lower. This may be explained in accordance with Bruining's experiments
(1936) which showed that above 100 e.V. more secondary electrons were pro~
duced from a smooth metallic film as the angle of incidence of the primary
beam was increased. According to Bruining, a high energy electron which

could travel some distance in the layer would do so and liberate secondaries.
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However, these secondaries had a shorter distance to travel to the surface
than they would had the primary been normally incident on the surface.
After 150 e, V. to 200 e. V., we note a rise and peak in the curve which we
may interpret as follows. As a beam is impinging on the target, some
primary electrons will form secondaries that may be lost unless properly
suppressed. Now if the energy of the primary is such that an L-shell intexr-
action may occur, primaries which would otherwise create secondaries now
interact with the L-shell. Thus there is a resulting increase in the top current
since many secondaries which were being lost are not now even formed. It
must also be noted that as the angle of incidence increases the peak due to
L-shell interaction decreases, Here the interpretation may be again that the
secondaries which are formed now have a shorter distance to travel to reach
the surface and thus escape.

The final region of the curve, that above 500 e.V., shows a declining
ratio indicating that penetration of the top layer is now taking place. The

interpretation is the same as for the corresponding part of Figure 18.
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CHAPTERYV

CONCLUSIONS

This experiment divides itself conveniently into two parts: that
performed in ultrahigh vacuum with incomplete suppression of secondary
electrons and that performed with a target that had been exposed to air
before observation but with various amounts of secondary suppression including
complete suppression. A comparison of the results of the two parts permits
one to conclude that the shape of the curve obtained is dependent critically
upon the amount of the secondary suppression.

With complete secondary suppression, the shape of the initial part
of the curve may be interpreted as a decrease in the mean free path with
an increase in the primary energy. This decrease however is accompanied
by an increased production of secondary electrons, and thus attenuation
lengths calculated from this curve must be considered as of orientation
value only.

An interpretation of the work performed in ultrahigh vacuum at normal
beam incidence does not differ substantially from that in previous work.

Nor does the fact that secondary electrons were incompletely suppressed
alter the interpretation of the various peaks as being due to surface plasmon,

volume plasmon, or L-shell interactions.
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From the data without complete secondary suppression, performed in
ultrahigh vacuum, one can see that there is an enhancement of the surface
plasmon excitation with an increase in the angle of incidence of the primaries.
One notes that the peaks obtained with incomplete secondary suppression are
due to electrons which have undergone inelastic scattering in plasmon
production and thus did not produce secondaries which could be lost from the
top layer.

A comparison of the two curves, with and without complete suppression,
permits one to conclude that the cause of the decreased probability of an
L-shell interaction with an increase in the angle of incidence is the loss of

more secondaries in accordance with the work of Bruining (1936).
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