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ABSTRACT 

The energy location of the first crossover point of the 

secondary electron emission curve of the polymer insulator 

Lexan (polycarbonate) has been experimentally investigated. 

The secondary electron emission coefficient (SEEC) is the 

ratio of the number of secondary electrons leaving the 

surface to the number of incident primaries. At high and 

low energies the SEEC is less than one, between the energy 

extremes the SEEC is greater than one. The energy at which 

the (SEEC) is first equal to one is called the first 

crossover point. 

The Lexan sample is treated as a parallel plate 

capacitor. The sign of the replacement current to the 

metalized back of the sample shows whether the SEEC is above 

or below one, and the incident electron energy is above or 

below the first crossover point. Successive choices of 

incident electron energy bracketed the first crossover point 

for Lexan, at about 44 eV. 
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CHAPTER I 

INTRODUCTION 

"Secondary electron emission" refers to the process by 

which electrons leave a material when it is bombarded by an 

electron beam. When a primary electron strikes a surface, 

part or all of its energy may be transferred to a lattice 

electron. If this lattice electron is emitted, it is called 

a secondary electron, or "secondary." The secondary 

electron emission coefficient (SEEC) is defined as the ratio 

of the number of secondaries leaving a surface to the number 

of incident primary electrons. The usual symbol for the 

SEEC is 5. 

Secondaries are not the only electrons that can leave a 

surface struck by an electron beam. Some of the beam may be 

scattered, either elastically or inelastically, causing 

scattered primaries to leave the surface. Once an electron 

has left the material, there is no way to determine if it is 

truly a secondary or a scattered primary. Figure 1.1̂  shows 

that most secondaries have low energy, so that any electron 

leaving the surface with a very low energy is usually called 

a "true secondary."* 

For polymers bombarded by low energy electrons, most of 

the electrons leaving the surface of the sample will be 

secondaries, with few reflected or scattered primaries. The 

experiment to be discussed in this dissertation actually 
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Figure 1.1. Energy distribution of secondary electrons 

Source: H. Seller, "Secondary Electron Emission in the 
Scanning Electron Microscope," 1983. 



uses the total yield, or the ratio of the total number of 

electrons leaving the surface of the sample to the number of 

incident electrons. We approximate this total yield to be 

the secondary yield, 6. 

The secondary electron emission coefficient of any 

material is a function of the energy of the incident 

electrons and also depends on the material.' A typical 

S versus Eo curve is shown in Figure 1.2.* When S is 

greater than one, more electrons are leaving the surface 

than there are electrons striking the surface and conversely 

when 6 is less than one, fewer electrons leave the surface 

than strike the surface. When 6 = 1 , the number of 

secondaries leaving the surface is equal to the number of 

incident primaries. There are two points on the curve where 

6 = 1 ; these points are known as the crossover points, at 

energies Ê  and E^. The energy of the incident electrons at 

the lower crossover point, Ê , is the subject of this study. 

The secondary electron emission of dielectrics is an 

area in which little is known but upon which much may 

depend. Curves of the SEEC for dielectrics are needed to 

model charge build-up on spacecraft,' and to predict the 

surface flashover behavior of polymers.* The work done 

prior to this experiment' was started to explain the 

behavior of polymer samples in flashover experiments at 

Texas Tech University. Jackson® discovered a spark 

discharge treatment which coated the samples and increased 
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Figure 1.2. Typical 6 versus Eo curve. 

Source: Gerald F. Dionne, "Origin of Secondary-Electron-
Emission Yield-Curve Parameters," 1975. 



the flashover potential of several common insulators, 

including Lexan. Subsequent experiments by Leiker' were 

performed to determine the properties of the coating leading 

to enhanced flashover strength. 

The results of our earlier work at Texas Tech 

University" did show differences in the SEEC of the treated 

and untreated samples, but problems in the experiment 

prevented accurate measurements at low energies. The 

current work discussed in this dissertation is a refinement 

of the method, focusing on just one part of the 6 versus EQ 

curve: the first crossover point, E^. The first crossover 

point plays an important role in some of the surface 

flashover theories, and will provide more basic knowledge 

about the behavior of Lexan. 



Notes 

^ Seller, 1983. 

* Dekker, 1957. 

^ Bruining, 1954. 

* Dionne, 1975. 

' Burke, 1980. 

* Bergeron, 1977. 

'' Boerwinkle, 1988. 

* Jackson, 1983. 

' Leiker, 1988. 

" Boerwinkle, 1988. 



CHAPTER II 

THEORETICAL AND EXPERIMENTAL WORK 

Secondary electron emission occurs by the transfer of 

energy from primary electrons to lattice electrons.^ 

Primary electrons entering the material lose energy as a 

function of penetration depth, by elastic and inelastic 

scattering and absorption. The secondary electrons are also 

scattered, and not all will reach or leave the surface. The 

yield of secondaries depends on two factors: the production 

of secondaries and the probability of their escape. Drawing 

from Dekker,* these two factors can be used to discuss an 

elementary theory of secondary emission. The secondary 

yield is a function of n(x)dx, the number of secondaries 

produced by one primary at a depth between x and x+dx below 

the surface, and f(x), the probability of escape for that 

secondary. 

6 = fn{x)f{x)dx. 

This is integrated over the full thickness of the sample, 

but the incident electrons have a small penetration depth, 

so that only a small portion of the integrand is nonzero. 

There are five basic assumptions in this theory: 

1. The primaries move in straight lines along the 

direction of incidence after entering the material (neglects 

scattered primaries). 



2. The primary beam is incident perpendicular to the 

surface. If the primary beam strikes at an oblique angle of 

incidence the secondary yield will be larger̂ *. Primary 

electrons entering the material at an angle 6 to the surface 

normal will release secondary electrons at a mean depth 

x̂ cosG instead of at the larger mean depth x. when primaries 

strike perpendicular to the surface. As shown in 

Figure 2.1, the secondaries released at depth x.cos0 have a 

shorter path to reach the surface, so fewer are absorbed, 

and more of them escape than secondaries released at depth 

X.. 

3. Whiddington's law gives the energy loss of the 

primaries per unit path length 

dx Ep{x) ' 

where A is a constant depending on the material, and Ep(x) 

is the energy of the primary. 

4. A single primary can produce n(x) secondaries in a 

layer of thickness dx, with 6, the average excitation energy 

required to produce a secondary. 

-1 dE„ n{x)=-±-r^. 
ê  dx 

5. A secondary produced at a depth x has a probability 

of escape from the surface, f(x), that follows an 

exponential absorption law, 

8 
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Figure 2.1 Diagram of non-normal incidence of primary 
electron. This geometry holds true for all 
materials, not just metals. 

Source: H. Bruining, Physics and Applications of Secondary 
Electron Emission, 1954. 



-X 

f{x)=f{0)e''% 

where f(0) is the escape probability near the surface, and 

X, is the secondary range in the material. 

Putting all of these assumptions together gives us 

.^f(0) f e'̂ ^̂ ' ^=AJ£S}LLf^ dx. 

This semiempirical theory makes these oversimplifying 

assumptions: 

1. There is a clear-cut distinction between the 

production mechanism and the escape mechanism. 

2. The energy distribution of the secondaries does not 

matter. 

3. The process of escape can be modeled by an 

exponential absorption law. 

This theory only suggests the general shape for the 

secondary yield, not the actual yield curve. 

In 1973, Willis and Skinner* reported experimental SEEC 

yield curves for five polymers. These curves are shown in 

Figure 2.2. In their experiment, they used thin foils (10-

80 /im thick) of polymers, metalized on the back, and hit 

them with an electron beam current of 10"' A for a 1 /isec 

pulse. Willis and Skinner found the first crossover point 

of these materials to range from 20 to 50 eV. Their main 

conclusion was that a variety of polymer solids would follow 

the universal reduced yield curve predicted by elementary 

10 
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Figure 2.2. Yield curve reported by Willis and Skinner. 

Source: R.F. Willis and D.K. Skinner, "Secondary Electron 
Emission Yield Behaviour of Polymers," 1973. 
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theory. Figure 2.3 shows Willis and Skinner's universal 

curve. The solid line (where the n=2 arrow points) is the 

prediction of Lye and Dekker,* the dash-dot curve represents 

Baroody's* theoretical power law energy-loss relationship 

^ P - _ A 
dx r»«-l 

For n=2 as shown, this is the same as the energy loss per 

unit path length given in the elementary theory just 

described. The dashed curve is for metals, semiconductors 

and high-density insulators. 

Dionne,^ in 1975, used a constant-loss modification in 

a one-dimensional power-law theory to find a theoretical 

expression for 6, He found: 

5=~( —)^(ad)"^(l-c-«^), 

where B is the escape probability, C is the secondary 

electron excitation energy, a is the secondary electron 

absorption constant or inverse mean free path, A is the 

primary electron absorption constant, d is the maximum 

penetration depth, n is the power-law exponent and e""** is 

the migration probability to the surface from a depth d. 

This is based on Dionne's work in 1973.* This one-

dimensional model gives expressions for the maximum yield, 

6., and the first crossover point, Ê oc* 

12 



Figure 2.3. Universal curve reported by Willis and Skinner 

Source: R.F. Willis and D.K. Skinner, "Secondary Electron 
Emission Yield Behaviour of Polymers," 1973. 
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6 =0.39 ̂ °" 

or 

^^oc=0-39:^. 
'm 

where E^. is the primary energy at maximum yield. Dionne 

states that these are only of qualitative value, since they 

are based on a one-dimensional model. He uses the results 

of the three-dimensional constant-loss theory with empirical 

data to get:® 

^^o,=0. 51̂ 0.6,-̂ -'' 

for 6. > 1.5. Dionne found that the low crossover energy Ê ĉ 

for insulators is directly proportional to the band gap plus 

the electron affinity if 6,i 2.5. He did not discuss the 

low energy crossover point for insulators with 6.< 2.5. 

Burke^° (1980) presented a review of available data on 

secondary emission yields from polymers, then produced a 

semiempirical model for these materials. He combined the 

results of four papers on eight polymers: Matskevich," 

Kazantsev and Matskevich," Willis and Skinner," and Gair.^* 

Burke found that the data from Matskevich follows a 

universal curve (shown in Figure 2.4) as Willis and 

Skinner's did. He shows that the semiempirical model of 

14 
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Figure 2.4. Universal curve for polymers given by Burke 

Source: E.A. Burke, "Secondary Emission from Polymers," 
1980. 
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secondary emission predicts a power function dependence on 

energy past the peak of the 6 versus Eo curve: 

with Eo the energy in keV, n an exponent between 0.70 and 

0.75, and k, which is directly related to the complexity of 

the repeating unit in the polymer. For the polymers 

studied, k ranges from 0.682 to 1.546, and is given by 

Jc=10.64{i?)-3.15 
M 

where N/M is the ratio of the valence electrons in a 

monomeric unit to its gram molecular weight. Burke gives 

the energy at maximum yield as 

E» - / -̂  ^ 0.580 

^0" ̂ "12709̂  

and 

He calculates the yield as a function of energy, from 

(^).l-exp(-z^-^") 
^0.725 

where 
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6(JE:O)=1.5266^„(Z) 

and 

1.284En 
^ = ^ ^ • 

Seller," in 1983, reviewed results of secondary 

electron emission as it relates to scanning electron 

microscope operation. He gives a reduced yield curve for 

all materials as: 

A =1 . 11 ( P ) -0.35 ̂ _g-2.3E/-"j ̂  

Where E^=EPB/E"PE, the ratio of the primary electron energy to 

the energy of the primary when 6 is a maximum. He used 

experimental values to come up with an equation for 5 as a 

function of primary energy: 

5=0.86 {6^)i-35(^)-o.35 
keV 

with EpE in keV. He also found that the mean escape depth 

of secondaries, A, is about 10 to 20 nm in insulators 

(compared to 0.5 to 1.5 nm in metals,) and the maximum 

escape depth T is about 75 nm for insulators. 

H. von Seggern" in 1985 calculated a secondary 

emission yield curve for Teflon. It is shown in Figure 2.5. 

He deduced this curve from calculated current and voltage 

responses as functions of time. 

17 
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Figure 2.5. von Seggern's calculated yield curve for 
Teflon. 

Source: H. von Seggern, "Charging Dynamics of Dielectrics 
Irradiated by Low Energy Electrons," 1985. 
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Secondary emission curves for four dielectrics were given 

by Gross, von Seggern, and Berraissoul in 1987.*'' They used 

a method similar to the one discussed in this dissertation 

to measure the SEEC yield from bulk dielectric samples. 

Their curves for Teflon, Aclar, Kapton, and Mylar are shown 

in Figure 2.6, along with their universal curves. They did 

not find the first crossover point on any of these 

materials, because the energy of the primaries never went 

below 100 eV. Baker" and Boerwinkle" used the method 

described here to get S versus Eo curves of Lexan and 

Lucite. Figure 2.7 shows Baker's results. Figure 2.8 shows 

the universal curve of Boerwinkle. These curves obviously 

cannot be used to accurately determine the first crossover 

points of these materials. 

The work discussed in this chapter describes the simple 

theory and experimental results available for insulators. 

It appears that a more detailed theory that would apply to 

polymer insulators could be constructed if sufficient 

experimental data were available. In particular, the data 

for low energy primaries need improvement. 

19 
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Figure 2.6 Yield and universal curves reported by Gross, 
von Seggern, and Berraissoul. Reference (5) is 
the universal curve given by Burke, 1980. 

Source: B. Gross, H. von Seggern, and A. Berraissoul, 
"Surface Charging of Dielectrics by Secondary 
Emission and the Determination of Emission Yield," 
1987. 
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Figure 2 . 7 . Baker ' s y i e l d curves for Lexan and L u c i t e . 

Source: Mary C. BaJcer, "Secondary E lec tron Emission from 
D i e l e c t r i c s , " 1985. 
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Figure 2.8. Boerwinkle's universal curve for polymers. 

Source: Elise R. Boerwinkle, "Measurements of the Secondary 
Electron Emission from Dielectric Surfaces," 1988. 
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CHAPTER III 

METHOD 

Determining the secondary electron emission coefficient 

curve for metals is relatively simple: for any given 

energy, one can connect a meter to the metal and measure the 

replacement current, lo, which is the current which must be 

supplied by the meter to prevent the sample from acquiring a 

net charge, as shown in Figure 3.1. The secondary current 

I., can be found as the sum of the beam current, 1̂ , and IQ. 

From the beam current and the secondary current, 6 can be 

found: 

•4:-
The effective energy, EQ, of the incident electrons is 

the same as the beam energy, Ê . The SEEC curve, or 6 

versus EQ curve, can be found easily for metals by knowing 

the beam energy and current, and measuring the replacement 

current. The first crossover point, Ê , is the energy at 

which Io=0 on this curve. 

For dielectrics, it is not so simple. The sample will 

charge due to the application of an electron beam. The 

method used in this experiment is similar to the work of 

Gross, von Seggern, and Berraissoul.^ The dielectric sample 

24 
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Figure 3.1. SEEC measurement on metal showing conventional 
currents. 
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is treated as a parallel plate capacitor. The bottom of the 

sample is metalized, and a bias voltage is applied as shown 

in Figure 3.2. The original idea was to get the entire SEEC 

curve for a dielectric.^ Briefly, in the earlier 

experiment, a biased sample was struck by an electron beam 

in a vacuum chamber. Initially, the energy of the incident 

electrons, Eo, depends only on the beam energy, £»,, and the 

sample bias, VQ, 

EQ=E^-eVQ. 

Since the sample is a dielectric, it is charged by the 

incident beam if 6*1. If Eo<Ei, the sample charges 

negatively because fewer secondary electrons leave than 

primary electrons enter the sample. If Ei<Eo<E2, more 

secondaries leave than primaries enter and positive charges 

are generated near the surface, so the sample charges 

positively. In the parallel plate capacitor model, the 

change in the surface potential can be calculated from 

AV^=^/jo^t, 

since 

AQ=CAV^, 

and 

AQ=jl^dt, 

26 
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Figure 3.2 SEEC measurement on a dielectric showing 
conventional currents. 
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where C is the sample capacitance and AQ is the charge 

accumulated on the surface. Neglecting any leakage current 

^ dt' 

The effective energy of the incident electrons, then, 

depends on the surface potential: 

E^=E^-eV^^eAV^. 

E,=E^-eV,^^jl,dt. 

The bias voltage, V̂ , is applied so that all emitted 

secondaries are forced away from the surface as long as 

Av̂ <Vo. By measuring the replacement current as a function 

of time, Eo can be calculated. Knowing the beam current and 

the replacement current also gives us the secondary current, 

and from that we get S. 

In the initial measurements, plotting corresponding values 

of 6 and Eo gave us the curve for 6 versus Eo between Ê  and 

E2 (Figure 3.3), but we had problems finding a consistent 

value for E^. Eventually we discovered four problems in the 

28 
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Figure 3.3 Sample S versus Eo curve for Lexan, showing 
extrapolated E^. 
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experiment, all of which probably affected the results. Two 

of these problems were obvious when the original data were 

analyzed. The first problem we encountered was that the 

bias voltage changed during the data run. The bias voltage 

was supplied by three 500 V photographic flash batteries. 

Their combined voltage was measured before and after taking 

data on a sample; but the voltage did not always remain 

constant—it varied randomly by up to 10 volts. Since the 

voltage was apparently changing during the data run, the 

surface potential due to the bias was not constant—this 

means that we did not accurately know the surface voltage as 

a function of time, so the calculated energy as a function 

of time was inaccurate also. 

The second problem we found was that the electrometer 

did not have a fast enough response time to get the initial 

points of the replacement current as a function of time. 

The first part of this curve is very steep. This means that 

the initial part of the S versus EQ curve calculated from 

the replacement current was also wrong—this is the part of 

the curve that we thought could be extrapolated to point to 

El. As shown in the example in Figure 3.3, the extrapolated 

first crossover point is at a negative energy. This is 

physically impossible. An incident electron cannot have a 

negative energy; it must have some energy greater than zero. 

The fact that the electrometer was too slow to record 

accurately the replacement current indicated that faster 

30 



recording equipment was required. The system used to get 

data for this dissertation implements a much faster current 

amplifier and digital oscilloscope. 

Since we knew the data from the earlier work were not 

accurate as 6 versus Eo curves, we analyzed the data as 

reduced yield curves: 6/S^„ versus Eo/Eo^ where 6̂ « is the 

maximum 6, and EQ^^ is the corresponding energy at maximum 

6. These reduced yield curves are known as universal curves 

because whole classes of materials follow the same reduced 

yield curve—it is a "universal" behavior as discussed in 

Chapter II. The average universal curve was shown in 

Figure 2.7. The previous work gave us universal curves for 

two polymers—Lexan and Lucite, and for those same polymers 

treated with the surface treatment developed by Jackson* and 

Leiker.* 

While we were working on getting the equipment in place 

to use for this dissertation, we discovered a third error 

with the earlier work. A capacitor was inadvertently 

connected in the circuit supplying the control plate. The 

control plate was supposed to have its voltage changed very 

quickly, allowing the electron beam to pass through with a 

turn-on approximating a step function. Instead the 

capacitor caused the rise time of the beam turn-on to be 

much longer, so even if the electrometer had been fast 

enough to record the replacement current, it would not have 

been the "instant-on" response we were trying to measure. 
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This error also caused the initial part of the Io(t) curve 

to be wrong. This problem was discovered by using the 

digital oscilloscope to check the rise time of the beam 

turn-on on the graphite sample. 

But perhaps the most difficult problem was the charging 

of the samples prior to data being taken. We had assumed 

that the surface charge was zero when we installed the 

samples in the chamber. We then found that these polymer 

samples readily acquire a charge from procedures used in 

handling them. These samples were cut from rods of polymer 

with a low speed saw. It is quite likely that cutting the 

samples charged them. Once a polymer sample acquires a 

surface charge, whether through manufacture, handling or 

exposure to the electron beam, the charge is there to stay. 

Since the charge cannot be removed, each sample can be used 

only once. Whatever the unknown surface charge, it makes it 

impossible to know the effective energy of the incident 

electrons. The unknown surface charge effectively added a 

variable, which we will call U, to the incident electron 

energy equation: 

E,=E^-eV^^^fl^dt^U. 

This variable U was obviously different for each sample. 

Our method does show the general shape of the SEEC curve, 

but the energy scale is not accurate. We needed a better 

way to locate the curve along the energy axis. One of the 
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definite features of the curve is the first crossover point, 

knowing it would set the correct energy shift for the whole 

curve. We had hoped that finding the correct value for Ê  

would allow us to go back and correct these early S versus 

Eo curves, but it cannot be done with these data. Not 

enough points were calculated on the upward part of the 6 

versus Eo curve to make a reasonable extrapolation of Ê , 

necessary to know the correct energy shift, U. The 

recording apparatus was too slow to record the first few 

points of Io(t) to use to calculate S and Eo. 

After we analyzed all of the data from the original 

experiment, a revised method was developed to determine just 

the first crossover point: this is the experiment described 

in this dissertation. Using an electron beam of known low 

energy, the first response of the replacement current will 

show if 6 is above or below one. The same basic setup is 

used, but we have a low energy electron gun, and the bias 

voltage is supplied by a 9 V battery (just enough bias to 

prevent the secondaries that come off from immediately going 

back to the sample surface.) The incident energy £« is the 

difference between the energy supplied by the electron gun 

Eb and the energy due to the bias, about 9 eV. We changed 

the sample size to increase the sample capacitance, and slow 

the rate of change of the output: the samples used for this 

dissertation are thinner and of twice the diameter of the 

samples used in the earlier work. When the electron beam 
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strikes the sample, if the effective energy of the incident 

electrons is above the first crossover point, the sample 

will initially charge positive. More electrons leave the 

surface than enter it. The replacement current to the back 

will initially be positive, as shown in Figure 3.4. 

Conversely, if the effective energy of the incident 

electrons is less than that of the first crossover point, 

fewer electrons will leave the surface than enter it, the 

surface will charge negatively, and the replacement current 

will be negative, as in Figure 3.5. We record the initial 

response of the replacement current to determine if the Eo 

used is above or below the first crossover point. 

After a particular energy is shown to be above or below 

the first crossover point, another energy is chosen to use 

for the next sample. We set Et, so as to get energies both 

above and below Ê  on each day's run. We did not try to set 

Eo at El, because the sample would be at an unstable 

equilibrium position, and the response of the current 

amplifier would be unpredictable. The sample surface will 

have some charge on it in places, so while at Ê  the current 

lo will be zero, part of the sample will not be at the same 

potential, and the incident beam will begin charging the 

sample. This will generate a replacement current, but it 

could be of either sign, since we cannot predict the exact 

surface charge that would keep Eo from being equal to Ê . 

The way we chose to locate Ê  is by bracketing its position 
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Figure 3.4. Sample charging for 6>1. Electron current and 
conventional current are shown; conventional 
current is measured. 
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Figure 3.5. Sample charging for 6<1. Electron current and 
conventional current are shown; conventional 
current is measured. 
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on the energy curve by taking data with Eo above and below 

El, and knowing that Ei is between the highest Eo that shows 

6<1, and the lowest Eo that shows 5>1. 
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Gross, von Seggern, and Berraissoul, 1987 

^ Boerwinkle, 1988. 

* Jackson, 1983. 

* Leiker, 1988. 
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CHAPTER IV 

EXPERIMENTAL SETUP 

The El measurement requires a vacuum system, as well as 

data recording equipment. A block diagram of the chamber is 

shown in Figure 4.1. The vacuum chamber has two sections, 

separated by a gatevalve: the sample side and the main 

pumping side. The main pumping side is usually kept at 

about lO"'' Torr. This side has a mechanical roughing pump 

connected to a 4-inch diffusion pump. This diffusion pump, 

which uses Santovac 5, a non-silicone based oil, is topped 

by a cold trap filled with methanol, and cooled by a Neslab 

chiller. The gatevalve separating this side from the sample 

side of the chamber is an electrically controlled pneumatic 

valve. If the power fails, the samples are sealed off from 

the pumping stack, to prevent contamination from diffusion 

pump oil or mechanical pump oil. 

A valve on the sample side allows the chamber to be 

either rough-pumped down by a small mechanical pump, before 

opening up to the main pump side, or connected to a bottle 

of nitrogen to backfill up to room pressure. The electron 

gun and sample holder are in this half of the chamber. The 

electron gun is made of four plates run at selected 

potentials, and a filament from a scanning electron 

microscope. Figure 4.2 shows the crossection of this gun. 

The top two plates are at the voltage of the filament tip. 
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Figure 4.1. Block diagram of equipment 
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Figure 4 .2 . Crossection of electron gun. 
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The next plate down is the control plate, the smallest of 

the plates. The control plate is surrounded by a brass 

shield, to prevent electrons from escaping out the sides of 

the gun. The bottom plate is at chamber potential, or 

ground. The filament plates and control plate are supported 

by the ground plate but electrically isolated by ceramic 

spacers. All of the gun parts are brass except for these 

spacers and the filament itself, there are no magnetic 

parts. 

The sample holder, shown in Figure 4.3, consists of a 

plastic slide in an aluminum track. A brass sheet with a 

hole slightly smaller t:han the sample diameter is directly 

above the sample slide, to protect the samples not currently 

being measured from the electron beam. The plastic slide 

has six aluminum disks, each attached with a brass screw. 

The aluminum track has a Teflon insert, holding a screw with 

a spring finger on it. The sample slide is moved by means 

of a brass rod connected to the end of the slide, and 

operated manually through a vacuum sealed linear motion 

feedthrough. As each sample is moved into place, the brass 

screw in the aluminum base it sits on comes into contact 

with the spring finger. A wire leading from the screw under 

the spring finger connects the bottom of the sample to the 

electrical feedthrough in the bottom of the vacuum chamber. 

The output current from the bottom of the sample is 

measured by a current amplifier. The electrical circuit of 
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Figure 4.3. S2unple holder setup, 
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the experiment is shown in Figure 4.4. We are using a 

Keithley Model 428 current amplifier. The response time for 

this meter is 40 /isec at a gain of 10* V/A, and 100 /isec at 

a gain of 10» V/A. The inverted output of the current 

amplifier is sent to both a chart recorder and a digital 

oscilloscope. A Philips XYt (model PM8272) chart recorder 

records the long-term signal. (The chart recorder's step 

response time is 0.25 sec, it shows only the long-term 

response, not the initial lo.) The short-term signal from 

the sample is recorded on the Nicolet Model 4094 digital 

oscilloscope. The scope is triggered just before the beam 

is turned on, and records for 317 ms, sampling every 

50 Msec. This signal shows positive on the bottom and 

negative on top because the current amplifier output is 

inverted. This signal is stored on the Nicolet disk 

recorder, and can be recalled and expanded as needed. 

The electron gun itself is operated by a Fluke 412B 

High Voltage power supply, a separate filament supply and a 

control circuit. To minimize the effects of the Earth's 

magnetic field on the path of the electrons, the sample 

chamber is surrounded by three orthogonal sets of Helmholtz 

coils, set to give the lowest total magnetic field along the 

beam path. These coils are operated by constant current 

power supplies. 

The samples used in this experiment are disks of Lexan, 

approximately 2 cm in diameter and l/64th of an inch thick. 
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Figure 4.4. Electrical circuit of experiment 
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As this material comes from the supplier, one side has a 

protective film on it. This protected, "film" side is used 

as the sample's top surface. (Removing the film may charge 

the surface, but it is unavoidable.) To prepare a set of 

samples, a piece of Lexan roughly 8 cm x 16 cm is cut from 

the roll of material. After the film side is marked by 

scribing, the film is peeled off. The sample stock is then 

ready for cleaning. We tried and discarded several cleaning 

steps in coming up witA our cleaning method. We first 

cleaned samples in a detergent solution but did not believe 

we could get all of the detergent off. After cleaning, some 

samples were set out to dry on Kimwipes, but these tissues 

contain salts which may contaminate the sample surface. 

Another drying method we tried was to blow dry nitrogen 

across the surface, but this introduced a very large surface 

charge, making it impossible to use the samples. We found 

it so easy to charge the samples that we expect the samples 

used by other reseachers also were charged, bringing their 

results into question. We finally chose a fairly simple 

cleaning procedure of soap and water, with an acetic acid 

rinse to cut the soap film. An ultrasonic cleaner is filled 

with distilled warm water, a bar of Ivory soap is put in, 

then the cleaner is turned on for 2 minutes, long enough to 

get a visible dispersion of soap in the water. After the 

bar of soap is removed, the sample stock is immersed for one 

minute with the ultrasonic cleaner on. The sample stock is 
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removed and rinsed with distilled water. The ultrasonic 

cleaner is also rinsed, then refilled with a 1% acetic acid 

solution. The sample stock is immersed in this for 1 minute 

also, while the ultrasonic cleaner is on. The sample stock 

is then rinsed well with distilled water and hung up to air 

dry. 

After drying, the sample stock is placed on top of a 

brass mask with circular holes, and put above the boat in a 

vacuum evaporator. The molybdenum boat is loaded with 

copper, then the evaporator is sealed and pumped by a 

mechanical pump for at least two hours to remove water from 

the samples. Then the evaporator is further evacuated by 

its diffusion pump, and operated to coat t:he sample stock 

with copper. We use copper to metalize the back of the 

samples because it does not oxidize too quickly. Earlier, 

we used aluminum, and had problems making good electrical 

contact because the aluminum oxidized so fast. 

After the sample stock is removed from the evaporator, 

each sample is cut with scissors approximately 1 mm outside 

the coated copper disk. The copper coated side (bottom) of 

each sample is attached to an aluminum disk on the sample 

holder by a small amount of silver conducting epoxy. This 

epoxy will cure overnight at room temperature. The sample 

slide is loaded with all samples (usually five of Lexan and 

one of graphite) and put into an oven at about 90'' F 

overnight to allow the epoxy to cure well (room temperature 
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in the lab varied, and we wanted all samples prepared the 

same way). The one graphite sample is the calibration 

sample. The SEEC curve for graphite is given by Bruining* 

in the range of 70 to 700 eV. in the original experiment, 

the graphite sample was used to find the beam current. The 

current through the graphite sample was measured by an 

electrometer, and the beam current was found as the sum of 

the known secondary current and the replacement current: 

For the present experiment, the amount of the beam current 

does not matter (as long as it is still a small current). 

The graphite sample is used to verify that the current is 

still small and aligned on the sample position. (We do not 

have SEEC curves for graphite at these low energies, so we 

do not calculate the exact beam current.) All currents used 

are conventional currents; the sign of IQ is opposite of how 

it was defined in the earlier experiment,^ this accounts for 

the difference in the equations. The electrical connection 

between the copper coating of each sample and the screw 

beneath the sample is checked for each sample. The samples 

are then put into the vacuum chamber which is evacuated 

overnight, after which they are ready to run. 

To take data, all of the equipment is turned on to warm 

up for one hour: oscilloscope, chart recorder, current 

amplifier, Helmholtz coils, power supply and electron gun. 
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The beam is not sent through to t:he samples, but repelled by 

the control plate. The 9 V battery is connected into the 

circuit. The pressure in the chamber and the actual voltage 

of the 9 V battery are measured and recorded. After the 

warm-up period, the graphite sample is put in place, the 

chart recorder is started and the oscilloscope is set to 

trigger when the electron beam is sent through the control 

plate. The control plate potential is changed, triggering 

the scope, and the beam strikes the sample. The scope trace 

is recorded and stored. Then the beam is turned off via the 

control plate, the scope reset, the current amplifier zeroed 

and the first sample moved into position. The current 

amplifier is unzeroed and the beam is turned on—data 

recording is the same as for the graphite. The initial sign 

of the signal on the scope trace shows whether 6 is above or 

below one. This sequence (first with graphite, then Lexan) 

is repeated with the gun at different energies until all 

available samples have been used. (Each sample can only be 

used once because of the surface charge it acquires.) 

After the samples are removed from the vacuum chamber, 

the average charge on each is measured using a field probe. 

We hoped that knowing the surface charge would help us 

determine whether the sample had been hit by a beam of 

electrons above or below the crossover energy: if the 

initial beam energy is above the crossover point, the 

surface charges positively. This causes the effective 
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energy of the incident electrons to increase, getting 

farther from the crossover point. We would expect the net 

surface charge to be positive after the beam is turned off. 

Similarly, if the initial energy of the beam is below the 

first crossover point, the sample surface will charge 

negatively. This negative surface charge would cause the 

effective incident energy to go down and finally tend to 

repel the beam. The system will come to equilibrium when 

the surface potential equals the potential of the beam, and 

the sample surface would have a negative charge. However, 

the measurements from the field probe turned out to be 

inconclusive. We measured the average charge at five 

positions on each sample, but the results were random. It 

was very difficult to keep the probe properly positioned 

above the sample, without touching it, while the samples 

were still mounted on the slide—but that provided our only 

means of making good contact with the back of the sample. 

The measurements were inconsistent, even with samples hit 

with the same energy electrons, and it was difficult to 

repeat a measurement on the same sample and get the same 

result. Using the field probe is not a good way to measure 

surface charge on these samples. 
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^Bruining, 1954. 
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CHAPTER V 

RESULTS 

The raw data in this experiment are the recordings from 

the digital oscilloscope and the chart recorder. Samples of 

these recordings are shown in Figures 5.1 and 5.2. These 

data are for the 25.1 eV and 99.5 eV samples on 7/29/92 

respectively. The chart recordings for all of the Lexan 

samples show a negative spike in IQ. The chart recorder is 

most useful with the results on the graphite sample: this 

was used to measure the incident beam current, and to 

determine that the beam was turning on and off correctly. 

The digital oscillosope recordings show the initial response 

of lo. (The scope samples every 50 microseconds.) In 

Figure 5.2, the top scope trace shows IQ starts out negative 

and stays negative. (The current amplifier output is 

inverted, so negative is up and positive is down.) When 

Eo<Ei, the surface begins to charge negatively and gives 

negative IQ. The negative surface charge makes the 

effective incident electron energy smaller, so Eo moves to 

the left, away from Ei on the S versus Eo curve. As the 

negative charge increases, it begins to repel the beam, and 

eventually the beam will be totally repelled, so the 

replacement current will go to zero. On the lower scope 

trace in Figure 5.2, lo starts positive, then goes negative, 

then drops off toward zero. Initially, Eo>Ei, so the 
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Figure 5.1. Raw data from the chart recorder 
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4.064 V 

•4.064 V 

Figure 5.2. Raw data from oscilloscope 
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surface starts out charging positively and lo is positive. 

The positive surface charge causes the effective incident 

energy to get larger, so Eo moves to the right, away from Ei 

on the 6 versus Eo curve. The positive surface charge 

starts to recall the secondaries. The recalled secondaries, 

together with the incident electron beam, begin to charge 

the surface negatively, so lo goes negative. But soon, we 

have the same situation as before: the negative surface 

charge repels the incident beam (and the emitted 

secondaries). The current drops off to zero when the 

negative surface charge totally repels the electron beam. 

The only part of the oscilloscope tracings that we get data 

from is the initial sign of the replacement current. 

The data results are presented in Table 5.1. Four of 

these data sets had to be thrown out because of the sample 

treatment during preparation: samples run 7/13/92 and 

7/15/92 were wiped with Kimwipes during the cleaning 

process; these tissues contain salts which may have 

contaminated the sample surfaces. The samples run 7/17/92 

were dried with bottled nitrogen instead of being allowed to 

air dry; this was later found to charge the surface. (If 

the surface is charged, then the effective energy of the 

incident electrons is unknown, so the method of finding Ei 

will not work.) On 7/27/92, we tried to discharge the 

surfaces before putting the samples in the vacuum chamber by 

brushing them with a grounded graphite-fiber brush. This 
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Table 5.1. 

Date 

7/13/92 

7/15/92 

7/17/92 

7/20/92 

7/23/92 

7/27/92 

7/29/92 

7/31/92 

. Results from data. 

Sample # 

2 
3 
4 
5 
6 

4 
5 
6 

3 
4 
5 

2 
4 
5 
6 

2 
3 
4 
5 
6 

2 
3 
4 
5 
6 

2 
3 
4 
5 
6 

2 
3 
4 
5 
6 

Eo (eV) 

315 
315 
184.6 
241.6 

99.5 

151.4 
151.4 

82.2 

239.9 
131.4 
161.4 

69.6 
3 4 
24.9 
4 0 

25.1 
34.1 
69.6 

132.2 
51.4 

25 
34 
69.6 
99.3 

161.5 

25.1 
34 
69.7 
99.5 
89.6 

40 
50 
54.7 
3 5 
4 2 

R e s u H 

<Ei 
<Ei 
>Ei 
<Ei 
<Ei 

>Ei 
>Ei 
>Ei 

<Ei 
<Ei 
>Ei 

>Ei 

>Ei 
<Ei 
>Ei 

<Ei 
<Ei 
>Ei 
>Ei 
<Ei 

<Ei 
<Ei 
<Ei 
<Ei 
<Ei 

<Ei 
<Ei 
>Ei 
>Ei 
>Ei 

<Ei 
>Ei 
>Ei 
<Ei 
>Ei 
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Table 5.1. continued 

Date Sample # E^ (eV) Result 

8/3/92 2 
3 
4 
5 
6 

8/11/92 2 
3 
4 
5 
6 

4 0 
5 0 
5 4 . 6 
3 5 
4 2 

3 5 
4 0 
4 2 
4 7 
5 0 

<Ei 
>Ei 
>Ei 
<Ei 
<Ei 

<Ei 
<Ei 
<Ei 
<Ex 
>Ei 
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was found to induce a very large positive surface charge. 

Each of these problems helped us define the proper sample 

preparation technique, and made it obvious how easily Lexan 

can be charged. Any charges actually on the surface can be 

neutralized in the water bath as part of the cleaning 

process, but some of the charge is embedded just under the 

surface. This embedded charge would take thousands of years 

to migrate, so it is a permanent charge in the time frame of 

this experiment. 

The six remaining data sets are given in Figure 5.3. 

Each of these data sets has at least one point on each side 

of the crossover energy, Ei. The difference between the 

highest data point below Ei and the lowest data point above 

El is the "window" for the measurement of Ei. These windows 

are shown together in Figure 5.4. There is no way to tell, 

for any given data set, where in this window Ei should fall. 

We choose the midpoint of the window to represent the value 

of El for that data set. 

The wider the window, the less confidence we have that 

the midpoint is close to the true value of Ei. Therefore, 

we will weight each midpoint value inversely with the width 

of its corresponding window to get an average value for Ej. 

For example, the samples run on 7/20/92 have a window for Ei 

from 24.9 eV to 34 eV. The midpoint of this range is 

29.5 eV and the width of the window is 9.1 eV. The weight 

was calculated by summing the total of all the window 
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Figure 5 . 3 . Sign of i n i t i a l current as a function of 
primary energy for s i x i d e n t i c a l l y prepared 
samples of Lexan. 
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Figure 5.4. Crossover energy windows. 
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widths, 76 eV (9.1 + 18.2 + 35.7 + 2.0 + 8.0 + 3.0 = 76.0), 

and dividing by the data point window width. For 7/20/92, 

the weight is 76 eV ^ 9.1 eV = 8.4. The sum of all of the 

weights is 87.5. The percentage weight is the weight 

divided by the sum of the weights. For 7/20/92, the 

percentage weight is 8.4 ^ 87.5 = 9.6%. The window ranges, 

midpoints, widths, weights and percentage weights are listed 

in Table 5.2. It also shows the weighted average which is 

43.8 eV. This was arrived at by multiplying each midpoint 

value by its percentage weight, and summing them together: 

(29.5 eV)(9.6%) + (60.5 eV)(4.8%) + (51.9 eV)(2.4%) 

+ (41 eV)(43.4%) + (46 eV)(10.9%) + (48.5 eV)(28.9%) 

= 43.8eV. Figure 5.5 graphically shows the midpoint values 

for El and their percentage weights. We figured the 

standard deviation, a, from the weighted average, w, as 

given here: 

N 

where N is the number of samples, and E^ is the n"* value of 

El. a = (l/6)^/^[(29.5-43.8)^+(60.5-43.8)2+(51.9-43.8)^+ 

(41.0-43.8)'+(46.0-43.8)^+(48.5-43.8)^]^/% or a = 9.8 eV. 

We believe that the first crossover point of Lexan is at 

44 eV + 10 eV to within one standard deviation. 

This value for Ei, within our confidence level, does 

fall into each of the windows shown in Figure 5.3. But, 

since these windows do not all overlap, it is likely that 
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Table 5.2. Data windows and weights. 

Date Window Midpoint Window Weight Percentage 
Range (eV) (eV) width (eV) Weight 

7/20 
7/23 
7/29 
7/31 
8/3 
8/11 

Sum 

24.9-34.0 
51.4-69.6 
34.0-69.7 
40.0-42.0 
42.0-50.0 
47.0-50.0 

29.5 
60.5 
51.9 
41.0 
46.0 
48.5 

9.1 
18.2 
35.7 
2.0 
8.0 
3PO 

76.0 

Weighted 

8.352 
4.176 
2.129 

38.0 
9.5 

25.333 

87.488 

average 

9.6 % 
4.8 
2.4 

43.4 
10.9 
?9.9 

100 % 

43.8eV 
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some of the samples were charged. If we disregard data 

from7/20/92, as possibly having been charged positively, 

thus showing lower than actual energy values, and data from 

7/23/92, as possibly having been charged negatively, showing 

higher than actual energy values, and data from 7/29/92, 

because it had such a large window, we can analyze the three 

remaining data sets as the most probably accurate ones. (Of 

course, it is possible that all of the data sets were from 

charged samples.) Just using data from 7/31/92, 8/3/92, and 

8/11/92, we get a value of 45.2 eV for the straight average 

midpoint. This is quite close to the weighted average of 

43.8 eV we got from all six data sets, and close to the 

unweighted average of 46.2 eV from all six data sets. I 

believe that this supports our value of 44 eV + 10 eV for 

the first crossover point of Lexan. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

This method of treating the sample as a parallel plate 

capacitor and successively recording the sign of the 

replacement current for different incident electron energies 

worked well to determine the location of the first crossover 

point for Lexan. The biggest problem we encountered was 

trying to minimize any charging of the material during 

sample preparation and installation. It is apparent that 

Lexan charges very easily, but the charge cannot be removed. 

The value we found for Ei, 44 eV + 10 eV, is in line 

with that reported for other polymers by Willis and 

Skinner*; their samples of Teflon, Styrafoil, Melinex, 

Mylar, and Kapton showed Ei values from 20 to 50 eV. The 

yield curves of Gross, von Seggern, and Berraissoul^ for 

Aclar, Teflon, Mylar and Kapton can be extrapolated to give 

El values of about 40 to 90 eV, also close to our value for 

Lexan. The values given by these researchers may or may not 

be accurate; they did not discuss the inadvertent charging 

of the samples, which we have found to be the major problem. 

The first crossover point found in this experiment falls in 

the expected range; one expects Lexan to have similar yield 

results similar to that of other polymers. 

Now that this method has been shown to provide good 

results, it should be expanded to acquire data for many 
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other polymers. The most critical part of all future work 

will be to maintain as low a level of material charging as 

possible during sample preparation, or, measure U 

accurately. Other researchers in this lab are currently 

working on a method to measure the surface charge. In the 

next experiment, they plan to measure the sample surface 

charge prior to striking it with the electron beam. This 

will allow the true surface charge to be calculated for all 

times during the data run. Then the low energy electron gun 

can be used as it was here to bracket the position of Ei for 

any given polymer. 

Once the first crossover points for several materials 

are known, the low energy electron gun should be replaced by 

a higher energy electron gun (about 2000 eV probably). The 

entire curve for 6 versus Ê  above 6=1 can then be run as 

described in Chapter III. With the fast recording equipment 

used now (current amplifier and digital oscilloscope), it 

should be relatively easy to extrapolate to find the Ei 

indicated by the whole S versus E,, curve, and to determine 

the amount of energy shift, U, required to get the curve to 

show the correct crossover point, as determined with the low 

energy gun, if necessary, or to eliminate shifting the data 

by knowing the true initial surface charge. 

Together, this two-stage approach should enable much 

information to be gained for a wide variety of insulating 
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materials, with good information to base it on, better 

predictions of the behavior of polymers can be made. 
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NQtgS 

^Willis and Skinner, 1973. 

^Gross, von Seggern and Berraissoul, 1987 
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