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ABSTRACT 

A method of discharging the surface of insulating materials has been investigated 

in this research. The method described here wall minimize charging of the material 

during sample preparation and installation, and produce zero surface potential so that one 

could measure the first crossover energy point in the Secondary Electron Emission (SEE) 

experiment with a small error for the polymers. 

Lexan and Teflon virgin samples were treated with heat, humidity and vacuum. 

The best results were obtained using room temperature and 50-60% humidity and 

resulted in zero surface potential. 
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CHAPTER I 

SECONDARY ELECTRON EMISSION 

When solid materials are bombarded by energetic particles such as electrons, 

protons, or ions, electron emission may be observed. This phenomenon is called 

Secondary Electron Emission (SEE). We can divide all of the emitted electrons from a 

solid under electron bombardment into two groups by their energies. Figure 1.1 shows 

the energy distribution of secondary electrons emitted by silver (Ag) upon bombardment 

with 155 eV electrons as measured by Rudberg [1]. It can be seen in the first (I) region 

that most of the emitted electrons have low energies corresponding to the broad peak. 

Traditionally, all these low kinetic energy electrons (in vacuum from 0 to 50 eV) are 

named as Secondary Electrons (SE). All the other remaining high kinetic energy 

electrons (in vacuum from 50 eV to the primary electron energy) in the second (II) region 

are named Backscattered Electrons (BE). The area under the N(E) curve represents the 

total number of electrons (per unit time) emitted [1]. 

When a solid surface is bombarded by a beam of incident electrons, a small 

number of the incident electrons are elastically reflected as shown by the sharp spike at 

155 eV in Figure 1.1, and the remainder of the incident electrons penetrate into the solid. 

These penetrating electrons lose energy colliding with atoms. Therefore, lattice electrons 

can be excited into higher energy levels or knocked out from lattice atoms. These 

knocked out electrons move through the solid and a certain fraction escape from the solid 

surface as secondaries. 



0 50 100 InO 
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Figure 1.1. The energy distribution of secondary electrons emitted by silver (Ag) 
upon bombardment with 155 eV electrons as measured by Rudberg. 

Source: A.J. Dekker, Solid State Physics (Englewood Cliffs, N.J.: Prentice-Hall, 
1957),p.419. 



There is also a possibility that some of the penetrating electrons lose a small part 

of their energy inside the solid and escape from the surface (Rutherford scattering), and 

these electrons are called inelastically reflected electrons. These two groups of electrons 

are shown in Figure 1.1 as belonging to Region (I) (SE's) and Region (II) (BE's). In 

addition, we can not absolutely say that 50 eV is an exact border between true 

secondaries and backscattered electrons. This border is arbitrarily selected [2]. 

A quantity called the total yield ( a ) is the total number of electrons emitted per 

incident electron. This a is given by the ratio of the total current of the emitted 

electrons. Is, to the incident electron current, lb, so that, 

(7=UIt. (1.1) 

We can also write, for incident electron energies near the 50 eV boundary, 

(T = S+r] (1.2) 

In Equation 1.2, 5 is the number of the true secondaries per incident electron and 

;; is the number of backscattered electrons per incident electron. The SE yield is 

usually called 5 and // is called the backscattering coefficient. Figure 1.2 shows that the 

dependence of S versus Ep (the energy of the incident electrons). The shape of S versus 

Ep is similar for all solids. The SE yield increases quickly with Ep, reaches a broad 

maximum and then decreases slowly with increasing Ep. The maximum value of ^ is the 

order of unity for all solids. When S is greater than one, each primary electron excites 

more than one secondary electron. If S is smaller than one, each primary electron 

excites less than one secondary electron. If 5 is equal to one, the number of excited 
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Figure 1.2. Secondary electron emission coefficient, SjE^), versus the primary energy. 

Source: E. A. Flinn and M. Salehi, "Accuracy of theoretical predictions concerning the 
location of the cross-over points on the secondary- electron emission yield 
curve," J. Appl. Phys. 52(9), September 1981. 



electrons is equal to the number of primaries. For S equal to 1, there are two energy 

points which are named Ej and Ej, the crossover energy points. All of the above 

information tells us that the SEEC of any material is a function of the energy of the 

primary electrons and, therefore, depends on the material properties. 

Insulators 

Resistivity is the measure of a material's capability in resisting current flow. If a 

material has a resistivity higher than 10̂ ^ ohm-m, that material is considered to be a good 

insulator such as glass, rubber, and many plastics. Normal conductors may have 

resistivities as low as 10'̂  ohm-m [3]. 

In most conductors, the charge carriers are electrons. Electrons move relatively 

freely in a metal. However, in insulators, electrons cannot move freely. When atoms of 

simple metals combine to form a solid, the outer valence electrons become free for 

conduction. In an ideal insulator, all electrons stay tightly bound to the atoms, so there 

are no electrons that can be easily moved through the material for conduction. A more 

complete understanding of insulators and conductors requires consideration of electronic 

band structure. The electrons in an isolated atom have discrete energies. These discrete 

levels evolve into bands of allowed energies when the atoms condense into a solid. 

Forbidden regions separate the allowed bands as shown in Figure 1.3. The electrons in 

the solid fill in the bands from lower to higher energy. The difference between an 

insulator and a conductor lies in how the electrons fill in the allowed bands. For a simple 



metal, the highest band is only half full. The thermal energy (at ordinary temperatures) 

will be sufficient to generate conduction electrons. In the incomplete!) filled band, 

electron states of higher energy are available. In comparison, the highest energ> band 

containing electrons is completely full in a good insulator [4]. The thermal energy of the 

electrons is not sufficient for elevation from this band (valence band) to the next band 

with available energy states (conduction band). The gap between the valence and 

conduction band known as the band gap. The band gap is at least several electron-volts 

(eV) wide in an insulator. The thermal electron energies are a hundred times smaller 

than the band gap as shown in Figure 1.4. The distinction between an insulator and a 

semiconductor is one of degree. Both have completely filled valence bands at 0 K, but 

the gap of a semiconductor is smaller than an insulator. For narrower band gaps, thermal 

energy is more capable of promoting electrons into the conduction band. 
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Figure 1.3. Energy bands of materials. 
Source: (a): S.L. Kakani and C. Hemrajani, Solid State Physics (New Delhi: Sultan 

Chand & Sons, 1985), p.245. 
(b): Charles Kittel, Introduction to Solid State Physics-7'*'. Ed. (New York: John 
Wiley &Sons, Inc., 1996), p. 174. 

Conduction Band (empty) 

HerekT«EG where 

kT= typical thermal energy 
per particle 

EG = band gap energy 

Figure 1.4. An insulating material energy band gap. 
Source: Neil W. Ashcroft, N. David Mermin, Solid State Physics, (New York: W B. 

Saunders Company, 1976), p. 562. 
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CHAPTER II 

THEORY OF SECONDARY ELECTRON EMISSION 

As we mentioned in the first chapter, energy transfer from primary electrons to 

lattice electrons is the reason for secondary electron emission, if the primaries have 

enough energy. When primary electrons hit a surface, some of them penetrate into the 

material and cause true secondaries, undergo inelastic scattering or are absorbed by 

material atoms. Some electrons can not penetrate into the material but these electrons 

undergo elastic scattering from the surface. Secondary electron emission yield depends 

on two probability factors. First is the probability of production of the secondaries at a 

depth jc to x+dx below the surface that is represented by a fiinction n(x)d(x). Second is 

the escape probability of these secondaries that is represented by the function f(x). 

These two factors [1] are the fundamental aspects of the secondary electron emission 

theory. Therefore, we can write the secondary electron yield, 

S=jn{x).f{x).d{x) (2.1) 

where the integral is taken over the total thickness of the sample. The assumptions 

below [2,3] will be made to calculate S. 

1. We will neglect elastically and inelastically reflected primaries (backscattered 

electrons, T; = 0). Therefore, the secondary electron yield takes the place of the total 

yield, j(j= S). 



2. The primary beam is assumed to be perpendicular to the surface of the 

material. However, if the primary electrons hit the surface at some angle, the secondary 

yield will be larger. As seen in Figure 2.1, when primaries penetrate into the material 

with an angle 0, secondary electrons will be created at a shorter depth JC;^^^^ instead of 

at the larger mean depth jc^. Since it is easier for secondaries to reach the surface from a 

shorter depth, more secondaries escape than from the larger depth JC;„. This shows us that 

d depends on the angle of incidence of the primary electrons. 

3. Widdington's law gives us how much energy the primaries lose per unit path 

length inside the material. 

dx -R^jx) ^ -̂̂ ^ 

Where Ep(x) is the energy of the primaries and^ is a material dependent constant. 

4. A single primary electron with energy Ep(x) can produce n(x) secondaries in a 

layer of thickness dDc. 

1 dE^ 
" ^ ^ ^ - ^ - ^ (2.3) 

where e^ is the average excitation energy required to produce a secondary. 

5. The escape probability for a true secondary from a depth jc to the surface of the 

material can be represented by an exponential absorption law, 

fjx) = f{0).e'-''''^ (2.4) 

where/f<?) is the escape probability for a secondary produced at the surface andjc, is the 

range of the secondaries in the material. 

10 



'Y 
/ 

.''.^ 

.y" .y 

/ 

y — i , 
-̂  

^O ~ ^O COS ^ 

(0) 

C 5\ 
Ni-carbfde'-

j^f^-^^^-^r^^~. 

6 

\ 

I 25 

i OO 

O 50 

0.25 

• surface 
Sfntchet 

__,-..' car tide) 

Rough 
\ sof face 
^ iioot) 

O iOO zoo 300 40Q 500 €00 vottf 

(b) 
po 

4cr 

m OMimum i 
*V \Ci"9"3J!"-^85 

SfO 

180 
T 

0V f 06J^ 

f.O 

<c> 

t £ 2.0 
Const Epo'/cosS 

Figure 2.1. Diagrams of non-normal incidence of primary electrons. 
(a) If 0 is the angle of incidence of the primaries, then their penetration is 
XQ = 5o cos 6, Where SQ is the penetration depth for normal incidence. 

(b) Secondary emission coefficient of NiC and for soot as a function of the 
primary energy Epo for different angles of incidence 9 (Jonker). 

(c ) 5^cos6 plotted against Ep^yfcosO for NiC, indicating the various 

curves of part (b). 
Source: Aldert Van Der Ziel, Solid State Physical Electronics. Englewood Cliffs, N.J.: 

Prentice-Hall, Inc., 1957, p.203. 
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The combination of all the above five assumptions in Equation 2.1 gives 

/(O) f e -xlx. 

S=A^^\^-^dx (2.5) 

Dekker made three oversimplifying assumptions for his semiempirical theor> [4]: 

1. There is a well-defined relation between the production mechanism and the 

escape mechanism. 

2. Only the number distribution of secondaries is significant but not the energ> 

distribution. 

3. The escape mechanism is described by an exponential absorption law without 

giving any consideration to the physical processes involved. 

This theory is an elementary approach for no particular material and cannot 

predict the magnitude of the yield. It just suggests a general shape for the yield curves. 

Dekker made one more assumption using a power function dejDendence of the 

high energy yield for the secondary electron emission. He assumed that primaries lose 

energy according to the equation; 

dEldx = -AIE"-' (2.6) 

where A is a constant depending on material characteristic and (n-1) is an arbitrary 

power. If we integrate the above equation, we can write 

E''{x) = E;-Anx, (2.7) 

where Eo is the energy of the incident primaries. Putting the left side of Equation 2.7 

equal to zero, the maximum penetration depth R of the incident electrons is obtained, 

R-Eo" An. (2.8) 

12 



Dionne showed a refinement of the low-energy part of the reduced \ield curve by 

using three- dimensional theory [5]. This theory leads to the development of the 

expression 

EL=0.5\E^S-"\ (2.9) 

Where ^oc is the first crossover energy point, Eom is the energy of the incident electrons 

when ^ is a maximum and S^ is the maximum of the SEE coefficient. According to 

Dionne's theory, a one-dimensional power-law expression of secondary electron 

emission is given by the following equation: 

S = jB/Q{An/ay'"jadf"-'\\-€-"^), (2.10) 

where B is the escape probability, ^ 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, and n is the power-law 

exponent. In this analysis, Dionne reported that the value of « is equal to 1.35 because it 

provides the most reasonable fit to the data over the energy range of interest as shown in 

Figure 2.2. For this value of n, the energy at maximum yield becomes 

E^ = 2.3{A/a)''\ (2.11) 

and maximum yield S^ reduces for «=1.35 to 

S^ = 0.9(8/aA/ay' =0.39E^/El. (2.12) 

The crossover energies, E^oc and E^^oc, are the points at which ^=1 , where 

E'OC=(;/B and Ef\,=2.36[(B/0(A^a)f'' (2.13) 
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Figure 2.2. The low energy portion of the reduced yield curve for n=l .35 is plotted 
together with the results of calculations based on the empirical relation. 

Source: Gerald F. Dionne, "Origin of Secondary-Electron-Emission Yield Curve 
Parameters," Journal of Applied Physics, Vol.46, p3348, 1975 
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The low energy portion of the SEE reduced yield equation was given together with the 

results of calculations based on the empirical relation by Dionne, as seen below Equation 

2.14 and shown in Figure 2.2. 

SIS„^5l\EJE^f'' for ^/^.<2/3 (2.14) 

Therefore, the low crossover energy as described in Equation 2.9 can be found from 

Equation 2.14 by taking ̂ ^=1. 

Flinn and Salehi [6] showed that Dionne's theoretical expressions are in 

remarkably good agreement with observation for amorphous materials. They also 

suggest that this model is a useful starting point for future theoretical investigations of 

the SEE processes. 

Willis and Skinner [7] experimentally showed (Figure 2.3) that Lye and Dekker's 

energy loss law, dE/dx = -A/E"~\ follows closely a universal reduced yield curve for 

low density polymers where n=2 and A is a constant which is proportional to the density 

of the solid. 

Burke [8] made an analysis of secondary electron emission data on polymers. He 

extracted an equation for the emission coefficient (electron stopping power), 

K=10.64(N/M)-3.15, (2.15) 

where N is the number of valence electrons in a repeating polymer unit (1,4,5,6 for H, C, 

N, O) and M is the gram molecular weight. He also gave the following result for the 

energy at maximum yield, 

Eon,=(K/12.09f''' (2.16) 

where Eom is measured in keV. His equation for maximum yield is: 

15 
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Figure 2.3. Reduced SEE yield curves for the different polymer foils 
Source: R. F. Willis and D. K. Skinner, "Secondary Electron Emission Yield 

Behavior of Polymers," Solid State Communications, Vol. 13, p.687 
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^ . = 9 . 5 £ ^ , (2.17) 

where the unit of the constant value 9.5 is the inverse of energy. Burke also gave the 

following equations for the yield as a function of incident energy. 

S(E,)=\.526S^g„jZ) 

where 

and 

Z=\.2S4{EJE,J 

(2.18) 

where Z^Z„.E(/Eom and Z^ represents the value of g„f^ when g„(Z)={I-exp(-Z"^ )) Z" 

reached its maximum value. Burke also showed as seen in Figure 2.4 that a value of 

n=0.725 provided a satisfactory fit to the electron stopping powers for the polymers. 

Hatfield and Adamson [9] showed that a small amount of charge on the sample 

surface can cause a significant abnormality on the crossover energy points measurement. 

In addition, they observed that initial surface potentials were ranging non uniformly all 

over the surface from ± 10 to ± 500 volts depending on the sample preparation 

technique. Moreover, they mentioned that adjacent regions of the surface may have 

apposite polarity. 

Hatfield, Leiker and Kristiansen [10] observed that the SEEC of the sample shows 

big changes after a surface treatment. In spite of the fact that the lowest energy possible 

in this experiment was 18 eV, they could not measure the first crossover energy point for 

either virgin or treated samples as shown in Figure 2.5. 

Boerwinkle [10] also mentioned in her master thesis that she was not able to find 

the first crossover energy point in spite of an applied minimum incident beam energy of 

17 
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Figure 2.4. Universal curve for polymers with using the semiempirical model. 
Source: E. A. Burke, "Secondary Emission from Polymers," IEEE Transactions 

on Nuclear Science, Vol. NS-27, No. 6, p. 1764 
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Figure 2.5. Normalized SEE curves for Lexan and Lucite 
Source: L. L. Hattfield, G. R. Leiker and M. Ktistiansen, 'A Treatment Which 

Improves Surface Withstand Voltage in Vacuum," IEEE Transactions 
on Electrical Insulation, Vol. 23, No. 1, p. 60, 1988. 
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10 eV. The replacement current, IQ, had never become negative In addition, Adamson 

[3] showed in her dissertation that the first crossover energy point was negati\ e and that 

this meant that the first crossover point had been already reached without exix)sure to an\ 

primary electron beam as seen in Figure 2.6. Thus, Adamson speculated that an 

unknown surface charge changed the incident beam energy and made it impossible to 

know the effective energy of the incident electrons. However, if one is able to know the 

surface potential, one can add a correction term to the incident electron energy equation: 

Eo = E,-eV,+^jl,dt + U , (2.19) 

where, U is the unknown average surface p)otential and different for each sample. The 

meaning of the other terms will be explained in Chapter III. 

This surface potential on the insulator will be the main topic of this thesis. Our 

major intend is to make an evaluation of the surface potentials on the polymer samples 

and investigate how to discharge them. If one can discharge or make the charge uniform 

on the surface of the polymer, one can measure the low energy crossover point. 

20 
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Source: Elise R. Adamson, Ph.D. Dissertation, Texas Tech University, 1993 

21 



Citations 

1. Robert G. Lye and A. J. Dekker, "Theory of Secondary Emission," Physical Review, 
Vol.107. Number 4, pp977-981, 1957. 

2. A. J. Dekker, Solid State Physics. Englewood Cliffs, NJ: Prentice-Hall. 1957. pp.420-
423. 

3. Elise R. Adamson, Ph.D. Dissertation, Texas Tech University, 1993. 

4. A. J. Dekker, "Secondary Electron Emission," Solid State Physics, Vol. 6, pp.263-
265,1958. 

5. Gerald F. Dionne, "Origin of Secondary-Electron-Emission Yield Curve Parameters,' 
Journal of Applied Physics, Vol. 46, pp. 3347-3351, 1975. 

6. E. A. Flinn and M. Salehi, "Accuracy of Theoretical Predictions Concerning The 
Locations of The Cross-Over Points on The Secondary-Electron Emission Yield 
Curve," J. Appl. Phys., Vol. 52, No. 9, pp. 5800-2, 1981. 

7. R. F. Willis and D. K. Skinner, "Secondary Electron Emission Yield Behavior of 
Polymers," Solid State Communications, Vol. 13, pp.685-688, 1973. 

8. E. A. Burke, "Secondary Emission from Polymers," IEEE Transactions on Nuclear 
Science, Vol. NS-27, No. 6, pp. 1760-64, 1980. 

9. L. L. Hatfield and Elise Adamson, "The Low Energy Crossover Point For Secondary 
Electron Emission From Lexan," CEIDP 1994 Annual Report, pp.256-260. 

10. L. L. Hattfield, G. R. Leiker and M. Kristiansen, "A Treatment Which Improves 
Surface Withstand Voltage in Vacuum," IEEE Transactions on Electrical Insulation, 
Vol. 23, No. 1, pp. 57-61, 1988. 

11. Elise R. Boerv^nkle, "Measurements of the Secondary Electron Emission from 
Dielectric Surfaces," M.Sc. Thesis, Texas Tech University, 1988. 

22 



CHAPTER III 

EXPERIMENTAL METHOD 

To find SEEC curves for insulators there are several experimental methods. The 

most popular method is to treat the insulator sample as a parallel plate capacitor 

[1,2,3,4,5] as seen in Figure 3.1. In this method, one of the surfaces of the insulator is 

metallized and connected to a potential source. Therefore, the other surface of the 

sample is left electrically floating. If the electrically floating surface is bombarded b\ 

the incident electrons, this surface can be charged positively or negatively. The sign of 

the bombarded surface charge is dependent to the energy of the primaries and the SEEC. 

As seen in Figure 3.1, IQ is the replacement current and it can be measured by the 

current meter as a function of time. The most important thing in this experiment is to 

measure the secondaries as a number, which is difficult, or as a current which is the 

easiest way. Since we know lb, beam current, and lo, the secondary current can be easily 

determined from KirchofTs law, where. 

Is=h+Io (3.1) 

Thus, the SEEC can be found from: 

5=lslb, 

Io=h-IHS-l)h-

From these equations, we can predict; 

1. If ^ is greater than one, IQ is positive. 

(3.2) 

(3.3) 

2. If J is smaller than one, IQ is negative. 
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3. If (5 is equal to one, IQ is zero. 

The energy of the incident electrons, EQ, depends on the beam energy, E^, and the 

sample bias voltage, VQ: 

Eo=Eh-eVo . (3.4) 

The change in the surface potential, AF^, after an electron beam strikes the surface can 

be determine from 

^v^ = ^Qlc (3.5) 

and 

^Q = \lodt , (3.6) 

^V^=Ul,dt 
C 

(3.7) 

Where C is the sample capacitance and A^ is the resulting change on the surface. If we 

neglect any leakage current, then 

dV, 
I = C—^ 
' ^ dt 

(3.8) 

Then, the effective energy of the incident electrons must also depend on the surface 

potential: 

E,=E,-eV,+^\l,dt. 
C 

(3.9) 

One of the important reasons for the bias voltage is to force away all emitted secondaries 

from the surface as long as AF^ < FQ . If Vs were allowed to become positive with respect 

to the chamber wall, then the low energy secondaries would return to the surface. 
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Figure 3.1. Block diagram of the SEE experiment. 
Sources: (a) Elise Adamson, "Secondary Electron Emission Coefficient from 

Lexan: The Low Energy Crossover," Ph.D. Dissertation, Texas Tech 
University, 1993 
(b) Bemhard Gross and Roberto Hessel, "Electron Emission from Electron-
irradiated Dielectrics," IEEE Transactions on Electrical Insulation, Vol. 26 
No. 1, 1991. 
(c) B. Gross, H. von Seggem and A. Berraissoul, "Surface Charging of 
Dielectrics By Secondary Emission And the Determination of Emission 
Yield," IEEE Transactions on Electrical Insulation, Vol. EI-22 No.l, 1987 
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One can plot corresponding values of 5 versus EQ using Equation 3.9. 

The second experimental method is to use a double-pass cylindrical mirror 

analyzer especially for low energy secondary electron distributions [6]. Chase, Gordon 

and Hoffman made a revision of a commercial surface analysis system to allow 

secondary electron emission energy distribution and direct yield measurements using an 

Auger electron spectrometer (AES) [7] equipped with a retarding-grid, double-pass 

cylindrical mirror analyzer (CMA), as shown in Figure 3.2. Three types of measurement 

are allowed with the sample in front of the CMA by this redesign of the AES electronics 

package and the sample carousel. One is the secondary electron energy distribution, 

N(E), second is the SEE coefficient SjE ) , and the third is a study of surface 

composition by AES. 
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Figure 3.2. Arrangement of carousel and CMA for SjE ) measurements. 

Source: R. E. Chase, W. L. Gordon and R. W. Hoffman, "Secondary Electron Emission 
Yield," NASA Grant NSG 3197, Annual Report for Period July 1 1978 to June 
30, 1979. 
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CHAPTER IV 

THE SURFACE POTENTL\LS OF POLYMERS 

In these surface potential measurements, we worked on Lexan (Polycarbonate) 

and Teflon virgin samples. As already mentioned in several publications [1,2,3], a non

uniform surface potential distribution on an insulator could make it impossible to 

measure the first crossover energy point. As we know, if the surface of a solid material 

has a non-uniform charge distribution and is bombarded with charged particles, these 

charged particles would not all hit the surface with the same kinetic energy. Thus, the 

measured SEEC would be a weighted average over an unknown energy distribution of 

the incident particles. If we can discharge the surface of the solid material or make it 

have a uniform charge distribution, charged particles will hit the surface all with the 

same kinetic energy and can excite the lattice electrons with same probability all over the 

surface. Our main goal is to find a method for discharging polymer insulators. 

The insulators can be divided into two groups according to their behavior. One 

group is insulators that have been injected wath charged particles. Unfortunately, 

discharging these insulators can take hundreds of days [4] as shown in Figure 4.1. The 

second group is virgin insulators that have not been electrically treated (charge injected). 

In this project our entire work is on virgin insulators. In addition, our samples are bulk 

not thin films and cut from commercially available materials. Therefore, one can say 

that this commercially available bulk samples are not pure as much as thin film samples. 
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Figure 4.1: Charge decay in dry atmosphere at room temperature on one-sided 
metallized polymer films: 50 //m Teflon (PTFE), 25 /jm polycarbonate (PC-
kl), 20 //m polypropylene (PP), 25 /zwpoly (PPPO) and 25 //w Mylar (PET). 
All samples thermally charged. 

Source: J.Mort and G. Pfister, Electronic Properties of Polymers. New York: John Wiley 
and Sons, Inc., 1982, p.83. 
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Lexan is purchased with a protective film on the surface. This film protects the 

surface from unwanted outer conditions. However, removing the film produces 

unavoidable highly non-uniform surface charges. Teflon does not come with a protecti\'e 

film. We prepared our samples by cutting 2x2 inch samples from Lexan and Teflon 

materials. After the film is removed from the Lexan samples, they are ready for the 

cleaning process. 

The surface potentials of the samples were measured by using an electrostatic 

voltmeter. This voltmeter measures the surface potential without touching the sample 

surface. For a correct measurement, the probe of the voltmeter must be a maximum of 1 

mm above the sample. If the probe comes closer than 0.5 mm or the sample has a high 

surface potential, a spark can occur and negatively affect the surface of the material by 

injecting electrons. To keep the distance constant between the sample and probe, and to 

have a flat sample surface, we made a sample holder as seen in Figure 4.2. This holder 

allows us to know which surface position we are reading and allows us to check the same 

position many times. 

We tried to clean the sample surfaces in two ways. The first method was to clean 

the sample in an ultrasonic cleaner using three baths which were distilled water, 

detergent and then a 1% acetic acid solution. We sometimes saw that the ultrasonic 

cleaning was damaging the sample surface and that this was causing unremovable 

surface charges. The second method was to clean the samples using these three baths 

without using the ultrasonic cleaner. First, the samples were cleaned in a detergent 

solution and rinsed with distilled water. Then, since there could still be a detergent film 
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left, we rinsed the surface with 1% acetic acid solution and nnsed it again with distilled 

water. This method never harmed the surface of the samples as far as we could tell 

After the washing process comes the drying process. If samples are dried with 

tissues (Kimwipes) or cloth, there may be contamination and charge produced on the 

samples. The best method for drying is to hang a sample from its comer with a metallic 

clip in the laboratory air. As soon as we removed the protective film from the Lexan, we 

measured the surface potential using an electrostatic voltmeter and we observed that the 

surface potentials were spatially non-uniform and ranging from +2000 to-2000 Volts as 

shown in Figure 4.3, 4.4, 4.5, but mostly the potentials were of positive sign. 

The samples are always cleaned and dried as we explained above using the 

second method. The surface potentials were significantly lowered, although non-

uniformly, to ± 50 Volts for Lexan samples as shown in Figure 4.6-4.9. However, the 

surface potentials were around + 600 Volts for Teflon as shown in Figure 4.10-4.12. 

This shows us that the water is a good discharging material. However these potentials 

were still too high for a low energy electron beam suitable for the secondary electron 

emission experiment since the first crossover energy point is around 40 eV for Lexan [1] 

and 25 eV for Teflon [5]. 

Thus, we tried to find different methods for discharging or creating uniform-

charge on the sample surface. Since water is a good discharging material, we first 

wondered if the charges could be easily removed if the cleaned samples were immersed 

in 90"" C hot water. 
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Figure 4.2. Surface potential measurement technique. 
(a) The apparatus for the surface potential measurement, 
(b) The geometric shape of the aluminum plate, 
(c) An aluminum holder for holding the apparatus. 
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Table 4.1: The top surface potentials (Volts) of the non-cleaned Lexan-1 sample. 

^ 

SI 

82 

S3 

S4 
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891 
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2 
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1515 
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.2 
'^ 

c 
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"I 
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t: 
(0 
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1500 
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Figure 4.3 The top surface potentials (Volt) of the non-cleaned Lexan-1 sample are 
around +1500 V. (Data was taken after the thin film was removed from the 
surface and without cleaning the surface.) 
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Table 4.2: The bottom surface potentials (Volt) of the non-cleaned Lexan-1 sample. 

XJ 
SI 

S2 

S3 

S4 

1 
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1215 

960 

879 

2 

1648 

1316 

1004 

1548 

3 

1674 

1520 

1378 

1374 

4 

1452 

376 

1207 

1833 
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2000 
(0 

0) 
4-* 

O 
(0 

t 
3 

CO 

Figure 4.4 The bottom surface potentials (Volts) of the non-cleaned Lexan-1 are around 
+1900 V. 
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Table 4.3: The top surface potential (V) of the non-cleaned Lexan-2 sample. The 
surface potentials are much lower than for the non-cleaned Lexan-1 
sample. 

\J 
SI 

S2 

S3 

S4 

1 

227 

204 

513 

428 

2 

445 

430 

496 

452 

3 

470 

438 

533 

486 

4 

426 

362 

440 

407 

Lexan-2 

Figure 4.5 The surface potentials of the non-cleaned Lexan-2 sample are around 550 
Volt. (The data was taken before the cleaning process.) 
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Table 4.4: The top surface potential of the Lexan-2 (after the sample was cleaned and 
dried). 

) ^ 

SI 

S2 

S3 

S4 

17 

-6 

-8 

31 

46 

19 
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-46 

33 
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c 
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<» > 
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3 
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Figure 4.6 The top surface potentials of the Lexan-2 sample are around ± 80 V. (The 
data was taken two hours after the sample was cleaned and dried.) 
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Table 4.5: The bottom surface potential of the Lexan-2 sample 

><J 
SI 

S2 

S3 

S4 

1 
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16 

50 

-27 

2 

-29 

-23 

6 

34 

3 
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Figure 4.7 The bottom surface potentials of the Lexan-2 sample are around ± 100 
Volt. (The data was taken two hours after the sample was cleaned and 
dried.) 
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Table 4.6: The top surface potentials of the Lexan-2 sample. 

Xj 
SI 

S2 

S3 

S4 

1 

-40 

18 

-2 

31 

2 

38 

-8 

-25 

39 

3 

-18 

-15 

22 

26 

4 

14 

16 

29 

-17 

• - • : 
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Figure 4.8 The top surface potentials of the Lexan-2 sample are around ± 40 V. (The 
data was taken one day after the sample was cleaned.) 
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Table 4.7: The bottom surface potentials of the Lexan-2 sample 

X 
SI 

S2 

S3 

S4 

1 

30 

-18 

4 

0 

2 

-29 

10 

23 
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3 

25 

12 
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Figure 4.9 The bottom surface potentials of the Lexan-2 are around ± 30 V. 
(The data was taken one day after the sample was cleaned.) 
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However, this process caused non-uniform high potentials on the surfaces. Second, we 

placed our samples inside a convention oven and heated slowly to the glass transition 

temperature in dry air (the glass transition temperature is around 125°C for polymers). In 

this process, we could not see very big differences from our previously taken 

measurements. Third, we wondered how the sample might be affected by humidity on 

the sample surface. Therefore, we put a recently cleaned sample inside a vacuum oven-

chamber, and left it for two days without applying any heat. Two days later, we 

measured the surface potential and the result was a surprise . The surface potentials 

were not showing any difference from the previous data. Several times we left the pre-

cleaned samples inside the vacuum chamber and found that the surface charge 

distribution was not changing under constant room temperature and vacuimi. It meant to 

us that while the humidity is zero, the surface potential is not changing. Thereafter, we 

heated the sample (10° Celsius each 15 minutes) very slowly up to its glass transition 

temperature, and cooled it over a longer two hour period inside the vacuum oven. In this 

process there is a possibility that the sample will change form as the temperature gets 

close to the glass transition temperature. If the sample was amorphous it can change to a 

crystal stmcture. This is an imwanted condition in our experiment because we know that 

with the stmcture we can also change the conductivity and maybe other special features 

of the samples. Therefore, the samples were heated to 10° C below the GTT. However, 

we again did not produce zero surface potential but the potential was much lower in 

many points of the sample as shown in Figure 4.12, 4.13. 

We kept the samples in plastic boxes to keep them clean. However, since the 
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Figure 4.10 The surface potentials for the Teflon sample are around ± 600 Volts and 
there is also a polarization. The data was taken two hours after the sample 
was cleaned and dried. 
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Figure 4.11 The surface potentials for the Teflon sample are around ± 250 Volts and 
there is also a polarization. (The data was taken two days after the sample 
was cleaned and dried.) 
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Figure 4.12 The surface potentials for the Teflon sample are around ± 15 Volts. (The 
data was taken fifteen days after the sample was cleaned and dried.) 
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Figure-4.13 The surface potential of the Lexan-3 sample 
(a) The top surface potential of the Lexan-3 sample, 
(b) The bottom surface potential of the lexan-3 sample. 
(The data was taken 1 day after the sample was cleaned and dried.) 
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plastic box can carry charges, we placed a Kimwipe inside the box on which we put our 

sample. This method allowed long-term storage out of the dusty air of the laboratory. 

Fortunately, some samples had been left in the laboratory hanging from metal 

clips for ten days. We were checking the surface potentials each day, and luckily we saw 

big changes in the surface potential every day. The surface potentials at almost every 

point had come to zero potential in 7 to 10 days. After the surface potentials became 

close to zero, we grounded the sample by sticking it between two grounded aluminum 

plates. The result was amazing. Finally, we had reached zero uniform surface potential. 

Several times we repeated this method and always got uniform zero potentials on the 

samples. 

In addition, we metalized one side of the surface of the samples with copper by 

using a Denton vacuum evaporator. After this process, we measured the surface potential 

of the samples again and found around ± 5 Volts on the samples. Luckily again, when 

we left the sample inside the lab for one day, the surface potentials dropped to zero in 

one day. 

The most important observation that we made in this research was that humidity 

and water are the best discharging materials for virgin jx)lymers. We used three different 

humidity environments which were liquid water, ambient humidity, and vacuum and 

applied heat at different temperatures up to the GTT. The most effective was ambient 

humidity and room temperature. 
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CHAPTER V 

CONCLUSION 

A method of discharging the surface of insulating matenals has been investigated 

in this research and it will help to: 

1 minimize any charging of the material during sample preparation and installation, 

2. get uniform zero surface potential, 

3. measure the first crossover energy point in the SEE expenment with a small error for 

the polymers. 

Since the previously published papers do not include any information or 

discussion about the sample preparation techniques and surface discharging methods for 

the SEE experiment on the polymers, the data could not be compared. There are just a 

few papers mentioning that the non uniform surface potential of the insulators can cause 

a big fluctuation on the SEE measurements especially on the first crossover energy point 

measurements 

Heat and humidity effects have been used on the Lexan and Teflon bulk samples 

for discharging the surface potential. The best results were obtained under room 

temperature and 50-60% humidity combined with leaving the sample in the lab 

conditions for 7 to 10 days. The surface potentials of the polymers did not change in the 

zero humidity and low pressure at constant room temperature. This shows that the 

samples can be kept in a vacuum environment without charging for a long time. When 
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the samples were heated up to the glass transition temperature under different humidity 

conditions, the surface potentials were not changed overall. Water is a good discharger, 

but when the samples were left in the water for a long time period such as two or three 

days or more, the surface potentials were around + 50 Volts the same as when the 

samples were cleaned and measured. This showed us that 100 % humidity is not helping 

to bring the sample surface to zero potential but it is holding the samples surface 

potential between + 50 Volts. 

The surface potentials have been measured on a metallic grounded table by using 

an isoprobe electrostatic voltmeter. One of the important points in the surface potential 

measurement was to have a completely flat sample surface. However, when the samples 

were left on the metal table, they were not standing flat because of their elastic stmcture. 

Therefore, a sample holder was made from aluminum as seen in Figure 4.2. This holder 

helped us to hold the sample flat during the measurement and to measure the same data 

points several times. The thickness of the aluminum grid was around 0.5 mm and the 

probe was positioned above this upper metal surface by 0.4 mm. With this method, the 

distance between the probe and the sample was a maximum of 0.9 mm and this distance 

was ideal for measuring the surface potentials correctly as described in the manual of the 

voltmeter. 

In the surface potential measurements, 16 symmetric data points were measured 

on the 2x2 inch square samples. These number of the measured points can be increased 

by using two dimensional moveable probe and data recorder if the sample can lie flat on 

50 



a grounded metal table. Therefore, the map of the whole surface potential can be plotted 

with interpolation. 

While the probe of the electrostatic voltmeter is measuring the surface potential, 

if the surface of the sample has a high surface potential, an arc can occur and charge the 

surface. For this reason, the surface should be cleaned as explained in Chapter IV before 

the surface potential measurements. 

After the cleaning process, the samples should be left to dry by hanging from one 

comer and perpendicular to the ground. Otherwise, while the water is vaporizing, it can 

leave some sediment on the sample. This sediment can be seen by a naked eye. 

With this surface discharging method, surface potential on the samples can be 

reduced to zero. As Adamson suggested in her dissertation [1], the effective incident 

e r 
electron energy can be given by the equation ''EQ = E^ - ^FQ + — J I^dt + iF\ where U is 

an unknown surface potential for the polymers. According to Adamson, a surface 

potential U on the polymers might be the reason for the discrepancy in the effective 

energy of the incident electrons. However, in this investigation, we showed that using a 

surface discharging technique, the surface potential on the polymer samples can be 

e f 
reduced to zero. As a result, the U term in the equation ''EQ = Ef,-eVQ+~j I^dt + f/" 

can now be eliminated. Also, according to Adamson, a surface potential U on the 

polymers is the reason for not observing the first crossover energy point. Therefore, our 

procedure will be a valuable test to show whether or not the surface potential is the 

reason for not observing the first crossover energy point. 
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