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Abstract A scanning eledmn microscope (SEM) is employed in the investigation of the 
charging behaviour of polymethylmethacrylzue (PMMA) specimens. Charges trapped in the 
FMMA specimens are measured using the SEM mirror image method under different conditions of 
radiation time, accelerating voltlges and beam currents. The influence of the surface potential 
established and the internal electric field arising in the PMMA specimen is studied, and the lalter 
is found to play n more impomt  role. There exists a saturation value for the charge that can 
be trapped in the specimen under a hxed charging condition. Beyond the saturation value, the 
trapped charge destabilizes and surface discharge is observed. A Gaussian model of charge 
distribution is used for the calculation of the electric field. The strength of the electric field 
initiating surface discharge is estimated. 

1. Introduction 

The study of the charging process is closely related to and hence of great help in the 
understanding of breakdown and surface flashover phenomena [I-31. In the charging process 
when a specimen is subjected to an electron beam and charged, the charge trapped in the 
specimen creates a surface potential as well as an internal field radiating from the charge 
centre. During a continuous charging process, the surface potential *sing from the space 
charge decelerates the injecting electrons and reduces the electron penetration range: As a 
result. the space charge distribution is formed. It may also be possible, at least theoretically, 
for the surface potential to be high enough to repel all the incoming electrons [4]. On the 
other hand, the internal field built up in the charged specimen increases as the space charge 
increases. The arising field may reach a critical value E,, at which it is able to detrap 
electrons trapped in the specimen [ 5 ] .  If the internal field increases further to reach the 
value E,  [ 5 ] ,  the trapping and detrapping process will reach an equilibrium and the total 
space charge will not increase any further. The magnitude of the internal field depends on 
the space charge distribution [6]  and the location in the specimen. Both the surface potential 
and the internal field are interrelated and play important roles in the charging as well as the 
discharging process. However, the question remains: which parameter, the surface potential 
or the internal field, plays the more important role in describing the charging and even the 
discharging processes? 

In the study of the flashover (surface breakdown) mechanism, the electron cascade model 
is most popular, in which breakdown is believed to be initiated by electrons accelerated in 
an electric field, forming an electron cascade [7-91. However, this mechanism requires the 
generation of electrons heated by an accelerating field (hot electrons) whose energy must be 
sufficient to produce electron-hole pairs by impact [lo]. Investigations on the problem of hot 
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electrons in wide-band-gap insulators have led to the conclusion that the impact ionization 
requires the application of electric fields greater than 1 MV cm-' [ l l ,  121. Because this 
value is far beyond the flashover voltage in most practical situations, the electron cascade 
model has been a matter of controversy for 30 years [I31 even though the effect of the hot 
electrons in the dielectric breakdown is affirmed by some experimental work [14]. 

Polymethylmethacrylate (PMMA) is an important insulating material and has been 
investigated by several workers [15-17]. Zahn et a/ used the Kerr electro-optic field 
mapping technique to measure the charge distribution and electric field distribution along 
the depth of PMMA samples irradiated by broad megaelectronvolt electron beams [16,17]. 
In contrast, we investigate the charging process of PMMA irradiated by a fine beam of 
kiloelectronvolt electrons and the associated internal electric field in the radial direction 
of the trapped charge. The investigation is performed by employing the mirror image 
method (MIM) [18,19] through the use of a scanning electron microscope (SEM). Firstly, we 
demonstrate that there exists a saturation value for the charge that can be trapped in the 
specimen under a fixed charging condition. Secondly, we illustrate that the internal field 
established by the trapped charge limits the value of saturation charge. Lastly. we proceed 
to estimate the value of electric field that initiates the surface discharge. 

It is appropriate to clarify some of the terms used in this research field. In general, 
dielectric breakdown indicates the electrical breakdown through the specimen and surface 
breakdown (flashover) means the voltage breakdown along the surface of insulators [3]. 
In our work we are concerned with surface discharge, the transport of charge from the 
accumulated space charge region in the specimen as is studied by Le Gressus eta1 [ 1,201. 
Charge is implanted by a fine electron beam of kiloelectronvolt energy and trapped in a 
small area of the order of micrometres near the surface,,so discharge takes place along the 
surface of the specimen. As the discharge from an accumulated space charge can even cause 
the bulk breakdown of a dielectric [20,21], our study on surface discharge is closely related 
to the field of dielectric breakdown and electrical.insulation. The advantages of using the 
SEM include the ease in selecting charging conditions, such as the energy, the current of 
incident electron probe, and the small yet controllable area of charge concentration. The use 
of SEM techniques for the investigation of charging is widely accepted and several valuable 
results have been obtained [1,5,18,22]. 

2. Experiment 

The electron beam of an SEM in the static mode is employed to charge the PMMA specimens. 
Charges trapped in the specimens are measured by the MIM method. The mirror effect in 
an SEM due to trapped charge was first reported by Vigoroux et a/ in 1985 [23]. When an 
insulator specimen is charged by an electron beam in an SEM, a potential distribution due 
to the trapped charge is set up. If the specimen is scanned by an electron beam accelerated 
at low voltage, the incident electrons can be reflected by the repelling potential of the 
trapped charge. For a given incident direction, the beam is reflected and hits one spot of the 
SEM chamber. This hit generates secondary electrons that are collected by the secondary- 
electron (SE) detector of the microscope. As different incident beam directions are related 
to different spots of the microscope chamber, an image of the chamber is obtained when 
the SEM is operated in the secondary-image mode. The obtained image is related to the 
electron trajectory and thus related to the trapped charge in the specimen. This makes it 
possible to measure the charge by producing a mirror image in the SEM. The details of the 
MIM method can be found in our previous work [18,19]. Here we focus on some aspects 
of the experimental details. 
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Prior to the experiment, the surface of the PMMA specimens is scrupulously cleaned 
using hexane and distilled water. After being gently baked under a 500 W incandescent 
light, the specimens are then transferred into a vacuum chamber, where they are kept for a 
few days to ensure that all the moisture has been driven out. The specimen, of dimensions 
10 x 10 mmz in width and 5 mm thick, is mounted on the earthed specimen holder and the 
free upper surface is perpendicular to the electron beam. A le01 50A-LNB liquid nitrogen 
baffle is employed to keep a clean vacuum. Experiments are performed at room temperature. 
The specimen is only charged once and is not used again. 

To ensure the repeatability and reliability of the charging condition and experimental 
results, a series of standard steps is followed in the experiments. These include the 
following: (i) An optical microscope attached to the SEM is used to examine the specimen 
surface. This makes it possible to choose an ideal area on the specimen surface for the 
charging experiment. (ii) The optical microscope is also used to help to focus the electron 
beam without the beam directly hitting the specimen surface. The electron beam is focused 
to less than 0.5 p m  in diameter. (iii) The beam current is measured and calibrated by the 
use of a Faraday cup. (iv) To monitor the emitted secondary and backscattered electrons 
during the charging process, the SE detector of the SEM is switched on to record the signal 
received. This information is of great value in understanding the charging process and will 
be elaborated further in section 5. 

f ($1 
Figure 1. The time dependence of charges trapped in PMMA specimens with fixed charging 
voltage Uo = 39 kV and different charging currents I = 0.50 x IO-", 1.0 i IO-", and 
2.0 x IO-" A. The experimental data are presented as symbols. 

3. T h e  effect of beam current on the charging behaviour 

The PMMA specimens are charge with fixed accelerating volgate U, = 39 kV with three 
different charging currents, I = 0.50 x IO-", 1.0 x lo-", and 2.0 x IO-" A. Charge 
Q trapped in the specimens with increasing radiation time t is measured. The results 
are shown in figure 1. Charge Q increases with t .  The increasing slopes of the three 
curves are different due to the different charging currents but they reach the same saturation 
value Q, = I .7 x IO-" C. Beyond the saturation value, charge destabilization and surface 
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discharge are observed and the MIM measurement is no longer consistent and does not give 
repeatable results. 

We classify the experimental results into three stages (see figure 1). In stage I, charge 
Q trapped in the specimen increases linearly as the radiation time f increases and follows 
the line Q, = I t  (total injected charges) closely. Since the secondary and backscattered 
electron yields are much smaller than unity for such high-energy electron beam incidence, 
most of the injected electrons remain implanted in the specimen. In stage II, Q increases as 
t increases but deviates from the straight line Q, = I t .  In polymers, electrons are trapped 
in energetically discrete trapping levels with a random distribution of trap depths [24,25]. 
With the accumulation of charges in the specimen, the internal electric field is built up and 
eventually increases to E, at the edge of the charge distribution. By then, electrons trapped 
in the shallow traps in that particular spot or near defect sites can be released. This caused 
the deviation of the charge Q from the total injected charge Qt. However, the detrapping 
process is a localized event. The internal field established is still not large enough to cause 
a large quantity of electrons to be released and the charges trapped in the specimen are still 
stable. In stage 111, Q does not increase with t and approaches the same saturation value 
for three different incident beam currents. This means that there exists a charge limit (e,) 
for a given material at a given incident beam energy (Uo). The value of Q, depends on 
U. but not beam current. As Q, is reached, the corresponding field Em is large enough to 
destabilize the space charge distribution. As a trapped electron is released by E ,  from the 
edge of the distribution or near defect sites, the stored polarization and distortion energies 
are released [I]. This causes local heating in the specimen and hence the trapped electron 
will be more mobile as the temperature rises. Consequently, an avalanche of detrapped 
electrons is initiated. This leads to space charge collapse and surface discharge. 

10 1s 20 25 
t 0) 

Figure 2. The time dependence of charges trapped in PMMA specimens With fixed charging 
current I = 1.0 x IO-" A, and different charging voltages Q, = ?S. 30. 35,,and 39 kV. The 
experimental data are presented as symbols. 

4. The effect of beam energy on the charging behaviour 

By changing the accelerating voltage of the electron beam, we investigate the effects of 
the beam energy on the charging process. Figure 2 shows the results for charge Q versus 



Charging behaviour of PMMA 

2.0 

G 1.5 
0 
5 
Qi 

x - 1.0 

0.8 

0.6 

1133 

- 

- 

- 

- 

- 

radiation time t with fixed charging current I = 1.0 x lo-'' A and with four different 
accelerating voltages, U, = 75, 30, 35 and 39 kV. For each &se, Q increases as f increases 
until a saturation is reached. The value of the saturation charge Q. increases with the 
incident beam energy. With a large incident beam energy, the penetration depth of the 
incident electron will be larger. We therefore expect the distribution volume of the space 
charge in the specimen to increase with the beam energy. The arising internal field also 
depends on the charge distribution and the quantity of trapped charge. Further details on 
this point will be given in section 6.  

0.4 
20 30 40 50 60 

U, (kv) 
Figure 3. The relation between the saturation charge Q, and accelerating voltage~lio. 

We have also investigated the relationship between Q,  and U, and found that a power 
law relationship is followed as shown in figure 3. The empirical relationship is given as 

where k is a constant. 

5. The internal electric field and discharge process 

In the description of the charging stages in section 3, we assert that the self-established 
internal electric field dominates the charging and discharging processes. Here we verify 
this point on the basis of experimental observation. During the charging process in the 
experiment, signals received by the SE detector of the SEM have been recorded. It is found 
that there are two abrupt increases of~the detected signal during the charging process. For 
example, in the case of charging conditions I = 1.0 x IO-" A and U0 = 39 keV, two 
SE signal peaks are observed, one at t = 10 s, in the middle of the charging process, and 
another at t = 26 s, just after the saturation. The second peak is higher than the first one. 
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The increase of the number of electrons collected by the SE detector can be presumably 
attributed to (i) the increase of the backscattered electrons; (ii) the increase of SE yields 
due to the decrease of the impact energy of the incident beam electrons decelerated by the 
surface potential; (iii) the reflection of the incident electrons by the surface potential that 
is possible as stated in ssection 1; and (iv) the arrival of the detrapped electrons when the 
internal field established has reached the value of E, and larger. 

We elaborate these possibiIities as follows. (i) The backscattered electron coefficient 
does not change with the impact energy [26,27] and only a very small number of such 
electrons reach the SE detector, so this does not contribute to the peaks observed. (ii) 
Because the increase of the SE yields due to the decrease of impact energy of the incident 
electrons should change continuously rather than abruptly [26.27], we can also rule out the 
second possibility mentioned above. (iii) With the third possibility, if the surface potential 
due to the early-trapped electrons becomes high enough to reflect the latecoming electrons, 
there should be one peak in the SE signal rather than two. (iv) The only possibility remaining 
is the arrival of the detrapped and discharged electrons from the space charge trapped in the 
specimen. When the internal electric field reaches E,, charge detrapping happens, which 
leads to the first peak of the SE signal. As the charging process continues, the internal 
field increases until it reaches E,, when the trapped space charge collapses and surface 
discharge takes place. More electrons are released, so the second peak of the SE signal 
is higher than the first one. This explanation is in agreement with the fact that surface 
discharge is observed just after the saturation of the trapped charge is reached. 

Therefore we conclude that the internal electric field can reach E, and E, earlier than 
when its corresponding surface potential reaches the value at which the incoming electrons 
are reflected. The internal electric field is the most important parameter in describing the 
charging and discharging process. It limits the amount of charge that can be trapped in the 
specimen and initiates the surface discharge. 

6. Calculation of the internal field E,,, for surface discharge 

We have demonstrated that the self-established field initiates the collapse of the accumulated 
space charge and induces the surface discharge. In this section, we evaluate this internal 
field in PMMA through a theoretical hypothesis and the experimental results obtained. From 
a standard textbook in electrostatics, we learn that the electric field has a maximum value at 
the edge of the charge distribution if the distribution is in the shape of a disc or a spheroid. 
However, both disc and spheroid shaped distributions have very sharp edges and are far 
from realistic. From the result of the Monte Carlo simulation [4,28], when a fine beam 
of kiloelectronvolt electrons bombards the specimen, the trapped electrons form a spherical 
distribution with the region near the beam impact point having a high charge density. With 
this consideration, we assume a Gaussian distribution, a simple model that may describe 
the space charge distribution adequately: 

where Q is the total charge trapped in the specimen and U the standard deviation. The 
internal field arising from the charge distribution is then expressed as 
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I 

X 
Figure 4. The Gaussian distribution of charge density Lo.) and its associated electric field (E ) .  

where EO = 8.85 x 
the variable x _= r/d'%, (3) becomes 

C2 N-' n r 2 .  , E, = 2.6 is the permittivity of PMMA. By transforming 

E ( x )  = [ ( Q / 4 n 3 1 2 ~ , & ~ ~ 2 ) / ~ ] [ [ ( ~ / 2 ) / ~ l  erf(x) -e-"*] (4) 

where erf(x) is the error function. 
The radial distribution of the electric field, together with the charge distribution, is 

plotted in figure 4. The position for the maximum field to occur, XO, is found numerically 
to be at xo = 0.97 or ro = 1.370. The magnitude of the maximum field is 

E,, = 0 . 3 7 9 Q / 4 i ~ ' / ~ ~ , ~ o 0 ~ .  ( 5 )  

In the charging process, when Q reaches Q,, E,, reaches E,. the field initiatiing the 
surface discharge. However, E,  can be evaluated only when o is known. In the Gaussian 
distribution, the standard deviation o is the measure of the distribution range. Therefore, 
in our situation of the charge distribution, o has the meaning of the electron range. 

Many experimental methods have been used to measure the charge distribution in 
insulators [17,24,29]. The empirical expressions of  the electron penetration range, however, 
are only obtained by Monte Carlo simulation [26]. Among them the Kanaya-Okayama 
range [30] is normally used to describe the depth dimension for the interaction volume, and 
experimental results by Sessler's group [31]  show a good agreement with it in the beam 
energy dependence o f  the range. The Kanaya-Okayama range (RKo)  in units of micrometres 
is expressed as 

RKO = 0.0276AUd.61/Z0.89d (6) 

where U0 is the incident beam energy in kiloelectronvolts, A is the atomic weight in 
grams per mole, 2 is the atomic number, and d is the density in grams per cubic 
centimetre. For PMMA specimens, the mean atomic number 2 = 3.6, the mean atomic 
weight By substituting = 6.67 g mol-', and the density is measured to bed = 1.2 g 
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Table 1. The sahuation charge (QJ, electron penerntion range (RKo). and calculated internal 
field for surface discharge (E,,,) at different beam energies U”. 

25 kV 30 kV 35 kV 39 kV 
~ ~~ 

Q, (xlO-” C) 0.72 1.03 1.23 1.71 
RKO (!” 10.6 14.4 IR.6 22.3 
E ,  (MV cm-’) 4.8 3.7 2.6 2 , s  

CT with RKO and employing the experimental result Q. for Q in (3, the magnitude of E, 
can be calculated. The values of E,, saturation charge Qs, and electron range RKO under 
different charging voltages U0 are tabulated in table 1. E, ranges from 2.5 to 4.8 MV cm-’ . 

The strength of the field E,  initiating the surface discharge in PMMA is higher than 
the value of 1 MV cm-’ that is needed to generate hot electrons to produce an electron 
cascade. Therefore, it is confirmed once again that, in our charging experiments, the intemal 
electric field can generate electron cascades, initiate the space charge destabilization, and 
hence induce the surface discharge. One should note that the surface discharge is caused by 
electrons detrapped by the self-established electric field from a static trapped charge, and 
the maximum value of E, is only located in a small region near the edge of the charge area 
and the field decreases sharply at the neighbourhood (see figure 4), while in the flashover 
study, surface breakdown is caused by external electric field. Electrons emitted from the 
triple-junction region (the insulator, cathode, and vacuum) 131 can be accelerated to a high 
speed before they impinge the insulator surface. So flashover can be produced even when 
the applied field is much lower. For PMMA, it is in the range of 0.05-0.25 MV cm-’ [3]. 

It is noteworthy that the value of the intrinsic bulk breakdown field is 10 MV cm-’ [32] 
and this value should be the upper limit of the electric field applied to insulators. On the 
other hand, Zahn’s measurement on PMMA samples reports that the bulk breakdown field 
ranges from 1 to 3.5 MV cm-I. This is because their PMMA samples that are irradiated 
by high-energy (megaelectronvolt) electron beams. The radiation defects have a significant 
effect on the breakdown behaviour [33]. The E ,  value for surface discharge estimated in 
the present paper is in the same range as the values reported by Zahn et al, but lower than 
the bulk breakdown field, 10 MV cm-’ . 

7. Summary 

When an insulator is irradiated under a fine kiloelectronvolt electron beam, electrons are 
trapped in the specimen and a space charge distribution is formed. For a given material, 
the quantity of the trapped charge approaches the saturation value Qs as the irradiation 
time increases. After that, the space charge destabilizes and surface discharge occurs. Q, 
depends on the incident beam energy UO, but not the beam current. Two values of the 
internal field, namely Ec and E,, are important in describing the charging and discharging 
process. At E,, electrons trapped at the shallow traps or at the edge of the space charge 
distributions are released. However the detrapping events are relatively small and localized. 
At E,, the trapped charge reaches the saturation value, and a relatively large number of 
trapped electrons is released. The high value of E,  can generate electron cascades and hence 
destabilize the trapped space charge. The E, value is estimated by a Gaussian distribution 
model and it ranges from 2.5 to 4.8 MV cm-’ for PMMA specimens. 
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