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A scanning electron microscope is employed for the investigation of charging on different cuts 
of an a-SiO,. A method for the determination of trapped charges is proposed. Charging on 
different cuts is observed to decrease in the order of z cut, 30” cut, 45” cut, and 60“ cut of the 
a-Si02. This phenomenon is related to permittivity, defect density, and stress of the samples. 
Details of the experiments and the method of charge determination are given. 

I. INTRODUCTION 

The importance of studying excess electrons trapped in 
solid matrices, irradiated by ionizing radiation, has been 
recognized for a long time.‘& a-Si02 is a very important 
insulating material in the electric industry, and a knowl- 
edge of the dependence of trapped electrons on different 
cuts7 of a single-crystalline a-Si02 is valuable in the under- 
standing of the phenomena of charge effect and the appli- 
cation of the material. A few years ago, Vigouroux et al.* 
observed a mirror effect due to the trapped electrons in 
some insulating materials by using a scanning electron mi- 
croscope (SEM). This mirror effect was presented as a 
virtual image of the microscope chamber on an equipoten- 
tial. The use of the SEM allows the charging of insulating 
materials to be controlled and also enables the very local 
charging and discharging processes to be monitored and 
investigated. Shortly after the observation of virtual im- 
ages, Cazaux’ derived a set of equations relating the im- 
planted charge and its associated potential for various 
specimen configurations. He assumed a uniform charge 
distribution inside a cylinder and concentrated his study 
mainly on a potential in the axial and radial directions. 
Although the equations given by Cazaux are very useful in 
certain cases, it is not quite suitable here because the po- 
tential in a general direction for an unknown charge dis- 
tribution has to be taken into account. Recently, Le Gres- 
sus et al. lo determined the trapped charge Q in a sample 
from the virtual image by using the simple Coulomb’s law 
with the assumption of a point charge distribution. Mean- 
while, they also indicated that the use of Coulomb’s law 
should not be very satisfactory because the trapped charges 
could spread in the medium and a whole equipotential 
surface could not be spherical unless at very far field 
points. Such very far field points are almost impossible to 
obtain by using the mirror image method unless a SEM 
with a very low accelerating voltage, of about 0.1 kV, is 
employed. Since most SEM cannot operate at such low 
accelerating voltages, an alternative way must be found for 
the determination of trapped charges in the mirror image 
method and this is essential for this investigation of charg- 
ing on different cuts of an a-Si02. 

The investigation of charge trapping deserves attention 
because there is a link between the charging ability and the 
material properties. Also the characteristic of a localized 
charge has to be considered in order to know more about 
the charge stability and the electrostatic energy which is 
stored in the charged material. Although many investiga- 
tions of charging on various insulators have been 
reported, “-I4 we have not found any report on the inves- 
tigation of charging on different cuts of a single-crystalline 
insulator, especially by the mirror image method. Different 
cuts of an a-SiO, represent different crystalline states and 
properties.7 Therefore, charging on these cuts can possibly 
be different, and this is investigated. Trapped charges are 
found different for different cuts, and the dependence of 
charging on the cuts is discussed. 

II. EXPERlPdlENT 

4 few samples, the z cut, 30” cut, 45” cut, and 60” cut 
of a single crystalline a-SiO, (see Fig. 1) were investigated. 
Prior to the SEM investigation, all these samples were fired 
at 800 “C and slowly cooled down to room temperature to 
avoid possible residual charges and also to keep their 
piezoelectric structure. The experiments were performed in 
a scanning electron microscope with high tension from 1 to 
39 keV. The sample, with its upper surface free, was 
mounted on the grounded sample holder. The optical col- 
umn of the microscope was kept aligned when the voltage 
was changed from the higher value to the lower one. By 
using an electron beam (39 keV), which was parallel to the 
normal of the specimen surface, the sample was charged 
and such a charge resulted in a potential distribution. The 
accelerating voltage, probe size, intensity, and irradiation 
time were kept the same when charging different samples. 
By using the secondary electron imaging mode of SEM, at 
a low accelerating voltage V’, a virtual image of the mi- 
croscope chamber on an equipotential V= v’ was ob- 
tained. From the virtual image, we can determine trapped 
charges by using the method proposed in the next section. 
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FIG. 1. A  schematic diagram showing the different cuts of an a-SiO,. 
The thickness and diameter of the sample are 1 and 20 mm,  respectively. 

III. CHARGE DETERMINATION 

In this section we will consider the determination of 
trapped charges in the sample from the virtual image. It is 
known that the potential V can be related to the charge 
density by Poisson’s equation15 

v2 v= -p/e&J, (1) 

where p is the charge density, E, is the relative permittivity 
of the dielectric and e. is the permittivity in vacuum. Sup- 
posing that a quantity of charge Q is embedded in a semi- 
infinite dielectric, the associated potential in the vacuum is 
equivalent to that of a quantity of charge KQ at the same 
position, where K=2/( er+ 1) . By solving Eq. ( 1 >, the po- 
tential V in vacuum can be found to be 

V(r)=& _I__ KP@‘) dv, 
0 I [r-r‘1 (2) 

where r is the field point in vacuum and r’ is a source point. 
If the field point r is away from the charge distribution, 
which is true in the mirror image experiments, V(r) can be 
obtained as a power series in l/r,” 

V(r) =KQ/(4mor) +Kr*p/(4rreo?) +... . (3) 

The first term corresponds to the potential of a point 
charge of magnitude Q which is equal to the net total 
charge. This reveals that Q can be determined from the 
coefficient C, of V=ZCJr’. C, is obtained from best fitting 
the experimental ( V,l/r) data. It is noticed that the ex- 
pression of the lirst term in Eq. (3) is the same as the 
simple Coulomb’s law; however, Q determined from the 
simple Coulomb’s law can be significantly different from 
that determined by using Eq. (3) because the former ne- 
glects the higher-order terms of l/r. 

The values of V and l/r pairs are obtained experimen- 
tally from the virtual image. When the sample is charged at 
accelerating voltage V. in a SEM, a potential distribution 
V (V< Vo) is set up for the implanted charge Q. If the 
sample is scanned by an electron beam accelerated at V 
(V’ < Vo), incident electrons can be reflected on equipo- 
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FIG: 2. Schematic of the formation of a virtual image of the microscope 
chamber on an equipotential. “OL” and “SE” in the figure stand for 
objective lens and secondary electron, respectively. 

tential V= V’ according to the law of reflection. For an 
incident direction, the incident electron beam is reflected at 
one field point of equipotential V. The reflected electrons of 
this incident beam then hit one spot of the SEM chamber. 
This hit generates secondary electrons and the secondary 
electrons are collected by the secondary electron detector 
of the microscope (Fig. 2). As different incident beam 
directions are related to different points of the equipoten- 
tial surface and so the different spots of the microscope 
chamber, a virtual image of the chamber at equipotential V 
is obtained by scanning the sample at accelerating voltage 
V’ (Fig. 3 ) . For a point P on the exit plane of the objective 
lens pole, whose distance from the optical axis of the SEM 
is AP=s,, the distance of its relevant point on equipoten- 

FIG. 3. An experimental virtual image of the S E M  chamber. The accel- 
erating voltage is 4 kV, 45’-cut sample. Various parts in the chamber are 
shown in the photograph, and the central part is the exit plane of the 
objective lens pole. 
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FIG. 4. The geometrical illustration for the derivation of the formula 
relating r to r, and the other parameters. The angles here are much larger 
than they should be for clarity. 

tial Y= V’ from the virtual image center is r, (Fig. 4). This 
r, can directly be measured from the virtual image. How- 
ever, we should have the value of r rather than r, for the 
determination of Q. To derive I from r,, we consider the 
geometry given in Fig. 4. It can be seen that 

rll 
r=sin(cr> ’ (4) 

AF 
uXl(%a) =z, (5) 

hence 

I=sin[ 4 arcL(g)] - 
(6) 

If r<OA, which is true in the mirror image experiments, 
AF=& and OA = D, where D is the distance between the 
sample and the exit plane of the objective lens pole. There- 
fore, Eq. (6) becomes 

(7) 

D is a given parameter of the microscope. so can be known 
if we select a remarkable feature (for example, a circle) on 
the exit plane of the objective lens pole. By using Eq. (7), 
r can be determined. When we use different incident volt- 
ages V’, we have different values of r on the different equi- 
potentials V= V’. A relation of V=ZCi/r’ can be obtained 
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FIG. 5. The experimentally determined (V,l/r) points for the various 
cuts of an a-SiO,. The experimental data are presented as symbols. The 
fitting curves are shown as solid lines. 

from curve fitting the experimental ( V,l/r) data. By com- 
paring this relation with Eq. (3), it is seen that Q can be 
determined from Ct because C, = KQ/47reo. This method 
for determining Q has the following advantages: a SEM of 
very low accelerating voltage is no longer a necessary con- 
dition for the mirror image experiment; lo an assumption of 
charge distribution’?” is not required, field points are not 
necessarily restricted to certain directions; an equipotential 
surface is only required to be a sphere locally rather than 
wholly? 

IV. CHARGING ON DIFFERENT CUTS OF AN a-SiOp 

The experiment of charging on different cuts of a single 
crystalline cr-SiOz is necessary because it helps in the un- 
derstanding of charging phenomena. In this experiment, 
V. is taken to be 39 kV, so is 7.5 mm, D is 39 mm, and r, 
is measured from the virtual image. r is related to Vo, so, 
D, and ru by Eq. (7). The experimentally determined 
( V,l/r) data for the z cut, 30” gut, 45” cut, and 60” cut 
specimens are presented in Fig. 5. Unlike the other data, 
the point (0,O) is not from experiments but from the def- 
inition of V=O at r= c~3. In Fig. 5, the curves fitting the 
experimental data are also shown. Such fitting curves are 
obtained by assuming V= C,/r+ C,/? -+ Co, where Co can 
be considered to be the remainder corresponding to the 
contribution of higher orders (i> 2) in XC/J’. It can be 
seen that these curves fit the experimental data very well 
and Co can be neglected. This suggests that the charge 
distribution in the sample can effectively be represented by 
the net charge Q and a dipole p. We have observed that, for 
each of these samples under investigation, when using 
points with the same value so but in different directions on 
the exit plane of the objective lens pole, the same value of 
r, is obtained. This indicates that the direction of p is along 
the surface normal. The data presented in Fig. 5 reveal 
that: (i) the potential V is not linearly related to l/r for 
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TABLE I. The experimentally determined C, = KQ/4m0 and Q for the z 
cut, 30’ cut, 45’ cut, and 60’ cut samples of a single crystalline aSiOl. 

Sample CI Wm) 

z cut 1.7 
30’ cut 1.5 
45’ cut 1.1 
6(r cut 0.9 

6 q (x10-‘cc) 

4.64 5.3 
4.61 4.7 
4.58 3.4 
4.55 2.8 

Charging 
ability 

strong 
I 

weak 

any of the samples; (ii) the slopes of the curves decrease in 
the order of z cut, 30” cut, 45” cut, and 60” cut. 

(i) suggests the inadequacy of using a point charge 
model for the evaluation of trapped charges, which indi- 
cates that the simple Coulomb’s law is not applicable and it 
is necessary to use the general method (see the previous 
section) to determine the charge Q. (ii) is very interesting 
because it reveals the different charging ability on different 
cuts of a single crystalline a-SiO,, and a quantitative com- 
parison of C, and Q between the different samples is listed 
in Table I. Ct is the result of curve fitting of the experi- 
mental data, which characterizes the material and is re- 
lated, for example, to the flash-over (or hold-off) voltage. 
The value of Ct decreases in the order of z cut, 30” cut, 45 
cut, and 60” cut. We have observed that the flash-over 
voltage also decreases in the same order. Such a relation- 
ship between flash-over voltage and Ct is in agreement with 
the previous observation on polymers and ceramics.14 
From Ct , the extension (x) of electrons on the sample can 
be obtained from the equation (x)=~C,/V~,‘~ (x) is 
found to be 87,77, 56, and 46 pm for z cut, 30” cut, 45” cut, 
and 60” cut, respectively. Q is calculated from 
C, =KQJ49reo, where K=2/( 1 +E,) and the values of e,. 
are from Fontanella, Andeen, and Schuele.16 The value of 
Q is related to the trapping ability of the sample. It can be 
seen from Table I that the value of Q decreases in the same 
trend as Ct. Such a dependence of charge Q on the cuts of 
a-SiO, will be discussed in the following. 

Since there is a piezoelectric effect in Cr-SiO,, the per- 
mittivity E, of this crystal is dependent on the cutting angle 
following:7~‘6 

E,= En + ($1 -efJ cos2 e, 

where 8 is the angle between the surface normal and the c 
axis of the a-SiOz; erl and er2 are the permittivities in the 
directions parallel and perpendicular to the c axis of the 
crystal, respectively. The value of erl is independent of 
strain, and the value of er reaches its highest in the c-axis 
direction. On the other hand, er2 is a function of strain. The 
effect of piezoelectric strain has been taken into account in 
the permittivity er in Table I by the expression:7V’6 

where en and ei2 are the “free” and “clamped” permittiv- 
ities in the direction perpendicular to the c axis, respec- 
tively; ell, dtt, e14, and dt4 are stress and strain constants 
of cr-SiO,. From Table I, it is seen that Q increases with the 
increase of er and the cut angle. Such a trend shows sup- 

port to the trend observed previously on various materials 
with different permittivities.‘4 This Q dependence on E, can 
be interpreted by the polarization energy cIPi7 as well as 
the Coulomb repulsive force. It has been shown that a local 
charge density depends on local variation of permittivity 
and this leads to an expression for the polarization energy 
UP. l7 UP increases with the increase of the macroscopically 
average permittivity; therefore, a material with higher av- 
erage permittivity will tend to hold more charges. Such an 
interpretation does not contradict the one by using Cou- 
lomb repulsive force. It is well known that the force be- 
tween two charges is inversely proportional to er. There- 
fore, when E, is larger, the Coulomb repulsion between 
pairs of charges is weaker and so electrons can go deeper 
into the sample and more charges can be trapped in the 
sample. 

Other than permittivity, the trapping ability should 
also be related to defect density. We know that defects 
introduce energy states or levels within the band gap and 
these levels receive and trap electrons from the conduction 
band. Under electron bombardment, excess electrons are 
introduced in the sample and electrons can be trapped in 
the localized levels, especially in the deep levels, leading to 
charging. In addition, the effect of stress should also be 
considered. For an a-SiO, sample, piezoelectric as well as 
mechanical stresses exist with respect to the surface ele- 
ment in the crystal. Such stresses can also affect charge 
ability of the material. The above discussion suggests that 
permittivity plays an important role in charge trapping. 
Moreover, the effects of defects and piezoelectric, and me- 
chanical stresses should also be considered. 

V. CONCLUSION 

The scanning electron microscope (SEM) is used as a 
powerful tool in the investigation of charging on various 
cuts of an cw-SiOz. Charges trapped in the sample and their 
related potential distributions are studied by the SEM mir- 
ror image technique. A method for the determination of 
trapped charges is proposed. This method has overcome 
the barriers of, for example, the very low voltage require- 
ment for a SEM and the assumption of a charge distribu- 
tion in the previous approaches. Charging on the z cut, 30” 
cut, 45” cut, and 60” cut of an cr-SiO, is investigated. 
Charge extensions on the samples are found to be a few 
tens of micrometers. The charging ability is observed to be 
decreasing in the order of z cut, 30” cut, 45” cut, and 60” cut 
of the cr-SiO,. This phenomenon is interpreted by the con- 
cepts of permittivity, defects, and stresses. 
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