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ABSTRACT
An experimental-theoretical investigation have been presented to exploring phenomena of
mirror effect. The Polyethylene Terephthalate (PET) material is chosen to be a case study throughout
this work. Where the scanning electron microscope (SEM) is used for executing the experiments.
Attention has been focused on determination of the number of electrons that accumulated at PET
surface, since it is regarded to be the most important factor for producing mirror effect images. Thus
two different procedures are produced to achieve such a task namely Magnification Factor Method and
Disappearing Method. Results obtained from these two approaches have clearly shown that mirror
effects can accurately be used as an excellent tool to determine dielectric constant of insulator.
Keywords: Polyethylene Terephthalate; scanning electron microscope; Magnification Factor Method;
Disappearing Method

1. INTRODUCTION
Scanning Electron Microscope (SEM) is an important tool usually used to image sample
details below the limits of optical microscopy. Furthermore, SEM can be conveniently used to
detect details down to the nanometer range, the limit being practically imposed by the spot
size of the scanning focused beam rather than the electron wavelength [1]. The mechanism
that generates the image is the detection of products resulting from the interaction of the
primary beam with specimen atoms.
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Occasionally, a large number of signals will be generated like backscattered electrons,
secondary electrons, X-Rays, Auger electrons, cathodoluminescence and specimen current.
When an electron beam strikes a sample, there are two broad categories to describe electron
scattering, namely, elastic and inelastic [2].
Consequently, during the scanning process, while a given rate of high-energy electron
impinges on a very small distance, a different rate of electrons escape from it. The net result
can be positive or negative electric charge. Optimal imaging conditions require this excess
charge to be removed and this is typically achieved by providing conductive samples, which
are electrically grounded. If the sample is not conductive by itself, it can be covered with a
nano-metric layer of a conductive material like gold or carbon [2].
In fact, when a conductive sample is irradiated with electron or ions, the excess of
charge quickly follows to a ground away from the beam spot. In contrast, in a non-conductive
sample, an excess charge is spatially trapped within the sample and thus it is being like a
charges container. Consequently, the trapped charges affects incoming beam by Coulomb’s
force and generating distortions in their path.
The repulsive force almost bullying incoming electrons to reflected to different
directions as different angles are scanned. In suitable conditions, the upcoming electrons can
thus be directed to different points of the SEM chamber generating an interaction with the
molecules of the chamber itself. Since the electrons hitting the chamber have about the same
energy as exiting the accelerating electron column [3].
Therefore, this high-energy interaction is able to generate secondary electrons, X-rays
or the other usual interaction products. The secondary electrons can be collected by the biased
grid of the sensors (ET detectors) within the microscope or the sensitive areas of the (SSBSD)
detectors. Hence, instead of getting an image for the surface of interest, an image for the SEM
chamber interior appears. This effect was christened ‘Mirror Effect’ and typically called
electron mirror effect (EME). Phenomena of electron mirror effect is observed since the
beginning of the seventeenth’s of last century by Clark and Stuart [4] and also Shaffner and
Vanveld [5]. While the effect of ion mirror was recently observed, in focused ion beam (FIB),
by Croccolo and Riccardi [6].
Actually, mirror effect have been sorted as a disadvantageous for the SEM instruments
and many efforts are presented to overcome this effect. Thereby, this effect is, somehow,
showed a well investigation concerning the material science point of view rather than electron
optics, see for example [7-9].
Till now EME being under investigation by many SEM users both to understand its
working principles [10-12] and how to avoid it [13-15], because it actually impairs the
conventional imaging picture. Present work, in fact, is carried out aiming to exploring the
phenomena of mirror effect to inspecting ability to use it as a tool for the determination of
dielectric constant of insulator materials.
When an electron beam of energy Ei , forming a current Ii , strikes the surface of an
insulator, inelastically secondary electrons SEs , with energies < 50 eV and elastically BSEs ,
with energies from 50 eV to Ei , are emitted in the vacuum and form an electron emission
current Iσ = σ Ii , where σ is the total electron emission yield.
Fig. 1 shows schematically the typical dependence of σ on the landing energy of
incoming electrons for insulators. For a given sample, the electron yield σ typically increases
from zero to maximum (larger than unit) as the electron energy is increased up to the
maximum yield value.
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The first energy level for which the electron yield is unit is termed EC1 [9]. For larger
electron energies the electron yield decreases to zero crossing the unit yield again for a larger
energy value EC2 which is typically in the order of some keV. To obtain strong sample
charging, the electron energy should be larger than EC2.

Figure 1. The total electron emission yield curve for insulators [9].

Strictly speaking, when a stationary primary electron beam in a SEM is focused onto the
surface of an insulator a part of the incident electrons are trapped in the bulk material
inducing a displacement current Id. The other parts of the current are the leakage current IL
and so the current due to the electrons emitted from the sample. Thus, in accordance to the
charges conservation law one may write [12];
Ii = Ii(δ + η) + Id + IL

(1)

where: δ is the secondary electrons (SE) emission coefficient and η is the coefficient of
backscattered electrons (BSE). When a surface of insulating materials with a metallic
grounded holder, is bombarded by an electron beam with an energy Ei greater than EC2 i.e. σ
can be smaller than unity. A part of the incident electrons will be trapped in the specimen and
hence an electric field is created due to the trapped charges and various types of electrons are
also emitted. The total number of the trapped electrons can be determine by [16];
Q(t) = Qs [1 − exp(−t/τ )]

(2)

where Qs is the trapped electrons at saturation (at very large irradiation time), while τ is the
time constant (consuming time) of electron charging, given by the relation [16];

𝜏

(

(3)

)

hence, when Qs and τ are known the number of the trapped charges at each irradiation time
can be determined by means of Eq. 2.
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When a beam of electrons accelerated by a potential Vsc , it gain a kinetic energy Ek of
amount eVsc at the exit diaphragm of the column. Since the SEM chamber is highly
evacuated, the electrons conserving its total energy, which is the kinetic energy for this case,
until it reaches the sample surface.
A part from the backscattered electrons, if such an electrons get trapped it gives all of its
energy to the sample and hence some of interaction pictures will be occurred. The irradiated
electrons, till now, behave as free particles and thus it have zero potential energy. Whenever,
the irradiation process subsisting, the concentration of trapped electrons (Qt) increases, hence
an electric potential (Vs) at the sample surface will be created. This potential will growth with
the irradiation time until reaches an approximately fixed amount when the saturation takes
place. However, due to the repulsive Columb force, the created potential tries to prevent the
incoming electron from reaching the sample surface.
Assuming, the trapped electrons are distributed within a disc of radius R, the established
potential for a point located at a distance y from the sample can take the following form;

Vs ( y ) 

Qt
( y 2  R 2  y)
2
2R 0

(4)

In fact, two different crucial cases can be recorded due to the last equation. First of them
is that when Vsc > Vs (y) along the working distance 0 ≤ y ≤ L. Where L is the geometrical
distance between the column diaphragm and the sample surface. For such a case the incoming
electrons will defiantly reach the sample and thus a real image for the sample surface will be
seen at the monitor of SEM machine.
The second case, however, implies the situation when Vsc ≤ Vs . For such a condition
the incoming electron will never reach the sample surface because Vs can reflect them back
towards the ceiling chamber. Thus, the mirror effect beings take place and consequently an
image for the ceiling chamber, rather than the sample itself will be seen at the SEM monitor.

2. EXPERIMENTAL SET UP
The SEM used to executed all of the present work experiments was the QUANTA-200
3D dual beam machine manufactured by FEI company. The Polyethylene Terephthalate
which typically known as PET have been used to be a case study for the work experiments.
PET samples have perpetrated to be of a flat-shape circle of diameter 1 cm so as to be
suitable to hold at the chamber stage. The measured dielectric constant of the used PET
sample is 3.43 obtained at frequency 1 MHz. Surface of the samples was carefully cleaned
using distilled water. Experiments was carried out at room temperature and pressure of
2.0x10-5 Pa. The working distance L is maintained fixed, for all of the experiments, to the
value 15 mm. The samples are irradiated in a scanning mode (32 frames) over an area of
0.785 mm2. Each experiment is carried out for a virgin sample of PET material .i.e. one with
no previous charge history. So that, each sample was irradiated only once. The irradiation was
performed for 5 to few hundred of seconds. Two different approaches, and so different
experimental set up, have been followed to determine the number of electrons that may
trapped at the PET surface during the irradiation process. These approaches are named by
Magnification Factor Method and Disappearing Method.
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3. RESULTS AND DISCUSSION
3. 1. Magnification Factor Method
Indeed the determination of electrons that trapped on the surface of insulator may lead
to important information about the mirror effect phenomena and the insulator itself.
However, one of the important experimental aided theoretical tools for computing the
trapped charges Qt is the expression given by the following equation [8];
(5)
where d' and d are the real out put diameter of the column exit and the output diameter of the
column exit in the image received by means of Mirror effect, L is the working distance, Vsc
is the scanning potential and A∞ is constant, for the same material of relative dielectric
constant εr and space permittivity εo , given by,

[

(

)]

However, for PET material with a scanning potential 300 V, working distance 15 mm and
d'=2.26 mm, equation (5) reduces to the following form;
(6)
The sample has been irradiated for different periods of time by electron beam
accelerated up to 20 kV with beam current of 1.1 nA. For each period of time, the value of (d)
is measured by means of the electron mirror as shown in Fig. 2. In fact (d) have been
measured at different sample position, then the average for all measurement is recorded.
Fig. 3 shows the calculated trapped electrons, in sense of equation (6), as a function of
the column exit diameter (d). It is seen that, as long as higher electrons concentration are
accumulated at the PET surface, the EMI of the ceiling chamber get higher magnification.
This result indicates that whenever the number of the trapping electrons are increases, the
potential surface will increases too. Thus, electrons will be reflected at a point approaching
towards the column diaphragm. From another hand, the linear relationship between Qt and d
indicate that whenever a high charges concentration is build up on the PET surface a higher
reflecting power the scanning beam will be suffered. The careful inspection of such a result
reveals that the charges build up increases, somehow, exponentially with time of irradiation,
as shown in Fig. 4. The reduction in the electrons build up, which can be read from the last
figure, may think to be as that the irradiated areas are begun to approaches reaching the
saturation and hence no more electrons can be trapped at the surface of PET sample. So, it is
reasonable to consider that the charges (electrons of course) saturation for the accelerating
potential 20 kV approximately beings at 0.4199 nC.
Figure 5 shows the relation between ln{1-Q(t)/Qs} and the time of irradiation for the
considered accelerating voltage, which plotted in sense of the following equation [16];

( )

[

( )]

(7)
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t = 15 s

t = 45 s

t = 90 s

t = 300 s

Figure 2. Some electron mirror images recorded at different irradiation times with irradiation
potential of Vi = 20 kV.
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Figure 3. The trapped electrons Qt versus the inner diameter of the SEM column output
diaphragm as imaged by the EME.
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Figure 4. The relation between trapped charges Qt with the irradiation time.
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The slope, in fact, represents the consuming time τ which equal to 34.004 s for the
considered voltage. It may realize that as long as the energy of the incoming electron
increased, then it penetrates deeper inside the PET sample. Hence, the time of de-trapping
process will get additional increase. According to the specified value of τ, the trapped
electrons have been computed again by using of Eq. 7. Hence, the result is plotted together
with that obtained from using Eq. 5 as shown in the last Fig. 4.
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Figure 5. The relation between ln [1-(Qt(t)/Qs)] and the time of irradiation.

3. 2. Disappearing Method
This approach, that aims at finding the total number of charges that builds up at
insulator surface, is based on using the following equation [12];
(8)
According to this equation, the PET sample irradiated by an electrons beam accelerated
up to Vi = 20 kV with a current beam 1.1 nA for 5 minutes, for a such operational parameters,
it have been found that, the maximum scanning potential at which the mirror effect image
approach to disappears is about Vsc = 14 kV, which represent roughly the maximum stopping
potential for this case, see Fig. 5.
So, the number of trapped electrons, calculated from Eq. 8, is found to be about 0.389
nC. Actually, this result differs by 0.074 percent from that determined from the Magnification
Factor Method presented in previous section. Indeed, one should have a good experimental
expert in order to estimate the stopping potential accurately.
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Figure 6. Mirror effect images deduced at different scanning potentials for irradiation
potential Vi = 20 kV.
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3. 3. Determination of the Dielectric Constant
The phenomena of mirror effect may be used as a tool to estimating the dielectric
constant for an insulating material. Where Eq. 5 together with Eq. 8 can be put forward to
reach such a goal. Where, it is readily be get the following relation;

[

]

,

(9)

So, in accordance to the results shown in last two sections, for example, the irradiating
of the PET sample with an electron beam accelerated up to 20 kV with a current of 1.1 nA for
6 minutes has led to an accumulated charges of amount ≈0.389 nC. Additionally, the
maximum scanning potential is found to be about ≈14 kV when the working distance (L) and
the real inner bore radius of the column (d′) are respectively at the values 15 mm and 2.26
mm. Furthermore, at imaging potential Vsc = 300 V the value of d is measured from the mirror
effect image to be 219.1 µm. Thereby, the using of Eq. 9 to the following calculated result for
the dielectric constant of PET material εr ≈3.07 which may consider to be an excellent in
comparison with the documented one εr ≈3.4.

4. CONCLUSIONS
One of the most important conclusion remark of this work is that the number of charges
that accumulated on a surface of insulator may consider to be the most important factor to
exploring mirror effect phenomena. However, it reveals many of the features that
characterized a certain insulator. Furthermore, results have clearly shows that mirror effect
phenomena may regard to be a powerful tool for estimating values of the dielectric constant
for insulating materials.
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