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Abstract. We derive an equation for the differential cross-section dσ∕dΩ of reflected electrons
by using Electron Mirror method. The mathematical derivation of differential cross-section equa-
tion is based on the Rutherford scattering model as well as the equation of electric potential
difference. We describe the interaction of focused electron beams with a polyethylene tereph-
thalate sample using focused ion beam-scanning electron microscope electron mirror image. The
electron differential cross-section dσ∕dΩ for different working distances h ¼ 33, 20, and 10 mm,
with a scattering angle θ ranged from 10 deg to 55 deg, incident electrons energies η ¼ 500, 750,
and 1000 eV, and scanning potentialΔφ ranged from 1 to 2 kV has been calculated. According to
our findings, the differential cross-section dσ∕dΩ of reflected electrons decreases with increas-
ing scattering angle θ and the working distance h and is directly proportional to the difference
potential Δφ and the energy of incident electrons η. Distort the electron mirror images with
increased Δφ. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1

.JNP.9.093096]
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1 Introduction

A scanning electron microscope is an instrument for observing and analyzing the microscopic
characteristics of a wide variety of samples using a focused beam of high energy electrons. When
nonconductive samples, such as PVC,1 a-SiO2,

2 polyester,3 and a polyethylene terephthalate
(PET) irradiated by electron radiation with sufficiently high energy, the scanning electron micro-
scope analysis fails.3

The charging effects in an electron irradiated insulators results from a competition between
the secondary electron (SE) emission which contributes to a positive charging, and the trapping
of electrons by the sample. Due to the localization of the injected electrons and secondary emis-
sion as well as defects produced during electron irradiation, the sign of the trapped charge and
the resulting macroscopic surface potential may locally change between positive and negative.4–6

When charged particles impinge on a solid they can impart energy, exciting electrons within
the material. If this energy is sufficient to overcome surface energy barriers (e.g., work function
or electron affinity) electrons can escape from the material, leading to material charging. The
emitted electrons can be divided into two categories: (a) SEs; typically lower energy electrons
(<50 eV by convention) that originate within the material, produced by numerous inelastic scat-
tering events of the incident electrons; (b) backscattered electrons; typically higher energy elec-
trons (>50 eV by convention) that originate from the incident electron source, but scatter either
elastically or inelastically before leaving the target material.7–9

Usually, the interaction of the electron beam with an insulator results in patterns of the elec-
tric field of the trapped charges. The electrons are repelled by the negative charge on the sample
and sent in another direction where they interact normally with another sample (inner chamber
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materials) that generates SEs, some of which are collected by the sensor. Via this mechanism, the
sample itself becomes a mirror.10

The pseudomirror effect is a phenomenon that was first described by Belhaj et al.,11 in which
both the reflected electrons and the SEs generated on the sample surface could be detected.

Belhaj et al.12 studied the influence of the primary beam energy on the sign and the amount of
trapped charge and also illustrated the ability of the method to study the kinetics of the electron
trapping-detrapping phenomena.

In 1999, Vallayer et al.13 published a paper in which they described a method to determine the
number of charges that are trapped on the surface of an insulator and which led to important
information about the mirror effect phenomena and the insulator properties.

By 2001, Croccolo and Riccardi observed a mirror image using an ion beam, where the
sample is positively charged by the ion beam impinging on a nonconducting sample. This effect
appears to be the sum of the ion implantation/neutralization plus the electron emission and is
supposed to have exponential dynamics. Eventually, the sample is observed with lower energy
ions. If the energy is sufficiently small relative to the deposited charge, ions are reflected back by
the Coulomb repulsion and hit the focused ion beam (FIB)/scanning electron microscope (SEM)
chamber. The interaction of the chamber material with the ions gives rise to electron emission
and some of these electrons are detected by the active detector giving rise to a mirror image.1

Additionally,Wintle14 and Liebault et al.15 used themirror imagemethod as a tool to determine
the charge trapped in dielectric samples. The study of Milani et al.16 shows the importance of the
possible paths of electrons traveling in the chamber of an electronmicroscopewhen an electrostatic
field is present on the specimen surface. However, much of the research up until now has been
descriptive in nature of the electron mirror image such as that of Al-zahy et al.17 and Hattali et al.18

This project provided an important opportunity to advance the understanding of the potential
distribution on a charged disc-area generated when a scanning electron microscope is used as a
source of electrons. The major objective of this study was to investigate the differential cross-
section dσ∕dΩ of reflected electrons from a charged disc-area for different scattering angles θ,
scanning potentials Δφ, working distances h, and electron energy η.

The present manuscript is organized in four sections, including the introductory one.
Section 2 deals with a description of a scanning electron microscope with an FIB and PET sam-
ple. Section 3 summarizes the theoretical background of the research and eventually derives an
equation for the differential cross-section dσ∕dΩ of reflected electrons according to the
Rutherford scattering model and the distribution of the electric field at the surface of the charged
disc area. Section 3 also focuses on three main aspects: In Sec. 3.1, we focus on the surface
potential of the sample versus the radius of the charged disc area and the working distance (h).
In Sec. 3.2, we derive an equation for the trapped chargeQ as a function of the working distance
(h) and the potential difference ðΔφÞ and use it to discuss how the trapped chargeQ of the (PET)
sample is affected both by varying (h) and ðΔφÞ inside the FIB-SEM system. In Sec. 3.3, we deal
with the differential cross-section dσ∕dΩ of reflected electrons versus the working distance h,
energy of incident electrons η, scattering angle θ, and the potential difference Δφ. Finally, the
conclusion gives a brief summary and critique of the findings.

2 Material and Methods

A scanning electron microscope (SEM) with an FIB (FEI, Quanta 3D) is a powerful magnifi-
cation tool that utilizes focused beams of electrons or ions to obtain information. Three-dimen-
sional images produced by SEMs provide topographical, morphological, and compositional
information, which makes it invaluable in a variety of science and industry applications.
The FIB is a tool that basically performs three functions: ion imaging (from SEs or ions), milling
(precision down to 10 nm), and deposition (with the insertion of a small needle delivering special
precursor gases). The FIB-SEM system has been used to generate the electron mirror image by
using PET as sample as shown in Fig. 1. The samples are ∼99% pure PET in the form of cyl-
inders, 1.5-mm thick and 4 mm in diameter. The practical part (electron mirror images) of the
research was conducted at the Department of Material Sciences of the University of Milano-
Bicocca, FIB-SEM Bombay Lab Via Cozzi 53, I–20125 Milano.
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3 Results and Discussion

3.1 Measurement of Surface Potential

Figure 2 shows the working principle when the insulator sample is irradiated with electrons that
are reflected back from the charged PET sample. Arrow (1) indicates the incident electrons of the
electron gun scanning the surface of PET sample. The wavy arrow (2) indicates electrons
reflected back from the charged PET sample and interaction with materials of the top wall
of FIB-SEM chamber. Arrow (3) refers to electrons reflected back from the charged PET sample
and these electrons are detected by an Everhard-Tornley detector (ETD). Arrow (4) shows the
SEs generated from the interaction of electrons with the top wall of the FIB-SEM chamber; these
SEs are detected by ETD giving rise to the mirror image. The scanned area accumulates charge
and its surface potential increases.19

When the scanning electron microscope is used as a source of energetic electrons, the disc-
charged area is produced. A disc of radius R is uniformly charged with a total charge Q. This
study first evaluates the magnitude of the electric field at point O lying a distance h from the
center of the disc along the axis of symmetry of the disc as shown in Fig. 3.

The electric field at point O due to a group of point charges dq can be obtained as20

dE ¼ k
ðεr þ 1Þ

dq
y3

h; (1)

where k is the Coulomb constant, y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ r2Þ

p
, εr is the permittivity of the PET sample, dq is

a differential element of the charge distribution, h is the working distance (i.e., distance between

Fig. 1 Electron mirror effect image from the polyethylene terephthalate (PET) sample versus pho-
tograph of the top focused ion beam/scanning electron microscope system.

Electron gun

(1)
(2)

(3)

(4)ETD sensor

Sample stage 

Fig. 2 Schematic of electron mirror image.
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the electron gun aperture and the insulator surface), r is the distance from the center of the disc to
dq, and dE is the electric field established at that point. If the charge distribution is continuous
rather than being a collection of points, Eq. (1) must be replaced by an integral

E ¼
Z

dE ¼ k
ðεr þ 1Þ

Z
dqffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðh2 þ r2Þ3
p h. (2)

Set up the basic equations

dq ¼ δdA ¼ 2πrδdr; (3)

where δ is a surface charge density and dA is a differential element of the charged disc area. We
substitute Eq. (3) into Eq. (2), and obtain the equation

E ¼ πδkh
ðεr þ 1Þ

Z
R

0

2rdrffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ r2Þ3

p : (4)

By solving the integral in Eq. (4), we obtain

E ¼ πkhδ
ðεr þ 1Þ

�
1

h
−

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ R2Þ

p �
; (5)

where

Q ¼ πR2δ: (6)

Insertion of Eq. (6) into Eq. (5) yields the electric field of the total charge:

E ¼ Qk
ðεr þ 1ÞR2

�
1 −

hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ R2Þ

p �
: (7)

By using an incident electron which was normal to the PET sample, the sample was charged
and such a charge resulted in a potential distribution, the potential of the charged disc can be
found by

φ ¼ −
Z

Edh: (8)

We substitute Eq. (7) into Eq. (8), and obtain the equation

φ ðR; hÞ ¼ Qk
R2ðεr þ 1Þ ½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ R2Þ

q
− h�: (9)

h 

dE 

O  

y 
dq 

R 
r 

Fig. 3 Schematic illustration of the electric field of a disc charged area.
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Equation (9) provides a shortcut to understanding the behavior of the potential φ (R, h),
which depends on the working distance h and the radius of the charged disc R.

Suppose we would like to find the potential φ (R, h) of the electron gun by rewriting Eq. (9)
in the following form:

φðR; hÞ ¼ Qkh
R2ðεr þ 1Þ

��
1þ

�
R
h

�
2
�1

2

− 1

�
: (10)

To simplify Eq. (10), use the series expansion of the square root as follows:�
1þ

�
R
h

�
2
�1

2 ¼ 1þ 1

2

�
R
h

�
2

−
1

8

�
R
h

�
4

þ 1

16

�
R
h

�
6

−
15

128

�
R
h

�
8

þ : : : : (11)

At h ≫ R, the following approximation is helpful�
1þ

�
R
h

�
2
�1

2

≅ 1þ 1

2

�
R
h

�
2

: (12)

This approximation can be substituted into Eq. (10) to yield

φðR; hÞ ≅ Qkh
R2ðεr þ 1Þ

��
1þ 1

2

�
R
h

�
2
�
− 1

�
; h > 0: (13)

The potential at the surface of the electron gun is

φðR; hÞgun ≅
Qk

hðεr þ 1Þ : (14)

Equation (9) can be used to find the potential above the surface of sample; we rearrange
Eq. (9) to give

φðR; hÞ ¼ Qk
R2ðεr þ 1Þ

�
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��
h
R

�
2

þ 1

�s
− h

�
; h > 0: (15)

The following binomial series is helpful:

�
1þ

�
h
R

�
2
�1

2 ¼ 1þ 1

2

�
h
R

�
2

−
1

8

�
h
R

�
4

þ 1

16

�
h
R

�
6

−
15

128

�
h
R

�
8

þ : : : : (16)

For this situation R ≫ h, Eq. (16) can be expressed as�
1þ

�
h
R

�
2
�1

2

≅ 1þ 1

2

�
h
R

�
2

: (17)

We substitute Eq. (17) in Eq. (15) to yield

φðR; hÞ ≅ Qk
R2ðεr þ 1Þ

�
R

�
1þ 1

2

�
h
R

�
2
�
− h

�
; (18)

when the incident electron beam is close to the sample surface R ≫ h, h ≅ 0, 1∕2ðh∕RÞ2 ≅ 0,
therefore, Eq. (18) becomes

φðR; hÞsample ≅
Qk

Rðεr þ 1Þ
�
1 −

h
R

�
: (19)
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At R ≅ 0, h ¼ 0, the value ð1 − h∕RÞ ¼ 1, and the potential at the center of the disc is given
by

φðR; hÞdisc center ≅
Qk

Rðεr þ 1Þ : (20)

The magnitude of the potential increases and reaches its maximum value at R ≅ 0.
The “fast” electrons travel through a working distance h and begin decelerating to low ener-

gies near the sample surface. The potential difference between the electron gun and the sample
surface is

ΔφðR; hÞ ¼ φgun − φsample ≅
Qk

ðεr þ 1Þ
�
R2 − Rhþ h2

R2h

�
: (21)

Equation (21) indicates that the potential difference depends on the trapped charge Q, work-
ing distance h, and radius of the charged disc R. The first question in this study is to determine
the relation between the potential distribution and the properties of the electron mirror effects
(EMEs). Using Eq. (21) together with the parameters εr ≈ 3.43, Q ¼ 0.089 pC at h ¼ 33 mm,
Q ¼ 0.3 pC at h ¼ 20 mm, Q ¼ 0.431 pC at h ¼ 10 mm, and R ranged from −0.3 to 0.3 mm,
we note the potential distribution was close to a Gaussian distribution as shown in Figs. 4(a)–
4(c). Since the potential depends on the working distance h, it can be increased by decreasing the
working distance h. Figure 4(a’) shows the EME, obtained at h ¼ 33 mm working distance. It is
clearly observed from Fig. 4(a’) that the brightness at the upper right corner of the image is larger
than that of the lower left corner (dark).

The brightness depends on the number of SEs which reach the ETD detector; therefore, the
top wall of the FIB-SEM chamber which is close to the side of the ETD detector appears brighter
than the opposite side of the top wall of the FIB-SEM chamber in EME, because of the large
numbers of SEs which are emitted from the top wall of the FIB-SEM chamber and reach the
detector from the nearest side.

Figures 4(b’) and 4(c’) show the mirror images obtained at different working distances h ¼
20 mm and h ¼ 10 mm, respectively. It appears that the brightness of EME is inversely propor-
tional to the working distance. The observed correlation between the brightness and the working
distance might be explained in this way; a high value of potential which is created above the
surface of the PET sample at h ¼ 10 mm compared with the potential at h ¼ 20 mm and
h ¼ 33 mm. Consequently, the greatest incident electrons can be accelerated toward the top of
FIB-SEM system at h ¼ 10 mm; therefore, a large number of reflected electrons interact with
the top chamber of the FIB-SEM system to produce a large number of the SEs which are emitted
from it to the ETD detector.

By comparing the EMEs from Figs. 4(a’), 4(b’), and 4(c’), it can be seen that the brightness in
the upper right corner of images 4(b’) and 4(c’) is greater than that in image 4(a’); however, the
resolution is lower. These differences in brightness and resolution can be explained as follows:
reducing the working distance might lead to high values of the SE yield (high intensity) of the top
of FIB-SEM system near the ETD detector, and the detector speed is obviously critical, where a
large percentage of the SEs measured have the same energy, which contributes to reducing the
number of detected electrons, consequently, reducing the resolution of the ETD detector.

3.2 Estimate of Trapped Charge Q

The second question in this research was the relationship between the trapped charge Q, h, and
Δφ. From Eq. (21), the number of charges that are trapped on the surface of the insulator is given
by

Q ≅
ΔφR2h

kðεr þ 1ÞðR2 − Rhþ h2Þ : (22)

As soon as the electron gun irradiates the sample, the sample charges negatively and a pos-
itive charge is induced on the disc by electrostatic influence. For a given working distance, Δφ,
and R is only a function of Q.
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Figure 5(a) shows the measured trapped chargeQ versus the working distance with a constant
radius of the charged disc R of 0.3 mm, an accelerating voltage Δφ of 1 kVand the energy of the
electron η of 500 eV. The negative trapped charge increases by reducing the working distance. Q
varies with the working distance h according to Eq. (22).
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Fig. 4 The potential distribution of charged disc and the mirror images of a PET sample with
Δφ ¼ 2 kV, a current of 0.11 nA and magnifications 353× for different: (a) h ¼ 33 mm
(b) h ¼ 20 mm (c) h ¼ 10mm.
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Q ¼ 3.5255

h1.059
: (23)

The equation shows that a high charge concentration that builds up on the insulator surface is
inversely proportional to the working distance h as shown in Eq. (23).

This result may be explained by the fact that the electric field increases by reducing the
working distance h for a given value of the electrical potential difference Δφ ¼ 1 kV, as
shown in Eq. (24):

E ¼ φgun − φsample

h
¼ Δφ

h
: (24)

Equation (25) provides a shortcut to understanding the effect of the electric field E on the
electrons’ acceleration ae, where an increasing in the electric field leads to an increase in the
acceleration of the electrons ae which strike the PET sample with high energy to produce a large
amount of the trapped charge Q.

ae ¼
qE
m

; (25)

where m and q are the mass and charge of the electrons, respectively. Figure 5(b) shows the
variation of the electric potential difference Δφ with the trapped charges’ concentration Q
for two values of the working distance h ¼ 33 and 20 mm.

Q varies linearly with Δφ. A possible explanation for this might be that the kinetic energy of
the incident electron beam increases with an increase in the electric potential difference Δφ at a
constant working distance h as shown in Eq. (26).

1

2
mv2 ¼ q

Δφ
h

; (26)

where v is velocity of the electron. For an electric potential difference ofΔφ ¼ 1 kV, the trapped
charges’ concentration Q ¼ 0.089 pC at h ¼ 33 mm, and Q ¼ 0.3 pC at h ¼ 20 mm.

3.3 Differential Cross Section dσ∕dΩ

Differential cross sections dσ∕dΩ provide valuable insights on relativistic interactions, which
control the electron scattering dynamics and give the number of scattered particles in a certain
solid angle dΩ.

The general geometry of a scattering experiment is presented in Fig. 6. Incident electrons
interact with the negative charged which accumulated on the surface of the PET sample, which
reflects some of the electrons through an angle θ relative to the original beam direction.
According to Rutherford scattering, the differential cross-section dσ∕dΩ can be given by21

y = 3.5255x-1.059

0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40

Q
 (

p
C

)

h (mm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 500 1000 1500 2000 2500

Q
 (p

C
)

Δϕ (J/C)

h=33 mm h=20 mm
(a) (b)

Fig. 5 The trapped charges Q as a function of (a) the working distance h (b) electric potential
difference Δφ.
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dσ

dΩ
¼

�
kQe
4η

�
2

sin−4
�
θ

2

�
; (27)

where η is the energy of a primary electron.
Substituting Eq. (22) into Eq. (27), the differential cross-section dσ∕dΩ can be obtained

dσ

dΩ
¼

�
ΔφR2he

4ðεr þ 1ÞðR2 − Rhþ h2Þη
�
2

sin−4
�
θ

2

�
: (28)

3.3.1 h, η, and θ dependence of dσ∕dΩ

In this section, we demonstrate the effect of the working distance h, scattering angle θ, and
electric potential difference Δφ on the differential cross-section dσ∕dΩ of the reflected electrons.
Based on the charging effect, electrons with energies of 500, 750, and 1000 eVare scattered off
the PET sample. Given that the differential cross-section dσ∕dΩ of this reaction is a function of
the scattering angle θ for the following assumptions, the differential cross-section dσ∕dΩ is
inversely proportional to h and the scattering angle θ.

Our results, shown in Fig. 7(a), indicate the relation between dσ∕dΩ and the working dis-
tance h for the energy of electrons of η ¼ 500 eV and for different scattering angles θ ¼ 20 deg,
30 deg, and 50 deg.

Hence, for a given h ¼ 5 mm, we estimate the differential cross-section as dσ∕dΩ ¼ 2.3 ×
10−9 m2∕sr at θ ¼ 20 deg, dσ∕dΩ ¼ 4.66 × 10−10 m2∕sr at θ ¼ 30 deg, and dσ∕dΩ ¼ 6.56 ×
10−11 m2∕sr at θ ¼ 50 deg and for a given θ ¼ 20 deg dσ∕dΩ ¼ 1.32 × 10−10 m2∕sr at
h ¼ 20 mm, and dσ∕dΩ ¼ 4.79 × 10−11 m2∕sr at h ¼ 33 mm.

dΩ

Sample

Incident electrons

Reflected electronsdσ

Fig. 6 Schematic of scattering incident electrons.

Fig. 7 The differential cross-section dσ∕dΩ of scattering electron versus with (a) the working dis-
tance h (b) scattering angle θ.
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The observed correlation between the differential cross-section and scattering angle θ might
be explained in this way: when the scattering angle θ ¼ 20 deg, the potential above the surface
of the PET sample is high, according to Sec. 3.1. In addition, a possible explanation for the
correlation between the differential cross-section and the working distance h is that the difference
potential increase with a decrease in the working distance h leads to a high electric field which
reflected the incident electrons.

The results, shown in Fig. 7(b), demonstrated that the relation between the differential cross-
section and scattering angle θ is inversely proportional for different electron energies η ¼ 500,
750, and 1000 eV.

By fixing the working distance at h ¼ 33 mm, and θ ¼ 10 deg, the differential cross-section
as dσ∕dΩ ¼ 3.5 × 10−9 m2∕sr at η ¼ 500 eV, dσ∕dΩ ¼ 1.54 × 10−9 m2∕sr at η ¼ 750 eV, and
dσ∕dΩ ¼ 0.98 × 10−9 m2∕sr at η ¼ 1000 eV. For incident electrons with low-energy, the differ-
ential cross-section is high because the surface potential that arises from the trapping of negative
charges reflects the electrons with high acceleration.

3.3.2 Δφ dependence of dσ∕dΩ

Using Eq. (28) and the parameters h ¼ 33 mm, R ¼ 0.3 mm, and η ¼ 500 eV, we find a rela-
tion between dσ∕dΩ and Δφ. Fig. 8(a) compares the differential cross-sectional dσ∕dΩ as a
function of the difference potential Δφ at different scattering angles θ ¼ 20 deg, 30 deg,
and 50 deg.

This figure clearly shows that the differential cross-section dσ∕dΩ is directly proportional to
the difference potential Δφ. A possible explanation for these results may be that the accumu-
lation of static charges can be increased by increasing the difference potential Δφ and more
charges appear on the surface of the sample (PET), therefore, the magnitude of the electric
field at that surface also increases. Finally, the strength of the field becomes great enough to
repel more incident electrons, increasing the number of scattered electrons.

At a givenΔφ, the differential cross-section dσ∕dΩ is inversely proportional to the scattering
angle θ. This result may be explained by the fact that the charge distribution is approximately
Gaussian on the charged disc. However, a high density of charges at the center of the disc scatters
a large number of incident electrons in a direction closer to the incident electrons (small angle)
according to the Coulomb force.

The differential cross-sectional dσ∕dΩ can be calculated by using the parameters
R ¼ 0.3 mm, h ¼ 33 mm, θ ¼ 30 deg and Eq. (28) at η ¼ 500, 750, and 1000 eV, Fig. 8(b),
illustrates that the differential cross-sectional dσ∕dΩ increases when decreasing the electron
energy η. This result may be explained by the fact that the interaction points of incident electrons
with electrostatic potential above the surface sample (PET) are different depending on the ener-
gies of the incident electrons, where the interaction path of the electrons that have η ¼ 500 eV is

Fig. 8 The differential cross-section dσ∕dΩ of scattering electrons as a function of the potential
difference (a) η ¼ 500 eV, h ¼ 33 mm, R ¼ 0.3 mm, and Δφ ¼ 1 kV for different θ ¼ 20 deg,
30 deg, and 50 deg (b) h ¼ 33 mm, R ¼ 0.3 mm, θ ¼ 30 deg, and Δφ ¼ 1 kV for different
η ¼ 500, 750, and 1000 eV.
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less than those which have η ¼ 750 and 1000 eV. Furthermore, the electrostatic potential above
the sample provides a high level of work on the incident electrons of 500 eV. Consequently, the
landing energy of the incident electrons is reduced and the electric field may be strong enough to
reflect it from the area close to the electron gun. Therefore, the differential cross-sectional dσ∕dΩ
that has η ¼ 500 eV is higher than those which have η ¼ 750 and 1000 eV.

Figure 9 shows the mirror images of the sample (PET). This can provide information about
the properties of EMEs, in the case of a changing Δφ and fixation of the current to 0.11 nA, with

Fig. 9 Electron mirror images at different potential differences Δφ (a) ¼1 kV, (b) ¼1.1 kV,
(c) ¼1.2 kV, (d) ¼1.3 kV, (e) ¼1.4 kV, (f) ¼1.5 kV, (g) ¼1.6 kV, (h) ¼1.7 kV, (i) ¼1.8 kV,
(j) ¼1.9 kV, and (k) ¼2 kV.
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magnifications of 353×, and a working distance of 33 mm of the FIB-SEM system. The most
interesting finding was that an increase of the potential difference Δφ gives rise to a brightness
and resolution increases: the images with a high potential difference will have more details than
those with a low potential difference. A possible explanation for this might be that the differential
cross-section dσ∕dΩ is high with increasingΔφ. Another important finding was that the shape of
EMEs appears distorted when increasing the potential difference Δφ from 1 to 2 keV. The cir-
cular shape of the mirror images in Figs. 9(a) and 9(b) is converted to nearly rectangular shapes at
images 9(c) and 9(d), with the shapes of the mirror images 9(e)–9(k) suffering deformation in the
corners of the shapes. This result may be explained by the fact that the relationship between the
incident electrons and the reflected electrons depends on the distribution of the trapped electrons
in the specimen. When the potential difference Δφ is increasing, this leads to the accumulation

Fig. 9 (Continued)
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irregular trapped electrons on the surface of the sample (PET). The irregularity of trapped elec-
trons leads to building an irregular electric field in the space between the surface of the sample
(PET) and the grounded chamber wall in the vacuum. This is an irregular electric field that tends
to deform and bend the trajectories (paths) of reflected electrons and SEs.

4 Conclusions

The FIB-SEM system allows high-resolution, high-magnification imaging of conductive sam-
ples. The system fails for an insulator sample (PET) and the EME appears instead of an image of
the sample.

The connectivity between the mathematical analysis and experiments can play a relevant role
in the understanding of the basic features of the electrodynamics of the charging process of the
(PET) sample and the properties of electron mirror images.

We derive a potential difference equation and include the parameter of FIB-SEM system such
as theworking distance h and parameters of the sample such as the radius of the charged discR, the
permittivity of the (PET) sample εr, and trapped chargeQ. We use this equation to find the differ-
ential cross-section dσ∕dΩ equation. The differential cross-section dσ∕dΩ is one of the most
important physical observations in scattering experiments. It can be motivated as follows: a detec-
tor usually records the number of particles scattered from the target into a certain solid angle.

The following conclusions can be drawn from the present study:

1. The trapped charge Q on the surface of a PET sample decreases with increasing h.
2. The distribution of the electric potential on the PET sample affects the acceleration of the

reflected incident electrons.
3. The properties of the electron mirror images depend on the paths of SEs and the dis-

tribution of electric potential on the surface of the PET sample.
4. The differential cross-section dσ∕dΩ of the reflected electrons is inversely related to the

scattering angle θ and the working distance h.
5. dσ∕dΩ is directly proportional to the difference potential Δφ and the energy of the pri-

mary electrons η.
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