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Characterising Backscattered Electrons in EBCMOS

Xuening Wang ¥, De Song

Abstract—The characteristics of backscattered electrons near
the surface of a back-side bombarded CMOS (BSB-CMOS) within
an electron bombarded CMOS (EBCMOS) were studied based on
the principle of electron-solid interactions and Monte-Carlo simu-
lation method. We mainly focused on the angular distributions of
backscattered electrons, the ratio of backscattered electron number
to incident electron number (RBI), and the distribution of the
distance between backscattered electrons and incident electrons
(Dg1). We studied how these characteristics were affected by the
BSB-CMOS surface structure and incident electron energy. Firstly,
RBI and the mean Dg; vary with the incident electron energy, the
surface material type, and passivation layer thickness. Meanwhile,
a lower RBI may reduce device noise originating from backscat-
tered electrons (Ngg) due to the smaller number of backscattered
electrons. Besides, the lower mean Dg; may enhance the device
resolution, because the backscattered electron beam is more con-
centrated. The distribution of backscattered azimuths (#g) and the
backscattered angle (6g) follow uniform distribution and cosine
angular distribution respectively, which are difficult to change.
Finally, devices with the lowest RBI and a low mean value of Dg;
were achieved when the BSB-CMOS surface was modified with
60 nm Al,O3; and the incident electrons were at 4 keV, which
might improve the Nggr and resolution of the EBCMOS. This
study will provide a theoretical foundation for the fabrication of
high-resolution EBCMOS.

Index Terms—Backscattered electron, EBCMOS, electron-solid
interactions.

1. INTRODUCTION

LECTRON bombarded CMOS (EBCMOS) is a new type
E of low-light-level camera sensor technology, from which
the image information can be digitally read out [1]. Compared
with intensified CCDs (ICCDs), EBCMOS has attracted much
attention owing to its advantages of reduced sensor size and
weight, increased sensitivity and dynamic range, faster response
time, and better contrast and resolution [2]. EBCMOS sensors
were first developed for night vision devices in the military
[1], [3]. Except for low-light-level imaging, EBCMOS cameras
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could also be useful in fluorescence microscopy, astronomy, high
energy-physics, bioluminescence data acquisition and medical
imaging [4], [5], [6], [7]. For scientific research, the development
of EBCMOS cameras originated from applications in particle
physics: Mimosa 5 was demonstrated in 2007, with 1024 x
1024 pixels, 40 Hz frame rate and an operating voltage of 6—10
kV [8].

The structure of the EBCMOS mainly consists of BSB-
CMOS, photocathode, and vacuum tube. The photoelectrons
converted by the photocathode are accelerated by the applied
strong electric field between the photocathode and CMOS anode,
and are directly injected into the BSB-CMOS. Recently, most
of the theoretical studies on the EBCMOS have focused on the
charge collection efficiency and secondary electrons gain in the
multiplier layer [9], [10], [11], [12], [13]. However, when the
incident electrons are accelerated (bombarded) into the surface
of a solid, some of them will be scattered back into the vacuum
as a result of their interaction with atoms in the solid [14],
[15], [16], [17]. Here, these electrons scattered back into the
vacuum, they are defined as backscattered electrons. The ratio
of backscattered electron number to incident electron number
(RBI) quantifies the probability that an incident electron would
exit from a solid, which is a key parameter describing the
backscattered electron characteristics [18], [19]. Some reports
reveal that the value of RBI will change when the high energy
electrons are injected into different types and thicknesses of ion
barrier film in a microchannel plate image intensifier [20], [21].
To obtain the distribution of the secondary electrons, some stud-
ies have also measured the scattering properties of high energy
electrons in a EBCMOS electron multiplier layer. [22], [23],
[24]. A backscattered electron that is emitted into the vacuum
will be injected into the BSB-CMOS as an incident electron,
due to the proximity-focusing electrostatic field. This directly
influences the stability of the spatial distribution of the incident
electron in the time domain [25]. However, to the best of our
knowledge, there are few theoretical studies on backscattered
electron characteristic in the EBCMOS.

In this paper, the backscattered electron characteristic in an
EBCMOS were simulated by using Monte-Carlo method based
on the principle of interactions between the high energy elec-
trons and a solid. We assigned four parameters to describe the
backscattered electron characteristics, and studied how these
characteristics were affected by the surface structure of the
BSB-CMOS and the incident electron energy. The effects of
these backscattered electron characteristics on the EBCMOS
performance (Npg and resolution) were also discussed. This
work will provide a theoretical foundation for the fabrication of
high performance of EBCMOS.
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Fig. 1. Schematic diagram of an incident electron trajectory in the BSB-

CMOS, and the corresponding parameters describing the backscattered electron
characteristics: backscattered azimuth ( #p), backscattered angle (6), the ratio
of backscattered electron number to incident electron number (RBI), and the
distance between the backscattered electron and incident electron (Dgy).

II. PHYSICAL MODE

Fig. 1 shows a schematic diagram of an incident electron
trajectory in the BSB-CMOS and the parameters of the backscat-
tered electron characteristics, which are the backscattered az-
imuth (®p), backscattered angle (6p), the ratio of backscat-
tered electron number to incident electron number (RBI), and
the distance between the backscattered electron and incident
electron (D). To simulate the incident electron trajectory, the
scattering angle (), scattering azimuth (®p), scattering step
(Ay), and residual energy (E,) of an incident electron after the
nth scattering can be calculated by (1)—(4) [26]. The energy
of the incident electron is continuously reduced in the process
of continuous collision, energy loss is calculated from Bethe
energy-loss equation revised by Lou and Jay [26]. The cut-off
energy of the moving electron traced in the MC simulation is
50eV.

2 % 3.4 x 10323/3/En_1R

cosf, =1— (D
1-34x 10325/3/En,1 ~R
&, = 27R (2)
A
A, =——nR 3)
Napor
_ _oer P
By = Enoy = 185

1.166(E,,_1+t(9.76Z+58.52;°19)x10°3
In 2 | - A
(9.762,458.52, 0 19)x10 3 En n-1
“4)

Here R is a random number in the range (0, 1), Z; is the ith
atomic number, A is the atomic weight, N is the Avogadro
constant, p is the density, E is the initial energy of the incident
electron, unit is eV and o is the elastic scattering cross section
calculated by
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Fig. 2. The incident electron trajectories in the BSB-CMOS: (a) with AloO3
passivation layer; (b) with SiOg passivation layer; (c) with barred passivation
layer.

If the incident depth of an incident electron after its nth elastic
collision with solid atoms changes from positive to negative, this
would indicate that the incident electron has scattered back into
the vacuum from the BSB-CMOS surface. The initial energy of
the backscattered electrons can be calculated, which are equal
to the energy when the incident electron is scattered into the
vacuum. The value of them will also influence the re-incident
distribution of backscattered electrons. The coordinates of the
backscattered electron at its nth elastic collision can be calcu-
lated by (6), where Q,, + 10 (calculated by (7)) represents mul-
tiplication of the transition matrix from spherical coordinates to
Cartesian coordinates at each collision.

o Tn+1
Yo | =@n+10 | Ynt1 (6)
20 Zn+1
Qn+1,0 = Q0,0 o Qn,nfl . Qn+1,n - Qn,O . Qn+1,n (7)
—singp —cospcosf cospsinf
Qntin = cosy —sinpcosf sinycosl ®)
0 sin 0 cosf

Next, the values of Dgj, 0p, and @p can be calculated by
(9), where the subscripts n and n + [ are the elastic collision
numbers. g refers to the angle between the electron emission
direction and the solid surface, and then the probability density
is calculated to fit the distribution. Also, the distributions of
Dg1 and Pp can be obtained according to equations for the
probability density.

Dpr =/ X3 + Y2

n

(Zn+l - Zn)
\/(XnJrl - Xn)2 + (Yn+1 - Yn)2

g = tan " (Yny1/Xni1)

fp = tan~!

€))

III. RESULTS AND DISCUSSION

A. The Influence of Passivation Layer Material on
Backscattered Electron Characteristics

Fig. 2 shows the incident electron trajectories in the BSB-
CMOS modified with 60 nm AlyOs3, Si04, and a barred passiva-
tion layer, when the energy and diameter of the incident electron
beam (Gaussian distribution) in the EBCMOS are assumed to be
4 keV and 20 nm (according to the reported range), respectively
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Fig. 3. The backscattered electron characteristics of device surfaces modified

with barred, Al2O3, and SiO2 passivation layers. (a) The distribution of the
ratios of backscattered electron number to incident electron number (RBI).
(b) The distribution of the distances between backscattered electrons and incident
electrons (Dgy). (¢) The distribution of 6. (d) The distribution of &g.

[5], [22]. Other parameters of the EBCMOS are assumed to the
same, except the densities of AloOs3, SiO2, and Si (3.8, 2.2, and
2.33 g/cm?, respectively). The incident depth of the electrons
and the scattering radius are smallest for the device with the
AlyOs3 passivation layer. This is mainly because of its highest
density, which causes the mean electron scattering step size and
energy loss of each elastic collision in AlyOg3 passivation layer
to be the largest. For the above three types of EBCMOS, the sim-
ulation results of the RBIs and the distributions of backscattered
electrons with different thicknesses of the passivation layer are
shown in Fig. 3. The RBIs are different for the three EBCMOS,
and a lower RBI may reduce the device noise originating from
the backscattered electrons (Ngg) due to the smaller number of
backscattered electrons. The RBI was the lowest for the device
with a modified with Al,Os3 passivation layer. This is mainly
because the probability of elastic scattering decreases by the
order Si > SiOs > AlyOg, reflecting that the size of the elastic
scattering cross section decreases as Si > Al > O according
to (2). The average Dp; was the lowest for the device modified
with the Al, O3 passivation layer, followed by the device with the
barred passivation layer. This trend arises because the scattering
step of the backscattered electrons in AlsOg is shorter than that
in the others, according to (3), due to the higher density of
the AlyO3 passivation layer. Meanwhile, the lower mean Dy
may enhance the device resolution, because the distribution of
the backscattered electrons beam is more concentrated. The
distributions of 6y for the three types of EBCMOS are very
similar, and follow cosine angular distributions with a peak of
45 degrees, similar results have been reports in [27] and [28]. The
distributions of @p for the three types of EBCMOS are uniform,
as can be deduced from (2). Therefore, the density and atomic
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Fig. 4. The backscattered electron characteristics for the devices with dif-

ferent AloOs3 layer thickness. (a) The RBI vs thickness AloO3 layer. (b) The
distributions of Dgy. (¢) The distributions of 6. (d) The distributions of @y.

number might be the key factors that affect the backscattered
electrons characteristics. Specifically, Ngg and the resolution of
the EBCMOS might be improved by a modified BSB-CMOS
with high density passivation materials composed of substances
with lower atomic number.

B. The Influence of Passivation Layer Thickness on
Backscattered Electron Characteristics

Fig. 4 shows that the backscattered electron characteristics
vary as the thickness of Al;O3 passivation layer increases, other
parameters are the same as figure (3). As shown in Fig. 4(a),
one can find that the RBI decreases with increasing Als O3 layer
thickness, because the RBI for the Si layer is larger than that for
Al>Os3, and the depths of the incident electrons are concentrated
in the surface [10], [22]. Fig. 4(b) shows the distributions of
Dg; for the devices with different Al;O3 layer thickness. The
average Dpr decreases rapidly as the AloO3 layer increases from
0 nm to 40 nm, and remains a steady distribution after 40 nm,
because the incident depth of most incident electrons is 80 nm.
The distributions of f and ®p have no change with increasing
the AlyOg3 passivation layer thickness, as can be seen in Fig. 4(c)
and (d).

C. The Influence of Incident Electron Energy on Backscattered
Electron Characteristics

Fig. 5(a) shows the backscattered electron characteristics for
the devices with a 60 nm Al,Os3 layer, and varying incident
electron energy. The diameter of the incident electron beam
(Gaussian distribution) in the EBCMOS is assumed to be 20 nm,
and the other parameters of the EBCMOS are assumed to be
the same. The RBI shown in Fig. 5(a) first decreases and then
increases. Meanwhile, the smallest RBI (20.3%) was obtained
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Fig. 5. The backscattered electron characteristics for devices with varying

incident energy. (a) RBI vs incident energy. (b) The distributions of Dgry.
(c) The distributions of fg. (d) The distributions of @g.

for the incident electron energy of 4 keV. In the decreasing stage,
when the incident energy is smaller than 4 keV, the incident
electrons in the passivation layer will be more easily elastically
scattered because the elastic scattering cross-section decreases
with increasing incident energy according to (5). When the
incident energy is between 4 keV and 10 keV, the incident
electrons are elastically scattered in the Si substrates and AloO3
layer, respectively. As the energy increases, most of electrons are
elastically scattered in the Si substrate, and the elastic scattering
cross-section of Si is larger than AlyOs, which leads to the
increase of the RBI. Fig. 5(b)-(d) shows the Dg;, &5 and 0y
distributions of backscattered electrons for incident electrons
with different values of energy. The mean Dg; increases clearly
as the incident energy increases. The distributions of & with
varying incident energy are uniform. The distributions of 6p
follow cosine angular distributions with a peak of 45 degrees.

Therefore, a lower incident energy is optimal for EBCMOS
applications. However, the lower energy will enhance the back-
scattered ratio, which impairs the gain of the electron multipli-
cation layer.

IV. CONCLUSION

The backscattering model in the EBCMOS was established
based on the principle of electron-solid interactions as well
as Monte Carlo simulation. We studied how the backscattered
electron characteristics are affected by the surface structure of
BSB-CMOS and incident electron energy. Firstly, compared to
devices with no passivation layer, our results show that the RBI
and the mean Dp; are reduced by adding the passivation layer.
Secondly, with increasing passivation layer thickness, the RBI
and the mean Dpy will decrease rapidly at first, then slowly,
and eventually becoming steady distribution. Finally, as incident
electron energy increases, RBI decreases rapidly at first, and
then slowly increases. However, the mean Dp; will increase
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rapidly with increasing incident electron energy. Furthermore,
the distributions of &g and fp remain constant when adding
different passivation layers. Overall, the lowest RBI and a low
mean value of Dg; were achieved when the BSB-CMOS surface
was modified with 60 nm Al;O3 and the incident electron
was 4 keV, which might improve the Ngg and resolution of
the EBCMOS. Therefore, this study will provide a theoretical
foundation for the fabrication of high-resolution image devices
based on the study of backscattered electron characteristic in
EBCMOS.
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