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Electron bombarded Active Pixel Sensor (EBAPS) is well known for its low noise in
low-light level imaging, high mechanical integration, and a relatively low cost. It plays

an important role in areas of the industrial process as well as the fundamental scientific

research. However, the performance of EBAPS is intensively influenced by the structural
parameters (i.e. the acceleration voltage between cathode and anode, thickness of the

passivation layer, etc.). Due to the influence of these factors mentioned above, the per-

formance of EBAPS is restricted to achieve its best condition. Herein, a model based on
the optimized Monte Carlo method was proposed for effectively analyzing the scattering

behavior of electrons within the electron multiplier layer. Unlike traditional simulation,
which only deals with the electron scattering in longitudinal, in this paper, we simulate
the electron scattering character not only in horizontal but also vertical among the mul-

tiplier layer, which would react to the influence induced by structural parameters more
complete and more precise. Based on the proposed model, an experimental prototype

of EBAPS is built and its detection sensitivity achieves 0.84 × 10−4 lux under spectral

response of ultraviolet (UV) spectroscopy, which improved a lot from our former de-
sign. The proposed model can be used for analyzing the influence induced by structural

parameters, which exhibit enormous potential for exploring the high-gain EBAPS.

Keywords: EBAPS; image sensor; low light level; single photon.

‖Corresponding author.

2050398-1

M
od

. P
hy

s.
 L

et
t. 

B
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
10

/1
7/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

https://dx.doi.org/10.1142/S0217984920503984
mailto:baiyonglin@opt.ac.cn


September 25, 2020 11:41 MPLB S0217984920503984 page 2

J. Bai et al.

1. Introduction

Low-level light single photon imaging (LLLSPI)1,2 is used to detect signal as

faint as a single photon (the minimum energy of light), and the photonic events

amplification (PEA) technology3 is most widely used to achieve LLLSPI. The

position and number of every photon would be recorded during the detection

by position-sensitive detectors (such as a camera), and the image is formed by

continuous accumulation of photons. Due to the high sensitivity of PEA tech-

nology, it plays an important role in aerospace.4 Besides, it also proves its

capability to produce high quality digital output, which shows great potential in

scientific research areas such as optical computerized tomography and quantum

cryptography.5

A lot of methods can be used to achieve PEA. The intensified charge cou-

pled device (ICCD)6,7 uses a microchannel plate (MCP) to multiply photoelectrons

produced by photocathode. The electron-multiplying charge coupled device (EM-

CCD)8 uses a gain register to multiply the output signal from the detective device.

But these traditional devices suffer from a bulky size, heavy weight, as well as ex-

pensive cost.9,10 Subsequently, the electron bombarded complementary metal oxide

semiconductor image sensor (EB-CMOS-IS)11 was proposed. Compared to the tra-

ditional PEA technologies which rely on extra multiplying mechanism, EB sensor

is a novel PEA technology which uses impact ionization effect12 to produce internal

multiplying mechanism named Electron bombarded semiconductor (EBS) gain.13,14

This can significantly simplify the electron-photon conversion process. Therefore,

it is superior in compactness and energy conservation, also with lower noise and

enormously improved sensitivity.15,16 Nevertheless, limited by the suboptimal de-

vice structural parameters and operation parameters, the sensitivity of EB sensor

today is far from reaching its maximum potential.17

In this paper, we optimized the device structural parameters and operation pa-

rameters of EBAPS by developing a physical model and analyzing the electron

scattering behavior within the electron multiplier layer, and managed to improve

its detection sensitivity to a level better than 10−4 lux, which improved a lot from

our previous design. Besides, unlike the traditional simulation which only deals with

the electron scattering in longitudinal,18 the model we used is based on the opti-

mized Monte Carlo method, which exhibits a comprehensive simulation of electron

scattering behavior not only in horizontal but also in vertical among the multiplier

layer. Therefore, the proposed model can be used for further analyzing the influence

induced by structural parameters, which exhibit enormous potential for exploring

the high-gain EBAPS.

2. Physical Model

The basic structure of EBAPS is shown in Fig. 1. It is an image device made

of an EB vacuum system assembled with a backside thinned CMOS (BT-CMOS)

image sensor.19,20 BT-CMOS is a technology, which reverses the architecture of
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gain enough energy by the applied acceleration voltage between cathode and anode [22]. 

Subsequently, high-energy photoelectrons bombard the BT-CMOS, which incur 

electron multiplication amosemiconductor 

             

 

 

In order to study the electron bombarded multiplication principle among the CMOS 

anode, a physical model is been built as shown below. 

 

 

Fig 2 shows electrons’ multiplying, scattering and collecting process among the 

multiplication layer. 

When photoelectrons bombard CMOS’s P-type substrate in high energy, silicon atoms 

would absorb the energy and trigger the EBS gain [24]. Large numbers of electron-hole 

pairs are generated and secondary electrons are scattering among the electron 

multiplication layer. Meanwhile, concentration gradient would make the secondary 

electrons diffusing from P-type silicon to N well [25] and then been collected and read 

out by digital current through the output pins. 

Electrons’ scattering in multiplication layer is mainly formed by elastic scattering and 

inelastic scattering [26], elastic scattering only changes the direction of electrons, while 

inelastic scattering consumes its energy in every collision. When photoelectrons 

bombarded into the backside thinned CMOS, secondary electrons would produce, 

which would scatter and diffuse among the electron multiplication layer. As the 

movement of secondary electrons is random, predicting the trajectory for each of them 

is impracticable. Therefore, Monte Carlo method [27] is used as statistics approaches 

to analyze this phenomenon. 

Assume that the incident photoelectrons satisfy the Gaussian distribution, so the initial 

coordinate is: 

Fig. 2. Multiplication electrons transport model under uniformly doped substrate. 

Fig. 1. Schematic diagram of EBAPS Fig. 1. Schematic diagram of EBAPS.
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Fig. 1. Schematic diagram of EBAPS 

Fig. 2. Multiplication electrons transport model under uniformly doped substrate.

photosensitive layer and substrate layer, enlarging the fill factor to nearly 100%,

therefore improving the detection sensitivity, particularly in low-light level con-

ditions. In this system, a photocathode is in proximity focus21 with a BT-CMOS.

When incident light from input window goes through photocathode, photoelectrons

would be produced and then gain enough energy by the applied acceleration voltage

between cathode and anode.17 Subsequently, high-energy photoelectrons bombard

the BT-CMOS, which incur electron multiplication among semiconductor.22

In order to study the electron bombarded multiplication principle among the

CMOS anode, a physical model is built in what follows.

Figure 2 shows electrons’ multiplying, scattering, and collecting process among

the multiplication layer.

When photoelectrons bombard CMOSs P -type substrate in high energy, silicon

atoms would absorb the energy and trigger the EBS gain.23 Large numbers of

electron-hole pairs are generated and secondary electrons are scattered among the

electron multiplication layer. Meanwhile, concentration gradient would make the

secondary electrons diffuse from P -type silicon to N well,24 collect and read out by

digital current through the output pins.
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Electrons’ scattering in multiplication layer is mainly formed by elastic scat-

tering and inelastic scattering,25 elastic scattering only changes the direction of

electrons, while inelastic scattering consumes its energy in every collision. When

photoelectrons are bombarded into the BT-CMOS, secondary electrons would pro-

duce, which would scatter and diffuse among the electron multiplication layer. As

the movement of secondary electrons is random, predicting the trajectory for each

of them is impracticable. Therefore, the Monte Carlo method26 is used as statistics

approaches to analyze this phenomenon.

Assume that the incident photoelectrons satisfy the Gaussian distribution, so

the initial coordinate is as follows:
x =

D

2

√
− lnR1 cos(2πR2) ,

y =
D

2

√
− lnR1 sin(2πR2) ,

z = L ·R3,

(1)

where D is the diameter of incident electron beam, R1 and R2 are random numbers

between (0, 1).

For elastic scattering process, we use elastic scattering cross-section formula27

(it suits for low-energy incident electrons of 0.1–30 KeV incident energy).

σT =
3.0 × 10−18Z1.7

(E + 0.005Z1.7E0.5 + 0.0007Z/E0.5)
cm2 , (2)

where Z is the atomic number, E is the mean electronic energy.

For inelastic scattering, we use energy loss equation proposed by Joy and Lou.28

dE

ds
= −785

ρZ

AE
ln

(
1.166(E + 0.822J)

J

)
eV/Ȧ , (3)

where ρ is the media density, A is the atomic mass, Z is the atomic number, E is

the mean electron energy.

The electrons’ scattering among solid states is determined by four factors, i.e.

the remaining energy En after last time’s scattering, scattering angle θn, scatter-

ing azimuth φn, and scattering step Λn.29 They can be expressed, respectively, as

follows:

Electron scattering angle can be expressed as follows:

cos θ = 1 − 2βiR

1 + βi −R
, (4)

where R is a random number between (0, 1), βi is the Rutherford elastic scattering

shielding parameter, βi = 3.4 × 103
Z

2/3
i

E , Z is the atomic number and E is the

electronic energy.

Scattering azimuth can be expressed as follows:

φ = 2πR , (5)

where R is a random number between (0, 1).
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Fig. 3. The Monte Carlo simulation process of incident photoelectrons.

Scattering step can be expressed as follows:

Λ = − A

NAρσT
lnR , (6)

where NA is the Avogadro constant, that is, 6.02×10,22 and σT is the overall elastic

scattering cross-section.

The remaining energy after n times of scattering can be described as follows:

En+1 = En − dE

ds

∣∣∣∣
En

· Λn . (7)

The Monte Carlo method is used to deal with the scattering process, as illustrated

in Fig. 3. First, we define the initial coordinate of particle’s Nth scattering, then

we use the scattering model mentioned above to calculate the energy loss dE
ds and

the change of its coordinate. So, the coordinate and remained energy of (n + 1)th

scattering can be speculated. After that, we compare the electronic energy with the

energy threshold (0.1 KeV), only if the remained electronic energy is not greater

than the energy threshold. The iteration process would stop and determine the ulti-

mate coordination of electrons. Finally, the electronic trajectory can be calculated.

Based on the above-mentioned model and the simulation process, we can study

the influence of the incident photoelectrons’ scattering trajectories and secondary

electrons’ distribution under different parameters such as different incident energy,

different incident depth or different diameters of incident electron beam, etc.
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3. Simulation Analysis and Results

EBAPS is a device following the proximity focusing principle. Studies demonstrated

that the decrease of proximity distance will improve the performance of sensitivity

and spatial resolution, while on the other hand, too small proximity distance will

also cause high electrical breakdown and introduce extra noise.30 Here, a specific

proximity distance of 1 mm is applied to satisfy both high-performance and high-

stability.

Under this circumstance, the key point here is to study the influence of incident

electrons’ energy to the performance of the device.

3.1. The influence of incident electron energy to incident electron

bombardment depth

We ignored the B-doping in multiplication layer, and set the thickness of dead layer

to 60 nm, the diameter of incident electron beam to 20 nm, and the thickness of

P -type epitaxial layer to 10 µm. The incident photoelectrons’ energy is set to 4 KeV

and 10 KeV, respectively. The results are as follows.

Electrons’ incident depth is a parameter proportionate to the possibility of these

electrons detected, the deeper it goes, the more likely it is to be gathered by the

N well among the CMOS anode.31 Figure 4 indicates that when incident electrons’

3.1 The influence of incident electron energy to incident electron bombardment 

depth 

We ignored the B-doping in multiplication layer, and set the thickness of dead layer to 

60 nm, the diameter of incident electron beam to 20 nm, and the thickness of P-type 

epitaxial layer to 10 μm. The incident photoelectrons’ energy is set to 4 KeV and 10 

KeV respectively. The results are as follows. 

 

 

 

 

 

 

Electrons’ incident depth is a parameter that in proportion to the possibility of these 

electrons been detected, the deeper it goes, the more likely to be gathered by the N well 

among the CMOS anode [32]. Fig 4 indicates that when incident electrons’ energy 

increase from 4 KeV to 10 KeV, the electrons’ incident depth increases from 168 nm to 

774 nm. In other words, when incident electrons’ energy increase by a factor of 2.5, 

electrons’ incident depth increases by a factor of 4.72 (almost doubled the rate of 

change).  

Fig 5 indicates that the incident depth increases with the increase of energy loss rate, 

Fig. 4. Electrons’ scattering trajectory in multiplication layer (left) and incident electrons’ energy 

consumption in association with incident depth (right) under different incident photoelectron energy. 

(a). Incident electronic energy of 4 KeV; (b). Incident electronic energy of 10 KeV 

Fig. 5. The simulation result of electron energy loss rate under desperate incident depth. 

Fig. 4. Electrons’ scattering trajectory in multiplication layer (left) and incident electrons’ energy
consumption in association with incident depth (right) under different incident photoelectron

energy. (a) Incident electronic energy of 4 KeV; (b) Incident electronic energy of 10 KeV.
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3.1 The influence of incident electron energy to incident electron bombardment 

depth 

We ignored the B-doping in multiplication layer, and set the thickness of dead layer to 

60 nm, the diameter of incident electron beam to 20 nm, and the thickness of P-type 

epitaxial layer to 10 μm. The incident photoelectrons’ energy is set to 4 KeV and 10 

KeV respectively. The results are as follows. 

 

 

 

 

 

 

Electrons’ incident depth is a parameter that in proportion to the possibility of these 

electrons been detected, the deeper it goes, the more likely to be gathered by the N well 

among the CMOS anode [32]. Fig 4 indicates that when incident electrons’ energy 

increase from 4 KeV to 10 KeV, the electrons’ incident depth increases from 168 nm to 

774 nm. In other words, when incident electrons’ energy increase by a factor of 2.5, 

electrons’ incident depth increases by a factor of 4.72 (almost doubled the rate of 

change).  

Fig 5 indicates that the incident depth increases with the increase of energy loss rate, 

Fig. 4. Electrons’ scattering trajectory in multiplication layer (left) and incident electrons’ energy 

consumption in association with incident depth (right) under different incident photoelectron energy. 

(a). Incident electronic energy of 4 KeV; (b). Incident electronic energy of 10 KeV 

Fig. 5. The simulation result of electron energy loss rate under desperate incident depth. 
Fig. 5. The simulation result of electron energy loss rate under desperate incident depth.

energy increases from 4 KeV to 10 KeV, the electrons’ incident depth increases

from 168 nm to 774 nm. In other words, when incident electrons’ energy increases

by a factor of 2.5, electrons’ incident depth increases by a factor of 4.72 (almost

doubled the rate of change).

Figure 5 indicates that the incident depth increases with the increase of energy

loss rate, which is almost linear. The slope for E0 = 4 KeV is 0.6, the slope for

E0 = 10 KeV is 0.13. That is to say, energy attenuation is more rapid when initial

energy is relatively low, and the incident depth is way deeper with the increase of

initial incident energy.

So, under this circumstance, to make the electronic signal easier to be detected,

electrons’ initial energy E0 should be set as high as possible.

However, too high of acceleration voltage would cause breakdown between cath-

ode and anode.12 Besides, too much of incident electronic energy would also reduce

the life span of CMOS detector, or even damage it.32 So, an appropriate accelerating

voltage is necessary.

3.2. The influence of incident electron energy to the scattering

distribution in XOY plan

Simulation result of scattering distribution in XOY plan is shown in Fig. 6. When

incident electrons’ energy increases from 4 KeV to 10 KeV, the scattering radius

expands from 110 nm to 420 nm. Considering that the diameter of incident electron

beam is 20 nm, the scattering magnification is 5.5 and 21, respectively. Meanwhile,

as the incident energy increases, the edge distribution gets worse, which would

reduce the spatial resolution of low light level imaging.
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which is almost linear. The slop for E0=4 KeV is 0.6, the slop for E0=10 KeV is 0.13. 

That is to say, energy attenuation is more rapidly when initial energy is relatively low, 

and the incident depth is way deeper with the increase of initial incident energy. 

So, under this circumstance, to make the electronic signal easier to be detected, 

electrons’ initial energy E0 should be set as high as possible. 

While, however, too high of acceleration voltage would cause breakdown between 

cathode and anode [33]. Besides, too much of incident electronic energy would also 

reduce the life span of CMOS detector, or even damage it [34]. So, an appropriate 

accelerating voltage is necessary. 

 

3.2 The influence of incident electron energy to the scattering distribution in XOY 

plan 

Simulation result of scattering distribution in XOY plan shows in Fig 6. When incident 

electrons’ energy increase from 4 KeV to 10 KeV, the scattering radius expand from 

110 nm to 420 nm. Considering that the diameter of incident electron beam is 20 nm, 

the scattering magnification is 5.5 and 21 respectively. Meanwhile, as the incident 

energy increases, the edge distribution gets worse, which would reduce the spatial 

resolution of low light level imaging. 

 

 

 

The changing trend of scattering radius in XOY plan with the variation of incident 

electrons’ energy is illuminated below. Table 1 shows the variation of scattering radius 

with the increase of incident electron energy. The scattering magnification indicates that 

the diffusion magnitude is relative to the incident electron beam (The initial diameter 

of incident electron beam is 20 nm). 

 

Table 1. The variation of scattering radius with electron energy. 

Incident electrons’ energy (KeV) 2 4 6 8 10 12 

Scattering radius (nm) 102 110 181 280 450 716 

Scattering magnification 5.1 6.0 9.1 13.9 22.5 35.8 

 

The results demonstrate that with incident electron energy increases, the scattering 

Fig. 6. Electron motion trajectory in XOY plane under different incident photoelectron energy. 

(a). Incident electronic energy of 4 KeV; (b). Incident electronic energy of 10 KeV 

(a) (b) 

Fig. 6. Electron motion trajectory in XOY plane under different incident photoelectron energy.
(a) Incident electronic energy of 4 KeV; (b) Incident electronic energy of 10 KeV.

Table 1. The variation of scattering radius with electron energy.

Incident electrons’ energy (KeV) 2 4 6 8 10 12

Scattering radius (nm) 102 110 181 280 450 716

Scattering magnification 5.1 6.0 9.1 13.9 22.5 35.8

The changing trend of scattering radius in XOY plan with the variation of inci-

dent electrons’ energy is illuminated below. Table 1 shows the variation of scattering

radius with the increase of incident electron energy. The scattering magnification

indicates that the diffusion magnitude is relative to the incident electron beam (the

initial diameter of incident electron beam is 20 nm).

The results demonstrate that when incident electron energy increases, the scat-

tering radius booms dramatically. The corresponding line graph is shown in Fig. 7.radius boom dramatically. The corresponding line graph is shown in Fig 7. 

 

 

It indicates that the relation between incident energy and scattering radius is 

approximately subject to exponential. Unlimited increasing the incident energy is not 

advisable because that would cause the scattering radius too big to be localized, and 

therefore worse the spatial resolution. 

From Fig 7, we can see that for incident energy under 8 KeV, it has approximately linear 

incident energy-scattering radius characteristics. So, 8 KeV is been chosen as the 

appropriate incident electron energy. Besides, 8 KeV is also perfectly compatible with 

both incident depth (630 nm) as well as scattering radius (280 nm). Therefore, 8 kV is 

what we choose as the ultimate acceleration voltage between photocathode and anode. 

 

3.3 The influence of the thickness of passivation layer to incident electron 

bombardment depth 

Assuming that passivation layer is totally made of silica, so for incident electrons, 

scattering center is either Si or O. The possibility of incident electron interacting with 

certain atom can be expressed as follow: 

 

1

/

/

i i i
i n

i i i

i

C A
P

C A

σ

σ
=

=


 (8) 

where Ci is the concentration of certain atom, Ai is the atomic weights, σi is the 

scattering cross-section. 

Based on this, the incident photoelectrons’ energy is set to 4 KeV, diameter of incident 

electron beam is set to 20 nm, and the thickness of P-type epitaxial layer to 10 μm. The 

thickness of passivation layer is set to 60 nm and 100 nm respectively. The simulation 

results are as follows. 

Fig. 7. The scattering radius in XOY plan as a function of incident electron energy. 
Fig. 7. The scattering radius in XOY plan as a function of incident electron energy.
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It indicates that the relation between incident energy and scattering radius

is approximately exponential. Unlimited increasing of the incident energy is not

advisable because that would cause the scattering radius too big to be localized,

and therefore worsen the spatial resolution.

From Fig. 7, we can see that for incident energy under 8 KeV, it has approxi-

mately linear incident energy-scattering radius characteristics. So, 8 KeV is chosen

as the appropriate incident electron energy. Besides, 8 KeV is also perfectly com-

patible with both incident depth (630 nm) as well as scattering radius (280 nm).

Therefore, 8 kV is what we choose as the ultimate acceleration voltage between

photocathode and anode.

3.3. The influence of the thickness of passivation layer to incident

electron bombardment depth

Assume that passivation layer is totally made of silica, so for incident electrons,

scattering center is either Si or O. The possibility of incident electron interacting

with certain atom can be expressed as follows:

Pi =
Ciσi/Ai
n∑

i=1

Ciσi/Ai

, (8)

where Ci is the concentration of certain atom, Ai are the atomic weights, σi is the

scattering cross-section.

Based on this, the incident photoelectrons’ energy is set to be 4 KeV, diameter

of incident electron beam is set to be 20 nm, and the thickness of P -type epitaxial

layer to be 10 µm. The thickness of passivation layer is set to be 60 nm and 100 nm,

respectively. The simulation results are as follows.

Figure 8 indicates that 50 nm of passivation layer still allows most incident

electrons to pass through, while 100 nm of passivation layer would almost vanish

all the incident energy (4 KeV in this case).

   

 

 

 

 

Fig 8 indicate that 50 nm of passivation layer still let most incident electrons to pass 

through, while 100 nm of passivation layer would almost vanish all the incident energy 

(4 KeV in this case). 

More simulations also been done to achieve the energy consumption rate as the function 

of the thickness of passivation layer. Fig 9 shows that the energy consumption rate 

increases proximately linearly with the increase of the thickness of passivation layer. 

Besides, the increase of electron incident energy would also slow down the energy 

consumption. In conclusion, the influence of the thickness of passivation layer to 

electron incident depth is tremendous. So, for EBAPS, the passivation layer should be 

set as thin as possible, in order to increase the charge collection efficiency as well as 

the electron gain under the same incident electron energy. 

Here, thinning technology is been used to process the backside illuminated CMOS 

substrate, as shown in Fig 10. 

Fig. 8. Electron incident depth under different thickness of passivation layer. 

(a). passivation layer of 60 nm; (b). passivation layer of 100 nm 

Fig. 9. Energy consumption rate changes as the function of the thickness of passivation layer, 

under different electron incident energy. 

 

Fig. 8. Electron incident depth under different thickness of passivation layer. (a) passivation layer
of 60 nm; (b) passivation layer of 100 nm.
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Fig 8 indicate that 50 nm of passivation layer still let most incident electrons to pass 

through, while 100 nm of passivation layer would almost vanish all the incident energy 

(4 KeV in this case). 

More simulations also been done to achieve the energy consumption rate as the function 

of the thickness of passivation layer. Fig 9 shows that the energy consumption rate 

increases proximately linearly with the increase of the thickness of passivation layer. 

Besides, the increase of electron incident energy would also slow down the energy 

consumption. In conclusion, the influence of the thickness of passivation layer to 

electron incident depth is tremendous. So, for EBAPS, the passivation layer should be 

set as thin as possible, in order to increase the charge collection efficiency as well as 

the electron gain under the same incident electron energy. 

Here, thinning technology is been used to process the backside illuminated CMOS 

substrate, as shown in Fig 10. 

Fig. 8. Electron incident depth under different thickness of passivation layer. 

(a). passivation layer of 60 nm; (b). passivation layer of 100 nm 

Fig. 9. Energy consumption rate changes as the function of the thickness of passivation layer, 

under different electron incident energy. 

 

Fig. 9. (Color online) Energy consumption rate changes as the function of the thickness of pas-
sivation layer, under different electron incident energy.

More simulations have also been done to achieve the energy consumption rate

as the function of the thickness of passivation layer. Figure 9 shows that the energy

consumption rate increases proximately linearly with the increase of the thickness

of passivation layer. Besides, the increase of electron incident energy would also

slow down the energy consumption. In conclusion, the influence of the thickness

of passivation layer to electron incident depth is tremendous. So, for EBAPS, the

passivation layer should be set as thin as possible in order to increase the charge

collection efficiency as well as the electron gain under the same incident electron

energy.

Here, thinning technology is used to process the backside illuminated CMOS

substrate, as shown in Fig. 10.

 

 

 

Mechanical grinding is first been used to quickly thin the substrate from its original 

thickness (about 400 μm) to 30-40 μm, the chemical corrosion is then been used to 

further thin the substrate to around 20 μm. Finally, mechanical flattening and polishing 

is been used to process the front side, in order to reduce the surface recombination effect 

and let the produced charge to reach the active region efficiently, therefore maximum 

enhance its detection sensitivity. 

4. Experimental verification 

Based on the optimized structural parameters and operation parameters of EBAPS, an 

experimental prototype of EBAPS is been built, as shown in Fig 11. The EBAPS detect 

component is been packaged in a vacuum chamber, using a vacuum pump to maintain 

its vacuum degree under 10-9 Pa. Incident light come from a mercury lamp, which emits 

ultraviolet (UV) light. In front of the incident window, a polarizer filter is assembled to 

reduce heterogeneous light interference and light intensity, therefore creating a low-

light level UV incident light. Inside the vacuum chamber, a gold cathode is been used 

to respond UV incident light and produce photoelectrons, which accelerate by high-

voltage power supply. Afterward, high-energy photoelectrons bombard BT-CMOS and 

produce large amounts of electron-hole pairs, then read out as output signal. 

In this case, the acceleration voltage between anode and cathode is set to 8 kV, the 

proximity distance is 1.5 mm, and the thickness of passivation layer is 20 μm. Based 

on this, a shielding plate is been placed between the incident window and the polarizer 

filter. The shielding plate has several pinholes on its surface to pass through incident 

light. The experimental test platform is shown in Fig 11, and the output image is shown 

in Fig 12. 

Fig. 10. The thinning technological process of backside illuminated CMOS sensor. 
Fig. 10. The thinning technological process of backside illuminated CMOS sensor.
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Mechanical grinding is first used to quickly thin the substrate from its original

thickness (about 400 µm) to 30–40 µm, the chemical corrosion is then used to further

thin the substrate to around 20 µm. Finally, mechanical flattening and polishing is

used to process the front side in order to reduce the surface recombination effect and

let the produced charge to reach the active region efficiently, therefore maximum

enhancing its detection sensitivity.

4. Experimental Verification

Based on the optimized structural parameters and operation parameters of EBAPS,

an experimental prototype of EBAPS is built, as shown in Fig. 11. The EBAPS

detect component is packaged in a vacuum chamber using a vacuum pump to main-

tain its vacuum degree under 10−9 Pa. Incident light comes from a mercury lamp,

which emits ultraviolet (UV) light. In the front side of the incident window, a polar-

izer filter is assembled to reduce heterogeneous light interference and light intensity,

therefore creating a low-light level UV incident light. Inside the vacuum chamber,

a gold cathode is used to respond UV incident light and produce photoelectrons,

which accelerate by high-voltage power supply. Afterwards, high-energy photoelec-

trons bombard BT-CMOS and produce large amounts of electron-hole pairs, then

read out as output signal.

 

 

  

 

 

 

Different intensity of incident light has been tested. When light intensity descends to 

0.84×10-4 lux, the output signal mark can still be recognized, the output image shows 

distinguishable light spots, which correspond with the position of pinholes on the 

shielding plate, indicating that the sensor is operating properly under the given light 

intensity. 

To verify the influence of incident electron energy to the quality of output image, the 

shielding plate is been replaced by a USAF test pattern (Fig 13 (a)). Under the incident 

light intensity of 0.84×10-4 lux, the acceleration voltage of 8 kV is much better 

compared with the acceleration voltage of 6 kV in terms of the quality of output image, 

as shown in Fig 13. The result is in accordance with our former simulation, apparently. 

Fig. 12. A frame with low-light level imaging as detected with EBAPS under sensor illuminance of 

0.84×10-4 lux. (a) A shielding plate placing right before the input window, which has several holes in 

the middle; (b) The output image of EBAPS after denoising. 

Fig. 11. Schematic diagram of experimental setup 
Fig. 11. Schematic diagram of experimental setup.
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Different intensity of incident light has been tested. When light intensity descends to 

0.84×10-4 lux, the output signal mark can still be recognized, the output image shows 

distinguishable light spots, which correspond with the position of pinholes on the 

shielding plate, indicating that the sensor is operating properly under the given light 

intensity. 

To verify the influence of incident electron energy to the quality of output image, the 

shielding plate is been replaced by a USAF test pattern (Fig 13 (a)). Under the incident 

light intensity of 0.84×10-4 lux, the acceleration voltage of 8 kV is much better 

compared with the acceleration voltage of 6 kV in terms of the quality of output image, 

as shown in Fig 13. The result is in accordance with our former simulation, apparently. 

Fig. 12. A frame with low-light level imaging as detected with EBAPS under sensor illuminance of 

0.84×10-4 lux. (a) A shielding plate placing right before the input window, which has several holes in 

the middle; (b) The output image of EBAPS after denoising. 

Fig. 11. Schematic diagram of experimental setup 

Fig. 12. A frame with low-light level imaging as detected with EBAPS under sensor illuminance

of 0.84× 10−4 lux. (a) A shielding plate placing right before the input window, which has several
holes in the middle; (b) The output image of EBAPS after denoising.

In this case, the acceleration voltage between anode and cathode is set to 8 kV,

the proximity distance is 1.5 mm, and the thickness of passivation layer is 20 µm.

Based on this, a shielding plate is placed between the incident window and the po-

larizer filter. The shielding plate has several pinholes on its surface to pass through

incident light. The experimental test platform is shown in Fig. 11, and the output

image is shown in Fig. 12.

Different intensity of incident light has been tested. When light intensity de-

scends to 0.84 × 10−4 lux, the output signal mark can still be recognized, the

output image shows distinguishable light spots, which correspond with the position

of pinholes on the shielding plate, indicating that the sensor is operating properly

under the given light intensity.

To verify the influence of incident electron energy to the quality of output image,

the shielding plate is replaced by a USAF test pattern (Fig. 13(a)). Under the

incident light intensity of 0.84× 10−4 lux, the acceleration voltage of 8 kV is much

  

 

 

 

5. Conclusion and perspectives 

In conclusion, the optimized Monte Carlo method is been studied and applied in the 

EB-CMOS-IS simulation to analyze the scattering behavior of electrons within the 

electron multiplier layer. Herein, the scattering character in horizonal and longitudinal 

are both been simulated. It is proved to be an important tool to optimize the EB-CMOS-

IS manufacturing parameters and its operational conditions. The results show that 

incident photoelectron bombardment depth increases linearly with the increase of 

incident electron energy, and decreases with the thicken of passivation layer. Based on 

the optimized parameters, an experimental prototype of EBAPS is been built and 

achieved an improved detection sensitivity of 0.84×10-4 lux. Besides, the experimental 

results correspond to the simulation results very well. It will help further development 

of the ultrahigh sensitivity EB technology, and exhibit enormous potential for exploring 

the high-gain EBAPS. 
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better compared with the acceleration voltage of 6 kV in terms of the quality of

output image, as shown in Fig. 13. The result is in accordance with our former

simulation, apparently.

5. Conclusion and Perspectives

In conclusion, the optimized Monte Carlo method is studied and applied in the

EB-CMOS-IS simulation to analyze the scattering behavior of electrons within

the electron multiplier layer. Herein, the scattering characters are simulated hor-

izontally and longitudinally. It is proved to be an important tool to optimize the

EB-CMOS-IS manufacturing parameters and its operational conditions. The results

show that the incident photoelectron bombardment depth increases linearly with

the increase of incident electron energy, and decreases with the thickening of pas-

sivation layer. Based on the optimized parameters, an experimental prototype of

EBAPS is built and it achieved an improved detection sensitivity of 0.84×10−4 lux.

Besides, the experimental results correspond to the simulation results very well. It

will help further develop the ultrahigh sensitivity EB technology, and exhibit enor-

mous potential for exploring the high-gain EBAPS.
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