http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

oy I P Bt

Ghinese PhySIES

Impact of proton-induced alteration of carrier lifetime on single event transient in SiGe

heterojunction bipolar transistor

Jia-Nan Wei(#i4: %), Chao-Hui He(%#4%), Pei Li(Z=%%), Yong-Hong Li(%*7k 7%), Hong-Xia Guo($(41.i%)
Citation:Chin. Phys. B . 2019, 28(7): 076106. doi: 10.1088/1674-1056/28/7/076106
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

lonizing radiation effect on single event upset sensitivity of ferroelectric random access memory

Jia-Nan Wei(Z£ £ %), Hong-Xia Guo(¥F41E%), Feng-Qi Zhang(ik A 4R), Yin-Hong Luo(# FHi1), Li-Li Ding(T 2=#1), Xiao-Yu
Pan(i% & 32), Yang Zhang (3K FH), Yu-Hui Liu(X1] K #%)
Chin. Phys. B . 2017, 26(9): 096102. doi: 10.1088/1674-1056/26/9/096102

Direct measurement and analysis of total ionizing dose effect on 130 nm PD SOI SRAM cell static
noise margin

Qiwen Zheng (7 3), Jiangwei Cui(#iT.4E), Mengxin Liu(X£53#7), Dandan Su(#7}1), Hang Zhou(ffiit), Teng Ma( %),
Xuefeng Yu(s2 2%10E), Wu Lu(F%E), Qi Guo(5RiiK), Fazhan Zhao(#X & i)
Chin. Phys. B . 2017, 26(9): 096103. doi: 10.1088/1674-1056/26/9/096103

Analysis of functional failure mode of commercial deep sub-micron SRAM induced by total dose
irradiation

Zheng Qi-Wen, Cui Jiang-Wei, Zhou Hang, Yu De-Zhao, Yu Xue-Feng, Lu Wu, Guo Qi, Ren Di-Yuan
Chin. Phys. B . 2015, 24(10): 106106. doi: 10.1088/1674-1056/24/10/106106

A single-event transient induced by a pulsed laser in a silicon-germanium heterojunction bipolar
transistor

Sun Ya-Bin, Fu Jun, Xu Jun, Wang Yu-Dong, Zhou Wei, Zhang Wei, Cui Jie, Li Gao-Qing, Liu Zhi-Hong, Yu Yong-Tao, Ma
Ying-Qi, Feng Guo-Qiang, Han Jian-Wei
Chin. Phys. B . 2013, 22(5): 056103. d0i: 10.1088/1674-1056/22/5/056103

Dual role of multiple-transistor charge sharing collection in single-event transient

Guo Yang, Chen Jian-Jun, He Yi-Bai, Liang Bin, Liu Bi-Wei
Chin. Phys. B . 2013, 22(4): 046103. dOi: 10.1088/1674-1056/22/4/046103


http://cpb.iphy.ac.cn/EN/abstract/abstract74230.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract74230.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract70542.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70646.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70646.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65447.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65447.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53380.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53380.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53334.shtml

Chin. Phys. B Vol. 28, No. 7 (2019) 076106

Impact of proton-induced alteration of carrier lifetime on

single-event transient in SiGe heterojunction bipolar transistor

Jia-Nan Wei(Z££53)"", Chao-Hui He(3{5A2x)!, Pei Li(Z=H)!,
Yong-Hong Li(Z57k %%)!, and Hong-Xia Guo(3F 4 5%)?

L School of Nuclear Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China

2State Key Laboratory of Intense Pulsed Irradiation Simulation and Effect, Northwest Institute of Nuclear Technology, Xi’an 710024, China

(Received 13 November 2018; revised manuscript received 29 April 2019; published online 12 June 2019)

This paper presents an investigation into the impact of proton-induced alteration of carrier lifetime on the single-
event transient (SET) caused by heavy ions in silicon—germanium heterojunction bipolar transistor (SiGe HBT). The ion-
induced current transients and integrated charge collections under different proton fluences are obtained based on tech-
nology computer-aided design (TCAD) simulation. The results indicate that the impact of carrier lifetime alteration is
determined by the dominating charge collection mechanism at the ion incident position and only the long-time diffusion
process is affected. With a proton fluence of 5 x 10'3 cm~2, almost no change is found in the transient feature, and
the charge collection of events happened in the region enclosed by deep trench isolation (DTI), where prompt funneling
collection is the dominating mechanism. Meanwhile, for the events happening outside DTI where diffusion dominates the
collection process, the peak value and the duration of the ion-induced current transient both decrease with increasing proton
fluence, leading to a great decrease in charge collection.
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1. Introduction

The electronics in spacecrafts that are routinely exposed
to both extreme fluctuations in temperature and energetic par-
ticles in space may employ silicon—germanium heterojunction
bipolar transistors (SiGe HBT) because of their superior low-
temperature performance and built-in multi-Mrad (SiO;) to-
tal ionizing dose (TID) tolerance without intentional harden-
ing design.!'~%! However, bulk SiGe HBTs are susceptible to
single-event effects (SEEs), which has been proved to be their
only obvious weakness for space applications, due to the exis-
tence of the large-area collector—substrate (C—S) junction.!”:8]
Moreover, existing publications indicate that the sensitive area
of SiGe HBTs to SEEs is not just confined in the active region
(emitter/base/collector stack). The charges generated in the
events many micrometers away from the active region can also
be collected through a diffusion process, making the devel-
opment of the model for on-orbit event rate calculation more
complicated. 1%

In the space radiation environment, energetic particles
can cause several radiation effects in semiconductor devices,
including SEEs, TID, and displacement effects, at the same
time. The interaction of these effects may lead to unexpected
radiation responses of the devices.!!'~'%! For SiGe HBTs, dis-
placement defects caused by protons in the Van Allen belt and
solar galactic cosmic rays can act as effective trapping and re-
combination centers that can reduce the minority carrier life-
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time so that less minority carriers injected from the emitter can
cross the base region and reach the collector junction, leading
to the degradation of the transistor current gain.!'>! However,
it is also worth noting that the displacement defects induced
by space radiation sources usually distribute uniformly in the
whole device. The minority carrier lifetime is also altered in
other parts of the device, such as the lightly doped substrate,
which is confirmed to be a crucial feature dominating the
single-event charge collection of bulk SiGe HBTs. Therefore,
the transport of the charges generated in a single event may
also be impacted. This may cause changes in the total charge
collection, which is the main metric related to single-event
upsets (SEU) in SiGe circuits. It has been confirmed that a
low-temperature, grown GaAs buffer layer in GaAs HIGFET,
which provides a region of high recombination and shortens
the minority carrier lifetime, can significantly reduce the tran-
sient charge collection caused by the a particle.!'®! However,
no related publication about SiGe HBT is currently available.

In this work, the impact of proton-induced alteration of
minority carrier lifetime on heavy ion-induced current tran-
sients and charge collection in SiGe HBT is investigated using
technology computer-aided design (TCAD) tools. The results
indicate that the charge collection of events free from deep
trench isolation (DTI) is more sensitive to the alteration of
minority carrier lifetime than that with DTI, especially in the
heavily doped reach-through region used for substrate contact,
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where a decrease of 94% can be found with a proton fluence
of 5% 1013 cm™2.

2. Simulation details
2.1. Device structure

The prototype device used to build the simulation model
is the IBM 8HP SiGe HBT. Figure 1 shows the two-
dimensional (2D) cross section obtained from cuts made
through the center of the three-dimensional (3D) device struc-
ture. The device has an npnn™ structure with a lightly doped
p-type substrate. The buried n™ layer is used to reduce the
collector resistance. The emitter area is 0.12 um x0.52 pm.

substrate

The deep trench used in DTI is 1 pm wide and 8 um deep,
and on top of it sits the shallow trench isolation and the in-
trinsic device. The area enclosed by the trench is 4.34 um
x1.5 um. The p* reach-through outside DTI is for top con-
tact of the substrate. More details of the device can be found
in Refs. [17] and [18]. The physical models considered in this
work include Phillips unified mobility, Shockley—Read—Hall
recombination, Auger recombination, velocity saturation, and
bandgap narrowing. Figure 2 shows the Gummel character-
istic obtained by TCAD simulation and tests. The simulated
base and collector current fits well with the test results mea-

sured by a Keithley 4200 within a reasonable range of errors.

emitter STI

base
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B 7.5x10%
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Fig. 1. TCAD cross section along the center line of IBM 8HP SiGe HBT.
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Fig. 2. Gummel characteristic obtained by simulation and tests.

2.2. Simulation of proton-induced carrier lifetime alter-
ation

Displacement defects are introduced into the device
through collisions of the incident protons with the silicon nu-
cleus and by collisions of the recoil primary silicon atom
with near atoms. These defects can act as effective trapping
and recombination centers of the carriers. As a result, some
basic electric properties of semiconductors, such as the mi-
nority carrier lifetime, the majority carrier density, and the
carrier mobility, will be altered. The minority carrier life-
time has been proved to be the most sensitive parameter to
displacement damage, while the majority carrier density and
carrier mobility remain stable with a neutron fluence up to

5% 103 cm~2.119291 Therefore, changes in the minority car-
rier lifetime are usually used to mimic displacement damage
in the device. The quantitative relationship between the minor-
ity carrier lifetime and displacement damage is usually given
involving neutron fluence as follows:

1 1 &,

T T K o
where 7 is the minority carrier lifetime before neutron irradia-
tion, 7, is the minority carrier lifetime after neutron irradiation,
K: is the coefficient of neutron-induced alteration of the mi-
nority carrier lifetime (for neutrons with energy above 10 keV,
K =7 x 10° s cm?),[21 and &, is the neutron fluence. Ac-
cording to the national military standards for testing neutron
radiation effects on military electronic devices, the displace-
ment damage in semiconductor materials induced by neutrons
with a spectral energy distribution is characterized by 1 MeV
neutrons with an equivalent fluence. For silicon devices, the
equivalent 1 MeV neutron fluence is defined as
o, — J001 ey P(E) - D(ENE.

D(1 MeV)
where @gjq is the equivalent 1 MeV neutron fluence, ®(E) is

©))

the fluence of the neutron group with energy E, D(E) is the
damage factor (Kerma factor) of neutrons with energy E in
silicon, and D(1 MeV) is the damage factor of 1 MeV neu-
trons in silicon. Thus, &, in Eq. (1) actually refers to the
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equivalent fluence of 1 MeV neutrons. When it comes to pro-
tons, it is necessary to know the equivalent proton fluence &,
to @,. Since the displacement damage is generated during
atomic processes due to the nonionization energy loss (NIEL)
of the incident particle, the equivalence can be made by com-
paring the NIELs of neutrons and protons with different en-
ergies in silicon.!??! Therefore, equation (1) can be rewritten
as

1_1 + NP 7 3)

T T K:

where N = NIEL,ot0n/NIEL peytron-

In this work, the 30 MeV proton is selected to generate the
lifetime alteration. The NIEL of the 30 MeV proton in silicon
calculated using Geant4 is about 4.17 x 1073 MeV-cm2.g~ 1.
The NIEL of the 1 MeV neutron in silicon is about 2 x
1073 MeV-cm~2-g~!.123) The minority carrier lifetime of each

region in the SiGe HBT recalculated with Eq. (3) is used to re-
place the default value in the parameter file.

Figure 3 shows the current gain () considering proton-
induced alteration of the minority carrier lifetime using the
method mentioned above. With the increase in P, the minor-
ity carrier lifetime decreases monotonically, which increases
the recombination rate in the base and leads to the signifi-
cant degradation of . This is consistent with the results in
Refs. [14] and [15], indicating that the model we built is rea-
sonable.

100

—=— pre-irradiation
—eo— & =1x1012 cm—2
—A— P, =1x10" cm—2
—v— &, =5x10" cm—2

10F

1 1
0.6 0.8 1.0

Vee/V

1
0.2 0.4

Fig. 3. Current gain of IBM 8HP considering proton-induced alteration
of minority carrier lifetime.

This model can also be extrapolated to other SiGe HBT
devices. For one thing, the NIEL of middle- and high-energy
protons is almost equivalent to that of neutrons.!?*! In the real
space applications, low-energy protons are easily shielded by
the spacecraft walls, and it is hard for the fluence of middle-
and high-energy protons to exceed the order of 5 x 103 cm~2.
Furthermore, the relationship between the minority carrier
lifetime and neutron or proton fluence does not involve the
geometry of the target material. However, the impact of the
alteration of the minority carrier lifetime on the ion-induced
single-event transient (SET) may be different from device to
device due to the devices’ structures, as will be shown later.

2.3. Simulation conditions

During simulation, the emitter, base, and collector are
biased at 0 V, while the substrate is biased at —3 V. Under
this condition, the C-S junction is reverse biased. When a
heavy ion passes through the junction, the excess carriers de-
posited can be rapidly collected, leading to a current transient
at the collector. Since the collector is usually the output ter-
minal of SiGe HBT in ICs, the ion-induced current transient
may cause disturbances in the following components. There-
fore, these bias conditions replicate the most sensitive state
to SEEs. =271 Concretely, the initial voltage boundary condi-
tions of all terminals of the SiGe HBT are set to 0 V in the
electrode section of Sentaurus Device, and then these bound-
ary conditions are ramped to the worst biasing conditions in
the Solve section of the command file using the quasistation-
ary command. Ohmic contacts are implemented through the
Dirichlet boundary condition, in which the quasi Fermi poten-
tials of majority and minority carriers are equal to the applied

[28] The outer boundaries of the de-

voltage on the electrode.
vice that are not contacts are treated with the ideal Neumann
boundary condition and the current in the device can only flow
through the contacting node. Similarly, the Neumann bound-
ary condition is also applied to the semiconductor/insulator in-
terfaces to avoid the current in the semiconductor from flow-
ing into the insulator. The simulated ion strike is 2*’Bi with an
LET of 99.8 MeV-cm?-mg~!. This is the highest LET among
the frequently used ions in domestic heavy ion accelerator ex-
periments. The ion track is generated using a Gaussian wave-
form in which the 1/e characteristic time scale is 2 ps, the peak
of the Gaussian distribution occurs at 5 ps, and the 1/e char-
acteristic radius is 0.1 pum. All the ions are normal incident.
Due to the high LET value, a large amount of charge will be
generated along the ion track so that even the charge collection
of the event outside the deep trench can reach a considerable
value. Figure 4 shows the ion strike positions. All the posi-
tions distribute along the center line of the device. The x-axis
coordinates are —7 pwm, —5 pm, —3 pm, —1 pm, 1.5 pm,
2 wm, 3.17 pm, 5 um, 8§ um, 11 wm, 13 pwm, and 15 pum from
left to right. Therefore, variations in the charge collection of
events inside and outside the deep trench are all studied.

or 1
g 00
<
~ 10}
15}
1 1 1 1
—10 0 10 15
X/um

Fig. 4. Diagram of the ion strike positions along the x-axis.
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3. Simulation results

Figure 5 shows the simulation results of charge collection
on the collector terminal as a function of ion incident position.
The proton fluence varies from 0 to 5 x 10'3 cm~2. It is clear
that the charge collection inside the deep trench is much higher
than that outside. This has also been reported in previous pub-
lications. The reason is that DTI blocks the expansion of the
funnel potential and the diffusion of the ion-induced charges
so that most of the charges can be collected by funneling. On
the contrary, if the ion strike happens outside the deep trench,
the generated charges that are free from the pre-existing elec-
tric field are collected through diffusion. Moreover, due to the
blockage from the DTI, only from the bottom can the charges
diffuse to the collecting node. Therefore, only a small amount
of the charges can be collected. However, with the decrease
in the critical charge of ICs, events outside DTI are also able
to cause SEUs. A pseudorandom number sequence generator
fabricated in the IBM 7HP SiGe HBT process was reported
to have a critical charge of about 100 fC.[>) The minimum
charge collection of the pre-irradiation device in this work is
more than 300 fC.

2
10 =
} ';k *= ‘ — ® - pre-irradiation
% ~ @ -3,=1x102 cm™?
9 pJr reachthrough —=s= — A - ¢, =1x10" cm?
o =¥ -9, =5x10"% cm~?
O 1L
[=]
o
o s ——m-m
g - 3eb Jub GINN \\\\\:—__3__._-
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S 0aprA-a A-t-a
Q Al S\ R
o w & , v
) » /
2 ¥ y
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Fig. 5. Simulation results of charge collection as a function of ion inci-
dent position.

The impact of proton-induced carrier lifetime alteration
on the charge collection inside and outside DTT also differs
a lot. The lifetime alteration has almost no impact on the
charge collection of events happening inside the deep trench,
but it does reduce the charge collection of events happening
outside the trench by a large extent. With increasing &, the
charge collection decreases monotonically. When &, reaches
5 x 10'3 cm™2, the charge collection of all events happening
in the lightly doped substrate decreases by about 80% and is
below 100 fC. For the events in the p™ reach-through, some
distinctions in the rate of decreasing charge collection can be
found. As can be seen from Fig. 5, when @, =1 x 1012 cm~2,
the charge collection of events in the p™ region only slightly
decreases, just for the events in the lightly doped substrate.

Meanwhile, at higher fluences, the charge collection in the p*

region decreases much faster than at other positions. When &,
reaches 5 x 10'3 cm™2, the decrease can even exceed 94%.

Figure 6 shows the current transients and integrated
charge collections on the collector terminal at x = 3.17 um
(center of the device) under various proton fluences. Accord-
ing to the timescale of different collection mechanisms, the
current transient can be generally divided into two parts, as
shown in Fig. 6(a). The prompt high-current peak before 1 ns
is mainly due to the funneling collection. The transients at
different proton fluences overlap within this part, indicating
that the charge collection is not affected by the carrier life-
time alteration. The other part, which results from the delayed
charge collection by diffusion, features a low-magnitude long-
timescale current tail. In this part, slight shifts left at the end
of the tail with increasing proton fluence can be found, which
can lead to the decrease in integrated charge collection. How-
ever, this decrease is much smaller compared with the total
charge collection, and thus the saturation value of the inte-
grated charge collection in Fig. 6(b) does not show significant
change as the proton fluence increases.

10

(a) : —— pre-irradiation
B ! —— &, =1x10'2 cm 2

<E ski ! —— &, =1x10'3 cm~2
g i ! —— &, =5%10" cm~2
+ 1
=] '
g o6t
— i
= - 1
© i
5 4\
+ i
Q r I
2
o 2r
O L

Ok

—«— pre-irradiation

—— @, =1x10"2 cm—2
2r —— @, =1x10"3 cm—2
L —— &P, =5x1013 cm—2

0 2 4 6 8 10
Time/ns

Charge collection on collector/pC

Fig. 6. Ion-induced (a) current transients and (b) charge collections at
x=3.17 um.

Figure 7 shows the current transients and integrated
charge collections on the collector terminal at x = 11 pum un-
der various proton fluences. At this position, the generated
charges are collected only through diffusion so that the peak
of the current transient is much lower than that in Fig. 6(a).
However, the duration of the transient is much longer. The
transient can last more than 1 ps (upper limit of the simula-
tion time in this work) if the minority carrier lifetime is not
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altered. Correspondingly, the charge collection keeps increas-
ing before 1 ps and does not show a trend to saturation. With
the increase in proton fluence, the peak value of the current
transient decreases significantly and so does the transient du-
ration. When the proton fluence reaches 5 x 103 cm™2, the
peak value of the current transient decreases from 2.4 pA to
1.8 pA, and the duration decreases to 300 ns. As a result, the
time needed by the charge collection to reach saturation and
the total charge collection both decrease with increasing pro-

ton fluence.
<E 2.5 —e— pre-irradiation (a)
- — §, = 1x10'2 cm 2
S 20+ —— @, =1x10"3 cm—2
Z —— &, =5x10!3 cm~2
= 15F
5]
=
5 1.0t
=
Q
§ 0.5
°
O or
0 200 400 600 800 1000
Time/ns
0.35F —— pre-irradiation (b)

—— &, =1x10'2 cm~2
0-30F ¢, =1x108 cm—2
0.25F — D, = 5x1013 cm—2

0.20r
0.151
0.101
0.051

0 200 400 600 800 1000
Time/ns

Charge collection on collector/pC

Fig. 7. Ion-induced (a) current transients and (b) charge collections at
x=11um.
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4. Discussion

As depicted above, the proton-induced decrease in mi-
nority carrier lifetime only reduces the charge collection that
is due to the long-time diffusion, and has no impact on the
charge collection that is due to funneling. This indicates that
the impact of the minority carrier lifetime may be related to
the timescale of the collection mechanism. Figure 8 shows the
maximum minority carrier lifetimes in the lightly doped sub-
strate and heavily doped reach-through as a function of &,.
When @, =5 x 103 cm ™2, the minority carrier lifetimes in the
two regions both decrease to about 60 ns. Since the duration of
the diffusion process can exceed 1 ps, this decrease in minor-
ity carrier lifetime will lead to a great decrease in the charge
collection of events outside the deep trench. Meanwhile, for
the events happening inside the deep trench, the charge collec-
tion is dominated by funneling. According to Fig. 6(a), this
process finishes in 1 ns, and thus the reduced minority carrier
lifetime has little impact on the total charge collection.

105
2 10-6
)
E
+ 10—
ks 0
A
108 :
—a—lightly doped substrate
. —eo—heavily doped reachthrough
1079

o 100107 10@  10¢
Proton fluence/cm~2

Fig. 8. Maximum minority carrier lifetime as a function of proton flu-
ence.
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Fig. 9. Electron density at 1.2 ns when the ion strikes at x = 8 pm with (a) &, = 0, (b) &, = 1 x 102 ecm2, (c) @, = 1 x 10'3 cm~2, and

(d) P, =5x 10" cm 2.
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For the events happening in the p* reach-through, the
mechanism is more complicated. Since the doping concen-
tration in the p™ reach-through is several orders of magni-
tude higher than that in the substrate, the ion-induced elec-
trons and holes have to undergo a stronger initial recombina-
tion there. Only the electrons that escape from this recom-
bination and reach the lightly doped substrate through radial
diffusion can contribute to the charge collection on the col-
lector terminal. With the increase in proton fluence, more
recombination centers are generated in the p* region, which
in turn promotes the initial recombination. As a result, the
charge collection of events happening in the p™ reach-through
has a more significant decrease with increasing proton flu-
ence. In addition, the pre-irradiation minority carrier lifetime
in the p* reach-through is relatively short, and thus a sig-
nificant amount of displacement damage is needed to affect
it.?1 As shown in Fig. 8, the maximum minority carrier life-
time in the p* reach-through is only slightly reduced when
D, =1x 10'2 cm~2, while more significant decrease can be
found after 1 x 10'3 cm~2. Figure 9 shows the electron density
at 1.2 ns when the ion strikes at x = 8 um. It is clear that when
@, =1 x 102 cm~2 (see Fig. 9(b)), the electron density is very
close to that in the pre-irradiation device (see Fig. 9(a)). When
@, reaches 1 x 103 cm~2, the electron density around the
track becomes much lower, especially in the p* reach-through
(see Fig. 9(c)). When &, reaches 5 x 103 cm~2, the electron
density in the p* reach-through decreases to a magnitude com-
parable to the density deep in the substrate (see Fig. 9(d)). This
sharp decrease confirms the enhanced recombination in the p*
region. Consequently, fewer electrons are able to diffuse into
the lightly doped region. This explains the sharp decrease of
the charge collection of events in the p* reach-through at high-
proton fluences, as shown in Fig. 5.

5. Conclusion

In this work, the impact of proton-induced alteration of
the minority carrier lifetime on the ion-induced current tran-
sient and charge collection in the SiGe HBT with DTI is in-
vestigated using TCAD tools. The widely used equation to
determine the neutron-induced alteration of the minority car-
rier lifetime in silicon is extended for use with the to proton
by normalizing to the energy going into the atomic process.
Simulation results show that the impact of proton-induced al-
teration of carrier lifetime on the current transient and the in-
tegrated charge collection is position-dependent and is closely
related to the timescale of the dominating charge collection
mechanism. Only the long-time collection process is signif-
icantly affected. For the events inside the deep trench, the
charge collection is dominated by prompt funneling and is
little affected. Meanwhile, for the events outside the deep
trench, the charge is collected only by diffusion, and thus a
large amount of charges recombine during transport, leading

to a great decrease in the total charge collection. Particularly,
the decrease is more remarkable in the p* reach-through due
to the enhanced initial recombination of ion-induced charges
before they diffuse into the lightly doped substrate.
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