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Heavy-ion flux is an important experimental parameter in the ground based single event tests. The flux impact on
a single event effect in different memory devices is analyzed by using GEANT4 and TCAD simulation methods. The
transient radial track profile depends not only on the linear energy transfer (LET) of the incident ion, but also on the mass
and energy of the ion. For the ions with the energies at the Bragg peaks, the radial charge distribution is wider when the
ion LET is larger. The results extracted from the GEANT4 and TCAD simulations, together with detailed analysis of the
device structure, are presented to demonstrate phenomena observed in the flux related experiment. The analysis shows that
the flux effect conclusions drawn from the experiment are intrinsically connected and all indicate the mechanism that the
flux effect stems from multiple ion-induced pulses functioning together and relies exquisitely on the specific response of

the device.
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1. Introduction

Single event effects (SEEs) have become increasingly im-
portant as the feature size of the microelectronic devices con-
tinue scaling down.!"3] Tremendous efforts, both experimen-
tal and theoretical, have been invested into this field to study
the basic mechanism of the effects. Particle flux is an impor-
tant experimental parameter in ground based irradiation tests.
Actually, the natural space is a flux variable environment, [4.5]
and the test standards have not specified the particle flux to be
used in the ground based experiments.!*8! In addition, the ion
flux during SEE tests is normally much higher than that in real
space radiation conditions. Thus, a dedicated study needs to
take into account the flux impact on SEEs in microelectronic
devices.

In the previous studies, Liu ef al. introduced “double-
hit” to explain the errors in the ADE harden device.l”! Ed-
monds suggested the flip of triple module redundancy (TMR)
harden device is evidently raised at higher flux.' Yu ez
al. reported the test result differences between low and high
fluxes for various types of devices and found that only cer-
tain types of devices exhibit flux dependence.!!'! Our research
group conducted the flux related experiment using various
types of devices covering LET from 10.1 MeV-cm?/mg to
99.8 MeV-cm?/mg, and three experimental conclusions were
drawn.['?] First, the flux effect is range dependent that mem-
ory devices become flux sensitive as the flux increases above
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10° ions/cm?-s, i.e., for most cases, the cross section of the
single event errors increases. Second, the flux effect is lin-
ear energy transfer (LET) dependent that as the LET of the
incident ions becomes larger, the flux effect becomes more ev-
ident. Third, the flux effect is device dependent so different
types of devices show different flux sensitivities.

This paper aims at studying the theoretical mechanism of
the flux effect by employing GEANT4 and TCAD simulation
methods. Radial charge distributions and the charge collec-
tion processes induced by various types of ions used in the
ground based experiment are explored. The transient aspect of
the heavy-ion track structure in silicon devices, together with
the analysis of the specific device response, is investigated to
explain the flux impact on SEEs in different memory devices.

2. Simulation method

GEANT4 is a powerful simulation tool kit utilizing the
Monte Carlo method to calculate interactions of particles with
matter.['3 It is programed in C++ language and widely used
in high energy physics, nuclear physics, medical science,
space science, etc. In this work, GEANT4 version 10.3 has
been used by implementing the newly developed MicroElec
model.['*13] This new model is categorized in low energy
electromagnetic physics especially developed for the interac-
tions of particles in silicon by lowering the energy production
threshold of secondary electrons down to 16.7 eV, which is
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much lower than that in the previous models. With the im-
provement of the new model, large numbers of discrete sec-
ondary electrons can be precisely tracked, giving a much better
illustration of the ion track structure.

Three types of ions that are mostly used in the ground
based experiments are chosen for the simulation: 2%Bi, 12Xe,
and 3Kr. In order to get sufficient statistics, the radial charge
distribution for each type of ion is calculated by averaging the
tracks of 10 incident ions.

The geometry used to simulate the radial charge distri-
butions is illustrated in Fig. 1. As reported in Ref. [16], the
90 nm technology featuring a 50 nm gate length for the 1 pum?
SRAM cell is considered to build the geometry. The world
consists of a box of 20 umx20 umx8 pwm of natural silicon
with an over layer of 5 pm, mimicking the thickness of the ma-
terials above the transistors of the SRAM cells. Then there is
the active layer of 250 nm representing the layer of the studied
transistors. To simulate the radial track structure, the energy
deposited in this active layer is calculated and stored in a his-
togram as a function of the radial distance from the center of
the ion path. The deposited energy is converted to the density
of electron/hole pairs by dividing the value of 3.6 eV, the av-
erage energy needed to create an electron/hole pair in silicon.

ion direction

20 pm

20 pm
5 pm

| 250 nm

8 um

N

Fig. 1. (color online) The geometry configuration used to simulate radial
charge distributions. The active layer is 250 nm thick representing the
layer of the studied transistors (not to scale).

The charge collection processes are simulated by the
TCAD simulator Synopsys Sentaurus.!!”! Figure 2 shows the
structure of the NMOS transistor extracted from the SRAM
cell reported in Ref. [16]. The gate oxide thickness is 12 nm
and the gate length is 50 nm. The color gradation shows the
doping concentration for each electrode of the transistor. The
ion track structures obtained from GEANT4 simulations are
used as the input data in the Synopsys Sentaurus device simu-
lator. To study the worst case scenario, the NMOS transistor is
biased in the OFF-state, i.e., the drain is biased at 1.2 V while
the gate and source both at O V. The ion strikes the device at
normal incidence in the middle of the drain area. In order to
analyze the transistor response, the simulated transient current

at the drain electrode is recorded as a function of time after the
ion strike.
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Fig. 2. (color online) Schematic representation of the NMOS transistor
with 50 nm gate length. The ion incidents in the middle of the drain area
(black arrow).

3. Simulation results
3.1. Radial track profile

The first parameter to check is the LET spectra of the
three different ions penetrating into silicon. The LET is calcu-
lated using the SRIM software and the LET curves of the three
ions are depicted from the incident energy of 1 MeV to 2 GeV
(Fig. 3).1'81 Each curve shows the same portrait that with the
increase of the incident energy, the LET first increases quickly,
then the curve reaches the Bragg peak,!!”! the largest LET that
the ion specie can get. After the Bragg peak, the curve presents
a slant plateau that the LET decreases slowly as the ion energy
increases. Different ion species have different Bragg peaks; as
the ion becomes heavier the Bragg peak of this ion increases.
It can be seen that for the same ion, it can have the same LET
with two different energies.
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Fig. 3. (color online) LET curve as a function of energy for three different
ions. The dotted line shows '?°Xe ion at the LET of 53.7 MeV- cm?/mg
with different energies of 130 MeV and 1677 MeV.
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To investigate the track structure for the ion that has the
same LET but different energy, the simulation is conducted
using '?°Xe ion at the LET of 53.7 MeV-cm?/mg with the en-
ergies of 130 MeV and 1677 MeV (Fig. 3). The simulation is
set to calculate the interactions of a single ion hit, and all the
trajectories of the ejected electrons are saved for later visual-
ization. Figure 4 presents a three-dimensional (3D) image of
the simulation result. The interaction of '2°Xe ion with silicon
can produce secondary electrons, the so called §-rays. These
d-rays can release more electrons, making the interaction pro-
cess into a cascade. The new model can exhibit the long range
O-rays as well as the low range electrons whose energies fall
below 16.7 eV.
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Fig. 4. (color online) 3D visualization of the GEANT4 simulation for
129Xe ion at the LET of 53.7 MeV-cm?/mg with two different energies:
(a) 1677 MeV and (b) 130 MeV.

These two types of ions have the same LET at the surface
of silicon that the energy deposition per depth is the same, but
the radial profiles of the excited electrons are quite different.
The average energy of secondary electrons for the 1677 MeV
129Xe ion is larger than that for the 130 MeV '>?Xe ion.
Hence, the energetic electrons excited by the 1677 MeV 129% e
ion can penetrate further away from the ion path and deposit
their energies in larger distances. On the contrary, the aver-
age energy of secondary electrons excited by 130 MeV 2°Xe
is much lower, and the energy is deposited locally around the
track core region.

The ions with the same LET but different energies pro-
duce remarkably different radial track structures in silicon.
Figure 5 shows the charge density as a function of the ra-
dial distance from the ion path of '?°Xe ion with the energies
of 130 MeV, 1677 MeV, and 550 MeV, the energy at Bragg
peak. 130 MeV 2Xe produces a larger charge density than
1677 MeV '2Xe in the volume near the ion path, while fur-
ther from the ion path (> 10 nm), 1677 MeV *Xe deposits
more charge due to the longer range of §-rays generated in the
interactions.

The radial charge difference results from the energy dis-
tribution difference of the d-rays ejected by the incident ion.
The simulation result of the radial charge distributions can be

extrapolated to other ions with the same LET but different en-
ergies. On the right side of the Bragg peaks in Fig. 2, for
the ions with the same LET but different masses and ener-
gies, when the ion mass becomes larger, the required incident
energy for the ion also becomes larger. Thus, the mean en-
ergy of the d-rays becomes larger, making the charge distri-
bution wider. On the left side of the Bragg peaks, as the ion
energy becomes smaller, the mean energy of the §-rays be-
comes smaller, making the charge density near the track core
region larger.
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Fig. 5. (color online) GEANT4 simulations of the radial pair density
generated by 1677 MeV, 550 MeV, and 130 MeV '**Xe ions. The
LET for each ion is 53.7 MeV-cm?*/mg, 69.1 MeV-cm?*/mg, and 53.7
MeV-cm?/mg, respectively.

The incident energy of the ion plays an important role
in determining the track radial profile. To compare the ra-
dial charge profiles of different ion spices at the energy
of Bragg peaks, 2098, 129%Xe  and 3°Kr are simulated at
the energies of 1020 MeV, 550 MeV, and 240 MeV, and
the LETs are 99.8 MeV~cm2/mg, 69.1 MeV~cm2/mg, and
40.7 MeV-cm?/mg, respectively. Figure 6 reports the simu-
lation result. As the ion mass increases, the LET at the Bragg
peak also increases, not only does the charge radial distribu-
tion become wider, but also the charge density at a designated
radius becomes larger.
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Fig. 6. (color online) GEANT4 simulations of the radial pair density
profile generated by 1020 MeV 2%Bi ion, 550 MeV '?°Xe ions, and
240 MeV %6Kr ion. The corresponding LETs are 99.8 MeV-cm?/mg,
69.1 MeV-cm?/mg, and 40.7 MeV-cm?/mg, respectively.
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3.2. Charge collection process

The results concerning the charge collection processes
extracted from the Synopsys Sentaurus simulations are re-
ported in Fig. 7, which shows the transient currents as a func-
tion of time for the three different ions with the energies at
Bragg peaks. Though the general shape of the transient cur-
rents is similar, the peak current and transient width are dif-
ferent for different types of ions. The peak current and tran-
sient width for the 1020 MeV 2%Bi ion with the LET of
99.8 MeV-cm?/mg are much larger than those for the 550 MeV
129X e and 240 MeV 80Kr ions, which can be deduced by the
fact that the charge distribution is much wider and the charge
density is much larger for the 1020 MeV 2%Bi ion. It can be
seen that the overall charge collection processes for different
types of ions may last nano-seconds, yet the exact collection
time is dependent on the specific radial charge distribution of
the incident ion.

0.30

0.25 t
—— 2Bj 1020 MeV

— 12Xe 550 MeV
86Ky 240 MeV

0.204

0.154

0.104

Drain current/mA

0.1 1 8

Time/ns

Fig. 7. (color online) Drain current transient in the NMOS transistor as a
function of time.

4. Explanations to the flux effect
4.1. Flux range

The experiment results and analysis conclusions from the
previous studies indicate that the flux effect might result from
two or more ion-induced pulses affecting the storage cell at
high flux radiation conditions. Hence, the spatial and temporal
aspects of the ion-induced pulses are crucial to the mechanism
of the flux related upset process. The results extracted from
GEANT4 and TCAD simulations illustrate the charge depo-
sition as well as the charge collection process. The charge
collection length may be several micro-meters, and the charge
If the
charge sharing effect is considered,*’! the charge deposited

collection time may last for several nano-seconds.

at the strike location may be collected by nearby transistors,
making the effective charge collection length even larger and
the charge collection time even longer.

Furthermore, the particle incident in the device can cause
significant voltage transients propagating in the circuit, affect-
ing the sensitive nodes along the circuitry paths.!?!! Thus, the

affecting time by a single hit may be prolonged and the affect-
ing area may be extended along the transients’ propagating
paths in the circuit. Hence, the spatial and temporal require-
ment for the ion-induced pulses linking together is determined
not only by the charge collection process, but more impor-
tantly, also by the detailed circuit response of the specific de-
vice.

As the flux continues to increase, the global radiation re-
sponse of the devices will occur, which is termed as the dose-
rate effect.[?>4 The transistors in the device are either con-
nected to the power rail or to the ground bus. Each transistor
behaves like the collection node under the global irradiation
fluence, contributing to the current flow in the power rail or
the ground bus. The induced currents across the entire chip
can cause a diminished voltage supply, either a drop in Vgyq
and/or a rise in Vg, leading to a reduced noise margin and a
lower transient radiation upset threshold. The final states of
the cells are randomized by global circuit noises, and thus are
more vulnerable to transient perturbations.

The experiment flux threshold of 10° ions/cm?-s marks
the boundary below which the flux effect will not happen.
This might be explained by the fact that, when the flux is un-
der 103 ions/cm?s, the opportunity of two ion-induced pulses
linking together is relatively low and the dose-rate effect is
negligible. The flux effect only occurs at the higher end of the
flux range, i.e., when the flux increases above a certain value,
the perturbations of multiple pulses coinciding together and
the induced global current cannot be ignored. The boundary of
103 ions/cm?-s does not mean that the flux effect will definitely
happen when it is above this value, but denotes a strong pos-
sibility that the flux effect might happen. For certain type of
device, the threshold for the flux effect might be even higher.
‘When the flux continues to increase, there will be more radia-
tion related, various types of internal noises complicating the
upset mechanism, i.e., more transient pulses coinciding with
other radiation induced noises contribute to the final cause of
an SEU. Due to these trends, the error rate in memory parts
tends to become higher when subjected to higher flux condi-
tions.

This boundary value is related to the temporal cross sec-
tional distribution of the ion beam, which has something to do
with the beam transportation and modulation mechanism of
the high energy ion acceleration system. A different accelera-
tor facility may have a different accelerating and transportation
mechanism, leading to a different transient cross sectional dis-
tribution of the ion beam, and thus a different boundary value
for the flux effect.

4.2. LET dependency

As the LET becomes larger, two aspects of the radial
charge profile might be changed: the charge distribution radius
and the charge deposition density. From the above analysis
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about the flux effect, the charge collection length in the device
and the charge collection amount by the sensitive node can
both contribute to the flux effect, yet in quite different ways.
As the charge collection length becomes larger, the chance of
direct special connection becomes larger, making the storage
cell more likely to be impacted by two or more ions. As the
deposited charge density becomes larger, the collected charge
by the sensitive node becomes larger, making the disturbing
pulse larger and the dose rate effect more significant.

The experiment conclusion is drawn based on the data
taken at LETs near the Bragg peaks. Figure 7 shows that for
the ions at energies of the Bragg peaks, the larger the LET,
the larger the amount of charge collection, and the larger the
charge collection area. With the collected charge increased
and collection length expanded, the number of provoked tran-
sients increases and the dose-rate effect also increases, there-
fore the chance of the multiple ion-induced pulses linking to-
gether increases and the device becomes more sensitive to per-
turbations. Consequently, the flux effect becomes more evi-
dent.

The simulation result suggests that for the ions at the same
LET, the radial track profiles are different when the ion masses
and energies are different. The charge distribution radius is
larger when the ion energy is larger, and the charge density
near the track core region is larger when the ion energy is
smaller. Hence, the flux effect is not only related to the LET
of the incident ion, but also to the ion mass and energy. The
question regarding which aspect is more important to the flux
effect needs further experiments to verify.

4.3. Device structure dependency

In our previous study, hardened and unhardened devices
were subjected to the flux related irradiation experiment. The
hardened devices include SOI SRAMs hardened by ADE,
bulk-Si flip-flops hardened by dual interlocked storage cell
(DICE), and triple modular redundancy (TMR). The test re-
sult is consistent with the others that the hardened devices are
more flux sensitive than the unhardened ones. As the flux in-
creases, the error rates of the hardened devices are evidently
raised.

The most sensitive strike location in the SRAM cell for
most technologies is the off n-channeled transistor and off p-
channeled transistor.!?>! Figure 8 shows the schematic of an
SRAM cell hardened by a resistor as an active delay element.
If one ion hits the drain of the off n-channeled transistor, the
collected current can pull down the struck node potential, ini-
tiating the upset process. However, the inserted resistor in
the feedback loop can delay the pulse transferring to the off
p-channeled transistor, making the SRAM cell hardened to
one sensitive node strike. As the ion flux increases, the noise
margin might be reduced and there might be an ion-induced
pulse affecting the off n-channeled transistor coinciding with

another ion-induced pulse affecting the off p-channeled tran-
sistor, making the inserted delay element invalid and resulting
in a flip of the cell.

‘/:i(l

F— —(1' off PMOS
delay element

Iy

T

Fig. 8. Schematic of the ADE hardened SRAM cell.

—

Qb

off NMOS
Vi,

Figure 9 shows the DICE cell which is implemented with
storage redundancy to increase the SEU hardness. Without
loss of generality, the initial state assumed in the figure is that
Qis 0 and Q b is 1. The logical information is stored in four
separated inverters. If one ion hits the off n-channel transistor
of inverter B, the information state is unchanged by the cou-
pling effect of the other three redundant inverters and an upset
is prevented in the whole storage cell. However, when a sec-
ond ion hits the off n-channel transistor of inverter D, which
is just like writing O to the Q_b end, therefore it can cause a
wrong memory state and make the whole cell flip.

CLK

o

Fig. 9. Schematic of the DICE storage cell.

Figure 10 shows the layout of a TMR circuit with one
voter. TMR circuits can mask faults by majority voting and
thus can prevent a single fault in the modules that feed the
voter inputs. If one module is upset and the other two are un-
affected, the output information of the voter is unchanged. If
two out of three are upset, the voter inputs receive faulty infor-
mation and the circuit will produce the wrong output, making
the TMR design fail.
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Fig. 10. TMR circuit with one voter.

Single particle hitting a single sensitive node is not likely
to cause an upset in the hardened cell.
restore the state of this affected node and prevent an upset

Redundant nodes
in the storage cell. However, as the flux increases above
103 ions/cm?-s, the noise margin might be reduced and there
might be two or more ion-induced pulses affecting separated
sensitive nodes during the same operation cycle of the storage
cell. With multiple ion-induced pulses disturbing the separated
sensitive region, it may result in the flip of the hardened cells.

The flux effect is also evidenced from the failure mode of
the unhardened bulk-Si SRAM. As the flux increases, the over-
all cross section of the unhardened SRAM deviates with no
specific trend, but the MBUs of more than 3 bits increase as the
ion flux increases. >0 At the flux higher than 103 ions/cm?-s,
four or even higher bits errors appear that must result from
more than one ion hitting the adjacent region during the same
time interval.

The SEU cross section is denoted by

Ne

OSEU =

where N, is the total number of errors, N, is the memory
size of the tested device counted by bit, and F is the ion flu-
ence. For the unhardened devices, as the flux increases above
103 ions/cm?-s, besides the single ion induced event, there
might be the flux effect related event, which is induced by
more than one ion. On one hand, N, tends to increase due
to the flux related event, which is the numerator of Eq. (1). On
the other hand, the flux related event needs more than one ion,
which is counted as ion fluence F in the denominator. These
are two completing values in Eq. (1) as the flux increases, so
the total osgy for the unhardened device deviates with no spe-
cific trend. For the hardened device, there is hardly any error
at low flux. As the flux increases, the hardened structures are
severely disturbed by the ion-induced pulses and the error rate
is evidently raised. The increase of total errors N, surpasses
the increase of ion fluence F', so the osgy becomes larger.

5. Conclusion

GEANT4 and TCAD simulations are performed to ana-
lyze the radial charge profile and charge collection time for
three different ions mostly used in the ground based experi-
ment. The radial track structure is determined not only by the

LET, but also by the mass and energy of the incident ion. The
overall charge collection time for different types of ions may
last for nano-seconds. The simulation results are analyzed to
explain the flux effect, that only at the higher end of the range,
higher than 103 ions/cm?-s, can the flux effect occur. The flux
effect is related to the amount of collected charge and the size
of collection area, therefore the LET and the energy of the in-
cident ion. Different device types are investigated to explain
the different flux effect and the reason for the SEE cross sec-
tion increment is analyzed.

The flux of 103 ions/(cm?-s) is recommended for the
ground-based test. As the flux continues to increase, the global
radiation response related to the flux effect will occur, mak-
ing all hardening methods fail. For the flux increases above
107 ions/(cm?-s), the flux effect will be even worse and flux re-
lated other perturbations will happen, which is highly unlikely
in the real space irradiation condition. However, it provides a
method to test whether the device has hardened enough.

The analysis of the mechanism involving the flux effect
has a significant impact on designing radiation-hardened cir-
cuits at the smaller technology scales. The suggestion is con-
sistent with the test standards that the flux higher than the
10° ions/cm? s is not recommended. It will play an important
role in the selection of test conditions to limit the necessary
testing time.
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