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Charge by Direct Ionization

Mélanie Raine, Student Member, IEEE, Marc Gaillardin, Member, IEEE, Jean-Etienne Sauvestre, Member, IEEE,
Olivier Flament, Senior Member, IEEE, Arnaud Bournel, and Valérie Aubry-Fortuna

Abstract—The response of SOI transistors under heavy ion irra-
diation is analyzed using Geant4 and Synopsys Sentaurus device
simulations. The ion mass and energy have a significant impact on
the radial ionization profile of the ion deposited charge. For ex-
ample, for an identical LET, the higher the ion energy per nucleon,
the wider the radial ionization track. For a 70-nm SOI technology,
the track radius of high energy ions (> 10 MeV/a) is larger than
the transistor sensitive volume; part of the ion charge recombines
in the highly doped source or drain regions and does not participate
to the transistor electric response. At lower energy (< 10 MeV /a),
as often used for ground testing, the track radius is smaller than
the transistor sensitive volume, and the entire charge is used for
the transistor response. The collected charge is then higher, corre-
sponding to a worst-case response of the transistor. Implications
for the hardness assurance of highly-scaled generations are dis-
cussed.

Index Terms—Bipolar gain, Geant4 and device simulations,
heavy ion irradiation, radial ionization profile, SOI transistors.

1. INTRODUCTION

HE analysis of the transistor response to heavy ion
T irradiation is of particular importance to understand the
Single-Event Effects (SEE) observed in integrated circuits
used in space environment. The JEDEC standard [1] defining
the procedures for SEE testing of integrated circuits clearly
states that “the end product of the test is a plot of the SEE
cross-section vs. effective Linear Energy Transfer (LET)”. The
sensitivity of a circuit to SEE is thus only analyzed in terms of
LET. The underlying hypothesis is that the device response is
the same for ions with different energies but same LET. This
assumption is the basis for SEE testing which uses low energy
ions (usually in the 1-100 MeV/a energy range) to experimen-
tally simulate the large spectrum of ion energy encountered in
space (up to hundreds of GeV/a) [2], [3].
However previous work using low energy ions with different
energies but same LET has shown that the energy has some im-
pact on charge collection in CMOS/SOS (Silicon on Sapphire)
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structures [4]. On the other hand, another study performed on
0.5 pm to 1 pm generation bulk devices demonstrated that the
difference induced by the ion energy is not significant compared
with other experimental uncertainties [5]. More generally, as the
size of the transistor sensitive volume is decreased with the tech-
nology generation, the question of the applicability of LET as
an appropriate metric to study the SEE has arisen ([6], [7] and
references therein). Former work (e.g., [8], [9]) has studied the
radial distribution of deposited charges around the ion path. De-
vices with small sensitive volume like SOI might be sensitive to
this radial extension of the ion deposited charge, i.e., to the ion
mass and energy. Experimental work on SOI devices reported
in [10] has for example shown a lower collected charge for high
energy ions compared to low energy ones with close LET.

Based on these considerations, the aim of this study is to an-
alyze through simulation the response of a 70-nm gate length
partially depleted (PD) SOI transistor [10] to irradiation with
heavy ions at the same LET but different energy!. In particular,
we will show that differences in the transistor response may be
observed at the same LET, contrary to underlying assumptions
of the JEDEC standards.

The Geant4 simulation toolkit is used to simulate the radial
ionization profile of ions with close LETs but different energies.
Limits and validity of Geant4 track structures are discussed and
compared with previously published results ([11], [12]). The
radial ionization profiles are then used as inputs into Synopsys
Sentaurus device simulations. It will be shown that the transistor
response is significantly enhanced for the lowest energy ion. At
first order, the transistor response is determined by the charge
deposited in its sensitive volume.

II. DESCRIPTION OF SIMULATIONS

A. Geant4 Simulation

Monte Carlo Geant4 simulations are used to model the radial
ionization profile of an ion deposited charge. Geant4 is a simu-
lation toolkit employing object-oriented methods and coded in
C++, which allows simulating the passage of particles through
matter [13]. In this work, Geant4 version 9.2 is used to build the
simulation.

The developed test application simulates a mono-energetic
ion beam, normally incident in a box made of natural silicon,

ITn the rest of the paper, if not otherwise stated, “ion energy” is intended as
“ion kinetic energy per unit mass”.
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with a 2-pm thick SiOs overlayer — representative of the over-
layers of the studied transistor. The box size is larger than the
sensitive volume of the transistor. The impact of the incident ion
on the box is always at the center of the upper SiO5 face.

Only electromagnetic interactions are considered, the focus
being on the radial deposition of energy by delta rays around
the ion path. The main process is thus ionization, activated both
for incident ions and secondary electrons, but the used list of
physics processes also includes other electromagnetic interac-
tions for secondary electrons, positrons and photons. The Liv-
ermore low energy package [14] is used; it simulates the pro-
duction of delta rays with energies above 250 eV. Below this
threshold, electrons that should have been produced are con-
sidered as a local energy deposit. Effects of this limitation of
Geant4 on our calculations are discussed further.

Our purpose is to simulate the radial distribution of charge
deposited by a single ion. However, in order to get sufficient
statistics, the radial distribution of the deposited charge is cal-
culated from the averaged tracks of 10* incident ions. Coulomb
scattering is simulated for electrons only; it is voluntarily turned
off for incident ions. This way, the averaged radial track den-
sity is representative of the charge deposited by the delta elec-
trons only. If the ion scattering was turned on, lateral straggling
would be observed, resulting in a larger track than for a single
ion. Simulations with and without ion scattering were conducted
to check that turning it off did not significantly impact the value
of LET in the region of active silicon. The maximum fluctuation
is about 0.1%, which is negligible.

The spatial distribution of energy deposition from incident
ion and secondary particles is scored in a histogram, for de-
posits in the active silicon film (Ts; = 150 nm) located after
the 2-pm silica overlayer. For each step, Cartesian coordinates
of the deposits are randomly selected on the line connecting the
pre- and post-step points. The radial distance of this point to
the ion path is then calculated and the corresponding histogram
bin incremented. To calculate the radial track structure, the de-
posited energy E is converted to a density N of electron/hole
pairs:

N=—.—.— )

with Iy = 3.6 eV the average energy needed to create an elec-
tron/hole pair in silicon, Nj,, the number of incident ions and
V the volume in which this energy E is summed, meaning the
“volume” of an histogram bin, in cm?:

V=m. (12" —1”) Tsi. 2)

Using this method, a detailed description of the track core is
performed, down to the Angstrom range. Geant4 is hardly re-
alistic at this atomistic scale since it considers a homogeneous
material without taking into account the silicon crystalline struc-
ture and atoms positions. The crystalline structure would be of
particular importance for the lowest energy electrons. However,
this fine calculation of the radial deposited charge was necessary
to accurately describe the dense core (with high concentration
of carriers) and, by integration, the total deposited charge. At
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Fig. 1. Schematic representation of a partially depleted SOI transistor with gate
length Lg = 70 nm, extracted from Synopsys Sentaurus. The ion strikes the
device in normal incidence at the body-drain junction (black arrow). The sensi-
tive area (or body) appears in dark blue. The 2 zm SiO- overlayer is not depicted
here.

the scale of the transistor (70 nm), the total charge deposited in
the sensitive volume is relevant, even if the inner description of
the track core is not.

B. Synopsys Sentaurus Device Simulation

The radial track structures obtained from Geant4 simula-
tions, fitted with multiple Gaussians [15], are used as input
data in the Synopsys Sentaurus device simulator [16]. The
simulated struck device is a 3D-floating body SOI NMOS tran-
sistor (Fig. 1) biased in the OFF-state. This simulated device
represents the 70 nm partially depleted SOI transistor tested in
[10], for which the structure is known. The overlayers (omitted
in Fig. 1) are made of 2 pum of silica; the active silicon film is
150-nm thick; the buried oxide thickness is 0.4 pm and the gate
length is 70 nm.

Physical models activated in the simulation are: Schockley-
Read-Hall (SRH) with doping-dependent lifetimes and Auger
for carrier recombination and generation; bandgap narrowing
model for intrinsic carrier concentration; doping-dependent
model and transverse field dependence for mobility. The simple
drift-diffusion model was selected.

The ion strikes the device in normal incidence at the body-
drain junction, where the electric field is maximum, to simulate
the transistor worst case response [17]-[19], i.e., the maximum
drain collected charge and bipolar amplification (bipolar gain).
The LET value is considered constant along the ion track in the
150-nm silicon film; the track structure is thus also kept con-
stant. In order to analyze the transistor response, the simulated
transient current recorded at the drain electrode is integrated to
get the collected charge. The parasitic bipolar gain, which char-
acterizes the transistor response, is then calculated by the ratio
of the collected charge at the drain electrode to the deposited
charge by the incident ion in the transistor silicon film. In our
simulations, the value of the collected charge used to calculate
the bipolar gain corresponds to the charge collected 1 ns after
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the ion strike. The deposited charge is calculated by integration
of the entire radial charge profile in the silicon film (assuming
infinite lateral dimensions). The deposited charge is then pro-
portional to the ion LET and to the thickness of the silicon film.
All deposited charge and LET values used in this paper are cal-
culated from Geant4 simulations.

III. SIMULATIONS OF THREE IONS WITH CLOSE
LET AND DIFFERENT ENERGY

A. Geant4 Radial Track Structures

Three ions are simulated with Geant4, chosen with close LET
and different energies:

» 48Ca, 2 MeV/a, LET = 21.7 MeV - cm?/mg.

+ "8Kr, 15MeV/a, LET = 23.1 MeV - cm? /mg.

o 136Xe 455 MeV/a, LET = 23.5 MeV - cm2/mg.

The radial track structures, i.e., the density of deposited
charge versus the track radius, obtained for the three ions
are plotted in Fig. 2(a). They are compared to the corrected
Katz analytical track model described by Waligorski in [20]
and adapted to silicon by Fageeha in [11], in dashed lines in
Fig. 2(a). Fig. 2(b) displays the cumulated deposited charge
in the 150-nm silicon film obtained by integration of Fig. 2(a)
curves.

In the micrometer range (radially from the ion path), the track
radius of the high energy ion in Fig. 2(a) is larger than the
low energy ion one. This is a well-known and expected result,
consistent with previous studies ([5], [21]) and Fageeha’s ana-
Iytical tracks [11]. Geant4 and Fageeha’s tracks fit well above
10-20 nm.

However, in the nanometer range, significant differences be-
tween the two models appear, the three Fageeha’s tracks being
practically identical, while the Geant4 tracks differ from one
to another and from Fageeha’s. Calculations based on Kobetich
and Katz theory [8] like Fageeha’s are known to be inappro-
priate for the track core region [12], because they do not cor-
rectly treat the transport of low energy electrons. With the pro-
duction threshold of 250 eV for delta electrons previously men-
tioned, Geant4 could be pointed out to have the same limitation.
However, integrating Geant4 radial profiles gives much closer
LETs as calculated by SRIM than Fageeha’s profiles (Table I).

The Geant4 and SRIM values are very close for the lighter
ion (calcium). For heavier ions (krypton and xenon), Geant4
tends to slightly underestimate the LET value compared to
SRIM, with a maximum variation of 15% for xenon. It must
be noted that recent measurements performed at Jyviskylad
facility shows that SRIM overestimates the LET of heavy ions
(krypton and xenon), by 10% at maximum for xenon [22].
Unfortunately, these measurements were only made at energies
up to ~ 9 MeV/a; no experimental values are thus available
to compare with the 15 MeV/a krypton and the 45.5 MeV/a
xenon. Considering these uncertainties on the LET values in
SRIM, the Geant4 calculation is considered as a good estimate
of the real LET.

Recent work by Murat [12], considering the electron ener-
gies down to 1.5 eV, does not have the same inadequacies for
the transport of low energy electrons. It provides much more ac-
curate track structures, particularly in the track core. However,
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Fig. 2. Geant4 simulations of (a) the radial pair density profile and (b) the
cumulated deposited charge as a function of radial distance for low energy
(2 MeV/a *8Ca, LET ~ 22 MeV - cm?/mg), medium energy (15 MeV/a
8Kr, LET ~ 23 MeV - cm?/mg) and high energy ions (45.5 MeV/a 12¢Xe,
LET ~ 23 MeV - cm?/mg). The ions are normally incident in a silicon box
with 2 pm of SiO» overlayer (see inset in Fig. 2(a)). The deposited energy is
recorded in a 150-nm silicon film below the 2 p#m silica overlayer. In Fig. 2(a),
Geant4 tracks are represented along with analytical calculations performed
with Fageeha’s model [11] (dashed lines). In the grey tint part, all three dashed
lines are superimposed. In Fig. 2(b), arrows illustrate the deposited charge in
a 70-nm SOI transistor’s sensitive area. The grey tint part corresponds to the
range where Geant4 physics is debatable.

TABLE I
CALCULATIONS OF LET IN THE TRANSISTOR SENSITIVE VOLUME
FOR THE THREE STUDIED IONS, WITH SRIM AND BY INTEGRATION
OF FAGEEHA’S AND GEANT4 TRACK STRUCTURES.

fon Energy LET [MeV.cm?mg]
[MeV/a] SRIM Fageeha Geant4
®Ca 2 21.6 30.1 21.7
Kr 15 25.9 36.6 23.1
50X 455 275 36.7 235

[12] focuses on protons while our interest here is on heavy ions.
Moreover, Geant4 is a widely used and accessible tool; it is thus
interesting to use it to simulate track structures, and particularly
to discuss its limitations. Underlying physics for delta electrons
emission and transport is thus briefly analyzed, to quantify in
what extent Geant4 tracks are reliable.

The emission of delta electrons by an incident ion of total
kinetic energy Ti,, and mass M is ruled by elastic scattering
kinematics. This results in a simple relation ((3)) between the
energy T,_ transferred to delta electrons (mass m) by the inci-
dent ion and their angle of emission from the ion path 6:

T, = 4Mm

= — _T,,.cos0. 3)
(M + m)?*
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First, according to this formula, the transferred energy has an
upper limit T« (for § = 0) directly linked to the ion energy.
So, the higher the ion energy, the higher the maximum energy of
its delta electrons and the larger their range. This is the reason
for the increase of the track radius with the ion energy previously
mentioned.

Second, relation (3) shows that very low energy electrons —
which are not produced for energies below 250 eV — should
be emitted orthogonally to the ion path. In a complete model,
these 250 eV electrons would have had generated other elec-
trons, within a range of several nm (2 nm in [12], 5 nm in [23]).
Instead, the electron energy is locally deposited without taking
into account the motion of electrons. This explains the very high
density observed in the track core in Fig. 2(a). The region where
the track core is known to be poorly described can be limited to
the nanometer range (below 10 nm, grey part in Fig. 2).

Apart from the track core, secondary delta electrons are
emitted by first generation ones, also with an angular dis-
tribution. This produces a cloud of electrons travelling with
erratic trajectories. At large radius values, the range of 250 eV
electrons appears very small compared to the range on which
the track structures vary (both axes in Fig. 2(a) are plotted on
a log scale). On average, local deposits of energy thus seem a
good approximation for this part of the curve. Comparison with
the Fageeha’s model [11] confirms that above 10 nm, the radial
profile becomes realistic.

Since integration of Geant4 tracks provides a reliable value
for LET (Table I), the deposited charge at the transistor scale
(70 nm) can be considered as relevant, even if the inner descrip-
tion of the track core is not. In the next section, device simu-
lations will show that this description is good enough for our
study.

B. Sentaurus Synopsys Simulation Results

Device simulations are then performed with Synopsys Sen-
taurus using Geant4 radial track structures as inputs. The aim
is to simulate qualitative trends for a 70-nm PDSOI transistor
irradiated with different ions, using realistic track structures —
instead of Gaussian track structures often used in device sim-
ulations. In order to minimize the errors in deposited charge,
much attention is paid to the Gaussian fits of Geant4 tracks and
to the meshing of the structure in Synopsys Sentaurus, which is
adapted to the track resolution. For all the bipolar gain calcu-
lated here, the error bar introduced is between —2% and +3%.

1) Validation of the Simulation Flow: Comparison With Ex-
periments: In order to gain confidence in the simulation results,
calculations are first performed to compare simulations with ex-
perimental results presented in [10] for three partially depleted
SOI technologies: 0.25 pym, 0.13 pgm and 70 nm. Results for
6.2 MeV/a*®Caion are reported in Fig. 3 (blue stars), along with
corresponding experimental results extracted from [10]. For all
three technologies, the simulated gain vs. collected charge ex-
hibits a good agreement with experimental observations.

For the 70-nm technology, several simulated parasitic bipolar
gains are reported. They correspond to different ion strike lo-
cations in the device (only one strike location is reported for
the two other technologies). Fig. 4 illustrates the response of
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Fig. 3. Bipolar gain in 0.25-gm, 130-nm and 70-nm gate length partially de-
pleted SOI transistors: experimental measurements for irradiation at GANIL
with 6.2 MeV/a 8Ca (open symbols), and simulation results (blue stars).
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Fig. 4. Simulation results for a 6.2 MeV/a *Ca ion in a 70-nm PDSOI tran-
sistor: bipolar gain and collected charge as a function of the ion strike location.

the transistor as a function of the ion strike location. It con-
firms that an ion strike at the body-drain junction gives the tran-
sistor worst-case response, i.e., the most efficient bipolar ampli-
fication. For any other location, the collected charge and thus
the bipolar gain are simply lower. Experimental results also ex-
hibit a larger range of collected charge than the simulated one.
Simulation indeed represents an ideal case where the deposited
charge is always the same and corresponds to the average ex-
perimental deposited charge.

All calculated values fit well the experimental statistic pre-
sented in [10], giving good confidence both in the ion radial
ionization profile calculated with Geant4 and used in Synopsys
Sentaurus and in the simulated 3D device structure.

Other simulations were performed with various energies for
different ions, giving similar results. These simulations are not
more extensively presented here to keep the analysis focused
on our main subject: the response of a given SOI transistor to
irradiation with heavy ions at the same LET but different energy.

2) Effect of the lon Mass and Energy on the 70-nm Device
Transient Response: Drain transient currents and collected
charges extracted from simulations are displayed in Fig. 5, for
the three ions presented in Fig. 2. The general shape of transient
currents is similar for the three ions but the amplitude of peak
current and transient width vary.
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Fig. 5. Device simulation results for low energy (3Ca, 2 MeV/a), medium en-
ergy ("®Kr, 15 MeV/a) and high energy (13¢Xe, 45.5 MeV/a) normally incident
ions in a 70-nm partially depleted SOI transistor: drain current transient (sym-
bols) and collected charge (dashed lines). Arrows are related to instants used in
Fig. 6(a)—(d).

Calculated gains for 70-nm SOI transistors are reported in
Table II. Both medium and high energy ions have similar bipolar
gain, while the gain of the lower energy ion is about 25% higher.
This trend is the same as experimentally observed in [10]: the
maximum bipolar gain is lower for a high energy ion compared
to a low energy ion having close LET.

To analyze the impact of geometrical factors on the transistor
response, we must first consider the size of the transistor, and
more specifically of its sensitive volume (i.e., the body region,
in dark blue in Fig. 1), compared to the track radius. Please re-
member here that the deposited charge — similar for the three
ions — is calculated in a silicon film with infinite lateral dimen-
sions. The radial extension of the track (corresponding to a drop
of the density in Fig. 2(a) and a saturation of the cumulated de-
posited charge in Fig. 2(b)) is of about 200 nm for calcium, 6 ym
for krypton and more than 20 um for xenon. However, the in-
jected charges will trigger the transistor mainly when their den-
sity exceeds the doping concentration in the device, i.e., in the
body. The three ion tracks are thus larger than the transistor’s
sensitive volume (see arrows in Fig. 2(b)). As a consequence,
the actual charge deposited in the body is different for the three
ions. The values extracted from the simulation are reported in
Table II, as percentages of the total deposited charge. Krypton
and xenon deposit similar amount of charge, while calcium de-
posits 25% more charge (Table II). This is close to the differ-
ence observed in bipolar gain — calculated as the ratio of the
collected charge to the toral deposited charge. The difference in
transistor response can thus be explained by geometrical factors
— less charge actually deposited in the sensitive volume, lower
bipolar gain.

Therefore, the important parameter is the amount of charge
deposited in the sensitive volume, no matter how this charge
is deposited. In other words, the track structure in the sensitive
volume does not seem to matter for charge collection, as long
as the integral of this track is kept constant. This feeling is rein-
forced by the examination of cross-sections of electron density

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 4, AUGUST 2010

—— Doping profile l
— —— “Ca, 2 MeV/a
23

§ 1071----"Xe, 45.5 MeV/a

z

(72}

8 1071

c T~

=l 3 h

k3]

% 1019]

4 (a) Heavy ion irradiation
1o \ t=15ps

1

L P ]

§ 107

z

%) E

] 3

(]

©

=

o

k3]

LY

w

Electron density (.cm™)

Electron density (.cm®)

1 . !

(d) t =30 ps

10" ;
0
Source - Drain axis

Fig. 6. Cross-sections of the electron density in the sensitive volume of the
70-nm PDSOI transistor, at different instants of the simulation, for 4®Ca,
2 MeV/a and 12¢Xe, 45.5 MeV/a. In grey, the electron density in the device
before the ion cross, corresponding to the doping profile.

in the body at different instants of the simulation, represented
in Fig. 6(a)—(d) for calcium and xenon (krypton was omitted for
the sake of clarity, curves being very close to those of xenon).
Corresponding instants on the current transients are represented
with arrows in Fig. 5. While the injected track structures are
very different (Fig. 6(a), corresponding to Fig. 2(a)), particu-
larly in the track core (log scale), these differences are quickly
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TABLE II
SIMULATED VALUES OF BIPOLAR GAIN AND PERCENTAGE OF CHARGE
DEPOSITED IN THE SENSITIVE VOLUME OF THE 70-nm SOI TRANSISTOR
(L.E., THE BODY REGION) FOR THREE DIFFERENT IONS WITH CLOSE LET.
PERCENTAGE OF AVAILABLE CHARGE IN THE BODY AFTER 20 ps

% of % of
lon Energy LET Simulated | deposited | available
[MeV/a] |[MeV.cm?mg]| bipolar gain | charge in | charge
the body |after 20 ps
BCa 2 21.7 2.0 99% 37%
ke | 15 23.1 1.7 81% 30%
oXe | 455 235 1.6 79% 30%
1037
1 ——“Ca, 2MeVia !
10%] ----""Xe, 45.5 MeV/a |

)
|
1
\

!
]

Total recombination rate (cm™.s™)

Source - Drain Axis

Fig. 7. Cross-sections of the total recombination rate in the sensitive volume
of the 70-nm PDSOI transistor, just after the injection of charge by the incident
ion, for *8Ca, 2 MeV/a and '3%Xe, 45.5 MeV/a.

softened by the transistor behavior. At 20 ps (Fig. 6(b)), just
after irradiation, differences in the track core structure almost
disappear. This is due to the diffusion of charges, but also to a
strong initial recombination, particularly important in the track
core just after the injection of charge by the incident ion (Fig. 7).
The charge available in the body is calculated by integration of
the total excess charge, which may be observed in Fig. 6 as the
difference between colored curves and the grey one. This last
curve represents the electron density in the device before the
ion cross, corresponding to the doping profile. Just after the ion
cross (at 20 ps, Fig. 6(b)), this available charge is smaller than
what was initially deposited (at 15 ps, Fig. 6(a), see values in
Table II). Then, this charge density increases again (Fig. 6(c)),
maximum amplitude of current in Fig. 5) — which corresponds
to the bipolar amplification — while the recombination rate de-
creases.

After this important initial recombination, the same amount
of charge is available in the body for krypton and xenon, while
23% more charge is available in the case of calcium (Fig. 6(b)).
So, even if the differences in track cores are rapidly softened,
the difference in charge available for collection stays the same
and is similar to the final difference of 25% in bipolar gain.

IV. SENSITIVITY OF 70 NM PDSOI TRANSISTOR TO
DIFFERENT HEAVY IONS AND ENERGIES

Additional simulations are performed, to study the ionizing
effects of ions with different masses and energies. Fig. 8 shows
the calculated gain as a function of LET for four ions: nitrogen,
calcium, krypton and xenon. The minimum energy simulated
here for each ion corresponds to the energy giving the maximum
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Fig. 8. Calculated bipolar gain as a function of LET (log-log scale) for four
ions with different mass (nitrogen, calcium, krypton and xenon). The LET varies
with the ion energy. The numbers close to the curve points correspond to the ion
energy in MeV/a. Only few values are represented to give some references while
keeping the figure as clear as possible. The grey dashed line corresponds to a
common trend from which each ion deviates below a threshold energy.

LET for a normally incident ion. It is clear in Fig. 8 that the
bipolar gain is not only a function of the LET but also of the ion
mass and energy.

First, for a given ion, the bipolar gain increases with
increasing LET and decreasing energy. This trend can be ex-
plained by the same kind of argument as previously used, i.e.,
the higher the ion energy, the wider the radial ionization profile.
Thus, a more important proportion of charge being deposited in
the body for a lower energy ion (see Table II), the bipolar gain
increases with decreasing energy.

Second, it seems that the gain versus LET curves follow the
same trend for every ion at high energy (grey dashed line in
Fig. 8, linking log(Gain) to log(LET) with a quadratic). This
trend looks like classical variations of the bipolar gain with the
collector current ([18], [24], [25]), which are explained as fol-
lows.

For low values of LET, corresponding to low-injection con-
ditions, the parasitic bipolar transistor is only partly triggered;
the concentration of carriers generated during irradiation is not
high enough to completely forward bias the body-source junc-
tion. The bipolar gain is thus low and increases with LET, i.e.,
with the increase in carrier concentration.

For intermediate values of LET, the bipolar gain is maximal.
For the technology of concern, this corresponds to an LET
around 20 MeV - cm? /mg, which is relatively high. This is due
to the quite high body doping, inherent to the short gate length
of this PD SOI transistor.

For high values of LET, corresponding to high-injection con-
ditions, there is a saturation of the parasitic bipolar transistor
response. Recombination processes are now dominant, leading
to a decrease in bipolar gain. This is a common behavior for all
SOI technology generations. This part is only initiated here with
xenon.

The particular behavior observed in this study is the devia-
tion at low energy. In Fig. 8, for a given ion, when the energy
decreases below a certain threshold, the ion curve deviates from
the common trend. Applying again the same kind of argument
as in the previous paragraph, it appears that for every point on
the dashed grey line in Fig. 8, the same proportion of charge is
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deposited in the transistor’s body (around 80% of the total de-
posited charge). So, the deviation at low energy corresponds for
every ion to an increase in the proportion of charge deposited in
the body and available after initial recombination.

In the end, the explanation for the difference in bipolar gain
between two particular ions with the same LET presented in the
previous paragraph can be generalized to all ions and LET. For
different ions with the same LET, the bipolar gain will thus be
the same if the same proportion of the total charge is deposited in
the body, and different if not. The difference will be more or less
important depending on the proportion of charge deposited in
the body and on the available charge after initial recombination.
All is thus dependent on the track structures, with a more or
less large track, compared to the transistor’s sensitive volume
dimensions.

V. DISCUSSION

Differences in bipolar gain calculated here are quite small,
with a maximum difference of 25% between gains of 1.6 and
2.0. Still, those effects could be significant at the integrated cir-
cuit level. Indeed, these differences are related to a more or less
important floating body effects. These effects have been shown
to be relevant for SET pulse broadening in SOI inverter chains
[26], [27]. It is thus possible that quite small differences like
those observed here lead to much more important effects in an
inverter chain. Additional simulations would be necessary to
confirm or invalidate this hypothesis.

This work was performed for a given transistor structure, in
a given generation. Differences being linked to the size of the
sensitive volume, it seems that results will be similar for all tran-
sistors in a given technology generation, as long as changes in
geometry do not lead to different active volumes. However, it
is quite difficult to draw trends for more integrated transistors,
mainly because of the limitations encountered in track simula-
tions. Indeed we showed that the track structure is not important
inside the sensitive volume. In our case, this volume is still big
enough to allow the use of Geant4 tracks. An evaluation from
Fig. 2(a) shows that these tracks may be used for technology
generation as integrated as the 45 nm generation. However, to
study more integrated technologies, a more accurate description
of the track core is needed, which is not possible with the current
Geant4 production threshold for secondary electrons. Improve-
ments of the model are thus needed to take into account lower
energy electrons, as available in Murat’s approach [12]. The
DNA project of the Geant4 community [28] seems promising,
providing the actual model, restricted to liquid water, is gener-
alized to other materials (silicon in particular).

An important particularity of our study is obviously the small
volume inherent to SOI structures. It would also be interesting
to get insights into the response of bulk transistors. However,
such transistors involve complex doping profiles [29], to which
track structures need to be compared. A complete study is thus
needed and no trends may be driven from the present one.

Usual facilities used for SEE testing deliver ion beams with
energies in the order of a few MeV/a. For the particular tech-
nology studied here, at a given LET, the collected charge is
maximized for a lower energy ion. According to these results
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(Fig. 8), test cases may thus be considered conservative. How-
ever, these small energies may lead to other issues. We can
take the example of xenon at 3.5 MeV/a, a commonly used
ion to test CMOS devices [30]. In a standard device, this ion
has to go through 10 to 12 pum of silica and metal — which are
common overlayers for 65 and 45 nm generation devices — be-
fore reaching active silicon. After these overlayers, its energy is
only around 2 MeV/a. The deposited and thus collected charge
is then overestimated, compared to another ion with same “in-
cident LET” but with higher energy, whose energy only varies
a little in overlayers. Testing with low energy ions to represent
high energy ions with same LET may thus lead to erroneous
results (the tested LET is indeed different). However, as seen
previously, these tests are in fact conservative — as soon as only
direct ionization effects are taken into account. Indeed, previous
studies have also found differences in SEE sensitivity due to sec-
ondary ionization [7], [31] — this time mainly for high energy
ions.

Another underlying limit that we must be aware of for testing
is the accounting for a fixed value of LET for a given ion and en-
ergy. This value is actually a mean value. Indeed, the straggling
induced by ion scattering can lead to a distribution in LET, i.e.,
in deposited charge [32], [33], particularly if a low energy inci-
dent ion has to go through thick overlayers before reaching the
sensitive volume. Moreover, using an average track structure as
done in this work supposes a cylindrical symmetry of energy de-
position. However, a single ion may have an asymmetric radial
dose profile [33]. These excursions outside of the average ion
track may induce variations in collected charge and thus give a
distribution on the transistor response.

Finally, one should bear in mind when referring to an LET
value that this value is highly dependent on the software used
to calculate it (Table I, [22], [34]), particularly for very heavy
ions like krypton or xenon. This uncertainty should be consid-
ered when analyzing variations in transistor response, especially
when these variations are close to the uncertainties in the stop-
ping power (~ 10%).

VI. CONCLUSION

In this work, Geant4 simulations of the radial ionization
tracks of heavy ions in silicon, along with device simulations,
are performed to analyze the response of a 70-nm SOI transistor
under heavy ion irradiation. Simulation results show that the
LET is not the only parameter to characterize the transistor
response. The incident ion mass and energy, determining the
track structure, must also be considered. The track radius of
high energy ions (> 10 MeV/a) is indeed larger than the
transistor sensitive volume; part of the ion charge recombines
in the highly doped source or drain regions and does not
participate to the transistor electric response. At lower energy
(< 10 MeV/a), often used for ground testing, the track radius
is smaller than the transistor sensitive volume, and the entire
charge is used for the transistor response. The collected charge
is then higher, corresponding to a worst-case response of the
transistor. Consequently, SEE testing using low energy ions
to experimentally simulate the large spectrum of ion energy
encountered in space may be considered conservative.
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