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Monte Carlo simulations reveal considerable straggling of energy loss by the same ions with the same energy in
fully-depleted silicon-on-insulator (FDSOI) devices with ultra-thin sensitive silicon layers down to 2.5 nm. The absolute
straggling of deposited energy decreases with decreasing thickness of the active silicon layer. While the relative straggling
increases gradually with decreasing thickness of silicon films and exhibits a sharp rise as the thickness of the silicon film
descends below a threshold value of 50 nm, with the dispersion of deposited energy ascending above +10%. Ion species
and energy dependence of the energy-loss straggling are also investigated. For a given beam, the dispersion of deposited
energy results in large uncertainty on the actual linear energy transfer (LET) of incident ions, and thus single event effect
(SEE) responses, which pose great challenges for traditional error rate prediction methods.
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1. Introduction

As one of the critical reliability issues for modern space-
borne integrated circuits (ICs),l'~3! single event effects (SEEs)
originate from the particle-induced energy loss in the active
silicon layers of electronic devices. However, due to the sta-
tistical nature of ion—matter interactions, the energy deposited
by the same ions with the same energy in thin silicon layers
may exhibit large dispersion, which has been studied for a long
time.[*°) Many approaches have been applied in addressing
this issue. In 1988 and 1990, Bichsell*> reviewed the methods
for calculating the distribution of deposited energy. Xapsos
et al. presented an analytical formulation for the fluctuations
of deposited energy in 1993 and applied the microdosime-
try theory to calculate the energy-loss straggling in sensitive
volumes (SVs) of microelectronic devices in 200171 Barak
and Akkerman'®! calculated the straggling function of the de-
posited energy in submicron volumes using a dedicated Monte
Carlo code and the convolution methods. More recently, Raine
et al.'% experimentally quantified the amount of deposited en-
ergy dispersion in thin silicon layers down to 100 nm, showing
that heavy ion-induced deposited energy dispersion increases
with decreasing thickness of sensitive layers, but with a large
difference between experimental and simulated results.

With technologies further downscaling, fully-depleted
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devices such as planar silicon-on-insulator (SOI) or fin-type
devices are known as promising device structures for continu-
ing to exploit Moore’s law. While the active silicon layers of
those advanced structures can be ultra-thin, even on the order
of a few nanometers.l'!=2% Considering that those ultra-thin
silicon films contain only a few tens of silicon atomic lay-
ers, i.e., worse statistics than earlier thin films, the energy-loss
straggling by the direct ionization process in nano films will
be more pronounced and needs detailed analysis. However,
few data has been published dealing with the variations of de-
posited energy in ultra-thin active silicon layers and the poten-
tial inadequacies of current error rate prediction methods.

Thus, this paper focuses on an in-depth investigation of
energy-loss straggling in device structures with an ultra-thin
active silicon layer (such as advanced fully-depleted SOI (FD-
SOI) devices) by Monte Carlo simulations. The influences
of the thickness of silicon films, ion species, and energy on
the deposited energy dispersion are also explored to get fur-
ther insights. Considerable straggling of energy loss results
in a great uncertainly of actual linear energy transfer (LET)
in ultra-thin active silicon films. Compared to the experimen-
tal data of partially-depleted SOI (PDSOI) devices induced by
heavy ions, the shape of SEE cross section versus LET curves
for FDSOI devices with ultra-thin silicon films is predicted to
be significantly changed.
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The physics of energy-loss straggling is reviewed in Sec-
tion 2. Section 3 describes the Monte Carlo simulations in
detail. Simulated results and analysis are presented in Section
4, including energy-loss straggling in silicon films with vari-
ous thicknesses and the impact of ion species and energy. The
implications for ground-based testing and error rate prediction
are discussed.

2. Physics of energy-loss straggling

When penetrating through a target, swift heavy ions lose
energy mainly by stochastic collisions with the target electrons
or nuclei. For each ion in a monoenergetic and unidirectional
beam, the number of those collision events along the trajectory
caused by incident ions is randomized and the energy trans-
ferred to a target electron or nucleus in each collision event is
also randomized. Thus, the deposited energy E in the target

follows the Gaussian distribution[?!]
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where n(E) is the number of ions with deposited energy be-
tween E and E + dE, n is the total number of ions, E,y is the
average deposited energy, a is the straggling parameter which
means half width of the energy spectrum at 1/e of the spectrum
height, Z;e is the charge of the projectile, ZyN is the electron
density of the target, and ¢ is the thickness of the target.

The full width at half maximum (FWHM) of the energy
spectrum is often used to quantify the absolute straggling of
energy loss

2.36
S, = FWHM = 5= 4.722,&* (nZoN)' 2. (3)

Assuming that the ion LET keeps constant in the thin sil-
icon layer, i.e., equals the ion LET at the surface of silicon
layer, LETg,;. The relative straggling of energy loss is
Sa 2.36Z1¢* (1Z,N)"/?

x 100% = +

S,=+
T 2E, LETg,t'/2

x 100%. (4)

In addition, the absolute straggling of energy loss can be
transferred to absolute LET straggling if normalized to the
thickness of silicon film. The relative straggling of energy loss
is equivalent to relative LET straggling.

3. Description of Monte Carlo simulations

The Monte Carlo transport of ions in matter (TRIM) pro-
gram included in the stopping and range of ions in matter
(SRIM-2008.04) softwarel”>?3] was used to investigate the
energy-loss straggling of swift heavy ions in device struc-
tures with various thicknesses of silicon film for different ion

species and energies. The TRIM allows detailed tracking of
ion trajectories in the target and recording the ion energies,
momenta, positions, and angles of transmitted ions. The cal-
culation type “ion distribution and quick calculation of dam-
age” in TRIM was used to obtain the energy loss by direct
ionization and the coulomb scattering for each ion, but without
further calculating cascades and hence limiting the calculation
to the ion trajectories, since the primary focus of this work is
the deposited energy straggling in direct ionization process.
The device model used in the simulations is shown in
Fig. 1. The ultra-thin silicon layer is sandwiched by the top
overlayers and bottom buried oxide (BOX). The top overlayers
which comprise passivation layer, metallization layers, plugs,
etc. are represented by a 5-um-thick SiO, layer for convenient
comparison between the straggling of deposited energy in dif-
ferent technology generations. In each simulation run, the mo-
noenergetic and point-like incoming beams with 103 ions were
used to strike the device model. All the ions were at normal
incidence. Thanks to the SRIM supporting software modules
(S3M),24 the deposited energy in the ultra-thin silicon layer
can be conveniently extracted and analyzed in a histogram.

beam

ultra-thin
silicon layer

Fig. 1. (color online) Device model used in Monte Carlo simulations
(not scale). The deposited energy was recorded in the ultra-thin silicon
layer, located after 5-pum-thick SiO, overlayers.

4. Simulation results and analysis

The simulation results are presented below in the follow-
ing order. First, the energy-loss straggling in silicon films of
various thicknesses is reported and analyzed, showing consis-
tent results with theoretical calculations in Section 2. Then,
the ion species and energy dependence of energy-loss strag-
gling in ultra-thin silicon films are investigated.

4.1. Energy-loss straggling in silicon films with various
thicknesses

In the beginning, the energy-loss spectrum of 500-MeV
86Kr ions in 5-nm-thick silicon film (representative of IBM’s

22-nm extremely thin SOI complementary metal-oxide-

[11

semiconductor (CMOS) technology!!!'!) is reported in Fig. 2.
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For the given beam with LETj,, of 38.03 MeV/(mg/cmZ), the
deposited energy in device’s active silicon layer exhibits wide
spread, ranging from 10.5 keV to 84.4 keV with an average
deposited energy of 45.4 keV. The absolute straggling (i.e.,
FWHM) and relative straggling of energy loss (see Eq. (4))
are 26.2 keV and +28.8%, respectively. The high variations
in the energy deposited by the same ion with the same energy
will cause large uncertainty on actual LET, and hence device
responses. It should be mentioned that several events with ab-
normally high deposited energy are not shown in Fig. 2 and
will be discussed in the next section.
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Fig. 2. (color online) Number of ions as a function of energy loss by
500 MeV #Kr ions in 5-nm-thick silicon film. The FWHM and E,,
of the spectrum are measured for calculating the relative straggling of
energy loss.

Table 1. Energy-loss straggling in silicon films with various thicknesses
for 8°Kr ion species. The initial energy equals 500 MeV, and LETq,,
equals 38.03 MeV/(mg/cm?).

Tsi/nm E,/keV FWHM/keV +FWHM/2E,, x100%
2.5 233 16.7 +35.9%
5 454 26.2 +28.8%
75 67.6 31.7 +23.5%
10 89.6 37.6 +21%
20 178.1 56.5 +15.9%
40 355 84.5 +11.9%
50 443.7 91.1 +10.3%
75 664.8 114.1 +8.6%
100 885.9 123.6 +7%
150 1328.4 149 +5.6%
200 1770.5 190.1 +5.4%
250 2213.5 206.7 +4.7%
300 2656.2 2474 +4.7%
500 4427.9 325.8 +3.7%
1000 8865.2 417.9 +2.4%

The trend of energy-loss straggling for different thick-
nesses of silicon film, T;, from 1000 nm down to 2.5 nm, is
further investigated. For convenience of comparison, the abso-
lute straggling and relative straggling of energy loss for each

device structure were extracted or calculated from the origi-
nal energy-loss spectra (see Table 1) and plotted as functions
of T in Fig. 3. Not as one might expect (worse statistics in
thinner silicon film and thus larger energy-loss straggling), the
absolute straggling of energy loss shows continuous roll-off
with decreasing thickness of silicon film. Whereas the relative
straggling of energy loss increases gradually with thinner sil-
icon film and a sharp increase happens as the film’s thickness
descends below a threshold of 50 nm, with deposited energy
dispersion ascending above £10%. In addition, the thickness
as low as 2.5 nm (representative of 18-nm strained FDSOI
CMOS technology!!?)) was simulated, showing that the cor-
responding energy-loss straggling is up to &£ 35.9%.
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Fig. 3. (color online) Absolute straggling (blue up-triangle symbols)
and relative straggling (red down-triangle symbols) of deposited energy
as a function of silicon film thickness (500 MeV 3¢Kr ions).

4.2. Different ion species with the same energy

The ion species dependence of energy-loss straggling is
explored, with fixed ion energy per nucleon. Based on Eq. (4),
the charge of incident ions, Zje, is directly related to the
energy-loss straggling. The charge of a projectile in thin target
(ug/cm?) can be expressed by the equilibrium charge which
depends on the projectile’s velocity and atomic number z; 1>
However, charged particles are considered to lose all the elec-
trons in the front layers (e.g., detector, degraders, metalliza-
tion layers, etc.) before reaching the active silicon layer, if
the projectile’s velocity is above the threshold velocity needed
for projectile acquiring target electrons, gvg /zi/ 3, where g is
the initial charge of the projectile, and vy is the Bohr velocity
25 keV/u).[%] Consequently, the charge of incident ions, Zje,
can be replaced by zje in Egs. (3) and (4) for most cases of
accelerator testing.

Simulations were performed for five kinds of beams (see
Table 2) with the same energy per nucleon (10 MeV/n) strik-
ing the device structure with a 5-nm-thick active silicon layer.
As shown in Fig. 4, the absolute straggling of energy loss in-
creases linearly with heavier ion species, whereas the relative
straggling descends at first and tends to be constant with in-
creasing atomic number of projectiles.
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Table 2. Energy-loss straggling for different ion species, with the same
energy per nucleon. The initial energy is 10 MeV/n.

heavier ions during accelerator testing of SEE cross section

versus LET (o-LET) curves for modern ICs.
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Fig. 5. (color online) The absolute straggling (blue up-triangle symbols)
and relative straggling (red down-triangle symbols) of deposited energy
in 5-nm-thick silicon film as a function of ion energy for the same ions.

5. Discussion

The ion energy dispersion after penetrating the top over-

Ton LETqu/ +FWHM/2E,,
Ew/keV  FWHM/keV
species MeV-cm?-mg~! x100%
e 1.27 1.52 221 +72.7%
19Ar 9.91 11.81 10.95 +46.4%
SOKr 31.85 38.05 26.32 +34.6%
132X%e 59.74 71.43 40.37 +28.3%
29Bi 91.24 108.96 63.04 +28.9%
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Fig. 4. (color online) The absolute straggling (blue up-triangle sym-
bols) and relative straggling (red down-triangle symbols) of deposited
energy in 5-nm-thick silicon film as a function of the atomic number of
the projectile, with the same energy per nucleon of 10 MeV/n.

4.3. Different ion energies for the same ion

The impact of ion energy on energy-loss straggling is also
studied, with fixed ion species. As shown in Table 3 and Fig. 5,
the absolute straggling of energy loss varies little with increas-
ing ion energy (note the scale of the right Y axis). The increase
of relative straggling with ion energy results from the decrease
of ion LETy,, i.e., decrease of average deposited energy for
ions with higher energy. The Bragg peak for the maximum
LET is located at E = 2.33 MeV/n for 3°Kr ions in silicon.

Table 3. Energy-loss straggling for 86Kr ions with different energies
per nucleon.

Initial energy/ LETg,/ En/keV FWHM/keV +FWHM/2E,,
MeV-n~!  MeV-cm?mg~! x100%
3 40.85 48.67 25.75 +26.5%
5.8 38.03 45.47 26.18 +28.8%
10 31.85 38.05 26.32 +34.6%
15 26 31.05 24.85 +40%
20 21.81 25.94 23.5 +45.3%
25 18.9 22.54 22.41 +49.7%

The results indicate that both ion species and average en-
ergy loss are key parameters in determining the relative strag-
gling of energy loss in a given device structure. In order to
minimize the energy-loss straggling at a fixed LET value (i.e.,
fixed average energy loss), lighter ions should be superior to

layers is investigated primarily to make sure that the large
energy-loss straggling arises from the ultra-thin silicon film
structure. Moreover, the influence of the large dispersion of
deposited energy on the device response is then discussed, tak-
ing into account the profile of ion track and the size of sensi-
tive volumes. Finally, implications for ground-based testing
and error rate prediction are discussed.

5.1. Energy dispersion after penetrating the overlayers

The contribution of top overlayers to energy-loss strag-
gling in the ultra-thin silicon films is discussed. The output
energies and positions of 103 500-MeV 80Kr ions at the over-
layers/silicon interface were recorded by TRIM software and
displayed in Figs. 6 and 7, respectively. Note the log scale
of the ion number. The energy dispersion after the overlayers
are quite small, with absolute and relative energy straggling
of about 1 MeV and +0.1%, respectively, which results from
the relatively thick overlayers, i.e., good statistics. The energy
dispersion leads to an ion LET, dispersion of £0.03%, which
can be neglected in comparison to the large LET dispersion in
the ultra-thin silicon films.

However, several events with abnormally low output en-
ergies should be noted in the asymmetrical energy spectrum,
with the probability of ~107*. Those events were also ob-
served during the process of energy deposition in the ultra-thin
silicon films. The ion paths of those events are tracked and turn
out to correspond to the outer ion positions in Fig. 7. Thus, the
rare large energy-loss events are attributed to the interactions
between the incident ions and target nuclei, creating Si or O
recoils. Although with low probability, the impact of those
events on the response of device can be of great importance.
First, after penetrating through the overlayers, the initial mo-
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noenergetic and unidirectional beam exhibits complex charac-
teristics (e.g., energy straggling, output directions, etc.), with
the probability of large decrement of ion energy, causing large
increment of ion LET,,. Second, energetic recoil nucleus cre-
ated inside or in the vicinity of sensitive volumes may also

affect the device sensitivity.?’)
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Fig. 6. (color online) Number of ions as a function of ion output energy
after the overlayers.
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Fig. 7. (color online) View of the cross section at overlayers/silicon
interface, showing the particle positions. All the particles strike at the
center of the device plane initially.

5.2. Influence of large energy-loss straggling on the device
response

In the previous part, the straggling nature of heavy ions-
induced energy loss in ultra-thin active silicon layers was dis-
cussed, but without considering the profile of ion track and
also lateral dimensions of the sensitive volume. In this part,

t28-301 is applied to model the

Geant4 v9.4 simulation toolki
radial ionization profile of deposited energy induced by heavy
ions. As shown in Fig. 8(a), the charge density induced by
500-MeV #Kr ions in the 5-nm active silicon layer exhibits
wide radial distribution. The accumulated generated charge
reaches 100% of the total value (about 1.95 fC) at a radial
distance of 0.6 pm. This means that only part of the charge
in the wide cylinder-shaped ion track can be collected by the
narrow sensitive volumes of advanced FDSOI devices (with

lateral dimensions on the order of tens of nanometers), which

are isolated by the surrounding shallow trench isolation (STI)
and BOX materials. This adds uncertainty to the final col-
lected charge at sensitive nodes of nanometric devices, due to
the non-uniform distribution of charge density in the heavy
ion track. Plus the large uncertainty of the total track charge
generated by the same ions with the same energy (due to the
large straggling of energy-loss), accurate predictions of SEE
response can be a tricky problem for small-geometry devices
with ultra-thin sensitive volumes.
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Fig. 8. (color online) Geant4 simulation of (a) the radial pair density
profile and (b) the accumulated generated charge as a function of ra-
dial distance from the track core for 500-MeV $Kr ions in 5-nm silicon
film, after penetrating 5-pm silica overlayers.

5.3. Implications for ground-based testing and error rate
prediction

For many years, LET has been used as an engineering
metric in error rate prediction of ICs for space missions. The
SEE sensitivity of electronic components in a given radiation
environment can be estimated, via getting the plot of SEE
cross section versus effective LET in earth-based testing 313!
Unfortunately, the large LET dispersion for the same ions with
the same energy in ultra-thin silicon layer structures brings
great challenges for traditional error rate prediction methods.

Figure 9 shows the single event upset (SEU) cross section
of 0.5-um PDSOI static random access memories (SRAMs)
with active silicon layer thickness of about 300 nm, as a func-
tion of ion LET. Heavy ion irradiations were performed at the
heavy ion research facility in Lanzhou (HIRFL) cyclotrons.
Due to the relatively lower LET dispersion in 300-nm-thick
silicon film (see Fig. 3), the heavy ion SEU data fit well with
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the Weibull curve function. However, as the active silicon
layer becomes thinner and thinner, i.e., larger LET disper-
sion, the shape of traditional o-LET curve is predicted to be
changed in the vicinity of threshold LET, as shown below.

1077
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9 Weibull fit parameters:
@ LET,, =16.8 MeV/(mg /cm?)
° Or = 4.7X1078 cm?/bit
© W =16.9 MeV/(mg /cm?)
= S =14
<) 10°° . il . .
- 15 30 45 60
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Fig. 9. (color online) Heavy ion experimental data of 0.5-pm PDSOI
SRAM s with active silicon layer thickness of about 300 nm. 86Kr and
112810 beams with initial energy of 25 MeV and 3.7 MeV were used for
irradiations at normal incidence, with both ion ranges above 30 um. The
Weibull fit parameters are displayed in the plot. Error bars are smaller
than the symbols.

As illustrated in Fig. 10, other than traditional o-LET
curve with sharp decrease near the threshold LET, a long “tail”
of the SEE cross section in the sub-LETy, region appears, due
to the probability of high energy depositions for ions with LET
lower than LETy,. The long “tail” results in a LETy, shift to
lower LET region. The amount of LETy, shift can be calcu-
lated as follows.

ag
ow| T
long
“tail” %
10%0 =222 LET), LET,,
LET/, LET,, LET..

Fig. 10. (color online) Schematic diagram of the shape evolution of o-
LET curve near the threshold LET region, resulting from the large LET
dispersion for a given beam in ultra-thin active silicon layers. Dashed
line represents the traditional 6-LET curve (without considering the ion
LET dispersion), which is displayed in a more ideal way in order to em-
phasize the impact of ion LET dispersion. LETy, and O, represents the
threshold LET and saturated cross section of traditional o-LET curve,
respectively. LETy,/ means the threshold LET of “new” o-LET curve
(solid line, taking the large LET dispersion into consideration), where
0 = 10%0gy. The inset shows the Gaussian distribution of ion actual
LET in ultra-thin active silicon layers.

As mentioned in the previous section, the energy-loss
spectrum of a given beam in ultra-thin silicon films can be con-
verted to the actual LET spectrum of an incident ion if normal-
ized to the thickness of silicon film. The average value of the
ion actual LET spectrum is equal to the ion LET at the silicon
layer surface, LET,,. The inset of Fig. 10 shows the Gaus-
sian distribution of ion actual LET, with LET,, smaller than

LETy,. As 10% of the total incident ions (integral of the spec-

trum) have actual LET higher than LETy,, the average LET of

the spectrum will be equal to LETy,/. Based on the cumula-

tive distribution function (CDF) of Gaussian distribution (see

Eq. (1)), the LETy, shift can be written as

V2a
t

LETy, — LETy, = 1.28 5)

From Eq. (4), the relative straggling of energy loss (also
ion LET) has the form of

0.84 a
S|l=——". 6
1t LET), ©
The final expression is obtained by combining the above two
formulas

LET}, = LETy,. 7

1
1+2.16|S;|
It is clearly shown that the amount of LETy, shift depends on
the value of the relative straggling of energy loss, which is de-
termined by the silicon film thickness, ion species, and average
energy loss. For example for relative straggling of +28.8%
in a 5-nm-thick active silicon layer (500 MeV 8¢Kr ions), the
threshold LET is decreased by a factor of about 40%.

In the practical space radiation environment, the particle
flux increases dramatically at lower LET values, as shown in
Fig. 11. Note the log scale of integral particle flux. Thus,
the considerable threshold LET shift to lower LET value will
worsen the on-orbit error rates of advanced devices with ultra-
thin active layers.

T .
= 10°
= 1
L, 10
s 107"
=) .
< 10°
g
= 1077
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9 107° solar minimum conditions
= 100 mils Al shielding
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Fig. 11. Particle integral flux as a function of LET at space station orbit
(calculated by CREME96/33]).

Another issue relates to the applicability of LET as an en-
gineering metric of SEE testing, which has been questioned
in terms of ion species and energy effects for many years.[34]
Ions with the same LET, but different ion species and energy,
may induce different SEE responses due to nuclear reactions,
track structure differences, and so on. Besides that, the ion
species dependence of ion LET dispersion (see Fig. 4) further
suggests that primary ion LET is not sufficient to describe the
beam characteristics, and thus the SEE response of modern
devices with ultra-thin active silicon layers.
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6. Conclusions

With further downscaling of CMOS technologies, the ac-
tive silicon layers of advanced FDSOI devices can be ex-
The
straggling of energy loss by the same ions with the same en-

tremely thin, even in the order of a few nanometers.

ergy in those ultra-thin active silicon layer structures is inves-
tigated by Monte Carlo simulations. For a given ion beam, the
actual deposited energy exhibits a wide spread, with relative
energy-loss straggling up to +28.8% in 5-nm active silicon
film (500 MeV 36Kr ions). The straggling of deposited energy
depends on the thickness of silicon film, ion species, and en-
ergy. As silicon film becomes thinner, the absolute straggling
of energy loss shows a continuous roll-off, while the relative
straggling increases slowly at first and shows a sharp rise as
the film thickness descends below a threshold of 50 nm, with
deposited energy dispersion ascending above +10%.

The considerable straggling of energy loss in ultra-thin
silicon layer structures brings great challenges for traditional
error rate prediction method, due to the resulting uncertainty
on ion actual LET and hence device responses. Heavy ion ex-
perimental data show that the 0-LET curve of PDSOI devices
with the thickness of silicon film (about 300 nm) fits well with
Weibull curve function. However, the shape of the traditional
o-LET curve near the threshold LET region will be changed
in FDSOI devices with ultra-thin silicon films. The emerging
long “tail” of SEE cross section at the sub-LETy, region leads
to a considerable threshold LET shift to a lower LET region
which will exacerbate the on-orbit error rate performance of
advanced devices with ultra-thin active silicon layers.
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