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S ABSTRACT,

Double-bit upset rates in satellite memory cells
as high as several percent of total upsets have
recently been reported. This significant fraction may
be explained by cosmic ion track sizes which are larger
than previously postulated. Generation-and transport
of high-energy secondary electrons along heavy-ion
tracks have been analyzed using the Monte Carlo (MC)
ycode TRIPOS-E. Indications atre that initial track
fradii are significantly larger than previously thought.
In this paper, en evaluation of the probability of
double-bit upsets as a function of track size and
hypothetical device dimensions is presented.

13 ) INTRODUCTION
_ A high ratio of multiple to single-bit upset rates
. over. & two-year period has been reported on a satellite
subsystem containing Harris HM-6508 CMOS RAMs. The
rate of double-bit upsets in adjacent memory cells is
believed to be 5% to 10% that of single-bit upsers [1].
- The probability of these multiple upsets being caused
‘by consecutive hits from cosmic rays has been
' determined to be negligibly small. Similar experiences
* with bipolar RAMs, 931422, have been reporteéd recently
£ 12]. 1In this case, the ratio of double-bit to single-
;fbit upsets was estimated to be slightly above 1%.

) Such high multiple-upset rates can pose a
-significant problem for single event upset (SEU)
.mitigation techniques, which are based on error
{ detection and correction. For a 16-bit word, 6 extra
‘bits are required for single-bit error detection and
correction. A double-bit error in one word requires
several additional bits for detection arnd correction.
A simpler solution to double-bit error correction is
the use of redundant memory cells. Neither solution is
. effective because of demands on circuitry, so the
present approach to this problem is limited to single-
-bit erxror correction/double-bit error detection
" (SEC\DED). Double-bit errors within the sawe word can
be avoided in practice by spatially dispersing these
., memory cells representing a single word. This solution
. is practical but penalties are incurred when fine
' geometries or high-speed operation are regquired.

An important parameter in SEU calculations is the
initial charge track size. Numerical caleulations have
shown that the field lines initially confined to the
depletion zone are extended to distances several times
that of the depletion width. This effect gives rise to
what is termed the "funneling phenomenon.” Most

i calculations use simplified assumptions of track size
- and charge density. For example, & cylindrical track
of 0.1 pm radius and constant excess carrier demsity is
commonly used as the initial cendition, with track
generation in 1 ps [3]. A diffusion type, radially
symmetric Gaussian charge distribution has also been
. suggested as the initial conditjon, with the volumetric
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electron-hole (e-h) pair generation along the ion path
given by {4]:

§p = (/xb2) exp(-x2/b?) 1))

with b the assumed track radius at t = 0 and N

typically between 107 and 10!l ¢-h pairs cm'l. The
above approach concludes that field motion starts after
the fon track expands from an initial radius of 0.1 um
to about 1 m over 500 ps. These models may
underestimate the initial charge track size because
they de mnot take intoc account the range and energy
deposition by energetic secondary electrons and their
effect on track structure. Evidence for larger track
sizes is given by eosmic ray passage through
photographic emulsions, resulting in track diameters on
the order of microms [5].

Vhen an ion hits a device at an oblique angle,
there is a small but finite probability of disturbing
more than one sensitive junction, as shown in Fig. 1
for a hypothetical surface layer device. The larger
the ion track and the closer the junctions are, the
larger the preobability is for upsetting more than one
junction. These multiple-bit upsets will be more
prevalent in fine geometry devices and with high energy
ions, and will become more significant as device
geometries become smaller.

This paper presents the results of a numerical
study which calculates the initial charge track size of
heavy ions in silicon using MC methods to analyze the
slowing down of the energetic electrons produced along
ion tracks. A detailed analysis is made of two ions
commonly employed in cyclotron simulations of cosmic
ion effects: 180 MeV argon and 270 MeV krypton. In
addition, analysis is made of an iron fon with
characteristics similar to those of the cosmic ray
spectrum. We compare the results with an evaluation of
the ratio of double- to single-bit upsets by a single
ion in oblique incidence as a function of track width
for typical device geometries.

FIGURE 1. Schematic of a surface layer device, with
oblique incident angle of cosmic ray causing double-bit
upset. (rg represents the radius of the ion track.)
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The computer code TRIPOS was developed by Chou and
Ghoniem to study ion transport in solids using the MC
technique of solution of the tramsport equation [6]. A
new version, TRIPOS-E, has recently been developed to
simulate the generation and transport of gecondary
electrons along the fon track [7]. The electrons are
generated using the binary collision approximation
(BCA) and transported using an electron slowing-down
subroutine following the method of Fitting and
Reinhardt ([8]. Electron slowing down involves both
elastic and inelastic scattering, and includes core
electron ionization and dielectric energy loss
mechanisms. More detailed information on the
implementation of the code is given elsewhere [7].
These secondary electrons, with emsrgies on the order
of several keV, can travel far from the ion track and
significantly increase the track size. TRIPOS-E 1is
capsble of solving the coupled ion-electron transport
problem necessary for the analysis of charge generation
and track size tn SEUs. In the follawing, we give a
brief description of the new algorithm in TRIPOS-E.

‘Energy transfer from an fon to electrons can be
represented by the Rutherford cross.section:

do = x(b/2)? Tpax(al/1?) @

with b the impact parameter, T the kinetic energy
transferred to the target particle, and Tg,, the

maxinum kinetic energy transferable to a target
particle. In the BGCA, this energy is given by:

Taax = daymy(ny t )P E @

with E the energy of the incident particle. Equation 2
shows the prebability of energy transfer to be
inversely proportional to the square of the transferred
energy (i.e., most secondary electroms recsive lower
kinetic energies with & smail but significant fractiom
receiving energies on the order of a few keV). To
evaluate the distances traveled by ths high energy
fraction, an arbitrary cutoff energy, T,, is used to

separate the secondary electrons into two m: those
receiving kinetic energies of magnitude greater than T,

and those with energies less than T,. T, is typically

chosen to be 0.5 to 1.0 keV. Energy transfers of
magnitude greater thnn T, can be viewed as discrete

energy transfers to alectrom These fast electrons
dissipate thelr energy over a significant distance from
the ion path. Energy transfers of less than T, are

considered to represent continuous emergy transfer,
localized to e-h pairs close to the ion path. The rate
of energy loss by energetic ions teo electrons is given
by the Bethe-Bloch equation:

(%)

with Z; and Zp the atomic mmbers of the incident and

target atoms respsctively, e the electronic charge, N
_the target atom demsity, and E the incident ion energy.
Tpin corresponds to the mean fonization energy of the

target atoms, and T,y is .Agiven by Eq. (3). Use of T,
sllows Eq. (4) to be modified to give:
Tax T
A ¢ 1leg + ¢ logl—| (5)
ax Te Tain|

with C the collection of constants in Eq. (4). This

'colllsions between generation and thermalization.

equation gives the relative contributions of eacl
energy regime to the electronic stopping of the iom.
The transport and energy loss of the high-energ:
secondary electrons are evalugted using TRIPOS-E unti!
their energies fall below 200 ¢V. Simulations of mea
projected range of electrons in silicon as a functio:
of energy give good agreement with an ewpirical formul:
[91]. The effect of varying T, on the results wa:

analyzed [7]. In general, extrapolation of tracl
parameters as a function of T, indicated lower value:

of T, to give more consistent results, therefore :
value of 500 eV for T, was used in most calculations.

RESULTS

Two ioms commonly used in cyclotren testing of SEt
effects are studied: 270 HeV kxypten and 180 Mel
argon. p 2 gives the radial profile of & typical
track for a 270-MeV krypton ion, with the endpoints of
the sgecondary electrons plotted with respect to the
ion's path. For this simulation, the endpoint is taker
to be the point where the kinetic energy of the
electron falls below 200 eV and T, 1is taken to be

1 keV. The range of a 200 eV electron in silicon i
estimated to be 69 {10); with this short range anc
the randomized direction of electron motion, furthe:
slowing down will not alter the conclusions. The
average time for these electrons to establish such &

distribution is on the order of 10°1% 5. At a depth of
approximately 28 ;m, the maximum energy transfer tc
electrons - falls below the T, value of 1 keV, in

accordance with Eq. (3). Figure 2 shows that
secondaries of energy greater than 1 keV can no longer
be genarated beyond this depth.

The secondary electrons underge many inelastic
This
energy is deposited radially frem the track, and e-h
pair generation can be simulated by dividing the
localized snergy deposition by 3.6 eV, typical for
generation of ome e-h pair in silicon. Figure 3(a)
shows the excess charge-carrier density resulting from
fast electrons generated by a 270-MeV krypton ion in
silicon. This is shown in the figure as a function of
radial distance from the ion path at various depths of
ion penstration. The carrier densities are evaluated
over 2 1 gm glice of silicon at each depth, with the
slice perpendicular to ion motion. We defime- the
effective track size as the distance at which the
genexrated charge density falls below a typical silicon

substrate doping (e.g., 1016 m'3), a region of non-
equilibrium charge distribution. The effective track

f_:‘i, 0.6 ; :

FIGURE 2.
track depth.

Secondary electron ranges,i':u a function of
(270-MeV krypton incident on silicon)
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the central core of the track,
in Ref. [4). Combining these ian and expomential
regimes allows derivation of an @#nalytical expression
vhich cen be fitted to the results froa TRIPOS-E:

n(x) = (C/r)[exp(-x2/bd) + |

with n(r) the radial density
constant, by and by analogous

radii for the Gaussian and axponential regimes
respectively, £ a correlation hqtor between the two
components, and the 1l/r depdpehncy reflecting the
cylindrical geometry.

Integra
density over space allows cvnhli;!r

&p('l‘/bz) ] ’ (6)

the e-h pairs, C a
characteristic track

- *r k )
13/ zbl + 2x€hy i

with Ny the total e-h pair generption along a unit path
|

length of the 1ion, proportiopal to the ion’s LET.
Given the total e-h pair generagion within a region of
interest and the excess carrier profiles resulting from
the high-energy secondary electirons as im Figs. 3(a)
and 3(b), ‘the parameters by, by, and £ can be evaluated

to give| an analytical expresgion for the e-h pair
profiles at different depths\ of penetration [7].
Figure 4 shows the profiles gi by the analytical
sxpressions corresponding to Fii;'. 3(a) for krypton at
Jepths of S, The reduction of
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FIGURE 3. Radial volumetric charge density in silicon

due to high-anergy secondary electrons (initial
energies > 0.5 keV) at several positions along the

fon’s path: (a) 270 MeV krypton, (b) 20 GeV iron.
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FIGURE 4. Rldial volumetric charge-density profiles as
a function of depth given by the analytical formula,
Eq. (6). (270-MeV krypton incident om silicon)

track width as a function of depth is clear. Although

peak densities exceed 1022 ca3, these concentrations
within the core will quickly decline due to the Auger
roecombination of e-h pairs within the time frame of
initial charge collection, as shown in Fig. 5.
Simulations of charge collection during SEUs show the
initial current pulse to occur between 10 and 100 ps
after the ion passes [ll]. Pigure 5 indicates carrier
concentrations will decline to values on the order of

1020 cm3 pefore charge collection eccurs. This value
is in agreement with peak e-h pair concentrations
generated during laser annealing of silicon [12].
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FIGURE 5. Variation of peak charge density with time
due to Augey recombination of e-h pairs. (270-MeV
krypton incident on silicon at a depth of 5 um)
Evaluations the track parameters for the argon and
krypton ions ptudied are given in Table 1. RNote that

the e-folding| distance of the track represented by by
is significantly greater than 0.1 um in most cases.

DISCUSSION

Because [ of the energetic secondary electrons,

typical he ion track radii in silicon can be much
larger than the conventionally accepted values of sbout
0.1 pm. Although tracks of 1 um radius have been

postulated to diffusion processes, the time frame
for this is believed to be on the order of 500 ps [4].
Our simulation has found average secondary electron

slowing-down {times on the order of 10714 5,
for creation of larger initial tracks than has
previously been thought. For krypton and argon ions,
widely used ia the cyclotron testing of SEUs, the track
radius is a|substantial fraction of a micrem. For
galactic cosmic ray particles it can exceed 0.5 um.
Experimental “Evidence of large track size from cosmic
particles has been reported using photographic
enulsions [5,13]. Our results show the radial
distribution of charge density in the track is neither
constant nor Gaussian as commonly believed, but agrees
well with an .exponential decay characteristic of high-
energy penetration. Without consideration of high-
energy electrons, these large track sizes and long
exponential profiles would not be created.

Differences between Figs. 3(a) and 3(b) relate to
the accuracy of cyclotron simulations of the space
enviromment. Because both these heavy ions have high
LETs, cyclotrom testing of krypton is agssumed to give
effects indicative of a cosmic environment. Iron ions
with energiea approaching 1 GeV generate large radial
concentrations of charge carriers much further from the
ion path tham does high-energy krypton. In additiom,
Fig. 3(a) shows the radial carrier profile for krypton
to have decreased significantly within 15 pm of ion
penetration. For cosmic iron with 1ts much greater
range, the carrier profile is much more uniform over
this depth. For typleal device dimensions these
differing results may impact the accuracy of cyclotron

" simulations of SEUs in space.

As device sizes become smaller, accurate SEU
sfimulations cannot be accomplished without giving
proper consideration to the ion track size. For
example, we show in Fig. 6 the calculated ratio of
double- to single-bit upset for the surface layer
(CMOS) case given in Fig. 1 as a function of drain
separation for three values of track radii. The ratio
was calculated for drains with a 10 pm x 10 pm surface

allowing

TABLE 1. Parameters for analytical track profiles.
270 MeV Krypton 180 MeV Argon
Depth (um) by(A) by(Ad)  €°  byd) byk) ¢
5 246 483 0.0462 384 893 0.0342
10 262 359 0.0345 325 909 0.0622
15 146 205 0.0443 268 761 0.05%6
20 128 149 0.0140 232 583 0.0661
25 64 77 0.0074 200 404 0.0644
30 -- - -- 115 222 0.0913
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FIGURE 6. Ratio of the caleculated probabilities of

double- to single-bit upset for the surface layer
device, assuming ion track radii of 0, 1, and 2 pm.

area and l-pm jumction depth and an isotropic flux of
infinite range particles. For different assumed track
radii, the s0lid angle representing the probability of
travereing two adjacent nodes by a single track wa:
used to evaluate the probability of double-bit upset.
To calculate the ratio of double- to single-bit upsets,
these probabilities were compared to the probability of
the track intercepting a single node. In reference tc
Fig. 1, the effective depth of the junction, dgef, i

increased by rgsec®, with rg the assumed track widel

and @ the ion apgle of incidence with respect to the
surface. This sffective depth and 10-zm width gives
each node’s efffective area susceptible to upset.
Evaluation of the maximum solid angle over which the
ion path can intersect the sensitive areas of botl
nodes is svaluated and compared with the probability of
an ifon intersecting the 10 ;m x 10 um surface area oi
the node, assuming an isotropic flux. The relative
probability of a single-bit upset is given by:

Single-bit upset cross section = 4xab . (8;
with a and b the surface dimensions of the node, equa:
to 10 um, and 4« representing an isotropic flux of 4
steradians. The relative probability for double-bit
upset is given by:

Double-bit upset cross section ~
: 8xbdgrelAproy/ént?) . (9

The term in paréntheses represents the solid angle fo:
intersection of both effective areas by the ion path.
with £ half the distance of separation between the
nodes and Apyog the effective node area projected ontc




 a sphere of radius £. Aproj is given by the product of
ib, doff, and the ratio of surface areas of a sphere

{with diameter 2! and a cube with width 22. An
4 additional factor of two in Eq. (9) accounts for ions
traversing in opposite directionms.

D

t
* As the track size approaches the micron range,
} this ratio becomes significant, as much as several
Zpercem: for drain separations between 5 and 10 pm which
‘is typical of current technologies. - This calculation
' is conservative since it does not include effects of
gfunneling. In the space enviroument where cosmic rays
: are isotropic, this finite size effect of charge tracks
" is probably the reason for the high multiple-bit upset
rates [1,2]. Although this simplified geometrical
model does not involve detailed charge collection
v analyses, it should give some approximation of the
" likelihood of double-bit upsets. Previous modeling
efforts [11} showed funneling results when carrier
generation exceeds the background dopant levels at the
vicinity of the junction depletion layer. 1In our
study, track widths correspond to a region where
carrier concentrations are above background dopant
« levels. Fumneling will likely occur with these tracks,
 although we have not explicitly addressed this issue.

et Ay b

Another evaluation of the ratio of double- to
" single-bit upsets was made for a buried layer, bipolar
collector-to-substrate junction (Fig. 7). The
sensitive junction node 1s assumed to have dimensions
of 50 um x 20 um lateral area and 2-um junction depth.
Calculations are handled as before except for the
different device dimensions and the fact that effective
depth must include the term 2rgsec® rather than rgsecs,

to account for ion tracks passing both above and below
the node in question. The calculated ratio of double-
© to single-bit upsets for this device as a function of
drain separation is given in Fig. 8. With the depth of
the sensitive node twice that of the surface layer
(CMOS) case, the probability of double-bit upsets is
also greater and becomes very significant as device
separations decrease to 5 uym or less.

NCIUSIO]

High-energy secondary electrons created by heavy
ions are expected to cause a considerable widening of
the initial charge tracks compared with previous
assumptions. The wider charge tracks evaluated in this
study better account for experimentally reported
double-bit upset rates in space than do previous
assumptions of track widths. The approach used in this
study to calculate double-bit upset probabilities shows
fair agreement with experiment for track radii between
0.5 and 1 pm. Charge tracks generated by typical
cyclotron SEU-simulation particles, such as argon and
krypton, are in general narrower than typical cosmic
particle tracks. In addition, the cyclotron particles
are attenuated faster and have less uniform track
generation with depth than the cosmic particles. These
differences may make accurate quantitative evaluations
difficult when using cyclotron particles for simulation
of cosmic particle-induced phenomena.
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