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Compact model for fast analytical evaluation of soft error rate in
highly scaled memory circuits in space environment

Abstract. It is shown that traditional analytical formula for soft error rate estimation (figure-of-merit) in digital memories in space environment can
lead to large uncertainties. An alternative approach, based on another representation of experimental data, has been proposed.

Streszczenie. Przedstawiono, ze tradycyjna formuta analityczna do szacowania stopnia miekiego btedu (wspoifczynnik jako$ci) w pamigci cyfrowej
w przestrzeni kosmicznej moze prowadzi¢c do duzych niepewnos$ci. Zaproponowano alternatywne podejScie, oparte na innych danych
eksperymentalnych. kompaktowy model do szybkiej oceny analitycznej migkkie stopy btedu w bardzo skalowane ukfadéw pamieci w przestrzeni
kosmicznej. (Kompaktowy model do szybkiej oceny analitycznej stopnia miekkiego bledu w wysoko przeskalowanych ukfadach pamieci

w przestrzeni kosmicznej).
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Introduction

Modern highly scaled memory circuits have an area less
than 1 um? and critical charge less than 1 fC. That's why for
modern memory circuits with technological standards less
than 100nm major problem in space is the multiple cell
upsets (MCUs) that is getting own heavy ionizing particle
switch more than own memory cell. This circumstance
causes a necessity of the Error Correction Codes (ECCs)
application that, in its turn, leads to a decrease in functional
performance [1]. To optimize the ECC algorithms it's
necessary to use an analytical compact model to estimate
the soft error rate (SER) calculation in space because the
calculation of the exact numerical solution requires a lot of
time. Soft error rate calculation is made without taking into
account error correction code, since it will be selected after
analysis of results. "Figure-of-Merit" (FOM) introduced in
1983 [2] is one of the possible approaches. But this method
is based on not well-defined parameters in modern circuits
as will be shown in this paper.

The low values of the critical charge of the cell leads to
the very low values of the critical Linear Energy Transfer
(LET) (often less than 1 MeV-cmZ/mg). This means that the
above-threshold portion of the cross section vs LET curve
takes up almost the entire range of measured values.
Moreover, the cross section vs LET dependence has not
the saturation portion remaining LET increasing function
over the entire range of measurements. In this paper, we
show that this kind of behaviour associated with multiplicity
failure of one ionizing particle. Generally speaking, there
are no physical reasons for failures sectional obliged
satisfied, except that a section of physical failures cannot be
larger than the total area of all cells in the circuit. The only
reason for the saturation in low integration memory circuits
is local impact when one ion cannot hit more than one
memory. Indeed, when the local character of the impact of
increasing energy above the threshold have come to
nothing lead, which corresponds to the saturation. But this
argument does not work for highly integrated circuits, when
the ionization of a single particle covers several memory
cells, which corresponds to the non-local nature of the
exposure. When we have nonlocal effects of the energy,
spread across multiple cells, the amount of downed cell is
proportional to the energy, i.e., actually dose. The paper
shows that there is almost a linear dependence of the
average cross section of the LET is a reflection of the linear
dependence of the number of crashes on the dose.

We propose a new formula for FOM based on quasi-
linear approximation of cross-section vs LET dependence
[3]. This method has parameters which can be defined
much more accurate.

Figure-of-merit

The dependence of the single event upsets cross-
section vs LET is traditionally approximated by the Weibull
function [4]

0, A<A,,
where 6sar is the saturated value of cross-section, A¢ is the
critical value (threshold) of LET, W is width parameter, s is
shape parameter. Soft error rate can be computed using an
integral convolution of the cross-section vs LET
dependence and the LET flux spectrum @A) of heavy ions
in space environment

@ SER=[o(A)#(A)dA,

where SER is soft error rate, A is Linear Energy Transfer
(LET), o(A) is the LET dependent soft error cross section.
This formula requires a numerical integration. Therefore, in
practice is often used some simplified approaches, e.g. the
figure-of-merit approach, proposed by Petersen in 1983 [2]:
The Petersen approach is based on the two main
assumptions
1. The cross-section vs LET dependence is assumed to be
a step function O(x)

(3) o(A) =0, 0(A-A.).

where osat is a saturated value of soft error cross-section,
A is LET, Acis the critical value (threshold) of LET

2. The differential LET spectrum is assumed to be a power
function in the range 2 < LET < 30 MeV cm2/mg

(4) ¢(A)=b/A°,
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where b is an orbit specific rate coefficient with units of
upsets/bits-day which can be found in regulations. Then the
soft error rate can be estimated as follows

SER = [o(A)(A)dA =boy,, [ A7dA =
0

Ac

=0.504,, b/ AL =0y, ®(A>A.),

®)

where ®(A>A.)=0.5b/A; is the integral ion flux with the

LET more than a critical value Ac.

Due to the fact that the large values of the Weibull
parameter W is typical in the modern memory circuits, the
large error arises after a usage of the step function
approximation. To reduce this error, Petersen modified the
FOM formula as follows [5]

0.5boy,;

(6) SER = -,
(A +Wx0.288")

where for cross-section vs LET dependence is describe by
Weibull function, W is width parameter of Weibull function, s
is shape parameter of Weibull function, 6sar is saturation of

soft error cross-section, o(A. +W x0.288"°)=0.250,, .

Uncertainty of parameters

A lack of saturation in the cross-section vs LET curve in
modern memory circuits (with feature size less than 100
nm) up to 120 Mev cm2/mg has been reported [6]. Both
equations (5) and (6) are essentially based on numerical
value of the saturation cross-section ogsar. It is important,
this parameter is determined asymptotically with a huge
error and it basically depends on the maximum LET used in
the experiment.

An example for two Weibull approximations with
different order of magnitude ogsar of the same experimental
data [3] is shown on Fig. 1. Both the Weibull approximations
formally well describe the experimental data points.
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Fig.1. Two Weibull approximation to the same data. Parameters:
(dashed) Osar = 100 um?, Ac =4 MeV cm?mg,
W=800MeVcm?mg, s=1; (solid) Osar = 10 um?
Ac=5MeV cm?mg, W =50 MeV cm?mg, s = 1

Different set of numerical parameters of the Weibull
distribution leads to large uncertainty in determining of the
soft error rate through equations (5) and (6).

Logarithmic form of cross-section vs LET dependence
Above threshold region of the cross-section curve can
be interpolated approximately by a linear dependence. It
was shown in [3] that it is a direct consequence of multiple
cell upsets in highly scaled memories. In reference [3] it has

been proposed new analytical form of cross-section vs LET
dependence

@) U(A):KdWln{1+exp(A;VAC ﬂ

where K, is a slope of quasi-linear above threshold region,
W is subthreshold logarithmic slope, Ac is threshold LET.
Equation (7) has not such a poorly defined parameter as a
saturation cross-section csa7, which cannot be directly
determined from the experiment. There are two asymptotic
form of equation (6) linear dependence for the above-

threshold region (A > A ) and exponential dependence for
subthreshold (A < A ) region
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Fig.2. Approximation of experiment data points for perpendicular
hits and angled hits [7]. They differ by only own parameter ¥ = 4.1
and 5.0 MeV cm’/mg of equation (7). Other parameters are the
same for both angled hits and perpendicular hits.
K, =0.53 um?(MeV cm’/mg), Ac = 50 MeV cm?mg.

As it shown in Fig. 2, the equation (7) can describe all of
experimentation data points from [7]. Parameter W of
equation (7) can be used for subthreshold region of cross-
section vs LET dependence which ignored by Weibull
function.

Sub-linear dependence

Lack of saturation in cross-section up to 120 Mev-
cm2/mg has been reported by many investigators. For
example Fig. 3 shows the cross-section in a wide range by
LET without saturation. For LET more than 50 MeV cm2/mg
cross-section vs LET dependence becomes sub-linear. For
that case equation (7) must be modified:

9) o(A)=n, (A)KdWln|:1+exp(A;VAC H

where 7.4 is effective charge yield.

The effective charge yield 7.4 is generally decreased
function of injection level, dose rate and LET since it limited
by recombination between excess electrons and holes. We
model this recombination-limited charge as follows

1+4£)"-1
(4f)7-1 A

o 2f A,

My (A) =

where A, is a fitting constant.
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Fig.3. Experimental data points of cross-section in a wide range by
LET [6]
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Fig.4. Compare experimental data [6] for SOl 65 nm with
approximation by expression (9) a) logarithmic scale; b) linear scale

For low LETs (A <A,
N =1, while for a case large LET (A > A,) the charge

yield decreases as 77, (A) ~ /A, /A .

Fig. 4 shows a comparison of model (9) with the
experimental data points [6]. The logarithmic scaling in
Fig 4a stresses the low LET points, while the linear scaling
in Fig. 4b emphasizes the high LET points.

) the effective charge yield

Alternative FOM

It was shown in [3] that the above-threshold region of
cross-section dependence without saturation can be
approximated by a quasi-linear dependence

(11)

Fig 5 shows good agreement of the experimental data
points with linear dependence (11) for LET < 70 MeV
cmzlmg.

oc=K,(A-A.).
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Fig.5. Cross-section vs LET dependencies for different

technological standards: (a) 65 nm [8], (b) 90 nm [3], (c) Virtex-5QV
(3]

Sub-linear dependence starts at the LET > 50 MeV
cmZ/mg. The number of particle with such LET is very low in
space. Therefore the approach (11) is accurate enough for
space environment. In that way using experimental slope
K, which can be found directly from the slope of the linear
dependence of the cross section on LET, instead of the
saturation cross section in the Weibull approximation. Then,
the integral (2) yields

KiAc

K
(12)  SER=b—L=b—"C=K,ADP(A>A,).
2A, p
Expression (12) contains the parameters with an error
definition less than 30% in contrast to the parameters in (5)

and (6) which may vary several-fold.

Conclusion

It was shown that a usage of the Weibull parameters in
simplified analytical estimation of soft error rate in modern
memories may lead to significant errors and uncertainties. It
has been demonstrated an advantage of the logarithmic
interpolation function compared to the Weibull function for
description of the upset cross-section vs LET dependence.
A new form of figure-of-merit for soft error rate calculation in
space environment without uncertainty is proposed.

Authors: Kirill Zemtsov, National Research Nuclear University
MEPHI, Kashirskoye sh., 31, Moscow, E-mail: cirilll@list.ru; dr. hab.
inz.  prof. nadzw. Gennady Zebrev, NRNU MEPHI,
E-mail: gizebrev@mephi.ru; dr. inz. Maxim Gorbunov, Scientific
Research Institute of System Analysis RAS, Nakhimovsky ave., 36,
Moscow, E-mail: gorbunov@cs.niisi.ras.ru, Vladimir Maslovsky,
Zelenograd Research Institute of Physical Problems, Passage
4806, 6, Zelenodrad, E-mail: acdmaslovsky@mail.ru.

REFERENCES

[11 Guo J., Xiao L., Mao Z., Zhao Q., Enhanced Memory
Reliability Against Multiple Cell Upsets Using Decimal Matrix
Code, IEEE Trans. Nucl. Sci., 22, (2013), n.1,127-135

[2] Petersen E.L., Langworthy J.B., Diehl S.E., Suggested Single
Event Upset Figure of Merit,” IEEE Trans. Nucl. Sci., NS-30,
4533, (1983)

[3] Zebrev G.I., Gorbunov M.S., Useinov R.G., Emeliyanov V.V.,
Ozerov A.l, Anashin V.S., Kozyukov A.E., Zemtsov K.S,

50 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 92 NR 8/2016



(4]

(3]

6]

Statistics and methodology of multiple cell upset
characterization under heavy ion irradiation, Nuclear
Instruments and Methods in Physics Research Sec. A, 775
(2015), 41-45

Petersen E.L., Pickel J.C., Adams Jr. J.H., Smith E.C., Rate
Prediction For Single Events-A Critique, IEEE Trans. Nucl. Sci.,
NS-39, (1992), n.6, 1577-1599

Petersen E.L., The SEU Figure of Merit and Proton Upset Rate
Calculations, IEEE Trans. Nucl. Sci., 45, (1998), n.6, 2550-
2562

Heidel D.F., Marshall P.W., LaBel K.A., Schwank J.R,
Rodbell K.P., Hakey M., Berg M.D., Dodd P.E., Friendlich M.R.,
Phan A.D., Seidleck C.M., Shaneyfelt M.R., Xapsos M.A., Low

(71

(8]

energy proton single-event-upset test results on 65 nm SOI
SRAM, IEEE Trans. Nucl. Sci., 55 (2008), n.6, 3259-3264
Haddad N., Bowman J., Brown R., Lawrence R., Rodgers J.,
Reed R., Traditional Methods Shortfall in Predicting Modem
Microelectronics Behavior in Space, RADECS: Proceeding pp.
1-4, (2007)

Gorbunov M.S., Dolotov P.S., Antonov A.A., Zebrev G.I. et al.,
Design of 65 nm CMOS SRAM for Space Applications:
a Comparative Study, IEEE Trans. Nucl. Sci., 61 (2014), n.4,
1575-1582

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 92 NR 8/2016 51



