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A simulation approach is developed to obtain the linear energy transfer (LET) spectrum of all secondary
ions and predict single event upset (SEU) occurrence induced by neutron in memory devices. Neutron reaction
channels, secondary ion species and energy ranges, and LET calculation method are introduced respectively. Ex-
perimental results of neutron induced SEU effects on static random access memory (SRAM) and programmable
read only memory (EEPROM) are presented to confirm the validity of the simulation results.
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I. INTRODUCTION

Single event upset (SEU) induced by neutrons in advanced
memory devices is currently recognized as one of the major
concerns in issues of reliability [1-4]. Although neutrons are
uncharged particles and can’t directly induce electron-hole
pairs in semiconductor devices, they transfer energy and pro-
duce recoil and spallation products that are highly ionizing
and therefore capable of creating electron-hole pairs in semi-
conductor materials [5, 6]. Secondary ions, such as recoil
and spallation products, can create large numbers of excess
carriers and possibly cause SEU in memory devices. Pre-
vious literature reports the phenomenon and mechanism of
SEU [7, 8]. Experiments show that neutron induced SEU has
been identified in memory devices and the cross sections for
various memory devices are measured in different neutron
radiation environments [9]. Simulation of neutron induced
SEU effects is mainly based on the Monte Carlo method, as
this method is useful for simulating SEU of a memory chip
induced by neutrons and providing a detailed description of
the random processes of SEU. Li H’s paper provides a Monte
Carlo method to simulate the process of energy deposition in
sensitive volumes and to calculate the SEU cross-section [10].
In addition, as one of the Monte Carlo toolkits, Geant4, is
currently playing a more and more important role in many
nuclear technology applications, and is especially used for
neutron transport and nuclear reaction simulation. In Pete Tr-
uscott’s paper, Geant4 is performed to simulate neutron SEU
effects. SEU rate predictions are in good agreement with
experimental data for large (~ 300 um) to small (~ 0.5 um)
feature-size devices [11]. All the above-mentioned research
provides a universal understanding of neutron induced SEU
effects, and demonstrates that the Monte Carlo method, such
as Geant4, is a reasonable and effective approach for neutron
SEU simulation.
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However, few research papers focus on how to predict the
occurrence of SEU for different kinds of memory devices in
neutron radiation fields. Practical neutron radiation, such as
the reactor neutron, terrestrial neutron, and atmosphere neu-
tron, provides both thermal and fast neutrons over a wide
range of energies. In this paper, the experiments are per-
formed at the Xi’an pulsed reactor (XAPR) at the state key
laboratory of intense pulsed radiation simulation and effect
in China, so in the simulation the incident neutron spectrum
is the XAPR neutron spectrum. Because of the complicated
device structure and neutron spectrum, it is quite challenging
to determine whether memory devices exhibit SEU effect in
the neutron radiation environment.

It is a well known fact that linear energy transfer (LET),
referring to energy loss of an incident ion per unit length in
material, is an important parameter in detailed analysis of the
SEU effect. It is commonly presumed that SEU occurs when-
ever the LET of ions is more than the SEU threshold of the
memory device. According to this knowledge, it is of the
essence to calculate the LET range of all secondary ions in-
duced by the neutron. In this paper, the objective is to predict
whether SEU occurs in certain memory devices exposed to
neutron radiation. First of all, in order to determine the en-
ergy spectra of each secondary ion induced by the neutron, the
Geant4 Monte-Carlo simulation program is adopted to pro-
cess the transport of neutrons in silicon dioxide and simulate
the interaction between incident neutrons and target atoms.
Secondly, the LET of secondary ions is calculated using Stop-
ping and Ranges of Ions in Matter (SRIM). Thus SEU will
occur when the maximum LET is more than the SEU thresh-
old of a memory device, and vice versa. Finally, reactor neu-
tron radiation experiments on static random access memory
(SRAM) and programmable read only memory (EEPROM)
are performed to confirm the simulation prediction.

II. SIMULATION PROCEDURE

In our simulation, in order to predict the occurrence of
SEU induced by neutrons in silicon-based memory devices,
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the problem is to calculate the LET spectrum of all secondary
ions, considering the incident neutron spectrum, target ma-
terial, and nuclear reaction channels. The incident neutron
spectrum defines the primary neutron energy in the simula-
tion by Monte Carlo random sample. The target material is
defined as silicon dioxide. The top layer materials, such as
copper, are not considered in the simulation for two reasons.
The first is that in silicon-based devices, silicon dioxide is the
major material for insulation and isolation of adjacent tran-
sistors, while other layer materials are minor. The second
is that the sensitive volume material is silicon, so the reac-
tions between the sensitive volume material and neutron can
be included in the reactions between silicon dioxide and the
neutron. For the reactions between the neutron and silicon
dioxide, there are 30 comprehensive nuclear reaction chan-
nels, as shown in Table 1.

For analysis presented within this paper, the prediction
simulation is primarily based on the Geant4 and SRIM sim-
ulation toolkits. Type and energy distribution of secondary
ions, which are exported from the Geant4 simulation, are im-
ported into SRIM to calculate the LET value of each sec-
ondary ion.

Geant4 uses the NeutronHP model for neutron interactions
from thermal energies up to 20 MeV. In this paper, the Geant4
Monte-Carlo program is first adopted to deal with collision,
moderation, and nuclear reaction, and simulate the energy
distribution of secondary ions produced from the nuclear re-
action. The initial neutron energy spectrum, physical pro-
cess, and reaction channels should be taken into considera-
tion. Figure 1 shows the initial neutron spectrum provided
by XAPR. In the Geant4 primary generator action file, the
primary energy of the incident neutron is sampled from the
spectrum mentioned above by random sampling. The neu-
tron energy ranges from 3.6 x 1072 eV to 20 MeV. The ma-
jority of neutrons are in the low energy range, and differential
flux decreases with an increase in neutron energy after 10eV.
In Geant4, neutron transport at energies below 20 MeV is
based on empirical elastic and inelastic neutron cross-section
data drawn from many of the standard database sources [12].
Ionization due to the recoil nucleus and secondary charged
nucleons includes accurate treatment of low-energy electro-
magnetic processes, using electronic stopping power for pro-
tons and « particles, multiple scattering, and d-ray production
from ions [13].

In silicon based semiconductor devices, when the initial
neutron is passing through a sensitive region, the neutron in-
teracts with nuclei from the device material, predominantly
28Si and '°0. The reaction is elastic when conserving mo-
mentum, or inelastic when the neutron is absorbed followed
by an ejection of nuclear fragments. The characteristics (ion
type and energy) of the secondary ions responsible for SEU
strongly depend on the type of nuclear reaction [14]. As
shown in Table 1, the various nuclear reactions can only oc-
cur above a certain energy threshold of a few MeV. As neu-
tron energy increases, the number of reaction channels in-
creases. Consequently, neutrons with low energy will not be
very efficient in creating SEU effects through limited reac-
tions. For neutrons above 17.8 MeV, all of the reaction chan-
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TABLE 1. Schematic of neutron reaction channels and associated
threshold energies

Serial number Reaction channels Neutron threshold energy

1 8Si(n,2n)*’Si n> 17.8 MeV
2 2Si(n,na) **Mg n> 10.4 MeV
3 288i(n,n) >*mSj n> 1.8 MeV
4 2Si(n,g)*’Si 0
5 2Si(n,p)*2Al n> 4MeV
6 23i(n,d)?’Al n> 10 MeV
7 2Si(n,0) Mg n> 2.7MeV
8 »Si(n,2n)*Si n> 8.8 MeV
9 »Si(n,na) Mg n> 11.5MeV
10 »Si(n,np)* Al n> 12.3MeV
11 2Si(n,n)®"si n> 1.3MeV
12 »Si(n,g)*’si 0
13 PSi(n,p)*Al n> 3MeV
14 PSi(n,0)*Mg n> 1.3MeV
15 39Si(n,2n)*Si n> 11 MeV
16 39Si(n,na)**Mg n> 12MeV
17 39Si(n,np) P Al n> 14 MeV
18 39Si(n,n)>'msi n> 2.3MeV
19 30Si(n,g)’'Si n> 1.5 MeV
20 38i(n,p) Al n> 8 MeV
21 30Si(n,0)*Mg n> 4MeV
22 1%0(n,2n)"°0 n> 17 MeV
23 1%0(n,na) '*C n> 8.5 MeV
24 10(n,np) °N n> 13MeV
25 1%0(n,n) "0 n> 6.5MeV
26 %0(n,g)'"0 0
27 *0(n,p) "N n> 10 MeV
28 50(m,e)*C n> 4 MeV
29 150(n,d) °N n> 10 MeV
30 150(n,t) N n> 17MeV
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Fig. 1. Reactor neutron spectrum at XAPR.

nels are open, increasing the probability of generating a sec-
ondary ion able to induce a bit upset.

The Monte Carlo simulation code named SRIM (formerly
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TRIM) is a collection of software packages developed by
Ziegler and Biersack, which is written to permit the calcu-
lation of ion deposition profiles in materials exposed to ener-
getic beams of ions [15, 16]. SRIM tables of LET, stopping
power, and projected range versus ion energy are especially
useful for computation of ion transport in a wide range of sim-
ulation applications. In this paper, SRIM is used to calculate
the LET value of secondary ions based on ion stopping and
range tables. In the LET calculation, atomic number, mass
number and energy of the incident ion, and type of target ma-
terial should be defined. Figure 2 shows the LET of eight
types of ions, which are secondary ions of neutron reactions
with Si and O atoms. In silicon, the energy to create a pair of
electron-holes is 3.6 eV. Therefore, 1 MeV cm?/mg LET pro-
duces about 10.3 fC/um of silicon. As shown in the figure,
the LET of each ion increases as the energy increases initially
and decreases afterwards, and the ion with a larger atomic
number can evidently induce a larger LET.
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Fig. 2. (Color online) LET versus energy for eight types of sec-
ondary ions. These plots were generated using SRIM.

The simulation results of the energy range and maximum
LET are shown in Table 2. The energy range of each sec-
ondary ion is simulated by Geant4, and maximum LET is
calculated by SRIM. The maximum LET of neutron induced
secondary ions is 9.28 MeV cm?/mg, which is caused by
2Mg at 3.79MeV. It should be noted that the maximum
LET for protons and o particles in silicon is, respectively,
0.54 and 1.45MeV cmz/mg. In addition, the SEU cross sec-
tion of these particles is smaller than most of the other sec-
ondary ions. By dividing the LET range into successive in-
tervals and calculating the proportion of ion numbers in ev-
ery LET interval, we can obtain the LET spectrum of neu-
tron induced secondary ions, as shown in Fig. 3. The LET is
mostly distributed from 0 to 3 MeV cm?/mg. The peak point
at 0.4 MeV cm?/mg is mainly caused by secondary low en-
ergy '°0, generated from the reaction of the primary neutron
with material oxygen atoms. The LET spectrum is highly
useful for predicting the SEU occurrence and further investi-
gating ionizing effect on the electrical response of the mem-
ory cell. In this paper, LET simulation results are used to
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TABLE 2. The energy and maximum LET of secondary ions in-
duced by reactor neutron

Energy (keV)

Ion species Maximum LET (MeV cm?/mg)

Bgj 0-2080 8.16
8i 0-810 4.49
g 0-1360 6.19
31gi 0-10 2.20
Al 0-2130 7.01
BAl 0-1930 6.52
A1 0-870 3.83
Mg 0-3790 9.28
BMg 0-3840 9.18
Mg 0-3460 8.70
Mg 0-2460 7.31
150 0-3190 7.04
70 0-1510 5.61
N 0-10 1.03
5N 0-2820 5.98
15N 0-2310 5.81
12¢ 0-4990 5.14
B¢ 0-5000 5.14

judge whether SEU will occur by comparing the maximum
LET and the threshold of the memory device.
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Fig. 3. LET spectrum of neutron induced secondary ions, which can
be used to estimate SEU rates.

Previous literature shows that the SEU threshold is 0.3—
0.7MeV cm?/mg for CMOS SRAM with a feature size of
0.18-0.5 ym, while the maximum LET is calculated to be
9.28 MeV cm?/mg in the reactor neutron radiation environ-
ment [17, 18]. For this reason, it can be confirmed that SEU
will occur in SRAM exposed to reactor neutron radiation.
Previous research shows that the SEU threshold is approxi-
mately 37 MeV cm?/mg for EEPROM 28L.V010, and is much
larger than the maximum LET induced by the neutron [19].
Therefore, it can be confirmed that the reactor neutron will
induce no SEU in the EEPROM devices with similar techno-
logical processes.
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III. EXPERIMENTAL PROCEDURE

Neutron SEU experiments were performed at XAPR. The
nuclear reactor facility is located at the Northwest Institute
of Nuclear Technology (NINT) in China, and provides both
thermal and fast neutron beams over a range of energies. Neu-
tron fluence was approximately 1.0 x 10'4n/cm?. The de-
vices under test (DUTs) were SRAM and EEPROM memo-
ries. Test data transfer was carried out via USB connection
to a personal computer. The test system allowed for rapid de-
tection and storage of SEU events. Before radiation, 55 HEX
(01010101) was written in each storage cell for the DUTs.
During radiation, the DUTs were read continuously and the
SEU test could be easily handled by the error detection and
record system.
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Fig. 4. Cumulative SEUs versus neutron fluence for HM62W8512B
and HM628512C.
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Fig. 5. Cumulative SEUs versus neutron fluence for HM628512A.

Nucl. Sci. Tech. 26, 050501 (2015)

Simulation results predict that SEU for SRAM will oc-
cur in a reactor neutron environment. The experimental re-
sults are consistent with the prediction. Figure 4 shows
single bit upsets induced by neutron irradiation for Hi-
tachi HM628512C and HM62W8512B. Because of a much
lower number of SEUs recorded under irradiation for Hitachi
HMG628512A, results for this memory are depicted separately,
in Fig. 5. The SEU occurs once SRAM is exposed to neutron
irradiation. In addition, the number of upsets increases lin-
early with neutron fluence. The SEU cross section is finally
estimated from the following formula:

N

° = Nox o’ o

where N is total bit number of the SRAM block and is equal
to 219 bits, N is number of upsets, ¢ is neutron fluence, and
N/¢ is equal to the slope of zero-crossing linear fitting.

The cross section is 3.3 x 10~'*cm?/bit for 0.18 um
SRAM HM628512C, 4.4 x 1071 cm?/bit for 0.35um
SRAM HM62W8512B, and 1.7 x 10716 cm?/bit for 0.5 um
SRAM HM628512A. As shown in the figure, the total
SEUs of the HM628512C reached 1.7 x 10° at the end of
irradiation, reflecting extremely high sensitivity to reactor
neutrons. The HM628512C shows greater sensitivity than
HM62W8512B and HM628512A. The reason is that smaller
feature size sharply increases the upset cross section by low-
ering the critical charges of memory cells.

Simulation results predict SEU for EEPROM is impossi-
ble in reactor neutron environments. SEU tests of EEPROM
AT28C256 and AT28C040 were carried out in the neutron
radiation environment. As expected, neutron radiation in-
duced SEU effects were not significant for EEPROM while
performing read operations during irradiation, since no error
bit was observed in lengthy validation tests during irradiation.

IV. CONCLUSION

A simulation approach is presented to predict SEU occur-
rence induced by neutrons in memory devices. The simula-
tion is adept at processing neutron transport in semiconductor
materials, obtaining type and energy distribution of secondary
ions, and calculating LET values. The whole simulation pro-
cedure provides an approach to get the energy distribution and
LET spectrum of neutron induced secondary ions, and intro-
duces an applied method to predict whether SEU will occur
through comparing the SEU threshold of a memory device
with the maximum LET in a neutron radiation field, when the
device is exposed to neutron irradiation with a complex spec-
trum. The experimental results show three types of SRAM
devices exhibit high sensitivity to SEU effects, while two
types of EEPROM devices exhibit no SEU effects. A good
agreement is obtained between experimental results and sim-
ulation prediction. For hardness assurance, SEU effects must
be taken into account when the maximum LET in the radia-
tion environment exceeds the SEU threshold of the memory
devices.

050501-4



PREDICTIVE APPROACH OF SEU ...

Nucl. Sci. Tech. 26, 050501 (2015)

[1] Haran A, Barak J, Weissman L, et al. 14 MeV neutrons SEU
cross sections in deep submicron devices calculated using
heavy ion SEU cross sections. IEEE Trans Nucl Sci, 2011, 58:
848-854. DOI: 10.1109/TNS.2011.2132803

[2] Lambert D, Baggio J, Ferlet-Cavrois F, et al. Neutron-induced
SEU in bulk SRAMs in terrestrial environment: simulations
and experiments. IEEE Trans Nucl Sci, 2004, 51: 3435-3441.
DOI: 10.1109/TNS.2004.839133

[3] ArmaniJ M, Simon G and Poirot P. Low-energy neutron sensi-
tivity of recent generation SRAMs. IEEE Trans Nucl Sci, 2004,
51: 2811-2816. DOI: 10.1109/TNS.2004.835080

[4] Granlund T and Olsson N. A comparative study between pro-
ton and neutron induced SEUs in SRAMs. IEEE Trans Nucl
Sci, 2006, 53: 1871-1875. DOI: 10.1109/TNS.2006.880931

[5] Wrobel F, Palau J M, Calvet M C, et al. Incidence of multi—

particle events on soft error rates caused by n—Si nuclear re-

actions. IEEE Trans Nucl Sci, 2000, 47: 2580-2585. DOI:
10.1109/23.903812

Wrobel F, Palau J M, Calvet M C, et al. Contribution of SiO, in

neutron-induced SEU in SRAMs. IEEE Trans Nucl Sci, 2003,

50: 2055-2059. DOI: 10.1109/TNS.2003.821596

Bagatin M, Gerardin S, Cellere G, ef al. Annealing of heavy—

ion induced floating gate errors: LET and feature size de-

pendence. IEEE Trans Nucl Sci, 2010, 57: 1835-1841. DOIL:
10.1109/TNS.2010.2045131

Palau ] M, Wrobel F, Castellani-Coulié K, et al. Monte

Carlo exploration of neutron-induced SEU-sensitive volumes

in SRAMs. IEEE Trans Nucl Sci, 2002, 49: 3075-3081. DOI:

10.1109/TNS.2002.805420

[9] Hands A, Morris P, Dyer C, et al. Single event effects in power
MOSFETs and SRAMs due to 3MeV, 14 MeV and fission
neutrons. IEEE Trans Nucl Sci, 2011, 58: 952-959. DOI:
10.1109/TNS.2011.2106142

[10] Li H, Deng J Y and Chang D M. Monte Carlo calcula-

tion of the cross—section of single event upset induced by

[6

—_

[7

—

[8

—

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

050501-5

14 MeV neutrons. Radiat Meas, 2005, 39: 401-407. DOI:
10.1016/j.radmeas.2004.05.005

Truscott P, Lei F, Dyer C S, ef al. Assessment of neutron- and
proton-induced nuclear interaction and ionization models in
Geant4 for simulating single event effects. IEEE Trans Nucl
Sci, 2004, 51: 3369-3374. DOI: 10.1109/TNS.2004.839517
Agostinelli S, Allison J, Amako K, et al. Geant4—a simula-
tion toolkit. Nucl Instrum Meth A, 2003, 506: 250-303. DOI:
10.1016/S0168-9002(03)01368-8

Truscott P, Dyer C, Frydland A, et al. Neutron energy-
deposition spectra measurements, and comparisons with
Geant4 predictions. IEEE Trans Nucl Sci, 2006, 53: 1883—
1889. DOI: 10.1109/TNS.2006.880936

Baggio J, Lambert D, Ferlet-Cavrois V, et al. Single event
upsets induced by 1-10 MeV neutrons in static-RAMs using
mono-energetic neutron sources. IEEE Trans Nucl Sci, 2007,
54: 2149-2155. DOI: 10.1109/TNS.2007.910039

Ziegler J F, Ziegler M D and Biersack J P. SRIM-The stopping
and range of ions in matter (2010). Nucl Instrum Meth B, 2010,
268: 1818-1823. DOI: 10.1016/j.nimb.2010.02.091

Ziegler J F. SRIM-2003. Nucl Instrum Meth B, 2004, 219:
1027-1036. DOI: 10.1016/j.nimb.2004.01.208

Haddad N, Rockett L, Doyle S, et al. Design considera-
tions for next generation radiation hardened SRAMs for space
applications. IEEE Aerospace Conference, 2005, 1-6. DOI:
10.1109/AERO.2005.1559542

Liu Z, Sun Y J, Li S Q, et al. Circuit simulation of SEU for
SRAM cells. J Semicond, 2007, 28: 138-141. (in Chinese)
DOI: 10.3321/j.issn:0253-4177.2007.01.029

Krawzsenek D, Hsu P, Anthony H, ef al. Single event effects
and total ionizing dose results of a low voltage EEPROM.
IEEE Radiation Effects Data Workshop, 2000, 64-67. DOI:
10.1109/REDW.2000.896271


http://dx.doi.org/10.1109/TNS.2011.2132803
http://dx.doi.org/10.1109/TNS.2004.839133
http://dx.doi.org/10.1109/TNS.2004.835080
http://dx.doi.org/10.1109/TNS.2006.880931
http://dx.doi.org/10.1109/23.903812
http://dx.doi.org/10.1109/23.903812
http://dx.doi.org/10.1109/TNS.2003.821596
http://dx.doi.org/10.1109/TNS.2010.2045131
http://dx.doi.org/10.1109/TNS.2010.2045131
http://dx.doi.org/10.1109/TNS.2002.805420
http://dx.doi.org/10.1109/TNS.2002.805420
http://dx.doi.org/10.1109/TNS.2011.2106142
http://dx.doi.org/10.1109/TNS.2011.2106142
http://dx.doi.org/10.1016/j.radmeas.2004.05.005
http://dx.doi.org/10.1016/j.radmeas.2004.05.005
http://dx.doi.org/10.1109/TNS.2004.839517
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1109/TNS.2006.880936
http://dx.doi.org/10.1109/TNS.2007.910039
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2004.01.208
http://dx.doi.org/10.1109/AERO.2005.1559542
http://dx.doi.org/10.1109/AERO.2005.1559542
http://dx.doi.org/10.3321/j.issn:0253-4177.2007.01.029
http://dx.doi.org/10.1109/REDW.2000.896271
http://dx.doi.org/10.1109/REDW.2000.896271

	Predictive approach of SEU occurrence induced by neutron in SRAM and EEPROM
	Abstract
	Introduction
	Simulation procedure
	Experimental procedure
	Conclusion
	References


