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This paper presents new neutron-induced single event upset (SEU) data on the SRAM devices with the technology
nodes from 40 nm to 500 nm due to spallation, reactor, and monoenergetic neutrons. The SEU effect is investigated as a
function of incident neutron energy spectrum, technology node, byte pattern and neutron fluence rate. The experimental data
show that the SEU effect mainly depends on the incident neutron spectrum and the technology node, and the SEU sensitivity
induced by low-energy neutrons significantly increases with the technology downscaling. Monte—Carlo simulations of
nuclear interactions with device architecture are utilized for comparing with the experimental results. This simulation
approach allows us to investigate the key parameters of the SEU sensitivity, which are determined by the technology node
and supply voltage. The simulation shows that the high-energy neutrons have more nuclear reaction channels to generate
more secondary particles which lead to the significant enhancement of the SEU cross-sections, and thus revealing the
physical mechanism for SEU sensitivity to the incident neutron spectrum.
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1. Introduction

Neutron-induced single event upset (SEU) on static ran-
dom access memory (SRAM) device has become one of the
most serious concerns of avionics in terrestrial radiation en-
vironment. This effect causes the retaining data of SRAM
to degrade and even data corruption functional errors of the
digital signals. Due to the scaling down of complementary
metal oxide silicon (CMOS) technology and power dissipation
in sub-micron and nano-scale technologies, both the transis-
tor area and supply voltage decrease in SRAM devices. This
trend comes with a substantial drop of the critical charge re-
quired to cause data upset in an individual memory cell.!!-!
Consequently, SRAM devices are very vulnerable to neutron-
induced SEU effects.

Many papers of neutron-induced SEU on SRAM de-
vices have been published. Some researchers utilized the
mono-energetic neutrons to investigate the SEU effects on
SRAMs. A latest paper by Lambert et al. reported that the
SEU cross-section of commercial SRAM can be fitted by a
Weibull function for mono-energetic neutrons from 1 MeV to
16.2 MeV.! Recent work by Clemente et al. showed that the
130-nm, 90-nm, and 65-nm SRAM at very low bias voltage in-
crease the SEU sensitivity to 14-MeV neutrons. [45] Moreover,
the neutron-induced SEU sensitivity of submicron SRAMs

was investigated by using mono-energetic and fission neu-
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tron beams. [®! With the scaling down of the technology node,
neutron-induced SEU effects on nanometric SRAMs were
studied.!”#! The simulation approaches based on Monte-Carlo
method have been widely developed to analyze the neutron-
induced SEU effects.®~!3] However, with the development of
semiconductor technology, there is some lack of knowledge
about the comparison of the SEU effects from the latest SRAM
devices to the former generations. Little literature is available
about the influence of neutron-induced secondary ion species
on the SEU effects.

This paper presents new neutron-induced SEU data on
SRAMs from the latest nanometric technology nodes to sub-
micron technology nodes due to spallation, reactor, 2.5-MeV,
and 14-MeV neutrons. We thoroughly investigate the depen-
dence of neutron-induced SEU effects on the incident neutron
spectrum, technology node, byte pattern and neutron fluence
rate. We find that the low energy neutrons have a greater
influence on the SEU sensitivity with the technology down-
scaling. Since the incident neutron spectra and technology
nodes were observed to have a strong influence on the SEU
effects, Monte—Carlo simulations of nuclear interactions with
device architecture have been performed for comparing with
the experimental results. We also find that the contributions of
neutron-induced light secondary ion species exhibit a signifi-

cant enhancement of the SEU cross-sections. The influence of

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11690040 and 11690043) and the Foundation of State Key Laboratory of

China (Grant Nos. SKLIPR1801Z and 6142802180304).
Corresponding author. E-mail: jinxiaoming_2007 @tsinghua.org.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

104212-1


http://dx.doi.org/10.1088/1674-1056/ab4175
mailto:jinxiaoming_2007@tsinghua.org.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 10 (2019) 104212

the range and the linear energy transfer (LET) on SEU effect
are compared among the secondary ion species. These find-
ings allow us to reveal the physical mechanism, i.e., how the
incident neutron spectra influence the SEU sensitivity.

2. Experimental setup

The tested devices are six distinct SRAMs without any
hardness specification. Table 1 summarizes the main features
of the SRAM devices including technology generation, man-
ufacturer, memory capacity, and nominal supply voltage. The

SRAMs are manufactured by HITACHI and ISSI companies.
The technology nodes cover from 40 nm to 500 nm. The test
method involved loading up to the tested SRAM devices with a
uniform byte pattern before irradiation and then continuously
scanning each of them every five seconds for SEU errors in se-
quential address logic during neutron irradiation. For a single
scan of each SRAM device, the logic states of all the memory
cells in the tested SRAM device were monitored within about
three seconds for a single scan. Tested data transfer was car-
ried out via a test board to a personal laptop. The software in
the laptop allowed periodical data record and SEU detection.

Table 1. The tested SRAM information.

SRAM description  Technology node/nm  Manufacturer Memory capacity/M-bit  Vpp/V
IS61WV204816 40 ISSI 32 33
1S64WV25616 65 ISSI 4 33
IS61WV12816 90 ISSI 2 33

1S62WV1288 130 ISSI 1 33
HM628512B 350 HITACHI 4 33
HM628512A 500 HITACHI 4 5.0

The spallation neutron irradiation experiments were per-
formed using the China spallation neutron source (CSNS) at
Dongguan, Guangdong Province in China. In this facility uti-
lized is the nuclear spallation reaction by accelerating protons
of 1.6 GeV in kinetic energy and 25 Hz in repetition rate to-
wards tungsten target to produce neutron beams.!'#! This sci-
entific facility can provide neutron spectrum very close to ter-
restrial neutron. Compared with the terrestrial neutron radia-
tion experiments, CSNS can generate a high neutron fluence
rate and thus provide more efficient approach to accomplish-
ing the SEU testing. The experiments were carried out at the
sample position of end station 276 m away from the tung-
sten target at the beam power of 20 kW. The shutter to switch
off neutron beam and the auxiliary positioning frame allow
us to allocate the SRAM devices in the beam center. After
the shutter opens, the SRAMs are irradiated by neutron with a
steady fluence rate. Figure 1 shows the neutron spectrum gen-
erated by the CSNS. The maximum neutron energy is about
200 MeV. About 54% of neutrons are less than 1 MeV, 41%
are in a range from 1 MeV to 20 MeV, and 5% are above
20 MeV. The neutron fluence rate in the experiment was about
1.4 x 10° n/(cm? - s).

The reactor neutron irradiation experiment was carried
out by using the Xi’an pulsed reactor (XAPR) at the northwest
institute of nuclear technology (NINT) in China. This scien-
tific facility is a pool-type reactor cooled by natural circula-
tion of water.[!3 The reactor neutron spectrum provided by the
XAPR is shown in Fig. 1 at the power of 500 kW under steady-

state operation. Neutrons above 1 MeV account for about

29%. The neutron fluence rate is about 2.7 x 1019 n/(cm? - s).
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Fig. 1. Neutron spectrum generated by CSNS and XAPR.

The mono-energetic neutron irradiation experiments were
performed by using the 600-kV ns pulse neutron genera-
tor (CPNG) at the China institute of atomic energy (CIAE).
In this facility utilized is the nuclear fusion by accelerating
deuterons towards a target impregnated with either deuterium
(D(d,n)*He) or tritium (T(d,n)*He) to produce mono-energetic
neutrons of 2.5 MeV and 14 MeV, respectively. This fa-
cility generates 1 x 107 n/(cm? - s) for 2.5-MeV neutron and
1.4 x 107 n/(cm? - s) for 14-MeV neutron in a steady-state

mode.

3. Experimental results and discussion

Three general features of neutron-induced SEU in SRAM
devices are observed in the experiments. First, the total num-
ber of SEU increases linearly with neutron fluence increasing.
Second, the SEU occurs once the SRAM devices are exposed
to neutron irradiation. There is no threshold of neutron fluence
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for SEU. Third, upset bitmap is distributed uniformly in terms
of logical address. The SEU cross-section is finally calculated
from the following formula

_ N upset
- )
N total X ¢

where Ny, 1S the memory capacity of the SRAM device, ¢
is the neutron fluence, and Nypser is the SEU number. The

o

6]

SEU cross-section is equal to the slope of zero-crossing lin-
ear fitting of Nypset/Niotal versus ¢. The experimental research
mainly focuses on the dependence of SEU cross-section on
the technology node, incident neutron energy, byte pattern and
neutron fluence rate. For each neutron radiation experiment,
we measure four SRAM samples which are located on their
respective daughter boards of the main board. The error bar of
the SEU cross-section is a combination of standard uncertainty
of the experimental standard deviation of the mean value and
the uncertainty of the neutron fluence.

3.1. Technology node

In Fig. 2, the histogram of the SEU cross-section is shown
as a function of the technology node of SRAM device due to
CSNS, XAPR, 2.5-MeV, and 14-MeV neutrons. The experi-
mental results show that the SEU cross-sections of SRAM de-
vices exhibit a strong dependence on the technology node. For
the technology nodes from 40 nm to 350 nm, neutron-induced
SEU cross-section increases with the technology node increas-
ing. This trend is mainly due to the strong dependence of sen-
sitive volume and probability of ion hitting sensitive zone on
the technology node. Due to the scaling down of technology,
both the sensitive volume and the probability of ion hitting
sensitive zone decrease. Consequently, the neutron-induced
energy deposition in the sensitive volume decreases. This ef-
fect counteracts the influence of the critical charge reduction
and eventually leads to a lower SEU sensitivity. The SEU
cross-section of HM628512A (500 nm) is slightly higher for
2.5-MeV neutrons, but much lower for CSNS, 14-MeV and
XAPR neutrons than that of HM628512B (350 nm). This dis-
crepancy is due to the deviation of the test data and the differ-
ent neutron sources.
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Fig. 2. Neutron-induced SEU cross-section as a function of technology
nodes and incident neutron spectrum.

3.2. Incident neutron spectrum

As shown in Fig. 2, the neutron-induced SEU sensitiv-
ity of SRAMs also strongly depends on the incident neutron
energy. For each technology node, the maximum SEU cross-
section is induced by 14-MeV neutron, followed by CSNS,
2.5-MeV, and XAPR neutrons. As we can see in Fig. 1, CSNS
produces relatively hard neutron spectrum while XAPR gen-
erates relatively soft neutron spectrum. This trend can be ex-
plained by the dependence on the secondary ions which are
highly ionized and contribute to the SEU cross-section. As the
energy of incident neutrons is higher, the number of open nu-
clear reaction channels increases. Because the cross-section
of each reaction channel is a function of neutron energy, the
increase of nuclear reaction cross-section leads the secondary
particles to increase, and thus causing the SEU cross-section
to augment. Therefore, the SEU cross-section increases with
the energy of incident neutron increasing.

The experimental data imply that the SEU sensitivity in-
duced by low-energy neutron significantly increases with the
technology integration. As shown in Fig. 3, with the scaling
down of technology node from 350 nm to 40 nm, the SEU
cross-section ratio of 2.5-MeV to 14-MeV neutrons increases
from 0.05 to 0.13. According to Lambert’s neutron-induced
SEU tests at CEA/DIF, these neutron threshold energy values
are lower than the neutron threshold energy values obtained
from older devices.>! Both this and figure 3 demonstrate that
the more advanced SRAM devices become more sensitive to
low-energy neutrons. Therefore, the low energy region of ter-
restrial neutrons has a greater influence on the SEU cross-
section with the technology downscaling. The neutron irra-
diation tests should offer the characterizations of SEU effects
induced by low-energetic neutrons as well as high-energy neu-

trons.

SEU cross-section ratio 2.5-MeV
to 14-MeV neutrons/(cm?/bit)
=)
[
)

500 350 130 90 65 40
Technology node/nm

Fig. 3. SEU cross-section ratio of 2.5-MeV neutron to 14-MeV neutron as a
function of technology node.

To further investigate the relationship of the ionizing dose
deposit with the incident neutron energy, the kinetic energy
released from material, i.e., kerma factor, is calculated for
each of CSNS, XAPR, 14-MeV, and 2.5-MeV neutrons. The
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kerma factor describes the energy deposition per target mass
and the neutron fluence. In Table 2 listed are the total, dis-
placement, and ionization kerma factors in silicon for neu-
For 14-MeV and 2.5-MeV neutrons, the total kerma
factors are cited from Ref. [16] and the displacement kerma

trons.

factors cited from Ref. [17]. The Geant4 is utilized to cal-
culate the ionizing and non-ionizing energy losses in sili-

con for CSNS and XAPR neutron spectra. The ionization

kerma factor is 1.16 x 10~ rad - cm? for 14-MeV neutron and
3.30 x 107! rad - cm? for XAPR neutron spectrum. Between
them the ionization kerma factor is 1.83 x 10~'° rad - cm? for
CSNS neutron and 6.00 x 10~ rad - cm? for 2.5-MeV neu-
tron. Consequently, it could be qualitatively deduced that 14-
MeV neutron can induce the highest SEU cross-section fol-
lowed by CSNS neutron, 2.5-MeV neutron, and XAPR neu-
tron in succession.

Table 2. Total, displacement, and ionization kerma factors in silicon for neutrons.

Displacement kerma

Neutron energy/MeV Total kerma/rad - cm? Tonization kerma/rad - cm?
MeV - mb rad - cm?
14 1.22x107° (Ref. [16])  165.47 (Ref. [17]) 5.69 x 10~ ! 1.16 x 1077
2.5 1.03 x 10710 (Ref. [16])  125.06 (Ref. [17]) 4.30 x 101! 6.00 x 10~
CSNS - 3.03 x 10711 1.83x 10710
XAPR - - 242 %1071 3.30 x 10711

3.3. Byte pattern

The dependence of CSNS neutron-induced SEU cross-
section on technology node is investigated with different byte
patterns. For different byte patterns, the storage cells in the
SRAM device are initialized in different logic states at the be-
ginning of the neutron exposure. As shown in Fig. 4, the SEU
cross-sections are measured to be almost identical for four
types of byte patterns. These results indicate that the upset
cross-section from logic 0 to 1 is the same as that from logic 1
to 0.
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Fig. 4. CSNS neutron-induced SEU cross-section versus technology node
for four types of byte patterns.

This phenomenon can be explained by the structure of the
memory cell. An SRAM device is composed of homogeneous
memory cells in the physical structure and operation mode.
Figure 5 shows a typical layout of an SRAM cell. Figure 5(a)
illustrates a simplified expression of the SRAM cell, in which
two inverters are connected as a ring. The circuit is stable
when the data in both nodes are reversed, and thus can store
data. More specifically, as shown in Fig. 5(b), this cell is com-
posed of 4 NMOSFETs (M1, M3, M5, and M6) and 2 PMOS-
FETs (M2 and M4). Word line (WL) and bit line (BL) are

used to write or read the data. Two nodes Q and Q store data 1
(Vbp) or 0. Neutron-induced SEU in the cell reverses the state
of the node Q and Q simultaneously. Due to the symmetry of
the circuit structure and bias state, the SEU cross-section from
logic 0 to 1 is completely identical to the cross-section from
logic 1 to 0. Consequently, the byte patterns have no influence

on neutron-induced SEU cross-section.

WL

V’UD
M2 (b |M4 l
Q Q MGL

BL

inverter 2 (M3 and M4)

Q Q

inverter 1 (M1 and M2)

Fig. 5. Circuit of SRAM cell: (a) equivalent circuit and (b) circuit of six-
transistors cell.

3.4. Neutron fluence rate

Figure 6 shows that the plots of experimental data of SEU
cross-section versus neutron fluence rate at XAPR facility.
The SEU cross-section of 40-nm SRAM and 65-nm SRAM
are both almost constant for neutron fluence rate from 7.7 x
108 n/(cm? - s) to 2.7 x 10'° n/(cm? -s). Similarly, the SEU
cross-section of 130 nm SRAM is constant for neutron fluence
rate from 7.7 x 108 n/(cm?-s) to 5.8 x 10° n/(cm?-s). The SEU
cross-section of 500-nm SRAM is constant for neutron fluence
rate from 5.8 x 10° n/(cm? - s) to 5.0 x 10'9 n/(cm? - s). The ex-
perimental data clearly show that none of the SEU effects of
SRAM devices exhibits any dependence on neutron fluence
rate from 7.7 x 108 n/(cm? - s) to 5.0 x 10'9 n/(cm? - s). This
independence could be explained from the meaning of cross-
section representing the bit upset probability per unit neutron
fluence rate. Therefore, accelerator test at a high neutron flu-

ence rate is applicable for predicting the SEU sensitivity at a
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low neutron fluence rate, provided that the time resolution of
test system is good enough to detect all the upsets.
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Fig. 6. Plots of XAPR neutron-induced SEU cross-section versus neutron
fluence rate obtained from XAPR equipped separately with four different
types of SRAMs.

4. Simulations

The simulations of neutron-induced SEU are performed
with Monte-Carlo toolkit Geant4. Since the experimental data
show that the SEU effect only depends on the technology node
and the incident neutron energy spectrum, the simulations are
carried out to predict the SEU cross-sections of SRAMs from
40 nm to 500 nm for spallation neutron, reactor neutron, 14-
MeV, and 2.5-MeV neutrons.

4.1. Physical model

The three-dimensional topological structure of an SRAM
memory cell is obtained by using the reverse-analysis tech-
nique. Figure 7 shows an example of a scanning electron mi-
croscope image from the 350-nm bulk CMOS SRAM tech-
nology. For single memory cell, the multilayer metal wirings,
and passivation films over the sensitive volume are simplified
by using multiple layers with equivalent thickness as depicted
in Fig. 8(a). The whole SRAM model is built as a matrix com-
posed of 9 x 9 cells as shown in Fig. 8(b).

Fig. 7. Scanning electron microscope cross-section by bulk CMOS SRAM
technology.

This model includes the metalizations, passivations, sen-
sitive volume, and the substrate silicon. The incident direc-

tion of primary neutron is perpendicular to the top surface

of the model.
tron is sampled from a uniform distribution at the top sur-

The incident position of the primary neu-

face. The incident energy of the primary neutron is sampled
from the neutron spectrum. A comprehensive set of physics
lists are established to simulate the transportation and inter-
action of neutron and secondary particles. The hadronic in-
teractions are described by the QGSP_BIC_HP, the electro-
magnetic effect by the G4AEmStandardNR, the decay process
by the G4DecayPhysics, and the neutron interaction with the
G4 NeutronHP.

neutron

Ooo0O0OO0OO0OO0OO0OO
ODooo0OO0oOO0OO0OO0OO0
DooOoOoOO0OO0oO0OO0

D000 O0OO0OO00OO0
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Fig. 8. Geometrical model of Geant4 simulation: (a) single memory cell
and (b) multiple memory cells.

The main parameters in the simulation are listed in Ta-
ble 3. According to the scaling rule of the CMOS technology,
the geometrical sizes of both the over-layers and sensitive vol-
ume change proportionally with the technology nodes. Used
in the SEU analysis after the Geant4 simulation are two impor-
tant parameters which are the critical charge and the deposited
charge in the sensitive volume. The SEU criterion is based
on a comparison between the critical charge quantity and the
deposited charge quantity. If the deposited charge quantity ex-
ceeds the critical charge quantity, an SEU occurs, otherwise no
SEU occurs. For example, a technology with a critical charge
quantity of 30 fC is sensitive to every neutron that is able to
deposit a charge quantity exceeding 30 fC. The calculation of
the cross-section is first made by summing the number of neu-
trons that have deposited a charge quantity exceeding the crit-
ical charge quantity in the sensitive volume. This number is
then statistically weighted and normalized with respect to the
neutron fluence.

The deposited charge quantity Qgep can be calculated
from the deposited ionization energy Eqep through the follow-
ing formula:

Qdep = % X )
where the two quantities Qgep and Egep are in unit C and unit
eV, respectively, e is the electron charge: 1.6 X 1071 C, the
value 3.6 eV is the average energy to generate a hole—electron
pair in silicon.

The critical charge quantities for the simulation models
are also listed in Table 3. The critical charge quantity of a
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memory cell depends on the circuit characteristics. The criti-
cal charge quantity can be estimated by the node capacitance
multiplied with the critical voltage as shown in formula (3).
The critical voltage as shown in formula (4), is assumed to
be about half of the supply voltage. The node capacitance
as shown in formula (5), depends on the length, width, gate-
oxide thickness of the MOS transistor. The width and length
are proportional to the size of technology node. According to
the analysis above, we assume that the critical charge is pro-
portional to the supply voltage multiplied with the square of
the technology node. Furthermore, the reasonable range of the
critical charge quantity is estimated according to Refs. [9]-
[11] by Lambert et al. and Ref. [12] by Baggio et al. Small

adjustments of the critical charge quantity have been done in
order to fit the experimental results

chit = Vit - Ca (3)
1
Vcrit ~ EVGa (4)
Eox - W-L
C=—">—"F, (5)
Tox

where Qi is the critical charge, V. is the critical voltage, C
is the node capacitance, V is the gate voltage which is equal
to the supply voltage, € is the dielectric constant of the ox-
ide, W is the width of the MOS transistor, L is the length of the
MOS transistor, and 7,y is the thickness of the MOS transistor.

Table 3. SEU simulation parameters.

Cell area/nm?

Technology node A/nm  Supply voltage/V

siti I 3
Sensitive volume/nm Critical charge/fC

1450 x 17.04  3.5A x2.0A x 2.81
40 33 3.944 x 10° 1.254 x 10° 0.09
65 33 1.041 x 10° 5.383 x 10° 0.33
90 33 1.997 x 10° 1.429 x 107 0.80
130 33 4.166 x 10° 4.306 x 107 13
350 33 3.02 x 107 8.404 x 108 9.7
500 5 6.163 x 107 2.45 % 10° 30

4.2. Comparison between simulation and experiment

Figure 9 shows that the plots of simulated SEU cross-section versus critical charge quantity for XAPR neutrons, CSNS

neutrons, 2.5-MeV neutrons, and 14-MeV neutrons. The critical charge quantity is the minimum deposited charge quantity

which is needed to cause an upset. According to this figure, as the critical charge quantity increases, the number of particles can

deposit a charge quantity more than as the critical charge quantity decreases and the SEU cross-sections will then decrease.
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Fig. 9. Plots of simulated SEU cross-section versus critical charge for four types of neutron energy: (a) XARP neutrons, (b) CSNS neutrons, (c) 2.5-MeV

neutrons, and (d) 14-MeV neutrons.
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For different technology nodes, the SEU cross-sections
are determined (see red points in Fig. 9) by using the criti-
cal charge quantity in Table 3. The critical charge quantity
depends on not only the technology nodes but also the sup-
ply voltage. A supply voltage (3.3 V) is applied to each of
the 40-nm to 350-nm SRAM devices and the critical charge
quantity decreases only with the number of technology nodes.
Meanwhile, the sensitive volume also decreases with the size
of technology nodes decreasing, leading the deposited charge
quantity to decrease in the sensitive volume. Consequently, the
SEU cross-section depends on both the critical charge quan-
tity and the deposited charge quantity in the sensitive volume.
According to Fig. 9, for the technology nodes from 40 nm
to 350 nm, the SEU cross-sections decrease with the size of
technology node decreasing. This trend indicates the influence
exerted by the deposited charge quantity on the cross-section
exceeds the influence by the critical charge quantity. However,
the SEU cross-sections of 500 nm becomes lower than that of
the 350 nm due to the higher supply voltage of 500-nm SEU
(5 V) causing an overlarge critical charge quantity.
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Fig. 10. Comparison between simulation and experimental SEU cross-

sections.

The comparison between simulation and experimental
results of neutron-induced SEU cross-section is shown in
Fig. 10. The simulated SEU cross-sections are consistent with
those obtained experimentally. The deviation between simu-
lation and experiment turns larger with the scaling down of
technology nodes for 2.5-MeV neutrons, 14-MeV neutrons,
and XAPR neutrons. A plausible explanation of this trend is
that the geometrical dimensions and the critical charges in Ta-
ble 3 are not very precise only by the empirical formula, es-
pecially for 90-nm, 65-nm, and 40-nm SRAM. More precise
model parameters for the technology nodes less than 90 nm
are needed to further improve the simulation accuracy. More-
over, the uncertainty of CSNS and XAPR neutron spectrum
also lead to a discrepancy between the simulation and exper-

iment. Although the deviation does exist, the simulated SEU

cross-section decreases with the technology node size decreas-
ing from 350 nm to 40 nm. The 14-MeV neutrons induce the
maximum SEU cross-section, followed by CSNS neutron, 2.5-
MeV neutron, and XAPR neutron in sequence. These varia-
tion trends of SEU cross-section with incident neutron energy

are in good accordance with the experimental results.

4.3. Analysis of secondary ion species

The relative contributions of secondary ion species to the
total SEU are shown in Fig. 11. It is quite clear that the inci-
dent neutron spectrum has a significant influence on the con-
tribution of secondary ion species. The proton, alpha, Mg,
2TAl, 28Si, and '°0 make the main contributions to SEU for
CSNS neutrons and 14-MeV neutrons, and the 28Si and '°0O
for XAPR neutrons and 2.5-MeV neutrons. The 14-MeV neu-
trons and CSNS neutrons could generate more kinds of sec-
ondary particles to cause SEU than the XAPR neutrons and
2.5-MeV neutrons. The simulation and experimental results
show that the 14-MeV neutrons and CSNS neutrons can in-
duce very high SEU cross-sections, which implies that the
high-energy neutrons (high energy part of CSNS neutrons and
14-MeV neutrons) tend to generate both light particles (pro-
ton and alpha) and multiple types of heavy particles (>Mg,
27 Al 28Si, and '°0) to cause ultra-high SEU sensitivity On the
contrary, low-energy neutrons (XAPR and 2.5-MeV neutrons)
mainly generate heavy secondary particles (?®Si and '°0) to
cause SEU effects.

analyzed by the nuclear reaction channels and corresponding

The energy dependence can be further

neutron threshold energy in Table 4. The high-energy neu-
trons have more nuclear reaction channels to generate more
secondary particles. Secondary alphas and protons can be gen-
erated from the reaction between 14-MeV neutrons and all the
nuclides (Si, O, N, Al, Ti, W) in the memory cell. However,
for 2.5-MeV neutrons, only the reactions with N and Ti nu-
clides can generate alphas, and the reactions with Al and Ti
nuclides can produce protons. As shown in Fig. 11, alphas
and protons make significant contributions to SEU especially
in smallsize SRAMs for 14-MeV neutrons, but few contribu-
tions for 2.5-MeV neutrons. Since the proportion of high en-
ergy band of CSNS neutron spectrum is much higher than that
of XAPR neutron spectrum, the contributions of alphas and
protons by CSNS are much greater than those of alphas and
protons by XAPR.

In Fig. 11, the technology nodes also have an influence
on the contribution of secondary ion species. For 2.5-MeV
neutrons, the contribution of 8Si particles to SEU tends to
decrease with the technology downscaling (0.86 for 500 nm,
0.82 for 350 nm, 0.79 for 130 nm, 0.74 for 90 nm, 0.7 for
65 nm, 0.63 for 40 nm). Meanwhile, the contribution of 16y
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particles to SEU tends to increase with the technology down-
scaling (0.08 for 500 nm, 0.12 for 350 nm, 0.14 for 130 nm,
0.2 for 90 nm, 0.24 for 65 nm, 0.31 for 40 nm). For 14-MeV

neutrons, the contribution of both alphas and protons to SEU

tend to increase with the technology downscaling. In large
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size SRAMs, the LET threshold to cause SEU is very large,
and the SEU effect is thus mainly caused by heavy particles
due to their high LET. In smallsize SRAM, the LET threshold
to cause SEU is low, and in this case the protons and alphas

can make considerable contribution.
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Fig. 11. Contribution of secondary ion species to SEU for different neutron spectra: (a) 500-nm SRAM, (b) 350-nm SRAM, (c) 130-nm SRAM, (d) 90-nm
SRAM, (e) 65-nm SRAM, and (f) 40-nm SRAM.

Table 4. Neutron reaction channels, threshold energy, maximum cross-sections, and corresponding neutron energy. The
unit 1 barn = 10724 cm?.

Serial number  Reaction channels  Threshold energy =~ Maximum cross-section and corresponding neutron energy

1 28Si(n,na)**Mg 10.4 MeV 0.2 barn (20 MeV)

2 28Si(n,p)28 Al 4 MeV 0.3 barn (8 MeV)

3 288i(n,d)?” Al 10 MeV 0.02 barn (14 MeV)
4 288i(n,a)> Mg 2.7 MeV 0.2 barn (8 MeV)

5 190(n,na)2C 8.5 MeV 0.2 barn (20 MeV)

6 160(n,np) SN 13 MeV 0.06 barn (20 MeV)
7 160(n,p) 1N 10 MeV 0.1 barn (11.5 MeV)
8 160(n, ) 13C 4 MeV 0.4 barn (4.7 MeV)

9 160(n,d)’> N 10 MeV 0.05 barn (20 MeV)
10 160(n,t) 4N 17 MeV 0.004 barn (19.5 MeV)
11 4N(n,p)*C 0 0.4 barn (0.5 MeV)
12 4N(n,d)13C 5.7 MeV 0.06 barn (11.5 MeV)
13 14N(n,t)!2C 4.3 MeV 0.02 barn (12 MeV)
14 UN(,a)''B 0.5 MeV 0.5 barn (3.5 MeV)
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Table 4. (continued)

Serial number  Reaction channels ~ Threshold energy =~ Maximum cross-section and corresponding neutron energy
15 YN(m,2a)"Li 9.5 MeV 0.05 barn (18 MeV)
16 27 Al(n,net) > Na 10.5 MeV 0.1 barn (20 MeV)
17 27 Al(n,np)**Mg 8.6 MeV 0.4 barn (20 MeV)
18 27 Al(n,p)*’ Mg 2.3 MeV 0.08 barn (10 MeV)
19 27 Al(n,d)*Mg 6.5 MeV 0.004 barn (20 MeV)
20 27 Al(n,t)* Mg 12 MeV 0.008 barn (20 MeV)
21 27 Al(n,a)**Na 4.6 MeV 0.1 barn (13 MeV)
22 BTi(n,na)*Ca 10 MeV 0.003 barn (20 MeV)
23 “8Ti(n,np)*’Sc 10.6 MeV 0.2 barn (20 MeV)
24 “8Ti(n,p)*3Sc 1 MeV 0.08 barn (13.5 MeV)
25 #8Ti(n,d)*’Sc 8.8 MeV 0.04 barn (20 MeV)
26 48 Ti(n,t)*0Sc 12.4 MeV 0.006 barn (20MeV)
27 BTi(n,a)¥ Ca 0.5 MeV 0.07 barn (20 MeV)
28 184W(n,np)'%3Ta 12.5 MeV 0.02 barn (20 MeV)
29 184%W(n,p) 184 Ta 10.8 MeV 0.01 barn (20 MeV)
30 184W(n, o) 181 HF 11.3 MeV 0.007 barn (20 MeV)
To in depth understand the contributions of secondary ion  sitive volume.

species to SEU effect, it is helpful to study the range and LET 107 —

of the neutron-induced secondary particles. The range is an o iﬁ?ﬁ;“’“

important parameter to determine whether the particle reaches U

the sensitive region from the position where it has been gener- N gilg

107 —w-si

ated. Figure 12 indicates the range of secondary particles. As
shown in this figure, the range of each particle increases with
the energy increasing. The light particles (alpha, proton and
deuteron) have a larger range than heavy particles (C, O, Mg,
Al and Si). Consequently, the light particles have a higher
probability to reach the sensitive region. The LET is another
important parameter to describe the energy loss of a particle

per unit length and unit target mass.
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Fig. 12. Range of secondary ion species versus energy in silicon.

Figure 13 shows the LET of secondary particles. For each
particle, the LET first rises with its energy increasing and then
begins to decline after a peak value. Compared with the light

particles, the heavy particles can induce great LET in the sen-
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Fig. 13. LET of secondary ion species versus energy in silicon.

5. Conclusions and perspectives

Spallation, reactor, and monoenergetic neutrons are uti-
lized to experimentally study the neutron-induced SEU testing
on commercial SRAMs with technology nodes from 40 nm to
500 nm. The SEU cross-section strongly depends on both the
technology node size and the incident neutron energy. For the
SRAMs with the technology nodes from 40 nm to 350 nm, the
SEU cross-section decreases with the scaling down of tech-
nology node. The higher supply voltage enhances the criti-
cal charge quantity of the 500-nm SRAM and thus reduces its
SEU cross-section to some extent. The 14-MeV neutron in-
duces the maximum SEU cross-section, followed by CSNS
neutron, 2.5-MeV neutron and XAPR neutron in sequence.
Kerma factors are calculated to compare the SEU sensitivities
due to different neutron spectra by their ionization energy de-

posit. Importantly, the SEU sensitivity induced by low-energy
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neutron significantly increases with the technology integra-
tion. Moreover, the byte patterns of the SRAM devices have
no influence on the SEU cross-section due to the symmetry
of the two-inverters circuit structure and bias state. The ex-
perimental results show that the neutron fluence rate has no
influence on the SEU cross-section either.

The simulation approach with Monte-Carlo toolkit
Geant4 is established to analyze the neutron-induced SEU ef-
fects. The trend for each of the simulated SEU cross-sections
is consistent with that of the experimental data. The geomet-
rical dimensions of the cell area and the sensitive volume are
determined by the technology nodes according to the scaling
rule of the CMOS technology. The critical charge quantity is
estimated by the node capacitance multiplied with the critical
voltage. The geometrical dimensions and the critical charge
quantity allow us to understand the mechanism of the signif-
icant influence of the evolution of technology nodes on the
neutron-induced SEU sensitivity.

The SEU sensitivity difference caused by different neu-
tron spectra can be explained by the contributions of sec-
ondary ion species to the SEU. The light particles can be gen-
erated only by the high-energy part of the incident neutrons
over the threshold energy of the nuclear reactions. Compared
with the heavy particles, the light particles have long range but
low LET. The simulation data show that high-energy neutrons
mainly generate more proton and alpha particles to cause ultra-
high SEU sensitivity, and low-energy neutrons mainly gener-
ate 28Si and '°0 particles to cause SEU effect. Meanwhile, the
technology nodes also have an influence on the contribution of
secondary ion species.

The experimental and simulation data provide general
trends and physical mechanism for SEU sensitivity with re-
spect to the technology downscaling and the incident neutron
energy. For hardness assurance, the SEU dependence must be
taken into account through a comprehensive technology nodes
and neutron spectrum qualification. Neutron irradiation tests

should offer the characterizations of SEU effects induced by

low-energetic neutrons as well as high-energy neutrons.
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