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Abstract—We have measured the Single Event Upset (SEU)
probability of a static random access memory (SRAM) under
neutron irradiation as a function of the memory 6 T cell bias
voltage supply. In these memories the presence of a BoronPhos-
phorSilicateGlass layer induces the memory state upset as a
consequence of neutron capture reactions. The Single Event
Upset (SEU) probability versus voltage bias curve was evaluated
in the neutron radiation field produced by various electron linacs
and in a thermal neutron beam of a nuclear reactor. For these
different spectra with neutron energies below 5 MeV the upset
behavior curve exhibits a universal shape independent of the
installation. The circuit level together with the physical level ion
energy deposition simulations allow to reproduce the measured
curve. The experimental curve shows a characteristic shape that
depends on the statistical distribution of ionization on the charge
collecting volume, and consequently on the geometry details of the
SRAM and alpha and lithium transport. When the SEU effects
in such components are considered for thermal neutron fluence
estimation, the present work allows the selection of optimal bias
voltage.

Index Terms—Borophosphorosilicate glass (BPSG), neutron,
single event upset (SEU), static random access memories (SRAMs).

I. INTRODUCTION

S INGLE EVENTUPSETS (SEU) in digital devices are pro-
duced by the ionization charge released from the interac-

tion in silicon of particles like heavy ions, alpha particles, recoil
nuclei or nuclear fragments from neutron interactions. The dis-
covery of these effects came originally from electronic systems
exposed to space radiation [1], [2]. Static random access mem-
ories (SRAMs) change the logical level of their cells when are
exposed to neutrons, although their sensitivity depends enor-
mously on the cell design, chip layout and materials [3]. In a
seminal work by R. Baumann, it was first identified that the
boron fission due to its presence in some of the chip layers
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can be a dominant process for neutron induced soft errors in
digital devices [4]. Borophosphorosilicate glass (BPSG) layer,
commonly used in complementary metal oxide semiconductor
(CMOS) SRAM-memory until the beginning of 21st century,
triggered the production of a significant number of Li nuclei and
alpha particles when exposed to slow neutrons. These highly
ionizing Li and He ions (with maximum range in silicon of
2.8 and 6.4 respectively) produce significant ionization
charge in a small volume that is able to induce a current pulse in
memory cells changing their logical state when a threshold cur-
rent is exceeded. Starting, in our case, from all cells in a given
logic level and after exposure to neutron fluence, the SEU pro-
duced are counted as the number of logic level transitions in
the full array. The number of SEU is proportional to the neu-
tron fluence and this number is also a function of the memory
component bias voltage because the upset threshold current and
the collected charge distribution depend on the voltage supplied
to the memory cell transistors. Although this behaviour could
be considered a detriment of the component, some of the au-
thors have proposed and used this kind of effect to evaluate the
slow neutron fluence in mixed radiation fields of radiotherapy
rooms [5], [6]. The SRAM used in this work represents an old
generation of 0.4 bulk CMOS technology that proved ex-
tremely reliable and simple to operate in mixed gamma/neutron
radiation fields and provided an active instrument able to make
measurements in the pulsed neutron radiation field of a electron
linac [6], [7]. This work is focused in the characterization of
the neutron SEU sensitivity dependence with the SRAM bias
voltage used for the radiotherapy application. This dependence
is crucial for the optimal use of this device to estimate radio-
therapy patient exposure to neutrons and its uncertainty. There
have been different efforts to use new semiconductors designs
for neutron detection such as coated thin film diodes [8] or 3D
microstructured/perforated detectors [9]. Although intrinsic ef-
ficiency in these devices is much higher than in the SRAM array,
the analog signal has to be properly processed in order to work
in pulsed mixed photon-neutron radiation fields. Thus, the so-
lution of the SRAM system provided a very reliable and simple
baseline detector for thermal neutron detection being intrinsi-
cally insensitive to photons.

II. MATERIALS AND METHODS

Memory Boards: For the evaluation of the upset of memory
states, we have developed a dedicated board (N-MON) with 128
SRAM memories (Samsung K6T4008) of 512 KiB size with
8 bit words. This board is accessed through an embedded mi-
crocontroller that has a slow RS232 interface control to com-
municate with the remote computer user application, as shown
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Fig. 1. Board used for the measurements and block description.

Fig. 2. Neutron lethargy for a medical linac working at 15 MV. Fluence is
normalized to 1 Gy photon dose.

in Fig. 1. The system is configured to perform memory reset
and SEU counting from single serial interface commands. Ad-
ditionally, SEU scoring can be performed by memory sectors or
globally for the whole board. To bias the memories, a dedicated
programmable power supply was integrated with the data adqui-
sition program in order to provide the transition from standby to
nominal (5 V) voltages used in irradiation and read/write modes
respectively. This board is a new version of a previous system
called NEUTOR [10]. The content of the whole memory array
was set to a low logic state and put in standby mode (low bias)
before neutron irradiation. After irradiation, the array was bi-
ased at nominal voltage, read and the number of high logical
bits was counted.
Irradiation Facilities: Two kind of irradiations were per-

formed: exposing the boards to the neutron fluence inside a ra-
diotherapy room and to the thermal neutron beam from a nuclear
reactor. Inside the radiotherapy linac rooms, the photonuclear
reactions triggered by high-energy photons in the accelerator
gantry produce evaporation neutrons with an energy around 1
MeV. Neutron transport inside the room produces thermaliza-
tion in a few milliseconds, mainly through scattering with the
concrete walls. Thus, the neutron spectrum inside the room has
a characteristic primary neutron peak around 1 MeV and a large
fluence of slow scattered neutrons with energies below 1 eV
[11], [12]. The three facilities involved in this work were located
at three hospitals in Seville, Rome and Santiago de Compostela.
In the radiotherapy rooms the boards were placed in the gantry
axis plane at a distance of approximately 2.5 m from isocenter.
Under these irradiation conditions, the average total neutron flu-
ence rate is around (with variations between

installations due to the room size and linac model). A typical
neutron energy spectrum in a medical facility can be seen in
Fig. 2.
For the thermal beam irradiation, the board was placed in

the external port of the Portuguese research nuclear reactor of
Instituto Superior Técnico (Lisbon) working at around 1 MW
[13]. The thermal neutron fluence rate was approximately

. The irradiation runs were performed with con-
tinuous beam in 60 s intervals.
SEU Modelling: Three dimensional ion transport and ion-

ization calculations were performed through TRIM simulation
from the SRIM 2013 package [14] to obtain the deposited en-
ergy in the silicon collection volume around a transistor node
in the cell. Thus, this energy deposition can be translated to a
transient current pulse amplitude in the form

where stands for the energy absorbed through ionization pro-
cesses around the track within the collection volume, is the
average energy per electron-ion pair in silicon, is the elec-
tron electric charge and is the effective collection time. From
the collision event by event simulation of the ion transport it
was obtained a distribution of charge ionization along the track.
This ionization cloud will drift according to the electric field
present in the silicon substrate. For a given transistor configu-
ration it was assumed that the transient current was due to the
charge produced inside an effective collection volume. The av-
erage distribution of upset events per unit of neutron fluence in
the SRAM can be considered as the number of events over a
certain energy threshold depending on the voltage applied

where is the density function for the energy deposited
in the collection volume. Considering the relation between the
collected charge and energy, this relationship can be used to
relate the number of SEU at a certain voltage respect to a
reference voltage (in our analysis ).

The sensitivity function represents the relative vari-
ation of the SEU cross section as modeled in other previous
works [15]. For practical reasons we have normalized the rel-
ative variation of this cross section, taking equal to 2 V in
all the data. In the present model, the threshold current was ob-
tained from a PSPICE simulation of the six transistor cell that
gives the fast current threshold as a function of the bias voltage,
thus providing the function depicted in Fig. 3.
A Secondary IonMass Spectroscopy analysis of the chip gave

a detailed elemental content and depth distribution of the chip
materials. From that data we built a simulation with a BPSG
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Fig. 3. Upset threshold current simulated for the CMOS transistor technology
used in this work as a function of bias voltage from circuit simulation level.

layer that covered a two micron depth over the transistor struc-
ture. In the TRIM simulation, a random distribution of capture
events was generated inside the BPSG layer, with 94% (6%)
of events having 1.47 (1.78) MeV and 0.84 (1.01) MeV kinetic
energy for helium and lithium respectively [16]. The simulation
cell covered with the collection node
in the center of the simulated geometry. A total of events
were simulated for both helium and lithium ions. The electronic
collision absorbed energy scoring was performed considering
that the collection volume was an ellipsoid in the silicon layer
and afterwards finding the optimal parameter for the obtained
data. The SEU cross section versus bias voltage is very sensi-
tive to the dimensions of the effective collection volume. This
high sensitivity was used to discard most of the charge collec-
tion geometries performing multiple simulations and selecting
a narrow interval for the parameters of the model.

III. RESULTS AND DISCUSSION

The results of the irradiation in the different facilities are
summarized in Fig. 4. Although the neutron spectra from the
linac facilities and the nuclear reactor neutron beam are quite
different, the dominant low-energy boron capture interaction
channel provides an almost universal footprint of the memory
sensitivity. This can not be extrapolated to neutron beams with
energy higher than 5 MeV since there are additional interac-
tion channels that contribute to SEU in that situation [5], [17].
Nevertheless, the data agreement is outstanding since irradia-
tion condition geometries varied from place to place and, in the
thermal neutron beam, the board was only partially illuminated.
The experimental data exhibit a slope change for a bias voltage
around 2.5 V.
Although the component manufacturer recommends a data

retention mode voltage over 2 V, we have used bias voltages as
low as 1.3 V, verifying through additional measurements that
spurious switching of the logical level in the SRAM cells is
below 0.5% of the total neutron induced SEU count. On the
other hand, the slope of the curve around equal
to 2 V normalization point is . Thus, the

Fig. 4. Experimental sensitivity curve for various electron linac facilities and
for the IST nuclear reactor thermal beam port. The weighted average of the
whole data set is also displayed.

uncertainty in the bias voltage contributes to the uncertainty of
the SEU count through this sensitivity coefficient. For example,
a 50 mV uncertainty in the voltage supply would imply a 2%
relative uncertainty in the SEU total count.
Although there are different approaches for the simulation of

the sensitivity of CMOS SRAM at reduced bias voltages, their
three key model ingredients are namely: ionization statistics in
the sensitive volume, charge collection and transient current
generation in the memory cell [18], [19]. In principle, a reduc-
tion of the bias voltage could be associated to a decrease in the
charge collection volume [15] following the electric field mod-
ification. However, our results tend to indicate that a very good
agreement betweenmodel and data can be achieved keeping that
collection volume as constant and considering only the bias ef-
fect in the threshold upset current.
In fact, the volume that best reproduced the observed data cor-

responded to an ellipsoid half with main axis values of 0.7 ,
0.5 (transversal) and 5 (depth) in silicon shown in Fig. 6.
The chi-square over the number of degrees of freedom corre-
sponding to Fig. 5 data to model comparison is represented in
Fig. 7 for different ellipsoid depth with same transversal dimen-
sions, showing an optimal agreement for 5 silicon depth.
The distribution of the energy deposited in the collection

volume through electronic collisions is shown in Fig. 8. It is
interesting to note that the relative Li contribution to the total
energy deposition increases when the energy considered is
decreased, reaching almost a 50% at very low energies. The
distribution exhibits a cut-off around 400 keV due to the energy
loss in the BPSG layer before reaching the silicon collection
volume. On the other hand, there is a small plateau below 250
keV that appears to be responsible of the slope change observed
in Fig. 4 when bias voltage is close to 2.5 V. The majority of the
events produce a very inclined ion track crossing the collection
volume and depositing a fraction of the total ion energy as
seen in Fig. 9. The balance between the number of events that
produce ionization in the collection volume versus the fraction
of energy deposited gives rise to the energy distribution of
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Fig. 5. Weighted average experimental data together with the model prediction
(see text for details).

Fig. 6. Layout of the modelled geometry and the ellipsoid charge collection
volume.

Fig. 8. Only a few events with almost vertical tracks are able to
reach an energy deposition close to the maximum ion kinetic
energy. The authors have considered many other geometries for
the charge collection volume (i.e. rectangular, spherical, etc).
Fortunately, the comparison of the different models with the
data of curve of Fig. 4 discards the vast majority of the other
geometries considered. The sensitivity of the model both to the
layer geometry and the collection volume is high enough to
discard ellipsoids with differences in the main axis higher than
0.3 respect to that shown in this article.

IV. CONCLUSION

We have determined the relative sensitivity variation for SEU
in 0.4 technology BPSG layered SRAM memories with the

Fig. 7. Chi square over the number of degrees of freedom from the model and
experimental SEU sensitivity curve as a function of ellipsoid collection volume
depth in silicon.

Fig. 8. Distribution of the energy deposited in the collection volume both for
alpha and Li ions.

Fig. 9. Scatter plot of the deposited energy versus the projected transversal
distance of the boron capture event to the center of the transistor node.

standby cell bias voltage. The measured results obtained in dif-
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ferent medical electron linac rooms and in a thermal beam from
a research nuclear reactor show the same behaviour curve with
no significant dependence on the detailed neutron fluence en-
ergy distribution. Due to the dominance of the neutron capture
reaction cross section at low energies, the kinematics of the nu-
clear reaction products remains independent of the detailed neu-
tron energy spectrum. This makes the relative SEU cross-sec-
tion vs SRAM bias voltage essentialy independent of the neu-
tron energy spectrum present in each of the installations consid-
ered, while the absolute SEU cross-section would be quite sen-
sitive to this spectral shape. The results have been accurately
reproduced using a model of the BPSG layer and silicon layers
by propagating the ions produced through thermal neutron
capture in this geometry using the SRIM simulation package.
The transient current in the memory cell was considered propor-
tional to the energy deposition in the collection volume through
a coefficient with optimal value 0.13 . The best re-
production of the experimental results are those that consider
the charge collecting volume in each transistor node an ellip-
soid with main axis values of 0.7 , 0.5 (transversal) and
5 (depth) in silicon, Fig. 5. Differences frommodel and data
are within the uncertainties of these values and below 2% in all
the measured range from 6 V to 1.3 V, showing an outstanding
agreement between both. The detailed collected charge spec-
trum plays a major role in the relative SEU cross section shape
as a function of SRAM voltage. The results show that a coupled
circuit to device level description is able to produce an accu-
rate description for the relative cross-section dependence con-
sidered in this paper. Nevertheless this methodology would be
much less accurate for the absolute SEU sensitivity description.

ACKNOWLEDGMENT

The authors would like to thank J.Marques andA. Rita-Lopes
from ITN Lisbon for their support during the experimental work
at the nuclear reactor. We are also grateful to A. Gentil from
INFN (Frascati) and M. Cristina Pressello from Ospedale San
Camillo (Rome) for their technical assistance.

REFERENCES

[1] J. T. Wallmark and S. M. Marcus, “Minimum size and maximum pack-
aging density of non-redundant semiconductor devices,” Proc. IRE,
vol. 50, pp. 286–298, 1962.

[2] D. Binder, E. C. Smith, and A. B. Holman, “Satellite anomalies from
galactic cosmic rays,” IEEE Trans. Nucl. Sci., vol. 22, pp. 2675–2680,
1975.

[3] P. E. Dodd and L. W. Massengill, “Basic mechanisms and modelling
of single-event upset in digital microelectronics,” IEEE Trans. Nucl.
Sci., vol. 50, pp. 583–602, 2003.

[4] R. Baumann and E. Smith, “Neutron-induced B-10 fission as a major
source of soft errors in high density SRAMs,” Microelectron. Reliab.,
vol. 41, pp. 211–218, 2001.

[5] F. Gómez, A. Iglesias, and F. Sánchez-Doblado, “A new active method
for the measurement of slow-neutron fluence in modern radiotherapy
treatment rooms,” Phys. Med. Biol., vol. 55, pp. 1025–1039, 2010.

[6] F. Sánchez-Doblado, C. Domingo, F. Gómez, B. Sánchez-Nieto, J. L.
Muñiz, M. J. García-Fusté, M. R. Expósito, R. Barquero, G. Hartmann,
J. A. Terrón, J. Pena, R. Méndez, F. Gutiérrez, F. X. Guerre, J. Roselló,
L. Núñez, L. Brualla-González, F. Manchado, A. Lorente, E. Gallego,
R. Capote, D. Planes, J. I. Lagares, X. González-Soto, F. Sansaloni,
R. Colmenares, K. Amgarou, E. Morales, R. Bedogni, J. P. Cano, and
F. Fernández, “Estimation of neutron-equivalent dose in organs of pa-
tients undergoing radiotherapy by the use of a novel online digital de-
tector,” Phys. Med. Biol., vol. 57, no. 19, pp. 6167–6191, 2012.

[7] M. R. Expósito, B. Sánchez-Nieto, J. A. Terrón, C. Domingo, F.
Gómez, and F. Sánchez-Doblado, “Neutron contamination in radio-
therapy: Estimation of second cancers based on measurements in 1377
patients,” Radiotherapy and Oncology, vol. 107, no. 2, pp. 234–241,
2013.

[8] D. S. McGregor, M. D. Hammig, Y. H. Yang, H. K. Gersch, and R.
T. Klann, “Design considerations for thin film coated semiconductor
thermal neutron detectors—I: Basics regarding alpha particle emitting
neutron reactive films,” Nucl. Instr. Meth. A, vol. 500, pp. 272–308,
2003.

[9] C. Guardiola1, F. Gómez, C. Fleta, J. Rodríguez, D. Quirion, G. Pel-
legrini, A. Lousa, L. Martínez-de-Olcoz, M. Pombar, and M. Lozano,
“Neutron measurements with ultra-thin 3D silicon sensors in a radio-
therapy treatment room using a Siemens PRIMUS linac,” Phys. Med.
Biol., vol. 58, pp. 3227–3242, 2013.

[10] F. Gómez, F. Sánchez-Doblado, A. Iglesias, and C. Domingo, “Active
on-line detector for in-room radiotherapy neutron measurements,” Ra-
diation Measurements, vol. 45, pp. 1532–1535, 2010.

[11] J. Pena, L. Franco, F. Gómez, A. Iglesias, J. Pardo, and M. Pombar,
“Monte Carlo study of Siemens PRIMUS photoneutron production,”
Phys. Med. Biol., vol. 50, pp. 5921–5933, 2005.

[12] C. Domingo,M. J. García-Fusté, E.Morales, K. Amgarou, J. A. Terrón,
J. Roselló, L. Brualla, L. Nuñez, R. Colmenares, F. Gómez, G. H. Hart-
mann, F. Sánchez-Doblado, and F. Fernández, “Neutron spectrometry
and determination of neutron ambient dose equivalents in different
LINAC radiotherapy rooms,” Radiation Measurements, vol. 45, pp.
1391–1397, 2010.

[13] A. C. Fernandes, J. P. Santos, J. G. Marques, A. Kling, A. R. Ramos,
and N. P. Barradas, “Validation of the Monte Carlo model supporting
core conversion of the Portuguese Research Reactor (RPI) for neutron
fluence rate determinations,” Annals of Nuclear Energy, vol. 37, no. 9,
pp. 1139–1145, 2010.

[14] The Stopping and Range of Ions in Matter [Online]. Available: www.
srim.org

[15] P. Hazucha, K. Johansson, and C. Svensson, “Neutron induced soft
errors in CMOSmemories under reduced bias,” IEEE Trans. Nucl. Sci.,
vol. 43, pp. 561–575, 1998.

[16] G. F. Knoll, Radiation Detection and Measurement, 4th ed.
Hoboken: Wiley, 2010.

[17] C. Domingo, F. Gómez, F. Sánchez-Doblado, G. H. Hartmann, K. Am-
garou, M. J. García-Fusté, M. T. Romero, R. Böttger, R. Nolte, F.
Wissmann, A. Zimbal, and H. Schuhmacher, “Calibration of a neutron
detector based on single event upset of SRAM memories,” Radiation
Measurements, vol. 45, pp. 1513–1517, 2010.

[18] P. E. Dodd, “Device simulation of charge collection and single-event
upset,” IEEE Trans. Nucl. Sci., vol. 50, pp. 583–602, 1996.

[19] C.M. Hsieh, “Dynamics of charge collection from alpha-particle tracks
in integrated circuits,” in Proc. 19th Ann. Reliabil. Phys. Symp. , 1981,
pp. 38–42.


