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We irradiated commercial SRAMs with wide-spectrum neutrons at different temperatures. We observed
that, depending on the vendor, the soft error rate either increases or slightly decreases with temperature,
even in devices belonging to the same technology node. SPICE simulations were used to investigate the
temperature dependence of the cell feedback time and restoring current. The shape and magnitude of the
particle-induced transient current is discussed as a function of temperature. The variability in the
response is attributed to the balance of contrasting factors, such as cell speed reduction and increased
diffusion with increasing temperature.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Soft errors are a serious concern not only in space but also at sea
level, due to neutrons originating from the interactions of cosmic
rays with the atmosphere, and alpha particles, coming from radio-
active contaminants in the chip package and solder materials [1].

A large amount of work has been carried out in the field of soft
errors (also known as Single Event Upsets, SEU). Experimental,
simulation, and modeling efforts have led to a deep understanding
of these phenomena, especially in SRAM cells, which, nowadays,
are the most radiation-sensitive type of solid-state storage [1].
Funneling phenomena have been discovered and modeled [2].
The role of the struck junction load on the induced transient has
been elucidated [3]. Neutron nuclear reactions leading to charged
byproducts have been analyzed in the context of terrestrial soft
error rate (SER) [4]. Yet, despite the huge amount of work, some
areas have received relatively little attention from the research
community. It is well known that electronic chips must operate
at temperatures significantly higher than room temperature, espe-
cially for high-performance, space, or automotive applications.
Contrary to Single Event Latchup (SEL) tests that are performed
at the highest operating temperature [5], SEU measurements are
usually carried out at room temperature [6], and little is known
about the SEU temperature dependence.

Only few works in the literature analyzed temperature effects
on SER [7–9]. Some conclude that temperature plays a marginal
role in determining the critical charge in SRAMs and, in general,
the SER [7]. Sexton et al. observed an increased SEU sensitivity at
high temperature in hardened memories and attributed this
ll rights reserved.
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behavior to variations in the conductivity of the feedback and load
resistors [8]. Truyen et al. performed TCAD simulations of heavy-
ion strikes in 180-nm 6-T cells as a function of temperature [9].
Experimental work has been performed on pn diodes with
heavy-ion microbeam, showing that the shape of the particle-in-
duced current pulse changes with temperature [10] due to carrier
mobility and lifetime variations. Laird et al. analyzed the tempera-
ture dependence of transients in inverters through laser testing
[11].

To the best of our knowledge, few experimental SER data as a
function of temperature are available in the literature for commer-
cial memories in the terrestrial radiation environment. This work
aims at providing more experimental data and analyzing the im-
pact of high temperature on the SER of commercial SRAMs. We
performed neutron irradiations and then we used SPICE simula-
tions and analytical modeling to assess the critical charge and col-
lection efficiency as a function of temperature.
2. Studied devices and experimental procedure

Throughout this work we used commercially-available SRAMs
manufactured by different vendors (Table 1). We evaluated the
likely CMOS technology node of our samples from the die size. De-
vices with the same capacity and die area have been associated to
the same CMOS technology node.

The neutron irradiation was performed at the ISIS facility of the
Rutherford Appleton Laboratory, Didcot, using the VESUVIO and
ROTAX instruments. ISIS is a spallation neutron source, which uses
800-MeV protons to produce neutrons. The VESUVIO beam
matches the terrestrial neutron flux with an acceleration factor be-
tween 107 and 108, containing both high-energy and thermal neu-
trons. The VESUVIO beam can be correlated with the LANSCE
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Table 1
Irradiated SRAM chips.

Device Vendor Size
(Mbit)

Supply
voltage (V)

Temp. range
(�C)

CMOS nodea

(nm)

A STM 4 3 0–70 180
B Renesas 4 3 �40 to 85 180
C ISSI 4 3 0–70 130
D Cypress 4 3 �40 to 85 90
E BSI 4 2.4–5.5 0–70 250

a CMOS technology node has been estimated by the die size. Devices with the
same die area have been associated to the same CMOS technology node.
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facility flux (the de facto standard for SER measurements [12])
using the LANSCE-equivalent flux [13], which accounts for the
effectiveness of a beam in producing single event effects with re-
spect to LANSCE. The ROTAX beam features only the thermal and
epi-thermal neutrons.

We used a flux of �5 � 105 n/cm2/s. The irradiation procedure
was the standard one for SRAM SER testing: the memory under test
is written with a checkerboard pattern and it is periodically read
during exposure to detect bit errors at different operating voltages
and temperatures. Data and address of the memory locations where
errors are detected are logged for analysis. Heating elements placed
around the devices were used to raise and constantly monitor the
chip temperature during the exposure. The drawn current was
measured under exposure to detect possible SEL. Thousands of
errors were collected for each condition, to minimize statistical
errors. Finally, SPICE simulations have been performed to evaluate
both the behavior of a single transistor and that of an entire SRAM
cell at different temperatures, using freely available models [14].
3. Results

Some of the parts (Devices D and E) exhibited frequent SEL with
wide-spectrum neutrons even at room temperature (RT) and at the
lowest possible supply voltage, and were therefore discarded from
the analysis. We remark that SEL can lead to more severe conse-
quences than soft errors, possibly to the destruction of the compo-
nent, and commercially available parts may still suffer from this
problem in relation to neutrons. One of the tested memories
(Device C) was sensitive to thermal neutrons, due to the likely
presence of BPSG inside the chip, and was separately studied to
analyze the temperature dependence of the errors induced by
thermal neutrons.

No dependence of SER on the supply voltage was observed for
Devices A and B with high-energy neutrons, whereas C exhibited
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Fig. 1. Experimental error rate as a function of supply voltage normalized to
Vdd = 2.5 V for Device C irradiated with thermal neutrons at room temperature.
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increased sensitivity at lower supply voltage with thermal neu-
trons (Fig. 1). We do not have detailed architectural information
on these samples, but, given the results, we can speculate that De-
vices A and B are equipped with internal voltage regulators that
maintain the supply voltage of the cells always at the same level,
irrespective of the external bias; on the contrary, in Device C the
cell voltage varies with the external supply voltage.

Let us now analyze the temperature dependence of SER. Fig. 2
displays the normalized SER as a function of temperature for De-
vices A and B. Thousands of events were collected for each exper-
imental point in order to achieve good statistical accuracy and
observe even small variations (>2%). Besides, irradiation runs at
different temperatures were carried out in different orders to de-
tect possible temperature hysteresis effects, which were not ob-
served. The two memories feature a different behavior. In Device
A, the cross section slightly decreases (<7%) in the temperature
range 25–85 �C, whereas in Device B, it increases by 15% in the
same range. It is worth to remark that Devices A and B are manu-
factured in the same technology node by different foundries.

Fig. 3 displays the normalized error rate at 20 �C and 60 �C for
Device C irradiated with thermal neutrons at two different supply
voltages. The temperature dependence is greatly enhanced at high-
er supply voltage (even though the overall error rate is lower at
high Vdd, Fig. 1). At 2.5 V the increase in sensitivity is about 6%,
while at 3 V the error rate at high temperature is more than 30%
larger than that at RT for the same voltage.

4. Discussion

As just seen, different devices exhibit different SER trends ver-
sus temperature. According to the information we gathered from
the datasheets, all the SRAMs feature 6-T cells, so the observed
changes are not related to increasing resistance of the pull-up
resistors as in Ref. [8].

A full cell 3D or mixed-mode simulations would be needed to
accurately reproduce the temperature dependence. This would re-
quire knowledge of the memory cell structure and doping profiles,
which is obviously not available for commercial memories. The
purpose of this discussion is therefore to pinpoint the main param-
eters governing the SER temperature dependence. To this end we
will use a simplified approach that combines SPICE simulations
and analytical modeling. The conclusions we will draw are mostly
qualitative, but, nevertheless, can provide good insight.

We may relate the SER temperature dependence on either dif-
ferences in the MOSFET characteristics, leading to a change in the
circuit response, or to alterations in the particle-induced pulses.
Despite the difficulties in defining the concept of critical charge
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Fig. 2. Experimental error rate as a function of temperature during high-energy
neutrons exposure (Devices A and B).
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Fig. 4. Simulated Ids–Vgs characteristic for a PMOSFET (180 nm) (Vds = 25 mV),
performed at 20 �C and at 80 �C.
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[3], the SER of a memory (even in scaled devices [15]) can still be
fitted by the well-known empirical expression [16], where we have
made explicit the temperature (T) dependence:

SERðTÞ ¼ jAdiff ;n exp �Q crit;eðTÞ
gðTÞ

� �
ð1Þ

j is an overall (technology-dependent) scaling factor, Adiff,n is the
diffusion area, Qcrit,e is the critical charge, and g is the charge collec-
tion efficiency. The last two parameters may vary with T, as indi-
cated in (1). Qcrit,e will be calculated through SPICE simulations by
injecting a current pulse in the cell. The collection efficiency g rep-
resents a measure of the charge collected by the circuit node after
an ion strike and will be discussed in Section 4.2. For simplicity,
we will focus on strikes occurring in (or near) the drain of the off
NMOSFET, which still accounts for most of the SEUs, even in scaled
devices [17].

4.1. Circuit response

MOSFETs have a positive temperature coefficient, meaning that
the drive current decreases as T increases. This reduction is mostly
due to a lower mobility at high T, because of the increased phonon
scattering. For instance, the hole mobility temperature dependence
(as a function of doping) in bulk Silicon can be expressed by the fol-
lowing empirical formula [18]:

lp ¼ 88 � T�0:57
n þ 1:36� 108 � T�2:33

1þ N
1:26�1017 �T2:4

n
� 0:88 � T�0:146

n

ð2Þ

where T is the temperature (in K), Tn is the temperature divided by
300 K, and N is the doping concentration. A similar expression exists
for the electrons mobility [22,18]. Other scattering mechanisms
come into play (surface roughness, carrier–carrier scattering, quan-
tum effects) to determine the mobility in the channel, which can be
lumped together in the following simplified equation, used also by
BSIM3 and BSIM4 models:

l ¼ lðT0Þ �
T
T0

� �lTe

ð3Þ

where T0 is a reference temperature and lTe a fitting parameter. The
threshold voltage depends on T as well, although in a less pro-
nounced way, causing the MOSFET temperature response to be
dominated by mobility changes. Temperature also impacts the
junction capacitance, although in a minor way.

Some of the most interesting experimental data we collected
(Fig. 2) are onto the 0.18 lm CMOS node, so this feature size has
Please cite this article in press as: Bagatin M et al. Temperature dependenc
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been used in our simulations. Data on 90 nm will also be shown
to illustrate scaling trends.

Fig. 4 shows the simulated Ids–Vgs characteristics of a 180-nm
PMOS transistor in the linear region (Vds = 25 mV). The electrical
characteristic at high Vg shows a decrease in Ids at high T compared
to RT. This means that the PMOS at higher temperature is less
strong than at RT: this has a detrimental effect on the cell SER.

We can also simulate the behavior of an entire 6-transistor
SRAM cell. Fig. 5 reports the cell speed at different temperatures,
i.e. the T dependence of the minimum pulse width duration (tPW)
required at the word line to write the cell. tPW monotonically in-
creases with T, for both 90-nm and 180-nm cells: the cell is slower
at high T.

If we consider the two effects we described so far, their contri-
butions to the SER sensitivity go towards opposite directions. On
one hand, the ability of the PMOS to restore the state of the struck
cell is reduced at high T, due to the lower drive current, which has a
detrimental effect on the cell radiation sensitivity. On the other
hand, the cell speed is reduced at high T, which is beneficial for
the SER, since pulses injected by ionizing particles propagate more
slowly and the ion-induced spike is less likely to be latched. These
effects can be accounted for in the following formula [24]:

Qcrit ¼ Cn � Vdd þ tFLIP � IRESTORE ð4Þ

where Cn is the total capacitance of the struck node, tFLIP the flipping
time, and IRESTORE the restore current. Also Cn depends on T, since, for
instance, the size of the depletion regions varies, as we shall see
later.

Fig. 6 displays the simulated Qcrit of a memory cell as a function
of temperature and pulse duration. The current pulse injected into
the sensitive node is modeled through an exponential multiplied
with a power law [7]:

Ipulseðt; spulse;QÞ ¼
2ffiffiffiffi
p
p � Q

spulse
�
ffiffiffiffiffiffiffiffiffiffiffi

t
spulse

s
� exp

t
spulse

� �
ð5Þ

where spulse is the width of the current pulse and Q is the total
amount of injected charge. spulse has been varied to simulate the ef-
fect of current pulses with different durations, corresponding to
strikes in different locations, at different angles, etc. [4]. As observed
in Fig. 6, our simulations show a net decrease of the Qcrit for long
pulses, meaning that at high T the detrimental reduction in the
PMOS restore current overcomes the beneficial (from the SER stand-
point) reduction in the cell speed. The effect is less pronounced for
short pulses. From a circuit-only perspective (i.e., neglecting the
temperature impact of on the pulse amplitude, shape, and dura-
tion), we expect that the SER due to particles going through the
e of neutron-induced soft errors in SRAMs. Microelectron Reliab (2011),
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drain is less affected by T than that due to particles passing close to
the drain.

Fig. 7 shows the simulated dependence of the critical charge at
60 �C on the supply voltage. The impact of T is enhanced at high
voltage. This may explain our data (Fig. 3), where we observe an
enhanced temperature dependence at high supply voltage.

Our results are not restricted to these models. Indeed, we per-
formed the same simulations with parameter sets from other ven-
dors and belonging to different technology nodes and found
qualitatively the same dependences.

Besides MOSFET drive current, temperature also affects the
resistivity of the interconnects, further reducing the cell speed (this
is not considered in our simulations).
4.2. Radiation-induced current pulse

Temperature may affect the current pulse induced by the strik-
ing particle as well. Charge collection depends on several factors
related to the impinging particle (LET, energy, angle, secondary
particles), device structure (size, doping, etc.), and external circuit
(node impedance). To add more complexity, several charge trans-
port mechanisms are involved in determining an upset, from sim-
ple drift to ambipolar diffusion. It is almost impossible to
analytically account for all the different terms that determine the
charge collection in a struck cell, but we can capture the main
parameters which show a dependence on temperature.
Please cite this article in press as: Bagatin M et al. Temperature dependenc
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For strikes passing through the drain, charge is collected at a
sensitive node in two stages: drift and diffusion [19]. Roche et al.
[24] demonstrated that the peak of the drift current is expressed
by the equation:

I0 ¼ hlEfieldiLET ð6Þ

Since mobility decreases with T and the electric field Efield

weakly depends on temperature, the peak of the drift current de-
creases at high T. This has been both verified with 3-D simulation
tools [9] and experimentally observed in diode structures and in
inverters [10,11]. Also the LET varies with T, as the bandgap in-
creases with it, but the variation is modest.

The size of the depletion region is weakly affected by tempera-
ture. Indeed xd depends on the square root of the applied reverse
bias plus the built-in potential Vi, the last term determining the
temperature dependence to a first order. Calculating the depletion
width for a large range of conditions, we found that the DR only
marginally (<1%) shrinks at high T. Unless otherwise stated, in
the following the reported maximum percentage changes refer to
the 20–80 �C temperature range.

Funneling (which may not necessarily impact the SER [3]) de-
pends on the ratio between the mobility of holes and electrons,
le/lh [18,19] according to the equation proposed by Edmonds:

Qtot ¼ Qdrift 1þ le

lh

� �
þ Q diff ð7Þ

We studied the term le/lh as a function of temperature, using Eq.
(2) and its counterpart for electrons. For doping levels higher than
1018 cm�3, the ratio grows, whereas for lower levels, it either de-
creases or is non-monotonic in the considered range. In all cases
the variation is lower than 5%.

After the first prompt collection, charge can be collected by dif-
fusion in the vicinity of the depletion (and funnel) regions. Actu-
ally, diffusion may be the main driver for those strikes that do
not intercept the drain, which are the majority with secondary
byproducts of neutrons [4]. The width of the regions which can
provide electrons depends on the diffusion length, L ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
D� � s
p

where D� is the ambipolar diffusion constant, and s is the minority
carrier lifetime in the bulk p substrate.

D� increases or decreases with T depending on the doping level
(11% with N = 1018 cm�3, �9% with N = 1017 cm�3), according to
the following expression:

D� ¼ 2kT=q � leðTÞ � lhðTÞ
leðTÞ þ lhðTÞ

ð8Þ

The minority carrier lifetime s is determined by Shockley–Read-
Hall and Auger recombination, which both increase with T. The
e of neutron-induced soft errors in SRAMs. Microelectron Reliab (2011),
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Table 2
Factors impacting the SER temperature dependence.

Parameter T dependence Impact on SER Variation rangea Reference Main driver Description

LET � � <1.5% Eg Linear energy transfer
IDS ;; "" <20% lchannel MOSFET drain current
twrite "" ;; <8% lchannel Cell write time
I0 ;; ;; 10–20% ltrack Peak drift current
xd " " <2% Depletion region width
lfunneling "; � �3% to 3% le/lh Funneling length
Ldiff "; "; n.a. [23] D�, s Diffusion length
D� "; "; �7% to 11% (lelh)/le + lh Ambipolar diffusivity
s " " n.a. [10][20-23] SRH(T), Auger(T) Minority carrier lifetime

a Estimated variation for 180-nm technology, for substrate doping from 1016 to 1018 cm�3, in the temperature range 20–80 �C.
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net result is an increase in the diffusion length, but since there is no
consensus on the lifetime T dependence [20–22], no quantitative
estimate is possible.

In more scaled technologies, the temperature dependence of the
parasitic bipolar amplification should be considered as well.

4.3. SER versus temperature

As we have shown, temperature may impact the SER in many
different ways, by altering:

(a) the characteristics of the memory cells (in terms of write
speed and strength of the restoring device);

(b) the current pulse generated by the impinging particles
(affecting the transport properties of the charge generated
by radiation).

The most important parameters are summarized in Table 2. Our
analysis shows that there is no clear dominant factor. Some of the
terms we analyzed go in the direction of raising the sensitivity at
high temperature (transistor drain current); others have the oppo-
site effects (drift collection); and some others (ambipolar diffusion)
may increase or decrease the SER depending on substrate doping
and well engineering. This is confirmed by our experimental data,
which show either a SER increase or a slight decrease (Fig. 2).

5. Conclusions

We irradiated commercial SRAMs with thermal and wide-spec-
trum neutron beams, studying the impact of temperature on the
soft error rate. The experimental data, simulations, and analytical
modeling show that, depending on the device, temperature may
or may not increase the soft error sensitivity by a modest amount.
Circuit analysis and discussion of charge collection mechanisms
have shown that no dominant parameter exists, and that the tem-
perature dependence results from a complex mix of factors. Con-
trary to latch-up, it is not possible to identify a worst-case
condition with respect to temperature. Our data suggest that test-
ing at room temperature may result in underestimation of the ter-
restrial SER of less than 20% in the common operating temperature
range of commercial devices.
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