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Effect of temperature on heavy ion-induced single event transient
on 16-nm FinFET inverter chains
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The variations of single event transient (SET) pulse width of high-LET heavy ion irradiation in 16-nm-thick bulk sili-
con fin field-effect transistor (FinFET) inverter chains with different driven strengths are measured at different temperatures.
Three-dimensional (3D) technology computer-aided design simulations are carried out to study the SET pulse width and
saturation current varying with temperature. Experimental and simulation results indicate that the increase in temperature
will enhance the parasitic bipolar effect of bulk FinFET technology, resulting in the increase of SET pulse width. On the
other hand, the increase of inverter driven strength will change the layout topology, which has a complex influence on the
SET temperature effects of FinFET inverter chains. The experimental and simulation results show that the device with the
strongest driven strength has the least dependence on temperature.
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1. Introduction
As the gate oxide thickness, depletion layer width, and

channel length of semiconductor devices continuously shrink,
problems such as degradation of subthreshold characteristics
caused by the short-channel effect (SCE) are becoming in-
creasingly obvious. Especially as the feature size decreases
to nano-scale, the limitations of traditional planar technology
are becoming more and more prominent.[1,2] The emergence
of the fin field-effect transistor (FinFET) can well suppress the
SCE of traditional planar devices and gradually becomes the
mainstream device of nano-scale technology.[3] Most of the
state-of-the-art devices (14 nm/16 nm in feature size) use Fin-
FET technology.[4,5]

However, the influences of single event effects (SEEs)
on integrated circuits (ICs) fabricated with nano-scale Fin-
FET technology are severe due to their reduced critical charge
(Qcrit) and supply voltage.[6–8] The SEE tolerance perfor-
mance of advanced FinFET devices and ICs have become part
of the main factors restricting their applications in radiation
environments.[9] Therefore, the characterization and study of
the mechanisms of SEEs are crucial for the safety and relia-
bility of advanced FinFET devices used in space, near-earth
space, and nuclear radiation environments.

In addition, extreme temperature conditions exist in the

space environment. For instance, the average temperature of
Titan’s surface is only about 90 K,[10] while it is as high as
740 K for Venus.[11] Although the thermal control subsys-
tem can maintain the function of devices in a wide tempera-
ture range, these subsystems will increase the weight and re-
duce the effective load of the satellite.[12] Moreover, even with
a thermal control subsystem, some semiconductor devices’
working temperature of semiconductor devices is in a ranges
from 218 K to 418 K.[13] In such a wide temperature range,
the influence of temperature on SEEs must be considered.
In recent years, the study has intensely focused on the influ-
ence of temperature on SEE in semiconductor devices.[13–20]

Moreover, many researches have shown that temperature has
a strong influence on SEEs. For example, Farjallah et al.
evaluated the variation of Qcrit with temperature for 65-nm,
45-nm, 32-nm, and 22-nm bulk silicon CMOS technologies
in a temperature range from −50 ◦C to 150 ◦C. The SPICE
simulation results indicated that Qcrit decreases significantly
as temperature increases for 6T-SRAM and DICE units, the
calculated Qcrit changes 88.4% and 99.9% respectively.[21] In
2016, Zhang et al. characterized the soft error rate (SER) trig-
gered by α particles in 20-nm bulk silicon planar device and
16-nm bulk silicon FinFET technology at different tempera-
tures and power supply voltages. The test results showed that
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in the same temperature range, the SER of 16-nm FinFET
did not change significantly with temperature, while the SER
of the 20-nm planar device increases about twice at elevated
temperature.[22]

Three-dimensional technology computer aided design
(3D TCAD) is a commonly used simulation tool with good op-
erability and repeatability, and is useful in providing an insight
into the physical mechanisms of SEEs and is widely used in
the radiation effect research field.[23–25] Numerous heavy ion
irradiation tests and TCAD simulation results have shown that
the SET pulse width increases significantly with temperature
rising,[26–33] and the number of measured SETs also increases.
Cao et al. investigated the variation of SEE cross section with
temperature and frequency of 7-nm bulk silicon FinFET de-
vices for α particle incidence.[34] Because the SEE cross sec-
tion of the logic circuit is proportional to the SET pulse width
and the frequency, the slope of the SEE cross section increases
when the temperature rises to 85 ◦C, indicating that the SET
pulse width increases with temperature rising. However, there
is little research on the SET dependence of temperature, with
high LET heavy ions irradiating FinFET devices.

In this work, the variation of SET pulse width with tem-
perature for 16-nm bulk silicon FinFET inverter chains is fully
characterized by our detailed heavy ion with high LET value
irradiation tests. Furthermore, the 3D TCAD simulations were
used to investigate the impact of temperature on SET pulse
width and saturation current of 16-nm bulk FinFET inverter
chain in this paper.

2. Experimental setup
The device under test (DUT) was designed and fabricated

in a commercial 16-nm bulk FinFET process, with an IO volt-
age of 1.8 V and a core voltage of 0.8 V. It was packaged in
BGA-32 and the operating current was about 100 mA. The
specific information about the DUT is shown in Table 1.

Table 1. Characteristic parameters of inverters in SET test chip.

Inverter W (nm)/H (nm) Fins Drain area (cm2)

INV1 180/576 4 9.81×10−11

INV2 270/576 8 9.81×10−11

INV4 450/576 16 1.96×10−10

The INV1, INV2, and INV4 inverter chains were de-
signed to have the same threshold voltage but different current
driving strengths (different gate sizes) as shown in Fig. 1. The
active area of the N-type or P-type FinFET in the INV1 in-
verter was about 180 nm×109 nm, which is 67% of the INV2
and 40% of the INV4. The drain area of the N-type or P-type
FinFET in the INV1 inverter was about 90 nm×109 nm, the
same as that in INV2 but half that of the INV4. The densities
and distances of the well contact of these inverters were the
same to maintain the same well voltage.

Very early, Kaul et al.[35] and Buchner and Baze[36] cited
the SET pulse-width as a key factor determining the vul-
nerability of combinational circuitry. Gadlage et al.[37] also
pointed out that a key factor affecting soft-error rates is the
time duration of SET induced by heavy ions. The probabil-
ity of the transient falling with the setup-and-hold time of the
latch, leading to erroneous data storage in the latch, was di-
rectly proportional to the transient pulse width.[38] Because of
this critical dependence of soft-error rate (SER) on SET pulse
width, the experimental study focused on the temperature ef-
fect on SET pulse width. Based on the self-triggered SET cap-
ture and pulse width measurement technology,[39] each output
was connected to a pulse width measurement circuit, the mea-
surement range was increased by up to 3.12 ns, and the pulse
width resolution was 26 ps.

Fig. 1. FinFET inverters with different driving strengths. (a) INV1, (b)
INV2, and (c) INV4.

Fig. 2. Photos of heavy ion irradiation experiment: (a) DUT, (b) sample
holder and DUT, (c) SET test system and temperature measurement and
control system.

The heavy ion irradiation test was carried out on the
SEE facility of the Heavy Ion Research Facility in Lanzhou
(HIRFL). The ion used in the test was Xe with the initial
energy of 19.5 MeV/u. The residual energy of the Xe ion
was 1870.3 MeV when it reached the surface of DUT af-
ter passing through a scintillator detector with a thickness of
12.5 µm, a titanium window with a thickness of 14.7 µm,
and 50-mm thick air. The DUT is in flip-chip packing. Af-
ter Si substrate thinning, there was a 50-µm thick silicon layer
on the sensitive area of DUT. The energy of the Xe ion was
1230.0 MeV when it reached the sensitive region with an LET
of 60.0 MeV·cm2/mg, which has a range of 89.8 µm in silicon.
It was found that the current of the chip increases with the tem-
perature rising during the preparation (this phenomenon was
not observed in uncapped devices). When the temperature of
DUT exceeded 50 ◦C, the chip’s current increased to ampere
level, causing the DUT to burn out. Therefore, the DUT was
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irradiated at room temperature (25 ◦C), 40 ◦C, and 47 ◦C. The
total fluence was accumulated to 107 ions/cm2 for each mea-
surement during irradiation to obtain sufficient statistics. The
photos of the heavy ion irradiation experiment are shown in
Fig. 2.

3. Experimental results and discussion
The SET distribution of INV1, INV2, and INV4 for Xe

ion irradiation are shown in Figs. 3–5, respectively. The pa-
rameters of SET generated in INV1, INV2, and INV4 are
given in Tables 2–4. The histograms in Figs. 3–5 show the dis-
tributions of the experimentally measured SET pulse widths,
and the dotted curves show the Gaussian distributions of their
fittings, respectively. It can be seen that the peak pulse width
of INV1, INV2, and INV4 at elevated temperature are all
greater than their corresponding peak pulse widths at room
temperature. For INV1 and INV2, their average pulse widths
at 47 ◦C are the largest, but for INV4, the average pulse width
is almost unchanged with temperature. The maximum pulse
width of the INV1 inverter chain increases with temperature
rising, the maximum pulse width of the INV2 does not change
with temperature, and the maximum pulse width of the INV4
decreases with temperature increasing. For all three inverter
chains, the total number of SET changes litter with temper-
ature, which means that the SET cross sections of these three
different inverter chains do not change with temperature. It can
also be seen that the SET cross section of INV1 and INV2 are
roughly the same, meanwhile the SET cross section of INV4
is about twice that of INV1 and INV2. As mentioned above,
the drain area of the N-type or P-type FinFET in the INV1 in-
verter is the same as that of INV2 and half that of the INV4,
which is consistent with the experimental result.

Tables 2–4 suggest that the average SET pulse wide of
INV1 is larger than that of INV2 at room temperature (RT).
As is well known, the SET pulse width induced by heavy ion
in the inverter chain is affected by two factors: the collected
charge in sensitive volume (SV) and the saturation current of
the device. The larger the collected charge, the larger the SET
pulse width is; the larger the saturation current, the narrower
the SET pulse width is. The drain area of INV2 is the same as
that of INV1, but the channel width of INV2 is larger than that
of INV1. The saturation current of the INV2 inverter is twice
that of INV1, which is the leading cause for a smaller average
SET pulse width of INV2 relative to that of INV1. The aver-
age SET pulse width of INV4 is the largest. As is known, the

INV4 has the strongest driving capability, but the drain area
of INV4 is twice that of INV2 and INV1, which will double
the maximum charge collection. These two factors compete
with each other, resulting in the maximum average SET pulse
width of the INV4 inverter.
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Fig. 3. SET pulse width distributions of the INV1 inverter chain for Xe ion
irradiation at different temperatures.
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Fig. 4. SET pulse width distributions of INV2 inverter chain for Xe ion
irradiation at different temperatures.
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Fig. 5. SET pulse width distributions of INV4 inverter chain for Xe ion
irradiation at different temperatures.

Table 2. Detailed results of SET generated in INV1 inverter chain.

Temperature (◦C) Total SET
Minimum pulse Maximum pulse Peak pulse Average pulse Standard SET cross section

width (ps) width (ps) width (ps) width (ps) deviation (ps) (10−10 cm2/gate)

RT 39 52 182 130 129 30 2.77

40 35 52 364 130 125 51 2.49

47 44 78 390 156 151 55 3.13
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Table 3. Detailed results of SET generated in INV2 inverter chain.

Temperature (◦C) Total SET
Minimum pulse Maximum pulse Peak pulse Average pulse Standard SET cross section

width (ps) width (ps) width (ps) width (ps) deviation (ps) (10−10 cm2/gate)

RT 27 26 182 130 94 46 1.92
40 25 52 182 130 126 32 1.78
47 31 52 182 182 149 39 2.20

Table 4. Detailed results of SET generated in INV4 inverter chain.

Temperature (◦C)
Total SET Minimum pulse Maximum pulse Peak pulse Average pulse Standard SET cross section

width (ps) width (ps) width (ps) width (ps) deviation (ps) (10−10 cm2/gate)

RT 67 26 442 156 162 57 4.76
40 67 52 312 182 164 44 4.76
47 63 52 234 182 171 35 4.47

The peak pulse width and average pulse width at elevated
temperature are larger than those at room temperature, indicat-
ing that the SET pulse width increases with temperature rising,
which is due to the parasitic bipolar amplification effect of the
device. The driving strength of INV2 FinFET inverter is twice
that of INV1, resulting in the average pulse width of INV1 at
room temperature being greater than the average pulse width
of INV2, but at elevated temperatures (40 ◦C and 47 ◦C), the
average pulse width of INV1 and INV2 are almost the same,
this means that the drive strength induces the decrease of SET
pulse width, and the increase of pulse width caused by the
temperature rising are competitive. The INV4 inverter has the
largest sensitive area, in consequence, the number of SET gen-
erated in the INV4 inverter chain is the largest, that is its SET
cross-section is the highest. However, the INV4 inverter has
the largest driving strength at the same time. The competition
between the driving strength and temperature leads the SET
average pulse width of INV4 almost not to change with tem-
perature.

4. TCAD simulations

4.1. Simulation model establishment

A 3D TCAD model of 16-nm bulk FinFET NMOS and
PMOS transistors is shown in Fig. 6. The TCAD model of the
FinFET device was calibrated according to the 16-nm FinFET
PDK library. High-K and metal gate (HKMG) model were
used to improve the control of the gate to channel. Strained sil-
icon technology was also used, and the strained materials em-
bedded in NMOS and PMOS were SiC and SiGe, respectively.
Unlike the planar bulk silicon process, the FinFET technology
adopted a lightly doped or even undoped channel to reduce the
influence of the random fluctuation of doping in the channel
region during device fabrication and significantly improve the
carrier mobility. The doping concentration was 2×1020 cm−3

in source/drain and 1×1017 cm−3 in the channel.

Fig. 6. TCAD model of 16-nm FinFET device.

The inverters INV1, INV2, and INV4 were the same
as those used in the irradiation tests, including their thresh-
old voltage and different current driving capabilities (different
gate dimensions). As shown in Fig. 1, the NMOS transistor
of INV1 had one fin, and the PMOS transistor of INV1 had
four fins, the NMOS and PMOS transistor of INV2 had two
fins and eights fins, respectively, and the NMOS and PMOS
transistor in INV4 had four fins and sixteen fins, respectively.
As mentioned above, the current driving capability of INV4
was twice that of INV2, and INV2 was twice that of INV1.
The drain size for both the NMOS and PMOSin INV1 was
∼ 90 nm×109 nm, which is the same as that for the INV2,
but half that of the INV4. In order to maintain the same well
voltage, the density and distance of the well contact of these
three inverters were the same. The design parameters of INV1,
INV2 and INV4 used in the SET simulation are shown in Ta-
ble 1.

For the 16-nm bulk FinFET inverter, the supply voltage
VDD was 0.8 V, the entire simulation time was 300 ps, and the
heavy ions were incident normally at 100 ps. The LET of ion
used for simulation was 60 MeV·cm2/mg. The heavy ion ir-
radiation position was uniformly arranged from the source re-
gion to the drain region of the FinFET inverter, and the space
between the two positions was 30 nm.

4.2. Simulation results and discussion

The SET pulse width distributions are shown in Table 5.
For INV1 and INV2, the maximum pulse width occurs when
heavy ion irradiates the center of the gate, and the gate and

046101-4



Chin. Phys. B 32, 046101 (2023)

drain region are both SET sensitive regions. The closer to the
source region, the lower the sensitivity is. However, for the
INV4, the source region exhibits a similar SET sensitivity to
the drain region. This is because of the topology of INV4 as
shown in Fig. 1, INV4 has several adjacent drain regions sep-
arated by source regions, the source region between two adja-
cent drain regions is also sensitive to SET as the drain region.
This is due to separated drain regions that can collect more
adjacent deposited charges.

Table 5. SET pulse width distributions in inverters with different gate areas.

Inverter
Minimum Maximum Average pulse Standard

pulse width (ps) pulse width (ps) width (ps) deviation (ps)

INV1 57.44 127.35 102.98 21.23
INV2 32.25 75.88 61.76 12.89
INV4 19.87 62.76 48.91 13.01

Table 5 shows that the minimum, maximum, and aver-
age pulse width of INV1 are all the largest, while those values
of INV4 are the fewest. These results are different from ex-
perimental results. This is due to the fact that the incident
heavy ion determines the location during TCAD simulation,
and the number of statistics is small. For the heavy ion irradi-
ation experiment, the location where the heavy ion is incident
is random. Another possible reason is that there is only one
device in the well for TCAD simulation, while for the real
device, there are several devices (not only INV4, also other
inverters and logical devices) in the same well, charge sharing
will occur between different devices when irradiated by ions,
the quantity of charge collected depends on the sensitive area
of device. The INV4 has the largest sensitive area, more than
twice that of INV1, results in the largest SET pulse width.

The simulated SET pulse width for heavy ion incident in
the center of INV1, INV2, and INV4 NMOS transistor gate as
a function of temperature are shown in Fig. 7. It can be seen
that the SET pulse width increases with temperature increas-
ing, which is consistent with the enhancement of the parasitic
bipolar amplification effect of bulk silicon devices at elevated
temperatures as discussed below. Figure 8 shows the variation
of the saturation current of INV1, INV2, and INV4 NMOS
transistors with temperature, exhibiting that the saturation cur-
rents decrease with temperature increasing, and also leading
the SET pulse width to increase with temperature increasing.

The transient current can be qualitatively described by a
simple equation, and given below:[40]

i(t) =−eNµ
′E0

(
e−µ ′E ′t − e−β t), (1)

where N is the total collected charge, E0 is the maximum elec-
tric field, β is the track formation time constant, µ ′ is an aver-
age mobility function which describes the mobility transition
from ambipolar to normal carrier transport and expressed as

µ ′ = (1/2)
(
µn +µp

)
F (E), where µn and µp are the electron

mobility and hole mobility, respectively, and F(E) is a cor-
rection factor.[41] It can be seen intuitively from Eq. (4.1) that
the carrier mobility has a direct effect on the SET pulse width.
With temperature increasing, the lower mobility results in a
decreased drift velocity and a longer pulse width. This conclu-
sion is confirmed by experimental and simulation results, ex-
cept for the experimental results of INV4. This is because the
scaling down in feature size from bulk silicon planar to Fin-
FET processes complicates the understanding of device SET
vulnerability.
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Fig. 7. Variations of SET pulse width with temperatures, with heavy ions
incident on the center of gates of NMOS devices with different gate sizes.
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The parasitic bipolar amplification effect depends on
equivalent access resistance and the calculated source
current.[42] The resistance between the base of the bipolar tran-
sistor and the N-well contact (named RNW) can be described
by the following equation:[43]

RNW ∝
1

qnµ
. (2)

It can be seen from Eq. (2) that since the mobility µ decreases
with temperature increasing, the RNW increases with tempera-
ture increasing. According to Ohm’s law, when the I–R drop is
the same, the majority carrier current to the N-well contact can
be smaller. We have already known that the charges generated
by the ion incidence is constant, the smaller N-well contact
current means that the current to the N-well can last a longer
time, hence the parasitic bipolar transistor can be turned on
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for a longer time, and the parasitic bipolar effect is enhanced,
resulting in longer SET pulse width.

According to the experimental results listed in Table 2
to Table 4, the experimentally measured average pulse width
of INV1 and INV2 both increase with temperature increasing,
but the influence of temperature on the SET pulse width of
INV1 is much smaller than that of INV2, this is because the
changing of saturation current with the temperature of INV2
is more significant. Linear fittings are performed on the sat-
uration current charge curves of INV1, INV2, and INV4 as
shown in Fig. 8, and the slopes of the INV1, INV2, and INV4
curves are −1.18× 10−7, −3.32× 10−7, and −6.85× 10−7,
respectively.

Although the INV4 saturation current changes most with
temperatures, the measured SET pulse width of INV4 almost
does not change with temperatures. This is because the INV4
has the largest sensitive area and the strongest driving capabil-
ity, these two factors compete with each other so that the tem-
perature has almost no influence on the SET pulse width. As is
well known, the SET width is directly related to the charge col-
lection and the saturation current of the transistor. According
to the experimental results, the charge collection dominates the
SET pulse width of INV4, and simulation results (as shown in
Fig. 9) indicate that the collected charge almost has no change
with temperature increasing. Although the trend of the simu-
lated SET pulse width as a function of temperature is different
from that of experimental results, the variation of SET pulse
width with the temperature of INV4 is also the smallest ac-
cording to the simulation result.
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5. Conclusions
This work has investigated the SET induced by high LET

heavy ion irradiation on 16-nm bulk silicon FinFET inverter
chains with different gate areas at different temperatures. Ex-
perimental results indicate that the parasitic bipolar effect of
bulk silicon device will be enhanced by increasing tempera-
ture, resulting in an increase in the SET pulse width, but the
increase of inverter driving strength will change the layout

topology of the device, which will have a complex influence
on temperature response of bulk FinFET inverter chain. As a
result, the SET pulse width of the device with strong driven
strength almost does not change with temperatures. The 3D
TCAD simulation results show that the saturation current of
FinFET devices decreases as temperature increases, leading
the SET pulse width to increase with temperature rising. The
heavy ion ionization-induced charges are known to increase
with temperature increasing. Therefore, the SET pulse width
increases with temperature increasing. Besides, the simulation
result also shows that the SET pulse width of the device with
the strongest driven strength has the least dependence on tem-
peratures. These results are important for designing the elec-
tronic circuits based on FinFET technology in hope of being
workable at higher temperatures (higher ambient temperature
or higher device temperature due to the device’s self-heating
effect).
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