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ABSTRACT The heavy-ion analysis is a single-event-effect (SEE) that produces a single-event-transient
(SET) pulse of current. In this work, the analysis was done to observe the maximum impact of heavy-ions
on a calibrated double-gate tunnel field-effect transistor (DG-TFET) taken as a device under test (DUT).
The impact of heavy-ions on DG-TFET is compared with the previous work done for different TFETs. The
ions are directed to strike vertically at five different positions; source, source-body junction, body, drain-body
junction, and the drain region of DG-TFET. The analysis is done by observing the heavy-ion generation rate,
heavy-ion charge density, and transient current for the strike of the ion at different locations on the DUT and
at different linear energy transfer (LET) values with the help of physics-based numerical simulation. In the
study, a detailed analysis of the transient current due to a heavy-ion strike in the body region is reported,
and this transient current is compared with the existing reported data for different FETs. Bipolar gain of
the device is also observed for a heavy-ion strike in the body region, which is an important parameter for
analyzing SEE. The findings in this study can give a new insight into SEE in TFET devices and can also
provide guidelines for radiation-hardened applications for TFET-based circuits.

INDEX TERMS Tunnel FET, heavy-ion irradiation, single-event-effects, transient analysis, bipolar gain.

I. INTRODUCTION
Switching is a key feature of field-effect transistors (FETs)
and, because of having a better switching speed than bipolar
transistors, metal-oxide-semiconductor (MOS) technology
has ruled over the semiconductor industry for many decades.
Metal-oxide-semiconductor FETs (MOSFETs) were a rev-
olution for the semiconductor industry, as now many low-
power applications are based on this. However, the era of
MOSFET is tending to an end as the technology moves
towards the nanoscale from the microscale. Thus, the search
for a new device that extends low-power circuit applications
further is on. Tunnel FET (TFET) is a device that can replace
the MOSFET because it has the advantage of overcoming
the issue of short-channel effects (SCEs) occurring in the
MOSFETs [1], [2], [3], [4], [5], [6].
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Due to the band-to-band tunneling (BTBT) mechanism,
TFET achieves subthreshold-swing (SS) below 60 mV/dec
and low subthreshold leakage current, which makes it a
promising candidate for low-power applications [5], [6], [7].
TFET has a high ON-current to OFF-current ratio as well,
which makes it highly recommendable for low-power appli-
cations and suitable for space electronics [8].

Semiconductor industries working on space electronics
have a big concern of radiation in space. Radiation induces
soft errors in the devices, which impacts the reliability of
integrated circuits [9], [10]. Among different radiations,
heavy-ion irradiation is found more in the space where
artificial satellites are placed [9]. Heavy-ion irradiation is
a single-event effect (SEE) that causes soft errors in the
device. A heavy-ion loses energy and generates a stream of
electron-hole pairs when it penetrates a device. The generated
additional electrons and holes cause an instant large current
to switch the logic state of a device [11].
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The impact of heavy-ion irradiation is analyzed in various
FETs through various parameters in [12], [13], [14], [15],
[16], [17], and [18]. In [12], the simulation study was done
to analyze the sensitivity of the fully depleted SOI-MOSFET.
The study shows that with the increase in heavy-ion energy,
the bipolar gain of the transistor decreases; this analysis is
done through the calculation of collected charge during and
after the incident of heavy-ions. In [13], various radiation
sources and their mechanisms are discussed. It is found that
SEE is an instantaneous effect and can cause a large impact
on the device. The impact of heavy-ions on SOI devices is
also observed in [14] and [15] by calculating drain collected
charges. The study is done through transient response for SEE
in SOI like bulk MOSFET [16] and in Si-nanowire FET [17].
In [17], the considered device heavy-ion incident is taken
at the channel/drain junction, and the detrimental impact is
observed on CMOS inverter characteristics. In [18], the single
event of multiple transient structures is proposed to analyze
the impact of heavy-ions, and their result shows that the
charge sharing can impact three transistors at most.

It is observed that the collected charge is one of the most
important parameters to analyze the impact of heavy-ions on
the devices under test (DUT). In this work, the focus has
been put on the collected charge and the transient current
of the DUT. As the TFET emerges as a promising candidate
for low-power electronics and by over serving the immense
impact of heavy-ions on space electronics, the impact of
heavy-ions on various characteristics of the TFET is con-
ducted by transient simulation in the Sentaurus TCAD tool
[11]. In [19] and [20], the studies are done on an effective
ion-track model as the energy deposition and e-h pair gen-
eration happen around the track. The three different ways
to model the ion track are discussed, in which the event-
by-event approach is found to be more accurate than the
other approaches. However, the focus is given to increas-
ing the accuracy of the average approach by defining ion-
track dependency on the radial distance parameters. With the
shrinking size of devices, the calculation of the spatial and
temporal track structure of an ion has become important [21].
In the Sentaurus heavy-ion model, both the track structures
are considered.

Sentaurus heavy-ion model has a radial distribution of
energy in its heavy-ion physics model and it is defined
by defining the spatial distribution in the physics of the
heavy-ion model [11], [28]. The analysis also includes total
charge density and instant generation rate caused by heavy-
ions, known as heavy-ion charge density and heavy-ion
generation rate, to analyze the heavy-ion effects. First, the
analysis is carried out to find the most sensitive region in
the device against heavy ions by striking the heavy-ion at
different locations of the DUT, and thereafter the detailed
analysis is done for the most sensitive region for different
linear energy transfer (LET).

Key points of this work are-
1. Heavy-ion impact is analyzed by using a physics-based

numerical simulation model of Sentaurus TCAD.

2. All the possible sensitive locations have been observed for
the analysis of the impact of heavy-ion.

3. Among all the locations, the body region is found to be the
most sensitive and so the detailed analysis is done for the
strike of heavy-ion at different LETs.

4. Maximum observed transient current for different LETs
and the corresponding collected charge is discussed in the
report.

5. Bipolar gain is calculated for different LETs when
heavy-ion strikes at the body region.

II. DEVICE DESCRIPTION AND HEAVY-ION
SIMULATION METHODOLOGY
A. DEVICE DESCRIPTION AND VALIDATION
To analyze the impact of heavy-ions in TFETs, all-silicon
double-gate nTFET (DG-nTFET) is taken as a DUT. To val-
idate the DUT of this work, a 2 µm gate length TFET model
is used from [22], and the calibrated graph is shown in
Fig. 1(b). The TFET model of 2 µm is considerable because
the tunneling current is independent of the gate length [23],
[24], it depends on tunneling width. The device has achieved
0.05 µA/µm ON-current at Vd = 0.6 V at 300 K. The

FIGURE 1. (a) 3-D schematic of the simulated Si DG-nTFET device, and
(b) Comparison of transfer characteristics of simulated and experimental
TFET at Vd = 0.6 V.
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physical parameters of the DUT are: gate length (Lg) =
20 nm; effective oxide thickness (EOT)= 1 nm; and channel
thickness (TSi) = 10 nm. The structure of DG-nTFET is
shown in Fig. 1(a). The doping in the regions are, Drain
doping (n-type) = 5× 1018 cm−3; Source doping (p-type) =
1 × 1020 cm−3; Channel doping (n-type) = 1 × 1017 cm−3.
The source, channel, and drain regions are uniformly doped.
In the calibrated model, the reduced tunneling mass (mr ) is
used as a fitting parameter to get the prefactor (Apath) and
exponential factor (Bpath) for generation rate in non-local
BTBT. Molybdenum (workfunction = 4.53 eV) is used as a
gate metal.

As the generation and recombination parameters govern
the characteristics and performance of the device, 3-D device
simulations are performed with two recombination models:
the Shockley-Read-Hall (SRH) recombination model and
the Auger recombination model. The Auger recombination
model is used to model the loosely bound electron-hole pairs
at lower carrier densities. The Philips unified mobility model
proposed by Klaassen is used in this study. The Philips
mobility model unifies the description of screening of ionized
impurities by charge carriers, electron-hole scattering, major-
ity and minority carrier bulk mobilities, and temperature
dependency. To account the high doping concentration, the
Fermi-Dirac statistic model is used along with the high-field
velocity saturation and the bandgap-narrowing models of
Sentaurus TCAD [11]. The tunneling current is estimated
using Kane’s BTBT generation model [5], which is given by
the equation:

Id ≈ TP ≈ Apath exp
(
−BpathW1.5

t

)
(1)

where, Id is the drain current, TP is tunneling probability,Apath
andBpath are Kane’s pre and exponential factors, respectively.
Wt is tunneling barrier width which controls the ON-current.
Kane’s BTBT generation model [11] is defined by-
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where, NTA, DTA and εTA are the occupation number, defor-
mation potential and the energy of the transverse acoustic
phonon, respectively; ρ is the mass density; mc(mv) is the
CB (VB) density of states effective mass; q is the elementary
charge; h is Planck’s constant; g is a degeneracy factor; mr is
the reduced tunneling mass, and Eg is the minimum bandgap.

B. HEAVY-ION SIMULATION
The process flow of the heavy-ion simulation study is shown
in the flow graph in Fig. 2. The DUT is taken for the study

FIGURE 2. Process flow of simulation study of impact of heavy-ion in
DG-nTFET.

is DG-nTFET, shown in Fig. 1(a), the device is well cali-
brated with [22] and the meshing strategy follows [25] for
the precision in the analysis. As the radiation is known for
switching the device from OFF-state to ON-state, the next
step of the process device is biased in the OFF-state. In the
biasing strategy, drain voltage (Vd ) is taken to 0.5 V and gate-
to-source voltage (Vgs) is set to zero along with the body.
The transient analysis is carried out in this work due to the
impact of heavy-ion radiation being dependent on the time
of the incident and the time that heavy-ions take to cross the
device. The next step in the simulation study is the strike of
heavy ion at different positions in the device and finding the
most sensitive position against heavy ions.

This work is analyzing the impact of heavy-ion strikes
on DG-TFET for maximum impact. In Table 1, max Id and
QC are shown with the TFETs from the published data in
[5], [15], [26], [27] and [36] for DUTs in the OFF-state at
Vgs = 0 V. All the TFETs taken for heavy-ion impact analysis
have a 0.5 V drain voltage except for the TFET of literature
[27] which has a Vds of 1.5 V. The LET of heavy-ions which
strike on tabulated DUTs is 10 MeV-cm2/mg. It shows that
the DUT of this work has the maximum impact on heavy-ions
compared to the tabulated TFETs.Maximum collected charge
means heavy-ion creating a greater number of electron-hole
pairs in the device and rise in the potential; due to this the
SET immunity also decreases.

TABLE 1. Observed maximum transient drain current and collected
charge for DUTs from previous works [5], [15], [23], and [24] and this work
when heavy-ion strikes at LET = 10 MeV-cm2/mg for devices in OFF-state.
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While defining the heavy-ion model, the compatibility
of ion-track radius and the corresponding LET values should
be verified and also the radius should be defined in such
a way that it would cover the sensitive area/location of the
device. Hence, in this study, the physics of the heavy-ion
incident is incorporated into the device through the heavy-ion
model of Sentaurus TCAD [11] in such a way that it would
have properties close to real heavy-ions. The position of the
strike of heavy-ions is shown by arrows in Fig. 3. A total of
5 different positions of the heavy-ion strike have been taken in
this report; source region, source-body junction, body region,
drain-body junction, and drain region. The ions are directed
to strike vertically at x-coordinates; 5, 10, 20, 30, and 35 nm
as shown in Fig. 3. 3-D device simulations are performed for
the analysis of the impact of heavy-ions, and the meshing in
the device is designed in such a way that the mesh spacing
is small compared to the width of the ion-track to ensure
accurate generation.

FIGURE 3. The x-coordinates of different heavy-ion tracks considered in
the simulations.

The analysis of the impact of heavy-ions is done through
heavy-ion carrier generation in the device and the heavy-ion
charge density, which is the next step. The ion-generation rate
(Grion) in the device is caused by a heavy-ion strike and is
calculated by the mathematical expression [11], [28]:

Grion(l, r, t) = GrLET(l) Rion(r, l) Tion(t) (5)

where, GrLET is the linear energy transfer generation den-
sity in pairs/cm3 and its simplified equation is given in (6)
by considering the default values of coefficients for carrier
generation [11]. Rion and Tion are functions for spatial and
temporal distributions of the generation rate respectively. The
distribution of heavy-ion carrier generation is taken to be
Gaussian in this study. So, the spatial and temporal distri-
butions are defined by the Gaussian function as given in
(7) and (8).
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1

πr20
LET_f (l) (6)

Rion(r, l) = exp

(
−

(
r
r0

)2
)

(7)

Tion(t) =
2 exp

(
−

(
t−t0√
2w0

)2)
√
2w0

√
π
(
1+ erf

(
t0√
2w0

)) (8)

LET_f is defined in pC/µm in the heavy-ion model by men-
tioning the keyword PicoCoulomb in the physics section. The
variable r is the perpendicular radius distance from the ion
track and the variable t is the time, while r0 and w0 are the
characteristic values of the Gaussian function. The ion strike
is modeled using Gaussian radial distribution with 10 nm
characteristics radius [17], Gaussian time distribution is set
to center at 20 ps with characteristics width of 2 ps [15], [31].

The next step is the observation of transient drain current;
the transition of e-h pairs in the sensitive volume of the device
forms the transient current pulse. This pulse of current is
also known as a single-event transient (SET) pulse. The final
analysis is done by calculating the collected charge on the
device. The collected charge is obtained by the integration
of simulated transient drain current over transient time, given
in (9).

QC =

∫ t

0
Iddt (9)

Qc is the collected charge in the device and Id is the transient
drain current.

From the step of ion-strike, the process is repeated for
six different LET values; LET = 1, 4, 7, 10, 14, and
20 MeV-cm2/mg, which are considered for the worst case
scenario following [21], [32], [33], [34], [35], and for which
the results are analyzed and discussed in the next section.

III. RESULTS AND DISCUSSION
A. ION STRIKES AT DIFFERENT POSITIONS
In this section, we have first analyzed the impact of
heavy-ions at different positions for the highest LET
(i.e. 20 MeV-cm2/mg), and then the analysis is done for
the position at which transient impact is most sensitive.
Ion strikes at different positions are considered between the
source (x = 0 nm) and the drain (x = 40 nm), as shown in
Fig. 3.

The Gaussian distribution of heavy-ion generation in
the device is shown by the x-z cross-sectional view in
Fig. 4(a), (b), (c), (d), and (e) at all the positions for
LET= 20 MeV-cm2/mg. It can be seen in the cross-sectional
figures of Fig. 4 that the ion generation is maximum at the
position where an ion strikes, and after that, it follows a
Gaussian distribution. The maximum ion generation when
ion strikes in the source and drain regions is of a lower value
of order 1032 cm−3sec−1, and for the other positions, it is
of the higher value of order 1032 cm−3sec−1, the highest for
the body region. Due to the heavy-ion strike and the ion
generation, charge density in the device also varies and justi-
fies the heavy-ion generation rate. As the variation in charge
density is caused by heavy-ions, so it is called heavy-ion
charge density. The variation in the heavy-ion charge density
is shown in Fig. 5, this also follows Gaussian distribution
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FIGURE 4. Showing x-z cross-sectional view of the device for heavy-ion
generation rate at different positions for LET = 20 MeV-cm2/mg;
(a) source region, (b) source-body junction, (c) body region,
(d) drain-body junction, and (e) drain.

FIGURE 5. The variation in the heavy-ion charge density is shown with
respect to position for ion strikes at different positions at LET = 20
MeV-cm2/mg.

same as heavy-ion generation and achieved the peak at the
position where ion strikes.

Ionized e-h pairs are collected along the ion track when
a heavy-ion strikes and passes through the sensitive vol-
ume of the device. And when this collected charge exceeds
the critical charge, the logic state of the device changes
from OFF-state to ON-state. Figure 6 shows the pulses
of transient current for different positions of ion-strike at

FIGURE 6. The variation in the transient drain current is shown for
different positions at LET = 20 MeV-cm2/mg with respect to time at 0.5 V
drain voltage.

LET= 20MeV-cm2/mg. The analysis is done for 0.5 V drain
voltage (Vd ) and zero gate-to-source voltage (Vgs), the device
with this biasing works in the OFF-state. The observed spike
in the drain current is for around 12ps and the peak is achieved
at 20ps when an ion penetrates the device. The maximum
drain current is observed for position x = 20 nmwhen the ion
strikes the body region, and it is approximately 188 µA. The
minimum drain current is observed for position x = 5 nm, for
the source region. Similar to the observed drain current, the
maximum charge is collected when the ion strike at position
x = 20 nm and theminimum charge at position x= 5 nm. The
collected charge is calculated by (8), and the graph is shown
in Fig. 7.

FIGURE 7. The collected charge in the device is shown for different
positions with respect to time at LET = 20 MeV-cm2/mg.

It is observed from the drain current graph that
the body is the most sensitive to the heavy-ion for
LET = 20 MeV-cm2/mg. So, further, it becomes important to
analyze the variation in the drain current for different LETs
at different positions, as shown in Fig. 8. The marked area
with a circle in Fig. 8 shows the drain current for an ion strike
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FIGURE 8. Variation in maximum drain current for different LETs when
heavy-ion strikes at different location at DG-TFET.

at the body region, and it is observed that the increment in
drain current with an increase in LET is greater for position
x = 20 nm as compared to the other positions. So further,
in this report, the analysis and discussion are done for ion
strike at the body region at different LETs through heavy-ion
generation, charge density, transient drain current, collected
charge, and the bipolar gain.

B. SENSITIVITY WHEN ION STRIKES AT BODY REGION
The Gaussian distribution of heavy-ion generation in the
device is shown by the x-z cross-sectional view of the investi-
gated device in Fig. 9 for different LETs. The variation in the
ion-generation for LET= 1, 4, 7, 10, 14, and 20MeV-cm2/mg
is shown in Fig. 9(a), (b), (c), (d), (e), and (f), respectively.
It can be seen in the cross-sectional figures of Fig. 9 that
the ion generation is maximum at the position where the ion
strikes, similar to the previous discussionmade for Fig. 4. The
variation in the heavy-ion charge density is shown in Fig. 10,
this also follows a Gaussian distribution, which it should be,
and the peak is at the center of the body region.

FIGURE 9. Showing x-z cross-sectional view of the device for heavy-ion
generation at different LETs (MeV-cm2/mg); (a) 1, (b) 4, (c) 7, (d) 10,
(e) 14 and (f) 20.

In Fig. 11, the variation in the potential of the device
due to heavy-ions is observed for different LET values.

FIGURE 10. The variation in the heavy-ion charge density is shown with
respect to position for different LETs.

FIGURE 11. Impact of heavy-ion on potential is shown with respect to
position for different LET values of heavy-ion.

For LET = 1, 4, and 7 MeV-cm2/mg the impact is small,
which is also observed as the impact of heavy-ions for
heavy-ion generation and heavy-ion charge density. For
LET = 10 MeV-cm2/mg, the increase in channel potential is
observed as the electron-hole pairs are generating more in
this region. However, for LET = 14, and 20 MeV-cm2/mg
the large impact on potential at the source region is observed
along with the channel region. This is because, with an
increase in LET values, the heavy-ion generation rate expands
towards the source, which eventually increases the heavy-ion
charge density in the source region as compared to the lower
LET values. Although heavy-ion charge density in the source
is still low as compared to the channel, which causes the shift
of the depletion region towards the source region, and this
increases the potential in the source region along with the
channel region.
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FIGURE 12. The variation in the transient drain current is shown for
different LETs with respect to time at 0.5 V drain voltage.

Figure 12 shows the pulses of transient currents for various
LETs. The analysis is done for 0.5V drain voltage (Vd)
and zero gate-to-source voltage (Vgs). The device with this
biasing works in the OFF-state. The observed spike in the
drain current is for around 12ps and the peak is achieved
at 20 ps. The maximum SET current for all LET values is
shown in Fig. 13. For the lowest LET = 1 MeV-cm2/mg,
the maximum transient current achieved is 9.89 µA. For the
higher value of LETs; 4, 7, 10, 14 and 20, the maximum
transient current achieved are approximately 40 µA, 70 µA,
103 µA, 133 µA and 188 µA. The variation in the transient
is due to the collected charge in the device after ion-strikes,
higher the LET value, higher the transient current.

FIGURE 13. Maximum transient drain current is shown for different LETs.

Different SET currents are achieved for different LET and,
through that, the charge is collected in the device after ion

strikes. It is shown in (8) and the plotted graph is shown in
Fig. 14 for different LET values.

FIGURE 14. The collected charge in the device is shown for different LETs
with respect to time.

The collected charge in the device depends on the amount
of linear energy transferred in the device radially through the
strike of ion. By the graph of Fig. 14, the collected charge can
be divided into two regions: exponential and saturation. The
higher the energy dropped in the device by an ion, the higher
the saturation value of the collected charge in the device.
The comparison of a few observed parameters for different
LETs has been shown in Table 2. It can be concluded that the
collected charge in the device approximately doubles as the
heavy-ions energy doubles. The same pattern is observed for
heavy-ion charge density and the transient drain current.

TABLE 2. Heavy-ion charge density, maximum transient current, and
collected charge are reported for different linear energy transfer values.

Another parameter that is calculated to analyze the impact
of heavy-ion is bipolar gain (β). It is the amplification of
charge deposited in the device when a heavy-ion strikes. It is
defined as the ratio of collected charge (QC ) and the deposited
charge (Qd ) associated with heavy-ion [28], [29], [30].

β = Qd/Qd (10)

The mechanism behind bipolar gain can be demonstrated
when a heavy-ion strikes the device, creating electron-hole
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FIGURE 15. Bipolar-gain is shown for different LETs when heavy-ion
strikes at body region.

pairs. In the generated electron-hole pairs, the majority of
carriers’ lifetimes are long, which is also responsible for the
rise in potential. Due to the generated electron-hole pairs,
transient currents amplify, and so do the charges collected
in the device. The collected charge and the deposited charge
for different LETs are shown in Table 2, and the bipolar gain
graph is shown in Fig. 15 for different LETs. The observed
value of bipolar gain is greater than 1, which refers to the
effective impact of heavy-ion radiation on DUT, and due to
this, errors in the system output may occur.

IV. CONCLUSION
The impact of heavy-ions on DG-TFET is successfully ana-
lyzed by striking the heavy-ions vertically at 5 different loca-
tions, and the body region is found to be the most sensitive
among them. So, the analysis is done for the body region
by transient simulations at different LETs. With the strike
of heavy-ion, the logic state of the device changes, and it
shifts to an ON-state from an OFF-state. The radial gener-
ation rate is an important factor for heavy-ions, and in this
study, the heavy-ion generation rate and charge density are
observed by considering it in the heavy-ion model. Further,
the transient current is successfully observed in this study
for heavy-ions having LET values of 1, 4, 7, 10, 14, and
20MeV-cm2/mg. Later, with the help of the collected charge,
the charge that could be collected in the device for different
energy heavy-ions is calculated effectively and is found to
be higher than the deposited charge. It is found that the
transient current is much higher than the ON-current of the
device, which shows the possibility of switching of logic state
from OFF-to ON-state. The observed value of bipolar gain is
greater than 1, which suggests the high impact of radiation on
DUT which can damage the device and also introduce errors
in the system output.
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