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The single event transient (SET) effect in nanotube tunneling field-effect transistor with bias-induced electron–hole
bilayer (EHBNT-TFET) is investigated by 3-D TCAD simulation for the first time. The effects of linear energy transfer
(LET), characteristic radius, strike angle, electrode bias and hit location on SET response are evaluated in detail. The
simulation results show that the peak value of transient drain current is up to 0.08 mA for heavy ion irradiation with
characteristic radius of 50 nm and LET of 10 MeV·cm2/mg, which is much higher than the on-state current of EHBNT-
TFET. The SET response of EHBNT-TFET presents an obvious dependence on LET, strike angle, drain bias and hit location.
As LET increases from 2 MeV·cm2/mg to 10 MeV·cm2/mg, the peak drain current increases monotonically from 0.015 mA
to 0.08 mA. The strike angle has an greater impact on peak drain current especially for the smaller characteristic radius.
The peak drain current and collected charge increase by 0.014 mA and 0.06 fC, respectively, as the drain bias increases
from 0.1 V to 0.9 V. Whether from the horizontal or the vertical direction, the most sensitive hit location is related to wt.
The underlying physical mechanism is explored and discussed.

Keywords: heavy ion strike, EHBNT-TFET, single event transient (SET), transient drain current

PACS: 42.88.+h, 85.30.Mn DOI: 10.1088/1674-1056/ac9180

1. Introduction

Integrated circuits develop towards low power consump-
tion in the era of the Internet-of-things (IOT). Limited by the
lowest sub-threshold slope (SS) of 60 mV/decade at room
temperature, it is not feasible for conventional MOSFETs
to reduce the power consumption only by lowering the sup-
ply voltage.[1] Taking the advantage of band-to-band tunnel-
ing (BTBT), tunneling field effect transistor (TFET) promises
SS less than 60 mV/dec and improves the short-channel
performance.[2,3] However, TFET suffers from low on-state
current (ION) and low experimental SS.[4,5] Several architec-
tures have been explored to improve the performance of TFET,
such as double gate TFET,[6] L-shaped TFET (LTFET),[7]

gate-all-around arch-shaped TFET,[8] nanotube TFET with a
core source (CSNT-TFET),[9] and electron–hole bilayer TFET
(EHBTFET).[10] In our recent work, an intentional misaligned
inner-gate and outer-gate is adopted in electron–hole bilayer
nanotube TFET (EHBNT-TFET), and an improved ION and
ultra-steep SS are obtained.[11]

Low power devices have shown great attraction in the
space electronic systems. In space radiation environment, cos-
mic rays and solar electromagnetic radiation bring the un-
favorable single-event-transient (SET) effect, resulting in in-
creased probability of soft-error, reliability degradation, func-
tion abnormal and even failure of semiconductor devices and

circuits.[12–14] It is meaningful to analyze the SET effect on
TFETs, so as to evaluate the potential of TFETs for space ap-
plications. Abundant literatures on SET effect are available for
MOSFETs and MOSFET-based circuits.[15–18] Recently, re-
search about SET effect in TFET has been studied. Manohari
et al.[19] evaluated the SET of three types TFET, including tra-
ditional planar TFET, pocket-based planar TFET and LTFET.
The results showed that LTFET has a better radiation perfor-
mance. However, their research only focused on the com-
parison between three types TFET, and the physical mecha-
nism was not discussed in their work. Wu and Takahashi[20]

discussed heavy-ion-induced transient in conventional MOS-
FET and TFET. It was observed that TFET can eliminate the
parasitic bipolar effects. Wang et al.[21] studied SET effect
in LTFET and fully depleted silicon on insulator (FDSOI).
They found that LTFET is more sensitive to SET than FD-
SOI and the tunneling junction in LTFET is the most sensitive
region. Chong et al.[22] proposed that SET-sensitive region
in T-shaped TFET and LTFET is tunneling junction because
both of the devices are vertical TFETs. However, the above
literatures focus on 2-D TFET structures, and few researches
are documented on the radiation performance in 3-D electron–
hole bilayer TFET.

In this work, the single-event-transient (SET) effect in
EHBNT-TFET is evaluated by using 3-D TCAD simulation
for the first time. The result shows that a significant SET cur-
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rent which is much larger than the on-state current occurs in
EHBNT-TFET for heavy ion irradiation. The linear energy
transfer, strike angle, drain bias and hit location is found to
have a great impact on SET response. This paper is organized
as follows. The device structure and simulation methodology
are presented in Section 2. The effects of linear energy trans-
fer, characteristic radius, strike angle, electrode bias and hit
location on SET response are discussed in Section 3. The con-
clusion is drawn in Section 4.

2. Device structure and simulation methodology
Figure 1 presents the investigated EHBNT-TFET. The

inner-gate and outer-gate oxide is composed of 2.82 nm HfO2,
and the isolation is filled with SiO2. The doping concentration
in p-type source and n-type drain is separately 5×1019 cm−3

and 1×1018 cm−3. The channel is intrinsic silicon. The chan-
nel thickness is 5 nm, and the inner-gate and outer-gate work-
function are separately 5.4 eV and 3.8 eV. The key structure
parameters are listed in Table 1. Sentaurus TCAD software
is used to evaluate the performance of EHBNT-TFET.[23] Be-
sides the conventional recombination and mobility model, the
dynamic nonlocal BTBT model and density gradient (DG)
model taking into account quantum confinement effect are in-
cluded.
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Fig. 1. Structure of the EHBNT-TFET investigated in this work: (a)
3-D schematic view and (b) cross-sectional view along A–A′ cut-plane.

The simulation environment is firstly calibrated by repro-
ducing the result of NT-TFET in Ref. [24]. As plotted in
Fig. 2(a), the simulated transfer curve shows a good agree-
ment with the data in Ref. [24], which proves the validity of
our simulation environment. In addition, DG model has been
also calibrated on the solution of Poisson–Schrödinger equa-
tion. The parameters are given as follows: γn = 7, γp = 10.5,
ηn = 1.02, ηp = 0.8, θn = 0.91 and θp = 0.97. As shown in

Fig. 2(b), charge distributions over channel for calibrated DG
model matches well with Schrödinger equation.

Table 1. Device parameters used for the simulations.

Parameters EHBNT-TFET
Inner-gate diameter (DIG) 80 nm

Silicon channel thickness (TSC) 5 nm
Gate length (LG) 30 nm

Source length (LS) 10 nm
Drain length (LD) 10 nm

Underlap between inner-gate and drain (LIGUD) 10 nm
Underlap between outer-gate and source (LOGUS) 10 nm

Inner-gate work-function (ΦIG) 5.4 eV
Outer-gate work-function (ΦOG) 3.8 eV
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Fig. 2. (a) Validation of the simulation environments by reproducing
the transfer characteristic curve of Ref. [24]. (b) Carrier density dis-
tributions along C–C′ cut-line arising from calibrated DG model and
Schrödinger results for EHBNT-TFET.

The asymmetric bias and work-function configuration of
the inner-gate (IG) and outer-gate (OG) leads to the formation
of electron–hole bilayer in the thin silicon nanotube channel.
Thus, the line tunneling takes place inside the channel, realiz-
ing improved ION and low SS, as depicted in Fig. 3. The ratio
of ION/IOFF is found to be 1.5×109. Furthermore, EHBNT-
TFET exhibits a sub-60 mV/dec SS for seven orders of magni-
tude of drain current, and the minimum SS is 1.7 mV/dec, as
observed in Fig. 3(b).

SET in EHBNT-TFET is evaluated by activating the
heavy ion model in Sentaurus tool. When heavy ion strikes
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the semiconductor device, a significant number of electron–
hole pairs (EHPs) are produced along the incident path. The
generation rate of EHPs is calculated as[23,25,26]

G(l,w, t) = GLET(l)R(w)T (t), (1)

GLET(l) =
1

πw2
t

LET f (l), (2)

R(w) = e−w2/w2
t , (3)

where l, w and t are separately the length, radius and strike
time of heavy ion track. GLET(l) is the LET generation den-
sity, describing the generated charge per length along the ion
track. R(w) and T (t) take into account the spatial and tempo-
ral gaussian distribution functions of the generation rate. wt is
characteristic radius of heavy ion and LET f (l) is linear en-
ergy transfer (LET). In our simulation, the time distribution
centered on 20 ps with a characteristic width of 2 ps, and track
length is set as 100 nm. A characteristic radius of 50 nm and
LET of 10 MeV· cm2/mg is used (unless otherwise specified).
The LET value is kept constant along the track.
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Fig. 3. (a) Transfer characteristic curve and (b) SS of EHBNT-TFET
under VDS = 0.5 V.

3. Results and discussion
3.1. Heavy-ion-induced transient in EHBNT-TFET

Considering the vertical symmetric structure of EHBNT-
TFET, the ion strikes at the center of the device (X = 0, Y = 0,
Z = 0) and the incidence direction is parallel to the channel
(along the z-axis), as shown in Fig. 1(b). Figure 4 depicts

the variation of transient drain current (Id) and the correspond-
ing collected charge (Qcoll) with different LETs under on-state
(VDS = 0.5 V, VIG = −0.1 V, and VOG = 0.5 V). Here, Id has
removed the contribution of steady-state current before the ion
strike. Qcoll is derived by integrating Id over the transient dura-
tion. Apparently, transient drain current rises up to a peak after
heavy ion enters into the device and then diminishes drasti-
cally. At the same time, the collected charge saturates quickly.
As LET increases from 2 MeV·cm2/mg to 10 MeV·cm2/mg,
the peak drain current (Id peak) rises up monotonically from
0.015 mA to 0.08 mA, which is much larger than the on-state
current of 0.012 µA/µm. An approximately linear increase of
Qcoll from 0.082 fC to 0.413 fC is observed, respectively.
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Fig. 4. (a) Transient drain current and (b) collected charge after heavy
ion strike with various LETs under on-state.

The formation of above transient current is ascribed
the charge collection of the device electrodes through drift-
diffusion mechanism. Due to the asymmetrical source/drain
doping in EHBNT-TFET, the energy band from drain to source
shows a stepwise increasing trend, as reported in Fig. 5(a).
Therefore, the generated electrons and holes along the ion
track are separately collected by drain and source. The bipo-
lar gain effect and additional charge collection in conven-
tional MOSFET is obvious due to hole accumulation in the
channel,[21,27,28] which is negligible in EHBNT-TFET owing
to ambipolar transport. In addition, part of EHPs recombines
in the charge collection process. Therefore, the carrier density
decreases rapidly, leading to a short transient drain current tail.
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When the heavy ion strikes the device in normal incidence,
amount of charge will be generated in semiconductor. The
density of heavy ion-generated charge is shown in Fig. 5(b).
The ion track region along the track axis (z-axis) can be de-
fined by track length and track radius. The charge density in-
duced by heavy ion irradiation decreases away from track axis,
as depicted in Fig. 5(b). The electron density before and after

the ion strike is plotted in Fig. 5(c). These figures indicate that
electron density is strongly enhanced after the ion strike (for
t = 20 ps) and then decreases until it returns to the initial state,
because the generated electrons are collected or recombined.
With LET of incident particles increasing, more EHPs are gen-
erated with a larger LET value and then collected by the drain,
leading to larger Id peak and Qcoll.
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Fig. 6. (a) Peak drain current and (b) the corresponding collected charge
and heavy ion-generated charge for several characteristic radius.

The effect of characteristic radius (wt) is investigated, as

depicted in Fig. 6. Here the incidence position is fixed at
X = Y = Z = 0 and the direction is along the z-axis. LET
is at 10 MeV·cm2/mg and the transistor operates under on-
state. The peak drain current and integrated collected charge
are found to increase firstly as wt ranges from 35 nm to 45 nm,
then gradually drop with wt rising up to 65 nm. The charge
density induced by heavy ion irradiation is proportional to
GLET(l) and R(w). Heavy ion-generated charge (Qheavyion) is
the integration of the charge density over the semiconductor
region in EHBNT-TFET. Owing to Gaussian spatial distribu-
tion, Qheavyion reaches the maximum at wt = 45 nm, as illus-
trated in Fig. 6(b). Because the track axis is in the center of
EHBNT-TFET, when wt is lower than 45 nm, the majority of
heavy ion-generated charge is located within the inner-gate re-
gion, and little Qheavyion generates over silicon nanotube. As
wt increases to 45 nm, the ion track region gradually arrived
in the channel, so that more Qheavyion could strike the silicon
nanotube. The increased peak current and collected charge is
expected with wt increasing. However, when wt is larger than
45 nm, part of Qheavyion locates outside the nanotube. There-
fore, Qheavyion within the silicon nanotube decreases as wt in-
creases, resulting in the reduced peak drain current and col-
lected charge.
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Figure 7 depicts the impact of the ion strike angle (θ)
considering different wt, and the incidence position is fixed
at X = Y = Z = 0. The strike angle θ is defined as the an-
gle between the ion incidence direction and the z-axis. Id peak

and Qheavyion increase firstly and then decrease with θ increas-
ing. As wt increases, the variation trend of Id peak and Qheavyion

gradually slow down. The distribution of heavy ion-generated
charge is concentrated about the track axis under small wt, so
that Qheavyion changes drastically with θ varying. However,
Qheavyion remains nearly unchanged under large wt. There-
fore, Id peak presents a similar trend as Qheavyion. As presented
in Fig. 8, the strike angle for the maximum Id peak increases
monotonously from 45◦ to 56◦ when wt increases to 35 nm,
and then keeps unchanged when wt further increases, i.e., the
maximum of Id peak appears when the track axis passes through
the region near the center of channel. The strike angle for the
maximum Qheavyion increases firstly and then declines, which
reaches a maximum of 53◦ at wt = 30 nm. In addition, the
strike angle corresponding to the maximum of Id peak is always
greater than that of Qheavyion. The difference in θ correspond-
ing to the maximum of Id peak and Qheavyion is attributed to the
decreased recombination when the ion strikes with larger θ .
With strike angle increasing, the track axis along strike angle
gradually passes through the source region, and then moves
to the channel and drain. Correspondingly, the electron–hole
pairs begin to appear toward drain side. Less electrons are

recombined in collection path, leading to a larger SET cur-
rent. Id peak is mainly affected by Qheavyion when wt is lower
than 30 nm, so that θ corresponding to the maximum of Id peak

and Qheavyion has the same increasing trend with wt increas-
ing. When wt exceeds 30 nm, the electron collection path has
greater effect on Id peak and the maximum of Id peak appears at
θ = 56◦, where the track axis passes through the region near
the center of channel. SET current is not only related to the
heavy ion-generated charge in the device, but also the distance
from the hit location to drain.
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Fig. 8. The strike angle corresponding to the maximum of peak drain
current and heavy ion-generated charge with various wt.

3.2. Impact of bias conditions on SET in EHBNT-TFET

The effect of drain bias on SET response for EHBNT-
TFET is studied in Fig. 9. The peak drain current and col-
lected charge present an upward trend with VDS increasing. As
VDS increases from 0.1 V to 0.9 V, peak drain current charge
increases 0.014 mA and 0.06 fC respectively. Figure 9(b)
presents the SRH recombination rate, Auger recombination
rate and impact ionization rate in the silicon nanotube region
at t = 20 ps. The sum of SRH recombination rate and Auger
recombination rate decreases with VDS increasing. On the
contrary, the impact ionization rate increases monotonously,
resulting in more carriers generated in the channel. The de-
clined recombination rate and increased impact ionization rate
contribute to a more severe SET current. To understand the
mechanism further, we evaluated the 1-D profile of electric
field along D–D′ cut-line at t = 20 ps after the ion strike. In
EHBNT-TFET, high electric field is located in the channel and
the electric field in source/drain is relatively low, as illustrated
in Fig. 9(c). Generally, SRH recombination mainly occurs in
the weak electric field region (source/drain), and impact ion-
ization takes place at the strong electric field region (chan-
nel). Auger recombination mainly is located at high carrier
density region, i.e., source region and the channel near outer-
gate, which is consistent with the profile in Fig. 9(d). The
electric field in drain and channel region becomes larger with
higher VDS. When electric field in drain is enhanced, the ve-
locity of carrier drifting toward the drain end increases and
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then electron density in the channel near outer-gate decreases,
weakening the SRH and Auger recombination. Besides, larger
electric field in the channel results in the acceleration of carrier
motion, leading to higher impact ionization rate. Therefore, a
worse SET effect is expected under high VDS.

Meanwhile, the impact of outer-gate bias is investigated
in Fig. 10. As VOG ranges from 0.1 V to 0.9 V, the peak drain
current decreases 0.04 mA. The electric field in the channel
increases and electric field in drain reduces as VOG increases,

as plotted in Fig. 10(b). The higher electric field in the channel

leads to larger impact ionization rate. However, as VOG gradu-

ally increases, more electrons are induced in the channel near

outer-gate, resulting in increased Auger recombination rate.

In addition, SRH recombination becomes larger owing to de-

clined electric field in drain. Under the opposite influence of

recombination and impact ionization, Id peak decreases slightly

with VOG increasing.
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3.3. Heavy ion hit location sensitivity

As heavy ion could strike the device at any direction,
we explore the hit location sensitivity from the vertical and
horizontal directions. The peak drain current and heavy ion-
generated charge at several vertical hit locations with vari-
ous wt is plotted in Fig. 11. When wt is lower than 30 nm,

Id peak increases firstly and then goes down, when the hit lo-
cation moves from the inner-gate contact (V1) to the outside
of silicon nanotube (V5), and the maximum value appears at
V4. When wt exceeds 30 nm, Id peak declines slightly when
hit location moves from V1 to V5. A similar trend of heavy
ion-generated charge is presented in Fig. 11(c). The ion track
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region is small under wt of 5 nm, so that heavy ion-generated
charge strikes the silicon only at hit location near the channel
(V4). As wt increases to 30 nm, Qheavyion gradually increases
at location away from V4 due to larger ion track region, which
shows an opposite trend at V4. When wt exceeds 30 nm, be-
cause of the larger ion track region and cylinder structure of
nanotube, the heavy ion-generated charge could act on silicon
at V1. Heavy ion-generated charge locates in silicon nanotube
reduces when strike position is close to the edge of EHBNT-
TFET. Less EHPs are generated in the device, leading to re-
duced Id peak.
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Fig. 11. (a) The ion strikes EHBNT-TFET in location V1 to V5 from
vertical direction. (b) Peak drain current and (c) heavy ion-generated
charge for vertical ion hit locations under on-state with various wt,
LET = 10 MeV·cm2/mg.

The SET response at diverse horizontal hit locations with
various wt is evaluated in Fig. 12. When wt is larger than 5 nm,
peak drain current is found to increase firstly when hit location
moves from drain (H1) to channel (H3) and then drops until hit

location arrives at source (H5). When wt equals to 5 nm, Id peak

has the maximum at H2. Besides, as wt increases, Id peak in-
creases firstly and then declines when the ion strikes at H1/H5,
which decreases monotonously at hit location near channel
(H2/H3/H4). As presented in Fig. 12(b), when hit location is
away from the center of channel, heavy ion-generated charge
in silicon nanotube decreases gradually. Heavy ion-generated
charge reaches a maximum and more carriers are generated at
hit location H3. In addition, we found that Qheavyion when the
ion striking at H1 is exactly the same with that at H5, the cor-
responding Id peak is not equal. The Qheavyion and Id peak when
the ion strikes at H2 and H4 is also the same situation. Due
to the small ion track region at wt = 5 nm, Qheavyion striking at
H3 is the same with that at H2/H4. Compared with Id peak at
hit location near source, Id peak at hit location close to drain is
clearly larger owing to the short collection path of generated
electron, which is consistent with above analysis of the effect
of angle on SET current.
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horizontal direction. (b) Peak drain current and (c) heavy ion-generated
charge for horizontal ion hit locations under on-state with various wt,
LET = 10 MeV·cm2/mg.
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In addition, abundant EHPs are generated in drain/source
when the ion with low wt strikes at H1/H5, and the recom-
bination rate increases due to the low electric field. As a re-
sult, Id peak declines when wt decreases from 30 nm to 5 nm,
although Qheavyion is increasing. When the ion strikes at
H2/H3/H4, EHPs are mainly generated in the channel with
high electric field, so that the electrons and holes are separated
quickly. Therefore, the changing of wt results in little impact
on recombination rate. Id peak is found to decrease with wt in-
creasing only under the effect of declined Qheavyion.

According to the analysis above, the most sensitive hit lo-
cation strongly depends on wt. For ion striking from vertical
direction, incidence from channel (V4) has a severe SET re-
sponse in EHBNT-TFET until wt exceeds 30 nm. The most
sensitive region to SET effect is the center position (V1) un-
der large wt. For the ion striking from horizontal direction, the
most sensitive region is the center position (H3) when wt is
larger than 5 nm, which is H2 at wt = 5 nm.

4. Conclusion
In this paper, the SET effect in EHBNT-TFET has been

carried out with 3-D TCAD simulations. Subjected to heavy
ion irradiation, EHBNT-TFET suffers a serious SET effect.
For the ion with characteristic radius of 50 nm and LET
of 10 MeV·cm2/mg, the peak drain current reaches up to
0.08 mA, which is much larger than on-state current. As
LET enlarges from 2 MeV·cm2/mg to 10 MeV·cm2/mg, the
peak drain current increases monotonically from 0.015 mA to
0.08 mA, and the corresponding Qcoll rises up from 0.082 fC
to 0.413 fC. For the variation of characteristic radius, the tran-
sient current reaches a maximum at at wt = 45 nm. The strike
angle shows an greater impact on peak drain current especially
for the smaller wt. As wt increases, the strike angle corre-
sponding to the maximum of Id peak increases from 45◦ to 56◦

and then remains unchanged. The Id peak increases 0.014 mA
and Qcoll increases 0.06 fC as the drain bias ranges from 0.1 V
to 0.9 V, while the outer-gate bias is found to present an op-
posite tendency and less influence. When the ion strikes from
the vertical and horizontal directions, the hit location sensitiv-
ity strongly depends on wt, which is affected by heavy ion-
generated charge, collection distance of electron and electric
filed. This provides guidance for future research on the antira-
diation application of TFET-based devices.
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