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Abstract. The tunnel FET (TFET) is considered a promising candidate which can be used in the design of digital
and analog circuits in low-power applications. Due to fabrication tolerances, it is not guaranteed that the gate
electrode is perfectly aligned on the channel, especially for short channel structures. In this work, we investigate the
effect of gate misalignment towards the source by using TCAD simulations. The proposed structure is presented
in which a low-k dielectric pocket is inserted above the source and beneath the high-k gate oxide to mitigate the
undesirable impact of gate misalignment. We show that the insertion of a silicon dioxide (SiO2 ) pocket above the
source enhances the DC performance (in terms of ON/OFF ratio, threshold voltage and subthreshold swing (SS)),
RF performance (in terms of cut-off frequency) and it also improves the transient response of the inverter circuits.
Keywords. Tunnel field effect transistor; low-k dielectric pocket; subthreshold swing; ON/OFF ratio; cut-off
frequency.
PACS Nos 85.30.De; 85.30.Tv; 85.3s.–p; 73.40.Gk; 77.55.df

1. Introduction
The VLSI industry has been advanced extensively due
to the continuous scaling of MOSFETs. The advantages of MOSFET scaling include higher speed, low
dynamic power dissipation and high packing density.
Further, the severe down-scaling of complementary
metal oxide semiconductor (CMOS) technology results
in the enhancement of high-frequency performance metrics such as the cut-off frequency. On the other hand, the
rigorous scaling of conventional MOSFETs has given
rise to many misaligning problems, such as reduced gate
control over the channel leading to drain-induced barrier
lowering (DIBL) and short-channel effects (SCEs) such
as threshold voltage roll-off and channel punch-through
[1]. Moreover, the MOSFET scaling-down degrades
the subthreshold swing (SS) from the ideal value of
60 mV/decade to higher values. These SCEs lead to the
increase in OFF state leakage current thereby degrading
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ON/OFF current ratio, resulting in a severe trade-off
between the circuit speed and the standby power.
As the scaling has reached its limit, it is no longer
useful to decrease the gate oxide thickness and increase
channel doping. The thin gate oxide causes tunnelling
of carriers from channel to gate which increases the
standby power and degrades the device performance
severely [1], whereas higher channel doping results in
mobility degradation [2] and fluctuation in threshold
voltage [3].
Various structures have been proposed to overcome
the aforementioned problems, one of which is the tunnel
field effect transistor (TFET). The TFET is considered
a superior candidate for low power applications, and
it rarely suffers from SCEs because the carriers are
injected by tunnelling from the valence band of the
source region to the conduction band of the channel
region. Thus, the leakage current is very small, and the
SS value can be lower than 60 mV/decade, unlike the
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conventional CMOS. The TFET is basically an asymmetric structure that has different types of source/drain
doping, unlike CMOS devices. As such, it is difficult
to fabricate nanoscale TFETs because photolithography
misalignment may happen during the source/drain doping process [4].
Moreover, it is difficult to realise a perfectly aligned
top and bottom gate in a double gate (DG) device, especially when dimension of the device is in sub-nanoscale.
Therefore, it is of great concern to alleviate the performance degradation due to gate misalignment. The
misalignment can happen at either side of the device;
i.e. drain side or source side. Some studies have been
conducted in order to investigate the impact of misalignment on the performance of the device.
Sharma et al [5] analysed the gate misalignment
effects on the device characteristics for a dual material
double gate SOI n-MOSFET. In this study, the threshold
voltage consistently increases as the source side misalignment increases and threshold voltage decreases for
drain side misalignment. Furthermore, with the increase
in misalignment, length towards the source side, drain
current and transconductance consistently decrease.
Valin et al [6] investigated the gate misalignment
effects in a 10-nm double-gate SOI MOSFET with
a 2D Monte Carlo simulator by accounting quantum
effects. They found an increase in current when the
gate misalignment length is more in the source side and
reduction of channel control when drain side misalignment is more.
In 2017, an analytical model for p–n–i–n DG TFET
has been developed considering the gate misalignment
effects [7]. The effect of misaligning gate towards the
source is analogous to the underlap created near the drain
junction. Consequently, it is expected that further shift
towards the source can be effective in minimising the
ambipolar and OFF state current.
In this work, the source-side misalignment is considered, and a novel remedy is presented to overcome
the misalignment problem for n-channel TFETs. The
presented method incorporates a sidewall spacer technique in which a pocket of a fixed thickness is added
over the source side. In order to figure out the impact
of misalignment on device characteristics and the success of the provided method, extensive simulations have
been performed by a two-dimensional (2D) device simulator (ATLAS, SILVACO). The electrical parameters
used to compare the various case studies are threshold
voltage, subthreshold swing, ON/OFF ratio to evaluate
the DC performance, while cut-off frequency is calculated to measure the high-frequency performance. Also,
the TFET structure is examined in an inverter circuit to
evaluate the digital performance of the device.
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2. Device structure and simulation parameters
In this work, all the simulations were carried out using
Silvaco Atlas, version 5.19.20.R [8]. The non-local
band-to-band tunneling (BBT.NONLOCAL) model, in
accordance with fine meshing and quantum meshing,
was used to account for the tunnelling across the source
channel (in the ON state). The drift-diffusion model is
then incorporated in order to model the transport of the
generated carriers through the channel. Besides, Fermi–
Dirac statistics (Fermi) model is used to calculate the
carrier concentrations. Also, the Fermi and band-gap
narrowing (BGN) models were used to take the effect
of highly doped regions into consideration. Regarding mobility, concentration-dependent mobility (CONMOB) and parallel electric field dependence mobility
(FLDMOB) were enabled. Further, regarding recombination, both the Shockley–Read–Hall (SRH) and
concentration-dependent Shockley–Read-Hall (CONSRH) models were used [8]. Electron tunnelling mass
m e = 0.11 and hole tunnelling mass m h = 0.17
were chosen for silicon to calibrate the non-local BTBT
model [9].
Figure 1 shows the basic TFET structure including
various regions and their lengths and thicknesses. In
addition, table 1 addresses the design parameters that
are used in the following device simulation. The source
(high-doped p-type) and channel (low-doped p-type)
regions are doped at 1× 1020 and 1× 1017 cm−3 , respectively. The drain (n-type) region has a doping of 1×
1019 cm−3 to ensure Ohmic contact with the drain
contact while maintaining low ambipolar current. The
gate dielectric material is HfO2 with a thickness of
tox = 3 nm and dielectric constant of about 21. The
work function of the metal gate is variable according
to this study. Moreover, the channel length (L CH ) is
assumed to be 50 nm and the drain and source lengths
are 60 nm. The Si film thickness (tSi ) is chosen to be
10 nm. Finally, the overlap on source (L ovs ) is taken
to be variable as indicated in table 1. The parameters used in this study are in agreement with those in
[4,7,9–11].
For the following simulations, the source is grounded,
and the transfer characteristics (ID –VGS ) of the simulated devices is extracted when the drain voltage is 1 V
and the capacitance is extracted at a frequency of 1 GHz.
In addition, the following conventions are used: the ON
and OFF currents are calculated at VGS = 1 V and
0 V, respectively. Moreover, the threshold voltage (Vt )
is the voltage at which the drain current is 0.1 µA/µm
and the subthreshold swing (SS) is the average swing
between VGS = 0 V and VGS = Vt and it is defined as
[10,11]
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Figure 1. A cross-sectional view of gate-on-source overlapped DGTFET with SiO2 pocket.

Vt
.
SS =
−7 − log(IOFF )

(1)

Figure 2. Device parameters when gate work function is
varied in three case studies: conventional, gate-on-source
overlap (no SiO2 layer) and device with overlap having a
SiO2 spacer.

The cut-off frequency is defined as [11]
fT =

1 gm
,
2π CGG

(2)

where gm is the transconductance given by [12],
gm =

∂ ID
.
∂vGS

(3)

The overall capacitance CGG is the total gate capacitance which is the sum of gate-to-source capacitance CGS and the gate-to-drain capacitance CGD
[11,12].

3. Results and discussion
3.1 Impact of the variation of gate work function
First, we study the effect of variation of gate work function in three cases: conventional device, device with
only 5-nm overlap (All-HfO2 ) and device with 5-nm

overlap including a SiO2 pocket. It can be depicted
from figure 2a that the ON/OFF ratio peaks at 4.3
eV and SS saturates after 4.3 eV. Further, in figure 2b, f T max starts decaying beyond 4.3 eV and Vt
continues to increase by increasing the gate work function. Moreover, for the ON/OFF ratio, the presence
of the SiO2 pocket enhances the ratio compared to
the case with overlap with All-HfO2 . Although it is
still less than the ON/OFF ratio in the conventional
device, the device with SiO2 has a superior performance in SS, Vt and f T max with the conventional
device having average performance in these parameters. So, the insertion of SiO2 layer enhances the
overall performance of the device. The best performance with 5-nm electrode overlap, in the studied
cases, is obtained when we use a 5-nm SiO2 pocket
and 4.3-eV gate work function. In this case, the
device structure properties are: ION /IOFF = 6.16 ×
1011 , SS = 37 mV/decade, f T max = 196 GHz and
Vt = 0.31 V.

Table 1. Design parameters used in device simulation.
Parameter

Value

Oxide thickness (tox )
Silicon thickness (tSi )
Source length (L S )
Drain length (L D )
Channel length (L CH )
Source doping (N A )
Drain doping (ND )
Channel doping (N A )
Source overlap length (L ovs )
Gate-on-channel work function (WF)

3 nm
10 nm
60 nm
60 nm
50 nm
1× 1020 cm−3
1× 1019 cm−3
1× 1017 cm−3
0–5 nm step 1 nm
4.1–4.5 eV step 0.1 eV
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3.2 Gate misalignment towards the source
Next, we study the impact of accidental gate-on-source
overlap on the performance of DGTFET taking the
gate work function fixed at 4.3 eV. The results are
shown in figure 3. The conventional device without
overlap (L ov = 0 nm) has an ON/OFF ratio of 3.21×
1011 , SS = 42.8 mV/decade, Vt = 0.3615 V and
f T max = 123.7 GHz. We notice that increasing the
overlap length deteriorates all parameters. For threshold
voltage and subthreshold swing, they increase monotonically while ON/OFF ratio and maximum cut-off
frequency decrease by increasing the overlap length.
Regarding the device with SiO2 (whose relative permittivity is 3.9), a pocket length of the layer is chosen
to be within a practical value of 5 nm (which is 10%
of the channel length). As shown in figures 3a and 3b,
we notice that the addition of SiO2 pocket increases the
ON/OFF ratio and f T max and decreases Vt and SS. For
instance, when L ov = 2 nm, ON/OFF ratio is 2.8 × 1011
without the layer. By including the pocket, the ON/OFF
ratio nearly doubles to 6.2 × 1011 .
To give physical reasons for the behaviour for the
device architectures under investigation and their different responses due to the gate overlap, we provide
2D contours of the conduction current through the
TFET structures: conventional structure with HfO2 ,
overlapped structure with HfO2 and an overlapped structure with the SiO2 pocket. The contours are plotted in
figure 4.
Moreover, a cutline is taken through the TFET structures below the surface of the oxide by 1 nm and the
electric field and energy band diagrams are drawn, as
shown in figure 5, to give a physical comparison between
(a)

(b)

Figure 3. Device characteristics without and with SiO2
pocket: (a) ON/OFF current ratio and SS and (b) Vt and
f T max .
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the three structures. It is noteworthy that the electric field
is maximal at the source-channel junction for the case
of SiO2 pocket as seen from figure 5a. Regarding figure 5b, we can see that the impact of overlap (without
SiO2 pocket) is to drop the band energy, widening the
tunnelling width and suppressing the ON current. On
the other hand, when the SiO2 pocket is inserted, the
band is shifted upwards, enhancing the ON current. The
physical reasons beyond the results given in figure 5b
can be interpreted as follows. The higher the value of
the dielectric constant, the higher is the impact of the
fringing field on the band structure of the device.
The gate overlap significantly modifies the band structure as can be depicted in figure 5b. This overlap with
high-k dielectric material results in a variation of the
conduction and valence bands mainly in the source
region. This band lowering is due to the fringing field
arising out of the high-k material over the source. It can
be shown that, in this case, the minimum tunnelling distance increases which, in turn, causes a decline in the
band-to-band generation rates. Thus, the ON current is
deteriorated. Meanwhile, for a lower value of the dielectric constant, the band lowering at the source region
decreases. This is due to the fact that the fringing field
arising out of the low-k region is of minor impact. This
will result in a small rise of the band bending compared
to the conventional structure. The increase of the band
bending near the source–channel interface will result in
a decrease in the minimum tunnelling width and, consequently, a higher current.
The minimum tunnelling width (Wtmin ) in the ON
state is also calculated and illustrated in table 2 where
Wtmin is defined as the minimum horizontal distance
between the valence and conduction bands at the source–
channel junction (within the effective tunnelling window shown in figure 5b). For the overlapped structures,
a misalignment of 5 nm is taken. As seen, the minimum
available value is when an SiO2 pocket is incorporated.
Furthermore, the transfer characteristics of three cases
of the devices are plotted for comparison. In figure 6a,
the device with SiO2 pocket has a superior ON current which is approximately double the ON current of
the conventional device. All devices have similar OFF
current. Since the transfer characteristics is steeper (for
SiO2 pocket case); it means lower subthreshold value
and lower threshold voltage. The subthreshold swing
(SS) drops from 40.91 mV/decade to 37.01 mV/decade
and the threshold voltage drops from 0.343 V to 0.31
V when comparing the conventional structure (with no
overlap) with the device of the SiO2 pocket having 5nm overlap. Concerning the analog/RF behaviour of
the device, the maximum cut-off frequency achieved
by the conventional device is 128.64 GHz compared to
196.35 GHz when the SiO2 layer is inserted. The results
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Figure 4. Conduction current density 2D contours plot (at VGS = 1 V) for three devices: (a) Device without overlap with
All-HfO2 gate dielectric, (b) with 5 nm overlap and (c) with both SiO2 layer and overlap present.

(a)

(a)

(b)

Figure 5. (a) Electric field and (b) energy band diagram
when VDS = VGS = 1 V in three devices: conventional device,
device with overlap (no SiO2 layer) and device with overlap
(SiO2 spacer).

reveal that inserting the SiO2 pocket is beneficial for
both DC and analog performances of the possible overlapped occurrence.
3.3 Transient performance of TFET
The transient response of a simple nTFET inverter circuit like that in ref. [13] was investigated with a 100

(b)

Figure 6. Transfer characteristics (when VDS = 1 V) in three
devices: conventional, device with overlap (no SiO2 layer) and
device with overlap (SiO2 layer).

M resistive load R L and a capacitive load that is varied between 0 and 10 fF. The inverter takes a 1 V input
pulse with 12 ns duration and 20 ps rise time while VDD
is 1 V. Figure 7 shows the transient response of the three
case studies. In these simulations, the output capacitance is taken to be 0 fF. It is noticed that the device
with SiO2 pocket has a minimum overshoot of 505
mV while the conventional device and misaligned-gate
device with All-HfO2 have overshoots of 532 mV and

Table 2. Minimum tunnelling width for the three studied TFET structures.
Structure
Wtmin

Conventional

Overlapped All-HfO2

Overlapped SiO2 -pocket

4.6 nm

6.8 nm

3.8
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4. Conclusion

Figure 7. Transient response of the optimised nTFET
inverter with 0 fF capacitive load compared to the conventional TFET response.

(a)

(b)

Figure 8. Impact of load capacitance on the inverter
behaviour: (a) Maximum voltage overshoot and (b) fall time
(between 10% and 90% of steady-state output voltage).

572 mV, respectively. The results indicate an improvement in digital performance when using the SiO2 pocket
remedy.
Further, as the load capacitance increases, the fall time
increases for the three cases as can be seen from figure 8a. This is expected as the fall time depends on
the time constant of the inverter circuit [10]. Again, as
illustrated, the SiO2 spacer design gives the best performance. Moreover, as the load capacitance increases,
the voltage overshoot decreases as illustrated in figure
8b. Although the difference between the three cases is
minor, the SiO2 spacer design gives the lowest value
amongst the three studied cases.

In this paper, we investigated the positive impact of
inserting a SiO2 pocket on the performance of gate
misaligned on source double gate TFET. Firstly, we
compared the device DC/RF performance at different gate work functions and an optimum value of 4.3
eV gate work function was chosen. Afterward, we
studied the effect of accidental gate-on-source overlap
on device performance that is much deteriorated after
several overlap lengths. We show that when an SiO2
pocket or a spacer is inserted, the negative impact of
the overlap can be mitigated. This effect is explained
after investigating the gate control through the electric field and its effect on energy bands and hence
the conduction current density below the gate. Further,
we checked the transient performance of the device
when used in an inverter circuit. The device with SiO2
pocket exhibits lower maximum overshoot and faster
fall time, which shows the potential of the design for
high-speed digital applications. In conclusion, adding
a low-k pocket above the source region and beneath
the source–channel interface is beneficial from all perspectives of device performance. The proposed design
not only overcomes the side effects of gate-on-source
overlap but also gives superior performance over the
conventional TFET structure. Therefore, it can be concluded that gate misalignment towards the source is
accepted, from the fabrication point of view, when using
low-k pocket. This design idea can eliminate the burden of realising perfectly aligned gates. Our results may
drive more research ideas for better experimental recognition of TFET device structures.
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