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ABSTRACT In this work, a L-shaped tunnel FET (TFET), which has the dominant tunneling current in
the normal direction to the gate, is introduced with the doping engineering and its electrical characteristics
are analyzed using TCAD device simulations. The proposed L-shaped TFET has the pocket doping (p+-
doping for n-type operations) underlying the gate, which can suppress the corner tunneling generated
near the source edge by the electric-field crowding. Thus, the on/off transition is significantly improved
since the corner tunneling is the main cause of the degradation of the switching characteristics. To
maximize the performance enhancement, the concentration of the pocket doping (NPOC) is optimized. As
a result, the averaged subthreshold swing (SSAVE) gets reduced from 60 to 26 mV/dec and the on-current
(ION) becomes ∼ 2.0 times increased as compared to the conventional L-shaped TFETs. Moreover, it
is confirmed that the pocket doping effectively suppresses the corner tunneling without the on-current
reduction even in the extremely scaled gate length (LG) device.

INDEX TERMS Band-to-band tunneling (BTBT), gate-normal tunnel FET (TFET), L-shaped TFET, corner
tunneling, subthreshold swing (SS), hump phenomenon.

I. INTRODUCTION
For digital applications, the low power operation is one of
the big concerns as Internet of Things (IoT) and wearable
technology is quickly developing to improve our quality
of life [1]–[3]. However, complementary MOS (CMOS)
devices, which are utilized for microprocessor and static
RAM (SRAM), have the fundamental limitation by their car-
rier injection mechanism (thermionic emission) and thereby
subthreshold swing (SS) cannot be lower than 60 mV/dec
at room temperature [4], [5]. Therefore, as a breakthrough,
the steep switching devices such as tunnel FET (TFET)
and negative capacitance FET (NCFET) have been widely
studied [6]–[15]. Especially, the TFETs with tunneling in the
normal direction to a gate by using the epi-channel region
(gate-normal TFET) has been widely researched to be com-
petitive with conventional CMOS performance [16]–[20]. It
can have the sub-60 mV/dec steeper SS by using inter-band

tunneling as a carrier injection mechanism as well as the
larger tunneling current by extending the tunneling area
compared to conventional TFETs. In spite of these advan-
tages, it is hard to obtain the abrupt on/off transition in
the gate-normal TFETs because the occurrence of the cor-
ner tunneling at the edge of the source region underneath
the gate degrades SS and even causes the drain current
hump [21].
The L-shaped TFET, which is based on the mesa struc-

ture with the epi-channel, has been also studied as one of
the gate-normal TFETs [22], [23]. Recently, the stacked gate
L-shaped TFET has been reported to suppress the electric-
field crowding at the source corner by using additional high
workfunction (WF) metal gate, which leads to the steep
switching characteristics [24]. However, integrating two met-
als with different WFs is quite complicated in terms of
process fabrications.
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FIGURE 1. Schematic images of (a) the conventional n-type L-shaped
tunnel FET (TFET) and (b) the proposed TFET. Both the L-shaped TFETs have
the same device dimensions except for the pocket doping underlying the
gate region.

In this study, the L-shaped TFET with the doping engineer-
ing is proposed to achieve steep switching characteristics.
The proposed device can be easily implemented by
introducing the pocket doping under the gate. Therefore,
the effects of the pocket doping are rigorously investigated
by using technology computer-aided design (TCAD) simu-
lations and the various device parameters of the proposed
device are optimized to maximize the device performances.
Then, the process integration flow of the proposed L-shaped
TFET is demonstrated in terms of the fabrication feasibility.

II. DEVICE PARAMETERS AND MODELS
Figs. 1(a) and (b) illustrate the n-type L-shaped TFETs for
the conventional and the proposed structures used in this
study. The proposed L-shaped TFET has the pocket doping
region (p+- doping for n-type operations) and the p− epi-
channel region underlying the gate, whereas the conventional
one has only the p− epi-channel region. To investigate the
electrical characteristics of the proposed device, 20 nm gate
length (LG), 1.0 nm equivalent oxide thickness (EOT), and
4 nm epi-channel thickness (TCH) are adapted. 4 nm TCH
is selected because the L-shaped TFET can have the maxi-
mum current drivability with TCH = 4 nm as reported in the
literature [22]. Additionally, 80 nm source height (HS) and
10 nm body thickness (TB) are applied. For the pocket dop-
ing, the length and height of the doping region are defined
as TCH + 16 nm and TCH + LG, respectively. To reduce the
ambipolar current, the drain doping is set to 1×1018 cm−3

which may cause high contact resistances. Hence, the contact
plug implantation is required before the contact formation.
Other detailed parameters used in the TCAD simulations are
listed in Table 1. All the device evaluations are performed
by commercial TCAD tool (Synopsys SentaurusTM).

For accuracy analysis on tunneling current, the dynamic
nonlocal band-to-band tunneling (BTBT) model (Kane’s
model) is used as follows [25].

G = A

(
F

F0

)P

exp

(
−B

F

)
(1)

which are F0 = 1 V/m and P = 2.5 for indirect BTBT,
ASi = 1.64 × 1015 cm−3·s−1 and BSi = 23.8 × 106 V·cm−1

TABLE 1. Physical parameters of proposed device.

TABLE 2. Slotboom and SRH recombination model parameters.

FIGURE 2. Transfer characteristics of the experimental L-shaped TFET and
TCAD simulation results. (log/linear scales).

referred from [26]. Furthermore, Slotboom model is applied
to consider the impact of doping concentrations on energy
bandgap narrowing in the source/drain (S/D) regions. Also,
Fermi statistics and Shockley-Read-Hall recombination mod-
els are used. The key model parameters are listed in Table 2.
However, gate leakage current is ignored because this study
is mainly focused on the effects of the pocket doping.

III. RESULTS AND DISCUSSION
A. POCKET DOPING OPTIMIZATION
First, the experimental transfer characteristics of the
previously reported L-shaped TFET are reproduced with
the BTBT model for the simulation accuracy as shown in
Fig. 2 [23].
Fig. 3(a) shows the transfer characteristics of the con-

ventional L-shaped TFET at VDS = 0.75 V. It has the
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FIGURE 3. (a) Transfer characteristics of the conventional L-shaped TFET at
VDS = 0.75 V. It is separated into two regions: (1) corner tunneling; and
(2) corner + normal tunneling regions. (b) 2D contour band-to-band
tunneling (BTBT) rates at VGS = 0.2 V, 0.3 V, 0.4 V, and 0.5 V. Until
VGS = 0.4 V, it is observed that the dominant current component consists
of the corner tunneling, leading to poor switching characteristics.

averaged SS (SSAVE) of 60 mV/dec and the on-current (ION)
of 0.15 uA/um, respectively. Here, SSAVE is calculated by
averaging SS in the drain current (IDS) range from 1×10−14

to 1 × 10−9 A/um. A turn-on voltage (VON) is designated
as VGS at IDS = 1 × 10−14 A/um and an ION is extracted at
VGS = 0.75 V + VON as an overdrive voltage. It is found
that the IDS hump occurs at VGS =∼ 0.4 V because there
exist two tunneling current paths: (1) tunneling at the corner
edge of the source region (corner tunneling); and (2) tunnel-
ing in the normal direction to the vertical gate at the source
overlap region (normal tunneling). To confirm the generation
of the two different tunneling currents, the 2D BTBT rate
contours are plotted from VGS = 0.2 V to 0.5 V as shown
in Fig. 3(b). It is clearly seen that the corner tunneling is
generated first by the electric-field crowding at the corner
edge of the source region and then the normal tunneling
occurs when a sufficient VGS (> 0.4 V) is applied. This
VGS difference between the generations of the two different
tunneling currents induces the IDS hump, which results in
poor switching characteristics.
To mitigate the corner tunneling induced by the electric-

field crowding, the pocket doping region (RPOC) is intro-
duced under the gate region [Fig. 1(b)] since it can suppress
the energy band bending between the source and RPOC. To
optimize the concentration of the pocket doping (NPOC), the
effects of the NPOC are evaluated with various NPOCs from
5×1017 cm−3 to 2.5×1019 cm−3 as shown in Fig. 4(a). As
the NPOC increases, it is observed that the SSAVE becomes
steeper with the increasing VON [Inset of Fig. 4(b)] because
the generation of the corner tunneling is reduced at VGS <

0.4 V. Fig. 4(b) shows the extracted SSAVE and ION depend-
ing on the NPOC. It can be confirmed that the optimized
NPOC is 2.5 × 1019cm−3 with SSAVE of 26 mV/dec and ION
of 0.3 uA/um. Particularly, the SSAVE is decreased to less
than half as compared to NPOC = 5 × 1017cm−3 with the
negligible IDS change at VGS = 1.0 V. It means that the
proposed L-shaped TFET is very advantageous in terms of
the supply voltage scaling.

FIGURE 4. (a) Transfer characteristics of the proposed L-shaped TFET at
VDS = 0.75 V depending on the doping concentrations of the pocket
doping region (NPOC). (b) Averaged subthreshold swing (SSAVE) and
on-current (ION) extracted at VGS = 0.75V + VON.

FIGURE 5. (a) Energy band diagrams along diagonal direction near
source-edge region (A-A’) and BTBT rates with various NPOCs at
VDS/VGS = 0.75 V/0.3 V. (b) Corner BTBT rates with respect to VGS with
increasing NPOCs. (c) 2D BTBT rate contours with NPOC = 0.1, 0.5, 1.5, and
2.5 × 1019cm−3 at VGS = 0.3 V.

The corner tunneling reduction by the increasing NPOC
can be verified by the energy band diagrams along the diag-
onal direction [A-A’ in Fig. 1(b)] near the source edge region
at VDS/VGS = 0.75 V/0.3 V. Fig. 5(a) shows that the energy
band of the RPOC goes up with the increasing NPOC, which
results in the generation of the corner tunneling at the larger
VGS. Thus, it is found that BTBT rates gets dramatically
reduced at VGS = 0.3 V as the NPOC increases. Then, the cor-
ner tunneling rates are plotted with respect to VGS as shown
in Fig. 5(b). It is clearly observed that the corner tunneling
becomes generated at the larger VGS with the higher NPOC.
Also, 2D BTBT rate contours are checked with NPOC = 0.1,

0.5, 1.5, and 2.5 × 1019cm−3 at VGS = 0.3 V [Fig. 5(c)]. It
can be seen that the corner tunneling starts to disappear from
NPOC = 2.5×1019cm−3. Consequently, it is revealed that the
proposed L-shaped TFET can have the much steeper switch-
ing characteristics and the better current drivability at the
same overdrive voltage by suppressing the corner tunneling
as compared to the conventional L-shaped TFET.

B. KEY PARAMETER VARIATIONS
As compared to the planar TFET, the L-shaped TFET have
a strong advantage that tunneling area can be increased by
vertically enlarging the source region without any dimension
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FIGURE 6. (a) Transfer characteristics with the increasing source height
(HS) at VDS = 0.75 V and NPOC = 2.5 × 1019cm−3. (log/linear scales)
(b) The extracted ION and VON with respect to HS.

FIGURE 7. Transfer characteristics with various epi-channel thickness
(TCH) at VDS = 0.75 V and NPOC = 2.5 × 1019cm−3.

loss [22]. In terms of the pocket doping optimization, the
effects of the key parameters such as HS, TCH, and LG
variations, which are directly related to the performance of
the L-shaped TFET, needs to be evaluated. Also, the impact
of the abrupt on/off transition by the pocket doping on the
supply voltage (VDD) scaling has to be confirmed.
Firstly, as shown in Fig. 6(a), the transfer characteristics

are investigated as a function of HS with the range from
80 nm to 200 nm at NPOC = 2.5 × 1019cm−3. As the HS
increases, the on-current gets continuously enhanced without
the SSAVE degradation, implying that the pocket doping has
negligible impacts on the normal tunneling. This can be
more clearly confirmed by the extracted VON and ION of
Fig. 6(b) with respect to the HS variation. The VON remains
unchanged at VGS =∼ 0.38 V regardless of the HS, whereas
the ION is linearly enhanced with the increasing HS.

Then, the effects of TCH variation from 4nm to 6nm are
checked at the optimized NPOC [Fig. 7]. As the TCH is
decreased, it is found that VON gets larger and ION becomes
increased. For the thinner TCH, the tunneling width is
reduced and the electric field across the channel is enhanced
by the increasing channel capacitance [22]. Therefore, the
tunneling start to be generated at the larger VGS by the lim-
ited tunneling width and the driving current is improved by
the better channel controllability. In this work, 4nm TCH is
selected to maximize the device performance.
The effects of the dimension scaling, which is considered

as one of the critical factors for future technology nodes, are
analyzed [27]. LG is diminished from 20 nm to 10 nm with
other parameters fixed. Then, the transfer characteristics are
checked as depicted in Fig. 8(a). Interestingly, although LG

FIGURE 8. (a) Transfer characteristics of LG = 10 and 20 nm at
VDS = 0.75 V. (b) The extracted SSAVE and VON with respect to LG from
10 nm to 20 nm. (c) The 2D contours of the electrostatics potential for
LG = 10, 15, and 20 nm at VDS/VGS = 0.75/0.3 V.

FIGURE 9. Transfer characteristics with VDS of 0.1V to 0.75 V. (log/linear
scales).

is shrunk to 10 nm, the transfer characteristics is almost the
same as that of LG = 20 nm. Fig. 8(b) shows the extracted
SSAVE and VON with respect to LG. It is observed that the
SSAVE and VON are hardly degraded by the LG scaling-down,
meaning that the proposed L-shaped TFET is robust against
short-channel effects (SCEs). This can be understood by
noticing that the proposed device has the larger effective LG
(namely, LEFF = defined LG + (HG −HS)) than the defined
LG as illustrated in the inset of Fig. 8(b) and thereby it
can have the strong immunities against SCEs. Moreover,
based on the SS improvement at LG = 10 nm, it can be
confirmed that the pocket doping effectively suppresses the
corner tunneling even in the extremely scaled LG device. To
clarify the SCE immunity of the proposed L-shaped TFET,
the electrostatic potentials are simulated with LG = 10, 15,
and 20 nm at VDS/VGS = 0.75 V/0.3 V [Fig. 8(c)]. It is
clearly seen that the change of the electrostatic potential
induced by the drain voltage spreads out only in the lateral
direction and thus the electrostatic potential near the source-
to-channel junction (dashed gray square) is rarely modulated
by VDS.
Lastly, the transfer characteristics are investigated with

respect to VDS as shown in Fig. 9. As the VDS decreases, the
ION reduction is inevitable. This is because the channel inver-
sion layer is formed by the electrons injected from the drain

362 VOLUME 9, 2021



KIM AND KWON: STEEP SWITCHING CHARACTERISTICS OF L-SHAPED TFET WITH DOPING ENGINEERING

FIGURE 10. Summarized process integration for the proposed L-shaped
TFET.

(that is, drain-side inversion) at the lower VGS, resulting in
ION saturation. Nevertheless, it is observed that the improved
SS is still maintained regardless of VDS. Consequently, the
proposed L-shaped TFET can have the merits for the abrupt
on/off transition, enhanced on-current, dimension, and VDD
scaling as compared to the conventional TFETs.

IV. PROCESS INTEGRATION
The proposed L-shaped TFET with doping engineering can
be integrated as shown in Fig. 10. First, in-situ doped epitax-
ial growth on silicon-on-insulator (SOI) wafer is performed
to make the source region [Fig. 10(a)]. Then, dry etching is
carried out with the source region protected by an oxide hard-
mask after photolithography process [Fig. 10(b)]. To form
the pocket doping region, selective epitaxy growth (SEG)
is conducted on the source and SOI regions. Then, spin-
on-dielectric (SOD) is coated and etched back until the
SOI region is exposed. By using the SOD layer, the
pocket doping region is partially removed by wet chem-
ical etchant [Fig. 10(c)]. On the exposed source region,
the undoped silicon is grown by SEG to enhance tunnel-
ing current. Subsequently, sacrificial oxide and dummy gate
are sequentially formed by spacer technique [Fig. 10(d)].
After that, drain implantation is performed and inter-layer
dielectric (ILD) is deposited on the whole region. The ILD

is planarized using chemical mechanical polishing (CMP)
until dummy gate is exposed [Fig. 10(e)]. Then, dummy
gate/sacrificial oxide are sequentially etched out and replaced
with ALD interfacial oxide, high-k dielectric, and metal gate
[Fig. 10(f)]. Back-end-of-line (BEOL) flows are skipped
because it is the same as the conventional CMOS process.

V. CONCLUSION
In this study, the novel L-shaped TFET is proposed with
the doping engineering underneath the gate and analyzed by
the TCAD simulations with the calibrated nonlocal BTBT
model. As contrast to the conventional L-shaped TFETs,
the proposed device mitigates the corner tunneling, which
causes poor on/off transition, and hence an abrupt switching
can be successfully implemented. To optimize the NPOC,
the device performances are evaluated in terms of SS and
ION. As a result, at NPOC = 2.5 × 1019cm−3, SSAVE gets
reduced from 60 to 26 mV/dec and ION becomes ∼2.0 times
increased as compared to the conventional one. Also, it is
confirmed that the pocket doping effectively suppresses the
corner tunneling even in the extremely scaled LG device with
the extended HS. In addition, the process integration flow
of the proposed L-shaped TFET is introduced in terms of
the fabrication feasibility.
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