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In this paper, a novel heterostructure stacked gate oxide junctionless tunnel field effect transistor (HS-SGO-
JLTFET) with a lightly doped drain (LDD) region is proposed. The low band gap material (InAs) in the source
region generates a stronger electric field in the source-channel junction, thereby increasing the ON current
to 1.8 x 107 A/um. Conversely, the lightly doped drain region near the channel end mitigates the electric
field in the channel-drain junction, reducing the ambipolar current to 1.26 x 10~!5 A/um. Furthermore, the
performance of the proposed device is analyzed with respect to analog/RF parameters. In this regard, the LDD-
HS-SGO-JLTFET exhibits a smaller gate-to-drain capacitance (Cgq) of 0.14 fF, a larger transconductance
(gm) of 840 us, a higher cutoff frequency (fr) of 271 GHz, a bigger gain bandwidth product (GBWP) of 112

the OICC Press under the terms of ~ GHz, and a lower transit time (7) of 6.55 x 10~!3 s compared to the SGO-JLTFET. These improvements
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demonstrate that the proposed device is highly suitable for low-power and high-frequency applications.

Keywords: Ambipolar current; Heterostructure; Junctionless tunnel field effect transistor; Lightly doped drain; ON current; Stacked gate

oxide

1. Introduction

According to Moore’s Law, the IC industry doubles the
number of devices on a chip every 24 months. Reducing
transistor size is essential to fit more components on a chip.
MOSFET scaling poses many challenges like short channel
effects (SCEs), random dopant fluctuations, drain-induced
barrier lowering (DIBL), high subthreshold swing (SS), and
large OFF current (Iopp). Low power consumption requires
supply voltage scaling and low subthreshold swing. The SS
of MOSFET is constrained to 60 mV/dec at lower technol-
ogy nodes, making it unable to provide a high switching
speed for low-power applications. To address the afore-
mentioned challenges, researchers have recommended the
tunneling field effect transistor (TFET) for substituting the
MOSFET due to steeper SS, lower Ippr, and more over-
coming of short channel effects (SCEs). The advantages
of TFET make it suitable for applications with high energy
efficiency and low power dissipation [1-10]. The current
transfer mechanism in TFET is based on band-to-band tun-
neling (BTBT), while the injection of carriers in MOSFET

is through thermionic emission on the barrier [9-13]. Al-
though TFETs provide many advantages, they face prob-
lems such as low ON current and ambipolar conduction
[14-16]. Researchers have reported many approaches to
raise the ON current (Ipn), including double gate architec-
ture with high-k dielectric gate [17], strain engineering [18],
n™ pocket [19, 20], low band gap material at the source
region [21, 22], L-shaped gate TFET [23], and U-shaped
gate TFET [24]. Moreover, several techniques such as het-
ero gate dielectric [25, 26], gate-drain underlap [27], drain
doping engineering [28-32], and drain dielectric pocket [33—
35] are proposed to reduce the ambipolar current (Iyyp).

As device dimensions are reduced to below 100 nm, fabri-
cation complexity is a major challenge for such a technol-
ogy node. To overcome this problem, junctionless TFETs
(JLTFETs) have been introduced, which have a simpler fab-
rication process. In JLTFETs, the doping type of the source,
channel, and drain regions is the same. They do not require
the formation of a steep p-n junction. The P-I-N structure is
induced using the charge plasma method, where metal gates
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with appropriate work functions are placed over the source
and channel regions. The polar gate (PG) and the control
gate (CG) are utilized to implement the BTBT principle
in JLTFETs. In n-channel JLTFETS, the PG, which has a
higher work function, is positioned above the source region.
This configuration is intended to create a P™ source region.
The CG, which is located in the middle and has a lower
work function than the PG, can create an intrinsic channel
region. A similar configuration is considered for P-channel
JLTFETs, although different work functions are used for the
PG and CG [36-39]. For JLTFETsS, several ideas such as
dual material gate [40—43], band gap engineering [44—47],
metal implant at source/channel junction [48-50], stacked
gate oxide [51, 52], and p™ pocket [45, 53] have been pro-
posed to boost the Igy. Several techniques also show that
JTamb can be reduced by gate material engineering [54],
Gaussian doping [55], and gate overlap engineering [56].

In this paper, a new heterostructure stacked gate oxide JLT-
FET (HS-SGO-JLTFET) is proposed with a lightly doped
drain (LDD). The reduction of gate oxide thickness leads to
increased leakage at the gate oxide-silicon interface, which
negatively affects device performance. This problem is
overcome by using a high-k material (HfO) in addition to
the thin SiO, layer. The stacked gate oxide (SiO,/HfO;)
reduces the leakage current at the gate-channel interface.
The high-k gate dielectric (HfO2) increases band bending,
leading to more Ipn and steeper SS. The low-k dielectric
layer (Si0O,) also prevents lattice mismatch between channel
and HfO, dielectric. In addition, the band gap engineering
is accomplished by applying lower band gap InAs in the
source region and higher band gap Si in the channel and
drain regions. Using the low band gap material (InAs) in
the source region reduces the tunneling barrier width in
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the source-channel junction and consequently enhances the
Ion. The reason for selecting Si/InAs as the heterostruc-
ture is its simpler fabrication method compared to other
hetero material-based structures. Moreover, a lightly doped
drain (LDD) region is included near the channel end, which
widens the tunneling barrier at the channel-drain junction,
thereby reducing the lamb. The LDD idea has been pre-
viously suggested in Refs. [31, 32], but its effect on JLT-
FET has not yet been reported. In this work, this idea is
introduced for the first time in heterostructures-based SGO-
JLTFET. The main objective of this paper is to illustrate
the effect of combining LDD with a heterostructure on the
electrical characteristics and analog/RF parameters of the
SGO-JLTFET.

The rest of this paper is organized as follows: In section 2,
the device structure and simulation setup are elaborated.
In section 3, the simulation results in terms of DC charac-
teristics and RF performance are discussed. Finally, the
conclusion is summarized in section 4.

2. Materials and methods

Figure 1 (a-c) illustrates the schematic view of the SGO-
JLTFET, HS-SGO-JLTFET, and LDD-HS-SGO-JLTFET,
respectively. Initially, the SGO-JLTFET is designed as a
silicon-based structure with a (SiO+HfO) stack. Then, the
HS-SGO-JLTFET is constructed by substituting Si with
InAs in the source region. Finally, the LDD-HS-SGO-
JLTFET is created by applying a lightly doped drain (LDD)
region adjacent to the channel end. The physical conse-
quences of Si/InAs-based devices (HS-SGO-JLTFET and
LDD-HS-SGO-JLTFET) are compared with Si-based SGO-
JLTFET to demonstrate the amelioration in the performance
parameters.

Figure 1. Cross-sectional view of (a) SGO-JLTFET (b) HS-SGO-JLTFET, (¢) LDD-HS-SGO-JLTFET.
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All three device structures are N-type JL-TFETSs and consist
of a polar gate (PG) and a control gate (CG). A spacer with a
length of 2 nm separates the PG and CG. The work function
of the PG is set to 5.9 eV to convert the Nt source into a
P source, while the CG work function is set to 4.3 eV to
convert the N* channel into an intrinsic channel. Platinum
(Pt) and aluminum (Al) are considered as the PG and CG
materials, respectively. A heavy N-type doping concentra-
tion of 1 x 1012 cm—3 is applied to the source, channel, and
drain regions. In the LDD-HS-SGO-JLTFET, the doping
concentration of the lightly doped drain (LDD) is assumed
to be 1 x 10'7 cm™3. Additional design parameters are de-
tailed in Table 1.

Table 1. Design parameters for three devices.

Parameters Value

Source Length 20 nm
Drain Length 20 nm
Channel Length 20 nm
LDD Length 10 nm
Body Thickness 5 nm

SiO; Thickness 0.8 nm
HfO, Thickness 1.2 nm

All simulations in this study are performed using the Silvaco
ATLAS simulator [57]. To provide an in-depth analysis of
the device physics, the non-local BTBT model is employed
to calculate the tunneling rate at the junctions. The band gap
narrowing model is used to account for the effects of heavy
channel doping. Minority carrier recombination effects are
incorporated using the Shockley-Read-Hall recombination
model, and the Lombardi CVT mobility model is utilized to
capture the influences of doping, electric field, and tempera-
ture. The trap-assisted tunneling model is used to include
interface trap effects, and the quantum confinement model
is applied due to the body thickness being less than 10 nm
[54].
The non-local BTBT model is calibrated using the experi-
mental work reported in [58]. The Ipg-Vgs curve is plotted
based on the same data as in [58], demonstrating strong
agreement with the published fabrication-based results, as
shown in figure 2. This alignment confirms the accuracy of
our simulation setup.

Fig. 3 depicts the main fabrication steps of the LDD-HS-
SGO-JLTFET, which are explained as follows:

* a) The Si drain region is doped using a combination of
low- and high-energy implants [59].

* b) The source region is recessed into the silicon sub-
strate using an etching process.

* ¢) The InAs layer is deposited via epitaxial growth
[45].

* d) The SiO, and HfO, gate oxides are deposited
using the atomic layer deposition (ALD) technique.
The ALD method allows for thickness control at the
angstrom level, making it easy to deposit a 0.8 nm
Si0; layer [60].
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Figure 2. Calibration of Ipg-Vgg characteristics using experimental work
[58].

* e) Metal gates are deposited using electron beam lithog-
raphy [42, 61].

3. Results and discussion

3.1 DC performance

This section examines the influence of the heterostructure
(HS) and lightly doped drain (LDD) region on the DC per-
formance of the stacked gate oxide JLTFET.

Figures 4 (a) and b illustrate the energy band diagrams
for the three devices in the ON and ambipolar states, re-
spectively. As shown in figure 4 (a), the tunneling barrier
width of the HS-SGO-JLTFET and LDD-HS-SGO-JLTFET
is narrower compared to the SGO-JLTFET. This reduction
in barrier width arises from the utilization of the narrow
band gap material (InAs) in the source region. The presence
of Si/InAs hetero material at the source-channel junction
causes the conduction band to be pulled down so that the
conduction band minimum occurs at the source-channel
interface. Because of this, the tunneling barrier width is
diminished. Consequently, a higher number of electrons
tunnel from the source to the channel, resulting in an in-
creased Ion. Additionally, figure 4 (a) demonstrates that the
lightly doped drain region near the channel end does not in-
fluence the tunneling width at the source-channel interface.
It can also be observed from figure 4 (b) that the LDD-
HS-SGO-JLTFET exhibits a wider tunneling barrier at the
drain-channel interface compared to the SGO-JLTFET and
HS-SGO-JLTFET. This widening occurs because the inclu-
sion of the LDD near the channel-drain junction expands
the barrier width at the drain-channel interface, reducing the
tunneling rate and ultimately suppressing ambipolar con-
duction.

Figure 5 represents the transfer characteristics of the three
devices. It is evident that both the HS-SGO-JLTFET and
LDD-HS-SGO-JLTFET achieve higher ON currents and
steeper subthreshold swings (SS) than the SGO-JLTFET.
These improvements are attributed to the incorporation
of InAs, which has a narrower bandgap compared to sil-
icon. The enhanced Ipyn of heterostructure-based devices is
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Figure 3. Manufacturing process of the LDD-HS-SGO-JLTFET.

achieved from the sudden band bending, which leads to a
minimized conduction band at the source-channel junction.
Moreover, the LDD-HS-SGO-JLTFET achieves the lowest
I.mb among the three devices, owing to the presence of the
lightly doped drain region. The inclusion of the LDD in the
vicinity of the channel enlarges the tunneling width at the
drain-channel junction and subsequently degrades the am-
bipolar current. Consequently, the LDD-HS-SGO-JLTFET
demonstrates superior drain current performance relative to
the other two devices.

In this study, threshold voltage (Vy,) is determined using
the constant current method. Here, Vy, refers to the Vgg
obtained from the transfer characteristics, where Ipg =
2.89 x 10~® A/um. The HS-SGO-JLTFET and LDD-HS-
SGO-JLTFET have a smaller Vg, than the SGO-JLTFET,
as seen in figure 5. This means that Si/InAs based-devices
require less voltage to turn on compared to the Si-based
device.

The carrier concentrations of the three devices in the ON
state are presented in figure 6. It is observed that the
HS-SGO-JLTFET and LDD-HS-SGO-HJLTFET show a
sharp upsurge in the electron concentration near the source-
channel junction, while the SGO-JLT-FET demonstrates a

—s— SGO-JLTFET
109 —— HS-5GO-JLTFET
—4—LDD-H5-5GO-JLTFET

Energy (eV)

Qg o001 02 003 0 004 D05 006

Position along X-axis (um)
(a)

steady increase in the electron concentration near the same
junction. Using the Si/InAs heterostructure generates an
N-doped pocket area below the gap between PG and CG.
This formation increases the electron concentration of the
region beneath the gap area. Due to this, the conduction
band minimum is formed at the source-channel interface,
which leads to a narrowing of the tunneling barrier width.
Figures 7 (a) and 7 (b) depicts the electric field distribu-
tions for the three devices in the ON and ambipolar states.
As shown in figure 7 (a), the electric field peak at the
source-channel junction is significantly higher for the HS-
SGO-JLTFET and LDD-HS-SGO-JLTFET compared to
the SGO-JLTFET. This elevated electric field in the source-
channel junction implies a raised ON current for the Si/InAs
heterostructure-based devices. The use of InAs with its nar-
rower band gap than silicon induces an N-doped source
region betwixt the two gates, which causes a fringing field
near the source-channel interface. This event results in fur-
ther bending of the energy bands and facilitates an increased
tunneling current at the source-channel junction.

Figure 7 (b) demonstrates that the electric field in the
channel-drain junction of the LDD-HS-SGO-JLTFET is
lower than that of the other two devices. The attenuated

Energy (V)

—8—5(G0-JLTFET
—v— HS-3G0O-ILTFET

—i— LDD-H5-5G0-JLTFET

aoe 0Ol 0 o83 004 005 006
Position along X-axis (pm)

(b)

Figure 4. Relative investigation of energy band diagrams for all three devices in (a) ON state, (b) ambipolar state.
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Figure 5. Relative investigation of transfer characteristics for all three
devices.

electric field denotes a decrease in the slope of the energy
bands at the drain/channel junction, which is attributed to
the LDD’s effectiveness in mitigating ambipolar conduction.
The DC parameters of all three devices are listed in Table 2.
Based on the table, the parameters of Ion, Ion/lorr, Vi,
and SS of both Si/InAs-based devices (HS-SGO-JLTFET
and LDD-HS-SGO-JLTFET) are improved compared to
SGO-JLTFET. Furthermore, the smallest I, is obtained
for the proposed device (LDD-HS-SGO-JLTFET).

3.2 Analog/RF performance

In this section, the analog/RF parameters of the proposed
LDD-HS-SGO-JLTFET are investigated and its outcomes
are compared with SGO-JLTFET and HS-SGO-JLTFET.
Figure 8 (a) and 8 (b) illustrates the gate-to-source capaci-
tance (Cgs) and gate-to-drain capacitance (Cgq) of all three
devices, respectively. Parasitic capacitances (Cgs and Cgq)
play a key role in measuring the RF performance of the
device. For an efficient device, the value of these capaci-
tances should be small to avoid excessive power dissipation
and slow switching speed. According to figure 8 (a), the
value of Cg is higher in HS-SGO-JLTFET and LDD-HS-
SGO-JLTFET compared to SGO-JLTFET due to the strong

20 -

Drain Channel

on
1

—a—SGO-JLTFET
—=—HS-5GO-JLTFET
—4+—LDD-H3-SGO-JLTFET

(=]
L

V=1 V
Vgs=1V

Carrier Concentration (cm™)

T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Position along X-axis (pm)

Figure 6. Relative analysis of carrier concentration for all three devices in
ON state.
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Figure 7. Relative analysis of electric field for all three devices in (a) ON
state (b) ambipolar state.

coupling between gate and source. As can be observed from
figure 8 (b), the Cyq of all three devices rises with increas-
ing VGS, which is due to the formation of an inversion
layer from drain to source. At higher gate bias, the LDD-
HS-SGO-JLTFET has the lowest Cyq, due to employing
the lightly doped drain. The Cgq value of LDD-HS-SGO-
JLTFET is 0.14 fF at Vgs = 1 V.

Transconductance (g, ) is an important parameter for the
design of RF circuits, which relates the input voltage across
the device to the output current. To achieve high gain and
large driving capability, g, should be high. Mathematically
it is written as [62]

—( dIps

) ey

Figure 9 illustrates the transconductance of all three devices
under different gate-source voltages. As can be seen, the
transconductance is enhanced with the increase of the gate
voltage for all devices. It is also evident from figure 9 that
band gap engineering in HS-SGO-JLTFET and LDD-HS-
SGO-JLTFET results in a significant advancement in gm
value. Furthermore, there is no difference between the g,
of these two devices. Because the application of LDD does
not change the tunneling distance in the source-channel in-
terface. The LDD-HS-SGO-JLTFET and HS-SGO-JLTFET
have increased gn, of 840 us, which is 8 times larger than
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Table 2. DC Parameters of all three devices.

Parameters SGO-JLTFET HS-SGO-JLTFET LDD-HS-SGO-JLTFET

Ton (A/pm) 1.60x1073 1.80x10~* 1.80x 1074

Iorr (A/um)  3.66x10~14 4.02x10~14 2.66x10 14

Ton/IoFF 0.44x10° 0.45x 1010 0.68x10'0

Lamb (A/um)  2.31x10~14 231x10714 1.26x10~15

Vi, (V) 0.34 0.28 0.28

SS (mV/dec) 37 25 25
that of the SGO-JLTFET. 1000
Another key parameter determining RF performance is the —=—SGO-ILTFET
transconductapce generation f.actor (TGF),. which trans- - 200 - —:—}{;Tﬁl?sfgé?ﬁm . 1
forms the drain current (Ipg) into gn and is formulated 2
as [62] . :H co0 | s

TGF = () 2 : 4
Ips g Vel W ;
The variation of TGF versus Vgg for all three devices is § 0
shown in figure 10. The higher TGF for all three devices is E
achieved at lower Vgg due to the domination of g, over Ips. T 200 4
After reaching the maximum value, further increase in Vgg ,,*’
causes TGF degradation due to the domination of Ipg over Y _*g_f: . _.—--'"’r‘
0.0 0.2 0.4 06 0.8 1.0

gm. It is also clear from figure 10 that Si/InAs-based de-
vices (HS-SGO-JLTFET and LDD-HS-SGO-JLTFET) are
provided more TGF value as compared with SGO-JLTFET
at low gate bias. The highest TGF value for LDD-HS-SGO-
JLTFET and HS-SGO-JLTFET is 4.73 x 10* V!, which is

008
—=—SGO-JLTFET
—+—HS-SGO-JLTFET
—4—LDD-HS-SGO-JLTFET
0.04 4
g
&
@]
002+
0.00 T T T T
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%/ 0.15 4
=
g0
&)
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Gate Voltage, Vg (V)

Figure 8. Relative examination of (a) gate-to-source capacitance (b) gate-
to-drain capacitance for all three devices.

Gate Voltage, Ve (V)

Figure 9. Comparative plot of transconductance for all three devices.
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Figure 10. Comparative plot of transconductance generation factor for all
three devices.

2.19 times higher than that of the SGO-JLTFET.
The cut-off frequency (ft) is another critical parameter in
determining the suitability of a device for RF applications.
It can be defined as the frequency for which the short-circuit
current gain achieves the unity value and is computed as
[63]

fr=g—tm 3)

2 (Cgs + ng)

In figure 11 the variation of cut-off frequency is shown for
the three devices. It is found from the figure that the fr of
the LDD-HS-SGO-JLTFET is higher than the other two de-
vices. This is the result of the enhancement in g;,, and degra-
dation in Cgq, which is achieved due to the combination of
Si/InAs heterostructure with LDD. The maximum fy value
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Figure 11. Comparative analysis of cut-off frequency for all three devices.

for SGO-JLTFET is 4.51 x 10'°9 Hz, whereas the maximum
ft value for HS-SGO-JLTFET and LDD-HS-SGO-JLTFET
is 2.59 x 10! Hz and 2.71 x 10'! Hz, respectively.
Another important parameter to consider when evaluating
the high-frequency performance of the device is the gain
bandwidth product (GBWP). It demonstrates how effec-
tively the device can amplify signals across different fre-
quencies. The GBWP for the DC gain of 10 can be calcu-
lated as [63]

&m (4)

GBWP=—°m__
207(Cga)

Figure 12 exhibits the investigation of all three devices in
terms of GBWP. First GBWP curve rises with increasing
gate voltage and reaches its peak value. After that, the curve
starts to decrease due to the increment of Cyq value. It
is also observed that the LDD-HS-SGO-JLTFET has the
highest GBWP value (1.12 x 10! Hz), which is 1.2 and
10.87 times greater in comparision to HS-SGO-JLTFET
and SGO-JLTFET. The superiority of the LDD-HS-SGO-
JLTFET in terms of GBWP is due to increased g, and lower
Cgq.

Transit time (7) is another significant parameter to evaluate
the device for high-frequency operation, which is described

120
= —=—5GO-JLTFET
Z 100 —+—HS-SGO-JLTFET
& —a—LDD-HS-SGO-ILTFET
Z 80+
g 60
2 a0
2 20
D_ T T T
00 0.2 0.4 08 08 1.0

Gate Voliage, \-GS V)

Figure 12. Comparative analysis of gain bandwidth product for all three
devices.
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as the time needed for carriers to travel from the source to
the drain region and is determined as [54]

r— 1
o 27l'fT

(&)

The 7 characterizes the transfer speed of charge carriers,
and a low 7 indicates a faster response time and a higher op-
erating speed of the device. Therefore, for a fast-switching
transistor, this parameter should be low. The comparison of
transit time for all three devices is shown in figure 13. As
shown in the figure, HS-SGO-JLTFET and LDD-HS-SGO-
JLTFET have similar 7 up to 0.75 V, which is less than that
of SGO-JLTFET. For Vgs > 0.75 V, the lowest value of T
is observed in the LDD-HS-SGO-JLTFET due to higher fr.
According to figure 13, the LDD-HS-SGO-JLTFET has the
7 value of 6.55 x 10713 sat Vgs = 1 V.

The comparison between the DC and analog/RF parame-
ters of the proposed LDD-HS-SGO-JLTFET and recently
reported JLTFETS [39, 41, 44, 45] is shown in Table 3. The
table indicates that the proposed device performs better than
other JLTFET devices in terms of Ion, gm, fT, and GBWP.
Consequently, it is a suitable candidate for low-power digi-
tal applications and analog/RF circuits.

4. Conclusion

This paper presents a new stacked gate oxide JLTFET that
integrates a Si/InAs heterostructure and a lightly doped
drain region. The use of the narrow band gap material
(InAs) in the source region increases the band bending and
reduces the tunneling width. As a result, a stronger electric
field peak forms at the source-channel junction, leading to
higher Ion and steeper SS. Additionally, the lightly doped
drain (LDD) adjacent to the channel weakens the electric
field at the channel-drain junction, which reduces ambipolar
current.

Furthermore, by examining the RF parameters, it is found
that using band gap engineering along with LDD boosts
fr and GBWP due to larger gy, and smaller Cgq. Over-
all, the proposed device performs well for low-power and
analog/RF applications.

1 ——SGO-JLTFET
—»—HS5-SGO-JLTFET
—+—LDD-HS5-5GO-JLTFET

Transil Time, Tiscc)

0.0 0.2 04 06 08 10
Gate Voltage, Vg (V)

Figure 13. Comparative analysis of transit time for all three devices.
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Table 3. Performance comparison of LDD-HS-SGO-JLTFET with recently reported JLTFET structures.

Structures Ion (A/um)  SS (mV/dec) m (us) fr (GHz) GBWP (GHz)

u gm (1
SNPJL-TFET [39] 5.43x107° 20 210 65.4 14.9
DMMG-HIJLTFET [41] 1.01x107° - 12.6 9.17 0.17
HILTFET [44] 1.45%1073 - 55 - 50.6
Reported JLTFET [45] 1.80x10~4 423 170 12 11/8
LDD-HS-SGO-JLTFET ~ 1.80x10~* 25 840 271 112
(Proposed Device)
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