JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 17 No 3, 03014(5pp) (2025)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 17 Ne 3, 03014(5cc) (2025)

OPEN ACCESS
REGULAR ARTICLE
Graphene Nanoribbon Based Asymmetric Tunnel FET for Fast Switching and Low Power
Applications
R. Duttal* ¥@), D. Das?, R. De3.t

1 Dept. of CSE (IoT), Poornima Institute of Engineering & Technology, Jaipur — 302022, Rajasthan, India

2 Dept. of CSE, Poornima University, Jaipur — 302029, Rajasthan, India
3 NextGen Healthcare Materials Lab, Handong Global University, Pohang — 37554, South Korea

(Received 18 April 2025; revised manuscript received 15 June 2025; published online 27 June 2025)

This research work mainly investigates the process of layering graphene material as ribbon structure at
nano scale i.e. 0 —2nm and its outcome for asymmetric tunnel field effect transistor (TFET). Our proposed
model i.e. Asymmetric Dual Gate TFET with graphene nano ribbon (ADG-GN-TFET) is designed based on
modern quantum tunneling device physics approach, with hetero-structured oxide material, keeping channel
length at 20 nm to perform at low power application suit-ably. Silvaco TCAD is used as software for generating
the simulation results, which are further analyzed and compared with orthodox TFET models for identifying its
uniqueness towards making it as a fast-switching semiconductor device. The various essential physical device
parameters i.e. channel length, body thickness, oxide thickness are varied and tradeoff is applied in pursuit of
better device performance. The entire simulation process is performed at 0.5 V of supply voltage. This ensures
the proposed device model suitable for low power applications. The approach of layering graphene sheet can be
modified according to the device model and its source, channel and drain electrode material combination at
nano-scale up-to 20 nm. Turn on voltage is recorded at 0.22 V, keeping effective oxide thickness (EOT) as 2 nm.

Also, the ambipolar i.e. leakage current is well controlled and best recorded as 6.86 x 1014 A/um.
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1. INTRODUCTION

With the advent of nanotechnology, there are several
nanodevices which are getting designed and simulated in
pursuit of developing a semiconductor device at nano-
scale [1]. Since more than a decade, Complementary
Metal Oxide Semiconductors (CMOS) uses conventional
CMOS device physics to build integrated circuits for
practical applications. But due to restriction in low power
applications as well as fast switching, the conventional
device physics needed to change its approach, which
further bring tunnel field effect transistors (TFET) into
the modern semiconductor industry [2-10].

Because of its band-to-band-tunneling (BTBT) approach
shown in Fig. 1, the modern device physics actually results a
path breaking solution for developing low power nano-devices
with fast switching compared to CMOS technology [11].

This quantum  tunneling using Heisenberg
uncertainty principle results high on-state current (Ion)
at low threshold voltage (Vin). Besides this the off-state
current (lorr) is also matter of concern for better
switching device at nano-scale [12].
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Fig. 1 — Quantum tunneling representing modern device physics
compared to classical approach

2. PROPOSED DEVICE MODEL AT NANO SCALE
2.1 Asymmetric TFET with Heterogate

There has been an extensive survey of asymmetric
TFETs at nano-scale, where the device model is altered
based on potential applications viz. low power, fast
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switching, high frequency applications etc. Symmetry of
the semiconductor device is missing because of desperate
reformation of device lengths such as gate, source and
drain electrode lengths. The reformation of device lengths
is strictly analyzed and mathematically resolved based on
following equation:

1 w
Ip = 7 Hn Cox T Vgs — Vt)z (1)

From Eq. (1) it can be clearly understood that overdrive
potential (Vov) is directly proportional to drain current i.e.
on-state current. So, if Vov decreases, Ion also decreases
and Iorr increases, which is not desired. Therefore, a
tradeoff between width of gate (W) and length of gate (L) is
highly required, whereas electron mobility (u:) and oxide
capacitance (Cox) are also closely varied [13-14] and
monitored for better device performance.

2.2 Use of Graphene as Nanoribbon over Proposed
Device Model

Structure of the proposed device model is shown in Fig. 2.
Here two different materials (Indium Arsenide: InAs and
Silicon: Si) are used at source and drain regions respectively.
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Fig. 2 — Proposed device model at nano-scale (0 — 20 nm)

The source is heavily doped compared to drain,
moreover the sandwiched layer i.e. channel is the
intrinsic region which is effectively less doped from both
the previous regions. The graphene is actually a carbon
allotrope having atoms of single layer. It is generally
arranged as a planar structure, but here in this research,
this carbon-based nano-material forming a 360° folding
sheet, which eventually acted as nano-ribbon sheet,
shown in Fig. 3.

As we can see that if the graphene planar sheet is
replaced by nano-ribbon, where no energy band gap
remain exists between conduction (C) and valence (V)
bands. This in-turn increases probability of electron
transfer between V- C band to multiple times. This
further results quantum tunneling and elevates ON state
current compared to leakage current. Graphene material
is also introduced for its very high electron carrier
mobility with low effective mass at room temp. i.e. 273 K.
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Fig. 3 — Graphene material is used as nano-ribbon in our
proposed model

Another aspect of introducing graphene material is to
utilize its high thermal conductivity at high thermal
strength, that in-turn results better suitable device
structure for low power applications.

2.3 Deployment of Device Parameters for Model
Simulation

To obtain best device performance, the real balancing
between selection of typical physical and electrical
parameters is very important. This may be in varying
doping concentration level or fixing gate or other
electrodes lengths, which eventually help us to obtain
suitable result for fast switching and low power
application.

Table 1 — Physical & Electrical parameters used in this model

Sl. |[Physical & Electrical
No.|parameters
1.

Unit(s)

Doping at source 4.5 x 1016 atoms/cm?

2. |Doping at drain 1.5 x 104 atoms/cm3

3. |Doping at intrinsic channel |4 x 102 atoms/cm3

4. |Length (Gate: Lcn) 0-20 nm
Thickness (Body: tsi),

- (Graphene: tar), (Oxide: tox) 10, 0.5, 2 (nm)

6. [Supply voltage (Vbp) 0.5V

TCAD device simulator [15] is used in solving
simulation results and analysis done in this research work.

3. SIMULATION RESULTS

As this article majorly focuses on low power
applications, therefore it is evident to showcase the
important aspects of output current i.e. drain current as
Ion as well as leakage current i.e. Iorr which plays
pivotal role in low power application.
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3.1 Leakage Current Control

The TFET with modified asymmetric structure
always generates high ON state current in general due to
its BTBT tunneling. But to get a reduced leakage current
as we increase gate voltage is a real challenge that we
faced during this process.

10%4

10° ADG-GN-TFET (Our Model)
1061_ at supply voltage = 0.5V
1071
10°
10’9'!
1074
10'"'!
10"21:
10'“-!
10'“'!
10" 4
107 4
10" d———————
020 00 02 04 og, log 10 12— 14
Gate Voltage (V)

Leakage Current decreases
with reduced gate length (Lg)

—— Lg= 20 nm
—— Lg= 40 nm
—— Lg= 60 nm
—— Lg= 80 nm

Drain Current (A/Jum)

Fig. 4 — Leakage current is getting reduced with reduced

channel / gate length

In Fig. 4, it is evident that the gate length (Lg) i.e.
channel length (Lc) is same, and trading off the scale from
80 nm to 20 nm, actually provides us better controlled
leakage current which is one of the major plus point as far
as low power operation is concerned. Our proposed model
i.e. Asymmetric Dual Gate- Graphene Nano ribbon Tunnel
FET (ADG-GN-TFET) is producing reduced leakage
current with reduced channel/gate length of the device.

3.2 Better Turn ON Voltage

The variation of transistor body thickness from 16 nm
to 10 nm, eventually helped us to achieve a better turn-
ON voltage which is much needed for approaching
towards a fast-switching device.

Keeping effective oxide thickness (EOT) i.e. fox at
2 nm with supply voltage at 0.5V, the tradeoff value of
10 nm of body thickness results turn on voltage at 0.22 V,
earlier it was 3.768 V, shown in Fig. 5.

3.3 EBD Analysis

The Energy Band Diagram (EBD) analysis at nano
level gives reader an exact graphical representation of
improved BTBT tunneling happening at source — channel
junction, also at channel — drain junction, shown in
Fig. 6 (a) and Fig. 6 (b).

At Fig.6(a) it is evident that the channel path
window 1is getting narrower at source-channel inter
junction at Vg = 1.5 V with supply voltage fixed as low as
possible at 0.5V. Similarly, at Fig. 6 (b) we could find the
shrinking of tunneling window at channel — drain
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junction using graphene sheet at Vg =—1V. Therefore,
graphene plays pivotal role in controlling BTBT rate
across the device, which further helps to yield better and
fast switching device model.
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Fig. 5 — Varied body thickness (16-10nm) yields better Turn ON
voltage
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Fig. 6 (b) — BTBT tunneling improved at Channel — Drain
Junction in presence of graphene at nano scale (0 — 2 nm)
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3.4 Electric Field Distribution Analysis

After investigating the band diagram analysis, the very
next crucial aspect is to study the electric field distribution
majorly targeted along x-axis (lateral) and y-axis (vertical),
shown in Figs. 7 (a) and 7 (b) respectively.

Here in this comparison study, the orthodox
Symmetric Double Gate TFET (SDG-TFET), Asymmetric
Dual Gate TFET (ADG-TFET) and our proposed model
i.e. Asymmetric Dual Gate TFET (ADG-GN-TFET) have
tested with electric field variation laterally and
vertically, where in the lateral e-field distributed to its
maxima at source — channel junction.
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Fig. 7 (a) — Electric Field Distribution (lateral)
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Fig. 7 (b) — Electric Field Distribution (vertical)

3.5 BTBT Rate Comparison Between Existing and
Our Proposed Models

The BTBT rate with electric field distribution is
studied keeping gate voltage at 0 to 1.5 V. Supply voltage
is fixed at 0.5 V at this simulation process.
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Fig. 8 shows a bar-chart comparison of BTBT rate and
e-field distribution of asymmetric dual gate TFET with
proposed model i.e. ADG-GN-FET. Due to the layering of
graphene layer at S-Ch junction for n-channel TFET the
spike at surface potential results high BTBT rate as well
as e-filed that generated across the channel.

4. CONCLUSION AND FUTURE SCOPE

This research work mainly investigated the typical
importance of graphene layer which is put over intrinsic
channel as ribbon structure to enhance the switching
current at S-C junction. This ensures the fast switching of
the proposed model. Moreover, the graphene material
helps to grow the induced e-field grows considerably at
tunneling region, that also controls the ambipolar current
1.e. leakage current as the gate voltage increases, keeping
supply voltage fixed at min of 0.5V. This ensures the
proposed device model suitable for low power applications.

The approach of layering graphene sheet can be
modified according to the device model and its source,
channel and drain electrode material combination at
nano-scale up-to 20 nm. Turn on voltage is recorded at
0.22'V, keeping EOT as 2nm. Also, the ambipolar i.e.
leakage current is well controlled and recorded as
6.86 x 10 ~1* A/um at channel length at 0 — 20 nm.
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I'padhenora HanocTpiukoBa acumerpudHa tyHeabHa TT niia mBUOKOro nepeMUKaHHA 1| HU3BKOTO
€HEepProCcro;KuBaHHS

P. Hdarral, II. Jac?, P. Ie3

1 Kagpeopa komn tomeproi inocernepii (Inmeprem peueii), Incmumym inocerepii ma mexuonoaiti Ilyprnima, caiinyp, Inois
2 Vuisepcumem Ilypnima, Hocatinyp, Inois
3 Jlabopamopia mamepiaiie 0XopoHl 300p06 5 MatlOymHb020 nNoKoiHHA, YHisepcumem Xanoon, Iloxane, ITisoenna Kopest

V 1t po6OTI POSTIIAmAETHCA IMPOIleC HAaHECeHHs rpadeHy y BUMIAAl HaHocTpiuku (0 — 2 HM) IJIsI CTBOPEHHS
ACHMETPUYHOr0 TYHEeJIBHOTo TpaHaucropa 3 mosiboBuM kepysBanusaMm (TFET). 3anpononosano momens ADG-GN-
TFET (Asymmetric Dual Gate Graphene Nanoribbon TFET), pospoGieny 3a NpuHIIUIIAMA KBaHTOBOTO
TYHEJIOBAHHSI 3 BHUKOPHUCTAHHAM TIeTEPOCTPYKTYPOBAHUX OKCHIIB Ta KaHaLy MAOBKHHOK 20 HM IS
3a0e3reueHHs] HU3bKOIO eHeprocuo:kuBanusa. Cumyssanii Bukonano y cepenosuri Silvaco TCAD, a pesysibratu
nopiBHAHO 3 Tpanumiiiaumu Mmonessvmu TFET 3 meroro BusiBiieHHs mepeBar. 3MIHIOBAJIUCS IIapaMeTPU SIK-OT
JIOBJKMHA KAHAJLy, TOBIIMHA TLJIA, TOBIIMHA OKCHIY, IO JO3BOJMJIO 3HAUTH ONTUMAJIBHI XapPaKTePUCTHKU IS
IIBUIKOIIIOYOT0 TePEeMUKAHHsA. YCl MOJIE/IIOBAHHS 3MIMCHEeHO Ipw Hampy3l skusieHus 0.5 B, a wmampyra
BriioueHHsT (Von) criama 0.22 B npu edexrusniit Topmuai okcuay (EOT) 2 um. OcobsimBo BapTo BiggHAYUTH
HU3BKUY PIBEeHb IAPA3UTHOTO CTPyMy (aMOIMMOJISIPHOTO), sIKUM cTaHOBUB 6.86 x 10 ~ 14 A/MKM, IO CBIIYNUTH IIPO

edeKTHBHE NIPHYIIEHHS BUTOKIB.

Kmiouosi cnosa: I'paden, TFET, TCAD, Hanocrpiuka, KBaurose TyHemoBaHHs.
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