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Influence of triple material having different work functions have been designed and investigated on a
double gated P-i-N tunneling graphene nanoribbon field effect transistor (DG-TM-PiN-TGNFET) for im-
proved device performance. A III/V compound material (InAs) has been used in the source region for this
n-channel heterojunction tunnel FET, because of which stress — strain effect results better tunneling. Gra-
phene, being a low band gap material, has been used as nano ribbon to tune suitably the energy bandgap
as less as possible. In this paper, the three different materials are introduced to restrict the drain — source
reverse tunneling and also improve the TFET device performance in terms of surface potential distribu-
tion, lateral — vertical electric field variation and transfer characteristics. This triple material-based DG-
PiN-TGNFET structure provides better subthreshold swing of 18.56 mV/decade at 0.5V supply voltage
compared to single and double material based double gated TGN-FET structures. The entire simulation
has been performed using two-dimensional mathematical TCAD device software. Moreover, the low
threshold voltage encourages the proposed device best suitable for low power logic applications.

Keywords: Work function, DG-TM-PiN-TGNFET, III/V Compound material, Surface potential, Reverse

tunneling, TCAD.
DOI: 10.21272/jnep.13(3).03020

1. INTRODUCTION

The conventional complementary metal oxide semi-
conductor (CMOS) technology for integrated circuit (IC)
fabrication, has been outplayed due to device dimension
scaling issues [1]. Since in todays’ era, the device scaling
has been travelled from millimeter range to nanometer
range, therefore short channel effects (SCE) restrict
further downscaling of CMOS transistors [2, 3]. Due to
the fundamental limitation of subthreshold swing (SS),
the CMOS devices cannot produce high drive current at
low threshold voltage (Vin). In addition, the rising OFF-
state leakage current with respect to device node tech-
nology limits its further usage. Therefore, a new device
physics has been introduced in nano-device modelling
called tunnel field effect transistors (TFET). This device
having typical gated P-i-N (p type — Intrinsic — n type)
junction diode structure incorporates band-to-band
(BTBT) quantum tunneling, unlike MOS transistors.
This results low subthreshold swing (less than
60 mV/decade in room temperature for MOSFETSs) and
better control in SCE and further drain induced barrier
lowering (DIBL) issues [4-6]. In spite of these ad-
vantages, TFET devices meet considerable challenges in
producing better ON-state current (lon). To overcome
this problem, several typical device structures with gate
and material engineering have been studied [7-14].
Moreover, the supply voltage (Vbp) needs to be lowered
with device downsizing for low power applications. After
undergoing a thorough literature surveys of recent
times [15-20], graphene nanoribbon has been intro-
duced over Si channel. Graphene, being an excellent
mechanical and electronic property holder; has been
used as nanoribbon to tune the energy band gap and
thereby enhancing the switching ratio (Ion/IoFF).
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2. DEVICE STRUCTURE

In this section, the established device structure of
an n-type double gate dual material P-i-N tunneling
graphene nanoribbon field effect transistor (DG-DM-
PiN-TGNFET) [21] is shown in Fig. 1.
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Fig. 1 — Two-dimensional lateral structure of InAs/Si hetero-
junction DG-DM-PiN-TGNFET

In the presence of ultra-thin graphene layer over Si
channel of proposed heterostructure (InAs/Si), the car-
rier transport results better Ion, Ion/Iorr ratio and
subthreshold swing (SS) compared to other advanced
double gated TFET. Here front and back gate are con-
nected to two metals (M1 and Ms) of different work-
function (¢m1=4.5¢€V, ¢m2 =4 eV). The lengths of M
and M2 are L1=10nm and L2= 10 nm, respectively,
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hence L is the total effective channel length of 20 nm.
The gate oxide thickness both at front and back gate
(toxt and toxp) are of 2 nm each, whereas the body thick-
ness (tgNr) is considered as 10 nm. The doping at
source, drain and channel regions are considered as
Ns=1020¢cm~-3, Np=5 x 108 cm—3 and Neh = 1016 ¢m —3.
Now the similar structure has been modified with an
additional material (Ms) having work function
(pm3 = 4.8 V) in order to achieve better drain current
(lon) and steep subthreshold slope compared to the
earlier. The modified n-type double gate triple material
P-i-N tunneling graphene nanoribbon FET (DG-TM-
PiN-TGNFET) is shown in Fig. 2. To make equal com-
parison between these two device structure dimen-
sions, the channel length (L) has been considered same
as 20 nm, where the individual lengths of three mate-
rials (M1, Mz, M3) are Li=5nm, L2=10nm and
L3 =5nm. Though, the width of dielectric and body
remain unaltered and so as the doping concentrations
at source, drain and intrinsic channel regions [22].
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Fig. 2 — Two-dimensional lateral structure of InAs/Si hetero-
junction DG-TM-PiN-TGNFET

3. SIMULATION METHODOLOGY

The double gated P-i-N tunneling TGNFET with
double and triple material have been simulated and
designed using non-linear numerical device simulator -
SILVACO TCAD software [23]. The simulated results
are graphically plotted and thoroughly compared for
better device performance with low power consump-
tion. Shockley Read and Hall (SRH) model is used for
recombination effects, Band gap narrowing (BGN)
model is used for high doping and BTBT model is used
for band-to-band tunneling. Non-local BTBT model is
used here in our work.

4. RESULTS AND DISCUSSION

In this section, all TCAD simulated results have
been analyzed and discussed.

4.1 Energy Band Diagram

Due to the incorporation of compound (III/V) mate-
rial like, Indium Arsenide (InAs) at source region of n-
type TFET; the BTBT tunneling rate is increased much
higher in this hetero-structure compared to all Silicon
material (Si) homostructure. The ultrathin barrier can
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be easily tunneled through for InAs/Si heterojunction.
The related energy band diagram is shown in Fig. 3.
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Fig. 3 — Energy band diagram comparison between InAs/Si
and Si/Si based DG-TM-PiN-TGNFET

4.2 Surface Potential Distribution

The surface potential distribution laterally along
the channel region can be analyzed graphically, as
shown in Fig. 4. Here, the proposed TGNFET structure
produces better peak at source — channel interface for
DG-TM-PiN-TGNFET. Moreover, the potential distri-
bution of both device models has been designed at 0.5 V
supply voltage.
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Fig. 4 — Surface potential distribution comparison between
DG-DM-PiN-TGNFET and DG-TM-PiN-TGNFET

4.3 Electric Field Variation

Since there are two electric fields generated after
biasing, therefore both the electric fields i.e., lateral
electric field (Ex) distribution and vertical electric field
(Ey) distribution have been plotted in Fig. 5 and Fig. 6,
respectively.

The incorporation of third material (M3) ensures the
better spike in lateral electric field variation along
channel length. However, since the width of all layers
have been considered same for both the device struc-
tures; therefore, the vertical electric field variation
remains almost equivalent to each other.

4.4 Transfer Characteristics

The ON-state and OFF-state current variation is
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plotted against gate-source voltage (Vgs). As the thresh-
old voltage (V) reduction is the main challenge for low
power consumption, therefore the double gated P-i-N
TGNFET plays vital role to achieve it. From Fig. 7 it can
be clearly determined that the influence of third materi-
al (Ms) significantly reduces the subthreshold swing (SS)
recorded at 18.56 mV/decade. Whereas, using dual ma-
terial used in DG-DM-PiN-TGNFET, the swing achieved
as 21.94 mV/decade and in DG-SM-PiN-TGNFET, it
provides 30.81 mV/decade at supply voltage of 0.5 V.
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Fig. 5 — Lateral electric field variation of DG-DM-PiN-
TGNFET and DG-TM-PiN-TGNFET at Vop = 0.5 V
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Fig. 6 — Vertical electric field variation of DG-DM-PiN-
TGNFET and DG-TM-PiN-TGNFET at Vop = 0.5V
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Fig. 7—Transfer characteristics of various device structures
of DG-SM-PiN-TGNFET, DG-DM-PiN-TGNFET and DG-TM-
PiN-TGNFET at Vop = 0.5V
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Fig. 8 — Drain current variation of DG-TM-PiN-TGNFET at
different supply voltages (Vbp at 0.5V, 0.7 V and 1 V)

Moreover, the leakage current (Iorr) has also been con-
trolled considerably for proposed DG-TM-PiN-TGNFET
structure.

In this paper, the main contribution to this estab-
lished novel device structure is the triple material im-
plementation. For low power logic application, the tri-
ple material-based DG-PiN-TGNFET provides best Ion,
Ion/Iorr ratio and subthreshold swing. In Fig. 8, it can
be analyzed that DG-TM-PiN-TGNFET provides best
subthreshold swing at Vbp=0.5V. Moreover, better
turn-on voltage (Von) has been achieved. The leakage
current (Iorr) is also get controlled at Vop =0.5 V.

5. CONCLUSIONS

This work is prepared mainly for low power logic
applications. The static power dissipation becomes
almost zero when the transistor is switched OFF. But
while switching ON, the dynamic power dissipation
becomes directly proportional to Vpp. So, the Vpp need
to be minimized w.r.t. device downscaling. If Vpp does
not decrease yet device dimensions were decreased,
then these leads rise in leakage current (Jorr).

To overcome this issue, the novel lateral structure
of DG-TM-PiN-TGNFET has been proposed and the
influence of triple material (M3) has been categorically
showcased in results and discussion section. The ener-
gy band diagram, surface potential distribution, elec-
tric field variation (lateral and vertical) and transfer
characteristics of proposed DG-TM-PiN-TGNFET has
been obtained and compared with DG-DM-PiN-
TGNFET and DG-SM-PiN-TGNFET. Low subthreshold
swing and better Ion at low Vin has inspired the triple
material-based DG-PiN-TGNFET to operate in low
power logic applications.
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Briue moTpifiHOro Mmarepiasy Ha JOCHIAKEHHS IIPOAYKTUBHOCTI TYHEJIbHOI'O IOJIHOBOIO
Tpau3ucropa 3 rpadgenoBux nanocrpitok PiN FET 3 noagiifinum satBopom
IJIA JOJATKIB HU3bKOIOTYKHOI JIOTiKK

Ritam Duttal2, Nitai Paitya?2
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Byio po3pobiero moTpiitHi MaTepianu 3 pisHEMHK pob0oTaMy BHXOLY Ta JOCILIKEHO IX BILJIUB Ha poboTy
TYHEJIBHOT'O II0JIbOBOTO TpaHaucTopa 3 rpadenosux HaHoctpiuok PiN FET 3 monsiitaum sarsopom (DG-TM-
PiN-TGNFET) nusa miasumenss npoaykTuBHocT nprctpoo. Criagennit marepian I11I/V (InAs) 6y Buko-
pHCTaHMI B 00JI4CTI BUTOKY I[HOIO TYHEJIBHOTO IOJILOBOTO TPAHSKUCTOPA 3 N-KAHAJIBHUM IeTepPOIePeXx00M,
3aBJISIKM YOMY HATIPYKEHO-Te)OPMOBAHUM CTaH MOKPAIyBaB TyHeI0BauH:dA. ['padeH, sxnii € MmaTepiayiom i3
HEBEJINKOK IIMPUHOK 3a00POHEH0I 30HU, OYB BUKOPHCTAHUN ¥ (POPMI HAHOCTPIYKH, 100 MAKCHMAJIBHO 3Me-
HIIMUATH ITUPUHY 3a00pOHEHO0I 30HU. ¥ Po0OTi IIpeICTaBIeHO TPU Pi3HI MaTepiaan I 0OMesKeHHS 3BOPOTHO-
T0 TYHEJIIOBAHHS MIK CTOKOM Ta BUTOKOM, & TAKOM J[JIsI IOKPAIIEHHS IIPOJIyKTUBHOCTI TYHEJIBHOTO TPAH3UC-
TOpA 3 TOUKU 30pY PO3IIOJLITY IIOBEPXHEBOrO MOTEHIIAIY, HOIePEeYHO-BePTUKAIBHUX 3MIH eJIEKTPUYHOTO T10-
714 1 nepegasanbaux xapakrepuctuk. g DG-PIN-TGNFET crpykrypa Ha ocHOBI IOTpifiHMX MaTepiasiiB 3a-
Oesmedye Kpallll IMAIOPOroBl KOJMBAHHA aMILTiTymol0 18,56 MB/mexana mpu mampysi sxusierss 0,5 B y mo-
piBusaaHl 3 TGN-FET crpykTypamu 3 MoaBiHAM 3aTBOPOM HA OCHOBI OMMHAPHUX TA IOABIAHUX MATEePiasIiB.
IloBHe MomemOBaHHsA 0yJI0 BUKOHAHO 3a JOIIOMOIOK IIPOrPAMHOIO 3a0e3ledYeHHs I PO3B'I3yBaHHS J[BO-
BuMipuux Matematndaux 3agad TCAD. Birbie Toro, HM3bKa IMOporoBa HAIPYTa CIIPHSE TOMY, IO IIPOIIO-
HOBAHWM MPUCTPIA HAWKPAIIE ITIIX0JUTh JJIST JOJATKIB HU3bKOIIOTYKHOI JIOTIKH.

Kmouori ciora: Pobora suxomy, DG-TM-PiN-TGNFET, Crnamenuit marepiain I11/V, IToepxueBwuit more-

Hirias, 3soporHe TyHemoBanusa, TCAD.
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