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While entering the era of More than Moore by reducing the geometrical dimensions for FET devices to
accommodate more components on a single chip, short channel effects (SCEs) like higher leakage currents,
Drain Induced Barrier lowering (DIBL), etc., create a major hindrance. Employing high-% dielectrics as
gate oxide is being a meticulous approach today on attaining an enhanced device. The objective of this
work is to develop and characterize a 14 nm gate length Tri-Gate n-FInFET device and compare the effects
of short channel parameters. This is achieved by replacing the SiOz gate oxide with various high-% dielec-
tric materials like SisN4, Al2Os, ZrO2 and HfO:. Here, the 14 nm gate length Tri-Gate n-FinFET device is
developed and modelled using SILVACO TCAD tools. The SOI structure is also implemented here for bet-
terment in device performance. Multiple devices are developed with varied gate oxides of SiOz and other
high-% dielectrics like SisN4, Al:Os, ZrOz and HfO: as the gate dielectric material considering the equiva-
lent oxide thickness calculation on the same structure. The short channel device parameters such as
threshold voltage, L. current, L current, subthreshold slope, DIBL, and IL./Ls current ratio were system-
atically analyzed for different devices. The comparison of different developed devices showed that the I,
current was almost the same for all the devices. However, the L current reduced with increasing dielectric
constants thereby increasing the Io./Los ratio which led to lower leakage currents and better device perfor-
mance. Similarly, the devices which comprised of higher dielectric constants had lower subthreshold
swings and lower DIBL values leading to reduction in SCEs. Thus, the 14 nm gate length Tri-Gate
n-FinFET device was developed and modelled successfully, and the results showed improved SCEs of the

developed device by using HfO: dielectrics with reduced chip area.
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1. INTRODUCTION

CMOS technology has been the choice of chip design
and manufacturing for more than six decades now,
where MOSFETs form an integral part. But this era is
converging as the device integration densities need
increment for higher speed and lower power to be at
par with Moore's law [1, 2]. This leads to drastic scaling
of MOSFETSs leading to Short Channel Effects (SCEs),
higher leakage currents, hot carrier effect and Drain
Induced Barrier Lowering (DIBL) [3].

With shrinking device geometries, the thickness of
the gate-oxide layer is decreased simultaneously. With
Si0:2 layer reaching 2 nm, a sudden rise in the gate
leakage current due to tunneling is evident [4]. Thus, a
need to substitute SiO2 as the gate dielectric with high-
k (high permittivity) dielectric is need of the hour to
significantly decrease the leakage of the gate current.
This concept thereby stands as the core of the paper
here. The high-£ dielectric material increases the gate
capacitance without the leakage effects and increases
the Ion current [5]. The choice of a high-k dielectric
material also depends on its ability to provide accepta-
ble level of leakage as well as improved mobility of the
charge carriers. The SCEs can be reduced further by
increasing the number of gates of the FInFET device.
The Tri-Gate (TG) FinFETs due to their excellent im-
munity to SCEs are better choice of deices.

Based on the motivation to prepare a more suscep-
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tible device to be prone for less current leakage, a
varied range of high-% dielectric material based devic-
es are deployed and studied here. Their characteristics
are compared considering the equivalent oxide thick-
ness (EOT) of 1 nm SiO2 on the same TG FinFET
structure thereby proposing and providing a superior
design of future device.

2. DEVICE STRUCTURE AND THEORY

The circuit schematic of a TG SOI FinFET is de-
scribed by the length of the fin (Lrin), fin height (Hrin),
and thickness of silicon (Wrin). The detailed basic geo-
metric dimensions of the device are also tabulated in
Table 1. The designing and modelling of the device is
done by SILVACO Atlas simulator [6].

Multiple high-£ materials like SisN4 (k& = 7.8), Al2Os
(k=9.3), ZrO2 (k = 22), HfO2 (k = 25) and SiO2 (k = 3.9)
is used to develop FinFET based devices with varied
gate dielectric materials and to reduce the short chan-
nel effects further which is scaled to have an equivalent
oxide thickness (EOT) of 1 nm of SiOz. Characteristics
of all the devices are thereafter compared considering
this EOT for the same TG FinFET structure.

The EOT is calculated based on the equation (1)
given as [7]:

Ksio, 1)

EOT = tpigh-
high—k khigh—k,
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where tp;gp— is the physical thickness of the high-k
material, kg;o, is the dielectric constant of SiOz and
kpign—k is the dielectric constant of the high-k material.

Table 1 — Characteristics of a TG n-FinFET

Notations Description Dimension
Lp, Ls Length of drain/source 11 nm
L¢g Length of channel 14 nm
Tox (S102) |Lateral oxide thickness 1 nm
Wrin Thickness of silicon fin 10 nm
Hrin Height of silicon fin 10 nm
TBox Thickness of buried oxide 50 nm
Tsubstrate Thickness of silicon substrate |30 nm
Na Doping of channel 105 ¢m -3
Nbp Doping of drain/source 108 cm -3
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Fig. 1 — Ip-Viss characteristics of a TG FinFET with different
gate oxide materials on a linear scale at Vps=0.1V
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Fig. 2 — Variation of threshold voltage (Vin) of a TG n-FinFET
with various gate dielectric materials

3. RESULTS AND DISCUSSION

The 3D FinFET is designed using SILVACO for var-
ious gate oxide materials. The Ip-Vgs characteristics
are plotted in Fig. 1 using linear scale for SOI TG Fin-
FET device with various gate dielectric materials. The
S13N4 dielectric material is slightly better than SiOgz in
terms of higher diffusion barrier. Al2O3 as a gate die-
lectric material shows better interface trap density.
The dielectric HfO2, due to the high barrier height,
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ensures lower leakage, thus limiting electron tunneling
[8]. From Fig. 2, the threshold voltage of the device is
detected to be 0.23V for SiOz, and the maximum
threshold voltage is 0.29 V for HfO: at Vps=0.1V,
thereby also indicating a higher leakage for the device
with SiO2 as the gate oxide. The maximum on current
Ion is determined to be approximately same for all gate
dielectrics at nearly 1.5 mA at Ves=0.1 V. Hence the
device with HfOs as the dielectric holds an upper hand
in respect to performance.

The threshold voltage (Vir), which is obtained from
Fig. 2, is a deciding factor for achieving improved Ion
current, as it increases the speed of the circuit.

As the gate voltage increases, then, depending upon
the threshold voltages, a sharp and large increase in
the drain current occurs, which is also affected by the
increase in drain voltage.

Fig. 3 depicts the Ip-Ves transfer characteristics on
a logarithmic scale for the TG FinFET structure with
various gate dielectric materials. Iy is evaluated by
using the equation (2) [9] below

-V
lops(nA) = 100 % 107", )

where W and L are the width and length of the channel
respectively, Vrg is the threshold voltage of the device,
and SS is the subthreshold swing.

From Fig. 3, the I,» and Iy currents are obtained for
all the devices. The leakage current, i.e., the I current
varies significantly in the range of picoamperes, as
shown in Fig. 4, leading to distinctive variations in the
Ion/lofy current ratio. This clearly instigates that the
device with highest & value is expected to provide the
least leakage through the gate, which is highly desired
and beneficial for a better performing FinFET.

Fig. 5 depicts the on-to-off current ratio for different
dielectric values. The ratio of Ion to Loy current shows a
steady increase from SiOz to HfO:2 and it reaches a
maximum of 1.35x106 for HfO2, which is almost 5 times
the value of SiO2, thereby indicating the concerned
device to be the best providing the least gate-leakage.

Fig. 6 shows the Ip-Vps characteristics of a TG
n-FinFET device with different gate dielectric materi-
als, where Vs is kept constant at 0.5 V. It is evidently
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Fig. 3 — Ip-Vgs characteristics of a TG FinFET with different
gate oxide materials on a log scale at Vps=0.1V
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Fig. 4 — Variation of off current (Ily) of a TG FinFET with
various gate dielectric materials
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Fig. 5 — Variation of Ln./Ly ratio of a TG FinFET with various
gate dielectric materials
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Fig. 6 — Ip-Vps characteristics of a TG FinFET with different
gate dielectric materials at Ves=0.5V

observed that the saturation region is obtained speedily
for all the gate dielectric materials, though for the de-
vice with HfO2 the increment in saturation region is
reasonably observable indicating enhanced performance.

The SS parameter for the TG FinFET with SiOz as
a dielectric material is determined to be
66.75 mV/decade, while for HfO2 it is calculated to be
61.68 mV/decade as obtained from Fig. 7, thereby,
clearly indicating that the device with HfO2 provides
the best result (least leakage).

The DIBL is another major SCE which should be
minimal for improvement in the operation of the device
and for the device to perform healthier The DIBL for
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all the devices is calculated using the standard equa-
tion (3) as in [10]:

DIBL (mTV) = Yrn 3)

VWps’

where VVry is the change in the threshold voltage and
VVps is the change in the drain-to-source voltage. DIBL
is thereafter plotted in Fig. 8, and the device with high-
k of HfO2 outshined others and proved to be the best
performing FInFET among the devices analyzed.

DIBL is therefore determined for various high-&
dielectric material based FinFETs, and the concerned
data is plotted as shown in Fig. 8. It is observed that
HfO:2 provided minimum DIBL of 35.01 mV/V, whereas
the maximum DIBL of 105.58 mV/V is achieved for
SiO2 FinFET. A clear indication is observed that the
HfO2 stands to be the best suitable candidate with
minimal leakage for a 14 nm gate length TG FinFET
with EOT of 1 nm (SiOz2).
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Fig. 7 — Variation of subthreshold swing (SS) of a TG FinFET
with various gate dielectric materials
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Fig. 8 — Comparison of DIBL of a TG FinFET with various
gate dielectric materials

4. CONCLUSIONS

The performance of SiOgz, SisN4, Al203, ZrOz and
HfO2 as different gate dielectric material is compared
in a TG SOI n-FinFET with 14 nm channel length and
minimal device area which is developed using Silvaco
TCAD software. The thickness of the oxide layer was
kept at 1 nm EOT of SiO2. The threshold voltage,
Ion/Loff current ratios of the device were compared for
different dielectrics. Improvements in I, I and
Lon/Lofs for the device with HfO2 high-£ dielectric are
observed. The Lu/Iof ratio obtained for HfO2 (k = 25) is
1.35x108 and SiO:z (k = 3.9) is 2.77x105. Similarly, the
SCEs like subthreshold swing and DIBL also showed
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improved results for the FInFET with HfO2 as a die-
lectric material. Thus, TG FinFETs can be scaled
down to gate lengths of 14 nm using high-k/metal

M=
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Bruiue high-k gienexkrpuyaunx marepiajiiB Ha KOPOTKOKaHAJIbHI epekTr
14 um TpusarsopHoro tpauaucropa SOI FinFET nia amenmenoi miomi mikpocxemu

S. Nanda, R.S. Dhar

Department of Electronics and Communication Engineering, National Institute of Technology Mizoram,
796012 Aizawl, India

IIpu smenmenni reomeTpudHmnx poa3mipis mpucTpois FET mis posmireHHs 01161101 KiIJIBKOCTI KOMIIOHE-
HTIB Ha ONHIN Mikpocxemi xopoTkokaHabHI edextu (SCEs), Taxi Ak OliblIl cTpyMH BUTOKY, IHIyKOBaHe
crorxoMm 3umkeHHs 6ap'epy (DIBL) Tormo, crBopiofoTs Besmkl mepernikoau. Ha choronwi, Bukopucranusa high-k
JTIeJIEKTPUKIB SIK OKCHJIIB 3aTBOPA € PETeJIbHUM ITIIX0J0M JI0 CTBOPEHHS BIOCKOHAJIEHOr0 MPHUCTPon. MeTron
poboTu € po3pobka Ta XxapakTepucTura TpusarBopHoro tpausucropa n-FInFET 3 nossxumoo 3aTsopa 14 HM 1
nopiBusuus napamerpi SCEs. Ile mocaraerses saminomo oxcuay 3aTBopa SiOz pisaumu high-£ niemexrpmya-
HUMH Marepiamamu, Takumu gk SisN4, Al:Os, ZrOz Ta HfO2. ¥V pobGori TpusarBopHuii tpansucrop n-FinFET
3 IOBKHHOI0 3aTBOpa 14 HM po3pobJIeHo 1 3MOAeIbOBAHO 3a JomoMoromn iHcrpymeHTis Silvaco TCAD. V po-
60Tl Takoxk peasizoBaHo cTPykTypy SOI [y1a mMaBUIIEHHS MPOSYKTUBHOCTI IMpHCTPol. Po3pobiieHo KiTbka
mpUCTPOIB 3 pisHuMu okcupamu 3atBopa Si0: 1 immmmu high-k mienexrpurxamu, Takumu six SisNg, Al2Os,
ZrO2 ta HfO2, sax marepiasmamMu 3aTBOpa 3 ypaxyBaHHSIM PO3PAXYHKY €KBIBAJIEHTHOI TOBIIUHU OKCHIY Ha
OJTHI# 1 Ti#1 ke cTpykTypi. [lapamMeTpu KOPOTKOKAHAJIBHOTO MIPUCTPOIO, TAKI SIK IIOPOrOBa HAIPYTa, CTPYMH
L ta Ly, momoporosa kpyrusHa xapakrepuctukn, DIBL 1 Biguomenus I,/ Ly, cicTeMaTHYIHO aHAJII3yBaJIMCS
IIJIs1 PiSHUX IPHUCTPOIB. IIOpIBHAHHA Pi3HUX PO3POOJIEHNX IIPHUCTPOIB IIOKA3AJIO, IO CTPYM Lo, OYB IPAKTHYHO
OJTHAKOBUM JIJIsI BCiX mpucTpoiB. OmHAK cTpyM Loy SHIHKYBABCA 31 301IBITEHHAM J11eJI€KTPUYHOT ITPOHUKHOCTI,
THUM CaAMUM 30LITBITYIOYN BITHOIIEHHS lon/ Loff, TII0 TPU3BOIMIIO IO MEHIIAX CTPYMIB BUTOKY 1 KPAaIol MpoIyK-
TuBHOCT] nprcTpom. [Tomi6HuM YrHOM, IIPUCTPOI, SIK1 CKJIATAINCH 3 JIJIEKTPUKIB 3 OLIBIINMU TieJIeKTpHd-
HAMHU KOHCTAHTAMM, MAJIH HUKYI MIJIIOPOTOBl KOJIMBaHHA Ta MeHIrn suadenHs DIBL, mo mpussommito 10
amennrenass SCEs. Taxkum umuom, tpmsarsopruit tpausucrop n-FinFET 3 pmosskmeoo 3atBopa 14 HM OyB
YCIIIIITHO PO3pO0JIEHUI Ta 3MOJEJIbOBAHNM, a Pe3yJIbTaTh IoKas3aiu BaockoHasieHH] napamerpu SCEs poa-
pobJieHOTO TIPUCTPOIO 3a Joromoroio miesnekTpukis HfO2 31 3MeHIIIeHO00 III0IIe0 MIKPOCXeMH.

Kmiouosi cnosa: High-% gienexrpuuni marepiamm, TG SOI FinFETs, Silvaco TCAD, EOT.
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