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In the current semiconductor scenario, multiple gate FETs like tri-gate (TG) FinFETs have been a
boon to continue the scaling of devices below 32 nm technology. The application of strained silicon has fur-
ther enhanced drive currents. Leakage currents have been reduced by employing high-k materials, which
has led to enhanced device switching characteristics. The development and characterization of a 10 nm
channel TG n-FinFET device incorporating a tri-layered strained silicon channel and stacked high-% dielec-
tric materials as the gate oxide are the motivation of this paper. The electrical characteristics and short
channel effects (SCEs) of all the devices have been determined by replacing the SiO: gate oxide with a
stacked gate oxide of 0.5 nm of SiO2 and 0.5 nm EOT of various high-£ dielectric materials like ZrOz, Al2Os,
SisN4, and HfO:. It is observed that SCEs and leakage characteristics are significantly improved by the use
of stacked high-% dielectric materials like HfOq, and the strain in the channel region significantly improves
the drive current without hampering SCEs. Thus, the combination of strained silicon and HfO: dielectrics
showed improved performance of the developed device with a reduced chip area.
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1. INTRODUCTION

With the incessant scaling of the geometry of con-
ventional MOSFETS below 100 nm, there rose a huge
physical problem in conventional MOSFETSs [1] in the
form of short channel effects (SCEs) and abrupt rise in
sub threshold leakage currents [2]. In order to overcome
these SCEs, the thickness of the oxide decreases, thus
increasing the leakage due to gate induced drain leakage
(GIDL) [3]. Thus, to overcome all such barriers, multiple
gate field effect transistors (MUGFETS) are used, types
of which are double gate (DG) and tri-gate (TG) FETs
[4]. FinFETs are used as an alternative to bulk
MOSFETs because of their improved stability, lower
leakage current, improved short channel performance
and enhanced subthreshold slope [5].

Erstwhile research has suggested that the materi-
als used as gate oxide also signifies a crucial role in the
performance of TG FinFETs. However, as the thickness
of Si0Oz is reduced below 2 nm, this thin gate oxide lay-
er leads to enhanced leakage current [6]. Recent re-
search addressed this issue by substituting SiO2 with
several high-% dielectric materials such as Al20s, SizNy,
HfO2, and ZrO: keeping in line with effective oxide
thickness (EOT) calculations and low dielectric leakage
current. The EOT is calculated as [7]

EOT = 3.9-T/K, 1)

where T is the silicon dioxide thickness, K is the dielec-
tric constant of the high-% material.

TG FinFET, along with the use of high-%£ dielectric
materials, has been successful in reducing leakage cur-
rents of devices and improving the device performance.
However, as device dimensions are reduced to 10 nm
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range, the physical thickness of the gate oxide layers
becomes comparable to these dimensions. In order to
reduce the physical thickness of the gate oxide layers,
while maintaining the same EOT of 1nm, stacked
high-% materials are the need of the hour. This involves
the deposition of 0.5 nm of SiO2 as the gate oxide above
the channel region of the device. Then a layer of high-%
dielectric material is developed above this SiO2 layer
with an EOT of 0.5 nm, which attributes to a total gate
oxide thickness of 1 nm.

Although the use of high-£ dielectric materials re-
duces the leakage currents of the device, the drive cur-
rents are also severely degraded. Hence strained silicon
technology [8] is used to enhance the drain current.
When the strained silicon channel is introduced in
FinFET, using a tri-layered silicon channel, it changes
the physical parameters of the silicon channel by
stretching atoms beyond their normal inter-atomic dis-
tance. The strained silicon region is achieved in the
channel by incorporating a Sio.cGeo.s layer between two
silicon layers, leading to three different layers in the
channel. Therefore, while the induced strain in the
channel improves drive currents of the 10 nm channel
length FinFET making it faster, the use of various
high-k gate oxide materials such as SiOz (k = 3.9), ZrO2
(k=22), Al203 (k=9.3), HfOz2 (k=25), SisNy (k="7.8)
leads to better control of the leakage currents and
SCEs, which is the motivation of this paper.

2. DEVICE STRUCTURE

TG FinFETs are initially developed involving dif-
ferent channel materials. The geometrical details of
the structure are listed in Table 1, where the device is

© 2022 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.14(2).02004
mailto:rdhar@uwaterloo.ca

PAYAL KUMARI, SWAGAT NANDA ET AL.

developed, incorporating three different layers of the
channel [9]. This consists of two layers of strained sili-
con and a Sio.sGeo.s layer between them, which creates
strain in the silicon layers due to lattice mismatch.
The strained silicon layers of the channel are devel-
oped to be 1.5 nm in thickness and the thickness of
SiGe is developed to be 3 nm for the 10 nm HOI TG
FinFET. The modelling and characterization of the
devices are performed using Silvaco Atlas TCAD tools
[10]. With the gate length of the structure kept at
10 nm, length, width and height of the source and
drain are fixed at 6 nm only. The equivalent gate oxide
layer is considered to be 1 nm thick. The 3D view of
the HOI FinFET with stacked high-k& material and the
internal structure of the tri-layered strained silicon
channel is shown in Fig. 1.
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High K Dielectric

Conductor SiO,

Buried Oxide

Fig. 1- 3D representation and cross-section of the channel
region of high-% gate stacked HOI FinFET

Table 1 — Parameters of the FInFET device

Parameters Dimensions
Drain/source length 10 nm
Channel length 10 nm

Oxide thickness (SiOz2) 0.5 nm
Oxide thickness (high-£) (EOT) 0.5 nm
Height/width of FinFET 6 nm

Channel doping (p-type)

1x10%cecm-3

Drain/source doping (n-type)

1x10%cm-3

Height of TBOX

50 nm

30 nm

Height of substrate

The different gate oxide materials considered are an
inner layer of SiOz of 0.5 nm thickness along with high-
k dielectrics like ZrO2, HfO2, AloO3s and SisN4 with an
EOT of 0.5 nm for the analysis determining the best
material among them for the practical scenario. For the
numerical analysis of these devices, the Gummel and
Newton methods are used because in HOI devices, due
to the floating body effect observed in these devices,
there is no direct contact of any electrode with it. Elec-
trical parameters which are important for the analysis
of devices are threshold voltage, subthreshold slope and
leakage current.
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3. RESULTS AND DISCUSSION

The linear and logarithmic (inset) transfer plots of
the HOI TG n-FinFET are represented in Fig. 2. The
Ip-Vas characteristics of HOI n-FinFET take into ac-
count five different stacked gate oxides used for the
study. The logarithmic plot of Ip-Vgs provides valuable
information about the leakage current, which is also
called off current (loff), and the subthreshold slope.

The threshold voltage (Vir) of the 10 nm TG FinFET
with only SiOz dielectric gate is 0.254 V. Taking into
consideration other four stacked high-% dielectric oxide
materials, like SisN4, Al20s, ZrO2 and HfOz2, the respec-
tive threshold voltages, as shown in Fig. 3, are 0.251,
0.216, 0.216 and 0.317 V, respectively. Comparing these
dielectric materials, we find that HfO2 has the highest
threshold voltage, so instead of using SiOsz, we can use
a stack combination of silicon dioxide and hafnium ox-
ide to get the best performance of the FinFET. It pro-
vides better voltage control of the device.

The maximum on current (Zon) is 183 pA/um, which
corresponds to SiOz, but ZrO2 outperforms other dielec-
trics in this aspect with 188.59 pA/um. Other materials
like SisN4, Al2Os, and HfO2 have maximum on currents
of 159.75, 181.68 and 150.17 pA/um, respectively. This
discrepancy is due to the use of metal gates in the de-
vice, which have variable work functions.
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Fig. 2 - Ip-Vus characteristics in linear scale (inset: logarith-
mic scale) at Vps=1V
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Next, the dielectric gate performance is compared
on other aspects like SS, leakage current (o) and
DIBL to determine which material is best suited for
high performance of device.

The off current can be computed using the formula
below [11]:

Lt (A) = 100-(W/L)-(10~(— Vin/SS)), @)

where W and L are the channel width and length, re-
spectively, Vi and SS denote the threshold voltage and
subthreshold swing, respectively.

The change in leakage current (L) for five selected
stacked dielectric materials is 58.12 pA/um for HfO2
and 0.584, 0.415, 0.825 and 0.779 nA/um for SisNy,
Si0g, ZrO2 and Al2Os, respectively, as shown in Fig. 4.
For the improved performance of the device, the mate-
rial should have It as low as possible, which is ob-
served for the stack combination of SiO2 and HfO2 gate
oxides.

While comparing on the factor of Ion/loff represented
in Fig. 5, the value of Ion must be as large as possible
and L should be as low as possible, so that the overall
ratio must be high. For SiO2, SisN4, Al203, ZrOz and
HfOq, the respective values we get are 4.41, 2.74, 2.33,
2.29 and 25.83 (x 105), respectively. Thus, it is observed
that the HfO2 material as the gate oxide also performs
best in this case as well.
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Fig. 4 — Transformation of L of HOI design with different
stacked dielectrics
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Fig. 5 — Reflection of changes in /Lt ratio of HOI n-FinFET
with different stacked dielectrics

Moving on to the next factor, subthreshold swing
(SS) is obtained by a logarithmic plot of the transfer
characteristics. We come to the following conclusion by
comparing the SS of SiO2 and HfOs, whose respective
SS values are 70.04 and 68.18 mV/decade, that in this
aspect the stacked combination of SiO2 and HfOz gates
performs on par with the only SiO2 gate from the given
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set of materials.
To calculate SS, we use the formula in [12]:

SS (mV/decade) = dVas/d(logio (Ips)), 3)

where dVgs is the shift in the gate voltage and
d(logi0(Ips)) is used to denote the shift in the logarith-
mic drain current.

As for the DIBL factor, the observations shown in
Fig. 6 are 55.83, 65.73, 66.82, 58.25 and 50.43 mV/V for
the set of gate oxide materials SiO2 as well as a combi-
nation of SiOg with SisN4, AL203, ZrOz2 and HfOg2, re-
spectively. For the best material, the DIBL value must
be the lowest to provide best performance and it is ob-
served that HfO2 performs best in this case providing
lowest DIBL values.
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Fig. 6 — Variation of DIBL of HOI n-FinFET with different
stacked dielectrics

Thus, it has been established that the stack combi-
nation of 0.5 nm of SiO2 and 0.5 nm EOT of HfOz high-
k dielectric material is best suitable to replace SiO2 for
controlling SCEs at sub-10 nm channel lengths. The
use of strained silicon enhances the maximum drive
currents of the devices, and the use of high-k materials
keeps the leakage currents well under the limit defined
by IRDS™ 2017 [13] standards. SCEs are also well
controlled in the HOI structure with higher Ion/Loft cur-
rent ratios, and smaller variations in SS and DIBL
values are observed.

4. CONCLUSIONS

A basic TG FinFET was developed using three dif-
ferent channel layers to incorporate strain in the 10 nm
channel length device. The gate oxide of the device was
then developed by considering 0.5 nm of SiOs, on top of
which another oxide layer was grown, considering high-
k dielectrics like SisN4, Al2Os, ZrO2 and HfO2 with an
EOT of 0.5 nm. The geometrical dimensions of the de-
vice were fixed at 06 nm. Drive currents, leakage cur-
rents, on-to-off current ratios of the device were com-
pared for different dielectrics. It was observed that the
inclusion of strain in the channel significantly im-
proved the drive currents of the devices. The leakage
currents also diminished with the use of high-k materi-
als, especially for the device employing HfO2 high-&
dielectrics. Drive currents for 10 nm devices are around
183 pA/um for only SiO:z device and decrease slightly to
150 pA/um for the stacked SiO2 and HfO2 device due to
the use of metal gates in the HfO2 device. Similarly, the
leakage current I of HfO2 is determined to be
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58.13 pA/um, whereas It of SiOz is 0.415 nA/um. This
leads to very high on-to-off current ratio for the stacked
HfO2 device, which is 25.83-10° as compared to 4.41-105
for only SiO:z device. The subthreshold swing (SS) of all
the devices varies between 68 and 70 mV/decade, but
the DIBL of the device using stacked SiO2 and HfO2 as
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Anais mokpameHb CTPyMiB BUTORY 3 Oararomaposum 3arsopom high-k/meran
y 10 um Hanpys:xkenomy xkanasiai HOI FinFET

Payal Kumari, Swagat Nanda, Priyanka Saha, Rudra Sankar Dhar

Department of Electronics and Communication Engineering, National Institute of Technology Mizoram,

796012 Aizawl, Mizoram, India

¥ mortouHOMY PO3BHTKY HAIIBIPOBILIHUKOBOI rasyai 6aratosarBopHi FETS, sx-or TpusaTsopHi tri-gate
(TG) FinFETs, Gysz ctuMyJiom [UIst IPOJIOBMKEHHS MACIITA0YBAHHS IIPUCTPOIB 13 TEXHOJIOTIEI0 HIKYe 32 HM.
3acrocyBaHHS HAIPYKEHOTO KPEMHI Ire OlIbIle HMOCHJIMIO cTpyMH IpuBoxy. CTpymu BUTORY Oyin 3MeH-
IIeH] 3a paXyHOK BUKOpHMCTAHHS high-k MaTepiais, 10 IpU3BeEJIO I0 IMOJINIIEHHA KOMYTAIIMHAX XapaKTe-
pucTuk mpucTpor. MoTuBOM cTatTTi € po3pobka Ta xapakrepuctuka mpuctpoio TG n-FinFET 3 10 am xana-
JIOM, IO BKJIIOYAE TPUIIAPOBUM KAHAJ 13 HAIPYKEHUM KpeMHieM Ta Oararomaposi high-k mienexrpuyuni ma-
Tepilaay AK OKCHUJ 3aTBOpa. KIekTpudHi XapakTeprcTUKN Ta KopoTkokaHaabHl ederrn (SCEs) yeix mpuerpois
BU3HAYAJINCS NIJIIXOM 3aMiHU okcuay 3arBopa SiO: ma GararomapoBuil okcuy 3aTsopa i3 0,5 um SiO:2 ta
0,5 um EOT 3 pisuux high-k mienexrpuunux marepiammis, Takux gk ZrQs, AloOs, SisNy, Ta HfO2. ITomiueno, 1o
SCEs Ta xapaKTepuCTUKY BUTOKY 3HAYHO MOKPAIIYIOTHCA 3aBISIKM BUKOPUCTAHHIO bararorraposux high-% mi-
eJleKTpuuYHUX MaTepiauis, Takux sk HfOz, a nedopmariis B o6racti kaHaIy 3HAYHO IOJIIIILYE CTPYM IIPHUBO-
ny, He 3aBaxaoun SCEs. Takum umHOM, KOMOIHAIIA TleJIeKTPUKIB 3 HanpyskeHoro kpemHuio ta HfO: moka-
3aJ1a MOKPAIIeHHS XaPAKTePUCTUK PO3POOJIEHOTO IIPHUCTPOIO IIPU 3MEHIIEHIN IIJIONT 1HTerpaIbHOI CXeMHU.

Kmouori ciiora: Tri-gate FInFET, Hanpyxenunit kpemuiit, Crpyrrypa HOI, High-k miemexrpurn, Silvaco
TCAD, KoporkokanabHi edeKTH.
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