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The strain silicon technology with FET is a dominant technology providing enrichment in carrier veloc-
ity in nanoscale devices by engineering the band structure arrangement. Leakage reduction while enhanc-
ing drain current is another major objective, therefore the development of a nano-regime double gate FET
with a strained channel is perceived. So, implementation of a double gate strained heterostructure on insu-
lator (DG-SHOI) FET with tri-layered channel (s-Si/s-SiGe/s-Si) is the core. Physics of the biaxial strain is
studied and generated in the channel by inculcating three layers with optimal thicknesses, while narrow
channel depletion regions are strongly controlled by equipotential gates. Consequently, maximum charge
carriers accumulate in the channel due to carrier quantum confinement, instigating ballistic transport
across the 22 nm channel length device, leading to lessening of intervalley scattering. In comparison to ex-
isting 22 nm DGSOI FET, drain current augmentation of 56 % and transconductance amplification of
87.6 % are observed, while DIBL is prudently reduced for this newly designed and implemented DG-SHOI
FET, signifying advancement in microelectronic technology.
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1. INTRODUCTION

Due to shortening of channel length, gate tends to
lose its control over the channel and the device, so sub-
threshold leakage current flows through the device
[1-8] prompting abnormality in device performance.
Hence, developing vertical FETs in the form of double-
gate/tri-gate structures and integrating them with un-
conventional technologies (SOI, high-k, etc.) are some
of the alternatives that researchers are looking for
since the last decade for augmentation of device per-
formance at the nanoscale [4, 5]. One of the promising
device structures that emerged in nano regime with an
additional gate on other side for better control over the
channel depletion region employing SOI technology is
the double gate silicon-on-insulator (DG SOI) MOSFET,
which avoids field penetration from source/drain to the
substrate, ensuing reduction in leakage, enriching the
output characteristics [6].

DG SOI FET provides superior performance but for
devices with Lg at sub-50 nm and beyond the perfor-
mance worsens due to major short channel effects such
as DIBL and punchthrough [7], which leads to the
stimulation of quantum tunneling in the nanodevice.
Consequently, the strain engineering phenomenon is
ordained in device physics.

The concept of strain technology was first incepted
in semiconductor physics in 1980s by growing a strain
silicon film over relaxed SiGe [8], but then the strain
effect was largely overlooked. In 2008, Kumar et al. [9]
developed a dual channel-based strain silicon technolo-
gy device for improved performance at 100 nm channel
length. For nanodevices below 100 nm, the mobility
becomes field dependent due to an increase in the lat-
eral and vertical electric fields. Thus, velocity satura-
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tion and negligible scattering of carriers near the sur-
face strongly influence the mobility and drive current
of the device, as observed by Khiangte et al. [10] and
Dhar et al. [11]. Thereby, Khiangte et al. [10] developed
a tri-layered (s-Si/s-SiGe/s-Si) channel heterostructure
on insulator (HOI) planar MOSFET, where the concept
of strain channel engineering was employed to modify
the band structure, increasing the mobility and drain
current. HOI MOSFET incubated ~ 49 % drive current
advancement for 40 nm channel length device [11]. On
scaling down to Lg=30nm, HOI MOSFET had to be
deformed [11] for enriched performance with allowable
short channel effects as per the international technolo-
gy roadmap for semiconductor (ITRS) 2015 [12]. Hence,
further scaling of the gate length is nearly impossible
in planar MOSFETSs. Henceforth, the development of a
novel device with the established HOI system in the
vertical form may be a probable solution and is there-
fore the need of the hour.

Having the concept for inducing strain engineering
in the channel region of FET to eliminate quasi-neutral
floating body effect in SOI FETs to deepen drain cur-
rent by quantum carrier confinement and ballistic
transport of carriers is the motivation, so employing
HOI system in DG structure to develop a novel DG-
SHOI FET for the first time with the distinguished tri-
layered channel system sandwiched between the two-
gates is therefore the focus of this paper.

2. THEORY AND DEVICE STRUCTURE

To develop the proposed structure of the double gate
strained heterostructure on insulator (DG-SHOI) n-
channel transistor, a detailed theory and understanding
of the device need to be established based on the strain
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engineering that is incorporated into the device
channel. A schematic three-dimensional (3D) device
structure is shown in Fig. 1a, while Fig. 1b provides the
cross-sectional view of the channel. The device
structure is designed and developed using Sentaurus
TCAD employing the parameters and constraints as
tabulated in Table 1. The drift diffusion and piezo-
resistive coefficient models are combined along with
the Shockley Read Hall (SRH) doping dependence
parameters, while modelling the device in Sentaurus
TCAD. The buried oxide layer is incubated in the
device to prevent the penetration path of the electric
field from source/drain to the substrate as in the case of
SOI MOSFETSs, thereby a DG-SHOI structure is
modelled and developed.
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Fig. 1 — Schematic structure of the DG-SHOI FET on 22 nm
channel length (a); cross sectional view of the channel region
along with source and drain in the DG-SHOI FET (b)

Si0O: (gate oxide) layers are grown on both sides of
the s-Si layer as a hard mask to avoid field penetration
from the top, avoiding the formation of additional
defects in the structure, which may deform the expec-
ted device performance. The strained heterostructure
channel forms a tri-layered system consisting of s-Si/s-
SiGe/s-Si with 2-6-2 nm thicknesses, nurtured between
the front and back gates, as depicted in Fig. 1b. Both
gates are symmetrically designed, have the same work
function, and are electrostatically coupled. So, a strong
electric potential is developed across the channel,
effectively controlling source and drain energy barriers
for carrier transport with less scattering effect than in
planer MOSFETs for L;=30nm and beyond that
creates a variety of short channel effects [9-11].

Based on the design developed by Harrington et. al.
[13], the strain for the proposed DG-SHOI FET device
is calculated as:

d

-d
Estrain = sul;i <k ’ (1)

sub

J. NANO- ELECTRON. PHYS. 14, 02028 (2022)

Table 1 — Double gate SHOI FET with tri-layered channel
parameters

Parameters Dimensions
Channel length (Lg) 22 nm
Channel width (Wer) 100 nm
BOX thickness (dBox) 1 ym

Ge mole fraction (mo) 0.4

s-Si layer thickness (ds-si) 2 nm
s-SiGe layer thickness (ds-sice) 6 nm
Gate oxide thickness (dox) 2 nm
Si source and Si drain doping (Np) 1018 ¢m -3
Channel doping (Na) 1016 ¢m -3

where dsuw and dcn are the substrate and strained
channel thicknesses, while dcx comprises of three layers
(ds-si, dssiGe, ds-si), and the thickness of each layer is
given in Table 1, so the strain for the entire device is:

P — dsoi — dch (gchfstrain) , (2)

strain d
soi

where biaxial strain is induced in the channel region as
&ch-sirain ' Which is a function of den. From Eq. (2), the
total strain of the device is calculated considering the
mismatch strain along with the SOI substrate. gca-strain
is calculated as the sum of the total strain between
layers in the channel, and as s-SiGe is 6 nm thick, it
equally serves (3 nm each) as the base for both s-Si
layers of the device and is calculated as:

d -SiGe — d -Si
Ech—strain :z £ (119 == (3)
s—SiGe

So, the total channel strain (ech-strain) is given by:
d, sice — 9, s
Echstrain = 2[ 2 SdGe 528 ] (4)
s—SiGe

By substituting ech-strain into Eq. (2), the total device
strain &ssain is achieved for a tri-layered system:

d.,;d, o —2(d, gc. —d, g
gstmin _ _soi s—SlGed ( s—SiGe S—Sl) , (5)

s—SiGedsoi

where dssi and dssice are different lattice thicknesses
in the channel, as shown in Fig. 1b, and ds.i is the sub-
strate thickness. On incorporation of this biaxial strain
in a strong electric field, a negligible degradation in the
mobility of electrons and holes is observed due to the
reduction in the effective mass of the material [14]. The
valence and conduction band energy level splitting
along the channel thickness alters the band structure
and can affect the carrier transport phenomenon as the
atomic lattice spacing in the region becomes loosely
packed in s-Si layers enhancing electron mobility and
leading to ballistic transport in nanoscale; an oblivious
occurrence with less scattering events [8, 14, 15].
Thereby, with the inclusion of biaxial strain along with
the cohort of additional control over the channel in a
nanochannel DG-SHOI FET, enhanced carrier mobility
is expected, leading to an impact on device performance
by enriching the drive current.
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3. RESULTS AND DISCUSSION

The novel DG-SHOI FET structure is designed and
developed for the first time solving the carrier continui-
ty and Poisson equations simultaneously in both dielec-
tric interfaces, while inducing the solved biaxial
strained lattice calculation for the hetero-tri-layered
(s-Si/s-SiGe/s-Si) interface along with the 1D Schro-
dinger equation. The design accuracy is based on the
exactness of calculating the threshold voltage of the
device. The threshold voltage for the unstrained silicon
DG FET is given by [16]:

Vi = Vi + @y + Vpin [QMUJ ) (6)
n

a~“ch

where Vi, = % is the flat band voltage, pm and ¢s
are metal and semiconductor work functions, q is the
electron charge, ¢gms is the gate work function with
respect to intrinsic silicon, n. is the acceptor doping
concentration present in the channel, dcn is the silicon
channel thickness, Vris the thermal voltage and Qinv is
the inversion charge density of the device. Now for the
present DG-SHOI device, the induced biaxial strain
parameter developed in Eq. (4) is considered and sub-
stituted into Eq. (6) along with the potential work func-
tion of hetero-materials in the channel, and finally the
threshold voltage, Vi, for the DG-SHOI FET is calcu-
lated as:

Qinu , (7)
2n (dsSiGe _ ds—Si J

Vi =Vim+ 0t Vpln
ds—SiGe

P — ((ps—Si + Ps—siGe + q)s—Si)
q

The calculated threshold voltage, Vi, and DIBL for
DG-SHOI FET is plotted and compared with HOI
MOSFET [10] and DGSOI FET [14] devices, as shown
in Fig. 2. As evident, Vi for 22 nm DG SHOI FET is
observed to be less with respect to DGSOI FET, while
an enormous reduction of 57.6 % in DIBL is perceived,
subsequently authorizing the benefit of engaging the
device with strained channel. The Vi» and DIBL of HOI
MOSFET and DG-SHOI FET are found to be similar,
which is highly advantageous as the leakage is kept
within limits, though the device dimension is scaled
drastically from 50 to 22 nm in the gate length, while
forming the DG structure. Consequently, these effects
are expected to stimulate improvement in mobility of
the DG-SHOI FET device.

The increased electron mobility, as seen in Fig. 3a,
causes the velocity to reach velocity overshoot condition
as observed in Fig. 3b in comparison with 50 nm HOI
MOSFET [10]. Fig. 4 clearly depicts the drift velocity
variations for three layers of the channel in this novel
22 nm DG-SHOI FET. The maximum number of carriers
are confined in the s-Si layers, and relentless electron
mobility is observed along the lateral channel direction,
as shown in Fig. 3a. Though, mobility enrichment is

where V,_pp =
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observed, but in the novel design of DG-SHOI FET, the
leakage is within the ITRS 2015 standards [12], as is
shown in Fig. 5 in comparison to other existing devices.
The electron and drift velocities are observed along
the channel length by applying the gate bias voltage
(Ves =0.28 V) at two gates. The strong inversion layer
is developed by coupling two gates at s-SiGe interface
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Fig. 2 — Comparison of the threshold voltage and DIBL for
DG-SHOI FET, DGSOI FET and HOI MOSFET
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Fig. 3 — Comparison of the electron mobility of DG-SHOI FET
on 22 nm channel length with 50 nm HOI MOSFET (a), exam-
ination of the electron velocity along the channel length (b)
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Fig. 4 — Study of the electron drift velocity within three layers
(s-Si/s-SiGe/s-Si) in DG-SHOI FET
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Fig. 5 — Ip-Vas transfer characteristics of DG-SHOI FET com-
pared with HOI MOSFET and DGSOI FET for determining
the subthreshold leakage current variation

layer, which is sandwiched between two s-Si layers, so
that majority charge carriers reside in the s-SiGe layer
and a high electron velocity is observed as shown in
Fig. 3b. The maximum charge carriers flow from source
towards drain due to extreme drift velocity acquired by
electrons as a result of ballistic transport in a short
channel (Ilength and width) device, so that less
intervalley scattering and a maximum drift velocity
(8.0 x 107 cm?/s) are achieved by carriers, as perceived
in Fig. 3. The current-voltage transfer characteristics
(Ip-Vas) at Vbs = 0.5V of a novel 22 nm channel length
DG-SHOI FET are analyzed and compared with 50 nm
channel length HOI MOSFET [10] and conventional
22 nm DGSOI FET [16] in Fig. 5. It is evident that the
HOI MOSFET provides better performance at lower
voltage, while at Vas > 0.28 V, the current of DG-SHOI
FET merges, indicating boosted performance with less
scattering and increased mobility, a fact conserved due
to quantum carrier confinement and tunnelling effect
in the system. The inset of Fig. 5 hence pinpoints a
lesser leakage for the present proposed novel device of
22 nm gate length in comparison to the 50 nm HOI
MOSFET, though both leakages are within acceptable
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range as per the ITRS 2015 [12]. This is due to a 10.6 %
reduction in threshold voltage roll-off for carrier
quantum confinement compiled with the implementa-
tion of a narrow channel width in the device.

The low leakage observed for DG-SHOI FET is
substantiated by the increase in mobility and is further
evidence that excludes the assessment of transconduc-
tance (gmmax) to DIBL for FET devices. As the device is
detected to have less subthreshold leakage, the trans-
conductance is alleged to maximize for DG-SHOI FET
in comparison to other devices at very low DIBL,
providing boosted device performance. The improve-
ment in transconductance by 87.6 % for 22 nm channel
length DG-SHOI FET creates the velocity overshoot
condition with simultaneous decrease in DIBL.

This is a huge gain for the novel DG-SHOI FET
with respect to HOI MOSFET [10] that suffers from the
trade-off due to short channel effects at nano regime
(below Lg=50nm). The potential barrier lowering
exponentially increases the source to drain leakage
current; therefore, DIBL becomes a crucial parameter
measuring the performance of the device at 22 nm
technology node. But, with DIBL reduction and
increased transconductance, the 22 nm DG-SHOI FET
proves to be quite beneficial, thus providing enhanced
carrier mobility due to carrier quantum confinement
and ballistic transport across the device, which is
overlaid in Fig. 6 with augmented drain current
characteristics. These effects and observations are
caused by nominal threshold voltage roll-off, and the
occurrence of reduced scattering events under the
influence of biaxial strain owes to band bending and
splitting of conduction band energy levels in the hetero-
tri-layered channel structure of the novel device.
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22nm DGSOI FET [16]
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Fig. 6 — Ip-Vps output characteristics of DG-SHOI FET
compared with DGSOI FET for drain current, showing 56 %
enhancement in device performance

The mobility of charge carries in a strained channel
is increased, as well as the drive current which is
inversely proportional to the channel length so that the
transconductance of DG-SHOI FET increases, while
reducing the channel length to 22 nm using the same
gate bias (Vgs) as on 50 nm HOI MOSFET. As the
channel length is reduced to 22 nm, the potential
barrier from source to drain is also reduced, so that the
threshold voltage of the novel device gets decreased,

02028-4



MODELLING AND IMPLEMENTATION OF DOUBLE GATE ...

minimizing the Vin roll off leading to velocity overshoot
condition. The change in the threshold voltage at high
drain bias (Vbs) is measured in terms of DIBL. This
clearly indicates low subthreshold leakage and DIBL,
thereby contributing to an increase in drain current of
the device. The potential barrier of electrons in the
depletion region is maintained by the additional gate
and minimizes the barrier lowering effect in the device;
accordingly subsidizes the reduction in current leakage
of the device in comparison to HOI MOSFET.

Hence, the 22 nm DG-SHOI FET proves to be the
most beneficial device as it is able to reduce leakage by
providing enhanced drain current, as exhibited in
Fig. 6, which is directly attributed to the effect of the
carrier quantum confinement in a nano regime
quantum well-barrier structure developed by the
narrow-width channel of the tri-layered channel
system, while creating the biaxial strain in the device,
thus instigating for improved mobility with velocity
overshoot condition, leading to ballistic transport of
carriers in a shorter channel.

4. CONCLUSIONS

A novel DG-SHOI FET with 22 nm channel length
is developed here for the first time with a nanometer
scale channel width of 100 nm. The characteristics of
DG-SHOI FET are compared with 22 nm double gate
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MopgenroBaHHs TA peasi3ania n-KaHAJIBHOIO II0JIFOBOI0 TPAH3UCTOPA 3 MOABIMHUM 3aTBOPOM
Ta TPUIIAPOBOIO CHCTEMOIO KAaHAJIIB i3 CIIpoeKTOBaHOI0 aedopMaIiiero
U1 30araveHoro CTpyMy CTOKY

Kuleen Kumar, Rudra Sankar Dhar, Swagat Nanda

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

Texwmonoria Hampysxenoro kpemuio 3 FET e momimyroouoio TexHosoriewo, 1o 3abesmedye 3baradyeHHs
IIBUAKOCT] HOCIIB B HAHOPO3MIPHUX IIPUCTPOAX ILIAXOM IIPOEKTYBAHHS POSTAIIYBAHHS 30HHOI CTPYKTYPH.
3MeHIIIeHHA BUTOKY IIPH OJHOYACHOMY 30LJIBIIEHH] CTPYMY CTOKY € e OJHIEI BAYKJIMBOIO METOI0, TOMY PO3-
rnsamaerbesa po3pooka FET 3 moasiiHMM 3aTBOPOM y HAHOPEMKHMI Ta 3 HAIIPYKEHNM KaHAJOM. Takum uum-
HOM, OCHOBHUM € peasri3allisi JJB03aTBOPHOI HAIpyskeHol retepocTpykTypu Ha i3ossttopi (DG-SHOI) FET is
TPUIIAPOBUM KaHaIoM (s-Si/s-SiGe/s-Si). Disuka qBoBicHOI AedopMallii BUBYAEThCA 1 TeHEPYeThCA B KaHAJI
LILJIAXOM BIIPOBAIKEHHS TPHOX IIAPIB ONTHMAJILHOI TOBIIMHM, TOIl AK BY3bKi 00J1aCTI BUCHAMKEHHSA KaHAJLY
CYBOPO KOHTPOJIOIOTHCS eKBiNOTeHIiHuMY 3aTBopamu. OTike, MAKCMMAaIbHA KUIBKICTH HOCIIB 3apsiay Ha-
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KOIMYYeThCS B KaHAJl Yepe3 KBAHTOBE YTPUMAHHS HOCIIB, BUKJIUKAIOYN OAJICTHYHUN TPAHCIOPT 4Yepesd
[IPUCTPIH 3 JOBIKUHOIO KaHAJY 22 HM, 0 IPU3BOJAUTH 10 3MEHIIEeHHs MiJI0JMHHOTO PO3CIIOBAHHSA. ¥ IOpi-
BusHHI 3 icHyounM 22-HM DGSOI FET cmocrepiraerbest 30LIBIIIEHHS CTPYMY CTOKY Ha 56 % 1 MOCHJIeHHS
KpyToctl Ha 87,6 %, y Toit uac sk DIBL 3amemtterunit 115 115010 HEIIOIABHO PO3POOJIEHOTO Ta PEeai30BaHOTO
DG-SHOI FET, 110 cBiquUuTh PO MPOrpec y TEXHOJIOT MiKPOEJIEKTPOHIKH.

Knrouoesi ciaosa: Jledopmosaumit kpemuiit, Keantose yrpumanus Hociie, Bamicruunuii Tpancmopr, Hawo-
imxenepisa, DG-SHOI FET npucrpoi.
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