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ABSTRACT

The arti
le investigates towards the simulation

study of jun
tionless transistor, exploiting 
han-

nel engineering te
hnique with (Si1−xGex) as devi
e

layer. An a

urate and deep understanding of the

gated resistor with a demonstration amended of lower

o�-state 
urrent; improve on-state drain 
urrent and

trans
ondu
tan
e with its 
onventional 
ounterpart

using numeri
al simulation. With the signi�
an
e

of SiGe material on Buried oxide (BOX) and Jun
-

tionless transistor (JLT) topology an improvement in

ele
tron mobility with zero ele
tri
 �eld redu
e the

s
attering rate a
ross the 
hannel. With these iden-

ti�
ations SGOI-JLCT has a great potential for low

power swit
hing appli
ations.

Keywords: Mole fra
tion, JLCT, ION−IOFF , Ele
-

tri
 �eld (E-Field), Sili
on on Insulator (SOI).

1. INTRODUCTION

Over last few years, the rapid growth in MOS te
h-

nology was 
onventionally dependent on Moore's the-

ory and Dennard's s
aling theory whi
h later moved

to Moore than Moore [1℄. Due to the s
aling fa
tors

the MOS transistor rea
hed to the ultra-deep sub-

mi
ron te
hnology, whi
h redu
ed up to three orders

of magnitude within past 20 years. The physi
al pa-

rameters su
h as LG (gate length), TOX (gate oxide

thi
kness), TSi (substrate thi
kness) et
. has s
aled

to rea
h nanometer regime. The interpretation of

te
hnology s
aling was initiated through ITRS [1℄,

with a parti
ular te
hnology node parameter has been

instru
ted, whi
h help the devi
e engineers to innova-

tive new devi
e ar
hite
tures to follow short 
hannel

te
hnology.

Understanding the s
aled 
hannel ar
hite
ture,

gate 
ontrols the total 
harge 
arriers a
ross 
han-

nel. But a part of 
harge 
arriers 
ontrolled by

sour
e/drain depletion region be
omes more signif-

i
ant whi
h indu
es short 
hannel e�e
ts (SCEs).

The major issues for SCEs are formation of sharp
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sour
e/drain dopants di�usion in to the 
hannel. Var-

ious voltage 
ontrol devi
es with sour
e drain regions

and at zero bias gate voltage the amount of 
urrent

drop a
ross interfa
es give rise to leakage 
urrents.

Due to the 
onstant �eld s
aling, an approxima-

tion is a

ountable to redu
e leakage 
urrents. [2℄

[3℄, Young et al.. has reported an idea about the

preferable s
aled te
hnology of MOS devi
e and the

various leakage 
urrents are also dis
ussed. MOS-

FET at nanometer regime su�ers from various SCE

su
h as drain indu
ed barrier lowering (DIBL), sub-

threshold swing (SS), hot 
arrier e�e
t, jun
tion leak-

age, et
. Thus, to overdrive these e�e
ts devi
e

engineers gave up with di�erent ar
hite
tural pro-

posals and resour
eful materials to improve the 
ir-


uit analysis through devi
e performan
e. The pro-

posed un
onventional devi
es like SOI, partially de-

pleted SOI, Fully depleted SOI, Multi-gate (MG-

FET), Gate all around (GAA-FET) were developed

in 2D-3D [4℄. In sub-mi
ron regime, the formation

of ultra-shallow jun
tions with high doping pro�les

be
omes a 
hallenging task for the semi
ondu
tor in-

dustry for redu
ing SCEs. Besides this, for the �rst

time an un
onventional MOS stru
ture with no jun
-

tions a
ross sour
e/
hannel and 
hannel/drain edges

was proposed by [5℄, forming a simple gated resis-

tor that 
ontrols the ele
tri
 �eld along the 
hannel

with applied gate voltage and later named as the JLT

[6℄. This devi
e imposes several 
hallenges on doping

pro�les and the thermal budget. Interestingly JLT

required no doping 
on
entration gradients; besides

this, it requires a uniform heavily doped nanowire

with fully depleted when the devi
e is OFF. This is

one of the key merits that improve the SCE. [7℄. In

ON 
ondition, depletion region slowly degrades with

an in
rease in gate voltage (VG) at this the band be-


omes �at at �at band voltage (VFB) with a positive

shift in the VTH from partially depleted to 
ondu
tion

region. The study on SOI-JLT with various investiga-

tion on the band gap narrowing, SCEs, ele
trostati


integrity, and s
aling IOFF using spa
ers is reported

by Gundapaneni etal.. [8℄-[11℄.

The paper investigates towards JLMOSFET ex-

ploiting 
hannel engineering te
hnique with (Si1−xGex),
with relaxed biaxial tensile type along SiGe �lm. The

importan
e of the fully depleted SG-OI (SiGe/BOX)

signi�
antly enhan
es the quality of the devi
e per-

forman
e than that of the SOI 
ounterpart [12℄. The
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brief idea of the FD strained-Si devi
es on ultrathin

SGOI substrates is dis
ussed and stated by Mizuno et

al. in [13℄ on non-bonded SGOI substrates. This in-

trodu
es with small band gap materials (Si1−xGexOI
with x = 0.25, 0.5, 0.75) with the same SOI pro
ess

�ow [14℄. The physi
s behind the SiGe/BOX is to

improve the ele
tron mobility with high ele
tri
 �eld

and to redu
e the s
attering rate a
ross the 
hannel.

The physi
al insight of relaxed SiGe is appli
able for

JLT, as the SiGe nano�lm is 
onsidered as the de-

vi
e layer, whi
h is known to 
ause large 
hanges in

the gate 
urrent (IG). Therefore, an appli
ation of

strain enables an intrinsi
 relationship between the

oxide and the IG [15℄, [16℄. This improves leakage


urrent a
ross gate and the bulk substrate.

Along with the introdu
tion, the rest of the pa-

per is labeled in se
tion II, whi
h 
onverses the de-

vi
e stru
ture and the physi
s behind the devi
e, and

the a
tivated models whi
h are 
arried out for sim-

ulations. Se
tion III des
ribes the study of the ele
-

trostati
 integrity of (Extremely thin SGOI-JLCT)

ETSG-OI JLCT followed by 
on
lusion and remarks

in Se
tion IV.

2. EXTREMELY THIN SILICON GERMA-

NIUM ON INSULATOR JUNCTION-

LESS CHANNEL TRANSISTOR (ETSG-

OI JLCT)

The paper introdu
es an ETSG-OI JLCT with

high k spa
ers is shown in Fig. 1 (a), (b) with ON

and OFF 
ondition. The devi
e utilizes the transis-

tor on insulator te
hnique with SiGe as a devi
e layer.

The parameters listed in Table 1 are used to s
ruti-

nize ETSG-OI JLCT. A bulk planar stru
ture with

Si as substrate NA is initiated. BOX is grown, form-

ing a bulk planar devi
e on an insulator. A layer of

SiGe is grown epitaxial over a BOX forming a devi
e

or a transistor layer. The devi
e layer formation is

of sour
e/drain (S/D) and 
hannel with uniform N+

D

of 1019 cm−3
. For isolation purpose at oxide/
hannel

interfa
e e�e
tive oxide thi
kness (EOT) of thi
kness,

1nm is used and a poly-Si p-type gate with the metal

workfun
tion (φM ) of 5.1 eV is 
onsidered. Metal

ele
trodes are taken as sour
e and drain 
onta
ts in

JLCT. Introdu
ing the high k HfO2 spa
er on ei-

ther side of the gate [17℄, [18℄ whi
h will improve the

fringing ele
tri
 �eld in OFF 
ondition.

3. CONDUCTION MECHANISM OF JLT

Intentionally the JLT devi
e is fabri
ated to s
ale

SCE in DSM te
hnology, [7℄. The ar
hite
ture is sim-

ilar to inversion mode transistor (IMT), forming a

metal oxide semi
ondu
tor. Usually, a P-type poly-Si

gate and an interfa
ial oxide layer between the metal

gate and the N-type semi
ondu
tor layer are formed.

This 
an substantiate as heavy doping dependen
y

ranging with N+

D
1019 - 1022 cm−3

. Gate sour
e volt-

age (VGS) = drain voltage (VD) = 0 V the 
hannel is

fully depleted < threshold voltage (VGS < VTH ) a φM

semi
ondu
tor workfun
tion φS di�eren
e is a
hieved

from gate to substrate where no 
ondu
tion takes

pla
e a
ross the 
hannel. The 
arriers �ow through

di�usion, providing an exponential in
rement in 
ur-

rent as the VG varies. If VGS = 1 V the band be
omes

�at at VFB with a positive shift in VTH providing a


ondu
tion path in the semi
ondu
tor layer, where

the bulk 
urrent �ows through the neutral path. The

shift in the VTH depends on the ND, TSi, EOT, and

WSi. VGS with zero bias and high N+

D
attributes of a

high ele
tri
 �eld (E-�eld) at the 
enter of the 
han-

nel but not at Si/SiO2 interfa
e. As with the 
urrent

�ow with the positive VGS low E-�eld (above VTH the

E-�eld drops to zero) is observed perpendi
ular to the

dire
tion of the 
arrier in the devi
e layer with high

mobility. A bulk 
ondu
tion me
hanism with E-�eld

perpendi
ular to 
urrent �ow is observed in JLT.

The advantage in dealing with the SiGe is, 
om-

patible with standard (sili
on) Si te
hnology. [19℄,

[20℄ the 
ompound material SiGe have 4.2% of latti
e

mismat
h with latti
e 
onstant an (x) = 5.431

o

A for

Si and 5.658

o

A for germanium (Ge) respe
tively. The


hange in the x value in
ludes latti
e mat
h, latti
e


onstant of Si1−xGex (5.431 + 0.20x + 0.027x2
)

o

A .

The devi
e layer is Si1−xGex the (variation in mole

fra
tion (x) results in a 
hange in the band gap a
ross


ondu
tion band (EC) and valan
e band(EV )) [21℄.

Drift-di�usion 
arrier transport Mobility model

is 
onsidered for the simulations having high �eld

saturation 
arrier densities with transverse �eld de-

penden
y. Inversion A

umulation layer Mobility

model in
ludes doping and transverse �eld depen-

den
y whi
h in turn a

ounts a 2D Coulomb impu-

rity s
attering [22℄. As SiGe is a 
ompound material

with mole fra
tion dependen
y, e�e
tive intrinsi
 den-

sity & band gap narrowing model are also in
luded.

To solve this, a self-
onsistent drift-di�usion Equa-

tion is used. Due to high ND a
ross lateral dire
-

tion, OldSlotboom band gap narrowing and S
hottky-

Read-Hall me
hanism are observed [23℄, [24℄. The

model 
al
ulates the intrinsi
 
arriers for sili
on ma-

terial hen
e it improves the 
arrier mobility under

high �eld saturation. The simulations are 
arried out

using sentaurus TCAD 2D simulator [25℄. The plot

in Fig.2 denotes the ID − VG 
hara
teristi
s of SOI-

JLCT and ETSG-OI JLCT. This observes a 
hange

in ION − IOFF with variation in LG (15 to 30 nm)


alibrate [6℄. It is 
learly observed that a drasti
 in-


rement in VTH as a variation of the LG with ND =

1.5e19cm−3
.

4. RESULTS AND DISCUSSION

The ele
tri
 properties like energy, ele
tri
 �eld

and ele
trostati
 integrity along lateral dire
tion of

devi
e layer is observed for ETSG-OI JLCT with the

following fa
tors: 1) at VDLIN and VDSAT for di�er-
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Fig.1: (a) Bird's Eye view of Extremely Thin

Sili
on Germanium Jun
tionless Channel Transistor

(ETSG-OI JLCT), with 
hannel fully depleted at VG

= 0 V (b) ETSG-OI JLCT, with 
hannel 
ondu
ting

at VG = 0.7 V. A depletion layer is observed beneath

the oxide 
hannel interfa
e for di�erent LG (
) Sim-

ulation results are in good agreement with Colinge et

al.

Fig.2: ID on VG for di�erent LG (15 to 30 nm) is

observed in linear and log s
ale for both SOI JLCT

and ETSG-OI JLCT with IOFF and ION are also

given. (a) (b), shows the IDLIN , IDSAT of SOI JLCT

with Si on insulator. (
) (d), shows the IDLIN , IDSAT

of ETSG-OI JLCT with SiGe on insulator. For both

the 
ases the graphs are drawn at VDLIN = 0.05 V,

VDSAT = 0.7 V and ND = 1.5e19cm−3
.

Table 1: Parameter Used for Simulation [8℄, [11℄

Parameters ETSG-OI

JLCT

SOI JLCT

Devi
e layer (TSi) 5 nm 5 nm

Donor doping (ND) 1.5e

19


m

−3

1.5e

19


m

−3

EOT of gate diele
-

tri
 (TOX)

1 nm 1 nm

Gate work-fun
tion

(φM )

5.1 eV 5.1 eV

Drain Supply Volt-

age (VDD)

0.05 V, 0.7

V

0.05 V, 0.7

V

Channel length

(LG)

15-30 nm 15-30 nm

Energy gap (EG) 0.6 -1.1 eV 1.1 eV

ent LG , 2) high doping 
on
entration ND and high

φM , 3) 
hange in mole fra
tion values (x = 0.25, 0.5,

0.75) for SiGe 
hannel. The 
hange in �x� represents

the variation in energy band diagram, ele
tri
 �eld,

and the surfa
e potential is shown with �xed LG =

20 nm.

Fig. 3 (a, b) also shows the ID−VG variation with

x = 0.25, at whi
h Si 
ontent in Si1−xGex is high and
signifying the Si material properties. It is observed

that VTH value is approximately equal to both the de-

vi
e as 
onsidering anND = 1.3e19cm−3to1.5e19cm−3

and the use of high k spa
ers is to improve the IOFF .

With the heavy doping and high φM , the devi
e shows

better improvement in VTH , ION and IOFF is ob-

served for ETSG-OI JLCT.

The energy band diagram of ETSG-OI JLCT is

shown in Fig. 3(
) along the lateral dire
tion (S/D

and 
hannel). As the thi
kness of the devi
e layer

is extremely thin about (TSi = 5 nm) the stru
ture

with the ultrathin 
hannel is reported in [26℄. The


ut line is taken at 2.5 nm along X-axis with di�erent

�x� values, an energy band is 
al
ulated. In Fig. 3 (
)

the 
hannel SiGe, the band gap (EG) varies from 1.1

eV to 0.6 eV. In SOI JLCT stru
ture the 
hannel is

Si and EG = 1.1 eV. Therefore the di�eren
e between

EC and EV is 1.1 eV. But in ETSG-OI JLCT as the

value of �x� 
hanges, a vast variation between EC and

EV is observed. The ar
hite
ture indu
es 
hannel

engineering te
hnique in devi
e layer through SiGe

whi
h forms a single 
rystal. In addition to this, the

devi
e layer indu
es the properties of both Si and Ge

this 
an a
hieve through the molefra
tion variation.

At x = 0.25 the EG = 0.8 eV, as it is 0.8 eV the


ontent of Si is great in SiGe. Else if x = 0.75 EG

= 0.6 eV this represents the 
ontent of Ge is high

in SiGe. Hen
e it follows the band gap value of Ge.

Therefore the 
hannel imposes the properties of Si

and also the advan
e merits of Ge material.

Another key fa
tor is the Fermi energy (EFN ,

EFP ) for 
ondu
tion and valen
e band. As the 
ut
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Fig.3: (a, b), ID−VG for di�erent value of x at VDS

= 0.05 V and VDS = 0.7 V, the e�e
t of ID − VG (x

= 0.25, 0.5, 0.75) of ETSG-OI JLCT and SOI JLCT

at LG = 20 nm and ND = 1.5e19cm−3
. Fig. 3(
),

Energy with respe
t to Distan
e �X� along the 
hannel

for ETSG-OI JLCT is shown. For Si1−xGex 
hannel

(x = 0.25, 0.5, 0.75), high κ spa
er HfO2, VDSAT =

0.7 V and TSi = 5 nm is given.

Fig.4: Ele
tri
 Field with respe
t to Distan
e �X�

along the 
hannel for ETSG-OI JLCT is shown. For

Si1−xGex 
hannel (x = 0.25, 0.5, 0.75), high κ spa
er

HfO2, at VDSAT = 0.7 V and TSi = 5 nm is given.

Fig. 4 (b), shows the e�e
t of Surfa
e potential (x =

0.25, 0.5, 0.75) of ETSG-OI JLCT at VDSAT = 0.7

V, TSi = 5 nm, LG = 20 nm and ND = 1.5e19 cm−3
.

line is taken a
ross the devi
e layer (S/D 
hannel)

with high N+
type doping, the EFP is zero and EFN

are nearly 
lose to the EC .

Usually, at nanometer regime, it has been demon-

strated that [3℄ the surfa
e potential will no longer

be symmetri
al due to the higher 
hannel potential.

Minima of the potential parabola is shifted to the

sour
e side instead of being near to the mid of the


hannel. Therefore the s
aling 
hannel length af-

fe
ts the shift in the minima of the potential and also


hange in the VTH is identi�ed. It is observed that the

bulk potential in JLT in
reases abruptly from sour
e

to drain, but there is an enhan
ement in the ele
tri


�eld. Interestingly, as the e�e
t of strain indu
es (x

= 0.25, 0.5, 0.75) a 
onstant E �eld is maintained

whi
h is shown in Fig. 4 (a).

The surfa
e potential along the 
hannel length is

depi
ted in Fig. 4 (b). In IMT devi
es, at the

nanos
ale regime the 
hannel with heavily doped and

with positive VG the surfa
e of the 
hannel turn to

be inverted and result in high E �eld. Due to this

a sharp linear band bending a
ross oxide/
hannel in-

terfa
e, whi
h is attributed to indu
ed ele
trons in

the 
hannel. In JLT bulk potential approximation is

dete
ted, as the high doping dependen
e generates a

high ele
tri
 �eld at VG = 0 V. Further with an in-


rease in the positive VG low E-�eld is estimated at

the midpoint of the 
hannel given in Fig. 4 (a). In

IMT E �eld is in the dire
tion of 
urrent �ow whi
h

gives a surfa
e 
ondu
tion me
hanism, in JLT E-�eld

is perpendi
ular to the 
urrent �ow and a bulk 
on-

du
tion me
hanism is observe at the 
enter of the

devi
e [27℄

Trans
ondu
tan
e (gm) as a fun
tion of ID, for
SOI JLCT and ETSG-OI JLCT for di�erent LG, is

shown in Fig. 5 (a, b). It is observed that for di�erent

value of LG as the 
hannel length de
reases the gm
value in
reases whi
h results in high drain 
urrent.

The devi
e is operated at saturation 
urrent VDSAT

= 0.7 V. The mobility degradation at high ele
tri


�eld redu
es gm [28℄.

Fig.5: (a) gm with respe
t to ID is shown for SOI

JLCT φM = 5.1 eV (b) ETSG-OI JLCT (
) ETSG-

OI JLCT for di�erent x values. LG = 15 to 30 nm,

TSi = 5 nm, ND = 1e19cm−3
, VDD = VDSAT = 0.7

V and φM = 5.1 eV (b) and 5. (
) gm as a fun
tion

of ID for ETSG-OI JLCT with x variation fa
tor is

shown. .

The high gm will further enhan
e the trans
ondu
-
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tan
e generation fa
tor (TGF = gm/ID) whi
h is the

requirement for the realization of 
ir
uits operating at

low supply voltage. Table II and III shows the 
al
u-

lated values for ION , IOFF , leakage power and power

dissipation at VDLIN = 0.05 V and VDSAT = 0.7 V.

The produ
t of IOFF and VDLIN VDSAT is used to


al
ulate leakage power. For power dissipation, the

produ
t of ION and VDLIN VDSAT is evaluated.

Table 2: Computed results at VDLIN = 0.05 V

LG

nm

ION

(A/µm)
IOFF

(A/µm)
Leakage

Power

(Watts)

Power

Dissipation

(Watts)

15 1.89E-07 1.64E-11 8.2E-13 9.45E-09

20 1.65E-07 4.13E-12 2.07E-13 8.25E-09

25 1.19E-07 1.70E-12 8.5E-14 5.95E-09

30 1.18E-07 3.84E-13 1.92E-14 5.9E-09

Table 3: Computed results at VDSAT = 0.7 V

LG

nm

ION

(A/µm)
IOFF

(A/µm)
Leakage

Power

(Watts)

Power

Dissipation

(Watts)

15 1.17E-06 2.41E-09 1.687E-09 8.19E-07

20 8.88E-07 7.52E-11 5.264E-11 6.22E-07

25 7.31E-07 1.73E-11 1.211E-11 5.12E-07

30 6.26E-07 1.94E-12 1.358E-12 4.38E-07

5. CONCLUSION

The paper investigate with the various topologies

like (a) JLT topology, (b) SOI topology, (
) 
hannel

engineering te
hnique using SiGe material, (d) Ex-

tremely thin SiGe �lm (nanos
ale �lm) with relaxed

SiGe et
. to improve the devi
e performan
e. In or-

der to identify the improvements a 
omparative anal-

ysis on ION , IOFF , and gm for SOI JLCT and ETSG-

OI JLCT is shown for di�erent LG at VDLIN = 0.05

V, VDSAT = 0.7 V. Apart from this the band gap

approximation, surfa
e potential, and E �eld with x

variation for ETSG-OI JLCT is observe using 
han-

nel engineering te
hnique. Over all the results gives

a good agreement with the enhan
ement of devi
e

properties using both Si and Ge material
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