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This paper reports a new two-dimensional (2D) analytical model for the
potential distribution and threshold voltage of the short-channel symmetric
gate underlap ultrathin DG MOSFETs with a lateral Gaussian doping profile
in the source (S)/drain (D) region. The parabolic approximation and conformal
mapping techniques have been explored for solving the 2D Poisson’s equation
to obtain the channel potential function of the device. The effects of straggle
parameter (of the lateral Gaussian doping profile in the S/D region), underlap
length, gate length, channel thickness and oxide thickness on the surface
potential and threshold voltage have been investigated. The loss of switching
speed due to the drain-induced barrier lowering (DIBL) has also been re-
ported. The proposed model results have been validated by comparing them
with their corresponding TCAD simulation data obtained by using the com-
mercially available 2D ATLAS� simulation software.
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parameter, drain-induced barrier lowering (DIBL), short-
channel effects (SCEs), gate underlap, loss of switching speed

INTRODUCTION

With the significant progress in the fabrication of
FinFETs1–3 or vertical DG MOSFETs,4,5 the ultra-
thin body (UTB) double-gate (DG) MOS structures
have been of great interest for researchers into sub-
50 nm CMOS technology due to their excellent
immunity to short-channel effects (SCEs) and ulti-
mate scalability features.6–9 However, the relentless
scaling of the channel thickness of the DG MOS-
FETs may lead to the undesired increase in the
source (S)/drain (D) resistance and junction capac-
itance which, in turn, may decrease the drive
current.10 A number of works reported in the
literature show that the introduction of a gate
underlapped channel region between the gate end

and the beginning of the S/D region in the undoped
DG MOS structures improves the device perfor-
mance by reducing the SCEs,11–13 gate edge direct
tunneling leakage14 and gate sidewall fringe capac-
itance.15,16 Trivedi et al.17 reported a simulation
study of ultra-shallow junction (USJ) gate underlap
DG MOSFETs to demonstrate the achievement of
the combined benefits of improved immunity to
SCEs due to the gate underlap region and enhanced
on-state drive current due to the introduction of a
lateral Gaussian doping profile in the S/D region.
Bansal et al.18 reported for the first time an
analytical model for the potential distribution and
subthreshold characteristics of gate underlap DG
MOSFETs with uniformly doped S and D regions in
a conventional manner. They observed significant
improvements in the drain-induced barrier lowering
(DIBL) and subthreshold swing with the increase in
the underlap length of the DG MOS device. Vaddi
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et al.19,20 reported an analytical model for the
potential distributions and subthreshold character-
istics of both the gate underlap and overlap DG
MOSFETs with conventional uniform doping profile
in the S/D region. Recently, Nandi et al.21 has
reported an analytical model to show the improve-
ment of the on-current at the cost of degraded
immunity to SCEs by controlling the lateral
straggle parameter of a lateral Gaussian doping
profile introduced in the S/D region of the DG
MOSFETs without any gate underlap region.
However, to the best of our knowledge, no ana-
lytical model has yet been reported to study the
combined effects of lateral Gaussian doping in the
S/D region and the gate underlap region on the
potential distribution and subthreshold character-
istics of the underlap DG MOSFETs. In view of
the above, an attempt has been made in the
present paper to report an analytical two-dimen-
sional (2D) model of the gate underlap USJ DG
MOSFETs with a lateral Gaussian profile in the
S/D region to achieve the combined benefits of
improved SCEs and enhanced drive current as
discussed above. For the validity of the proposed
model, the model results have been compared with
the simulation data obtained by using the com-
mercially available 2D ATLAS� device simulator
of the Silvaco International.22

THEORETICAL MODELING

Formulation of Potential Distribution

Figure 1a shows the schematic diagram of the
gate underlap DG MOSFET structure under con-
sideration with lateral Gaussian doping in the S/D
region. The symbols LG, Lul, tsi and tox represent the
gate length, underlap channel length, silicon film
thickness and gate oxide thickness of the device,
respectively. The front and back gates are assumed
to be tied together with a single gate-to-source
voltage (VGS). The doping profile, i.e. Nsd xð Þ, in the
USJ regions in the channel is assumed to be of a
lateral Gaussian function expressed as21

Nsd xð Þ ¼ Nsdpe

�x2

2r2
L

� �
ð1Þ

where, Nsdp is the peak Gaussian doping. Figure 1b
shows various lateral Gaussian profiles in the S/D
region for different values of lateral straggle rL in
the channel. The degenerated doping value Nde has
been assumed as 2.7 9 1019 cm�3 for the present
study.21

Let the 2D potential functions in the regions I, II
and III shown in Fig. 1a be denoted by w1ðx; yÞ,
w2ðx; yÞ and w3ðx; yÞ respectively. Now, the general-
ized potential function wiðx; yÞ for i ¼ 1; 2 and 3 can
be determined by solving the following 2D Poisson
equation:

d2wi x; yð Þ
dx2

þ d2wi x; yð Þ
dy2

¼ q

esi
N�

a �Nþ
sdðxÞ

� �
ð2Þ

where, N�
a is the ionized acceptor concentration and

Nþ
sd xð Þ is the ionized donor concentration repre-

sented by21

Nþ
sdðxÞ ¼ Nsdpe

�x2

2r2
L

� �
þ Nsdpe

�ðLGþ2Lul�xÞ2

2r2
L

� �

1 þ sDe
EF�EDð Þ

kT

� �� �
0
BBB@

1
CCCA ð3Þ

where, sD is the spin degeneracy factor, EF and ED

are the Fermi level and donor level of the NSD xð Þ
profile given by21

EF ¼ Eg

2

� �
þ kT ln

Nsd xð Þ
ni;eff

� �
ð4Þ

ED ¼ Eg;eff � EI ð5Þ
where EI and Eg;eff are the ionization energy and
effective band-gap of the Si considering many body
effects, respectively. It is well known that the donor
impurities form the energy level ED below the
conduction band EC in a lightly doped n-type
semiconductor and the impurity ionization energy
EI ¼ EC � ED represents the difference in energy
between the conduction band energy and donor
energy levels. When the doping concentration in the
semiconductor is increased, the donor energy level
is shifted upward (i.e., towards EC) and finally
merges with the conduction band edge for doping
concentration beyond a certain level thereby result-
ing in EI ¼ 0. The ionization energy in the channel
near the vicinity of the source (drain)/channel
junction can be expressed as an empirical relation-
ship given by21

EI ¼ EIo
1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsd xð Þ=Nde

3
p� �

ð6Þ
where EIo

is the ionization energy of lightly doped
Si crystal, Nde is the critical doping concentration
beyond which Si behaves as a degenerate semicon-
ductor, ni;eff is the effective intrinsic concentration
of the Si under many body effects and Eg;eff is the
effective band-gap of the Si defined as21

ni;eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
i e

DEg
kT

q
ð7Þ

Eg;eff ¼ Eg � DEg ð8Þ

where, Eg, DEg and ni are the energy band-gap,
band-gap narrowing and intrinsic carrier density of
Si. Notations used for various device parameters
have been listed in Table I.

By considering the parabolic approximation, the
solution of Eq. 2, wiðx; yÞ can be expressed as23:

wiðx; yÞ ¼ Ci1ðxÞ þ Ci2ðxÞyþ Ci3ðxÞy2 ð9Þ
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where, Ci1ðxÞ, Ci2ðxÞ and Ci3ðxÞ are arbitrary func-
tions of x (for all i ¼ 1; 2 and 3) which can be
determined from the following boundary conditions:

wiðx; 0Þ ¼ Ci1ðxÞ ð10Þ

wiðx; tsiÞ ¼ Ci1ðxÞ þ Ci2ðxÞtsi þ Ci3ðxÞt2si ð11Þ

dwi x; yð Þ
dy

				
y¼0

¼ Ci2ðxÞ ð12Þ

dwi x; yð Þ
dy

				
y¼tsi

¼ Ci2ðxÞ þ 2tsiCi3ðxÞ ð13Þ

Assuming wsi xð Þ ¼ wi x; yð Þjy¼0 (for i ¼ 1; 2 and 3) as
the surface potential, the criteria of the continuity of
electric field at gate oxide–channel interface gives18

dwi x; yð Þ
dy

				
y¼0

¼ � eox

esi

VGS � Vfb � wsiðxÞð Þ
tox

ð14Þ

dwi x; yð Þ
dy

				
y¼tsi

¼ eox

esi

VGS � Vfb � wsiðxÞð Þ
tox

ð15Þ

where, esi and eox, VGS are the permittivity of the
silicon and SiO2, gate to source voltage respectively,
and Vfb is the flat band voltage given by18

Vfb ¼ /M � vs þ
Eg

2q
þ kT

q
ln

Na

ni

� �� �
ð16Þ

where, /M,vs and Eg are the gate metal work
function, electron affinity and band gap of the
silicon, respectively.

By solving Eq. 11 with the help of boundary
condition from Eqs. 12, 13, 14, and 15, we get

Ci2 xð Þ ¼ � eox

esi

VGS � Vfb � ws2ðxÞð Þ
tox

ð17Þ

Ci3 xð Þ ¼ Ci2 xð Þ=tsi ¼ � eox

esitsi

VGS � Vfb � ws2ðxÞð Þ
tox

ð18Þ
By rearranging Eq. 2 for region II with the help of
Eqs. 10, 17, and 18, we obtain

d2w2s xð Þ
dx2

� w2s xð Þ
k2

¼ q

esi
Na �Nþ

sdðxÞ
� �

� VGS � Vfbð Þ
k2

ð19Þ
where, k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
esitsitox

2eox
1 þ eoxtsi

4eoxtox

� �r
is the characteristic

length of the device under consideration. Solving

Fig. 1. (a) Schematic view of underlap DG MOSFET. (b) Lateral
doping profile in the source/drain extension region for different val-
ues of straggle parameter.

Table I. Notations of various device parameters

Parameters Symbol Values Unit

Intrinsic doping ni 1010 cm�3

Channel doping Na 1015 cm�3

Source/drain doping Nsdp 1020 cm�3

Degenerated doping Nde 2.7 9 1019 cm�3

Silicon thickness tsi 7 nm
Gate oxide thickness tox 1 nm
Gate overlap length LG 18 nm
Ionization energy in lightly doped crystal EIo

0.054 (arsenic) eV
Spin degeneracy factor sD 2 –
Gate underlap length Lul 10 nm
Gate voltage VGS – V
Drain voltage VDS – V
Silicon energy band gap Eg 1.12 eV
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Eq. 19, the surface potential for the gate overlapped
channel region II is given as:

ws2ðxÞ ¼ Ceðx�LilÞ=k þDe�ðx�LulÞ=k

�
qk2 Na �Nþ

SD xð Þ
� �

esi
þ VGS � Vfb

ð20Þ

To model the fringing electric fields from gate to the
gate underlapped spacer regions I and III, we have
used the conformal mapping technique by convert-
ing x; yð Þ to u; vð Þ plane by using the following
transfer function18

�yþ jg Lul � xð Þ ¼ tox sin uþ jvð Þ ð21Þ
where,

g ¼ tox

Lul
sinh cosh�1 tox þ tg

tox

� �� �
ð22Þ

Now, from the continuity of the electric fields in all
three regions in the (u, v) plane, we can write

dwi u; vð Þ
dy

				
u¼o; i¼1; 3

¼ � eox

esi

VGS � Vfb � wsiðvÞð Þ
np=2

ð23Þ

where, n is such that sin np=2ð Þj j ¼ 1.
Following the methodology of Ref. 18 from the

conformal mapping technique for obtaining the
surface potential functions in regions I and III from
Eqs. 2, 22, and 23, we can obtain

ws1ðxÞ ¼ A 1 � a
2
r2

1

h i
þ B r1 �

a
6
r3

1

h i
þ VGS � Vfb

ð24Þ

ws3ðxÞ ¼ E 1 � a
2
r2

2

h i
þ F r2 �

a
6
r3

2

h i
þ VGS � Vfb

ð25Þ

where,

r1 ¼ g Lul � xð Þ=tox, r2 ¼ g x� LG � Lulð Þ=tox and

a ¼ eox

esi

2
toxtsiðmp=2Þ

tox

g

� �2

Constants A, B, C, D, E and F in Eqs. 24 and 25
can be determined by applying the following bound-
ary conditions:

ws1ðSeff Þ ¼ Vbi ð26Þ

ws1ðLulÞ ¼ ws2ðLulÞ ð27Þ

ws2ðLul þ LGÞ ¼ ws3ðLul þ LGÞ ð28Þ

ws3ðDeff Þ ¼ Vbi þ VDS ð29Þ

dws1 xð Þ
dx

				
x¼Lul

¼ dws2 xð Þ
dx

				
x¼Lul

ð30Þ

dws2 xð Þ
dx

				
x¼LGþLul

¼ dws3 xð Þ
dx

				
x¼LGþLul

ð31Þ

where, Seff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln Nde

Nsdp

� �
� �r2

L

� �r
defined as the

distance at which the Gaussian doping profile in
the source and drain region is effectively reduced to
the critical degenerated doping value Nde in the
channel21 and Deff ¼ LG þ 2Lul � Seff .

Now, the effective channel length is calculated as

Leff ¼ LG þ 2Lul � 2 � Seff ð32Þ
Therefore, we can write

A ¼ CþD�
qk2 Na �Nþ

SD xð Þ
� �

esi
ð33Þ

B ¼ tox

gk
D� Cð Þ ð34Þ

C ¼
g VDS þ Vx 1 � e�LG=k

� �� �
þ toxH

gk VDS þ Vx 1 þ e�LG=k
� �� �

4 toxgH
gk

� �
cosh LG

k

� �
þ 2 g2 þ toxH

gk

� �2
� �

sinh LG

k

� �
0
BB@

1
CCA ð35Þ

D ¼
g Vx eLG=k � 1

� �
� VDS

� �
þ toxH

gk VDS þ Vx 1 þ eLG=k
� �� �

4 toxgH
gk

� �
cosh LG

k

� �
þ 2 g2 þ toxH

gk

� �2
� �

sinh LG

k

� �
0
BB@

1
CCA ð36Þ
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E ¼ CeLG=k þ De�LG=k �
qk2 Na �Nþ

SD xð Þ
� �

esi
ð37Þ

F ¼ tox

gk
CeLG=k � De�LG=k

� �
ð38Þ

where,

g ¼ 1 � a
2

gLul

tox

� �2

H ¼ gLul

tox
� a

6

gLul

tox

� �3

Vx ¼ Vbi � VGS þ Vfb þ g
qk2 Na �Nþ

SD xð Þ
� �

esi

Vbi ¼ VT ln
Nde �Na

n2
i

� �

Finally, using the values of Ci1ðxÞ ¼ wiðx; 0Þ
¼ ws1ðxÞ, Ci2ðxÞ and Ci2ðxÞ from their respective
Eqs. 10, 17, and 18 in Eq. 2, the 2D potential
function in the three regions of the channel can be
written as

wiðx; yÞ ¼ wsiðxÞ 1 þ eox

esitox
y� eox

esitoxtsi
y2


 �

þ eox

esitox
VGS � Vfbð Þ �yþ y2

tsi


 �
:

ð39Þ

Formulation of Threshold Voltage, DIBL and
Loss of Switching Speed

By putting y ¼ tsi=2 in Eq. 39, the central channel
potential for gate overlap region wc2ðxÞ ¼
w2ðx; yÞjy¼tSi=2 is given by

wc2ðxÞ ¼ ws2ðxÞ 1 þ eoxtsi

4esitox


 �
� eoxtsi

4esitox
VGS � Vfbð Þ

ð40Þ

It is important to mention that position (xmin) of
the minimum channel central potential plays the
role of a virtual cathode from which electron enters
into the channel to contribute the drive current. By

solving
@w

0
c2 xð Þ
@x

				
x¼xmin

¼ 0, x ¼ xmin [at which wc2ðxÞ has

the minimum value] is given as

xmin ¼ Lul þ k=2ð Þ ln D=Cð Þmax

� �
Following the method described in Ref. 21 the
threshold voltage can be defined as the gate voltage
VGS ¼ Vth at which the channel electron density at
the minimum channel potential point reaches the
channel doping density. Hence, we write

n2
i

�
Na

� �
e wc2 xminð Þ=VTð Þ ¼ Na ð41Þ

where, VT is the thermal voltage.
Now, solving Eq. 41 for VGS ¼ Vth, the final

expression of the threshold voltage can be given by

Vth ¼ Vfb þ 2/�Dmaxe
�xmin

k � Cmaxe
xmin
k

þ
k2q Na �Nþ

SD xð Þ
� �

esi
� V xminð Þ

ð42Þ

To include the quantum mechanical effects, we

have added the quantum correction factor DVQM
t to

the value of Vth described by Eq. 42 to obtain the
final expression for the threshold voltage as

Vthf ¼ Vth þ DVQM
t

where,

DVQM
t ¼ h2

8qmeff t
2
si

ð43Þ

where, h is Planck’s constant, meff ¼ 0:19mo is the
effective mass of electron with mo as the mass of the
electron in vacuum.

Now, the DIBL of the USJ underlap short-chan-
nel symmetric DG MOSFETs can be expressed as20

DIBL ¼
Vthf jVDS¼0:1�Vthf jVDS¼1:1

VDS ¼ 1:1ð Þ � VDS ¼ 0:1ð Þ ð44Þ

It is important to mention that the DIBL severely
affects the switching speed of the scaled CMOS
devices. The loss of switching speed caused by the
DIBL effect in the short-channel underlap DG
MOSFETs under consideration can be expressed
as24:

Df
f

� �
¼ �2 DIBL

VDS � Vthf
ð45Þ

where, Df is the decrease in the maximum operating
frequency f due to the DIBL described by Eq. 44.

RESULTS AND DISCUSSION

In this section, the analytical results of the
channel central potential, wci xð Þ, and threshold
voltage Vthð Þ of Underlap DG MOSFETs with
Gaussian-doped source/drain have been compared
with the TCAD simulation results of obtained by
using the ATLAS� 2D device simulation software.
A drift–diffusion (DD) model along with the classi-
cal Fermi–Dirac statistics has been used for simu-
lating the device structure in the ATLAS� software.
The quantum model quantumð Þ has been used to
include the quantum mechanical effects in the
TCAD simulation results. This model is based on
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the Wigner function equations-of-motion25,26 which
employs the quantum correction potential in the
carrier current and energy flux equations. Modeling
has been done under the assumptions of identical
front and back gate structures with the same gate
oxide thicknesses and tungsten (with work function
/M ¼ 4:7 eV) as the gate electrode material for both
of the gates of the device. In order to investigate the
validity of the TCAD simulation software, we have
first compared the TCAD simulation data with the
experimentally measured data of an experimentally
fabricated DG MOSFET structure reported by Liu
et al.27 The reasonably good matching of the TCAD
results with the reported experimental data com-
pared in Fig. 2 clearly demonstrates the validity of
the ATLAS� device simulation software used for
the simulation of our proposed device structure in
this paper. The TCAD data are thus used for
validating the analytical model results presented
in the following.

The variations of the central channel potential
wci xð Þ � /f measured with respect to the Fermi
potential /f ¼ VT ln Na=nið Þ as a function of lateral
channel position have been shown for different
combinations of rL and VDS in Fig. 3, rL and VGS of
rL andLG in Fig. 5while keeping the underlap length
(Lul) and other parameters constant. The central
channel potential profiles shown in Figs. 3, 4, 5, and 6
clearly demonstrate that the decrease (increase) in
source-to-channel barrier [i.e., increase (decrease) in
the DIBL] with increase (decrease) in VDS, VGS and
tsi; and decrease (increase) inLG is stimulated further
by the increase (decrease) in the straggle parameter
value (rL). This may be attributed to the decrease
(increase) in the S(D)-channel abruptness with the
increase (decrease) in rL, which, in turn, reduces
(increases) the effective channel length and hence
increases (decreases) SCEs. Thus, unlike the uni-
formly doped S/D gate underlap DG MOSFETs, the

value of the straggle parameter (rL) of the lateral
Gaussian doping in the S/D region can be explored as
an additional parameter for controlling DIBL and
SCEs as well as the threshold voltage of the underlap
DG MOSFETs. The combined effects of rL and
underlap length Lul on the threshold voltage (Vthf )
have been demonstrated by plotting the Vthf as a
function of Lul in Fig. 6 for different values of rL but
fixed values of other device parameters. It is observed
that, for a fixed value of Lul (and other device
parameters), the threshold voltage (Vthf ) is decreased
with the increase in rL as evidenced from the
potential profiles shown earlier in Figs. 3, 4, 5, and
6. Further, for a fixed value of rL, the threshold
voltage roll-off is observed to be increased with the
decrease in the gate underlap spacer lengthLul due to
enhanced SCEs. It is also observed from Fig. 7 that
the roll-off becomes the lowest for rL � 3 nm for all
values of the underlap length considered in the

Fig. 2. Current versus gate-to-source voltage at VDS = 1.0 V,
parameters used as per Ref. 27.

Fig. 3. Central potential along channel length, parameters used:
VGS ¼ 0:1 V , LG ¼ 18 nm, Lul ¼ 10nm, tsi ¼ 7 nm , tox ¼ 1nm.

Fig. 4. Central potential along channel length, parameters used:
VDS ¼ 0:1V, LG ¼ 18 nm, Lul ¼ 10nm , tox ¼ 1 nm, tsi ¼ 7 nm.
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present study. Clearly, the threshold voltage roll-off
of underlap DG MOSFETs with a lateral Gaussian
doping profile S/D region can be optimized by select-
ing a suitable value of the lateral straggle parameter
rL of the profile. To investigate further the effect of rL

on the threshold voltage, the variation of threshold
voltage as a function of rL for two pairs ofLul and VDS

values has been plotted in Fig. 8. Clearly, Vthf is
decreased with the increased value of rL as well as
VDS for all values of Lul. However, the smaller
difference between the threshold voltages for
Lul ¼ 10 nm, VDS ¼ 1:1 V and Lul ¼ 10 nm, VDS

¼ 0:1 V pair than the difference between the thresh-
old voltages for Lul ¼ 7 nm; VDS ¼ 1:1 V and
Lul ¼ 7 nm, VDS ¼ 0:1 V pair observed in Fig. 8
implies that the smaller DIBL (i.e., better SCEs) is
achieved for 10 nm than that for the 7-nm underlap
length devices. Figure 9 shows the variation of the
Vthf as a function of the gate oxide thickness tox for

different values of rL and LG. The Vthf is observed to
be decreased with increased tox, decreased LG and
increased rL due to the increased SCEs. The varia-
tion of Vthf with tox for two sets of values of Lul and rL

plotted in Fig. 10 shows that deterioration of thresh-
old voltage (DIBL) with the increase in rL is smaller
for Lul ¼ 10 nm than that for Lul ¼ 7 nm device.
Similarly, Fig. 11 demonstrates the decrease Vthf

with the increased channel thickness (tsi), and rL, but
decreased channel length LG. The plot of Vthf versus
tsi for two sets of rL and Lul values in Fig. 12 confirms
the smaller degradation of Vthf of underlap DG
MOSGETs with Lul ¼ 10 nm than that of the devices
with Lul ¼ 7 nm underlap lengths. The threshold
voltage degradation shown in Figs. 11 and 12 with
the increased channel thickness may be attributed to
the reduction in the gate control over the channel
carriers owing to the decrease in the Leff=tsi ratio. We
now consider the DIBL characteristics as a function

Fig. 5. Central potential along channel length, parameters used:
VGS ¼ 0:1V, LG ¼ 18 nm, Lul ¼ 10nm; VGS ¼ 0:1V , tox ¼ 1 nm.

Fig. 6. Central potential along channel length, parameters used:
VDS ¼ 0:1 V, tsi ¼ 7 nm, Lul ¼ 10nm ; VGS ¼ 0:1 V, tox ¼ 1 nm.

Fig. 7. Threshold voltage versus underlap channel length for differ-
ent values of rL parameters used: tsi ¼ 7 nm, tox ¼ 1 nm,
VDS ¼ 0:1V; LG ¼ 18 nm, Lul ¼ 10nm .

Fig. 8. Threshold voltage versus lateral straggle for different values
of Lul and VDS parameters used: tsi ¼ 7 nm, tox ¼ 1 nm, LG ¼ 18nm.

K. Singh, M. Kumar, E. Goel, B. Singh, S. Dubey, S. Kumar, and S. Jit2190



Fig. 9. Threshold voltage versus gate oxide thickness for different
values of rL and LG parameters used:VDS ¼ 0:1V; Lul ¼ 10nm ,
tsi ¼ 7 nm.

Fig. 10. Threshold voltage versus gate oxide thickness for different
values of rL and Lul parameters used: VDS ¼ 0:1V , LG ¼ 18nm,
tsi ¼ 7 nm.

Fig. 11. Threshold voltage versus channel thickness for different
values of rL and LG parameters used:VDS ¼ 0:1V, Lul ¼ 10nm ,
tox ¼ 1 nm.

Fig. 12. Threshold voltage versus channel thickness for different
values of rL and Lul parameters used: VDS ¼ 0:1V; LG ¼ 18nm,
tox ¼ 1 nm.

Fig. 13. DIBL versus underlap channel length for different values of
rL and tSi parameters used: VDS ¼ 0:1V, LG ¼ 18nm, tox ¼ 1nm.

Fig. 14. Loss in switching speed by DIBL versus underlap channel
length for different values of rL and tSi parameters used:
VDS ¼ 0:1V;LG ¼ 18nm, tox ¼ 1 nm.
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of the underlap length Lul shown in Fig. 13. It is
observed from the figure that, while the DIBL is
decreased with Lul, it is increased with both the
channel thickness (tsi) and lateral rL. The deteriora-
tions of the DIBL at larger channel thickness and
larger rL are attributed to the poor control of the gate
over the channel carriers and decrease in the source-
channel abruptness respectively, as discussed ear-
lier. Finally, the loss of switching speed described by
Eq. 44 due to the DIBL has been plotted in Fig. 14.
The loss is found to be �3% to 4% lesser in the
underlap DG MOSFET devices with body thickness
of tsi ¼ 7 nm than the devices with tsi ¼ 10 nm with
every � 1 nm increase in the value of rL. Thus, the
loss in switching speed of the DG MOSFETs can be
optimized by controlling the values of the additional
parameters rL and Lul introduced with the USJ
underlap DG MOS structures considered in the
present study.

CONCLUSION

A comprehensive analytical study has been pre-
sented for the modeling of 2D potential distribution
and threshold voltage of underlap DG MOSFETs
with lateral Gaussian doping in the S/D regions.
Parabolic approximation along with the conformal
mapping technique has been used for obtaining the
potential function by solving the 2D Poisson’s
equation with suitable boundary conditions. The
effects of the lateral struggle parameter (rL) and the
underlap length (Lul) on the potential distribution,
threshold voltage, DIBL and switching speed of the
devices have been analyzed in details. While the
threshold voltage was decreased with the increase
in rL, the same was observed to be improved with
the increase in Lul. The DIBL, threshold voltage
roll-off, and loss of switching speed were also found
to be deteriorated with the increase in rL but can be
improved with the increase Lul. Noticeable control
of the threshold voltage with the control of rL and
Lul parameters may be explored for achieving a
higher drive current with lower SCEs in the under-
lap DG MOS device structures with lateral Gaus-
sian doping in S/D over the conventional DG
MOSFETs. Proper optimization between the geo-
metrical parameters and doping profile parameters
should be made in order to make a healthy trade-off
among the drive current, SCE and electrostatic
integrity of the device. Thus, the USJ underlap DG
MOSFETs with lateral Gaussian doping S/D struc-
tures can be considered as a potential candidate
both for high drive current and better switch-
ing speed. An excellent agreement between the
analytical results and the ATLAS� based TCAD

simulation data confirms the validity of our pro-
posed model.
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