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A Subthreshold Swing Model for Symmetric Double-
Gate (DG) MOSFETs with Vertical Gaussian Doping

Pramod Kumar Tiwari and S. Jit

Abstract—An analytical subthreshold swing model is
presented for symmetric double-gate (DG) MOSFETs
with Gaussian doping profile in vertical direction.
The model is based on the effective conduction path
effect (ECPE) concept of uniformly doped symmetric
DG MOSFETs. The effect of channel doping on the
subthreshold swing characteristics for non-uniformly
doped device has been investigated. The model also
includes the effect of various device parameters on the
subthreshold swing characteristics of DG MOSFETs.
The proposed model has been validated by comparing
the analytical results with numerical simulation data
obtained by using the commercially available ATLAS™
device simulator. The model is believed to provide a
better physical insight and understanding of DG
MOSFET devices operating in the subthreshold
regime.

Index Terms—DG MOSFET, ATLAS simulation, 2D
potential, subthreshold swing, effective conduction
path effect (ECPE), gaussian doped channel

I. INTRODUCTION

The conventional MOSFETs show severe short
channel effects like drain induced barrier lowering
(DIBL) and poor on-off characteristics as the channel
length of device goes down in the sub-50 nm range. The
Double Gate (DG) MOSFETs are good enough to
replace the conventional MOSFETs in this particular
regime because of their excellent immunity to the short

Manuscript received Nov. 22, 2009; revised Jan. 23, 2010.
Centre for Research in Microelectronics (CRME), Department of
Electronics Engineering, Institute of Technology, Banaras Hindu
University, Varanasi-221005, India

E-mail : sjit.ece@itbhu.ac.in

channel effects, good control of gates on the channel and
better on—off characteristics [1-3]. Since scalability and
on-off characteristics of DG-MOSFETs are defined by
the subthreshold slope of the device, accurate modeling
of DG MOSFETs are of great importance for the
designing of switching circuits for VLSI and ULSI
applications. A number of theoretical models for the
subthreshold swing for DG MOSFETs have been
proposed for the undoped [4-6] and uniformly doped [7-
11] channels. Liang et al. [4] proposed a subthreshold
swing model for undoped DG MOSFETs where the
effect of doping on the subthreshold characteristics was
ignored. The model reported by Hamid et al. [S] included
the weak inversion charge which shows the channel
length dependency on the subthreshold swing. Recently,
Ray et al. [6] proposed a subthreshold swing model
based on evanescent mode approach to solve the channel
potential including the effect of inversion charge. Both of
the models, Hamid et al. [5] and Ray et al. [6], assumed
the concept of effective conduction path parameter,
d [10], to define the path of subthreshold conduction

current in the channel. Further, both of them assumed
that the inversion charge could appear in the entire
channel region just opposite to the doped channel and
computed the subthreshold swing parameter S (say) for

d oy _%i where, t, is the silicon channel thickness.
€j

Moldovan et al. [12] and Cerderia et al. [13, 14]
suggested that actual devices get generally be doped
due to the residual impurities. Further, they had also
emphasized that doped channels could provide better
control of the threshold voltage (than the undoped
devices) without changing the gate material leading to
the multi-threshold processes which are of great interests
for analog applications [12, 15]. Based on the above
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assumptions, a number of subthreshold swing models [7-
11] were also reported for DG MOSFETs with doped
channels. Bhattacherjee et al. [7] presented an analytical
model to consider only the effect of channel length on
the subthreshold swing parameter of DG-MOSFETs with
a doped channel. Agrawal et al. [8] reported a model
based on the assumption that the effective subthreshold
conduction path would be located at Si-SiO, interfaces
under both the gates as was considered in [16]. On the
other hand, Tosaka et al. [9] presented a model based on
the assumed location of the subthreshold conduction path
at the centre of silicon channel as suggested in Ref. [17].
The model of Tosaka et al. [9] was very simple (only
dependent on a:£ where L is the channel length
and A is the character length) because the effect of
channel doping was neglected. The assumptions made by
Agrawal et al. [8] and Tosaka et al. [9] are partially true
as Chen at al. [10] suggested that the effective
conduction path may be anywhere in the channel
depending on the magnitude of doping in the channel.
In this process, Chen et al. [10] evaluated the effective
conduction path effect parameter (deﬂ) but failed to

provide a closed form expression for dt)/f due to the

complexity involved in the evanescent mode analysis to
obtain the channel potential in their model. Dey et al.
[11] proposed an analytical model for the subthreshold
swing of uniformly doped DG-MOSFETs in terms of the
charge centroid parameter dy- The model was used to

study the subthreshold characteristics with asymmetry in
gate-oxide thickness, gate-material work function and
gate voltages. They had developed an approximated
closed form expression for the effective conduction path
effect parameter (dqf) as a function of the difference in

two gate voltages but independent of doping
concentration of the uniformly doped channel of DG
MOSFETs. It may be mentioned that the actual transistor
channel doping profile becomes closer to Gaussian
profile in nature due to many ion implantation stages
required during the fabrication process [18, 19]. Further,
due to the retrograde channel doping in the vertical
channel engineering [20], the original implant gets
altered after thermal annealing and the annealed profile
becomes closer to uniform in the lateral direction and

nonuniform in the vertical direction [21]. However, all

the reported models discussed above for the subthreshold
swing of DG MOSFETs are based on the assumption of a
uniformly doped channel. Zhang et al. [21] reported a
threshold voltage model for SOI-MOSFETs with a
vertical Gaussian doping profile in the channel but they
did not consider the subthreshold swing characteristics of
the device. Thus, it may be of great interest to many
researchers to model the subthreshold swing of the
Gaussian doped DG MOSFETs to accurately predict the
on-off behaviour of a real DG-MOS device.

In this paper, an attempt has been made to explore the
effective conduction path effect concept to model the
doping dependent subthreshold swing of symmetric DG-
MOSFETs with a Gaussian profile in the vertical
direction of the channel as was considered by Zhang et al.
[21] for SOI MOSFETs. The effective conduction path
parameter (dc{/f ) has been obtained by following the

method suggested by Dey et al. [11] for uniformly doped
channel. The model results have been compared with
simulation results obtained by using the ATLAS™ [22]
device simulation software to show the validity of our
proposed model.

II. THEORETICAL MODEL

The schematic structure of a symmetric DG-MOSFET
used for our model and simulation is shown in Fig. 1

where L,¢ and ¢ are the gate-length, channel thickness
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Fig. 1. Schematic diagram of a symmetric DG MOSFET
where L , t, and ¢, are the channel length, channel

thickness and oxide thickness respectively. It is assumed that
peak doping is located at the centre of the channel.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.10, NO.2, JUNE, 2010 109

and gate-oxide thickness of the device respectively. The
doping profile in the vertical direction, x of the channel is

assumed to be Gaussian function N, (x) described by

Zhang et al. [21] as

N,(x)=N exp| — xR, (1)
b P \/Eo_p

where, N » is the doping concentration at the projected
range R, with a straggle o,- The x- and y- axes are

considered to be along source-channel interface and
channel-upper oxide interface respectively, as shown in
the figure.

Let y(x,y) be the 2D potential distribution function
in the channel. Now, w(x,y) can be obtained by

solving 2D Poisson’s equation

2 2
0 t/;()zc, »,9 vgﬁ y) _ ql\(/: (x) @)
X

Si

with the following boundary conditions [7]:

(), =¥, () 3)
0
o [Vc =V, —w(0, J’)]Z —& al// 4
ox x=0
(C;OX a
[VG -V, _‘//(tsioJ’)]:gsi al// Q)
y(x,0)=V), (6)
w(x,L) =V, +V) (7

where g/ is the surface potential at x =0, and & isthe
permittivity of silicon, ¢ is the permittivity of the gate-
oxide SiO,, V. is the built-in potential and can be written

as V, =V, mM;’(x) with V., N, and n, are

thermal voltage, source-drain doping and intrinsic silicon

E N X = 0’ ts:
doping  respectively, Vi =u - (}( + 7g +V; lnb(n)]

i

is the flat-band voltage with ¢, , v and E, are the

gate metal work function, electron affinity of silicon and
silicon band gap respectively , ¥, is the gate-source
voltage and V¢ is the drain-source voltage.
x—R,
By introducing a variable 7 as?= ITGP , Eq. (2)
and boundary conditions can be modified as

1 y(ry), Oy _ 9N,

exp(-7?) ®)

20, o1’ oy’ &,
w(@ )| _, =v,(») )
Suly _y _ __ & Oy (10)
‘. [VG V_/b ‘//(B,J/)]— \/EO'p or .
& E; Oy
Ve =V WA Y)|=—=——- (11)
tDX [ ¢ fb ] \/Eo_p 82- T=A4
v (.0 =V, (12)
w(t,L)=V,, +V (13)
where
Azﬂ and p_ R, (14)

V20 \/50'[)

P

Using the method proposed by Zhang et al. [21], Eq.
(8) can be solved by using the boundary conditions
described by Egs. (9)-(13) to obtain the 2D potential
function (7, y) in the channel which can be written as

(5. 9)=C )+ G0 T +Cy(r)x [r erf (1) + e"p("z)} (15)
r
where

erf (7) = —— [exp(~t) dt (16)

2 T
N
is the error function of 7 and

C(») =V, =V, +KC(y) 17)
C,(y)=—-PCi(y) (18)
('//x -V + ij)

_B? 19
[K—PB+Berf(B)+eXp( e )j

Jr

C,(y)=
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where

=it P T =7 s SO TN
&,V20, 7 Jr &,\20, f (20)
[ oo, ’B*A]
exp(-4?) g (21)
derf(A)——=—~t,, —F—erf(4)
[ ] N £,20,

Note that the Poisson’s equation (i.e. Eq. (8)) at the
upper Si-SiO, interface can be written as

Loy | dvlny)
20'12, or? ‘ o’

=B

(22)

7=B g.w’ =B

With the help of Egs. (15), (17) and (18), Eq. (22 ) can
be modified as

R S N
Ve mn Ve I ) 23)
oy A &

si

where

exp(-B?)

PB—K — Berf(B)— 7 24)

/1:\/;02

r exp(—B?)

is the so called characteristic length associated with the

surface potential . Equation (23) can be solved to

obtain 78 (y) as

exp(-B7)

v aN
v.(») =k exp(%} +k, exp(— ZJ Ve —Vp— 2 P 4

si

(25)

where k, and k, are two arbitrary constants determined

by using Egs. (12)-(13) and can be expressed in compact
forms as

e
S C e

where
a-L (28)
A
N
(Vm +V, + 24 exp(—Bz)j(exp(— a)=-1)=V,
8 .
D — St
expl- ) expl) 29
N
(V,m RTE 2](exp<a)—1)—vm
E- (30)

exp(a) —exp(-a)

N,sN (x 0,2,
where, Vi =Vr IH{DS

)
e is the value of the

built in voltage on the channel surfaces.
Using Egs. (17), (18), (19) and (25), in Eq. (15), the
2D potential function in the channel can be written as

W(Ly)=K;*Vw+[K57PT+T€V(ﬂ+eXN7T”] W, 0) Vo +7s)

™ K—PB+Berf(B)+%;BZ)

€2))

Suppose  that =y (¥, m.) Tepresents the

Ws min

minimum value of y (y) aty=y_ . . The distance

Y.mn €an be obtained by solving dy,(y)
dy

=0

Y=Ys min

which gives
Vomn = h{’@j (32)

Using Eq. (32) in Eq. (25), . can be written as

s min

(33)

Womin = 2k, +V =V, —,12

At any arbitrary position x along the transverse
direction of the channel (i.e. for any arbitrary value 7 ),

the minimum channel potential, y  (7)= l//(T, ymm)
obtained by replacing  (y) by the . in Eq. (31)

can be expressed as
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Vimin = Vo +Vp
exp(=B?)
Jz

_ 2
Vew=Ve =V, +[K—Pr+rerf'<r>+ xXp(r )jx

N

K — PB+ Berf(B)+

(34)

Using the concept of the virtual cathode [10] located

along the x-direction at y =1y ., the free carrier
S min

concentration at the cathode can be given by [10]

n (0) =Nep("",,(”j (35)

Since the drain current in the subthreshold regime of
operation of a DG MOSFET is proportional to the free
the wvirtual cathode, the

carrier concentration at

subthreshold swing (say, S ) can be written as

-1 0 4
S:(alogll)j zlnlo[aénllij :kT1n10|:al/:;m(T):|

oV, Vs q -
(36)
From Eq. (34), we can write
o7 - (K —Pr+rerf(r)+ exp(—rz)/\/;) M G7)
ov, (K - PB + Berf (B) + exp(—B*) /7 )
where

M= 1 (klexp(a)—kzexp(—a)+k2—klj (38)

Tk onla)-cnld)

From Egs. (36)-(38), the subthreshold swing S can

now be expressed as

[K—PT-!—'rerf(r)+6Xp(_Tz)]

5= in10/1- ‘/;2 M| (39
4 [K—PB+Be;f(B)+eXp\(/;f)]

Note that the value of subthreshold swing, S ,
described by Eq. (39) is a function of the variable

xX—R . . . .
r= \/7 ? . Since, S is a device parameter, it must
20

p

be independent of 7 . If we assume that the peak of the

doping profile is located at the centre of the channel

(ie. R, = % ), the device shown in Fig.1 will represent a

symmetric DG-MOSFET device. We can thus use the
concept of the doping dependent effective conduction
path effect as in [10] to describe the resultant punch-

through current path in the channel at 7 = (P where

7,; canbe written as [10]
J‘ “ rexpl Yo @ |y
S L (40)
ICCXP[M(T)J y
B Vr
where
c /DR, (41)

It may be noted that Eq. (40) does not give any closed

form expression for Ty and hence a suitable numerical

method may be used for the same. However, we can
obtain an approximate analytical expression for

7, from Eq. (40) as follows:

The channel in the vertical direction can be divided
into two equal regions namely the front-gate and back-gate

regions corresponding to () < y < Ly (iie. B<r<(C)
2

and Ls <x<t. (e C<t<A) respectively. Since,
2 St

the model deals with a symmetric DG MOS structure, it
may be quite reasonable to assume that each of the
regions contribute equal amount of current to the
resultant drain current of the device. Now, using the

linear approximation model for (z’) in B<r<C
as considered in [11], we can approximate (‘r) as a
linearly varying function from y V/C o =W oem (T =B ) to
v =W (2' =C ) Thus, Eq. (40) can be approximately

written as
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E7r—FE B+y’
J‘BCT exp( nT n + l//vcm sz_

VT
T, & - 42
! ¢ EnT_EnB+l//\;/L'm ( )
J exp d
B VT
where
Yo~V

E,, — P vem vem (43)

C-B

Eq. (42) can be solved to obtain an approximate

expression for T, 8s

m 2 I 2
exp| Yoo cre (Ve —exp| Ve BV, (V.
VT En En Vv{ n En

E
Ty ®
V. " J
Vi [ expl Yoom | _ x| W
En VT VT

It may be mentioned that Eq. (44) gives reasonably

(44)

good matching with the numerical results for the peak
doping up to the value of 10" cm ™.

Clearly, if x:deﬂ represents the location of

effective subthreshold conduction path in the channel, we
can then write,

d, = (\Eop )re_[, +R, (45)

where 7, can be computed from Eq. (44).

Substituting the in place of 7 in Eq. (39) will

Tfaff'

give the final expression for the subthreshold swing as

1
exp(~7y;)
K—Pr, +71, ef(r,,)+ %
kT V4
S=—1Inl0/1-
q

[K—PB + B erf (B) +e"p(_32)j

Jz
(46)

where erf (T) is the error function to be computed

from Eq. (16) for 7 = (S

Note that the error function erf(zr 1S a non-

eff)

analytical function of Ty and hence the model for the

subthreshold swing, S, described by Eq. (46) is not a
fully analytical one. However, S can be expressed by an
approximate analytical form by approximating the error
function in Eq. (46) as [23]

2 (127+0.14 22
ef o) =4 L= exp == (47)
. eff

where plus and minus signs are used for Ty >0 and

7, <0 respectively.

III. OUTLINE OF THE ATLAS™
SIMULATION

The commercially available ATLAS™ [22] device
simulation software has been used to obtain the
simulation results for the validation of our proposed
model. The ATLAS software solves numerically the 2D
Poisson’s equation. Among the drift-diffusion model
(DD), hydrodynamic (HD) model and energy balance
(EB) model available in the ATLAS library, the drift-
diffusion (DD) model has been used because of its
validity in the subthreshold regime even for channel
than 30 nm [24, 25] and
implementation. Recently, Granzner et al. [26] have

length less simple
demonstrated excellent agreement between DD and

Monte-Carlo simulation results of 1, vs.V, characteristics

(both for on current and subthreshold current) in DG
MOSFETs with L > 10nm by using a suitable modification
of beta and vsat.n parameters in the Caughey-Thomas
parallel high field mobility model implemented in
ATLAS [22]. Following [26], Jankovic et al. [27] have
modified ATLAS default model parameter beta and vsat.n
1.5L+21.6 o
L+27

(where L is in nanometer). Similar modifications in the

by setting beta=1 and vsat.n = 10" cm/s

mobility model have been applied to simulate the DG
MOSFET device.

We have employed the Fermi-Dirac carrier statistics
and standard recombination models for the simulation of
our DG MOS structure. The Quantum Mechanical (QM)
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effects have negligible effect on the subthreshold swing
characteristics of DG-MOSFETs with channel thickness
more than 3 nm [5, 28]. Since, our study is limited to
channel thickness¢;, > 10 nm , the QM effects have been

neglected for the simplification of the present model.
The device has been simulated by assuming tungsten
(with work function® =4.7 V) as the gate-electrode

and N, =10" cm™ as the doping concentration of

the source and drain regions.

IV. RESULTS AND DISCUSSIONS

This section presents some theoretical and simulated
results for the symmetric DG MOSFET structure with a
vertical Gaussian doping profile for which the peak

concentration N » 1s assumed to be located at the center

of the channel. ATLAS™ device simulation software has
been used to obtain the simulation results for the
validation of our proposed model. The dependence of the

effective conduction path parameter (de”.) on the peak
concentration N, has been shown in Fig. 2 for different
gate lengths. For the validity of the expression for Ty

described by Eq. (44), the actual and approximated values
of d off computed by using the actual and approximated
values of 7, which are obtained by the numerical
integration of Eq. (40) and using Eq. (44) respectively,
are compared and shown in the inset of Fig. 2. The
parameter values used for comparison are: L = 45 nm, ¢,, =
1.5nm, ;=8 nm, V=01V Vpg=0.1 V, R, =6 nm and

0,= 8 nm. The Simpson’s 3/8 Rule has been used in
MATLAB to determine Ty from Eq. (40) and hence

d . from Eq. (45). It is observed that a good matching

e
is found below the doping value of 10" ¢cm™. It is also

observed from Fig. 2 that for smaller values of N,
(<10'® cm™), the value of d becomes much closer to

the centre of the channel which implies that the center
potential is higher than the surface potential and charge
carrier responsible for subthreshold conduction mainly

flows through the centre of the device. However, as N ,

0

~ 0 L=45nm

E | o
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ke é L Plot from Eq (44
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Fig. 2. Demonstration of effective conduction path, ¢, 7 with
peak channel doping (Np) for a DG MOSFET for three

different channel lengths devices having channel thickness
t, =8nm and gate oxide thickness f,, = 1.5 nm. Inset of the

Figure shows the comparison of Eq. (40) and Eq. (44).

increases further, the surface potential becomes much
larger near the surface than that of other positions along
the transverse direction of the channel and hence the
overall conduction becomes highly confined to Si/SiO,
interfaces. This validates the assumption of surface
conduction in conventional long channel MOS devices.
Fig. 3 shows the dependence of the subthreshold swing

80

L=30mm ¢, =15mm

R, =t,fZom o, =tmm
iy
k=]
-3
B 75}
Q L} w
=
&
m.\
By
& 70 . .
=
=
=
=
= . . e
765 "I..-

60
10™ 10% 10% 107 108 10¥

Channel Doping Concentration (cm'z)

Fig. 3. Demonstration of subthreshold swing, § variation against
the peak channel doping ( Np) for the three different values of

channel thickness (¢ ) and Vps=0.1 V.
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parameter, S, on the peak doping concentration N » for

different values of channel thickness. Comparing Figs. 2

and 3, we may observe that N, can modify the

switching characteristics of a symmetric DG-MOSFET
device by controlling both the position of the effective
conduction path in the channel and subthreshold swing
of the device. It may also be observed from the figure
that the subthreshold swing, S, is almost constant for

Np < 10"® ¢m™ and S is increased with Np for

higher values implying an improved subthreshold
characteristics of the device. The figure further shows
that the channel thickness of the device can also play an
important role in controlling the subthreshold swing
parameter. As the channel thickness goes down from 12
nm to 8 nm with all other parameters remaining
unchanged, the value of the subthreshold swing goes
down significantly. A good agreement is observed
between the model results and ATLAS simulation results.
Fig. 4 shows the variation of subthreshold swing

parameter with the peak channel doping N, for

different channel lengths with fixed z,, = 1.5 nm and #; =
1.2 nm. It shows that for fixed values of 7, and 7 _, S

is decreasing with increasing L but becomes almost

85
t,=10m ¢, =15m kT
80| R, =5m o, =10m e (SR
— . L=60am
=01V
. £ = ATLAS
3
8 75
@ n
=
B
%0
&
=
[=]
65
2
g | n | | - = --."-.-.-_
n
“® 6ol 1
55
101 10% 1015 107 1018 1019

Peak Channel Doping Concentration (cm'a)

Fig. 4. Variation of subthreshold swing (S ) with peak channel
doping ( N » ) for three different values of device channel

lengths L = 30 nm, 45 nm and 60 nm.

insensitive to N » for larger channel lengths. It can be

justified by the smaller variations in the position of

effective conduction path parameter (deff) for the larger

channel lengths of the device as was shown in Fig. 2.
The variation of subthreshold swing parameter S as a
function of the channel length L for different channel

thicknesses (¢, ) is shown in Fig. 5. The parameter S is

found to be increased with the shrinkage of channel
length resulting in the poor switching characteristics of
the device. However, for a fixed gate-length, the
switching characteristics are observed to be improved
with decreasing values of channel thickness. Since, the
gate will be in better position to control it for smaller
channel thickness, the above results seem to be well
justified. Finally, the variation of subthreshold swing
with the channel length is shown in Fig. 6 but for
different oxide thicknesses. The results of Fig. 6 suggest
that thinner gate oxides are required to get better
subthreshold characteristics.

The model results shown in Figs. 3-6 are also
compared with the ATLAS™ simulation data. A
reasonably good matching between the theory and
simulation shows the validity of our proposed model.

95
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=)
[=]

40 50 60 70 50 90 100
Device Channel Length (nm)

Fig. 5. Depiction of § with the channel lengths L for three
different values of silicon channel thickness (£ ). The peak

channel doping is taken as Np = 10"® cm™.
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a3 fy=8mm R,=4mm g, =3mm
Ve = 0.1V
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(=]
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oy = 2.50m
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®  ATLAS
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Subthreshold Swing, S (mV/Decade)
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Fig. 6. The subthreshold swing S with the channel lengths L
for three different gate oxide thicknesses (lox ). The peak

channel doping is taken as Np = 10"® cm™.

V. CONCLUSIONS

In this paper, a subthreshold swing model for Gaussian
doped symmetric DG MOSFETs is presented. The model
is based on the effective subthreshold conduction effect
phenomenon in DG MOS devices. The effect of doping
and various device parameters on the subthreshold swing
S are examined in this paper. It is observed that punch-
through current path is dependent on the doping
concentrations of the channel. The current conduction
path is observed to be confined near the center of the
channel for lower doping concentration and the path is
confined near the channel-oxide interface for considerably
Although,
the model is developed for a symmetric DG MOS

higher doping concentrations in the channel.

structure, it can also be extended to asymmetric

structures for different values of R, with incorporating

suitable modifications in the model.
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