Journal of Electron Devices, Vol. 7, 2010, pp. 241-249

© JED [ISSN: 1682 -3427 ]

e
Journal of Electron Devices

www.jeldev.org

Threshold Voltage Model for Symmetric Double-Gate (DG) MOSFETSs
With Non-Uniform Doping Profile

PRAMOD KUMAR TIWARI and S.JIT
Centre for Research in Microelectronics (CRME), Department of Electronics Engineering,
Institute of Technology, Banaras Hindu University,
Varanasi-221005

INDIA

Receivedi-4-2010 accepted®5-04-201¢xpramod.tiwari.ece09 @itbhu.ac.in

Abstract: - The paper presents a two-dimensional
(2D) model for the potential distribution and
threshold voltage of symmetric double- gate
MOSFETs (DG MOSFETSs) with a Gaussian doping
profile in the vertical direction of the channel. The
2D Poisson’s equation is solved with suitable
boundary conditions in the channel region to obtain
the channel potential of the device. The expression
for the threshold voltage is obtained by calculating
the total charge crossing the virtual cathode and
setting its value equal to the peak channel doping.
The threshold voltage dependence on the channel
length, channel doping, silicon channel thickness and
gate oxide thickness are also discussed. The results
are well matched with the simulation results obtained
by using the commercially available 2D ATLAS™
device simulator.
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1 Introduction

Bulk MOSFETs show the severe short channel
effects like drain induced barrier lowering (DIBL)
and threshold voltage roll-off as the channel length of
device goes down in sub-50 nm range. The
controllability of the gate voltage on the channel
charge degrades severely as a result. Double- Gate
(DG) MOSFETs are the good candidate to replace
the conventional MOSFETS in this particular region
because of their excellent immunity to the short
channel effects [1-8]. The roles of threshold voltage
become increasing important with IC applications
targeting low-voltage, low-power and high speed
applications. Various attempts have been made to
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model the threshold voltage of DG MOSFETsSs [9-13].
Bhattacherjee et al. [9] presented a threshold voltage

model by considering the minimum channel potential
equal to the twice of Fermi voltage. The short
channel threshold voltage models of DG MOSFETs
presented by Tsormpatzoglou et al. [10] and Hamid
et al. [11] considered the threshold voltage as a gate
voltage at which the minimum carrier charge sheet
density Q,, reaches a value Q, adequate to

achieve the device turn-on condition. The threshold
voltage model reported by Kang et al. [12] included
the effect of localized charges in the device. Kranti
et al. [13] included the effect of lateral source drain
doping gradient and the spacer width on the threshold
voltage. However, all the models discussed above
for DG MOSFETs are based on the assumptions of a
uniformly doped channel of the device. Recently,
Zhang et al. [14] has reported a 2D model for the
potential distribution and threshold voltage of fully
depleted SOI MOSFETs with a vertical Gaussian
profile in the channel. It may be mentioned that the
practical MOSFETs have a Gaussian distributed
doping profile in the channel due to the requirement
of many implantation and diffusion steps during
fabrication process, such as threshold adjust
implantation. Thus, modeling of 2D potential
distribution and threshold voltage with a Gaussian
doping profile may provide some better physical
characteristics of real DG MOSFETs.

This paper presents a 2D model for potential
distribution and threshold voltage with a Gaussian
distributed channel doping profile along the vertical
direction of the channel with profile parameters R,

inv

and o, as projected range and straggle respectively.

For the symmetricity of the device structure, the peak
of the profile is assumed to be located at the middle
of the channel thickness. The model solves the 2D
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Poisson’s equation with suitable boundary conditions
to obtain the potential distribution function in the
channel. The threshold voltage expression is obtained
as the gate voltage at which the sum of electron
density at the back and front surface equals the peak
doping density of the silicon channel as considered in
[15]. The effects of channel length, silicon film
thickness and the gate oxide thickness on the
threshold voltage are also discussed. Our model
results are found to be well matched with the
simulation results obtained by the commercially
available ATLAS™ [16] 2D device simulator.

2 Theoretical model

The schematic structure of a DG MOSFET used for
our analysis and simulation is shown in Fig.1
where L,t; and ¢, are the gate-length, channel
thickness and gate-oxide thickness of the device
respectively. The x- and y- axes of the 2D structure
are considered to be along the source-channel
interface and channel-upper oxide interface as shown
in the figure.
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Fig.1: Schematic structure of symmetric DG MOSFET.

Let N, (x)be the vertical doping profile in the p-type
SOI film. We can express N, (x) as [14]

2
N,()= N, exp| —| S (1)
; \/50'1,
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where, N, is the doping concentration at the
projected range R, with a straggle o, .

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

solving 2D Poisson’s equation

O’y (x.y) , O'p(x.y) _aN,(x)

2
e, @
with the following boundary conditions [9]
w(x, y)|X:0 =y, (y) 3)
£y WY
VeV, —w0 y))=—e, & @)
ox ax x=0
£ 1%
N, =V~ Wt y)| =€y — 5
OX[G o W(sl y)] £ a)C . ( )
v(x,0)=V, (6)
w(x,L)=V,, +V, (7)

where ¥/ is the channel surface potential , € ; is the
permittivity of silicon, €, is the permittivity of the
gate-oxide SiO,, V,is the built-in potential, V,, is
the flat-band voltage,V; is the gate-source voltage

and V, is the drain-source voltage.

" Egs. (2)
o,

and boundary conditions described by Eqs.(3)-(7) can
respectively be modified as

By introducing a variable 7 as7z=

) 2 N
1 9 W(T,Y)Jra y(e.y) _aN, exp(-7>)  (8)

20, o7’ oy? £,

W, y)._, =¥, ©9)
gox gxi a ‘//

Serly, Vi ~y(B,y))=- - (10)

. \/EO-,; o7 r-B
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t:‘[v VWA= ﬁa z;y; (11)

y(r,0)=V, (12)

w(T,L)=V,, +Vp (13)

where, A— R and B = R (14)
f 20, V2o,

Using the method proposed by Zhang et al [14], the
modified 2D Poisson’s equation described by Eq. (8)
can be solved to express the 2D channel potential
function y(7,y) as

w(,y)=Co(y)+C(y)T +C,o(y)X

eXp(—rz)}
N

C,(y)and C,(y)are arbitrary

[T erf(7)+ (15

where Co(y),

functions of yto be determined by using the

modified boundary conditions described by Eqs.(9)-
(11) and

erf (7) =ifexp(—z2) dt (16)
o

is called the error function.
Applying the boundary conditions described by Eqgs.
(9) to (11) in Eq. (15) we obtain

Co(¥) =V =Vy + KC,(y) (17)
C (y)=-PC,(y) (18)
W, -V, +V,)

G = el )
[K—PB+Berf(B)+f”‘F:(/_j)j

where,
exp(—B?)
P= erf(B)— Berf(B) ————=
{ ox\/_G 1f (B) — Berf (B) — Tz
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exp(-A*) &
+A A)+ +t A
erf (A) Iz s \/50'], erf( )}
-1
E .
xX|2t, ————-B+A
(20)
K=P{A+t ] Aerf(A)
£ f 20
ox (21)
2
—e"pg‘ ) - . f‘a erf (A)

To find the surface potential i, solving the Poisson

equation described by Eq. (8) at the upper Si-SiO,
interface gives

1 3%z, y)|

202 o7’
F =B

2 N
E ..

7=B

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

azl/js VG - ij - l//s qN
dy? + pB = 8; exp(-B?) (23)
where,
2
PB—K — Berf(B) —e"l’f/__lg)
A=ro? z (24)

exp(-B?)

is called the characteristic length associated with the
surface potential ¥/ .

Equation (23) can be solved to obtain the surface
potential as
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v, =k exp(%) +k, exp(— %j +Vg

gN
_ V _ 22 14
o 2

i

(25)
exp(~B?)

where k, and k, are arbitrary constants. Using the
boundary conditions described by Eqgs. (12) and (13)
in Eq.(25), k, and k, can be expressed as

k, =D-QV, (26)
k, =E—-RV, (27)
where o = £ ; and
D= Vb,t (CXp(— a) - 1) - VDS (28)
exp(— a) - exp((z)
E= bz exp VDS (29)
exp exp )
0= [ exP J (30)
exp exp )
R= ( expla j 31)
exp exp )

N
V) =[Vb,. +V,, + 2 K, (32)

si

expcs|

From Eqgs.(15), (17), (18),(19) the 2D channel
potential (7, y)can be expressed as

2
y(@y) =V -V, +(K—PT+7:erf(7:)+MJX
Jr
W, =Vs+Vy)
33
exp(-B”) Gy

K — PB + Berf(B) +

Jr
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Now, suppose that
V=W, in =V, (V,mn ) TEPresents the minimum
value of ¥ (y) aty =1y, ., where the distance y ..
d
can be obtained by solving L(y) =0
dy Y=Ys min
which gives
A, [k

= [Z1n| % 34

oo [Pt -

From Egs. (25) and (34), we can thus obtain

Wimin = 24Jkiky +V5 =V —

N
2 p exp(_BZ)

si

(35)

Following the method described in Ref. [15], the
threshold voltage of short channel DG MOSFETS can
be defined as the gate voltage where sum of the
electron densities at the back and front surfaces after
inversion reaches the peak acceptor doping density.
Applying the above definition, the minimum surface
potential can be found as

2n? ‘
n[ 5 exp(ql//xmm—th j — Np (36)
N, exp(-B~) kT
and hence
l//vmm —th — 2V 1 [ exp( B )J (37)
n; V 2

where V, and n, are the thermal potential and the
intrinsic concentration of the silicon channel film.
Substituting ¥, .. by v, .. ., Vs =V, and using
Egs. (26)-(27) in Eq.(35), we can write

ol )

si

2

Vi =[l//smin—th +Vg + (38)

-2(D-QV, NE-RV,)

where V, is assumed to be the threshold voltage of

the short-channel DG MOSFET device.
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It may be noted that under the limiting condition of
L — oo (i.e. long channel device), Eq.(35) results in

gN
o= Lt = — )2 P —B?
l//‘\. min L >0 l//s min VG Vﬂ; /1 e exp( )

(39)

since k;, - 0 and k, > 0as L — 0.
Substituting ¥ ..., by w,.._, from Eq.(37) in
Eq.(39) and solving for V; =V, , we may obtain

2

(40)

gN
Vi =V smin-m TV + pa exp(-B?)

i

where V,,, represents the threshold voltage of the

long-channel DG MOSFET device.
Using Eq.(40) in (37), we can express the threshold

voltage V, interms of the V,,, as

V2(1-4QR)+2(2RD +2QE -V, V,,

(4D
+(v2 -4DE)=0
which can be solved to express the threshold voltage
of short-channel device as

V, =—(2RD +20E -V, J1-40R)™" +

th
1

(2rRD +20E -V, )* - (1-40R)VZ, —4DE)

x(1-40R)™

(42)
It may be noted from (38) and (40) that V,, can also
expressed as

Vth = VthL - Avth (43)
where,
AV, =2/(D-0V, (E-RV,) (44)

is the change in the threshold voltage due to short-
channel effects, which is called the threshold voltage
roll-off of the device.

Now, substituting V,, =V, —AV, from Eq.(43) in
the right hand side of Eq.(44), we can obtain
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o1 PR
Av,h( J QRJ+(2QRVM DR - EQ)AV,, 45)

+{or+ EQ)V,, —ORV?, - DE}=0

Clearly, the threshold roll-off AV,, can be obtained
by solving Eq.(45). However, it may be mentioned
that for practical devices, & = % >>1 which implies
exp() >>1, Q=exp(-a)andR =1. Under the
assumption that exp(—a) << i (which is observed to
be valid for the present model), we can

approximately express the threshold roll-off AV, as

AV, =2(D'+E'exp(—x) — 2exp(—=a)V,,. )

(46)
+2(D+E exp(-a) — 2exp(-a)V,, ) = C

where,
C=V, (D+E'exp(-a))— D' E'- exp(—a)V,ZL 47)

A*gN
D'=|\V.+V, 6 + L
T e

St

exp(—B2 )+ Vi Jexp(— 0!)

(48)

A*gN
E=V, +V, + P
bi fb 28

St

exp(—-B 2) +Vps exp(— 0!)

(49)

Note that AV, -0 as L—>oc (ile. & —> )

which implies that V, =V, for long-channel

device. Thus, the threshold voltage of short-channel
DG-MOSFETs can be obtained either from Eq.(41)

or by using the values of V,, and AV, in Eq.(42)
from Eqgs.(39) and (44) respectively.

3 Results and discussion
This section presents some theoretical and ATLA
simulation results of the minimum surface potential

STM
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(¥,,) and threshold voltage (V,) of Gaussian
doped DG MOSFETs. In Fig.2 the variation of the
surface potential y, along the channel length is

plotted for the parameter values of L=65nm,
t,;, =20nm,7, =1.5nm,V, =0.868V,

R, =10nm,o, =5nm and tungsten as a gate metal
having work function @, =4.63V and various
combination of gate-source V, and drain-source

voltage V .
14

L=65mm f; =20nm ¢, =1.50m
1.2 B, =10mn &, =5mm ¥, = 0368V

V=026V N, = 1x10%cm

Surface Potential (Volf)
o o
o ) =

(=]
E=S
o
Il
o
=

02 x 0 ¢ ATLAS Simulation Results

0 10 20 30 40 50 60
Position along the Channel Length () (nm)
Fig.2: Variation of Si-SiO, interface potential (surface

potential, I/ ) along the channel length for different value
of gate

It is found that as the drain to source voltage V is
increased for a fixed value ofV,, the minimum

surface potential is elevated, resulting in the
significant decrease in the channel barrier. The

omin  Shifts towards the

source with the increase in the drain-source
voltage V¢ . The magnitude of surface potential can

minimum surface potential ¥

also be elevated by applying higher gate-source
The results in Fig.2 show that the

reduction in source-channel barrier, commonly
known as drain induced barrier lowering (DIBL) in
DG MOSFETSs can occur due to the increase in the
drain-source voltage as well as gate-source voltage.
Figure 3 shows the long channel threshold voltage

voltage V.
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Fig.3. Long channel threshold voltage V,,, variation with

the peak channel doping N » .the long channel

threshold voltage increases rapidly after channel
doping value of 10" "cm™.

Vo for different doping variation N, for the

device parameter values shown in the figure. It is
observed that threshold voltage is increasing with a
slow rate up to the peak channel doping of 10" cm™
and rises suddenly above the said doping level. It is
because of the cancellation of the doping sensitivities
on V, and ¥ from the sum of the first two

components of Eq.(40) (see the inset in Fig.3) and
relatively extremely low contribution by the third
term of the said equation. While for the doping

values higher than 107cm™, the third term
dominates and the V,,, rises sharply. Figure 4 shows
the variation of threshold voltage with the channel
length L for three different values of peak channel
doping andf, =10nm, t,. =1.5nm and

o, =10nm. The position of peak doping is fixed at

the centre of the silicon channel to maintain the
symmetry of device. It is clear from the Fig.4 that
threshold voltage is going down for the shorter
channel length devices for the constant value of the
doping which can be explained by the charge sharing
concept in the channel region [17]. Threshold voltage
is also increased for the higher value of peak channel
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Fig.4: Demonstration of threshold voltage,V,, variation

with the device channel lengths (L) the three
different values of the peak channel doping (N » ).

The threshold voltage V,, degrades for the lower

device channel length and elevate for higher doping.
The symbols are the ATLAS device simulator results

doping N ,. Figure 5 shows the threshold voltage

roll-off, AV, with the channel length for the three

different values of the silicon channel thickness
of Snm,8nm and 10nm .It is observed that the roll-
off increases for the sub 60nm[11] channel length
regime because of the dominant roles of short
channel effects. It is also further noted that for lower

values of silicon channel thicknesses? ;, the roll-off

in threshold voltage is relatively low compared to the
higher channel thicknesses. The shift in the threshold

voltage AV, with lower channel length L for

different oxide thickness is shown in the Fig.6. For
higher gate oxide thickness, threshold voltage roll-off
increases severely. All the presented results are well
matched with the 2D ATLAS™ simulation results
except for 20 nm channel length. It may be
mentioned here that the quantum mechanical effects
(QME) could play a significant role in determining
the subthreshold characteristics of the DG MOS

devices with dimensions comparable with the de-
Broglie

20 T T T T T T T

- :
B — ;=
o - —=— t;=8m
(=]
& / ==+ f,;=10nm
é .‘I‘ "1‘
S bl =« ATLAS i
2 il
= {1
Sy
-80F !
3 80 | ty=15mm B, =t/2nm
I
@ i g, =10m ¥, =0V
£ -100} ! Vs = 0.4V ¥, = 0,868V
! N, =10%cm™
-120{! 1

1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
Device Channel Length (nm)

Fig.5: Variation of threshold voltage shift AV, with
channel lengths for three different values of silicon
channel thickness f; of 5nm, 8nm and 10nm. Figure

demonstrates that threshold voltage shift in DG MOSFET
goes down for the thinner channel thickness

50}
>
E /
h:l ]
!IJ [}
=-100}+; | -
= i
o ]
& 1 t, =1nm
=
>a :’ ——=t,=15mm
o =150 i _—— {, = Znm -
i ]

1

|
= ! t,=100m R, =5um

200/ o, =1onm ¥, =0.1V ]

Vps = 04V ¥, = 0868V
N, =10%cm™

-250 I L I I L ! I
20 30 40 50 60 70 80 90 100
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Fig.6: Depiction of threshold voltage roll-off AV,

variation with the channel length for three different
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values of oxide thickness. It is noted that threshold
voltage roll off decreases severely for the higher oxide
channel thickness. Symbols are ATLAS™ simulation
results.

wavelength. The above discrepancy may be
attributed to the QME which has been neglected for
the simplicity of our presented model.

4 Conclusion

A two dimensional analytical model for the potential
distribution and threshold voltage of symmetric DG
MOSFETSs with vertical Gaussian doping profile in
the channel is proposed in this paper. The effects of
doping profile parameters and device parameters on
the threshold voltage of the short-channel and long-
channel devices are discussed. The model results are
found to be well matched with the commercially
available 2D ATLAS™ device simulation results for
channel lengths above 30nm. The present model
could be useful for determining the subthreshold
characteristics of a real DG MOSFET where a
Gaussian like doping profile is expected to occur due
to many implantation techniques being used during
fabrication process.
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