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Abstract

In this paper an analytical sub threshold surface potential model of novel structures called Double
pocket Dual Material Gate and Single pocket Dual Material Gate MOSFETS are presented which combines the
advantages of both the channel engineering and the gate engineering techniques to effectively suppress the short
channel effects. The models are derived using the pseudo 2D analysis by applying the Gauss’s law to a
rectangular box considering the surface potential variation with the channel depletion layer depth. The overlap
and the inner fringing field capacitances at the two ends of the MOSFET are considered in our models for
accurate estimation of the sub threshold surface potential. The adequacy of the model is verified by comparing
with 2D device simulator DESSIS. A very good agreement of our model with DESSIS is obtained proving the

validity of our model for suppressing the short channel effects.
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I. INTRODUCTION

For more than last thirty years, VLSI technology
advancement has followed a path of constant
shrinking of the device geometries. Over the years
various methods have been proposed for reducing the
MOSFET dimension keeping a constant electric field
in the device. However, the voltages in the device
have not shrunk as the physical dimensions which
leads to the higher electric fields causing the hot
electron injection into the gate.Using the channel
engineering techniques ,the hot electron injection can
be minimized. In order to minimize hot electron effect
and to give more control of the gate over the
conductance of the channel so as to increase gate
transport efficiency a dual material gate structure has
been proposed. The short channel efffects can
primarily be attributed to the reduction of the gate
control over the channel. In the DMG MOSFET, the
work function of the metal corresponding to
gatel(M1) is greater than that for gate2(M2) and
hence the threshold voltage corresponding to M1(Vy)
is greater than that corresponding to M2(Vy,). This
has the inherent advantage of improved gate transport
efficiency by modifying the electric field profile
along the channel. Due to different work functions of
two gates the surface potentail profile is a step
function ,which ensures a reduction in the short
chanel effects and screening of the channel region
under M1 from the drain potential variations.

To reduce the short channel effects, the channel
engineering approach like single-pocket(SH) also
known as lateral asymmetric channel(LAC) or
double-pocket(DH) implants are used. The gate
control over the channel is affected by the proximity
of the source/drain due to the interaction of the
depletion layers around them, particularly when the
width of these depletion layers becomes comparable
to the channel length. It may be noted that such
sharing of gate control is the origin of the Short
Channel Effects. The basic principle of the LAC or
DH devices is to keep these depletion layers at
minimum width by increasing the substrate doping at
the source or both ends respectively.

The channel engineering and the gate engineering
techniques are combined to form novel device
structure like Single-pocket Dual Material Gate
MOSFET and Double-pocket Dual Material gate
MOSFETSs has been proposed in this paper.

Surface potential can be accurately predicted by
solving the Poisson’s equation along the entire
channel region. This requires numerical solutions
which are not suitable for use in circuit analysis as the
solution does not contain finite number of terms in
closed form and also the computation time
requirement is high. Analytical models are used as an
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alternative to get solutions which are approximate but
computationally efficient, so making it more
convenient for understanding the device physics and
handy for device design.

In a different approach called pseudo two-
dimensional analysis Gauss’s law is applied to a
rectangular box covering the entire channel depletion
region . Among the various methods of solving the
Poisson’s equation, this method produces a simpler
manageable one-dimensional analytical expression
retaining the two-dimensional accuracy to a greater
extent.

As the device dimension is reduced, the various
leakage capacitances and the fringing capacitances at
two ends of MOSFET play an important role in the
expression of sub threshold surface potential.

A simple expression for the parasitic inner fringing
capacitance from the bottom edge of the gate
electrode is considered and the charges induced in the
source and the drain regions due to these capacitances
are considered. The surface potential increases along

the channel due to these charges. An accurate model F Figure 3 Typical variation of the depletion layer depth Y y(x).

of sub threshold surface potential is proposed for
Double pocket Dual Material gate and Single pocket
Dual Material gate MOSFETS taking into account the
fringing fields at the source and drain ends and also
the potential arising due to the overlap capacitances at
the two ends. The models are verified with the 2D
device simulator DESSIS. Very good agreements of
our models with DESSIS are obtained.

I1. MODEL DESCRIPTION
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Figure 1 An n-channel Double pocket DMG-MOSFET
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Figure 2 A rectangular Gaussian Box in the entire
depletion region.

An n-channel Double-pocket DMG-MOSFET
structure is shown in Fig. 1.By applying Gauss’s law
to the box shown in Fig.2 and neglecting the
inversion layer charges in the channel depletion
region, a pseudo-2D Poisson’s equation can be
obtained as follows:

2

Vs Cox Cox '

£ -2y, =N, ——=V, ... (1)
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where the symbols have their usual significances[1].
The flat-band voltages for the gate metals are given
by

Vs =(W1 - Wy )/q.

Vg2 =(W2 - Wy )/q.

where W1 and W2 are the work functions of the gate
metals and Wsi that of the silicon substrate
respectively.lt is considered that W,>W,.
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The typical variation of depletion layer depth for the
Double pocket Dual Material Gate MOSFET is
shown in Fig. 3.

The fringing capacitances originate from the
portion of the field lines originating from the gate
electrode and terminating on the drain and source
junctions. For long channel MOSFET the inner
fringing capacitance effects are negligible but for
short channel devices their contributions are
considerable. For the subthreshold surface potential
estimation the inversion layer is assumed to be
negligible and as a result the horizontal field
components of the electric field from the drain is
assumed to be constant.The fringing capacitance in
the absence of an inversion layer charge is constant
and is approximately given by [9],

: X
c, =2 ol R gipf Z2uc || o ()
7 tox 2 g

Where &, and & are the dielectric constants of

oxide and silicon, respectively, W is the channel
width, L is the effective channel length, t, is the
oxide thickness and Xj is the depth of the source
and the drain junctions. For example the contribution

of the fringing capacitance C; to the gate-to-drain
capacitance Cgyq is represented by [10],

2y ... 3
ngf_cf[l_ ngJ ( )

0

C, =WL Zex @)
oxX
Where C, is the total gate-to-oxide capacitance. The
use of equation (3) satisfies the boundary conditions
for Vp=0 where Vp=Drain voltage For Vp=0,
Cys=0.5Cy and hence Cyq=0
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The vanishing of fringing capacitance in the linear
region is the result of the high carrier concentration in
the channel which isolates the drain junction from the
filed lines originating from the gate electrode. The
fringing and the overlap potential as a result of this
capacitance at the source and the drain end are
calculated using Coulomb’s law.

A good model must take into account the Fringing
effect also for perfect estimation of  surface
potential. We give a brief account of the Fringing
capacitances first and then introduce theFringing
potential due to inner fringing capacitance in the
model .
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Figure 4 Fringing Capacitance Components C1, C2
and C3 are shown.

The fringing capacitance components C1, C2 and C3
are shown in Fig. 4.

C1 is the outer-fringing-field capacitance between the
gate and the source or the drain electrode. C2 is the
direct overlap capacitance between the gate and the
source or the drain junction. C3 is the inner-fringing-
field capacitance between the gate and the side wall
of the source or drain junction. For C1, C2, and C3,
we have the following equations:

c1=w.%ex _ Iog{l+ Tfﬂj....(s)

(24 ox

C2=W. 22 (LD+05t,, ).[1__‘:050‘ C‘M} ------- (6)
ox sina  sind
80X
Where 6 =057, - . @
&

si

Where a is the slanting angle of gate electrode in
radians. Tgate is the thickness of the gate electrode
and LD is the metallurgical lateral diffusion of source,
drain junction as shown in Fig.4.C is the maximum
value of the inner-
fringingcapacitancecomponentC3[11].

£ X . sina
% log,| 1+ ———|...(8)
o tox

The capacitance component C3 is bias-dependent and
it is modeled as a charge based form. Hence:

Ou, —c, Vo VDS =—Cp V(9

1+ e><p(—VGB30;5VFB]
t

C, =W.

Q. =-C Vst =Ves +Veg + 20 + 7426 —Vgs = _CF .st -
SF = VR
1+exp _M
0,
(10)

VDS is obtained from [11].Here V is the inner

fringing potential in the source end andV, is the

inner fringing potential in the drain end. It is evident
that due to the inner fringing capacitances C3S and
C3D an electric field is created between the source
and the drain.

A model is proposed taking the varaiation of

depletion layer width as Y, (X) = (ax + b)2 where
the source and the drain end values are given by
Y,(0)= X, +1J2¢, (v, )I(aN, ) = X;+X, and

YaL)= X, +/22,(V,)/(aN,) = X, + X 4

respectivelywhere, V1=V g +Vit+ Vo +V,;, V7=
Vg Vgt Vigo + Vi, V,,; is the built-in potential of
the substrate. V¢, andV, are the source and the

drain bias respectively, N is the acceptor ion

concentration, Vi, is the potential due to overlap
capacitances at the source end and Vyq, is the potential
due to overlap capacitances at the drain end

Xis :,IZESiiVl i/inp ) and

X :\/zgsi(v7)/(qNP)

are the depth of penetrations of the depletion layers
into the channel / substrate due to the built-in
potential Vy,; (between the n* -source/drain and the p-

type channel/substrate) and the reverse bias VSB and

Vpg atthe source and the drain ends . The channel is
divided into six regions Ry Ry Rs; R4 Rs Rswith the
known values at the two ends as shown in Fig-3.
However, near the two ends of the channel due to
various fringing effects and the leakage capacitances,
a large number of field lines from the source/drain are
mapped on the space charge region below the
source/drain  outside the rectangular gauusian
box .Hence a reduced value of the depletion layer
depth needs to be considered near the channel. Two
bias depenedent fitting parameters

s = 1.5V, 1 V,; for the source end and

L = 1.5V4/ V,; for the drain end are considered for

obtaining a best fit model of surface potentail profile
with ISE TCAD. ( and {4 takes into account the
other fringing and the overlap capacitances at the
drain and the source end. In other words, while
computing a and b we use Y, (0) / & and Yq (L) / g,
instead of, Y4 (0) and Y4 (L) respectively.

The depth of the depletion layer(y) for the six regions
are as follows:
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Region-I : x; =0 < x < x, = L, The corresponding y
values are

yo= X, +1[225, ((aN,) } c,and
Y2 = Yspl: \/zgsil/lspl /(qN P ) with the end

potentials V, given and V,to be evaluated where
2
2
Vs :(_Vp /2+\/7p [4+Vgg _VFBPlJ

Vp = 1/2q55i N p /Cox Veep1=Vegp-Vesr  and

VFBP: -0.56 - Ot |n ( N P/ni )

Region-11:x,<x<x3= X:The corresponding y values
are y,=Y g and

Ys= YSP: \/zgsil/jsp /(qN P )

2
wherey/, = (— yol2+ \/7p2 14+V =V j
Region-111: X3 < x < x4 = L1 : The corresponding y

values are y3=Yg, and y,= Y= \/ 2<5‘Sil//l / (qN a)

2
where , :(—7/ /2+\/7 2144V —VFBlj

7 = 2q‘c"siNa /Cox

Region-1V : x4 < X < X5 = (L1+L2)0.65 :The
corresponding y values are y, = Y and ys = Yy,
Region-V : xs< X < X¢= L-Lp : The corresponding y

values are ys=Ys,and ys=Y =\ |26, /(N )

2
where Voo =(—7,,/2+ 7o 14+ Vgg _VFBPZJ ,

Vegp2=Veep-Veg2
Region-VI : X < x < X; =L : The corresponding y
values are ys = Y  and V7 =

{Xj +\/255iv7 /(aNp) }/gd

The surface potential W(x) for all the five regions can
be determined as in [1,2,3,8]. Applying the continuity
of the Electric Field along the lateral direction
(d¥¢/dx) at the interfaces of the various regions we
get:

a1 Vo +app Vi +as Vet ay Vst ais Ve= Ay

A1 Vo + 8 V3 + a3Vt agy Vst a Ve= Ay

az Vo +az; Vg + ags Vit a Vs + azs Vo= Ag

a1 Vo +ag Vs + agsVat ags Vs +ags Vo= Ay

as1 V2 + 852 V3 + as3 Vyt+ass Vs + ass Vo= As

where the unknown voltages V,,V3,V, Vs and Vg are
computed as in [1,2,3,8].

The same model is applied for Single-Pocket Dual
Material gate MOSFET , the structure of which is
shown in Fig-5. Again Gauss’s law is applied to a
rectangular box covering the entire depletion region
and the typical variation of the depletion layer depth
is shown in Fig-6.
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Figure 5 The structure of the n-channel single-pocket
DMG-MOS transistor.
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Figure 6 Typical variation of the depletion layer
depth Y4(x).

The channel is divided into five regions R; R, Rs Ry,
Rs with known values at the two ends with the source
and the drain end values given by

Y,(0)= X, +2¢, v, i/(qNP)zxj +X,, and
Ya(L)= X | +4/264 V5 ) /(N ) =X + X 4

respectively where, V1=V, +Vit Vi +Vy;,

V=V, tViat Vigot V.

The five regions in which the channel is divided are
as follows:

Region-1 : x; = 0 < x <X, = L, The corresponding y

values are y; = {X s \/283iVl I(gN,) }/ ¢ and

Y2 = Yom= [ 26W o /(gN,) with the end potentials

Vl = Vbi + VSB and V2 to be
2
evaluated W = (_ 7ol2+ \/sz 144V, —VFBPIJ )

Vo = V206N p /Cy Vreri=Veer-Vesr  and

VFBP: -0.56 - [0 In ( N P/I’]i )
Region-11 : x, < X <Xx3 = X5 : The corresponding y

values are y, = Yy and ys = Yo= /2600, /inP )

2
where W, = (—;/p /2+\/;/p2 144V —Vigo )
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Region-111 : x3 < x <x4 = L1 : The corresponding y

values are y; = Yg, and ys =Yq= \/255#//1 /(qNa)
2
where y/, :(_7 /2+\/7 ’ 14+Vgg _VFBlj

Yy = \ 2q€siNa /Cox

Region-1V : x, <X <Xs = (L1+L2)0.75 : The
corresponding y values are y, = Y and

Y5 =Yoo= V 2‘C"silﬂz /(qNa )
2
where Y/, :[—}/ /2+,}/2/4+VGB —VFBZJ

Region-V : xs< X < x= L : The corresponding y
values are ys= Y, and

Yo = {Xj + \/zgsiVG I(aN,) }/G'd

The surface potential ¥(x) for all the five regions can
be determined as in [1,2,8]. Applying the continuity
of the Electric Field along the lateral direction
(d¥4/dx) at the interfaces of the various regions we
get:

i Vo+ap Vat+aVetauVs=A;

A Vo+ap VitaxnVitauVs=A;

A1 Vo +ag Vat+agVatanVs=A;

A Vot+agp VatagVetauVs=A,

The corresponding depth of depletion layers are
obtained as in the case of Double-Pocket Dual
Material Gate MOSFET. The surface potential ¥(X)
for all the five regions are determined as in [1,2,8].
The fitting parameters used in this case are same as in
case of Double-Pocket Dual Material gate MOSFET.

I11. RESULTS

The proposed structure shown in Fig 1 is used to
verify the model against the 2-D numerical device
simulator DESSIS. Two different metals M; and M,
are used.The typical parameters for the oxide
thickness,the junction depth and the channel length
are t,=3.5 nm,X; =40 nm and L=100 nm which are
representative for a typical 130-nm device,along with
V=0V are used.Similarly unless otherwise
specified,equal values for Ly and L, with typical work
functionsW;=4.25 eV and W,=4.1 eV are used in this
study.Solid lines are wused for the model
predictions,while the circular symbols are used for the
corresponding predictions by DESSIS.

Fig 7, 8 and 9 shows the comparison of the
subthreshold surface potential profiles generated by
our model and the DESSIS,against the variation of
the substrate and pocket doping.All the plots show a
convincing agreement of the model with DESSIS, for
a wide variation of the device length,the substrate
doping and the drain voltage,in addition to nonzero
voltages on the source and the gate terminals.The
influence of varying the work function of the two gate
materials on the potential profiles are then studied.
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Figure7 The plots for two different values of the
substrate doping N,=4x10"" and 1x10*" cm™
against the applied voltages Vgs=0 V= Vgg =Vgp
and Vps=0.5 V.
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Figure 8 The plots for two different values of
the pocket doping N,=1.2x10" and 1.8x10" cm™®
against the applied voltages Vgs=0 V= Vgg =Vsp
and Vps=0.5 V, N,=1x10"" cm™
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Figure 9 The plots for two different values of the
substrate and pocket doping N,=1.8x10" N,=6x10""cm
andN,=1.2x10" N,= 4x10"" cmagainst the applied
Voltages VGSZO V= VGB :VSBand VDS:O.S V.
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Figure 10 Plots for different values of Vps=1V,
0.1Vwith N,=1.2x10"® N,=1x10""cm®against the applied
V0|tages VGS:OV: VGB :VSB ,L:8O nm.
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Figure11The potential profiles for two sets of gate
materials W;=4.3 and W,=4.1 and W;=4.2and W,=3.9
for L=100 nm,N,=2x10"® N,=1x10""cmagainst the
applied voltages Vgs=0 V= Vgg =Vgp' Vps=0.5V.
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Figurel2 The potential profiles for three sets of
gate biasa)Vgs=0.1V,Ve=0.2V,V¢=0.1V
b)Veszov,VGB:O.lV,VSBZO.].VC)VGS:-O.ZV,
VGB:-O.1V,VSB:OVf0rL:100nm
N,=1.2x10" N,=4x10"cm*,Vps=0.5V.
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Figure 13 The plots for two different values of the
substrate doping N,=4x10*" and 1x10"" cm™ against
the applied voltages Vgs=0 V= Vgg =Vsp and

VDS:0-25 V.
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Figure 14 The plots for two different values of the
pocket doping N,=2.2x10"® and 1.2x10® cm™ against
the applied voltages Vgs=0 V= Vg =V and

Vps=0.25 V, N,=4x10*" cm™

Fig 10,11,12,13,14 shows the comparison of the
subthreshold surface potential profiles for Double
Pocket Dual material Gate MOSFET generated by our
model and the DESSIS,against the variation of the
drain bias, two different gate materials and gate bias,
substrate doping, Pocket doping. Fig 15 and 16 shows
the comparison of the subthreshold surface potential
profiles for Single Pocket Dual material Gate
MOSFET generated by our model and the
DESSIS,against the variation of the drain bias and
two different gate materials. A good agreement of the
model calculation with DESSIS proves that the model
can be applied for any combinations of the gate
material work functions and/or lengths.
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F Figure 15 The plots for two different values of Vps =
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- against the applied voltages Vgs = 0V = Vgg =V gdainst the applied voltages Vgs=0 V and Vps=0.5 V
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Figure 16 The potential profiles for two sets of gate
materials W;=4.25 and W,=4.1 and W;=4.2and
W,=3.76 for L=100 nm,N,=1.2x10" N,=4x10""cm’
®against the applied voltages Vgs=0 V= Vgg =Vsg'
VDS:O.ZSV.

Again the same procedure is followed for
Single Pocket Dual Material Gate MOSFET shown in
Fig 5 with the substrate and pocket doping
varied.Also the results obtained for two sets of gate
materials are shown.The results obtained are again
compared with that of the 2-D numerical device
simulator DESSIS.A good agreement of the model
calculations with DESSIS are obtained. Fig 17 and 18
shows the comparison of the subthreshold surface
potential  profiles for SHDMG and the
DESSIS,against the variation of the substrate
doping,the channel length and the drain voltage.

-
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Figure 17 The plots for three different values of the
substrate doping N,=4x10"" 10 and 2x10%® cm?

for SHDMG.
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Figure. 18 The variation of the potential profiles in an
SHDMG device with two different channel lengths
L=80 and 200 nm for N,=6x10"" cm™ against two
different drain voltages Vps=0.1 V and 1 V along
with VSB:O.l V and VGB:O-2 V.

All the plots show a convincing agreement of the
model with DESSIS,for a wide variation of the device
length,the substrate doping and the drain voltage,in
addition to nonzero voltages on the source and the
gate terminals.

The influence of varying the work function and
the length of the two gate materials on the potential
profiles are then studied.The corresponding potential
profiles in a device with N,=6x10%" cm®, Vps=0.5 V
and the grounded gate terminal are plotted.
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Figure 19 The SHDMG potential profiles for a fixed
value of W,=4.1 eV,with two different values of
W;=4.05 and 4.6 eV, respectively.

When the length of the gate materials are changed for
fixed work function values,we get the plots shown in
Fig 21 for two sets of material length.In one of
them,L;=25 nm and L,=75 nm,while just the reverse
values i.e., L1=75 nm and L,=25 nm are used for the
other set.

A good agreement of the model calculation
with DESSIS proves that the model can be applied for
any combinations of the gate material work functions
and/or lengths.

T DESSIS O
MODEL --

W1=4.25 eV

Surface Potential PhiS-PhiF(V)

-0'20 0.1 0.2 0.3 0.4 05 06 07 08 09 1
Channel length L (nm) x10®

Figure. 20 The SHDMG potential profiles for a fixed
value of W;=4.25 eV with two different values of
W,=4.3 and 4.6 eV,respectively.
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Figure. 21 The SHDMG potential profiles for two
sets of gate materials L;=25 nm and L,=75 nm
andL;=75 nm and L,=25 nm.

IV. CONCLUSION

An analytical subthreshold surface potential model
for Double-Pocket Dual Material and Single-Pocket
Dual Material Gate MOSFETS have been proposed in
this paper that accounts for its dependence on varying
depth along the channel depletion layer due to the
source and the drain junctions. The models can
predict the surface potential profile accurately for a
wide variation of the device parameters such as the
substrate concentration,the channel length, gate
metals with different work functions and also for the
different biasing conditions. Our model is verified
against the 2D device simulator DESSIS. A very
good aggrement of our model with results from
DESSIS is obtained. The dependence of the surface
potential on the junction depth is accommodated as
per the scaling guide lines of ITRS roadmap.

References

[1] S.Baishya, A.Mallik and C. K. Sarkar, "A
subthreshold surface potential model for
short-channel MOSFET taking into account
the varying depth of channel depletion layer
due to source and drain junctions", IEEE
Trans. Electron Devices, vol. 53,pp. 507-514,
Mar. 2006.

[2] S. Baishya, A. Mallik and C. K. Sarkar, "A
subthreshold surface potential and drain
current model for lateral asymmetric channel
(LAC) MOSFETs", IETE  Journ-al of
Research, vol. 52, pp. 379 - 390, Sept-Oct.
2006.

[3] S. Baishya, A. Mallik and C. K. Sarkar,
"Subthreshold surface potential and drain
current models for short-channel pocket
implantedMOSFETSs", Microele-ctronics
Engineering.Available online.

[4] M. Saxena, S. Haldar, M. Gupta, et al,
"Design considerations for novel device



Swapnadip De., Journal of Electron Devices, Vol. 12, 2012, pp. 703-712

architecture:  hetero-material  double-gate
(HEM-DG) MOSFET with sub-100 nm gate
length," Solid- State Electronics, vol. 48, no.
7, pp. 1167-1174, 2004,

[5] W. Long, H. Ou, J. M. Kuo, et al, "Dual
material gate (DMG) Field Effect
Transistor,”" IEEE Trans. Electron Devices,"
vol.46, no.5, pp. 865-870, 1999.

[6] X. Zhou and W. Long, "A novel hetero-
material gate (HMG) MOSFET for deep-
submicron ULSI technology,” IEEE Trans.
Electron Devices, vol. 45, no. 11, pp. 2546-
2548, 1998.

[7] A. Chaudhry, and M. J. Kumar,
"Investigation of the novel attributes of a
fully depleted dual-material gate SOI
MOSFET,"IEEE Trans. Electron Devices,
vol. 51, no. 9, pp. 1463-1467, 2004.

[8] S. Baishya, A. Mallik and C. K. Sarkar, "A
Pseudo Two-Dimensional  Subthreshold
surfa-ce potential model for Dual-Material
Gate MOSFETs", IEEE Trans. Electron
Devices, vol. 54, pp. 2520-2525, Sept. 2007.

[9] R.Shivastav and K.Fitzpatrick "A simple
model for the overlap capacitance of VLSI
MOS devices”, IEEE Trans. Electron
Devices, vol. ED-29,pp. 1870-1875, Dec.
1982,

[10] H.J.Park and P.K.Ko "An analytical model
for intrinsic capacitances of short channel
MOSFETs", IEDM Tech. Dig. 1984,pp. 301-
303.

[11] Hong-June Park, Ping, Keung Ko, Chenming
Hu "A Charge Sheet Capacitance Model of
Short Channel MOSFETS for SPICE ", IEEE
Trans. On Computer Aided Design , Vol-
10,No-3,March 1991.

712



