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Abstract— An analytical surface-potential based subthreshold
current model for short-channel recessed-source/ drain (Re-
S/D) SOl MOSFETSs with high-k dielectric is presented in this
paper. The two-dimensional (2D) Poisson’s equation has been
solved in the channel region with suitable boundary conditions
in order to determine the surface potential. The diffusion
component of current density is considered for the
subthreshold current modeling. The impact of EOT (Effective

Oxide Thickness) (tg, ). channel Length (L), gate-dielectric

constant ( £y ) on subthreshold current has been investigated.
The proposed model has been validated by comparing the
analytical results with numerical simulation data obtained
from ATLAS™, a two dimensional device simulator from
SILVACO.

Keywords- recessed-source/ drain (Re-S/D); subthreshold
current; mimimum surface potential, gate dielectric constant.

. INTRODUCTION

The conventional MOSFET has relentlessly been scaled
down in size for the past 3 decades. As the dimensions of
the device are at onset of its physical limit, the trade of
between switching speed and power dissipation has become
extremely important [1]. Since, CMOS scaling has become
very challenging as indicated by the International
Technology Roadmap for Semiconductors (ITRS) [2], a
number of non-conventional CMOS devices have been
proposed, fabricated and tested in order to keep the
MOSFET scaling on in near future. The fully-depleted (FD)
recessed-source/ drain (Re-S/D) silicon-on insulator (SOI)
MOSFET is supposed to be an attractive option for further
scaling because of its low parasitic capacitances, reduced
series resistance, high drive current, very high switching
speed and compatibility with the planner CMOS technology
[3-7]. A number of attempts have already been made to
present analytical, experimental and numerical simulation
based analysis of the Re-S/D SOl MOSFETS [3-7]. Sivilic
and co-worker have presented an analytical threshold
voltage model [4] and subthreshold swing model [5] for the
device. Kumar et al. [5] have presented an analytical
threshold voltage model for Re-S/D SOI MOSFETSs
considering the effect of substrate induced surface potential.
Kumar et al. [5] claimed that the device is highly scalable
and could be scaled down upto 10nm channel length.
However, as per device scaling rule, a device with such a
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short channel length should have a very thin gate oxide in
order to curb the undesirable short-channel effects.
However, a thin gate oxide causes quantum mechanical
tunneling through the gate and results in an unacceptable
amount of gate leakage current [8, 9]. Therefore, a high-k
gate dielectric material, which provides large physical
thickness for a small electrical thickness, should be used in
Re-S/D SOl MOSFETs fabrication. Further, as high-k
dielectric material induced fringing field lines influence the
channel electrostatic potential, it is very important to
analyze the subthreshold characteristics of the device in
presence of a high-k dielectric material. However, in the
best of our knowledge, no such analysis is available in the
technical literature till now.

In this paper, an analytical subthreshold current model for
short-channel  recessed-source/drain ~ (Re-S/D) SOl
MOSFETs with high-k dielectric is presented for the first
time considering that the subthreshold current is mainly
contributed by the diffusion of the charge carriers in the
subthreshold regime of the device operation.

Il.  DEVICE STRUCTURE

Ve=0 Vs
T - T 0
I " Gate Electrode Eo | E e
] EE [ZEM]
HCI - & |5E
Wkl g .ZCBD, High — K Oxide Cbm,& 2 i o
& N N&
t - ;=
:Q—SLD' x 5i Drain y=0
Source ¥ Sy i toi
nt L b
Buried Oxide trsa
box 5i0, v
Thox

Veu

Figure 1. Cross sectional view of DMG-Re- S/D on SOl MOSFET.
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The schematic structure of a Re-S/D SOl MOSFET,
which is considered for our model and simulation is shown
in Fig.l1 where L is the channel length, tg

thox  trsd» tsp s tgrand N, are the channel thickness, buried

oxide (BOX) thickness, recessed source drain thickness,
spacer length, gate electrode thickness of the device and
doping concentration in the silicon channel region
respectively. It should be noted that the gate dielectric
thickness shown in the figure are actually the electrical (or

effective) thickness t;, ,

where, t, :tox[gs’,ﬂJ and tg, is
8OX
physical thickness of the gate dielectric, eg,,, &g, are the

permittivity of silicon dioxide and gate dielectric material
respectively.

The x- and y-axes are considered to be along the channel
Length and channel thickness respectively, as shown in
Fig.1. The high-k gate-dielectric considered for modeling
and simulations is HfO, with a permittivity of 22, except for
the fig.4. The device parameters of the structure used in
both modeling and simulation are shown in the Tablel.

TABLE I. DEVICE DIMENSIONS AND PARAMETERS USED FOR MODEL
CALCULATIONS AND SIMULATIONS.

Parameters Values
Gate work-function (\y M ) 4.8eV
Channel Doping (Na) 10 cm*®
Source/Drain Doping (N d ) 10% cm?
Substrate Doping (Ngup ) 10®em®
Channel Thickness (tSi ) 6nm
Front Channel Oxide Thickness (t:)x) 1-2nm
Buried Oxide Thickness (tbox ) 100nm
Recessed thickness (trsd ) 20nm
Recessed length (d box ) 3nm
Channel Length (L) 30-40nm
Gate Voltage (VGS ) 0.1-0.6V
Drain Voltage (VDS ) 0.1v
Substrate Voltage (Vsub ) ov

I1l.  ANALYTICAL MODELING

A. Surface Potential Model
The 2-D Poisson’s equation
OMy(x.y) , Bw(xy) _ dN,
2 T 2 @
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where, y(X,Y) is the potential distribution in the channel
region.; N, is the effective body doping concentration; q is
the electronic charge and &g; is the permittivity of Silicon, is

solved in the channel region. The potential distributions in
the channel region is assumed to be parabolic functions [6,7 ]
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The coefficients C,(x) and C,(x) are function of

x only. These coefficients are determined by using boundary
conditions given in Ref[4, 5].

Now, substituting C,(x) and C,(x) in Eq.(2) gives the
following expression of 2D channel potential w(x,y)
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where C.y is the recessed source/drain buried-oxide
capacitances per unit length, C,, is the buried oxide
capacitance per unit length and Cg; , is the silicon body
capacitance per unit length, \uf(x) and \pb(x) are the

surface potential at SiO2/channel and channel/ BOX
interface, respectively. Vpg is the drain voltage and

Vg s Vego » Vs are the flat band voltages for the gate,

source/drain-back-gate and substrate-back-gate respectively.
It is worth mentioning that all capacitances and flat band
voltages have been defined in our earlier publications [5, 7]

Now, using Eq.(3) in Eq.(1) gives the partial differential
equation of front and back surface potential. Further, the
solution of those partial differential equations with suitable
boundary conditions gives the following expressions for the
front and back surface potential
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where, o ,, By pare constants which are determined from
boundary conditions[4], V,; is the built-in voltage at the

n;

source/drain and Si given by V,; = KT In(Na—'z\ldJ Ny is the
q

doping concentration, n; is the intrinsic carrier concentration
in the silicon,
The positions (Xy,); , of the front and back channel

minimum surface potentials can be obtained by solving
dy ¢ (X)
dx

=0and are determined as
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Further, the minimum value of the front-surface/back-
surface potential ¢y IS Obtained by substituting

(Xmin ) » OF EQ.(7) into Eq.(3)
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where, A, By, are the device dependent constants.

B. Effect of high-k dielectric induced fringing field lines on
the surface potential

It is worth mentioning that the fringing field lines that
emerge from the bottom of gate electrode terminate either at
the source or the drain terminals. Thus, the additional
charges are induced in the source and drain region due to the
fringing field lines. The potential at a distance x from the
source and drain due to the induced charges could be given
as[10]
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parasitic internal fringe capacitances associated with bottom
edge of gate electrode ,
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effective permittivity of spacer material,.W is width of gate
and tg, is spacer thickness between gate sidewall and
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source/drain contacts. ¢, and ¢, are the permittivity of gate

dielectric and spacer material respectively.
Now, in order to include the effect of high-k induced
fringing field lines, two additional potential terms,

V(x)|soume and V(Lg _derain are added in the minimum

of the surface potential of Eq. (14). Thus, the modified
equations for minimum of the surface potential are

’ Bf,b
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Further, w(x,y) of Eq.(3) can be represented either as a
function of w(x) or w,(x) using Eq.(2) in (3).
Subsequently, w¢(x) or wy(x) of w(xy) could be
replaced by Wiins OF Winin, - respectively, in order to



obtain the following equations of the virtual cathode
potential ,.(y)
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Thus, two equations of virtual cathode potential have been
derived and any one of them could be used for subthreshold
current modeling.

C. Subthreshold CurrentModel

Assuming that the diffusion is the dominant current flow
mechanism in the subthreshold regime, we have modified
the drift diffusion equation as

9D Nmin (¥) v
Jn(y):& 1-exp _.Dbs (15)
L, V;
where, D,, is the coefficient of diffusion, L, is the effective
channel length [11], V; is the thermal voltage. The electron

% y% + (Cpox )zlyz} )

density at the virtual cathode, n,;,(y) can be expressed as
[11]
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Now, the integration of J (y) for y=0 to tg gives the
following subthreshold current equation
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Now, by following the method of Refs.[7, 11], the above
eqn.(17) has been solved to obtain the following
subthreshold current equation
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where, Y, is the position where the virtual cathode has the
lowest potential value; and

qD,Vr ni2 Vs
LN, Xp v, (19)

IV.  VALIDATION OF MODEL

In this Section, we have presented model results and the
same have been compared with numerical simulation
results. The simulations have been carried out using a 2-D
numerical  device simulator (ATLAS™)[12]. The
simulations are performed using the drift-diffusion model
for carrier transportation, SRH model for recombination,
Fermi Dirac carrier statistics for carrier distribution and
CVT mobility model for doping and parallel field
dependence.

Fig. 2 plots the subthreshold current against the gate-to-
source voltage for the device channel lengths of 30 and
40nm keeping other device parameters constant. HFO, is
considered to be the dielectric material in the device with
physical thickness of 5.8nm. The higher value of
subthreshold current at shorter channel length for a fixed
gate voltage may be attributed to the excess short channel
effects in the device.

The effect of gate oxide thickness on the subthreshold
current is examined in Fig. 3. The subthreshold current
characteristics are plotted with gate-to-source voltages for



two different effective oxide thicknesses whereas the
channel length is 40nm. It is worth noting that the thinner
gate oxide renders lower subthreshold current because gate
remains in a position to control the channel charges
effectively.

In Fig.4, subthreshold current has been plotted against gate
to source whereas gate-dielectric constant is a variable
parameter. The device with a higher gate-dielectric constant
is found to be having lesser subthreshold leakage current.

)

[N
o

Yy =4.8 eV, Ng =10 cm® Ny =10 cm?,
4] toox =100 nm, tgi =6 nm, t,4 =20 nm,
2

[y
Q.

[ SN
O,

Subthreshold current, Iy, (A/um)

10

Lines: Model
012 ‘ ‘ ‘ ‘ Svmbpls:AtIas
1 0 0.1 0.2 0.3 0.4 0.5 0.6

Gate to source voltage, Vgs (V)

Figure 2. Subthreshold current versus gate to source voltage for different
channel Length.
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Figure 3. Subthreshold current versus gate to source voltage for different
oxide thickness.

0.6

yy =4.8 eV, Ny =10 cm™®, Ny =10*cm?,
ol thox =100 nm, ts; =6 nm, t, =20 nm,
Vps =0.1V t;, =1 nm, L =40 nm

[y
O

)

[N
(@)

- = £px=39

[y
O
=

Subthreshold current, Iy, (A/um)

— g(t)X =22

ol =27 Lines: Model
'62 0x Svmbols: Atlas
Vo 01 02 03 04 05 06

Gate to source voltage, Vgs (V)
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V. CONCLUSION

A subthreshold current model for short-channel recessed-
source/ drain (Re-S/D) SOl MOSFETs with high k dielectric
has been presented in this paper. The virtual cathode
potential has been used to formulate the subthreshold current
model. It is found that the proposed model is valid for a wide
variations in the device parameters. Further, the authenticity
of the model is verified by comparing the model results with
the simulation results which are obtained from the
ATLAS™, a two dimensional device simulator from
SILVACO.
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