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Abstract

In this research work we have modeled a single gate SOI MOSFET using high dielectric gate material HfOg instead of
as usual low dielectric gate material SiO2. Dielectric constant of SiO2 is 3.9 whereas HfO2 has a value of 26 which is
almost seven times (exactly 6.67) on comparison to SiO2 gate material. Also the energy gap of HfO2 is 5.65 eV. We
have considered a long channel SOl MOSFET and Poisson’s equation is solved carefully along the depth of the channel.
The gradual channel approximation (GCA) technique has been considered for solving the 1-D Poisson’s equation.
Dependency of the surface potential with the gate biases is shown mathematically in our paper. Beside this insulating
layer of HfO2 shows several beneficial advantages like— (i) lowering the leakage current, (i) lowering the threshold

voltage and (iii) ideal sub threshold behavior.
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I. INTRODUCTION

Since 1960 Moore’s law governs the
semiconductor industry in VLSI chip engineering [1].
Exponential behavior of transistor technology was
projected by the semiconductor industry for future
implementation and this projection is the 1999
International Technology Roadmap for Semiconductors
(ITRS 1999) [2]. The end of Moore’s law has been
predicted by H. Iwai in the last two decades without
any success [3] in 2004; though some optimistic
suggestions by H. Iwai [3] showed that valid Moore’s
law will be applicable upto 2035 and then dimension
will reduce down to 0.3 nm i.e. the atomic distance
between two silicon atoms in the crystal structure.

Continuous downscaling of the device dimension
in the nano realm is attacked by severe short channel
effects (SCEs) [4]-[5]. Silicon-on-insulator (SOI)
technology is considered as a solution of appearing
deleterious SCEs due to its thin channel region [5]-[8].
Further downscaling below 50 nm regime is possible
as reported in [8]-[9]. Now-a-days conventional bulk
MOSFET has been replaced by nanoscale SOI
MOSFET for VLSI and high frequency CMOS
application. Nanoscale SOI CMOS not only reduce the
SCEs but also lowers the power delay product.
Enhancement of the power delay product with the
scaling down of dimension has been described by
Shahidi  [10].  Recent applications of SOl

microprocessors [10]-[11] revealed the 20% speed
augmentation on comparison to bulk SOI technology.
Also the high power efficient SOI RF power amplifier
has been reported in [12].

Various methods have been developed by the
researchers for the reduction of the SCEs [13]-[14];
such as to form the ultra shallow extended source-drain
junctions as reported in [15]. It is not only difficult to
fabricate such type of shallow junctions by the
conventional techniques but also some constraints still
remain in the model [16]-[21]. To overcome the
difficulties due to SCEs some researchers used
dual-material gate (DMG) MOSFET structure as
reported in [22]; but it is a challenging task for SOI
MOSFET.

Several deleterious SCEs turn up as soon as the
device dimension goes down below 100 nm and at the
same time the uses of thin gate oxide faces so many
problems like—direct tunneling, gate depletion and
boron implantation [23]. Appearing problems due to the
thin gate oxide can be much more avoided by high K
dielectric material. In our present study we have taken
HfO, as a gate material instead of as usual SiO, since

HfO, is thermodynamically stable with silicon [24-26).

1-D Poisson’s equation is taken in the channel and
solved it after taking the relevant boundary conditions
and generalized potential profile along the depth of the
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channel is studied using HfO, gate material. Also the

off-state leakage current is much more reduced in case
of HfO, gate material on comparison to as usual

SiO, gate material. The K value of HfO, is 26 and
having energy gap of 5.65 eV.
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Fig.1. Cross sectional view of SOl MOSFET

The cross-sectional view of SOl MOSFET is
pictured in Fig.1. In our present study we have taken

an ni* poly-silicon gate whereas channel is made by
silicon material. HfO, is taken as an oxide material.

We have considered a long channel SOI
MOSFETand from the theory of MOS devices we know
that the second order differentiation of potential with
respect to the horizontal axis can be ignored due to
the gradual channel approximation (GCA) technique.
Hence, the reduced Poisson’s equation takes the shape
as follows,

sz_qn1 S(y—V) - (1)
—=—2¢
d? &g

where, q is the electronic charge, n; is the intrinsic
carrier concentration, eg; is the permittivity of Silicon,

B is the inverse thermal voltage, V is the quasi-Fermi
potential and channel potential is denoted .

To solve the 1-D Poisson’s equation we shall
consider Gauss’ laws at two interfaces—(a) Si—HfO,

interface and (b) Si-Buried Oxide interface.

Using Gauss’ law at Si— HfO, interface and we
get,

Cox HIO,
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Similarly using Gauss’ law at Si-Buried Oxide
interface we get,

In equations (2) and (3) Coy, HO,, Cgox, Vgs
are the gate oxide capacitance and is defined by
€oxs HngltHfoz, buried oxide capacitance and is

defined by egox/tgox, Qate voltage respectively.
Permittivity of HfO, and thickness of the gate oxide are
denoted by o HfO, and ty piop respectively.

Permittivity of the buried oxide and thickness of the
buried layer are denoted by egoy and tgoy respectively.

Actually the gate voltage is the difference between
applied gate voltage and work function difference of the
gate and it is mathematically expressed as follows—

Vs, actual = Vgs, applied - O . 4

where, oys= Metal semiconductor work function
difference.

In our structure the depth of the channel is
chosen in such a manner that y=—1tg2 at the

uppermost point of the channel and y=+tg/2 at the

lowermost point of the channel i.e. middle point of the
channel is taken as an origin.

Integrating the Poisson’s equation and taking the
Gauss’ law at the first interface we get,
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Again integrating the Poisson’s equation and
taking the Gauss’ law at the second interface we get,
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From equation (1) we see that ﬂ is always

oy
positive and with the help of theory of calculus we can
conclude that solution of equation (1) does not have
maxima inside the domain but having only minima.
Again we are assuming that the sign of the electric

field does not alter at the Si—HfO, interface and gate
voltage pre-dominates the second interface potential

and hence %},E will be negative. Taking the negative

sign of equation (6) we get
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From equations (9) and (10) we see that
T, represents real number for T;>0 and imaginary

number for T; <0.

Hence for 7, >0 we can write,
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And for Ty <0 we get,
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Equations (11) and (12) represent the two shapes
of potential profiles along the thickness of the channel.
Nature of the potential profile depends on the gate
voltage. In the above mentioned two equations one
term is unknown— wg;_ yop. Now applying equation
(3) to equations (11) and (12) we get two implicit
equations as follows respectively,

lIn
2

. 1 (- BegTy2 Gy~ itan i9)) |-- (13)
O=sinh—| =—e % 27 "BoX
oy

- —\/tﬁs,cot(e*) - (14)
-1

\/—? e 2ox }
L 1

where

0" =sin

0=PB (VT t;2) +sinh™ ' (6~ SY2AIF))
0= J@1 n/2 +sin” (e‘BWQ/\/E?_)

1 T1
Al=-p
Ti=-T

So we have to take either equation (11) or
equation (12). To find out the complete solution of
equation (11) or equation (12) we have to solve
equations (13) or (14) for getting the potential profile.
Actually the potential profile depends on the sign of the
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T; here we can say that Tzero point is a most
significant term to get the final solution. T zero point
(TZP) can be defined on a manner that it is the point
where T becomes zero. Equating T7; to zero we get

one solution of sub tzp and it is derived as follows

2 S BV A€
Weap = Vgs S 20 ( 2 ] C(Z,X (sioy/HIO,)

.. (15)

where W represents the Lambert’s function.

ll. RESULTS AND DISCUSSION
Variation of 7; with first interface potential

is shown in Fig. 2 for two gate voltages. From the
graphs we can explain the definition of T zero point;
where the graphs cut the zero line. Curve shifts upward
with the increment of the gate voltages. We have to
choose equations (11) or (12) depending on the
position of the point on the graph i.e. whether it (the
point) lies above the zero line (positive value) or below
the zero line (negative value). First interface potential
Y4 can be obtained from equations (13) and (14).
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Fig. 2 Variation of T zero point with interface
potential 1 taking two gate voltages Vgs=0.4 V
(Left) and 0.404 V taking tHio, =2 nm,

tsox =100 nm and tsj=20 nm for HfO2

Variation of the potential profile with the depth of
the channel has been studied in Fig.3. It is observed
that the potential profile decays with the depth of the
channel. Gate voltage has been taken the constant

value of 0.4 V. Nature of the potential profile can be
elucidated with the help of equation (11); since sqrt.
(Py) and sqrt. (Ty) both are positive so y decreases
with thickness when thickness of the channel increases
towards the positive direction.
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Fig. 3 Variation of potential profile with the depth
of the channel, taking gate voltage Vgs=0.4V,
taking tHi0, =2 nm, tBox = 100 nm and tsj=20 nm
for SiO2/HfO2
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Fig. 4 Variation of wizp with quasi-Fermi potential

Variation of wy,, with quasi-Fermi potential is
shown in Fig. 4. Since ,, saturates at high value
of quasi-Fermi potential, so we have taken the smallest
variation along the y-axis i.e. along the —sub Wy,
Typical nature of the graph can be explained with the
help of equation (14); since , varies with the
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square root of A so Wy, saturates at high values of
quasi Fermi potential.

IV. CONCLUSION

An analytical model of long channel SOI
MOSFET is thoroughly studied in our paper. Potential
profile along the depth of the channel is analyzed and
i's with the gate biases is described with the
mathematical function, i.e. (y). Ultimately we have
reached a general solution of 1-D Poisson’s equation
for single gate SOI MOSFET. The mathematics of the
model for long channel independent double gate
MOSFET was described by A. Sahoo et. al. [27] but
in this work we have considered a single gate SOI
MOSFET. Also the role of high K dielectric HfO, is
shown in our model.
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