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Modelling of threshold voltage adjustment in fully depleted double gate (DG) SOI
MOSFETSs in volume inversion to quantify requirements of gate materials
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An analytical model is developed for volume inversion in DG SOl MOSFETSs to study the impact of silicon film
thickness, work function difference between gate and substrate, and gate voltage on electric potential, electron density and
sheet density of mobile charges. The proposed model is extended to predict the threshold voltage of devices with different
gate materials and quantifies the gate material requirements of symmetric self-aligned DG MOSFETSs. A limiting criterion is
developed on doping level and film thickness to ensure the occurrence of volume inversion in fully depleted DG SOI
MOSFETS. Close proximity with simulated results confirms the validity of the present model.
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1 Introduction

Over the past few years the primary challenge of
ULSI has been the push towards miniaturization of
devices for denser, faster integrated circuits with high
yield and reliability. Conventional MOSFET scaling
rules lead to excessively high doping requirement,
causing undesirable large junction capacitance and
degraded mobility’. Devices fabricated on SOI
substrates offer superior characteristics over bulk
MOS devices such as reduced junction capacitance,
increased channel mobility and suppressed short
channel effects®®. However, the extensive use of
single gate SOl MOSFET is limited by the current
drive in the ultra short channel limit2. Also, as the
device is miniaturized, the electric flux from the drain
affects the channel and degrades the device
characteristics. This effect cannot be reduced by a
considerable extent by decreasing the silicon film
thickness, as the component of electric flux through
the buried oxide increases and degrades the device
characteristics®®. Moreover, the counter effects of
thinning the buried oxide are increase in parasitic
capacitance, larger influence of depletion formed in

the underlying substrate and enhanced interface-
coupling effects, which degrade the device
performance?.

The drawback of single gate SOl MOSFETSs has
been overcome by double gate MOSFETs with a
concept of volume inversion, in which minority
carriers spread across the silicon film’. In volume
inversion electron density is greater than the doping
throughout the film, thus offering improved
performance over SOl MOSFETS. The characteristics
of double gate SOl MOSFETSs have been studied by
several researchers’??, revealing ideal sub-threshold
slope, high transconductance, improved scalability,
high channel mobility and short channel immunity.

In the present paper, Poisson's equation is solved
under strong inversion throughout the silicon film to
obtain analytical expression between band bending
and inversion charge density for three different gate
materials (n* and p* poly gates and mid-gap work
function gate). As gate work function controllability
would be a very attractive feature to control the
threshold voltage for future deep submicron MOS
ULSI circuits, the model is further extended to
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evaluate threshold voltage for three different gate
materials. Further, the variation of threshold voltage
with silicon film doping is also studied. Close
proximity with published results confirms the validity
of the present model.

2. Theoretical Considerations

The schematic diagram of double gate SOI
MOSFET is shown in Fig. 1. A DG SOl MOSFET
has two conduction channels: one at the front end and
the other at the back end interface. The DG
MOSFETSs operate in two distinct modes - separate
inversion (exactly in the case of bulk MOSFET) and
volume inversion. In volume inversion front and back
channels merge into occupying the whole silicon
region. Thus in this mode of operation, the carrier
number and mobility are increased and as a result the
performance improves significantly. Poisson's
equation under volume inversion throughout the
silicon film is given as:

o[ o) -

where n; is the intrinsic carrier concentration, Na the
doping in the silicon film, g the electronic charge, &
the dielectric constant of silicon, k the Boltzmann
constant, T the temperature and ¢(x) the potential
distribution in the silicon film. Integrating Eq. (1), one
can obtain:
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Fig. 1 — Schematic diagram of double SOl MOSFETSs

the value of C; is obtained as:
2n;kt
C,= (Na SSJ (expglf”%) .. (3)

where @, is the potential at the centre of the film.

Substituting Eq. (3) in Eq. (2) and integrating, the
expression of potential in the silicon film is obtained
as:

Mexp(_q%j[tan1[\/exp(qw(x)_(p°j—lnz
q 2kT kT

2
kT, . (4)

Using the boundary condition
(i)  oX)=¢:atx=0
the value of C, obtained is zero.

Thus, the potential distribution ¢(x) in the silicon
film is obtained as:

2
0 = e+ 25T In(L + tan” (8) .. (5)

where

_ o’n;’ (QSD_c)
b= \/ 2e4Na kT “PUKT

From Eq. (5) the potential at the surface of the
silicon film (o) is obtained as

0s = e + ZkTT In(l + tanz(%)) ... (6)

Further, the potential at the surface can also be
determined in terms of centre potential by using an
electric field expression at the silicon-silicon dioxide
interface, and is given as:

do(x)|  Cox (Va- Vi - 0

ax 1= o .. (M)
X= tsi/2
where Vy, is the flat-band voltage and C,y the gate
oxide capacitance per unit area.

Using Egs (2) and (7), a relation between ¢s and
@ is obtained as:
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.. (8)

For a given V,, surface potential (ps) and centre

potential (¢.) is obtained numerically, solving Eqs (6)

and (8). Once surface and centre potentials are

determined, the potential in the silicon film can be
determined by substituting o, in Eq. (5).

The electron density as a function of potential is
obtained as

n(x) = IQI_i:\ (exp(%(% +2In(1 + tanz(ﬁx))D ... (9)

Thus for a given V, (or ¢c), electron concentration
can be obtained from Eq. (9). Further, the sheet
density of mobile charges is given as:

Qi =2 Cy (Vg - Vi — (Ps)

or

... (10)

Qi=2Co (vg - Vi - ¢ - (% '”(1 * tanz(%))

.. (1)

Eg. (11) can be solved numerically for a given
gate voltage (V).

Threshold voltage of symmetric self-aligned
double gate SOI MOSFET with different gate
materials can be computed from the graph between
mobile sheet charge density and gate voltage. Mobile
sheet charge density increases uniformly (i.e. with
constant slope) when the applied gate bias is
sufficiently larger than the threshold voltage. Thus if
the curve in the constant slope region is extrapolated
to x-axis, i.e. gate voltage, then the voltage at which it
intersects the x-axis is taken to be the threshold
voltage.

3 Results and Discussion

Fig. 2 shows the variation of electric potential
with position in silicon film for different gate
materials with applied gate bias at three different
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Fig. 2(a) — Variation of electric potential with position inside the silicon film for mid-gap work function gate
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Fig. 2(b) — Variation of electric potential with position inside the silicon film for p* polysilicon gate
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Fig. 2(c) — Variation of electric potential with position inside the silicon film for n* polysilicon gate

doping concentrations (1.45x10'® m=, 10'® m™= and  surface and centre potentials are approximately equal
10®° m™®). A mid-gap work function gate material is  to the difference between the applied gate bias and
one in which the work function difference between flat-band voltage. This corresponds to weak inversion
gate and silicon is zero. When the applied gate bias is and bands essentially remain flat across the silicon
significantly lower than the threshold voltage, the film. Surface and centre potentials are essential in
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Fig. 3(a) — Dependence of electron density on the position inside the silicon film for mid-gap work function gate
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Fig. 3(b) — Dependence of electron density on the position inside the silicon film for p* polysilicon gate

weak inversion region. As the gate voltage
approaches the threshold voltage, band bending takes
place, which further increases with increase in applied
gate voltage and the electric potential at the film
surface increases significantly, as compared to
potential at the centre of the silicon film. In the case
of mid-gap work function gate, band bending takes
place at about 0.7 V whereas for n* and p* poly gates,
it is 0.2 V and 1.3 V, respectively for silicon film

doping of 10°° m™. Further, a decrease in silicon film
doping from 10®° m™ to 1.45x10" m™, leads to a
decrease in electric potential across the silicon film.
For a silicon film doping of 1.45x10" m™, band
bending takes place at about 0.5 V, 0.0 V and 1.0 V
for mid-gap work function, n* and p* poly gates,
respectively.

Fig. 3 shows the dependence of electron density
on position inside the silicon film for various gate
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biases and for different gate materials. When the
applied gate bias is lower than the threshold voltage,
electron density essentially remains constant
throughout the silicon film. The difference between
electron density at the surface and centre increases
when the gate bias approaches the threshold voltage.
For the same set of parameters, volume inversion
takes place at a lower gate bias in n* poly gate as
compared to mid-gap work function and p* poly gate.
Thus threshold voltage is lower in the case of n* poly
gate as compared to mid-gap work function and p*
poly double gate SOl MOSFET. Also, an increase in
doping leads to an increase in electron concentration
in all the three different gate materials. As the gate
voltage approaches the threshold voltage and silicon
film doping is reduced from 10°° m to 1.45x10"* m™,
volume inversion takes place at lower gate bias. In p*
poly gate at a gate voltage of 1 V, the electron density
is essentially constant for silicon film doping of 10%°
m™>. However for the same gate bias, electron density
at the surface is higher than that at the center of the
film when the doping is 1.45x10™ m™. Similarly the
electron density is higher at the silicon surface than at
the centre of the film at gate voltage of 0.5 V and 0.0
V for mid-gap work function gate and n* poly gates,
respectively.

Fig. 4 shows the variation between surface and
centre potentials for different gate materials with gate
voltage for different silicon film doping. In the case of

mid-gap work function gate, centre and surface
potential linearly increase with increase in gate
voltage up to 0.7 V, whereas for n* and p* poly gates,
surface and centre potential increase linearly up to 0.2
V and 1.3 V, respectively for film doping 10° m™. As
the applied gate bias is increased further, mobile
charges at the silicon film surface screen centre from
gate field, both surface and centre potentials become
de-coupled, i.e. surface and centre potentials no
longer increase linearly with the increase in applied
gate bias. This condition corresponds to the limit of
volume inversion, i.e. no further volume inversion. As
the gate voltage is above the threshold voltage, centre
potential remains fixed to a constant value, whereas
surface potential continues to increase with gate
voltage. Therefore for volume inversion to occur in
DG SOl MOSFETSs, the maximum value of centre
potential, i.e. (pc)max Should be greater than 2¢¢, where
¢r is the fermi potential and is defined as:

n=g ()

(bc)max is computed from Eq. (6) by using the
condition that the argument of tangent i.e. PBt/2
cannot exceed m/2 and is obtained as:

K 24
(de)max = FT In(Z‘Itt%Z) ... (14)
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where Ly, is the Debye length and is defined as:

L _Na o [e°KT
dn—ni Naqz

It is important to note that Eq. (14) represents a
limiting criterion on the doping level in the silicon
film (Ny) and silicon film thickness (t5) to ensure the
occurrence of volume inversion in DG MOSFETS.

Also, from the graphs it is clear that for n* poly gate,
the limit of volume inversion is achieved at a lower
gate bias as compared to mid-gap work function and
p* poly gate. Moreover, an increase in doping extends
the limit of inversion to higher gate biases for all the
three materials. For mid-gap work function gate a
decrease in doping from 10° m™ to 1.45x10" m™
reduces the limit of inversion from 0.68 V to 0.5 V.
For the same doping, the limit of inversion reduces
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from 0.2 V to -0.05 V and 1.25 V to 0.95 V in the
case of n" and p* poly gates, respectively.

Fig. 5 shows mobile sheet charge density as a
function of gate voltage for different gate materials.
When the applied gate voltage is below the threshold
voltage, surface and centre potentials are equal to the
difference between gate voltage and flat-band voltage.

As a result the mobile sheet charge density is
negligible. As the gate voltage approaches the
threshold voltage, surface potential is no longer equal
to Vy— Vi. This causes mobile sheet charge density to
increase. Mobile sheet charge density increases
uniformly with applied gate bias, when the applied
gate bias is greater than the threshold voltage. In the
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Table 1 — Extrapolated threshold voltage for different doping
concentrations and gate materials

Threshold voltage (V)

Mid-gap work n*poly gate p*poly n'p*poly
function gate gate gate

1.45 x 10% 0.542 -3.442*10° 1111 0.206
108 0.649 0.109 1.223 0.318

10% 0.763 0.231 1.334 0.438

case of n" poly gate the increase in mobile sheet
charge density takes place at a lower gate voltage as
compared to mid-gap work function and p* poly gate.
An increase in the silicon film doping causes the
mobile charge sheet density to increase for all the
three gate materials.

Table 1 gives the extrapolated threshold voltage
for different doping concentrations and gate materials.
It can be seen from the table that for a given doping,
n" poly gate has the minimum threshold voltage,
which can be negative. On the other hand, p* poly
gate makes the threshold voltage too high (>1 V). The
threshold voltage of the p'n” poly gate is computed by
substituting the extrapolated threshold voltage in the
expression given in Ref. (19). In applications to the

CMOS circuits of present and future ULSI's, lower
values of threshold voltage causes serious problems,
such as stand-by power dissipation®. On the other
hand 9 maximum threshold voltage is governed by the
allowable circuit delay time. Thus self-aligned double
gate SOl MOSFETs with reduced parasitic
capacitances associated with source/drain junctions
may be used for specific applications, requiring very
high-speed operations, provided that the problems of
threshold voltage adjustment could be solved.
Threshold voltage can be adjusted through gate work
function control and by increasing the silicon film
doping. An increase in the silicon film doping causes
severe performance degradations due to impurity
scattering and reduced carrier mobility’. Thus
threshold voltage should be adjusted through gate
work function control and for that the best option is to
find mid-gap work function gate material.

In the present paper self-aligned double gate has
only been considered. The problem of self-aligning of
the lower gate to the source/drain regions is very
difficult to solve. This self-alignment is essential to
reduce gate-source and gate-drain  parasitic
capacitances. Thus, if the problem of self-aligned
double gate can be solved, double gate SOI
MOSFETs could prove to be extremely promising
devices for future MOS ULSI's.
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4 Conclusions

In the present work, Poisson's equation is solved
analytically for symmetric self-aligned doped double
gate SOl MOSFET. The model gives closed form of
band bending and volume inversion for different gate
materials - n* and p* poly gate and mid-gap work
function gate. The threshold voltage model developed
guantifies the gate work function requirements for a
double gate SOl MOSFET. For future MOS ULSI
circuits, threshold voltage should be adjusted through
gate work function control instead of increasing the
silicon film doping. Close agreement with published
data confirms the validity of our approach.
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