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Abstract
A mathematical model of fully-depleted ultrathin silicon on insulator with buried oxide and four individual gates field effect
transistor (G4-FDSOI-FET) has been developed to determine the effects of the oxide thickness as well as the channel width on
the threshold voltage. Two dimensional Poisson’s equation has been carried out to model the device. The results show that the
threshold voltage depends on the back surface conditions and is a function of structural parameters of oxide thicknesses of front
and back gates as well as the width and thickness of the channel.
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1. Introduction
Multiple-gates silicon-on-insulator metal-oxide-semiconductor
transistors (Mu-SOI-MOS) have been developed from classical,
planar, and single gate devices into three dimensional devices.
SOI devices are popular for very low parasitic capacitance,
better radiation tolerance and better isolation in both horizontal
and vertical direction. Studies shown that the planar fully
depleted (FD) SOI MOSFETs can be suitable candidates for the
continually scaling CMOS [1-4] due to their capabilities to
reduce the subthreshold slope [5], minimize the short-channel
effects (SCEs) [6], and increase the transconductance [7].

CMOS implementations.
Since SOI films are thin, the electrical properties of
MOSFET’s, e.g. the threshold voltage (VTH), are typically
influenced by the charge coupling between gates. In this paper,
an analytical model of threshold voltage in an FDSOI-G4-FET
with respect to different back-surface charge conditions is
investigated and the influences of different oxide as well as the
channel thicknesses on the threshold voltage are studied.

Recent studies have shown that the increasing the number of
gates can reduce the SCEs, therefore multi-gate structures are
desired. Among the multi-gate FETs (MuG-FETs), the
four-gate field effect transistors (G4-FETs) on an insulator,
have the unique capability of utilizing four independent gates
to modulate the current in the channel [8-12]. Furthermore,
with increasing the number of gates, the number of transistors
in the circuit will be reduced in contrast with the conventional
Fig. 1. The structural model of the FDSOI G4-FET.
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2. Device Structure
The G4-FET has two (top and bottom) MOS-gates and two
(lateral) JFET-gates in which it operates normally in
accumulation mode. The end contacts play the role of source
and drain in the G4FET and the side junctions are used as
lateral gates. The two MOS-gates are developed on the
gate-oxide (GOX) on the top and beneath the buried-oxide
(BOX) on the bottom. The current in the body of the device is
controlled by these four gates and flowed in the direction

perpendicular to that of the p-MOSFET current. The height
and width of the conductive path is modulated by combination
of the both MOS and JFET effects. When the body is fully
depleted, its potential distribution becomes a function of the
bias on the four gates. The structure of the G4FET has been
given in Figure 1. Table 1 shows the parameters of the device
that have been used during this study.

Table 1. The parameters of G4-FET.
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For the analytical modeling purpose, the device has been
considered as an n-channel thin film FD-G4-FET. Front-gate
(VG1), back-gate (VG2) and junction-gates (VJG1,2 = VJG)
voltages were chosen so that the channel becomes fully
depleted. Using a 2D model of potential distribution, the
relation between the maximum surface potential of front and
back gates with respect to the applied voltages can be given by
[8, 10]:
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The variables used in the above equations are described in
Table 2.

Table 2. The definition of the variables.
Maximum front and back
surface potential

Pinchoff
voltage

Potential barrier between the body
and the junction gates

Flat-band
voltages

Front and back gate
oxide capacitance

Lateral depletion
capacitance

Ψ1, Ψ2

Vp

ΦB

VFB1, VFB2

Cox1,Cox2

Cjg

During the operation, accumulation of electrons occurs at the
front surface when Ψ1 > 0, so that at the onset of accumulation
the maximum surface potential, Ψ1, becomes zero. For the
fully depleted channel, the front-gate threshold voltage is a
strong function of back surface condition, so it should be
considered individually for various back surface charge
conditions.

3.1. Accumulated Back Surface
When the back surface is accumulated, Ψ2 = 0, therefore from
Eq. 1, the threshold voltage can be stated as:

VTG,G2,1acc = VFB 1 + (γ − α)

C jg
Cox 1

(VJG −VP )

(9)
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This mode of operation is not practical because the
back-channel current acts as leakage current and shunts the
G4-FET.
3.2. Inverted Back Surface
Since the quasi Fermi levels are separated by VJG, the back
potential required to achieve the inversion is given by Ψ2 =
VJG + 2ΦF, where ΦF = –Vt ln (ND/ni) is the difference between
the extrinsic and intrinsic Fermi levels for n-type channel.
Applying these criteria in Eq. 1 yields:
VTG,G2,1inv = VFB 1 − γ

C jg
C ox 1

(VJG + 2φF ) + (γ − α)

C jg
Cox 1

13

inverted, the threshold voltage remains constant with
changing the oxide thickness, shows an independency to the
oxide thickness. When the back surface is depleted and the
back oxide thickness is varied between 5 nm to 60 nm, the
magnitude of the voltage is slowly increased with increasing
tox2. Furthermore, in comparison between the inverted back
surface and the depleted, the magnitude of the threshold
voltage shows higher value for the inverted back surface at the
same position.

(VJG −VP ) (10)

3.3. Depleted Back Surface
In this mode, Ψs2 can be obtained by the following equation:

VG 2 −VFB 2 + (γ − α)
ψs 2 =
(1 + α

C jg
C ox 2

C jg
C ox 2

(VJG −VP )
(11)

)

Substituting Eq. 11 into Eq. 1 and setting Ψ1 = 0, threshold
voltage can be found as:

VTG,G2,1dep = VFB 1 − β(VG 2 −VFB 2 )
C jg
C jg
+(γ − α)(
+β
)(V −VP )
C ox 1
C ox 2 JG

(12)

where

β = (γ
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) / (1 + α

C jg
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)

(13)

4. Results and Discussion
4.1. Impact of Front and Back Gate Oxide
Thickness
Using Eq. 6 and Eq. 8 and at VJG = 0 V, the threshold voltage of
the device for different values of structural parameters has
been calculated and shown in Figures 2 and 3 for depletion
and inversion modes, respectively. Figure 2 shows the
variations of threshold voltage versus front and back gate
oxide thickness. As it can be seen from Figure 2(a), the
threshold voltage is a linear function of front gate oxide
thickness (tox1) and for both depleted and inverted back surface
it is increased when the tox1 is increased. This is due to the
reducing of the field strength at a fixed gate voltage for a
thicker oxide.
It is also clear from Figure 2(b) that when the back surface is

Fig. 2. Threshold voltage of G4-FET as a function of (a) front oxide thickness,
(b) back oxide thickness for depleted and inverted back surface.

4.2. Impact of Silicon Film Thickness and
Width
Figure 3(a) shows that the threshold voltage is a nonlinear
function of the silicon film width. From this figure, it can be
observed that the magnitude of the voltage decreases with
increasing silicon film width (Wsi) for the both inverted and
depleted back surface, respectively. This can be interpreted as
the degrading of the lateral depletion capacitance related to the
junction gates.
When the back surface is inverted (Fig. 3(b)), a reduction in
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the silicon film thickness (tsi) causes an increment in the
magnitude of the threshold voltage. This is because while the
film thickness is decreased, the natural length of the device
degrades and both the concentration of inversion carriers and

the minimum energy of the sub-bands are increased.
Furthermore, when the back surface is depleted, decreasing
the film thickness leads to reduction of the threshold voltage.

Fig. 3. Threshold voltage of G4-FET as a function of (a) Silicon film thickness and (b) Silicon film width for depleted and inverted back surface.

Surface Potential Effects. Solid-State Electronics. 2014; 95:
52–60.

5. Conclusion
The results show that the threshold voltage of the G4-FET can
be controlled by varying the structural parameters of front and
back oxide thickness as well as width and thickness of channel.
For thinner front and back oxide gate, the magnitude of the
threshold voltage is lowered when the back surface is depleted
or inverted. For the inverted back surface, with decreasing of
width and thickness of silicon film, the magnitude of the
threshold voltage is strongly increased. For the depleted back
surface, with decreasing the width of silicon film, the
magnitude of the voltage is increased and vise verse.
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