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Study on effects of changing the oxide thickness, can give us a view of the aspects of MOSFET, in field of design of
the transistor elements. Changing the oxide thickness affects on both C,, and V.. At first, in this paper, the relation
between the threshold voltage and oxide thickness will be discussed. Then, the relation between the drain current and
oxide thickness will be modeling. The result is a nonlinear and parabolic relationship between the drain current and
oxide thickness. To ensure the authenticity of the obtained model, a MOSFET parameters, based on 5 um CMOS
technology was designed. This MOSFET was simulated with COMSOL software and obtained mathematical model
analyzed with MATLAB. Finally, the data were compared, which confirmed the authenticity of the mathematical

model.
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1. INTRODUCTION

In designing a MOSFET for various applications as a
switch to an amplifier, it must be precisely examined
many aspects of the design; Including the length and
width of the gate, concentration and type of substrate
doping, doping concentration of the drain and source,
and many other parameters can be mentioned. One of
the most important parameters in designing a MOSFET
is determining the insulator material and thickness
exactly. Silicon oxide (SiO2) is preferred as the
insulator in MOSFET transistors. Over the years, Oxide
thickness decreased from 300 nm for 10 um technology
to only 1.2 nm for 65 nm technology. There are two
reasons for the relentless reduction of the oxide
thickness; first, the thinner oxide means a larger oxide
capacitance (Cy), which increases the MOSFET’s turn
on current (lo,), and a larger I, increase the circuit
speed. The second reason is controlling the threshold
voltage (V) - and therefore the threshold current
leakage - when the channel length is reduced [1], [2].
Thereby reducing the thickness of gate oxide is
deserved. But in practice it is confronted with major
problems; first, it is difficult to make thin and uniform
insulator layer of SiO2. Oxide breakdown is next
problem. Electric field could be a cause for destructive
breakdown if oxide is too thin. Another factor which
prevents the further reduction in oxide thickness is that
the long-term run in a strong electric field, especially at

the high temperature of the chip, leads to break in weak
chemical bonds at the interface between Si and SiO2.
And therefor, electric charge is generated that leads to
change in threshold voltage. Another limiting factor in
insulator thickness thinner than the 1.6 nm is gate
current leakage to channel in form of tunneling [3].

To solve these problems, various methods such as the
use of carbon nanotubes as transistor channel or use
other materials to replace SiO2 such as HfO2, Al203
and ZrO2 as the insulator has been suggested [4]. Aside
from solutions that have been used to overcome these
problems, study on the effects of changing in thickness
of oxide on the functional aspects of MOSFET can give
us a good view in the field of transistor elements
designing. It can be noted from previous works on
study of the oxide thickness effects on the threshold
voltage [5].

In this paper, we present a mathematic model for
MOSFET drain current versus oxide thickness. A
MOSFET transistor with all of its parameters as a
sample was suggested in section 3. And it analyzed
with MATLAB in section 3.1, then it simulated with
COMSOL Multiphysics software in section 3.2.
Finally, all results were compared in section 3.3.

2. DRAIN CURRENT VERSUS GATE OXIDE

THICKNESS MODELLING
An N-type MOSFET suggested to investigate the effect
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of reducing the thickness of oxide on the drain current.
The MOSFET is consists of a P-type substrate, two
heavy doped N-type wells to forming the drain and
source, oxide and poly-silicon gate. The structure
shown in Figure 1.
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Fig. 1. The suggested MOSFET transistor structure.

Equation (1) governs on drain current in the
saturation region [6]. Drain-source voltage effect is

ignored.
1 w
ID :Eluncox TNGS _Vt)2 (1)

Where [, W, L and Vg are the electron mobility,
channel width, channel length and gate voltage of
MOSFET, respectively. In this equation, in addition to
Cox, V; also depends on the thickness of the oxide. At
first, MOSFET’s threshold voltage dependence on the
thickness of the oxide will be discussed. The structure
of a MOS capacitor with its energy band diagram,
when any voltage is applied to its gate, shown in Figure
2.
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Fig. 2. (a) The structure of a MOS capacitor, (b) MOS
energy band diagram when any voltage is applied to its
polysilicon gate.

A channel of majority carriers (the electron, in this
report) must be established between the drain and
source, to electric current flow between them.
Therefore, by applying a voltage to the gate, an electric
field is created along the oxide, which cause to drift
holes and the accumulation of electrons in substrate
below the oxide. Which creates a conductive channel
between the drain and source. This increasing voltage
in gate leads MOSFET to change its mode from
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accumulation to depletion, weak inversion and then
strong inversion, respectively. Finally, necessary
conditions for current establishment are provided in the
strong inversion mode. Figure 3 shows the energy band
diagrams of a MOS capacitor in the absence of the
polysilicon gate voltage applied to it. As can be seen,
Fermi level near the oxide is closer to conduction band,
and as it gets away from oxide, gets closer to valence
band.

by =2y

Fig. 3. MOS energy band diagram when a gate voltage
equals to threshold voltage is applied.

In summary, from (2) to (5) are the most important
equations for calculation of the MOS capacitors
threshold voltage.
Vfb :l//g Y +(_Qox /Cox) (2)
Where yg, s and Q. are the gate work function,
silicon work function and total charge trapped in the
oxide, respectively.
Vg :Vfb +¢s +V0x +¢poly (3)
=V, +4 +Q, /Cy +
Where ¢s and V, are the silicon surface potential at
bent portion of band diagram and the voltage across the
oxide, respectively.

Py =24, 4)
Where ¢g is surface potential level at bent portion of
band diagram in threshold mode.

qN sub 285 |¢st |
S ©)

Where Ngy, and € ¢ are substrate doping concentration
which is equivalent to N, and silicon relative
permittivity, respectively.

Vt :Vfb + 2¢B +—m (6)

C

(048
The drain current equation, in terms of oxide thickness
will be simplified according to (7).

V=V +4 +

0Xx
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The equations from (8) to (10) will be replaced in (7),
for simplification.

1 w
= - = 8
2/’4’180)( L a ( )
VGS _Vfb _2¢B =p (9)
gN,2¢, 2
VAN, 2524, (10)
gOX
The result will be as follows:
(04
o =—(B-1.) (11)

For more simplicity, equations from (12) to (14) can be
replaced in (11).

My &N (VGS Vi —24; )2
2L
2uWaN & ¢,
Le,

W«/ N 2 2 -V, -2
C :2aﬁ)/='un gN , 2&; ¢BL(VGS fb ¢B) (14)

Final result will be as (15).

I, =2 4Bt —C (15)
If (15) is differentiate, the slope behavior can be

realized.

dl, A

—b__"" 4B 16

dt t2 (16)

00X

A=qp?= (12)

B=ay’= (13)

3. COMPUTER AIDED MODEL ANALYSIS
Today, there’s no denying the impact of computer
softwares in various stages of design, testing and
implementation of engineering products. One type of
software that is highly developed in recent decades, are
physical phenomena simulators and analyzers.
Therefore, it will be simulated and analyzed in
MATLAB and COMSOL Multiphysics, to verify the
obtained mathematical model.

3.1. MATLAB Study of Result Term

A MOSFET is designed with the parameters in Table 1,
to study of the behavior of drain current equation that
obtained in previous.

Table 1. MOSFET’s design parameters.

Parameters Symbols| Values
- 1450
Electron Mobility Hn Cm3V.S
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Oxide Relative Permittivity € ox 3.9

Channel Width w 14 pm
Channel Length L 7 um
Na
Ng

Acceptor Density (for substrate) 10" Cm*®
Donor Density (drain & source) 10 Cm*®
Surface Potential, Band Bending s 0.86 V

Gate Work Function Wy 41V
Gate-Source Voltage Vs 5V
Drain-Source Voltage Vps 2V

For using (15) in MATLAB, The a, B and y constants
must be determined, at first. Then, the A, B and C
constants can be found with some simple operations.
The approximate values of these constants are given as
follows:

o =5.0046x10™ (”A'fm j 17)
Vv

B=4518(V ) (18)

y =4.9021x10°(V /Cm) (19)

Figure 4 was obtained by analyzing the (15) in the
MATLAB software in the range from 6 to 30 nm for
oxide thickness. As you can see, as expected based on
(16), relation between the current reduction with
increasing the oxide thickness is not linear. It should be
noted that, gate voltage sets on a voltage that prevent
MOSFET out of the saturation region by increasing the
oxide thickness. However, it will be closed to linear
region, when the oxide thickness increases.
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Fig. 4. Drain Current in terms of oxide thickness
diagram that analyzed with MATLAB.

Figure 4 can be interpreted that changing the oxide
thickness from 6 to 30 nm change the current of about
3700 pA down to about 400 pA, it shows the
importance of accurately determining the oxide
thickness.
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3.2. COMSOL Multiphysics Simulation of Designed
MOSFET

To ensure accuracy of the obtained model and more
detailed study on the designed MOSFET, It was
simulated in the COMSOL Multiphysics software.
Because the COMSOL can simulate semiconductor
physics phenomena with high accuracy, the results can
provide adequate assurance of the correctness of the
model. The COMSOL model will be according to the
Figure 5, by using the Table 1 parameters and load the
initial values in COMSOL interface. In this figure,
drain, source and gate connections with oxide, for the
better view of doping diffusion, temporarily hidden.

wix © 0

Fig. 5. The MOSFET cross section view, which shows
the depth of the drain and source impurities diffusion.

At first, transistor must be biased at an appropriate
operating point. The most important condition of this
point is that MOSFET must not be inter in to the linear
region with changing the oxide thickness at a specified
interval. Therefore, MOSFET’s turn on voltage
(threshold voltage) must be determined, at first. To
determine the threshold voltage, a very small voltage
(about 10 mV) is applied to the drain, and gate voltage
will be increased until the channel below the oxide
formed and began to flow the current. Result shown in
Figure 6.
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Fig. 6. Determining of the MOSFET threshold voltage.
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Then, to get a better view to determining the operating
point of the transistor, the drain’s voltage—current
characteristic diagram in several different gate voltage
is plotted. Result shown in Figure 7. As can be seen in
Figure 6, the threshold voltage of the MOSFET is about
2.4 V. According to the Figure 7, when the gate and
drain voltage rises up to 5 and 2 V, respectively, it can
be almost sure that the transistor is in the saturation
region.
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Fig. 7. The drain’s voltage-current characteristic
diagram in several different gate voltage.

The formed channel below the oxide can be seen in
Figure 8.

49: Vd=0, Vg=5 Slice: Log of electron concentration (1) o

Fig. 8. Channel formed under the oxide by applying a
voltage to the gate.

While the drain and gate voltages are 2 and 5,
respectively, the oxide thickness will increase from 6 to
30 nm. Figure 9 shows the drain current in terms of
oxide thickness diagram. As can be seen, and is
expected, current changing versus change in the oxide
thickness does not follow a linear relationship. And a
changing about 20 nm in oxide thickness, will be
followed with changing about 2 or 3 A in drain current.
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Fig. 9. Diagram of drain current in terms of oxide
thickness.

The drain voltage — current characteristic diagram is
plotted in Figure 10, to ensure that the transistor is not
out of the saturation region.
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Fig. 10. Drain current-voltage characteristic diagram at
different thickness of oxide.

3.3. Comparing the Results

Now, to comparison and verification the results, the
diagrams resulting from MATLAB analysis and
COMSOL simulation, were plotted together in Figure
11. As can be seen, the results are very close together,
which confirms the wvalidity of the model.
Approximation and ignored parameters in the model,
like potential across the oxide which is the result of the
trapped charge in it, is the reason for little difference
between the two graphs in Figure 11.
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Fig. 11. Comparison of the MATLAB analysis and
COMSOL simulation results.

4. CONCLUSION

At first, the general equation of the MOSFET’s drain
current in saturation region was rewritten in terms of
the oxide thickness, and then it was simplified. That
equation was analyzed using MATLAB, with a
MOSFET, which designed based on 5 pum CMOS
technology. Then, it was simulated using COMSOL
software. At first, to select the appropriate operation
point, it must be found the threshold voltage of the
transistor, after finding it, and to see the different
operation region of transistor, the drain’s voltage—
current characteristic diagram in several different gate
voltage is plotted. After the transistor appropriate
operation point was found, with sweeping the transistor
oxide thickness from 6 to 30 nm, drain current
changing was plotted, with comparison of it with the
MATLAB result, the accuracy of the mathematical
model confirmed.
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