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DRAIN CURRENT AND THRESHOLD VOLTAGE MODELING
FORLIGHTLY DOPED SYMMETRICAL DOUBLE-GATE MOSFETs

Dr. Satish Chand Singhal

ABSTRACT

A two dimensional model for the potential distribution in the silicon film is derived for the
symmetrical double gate MOSFET in weak inversion. This 2D potential distribution model is used to
analytically derive an expression for the sub threshold slope and threshold voltage. A drain current model
for lightly doped symmetrical DG MOSFET is then presented by considering weak and strong inversion
regions including short channel effects, series source to drain resistance and channel length modulation
parameters. These derived models are compared with the simulation results of SILVACO (Atlas) tool for
different channel lengths and silicon film thicknesses. Lastly the effect of the fixed oxide charge on the
drain current model has been studied through simulation. It is observed that the obtained analytical
models of symmetrical double gate MOSFET is in good agreement with the simulated results for channel
length to silicon film thickness ratio greater than or equal to 2.
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Introduction
Double gate metal-oxide-semiconductor field-effect-transistor (DG-MOSFETs) has enormously

succeeded in overcoming the drawbacks present in single-gate MOSFET architectures with channel
length of 65nm and below. Double gate MOSFET offers vast variety of advantages such as high drive
current, gate leakage reduction, low leakage currents through PN junctions and reduced short channel
effects [1]-[4]. The lightly doped silicon film in ultrathin DG-MOSFETs provide an added advantage of
elimination of mobility degradation [5] and deviation of device characteristics with non-uniform dopant
atoms present in the silicon film [6].

Analytical modeling of the current-voltage relationship of symmetrical double gate MOSFET at
nanometer domain is highly required as it is becoming a favorable choice for designing nanometer range
VLSI circuits. Many analytical models for the drain current of long channel DG MOSFET have been
proposed [7]-[12]. Appropriate analytical drain current model considering major effects for small channel
lengths below 45nm is still a matter under research. In this paper, the sub threshold drain current equation
valid for the entire range of drain voltages is modeled including channel length modulation, DIBL and other
SCEs embedded within the threshold voltage. Further, a total drain current expression is obtained
involving the modeled sub threshold drain current and strong inversion drain current [26] equations. The
fixed oxide charge effect over the drain current is also studied. The model is verified by comparing the
results obtained from SILVACO (Atlas) TCAD tool. The important parameters required for the drain current
equation such as channel potential, sub threshold coefficient, threshold voltage and threshold voltage roll-
off are also derived and verified.
Potential Distribution

In order to obtain the physical behavior of symmetrical DG MOSFET at nanometer domain the
potential distribution across the thin silicon film under different drain and gate bias conditions must be
explicitly studied. Presence of two gates and thin silicon film causes the potential distribution in DG
MOSFET to be different than single gate MOSFETs and the maximum potential do not occur at the
surface but at some depth of the silicon film [23]. In this paper depletion approximation is used for solving
weak inversion Poisson’s equation to analytically determine the potential distribution in silicon film.
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Fig.1: Schematic diagram of symmetric n-channel Double Gate MOSFET with structural
definition and coordinate system

The Poisson’s equation in the form of electric field variation along the three dimensions can be
written as:-

(1)

where, , are the electric field component in x, y and z

direction respectively and is the channel potential. This equation predicts that the sum of
electric field variation at any point in the silicon film is always a constant whose value is given through the
ratio of depletion region charge and permittivity of the material. Thus, for equilibrium it is necessary that if
any one or two component of the electric field changes then the other should also vary to keep their sum
a constant. The drain electric field influence on the channel is represented by and its large value is
responsible for causing various SCEs in the device. This drain electric field can be reduced by increasing
channel length, using multi-gate architectures and reducing silicon film thickness and/or channel width.

The electric field variation along the z direction in large width DG MOSFET scan be considered
as zero which reduces (1) to

(2)

For strong inversion region (2) is not valid as then the channel potential along x is modulated by
inversion charge[13]-[14]. To solve (2), the potential distribution along the silicon film thickness is taken
as a cubic function of xas proposed by Toyabe and Asai [15].

(3)

where, coefficients and are the function of y dimension only. In symmetrical DG-
MOSFET due to structural symmetry the front and back oxide-silicon interface have same potential
distribution along the channel which can be defined as

(4)
The boundary conditions are obtained by applying gauss law in vertical direction at the gate

oxide transverse electric field on both front and back gates.

(5)

(6)

where, and are the net charges atthe front and back oxide-
silicon interface respectively with  gate oxide capacitance per unit area given as in terms
of permittivity of gate oxide ( ) and oxide thickness ( ).

and represents voltage difference along the oxide thickness at both
front and back gates responsible for capacitive action. The virtual gate voltage ( ) appearing at the front
and back gate is always smaller than the actual applied gate voltage ( ) as some amount of gate
voltage is utilized in cancelling out the effect of contact potentials and potential developed due to fixed
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oxide charges which is collectively known as flatband voltage ( ). The flatband voltage assuming fixed
oxide charges to be zero is given by the work function difference between the metal and semiconductor
( ), whose value is for mid-gap metal gates

To obtain the coefficient values of the cubic potential distribution(4)-(6) are used in (3)
(7)

(8)

(9)

(10)
Solving (3) and (2) using (7)-(10), a differential equation in terms of surface potential is obtained

as

(11)

where,

and

Next, solving (11) using boundary conditions at x=0 and at x=L,
where is the built in potential, is the thermal voltage, is the acceptor
concentration, is the donor concentration, is the intrinsic carrier concentration and is the applied
drain voltage. The expression for surface potential thus obtained is

(12)

where, and are the coefficients and is a constant given as

where, is the natural length and is its value at y=0 and [16].Natural length is defined as
the parameter which indicates the drain field influence on the channel characterizing the SCE. It mainly
depends on the geometrical dimensions and its value should be as small as possible. The natural length
can be given as shown below

(13)

(14)

In DG MOSFETs the surface potential is less than the potential at the effective conductive path
taken at [1].Thus, itis necessary to determine the potential as the function of channel depth by
defining the potential in terms of surface potential using (3).

(15)

where, and

Using (15) and (11) a differential equation for potential distribution can be obtained as

(16)

where,



196 International Journal of Education, Modern Management, Applied Science & Social Science (IJEMMASSS) - July - Sept., 2020

The solution (16) using boundary conditions at x=0 and at
x=L is expressed as

(17)
where,

Substituting the values of yas 0 and , (17) reduces to (13).
Minimum Potential

The channel position at which the channel potential reaches its minimum value can
be determined by considering potential minima along x direction [16].

(18)

The position at which minimum channel potential occurs depend on the applied drain voltage
and it can be seen that for zero drain voltage the minimum channel potential is at the middle of the
channel length while it moves towards the source end as the drain voltage increases. The value of

evaluated using (17) and (18) is

(19)
Sub Threshold Slope

The sub threshold slope (SS) is determined through the C-V characteristic
as but aanalytically the sub threshold slope expression can be obtained based on the
assumption that SS basically depends on the carrier concentration at minimum channel
potential located at a depth y in the silicon film[18]-[19]. The carrier concentration is given
by .

(21)

where,

(22)
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The sub threshold swing coefficient also known as the body effect coefficient is given in terms of
sub threshold slopeas

(23)

Figure 2 shows that the calculated values from the analytical sub threshold slope expression
obtained in (21) is in good agreement with the simulated result for all values of channel length that is
taken into consideration. The device dimensions taken are, , , ,

, , W=50nm, at an effective conducting path of .

Fig.2. Comparison between the simulated (symbol) and analytical modeled (solid lines) subthreshold
slope versus channel length.

Threshold Voltage
For ultra-thin DG-MOSFET with very small silicon film doping ,the threshold

voltage definition may be given as the gate voltage where minimum inversion sheet charge density
( , required for current conduction reaches to its threshold value, [21].

At minimum channel potential the inversion sheet charge density can be obtained by integrating
their spatial charge density for the entire thickness of the silicon film.

(24)

At gate voltage equal to the threshold voltage the value of inversion charge is .
Upon evaluating (24) the expression for obtained is

(25)

Where,

where, is the silicon film capacitance per unit area given as the ratio of permittivity of silicon
( ) and silicon film thickness ( ).In long channel devices since the value of thus, the
threshold voltage for long channel DG MOSFET is given as
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(26)

Expressions in (25) and (26) though similar to the work done in [21], have an extra term to get
more accurate value of threshold voltage.

The threshold voltage roll-off showing the drop in threshold voltage of a device with reduction in
its channel length can be determined by taking the difference of short channel threshold voltage andlong
channel threshold voltageat a particular drain voltage. The analytical expression of threshold voltage thus
obtained is

(27)
The proposed analytical threshold voltage model given by (25) is compared with the simulated

values of against L for tsi= 5, 10 and 15nm respectively in Fig.3. It can be easily seen that the
analytical threshold voltage values agree well with simulated values over complete range of investigated
channel lengths when the ratio of channel length to channel thickness is , while it deviates
for .The value of has been evaluated from the expression given as

(28)

Which is generally obtained through a relationship that best matches the analytical expression
with the simulation results.

Fig.3: Threshold voltage of undoped DG MOSFET at different silicon film thickness and channel length.
The symbols are simulated values while the solid lines represent the analytical values.

Drain Current
To study the behavior and evaluate the characteristics of the DG-MOSFET it is necessary to

divide the transistor operation in two major regions of weak and strong inversion. The current conduction
mechanism from source to drain and the factors constituting current in these two regions are different as
in weak inversion the current is due to diffusionbecause of few minority carriers and depletion region
generated potential distribution and in strong inversion it is thedrift current generated by the flow of
inversion layer carriers under the electric field influence in the channel.
Sub Threshold Region Current )

Subthreshold region also known as weak inversion region occurs at gate voltages lower than
threshold voltage. The current in this region is basically due to minority carrier diffusion along the
channel. The subthreshold current influenced by lower drain voltages close to 0V are modeled by BSIM
drain current model [23].But at high drain voltages, DIBL and channel length modulation influence the
device characteristics to a large extent. In order to account these effects additional parameters are
included in the sub threshold drain current equation from[25]. Thus, an improved model is obtained for
sub threshold current of symmetrical DG-MOSFET.

The channel length modulation representing the shortening of channel length at higher drain
voltages due to large drain field[25] can be modeled as

(29)

Where, u is an empirical fitting parameter having the value in the range of 0.6 to 1.2.
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Drain induced barrier lowering introduced at high drain voltages is modeled by introducing a
drain voltage dependent parameter in the exponential term which was earlier only the function of
gate voltage( ) [26]. The DIBL parameter proposed by Meindl and Swanson [24] for bulk
MOSFETs is changed for DG-MOSFET by using an empirical parameter Dandis expressed as

(30)

Thus, the sub threshold current equation thus, obtained for DG MOSFET is given as

(31)

where, , n is the sub threshold coefficient taken from (23) and is the
short channel threshold voltage (25)
Strong Inversion Current

The strong inversion drain current [25] is expressed as

(32)

The term accounts for the series source/drain resistance, CLM gives the channel length
modulation from (29) and is the short channel threshold voltage taken from (25). The normalized
sheet charge density qi is given through lambert function as

Where, V is the electron quasi fermi potential varying from 0V at the source to at the drain.
Thus the source normalized sheet charge density ( ) is calculated at V=0 and drain normalized sheet
charge density( ) is obtained at V= . The SCE is included by the parameter from (28).

To obtain a compact drain current model a suitable interpolation function is used to match the
sub threshold and strong inversion modes around threshold voltage of the form as follows

(33)

Equation (33) gives the drain current in the DG MOSFETat all values of gate and drain voltages.
Model Validation

The results obtained from the proposed model are validated by comparing it with the SILVACO
(atlas) simulator results using the classical drift diffusion approach. The output and transfer
characteristics are obtained for two different channel lengths L=32nm and 45nm.The geometrical
dimensions of the device are same as taken for other simulations and for simplicity a constant mobility of

is used ignoring mobility degradation and velocity saturation effect. The interpolation
function expression is it is chosen such that it best fits the simulation results.

Figure 4 and 5 shows the characteristics of the symmetrical DG-MOSFET for a channel length
of 32nm and 45 nm respectively with zero series source /drain resistance by keeping the source/drain
length 5 nm. The output characteristic shown in Fig. 4 and 5 (a) is obtained at three different gate
voltages = 0.65, 0.8 and 1V. Similarly the linear and semi-logarithmic representation of the transfer
characteristic shown in Fig. 4 and 5 (b) are obtained for drain voltages = 0.02, 0.3 and 1V giving the
model accuracy in both weak and strong inversion regions. The threshold sheet charge carrier density
used to define the threshold voltage is taken as for evaluation. Good agreement is
achieved between the simulated and analytical results for both the channel lengths.

In Fig.6 the C-V characteristics of the analytical model is examined for a series resistance of
by taking the source/drain lateral length 50nm. Fig.6(a) shows the output characteristic while

Fig. 6(b) shows the linear and semi-logarithmic representation of the transfer characteristic at different
gate and drain voltages to verify the results for all regions of operation of a MOSFET. The proposed
model is thus validated for different channel lengths and series resistances in all regions of operation
showing remarkable agreement with the simulated results.
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Fig.4: simulated(symbols) and model (solid lines) (a) output characteristic (b) transfer characteristic
representation in linear and semi-logarithmic form for symmetrical DG MOSFET for L=32nm, tsi=10nm,

tox=2nm, Rsd=0Ω.

Fig.5: Simulated(symbols) and model (solid lines) (a) output characteristic (b) transfer characteristic
representation in linear and semi-logarithmic formfor symmetrical DG MOSFET for L=45nm, tsi=10nm,

tox=2nm andRsd=0Ω.
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Fig.6: Simulated(symbols) and model (solid lines) (a) output characteristic (b) transfer characteristic
representation in linear and semi-logarithmic form for symmetrical DG MOSFET for L=32nm, tsi=10nm,

tox=2nm andRsd=180 Ω.
The obtained current model is also studied by considering the effect of fixed oxide charges

present in thin oxide layers. This effect is included in the flatband voltage expression as

(35)

Where, represents the work function difference between the metal and the semiconductor
for the mid-gap metal gates. is the fixed oxide charge density in . Figure 7 shows the effect offixed
oxide charge on the modeled and simulated drain current for different gate voltages.

Fig. 7. Drain current variation simulated (symbol) and model (solid lines) with the oxide interface charge
at different gate voltages
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Conclusion
A 2D potential distribution based sub threshold slope and threshold voltage expressions have

been obtained and embedded within the drain current model of symmetrical DG-MOSFET. These
analytical model expressions are verified with the simulated results of SILVACO (Atlas) tool.

The sub threshold slope and threshold voltage variation considering different channel length for
the device have been obtained. The output and transfer characteristics of the proposed drain current
model at different channel lengths and series source to drain resistance are compared with the simulation
results. Finally, the effect of fixed oxide charges have been observed and compared with simulation
results. The developed drain current model is in good agreement with the simulated results and may be
feasible for compact model applications for well-designed devices with .
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