
Turk J Elec Eng & Comp Sci
(2019) 27: 2456 – 2465
© TÜBİTAK
doi:10.3906/elk-1812-143

Turkish Journal of Electrical Engineering & Computer Sciences

http :// journa l s . tub i tak .gov . t r/e lektr ik/

Research Article

An analytical model to assess DC characteristics of independent gate Si FinFETs

Umer Farooq AHMED∗ , Muhammad Mansoor AHMED
Department of Electrical Engineering, Capital University of Science and Technology, Islamabad, Pakistan

Received: 20.12.2018 • Accepted/Published Online: 05.05.2019 • Final Version: 26.07.2019

Abstract: In this paper, Poisson’s equation is utilized to find the potential distribution inside the channel of an
independent gate FinFET device by adding the effect of channel height. The channel height of the device plays an
important role in surface potential calculation when top gate voltage is applied. Using surface potential, an I−V model
is developed, which can find the device current both in linear and saturation regions of operation. The model is tested on
devices of different dimensions and good agreement between modeled and simulated results is observed, which validates
the authenticity of the proposed model.
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1. Introduction

FinFET is a promising new candidate for future technology due to its ability to control the channel of the
device with relative ease compared to conventional FETs [1–3]. FinFETs are divided into two major categories
depending on the gate of the device. Single gate FinFETs are controlled by one gate electrode while multiple
gate FinFETs (MG-FinFETs) are controlled by more than one gate acting on the device independently [4, 5].
MG-FinFETs offer more flexibility in circuit design compared to single gate FinFETs.

MG-FinFETs are employed to control the threshold voltage [6], conversion gain [7], and power man-
agement [8] in large nano circuitries. Due to the 3-D structure of FinFETs, the height and effective width
(Weff = 2Hfin + Tfin ) of the device are always correlated and increasing one will also affect the other in a
quantized fashion as all the fins must be of the same height due to the fabrication process limitations [9, 10]. Us-
ing MG-FinFETs, the width quantization effect on large circuits, such as SRAMs, can be reduced [11, 12]. Also,
in independent gate SRAMs, the dual gate system acts as a built-in feedback network and reduces read/write
margins [13, 14].

To fully comprehend the device behavior, models specific to independent gate FinFETs are needed.
Researchers have developed many models for the characteristics of MG-FinFETs [15–17], but to the best of
our knowledge, none of the models take into account the effect of channel height on the device characteristics.
In this paper, a DC model is presented for MG-FinFETs by considering a 3-D field distribution inside the
channel. Poisson’s equation is solved to estimate the potential distribution inside the channel by taking into
consideration the effect of channel height along with its length and width. By using drift equation and channel
potential, current flowing through the device is calculated. The following sections describe the model formation
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Figure 1. An independent gate FinFET device.

and the results obtained from it. A discussion is also presented on the basis of the results obtained and finally,
conclusions associated with the study are summarized.

2. Model development

2.1. Surface potential model

Figure 1 shows an independent multigate FinFET device. From the figure, it can be observed that two individual
gate potentials are acting on the channel of the FinFET. This can easily be visualized from Figure 2, where the
x− y cross-section of Figure 1 is illustrated.

Potential distribution inside the channel of a MG-FinFET can be expressed using Poisson’s equation with
appropriate boundary conditions. Poisson’s equation, representing the potential distribution inside the channel
taking into account both inversion and bulk charges, can be expressed as:

∂2ψx

∂x2
+
∂2ψz

∂z2
=
qni

ϵsi
exp

(
ψ + ϕB − Vch

Vm

)
+
qNa

ϵsi
, (1)

where

ϕB = Vm ln
(
Na

ni

)
, (2)

and

Vm =
kT

q
. (3)

Vch(y) , shown in Figure 2, determines the drain-to-source potential at any given value of y , and it can vary
from Vch(0) = 0 to Vch(Lg) = Vds . As channel depletion varies mostly in the x -direction, therefore:

∂2ψz

∂z2
≈ 0. (4)
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Figure 2. Cross-sectional view of an independent gate FinFET device.

Eq. (4) can be integrated to get

ξz =
∂ψz

∂z
=

Vgs1
Hfin

and ψz =
Vgs1
Hfin

z. (5)

Eq. (5) is attained by using boundary conditions

ψz(0, 0, 0) = 0 and ψz(0, 0,Hfin) = Vgs1. (6)

Considering Eq. (1), the x -directed potential can be written as

∂2ψx

∂x2
=
qni

ϵsi
exp

(
ψ + ϕB − Vch

Vm

)
+
qNa

ϵsi
, (7)

subjected to boundary conditions

∂ψx(x, y, z)

∂x

∣∣∣∣
x=z=0

= 0 and ψx(x = 0, y, z = 0) = ψ0(y). (8)

Integrating Eq. (7) and by applying boundary conditions given by Eq. (8), one can get

ξx =
∂ψx

∂x
=

[
Vmqni

ϵsi
exp

(
ψ + ϕB − Vch

Vm

)
−Vmqni

ϵsi
exp

(
ψ0 + ϕB − Vch

Vm

)]1/2
. (9)

The potential is applied on each gate independently; thus, it must be treated separately. Assuming that ψ1 is
the potential due to Vgs1 and ψ2 is the potential due to Vgs2 , Eq. (9) can be written for both gates as

ξx1 =
∂ψ1

∂x
=

[
Vmqni

ϵsi
exp

(
ψ1 + ϕB − Vch

Vm

)
−Vmqni

ϵsi
exp

(
ψ0 + ϕB − Vch

Vm

)]1/2
, (10)
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and

ξx2 =
∂ψ2

∂x
=

[
Vmqni

ϵsi
exp

(
ψ2 + ϕB − Vch

Vm

)
−Vmqni

ϵsi
exp

(
ψ0 + ϕB − Vch

Vm

)]1/2
. (11)

To eliminate the dependence of ξx1 and ξx2 on ψ0(y) , both Eqs. (10) and (11) are squared and subtracted
from each other, resulting in

ξ2x1 − ξ2x2 =
Vmqni

ϵsi
exp

(
ψ1 + ϕB − Vch

Vm

)
− Vmqni

ϵsi
exp

(
ψ2 + ϕB − Vch

Vm

)
. (12)

By applying Gauss’s law on both gates, the x -directed fields can be expressed as

ξx1 =
Cox1

ϵsi
[Vgs1 − Vfb1 − ψ1]− ξz, (13)

and

ξx2 =
Cox2

ϵsi
[Vgs2 − Vfb2 − ψ2], (14)

where
Cox1 =

ϵox1
Tox1

and Cox2 =
ϵox2
Tox2

. (15)

To find ψ1 and ψ2 , it is assumed that the potential ψ2 exists due to the weak inversion of carriers, and by
using the capacitor distribution on both the gates, ψ2 can be evaluated as

ψ2 = αψ1 + β(Vgs2 − Vfb2), (16)

where

α =
Csi

Csi + Cox2
, β =

Cox2

Csi + Cox2
, Csi =

ϵsi
Tfin

. (17)

In order to find ψ1 , Eqs. (12), (13), (14), and (16) are combined to get

(
Cox1

ϵsi
[Vgs1 − Vfb1 − ψ1]− ξz

)2

−
(
Cox2

ϵsi
[Vgs2 − Vfb2 − (αψ1 + β(Vgs2 − Vfb2))]

)2

− Vmqni

ϵsi
exp

(
ψ1 + ϕB − Vch

Vm

)
+
Vmqni

ϵsi
exp

(
αψ1 + βψ1[Vgs2 − Vfb2] + ϕB − Vch

Vm

)
= 0.

(18)

Eq. (18) can be solved iteratively to get the value of ψ1 and by putting ψ1 in Eq. (16), ψ2 is obtained.

2.2. I − V model
The proposed I − V model utilizes drift equation and is given by

Ids = 2µ(V )
W

Lg

∫ Lg

0

Qinv
∂Vch
∂y

∂y. (19)

The inversion charge can be expressed as

Qinv = ϵsi(ξx1 − ξx2 + ξz)−Qbulk, (20)
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where
Qbulk = qNax. (21)

From Eq. (12),

ϵsiξx1 =

[
Vmqniϵsi

[
exp

(
ψ1 + ϕB − Vch

Vm

)
− exp

(
ψ2 + ϕB − Vch

Vm

)]
+ (ϵsiξx2)

2

]1/2
. (22)

Combining Eqs. (20) and (22), one can get

Qinv =

[
Vmqniϵsi

[
exp

(
ψ1 + ϕB − Vch

Vm

)
− exp

(
ψ2 + ϕB − Vch

Vm

)]
+ (ϵsiξx2)

2

]1/2
− ϵsiξx2 + ϵsiξz −Qbulk.

(23)
Differentiating Eq. (23) w.r.t y ,

∂Qinv

∂y
=

1

2VmK1

[
γ exp

(
ψ2 + ϕB − Vch

Vm

)
−γ exp

(
ψ1 + ϕB − Vch

Vm

)]
∂Vch
∂y

+
1

2VmK1

[
γ exp

(
ψ1 + ϕB − Vch

Vm

)
∂ψ1

∂y
−γ exp

(
ψ2 + ϕB − Vch

Vm

)
∂ψ2

∂y

]
,

(24)

where
K1 = Qinv + ϵsiξx2 − ϵsiξz +Qbulk and γ = Vmqniϵsi, (25)

and also ∂ξx2/∂y ≈ 0 . For a doped body, ψ1, ψ2 >> ψ0 and therefore Eqs. (10) and (11) can be rewritten as

ξx1 ≈

√
Vmqni

ϵsi
exp

(
ψ1(x, y, z) + ϕB − Vch(y)

Vm

)
, (26)

and

ξx2 ≈

√
Vmqni

ϵsi
exp

(
ψ2(x, y, z) + ϕB − Vch(y)

Vm

)
. (27)

Now, considering Eq. (23),

Vmqniϵsi

[
exp

(
ψ1 + ϕB − Vch

Vm

)
− exp

(
ψ2 + ϕB − Vch

Vm

)]
= K2, (28)

where,
K2 = K2

1 − (ϵsiξx2)
2. (29)

By using Eqs. (24), (26), (27), and (28),

Qinv
∂Vch
∂y

=

(
2Vm

K1

K2

∂Qinv

∂y
− K3

K2

∂ψ1

∂y
+
K4

K2

∂ψ2

∂y

)
Qinv, (30)

where
K3 = (ϵsiξx1)

2 and K4 = (ϵsiξx2)
2. (31)
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For simplicity, K1/K2 = σ1 , K3/K2 = σ2 , and K4/K2 = σ3 . Now, by combining Eqs. (19) and (30), the
drain-to-source current, Ids , can be expressed as

Ids = 2µ(V )
W

Lg

∫ Lg

0

(
2Vmσ1

∂Qinv

∂y
− σ2

∂ψ1

∂y
+σ3

∂ψ2

∂y

)
Qinv∂y. (32)

To simplify the above expression, it is approximated that the terms Qinv , ξx2 , and ξz have their average values
with respect to source and drain terminals, so

Ids = 2µ(V )
W

Lg

[
2Vmσ1(Qinvd −Qinvs)− σ2(ψ1d − ψ1s) + σ3(ψ2d − ψ2s)

]
Qinvd +Qinvs

2
. (33)

Eq. (33) gives the final expression of current, where Qinvs and Qinvd are the charges accumulated at the source
and drain terminals of the FinFET, respectively. ψ1d and ψ1s are the drain and source potentials due to Vgs1 ,
and ψ2d and ψ2s are the drain and source potentials due to Vgs2 .

3. Results and discussion
To verify the validity of the proposed model, independent gate FinFETs of various dimensions were selected
and their details are given in Table 1 [15, 18] and Table 2. Eq. (33) was used to plot the I − V characteristics
of the FinFETs.

Table 1. Physical parameters of independent gate FinFETs used in this study.

Parameters T1 [15] T2 [18]
Lg (nm) 100 10.8
Tfin (nm) 15 4.5
Hfin (nm) 30 12.5
Hfin/Tfin 2.0 2.8
W (nm) 15 4.5
Tox1 (nm) 2.0 0.61
Tox2 (nm) 2.0 0.61
Na (× 1024 m−3) — 100
Vth (V) 0.5 0.3

Figure 3a shows the result of the model against simulated data for the device having Lg = 100 nm at
Vgs2 = 0 V. Form the figure, it is evident that the proposed model can predict the characteristics of independent
gate FinFETs with a high degree of accuracy. Figure 3b represents the I − V characteristics of the device
having Lg = 10.8 nm at Vgs2 = 0.7 V. From the plot, good agreement is observed between the modeled and
simulated characteristics. From these figures, it is also evident that the proposed model can predict the I − V

characteristics with reasonable accuracy when the applied bias and oxide thickness are varying. This confirms
the validity of the proposed model, as it can anticipate the effect of changing Vgs2 on the device characteristics.

Figures 4a and 4b show the output conductance of devices T1 and T2 , respectively. By examining the
figures, it can be seen that the proposed technique has the ability to accurately find the output conductance of

2461



AHMED and AHMED/Turk J Elec Eng & Comp Sci

Table 2. Physical constants for independent gate FinFETs used in this study.

Parameters Value
ni (× 1021 m−3) 1
k (J K−1) 1.38
T (K) 300
q (× 10−19 C) 1.6
µ (m2V−1s−1) 0.11
ϵ (× 10−12 Fm−1) 8.85
ϵsi 11.68ϵ
ϵox1 3.9ϵ
ϵox2 3.9ϵ
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Figure 3. Comparison between modeled (solid line: proposed model with the effect of height, dashed line: model
without the effect of height [15]) and simulated (dots) I − V characteristics of an independent gate FinFET with: a)
Lg = 100 nm (T1 ) and b) Lg = 10.8 nm (T2 ).

the devices, both in linear as well as in the saturation regions of operation, irrespective of the device dimensions
and applied bias.

To study the response of the model for transfer characteristics, Figures 5a and 5b are plotted. The results
of the figures show that the model is adequate in predicting the response of the device when the gate voltage is
varied. For both linear and saturation regions, the model is equally valid and it also foresees the effect of back
gate voltages on the transfer characteristics.

4. Conclusion
In this paper, an I −V model for independent gate FinFETs is presented. The model uses the potential distri-
bution inside the channel of the FinFET by solving Poisson’s equation with appropriate boundary conditions.
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Figure 4. Comparison between modeled and simulated output conductance of an independent gate FinFET with: a)
Lg = 100 nm and b) Lg = 10.8 nm.
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Figure 5. Comparison between modeled and simulated transfer characteristics of an independent gate FinFET with:
a) Lg = 100 nm and b) Lg = 10.8 nm.

The surface potential acquired by Poisson’s equation is used to derive the I − V expression. It has been shown
that height of the fin plays an important role in the characteristics of FinFETs when top gate voltage is applied.
The model is tested against independent gate FinFETs of varying dimensions, and it has been observed that the
model predicts the effect of back gate voltage on the I−V characteristics of FinFETs with reasonable accuracy.
This concurrence between the simulated and modeled results shows the validity of the proposed model and its
potential use in simulation softwares.
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Nomenclature

x, y, z Rectangular coordinates Csi Channel capacitor
ψ(x, y, z) 3-D surface potential Cox1, Cox2 Oxide capacitor
q Charge on electron Tox1, Tox2 Oxide thickness
ni Intrinsic carrier concentration ϵox1, ϵox2 Oxide permittivity
Na Doping concentration ϵsi Permittivity of silicon
ϕB Device built-in potential µ(V ) Field dependent mobility
Vch Channel potential Lg Gate length
Vds Drain-to-source voltage W Device width
Vgs Gate-to-source voltage Tfin Thickness of fin
Vfb1, Vfb2 Flat band voltages Hfin Height of fin
ξx, ξz x- and z-directed fields Ids Drain-to-source current
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