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ABSTRACT
FinFET are the modern day device structure. Presently we have rectangular shaped FinFETs as a leader in the electronic
industry. Few years back, INTEL has proposed that as a result of some fabrication-process limitations there is redundant
slope of the fabricated transistors with the original tri-gate FinFET, because of this some FinFETs have inclined surfaces,
which results in trapezoidal cross sections instead of rectangular sections. This study analyzes the influence of the
FinFET sidewall inclination angle on some relevant parameters such as threshold voltage, trans-conductance, drain
current. Then we perform a comparative study between the rectangular shaped FinFET and trapezoidal shaped FinFET.
Finaly, we analyze the corner effects in the rectangular FinFETs and trapezoidal FinFETs. All the simulations are done
through a 3D numeric simulator COGENDA GENIUS TCAD.
Keywords: DGFinFETs, Re-TGFinFET, Tz-TGFinFET, Corner Effect.

I INTRODUCTION
According to Moore's law [1], which says that
number of transistors per chip increases for every
18 months, in agreement with it the scaling of the
devices has been done to accommodate more
number of transistors on the chip. As the devices
are scaled down, planar transistors has brought
several detrimental effects such as gate oxide
tunneling, increment of leakage currents and
enhancement of Short-Channel-Effects (SCE)[2].
The effect of drain electric field over the channel
increases which ultimately giving rise to unwanted
short channel effects degrading the characteristics
of the device [3]. Due to these short channel
effects the existing devices cannot be scaled down
further. Recently, the continuous downscaling of
complementary metal-oxide semiconductor CMOS
device for achieving the necessary performance for
the growth of the microelectronics industry is
required. There are some solutions which have
extended the further possibility of scaling devices
beyond the fundamental physical limits of bulk
MOS transistors[4]. The silicon-on-insulator SOI
technology has been an extremely attractive key in
terms of performance and scalability. From the
previous experience of having the best control of
inversion charge by back and front gates of fully
depleted SOI devices, the idea of multiple-gate

devices has been developed[5]. In the recent years
tri-gate (TG) field-effect transistors (FETs) such as
fin-shaped FETs (FinFETs) have been proposed as
the best option for sub-100 nm regime of
MOSFETs due to their better gate control(from
three sides) for suppressing the short channel
effects and advantages to standard bulk planar
CMOS processing [6].
In the Triple Gate FinFET the phenomenon
caused by the presence of the top gate and side
gates is the corner effect [7] which occurs due to
the overlapping of two gate planes(vertical and
horizontal plane) near the device corners. To
reduce these corner effects Trapezoidal FinFETs
can be used. Here, in this work we perform
comparative study to analyze the electrical
properties of rectangular FinFET as shown in the
Figure 1 and trapezoidal FinFET as shown in the
Figure 2. Then we analyzed that what will be the
effect of inclined walls of a trapezoidal FinFET on
electric field and charge distribution at the corners.
We further investigated that what will be the effect
of inclined walls on mobility when the angle of
inclination changes by certain angles. Finally we
analyzed the effect of inclined fins on I-V
characteristics of trapezoidal FinFETs and
compare all the results with rectangular FinFETs.
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This paper is organized as follows: In section
II, a description of the device design and its
simulation setup along with what will be the
design impact is given. However section III
addresses the obtained results. Finally, summarizes
the important findings of this study in Section IV

channel length
Source/drain doping
Channel doping

50 nm
1e20 cm-3
1016, 1017, 1018
cm-3

II DEVICE STRUCTURE, OPERATION,
AND SIMULATION SETUP
Several independent studies conducted over the
past decade, which have suggested various device
architectures that offer better solution to short
channel effects and allow transistor to shrink
bellow sub 100 nm regime. There are several
compact models which are developed for the
rectangular double and triple gate FinFET [9]-[12].
In the recent study by the Intel [13], it is shown
that tri-gate transistors are in fact trapezoidal and
almost triangular in cross-section as shown in
Figure 3. It was not clear by that time whether the
non-vertical sides to the fins were a non-critical
manufacturing
aftermath
or
deliberately
engineered by Intel, What were its impact on
electron mobility or other device parameters.
There was a lot of speculation about the possible
advantages and disadvantages of the trapezoidal
shaped FinFET such as corner effect, threshold
voltage, mobility and so on. In this paper, we
performed a simulation analysis to see the impact
of the non vertical sidewalls by varying the angle
of inclination as shown in Figure 4 on the
performance of the FinFET using 3-D TCAD
simulator COGENDA GENIUS. Table 1 which
follows the device dimensions according to ITRS
2013 roadmap and Figure 5 shows the device
nomenclature. For the simulation we have driftdiffusion, mobility, density-gradient quantum
correction models being turned on. Enhanced
Lombardi mobility model was activated which
accounts for mobility degradation at si-sio2
interface. To find accurate threshold voltage
maximum transconductance method is used.

Figure 1. Schematic view of triple gate Rectangular shaped
FinFET

Figure 2. Schematic view of triple-gate trapezoidal shaped
FinFET

Figure 3. Microscopic view of FinFET shows that side walls
are not perfectly straight but inclined at certain angle from the
top gate.

The simulated device has the following parameters
shown in the table 1 [8].
Table 1 Parameters used for simulations
Parameters
Value used
Top silicon width WFinTop
16 nm
Silicon height HFin
30 nm
Gate-oxide thickness
1 nm
Gate work function
4.5 eV

Figure 4. FinFET's structures. (a) rectangular shaped, (b) trapezoidal
shaped withangle  1 (c) trapezoidal shaped with angle  2 (d)
trapezoidal shaped with angle  where (  1 <  2 <  ) and is the
3
3
angle between top gate and side walls of the FinFET
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FinFET by doing appropriate changes to A1 and A2
presented in Appendix.
threshold voltage=.24V

-4

2

x 10

d2Id/dV2g, [uA/V]

1.5

Figure 5. Cross sectional view of Trapezoidal FinFET
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III.1 Threshold voltage analysis

Figure 6.a Maximum transconductance method implemented on the

The threshold voltage equation for rectangular
trigate FinFET is given by equation 1[15].

 A1 (Vbi  Vd )  A2Vbi 


1

..(1)


Vt  V fb 

1   A1  A2    Vth ln  Q2th N a  

 n iW fin  


N 
where V fb  ms  Vt ln  a  is the flat band
n 
 i 
voltage, N a is doping concentration of silicon
channel, Vbi is built in potential across the source
and drain junctions given as
kt  N N 
2
Vbi = ln a 2 d 
q  n i 
and Q th is the minimum carrier charge density
which is required to turn it on in the strong
inversion conditions. The analytic expression for
Q th is presented in Appendix. It is a function of
the device natural length. We can extend equation
(1) of the threshold voltage for the trapezoidal

1883

plot of d2Id/dV2g versus Vg. . Gate-voltage at which d2Id/dV2g exhibits
a maximum value is equal to threshold voltage of device. Here
L=50nm, H=30nm, Wtop=16nm, Wbot=16nm, Vd=0.05V,
Na=1017cm-3 (Rectangular FinFET)
threshold voltage=.25V
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Figure 6.b Maximum transconductance method implemented on the
plot of d2Id/dV2g versus Vg. Gate-voltage at which d2Id/dV2g exhibits a
maximum value is equal to threshold voltage of device. Here
L=50nm, H=30nm, Wtop=16nm, Wbot=30nm, Vd=0.05V,
Na=1017cm-3 (Trapezoidal FinFET)
threshold voltage=0.255V

-4

2

x 10

1.5

d2Id/dv2g, [uA/V]

The threshold voltage value which is the most
important electrical parameter in modelling of
MOSFETs can be extracted from either measured
drain current or capacitance characteristics of a
MOSFET. There are some of the most common
methods which are available to measure the
threshold voltage [14]. Here in this paper we have
used maximum transconductance method which
suggest that the value of gate voltage at which first
derivative
of
transconductance
i.e.
dgm/dvg=d2Id/dVg2 is maximum is the threshold
voltage of the device. Plot for the threshold
voltage
detection
using
the
maximum
transconductance is shown in Figure 6.
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Figure 6.c Maximum transconductance method implemented on the
plot of d2Id/dV2g versus Vg. Gate-voltage at which d2Id/dV2g exhibits a
maximum value is equal to threshold voltage of device. Here
L=50nm, H=30nm, Wtop=16nm, Wbot=30nm, Vd=0.05V,
Na=1017cm-3 , (Trapezoidal FinFET)

Gaurav Musalgaonkar, Arun Kumar Chatterjee, Journal of Electron Devices 21, 1881-1887 (2015)

threshold voltage=.26V

-4

2

x 10

d2Id/dV2g, [uA/V]

1.5

1

0.5

0

-0.5

-1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

gate voltage[V]

Figure 6.d Maximum transconductance method implemented on the
plot of d2Id/dV2g versus Vg. Gate-voltage at which d2Id/dV2g exhibits a
maximum value is equal to threshold voltage of device. Here
L=50nm, H=30nm, Wtop=16nm, Wbot=35nm, Vd=0.05V,
Na=1017cm-3 , (Trapezoidal FinFET)
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change the shape from rectangular to trapezoidal
the position of minium potential is also shifted
which is a function of the width of the FinFET.
Figure 8 and Figure 9 show the electron density
across the channel of the FinFET. The electron
concentration data is taken from the cross section
far from the drain at half of channel length and it
can be seen -(Table 2) that for smaller inclination
angle electron concentration value is more as
compare to higher inclination angle which
ultimately leads to more corner effect in smaller
inclination angle FinFET than higher inclination
angle FinFET. There are two types of charges
present in the silicon film, depletion charge and
inversion charge. For both doping levels the
electron concentration is above 1016 cm-3.
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Figure 7. Maximum transconductance method implemented on the
plot of d2Id/dV2g versus Vg. for two different doping levels. Here
L=50nm,H=30nm, Wtop=16nm, Wbot=24nm to 35nm,Na=1016cm-3
to 1017cm-3, Vd=.05V (Trapezoidal FinFET).

Table. 2 Comparison between threshold voltage for
different angles of inclination and for two doing
levels.
Angle of
Threshold voltage Threshold voltage
inclination
Na=1016cm-3
Na=1017cm-3
.15V
.24V
00
.16V

.25V

0

13.40

.165V

.255V

180

.17V

.26V

-0.2

-0.19

-0.18

-0.17

-0.16

-0.15

channel length,[nm]
Figure 8. Electron density as a function of angle of inclination.
Channel doping=10-18cm-3, Vd=0.05V, L=50nm, H=30nm,
Wtop=16nm, Wbot=24nm to 35nm ( Trapezoidal FinFET).
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It can be observed from the figure 6 and figure 7
that the threshold voltage depends on the
inclination angle and on the channel doping level.
This is because of the dependence on the
composition of charges present in the silicon-film.
In the recent years, structures used for the
rectangular FinFET typically, the (1 1 0) side walls
crystallographic orientation and the variation on
the sidewall angles leads to a change in the surface
crystallographic orientation. Which ultimately
leads to change in the carrier mobility and
threshold voltage. It is also found that as we
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Figure 9 Electron density as a function of angle of inclination.
Channel doping=1016cm-3 , Vd=0.05V, L=50nm, H=30nm,
Wtop=16nm, Wbot=24nm to 35nm (Trapezoidal FinFET).

From the Figure 8 and Figure 9 we can easily
understand that in silicon film charges mostly
composed of depletion charge for the device with a
doping level of 1017 cm-3 and for the device with
doping level 1016 cm-3, minority carriers are
responsible for the charge composition as the
depletion charge density is now limited 1016 cm-3.
In both the cases during volume inversion there is
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a difference in the charge distribution profile. This
is because as we increases the channel doping
concentration the carrier concentration increase
near the corners and decreases in the center of the
device. The main consequence of this phenomena
is threshold voltage variation and it depends upon
the variation in fin-width.
Table.3 Comparison between electron mobility for
different angle of inclination and with two doing
levels.
Angle of
Channel
Channel
inclination doping=1018cm-3, doping=1016cm-3,
Mobility
Mobility
Cm2/V/S
Cm2/V/S
149.68
688.71
00
9.460

142

620.72

13.400

140

585.64

180

136

579.52

Figure 10 Simulation result of the Net charge present at the corner of
the FinFET, (a) rectangular FinFET, from (b) to (d) trapezoidal
FinFET with increasing angle of inclination. Channel doping Na=1018
cm-3, H=30nm, L=50nm and Vd=0.05V.

Table 3 shows the mobility values of electrons
through the surface for different structures of
trapezoidal FinFET. It can be seen that the
mobility decrease as the angle of inclination
increases. As the geometry of the device changed
from rectangular to trapezoidal different crystal
planes are exposed which have a huge impact on
mobility.
III.2 Corner Effect Analysis
The corner Effect can be defined as the leakage at
the interface of top and side gate. It is caused by
the increase of inversion charge carriers in the
proximity of the corners, which ultimately leads to
leakage current. In order to evaluate the sidewall
inclination angle influence on the corners, net
charge concentration and electric field was chosen
as an electrostatic parameter. In this work we
analysed the effect of both on device structure.
Figure 10 shows the net charge distribution
throughout the structure. It is clear from the Figure
10 the effect of charge carrier in the corners is less
as we increase the inclination angle. Figure 11
shows the effect of net electric field across the
corners. Effective electric field is lesser at the
corners as the angle of inclination increases. This
indicates that influence of corner effect is less in
trapezoidal FinFET as compare to rectangular
FinFET. Also the corner effect becomes less
significant as the channel doping decreases. This is
because in that case, carrier can be more uniformly
distributed across the top and side gate plane
interface.
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Figure 11 Simulation result of the distributed electric field across the
corners, (a) rectangular FinFET, from (b) to (d) trapezoidal FinFET
with increasing angle of inclination. Channel doping Na=1018 cm-3,
H=30nm, L=50nm and Vd=0.05V.

III.3 Effect Of Inclined Fins On Drain Current
The simulation result for transfer characteristics
and output characteristics is shown in Figure 12.a,
12.b and Figure 12.c. It is clear from the Figures
that for smaller inclination angle drain current is
more in the rectangular FinFET as compared to
trapezoidal FinFET. So we can conclude that
rectangular FinFET have better short channel
effects but corner effect is lesser in trapezoidal
FinFET as the angle of inclination increases. These
results show that trapezoidal FinFET can improve
the electrical characteristics of multigate FinFETs.
With increasing the angle of inclination Ion/Ioff,
subthreshold slope and DIBL improved
significantly because the thickness at the bottom
increases and reduces at the top which ultimately
provide better gate control over the channel.
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Figure 12.a Simulated result for drain current versus gate voltage
(with increasing angle of inclination). Channel doping Na=1018 cm-3,
H=30nm, L=50nm and Vd=0.05V (linear region). Top curve for
trapezoidal FinFET (continuous line) and bottom is for rectangular
FinFET (dashed line) with higher angle of inclination.

suggest that in trapezoidal FinFET, as the position
of minimum potential changes so we can conclude
that threshold voltage is a function of top and
bottom fin width and is independent of its cross
sectional shape. Also threshold voltage increases
for the increase in inclination angle for lower
doping and decreases for higher doping levels.
Also we can conclude that Corner effect become
lesser in trapezoidal FinFETs as the inclination
angle increases. Short channel effect is lesser in
rectangular FinFET as compare to trapezoidal
FinFET at smaller drain voltages. Over all in
trapezoidal FinFETs electrical characteristics are
improved and it can be a good alternative for
rectangular FinFETs
APPENDIX
Parameters A1 and A2 of trapezoidal FinFET for
threshold voltage detection can be expressed as a
function of device natural length given by
A1 

Figure 12.b Simulated result for drain current versus gate voltage,
(with decreasing angle of inclination). Channel doping Na=1018 cm-3,
H=30nm,L=50nm and Vd=1V. (saturation region). Top curve for
rectangular FinFET (dashed line) and bottom is for trapezoidal
FinFET (continuous line) with higher angle of inclination.

A2 

2H fin A1,sym  Wfin A1,asym

2 H fin A2,sym  W fin A2,asym
L  Z m im

e

A1,sym 

2L

e
e
L  Zm im

A1,asym 

 sy m

e
2 L  Zm im

IV. CONCLUSION
In this paper, simulations of rectangular FinFET
and trapezoidal FinFET are carried out. We
analyzed the effect of inclined fins on threshold
voltage, electron mobility, electron charge density,
electric field density. From the knowledge of
threshold voltage for rectangular FinFET we can
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Figure 12.c Simulated result for drain current versus drain voltage.
Channel doping Na=1018 cm-3, H=30nm, L=50nm and Vd=1V.
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here Z min is the location of minimum potential in
the channel.
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