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Abstract- Downscaling has been the constant need of the hour
for the past two decades to realize low power, high speed and
high-density devices. Until higher technology nodes came into
the scene, the planar CMOS structures were offering better
performance but the limitations started setting in with the
progression towards lower nodes. In order to resolve this
obstacle, FinFET based devices were proposed as they possess
multiple Gate structure resulting in better control over the
channel region and hence, charge carriers. This paper
discusses the limitations of planar CMOS technology which
paved the way for the advent of FinFETs. A literature review
of the studies carried out on FinFETS in the past twenty years
have also been presented along with a comparative analysis on
FinFET based SRAM circuits.

Index Terms- short channel effects, FinFET, CMOS, scaling,
SRAM

l. INTRODUCTION

Gordon Moore predicted that the number of transistors
present on the same area of integrated chip would
increase by a factor of two every 18 months [1], [2]. This
process is also referred by the terms ‘down scaling’ or
‘miniaturization’. Reduction in minimum feature length of
transistors governs this phenomenon. It provides designers
with the capability to place more transistors on the same chip
area. Integrated circuit chip designers employ miniaturization
technique as it equips the devices with higher speed, lower
power and higher packing density. The transistors become
smaller in size and interconnects become shorter. This leads to
reduction in capacitance (equation 1) which in turn decreases
the circuit delay (equation 2) as the speed at each node
increases by 30 percent [3].
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Here, in equation 1, C is capacitance, &€ is permittivity of
material used in transistor, A is area of chip, d is separation
between individual devices on chip. In equation 2, t is
propagation delay, V is the supply voltage and | denote the
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drive current. According to rule of thumb, the shrinking of
device dimension leads to 30 percent decrement in previous
width and previous height, each, which cumulates to the new
area being 0.49 times of the reduction in area. This can be
explained with equation 3 and 4.
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Fig.1. Relation of mask set cost with technology node [2]

New area = (0.7 * previous height) * (0.7 *
previous width) -(3)

New area = (0.49 = previous area) -(4)

Downscaling comes with benefits in the form of
higher speed, lower power consumption and higher density of
transistors on the integrated circuit chip but it also puts forth
many challenges when we shrink the technology node beyond
a certain limit, typically below 32nm technology node. As the
channel length is decreased, the Source/Drain-depletion
regions enter the channel area. The close proximity of these
two depletion regions can result in quantum- mechanical
tunneling of electrons from Source to Drain. The shrinking of
Gate-oxide layer could lead to electrons tunneling from
channel to Gate. Other obstacles include effects such as hot
carrier effect, Drain Induced Barrier Lowering (DIBL),
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surface scattering of carriers, sub threshold leakage, threshold
voltage reduction. The aforementioned effects are referred to
as the Short Channel Effects (SCE). A number of noise
sources are also observed for instance ground noise, leakage
noise, substrate noise as a reason for reduced control over the
channel due to downscaling process.

Another perspective of this phenomenon involves
increasing the transistor integration capacity which also
increments design complexity resulting in elevation of design
and validation costs. With technology miniaturization, cost of
transistors goes down by half whereas on the other hand, the
cost of fabrication facilities and mask sees a rise [4]. Scaling
down of MOS transistors leads to lowering of device
performance and high leakage resulting in increased
consumption of power, interconnect delay, noises and parasitic
capacitances. Some research articles have reported
downscaling to be the cause of reduction in Gate
controllability on charges traversing in the channel region.
This is one of the causes for the occurrence of SCE [5].

Due to the fact that CMOS technology approaches a lot of
limitations as we proceed towards lower technology nodes,
there was a need for new device structures, especially below
32nm. Multigate FETs, commonly known as FinFETS,
emerged out as an alternative to the planar MOS transistors as
they offer excellent control over channel. The rest of the paper
comprises of following sections: section Il presents
introduction of FIinFETSs, section Ill reviews few research
papers on FinFETs. Comparative analysis of FInFET based
SRAM research works has been covered in section 1V. We
explore the challenges of FIinFET devices in section V and
section VI concludes the paper.

1. INTRODUCTION TO FINFETS

FinFET was first proposed by Chenming Hu and his
colleagues in University of California at Berkeley in 1990s.
However, it is worth noting that idea of multigate transistors
was first conceptualized in 1987 by Hieda et al [6]. The
structure of FinFETs can be visualized similar to the MOS
transistor rotated by 90 degrees along the Drain-Source, thus,
forming a wrapped-like structure as shown in figure 2. Planar
MOSFETSs have horizontal channel whereas vertical channel is
present in FinFETs. The Gate of FinFET is wrapped around
the channel in order to provide better control over the charge
transport occurring in the channel. The short channel effects
caused due to the threshold variations were overcome by
employing multigate devices. They possess a non-planar
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[7]. FinFETs have higher ON current and high device
scalability.

Fig.2. FinFET basic structure [8]

The main issue faced while scaling of devices takes
place is the leakage current during off-state. FinFET is able to
annihilate the short channel effects to a satisfactory limit
added with high current driving ability [9]. The FinFET
technology is an emerging pillar in this era which possesses
low power consumption, requiring small area, robustness
against short channel effects and faster operational speed.
They are said to be quasi-planar since the direction of current
is parallel to wafer and channel is perpendicular to the current
direction flow [10]. The reason for the name “Fin” FET is due
to the fact that the Source and Drain of the structure resemble
the fins of fish. Fins are the most important and crucial part of
FinFETSs. Stability of FinFETs is defined by the fin height.
Small fins render more stability to the structure as they make it
more flexible, when compared with the long fin counterpart
[11], [12].

Channel length in FInFET is associated to fin height
referred to as width optimization. Hence, current flow in the
ON state can be incremented by increasing fin height and
number of fins [11]. The quantum confinement effects causes
an increase in the threshold voltage as we decrement the fin
width [13]. One of the obstacles while down scaling the MOS
transistors was the loss of controllability over the channel
charge. This issue could be resolved by increasing number of
Gates of transistor which increases the capability of Gate to
control channel charge [14], [15]. This idea is employed by
multigate transistors. Fin height is a quantifiable factor. It is
restricted in the sense that there can only be integral number of
fins in a FinFET. By accumulating number of fins, we can get
improved electrostatic control over the channel current.
Channel length of FINFET device is given by the equation 5.

structure and are being capable of being operated in different L.ch = 2 (H_fin) + T fin - (5)
modes such as low-power, independent gate and shorted gate
http://xisdxjxsu.asia VOLUME 17 ISSUE 11 57-64
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Here, L_ch is the length of channel, T_fin is the
thickness of fin and H_fin is the height of fin. Initially,
FinFET structure was presented as Silicon-on-Insulator (Sol)
type. In this classification, the fins (that is Drain and Source
regions) are isolated from the Silicon substrate due to presence
of SiO; in between. Sol FIinFETs have the capability of
suppressing any possible leakage that might occur between
Source and Drain. It also boasts high speed characteristic due
to low values of Drain/Source to Substrate capacitance.

Bulk FinFET SOI FinFET

Gate

Si-fin

BOX —»

Aad
W!m

Fig.3. SOI and Bulk FinFET [16]

The bulk-FinFET structure has garnered recognition lately due
to its high compatibility with the planar CMOS structure. It
has an added advantage of low fabrication cost incurred. The
fins of bulk-FinFET structure are etched out all the way
through SiO2 to make contact with the Silicon substrates, thus
making it stand apart from the Sol counterpart. Owing to its
unique structure, the bulk-FinFETs have an exorbitant rate of
heat transfer to the substrate.

Front Gate Back Gate

Fig.4. Independent Gate (IG) FinFET [17]
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Independent Gate (IG) and Shorted Gate (SG). IG FinFETS
have four-terminals comprising of two separate gates, making
it a four-terminal device [18]. In this, the designer has the
liberty of being able to apply two different signals at the two
gates giving a higher electrostatic control over the channel
charge. The only disadvantage is requirement of more
fabrication area which elevates the cost.

Fig.5. Shorted Gate (SG) FinFET [17]

The other class of FinFETSs is referred to as Shorted-
Gate FinFETs. In this, the two gates (as in case of IG
FINFETs) are connected together, thus making it a three-
terminal device. The off-state current in SG FInFETS is higher
than that in case of IG FinFETs. Due to the gates being
shorted, only one signal can be applied at the (shorted) gate
terminal [19].

1. LITERATURE REVIEW

A rigorous research study has been carried out on
FinFETs for over two decades, resulting in thousands of
publications. Some of these include studying of the impact
intensity of short channel effects on FinFETS, heat tolerance,
impact of dopants on the device and deriving new fault models
for circuits. With the limitations of planar CMOS technology
staring at our face now, the semiconductor industry
researchers are considering the FinFET technology to
substitute CMOS. This section explores some of the previous
research publications on FInFETS.

A) “Fault Modeling for FInFET Circuits” by Muzaffer
O Simsir et al., 2010 [20]

e This work discusses whether the fault
models of CMOS technology are sufficient
and capable enough to model all the defects

FinFETs can be classified into two additional of FinFETS.
categories based on the connection of Gate terminal, namely
http://xisdxjxsu.asia VOLUME 17 ISSUE 11 57-64
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e Here the authors examined the behavior of
inverter and NAND logic gates by
deliberately introducing defects, shorting
each transistor’s Source and Drain terminals.

e Results exhibited a need to introduce new
fault models in order to capture all defects in

FinFETSs.

B) “Impact of Parameter Variations on FinFET

Faults” by G. Harutyunyan et al., 2015 [21]

e In this paper, the authors presented a
compact analysis concerned with effects of

parameter variations on the faults observed
in FinFET based memories.

e Three FINFET based memory instances and
two FinFET models, namely fin-open and
gate-fin short, were chosen to carry out this
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e This paper explores the impact of doping on
FinFETSs.

e Implementation of circuits was done with
the help of TCAD software.

e It was inferred from the results that Drain
current increases with increase in Gate
voltage, which deduced that resistance
decreased at higher Gate voltage.

D) “Low Leakage Current Symmetrical Dual-k 7 nm

Trigate Bulk Underlap FinFET for Ultra Low
Power Applications” by Mahmud S. Badran et al.,
2017 [23]

e This work was concerned with achieving
lowest possible leakage current for ultra-

study. low-power applications.
5e-05 - e Implementation of proposed FinFET was
le16 d=ie20 carried out using Sentaurus TCAD software
s et sreis . and attempted to decimate leakage current
e . ,_:-_';’...--- by making adjustments in spacer length,
e subthreshold effective length and work
0% B function.

I{drain)[A]

2e-05 =

o Results proved that the proposed FinFET
circuit achieved lowest leakage current
compared to the publications till that year.

1e-05 —

E) “Investigation of Electrothermal behaviors of 5nm
lh.r-i 0.6 CI.IB 1 J.Iz l.r-i J.1ﬁ Bulk FinFET” by JOnngOk Jeonetal., 2017 [24]
Vapp(drain) [V]

Fig.6. Iq —Vqcurve for 32nm Gate length n-FinFET [22]
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C) “32nm Gate length FIinFET: Importance of
Doping” by Neha Somra and RS Sawhney, 2015 [22]

leuegn

avln[dng?)

Se-05 —

los [A]

40-05 —| —=— Vg=0.5v -

Stressed for 100 Hr without SHE

= s Stressed for 100 Hr with SHE
5
3 Ves V]
g 2e-05
Fig.8. Variation of Ipsversus Vgs demonstrating the self-
e heating effect [24]
o - e This work was concerned with self-heating

effect (SHE) in bulk FinFETs. The
reliability and performance of FinFET
devices are badly affected by SHE.
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FoM

In technology nodes as low as 5nm,
generally heat gets dissipated via metal
interconnects instead of substrate, thus,
giving rise to self-heating of the structure. It
occurs due to poor thermal coupling
between fins and the substrate.

The authors also proposed a new Figure of
Merit (FoM) given by

1
- (td)*(AVth_degrad) ) (6)

td is inverter propagation delay and AVth_degrad is
degradation of threshold voltage due to negative bias
temperature instability (NBTI) owing to variations in
device dimensions.
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Fig.9. Ipvariation at different Vg values by keeping Vp=0.05

volts [25]

Following observations were made during
the course of this study:

» Increase in gate height degrades zd.

» Decrease in fin height or fin width
or both, improves td and hence,
degrades FOM.

F) “Temperature-dependent short-channel
parameters of FinFETs” by Rinku Rani Das et al.,
2018 [25]
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In this work, various FinFET characteristics
were explored and analyzed with respect to
varying temperature.

MuGFET (nanoHUB) simulation software
was employed for the simulation purposes.

e Authors of this paper have considered
following FIinFET characteristics for this
study: sub threshold swing, Drain Induced
Barrier Lowering (DIBL), threshold voltage
and Drain current as a function of
temperature.

e Results inferred that in terms of Gate
voltage, low temperature performance is
more preferable over high temperature.

e On the other hand, in terms of Drain voltage,
operating at

e high temperature results in improved
performance.

G) “Analog Performance and Its Variability in Sub-
10 nm Fin-Width FinFETs: A Detailed Analysis”
by Mandar S. Bhoir et al., 2019 [26]

e This work studies the effects of sub-10 nm
fin width on the analog performance of
FinFETSs.

e  Astrong correlation was observed between
gasand DIBL in case of FinFETs with short
Gate length which affirms role of DIBL on
gas- Also, DIBL reduced with fin width
scaling implying gas reduction with fin width
scaling.

e Degradation of mobility can be decreased by
smoothening the fin-side walls.

e (gm degrades and ggs enhances in case of
thinner fins leading to less analog
performance benefits.

V. FINFET BASED SRAM CIRCUITS

They offer lower power consumption compared to CMOS
for SRAMs. A basic SRAM cell circuit is shown in figure 10.
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Fig.10. Basic SRAM cell circuit [27]

Table I: SRAM array parameters implemented using FinFET

technology
Performance [28] [29] [30]
parameters
Length 25 nm 0.355 0.304
pm pm
Wordline resistance 1.02 0.8 3.596
per cell (Q)
Wordline capacitance | 0.58 f 8f 0.107 f
per cell (F)
Bitline resistance per 0.42 0.73 1.744
cell ()
Bitline capacitance 0.13f 2.3f 0.027 f
per cell (F)

Recently, FinFETs have attracted the attention of
SRAM (Static Random Access Memory) designers due to the
fact that FINFETs have better SCE control and sub threshold
slope. We have also compared some research works done on
FinFET based SRAM designs based on relevant performance
parameters and have summarized them in table I and II.

Table Il: Benchmarking of 6T FinFET based SRAM designs

Performance [27] [31] [32]
parameters
Transistors 6 6 6
Write delay (ns) 1.95 0.092 0.65
Read delay (ns) 0.47 2.68 2.25
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Write Static Noise 0.15 0.401 0.42
Margin (V)

Read Static Noise 0.04 0.095 0.135
Margin (V)

Owing to the advantages that FINFETSs possess, they
are being employed by circuit designers for lower technology
node implementations. Due to this reason, they are used to
design SRAM circuits because memory circuits occupy more
than 60 percent of the chip area. So, it is more feasible and
advantageous for the designers to employ technology like
FinFETs which require lesser area on ICs.

V. CHALLENGES IN FINFETS

1) Fin dimension variation: The fin height directly
translates to effective width of FinFET structure. It
also assumes a very critical role in rendering stability
to the whole device. The devices with small fins are
more stable as compared to the long fin structures.

2) Parasitic capacitance: FinFETs have higher
parasitic capacitance as compared to the one present
in case of planar MOSFETSs. Increase in fin height
leads to reduction in gate to fin capacitance [33].

3) Fin shape: The fins are designed with an inclination
of few degrees with the horizontal axis [34]. This
improvisation is carried out with the motive of
making FinFET structure robust. But this makes the
structure more vulnerable to short channel effects.

4) Channel doping: Fully depleted channel is desirable
in order to have Gate control over the leakage
current, slight doping is done in the channel region.
However, this results in damaging the fin structure
[35].

5) Reliability issues: Due to the continuation of scaling
down of FinFETs beyond a certain limit, a concern
arises in the areas such as self-heating effect (SHE)
and bias temperature instability (BTI) to name a few.
BTI can be further classified into two types: positive
bias temperature instability and negative bias
temperature instability.

6) Miscellaneous:

e Layout designing becomes complex for
technology node below 28 nm design.
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e Number of fabrication-based design rules
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