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Abstract

Novel dual-threshold voltage FInFETs for
circuit design and optimization

by

Masoud Rostami

A great research effort has been invested on finding alternatives to CMOS that have bet-
ter process variation and subthreshold leakage. From possible candidates, FinFET is the
most compatible with respect to CMOS and it has shown promising leakage and speed
performance. This thesis introduces basic characteristics of FinFETs and the effects of
FinFET physical parameters on their performance are explained quantitatively. I show how
dual-V}, independent-gate FinFETs can be fabricated by optimizing their physical param-
eters. Optimum values for these physical parameters are derived using the physics-based
University of Florida SPICE model for double-gate devices, and the optimized FinFETs
are simulated and validated using Sentaurus TCAD simulations. Dual-V}, FinFETs with
independent gates enable series and parallel merge transformations in logic gates, realiz-
ing compact low power alternative gates with competitive performance and reduced input
" capacitance in comparison to conventional FinFET gates. Furthermore, they also enable
the design of a new class of compact logic gates with higher expressive power and flexi-
bility than CMOS gates. Synthesis results for 16 benchmark circuits from the ISCAS and
OpenSPARC suites indicate that on average at 2GHz and 75 °C, the library that contains
the novel gates reduces total power and the number of fins by 36% and 37% respectively,

over a conventional library that does not have novel gates in the 32nm technology.
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Chapter 1

Introduction

Difficulties in the state of the art CMOS devices, such as high levels of process variations
and leakage power, have been the motivation for discovery of novel device structures. ITRS
2009 has mentioned multi-gate devices, such as FInFET, along with ultra-thin SOI devices
as possible scaling paths for low power digital CMOS technologies [2,8]. ITRS speculates
that FinFET research and development will result in a successful double-gate chip in 2013.
FinFET is a slab (fin) of undoped silicon perpendicular to the substrate. FinFET is com-
patible with standard CMOS over most of its processing steps [14]. At least two sides of
the fin are wrapped around by oxide simultaneously, which breaks up the active regions
into several fins. As a result, an additional gate increases the electrostatic control of the
gate over the channel and makes very high [,/ [, ratios achievable. FIinFETs have also
shown excellent scalability, suppression of short channel effects, and limited parametric
variations.

A FinFET with two independent gates is a novel variant of double-gate devices. Two
isolated gates are formed by removing the gate regions at the top of the fin. Although the
gates are electrically isolated, their electrostatics is highly coupled. In an independent-
gate FinFET, the threshold voltage of either gate is easily influenced by applying an ap-
propriate voltage to the other gate. This technology is called multiple independent-gate
FET (MIGFET) [22] and can be integrated with regular double-gate devices on the same



chip. A successful implementation of a FinFET device with InGaAs material and a FinFET
with three independent gates has also been reported in [39] and [23], respectively.

Many innovative circuit styles exploiting the extra gate(s) in these devices have been
proposed in literature [4,9,25,34]. In [9], the authors showed that a pair of parallel transis-
tors in the pull-down or pull-up network of gates can be merged into a single independent-
gate FinFET to get a compact low power implementation of the same Boolean function.
In [25], four variants for the same function were designed: conventional shorted-gate (SG)
mode, independent-gate (IG) mode with merged parallel transistors driven by independent
inputs, low power (LP) mode with a reverse-biased back-gate, and an IG/LP mode that
combined the LP and IG modes. The use of an independent-gate voltage keeper to improve
the reliability of dynamic logic has also been proposed in [27,34]. However, no published
work based on FinFETs has extensively explored the possibility of merging series transis-
tors to reduce power and area.

This thesis proposes two innovations in FinFET circuit design. The first innovation
is the realization of dual-Vj, independent-gate FinFETSs to enable the merging of pairs of
series transistors in logic gates. I show that a dual-V4, FInFET can be realized by tuning the
electrode work-function, oxide thickness, gate underlap, and silicon thickness without any
additional biasing scheme. New high-V4, transistors are realized in addition to the regular
low-V, ones by tuning these parameters. The high-V;, devices will have low resistance iff’
both independent gates are simultaneously activated. The high-V, behavior complements
the behavior of low-V}, independent-gate FinFETs. The low-V4, devices will have a low
resistance when either of the gates is activated.

The optimum values of the design parameters for both the low-V}, and the high-Vi,
devices were determined using the University of Florida double-gate (UFDG) SPICE mo-
del [41]. The UFDG model is a physics-based model that has shown excellent agreement
with physical measurements of fabricated FinFETs [41]. It allows several design parame-
ters such as the fin width, channel length, gate-source/drain underlap, and work-function to

be varied simultaneously. UFDG enables fast and accurate exploration of the best techno-



logically feasible parameters that are required to realize independent-gate dual-Vj, FinFETs
for the 32nm node. The threshold voltage of high-4, devices is engineered by tuning their
silicon thickness and electrode work-function. It is also shown that increasing the oxide
thickness of high-V, devices by a factor of two ensures low current when only one of the
gates is activated and boosts the current when both the gates are activated. Finally, all the
designed devices were simulated and validated using the Sentaurus design suite [3]. The
results show excellent agreement in /-V behavior, thereby verifying the integrity of the
proposed design methodology.

The second innovation described in this report, based on dual-Vj, FinFETs, is the de-
sign of new classes of compact logic gates with higher expressive power and flexibility than
conventional forms. Dual-V}, FinFETs with independent gates make it possible to merge
series transistors, and simultaneously merging series and parallel transistors allows the re-
alization of compact low power logic gates. By performing series or parallel mergers, logic
gates with lower input capacitance and area footprint can be obtained. Although these fin
mergers come with a slight deterioration in gate delay, it is shown that reducing the number
of stacked devices by series mergers and moving high-V, devices closer to the output pin
is a good strategy to mitigate the loss in performance. Further, it is proposed to use the in-
dependent back-gate as an independent input, effectively doubling the number of inputs to
a logic gate. Using the rules for static logic, if a high-14;, transistor is used in the pull-down
network, the corresponding transistor in the pull-up network is a low-V4, transistor, and vice
versa, respectively. These transformations enable us to to implement 12 (56) unique logic
gates using only 4 (6) transistors. Finally, I also illustrate how defactoring Boolean ex-
pressions can be used to convert the pull-up and pull-down networks into equivalent forms
where series/parallel transistors can be merged effectively using dual-Vj, transistors. The
defactoring transformation not only reduces the number of devices, but also the number of
stacked transistors in the optimized logic gates, which can potentially increase the speed of

the gates.

The logical effort parameters of the basic and the optimized logic gates were extracted



into conventional and enhanced technology libraries. 16 benchmark circuits from the IS-
CAS and OpenSPARC suites were synthesized to operate at a frequency of 2.5 GHz, and
their dynamic power was estimated at 2 GHz. The results show that on average, the com-
plete library reduces the total power by 36% and the number of fins by 37%, over a con-
ventional library based on shorted-gate FinFETs in 32nm technology. On the other hand,
the library that is built using only parallel mergers proposed in literature results in a 20%
reduction in the total power and 21% reduction in the number of fins, over a conventional
library based on shorted-gate FinFETs in 32nm technology.

Chapter 2 provides a basic review of FInFETs. Chapter 3 describes the design of dual-
Vin independent-gate FinFETs based on electrode work-function, gate oxide thickness, sil-
icon thickness, and gate-source/drain underlap tuning. Possibility of asymmetric double-
gate devices is also explored in this chapter. Chapter 4 describes new circuit styles based

on these FinFETs. Chapter 5 presents the results and chapter 6 is a conclusion.



Chapter 2

Background

Double-gate devices were first investigated because intuitively, an additional gate is ex-
pected to suppress short channel effects and improve 7,/ /¢ ratios by increasing electro-
static stability. The electric potential along the undoped channel (xz direction in Fig. 2.1)

can be approximated by
x
¢ = Co - exp (i:\-) , Q.1

where Cj is a constant and A is the natural length of the device. A is given by the following

A= St 2.2)
n - Eox

A should be as small as possible to quickly damp the influence of drain potential on the

expression [8]:

channel. Reducing X is possible by using high-x dielectric materials, decreasing oxide
thickness ¢,x and/or silicon thickness tg;, or by increasing the relative control of the gate
through the coefficient n. n is one for single-gate devices and two for double-gate devices.
Thus, using double-gate devices not only helps suppress short channel effects, but also
relaxes the physical requirements on tg; and ¢ .

Early double-gate devices were manufactured using planar technology and suffered

from several manufacturing hurdles, such as self-alignment of the front-gate and back-gate



and the lack of an area efficient contact to the back-gate. Each of these physical chal-
lenges effectively creates new parasitic elements that counterbalance the main benefits of
the double-gate device. FInFET devices have been proposed to overcome the manufactur-
ing hurdles of double-gate devices. In FinFETs, the gate oxide is formed on both sides
of the fin simultaneously, which solves alignment issues of source and drain junctions and
simplifies the manufacturing process.

The FinFET channel is a tiny slab (fin) of undoped silicon perpendicular to the device
substrate. The cross-section of a typical FinFET is presented in Fig. 2.1, where taf, tabs tsi,
and L, are the thickness of front-gate, the thickness of the back-gate, the fin thickness, and
the gate-source/drain underlap, respectively. The height of the fin (h4,) is perpendicular to
this cross-section and is not shown. The fin height, hg,, acts as the width of the channel.
If the front-gate and the back-gate are shorted (tied), the effective channel width is twice
the fin height. hg, cannot be changed across the chip, but stronger devices can be built by
using an appropriate number of parallel fins in each transistor. Thus, the channel width of
a FinFET is given by W = ng, X hgn, where ng, is the number of parallel fins. Since the
distance between the parallel fins must be greater than or equal to a technology-specified
fin pitch, the fins must be high enough to make the FinFET I,, competitive with planar
CMOS; i.e., FinFETs should be able to deliver the same [, for an equal area. However,
taller fins come at the cost of granularity in the gate strength. In other words, the smallest
gates that are usually used in non-critical paths would be too big, which may increase the
leakage power of circuits.

The FinFET structure has several advantages over planar CMOS. Although phonon and
surface scattering is higher than planar CMOS, the undoped channel of the FinFET elimi-
nates Coulomb scattering due to impurities, resulting in higher electron and hole mobilities
overall [26]. Furthermore, the ratio of p-type to n-type mobility is better than CMOS. Un-
like CMOS, the threshold voltage is not altered by variations in the source-to-body voltage.
This, along with improvement in mobility, paves the way for a longer series of stacked

transistors in the pull-up or pull-down networks of logic gates.
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Figure 2.1: 2-D cross section of a typical FinFET

Table 2.1: Physical parameters of 32nm FinFETs

¢ Paramcter | Range ]
tox of front and back 1-2nm
source/drain doping 2.10%0

work-function n-typc | 4.5-4.8¢V

work-function p-type | 4.5-4.85¢V

Ly 3-5nm
gate length (L) 32nm
Rin 40nm
tsi 6-12nm
Vop 09V
tor 28nm
tob 28nm

Three available models exist for FinFETs: the predictive technology model (PTM) [5],
BSIM-MG model [10], and the University of Florida double-gate (UFDG) model. Excel-
lent agreement with physical measurements have been reported for the UFDG model [41].

The UFDG model successfully accounts for quantum mechanical carrier distribution in the



body and channel in both the sub-threshold and strong inversion regions of operation. Fur-
thermore, the UFDG model is a physical model that allows designers to change several
design parameters such as fin width, channel length, gate-source/drain underlap, and work-
function simultaneously. Subthreshold leakage that is the dominant component of leakage
in FinFETs, is rigorously treated within the UFDG model. Note that the UFDG model does
not account for the gate leakage in FInFETs. This is not a significant drawback since gate
leakage is not the dominant leakage component in FinFETs owing to the presence of a low
electric field across the gate.

All simulations reported in this project are performed with the UFDG model. In table
I, I report the typical ranges of physical parameters for a 32nm FinFET technology used in
our simulations. Note that all the parameters are in the acceptable range for this technology
node. Note also that the designed FinFETs are validated with Sentaurus TCAD simulations

to ensure the integrity of the designed FinFETs, as reported in chapter 3.



Chapter 3

Dual-V};, independent-gate FinFETs

Independent-gate (IG) FinFETs can be fabricated along with conventional shorted-gate
(SG) devices on the same die by removing the top gate region of the FinFET. Since the
thickness of the silicon fin is small (1-2nm), the electrostatic coupling between the gates
is high, and the channel formation in one gate is highly dependent on the state of the other
gate. In other words, channel formation under a gate is easier if the other gate is already
turned on. Furthermore, if the back-gate of an IG FinFET is disabled, not only is no channel
formed near the disabled gate, but the threshold voltage of the other gate is also increased.
Hence, disabling one gate reduces the drive strength of the transistor by more than half.
However, the disabling of one gate may speed up the circuit indirectly, because the input
capacitance of devices with disabled back-gates is roughly half of conventional shorted-
gate devices. The reduction in the input capacitances reduces the load on the gate that
drives them, which makes disabled back-gate FinFETSs an attractive option for non-critical
circuit paths. Note that the back-gate of n-type and p-type devices are disabled by applying
zero and Vpp, respectively.

In conventional IG FinFET devices, a channel will be formed if either of the gates is
activated. In other words, the device behaves like the OR function; so, they are suitable
for merging parallel transistors in pull-up or pull-down logic networks. However, in order

to merge series transistors, devices that behave like the AND function are needed. Such a
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device is required to have a higher threshold voltage than the regular devices. In IG devices
with AND-like behavior, if just one gate is activated, the threshold voltage must be high
enough to prevent meaningful channel formation. But, if the other gate is also turned on,
fast electrostatic coupling between the two gates must decrease the threshold voltage and
enable channel formation. In other words, these high-V;, devices must be activated iff both
their gates are activated in order to be suitable for merging series transistors. Note that high-
Vin FINFETS cannot be realized by engineering the channel dopant concentration, like [7],
because the FinFET channel should be kept undoped to avoid excessive random dopant
fluctuations. I will show that high-V{, IG FinFETs can be realized by careful selection
of FIinFET physical parameters without the use of any additional bias voltages. Tuning
the gate oxide thickness, the electrode work-function, the silicon thickness, and the gate-
source/drain underlap to realize dual-V}, devices is thoroughly explored in this chapter. The

chapter is concluded with a brief introduction of asymmetric double-gate devices.

3.1 Design of High-V};, devices

The physical parameters of high-Vy, devices must be selected to achieve the following two
objectives simultaneously: (a) if only one gate is activated, the current must be as low as
possible and (b) if both gates are activated, the current must be as high as possible. The first
objective necessitates that the device have a high-threshold voltage. The threshold voltage
of a FinFET threshold voltage is approximated by

Vih = —@ms + —2—"— 4 Vigy + VM /SCE (3.1)

where ¢y is the difference between work-function of electrode and silicon, ()p is the deple-
tion charge in the channel, Cy is the gate capacitance, Vi, is a constant that represents the
limited availability of inversion charges in the undoped channel, Vom models the quantum-
mechanical increase in the threshold voltage, and V5cg models the short channel effect [8].
Since the transverse electric field is quite low in undoped FinFETs with silicon thickness

greater than five nanometers [12], Vom is negligible for the FinFETs considered in this
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project with {s; in the 6-12nm range. Qp is relatively small in undoped or slightly doped
channels, hence increasing o (x Cy;!) does not have much effect on threshold voltage.
In summary, a high threshold voltage can be achieved only by manipulating the ¢ and
Vsce terms. Since Vsce is mainly governed by the thickness of the silicon, decreasing tg;
improves the short channel effects and hence increases the threshold voltage.

Increasing the threshold voltage is not sufficient to simultaneously achieve objectives
(a) and (b). Besides the threshold voltage, it is imperative to manipulate the subthreshold
slope in modes (a) and (b). The subthreshold slope S is the logarithm of the slope of the
device /-V curve in the subthreshold region and is given by the following equation:

kT AVC,S AVGS
= _9¥6s  _ppyo. 2L —60- ,
0log Ips q Ay Afs;

where 1/s; is the surface potential at the gate of interest. For the case when one of the gates

(3.2)

is deactivated and the other is turned on, meeting (a) requires that S must be as high as
possible to decrease I,,. The subthreshold slope can be approximated by the following

equation in this mode of operation [21]:

tsi + 6tox
S =60 ———. 3.3
tsi + 3lox G-3)
Differentiating this equation with respect to ¢, yields
il (3.4)

where 7, is a positive constant. Since this derivative is always positive, the subthreshold
slope S can be increased in this mode by increasing ¢o for the device.

For the case when one of the gates is already activated and the other gate is to be turned
on, (b) requires that S must be as low as possible to increase the /,,. S can be approximated
in this mode by [21]:

t si + 6tox

3.5
3 (3-5)

Differentiating this equation with respect to /. yields

—n2
e 3:6)
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where 7, is a positive constant. Since the derivative in this mode is always negative, the
subthreshold slope S can be decreased in this mode by increasing ¢, for the device.

Thus, higher ¢, increases S in mode (a), decreases it in mode (b), and helps achieve
both objectives simultaneously. However, as Eq. 3.4 and Eq. 3.6 show, the gain from
increasing to, quickly diminishes as ¢, increases. In undoped devices, the gate quickly
loses control over the channel if ¢, is increased aggressively [38]. In fact, the overall
leakage first decreases as fox is increased. Beyond a certain point, however, this trend
reverses and leakage current increases due to severe drain-induced barrier lowering (DIBL)
effects. Thus, there exists an optimum [/, to obtain minimum leakage, while trying to

achieve both objectives (a) and (b).

3.2 The optimum gate underlap

In addition to the work-function, the silicon thickness, and the oxide thickness, it is also
necessary to consider the effects of gate-source/drain underlap on the performance of low
and high-V}, devices. As described in the previous chapters, an optimum underlap is imper-
ative for efficient suppression of short channel effects. Optimizing the amount of underlap
has been used in literature to enhance the performance of FinFETs [33, 35]. The effect
of underlap on performance can be modeled by a bias-dependent effective channel length.
Under weak inversion, the underlap is added to the gate length, which causes a drastic
reduction in I,g. At high drain-source voltages, the effective channel length is almost the
same as the physical channel length resulting in a small reduction in /,,. Hence, the amount
of underlap must be carefully selected to achieve the highest possible suppression of short
channel effects, while keeping [/, in its acceptable range.

Besides I,,, I, and drain/source contact resistances, the parasitic gate-source/drain
capacitances (Cgs/p) also strongly depend on the amount of underlap. These parasitic ca-
pacitances are caused by inner and outer fringing electric fields and are important in per-

formance optimization of FInFETs [12]. Increasing the underlap separates the gate and
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source/drain region further from each other, which reduces the gate parasitic capacitances.
Therefore, modifying the gate capacitance enables a trade-off between the power and speed
of logic gates. The delay of a logic gate depends on /,, and the gate capacitance as

Ion
Cosp

ly o 3.7

Hence, increasing the underlap may improve the speed of gates, while counter-intuitively
decreasing /,,. In the following paragraphs, the electrical characteristics of these devices

will be explored.

3.3 Characteristics of low and high-V};, devices

Table 3.1: Vi, tox, and electrode work-function (¢) of high-V4, (H) and low-V}, (L) devices
in shorted-gate (SG) and disabled back-gate (IG) modes

Vin (V)
tox (nm) P (eV) tsi(nm) ly(nm)
SG 1G
L H L H L H L|H L H L H
n-type | 2 4.5 4.8 12 6 3 5 0.18 0.3 0.54 | 0.97
p-type 1 2 485 | 45 12 6 3 5 0.09 | 0.16 0.5 0.95

The tox, tsi, Ly, and electrode work-function (¢) of p-type and n-type FinFETs were
swept over their ranges in UFDG to obtain the optimum combination of these parameters,
summarized in Table 3.1. The threshold voltage is defined as the gate-source voltage nec-
essary to obtain Ips = 100nA/um, when Vps = 50mV [6]. Threshold voltage of both
high-V4, and low-V}, FinFETs in shorted-gate (SG) and disabled back-gate modes (IG) are
also listed in Table 3.1. As expected, the threshold voltage difference between SG and IG
modes is considerably higher in high-V4, devices than low-V}, devices. This difference is
explained by the fact that in the IG mode of low-V;, FinFETs, the inversion layer can be

easily formed. This channel shields further gate-to-gate coupling, and hence a huge drop in
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Figure 3.1: [-V curves of (a) n-type and (b) p-type high-V}, and low-V4, FinFETs in

shorted-gate and disabled back-gate modes

threshold voltage is not seen in this mode [7]. In contrast to low-Vj, devices, no inversion
layer can be formed in the IG mode of high-V4, FinFETs. Thus, when both gates in a high-
Vin FInFET are simultaneously on, the strong electrostatic coupling between them creates
an inversion layer and produces an acceptable [,,. Further, the ts; of high-V4, devices is
chosen to be smaller to enhance this effect.

SPICE simulations with the UFDG model have shown that using the physical param-
eters in Table 3.1 results in acceptable performance with minimum static leakage in both
high-V};, and low-V, devices. I-V curves of n-type and p-type FinFETs for four configura-
tions: low-Vy, shorted-gate, low-V4, disabled back-gate, high-V4, shorted-gate, and high-V4,
disabled back-gate are shown in Fig. 3.1. Static leakage of these modes is also in the range
of a recently manufactured FinFET [20].

All the n-type and p-type devices were simulated and validated with the Sentaurus
design suite [3] to verify the integrity of the proposed methodology. The 2-D FinFET
structure shown in Fig. 2.1 [28] was used for the simulations. In Sentaurus, the drift-
diffusion mobility and density-gradient quantum correction models were enabled. Since
FinFETs consist of ultra-thin slabs, quantum correction is also necessary and this feature
was enabled. The mobility models also include mobility degradation due to scattering and

high lateral and perpendicular electric fields. Additional steps to calibrate the Sentaurus
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tools for a completely accurate simulation of FinFETs is discussed in [19]. The results of
simulations are compared with UFDG in F 1g 3.2 for n-type devices. The figure confirms
the underlying hypothesis that high-Vi, devices with AND-like behavior and manageable
leakage is physically possible in FinFETs.

l 0 T T T T T T T T
.a_Low—VT + Shorted—gate

10° | .e.L0w~VT+Disablcd—gate g = — O

-A-High—V_ + Shorted—gate . e O AT
o -
10°° |- High—V_+ Disabled—gate{ /.- s ° a J
g o’ »
10" F E
Kol
8 D'k
10 : o
9 . -
107t .
@ . Ko)
107"% 3 .
& A
10 14 ‘
S v
107" I 1 L L
0 0.1 0.2 0.3 0.4

Figure 3.2: UFDG (dotted lines) and TCAD (solid lines) simulations of n-type devices are

compared.

From the -V curves, it is clear that if just one gate is activated in high-V4, transistors,
the current is low enough that the transistor can be considered to be in the off-state. Thus,
these devices will still have low static leakage. In the case of low-V4, devices, if just one
of the gates is activated, the device can be considered to be in the on-state. However,
the device current drive is around 60% less than the current drive of shorted-gate devices.
Lower current drive makes the gates with merged series or parallel transistors slower than

gates with conventional shorted-gate transistors and limits their use to non-critical paths.
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3.4 Fabrication issues of high-V};, devices

Note that technologically, fabricating multiple work-functions requires two additional steps
to mask and etch the gate material. It has been reported [17] that the work-function of TiN
gate on HfO, oxide is 4.83eV and the work-function of TiN gate on SiO,/HfO, can be set
to 4.54eV by modulating the the SiO; thickness. These values are very close to the selected
work-functions in table 3.1. It is also possible to have two values for t,,; even FinFETs with
asymmetric front and back t,, have been recently reported [20]. Gate underlap engineering
has also been considered as an attractive design option in FinFETs [16].

The proposed high-Vy, IG devices are robust to parametric variations in oxide thickness
and do not lose their AND-type functionality. Variations in oxide thickness degrades sub-
threshold slope and changes the gate capacitance, but does not have a huge impact on the
Vin of these devices due to negligible inversion charge (Jp (see Eq. 3.1). Further, FinFETs
are known to be less susceptible to variations in physical parameters in comparison to pla-
nar CMOS, with the exception of variations in tg; [40]. Process variations in tg; influence
the device characteristics by means of quantum-mechanical effects. However, the values
of ts; used in this project are high enough to render the conversion probability of a high-V},
device to a low-V}, device negligible.

In the next chapter, [ describe new circuit styles and logic gates based on these dual-Vj,

FinFETs.

3.5 Asymmetric double-gate devices

Many innovative circuits can be designed with asymmetric independent-gate double-gate
FinFETs. A successful fabrication of these devices are reported in [20]. The authors fabri-
cated asymmetric double-gate devices with additional masks, etching and polishing steps.
In asymmetric FinFETs, the back-gate should have a very high threshold voltage, in
such a way that no channel is formed under the back-gate. In this configuration, the back-

gate can be used to modulate the threshold voltage of the front-gate, statically or dynam-
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ically. Authors in [11] have exploited this feature of asymmetric devices to increase the
manufacturing yield of SRAM cells.

The effectiveness of asymmetric independent-gate FinFETs depends on how much the
front-gate V4, can be changed by modulating the back-gate voltage. In other words, the
sensitivity of front-gate threshold voltage (Vin¢) in respect to the back-gate voltage Vi,
should be as high as possible. Front-gate threshold voltage can be approximated to have a

linear dependence on V4, [15]:
Vit = Vi — rVhg, (3.3)

where r is the gate-to-gate coupling factor and is given by:

3tox-f

= Xt 3.9
" 3toxp + tsi’ (3-9)

where (ox ¢ and (o4 p are the front-gate and back-gate oxide thicknesses, respectively.
From Eq. 3.9, a high sensitivity to V4, necessitates a high (o and a low (o p. But,
recall from Eq. 3.3 that ¢, should be high enough to increase the subthreshold slope and

reduce the leakage current. This contradiction puts yet another constraint on ¢, ,,, which

calls for a careful calibration of this value.



Chapter 4

Logic design with dual-V}, FinFETSs

In this chapter, the effects of merging series and parallel devices are first analyzed. With-
out loss of generality, two special cases will be further investigated: logic gates with two
devices in either pull-down or pull-up networks and Boolean series-parallel networks with
four inputs. Then, novel logic gates are introduced by defactoring the Boolean equations in
either pull-down or pull-up networks. All experiments in this chapter have been performed
with Vpp = 0.9V. The circuit symbols of dual-Vj, FInFETs in SG and IG configurations are
shown in Fig. 4.1.

O =
vore 40+ HE3H

(IG)  (SG) high-V,, (IG)

,

Figure 4.1: Symbols for independent-gate (IG) and shorted-gate (SG) low-V{, and high-Vj,
n-type and p-type double-gate FInFETs. The dotted-X sign in high-V{, devices denotes
their AND-like behavior.
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S
FS

NAND?2_dis NAND2pu NAND2pu_dis NAND2pd NAND2pd_dis NAND2pdpu

Figure 4.2: NAND?2 gates designed by disabling the back-gates and merging parallel or

series transistors

Table 4.1: Characteristics of conventional and novel NAND gates.

Intrinsic (ps) | FO4 (ps) | Ior (PA); ba, b is the MSB No.
Gate Cin(aF)

Tont | Toim | Tpnt | Tom | 00| 01 10 | 11 | Avg. Trans.
NAND2 39 22 (84)73163] 19 |19.7 (943 246 83 4
NAND2.dis | 5.6 | 4.1 |13.7| 14 [6.3| 144 | 19.7 | 943 | 245 48 4
NAND2pu (25| 42 [63|129] 6 | 19 | 19.7 {471 129 61 3
NAND2pudis | § 34 13 |142] 6 | 144 [ 19.7 [471] 128 46 3
NAND2pd | 5.1 | 22 |125( 7.1 | 5 | 12841284942 878 52 3
NAND2pd.dis | 47 | 3.7 | 95 |11.7| 5 | 12841284942 | 878 33 3
NAND2pdpu | 4.1 | 2.9 9 [11.6] 5 |1284| 1284|761 761 31 2

4.1 Merging and back-gate disabling

Fig. 4.2 presents all possible realizations of a NAND gate with two inputs. NAND?2 is
the conventional 2-input gate that uses low-V4, FinFETs in shorted-gate configuration.
NAND2_dis is derived by disabling the back-gates of all devices in the conventional
NAND2 gate. NAND2pu is the result of merging two parallel transistors and replacing
it by one low-V{, FinFET in the pull-up network of NAND2. NAND2pu_dis is derived by
disabling the back-gates of pull-down devices of NAND2pu. The two series transistors in
the pull-down network of the conventional NAND2 gate can be replaced by one high-V{,
transistor to realize NAND2pd. NAND2pd_dis is derived by disabling the back-gates of
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pull-up devices in NAND2pd. Finally, one can merge both series and parallel transistors
in the conventional NAND?2 gate to realize NAND2pdpu. The first four figures of fig. 4.2
have been proposed in literature [9,25] for FInFET devices with some minor modifications.
The last three gates can only be realized with the proposed high-V, devices. In Table 4.1,
low-to-high (T},1n) and high-to-low (T},p,) transition delays, average input capacitance (Ci,)*,
and the static power consumption of these gates in four possible input configurations are
reported. It should be noted that the static leakage current can vary by more than one or-
der of magnitude depending on the input to the gates. For example, the static leakage of
NANDS? in its four input configurations is 6.3pA, 19pA, 19.7pA, and 943 pA, and the av-
erage as recorded in Table 4.1 is 245pA. Thus, it is necessary to simulate the gates in all
input configurations in order to estimate static power.

From the table, it is seen that merging parallel transistors has a negligible effect on
static power consumption. However, merging series transistors with an IG high-V4, Fin-
FET increases average static power by an order of magnitude. This increase is because for
some input patterns one of the gates is active while the other gate is inactive. Although the
high-V;, FinFET is supposed to be in the off-state, the activation of one of its gates reduces
the threshold voltage and results in an increase in static power consumption. Since the Fin-
FETs were engineered with adequate Ly and ts;: L ratios, the worst-case leakage current of
0.88nA is still comparable to 2.9nA for an equivalent planar 32nm CMOS technology [5].
Also, note that both series and parallel transistor merging and back-gate disabling results
in a circuit with higher worst-case transition delay.

The gates realized by merging parallel transistors or disabling the back-gate generally
have less input capacitance, leakage power, and gate overdrive. The input capacitance of
the gate can also be further reduced by merging the series transistors. The series merger

may even help to balance the relative drive strength of the pull-down and pull-up networks,

*UFDG is based on Berkeley SPICE3 and does not have a command for capacitance extraction. An AC
voltage source should be placed at the node of interest to measure the imaginary component of current at the
node. The capacitance is calculated using the following equation: C = 51#—‘,, where f is the frequency of

the voltage source.
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which results in the reduction in the worst-case delay of the gate. The worst-case delay of
NAND2 pu is 4.5ps, while it is 4.1ps for NAND2_pdpu. The T}, and Ty, of NAND2pu
are not balanced and a race exists between the pull-up and pull-down networks while it
switches. On the other hand, merging of cascaded n-type devices lessens the drive power

of the pull-down network and mitigates this problem [25].

4.2 Novel dual-V}, logic gates

The availability of dual-V}, IG FinFETs motivates design of a new class of compact logic
gates with higher expressive power and flexibility. Both high-V4, and low-V4, transistors are
utilized in both the pull-up and pull-down networks. High-Vy IG devices inherently act as
an AND function. They will have low resistance if both their inputs are on. Thus, they can
be considered as a network with two series transistors. With the same reasoning, low-V,
IG FinFETs can be represented by two parallel transistors in the Boolean network. The
rules for static logic require that the pull-down network should be the dual of the pull-up
network. Hence, if a high-V}, transistor is used in pull-down network with inputs a and b,
the corresponding device in the pull-up network is a low-Vy, device with inputs ¢ and b, and
vice versa.

Starting from a structure that resembles the NAND2 gate in Fig. 4.3, low-V;, transistors
are used in the pull-down network and high-Vj, transistors in the pull-up network. The
stacked devices show higher resistance than the parallel devices. Therefore, it is preferable
to use the stronger low-V4, devices in series structures. This consideration makes balancing
the pull-up and pull-down networks easier during design. For the logic gate shown in

Fig. 4.3, the pull-down network will be activated iff the Boolean function of Eq. 4.1 holds:
PD = (a+b) * (¢ + d). 4.1)
Similarly, the pull-up network will be activated iff Eq. 4.2 holds:

PU=(a *b)+(c *d). (4.2)



22

Figure 4.3: Novel implementation of [(a + b) * (¢ + d)]’

These two equations are Boolean complements and they will never be true simultaneously.
Thus, the logic gate represented in Fig. 4.3 is a static logic gate. Other compact Boolean
functions can be realized from this structure. For example, if the inputs ¢ and d are replaced
by the complements of the inputs a and b, (i.e., ¢ = a' and d = b'), the gate becomes one
of the most compact implementations of XNOR logic. This structure is flexible and can
easily realize the XOR function when b, ¢, and d are replaced by b,a,andb.
Independent-gate dual-V4, FinFETs increase the available options in logic circuit de-
sign. For example, it is possible to implement 12 unique Boolean functions using only four
transistors as follows. Since the pull-up network is the dual of the pull-down network, it
is sufficient to enumerate all the unique configurations in the pull-down network. A logic
gate with two IG transistors in the pull-down network can have two, three, or four inputs.
With two inputs, all the devices should be SG low-V4, devices; i.e., there is only ore option.
With three inputs, one of the FinFETs must be an IG FinFET and the other must be a SG
FinFET. Two options exist for the IG device: a high-V}, or a low-V4; device. Finally, with
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four inputs, all devices must be IG, and three possible options exist: both low-V;,, both
high-V4, and a low-V}, along with a high-V}, FinFET. Thus, six unique combinations of
dual-V;, FinFETs exist. Finally, since the two transistors in the pull-down network can be
in series or in parallel, a total of 12 unique Boolean functions can be realized using four IG
dual-Vj, FinFETs.

The number of logic gates that can be implemented using dual-Vj, FinFETs increases
exponentially with the number of transistors used in the gate. For example, if the gate has
six transistors (three each in the pull-down and pull-up network), 56 unique gates can be
realized. Although some of the 56 gates are functionally equivalent, they are structurally
different. Some of them are not as competitive in performance as other members of this
logic family. This lower performance is mostly due to a large difference between low-
to-high and high-to-low transition delay that occurs when high-Vj, devices are stacked in
either the pull-down or pull-up network.

Since static CMOS logic is inverting, the delay where several gates are cascaded usually
reduces skew between Ty, and Typ,. This inverting nature enables the synthesis tool to use
skewed gates during its optimization. It is also possible to address the skew by increasing
the number of fins in the stacked high-V}, devices. However, it may result in a large increase
in input capacitance of the gate, such that the fanout-of-four delay may remain almost
unchanged. In the next part, [ will use an example to illustrate design rules that can be used

to further optimize the performance of dual-Vy, logic gates.

4.3 Case study of Boolean networks with four inputs

The number of possible non-isomorphic series-parallel networks in the pull-down network
that can be implemented using four devices is ten. For the rest of this discussion, I assume
that both the pull-up and the pull-down networks are simultaneously modified; i.e., a se-
ries (parallel) merger in the pull-up (pull-down) network is mirrored by a parallel (series)

merger in the pull-down (pull-up) network. More than one merging can be performed on
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Figure 4.4: Four possible implementations of [(a + b) * ¢ * d]'
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Table 4.2: Characteristics of conventional and novel implementations of [(a + b) * ¢ * d]

Intrinsic (ps) FO4 (ps) No.
Gate Average I,(pA) | Cin(aF)
Tont | Tom | Tpm | Tpin Trans.
(@ | 52| 48 |125] 138 256 73 8
® | 62| 51 | 128|132 508 50 6
(c) 7.5 4.4 16.9 | 13.6 643 50 6
(d) 6.1 5.1 17.5 | 12.1 894 32 4

some of these networks, thereby increasing the available flexibility in logic design. With-

out loss of generality, I investigate the available options for implementing the network that

implements [(a + b) * ¢ * d]'. Fig. 4.4 shows four possible implementations of this logic

function. Worst case Ty and Ty, with average [ and input capacitance of these imple-

mentations are also listed in table 4.2. The first implementation only uses shorted-gate

low-V4, devices. In the second and third implementation, only one parallel or series merger

is performed on the pull-up and pull-down networks, respectively. The last implementation

applies one series and one parallel merger in both the pull-up and pull-down network and

requires only four transistors.

Table 4.2 shows that considerable reduction in input capacitance of gates can be
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achieved by merging series or parallel devices. The reduction in input capacitance comes
with a slight deterioration in transition delays, which can be tolerated if the gate is not
on a critical path. Despite the fact that all devices in the fourth configuration have been
merged, this configuration still has better intrinsic T,y than the second and third configu-
rations, because the pull-up and pull-down networks have become more balanced in this
configuration. Also, the high-V}, device in the pull-down network of the third and fourth
configurations has been moved up closer to the output pin. This design rule helps reduce
the worst-case Ty, and Ty, delay of the third configuration from 10.6ps and 7.2ps to 7.5ps
and 4.4ps, respectively. The next chapter discusses a method to realize a new class of logic

gates by defactoring the Boolean equations that govern the pull-down or pull-up networks.

4.4 Novel gates by defactoring the Boolean function

It is also possible to use dual-Vy, FinFETs to realize compact logic gates by using defac-
torization of Boolean expressions. Consider the logic network in Fig. 4.5(a) that conducts
between nodes z and y iff [a + (b * ¢)] holds true. The logic network on the left in the
figure is realized using conventional FinFETs, whereas the logic network on the right is
realized using dual-V;, independent-gate FinFETs. The Boolean function of the logic net-
work on the right, [(a + b) * (a + c)], is derived by defactoring the original Boolean equa-
tion [a + (b * ¢)]. Similarly, Fig. 4.5(b) illustrates the application of the same defactoring
procedure to [a * (b + c)]. The defactored logic [(a * b) + (a * c)] is implemented on the
right in the figure by using high-V4, devices.

Although these new realizations may increase the worst-case transition delays, the new
gates will require fewer fins and the input capacitance seen from inputs b and ¢ is reduced
by roughly 50%. As a result, defactoring can be used to realize novel logic gates based on
dual-V;, FinFETs. These gates have the advantages of low power and low area, and they
find ready use on non-critical paths. Furthermore, as illustrated in Fig. 4.5(b), defactoring

allows the reduction of the number of series-stacked transistors from two to one. This
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Figure 4.5: Novel logic gates by defactoring the Boolean function by using (a) low-V}, (b)

high-V;, FinFETs

Table 4.3: Characteristics of conventional and defactored implementations of [a * (b + ¢)]'

Intrinsic (ps) | FO4 (ps) Ly (pA); cba, c is the MSB No.
Gate Cin(aF)
Tont| Tpim | Tont | Tpin |000| 001 | 010 |OL1| 100 | 1OL| 110 | 111 | Avg. Trans.
Conventional | 5.4 | 4.6 10 [13.5] 8 | 39 | 19 |933| 19 [942| 19 [628] 326 78 6
Pull-down |7.7| 3.3 {152 12 | 10 |2565|1289|933|1289|943|2569|628|1278| 53 5
Pull-up 43| 152 |7.21292) 8 | 39 | 19 |377| 19 |471| 19 |156| 138 65 5
Both 5.9 6 10.5[19.5] 10 |2565]1289|378|1290|471|2570|157[1091| 40 4

cannot be achieved using the conventional parallel merge transformation of the transistors

b and c using a low-V}, FInFET, as described in literature [4].

The tradeoffs of defactoring are discussed using the following example. If the Boolean

function [a * (b + ¢)]’ is implemented with conventional shorted-gate FinFETs, its pull-

up and pull-down networks are illustrated by the figures on the the left in Fig. 4.5(a) and

Fig. 4.5(b), respectively. Note that the n-type FinFETs will have to be replaced by p-type

FinFETs in Fig. 4.5(a). The defactoring procedure described above can be applied to either
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its pull-down network, its pull-up network, or both. Table 4.3 compares the characteristics
of the conventional implementation of [a * (b + ¢)]" with the implementations obtained by
defactoring transformations. The table shows that the full defactoring transformation can
reduce input capacitance by up to 47%.

Intrinsic Ty, increases from 5.4 ps to 7.7 ps when only the pull-down network is defac-
tored, as illustrated in Fig. 4.5(b), since the independent-gate FinFETs in the pull-down
network are replaced by high-V;, FInFETs. On the other hand, intrinsic Ty, increases from
4.6ps to 15.2ps when only the pull-up network is defactored, as illustrated in Fig. 4.5(a).
It is observed that defactoring only the pull-up network has a more adverse effect on the
worst-case transition delay. The reason can be attributed to the fact that the number of
stacked devices remains the same when only the pull-up network is defactored. However,
the number of series-stacked transistors is reduced from two to one when only the pull-
down network is defactored, which has a mitigating effect on transition delays.

It is also observed that defactoring only the pull-up (pull-down) network has a positive
impact on the transition delay of the pull-down (pull-up) network. For example, the T, of
the gate where only the pull-down network is defactored is reduced from 4.6ps to 3.3 ps.
This reduction is explained by the fact that the pull-up network is relatively stronger than
the defactored pull-down network. Similarly, the Ty, of the gate where only the pull-up
network is defactored is reduced from 5.4 ps to 4.3 ps. The pull-down network is relatively
stronger than the defactored pull-up network, which explains the reduction in delay. This
effect can be mitigated by defactoring both the networks simultaneously to balance their
strength and reduce contention during switching. When the pull-up and pull-down net-
works are simultaneously defactored, the Tj,, and Ty, increase from 5.4 ps to 5.9ps and 4.6
ps to 6ps, respectively, over the conventional gate with independent-gate FinFETs.

It is also observed that the effect of defactoring on FO4 delays is less than its effect on
intrinsic delays. For example, defactoring only the pull-up network increases the intrinsic
T by 230% (from 4.6ps to 15.2ps), while it increases the FO4 Ty, by 123% (from 13.5

ps to 29.2ps). This difference is to be expected because FO4 delay is estimated by simu-
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lating gates that drive four identical copies. In this case, the fanout gates have lower input
capacitance after the defactoring transformation. The possible application of these gates in

sequential elements is explored next.

4.5 Sequential elements with high—V;, devices

Sequential elements are one of the most sensitive elements of integrated circuits. I intro-
duce novel high-Vj, devices with the goal of providing more flexibility in design of low-
power combinational circuits. Gates realized with dual-V}, FinFETs are inherently slower,
but their noise and parametric variation is not fundamentally different from gates based on
conventional FinFETs. Although there are some works [32,36] that report improved per-
formance in sequential elements with the use of low-V4, independent-gate FinFETs, they
are mostly used to weaken “the feedback loop” in flip-flops and latches. As a result, it is
the position of the authors that the application of the dual-V;, devices will remain limited

in the design of sequential elements.

4.6 The effects of process variation

[t is important to quantitatively measure the effects of process variation and faults on the
performance of FinFET devices. Because, these effects are very important in the state of the
art CMOS process and have motivated the search for alternatives to planar CMOS devices
in the first place. Parametric variations on chip are classified to catastrophic and process
variations. First, I look into the first category. In catastrophic variations or faults, part of
the device fails to work. For example, a node may permanently stuck at zero or one. It has
been shown in literature [29] that the nature of majority of faults in FinFETs are the same
as in faults in planar CMOS. In other words, usual CMOS stuck at fault models and tests
can still be of use in modeling of FinFET faults. However, double-gate FinFETs have some

faults that cannot be captured by available models. These unique faults happen whenever



29

the connection between the back-gate and the front-gate in the shorted-gate FinFET is cut
open. In this case, the device may remain operational although with a different leakage and
delay performance. The performance of a FinFET with a floating back-gate depends on
the voltage of floating gate. The voltage of a floating wire or gate connection is a random
variable and cannot be predicted beforehand. This random voltage on the floating node
makes the FinFET to have an undetermined performance. If the voltage is higher than the
threshold voltage, the device will stuck open. In meanwhile, if it is less than the threshold
voltage, the device remains operational but with a different leakage and delay.

Without loss of generality, I confine my discussion to n-type devices. In n-type device,
if the voltage on the floating node is positive and less than the threshold voltage, the device
operates with a higher T}, and a lower Ty, delay. In the case of a negative voltage, the
delay is higher no matter what the transition is. This random behavior of stuck open faults
in FinFETs necessitates ammendments to the CMOS faults models in order to have full
coverage in test of FinFET chips.

Not all variations are catastrophic, most of them just make the delay and leakage perfor-
mance of devices to deviate from their nominal values. In the rest of this section, I discuss
methods that quantitatively measure the effects of process variations on leakage and delay.

Since the device on-current can be approximated to have a linear dependence on its
physical parameters, the statistical average of the on-current will be the same as its nominal
value under process variations. However, this approximation does not hold for the off-
current (leakage) of the device, since, the leakage current has an exponential dependence on
its physical parameters. In other words, leaky devices contribute to the bulk of the statistical
average, and hence the average leakage becomes higher than the nominal leakage.

I simulated the leakage current of the proposed devices using Monte-Carlo simulations.
The main sources of performance variations in FinFETs are thickness of silicon, thickness
of oxide, fin height, and channel length [18]. Since leakage has a linear dependence on
fin height, variations in the fin height are not considered in this project. The variations in

the remaining variables are approximated to have Gaussian distributions in which their 3o
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equals to 10% of their corresponding nominal values’. In undoped devices with a length
of less than 15nm, the unwanted presence of a few dopants in the channel is enough to
effectively influence the threshold voltage, and the resulting distribution of the threshold
voltage would not be even Gaussian [37]. Since, the channel length considered in this work
is 32nm, I do not consider the random dopant fluctuations in our simulations.

From the Monte-Carlo simulations, I observed that the average leakage current of the
n-type and p-type devices is roughly 5% higher than their nominal values. The statistical
average of leakage of FinFETs with multiple fins is the average leakage one fin multiplied
by the number of fins. This leakage calculation follows from the fact that a FinFET with
multiple fins is multiple single-fin FinFETs in parallel, and statistical average operation
is linear. So, there is no need to resort to the methods advocated in [13] to measure the
statistical average of FinFETs with multiple fins.

In logic gates, the leakage path from Vpp to the ground consists of two or more n-type
or p-type devices in which some of them are in linear mode while the rest are in their non-
linear mode. Therefore, the effects of non-linearity is less pronounced in the leakage of
the logic cells. This observation has been confirmed by Monte-Carlo simulations over all
combinations of inputs to the logic gates, which show that the statistical average of leakage
of the cells is higher than their nominal value by 2% to 3%.

In the next chapter, the libraries provided to the synthesis tool use the statistical average
for leakage power of each cell, and not the nominal value. Using the statistical average
makes the leakage analysis more accurate. The savings in total power consumption and
number of fins that can be achieved by using these optimized gates in combinational circuits

are summarized in the next chapter.

1t was observed that UFDG becomes unstable if different values are selected for the back-gate and front-
gate oxide thicknesses. Thus, [ assumed that oxide thicknesses of back-gate and front-gate are perfectly

correlated.



Chapter 5

Results and conclusions

This chapter presents the results for improvements in the number of fins and power con-
sumption that the proposed circuit innovations offer and compares these results to previ-
ously published work. In the first step of implementation, logical effort [30] parameters
of all novel and conventional gates are extracted using rigorous UFDG SPICE simulations.
They consist of input and output capacitances, intrinsic delay, fanout-of-four delay, rise and
fall resistance, and statistical average of leakage power over all input vector permutations.
In the next step, three technology libraries are generated using the extracted parameters.

They are called basic, previous work, and complete libraries:

1. Basic library: It is the simplest library and contains only the conventional gates, i.e.,

shorted-gate NOT, NAND2, NOR2, NAND3, NOR3, AND_OR, OR_AND, etc.

2. Previous work library: In addition to the gates from the basic library, this library with
41 cells contains the logic gates that are realized by merging parallel transistors or

disabling the back-gate as proposed in prior work [9,25].

3. Complete library: This library with 135 cells uses high-V};, devices along with regular
low-Vy, devices, and contains all the gates that are realized by merge series or parallel
transformation, along with the gates realized by defactoring the Boolean equations.

This library is a super-set of the two previous libraries.

31
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Table 5.1: Static power (nW), dynamic power (W), and number of fins of sixteen bench-

marks from the ISCAS and OpenSPARC benchmarks are listed. They are mapped using

three different technology libraries: basic, previous work, and complete.

Basic Previous work Complete

Circuit No. Power No. Power No. Power No.
Cells || Dyn* (uW) | Stat aW) | Fins || Dynt (uW) | Stat (aW) | Fins || Dynt (uW) | Stat (nW) | Fins

b9 66 1.4 96.2 296 1.2 84.3 255 0.9 157.4 203

C880 232 6.0 361.9 1124 4.3 307.3 896 33 715.2 711

C1908 262 6.7 4269 1340 5.3 388.5 1093 3.8 816.1 881

C499 310 9.9 508.6 1414 7.8 391.0 1128 6.6 899.8 901

C1355 314 6.6 396.1 1128 5.3 315.6 899 3.7 630.4 760
dalu 365 6.7 668.7 2202 5.4 530.9 1785 3.5 1331.0 1363
C3540 493 10.8 773.5 2660 8.9 629.4 2128 6.2 1652.0 1658
sparc_ifu_errctl || 1208 22.1 1764.0 5452 18.0 1522.0 | 4424 14.2 2901.0 3658
C7552 1210 37.3 2058.0 5874 29.7 1635.0 | 4673 20.1 4378.0 3595
tlu_hyperv 1302 28.8 2117.0 | 6436 233 1988.0 5108 16.9 4617.0 3974
sparc-ifu_fcl 1548 32.0 2317.0 7368 25.5 1935.0 5881 19.4 3767.0 | 4737
sparc_cxu-ccl || 1761 36.2 2685.0 7854 29.2 2222.0 | 6240 23.9 4387.0 5221
sparc_ifu_ifqdp || 2158 514 3343.0 | 10492 40.6 2293.0 8135 30.5 6135.0 6470
sparc_ifu_crrdp || 2979 61.8 4776.0 14872 48.7 3759.0 11611 35.6 9023.0 8923
C6288 3223 1319 6424.0 | 17668 117.4 5575.0 | 16216 65.5 6287.0 | 10266
sparc-exu_byp || 4482 116.2 7628.0 | 25140 91.8 5934.0 | 19504 64.6 15650.0 | 14681
Avcrage - 354 2271.5 | 6957.5 28.9 1844.4 | 5623.5 19.9 3959.2 | 4250.1

¥ Dynamic power of all circuits is cstimated at 2GHz. Simulations are performed at 75 °C.

Each gate is represented in the libraries by four different strengths, i.e., 1X, 2X, 3X,

and 4X. The strength of FinFET gates can be increased by adding parallel fins in each of

its transistors. Therefore, FInFET gate sizing is inherently a discrete optimization prob-

lem, and heuristics have been proposed in [31] to tackle this problem. Synopsys Design

Compiler was used to synthesize and map 16 ISCAS and OpenSPARC benchmarks using
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these three libraries. It is necessary to estimate the dynamic frequency of all circuits at the
same frequency in order to have a meaningful comparison between them. Thus, all circuits
are synthesized to meet a timing goal of 2.5 GHz, and the dynamic power of all circuits is
estimated at a frequency of 2 GHz. This difference between the frequency of synthesis and
power calculation was adopted to mirror the common practice of guard-banding against
process variations. In the absence of input traces, dynamic power is estimated by assuming
that the the signal activity factor at all the primary inputs is 10%. From the primary inputs,
the activity factor of all other gates in the circuit is estimated by Monte-Carlo logic simula-
tions. This is implemented by adding modules to ABC [1]. As mentioned earlier, the static
power consumption can differ by more than one order of magnitude depending on the input
signals applied to the gate. Thus, each cell is simulated in all its input configurations and
the average over all configurations is recorded in the Synopsys libraries.

Since there is no available tool to place and route the FinFET circuits, the number of
fins is selected as an indicator of cell area. If an independent-gate FinFET is used in a cell,
the cell area will be increased due to routing complexity incurred by additional contacts.
However, since the fin count is reduced substantially by using the complete library and
from previous similar works [9], [ predict that the area improvement will still hold true for
the place-and-routed circuits. The first and second columns of table 5 give the name of the
circuit and the number of cells in the circuit when it is synthesized with the basic library.
This number gives a good estimate of the original circuit size. The number of fins, leakage
power, and dynamic power are listed in Table 5 for each circuit after technology mapping
with the basic, previous work, and complete libraries.

The overall trend of results indicates that the previous work library provides limited
reduction in dynamic power or number of fins. However, the complete library provides
larger reductions in dynamic power. This reduction is due to inclusion of novel logic gates
designed with both low-V;, and high-V}, devices in the complete library. The table shows
that the static power consumption of circuits synthesized with the complete library is 2-3 x

higher than the circuits synthesized with the basic library. This increase in static power
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comes from higher leakage of high-V}, gates in some of their input configurations. How-
ever, the reduction in dynamic power consumption in circuits synthesized with the com-
plete library easily compensates for this increase in static power. On average, the complete
library reduces total power and number of fins by 36% and 37%, respectively, over the
basic library based on conventional shorted-gate FinFETs in 32nm technology. On the
other hand, the previous work library achieves 20% and 21% reduction in total power and
number of fins, respectively, over the basic library based on shorted-gate FinFETs in 32nm

technology.

5.1 Discussions about temperature and frequency

In this report, new logic gates are proposed to achieve lower dynamic power and area con-
sumption. This improvement comes at the cost of additional leakage power. Therefore, the
effective usage of these novel gates depends on the relative contribution of leakage power
to the total power consumption. One of the important factors determining leakage current
is the operating temperature. As temperature increases, the leakage power increases expo-
nentially, which potentially reduces the effectiveness of the proposed gates. For example,
the simulations in Table 5 were performed at 75 °C, but if they had been performed at a
lower temperature of 27 °C (the SPICE default), the reduction in total power consumption
would have increased from 36% to 39%. Thus, it is recommended to simulate the circuits
at a higher temperature to capture the worst case leakage power. Increasing the temperature
also has a negative effect on dynamic power. The gates become slower at the higher temper-
ature, and the synthesis tool picks slightly larger logic gates for critical paths. Synthesizing
the circuit with larger gates increases the dynamic power, nevertheless, the dominant effect
at higher temperatures is the increase in leakage power.

The savings in the power consumption also depend on the operating frequency, since
dynamic power has a linear dependence on frequency. Having novel logic gates in the

synthesis libraries results in a higher leakage power and lower dynamic power, thus the
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effectiveness of novel gates depends on the relative contribution of the dynamic power to
the total power consumption. As frequency decreases, the contribution of dynamic power
is reduced, thus the novel dual-V;, gates will be less effective in reducing the total power
consumption. Table 5.2 compares the relative total power savings of the previous work and
complete libraries at three different frequencies. As the frequency decreases, the power
savings from the previous work library remain almost constant, while the savings from the
complete library decrease. The table shows that the complete library will lose its compet-
itive edge in terms of the total power consumption at low frequencies. Synthesis tool will
not use any of the novel gates in very low frequencies and the total power savings will

eventually be the same as the savings from the previous work library.

Table 5.2: The relationship between frequency and the total power savings is compared at

different frequencies for the previous work and complete libraries.

I Frcqucnc;[ Previous work library TComplete library

2GHz 20% 36 %
1500MHz 19.1% 30.2%
1GHz 19.7% 25.6 %

Finally, the savings in power consumption is approximated without placement and rout-
ing of the circuits. Introduction of the novel gates also reduces the area consumption, which
reduces the distance between the gates and hence their corresponding parasitic wire capac-
itances. Therefore, it is expected that the savings in the total power consumption will
increase once the placement and routing step is performed. An attractive option called ori-
entation engineering [24] exists for layout design of FinFETs. The optimum orientation
of n-type and p-type devices is different, hence it is possible to decrease the gate delay by
rotating its p-type devices by 45 degrees. This rotation substantially increases the area and
routing complexity while offering savings in the power consumption. In this paper, it was

assumed that n-type and p-type devices have similar orientations.
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Conclusions

I proposed the design of dual-V};, independent-gate FinFETs by optimizing the oxide thick-
ness, electrode work-function, silicon thickness, and gate-source/drain underlap. It is
shown that the dual-V4, independent-gate FinFETs enable merging of series and parallel
transistors, with efficient realization of logic gates. Complex functions were also imple-
mented using dual-V;, independent-gate devices in pull-down or pull-up networks of gates.
The gates have lower input capacitance and number of fins, and comparable performance
to conventional implementations. A class of novel logic gates has also been proposed by
defactoring the Boolean functions in the pull-down and/or the pull-up networks. Results
on several benchmark circuits demonstrate that significant savings in the number of fins
and the total power consumption can be achieved by incorporating these novel gates into
the technology library. The effects of the frequency of operation and temperature on the
relative performance of the proposed logic gates are also explored and reported.

Detailed investigation of the process variation effects on the performance of FinFET
logic gates are the focus of my future research in this field. The noise figure of FinFETs
devices are not as good as conventional CMOS devices, hence designing analog and RF
circuits with FinFETs becomes challenging. Methodologies to alleviate this shortcoming

of FinFET devices will be explored.
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