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Abstract—In this paper, we study the advantages offered by
multi-gate fin FETs (FinFETs) over traditional bulk MOSFETs
when low standby power circuit techniques are implemented.
More precisely, we simulated various vehicle circuits, ranging
from ring oscillators to mirror full adders, to investigate the
effectiveness of back biasing and transistor-stacking in both
FinFETs and bulk MOSFETs. The opportunity to separate the
gates of FinFETs and to operate them independently has been
systematically analyzed; mixed connected- and independent-gate
circuits have also been evaluated. The study spans over the device,
the layout, and the circuit level of abstraction and appropriate
figures of merit are introduced to quantify the potential advan-
tage of different schemes. Our results show that, thanks to a
larger threshold voltage sensitivity to back biasing, the FinFET
technology is able to offer a more favorable compromise between
standby power consumption and dynamic performance and is
well suited for implementing fast and energy-efficient adaptive
back-biasing strategies.

Index Terms—Back biasing, double-gate MOSFETs, fin FETs
(FinFETs), independent gates, leakage reduction, Stack effect.

I. INTRODUCTION

I N THE DESIGN of circuits fabricated with nanometer
CMOS technologies, the handling of power consumption

and, in particular, the tradeoff between standby power and
dynamic performance is a very critical challenge [1]. The
strategies to tackle this issue involve all the abstraction levels
of the design.

From the viewpoint of the electron devices, multi-gate FETs
realized in a thin silicon film offer good electrical character-
istics and an attractive biasing flexibility. In fact, the FinFET
technology can fabricate transistors with either a single gate
surrounding the silicon fin [three-terminal (3T), Fig. 1(a)], or
two gates which can be independently biased [four-terminal
(4T), Fig. 1(b)] [2]–[4]. The 3T FinFETs or the planar double-
gate MOS (DGMOS) transistors with a very thin silicon film
can achieve, for sub-100-nm gate lengths, a better subthreshold
slope and drain induced barrier lowering (DIBL) with re-
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spect to conventional bulk MOSFETs, thus reducing the sub-
threshold leakage . Furthermore, FinFETs with independent
gates allow us to realize: 1) circuits where all the MOSFETs
have the two gates simultaneously driven (3T mode); 2) cir-
cuits where all the MOSFETs have the two gates independently
driven (4T mode, see Figs. 7(b), 12(a), and [5]); 3) hybrid cir-
cuits where some transistors are in 3T mode and other in 4T
mode (mixed terminal MT mode, see Figs. 7(c), 12(b), and [5],
[6]).

From a circuit perspective, the reduction of the leakage cur-
rent can be pursued by using stacked transistors [7], [8]
and by changing the threshold voltage through back biasing,
i.e., the body terminal for the bulk MOSFETs or the back-gate
terminal for the FinFETs is biased at a non-zero voltage
[9]–[11], in both cases at the cost of an increase of the delay.
These circuit techniques can potentially benefit a lot from the
earlier mentioned biasing flexibility offered by FinFETs with in-
dependent gates, thus giving to FinFETs a significant edge over
conventional bulk MOSFETs.

In this scenario, the device/circuit codesign is expected to be-
come progressively more important to exploit at best the ex-
isting CMOS technologies but also to investigate the potentials
of the new emerging devices, such as FinFETs, even in an early
stage of the corresponding fabrication technologies [12]. To this
purpose, it can be very informative to compare bulk and inno-
vative MOSFETs with respect to the implementation of circuit
design techniques and/or selected vehicle circuits. Such an exer-
cise is not straightforward to be performed at a circuit level, be-
cause it cannot be given for granted that reliable compact models
exist for the emerging devices.

This paper extends substantially our previous investigation
[13] and presents a comprehensive study concerning the reduc-
tion of the standby power obtained by exploiting stacked tran-
sistors and back-biasing techniques in simple digital circuits im-
plemented with either bulk or FinFETs. Our analysis starts from
considerations that pertain to the layouts of Fin against bulk
FETs and then addresses several figures of merit of the circuits,
some of which are hereafter originally introduced to more ef-
fectively compare the different FET structures. We analyze var-
ious circuits, ranging from simple inverters to mirror full adders,
using the mixed device–circuit mode available in the DESSIS
simulator [14]. In all the cases, we study the effectiveness of
the back-biasing technique in reducing the , the tradeoff be-
tween the decrease and the delay penalty as well as the en-
ergy efficiency of the back-biasing scheme, namely the energy
consumed at each standby-active-standby transition, which is an
important figure of merit for the dynamic back biasing. The lim-
itations to the effectiveness of the back-biasing technique im-
posed by the leakage mechanisms other than the sub-threshold
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Fig. 1. Schematic structure of the FinFETs: both 3T and 4T cases are repre-
sented. In the 4T transistor the gates are separated and can be driven indepen-
dently (four-terminal device) [2] whereas in the 3T device both gates are con-
nected as one terminal (three-terminal device). The plane depicted in light gray
represents the cut used to obtain the 2-D device which is the one simulated
throughout this work. Circuit diagram symbols are also shown. (a) 3T FinFET.
(b) 4T FinFET.

current are also addressed. Throughout the paper, the results for
bulk and FinFETs are discussed in a comparative perspective.

The paper is organized as follows. Section II describes the
parameters and the electrical characteristics of the devices used
in this study. Section III discusses several comparisons con-
cerning the layout efficiency for either bulk or FinFETs, whereas
Section IV introduces the circuit design techniques used in the
rest of the paper. Section V explains the simulation method-
ology and the tradeoffs between the physical accuracy and the
computational efficiency. Sections VI and VII illustrate the re-
sults of the mixed device–circuit simulations. Section VIII dis-
cusses the critical role of gate leakage and band-to-band tun-
neling (BTBT) for the effectiveness of the circuit techniques
discussed in this paper. Section IX concludes the paper.

II. DEVICE CHARACTERISTICS

We designed bulk and FinFET transistors representative
of a 65-nm high-performance technology node, hence with a
channel length nm [15]. Since a 3-D mixed-mode
simulation would require an excessive computation time, we
schematized the FinFET as a planar double-gate MOSFET [16]
(see Fig. 1 and Section V for more details).

The devices feature a relatively thick nm di-
electric with a moderately high relative permittivity
(hence an equivalent thickness of 0.9 nm), which provides ade-
quate gate capacitance and suppression of short-channel effects
with a tolerable gate leakage current (see Section VIII-A for
more details on the gate leakage). The FinFET device structure
is assumed to be symmetric, namely the same oxide thickness
and gate material are used at both gates. In bulk transistors, the

TABLE I
GEOMETRIC PARAMETERS FOR THE NMOS TRANSISTORS

channel doping profiles were tailored in order to achieve ad-
equate DIBL and subthreshold slope . The source and drain
feature a relatively deep contact region and a thinner exten-
sion with doping gradients compliant to the International Tech-
nology Roadmap for Semiconductors (ITRS) indications [15].
In the FinFETs, instead, the silicon film has a very low doping
concentration cm ; thus, the silicon thickness
was adjusted to achieve a good electrostatic integrity.

Table I summarizes the main technological parameters of the
transistors. The structure of the p-channel (pMOS) devices is
very close to a mirroring of the n-channel MOSFET (nMOS)
transistors; the gate work-functions were adjusted to obtain
values equal in magnitude to the nMOS counterparts. Table I
shows that the values used for the FinFETs are
large enough to make the mobility dependence on the silicon
film thickness practically negligible [17]. Source and drain par-
asitic series resistances were also taken into account in
the simulations. The values reported in Table I have been
estimated according to the ITRS [15] and [18].

We assumed that both bulk and FinFET devices have an ideal
metal gate. The work-function for bulk MOSFETs was set to
a value corresponding to an poly-silicon gate, while the
of the FinFETs was chosen so that the has the same value of
264 mV as for bulk devices to perform a fair comparison ( is
defined as the gate voltage that yields A m at

V). Accordingly, two slightly different FinFET devices were
used: a) the FinFET-a, whose is 264 mV when the transistor
is operated in double-gate mode (i.e., front- and back-gate short
circuited); b) the FinFET-b, whose at the front gate is 264
mV when it is operated in single-gate mode (i.e., when the back
gate is grounded). Hence, as shown in Table II, in the following
FinFET-a (FinFET-b) are used when the FinFET is operated in
3T (4T) mode, in order to perform a fair comparison with the
bulk device (i.e., to match its ). In the same table it can be seen
that MT-FinFET circuits are built with FinFET-a devices oper-
ated either in 3T or 4T mode. The reason for this choice is that
FinFET-b transistors have a very low threshold voltage when
operated in 3T mode; therefore, their off-current would be much
larger than in the other cases. Moreover, mixing FinFET-a and
FinFET-b devices in the same die is not practically feasible, as
it would require two different technologies. Accordingly, only
FinFET-a are considered in the following for MT-FinFET cir-
cuits.

Fig. 2 shows the versus characteristics for both the
bulk and the FinFETs (operated either in 3T or in 4T mode).
The sensitivity of the characteristics to is also illustrated,
where denotes the bulk voltage for the bulk transistors and
the back-gate voltage for the FinFETs. Moreover, Fig. 3 reports
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TABLE II
TYPES OF FINFET DEVICES USED IN THE DIFFERENT VEHICLE CIRCUITS

Fig. 2. Simulated � versus � curves for bulk and FinFETs with � �

����� �� ��� V as parameter. In the FinFET plot the dashed line represents the
3T (tied gates, � � � ) mode while solid lines refer to the 4T (independent
gates) mode in which � � � and � � � . � � ��� mV in all
cases. (a) Bulk MOSFET, (b) FinFET.

the simulated shift due to back biasing versus for bulk
and FinFETs. As it can be seen, the dependence on is
approximately linear in reverse back biasing for the bulk tran-
sistors. The sensitivity to is larger for the FinFETs than
it is for bulk MOSFETs in the entire range.

Table III reports the main figures of merit derived from the
drain current characteristics of the transistors, namely on- and
off-currents, subthreshold slope as well as DIBL coefficient

(calculated as the reduction when increases from
0.1 V to ). It shoud be noted that throughout this work we
used a 2-D device simulation, hence all the currents and the ca-
pacitances are expressed per unit device width. The off-current

reported in Table III is the one produced by the subthreshold
current of the transistors; additional contributions to the standby
leakage current will be discussed in Section VIII. Finally, the
dependence on is also summarized in Table III by reporting
the coefficient defined as [2]

(1)

Fig. 3. Simulated dependence of threshold voltage � , defined as the gate
voltage corresponding to � � � �A��m with � � ��� mV, on back-bias
voltage � for bulk MOSFETs and FinFETs in 4T mode.

TABLE III
MAIN FIGURES OF MERIT FOR THE NMOS TRANSISTORS

calculated at V. As expected from Fig. 3, the
value in FinFET devices is approximately three times as large
as in bulk transistors. This greater sensitivity is also expected
to hold in the future. Indeed, the sensitivity of the threshold
voltage to back-biasing is decreasing in bulk technologies at
each process generation; however, in FinFETs with a small
fin width, the sensitivity can be larger than in bulk MOSFETs
and, furthermore, it is expected to increase with the possible
shrinking of the fin thickness [19].

Fig. 4 shows that both and the DIBL factor for the FinFET
change significantly with (dashed lines), whereas the de-
pendence is much weaker for bulk transistors (solid lines). This
behavior of the FinFETs can be explained by recalling that the
subthreshold slope and the DIBL factor of FinFETs de-
pend on approximately as [2], [20]

(2)

(3)

In fact, if we consider the significant dependence of
on observed in Fig. 3 (particularly for

larger than V), the and behavior of the FinFETs in
Fig. 4 is qualitatively consistent with (2) and (3).

III. CONSIDERATIONS AT THE PHYSICAL LEVEL OF

ABSTRACTION

The adopted technology has a strong impact on the design of
digital circuits at all levels of abstraction [21]. In this section,
issues related to the physical design are discussed.
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Fig. 4. Simulated dependence of subthreshold slope � (left �-axis) and DIBL
(right �-axis) on back-bias voltage � for bulk MOSFETs (solid lines) and
FinFETs (dashed lines) in 4T mode.

Fig. 5. Layouts for the single devices �� � �� �. (a) Bulk. (b) 3T FinFET.
(c) 4T FinFET.

The layout of FinFET devices usually consists of par-
allel-connected fins, each of which implements a transistor with
effective width [22]. Hence, the overall transistor channel
width is quantized, but this is not a serious
limitation since usually does not need to be tuned with a
precision greater than in practical designs [23]. As an ex-
ample, the layout of a 3T FinFET with is shown
in Fig. 5(b); the rules of the 65-nm FinFET technology whose
main parameters are reported in Table I were used. The layout
rules were derived from standard CMOS bulk technologies for
most layers, whereas FinFET-specific rules (e.g., rules related
to the fin) were taken from previous papers (see, e.g., [16] and
[22]). In FinFETs, the transistor area under an assigned channel
width mainly depends on the number of fins , which in
turn depends on the effective width of a single fin . Since

strongly depends on the fin height , the latter is a crit-
ical process parameter and should be large enough to achieve
a layout density close to bulk transistors [22]. In sub-100-nm
technologies, a high layout density is crucial to keep wire length
(and hence parasitics) within reasonable limits.

According to Fig. 5(b), in 3T FinFETs a single strip is used
to implement both front- and back-gates for all fins. This allows
for achieving a layout density that is close to that of a bulk MOS
transistor implemented in the same technology node, as it is ap-
parent from the comparison to the layout of a bulk transistor
having the same [see Fig. 5(a)]. More specifically, the 3T

FinFET has an area that is 28% larger than that of the bulk tran-
sistor due to the increased height (the width of the active area is
essentially the same as the bulk device). Roughly the same area
overhead is observed for arbitrary values of , since area is pro-
portional to in both bulk and 3T FinFETs. In standard cells,
the area overhead is expected to be lower since the cell area is
not only determined by transistors but also by interconnects. To
have an idea about typical values of the area overhead in stan-
dard cells, let us consider the carry logic of a mirror full adder,
whose topology is depicted in Fig. 12 [24]. From its layout in
Fig. 6(b), the implementation with 3T FinFETs has a 15% area
overhead compared to the implementation in bulk technology
[see its layout in Fig. 6(a)]. It is worth noting that this area in-
crease also determines an increment in the length (and hence
parasitics) of the interconnections between the cells, which in
turn has a negative impact on speed and power consumption
[21]. Considering that the wire length typically increases by
the square root of the area increase, the resulting increase in
inter-cell wire parasitics is only 7% from the above data on the
mirror full adder.

In the case of 4T FinFETs, the area overhead is significantly
larger since the two gates in each fin have a separate contact. As
shown in Fig. 5(c), the resulting transistor area overhead with
respect to the bulk technology is about 150%, mostly due to the
increased width of the active area. The area overhead in stan-
dard cells is expected to be lower but still considerable. As an
example, from its layout in Fig. 6(c), the 4T FinFET implemen-
tation of the mirror full adder suffers from an 80% area increase
compared to the bulk technology. By reiterating the same con-
siderations as above, the resulting increase in inter-cell wire par-
asitics is as high as 34%. According to the above considerations,
4T FinFETs should be judiciously introduced in FinFET stan-
dard cells to avoid an excessive degradation in the layout den-
sity. For this reason, we suggest to adopt a mixed MT approach
where most of the transistors are 3T FinFETs, whereas 4T Fin-
FETs are selectively used only for transistors that mainly deter-
mine the cell leakage, i.e., the nMOS (pMOS) transistors con-
nected to ground , as will be discussed in Section IV-C.
Obviously, this mixed MT approach is feasible if the process
allows to selectively separate (or not) the two gates in the fins
of each transistor, which can be an available option in real pro-
cesses [6]. In this case, the area overhead of the MT FinFET cell
in Fig. 12 [see its layout in Fig. 6(d)] with respect to the bulk im-
plementation is 54%, which is somewhat intermediate between
the 4T and 3T approach. The same observation holds for the re-
sulting increase in inter-cell wire parasitics, which is 24%. It is
worth noting that the adopted MT approach is different from the
one in [5], in which only 4T FinFETs are employed and 3T de-
vices are obtained by driving both gates with the same signal.
On the other hand, in the MT circuits presented in this work,
the 3T and 4T driving modes of the FinFET-a in Fig. 1 are used.
This approach allows to achieve a smaller area overhead and
lower leakage currents.

Finally, a few interesting observations that impact the tran-
sistor- and gate-level design can be derived. At the transistor
level, FinFET technology allows to apply back biasing to some
arbitrarily selected transistors within a cell. This is in contrast to
bulk technology, in which the back biasing must be necessarily
applied to all nMOS (pMOS) transistors since they share the
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Fig. 6. Layouts for the mirror full adder implemented with bulk MOSFETs and FinFETs in 3T/4T/MT mode. (a) Bulk. (b) 3T FinFET-a. (c) 4T FinFET-b.
(d) MT FinFET-a.

same well [25]. At the gate level, FinFET technology permits
to apply back biasing to some arbitrarily selected cells within a
row of a standard cell layout, whereas in bulk technology back
biasing must be usually applied to all cells within a row (since
the abutted cells share the same well). Summarizing, FinFETs
permit a selective back biasing at both the transistor and gate
level, which can be a significant advantage as discussed in the
following section.

IV. CONSIDERATIONS AT THE CIRCUIT LEVEL OF ABSTRACTION

At the circuit level, the tradeoff between delay and leakage
power consumption is well known to be very critical in sub-
100-nm technologies [25]. For this reason, it is useful to under-
stand the impact of each technology on this tradeoff, as well as
on the design. In the following, we focus on the leakage con-
tribution due to the subthreshold current of MOS transistors,
whereas other contributions will be considered in Section VIII.
Among the existing techniques specifically proposed to manage
the leakage–delay tradeoff, circuit-level strategies basically ex-
ploit two mechanisms: back biasing and stack effect, both of
which are dealt with in the following sections.

A. Back Biasing: Evaluation of Its Effectiveness and Design
Considerations at the Circuit Level

In back biasing, the transistor threshold voltage is scaled by
properly setting the transistor back-gate voltage, since leakage is
very sensitive to the threshold voltage, whereas delay is not [26],
[25]. Obviously, this approach is not feasible in 3T FinFETs,
since the back gate is tied to the front gate terminal.

Back biasing can be static or dynamic, depending on whether
the back-bias voltage is fixed or not. In static back biasing, the
transistor back gate is reverse biased, i.e., the back-bias voltage

of nMOS (pMOS) transistors is set below ground (above
). This technique, which is often referred to as reverse back

biasing (RBB), allows for increasing the threshold voltage and
reducing leakage at the expense of a delay increase [21], [27]. It

is worth noting that the effectiveness of RBB in a single tran-
sistor is not correctly measured by the subthreshold slope
that is traditionally adopted in the analysis at the device level
of abstraction. Indeed, accounts for the leakage dependence
on , whereas it does not account for the dependence of
on the control voltage , which is very important from a cir-
cuit perspective. To be more specific, a strong dependence of

on is desirable. Indeed, BB is more effective when the
required is close to ground, since this reduces the area/en-
ergy overhead and the recovery time in the charge pump circuits
that generate [25], [28], as well as the leakage due to other
physical mechanisms, as discussed in Section VIII.

From the earlier considerations, a more comprehensive figure
of merit for the effectiveness of RBB in a single transistor is the
back-bias voltage variation needed to reduce the leakage current
by a decade, . According to its definition, lower values of

indicate a better suitability of the technology for leakage
control through RBB. The parameter is analytically evalu-
ated in (4):

(4)

obtained by using (1) and (2). From (4), depends on the
technology through parameters and . The values of
extracted from the simulations for FinFETs and bulk transis-
tors are reported in Table IV. According to this table, the RBB
technique is much more effective in FinFET circuits, due to the
remarkable 3X improvement in with respect to bulk tran-
sistors. It is very interesting to observe that the FinFET advan-
tage in terms of is mainly due to the significantly higher
sensitivity of the threshold voltage to (i.e., a higher by
a factor close to 3), whereas much lower differences in the sub-
threshold slope are observed (within a few tens of percentage
points). The advantage of the FinFET is also expected to in-
crease in future technologies, as tends to decrease much
faster in downscaled bulk technologies [29], [30].
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TABLE IV
CIRCUIT PARAMETERS. � IS THE BODY (BACK-GATE) CAPACITANCE FOR

BULK (FIN) FETS EXTRACTED AT � � ���� V. � IS DEFINED AS IN

(10) AND IS EVALUATED AT � � ���� V

In dynamic back biasing, the transistor back gate is adaptively
set to achieve the desired leakage–delay tradeoff according
to the time-varying performance requirement [25]. This ap-
proach is often called adaptive back biasing (ABB), and the
voltage of nMOS transistors can be either below or above
ground (dual considerations hold for pMOS transistors, where
the voltage is applied). In its simple dual-mode
version, in nMOS transistors is set to a positive (negative)
fixed value during active (standby) mode. In the following, we
will focus on dual-mode ABB, although all considerations can
be easily extended to general ABB.

B. Back Biasing: Design Considerations on the BB Control
Circuitry at the System Level

At the system level, in most applications the two most crit-
ical aspects in the implementation of the ABB control circuitry
that generates are the wake-up time and the energy over-
head, which represent the time and energy cost associated with
every transition from standby to active mode. More specifically,
the wake-up time is the time required by the control circuitry to
bring the circuit into active mode starting from standby mode
(i.e., the time needed to switch from the standby mode to
active mode value) [25], [9], [28]. The wake-up time mainly de-
pends on the required variation in , the overall capacitance

seen from the back-bias node of the circuit and the current
available from the buffers in the ABB control circuitry. Under
a given buffer current and a required leakage reduction, consid-
ering that the required variation in is proportional to ,
the wake-up time is proportional to . Hence,
can be used as a figure of merit to evaluate the suitability of a
circuit/technology for implementing a low wake-up time system
(obviously, low values are desirable).

The second important parameter in ABB is the energy over-
head that is paid at each standby-active-standby
transition. This energy should be as low as possible to reduce
the overall consumption, as well as to make dual-mode of oper-
ation effective even in circuits that frequently switch from one
mode to the other [25]. Parameter is essentially
the energy required to first discharge and then charge the overall
back-gate capacitance , which is proportional to and
the square of the back-bias voltage variation between the two
operation modes [25]. The latter is clearly proportional to ,
hence a reasonable figure of merit to estimate in
a circuit/technology is the product of and . To be more
specific, lower values of indicate that the energy over-
head is smaller, i.e., ABB is more energy-efficient.

Now, let us compare FinFET and bulk devices in terms of
wake-up time and energy overhead associated with the BB

control circuitry. From Section III, circuits in bulk technology
require all transistors and all cells to be back biased, whereas
FinFET technology can exploit selective back biasing at the
transistor and gate level. Therefore, the number of back-bi-
ased Fin transistors within a complex circuit is expected to
be much lower than for a bulk technology. Furthermore, the
capacitance per unit width at the back gate of a FinFET is
typically lower than that at the substrate terminal of a bulk
MOSFET. Indeed, the former is essentially the capacitance of
the back gate, whereas the latter is given by the capacitance of
the source/drain-bulk junctions (which is relatively large for
sub-100-nm bulk technologies) and by the well-to-substrate
capacitance. For the devices used in this study (described in
Tables III and I), the numerically simulated capacitance per unit
width is lower for FinFET technology by approximately
a factor of 2 for (and even more for due to
the forward biased junction in bulk device), mainly due to the
fact that there are no junction capacitances. Numerical values
of for V are reported in Table IV. Due to
the reduction in and , FinFETs offer a 5X (10X)
reduction in , according to Table IV.

From the above considerations, FinFET circuits exhibit a
much lower value of and , hence they
are expected to significantly reduce the wake-up time and the
energy overhead compared to bulk CMOS circuits. Quantita-
tive evaluation of this advantage will be provided in the next
sections for various practical circuits, along with the analysis
of the leakage–delay tradeoff.

C. Stack Effect: Evaluation of its Effectiveness and Design
Considerations

A further mechanism that is often exploited to manage the
leakage–delay tradeoff is the stack effect, which consists in a
strong reduction of the leakage current in stacked transistors, at
the cost of a much smaller reduction of the current [27], [31],
[7], [8], [32]. For this reason, the approach is very efficient in
terms of the leakage–delay tradeoff, as the delay penalty is much
lower than the leakage reduction.

In practical cases, CMOS circuits usually consist of tran-
sistor stacks, hence the back-biasing technique discussed in
Section IV-A is jointly used with the stack effect, i.e., the
back-gate voltage of FinFET/bulk transistors is set to [25].
In this case, the figure of merit in (4) is not adequate to
understand the benefits of the two techniques, since it does
not account for the stack effect. To generalize the figure
of merit, we introduce the novel figure of merit that is
defined as the back-bias voltage variation needed to reduce the
leakage current by a decade in stacked transistors. As observed
for , low values of indicate that the considered
technology is well suited for leakage control through RBB.

Let us evaluate the parameter in the simple case of
two stacked transistors N1 and N2 with the same back bias
as depicted in the pull-down networks of Fig. 7(a) and (b) (its
expression cannot be found in a closed form for a larger number
of transistors). By identifying the characteristic parameters of
N1 (N2) with subscript 1 (2), their leakage currents and
can be expressed as [33]

(5)
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(6)

where is a technology-dependent parameter that is propor-
tional to the transistor aspect ratio and is the drain (source)
voltage of N2 (N1), as in Fig. 7. By equating the two currents
of N1 and N2 in (5)–(6), can be calculated as

(7)
By substituting (7) into (5)–(6) and following the procedure in
[7] the leakage current of N1-N2 under back biasing is
easily found to be

(8)

where parameter is defined as

(9)

and it was considered that is much smaller than
in practical cases.

By differentiating (8), the figure of merit for two
stacked transistors under back biasing results to be

(10)

where the approximate expression of in (9) was substituted.
According to this simplified expression is the same as

the of each of the transistor.
Now, let us evaluate for the MT circuit illustrated in

Fig. 7(c), where and are, respectively, driven in 3T and
4T mode. The corresponding subthreshold current can be still
expressed by (5) by setting . Even the expressions of

and can be obtained from (9) and (10) for .
Thus, since is much smaller than is still
expressed by (10).

On the other hand, if we consider an MT circuit where is
operated in 4T mode and in 3T mode (not shown in Fig. 7),
we could use a similar derivation for by setting
in (6) and then in the following equations. By doing so, one can
readily obtain

(11)

Equations (10) and (11) provide a useful insight into the ef-
fectiveness of BB in transistor stacks, where a more effective
leakage control is always achieved for low values of . In
the case of the back biasing of both and in (4), the

is essentially the same as the of the transistors, as it is con-
firmed by the results of the numerical simulations reported in
Table IV.

As for the MT circuits, when and are respectively
driven in 3T and 4T [as in Fig. 7(c)], then is the of
the . This explains the slightly larger value reported
in Table IV for the MT compared to the 4T FinFET-b circuits,
which stems from the larger value of the FinFET-a oper-
ated in 4T mode (see also Table III). Thus, the MT circuits are
slightly worse than the 4T FinFET circuits in terms of leakage
sensitivity to BB.

With respect to MT circuits, a comparison of (11) to (10)
shows that in the transistor stacks of the MT circuits the device
operated in 4T mode must be the connected to ground. In
fact, since the term in the brackets of (11) is much larger than
one, the alternative option with and respectively, oper-
ating in 4T and 3T mode is remarkably worse because it results
in a much larger value, compared to the value
of the opposite case with and operating in 3T and 4T
mode. This can be also intuitively understood from an inspec-
tion of (5) and (6): is reduced only through the DIBL of
if we consider the MT circuit with and respectively,
operating in 4T and 3T mode (i.e., with ; hence, the
back biasing becomes entirely ineffective since . This
result is in good agreement with the high value of in (11).

It should also be noted that the leakage control in stacks of
bulk transistors is less effective than in FinFETs, as was already
highlighted for single transistors in Section IV-A. Again, ac-
cording to (10) this is due to considerable difference in terms
of being approximately the same.

The above results will be validated in the next sections for
practical circuits with two stacked transistors, but are also valid
for more stacked transistors. Indeed, simulations showed that

is essentially the same for 2, 3, and 4 stacked transistors
(the difference is at most a few percentage points).

V. SIMULATION METHODOLOGY

In order to investigate how the MOSFET architecture affects
the effectiveness of the circuit techniques for the leakage reduc-
tion, we used the mixed device–circuit mode of DESSIS [14],
which allowed us to simulate relatively small circuits with a
sound physical description of the devices.

In this respect, the device modeling accounts for the quantum
corrections through the density gradient approach and the trans-
port is treated according to a simple drift-diffusion model [14].
The use of a drift-diffusion model for MOSFETs with a channel
length below 50 nm is certainly simplistic and it is expected to
somewhat underestimate the (especially for the nMOS tran-
sistors) [34], hence to slightly overestimate the circuit delays.
However, the energy balance model results in a prohibitive in-
crease of the computational time for the mixed device–circuit
simulations, in spite of a disputable improvement of the phys-
ical accuracy [35], [34].

As it will be clarified by the following sections, the most re-
markable results of this work are related to the off-current of
the devices, to their electrostatic integrity and to the compar-
ison between bulk and fin transistors. Since the improvement of
the transport model is expected to produce very comparable cor-
rections to the of both bulk and FinFET devices, we believe
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Fig. 7. Circuit diagrams for the stacked inverter implemented with (a) bulk and
(b) 4T FinFET (the back bias is applied to both n-MOSFETs of the pull-down
network) and (c) MT FinFET (the back bias is applied only to transistor N2
while N1 is driven in 3T mode).

that such a modeling refinement should not appreciably change
the main results of our study.

Following again a pragmatic tradeoff between the accuracy of
the models and the computational complexity, we have always
performed 2-D simulations of the transistors. For the FinFETs a
3-D simulation would be more appropriate; however, the mixed
device–circuit simulation becomes computationally impractical
for a 3-D device simulation. The schematization of a FinFET as
a planar double-gate MOSFET is not unreasonable as long as
the fin height is relatively large with respect to the fin width

(see Fig. 1), which is the case for the reference technology
considered in this work that features nm and

nm. This justifies the adoption of 2-D simulations, used also
in other papers, e.g., [16].

VI. ANALYSIS OF INVERTERS AND RING-OSCILLATORS

By using mixed-mode simulations we studied the impact of
the leakage reduction techniques introduced in Section IV on a
simple CMOS inverter, as shown in Fig. 7. Please notice that
we forced a transistor stack only in the pull-down network of
the circuit to simplify the problem. We also studied the effect of
these techniques for pMOS transistors in more complex circuits
(see Section VII) and found out that the qualitative behavior is
similar. In the bulk MOSFET case, the back biasing is applied to
both nMOS transistors of the pull-down network [see Fig. 7(a)],
whereas in the FinFET circuit we can choose whether to bias
both transistors [4T FinFET circuit, see Fig. 7(b)]) or just one
[transistor N2 in Fig. 7(c)] operating the other one (N1) in 3T
mode (MT FinFET circuit) [5].

Fig. 8 shows the simulated values of the leakage current
of the stacked transistor inverters (with ) versus

the back-bias voltage . It is apparent from this figure that
leakage reduction in the FinFET circuits is more effective when
compared with the bulk counterpart. This is due to a smaller
(i.e., better) value of , as defined in (10), which is the
inverse of the slope in semilogarithmic plots of Fig. 8. The
smaller value of for the FinFET circuits is thus mainly
due to the larger dependence of the threshold voltage on
back-bias voltage (i.e., larger ) for such devices.

Numerical values of , evaluated at V,
as well as other circuit parameters are reported in Table IV. It
should be noticed that is not really constant in the con-
sidered range, due to the fact that and change
with (see (2)–(3) and Fig. 4). In this respect, Figs. 3 and 4

show that the dependence of and on is stronger
for the FinFETs, and Fig. 8 indicates that the dependence
on is correspondingly more pronounced. The numerical
values show that the 4T circuit has a lower than the MT
realization due to the reduced fin width of FinFET-b de-
vices which in turn gives a higher value of . The absolute
value of however is lower in the MT case thanks to the
better subthreshold behavior of the 3T device (see Table III) and
the higher threshold voltage of the FinFET-a when driven in 4T
mode. FinFET circuits can benefit of a faster wake-up time when
compared to bulk realizations thanks to a lower value of param-
eter . From Table IV we can see that the FinFETs are
also more favorable from a back-bias energy efficiency perspec-
tive (i.e., smaller ) with respect to bulk transistors.

To verify the accuracy of the model for the leakage suppres-
sion in stacked transistors introduced in Section IV, we have cal-
culated at V from (10) and compared it with
the value obtained from the simulated curves. Considering for
example the bulk circuit, the values of the parameters of interest
at V are mV/dec, mV/V, and

mV/V for both transistors in the stack. From (9) we
obtain and from (10) we have mV/dec.
This number is quite close to the value extracted by inverting
the slope of the simulated curve at V,
which is 636 mV/dec as reported in Table IV. For the 4T FinFET
circuit the model yields mV/dec, whereas for the
MT circuit we obtain mV/dec.

The above analysis reveals that the analytical model is able to
correctly identify the ranking of the effectiveness of the leakage
control in the bulk, 4T FinFETs and MT FinFETs circuits, as
it can be seen by the results in Table IV. This is an important
feature in order to infer from the model useful guidelines for
the design.

As for the quantitative agreement with the values ob-
tained from numerical simulations, the accuracy of the analyt-
ical model developed is better for bulk MOSFETs rather than
FinFETs circuits. We think this is mainly due to the fact that the
back biasing in bulk transistors results in a very rigid shift of the

(which is an implicit assumption behind the deriva-
tions in Section IV-C), whereas the shift is not similarly rigid in
FinFETs. This is clearly illustrated in Fig. 4 that reveals a much
larger dependence of both and for the FinFET-b
compared to the bulk transistors.

We assessed the dynamic performance of the inverters
through transient simulations of a five-stage ring oscillator.
We then extracted the value of the ring oscillation period
and used it as a figure of merit to evaluate the dynamic per-
formance. Fig. 9 shows the leakage current (per stage) versus
delay (per stage), where is the implicit parameter. From
this figure, we see that the tradeoff between leakage current
and delay is generally more favorable for FinFET circuits
case (with equal ), bulk counterparts have a larger leakage
current. The speed reduction of FinFET circuits is essentially
due to the larger series resistances of FinFETs with respect
to bulk MOSFETs, whose detrimental effects unfortunately
prevail over the FinFET advantage related to smaller parasitic
drain/source capacitances. More specifically, 4T (MT) FinFET
are capable of a leakage reduction by a one to two orders of
magnitude at the cost of a 10%–15% (15%–25%) increase in
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TABLE V
CIRCUIT PARAMETERS FOR THE TAPERED BUFFER, INCLUDING NORMALIZED VALUES TO BEST CASE (PARENTHESISED)

Fig. 8. Dependence of the leakage current of the stacked inverter � on
back-bias voltage � .

Fig. 9. Five stage stacked transistors ring oscillators: leakage current �

(per stage) versus the delay � (per stage). � (���� V, 0, ���� V, ���� V,
���� V) is the implicit parameter that changes the � and � .

the delay. Simulations neglecting the source and drain parasitic
resistances were also run, but the corresponding points
are not reported in Fig. 8. The results of these simulations show
that FinFETs exhibit a lower propagation delay when compared
to bulk circuits if is neglected. Series resistances affect
and worsen the delays more heavily in the FinFET circuits (up
to 94%) with respect to bulk ones (whose delays increase by
48%). This agrees with the common belief that is the
most serious limit to the speed performance of FinFET logic
circuits [18], [36]. It should also be noted that the dependence
of on is qualitatively similar for both FinFET circuits
(4T and MT).

VII. ANALYSIS OF ADDITIONAL VEHICLE CIRCUITS

In this section, other FinFET and bulk CMOS vehicle cir-
cuits are comparatively evaluated in terms of the leakage–delay
tradeoff. As opposite to the circuit in Section VI, interconnect
parasitics are extracted from the layout to highlight the impact
of the physical-level issues discussed in Section III. Intercon-
nects were assumed to have the same electrical and geometric
parameters, as well as the same design rules for both bulk and
FinFET technologies. In the layout, the height of each standard
cell was set to 16 metal tracks [23], and the back-bias voltage

of nMOS (pMOS) transistors was distributed within the
cell through a Metal 1 wire running parallel to ground .
At the gate level, the voltage in a cell row was hence
distributed by cell abuttment. In regard to the leakage current

, it was evaluated as the average leakage for all possible
input values, assuming that those values are equally likely. The
propagation delay was evaluated as the average of the falling
and rising transition delay. To better understand the differences
between the considered technologies, circuits that exploit either
the back-biasing technique alone (tapered buffer) or along with
stack effect (mirror full adder) are considered in the following.

A. Tapered Buffer

The three-stage tapered buffer was adopted as a representa-
tive circuit in which back biasing is applied without resorting
to transistor stacking. Buffer stages were sized with a tapering
factor of 4 and a pn ratio of 2 to achieve a high speed under a
fan-out of 64 [21], with minimum-sized first stage.

From Table V, the buffer area overhead of 3T (4T) FinFETs
with respect to bulk MOSFETs is about 30% (150%). This result
is very close to what has been observed in a single transistor (see
Section III), as the inverter gate area is transistor dominated.

As for the average dynamic energy per transition, from
Table V, FinFETs exhibit a significant advantage over bulk
devices, due to the lower source-bulk/drain-bulk capacitance.
More specifically, despite of an increase in the area (and hence
in interconnect parasitics), a 2% (5%) energy saving is allowed
by the 3T (4T) FinFET, compared to the bulk transistor.

The buffer leakage current is plotted versus in Fig. 10.
As expected, the leakage current without BB in 3T (4T) Fin-
FETs is lower (greater) than that of bulk transistors by a factor
of about 5 (3), as reported in Table V. Nevertheless, in back-bi-
ased circuits, 4T FinFET circuits exhibit a significantly lower
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Fig. 10. Dependence of total leakage current � of the tapered buffer on
the back-bias voltage � . Dotted line corresponds to 3T driving mode which
is not dependent on back-gate voltage � .

Fig. 11. Total leakage current � versus propagation delay � for the ta-
pered buffer.

leakage, thanks to the higher sensitivity of to ,
as discussed in Section IV-A. As an example, the leakage in the
4T FinFET buffer for V is reduced by a factor
of about 15 compared to the bulk MOSFET buffer, from data
in Table V. Observe that these considerations are valid only if
subthreshold leakage is the dominant contribution, i.e., for mod-
erate values of (more general considerations will be pro-
vided in Section VIII).

The 3T (4T) FinFET buffer without BB turns out to be slower
than the same circuit in bulk technology by 33% (28%). Again,
this speed penalty is due to the greater value of in Fin-
FETs and not to the increased wire parasitics. Indeed, simula-
tions show that 3T (4T) FinFETs would exhibit a 20% (10%)
speed improvement, compared to bulk circuits. When a positive

is applied, the speed disadvantage of 4T FinFET buffer can
be made smaller than that of 3T FinFET and bulk circuit, thanks
to the higher sensitivity of (and hence of ) to . For ex-
ample, the delay of the 4T FinFET buffer is greater than the
circuit in bulk technology by 18%, from data in V. For the sake
of completeness, the leakage is plotted versus delay in Fig. 11.

To comparatively evaluate the wake-up time of the BB control
circuitry, let us consider the relevant figure of merit
introduced in Section IV-A. From Table V, capacitance of
4T FinFET is lower than that of the bulk device thanks to the
lower back-gate capacitance shown in Table III. The advantage
is partly lost due to the higher contribution of interconnect par-
asitics. The parameter of 4T FinFET experiences a
4X reduction compared to the bulk device thanks to the higher
sensitivity of to , thereby confirming the suitability of
4T FinFETs for fast wake-up circuits.

In regard to the energy efficiency of the BB control circuitry,
the relevant parameter for 4T FinFETs is shown to

be lower than the bulk device by more than one order of magni-
tude, according to Table V. Again, this confirms that 4T FinFET
is well suited for very energy-efficient BB schemes, as was qual-
itatively discussed in Section IV-A.

B. Mirror Full Adder

The carry logic of the mirror full adder was also analyzed
as a representative circuit with back biasing and stacked tran-
sistors, since it exhibits a high energy efficiency compared to
other existing topologies [24]. According to Fig. 12, it consists
of the cascade of two CMOS gates: the first one has a natural
two-transistor stack, the second is a simple inverter gate with
a forced two-transistor stack, which was inserted to make its
leakage comparable to that of the first one (otherwise it would
have dominated the overall leakage).

As occurs in many arithmetic circuits, the mirror full adder is
loaded by another equal full adder (i.e., is connected to the

node of the following one). Transistors were sized to achieve
a pn ratio of 2 and minimize the energy-delay product. The
original nMOS (pMOS) transistor in the pull-down (pull-up)
network of the inverter [24] was substituted by the forced stack
of two wider transistors and ( and )
having the same driving capability as the single transistor (i.e.,
with channel width increased by a factor 1.65 and 1.5 for bulk
and FinFET transistors, respectively). Considerations on the
layout in Fig. 6 and area were already discussed in Section III
(see Table VI for detailed data).

From Table VI, again FinFETs exhibit a significant reduction
in the average dynamic energy. Indeed, a 42%, 3% and 36%
energy saving is respectively allowed by the 3T, 4T and MT
FinFET, compared to the bulk transistor. The advantage of 4T
FinFET is smaller because of the heavier contribution of wire
parasitics.

The leakage current plotted in Fig. 13 has basically the same
trend as the tapered buffer (see Fig. 10) for the 3T and 4T case.
Now let us analyze the MT FinFET case (see Section III), where
nMOS (pMOS) transistors and (
and ) are 4T FinFETs, whereas the others are 3T FinFETs
(both are FinFET-a devices, as discussed in Section III). Inter-
estingly, the proposed MT approach exhibits the lowest leakage
current when no BB is applied, since it matches the leakage of
the 3T FinFET circuit. The leakage is further reduced when ap-
plying a negative , thanks to the low value of parameter

in 4T FinFETs. The resulting numerical values are re-
ported in Table VI. Remarkably, the MT FinFET approach per-
mits a leakage reduction by two orders of magnitude. Again,
these considerations are valid for moderately negative values of

(more general considerations will be given in Section VIII).
From Table VI, the delay for bulk transistors is always better

than that of FinFETs. Again, this is mainly due to the greater
of FinFETs. Moreover, from the comparison of Figs. 11

and 14, bulk CMOS circuits under FBB (RBB or no BB) suffer
from a slightly lower (significantly higher) speed degradation
due to transistor stacking. As in the case of 4T FinFETs, MT
circuits have a lower speed compared to 3T FinFETs. Fig. 14
clearly shows the superiority of FinFETs in terms of both speed
and leakage, as well as the considerable leakage reduction (at
the cost of a speed penalty) that is offered by MT FinFETs com-
pared to 3T FinFETs.
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TABLE VI
CIRCUIT PARAMETERS FOR THE MIRROR FULL ADDER, INCLUDING NORMALIZED VALUES TO BEST CASE (PARENTHESISED)

Fig. 12. Circuit diagrams for the mirror full adder. The bulk terminal of nMOS and pMOS transistors is biased to � and � � � respectively.

Fig. 13. Dependence of total leakage current � of the mirror full-adder
on the back-bias voltage � . Dotted line corresponds to 3T driving mode
which is not dependent on back-gate voltage � .

In regard to the BB wake-up time of the BB control circuitry
(i.e., ), from Table VI capacitance in 4T FinFET
is lower than that of bulk transistor but it is higher than the MT
approach due to the higher contribution of interconnect para-
sitics. Furthermore, parameter of 4T and
MT FinFET devices is reduced by a factor of 5 (14) compared to
bulk, thereby confirming that the proposed MT approach is well

Fig. 14. Totale leakage current � versus propagation delay � for the
mirror full-adder.

suited for fast wake-up and energy-efficient BB control circuits,
as qualitatively observed in Section IV-A.

VIII. EFFECTIVENESS OF BACK BIASING IN THE PRESENCE OF

ADDITIONAL LEAKAGE MECHANISMS

All the results discussed so far refer to the case when the
standby leakage current of the logic gates is dominated by the
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Fig. 15. Simulated gate leakage current � versus gate voltage � curves,
comparing experimental data with DESSIS simulated results and model.

subthreshold, diffusive source-to-drain current of the MOS-
FETs. In fact, the reduction of the standby leakage obtained
with the transistor stacking and with the back-biasing stems
from the exponential dependence of the subthreshold current
on the over-drive voltage .

In sub-100-nm CMOS technologies additional leakage mech-
anisms, besides the subthreshold current, can give a remarkable
and possibly dominant contribution to the off-current of the
transistors. The most important components are the tunneling
current through the partly permeable gate dielectric, namely the
gate leakage [37], and the current produced by the BTBT [38],
[29], [39]. These contributions to do not favorably respond
to the back biasing as the subthreshold current does, hence in
this section we analyze again the effectiveness of the back-bi-
asing techniques in a transistor stack in the presence of gate and
BTBT leakage.

A. Gate Leakage

In order to estimate the impact of the gate leakage on the
transistors used in this study, we have first calibrated the direct
tunneling model available in the DESSIS simulator [14]. Fig. 15
compares the current per unit area calculated by DESSIS to the
experimental results and the simulations stemming from a self-
consistent Schrödinger-Poisson solver [40]. The oxide thickness
of 1.55 nm is very close to the value used in the devices of this
work (see Table I) and the agreement of the DESSIS results to
the experiments is adequate for the purposes of the work.

Fig. 16 illustrates the effect of the gate tunneling on the
stacked inverters by comparing the with or without the
gate leakage. For V, the gate leakage is essentially
negligible with respect to the subthreshold voltage for both
the bulk and the FinFET transistors. However, since the gate
current exhibits only a weak dependence on , the corre-
sponding leakage contribution becomes largely dominant in
FinFET devices for strongly negative values (say, lower
than V). Clearly the gate leakage limits the effectiveness
of the back-biasing technique. The results of Fig. 16 underline
the importance of the significant gate leakage suppression
expected with the adoption of high-k dielectrics [41], [42].

B. Band-to-Band Tunneling

Mainly because of the increase of the channel doping in the
bulk MOSFETs, the BTBT has recently become a serious con-
cern for the standby current in CMOS technologies [43], [44].
We have estimated the impact of the BTBT mechanisms by

Fig. 16. Dependence of leakage current of the stacked inverter � on back-
bias voltage � . Lines marked with circles represent simulations including
gate leakage model (and excluding BTBT).

Fig. 17. Dependence of leakage current of the stacked inverter � on back-
bias voltage � . Lines marked with circles represent simulations including
BTBT model (and excluding gate leakage).

using in the DESSIS simulator the model developed in [45]. The
model has been validated by comparing to BTBT currents mea-
sured in large area, heavily doped diodes [45].

Fig. 17 shows again the current in the stacked inverter
and the effect of the BTBT is highlighted by switching on and
off the model in the simulations. For bulk transistors, the BTBT
is clearly dominant even at V and, furthermore, it
completely compromises the benefits of the back-biasing tech-
nique; in fact the BTBT is slightly increased rather than being
suppressed upon the application of a RBB. Instead, the impact
of the BTBT on the FinFET circuit is much smaller, because
the very light channel doping concentration and the small area
of the drain junction (limited by a of about 10 nm in
the devices at study) strongly reduce the BTBT generation with
respect to the bulk transistors.

The relative immunity of FinFET devices to the BTBT
leakage is confirmed by the extremely small values that
have been experimentally reported for these technologies
[46]–[48] and it should be considered as a potential, remarkable
advantage of FinFET versus bulk technologies.

IX. DISCUSSION AND CONCLUSION

In this paper, FinFET logic circuits have been analyzed in
terms of the leakage–delay tradeoff, and compared to bulk cir-
cuits. The analysis is performed at multiple levels of abstraction,
from the device to the physical and circuit level.

The leakage-delay savings obtained with back biasing have
been widely explored, and novel figures of merit have been pro-
posed to quantitatively evaluate the suitability for low wake-up
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time and energy-efficient BB schemes. Results show that 3T and
4T FinFETs are able to considerably reduce leakage at the cost
of a moderately worse speed performance and are well suited
for implementing fast and energy-efficient adaptive BB strate-
gies. Interestingly, the better leakage reduction achieved by 4T
FinFETs is due to the higher threshold sensitivity to back bi-
asing, compared to bulk devices; this advantage of FinFETs is
expected to hold also in the future, considering that the body ef-
fect tends to reduce in nanometer bulk technology.

FinFET circuits have been analyzed in terms of area, and it
was shown that 3T circuits have a packing density that is com-
parable to bulk circuits, whereas 4T circuit suffer from a sig-
nificant increase in area. In the future, this area overhead could
be reduced at the process level by increasing the fin height, al-
though at the expense of an increased minimum channel width
(and active power in minimum-sized circuits). Despite the con-
sequent increased interconnect parasitics, FinFET circuits still
have a slight advantage in terms of active power, compared to
bulk circuits.

A mixed (MT) approach has been proposed that takes advan-
tage of the low-leakage and high packing density features of
3T FinFETs, as well as the possibility to further reduce leakage
through BB of 4T FinFETs. The MT approach is capable of
achieving the lowest leakage, wake-up time, and the highest en-
ergy efficiency in the BB scheme (by one order of magnitude).
The MT approach also allows for selectively applying BB at
both transistor and gate level of abstraction, which provides ad-
ditional advantage in terms of BB wake-up time and energy ef-
ficiency.

Additional leakage mechanisms, such as gate leakage and
BTBT, have a different dependence on than the sub-
threshold diffusive current. For this reason they may become
dominant for sufficiently low values of , limiting the
effectiveness of RBB. However, our results show that FinFET
technology is affected less severely by these supplementary
leakage components. Consequently, when applied to indepen-
dent gates FinFETs, back biasing is more effective and can lead
to lower values of leakage currents with respect to traditional
bulk MOSFETs.
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