
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ELECTRON DEVICES 1

Fin Shape Impact on FinFET Leakage With
Application to Multithreshold and
Ultralow-Leakage FinFET Design

Brad D. Gaynor and Soha Hassoun, Senior Member, IEEE

Abstract— FinFETs have emerged as the solution to short
channel effects at the 22-nm technology node and beyond.
Previously, there have been few studies on the impact of fin
cross section shape on transistor leakage. We show for the first
time that fin shape significantly impacts transistor leakage in bulk
tri-gate nFinFETs with thin fins when the fin body doping profile
is optimized to minimize leakage. We show that a triangular fin
reduces leakage current by 70% over a rectangular fin with the
same base fin width. We describe how fin shape can be used
to implement multithreshold nFinFETs without increasing chip
area consumption. We also describe how by combining triangular
fins with existing gate–source/drain underlap multithreshold
techniques, it is possible to design ultralow-power nFinFETs
with less than 1 pA/µm leakage current while maintaining high
performing ION/IOFF, threshold voltage, and subthreshold swing.

Index Terms— FinFET, leakage, multithreshold, semiconductor
device modeling.

I. INTRODUCTION

F inFETs have emerged as the solution to short channel
effects (SCEs) at the 22-nm technology node and

beyond [1]. Emerging production and research bulk tri-gate
FinFET devices are rapidly increasing in complexity.
State-of-the-art production devices incorporate rounded cor-
ners, work function (WF) engineering, channel strain engi-
neering, and fin body doping [2]. In addition, research devices
incorporate multithreshold voltage (Vth) techniques via WF
engineering and gate–source/drain (G–S/D) overlap [3] and
fin doping [4], [5].

Low leakage devices are a key enabler for long-life
System-on-Chip applications with ultralow-power standby
requirements. While bulk FinFETs show improved leakage
performance over planar CMOS, leakage persists due to SCEs
and gate-induced drain leakage (GIDL) [6]. Leakage due to
SCEs decreases as fin widths decreases [7]; however, etching
thinner fins is a significant challenge [8]. GIDL, caused
by band-to-band tunneling (BTBT), where the drain region
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extends under the gate, decreases with thinner fins [9]. How-
ever, GIDL is difficult to eliminate, because GIDL current
increases as the gate WF moves away from the band edges
and due to the junction abruptness of the fin body doping.
Reducing leakage requires sacrificing drive current; therefore,
it is desirable to investigate tradeoffs between ION and IOFF,
and to provide chip designers control of the leakage/saturation
current tradeoff via a multithreshold technology process.

Because FinFET performance is determined in large part
by the fin geometry, it is intuitive that fin cross section shape
will have an impact on leakage. However, previous studies
of fin shape were primarily focused on evaluating the impact
on SCEs, and provided only preliminary investigations on
leakage. Liu et al. [10] reported that leakage increased in
silicon on insulator FinFETs as the fin cross-sectional shape
changes from rectangular to triangular to trapezoidal. In their
study, the width of the fin base changed from 13 (rectangular)
to 92 (triangular) to 140 nm (trapezoidal). We believe that the
increase in leakage is due to the increase in fin width, not
the change in cross-sectional shape. Recently, Wu et al. [11]
reported that fin shape has a negligible impact on leakage
performance. However, this result is neither conclusive nor
generalizable as it is specific to a particular fin body doping.

Prior multithreshold FinFET research has focused on SOI
(not bulk) FinFET technologies. Proposed multithreshold tech-
niques for SOI FinFETs include WF engineering, G–S/D
overlap, and active fin doping. WF engineering is required
to produce functional tri-gate FinFETs with undoped active
fins and midgap gate metal WF [12]. Tawfik and Kursun [13]
proposed WF engineering as a multithreshold technique for
FinFET. It is shown in Section III-B that this approach is
incompatible with bulk FinFET design. Tawfik and Kursun
also proposed the G–S/D overlap technique [3]. Negative
G–S/D overlap (underlap) was shown effective in reducing
leakage and incurs no additional manufacturing steps. Because
this technique relies on extending the source and drain away
from the gate, it may require increasing the transistor footprint
when the underlap length is greater than the source/drain
extensions or when there is insufficient source/drain extension
margin to make a low-resistivity contact to metal layer 1.

We show in this paper for the first time that fin shape
significantly impacts leakage in bulk tri-gate nFinFETs with
thin fin widths when the fin body doping is optimized to
minimize leakage. We describe how fin shape can be used
to implement multithreshold nFinFETs without consuming
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Fig. 1. Doping concentration of nFinFET structure (a) isomorphic view,
(b) source/drain cross section cut at the middle of fin, and (c) fin cross section
cut at the middle of channel.

TABLE I

nFINFET MODEL GEOMETRY PARAMETERS

additional integrated circuit (IC) area. We also demonstrate
the compatibility of fin shape with the existing G–S/D overlap
multithreshold techniques. Our results confirm that control
of fin cross-section shape provides the potential to realize
multithreshold and ultralow-power FinFETs within a single
process family.

II. EXPERIMENTAL METHODOLOGY

We base our analysis on the 22-nm bulk nFinFET Technol-
ogy Computer Aided Design (TCAD) model (Fig. 1) adapted
from [14]. This model represents the transistor features
described in [2]. The key geometries shown in Table I have
been selected to correspond with Intel’s recent bulk FinFET
production process [15]. The corner radius of the rounded fin
is set to ½Wtop to minimize corner effects. All other model
parameters take the default value unless otherwise specified.

The TCAD simulations include physical models for stress
effects, crystal orientation dependent quantum effects, BTBT,
and drift diffusion with mobility degradation as found in [14].
The drift-diffusion models include adjusted carrier velocity
saturation with the values recommended in [16]. The inver-
sion and accumulation layer mobility model with auto-
orientation accounts for the sidewall-angle dependent surface
orientation of the fin, with model parameters well calibrated
to experimental data [17]. The thin-layer mobility models

Fig. 2. IOFF and ION/IOFF ratio of rectangular nFinFET as a function of fin
body doping (top). Vth and SS of rectangular nFinFET as a function of fin
body doping (bottom). Active fin is undoped with concentration = 1e15.

are calibrated with parameters from [18] to capture quantum-
mechanical confinement effects. The density-gradient quantum
correction model with auto-orientation captures orientation-
dependent quantum corrections calibrated to the solution of the
Poisson–Schrödinger equations by the Sentaurus band struc-
ture [19]. The Schenk BTBT model [20] is used to simulate
GIDL leakage.

Manoj et al. described the appropriate fin body doping
required to optimize leakage in bulk FinFETs [6]. It is rec-
ommended that the active fin remain undoped to maximize
carrier mobility. Leakage, however, increases under the active
fin due to SCEs when there is insufficient fin body doping.
There is insufficient gate control on the fin body, below the
surface of the shallow trench isolation, to suppress leakage.
However, excess body doping results in GIDL due to BTBT
at the interface between the n+ drain and the fin body. These
competing mechanisms, SCEs and GIDL, are balanced at the
optimum doping concentration of 1e18 1/cm3. This fin body
doping optimization must be performed before meaningful
assessment of the impact of fin shape on leakage.

Prior to evaluating nFinFET leakage performance, the
device doping is optimized as described in [6]. We sweep the
p-type fin body doping concentration from 1e16–1e19 1/cm3.
The active fin is undoped with a p-type concentration of
1e15 1/cm3. The results are shown in Fig. 2. The optimal
IOFF is achieved with a fin body doping concentration of
1e18 1/cm3, consistent with prior results. IOFF represents the
total off state leakage current, including ISOFF (SCE) and IXOFF

(junction leakage, GIDL). The optimal ION/IOFF ratio also
corresponds to a fin body doping concentration of 1e18 1/cm3,
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Fig. 3. IOFF of rectangular and triangular nFinFET as a function of fin body
doping. Active fin is undoped with concentration = 1e15.

indicating no disproportionate saturation current degradation
due to the fin body doping. Vth changes 32 mV over the
simulated range, with a value of 407 mV at the optimum
design point. Vth is extracted using the maximum transconduc-
tance method with Vd=0.05 V. The subthreshold swing (SS) is
74.3 mV/dec at the optimal design point. The SS is extracted at
a gate voltage (Vg) of 0.3 V. The SS performance is relatively
flat over the range 5e17–7.5e18 1/cm3. Therefore, we expect
doping changes within this range to have minimal impact on
transistor speed.

To compare different fin shapes, we report all ION and IOFF

values normalized to the effective transistor width (Weff ), con-
sistent with previously reported FinFET transistor performance
metrics in [15]. Weff is the component of the fin cross section
perimeter adjacent to the gate oxide, calculated simply using
the Pythagorean theorem for the fin sides and the area of the
semicircle with corner radius set to Wtop/2 for the fin top

Weff = 2

√(
Wbottom − Wtop

2

)2

+
(

H − Wtop

2

)2

+ π
Wtop

2
.

III. RESULTS

A. Minimal Leakage Requires Joint Selection of
Fin Shape and Fin Doping

We first examine the interaction of fin body doping and
fin shape. IOFF for the nFinFET with maximum Wtop = 15 nm
(rectangular) and minimum Wtop = 1 nm (triangular) is plotted
as a function of fin body doping (Fig. 3). The triangular
nFinFET exhibits a 70% reduction in IOFF over the rectangular
design. The optimal fin body doping profile for the triangular
nFinFET is 5e17 1/cm3, less than the optimum doping for the
rectangular nFinFET.

The IOFF current density distribution for the optimal doping
concentration of a rectangular FinFET (1e18 1/cm3) is shown
in Fig. 4(a). With the lower doping concentration (5e17 1/cm3)
the leakage through and below the active fin increases signif-
icantly due to SCEs (Fig. 4(b)). The change in the current
density distribution of Fig. 4(b) with reference to Fig. 4(a)
results in increasing leakage through the center of the fin due

Fig. 4. IOFF current density distribution of rectangular nFinFET with (a) fin
body doping concentration = 1e18 1/cm3, fin cross section cut at the middle
of fin, (b) fin body doping concentration = 5e17 1/cm3, fin cross section cut
at the middle of fin, (c) current density distribution difference between the
two nFinFETs, and (d) cross section of Fig. 4(c) cut at the drain/channel
interface. The higher 1e18 1/cm3 doping concentration is required to suppress
leakage through the center and underneath the fin at the expense of BTBT.

Fig. 5. IOFF current density distribution of triangular nFinFET with (a) fin
body doping concentration = 1e18 1/cm3, fin cross section cut at middle of
fin, (b) fin body doping concentration = 5e17 1/cm3, fin cross section cut
at the middle of fin, (c) current density distribution difference between the
two nFinFETs, and (d) cross section of Fig. 5(c) cut at the drain/channel
interface. While a slight increase in leakage current through the fin is observed
due to increased doping, the reduction in BTBT at the base of the active fin
yields an overall leakage improvement for the triangular nFinFET with fin
body doping = 5e17 1/cm3.

to SCEs and decreasing leakage due to BTBT at the fin corners
of the drain-active fin interface (Fig. 4(c) and (d)). However,
despite the reduction in BTBT with the lower doping profile,
the total leakage current increases as the doping is changed
from 1e18 1/cm3 to 5e17 1/cm3.

Fig. 5 shows the IOFF current density distribution for a trian-
gular fin with Wtop = 1 nm. As in Fig. 4, there is an increasing
leakage current due to SCEs and decreasing leakage current
due to BTBT with reduced doping concentration. However,
the total leakage current is lower for the triangular FinFET
at the reduced doping concentration relative to the rectangular
FinFET. The tradeoff between the SCEs and BTBT effects is
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Fig. 6. Performance comparison of nFinFET as a function of fin shape:
IOFF (top left), Vth (top right), SS (bottom left), ION/IOFF ratio (bottom right).

Fig. 7. IOFF current density distribution of nFinFET with (a) rectangular fin
cross section (Wtop = 15 nm), (b) trapezoidal fin cross section (Wtop = 7 nm),
and (c) triangular fin cross section (Wtop = 1 nm), cut at the middle of
channel. Rounded top corners with corner radius = Wtop/2, fin body doping
concentration = 1e18 1/cm3.

dependent on both the doping concentration and the fin shape.
Selecting the best doping profile for a particular fin shape is
critical for trading off these two competing mechanisms to
achieve the minimal total leakage.

To evaluate the impact of fin shape on IOFF, we sweep Wtop
over the range of 1–15 nm (Fig. 6, upper left panel). We simu-
late both the rectangular and triangular optimal doping profiles.
IOFF decreases as Wtop decreases except for the nFinFET with
1e18 1/cm3 fin body doping when Wtop is less than 5 nm. The
leakage current is more sensitive to Wtop with the lower doping
profile. To obtain the optimal leakage performance for various
fin shapes, the doping concentration and fin shape must be
selected jointly to optimize performance. A doping concen-
tration of 1e18 1/cm3 is selected when Wtop is greater than
or equal to 5 nm and a doping concentration of 5e17 1/cm3

is selected when Wtop is less than 5 nm. For these Wtop and
doping selections, Vth is within the range of 407–458 mV,
SS is less than 75 mV/dec, and ION/IOFF monotonically
increases as Wtop decreases. Therefore, varying Wtop between
1–15 nm produces a multitude of transistor design choices

Fig. 8. Ion current density distribution of nFinFET with (a) rectangular fin
cross section (Wtop = 15 nm), (b) trapezoidal fin cross section (Wtop = 7 nm),
and (c) triangular fin cross section (Wtop = 1 nm), cut at the middle of
channel. Rounded top corners with corner radius = Wtop/2, fin body doping
concentration = 1e18 1/cm3.

Fig. 9. Cross section of two extreme G–S/D overlap scenarios (a) 3 nm
overlap and (b) −8 nm overlap (underlap); cut through the center of fin.

in terms of leakage performance while retaining transistor
quality.

Fig. 7 provides insight into the means by which fin shape
reduces IOFF. As Wtop decreases, the leakage current is forced
into the center of the fin volume. The current density is greatly
reduced with the thinner fin.

Reliability is an important consideration for very thin fins.
The maximum current density (Fig. 8) for the triangular
nFinFET is not in the top narrowest portion of the fin. Instead,
the maximum current density distribution is pushed into the
fin volume due to quantum confinement. Corner effects have
been minimized by maximizing the corner radius for each
Wtop. Therefore, we do not expect reliability degradation of
the triangular nFinFET due to thermal stress at the narrow
fin top.

B. Creating Multithreshold FinFETs via Fin Shape

We observe from Fig. 6 that fin shape provides the abil-
ity to trade ION for IOFF, while maintaining good Vth, SS,
and ION/IOFF, making fin shape an excellent candidate for
multithreshold nFinFET design. Multithreshold nFinFETs can
be constructed by manufacturing different fin shapes within
a single IC. For example, a high-drive strength rectangular
nFinFET with Wtop = 15 nm has ION = 452 μA/μm,
IOFF = 68.0 pA/μm, and Vth = 407 mV, while a low-leakage
triangular nFinFET with Wtop = 1 nm has ION = 318 μA/μm,
IOFF = 20.7 pA/μm, and Vth = 458 mV. Therefore, a
70% reduction in leakage is achievable at the expense of a
30% reduction in drive current.
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TABLE II

MULTITHRESHOLD SIMULATION SCENARIOS

We further evaluate the merits of using fin shape for
multithreshold nFinFET design by comparing with two other
multithreshold design techniques: WF engineering and G–S/D
overlap. Because we optimize the doping profile to minimize
leakage, we do not evaluate doping-controlled multithreshold
nFinFETs proposed in [5]. WF is controlled directly as a
parameter in the simulation. The G–S/D overlap requires
modifying the source/drain implants, and for negative values
of overlap (underlap), extending the gate dielectric and spacers
as shown in Fig. 9. All other parameters, including the
fixed gate length, are identical to the proposed nFinFET
in Section III-A.

We simulate WF over the range 4.5–5.0 eV as reported
in [13] and G–S/D overlap over the range −8–3 nm as
reported in [3]. These parameters, along with our previously
defined range of fin shapes, are collected in several simulation
scenarios (Table II). Each multithreshold technique is simu-
lated independent of the other two. The column labeled fin
shape represents eight simulation scenarios with Wtop ranging
from 1–15 nm in increments of 2 nm, with the WF set
to 4.6 eV and the G–S/D overlap set to zero. The column
labeled WF engineering represents six additional simulation
scenarios with decreasing values of WF, with Wtop = 15 nm
and zero G–S/D overlap. The column labeled G–S/D overlap
represents 12 simulation scenarios, with Wtop = 15 nm and
WF set to 4.6 eV. Scenario 8 is the baseline design with a
rectangular fin, zero G–S/D overlap, and a WF of 4.6 eV.
Because the ranges for Wtop and WF require fewer than 12
unique parameter values, we use an X to indicate that no
experiment was performed for that technique/scenario pair.

The results of the multithreshold simulations are shown
in Fig. 10. While WF engineering (scenarios 4–9) provides
over 430 mV of Vth control, this technique is not suitable for
low-leakage bulk nFinFETs. When WF = 4.5 eV (scenario 9),
the gate control over the channel is reduced, increasing IOFF by
an order of magnitude over the baseline scenario 8. When the
WF is greater than 4.6 eV (scenarios 4–7), GIDL increases for
low Vg . This is the result of increasing the gate WF without

Fig. 10. Multithreshold comparison of WF engineering, G–S/D overlap, and
fin shape: IOFF (top left), Vth (top right), SS (bottom left), ION/IOFF ratio
(bottom right).

doping the active fin. The resulting GIDL, measured as the
substrate current at the ground-tied body contact, is shown in
Fig. 11. The only viable range of WF for low-leakage design is
4.6–4.7 eV (scenarios 7 and 8), and all WF values deviating
from the optimized 4.6 eV result in increased leakage and
reduced ION/IOFF.

Increasing the G–S/D overlap (scenarios 9–11) results in
increased IOFF, while decreasing the G–S/D overlap (scenar-
ios 7 to 0) results in substantially reduced leakage (Fig. 10).
ION/IOFF improves as the G–S/D overlap decreases (scenar-
ios 11 to 0). The positive G–S/D overlap of 3 nm (scenario 11)
results in ION = 555 μA/μm and IOFF = 624.5 pA/μm.
The negative G–S/D overlap of −8 nm (scenario 0) results in
ION = 174 μA/μm and IOFF = 2.6 pA/μm. This technique
enables a 99.6% reduction in leakage at the expense of a
69% reduction in saturation current. The overlap of −1 nm
in scenario 7 is an outlier for the IOFF and ION/IOFF trends;
this is due to GIDL caused by the residual drain implant
doping in the channel under the corner of the gate.

The G–S/D overlap range provides 44 mV of Vth con-
trol. The SS improves with decreasing G–S/D overlap
until the overlap exceeds 6 nm, with a total range of
22.1 mV/dec. The SS of 89.1 mV/dec, potentially leading
to slower transitions, must be considered against the benefit
of increased drive strength. While the G–S/D overlap is
extremely effective in controlling leakage, extending the
source and drain away from the channel may require increas-
ing the length of the transistor, consuming an additional IC
area.

Reducing the top fin width (scenarios 8 to 1) enables a 70%
reduction in IOFF and improved ION/IOFF (Fig. 10). This tech-
nique provides 51 mV of Vth control. The jump in SS for sce-
narios 1 and 2 is due to the change in fin body doping profile.
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Fig. 11. Drain and substrate current as a function of gate bias, Vd = 0.8 V.
When the WF is greater than 4.6 eV, the GIDL (measured at the substrate
contact) dominates the nFinFET leakage performance. The lines with markers
are associated with the left axis and lines without markers are associated with
the right axis.

The total range of SS is 6.1 mV/dec. The improvement in IOFF

is substantial with minimal impact on Vth, SS, and ION/IOFF.
Fin shape provides less total leakage control than G–S/D
overlap. However, reducing Wtop results in a thinner fin and
consumes no additional IC area. Also, because the nFinFET
footprint is not affected, there is no impact on chip layout.

Our proposed technique for producing multithreshold Fin-
FET devices introduces manufacturing challenges. Fabricating
devices with various sidewall angles requires implementing
additional processing steps and etch chemistries. While current
manufacturing processes have not yet implemented such capa-
bilities, orientation selective etch techniques have been demon-
strated to control the fin sidewall angle independent of the fin
width [10]. To achieve two different fin shapes, it may be
necessary to form each shape separately, duplicating several
process steps. Further, it may be necessary to keep each fin
type in separate regions of the die to protect one set of fins
while processing the other.

An additional challenge is assessing the impact of process
variability on FinFET performance. While designing an
intrinsic active fin minimizes the impact of random dopant
fluctuations, other variation sources must be considered. The
fin line-edge-roughness, which is closely related to the tech-
niques used to control fin cross section, has a major impact on
the rectangular FinFET performance [21]. Metal gate granu-
larity, which has a strong dependence on the grain size and its
orientation, has been shown to impact SOI FinFETs [22] and
planar devices [23]. The statistical variability of these factors
along with more traditional factors, such as gate length, fin
width, and oxide thickness, must be evaluated over different
fin shapes.

C. Ultralow Leakage FinFETs

For ultralow power applications, is it desirable to design
devices with the lowest possible leakage. From the data in
the prior section we observe that the fin shape and G–S/D
overlap techniques can be utilized together to generate ultralow
leakage FinFETs. We simulated a triangular nFinFET with
G–S/D overlap of −8 nm. This device results in a 99%
reduction in IOFF over the baseline scenario 8 (IOFF =
0.66 pA/μm), with ION = 88.6 μA/μm, Vth = 506 mV,
SS= 67.7 mV/dec and ION/IOFF = 1.34e8.

To put our results in perspective, the low power logic
from Intel on which our design is based [15] achieves
ION = 410 μA/μm and IOFF = 30 pA/μm with L = 34 nm
and Vdd = 0.75 V. Our triangular nFinFET with L = 34 nm
and Vdd = 0.8 V achieves a 31% reduction in leakage at
the expense of 22% less saturation current. Combining our
triangular nFinFET with a −8 nm G–S/D overlap results in
two orders of magnitude leakage reduction for a 78% reduction
in saturation current.

IV. CONCLUSION

We evaluated the impact of fin cross-section shape on
bulk tri-gate nFinFETs with thin fins. We have shown that
fin shape has considerable impact on leakage performance.
With appropriate doping optimization, a 22-nm nFinFET with
triangular fin cross section results in a 70% reduction in
leakage current over a rectangular fin with the same base
fin width.

We also explored the application of fin shape to
multithreshold nFinFET design. Controlling the fin shape
provides an effective, area-efficient method to achieve
multithreshold design. Rectangular nFinFETs result in
ION = 452 μA/μm, IOFF = 68.0 pA/μm, and Vth = 407 mV,
while low-leakage triangular nFinFETs result in ION = 318
μA/μm, IOFF = 20.7 pA/μm, and Vth = 458 mV. Our shape-
controlled multithreshold nFinFET technique provides chip
designers the ability to control the leakage/saturation current
tradeoff without consuming any additional IC real estate or
impacting chip layout. However, future research is needed
to improve the range of threshold and leakage control for
multithreshold bulk FinFETs.

We have shown that multithreshold techniques based on WF
engineering are not appropriate for bulk FinFET processes
with undoped active fins. Finally, our multithreshold technique
is compatible with a previously reported G–S/D overlap multi-
threshold technique, together enabling nFinFETs with less than
1 pA/μm standby current for ultralow-power applications.
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