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Vertical tunnel field-effect transistors (VTFETs) have been extensively explored to overcome the scaling lim-
its and to improve on-current (ION) compared to standard lateral device structures for the future technologies.
The benefits in terms of reduced footprint, high ION and feasibility of fabrication have been demonstrated
in several works. Among various VTFETs, the asymmetric heterojunction vertical tunnel FETs (HVTFETs)
have emerged as one of the promising alternatives to standard transistors for low-voltage applications. How-
ever, while such device-level benefits without parasitics have been widely investigated, logic-gate design
with parasitics and layout implications are not clear. In this article, we investigate and compare the layouts
and parasitic capacitances and resistances of HVTFETs with FinFETs. Due to the vertical device structure
of HVTFETs, a smaller footprint is observed compared to FinFETs in cells with small fan-in. However, for
high fan-in cells, HVTFETs exhibit area overheads due to infeasibility of contact sharing in parallel and
series transistors. These area overheads also lead to approximately 48% higher parasitic capacitance and
resistance compared to FinFETs when the number of parallel and series connections increases. Further, in
order to analyze the impact of parasitics, we modeled the analytical parasitics in SPICE. The models for
both HVTFETs and FinFETs with parasitics were used to simulate a 15-stage inverter-based ring oscillator
(RO) in order to compare the delay and energy. Our simulation results clearly show that HVTFETs exhibit
less delay at a VDD < 0.45 V and higher energy efficiency for VDDs in the range of 0.3V–0.7V, albeit at the
cost of 8% performance degradation.
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1. INTRODUCTION
The CMOS technology has been continuously scaling in the past few decades, leading
to benefits of higher integration density, higher energy efficiency and superior perfor-
mance. However, these benefits are accompanied by logic cell design challenges such
as increased leakage power, fabrication yield, layout complexity and restrictions, in-
creased susceptibility of circuits to process variations, and an increase in parasitic
capacitances and resistances [Yu et al. 2002; Kuhn et al. 2010; Pacha et al. 2006; Cui
et al. 2014; Xie et al. 2014]. In order to mitigate such issues, numerous alternative tran-
sistor architectures such as tunneling field-effect transistors (TFETs), nanowire, and
vertical gate-all-around transistors are being widely investigated, among which asym-
metric heterojunction vertical tunnel FETs (HVTFETs) show great promise [Seabaugh
and Zhang 2010; Mohata et al. 2012; Liu et al. 2012; Datta et al. 2013]. HVTFETs have
the advantages of (a) a reduced footprint due to the nature of the vertical structure,
(b) ease of fabrication of heterojunctions, and (c) higher device performance at low volt-
ages (<0.5V). Meanwhile, TFET devices have been adopted in many emerging digital
and analog circuit designs, such as data converters [Kim et al. 2014], power converters
[Liu et al. 2014; Heo et al. 2015], and logic designs [Kim et al. 2014; Swaminathan
et al. 2014], showing a great advantage in energy efficiency. However, these benefits
are obtained without considering impacts of physical layout implementations, which
affect not only parasitics but also device characteristics.

In addition, as described earlier, traditional scaling is accompanied by several issues,
among which leakage power and fabrication process are currently well controlled with
the help of device technologies (e.g., the gate last/replacement techniques, high-κ/metal
(HKMG) gate implementations, and so forth) in FinFETs [Yu et al. 2002; Kuhn et al.
2010, 2012; Natarajan et al. 2014]. However, a continuous increase in parasitic ca-
pacitances and resistances remains a challenge, as depicted in Figure 1 [Thompson
et al. 2005]. In particular, parasitic capacitance becomes dominant since a large fin
height (HFIN) and a small fin pitch (FP) to obtain a higher electrical width in logic cells
contribute to more parasitic capacitances [Wu and Chan 2007; Wei et al. 2009; Salas
Rodriguez et al. 2013]. Hence, the analysis of parasitics is crucial for logic cells since
their performance is determined by not only intrinsic device characteristics but also
parasitic capacitances and resistances [Kuhn et al. 2012]. In HVTFETs, the parasitics
have not been properly analyzed. Therefore, it is very important to explore advantages
or trade-offs considering parasitics in HVTFETs compared to FinFETs.

In this article, we analyze two aspects: (a) layouts and (b) parasitic capacitance and
resistance across logic cells based on HVTFETs and FinFETs. First, we quantify the
area benefits and trade-offs by performing a detailed analysis of layouts for HVTFET
cell designs in comparison with FinFETs. Since the fabrication process and integration
of vertical devices are being continuously developed and refined, we use the key design
rules based on Intel 22nm [Jan et al. 2012] and 14nm [Natarajan et al. 2014] for
lateral FinFETs and the same metal pitches in Intel 22nm [Jan et al. 2012] and 14nm
[Natarajan et al. 2014] for 20nm HVTFETs to characterize and compare FinFET- and
HVTFET-based logic cell layouts. All the cell layouts are designed using the same
cell-height architecture (7.5 metal track) to help with floor-planning flexibility and
eventually area reduction. In the second part of this article, we analytically model
the geometry-dependent parasitic capacitances and resistances based on each device
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Fig. 1. Projections of parasitics [Thompson et al. 2005].

Fig. 2. Device structures: (a) FinFET and (b) asymmetric HVTFETs.

structure of the FinFET and HVTFET. In order to examine parasitics for logic cells, we
systematically analyze the device structures and layouts. We implement the models
for parasitics in Verilog-A [Liu et al. 2013, 2014] to explore and compare the impact of
the parasitics in a 15-stage ring-oscillator (RO) [Yakimets et al. 2015a, 2015b].

This article is organized as follows. Section 2 introduces the differences in device
structures between the FinFET and HVTFET. The layout analysis for both devices is
described in Section 3. Section 4 discusses the modeling methodology for parasitic ca-
pacitance and resistance stemming from device structures and layouts for both FinFET
and HVTFET considering parallel and series transistor connections. The ring-oscillator
benchmarking across devices considering parasitics is included in Section 5. Section 6
presents our conclusions.

2. DEVICE STRUCTURES OF FINFET AND ASYMMETRIC HVTFET
Figure 2 shows the device structures of a FinFET [Jan et al. 2012; Natarajan et al.
2014] and an asymmetric HVTFET. FinFETs have been explored thoroughly in the
past decade. A number of works have demonstrated improved short-channel behaviors
of FinFETs over a conventional bulk metal–oxide–semiconductor field-effect transistor
(MOSFET) [Choi et al. 2001]. With a thin-fin structure, the FinFET exhibits better
electrostatic control of channel and electrical characteristics such as low leakage and
higher on-current (ION) due to reduced short-channel effects over conventional planar
MOSFETs [Yu et al. 2002; Biddle et al. 2013]. Unlike the planar CMOS transistor,
a FinFET has a nonplanar (three-dimensional) structure [Choi et al. 2001; Jan et al.
2012; He et al. 2010]. A FinFET is composed of fins that form a path for the current flow
between the source and drain controlled by a gate voltage. The gate wraps around two
lateral sides and top of the fins. Therefore, the effective electrical width of a single-fin
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Table I. Process Parameters Across Estimated Technology Nodes

TECHNOLOGY 22nm 14nm 10nm 7nm HTFET (22nm) HTFET (14nm)
Contacted Gate Pitch (CGP) (nm) 90 70 64 48 ∗ ∗
Metal 1 Pitch (MP1) (nm) 80 64 48 36 80 64
Metal 0 Pitch (MP0) (nm) ∗ 56 42 32 ∗ 56
Fin Pitch (FP) (nm) 60 42 36 27/24 ∗ ∗
Fin Height (HFIN) (nm) 34 42 ∗ ∗ ∗ ∗
Fin Thickness (TFIN) (nm) 10 8 ∗ ∗ 7 7
Gate Length (Lg) (nm) 26 20 ∗ ∗ 20∗∗ 20∗∗
Rbeol (Rb) (Ω/µm) ∗ ∗ 60 135 ∗ ∗
Cbeol (Rc) (F/µm) ∗ ∗ 0.175 0.160 ∗ ∗
Supply Voltage (V) 0.75/0.8 0.7 0.7 0.65 <0.5 <0.5

Source: [Jan et al. 2012; Natarajan et al. 2014; Bardon et al. 2015; Liu et al. 2013].
∗Information is not available; ∗∗Same Lg = 20nm HTFETs are used since HTFET is the vertical device.

Table II. Abbreviations

CGP MP FP TFIN HFIN CW CH WE WEMAX

Contacted Metal Fin Thickness Height Cell Cell Electrical Maximum
Gate Pitch Pitch Pitch of Fin of Fin Width Height Width Electrical Width

is given by 2HFIN+TFIN (where HFIN is the fin height and TFIN is the fin thickness). The
width of a FinFET is thus quantized in steps of 2HFIN+TFIN [Yu et al. 2002; Xie et al.
2014].

Recently, vertically fabricated TFETs have been widely investigated and explored to
further overcome scaling issues and to improve the subthreshold slope (SS). In this
device, the current flow in the channel is perpendicular to the wafer (unlike the lateral
current flow in FinFETs). Further, the gate and channel length are independent of
lithographic patterning methods. Figure 2(b) illustrates the three-dimensional (3-D)
device structure of the HVTFET. Two gates are formed on each side of the channel
between vertically aligned source and drain regions, and the gate metal is extended
to form gate contacts. The source and drain contacts are formed on the top or bottom
active regions. Since the HVTFET is a double gate (DG) structure, its effective electrical
width is 2 ×WE, where WE is the width of the active region.

HVTFETs are essentially a gated p-i-n tunnel diode with asymmetric GaSb-InAs
(III-V) source/drain (S/D) doping [Liu et al. 2013]. The ON and OFF switching is driven
by the gate-voltage-induced band-to-band tunneling (BTBT) at the source-channel junc-
tion [Saripalli et al. 2011; Mohata et al. 2012; Liu et al. 2013]. The asymmetric features
result in current flow in one direction, also known as “unidirectional conduction be-
havior.” This is in contrast to FinFETs, which exhibit symmetric bidirectional current.
This difference has important implications for layout designs in logic cells, as we will
discuss later.

3. LAYOUT ANALYSIS OF FINFETS AND HVTFETS
In a standard cell design, the layout and area of cells are strongly dependent on the
device structure and fabrication process. In this section, we perform a detailed layout
analysis of FinFETs and HVTFETs in logic cell designs to examine their benefits and
trade-offs.

Table I summarizes key device dimensions and design rules for the 22nm to 7nm
FinFETs and 20nm gate-length (Lg = 20nm) HVTFET. Table II expands the abbrevia-
tions used in this Table I and throughout the remainder of the manuscript. At current
advanced technologies, the Lg is no longer an indication of the exact technology node
dimension. As shown in Table I, for example, the Lg in 14nm FinFET is not exactly
14nm and can range from 14nm [Natarajan et al. 2014] to 20nm [Jan et al. 2012]. This
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Fig. 3. Device dimensions: (a) FinFET (b) HVTFET.

trend is expected to continue for projected sub-10nm FinFET technologies [Yakimets
et al. 2015b]. For vertically fabricated devices, it is even more difficult to define a
technology node since the fabrication process of these devices is mainly limited by the
contact placement and metal 0 pitch (MP0) rather than the contacted gate pitch (CGP)
in FinFETs due to the vertical device architectures. Hence, in this article, we compare
the HVTFET layout based on the process parameters (FP and MP0) of 22nm and 14nm
FinFETs. To analyze implications and differences between the standard cell library
based on FinFETs and the one based on HVTFETs, we consider several combinational
and sequential logic gates.

For logic cell designs, the cell height (CH) is a critical design consideration and
is dependent on the design requirements with regard to the optimization of density,
power, and performance. For subsequent analysis, a 7.5-track (7.5 T) architecture is
chosen to achieve low power, for which cell architectures with smaller height are more
suitable [Hou et al. 2013].

Figure 3 presents the device dimensions used in this analysis. The baseline one-
transistor layout has at most three fins (3F) because a 7.5 T architecture corresponds
to 3F in the NMOS/PMOS, as we will discuss later.

3.1. Electrical Width Quantization
A key parameter of a cell design in a standard cell library is the maximum electrical
width (WEMAX) of n- and p-devices that can fit in a given cell height (7.5 T in this article)
because the electrical width (WE) determines a drive strength of logic gates for a fixed
area or layout area of the logic gates for a fixed drive strength in a single-finger layout.

The cell-height (CH) is mainly determined by MP2 and FP [Alioto et al. 2011]. For
the 7.5 T architecture, the CH equals 7.5 × MP2. For instance, with an assumption that
MP2 = MP1, 64nm (MP1) × 7.5 is equal to 480nm in a 14nm technology. For FinFETs,
10 fins can be formed in a given 7.5 T as is evident from the ratio (4/3 ∼ 3/2) between
the MP2 (and MP1) and FP (Table I) in a sub-20nm node.

Out of the 10 fins in the 7.5 T architecture, the total number of active fins is 6, out
of which three fins form the n-type transistor, while the other three form the p-type
transistor. Appropriate space is formed between n- and p-FinFETs for gate contact
placement and for internal routing in a cell by etching two fins. Two more fins (one
each on the top and bottom cell boundary) are removed to enable proper cell abutment
and the placement of power rails of cells. Note that the p- and n-type FinFETs have
equal strength due to the hole mobility improvement obtained from the adoption of
SiGe for the p-type transistor [Yu et al. 2002; Jan et al. 2012; Natarajan et al. 2014;
Xie et al. 2014; Biddle et al. 2013]. From this discussion, WEMAX for FinFET cells in a
7.5 T architecture is obtained as [Anil et al. 2003]:

WEMAX,FinFET = NF IN × (2HF IN + TF IN). (1)
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Fig. 4. The single-finger inverter layouts with the maximum electrical width (WEMAX) with respect to the
technology nodes in (a) FinFET and (b) HVTFET.

where NFIN is the number of fins for either n- or p-type FETs. From Equation (1) and
Table I, and using NFIN = 3, WEMAX = 276nm is obtained for the 14nm technology node
for n- and p-type FinFET, each considering a single-finger inverter (INVX1) in a given
7.5 T cell height.

For HTVFETs, as introduced in Section 2, the WEMAX can be expressed as

WEMAX, HVTFET = 2 × (WE) = 2 × (3FP + TF IN). (2)

Based on a given CH, the maximum width of the active region (or the sum of the
width of n- and p- devices) is obtained as WEMAX = 268nm for 14nm and 226nm for
10nm technology nodes because of the double-gate structure as shown in Figure 3
and Equation (2) with an assumption of thickness of epitaxy (Epi) = FP + TFIN. In
comparison to FinFETs, HVTFETs have ∼1.8× larger WEMAX in a 7.5 T architecture
in >20nm technologies but the WEMAX of FinFETs is slightly higher or similar for
<20nm technologies, as shown in Figure 4. This translates to ∼2× larger cell area in
FinFETs in near-20nm technology if the two devices are designed to have the same
WEMAX. However, in sub-20nm, WEMAX is very similar in both devices and so is the
cell size at iso-WEMAX. In addition, HVTFETs provide higher ION density than that of
FinFETs at low voltages due to their steep-slope characteristics [Seabaugh and Zhang
2010; Saripalli et al. 2011; Mohata et al. 2012; Liu et al. 2013]. Therefore, HVTFETs
can provide an additional increase in the drive-ability (IDS) compared to FinFET logic
cells in low-voltage ranges (<0.5 V).

3.2. A Single-Finger Cell Width Comparison
The cell width (CW) of a single-finger device can be calculated using the process pa-
rameters in Table I. The CW of a device has linear dependence on CGP or MP0. For
FinFETs, the CW is easily expressed by using the CGP. However, for HVTFETs, the
CW is a function of MP0 rather than CGP since layouts of vertical devices are mainly
restricted by MP0 due to contact placements, as shown in Figure 3. For instance, the
width of a single transistor can be described as two CGP (2 × CGP) for FinFETs and
two MP0 (2 × MP0) for HTFETs. With the process parameters for the 14nm and 10nm
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Fig. 5. Layout top-sectional views of series two and three transistors: (a) FinFETs and (b) HVTFETs.

technology nodes, the CWs for FinFETs are obtained to be 140nm and 128nm, while
the widths of HVTFETs are 112nm and 84nm, respectively. The comparison results
show that the 14nm and 10nm HVTFETs exhibit 0.8× and 0.7× less one-transistor
footprint area than the corresponding FinFETs, respectively. Thus, the CW ratio be-
tween FinFETs and HVFETs can be interpreted as the ratio between CGP and MP0.
As mentioned earlier, it becomes a challenge to further shrink CGP compared to MP
at deeply scaled sub-10nm nodes [Yakimets et al. 2015a, 2015b; Bardon et al. 2015].
Hence, the ratio of CW between FinFETs and HVTFETs, or vertically fabricated devices
(e.g., vertical nanowire FETs), is expected to be significantly larger.

3.3. A Single-Finger Inverter (INVX1)
Figure 4 shows the layout of a single-finger inverter. The layout exhibits differences
not only in WEMAX but also in the CW or horizontal dimension of the cell. As described
earlier, for a FinFET inverter, the CW is determined by the CGP. However, in an
HVTFET inverter, the gate metal/poly deposition is performed around the vertical pillar
that forms the source/channel/drain and does not require conventional lithography
and patterning. Therefore, unlike FinFETs, the horizontal dimension of an HVTFET
inverter is determined by the MP0 [Kim et al. 2015]. Since the CW of single-finger
inverters based on FinFETs and HVTFETs are 2CGP and 2MP0, respectively, and
typically MP0 < CGP (Table I), the layout area for HVTFETs is lower compared to
FinFETs. The cell area (CH × CW) of an INVX1 is obtained as 0.07µm2 and 0.05 µm2

for the FinFET and HVTFET inverters, respectively. For more complex cells with a
larger drive or higher fan-in, the CW is a multiple of CGP for FinFETs and MP0 for
HVTFETs, as we will discuss later.

3.4. Series and Parallel Connections
In logic cell designs, a number of transistors are connected either in series or in parallel
(a) to implement complex Boolean functions, for instance, NAND and NOR; and (b) to
construct multiple fingers in order to increase the drive strength in logic cells such as
INVX2, INVX4, and so forth. In this section, we describe the layout differences between
FinFETs and HVTFETs.

3.4.1. Series Connection. Figure 5 shows two and three transistors stacked in series.
The geometric layout in series connections of FinFETs is similar to the planar CMOS.
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Fig. 6. CW comparison with regard to the number of series transistors in FinFETs and HVTFET.

One diffusion region is shared between stacked transistors. Unlike stacked FinFETs,
HVTFETs necessarily require shallow trench isolation (STI) [Saripalli et al. 2011;
Mohata et al. 2012; Liu et al. 2013] to isolate two diffusion regions of the adjacent
transistors in order to connect the transistors in a series. This is because of the vertical
nature of HVTFETs and unidirectional conduction behavior [Liu et al. 2013], as dis-
cussed before. Hence, the area benefit observed in a single vertical device is no longer
viable because it needs (2 × n) × MP0 for the CW while FinFETs need (n + 1) × CGP,
where n is the number of series connections. For the parameters of the 14nm technology
node, the CW of each device is equal to 224nm (= 4 × 56nm) for HVFET and 210nm (=
3 × 70nm) for FinFETs, respectively, when two transistors are stacked. Figure 6 de-
picts the CW comparison between FinFETs and HVTFETs versus the number of series
connections. In two stacked transistors, the HVTFET exhibits almost the same layout
footprint compared to FinFETs. However, the CW of HVTFET becomes wider than the
CW of FinFETs due to the penalty of isolations originating from unidirectional con-
duction when the number of series connections exceeds two [Kim et al. 2015]. It is also
noted that, if the vertical FET is not asymmetric (i.e., not unidirectional conduction),
which means that the current flows bidirectionally, the expression of CW for HVTFETs
can be modified as (2 × n − 1) × MP0. It helps to further reduce the layout footprint
by 20 ∼ 30% compared to both FinFETs and HVTFETs.

3.4.2. Parallel Connection. The layouts of transistors connected in parallel are illus-
trated in Figure 7 for both FinFETs and HVTFETs. For FinFETs, the active/diffusion
regions are shared between adjacent transistors, resulting in fewer diffusion breaks
and a smaller area [Wang and Gupta 2014]. As an example, (n – 1) active regions would
be shared by adjacent transistors if n transistors are connected in parallel.

For HVTFETs in parallel, the bottom diffusion region can be shared. The shared
bottom source is connected through the via contact between two top diffusion regions
with retaining the constant MP0. Wang and Gupta [2014] introduce the compact layout
strategy for vertical FETs, which removes the contacts between top drains. However,
we keep the shared source with contacts while maintaining the MP0 between two top
drains to avoid large parasitic source resistance.

An example of three transistors connected in parallel for FinFETs and HVTFETs is
shown in Figure 7. For FinFETs, the CW is equal to (n + 1) × CGP when n transistors
are connected in parallel. The CW of n parallel chains in HVTFETs is (2 × n – 1) × MP0.
Figure 8 also shows the CW versus the number of parallel chains. As expected, two
parallel transistor chains in HVTFETs have less width compared to FinFETs. However,
the CW of HVTFETs exceeds that of FinFETs as the number of parallel transistors
exceeds three. It is evident that the area of HVTFET-based cells will be larger than
FinFET-based cells when either the drive strength or the number of inputs increases.
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Fig. 7. Layout top-sectional views of parallel two and three transistors: (a) FinFETs and (b) HVTFETs.

Fig. 8. CW comparison with regards to the number of parallel transistors in FinFETs and HVTFET.

Figure 6 and 8 show CW differences with respect to the number of parallel and series
transistors. The CW of HVTFETs exceeds the CW of FinFETs as the number of con-
nections increases due to (a) the isolation penalty for series connections and (b) contact
placement for sharing sources (or drains) for parallel transistors. In particular, the
series transistor connection has an additional isolation penalty, as discussed earlier;
therefore, HVTFETs exhibit a larger area compared to FinFETs when the number
of series connections exceeds two in >20nm technology nodes and three in the 14nm
technology node, respectively.

3.5. Area Analysis of Logic Cells in FinFETs and HVTFETs
Considering parallel and series transistor connections, the layout analysis in logic
cells for the standard cell library shows an area overhead in HVTFET-based cells.
Table III compares the cell width of HVTFET- and FinFET-based INV, NAND, and-
or-inverter (AOI) and D flip-flop (DFF) logic gates for different drive strength and
different technology nodes. Above 20nm technologies, most cells (e.g., X1) based on
FinFETs have area benefit compared to cells based on HVTFETs due to the isolation
penalty stemming from the asymmetric device characteristic in HVTFETs. In addition,
like parallel and series transistors, the areas for HVTFETs become even worse as the
number of inputs and drive strength increase. However, the area benefits in HVTFETs
are evident from Table III for sub-20nm technology nodes. The reason is that the ratio
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Table III. Cell-Width (CW) Changes in Comparison With FinFET-Based Cells

INV NAND AOI21 AOI22 DFF
Devices X1 X2 X4 X1 X2 X1 X1 with Reset without Reset

10nm FinFET 128nm 192nm 320nm 192nm 384nm 320nm 384nm 1.41µm 1.54µm
HVTFET 84nm 168nm 294nm 168nm 294nm 210nm 336nm 1.09µm 1.26µm

CW – 34% – 13% – 8.1% – 13% – 23% – 34% – 13% – 23% – 18%

14nm FinFET 140nm 210nm 350nm 210nm 420nm 350nm 420nm 1.54µm 1.68µm
HVTFET 112nm 168nm 392nm 224nm 392nm 280nm 448nm 1.46µm 1.68µm

CW – 20% – 20% + 11% + 6.3% – 6.7% – 20% + 6.3% – 5.1% 0.0%

22nm FinFET 180nm 270nm 540nm 270nm 540nm 450nm 540nm 1.98µm 2.16µm
HVTFET 160nm 320nm 640nm 320nm 560nm 400nm 640nm 2.08µm 2.40µm

CW – 11% + 15% + 15% + 16% + 4.0% – 11% + 15% + 4.8% + 10%
∗Positive: area increases; Negative: area decreases.

Fig. 9. Modeling of geometry-dependent parasitic components with ideal core model.

between MP0 and CGP decreases (e.g., MP0/CGP = 0.9 for 22nm, 0.8 for 14nm, and
0.7 for 10nm). It leads to reduction of the CW in HVTFET-based cells.

4. EXTRACTIONS OF PARASITICS IN FINFETS AND HVTFETS
As technology is continuously scaling, the fabrication process is becoming dense and
more complicated. Consequently, the parasitic resistive and capacitive components
become comparable to, and even larger than, the intrinsic resistive and capacitive
components [Pacha et al. 2006]. This parasitic resistance results in a significant degra-
dation of current drive capability, leading to the severe degradation of performance in
logic cells. The parasitic capacitances may dominate the intrinsic device characteris-
tics in analog/RF systems [Pacha et al. 2006; Wu and Chan 2007]. Also, in the digital
domain, these parasitics lead to the degradations of speed and power efficiency due to
increased capacitance and reduced ION [Wu and Chan 2007; Wei et al. 2009]. Hence,
in order to perform accurate power and timing analysis through the synthesis flow in
logic cells, it is crucial to capture parasitic resistance and capacitance originating from
geometry-dependent device structure.

In the following section, we describe the analytically estimated parasitics appended
to an ideal device core model [Liu et al. 2013], as illustrated in Figure 9. Note that the
parasitics until the metal 0 trench contact (M0A) are evaluated and the parasitics of
upper-trench contacts are ignored since this article focuses on parasitics originating
from the differences among device structures rather than interconnect parasitics.

4.1. Basic Capacitive Component Modeling
The parasitic capacitances in FinFETs have already been analyzed in a number
of articles [Wu and Chan 2007; Salas Rodriguez et al. 2013; Bhoj et al. 2013]. A
multigate FinFET structure entails significant attention to the newly formed parasitic

ACM Journal on Emerging Technologies in Computing Systems, Vol. 12, No. 4, Article 38, Publication date: May 2016.



Comparative Area and Parasitics Analysis 38:11

Fig. 10. (a) and (b) New parasitic capacitances by a nature of geometry in FinFETs and (c) coordinate
parameter descriptions for fringing capacitance (Cfri).

capacitances (i.e., fringing capacitance by sidewalls of fins) associated with 3-D fins,
multigates, dummy gates, and trench contacts [Bhoj et al. 2013] as presented in
Figures 10(a) and 10(b).

Like the advent of new parasitic capacitances in FinFETs, HVTFETs also intro-
duce new parasitic capacitances, stemming from the asymmetric doping (III-V doping
profiles) [Liu et al. 2013; Kim et al. 2014] and vertically fabricated structure. In the
following section, we analytically examine the parasitic capacitances based on the fol-
lowing primary components: (1) the inner and outer fringing capacitance (Cfri) arising
from the gate electrodes; (2) the parallel-plate capacitances (Cpp) including drain/source
(S/D) extensions; and (3) overlap capacitance (Cov).

4.1.1. Fringing Capacitance (Cfri). The fringing capacitances correspond to the capacitive
components associated with the electric field coupling between the adjacent electrodes,
which are not parallel and separated by an insulator [Lacord et al. 2012; Salas
Rodriguez et al. 2013]. The fringing capacitance due to the nature of the perpendicular
structure of the FinFET and HVTFET could be calculated by Equations (3), (4), and
(5) in Lacord et al. [2012]:

C fri = C1(if x1 ̸= x2) + C2(if x < x1, y < y1) (3)

C1 = 2 · εrel p · ε f ree · W
π

⎡
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√
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1 − y2

1 |

⎞

⎠ , x < x1 and y < y1 (5)

where εrel_p is the relative permittivity of dielectric, εfree is the permittivity in free
space, W is the device width, 0.35 is a fitting parameter, and x1, x2, y1, and y2 are the
geometric coordinate parameters illustrated in Figure 10(c) [Lacord et al. 2012].

In FinFETs, the fringing capacitances can be categorized into the inner fringing
and outer fringing capacitance accounting for the coupling between multifins and gate
electrodes. Figures 10(a) and 10(b) depict the fringing capacitances in FinFETs. Among
fringing capacitances, the gate electrode to fin-sidewall fringing capacitances (Cg,fri)
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Fig. 11. The parasitic capacitance in HVTFETs. (a) Front, (b) side, and (c) consideration of tapered shape.

dominate other fringing capacitances because of a relatively large dimension of the
HFIN in FinFETs [Lacord et al. 2012; Salas Rodriguez et al. 2013].

Figures 11(a) and 11(b) illustrate the fringing capacitances (Cfri) in HVTFETs. Sim-
ilar to FinFETs, the fringing capacitance between the gate electrode and the vertical
pillar (S/D) can be calculated by Equations (3), (4), and (5). Note that the Cfri (e.g.,
Cgd,fri_side, Cgs,fri_side, Cds,fri_gext, and Cgs,fri_gext) and Cpp (e.g., Cgs,ext and Cgd,ext) are dou-
bled in HVTFETs due to the vertical pillar structure and double gate.

4.1.2. Parallel-Plate Capacitance (Cpp). Among parasitic capacitances, one of the primary
capacitance sources is the parallel-plate capacitance. These components are calculated
by using Equation (6) with an assumption of perfect parallel-plates:

Cpp = (εrel p · ε f ree)A/d, (6)

where A is the area of parallel plate and d is the distance between the plates. In
FinFETs, the primary parallel-plate components are the capacitances between gate
and S/D diffusion region (CEpi) along the sidewall and along the top of fins (CEpi-top).
These capacitances can be calculated using Equation (6), relative permittivity of high-k
spacer (e.g., εrel_p = εspacer = 5.5 in this article [Yakimets et al. 2015a]), and thickness
of spacer between the gate electrode and S/D diffusion regions.

Figure 11(a) shows various parallel-plate capacitances in HVTFETs. Two major com-
ponents of the parallel-plate capacitance is Cgd,ext and Cgs,ext between S/D electrode
extensions and gate electrodes. Further, there is an additional via required to connect
the bottom extension source. This additional connection introduces a new parasitic
capacitance between the gate electrode and the via. Here, we employ the conventional
discrete via implementation process [Lacord et al. 2012]. This parasitic capacitance,
Cgs,via, between the gate electrode along the sidewall and via can be simply expressed
using corresponding Equation (7) for a parallel-plate capacitor:

Cgs,via = Nvia · Wvia · (Lg + Lov) · εILD · ε f ree/Tsp, (7)

where Nvia is the number of vias along WEMAX, Wvia is the width of a via, Lov is the
overlap length derived from the penetration to S/D regions beneath the gate, Tsp is the
distance between a gate electrode to a via, and εILD and εfree_space are the permittivity
for interlayer dielectric and free space, respectively.

Equation (7) can be used when a via and gate electrode are perfectly rectangular-
shaped. However, in general, devices have a tapered shape rather than rectangular, as
shown in Figure 11(c). Hence, we modify Equation (7) to (8) with respect to an angle in
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Fig. 12. (a) Geometry parameters for overlap capacitance (a) Lov, (b) FinFET, and (c) HVTFETs.

θ (Figure 11(c)). Here, we assume that θ is the same for angles of the gate and via.

Cgs,via(θ ) = Nvia ·Wvia ·sin θ ·(Lg+2·Lov)· εILD · ε f ree

MP0 −
(

1
2 Tb + Tox + Tgate + Wvia−Hvia/ tan θ

2

) (8)

If θ is 80◦ and employing the device parameters (e.g., Tox = 2nm, Tb = 7nm, Tgate =
5nm, Wvia = 15nm, and Hvia = 105nm) of HVTFETs [Liu et al. 2014] and process
parameters of the 14nm node, Cgs,via in HVTFETs is equal to 0.34 aF/via. This parasitic
capacitance originating from the additional vias increases as the feature dimensions
reduce in accordance with technology scaling. Other capacitances components such as
the WE-dependent Cpp, Cfri, and Cov decrease due to reduction of WE at a fixed CH (i.e.,
from WE = 380nm at the 22nm node to WE = 268nm at the 14nm node (Figure 4)).

4.1.3. Overlap Capacitance. The overlap capacitance (Cov) originates from the overlap
between S/D regions and the gate, as shown in Figure 12(a). Cov includes the gate-
source lateral extension overlap capacitance along the sidewall Cgs1,ov, and Cgs2,ov and
the gate-drain overlap capacitance Cgd1,ov and Cgd2,ov [Liu et al. 2013]. Lov of 1nm is
employed from the edge of the gate electrode to the S/D region [Liu et al. 2013] for each
device. Since the traditional calculation based on parallel-plate capacitor concept is not
appropriate to FinFETs due to the finite thickness of the gate and S/D region [Wu and
Chan 2007], the expression for Cov is derived by considering a tri-gate structure and
using equations in Wu and Chan [2007]:

Cov = NF IN · (2TF IN + 4HF IN) · cov(Tox), (9)

where cov(u) = %(u)+Lov

u εox + 2εSi
π

ln[1 + xj
u sin(k)], k = π

2 · εox
εSi

, %(u) = u
2 [1 + 1−cos(k)

sin(k) )], and xj

is the junction depth and assumed to TFIN/2 for 2TFIN term and HFIN/2 for 4HFIN term
[Wu and Chan 2007]. The εox and εSi denote the dielectric constant for the gate oxide
and silicon, respectively. For HVTFETs, there are two components of Cov originating
from the asymmetric structure and different doping profiles (e.g., GaSb and InAs) of
S/D regions, unlike FinFETs. The Cov can be modified by using Equation (9) considering
the ultra-thin-body (UTB) vertical structure of HVTFETs:

Cov =
[

2Tb · cov(TMask, WEMAX/4)
+WEMAX · cov(Tox, Tb/2)

]

InAs
+

[
2Tb · cov(TMask, WEMAX/4)
+WEMAX · cov(Tox, Tb/2)

]

GaSb
, (10)

where cov(u, v) = %(u)+Lov

u εox + 2{εGaSb,εInAs}
π

ln[1 + v
u sin{kGaSb, kInAs}], k = π

2 · εox
{εGaSb,εInAs} ,

%(u) = u
2 [1 + 1−cos{kGaSb,kInAs}

sin{kGaSb,kInAs} ]. The εGaSb = 15.7 and εInAs = 15.1 indicate each dielectric
constant for the GaSb and InAs in HVTFETs [Liu et al. 2013], respectively.

Applying device parameters in Liu et al [2013] and WEMAX in Figure 4 reveals that
Cov in HVTFETs is 28.0% larger than FinFETs in 22nm node (e.g., 40.2 aF for FinFETs
and 51.5 aF for HVTFETs). However, in 14nm node, Cov in HVTFETs become less than

ACM Journal on Emerging Technologies in Computing Systems, Vol. 12, No. 4, Article 38, Publication date: May 2016.



38:14 M. S. Kim et al.

Fig. 13. The overall capacitance breakdown in different technology nodes: different device width at a given
cell height (Figure 4).

Fig. 14. The parasitic capacitance comparison based on the 14nm technology: (a) FinFET and (b) HVTFET.

FinFETs at a given WEMAX (e.g., 39.7 aF for FinFETs and 36.9 aF for HVTFETs).
HVTFETs exhibit larger reduction in Cov compared to FinFETs as technology scales
because WE scales to a larger extent from the 22nm node to the 14nm node (Figure 4).

4.1.4. Parasitic Capacitance versus Gate Channel Capacitance. As CGP scales with technol-
ogy, the parasitic capacitance (Cpar) becomes comparable and may even exceed the gate
channel capacitance (Cg) in FinFETs. The portion of Cpar with respect to Cg increases
further due to the reduced FP and higher HFIN at the advanced technology nodes, as
described in Figure 1. This trend is also shown in Figures 13 and 14(a), which illustrate
the ratio of Cpar and Cg at different technology nodes. At the 14nm node, for example,
Cpar is 66% of the total capacitance (Ctot), for which the WE is 276nm.

Figures 13 and 14(b) show the capacitance breakdown for HVTFETs. In contrast to
FinFETs, the Ctot, including intrinsic gate channel capacitance and parasitic capaci-
tances, decreases in accordance with shrinking MP0. This is the reason that the Cfri,
Cpp, and Cov decrease accordingly because the WE decreases (Figure 4) when the tech-
nology node moves from 22nm to 14nm with the reduced CH in nanometers (e.g., FP ×
10). For the ratio between Cpar and Cg, as presented in Figure 13, the Cpar is 62% of
the Ctot, showing a similar result to FinFETs in the 14nm technology.

As shown in Figure 14, Cpar exceeds over the Cg in both FinFET and HVTFETs.
Two devices exhibit different percentages of fractions in the total capacitance. For
FinFETs, fringing and parallel-plate capacitances are the dominant components of the
Ctot because of the 3-D fin structure. On the other hand, for HVTFETs, the contributions
of the fringing, parallel-plate, and overlap capacitances are almost even.
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Fig. 15. The parasitic resistance modeling from device structures: (a) FinFET and (b) HVTFET (Note: Gate
resistance (Rgext) is not shown).

4.2. Basic Resistive Component Modeling
Parasitic resistance (Rpar) extraction is always a trade-off between accuracy and com-
puting resources. As processes become denser, finding a trade-off is becoming more
difficult because the process is becoming more complex and the number of gates is in-
creasing. In this section, we discuss key parasitic resistances that lead to the significant
degradation of ION.

There are two primary parasitic resistances: (1) gate resistance and (2) S/D series
resistances. The gate parasitic resistance and capacitances (Section 4.1) are critical
in determining the gate resistance–capacitance (RC) delay [Wu and Chan 2007]. S/D
parasitic resistance is also a crucial factor to determine the ION degradation compared
to the ideal core device model without parasitics.

The main difference in the parasitic resistance of FinFETs and HVTFETs is that,
unlike FinFETs, HVTFETs exhibit unequal source and drain resistances (Rs and Rd,
respectively). The symmetric structure of FinFETs leads to the same parasitic resis-
tances on the source and drain sides. However, unlike FinFETs, additional via required
to place contacts on the bottom active region, asymmetric doping profile, and different
heights of S and D pillars in HVTFETs lead to unequal Rs and Rd. In this section, we
explore the parasitic resistances in HVTFETs and compare the parasitic resistances
across FinFETs and HVTFETs.

4.2.1. Analysis of Parasitic Resistance in Device Structures. Figure 15 presents the parasitic
resistances in the FinFET and HVTFET. For sake of simplicity, we assume that all
regions have perfect rectangular shapes.

In FinFETs, the Rpar due to the contact placement (both silicide and trench contact
(M0A)), epitaxial diffusion region, and extension of the fin and gate are considered as
presented in Figure 15. All geometry parameters are based on Table I and the contact
material is assumed as tungsten (W). Also, the parameters of Silicon (Si) and SiGe
related to the resistance are used for n- and p-type FinFETs, respectively.

HVTFETs also have the contact resistance (Rcon) and S/D extension resistance (Rdext
or Rsext). Further, the additional parasitic resistances, such as the bottom diffusion
extension for the contact (Rsel,ext) and via resistance (Rvia), are also considered since one
of diffusion area (source or drain) is placed on the bottom, resulting in an additional
via implementation on the bottom diffusion region, as mentioned earlier. The same
geometry parameters and contact material are used. Other parameters related to the
materials (i.e., resistivity, doping level, work function, and so forth) are based on Liu
et al. [2013].

All resistances are calculated by Equation (11) with the resistivity of numerous
materials if all regions corresponding to the device structures have perfect rectangular
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Fig. 16. The parasitic resistance comparison based on the 14nm technology: (a) FinFET and (b) HVTFET.

shapes:

Resistance[&] = (ρ · L)/A, (11)

where ρ is the resistivity of a material, A is the orthogonal area related to the current
path, and L is the length of the current route. The via resistance, Rvia, for instance,
depends on the dimensions (e.g., via size and height) and resistivity of the tungsten
of the via. With an assumption of 15 × 15nm via cross-sectional area in 14nm node
[Natarajan et al. 2014], the Rvia and Rsilicide are calculated as 21.86 Ω and 85.43 Ω,
respectively.

Figure 16 summarizes the parasitic resistances for both FinFETs and HVTFETs. In
FinFETs, the major components in the overall parasitic resistance are S/D extension
resistance due to the thin body of fins and contact resistances, which are 49% and 28%
of the total parasitic resistance, respectively. In HVTFETs, Rd is much larger than
other parasitic components since HVTFETs have a longer drain pillar as opposed to a
shorter source pillar due to the asymmetric doping [Liu et al. 2012].

The HVTFET requires a higher doping source to enable more tunneling current and
a lighter doping drain to reduce the leakage current (e.g., the tunneling from drain-
channel-source due to the unbipolar transport). Hence, the junction line (channel drain)
at the drain side will be pushed toward the drain contact more. In this case, a longer
drain for HVTFETs is necessary to ensure that the drain depletion region is still within
the device [Rajamohanan et al. 2013; Liu et al. 2012]. Due to a large Rd from Figure 16,
the ratio of Rd and Rs is 60% and 37% even with Rsel,ext and Rvia.

4.3. Parasitics by Series and Parallel Connections
Similar to the analysis of impact of different device architectures on the layout that we
presented in Section 3, the analysis of the effect of parasitics in logic gates with series
and parallel transistors is also crucial.

4.3.1. Series Connections. As discussed in Section 2, HVTFETs exhibit unidirectional
conduction, originating from the asymmetric doping and p-i-n device structure. Because
of this behavior, isolation is necessary to separate two transistors. This isolation results
in an additional parasitic capacitance arising from the STI between HVTFETs when
they are connected in a series (Figure 5 in series). Hence, increasing the number of
series connections increases the parasitic capacitances compared to FinFETs. However,
this capacitance originating from STI is not a prominent portion relative to other
parasitic components due to fairly wide MP0 compared to other feature parameters.
Therefore, the total capacitance and resistance can be calculated by the number of
series transistors times the parasitics, resulting in more total parasitics than FinFETs,
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Fig. 17. The parasitic capacitance and resistance with a number of series transistors.

as shown in Equation (12) and Figure 17.

Rtot-par(n),FinFET = Rpar,FinFET + (n − 1) · (Repi + Rsext) ≈ n · Rpar,FinFET
Ctot-par(n),FinFET = 0.5(n + 1) · Cpar − n · C fringe-gate-contact

Rtot-parasitic(n),HVTFET = n · Rpar,HVTFET
Ctot-par(n),HVTFET = n · Cpar

, (12)

where Rtot-par and Ctot-par are the total parasitic resistance and capacitance, and n is
the number of transistor connections.

Unlike HVTFETs, FinFETs share a diffusion region between two gate electrodes in
series, resulting in less parasitics than HVTFETs. As the number of series connections
increases, additional parasitic capacitances by 1 × CGP are added, equal to 3 F ×
(inner fringing capacitance and outer fringing capacitance) + (1 × Cfringe-gate-contact)
+ CEpi. For resistance, since one diffusion area is shared, half of the total parasitic
resistance in a single-finger FinFET is added when the number of series connections
increases.

The parasitic capacitance and resistance in series connections are presented in Fig-
ure 17. When the number of series connections exceeds 2, the total parasitic capacitance
in HVTFETs becomes larger than FinFETs. In addition, the total parasitic resistance
in HTFETs is always worse than FinFETs because of (a) unique geometry structure
(e.g., asymmetric pillar heights for each source and drain) [Mohata et al. 2012], (b) elec-
trical parameters (e.g., resistivity) [Liu et al. 2013], and (c) isolation between active
area [Liu et al. 2013] in HVTFETs, especially for a larger number of series transistor
connections.
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Fig. 18. The parasitic capacitance and resistance with a number of parallel transistors.

4.3.2. Parallel Connections. Figure 18 depicts the Rpar and Cpar when a number of par-
allel connections increase. As opposed to the series connections, the STI isolation is not
necessarily placed and the bottom source is shared by parallel transistors, leading to a
decrease of the parasitic resistance for HVTFETs. In the case of parasitic capacitance,
the capacitance increases when a number of transistors are connected in parallel simi-
lar to the series connections. However, the relationship of the increased capacitance due
to parallel connections is not linear because of the shared bottom source, as expressed
in Equations (13.1) and (13.2).

Rtot-par(n),FinFET =
{ 4

n+1 Rpar,FinFET, if n = odd,

4n+4
n2+2n Rpar,FinFET, if n = even

Ctot-par(n),FinFET = 0.5(n + 1) · Cpar

Rtot-parasitic(n),HVTFET =
{

Rpar,drain + Rpar,source if n = 1,
1
n Rpar,drain + 1

n−1 Rpar,source if n > 1

(13.1)

Ctot-par(n),HVTFET =
{

n · Cpar, if n < 3
n · Cpar + (n + 1)Cpar,via, if n ≥ 3

. (13.2)

When two transistors are connected, the parasitic capacitance is also doubled, but the
additional Cds,ext and Cgs,via are added when the number of parallel connections exceeds
two (! 3) due to the via implementations between drain electrodes, resulting in higher
parasitic capacitance than FinFETs.

For FinFETs, the parallel connections bring slightly larger Cpar and Rpar compared
to the series connections because of the additional contact to gate electrode fringing
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Fig. 19. The major parasitic components (Rg, Rs, Rd, and Miller capacitance) in an inverter.

capacitance (Cfringe-gate-contact), Rcon, and Rsilicide. However, both Cpar,FinFET and Rpar,FinFET
are lower than HVTFETs when the number of parallel connections exceeds 3. This is
because HVTFETs need via implementations in every parallel connection, leading to
the additional resistance and capacitance through vias compared to FinFETs. Although
Rvia can be decreased by the increase of a number of parallel connections, the Rpar of
HTVTFETs are still larger than FinFETs due to Rvia.

5. CIRCUIT PERFORMANCE WITH PARASITICS
Circuit performance is determined not only by the parasitic capacitance, including
Miller capacitance, but also by S/D resistances. As the dimensions of transistors shrink,
the impacts of S/D resistances increase due to the reduction of the contact dimensions.
Figure 19, for instance, shows the major parasitic components in an INVX1, includ-
ing Cpp and Cfri as the Miller capacitance incorporated with Cgs and Cgd, and S/D
resistances.

5.1. Model Refinement
The simulation models based on the geometric device dimensions, material profiles, and
layouts are inevitable to extract the parasitics in logic cells for performance evalua-
tions. In the previous section, we consider the layout and 3-D device dimensions–based
parasitics according to the device metrics (Table I) in both FinFETs and HVTFETs as
well as the parasitics as a function of the number of parallel and series transistors. In
this section, we introduce the full schematics of implemented parasitics models with an
ideal device model [Liu et al. 2013] for both FinFETs and HVTFETs, as illustrated in
Figure 20. To implement the parasitics, the equations mentioned in previous sections
for parasitic calculations, including the parallel and series transistor connections, are
incorporated with the existing Verilog-A model [Liu et al. 2014].

In this model, we assume that all the geometry dimensions are the same for p- and
n-type transistors except the drain (D) and source (S) heights in HVTFETs due to the
dependency of the asymmetric doping (Section 4.2). For other parameters determined
by materials, the resistivity and dielectric constants of SiGe for p-type FinFETs are
used for the epitaxial materials [Yakimets et al. 2015a, 2015b; Bardon et al. 2015].

For HVTFETs, the Cfri and Cpp for the drain and source are connected in parallel to
the gate. Capacitances associated with the vias Cgs,via and Cds,via are also modeled. Fur-
ther, all the parasitic resistances based on the device structure and layouts, including
Rvia, are included in the Verilog-A model. Like HVTFETs, all the parasitic components
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Fig. 20. The parasitic elements modeling in the schematic view: (a) FinFETs and (b) HVTFETs.

Fig. 21. Delay and energy comparison in 15-stage RO without/with parasitics.

induced by the geometric device structure, number of fins and layouts are incorporated
except the parasitics from the not-self-aligned vias in FinFETs.

5.2. Ring Oscillator (RO)–Based Benchmarking.
For the benchmarking, we use the 15-stage INVX1-based RO with parasitics discussed
earlier but ignore those due to interconnections. In order to analyze the impacts of
parasitics, the simulations are performed using models with and without the device
parasitics in SPICE. All the CHs of INVX1 are set to 7.5 T based on the metal pitch as
described in Section 2.

Figure 21 shows the delay and energy comparisons without and with parasitics
for FinFET and HVTFET [Liu et al. 2013] based on geometric parameters in 14nm
technology node (Table I) at multiple supply voltages. At a 14nm technology node,
the electrical width is set to 276nm for FinFETs and 268nm for HVTFETs for each
p- and n-type transistor, as shown in Figure 4. For comparisons, the delay and energy
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cross-over point is observed near 0.45V. Below this point, HVTFETs outperform
FinFETs even with smaller WE because of the larger current driving ability (high ION)
stemming from steep-slope switching [Mohata et al. 2012; Liu et al. 2013]. However,
over 0.45V, FinFETs can provide better performance due to higher current driving
ability of FinFETs at a higher VDD [Mohata et al. 2012; Liu et al. 2013]. The parasitics
lead to an approximately 20% delay degradation in HVTFETs. The delay increase
in FinFET-based cells because of parasitics is less than 12%. The larger degradation
of delay in HVTFETs compared to FinFETs is due to (a) an increase in parasitic
capacitances, mainly Cfri and Cpp, and (b) relatively higher parasitic resistance (Rs
and Rd) plus the bottom diffusion area extension (Rsel,ext + Rvia) for the vias.

The energy comparison is shown in Figure 20(b). The FinFETs have not only larger
WE but also the 1.2× higher total capacitances, including intrinsic and parasitic, than
HVTFETs, resulting in higher energy compared to HVTFETs [Liu et al. 2012, 2013].
Further, for the evaluation with parasitics, as presented in Figure 13, the parasitic
capacitances in FinFETs are also more than HVTFETs, leading to 36% higher energy.
Figure 20(b) shows that energy efficiency degrades approximately 47% with parasitics
at various VDDs compared to the results without parasitics.

6. CONCLUSION
In this article, we have examined the layout implications of the asymmetric vertical
heterojunction tunnel FET (HVTFET) compared to FinFETs for a standard cell library
with a fixed height of 7.5 × metal 2 pitch (7.5 T). The benefits and trade-offs in the
layout analysis are also investigated by considering parallel and series transistor con-
nections based on the Boolean function implementations in logic cells. In addition, the
device parasitics are explored for both FinFETs and HVTFETs. The total parasitics in
HVTFETs and FinFETs are compared with various technology dimensions. Also, the
parasitics related to series and parallel transistor connections are evaluated to explore
the benefits and trade-offs in the logic cells. In this analysis, the parasitic capacitance
of one transistor is lower than FinFETs. However, the parasitic capacitance increases
significantly with more series or parallel transistor connections. In most cases, more
than two transistor connections exhibit more parasitic capacitance. For parasitic re-
sistances, HVTFETs always show more parasitics than FinFETs due to high drain
pillar resistance and additional Rvia. Further, in order to investigate the impacts on
circuit performance, we have incorporated the parasitic capacitance and resistance in a
Verilog-A model, and examined the impacts of parasitics in the 15-stage ring oscillator.
Based on the benchmarking, although HVTFETs have more performance degradation
with parasitics, HVTFETs still can provide higher energy efficiency at various supply
voltages (0.3V–0.7V) than FinFETs.
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