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Abstract— Parasitic capacitances have become a main issue for
advanced technology nodes. In this paper, we develop analytical
models for parasitic capacitance components for several device
structures, including bulk devices, fully depleted silicon-on-
insulator (FDSOI) devices, and double gate (DG) devices. With
these models, we analyze the impact of parasitic capacitances on
the circuit-level performance for logic applications. Si CMOS
roadmap projection is revisited beyond 32nm technology, with
different device design scenarios examined.

Index Terms— parasitic capacitances, CMOS, bulk, FDSOI,
DG, circuit-level performance.

I. INTRODUCTION

H ISTORICALLY, the delay of CMOS devices is
benchmarked by the intrinsic delay 7;,=Cg.Vys/Lusar, Where
C,. is the intrinsic gate-to-channel capacitance, Vg is the
supply voltage, and I, is saturation current when the device
is biased at Vg=V;~=Vy4. In the long channel regime, parasitic
capacitances are negligible compared with C,; thus the
device-level intrinsic delay is a good indicator for the circuit-
level speed for CMOS logic applications. According to
Dennard’s scaling theory [1], when all three dimension of the
device and the supply voltage are simultaneously scaled by
1/x, T, is scaled by 1/k, which means the circuit built by
scaled devices can run « times faster. ~ Dennard scaling has
been the technology engine for many generations down to
sub-100nm regime. Technology boosters such as strain
[2][3], high-k/metal gate[4][5] have helped the continuation
of the historic performance trend down to the 45 nm
technology node. As device physical gate length is reduced
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below 30 nm, gate length scaling becomes less effective,
because the shorter gate lengths must be traded off against
various leakage (subthreshold, gate, BTBT) currents [6]-[11].
Meanwhile, the increasing contribution of parasitic
capacitances and series resistances has become a challenge
since 90nm technology node. In particular, parasitic
capacitances [10]-[12], which are also charged/discharged
during the device switching, are no longer negligible, and
significantly affect the circuit-level speed.

In this paper, we first introduced simple analytical
capacitance models for bulk CMOS, fully-depleted silicon-on-
insulator (FDSOI) devices, and planar double gate (DGQG)
devices in Section II. Then, we study which device-level
capacitance components affect circuit-level delay performance
in Section III and develop an expression of the actual average
load capacitance for circuit-level delay estimation, including
both intrinsic and parasitic capacitances.  Furthermore, the
capacitance models are implemented into a fast device and
circuit simulator, the Model for Assessment of cmoS
Technologies And Roadmaps (MASTAR) [13]. With
MASTAR, the Si CMOS roadmap projection beyond 32nm
technology with a variety of device design scenarios is
revisited in Section IV.

II. ANALYTICAL MODELS FOR CAPACITANCE COMPONENTS

Device capacitances are split into different components
according to their physical origins, including gate-to-channel
capacitance (C,), gate-to-substrate capacitance (C,), overlap
capacitance (C,,), inner fringe capacitance (Cj), outer-fringe
capacitance (C,), gate-to-plug capacitance (Cpcca), corner
capacitance (Ccomer), and junction capacitance (C;). Simple
analytical models of each component are developed for bulk
CMOS device (Figure 1a), FDSOI devices (Figure 1b), and
DG devices (Figure 1c), as described in the following
paragraphs. Figure 1d shows the capacitance elements for the
bulk device. Models of C,,, Cyz Co Cpccas Ceomer» and C;
are for one side (source or drain). L, is the channel length.
AL is the gate to source/drain overlap length in total. ¥ is the
gate width. W,,, is the width of gate-overhang per side. L
is the contacted gate pitch. Lpccs is the distance between
contact plug to gate edge.  #, and 1, . are the physical and
electrical gate dielectric thickness, respectively. .. is the
metal gate thickness. ¢; is the silicon body thickness in



FDSOI and DG devices. t,, is the thickness of body insulator
layer in FDSOI devices. f.p is the thickness of raised-
source/drain in FDSOI devices. x; is the source/drain junction
depth in bulk devices. &, &cqp, €s; are the permittivity of gate
dielectric, capping layer, and silicon body, respectively.
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Figure 1 Device schematics of (a) bulk device, (b) FDSOI, (c) planar
double gate, and (d) capacitance elements for a bulk device.

A.  Gate-to-channel capacitance (C,), overlap capacitance
(C,y), and gate-to-substrate capacitance (Cg)

Cye, Coy, and Cgy, are modeled as parallel plate capacitances.
C,. only appears when the device is turned on, when an
inversion layer is formed and shield the substrate from the
gate. Electrical gate dielectric thickness (7, ;) is adopted for
Cq to include the quantization effect. While the device is in
off-state, the gate is electrically coupled to the substrate by
Cg.  For double-gate devices, the middle of the silicon body
is considered as a virtual ground. However, no actual charge
goes into or out of the undoped silicon body during device

switching. Thus, Cg; p¢=0.
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B. Inner fringe capacitance (Cy)

To the first order, inner and outer fringe capacitances are
determined by the shorter one of the two electrodes.
Analytical model for inner fringe capacitance (per side) in
long channel devices has previously been developed [14],
under the assumption that channel length is much longer than
the junction depth in bulk devices or silicon thickness in
FDSOI/DG devices. However, this assumption can be
problematic for advanced technology nodes where devices are
designed well into the short channel regime [15]. The
following analytical models are developed, so that Cj is
determined by the smaller one of 0.5L, and t,;. Here, t.;is the
effective body thickness as defined in (4). ay is a fitting
parameter around 0.05~0.1. Good agreement is achieved
between the numerical simulation and our analytical models,
as in Figure 2. The numerical simulation is done by Maxwell
2D [16], a 2D static electromagnetic field solver.
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Figure 2 Comparison of analytical model (lines) and numerical
simulation (circles) of Cy. .y is defined in (4)



C. Outer-fringe capacitance(C,)

Outer-fringe capacitance is modeled with conformal
mapping methodology as in [17][18]. The usual assumption is
that the length of the source/drain extension region is much
larger than the gate height, and therefore the integration along
electric field line is typically done along the gate electrode in
the vertical direction. However, for advanced technology
nodes, the device channel length scaling and hence the gate
height scaling has slowed down, while the device pitch scaling
is still about 0.7x per generation and continues to scaled down
the source/drain extension length. As a result, this assumption
is no longer valid. Following the conformal mapping
methodology in [17]-[19], while integrating along the
electrode of the source/drain extension in the horizontal

direction, C,r can be modeled as in (5). To the first order, C,,

is independent of gate height and contact plug height, because
the distance between gate edge and contact plug is much
smaller than the gate height and the contact plug height,
according to Table 1. Figure 3 shows the comparison between
numerical simulation and the analytical models. a,,is fitted to

be 0.35.
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Figure 3 Comparison of analytical model (lines) and numerical
simulation (circles) of C,.

D. Gate-to-plug capacitance (Cpccy)

Gate-to-plug capacitance is split into two parts: Cpccy ur 18
associated with the normal field, while Cpcc, 4 is associated
with the fringe field. In bulk devices, Cpccy ur is described by
a one-piece parallel plate capacitance; while in FDSOI devices
where raised-source/drain is present, Cpecy u is described by

two parallel plate capacitances in parallel. Cpccy 4 is modeled
following [20]. For planar DG structure as in Figure lc, only
the coupling between the top gate electrode to the contact
plugs is included. The model agrees with numerical
simulation as in Figure 4.
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Figure 4 Comparison of analytical model (lines) and numerical

simulation (circles) of Cpcca.
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E. Corner capacitance (Ceorer)

The corner capacitance is the capacitance between the gate
overhang to source/drain extension regions. The electric field
associated with Ci e, 18 3-dimensional. C,,,,.. 18 empirically
modeled by (7). Here, d is the distance between the mid-
points of the two shaded surfaces (surface 1 and 2) as in
Figure 5a. A is the effective area, which is the geometric
mean of the areas of the two shaded surfaces (surface 1 and
2). Qcomer 18 fitted to be 5. Figure 5b shows the comparison
between the analytical model and the numerical simulation by
Maxwell 3D [21], a 3D electromagnetic simulator. The
coupling between the gate overhang to the substrate is not
included in this work because the distance between the gate
and substrate is still relatively large in the assumed structure.
It could potentially be important for ultra-thin body device
when the gate and substrate are close to each other, and can be
modeled in a similar way.
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Figure 5 (a) 3D schematic of the device geometry that gives rise to
Ceomer- The gate overhang extends beyond the device width by W,,,.
(b) comparison of analytical model (crosses) and numerical simulation
(circles) of Ceomer-

F. Junction Capacitance (C))
Source/drain junction capacitance is modeled as a

conventional p-n junction capacitance in a bulk device, and as
a parallel plate capacitance of the buried oxide between the
source/drain and substrate in a FDSOI device.
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TABLE 1 KEY PARAMETERS FOR NOMINAL DEVICES FOLLOWING THE

ITRS 2009 [15].
2010 | 2013 | 2016 | 2019
22n 16n
Parameter Definition | Unit 32n m m Iln
mBu m
Ik FDS | FDS DG
Ol Ol
Metal 1 pitch (M1) nm 90 64 44 32
Contacted gate pitch om 120 85 59 43
(Lpitch)
Channel length (L) | nm | 27 20 15 12
Length of lightly
doped source/drain nm 3.9 2.9 2.1 1.7
(4L)
Gate-to-contact
nm 315 |22 14.5 | 10
length (LPCCA)
Physical effective
oxide thickness nm 095 | 0.7 0.57 | 0.62
(EOT)
Electrical effective
oxide thickness nm 1.26 | 1.1 097 | 1.02
(EOT el)
Gate height (Z44) nm 54 40 30 24
Spacer thickness nm |21 147 |97 |67
&2[1(‘@7‘)
Raised source/drain
thickness (#.sp) nm 0 20 15 12
Contact size (Leon) nm 30 21.3 | 14.7 | 10.7
Junction/Si body
thickness (x; or ¢;) nm 12 7 > 3.9
Minimum NMOS
width (W) nm 45 32 22 16
Minimum PMOS

width (W) nm | 90 64 44 32

Supply voltage (Vz) | V 0.97 | 0.87 | 0.78 | 0.71

Off-state current nA/ 100 | 100 | 100 | 100
(Los) : um
NMOS Saturation | RA1 1550 | 1470 | 1730 | 1970
current (14, pm
N/P current ratio

13 125 [12 | 118
| Qasars/Lasarr)

II. ACTUAL DEVICE DELAY

The total capacitance (C,,) charged/discharged at the output
node is the capacitance that determines the circuit-level delay.
C,or includes three parts, the drain capacitance of the driving
stage (C,), the gate capacitance of the load stage (C,), and the
wiring capacitance between the two stages (C;,;). We do not
include C;, in this work, but it can be included in a straight
forward manner as it is a constant. The drain capacitance of
the driving stage consists of the drain-to-gate capacitances



(Cg) and drain-to-substrate junction capacitance (C)).
Because the voltages applied to the two electrodes of Cg,
change in a reverse direction during the switching, a multiplier
M (M=2) is included to account for the Miller Effect. In bulk
CMOS, the voltage across C;is V,,. For rise-to-fall delay, V,,
falls from V,; to 0.5V,4; while for fall-to-rise delay, V,,, rises
from 0 to 0.5V, Thus, to the first order, C; is calculated as
the average of Cy(V,,=0) and C(V,,,=V4s) to average 1, and
1. Cg is also V,,-dependent. For MOSFET devices, when
the device is off and no channel charge sheet is present, the
gate is electrostaticly coupled to source/drain junction through
the inner fringe capacitance (Cj) and to the substrate through
the gate-to-substrate capacitance (Cy,;). When the device is
on and a conductive inversion layer is formed as the channel,
both Cjrand C,, are shielded by the channel. Instead, the gate
is coupled to the source/drain junction by the gate-to-channel
capacitance (C,). For the rise-to-fall delay (z,), V. falls
from Vy; to 0.5V, During this process, PMOS of the load
stage is switched from the off-state to the on-state, while
NMOS of the load stage stays in the on-state (Figure 6).
Conversely, for the fall-to-rise delay (z5), Vo, rises from 0 to
0.5V4. PMOS stays in the on-state, while NMOS is switched
from the off-state to the on-state (Figure 6). Device delay (t)
is the average of 7,0 and 7;. To average the contribution of
PMOS and NMOS in both 7,rand t;, one quarter of C, in the
off-state (C, ) and three quarters of C, in the on-state (C, ,,)
are included to estimate C,,, to the first order, as in (9). M is
the coefficient of Miller Effect, and FO is the electric fan-out.
FO1 (FO=1) and FO3 (FO=3) delays of inverter chains are
widely adopted figures of merit for circuit-level delay
benchmarking [4].

G, =C,+(025C, ,, +0.75C, ) FO

tot

=C,-M+C+(025-C, , +0.75-C, ,,)- FO

= (C"V + Cvf + Cpcca + Ccamer) M+ C/
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Figure 6 Circuit and waveform of a 2-stage inverter chain. During
the switching process in logic applications, an input signal (V) is
applied at the gate of the driving stage. In CMOS circuits with full-
swing signals, the delay is generally measured as the time duration
from the 50% input level to the 50% output level. Depending on the
switching directions, rise-to-fall delay (t,;) corresponds to the rising
input to falling output process, while fall-to-rise delay (ty) refers to
the falling input to rising output progress. Actual device delay (1) is
the average of 7,-and z;.

IV. PARASITIC CAPACITANCE ENGINEERING

The Model for Assessment of cmoS Technologies And
Roadmaps (MASTAR) application [13]is a simple device and
circuit simulator based on analytical models, used for ITRS
Roadmap calculation and projection [15]. We first build
nominal devices according to ITRS 2009 specifications [15],
which produce the projected /-V characteristics as the ITRS
2009 projection for both n-type and p-type devices. The key
parameters are listed in Table 1. Then, we calculate the
average total load capacitances during a switching event for
FO1 and FO3 inverters following (9), which takes into
consideration the voltage dependent capacitive elements. The
average load capacitances are used as the load capacitance for
circuit simulation. With the full /-V characteristics and the
load capacitance, we simulate 5-stage inverter chains with
MASTAR, and generate the wave form similar as that shown
in Figure 6. The delay is the average of r7,rand t;, which can
be extracted from the waveform. By implementing (9) within
the MASTAR program, the delay of an inverter chain is
calculated. FOl and FO3 delay with nominal devices
including parasitic capacitances are illustrated in Figure 7.
Figure 7 also include a curve showing the intrinsic CV/I
projected by ITRS 2009.  Though the metric of CV/I still
predicts the trend of the device speed with technology scaling,
it cannot be used as a metric to estimate the absolute numbers
of delay. Parasitic capacitances have to be taken into
considerations for both first order estimation and accurate
simulation.
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Figure 7 FOI and FO3 delay of the nominal devices based on ITRS 2009.
As projected by ITRS2009, the typical devices for Year 2010 (32nm node),
Year 2013 (22nm node), Year 2016 (16nm node), and Year 2019 (11nm
node) are bulk devices, FDSOI devices, FDSOI devices, and DG devices,
respectively.

Figure 8a shows different capacitance components
normalized to C,. for nominal devices. Note that C,,, Cy
Cos Cpccas Ceomer, and C; are capacitances per side. Several
parasitic capacitances, including Ceomer, Cpeca, and Ci; are
comparable to C,.. Cpcca/Cq. increases when devices are
scaled to more advanced technology. Taking Miller effect
into consideration, C,, of an FOI1 inverter chain is calculated
following (9). Figure 8b shows the partitions of intrinsic
capacitance (contributed by C,.) and parasitic capacitances in
C,,; for nominal devices. The intrinsic capacitance only



account for 30%~40% of the total capacitance
charged/discharged during the switching process. The weight
of intrinsic capacitance decreases for more advanced
technologies. From Year 2016 to 2019 (32nm technology
node to 11nm technology node), by switching from single-
channel device structures (bulk, FDSOI) to double-gate
devices structure, the weight of the parasitic capacitances in
the total capacitances decreases, because dual-channel
structure doubles C,., but not all parasitic components are
doubled. Different possible design scenarios are examined
below.
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Figure 8 (a) Capacitance components normalized to C,. for nominal
devices based on ITRS2009, and (b) partition of intrinsic capacitance
(due to C,) and parasitic capacitances in C,, of a self-loaded FO1
inverter chain. Note that C,,, Cy C,5 Cpccas Ceomers and C; are
capacitances per side.

32nm

First, the dependence of Cy, on #y,. is examined (Figure
9a). When f,,, is reduced, Cpccs, Cor, and Cyper decreases.
Thus, devices with a lower gate height suffer less from
parasitics. Lowering the gate height by half of the nominal
case speeds up the devices by 7%, for all technologies from
32nm to 11nm (Year 2010 to 2019). This is in agreement
with earlier modeling [22] and experimental studies [23].
Secondly, Figure 9b shows the delay dependence on Lpccy at
each technology node. At the device level, reducing Lpccy
reduces C,r and C,opmer, With the penalty of increasing Cpecy.
At the circuit level, because a smaller device pitch enables
shorter interconnect, thus a smaller interconnect RC delay [24]
is achieved. Without taking interconnect into consideration,
the delay of the inverter chain changes less than 5% when
reducing Lpccy by half or increasing Lpccy to 1.5x.  Thirdly,
the C.ymer becomes significant for small device width.
Traditionally, devices can be divided into two main families
according to the statistical distribution of the device widths:
devices in logic cells with “large” width (~0.5um) and devices

in SRAM cells with small width (<0.1pm). As logic cell size
is scaled down, the average “large” width is becoming smaller
and is now close to 0.1pum. Most capacitance components are
proportional to the device width to the first order, except for
Ceomer-  As shown in Figure 9c, wide devices, where Ceyper 18
negligible, is 13-20% faster than the one with minimum
widths. Fourthly, enhancing PMOS current driving capability
improves the circuit level performance. Conventionally, for
static circuit design, the ratio of the width of PMOS over
NMOS is about 2. Intense effort has been made to boost
PMOS driving capability [25]-[27] (Figure 10a), which can
potentially reduce the PMOS device width and thus reduce the
total capacitance. P/N ratio is defined as the ratio of /,, of
PMOS over that of NMOS. Figure 10b shows that 27% delay
reduction is obtained by boosting PMOS driving capability by
2%, (i.e. same driving capability as NMOS). Boosting PMOS
driving capability by 1.5x achieves 2/3 of the improvement of
2x case, i.e., 18%.
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Figure 9 FO3 delay dependences on (a) gate height, (b) gate-to-
contact distance, and (c) average device width.



__ o8 )
[
g 0.7 KO
=
806 g RN
= 8~\e [e]
7 05 ‘*8_\8
£ O S
g o4 5] &
~ 03
0.2
32 45 65 90 130 180 250 350
Technology Node (nm)
(@)
30
—&— 320m
—e— 220m
—&— 160m
—H— 110m

o
S

i

FO3 Delay (ps)

12 3/4 1
PIN ratio

(b)
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FO3 delay dependence on P/N ratio.

From the analysis above, lowering the gate height is an
effective way to reduce the parasitic capacitances, because
both Cpccys and C,r are reduced. Reducing Lpccy does not
introduce a big delay penalty, because the increase of Cpecy is
offset by the reduction of C,. When interconnect is taken into
consideration, reducing Lpccy can potentially improve the
circuit-level speed because of the shorter interconnect. C.pper
must be included for advanced technology nodes, where it is
comparable to other capacitance components in narrow
devices. Enhancing PMOS current driving capability can
effectively reducing the circuit-level delay by reducing the
total load capacitance. With parasitic engineering, we propose
new scaling scenarios as shown in Figure 11. By introducing
lower gate heights and better PMOS, the device delay
performance is improved by ~30% compared with the nominal
devices. Without sacrificing too much of device speed (<5%)
at the device level, reducing Lpcc, shortens the interconnect
length. A shorter interconnect length improves speed at the
circuit level.
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Figure 11 Proposed roadmaps beyond 32nm technology with several
design scenarios to reduce parasitic capacitances.

V. CONCLUSIONS

For technologies beyond 32nm, the intrinsic delay C, V71,
which relies mainly on L,,. and does not capture the relevant
design parameters necessary for MOSFET optimization, is
inadequate for device performance evaluation. Parasitic
capacitance has become a severe problem, which cannot be
ignored for technology evaluation. We develop simple
analytical models for parasitic capacitance components
according to their physical origins. Starting from the ITRS
2009 edition, we use the MASTAR model to study the device
delay including the parasitic capacitances. By selectively
engineering the P/N ratio and the device dimensions, such as
gate height, gate-to-contact distance, device width, and gate
length, the device performance can be boosted by reducing
parasitics and preserving electrostatic integrity. A possible
improvement of the roadmap is proposed.
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