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Abstract—Negative Capacitance Field-Effect Transistor
(NCFET) pushes the sub-threshold swing beyond its fundamental
limit of 60 mV/decade by incorporating a ferroelectric material
within the gate stack of transistor. Such a material manifests
itself as a negative capacitance (NC) that provides an internal
voltage amplification for the transistor resulting in higher ON
current levels. Hence, the performance of processors can be
boosted while the operating voltage still remains the same.
However, having a negative capacitance makes the total gate
terminal capacitance larger. While, the impact of that on
compensating the gained performance has already been studied
in literature, this work is the first to explore the impact of
negative capacitance on exacerbating the IR-drop problem in
processors. In fact, voltage fluctuation in the Power Delivery
Network (PDN) due to IR-drops is one of the prominent
sources of performance loss in processors, which necessitates
adding timing guardbands to sustain a reliable operation during
runtime. In this work, we study NC-FinFET standard cells
and processor for the 7nm technology node. We demonstrate
that NC, on the one hand, results in larger IR-drops due to
the increase in current densities across the chip, which leads
to a higher stress on the PDN. However, the internal voltage
amplification provided by NC, on the other hand, compensates
to some degree the voltage reduction caused by IR-drop. We
investigate, from physics all the way to full-chip (GDSII) level,
how the overall performance of a processor is affected under the
impact that NC has on magnifying and compensating IR-drop.

Index Terms—Negative capacitance, NCFET, FinFET, IR drop,
circuit simulation, processor performance, voltage fluctuation

I. INTRODUCTION

NCFET: Negative capacitance FET (NCFET) is rapidly
emerging as one of the promising technologies that can
surmount the so-called Boltzman tyranny (i.e. the distribution
of charge carriers at the source of transistor), which funda-
mentally limits the sub-threshold swing (SS) of transistors
to be lower than 60 mV/decade at room temperature [1].
NCFET integrates a ferroelectric layer within the gate stack
that exhibits a negative capacitance (NC). Recently, Krivokapic
et al. [2] demonstrated the compatibility of NCFET with
current CMOS technology through the integration of a doped
HfO, ferroelectric layer in their state-of-the-art industrial

H. Amrouch, S. Salamin and J. Henkel are with the Department of
Computer Science, Karlsruhe Institute of Technology (KIT), Haid-und-
Neu Strasse 7, 76131 Karlsruhe, Germany. (E-mail: amrouch@kit.edu,
sami.salamin @kit.edu, henkel @kit.edu).

G. Pahwa, A.D. Gaidhane and Y. Chauhan are with Electrical Engineer
Department, Indian Institute of Technology Kanpur (IITK), Kanpur, India. (E-
mail:{girish, amold, chauhan} @iitk.ac.in). The work from IITK was partially
funded by Department of Science and Technology, Science and Engineering
Research Board, Govt. of India and Berkeley Device Modeling Center.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier: DOI

Vg Nega}tive
Capacitance
Ferroelectric [ _l_ (NC)
€ Ci nt
+ V| nt /
metal gate
’ _l_ S
! cox CDrain ‘E
H ] °
1 1
VSE CSource E VD
1 S ]
Source [N ;
Baseline —T[—
FET

Fig. 1. The employed schematic of metal-ferroelectric-metal-insulator-
semiconductor (MFMIS) and the corresponding equivalent circuit of the gate
stack of NC-FinFET.

14nm FinFET technology. [3] reported that in doped HfO2
ferroelectrics, the intrinsic delay due to polarization damping
in NCFET can be quite small (=~ 270 fs) showing that NCFET
is able to respond fast enough to voltage even circuits that
have frequency switching in the GHz range like processors.
The configuration of metal-ferroelectric-metal-insulator-
semiconductor (MFMIS) in NCFET can be represented as in
Fig. 1, which also shows the equivalent capacitance divider
circuit of the ferroelectric capacitance (Cf) and the internal
baseline FET capacitance (C},;). The voltage amplification
(Ay) at the internal gate can be then expressed as in (1).

A — a‘/vm‘ o |Cfe|
v = =
avtg |Cfe‘ - Cint
To ensure no hysteresis: |Cgo| > Cing = Ay > 1

)

1 Vg
Vint = Aavgv{/ for a fixed Vg; Aavg - V/ Ay dv{/
g J0
(2

In turn, the provided voltage amplification by the ferroelec-
tric layer will enable the NCFET to always reach a higher
internal gate voltage V;,; according to (2) and hence, a
higher ON current (/o) at the same voltage. The maximum
frequency of circuit is governed by the Ipn of transistors
that form its critical path. Therefore, NCFET-based processors
have, at the same voltage, higher performance compared to
conventional FET that has no ferroelectric layer [4].
Switching Power: The switching power (Psyitching) Of a
circuit is determined by the switching activity («), total
capacitance (C), operating voltage (Vpp) and frequency (f),
as (3) shows.
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If the Cf exhibits a negative value and the condition of
|Cte| > Cint is always met in the range of operating voltages
to ensure no hysteresis, then the total capacitance of NCFET
is always larger than the baseline FET (Cj,:), as (4) shows.

Cfe ' Cint
C(fe + Cint

Therefore, compared to conventional FET, NCFET-based
circuits will dissipate a higher switching energy as it will
exhibit a larger total capacitance at the same Vpp.

IR-drop: Voltage drop in metal lines is a fundamental property
of any circuit due to the non-ideality in the Power Delivery
Network (PDN), which originates from the intrinsic parasitics
(e.g., resistances and capacitances of power lanes) inside
PDN [5]. IR-drop results in sudden reductions in Vpp that
reaches cells and hence reduction in Iy of transistors because
the latter is proportional to (Vpp — V). With each clock, the
simultaneous switching of standard cells results in peaks in
driving current and due to the inability of PDN to deliver the
required currents, both Vpp and Vgg fluctuate at the terminals
of standard cells leading to increase in delay. To protect against
IR-drop effects and thus sustain reliable operation, a timing
guardband (i.e. an extra time slack) should be included on top
of the maximum delay of processor to prevent unpredictable
timing violations during runtime. Such a guardband directly
leads to a loss in performance as the processor will be clocked
at a lower frequency than its full potential.

Key focus on this work: NCFET exhibits a larger gate capac-
itance and therefore the total capacitance of standard cells in
NCFET technology are larger compared to conventional FET.
Such an increase results in higher current densities across the
chip. Thus, NCFET-based processors will be, in general, sub-
jected to higher IR-drops leading to unforeseen performance
losses. Evaluating the performance gain in circuits, obtained
by NCFET technology, in isolation from IR-drop — as done
in state of the art [6], [7] — might lead to overestimating the
potential impact of NCFET on circuit’s performance. At the
same time, the voltage amplification at the internal gate offered
by the ferroelectric layer provides a compensation for the
voltage reduction caused by induced IR-drop. This, in turn,
can mitigate to some degree the deleterious impact that IR-
drop has on the circuit’s delay.

CncrET = > Cint “4)

II. MODELING THE IMPACT OF NCFET FROM PHYSICS TO
FuLL-CHIP (GDSII) PROCESSOR LEVEL

Fig. 2 demonstrates the overview of our implemented design
flow in which the effects of NC are modeled and analyzed from
physics to standard cell libraries all the way to the full-chip
design where the effect of IR-drop on processor are accurately
analyzed along with incurred losses in performance.

Physics and Device Modeling: We consider an NC-FinFET
with a configuration of MFMIS as shown in Fig. 1. The
structure can be equivalently divided into the ferroelectric
capacitor (C'¢.) and the internal baseline FinFET (Cjy,.). The
voltage amplification due to the ferroelectric layer is calculated
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Fig. 2. Our implemented design flow. NC effect is modeled within the Verilog-
A code of BSIM-CMG for FinFET. The modified model is used to create
NCFET-aware standard cell libraries for the 7nm technology node. Using
commercial synthesis and layout tool flows, a processor is implemented to
the GDSII level. Finally, IR-drop, delay and power are accurately analyzed,
using commercial timing and power signoff tool flows, for the final processor’s
layout including full parasitics.

as in (1). The baseline FinFET part of the device is modeled
by the industry standard BSIM-CMG model, which considers
both the short-channel and quantum-mechanical effects in
small geometries [8], [9]. The ferroelectric layer is modeled
as shown in (5), which is based on Taylor series as in the
Landau-Khalatnikov (L-K) theory [10], [11].

Vie = tre(20Q + 48Q%) )

Where V4, is the voltage across ferroelectric, () is the gate ter-
minal charge per unit area, t¢ is the thickness of ferroelectric.
« and 3 are ferroelectric material dependent parameters [10],
[12]. The L-K equation is then solved in a self-consistent
manner within the Verilog-A code of BSIM-CMG model of
FinFET [9] using a commercial SPICE simulator [13]. To
model the FinFET parameters, we employ the 7nm Process
Design Kit (PDK) [14]. Regarding the ferroelectric layer, we
adopt Al doped HfOo material as it is a CMOS compatible
material [15]. To calculate the v and 3 in the L-K equation, we
use the remnant polarization of 0.05 C/cm? and the coercive
field of 1 MV/cm based on the experimental data in [15].

NCFET Standard Cell Libraries: The Verilog-A code of
NC-FinFET, obtained from the previous step, is then em-
ployed within a commercial cell library characterization tool
flows [16] to create NCFET-aware cell libraries in which the
delay and power of standard sequential and combinational cells
are extracted under the effects of NC. The post-layout cells’
netlists (which include the parasitics information), obtained
from the used 7nm PDK [14], are employed during the
characterization to create the NCFET-aware cell libraries.
Every cell is characterized under 7 input signal slews and 7
output load capacitances, as done in the original cell library.
Full-Chip Design: The created NCFET-aware cell libraries
are compatible with the existing commercial EDA tool flows
like [17], [18]. Therefore, we can employ them directly within
the standard flow of chip design. First, we synthesize the
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Fig. 3. Device-level analysis for the effects of different ferroelectric layers with varied thicknesses. (a) shows the increase in the gate capacitance due to the
negative capacitance. (b) shows the differential gain over Vj;. (c) shows the average gain. (d) presents the I current over Vi (at Vpg = 0.7V) demonstrating
the increases in /o and the reductions in S\S. In general, the thicker the ferroelectric layer, the higher the gain but, as a result, CgG becomes much larger.

Register-Transfer Level (RTL) of processor using the base-
line/original (i.e. conventional FinFET) cell library using a
commercial logic synthesis tool [17]. Then, we implement
the full design all the way to the GDSII level using com-
mercial layout tool flows [18]. Because starting from a well-
optimized PDN is important to have proper IR-drop analysis,
the PDN has been iteratively optimized until the static IR
drop becomes 0 and the dynamic IR-drop becomes around
2% (i.e. merely 0.017V at the nominal Vpp of 0.7V). For
accurate investigation of the effects of NCFET on IR-drop and
delay/power of processor, commercial power signoff [19] and
delay signoff [20] tools are used for the post-layout processor’s
gate-level netlist along with our created NCFET-aware cell
libraries. In this work, we study the 32-bit processor [21],
which is based on state-of-the-art RISC-V architecture [22].
Case Studies: We consider, in addition to the baseline (TFEOQ)
where no ferroelectric layer is in use, four different NCFET
cases, namely TFE1, TFE2, TFE3, TFE4 corresponding to four
thicknesses of the ferroelectric layers: t¢= 1, 2, 3 and 4 nm,
respectively. For 5, > 5 nm, we observed that a hysteresis-free
operation, which is necessary for CMOS logic applications,
cannot be anymore ensured. For fair comparisons, the four
NC-FinFET devices are calibrated through gate work-function
tuning in which iso-Iopr condition is acquired (i.e. same OFF
current as that of the baseline TFEO at the nominal voltage of
Vbop = 0.7V). Every created cell library (i.e. TFEO, TFE1,
TFE2, TFE3 and TFE4) is characterized under the nominal
Vpp of 0.7V (as specified in the employed 7nm PDK),
in addition to 0.6V and 0.5V for a comprehensive analysis.
Since the IR-drop characteristic is subject to the switching
activities («) running on top of the processor, we study two
different scenarios: o = 20% and 30%. We selected these
values in which the resulting IR-drop is within the IR-drop
range caused by several representative application benchmarks
(i.e. workloads) which we examined on top of the processor.
In our analysis, we always extract the occurring IR-drop in all
gates/cells across the processor’s chip and then we report the
maximum (i.e. worst-case) IR-drop.

III. DEVICE-LEVEL AND GATE-LEVEL ANALYSIS

Fig. 3 summaries the device-level analysis. As can be
noticed in Fig. 3(a), the existence of NC makes the total gate
capacitance (Cgg) of NC-pFinFET and NC-nFinFET larger
[23]. As expected, the thicker the ferroelectric layer, the larger
the NC is and hence the C'gc becomes larger as well [23].
In general, the increase in Cg is higher at lower Vi with a
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Fig. 4. Analyzing the increase in the cells’ capacitance in the 7nm
FinFET standard cell library due to the integration of NC at varied voltages.
The average increase across all standard cells is reported. The thicker the
ferroelectric layer, the larger the increase in the cells’ capacitance becomes.
This is consistence with the previous observation in Fig. 3(a).

sharp peak at around 0.35V for the case of TFE4. Fig. 3(b)
demonstrates the differential gain (Ay = 0Vj,:/90Vs) ob-
tained by NC. Note that even though the differential gain
might be less than 1 (see Ay at Vi > 0.6V), the average gain
(Agvg) is always greater than 1 as shown in Fig. 3(c), which
results in decreasing the sub-threshold swing and increasing
the ON current, as Fig. 3(d) shows. In summary, the thicker
the ferroelectric layer, the higher the gain is but, as a result,
the Cge becomes much higher (see TFE4 in comparison
to other cases). Such an increase in Cgg will lead later to
higher current densities across the chip and thus larger IR-
drops, which, in turn, causes performance loss as will be
demonstrated in Section IV.

In Fig. 4 we present the average increase in the total capac-
itance of gates across all standard cells within the used 7nm
FinFET standard cell library. As can be noticed, the thicker
the ferroelectric layer, the larger the increase in the cells’
capacitance and the standard cells exhibit a larger increase
in the total capacitance at lower voltages. Both observations
are consistent with the presented results earlier in Fig. 3(a).

IV. PROCESSOR-LEVEL ANALYSIS

As motivated in Section I, NCFET magnifies IR-drops
across the chip due to the larger current densities across the
chip leading to a higher stress on the PDN. However, the
voltage amplification provided by the NC compensates to
some degree the reduction in voltage caused by IR-drop. In
the following, we study the aforementioned magnification and
compensation effects of NCFET w.r.t IR-drop along with the
overall impact on the performance of processor.
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Fig. 5. (a) shows the total chip capacitance at different voltages for the four NCFET cases compared to the baseline (TFEO). (b) reports the peak current
through the chip at two different switching activities (a«=20% and 30%) and (c) shows an example of the current map across the chip for the case of TFE4
(t fe=4nm) compared to the baseline (no ferroelectric) for a=20% and Vpp=0.7V. As shown in (a, b) the NC results in increases in the total capacitance
and current of chip. This increases the stress on the PDN and hence the IR-drop in NCFET becomes larger as the IR-drop map in (d) demonstrates.
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A. Magnification Impact

Fig 5 demonstrates the NCFET effects at the chip level.
As shown in Fig 5(a) the total chip capacitance increases
when a thicker ferroelectric layer is in use. This is expected
because the cells’ capacitance become larger (see Fig. 4)
due to the effect of NC on increasing the gate terminal
capacitance of NC-FinFET (see Fig. 3(a)). The increase in
the total chip capacitance results in higher currents as can
be seen in Fig. 5(b), which shows the peak current across
the chip for the two analyzed switching activities (o« = 20%
and 30%) at Vpp = 0.7V. For instance, the chip in the
case of TFE4 has around 4x higher current than the baseline
TFEO that has no ferroelectric. To clarify further, we show in

Fig 5(c) a comparison of the current density map across the
chip between TFEO and TFE4 at Vpp = 0.7V and o = 20%.
Such an increase in the current densities across the chip, in
turn, increases the stress on the PDN because the power lanes
need to provide higher currents to standard cells, leading to
drops in the supply voltage that reaches cells, i.e. drops in
both Vpp and Vgg from their ideal/nominal levels, which are
0.7V and 0V, respectively in the studied 7nm PDK. This can
be observed in Fig 5(d), which shows a comparison for the
IR-drop map across the chip between TFEQ and TFE4.

In Fig. 6, we summarize the maximum IR-drop across
the chip for the two different switching activities at the
three different voltages (0.7V, 0.6V and 0.5V). As shown,
using NC always leads to a larger IR-drop. The thicker the
ferroelectric layer, the higher the IR-drop is. At higher «, the
IR-drop becomes even larger due to the larger currents (see
Fig. 5(b)). For instance, as shown in Fig. 6(a), at the nominal
voltage (Vpp=0.7V) and a=20%, the maximum IR-drop in
the baseline case (TFEO) is just 17mV'. However, using TFE4
leads to a maximum IR-drop of 107mV, which is 6.3x more
than the baseline. Even for a thinner ferroelectric layers; TFEL,
TFE2 and TFE3, the maximum IR-drop due to NC effects
is already quite high, which reaches 89%, 104% and 128%,
respectively, compared to the IR-drop at the baseline TFEQ. On
the other hand, when the voltage is scaled down, the IR-drop
becomes, as expected, lower. However, the trend of having
larger IR-drops, when NCFET is used, remains.

IThis is merely 2.4% drop from the nominal voltage (Vp p=0.7V). Such a
low IR-drop in the baseline shows that we start from a well-optimized PDN.
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B. Compensation Impact

When IR-drop occurs, the gate terminal in transistors will
receive a lower voltage than what it should be. At the same
time, the negative capacitance provides a voltage amplification
Ay (see (1)) that increases the internal voltage of gate Vi,:
(see (2) and Fig. 1). Such an amplification can, in turn,
compensate to some degree effect of IR-drop. Note that
regardless the amplification impact due to NC, the internal
voltage V;,; after IR-drop is less than what it should be in the
absence of IR-drop. Hence, a performance loss will properly
be there, which depends on the intensity of the occurring IR-
drop and the ability of NC to compensate. In Fig. 7, we show
the reduction in Vj,,; in NCFET. Note that V;,,; is calculated

at Vg = Vys = Vpp/2 (ie. 0.35V), which approximately
corresponds to the peak IR-drop condition during CMOS
switching. For a thicker ferroelectric layer, the loss in Vj,; is
higher because the IR-drop is larger (see Fig. 6). At a higher
switching activity, the IR-drop is stronger leading to a further
reduction in V;,;. The reduction in V;,; reaches around 30%
and 41% in TFE4, which has the thickest ferroelectric layer
(t fe=4nm), for the case of a=20% and a=30%, respectively.

C. Timing Guardband Analysis

As explained in Section I, fluctuations in the voltage due
to IR-drops cause sudden increases in the delay of critical
paths of processor during runtime. This leads to an unreli-
able operation because timing constraints might be violated
resulting in catastrophic timing errors. To keep the deleterious
effects of IR-drops at bay, a timing guardband is typically
added, during design time, on top of the maximum delay of
processor in which any sudden delay increase caused by IR-
drop during runtime is compensated and overcome. However,
including a timing guardband results in a loss in the proces-
sor’s performance and inefficiency because the processor will
be clocked at a lower frequency than its potential. To put the
impact of NCFET on IR-drop in context, it is necessary to also
evaluate the resulting relative delay increase of the processor,
which determines the required timing guardband and thus the
incurred performance loss. Fig. 8 summarizes our analysis for
the different Vpp and a. The relative delay increase due to
IR-drop is much higher at lower Vpp even though the IR-drop
itself is smaller at lower Vpp (see Fig. 6). This is expected
because of the higher susceptibility of cells’ delay to voltage
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Fig. 11. Analysis of processor performance gain due to NCFET (relative to the baseline TFEO) with and without IR-drop under different Vp p and switching
activities. IR-drop leads, in general, to a loss in the performance gain. However, despite such a loss, NCFET always boosts the processor’s performance. The
performance improvement is higher at lower Vp p due to the higher gain from NC (see Fig. 3(b, ¢)) as well as with the increase in the ferroelectric thickness.

reductions when Vpp is scaled down. Importantly, NCFET
results in higher IR-drops (as shown in Fig. 6), however, the
relative delay increase depends on the provided amplification
voltage by NC (i.e., thickness of the ferroelectric). As shown in
Fig. 8, when a thicker ferroelectric (e.g., TFE3, TFE4) is used,
the relative delay increase becomes smaller compared to using
a thinner layer (e.g., TFE1, TFE2), i.e. the deleterious effects
of IR-drop are mitigated due to the larger V4 obtained from
the thicker ferroelectric layer (Fig. 3(b, c)). Therefore, even
though a thicker ferroelectric leads to a larger IR-drop, the
higher voltage amplification provided by NC can compensate
that and the delay of processor will not be, at the end of the
day, highly affected. Hence, a trade-off exists and finding the
optimal thickness of ferroelectric necessitates considering IR-
drop effects.

D. Overall Processor’s Performance Analysis

In Fig. 9 we present the processor’s delay which, in practice,
dictates the maximum clock frequency. Any increase in the
processor’s delay will lead to performance and efficiency
losses due to the operation at lower clocks. As shown, NCFET
always provides an improvement in the processor’s perfor-
mance that becomes more considerable as the thickness of the
ferroelectric layer increases. This is expected due to the higher
gain obtained by NC (see Fig. 3(c, d)). The improvement in
performance becomes even larger as Vpp scales down due to
the increase in the gain of NC (see Fig. 3(b, c)). When IR-
drop effects are considered in the analysis, an increase in the
processor’s delay (i.e. a performance loss) is observed. Such
a loss in performance becomes larger at a higher switching
activity because of the higher induced IR-drop. In Fig. 10
we summarize the performance loss due to IR-drop for every
NCFET case and Vpp case. The loss is between 5% and
14% when Vpp=0.7V and it becomes larger at lower Vpp
reaching 50% when Vpp=0.5V. Note that the performance
loss becomes smaller at thicker ferroelectric layers (TFE3,
TFE4) because the provided gain by NC becomes larger com-
pensating more IR-drop effects. This again shows the necessity
of considering IR-drop effects when investigating the impact
of NCFET on processor’s performance for accurate analysis.
Finally, we summarize in Fig. 11 the processor performance
gain with and without IR-drop. Despite the performance loss
caused by IR-drop, NCFET still always provides a boost in the
performance and the gain becomes higher with the increase in
the thickness of the ferroelectric layer.

V. SUMMARY AND CONCLUSIONS

In this work, we studied the impact of negative capacitance
in 7nm FinFET on increasing the IR-drop akin to the in-
curred increase in the gate capacitance of transistors and the
consequences of that on the performance of processors. Our
analysis starts from physics all the way to the final (GDSII)
chip level. Using standard signoff tool flows for chip design,
we investigated the impact of different NCFET technologies
(represented by different ferroelectric layer thicknesses) on
IR-drop and delay of a fully-implemented processor. We
demonstrated that thicker ferroelectric leads to larger IR-drop
due to the increase in the cells’ capacitance but it, at the same
time, provides higher voltage amplification that compensates
to some degree the reduction in Vpp induced by IR-drop.
Analyzing accurately the performance gain due to NCFET in
processors necessitates considering the impact of NCFET on
IR-drop effects.
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