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Abstract—For the first time, we analyse SRAM cells made of
ferroelectric based negative capacitance (NC) FinFETs consider-
ing both global and local variability via Monte-Carlo circuit sim-
ulations. First we compare and explain the impact of variability
on the device characteristics and the extracted figures of merit of
conventional and NC transistors. Then we show that suppressed
relative variability in NCFETs leads to lowering of the static
Vmin (minimum supply voltage needed for SRAM operation)
compared to conventional FinFET based SRAM. We use a physics
based compact model for negative capacitance FinFETs realized
by a self-consistent coupling of the standard BSIM-CMG compact
model for FinFETs with the Landau-Khalatnikov (L-K) model of
ferroelectrics. We demonstrate that on including the variability
in the ferroelectric thickness and material parameters as well,
the advantage of NCFETs diminishes. For the baseline FinFET,
we have used model cards from a freely available predictive
process design kit (PDK) for the 7nm technology node where
the parameters are optimized for SRAM applications.

Keywords—Negative Capacitance, NCFET, FinFET, SRAM, n-
curve, Vmin, ferroelectric, variability

I. INTRODUCTION

The Static Random Access Memory (SRAM) is an impor-
tant component in system on chips and it occupies a major
portion of the silicon real estate. However, in recent years,
the scaling of SRAM has slowed down due to issues of
stability and difficulty in scaling down the supply voltage
at advanced technological nodes. Since the introduction of
FinFETs, the corresponding SRAM design has been researched
extensively during the last decade [1], [2]. As increased power
consumption is a major issue in the semiconductor industry, a
lot of work has been done on steep slope devices with an
aim to be able to lower the supply voltage. For example,
impact ionization MOSFET (IMOS) [3], tunneling based FET
(TFET) [4], [5], nanoelectromechanical (NEM) relays [6],
hybrid phase-transition FET (Hyper-FET) [7] etc. have been
explored, but none of these have been able to prove to be
a worthy successor to the conventional Si MOSFET and
its multi-gate avatars. Meanwhile, the use of the negative
capacitance effect of ferroelectrics to realise sub-thermionic
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Fig. 1. (a) Cross-sectional schematic of the NC-FinFET with baseline di-
mensions corresponding to the ASAP7 PDK’s SRAM FinFETs. (b) Equivalent
Capacitance Representation

switching in MOSFETs [8] has been pursued with a lot of
interest both in the academia and the industry during the past
decade. The key idea is that having a negative capacitance in
the gate stack of a MOSFET can lead to effective amplification
of the applied gate bias and hence steep subthreshold slopes
can be achieved, thus surpassing the Boltzmann limit of 60
mV/decade at room temperature. This enables more aggressive
supply voltage (VDD) scaling and hence lower leakage without
losing drive current. Without drastic changes required in the
existing process-flow, and with the discovery of ferroelectricity
in nanoscale layers of HfO2 which is CMOS-compatible, the
NCFET is indeed an attractive option.

Here it is worth mentioning that the physical understanding
of the negative capacitance mechanism and associated device
engineering are still far from being mature [9], and the
future of NC technology and the degree of advantage it can
deliver over existing state-of-the-art CMOS technology is de-
batable [10]. However, consistent experimental demonstrations
of NCFET devices and circuits showing improved performance
over conventional FETs have been quite promising and reas-
suring [11], [12].

Various modeling approaches for NCFETs and studies on
the impact of their improved transistor characteristics on
circuits have been reported. In particular, performance of 7nm
node NC-FinFET based SRAM was reported in [13]. Further,
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NC transistors have been shown to offer variability suppression
[14]–[17] which is expected to improve the minimum supply
voltage for SRAM operation (Vmin). In this work we examine
the NC-FinFET based SRAM stability through circuit simu-
lations using a physics based compact model of NC-FinFETs
and evaluate read and write Vmin.

II. DEVICE DESCRIPTION, MODELING APPROACH, AND
SIMULATION METHODOLOGY

A. NC-FinFET
Fig. 1(a) shows the cross-sectional schematic of the NC-

FinFET with the ferroelectric layer sandwiched between the
internal gate of the baseline 7nm node FinFET, which floats,
and an external metal gate, to which the gate bias is ap-
plied. This Metal-Ferroelectric-Metal-Insulator-Semiconductor
(MFMIS) architecture is easy to model as the ferroelectric
capacitor and rest of the device (the baseline FinFET) can
be considered as elements connected in series. This connected
capacitor representation is shown in Fig. 1(b). Here Vint is
the voltage available at the internal gate (i.e. the gate of the
baseline FinFET). NC-FinFETs have improved electrostatics
due to the internal voltage gain, given by:

AV = (1− Cint/|Cfe|)−1
, (1)

where Cfe is the ferroelectric capacitance (conditionally
negative) and Cint is the positive capacitance of the internal
MOSFET including the gate insulator capacitance (both are
bias dependent). This forms the basis of the NC transistor
operation. Table I lists the key structural parameters of the
device, with the values for the reference FinFET having been
taken from [18], and the ferroelectric parameters from [19].

TABLE I. DEVICE DETAILS

Parameter Value

(a) Reference FinFET [18]

Lg 21 nm
Tfin 6.5 nm
Hfin 32 nm
EOT 1 nm
Vt,n 0.25 V
Vt,p -0.20 V

(b) Ferroelectric Layer (Doped HfO2)

tfe 1-4 nm
Pr 5 µC/cm2

Ec 1 MV/cm.

B. Compact Modeling of NC-FinFET
The compact modeling approach employs a self-consistent

coupling of the industry standard BSIM-CMG model [20] with
the ferroelectric model written in verilog-A [21]. The key
equations and assumptions have been included in the flowchart
in Fig. 2. The free energy density of the system (G) is a

Landau-Khalatnikov Model of
Ferroelectric [Verilog-A]

G = αP 2 + βP 4 + γP 6 − EP

L-K relation: δ dP
dt = −∂G

∂P

E =
Vfe

tfe
= 2αP + 4βP 3 + 6γP 5 + δ dP

dt

Assumption: P = QG − ε0
Vfe

tfe
≈ QG

(VG, VD)

BSIM-CMG Model of FinFET
[Verilog-A]

+
ASAP7 Model Card

Vint = VG − Vfe

QG

ID

Fig. 2. NC-FinFET Compact Modeling Approach. P = polarization, G =
total free energy density, E = electric field, Vfe = voltage drop across the
ferroelectric, tfe = ferroelectric thickness, δ = ferroelectric damping factor,
QG = gate charge density, and α, β, γ: Landau coefficients.

function of the polarization (P ) and the electric field across the
ferroelectric (E). The dynamics of the system is described by
the Landau-Khalatnikov equation [22] relating the derivative of
polarization with respect to time and that of free energy density
with respect to polarization. For the ferroelectric material used
in this work, with γ = 0, the Landau coefficients α and β
can be expressed in terms of the coercive field (Ec), and
remanent polarization (Pr) as [23]: α = −(3

√
3/4)Ec/Pr,

and β = (3
√

3/8)Ec/Pr
3.

The self-consistent scheme works as follows: the gate charge
density, QG obtained from the BSIM-CMG model is fed into
the L-K model which outputs the voltage drop across the
ferroelectric (Vfe), which in turn is used to calculate Vint, the
effective voltage at the internal gate, which finally is an input
back to the BSIM-CMG model. Vint = VG − Vfe, where VG
is the applied gate bias.

We would like to note that a major contention to the
phenomenological modeling approach using Landau theory of
phase transitions was the absence of direct experimental evi-
dence of the S-shaped P−E curve which is at the heart of the
negative capacitance modeling used here. Direct observation of
steady state negative capacitance and the S-shaped curve has
recently been demonstrated experimentally [24], [25], which
gives more credence to this approach. Although simple, the
model has so far been able to explain all of the observed
behaviours characteristic of the negative capacitance transistors
unlike some other models [26]. The L-K model has been shown
to be able to reproduce experimental results including circuit
performance in NC-FinFETs with ultra scaled ferroelectric
layers, e.g. ferroelectric thikness of 1.5nm in [27], and 3nm
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Fig. 3. (a) Nominal IDS − VGS characteristics of n and p type Ref.
FinFETs and NC-FinFETs with different tfe at VDS=VDD=0.7V at iso-Vt.
The subthreshold swing values for the devices have also been included. (b)
Demonstration of Negative DIBL in NC-FinFETs with tfe=3nm considering
IDS − VGS characteristics at VDS=0.05V, 0.7V.

in [12]. Further, [12] suggests that the NC effect does not
inherently lead to any additional switching delays.

Fig. 3(a) shows the nominal transfer characteristics of the
reference FinFETs and NC-FinFETs with varying tfe where
the nominal FE parameters for all thicknesses have been
assumed to be the same. All the nominal NC-FinFETs have
been set to the same threshold voltage as that of the reference
FinFET. The NC-FinFETs show superior characteristics with
steeper subthreshold swing (sub-60 mV/decade) and higher
drive current compared to the reference FinFET. These im-
provements are enhanced as the ferroelectric thickness in-
creases. Fig. 3(b) shows the negative DIBL in the NC devices,
demonstrating the capability of the compact model.

C. Statistical Simulation Methodology
Fig. 4 describes the overall simulation methodology used in

this work. In contrast to [28], where we simulated statistical
variability using TCAD and used the extracted standard devia-
tion in Vt to generate a statistical distribution of the VTH0 pa-
rameter alone in the compact model card for the Bulk NCFET,
here we take a different approach. Firstly, BSIM-CMG is not
a threshold voltage based model unlike BSIM4 used for the
bulk MOSFET. Also, considering only Vt variability may not
be sufficient for FinFETs. In the present work we use the
compact model approach and directly apply process variability
in device parameters in the circuit simulator using Monte-Carlo
techniques [29] for both the baseline transistor as well as the
ferroelectric layer. We consider both global variation as well as
local variation (mismatch). If P0 denotes the nominal process
parameter, then the overall process parameter for any transistor
instance considering variability can be expressed as [30]:

P = P0 + ∆PGV + ∆PLV, (2)

where ∆PGV and ∆PLV are the global (correlated) and local
(uncorrelated) variations. In any Monte-Carlo run, ∆PGV is
the same for all the six transistors in the SRAM cell, while
∆PLV is different for each.

III. VARIABILITY SUPPRESSION IN NC-FINFETS

The improved electrostatics in NCFETs can lead to a
suppression of statistical variability. This has been shown using

TCAD simulations as well as compact modeling approaches.
In particular, it has been shown earlier that compared to
regular FinFETs, NC-FinFETs can be less sensitive to process
parameter variations, enhancing further the promise of these
steep slope devices. For example, the immunity to process-
induced threshold voltage increases with increase in the FE
thickness due to a stronger NC effect [14] even in the presence
of variability in the FE layer. NC-FinFET based CMOS ring-
oscillator circuits were also shown to be more immune to
variability effects compared to conventional FinFET circuits.
Concerning SRAMs, analysis of the bulk NCFET based SRAM
in [28] showed excellent Vmin reduction, however, variability
in the ferroelectric material was not considered.

In the absence of experimental data on the variability in the
ferroelectric thickness and parameters, the present work, for
the purpose of demonstration, we consider a standard deviation
of 5% in Tfin, Lg , and EOT; as well as in tfe, Ec, Pr relative
to their nominal values. The gate workunction (WF) variability
is the major contributor to transistor variability at the FinFET
based technology nodes, and we have assumed the standard
deviation to be 20mV for n-FinFETs. For the p-type devices
we apply the same relative standard deviation to the WF. We
have considered only local variation of the WF. As shown
previously [14], for the NCFETs, the variability in ferroelectric
thickness and properties can significantly affect the transistor
variability trends. Fig. 5 shows the ensembles of the transfer
characteristics of the reference FinFETs, and NC-FinFETs with
and without considering variability in the ferroelectric layer
thickness and properties at the nominal supply voltage. Further,
in order to quantify the impact of variability on the key figures
of merit, we calculate the absolute and relative variability in
Vt, ION, and IOFF. as shown in Fig. 6.

From these figures, it can be seen that the NC-FinFET
clearly shows lesser variability compared to the reference
FinFET when the variability in the FE layer is turned OFF. The
NC-FinFETs have smaller absolute and relative variation in
Vt and log10(IOFF). Noticeably, for ION the absolute variation
is larger for NC-FinFETs, but the relative variation (σ/µ)
which is more relevant due to the large increase in the mean
value of ION, remains smaller. However, when the variability
in the FE layer is included, the variability suppression may
weaken, especially in case of ION with an increase in the
absolute standard deviation and decrease in the mean value.
To understand this, we have plotted the absolute and relative
variability in the internal voltage gain (AV ) at different regions
of operation including and excluding the variability in the FE
layer in Fig. 7. We notice that the impact of the variability in
the FE layer is more significant at high gate bias. This can
be attributed to the fact that in strong inversion Cfe is highly
non-linear and its magnitude increases sharply with increasing
gate charge, leading to increased fluctuation in capacitance
matching and AV in the presence of ferroelectric variability,
in contrast to the low gate bias regime.

For SRAMs, which consist of cross-coupled CMOS invert-
ers, the device output characteristics, particularly the saturation
region and the region of transition from linear to saturation,
have a direct impact on the magnitude of the noise margins
that can be achieved. The role of NDR (negative differential



4

Nominal
Parameters

+ ∆VGV + ∆VLV

NCFET
Compact Model

(BSIM-CMG + L-K) NC-FinFET
SRAM

Ref. FinFET
SRAM

tfe > 0

tfe = 0

Fig. 4. Flow of the overall methodology used in this work.

(a) (b) (c)

Fig. 5. Statistical ensemble of 5000 IDS − VGS characteristics of n and p type single fin devices obtained from Monte-Carlo SPICE simulations: (a) Ref.
FinFETs, (b) NC-FinFETs without considering ferroelectric variation (c) NC-FinFETs considering ferroelectric variation. For the NC-FinFETs tfe = 3nm.
VDS=0.7V.

(a) (b) (c) (d)

Fig. 6. Standard deviation in (a) threshold voltage, (b) ON-current, and (c) logarithm of OFF-current, extracted from the statistical simulation results of the n
type transistors shown in Fig. 5. (d) shows the ratio of standard deviation to the mean (σ/µ). tfe= 3nm.

(a) (b)

Fig. 7. (a) Standard deviation (σ), and (b) relative standard deviation (σ/µ) in
the internal voltage gain (AV ) at four different gate voltages with and without
considering ferroelectric variability in the NC-FinFET. The FE variability
impacts the AV fluctuations more strongly in the inversion region. tfe= 3nm.

(a) (b)

Fig. 8. Statistical ensemble of 5000 IDS − VDS characteristics of n and p
type Ref. FinFETs and NC-FinFETs (FE variation enabled) with tfe=3nm.
VDD=0.7V.
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Fig. 9. Schematic of the 6-T SRAM cell including the arrangement for the
n-curve measurements. Fin ratio of the transistors, PU:PG:PD = 1:2:3.

resistance) which leads to better noise margins, on nominal
NC-SRAMs was investigated in [13]. In Fig. 8(b) we have
shown a comparison of the statistical ensemble of IDS − VDS

characteristics of n and p type reference FinFETs and NC-
FinFETs with FE variation enabled at VGS=VDD/2. The NC-
FinFET current levels are much higher, and the characteristics
clearly show the NDR effect, with the characteristics having
higher spread in the linear to saturation transition region
compared to the high VDS region.

IV. STATISTICAL SRAM SIMULATIONS

A. Simulation Setup Description
Variability in the transistor characteristics can have a drastic

impact on the circuit operation. In this section we compare
the Vmin of the 6-T SRAM cells designed using NC-FinFETs
and the conventional reference FinFETs. We have simulated a
high performance SRAM cell, where the number of fins in the
Pull-Up (PU), Pass-Gate (PG) and Pull-Down (PD) transistor
are in the ratio 1:2:3. We have considered both global and
local variation sources as described in section III assuming
Gaussian distribution of the parameters. We run Monte-Carlo
circuit simulations with a statistical ensemble of 1000 instances
of the 6-T SRAM circuit.

We have focused on the evaluation of the read stability and
write ability in terms of the critical currents (Icrit and Icritw)
under read (BL = BLB =VDD) and write conditions (BL =
VDD, BLB = 0) obtained from the analysis of the respective
n-curves [31]. The schematic of the 6T-SRAM cell along with
the arrangement for the n-curve measurements is shown in
Fig. 9. The n-curves are plots of the current going into the
storage node as a function of the applied voltage. The critical
current signifying the read stability (Icrit) is defined as the
minimum current that can cause a destructive read, and is
given by the peak current from the read n-curve. The critical
write-ability current (Icritw) is obtained as the magnitude of
the valley minimum in the write n-curve.

It has been previously shown that for the variability-free
case, the NC-SRAM offers higher Icrit under READ condition
as well as higher Icritw under WRITE condition at the nominal
supply voltage [13]. Fig. 10 and 11 show the ensemble of
Icrit and Icritw extracted from the circuit simulations for

the reference SRAMS, NC-SRAMs without considering the
variability in the FE, and NC-SRAMs including the FE vari-
ability at VDD=0.6V. The NC-SRAM displays higher absolute
standard deviations but higher mean values as well, and as a
result yields smaller relative standard deviation (σ/µ) for both
Icrit and Icritw. The inclusion of FE variability leads to an
increase in the standard deviation and a reduction in the mean
values of the metrics relative to the case when FE layer is
treated as variability-free. This is further illustrated in Fig. 12
which shows the probability distribution of Icrit at VDD=0.6V
for the reference SRAM and the NC-SRAM with tfe=3nm.

B. Vmin Analysis
Vmin is defined as the minimum supply voltage required for

reliable SRAM cell operation. The methodology adopted for
Vmin calculation is as follows: We calculate Nσ,Fail = µ/σ as
VDD is varied. Here µ and σ are the mean value and standard
deviation of Icrit and Icritw obtained from 1000 Monte-Carlo
runs in the circuit simulator. A target Nσ,Fail is then set. In
this work, target Nσ,Fail has been set to 5.4. The VDD corre-
sponding to the target Nσ,Fail is the Vmin. This procedure
is illustrated in Fig. 13 for both cases - with and without
including FE variability. Vmin is calculated corresponding to
both Icrit and Icritw. The higher of the Vmin values obtained
from these two metrics is the overall Vmin. Vmin is critically
constrained by both the mean values of these metrics as well
as by their statistical spread. Therefore, NC-SRAMs due to
the suppressed relative variability are expected to achieve
lower Vmin compared to the regular FinFET based SRAMs.
In Fig. 14 we have summarized the relative improvement in
V Read

min and V Write
min . Although the inclusion of variability in

the ferroelectric layer reduces some of the advantages of NC
effect, we still find that the NC-FinFET based SRAMs have
an improved Vmin compared to their conventional FinFET
counterparts. Further, we note that there is an expected trade-
off between read and write Vmin and that this particular cell
is constrained by read Vmin which decreases at high tfe.

V. CONCLUSION

Ferroelectric based negative capacitance FinFETs have been
modeled using a self-consistent coupling of the standard
BSIM-CMG model of FinFETs with the Landau-Khalatnikov
equations. We have explored the impact of different global
and local sources of variation at transistor and circuit levels.
We have shown that the superior transistor characteristics
and reduction in the relative variability in the NC-FinFETs
can result in lower Vmin for NC-FinFET based SRAM cells,
enabling aggressive supply voltage scaling. However, we have
also found that the variability induced by the ferroelectric layer
can diminish the above benefits significantly.
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(a) (b) (c)

Fig. 10. Read n-curves obtained from the 1000 statistical simulations: (a) Reference SRAM (b) NC-SRAM with no variability in the FE layer (c) NC-SRAM
including variability in the FE layer. The standard deviation (σ), mean (µ) and relative standard deviation (σ/µ) are inscribed inside the figures.VDD=0.6V

(a) (b) (c)

Fig. 11. Write n-curves obtained from the 1000 statistical simulations: (a) Reference SRAM (b) NC-SRAM with no variability in the FE layer (c) NC-SRAM
including variability in the FE layer. The standard deviation (σ), mean (µ) and relative standard deviation (σ/µ) are inscribed inside the figures.VDD=0.6V

(a) (b)

Fig. 12. Histograms showing the probability distribution of (a) Icrit and (b) Icritw for the reference SRAM and the NC-SRAMs with tfe=3nm (with and
without FE variability). VDD=0.6V.
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(a) (b)

(c) (d)

Fig. 13. Graphical illustration of the Vmin calculation procedure for different nominal FE thicknesses. (a)-(b): Read Vmin, and (c)-(d): Write Vmin. The dashed
horizontal line corresponds to Nσ,Fail = µ/σ of 5.4. The points where the vertical dashed lines meet the VDD axis correspond to the Vmin.

Fig. 14. Comparison of the percentage improvement in read and write
Vmin values obtained using Icrit and Icritw with and without considering
variation in the ferroelectric for different nominal ferroelectric thicknesses.
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