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Abstract—This work presents insights into the device physics
and behaviors of ferroelectric based negative capacitance Fin-
FETs (NC-FinFETs) by proposing lumped and distributed com-
pact models for its simulation. NC-FinFET may have a floating
metal between ferroelectric (FE) and the dielectric layers and
the lumped charge model represents such a device. For a NC-
FinFET without a floating metal, the distributed charge model
should be used and at each point in the channel the ferroelectric
layer will impact the local channel charge. This distributed effect
has important implications on device characteristics as shown in
this paper. The proposed compact models have been implemented
in circuit simulators for exploring circuits based on NC-FinFET
technology.

I. INTRODUCTION

Negative capacitance FETs (fig. 1) are quickly emerging as
promising devices to achieve sub-60 mV/decade sub-threshold
slope and high I,, [1], [2]. With recent experimental demon-
strations of FE based NC-FETs [3], [4], there is an urgent
need for analysis of device operation and circuit performance
via compact models. In our previous work [5], we presented a
lumped charge model NC-FinFETs. In this work we derive new
insights into the device operation by analyzing and modeling
both devices with floating metal gate and without it. The
distributed charge model needs to be used for device without
the floating metal. Significant differences in the characteristics
of these two types of NC-FinFETs will be presented .

Fig. 1: Schematic of NC-FinFETs. Lumped NC-FinFET (left) has a floating
gate between insulator and FE. The distributed NC-FET (right) does not have
a floating gate.

II. UNIFIED COMPACT MODEL

The unified compact model, BSIM-CMG accurately pre-
dicts the charge and current voltage characteristics of different
FinFETs and gate-all-around structures [6]. BSIM-CMG's core
equation is a single unified charge model (UCM), a closed
form relationship between the mobile charge (Q,,) and the
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applied terminal voltages (Vz,Vp,Vs,Vp) given in a normal-
ized form as follows:

2
_ _ 4
VG — Vo — Ueh = Qm+ln( Qm)+ln<€qt_qt_1) (1)

where v., is the normalized channel potential. v, and ¢
are defined in table I.The UCM requires only four different
model parameters [6]: insulator capacitance (Cj,s), channel
area (A.p), channel doping (V) and effective channel width
(Weys). Using these parameters, we accurately modeled the
characteristics of a 14nm node Ultra-Low-Power FinFET [7],
which is the baseline FinFET technology used in this work.
TABLE I: Unified compact model and FE model variables
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Fig. 2: 14nm Ultra-Low-Power FinFETs [7] versus the fitted BSIM-CMG
Model.

III. FERROELECTRIC MATERIAL MODEL

A compact model of FE materials, which captures the
negative capacitance correctly, is obtained using the Landau
Khalatnikov (LK) equation [8]. LK expresses the relationship
between electric-field (£) and polarization (P) of a FE:

E =2aP +4BP3 + 6yP° 2)

where «, (3, and ~, are material parameters. Equation (2) cap-
tures the energetically unstable region where the capacitance is
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Fig. 3: Energy landscape and polarization of the FE with red dots showing
the negative capacitance regime.

negative (red dots in fig. 3). The negative capacitance regime
of FE materials can be stabilized by connecting it in series
with a positive capacitance [1] such as the gate capacitance of
the FinFET in the FE NC-FinFET system. The charges in the
two series capacitors are equal, i.e., P = LgQ.p, where Q.p
is the channel (dopant and mobile) charge per unit length. It
is therefore possible to model such a system replacing vg in
(1) with vg — vpg where vpg is the normalized FE voltage
from (2):

vrE = —(aogen + bogt, + cogy) A3)

where ag, by, and cg are defined in table I. The model simulates
the behavior of the Vpg = 0V NC-FinFET connection (figs.
4 and 5). The compact model captures how the FE thickness
(trp) can be used to stabilize the negative capacitance (avoid-
ing the hysteresis by making —Crg > Ci,0s), and to adjust the
voltage gain, which is |Crg|/(|CrE|—Cmoes) [2]. The concept
of voltage amplification is illustrated in Fig. 5. Because Vrg
is negative, the voltage across C,,s in Figs. 4 and 5 is larger
than V. This is the gist of why NCFET can operate at lower
voltage. There is no significant voltage gain unless C,,,s i
comparable to —Crp.

v, (V)

Fig. 4: Channel charge versus V for different ¢ 7 obtained from the model.
Note that all curves meet at a given Vg where Vpp = 0V ( see fig. 5).
Cparasitic = 0 in Figs. 4 to 7.
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Fig. 5: Vg versus Vi for different ¢ p i obtained from the model. At Vpp =
OV, gm = —(—ao/bo)°5. Vg peak is obtained at G vippppax =
—(—ao/(3b0))%-®, making VFE,max linearly dependent on trp.

IV. LuMPED NC-FINFET MODEL

In a NC FinFET with a floating metal gate, the charge used
to calculate vpg is the average charge in the gate:

1 [Fe

= r (Qm + Qdep + q;Dm‘asitics)dI )
G Jo

qG
vg —vrg is the voltage of the floating gate, i.e., the gate of the
underlying FinFET. Since calculating g requires g, it and
g cannot be obtained explicitly using (1) and (4); therefore,
they are calculated self-consistently by the simulator using an
internal model node for the floating gate [5]. The normalized
current can be calculated as in a regular FinFET [6]:

VDS
ips= [ dnd )
0
Figs. 6 and 7 show the current-voltage and FE voltage simu-
lated characteristics of lumped FE NC-FinFETs for different
tpp values. Drain current is amplified when a FE layer is
used. The current amplification is proportionally to trg for
Vi values close to threshold voltage. When t¢rg is too thick,
the device is no longer stable and there is an anticlockwise
hysteresis present in the current.
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Fig. 6: Lumped model generated I — V' of NC-FinFETs for several tpg.
Anticlockwise hysterisis is present for FE NC-FinFET with overly large t p 5.

Figs. 8 and 9 show the current-voltage and FE voltage char-
acteristics of the lumped NC-FinFETs for different parasitic
capacitance values. The parasitic capacitances increase the
charge available in the subthreshold region, producing a boost
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Fig. 7: Modeled Vg versus Vg of lumped NC-FinFETs for different ¢ p .
For t p g = 10nm the FE is not stabilized, producing anticlockwise hysteresis.

in the voltage amplification before onset of inversion (fig.
9). The model has been validated against experimental data
obtained from a NC-FinFET with excellent agreement (fig.
10) [5].
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Fig. 8: Model generated I — V of lumped NC-FinFETs for different
Cparasitic- The larger Cinos increase the voltage gain in the subthreshold
region.
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Fig. 9: Model generated Vi versus Vg of lumped NC-FinFETs for different
Cparasitic- Note that the peak magnitude of Vrg is not affected.

V. DISTRIBUTED NC-FINFET MODEL

Equation (1) can be used to model NC-FinFETs without
a floating gate by replacing vg by vg — vpgr and using
the local channel charge along the channel to determine the
local vpp. If the resulting system does not produce hysteresis
characteristics, equation (5) can be used directly to obtain the
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Fig. 10: Experimental validation of the lumped model against FE NC-FinFET
[3], [5].

drain current. When hysteresis is present, the drain current
must be obtained considering the hysteresis at each point of
the channel. This can be implemented using Gauss-Legendre
quadrature:

vDS n
Z‘DS :/ qmdvch ~ E qm(vch,i>wi (6)
0

=1

where v, ; is given by ven; = (vp — vs)(z; +1)/2 + vg,
n represents the number of Gauss points used for the inte-
gration, and z; and w; are the abscissas and weights of the
Gauss-Legendre quadrature. Fig. 11 shows the drain current
versus gate voltage of distributed NC-FinFETs for different
trg values. The FE material causes a current amplification;
however, it is different than the case of a lumped configuration.
Compared to the lumped configuration, the strong inversion
current slop of the distributed device is not largely affected
by trp thickness. In addition, the hysteresis transitions are
smoother than the lumped case. The model captures this
distributed nature of the device by evaluating the charge and
VrE along the channel length (fig. 12). Including parasitic
capacitance also improves the subthreshold swing of the device
for the same reason it does to the lumped configuration.
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V,(V)
Fig. 11: Modeled I — V of distributed NC-FinFETs for different tpp.

hysterisis is present overly large tFE but smoother than the case of lumped
NC-finFET.

VI. LUMPED VERSUS DISTRIBUTED NC-FINFETS

Fig. 13 shows a comparison of the drain current versus gate
voltage in lumped and distributed device configurations. The
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Fig. 12: Channel charge (Top) and ferroelectric voltage along the channel
length for different gate voltages in the distruted charge NC-FinFET shown
in fig. 11 with tpg = 10nm.

subthreshold swing improvement is similar in both cases. On
the other hand, the lumped device current becomes saturated
at larger voltages, where the distributed configuration, shows
an approximately linear increment of current for larger gate
bias. The transconductance of lumped device has a larger
peak than the distributed one (fig. 14); where the later has a
transconductance with lower value but approximately constant
at higher bias windows. The differences in device characteris-
tics are attributed to the totally different FE voltage and charge
distribution in the device.
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Fig. 13: I — V lumped and distributed NC-FinFETs. Subthreshold behaviors
are similiar; however, strong inversion characteristics are different.
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Fig. 14: Transconductance (g,,) versus gate voltage in lumped and distributed

configurations. A larger larger g, peak is presented in the lumped device

compared to the distributed configuration; however, the larger peak rapidly

decreases as Vg increases.
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VII. MODEL ROBUSTNESS

The robustness of the lumped model has been already veri-
fied in a commercial circuit simulator [5]. Here, the distributed
model is implemented in Verolog-A code [9] and tested in a
commercial circuit simulator. Fig. 15 shows the results of 17-
stage ring-oscillator circuit simulations using the distributed
charge model. Simulations converge in similar speed rates
compare to BSIM-CMG model, validating the its functionality
for IC simulation and design.
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Fig. 15: Delay versus supply voltage of 17-stage ring-oscillator. This example
shows the benefits trends, not the maximum potential improvement.

VIII. CONCLUSION

Lumped and distributed compact models for NC-FinFETs
have been presented in this work. The models capture the
characteristics that make NC-FET a candidate for future low
power transistor due the possibility of achieving less than
60mV/dec and higher on-current. Floating metal gate case is
modeled via lumped compact model, while distributed compact
model is used for devices without floating metal. Clear I — V'
and g, differences between lumped and distributed devices
are present in the strong inversion condition. The proposed
models are implemented and tested in circuit simulators.
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