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Abstract — Semiconductor devices with self-feedback
mechanisms are considered as a promising alternative to
traditional CMOS, in order to achieve faster operation and
lower switching energy. Examples include IMOS and FBFET
that are operated in a non-equilibrium condition to rapidly
generate mobile carriers [1-2]. More recently, Fe-FET was
proposed to improve the switching by integrating a
ferroelectric material as gate insulator in a MOSFET structure
[3-5]. Under particular circumstance, ferroelectric capacitance
is effectively negative, due to the negative slope of its
polarization-electrical field (P-E) curve. This property makes
the ferroelectric layer a voltage amplifier to boost surface
potential, achieving fast transition. In this paper:

(1) A new threshold voltage model is developed to
capture the feedback of negative capacitance and IV
characteristics of Fe-FET;

(2) It is further revealed that the impact of random dopant
fluctuation (RDF) on leakage variability can be significantly
suppressed in Fe-FET, by tuning the thickness of the
ferroelectric layer.
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I. INTRODUCTION

It is of significant importance to have a steep subthreshold
slope because lower the supply voltage and hence the power
dissipation can be achieved. However, in a traditional
MOSFET, a fundamental limit of surface potential change of
2.3kgT is required to modulate the subthreshold current by 10
times, which is known as Boltzmann tyranny [3]. New device
structures such as IMOS and FBFET [1-2] are proposed to
circumvent this limit. Moreover, Fe-FET is proposed by
integrating ferroelectric material as a voltage amplifier in a
traditional MOSFET structure to achieve the fast transition in
subthreshold region [3-5].

On the other hand, the aggressive scaling of CMOS
technology inevitably leads to a drastic challenge in process
variations, such as channel length variation, channel dopant
fluctuations, and other layout-dependent proximity effects.
Among these variations, random dopant fluctuation (RDF)
represents the intrinsic variation source in CMOS structure,
posed by fundamental physical and manufacturing limits. RDF
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has become one of the most major barriers in the progress of
large-scale integration scaling.

To enable the early-stage exploration of circuit design and
better understand the impact on performance variability, it is
necessary to develop an effective model that is able to
physically capture the steep subthreshold slope and embed it
into standard model parameters for circuit simulation. In this
work, a new threshold voltage model of Fe-FET is proposed to
capture the steep subthrehsold behavior. This model is derived
from the first principle and physically captures the
subthreshold behavior of Fe-FET such that model scalability is
guaranteed for future technology generations. Moreover, it is
found that the model implies Fe-FET is better immune to the
RDF effect than the traditional MOSFET.

The paper is organized as following. Section II presents
the compact model derivation for the varying threshold
voltage with various gate voltages to describe the subthreshold
behavior. In section 111, the performance variability of Fe-FET
is investigated by using the new threshold voltage model and
TCAD simulation. Section IV concludes this paper.

II. CoMPACT MODELING OF FE-FET

Fe-FET is proposed to speed up the transition by stacking
a ferroelectric material on top of silicon dioxide as a voltage
amplifier to boost surface potential in a MOSFET structure, as
shown in the schematic in Fig. 1(a) [3]. Fig. 1(b) illustrates the
equivalent capacitance model for a Fe-FET device, where the
ferroelectric capacitance (Cgg) is in series with the oxide
capacitance (Cpx) and the substrate capacitance (Cs). Viy
denotes the internal voltage between Cpg and Cpox. The
negative capacitance of the ferroelectric dielectric originates
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Figure 1. (a) Cross-section of Fe-FET. (b) The equivalent
capacitance model in the sub-Vy, region (c) The capacitance model
in the super-Vy, region.
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Figure 2. The integration of the ferroelectric material into
traditional MOSFET model.

0.85 - I " o2 oNumerical C]
— Model

080 UHEEssemneg _
—~0.75 4
-

< A

> 070 1 z4pm b

0.65 | N_=1x10"cm”

. tFE=2’ 4,6 nm Sub-Vm+’
r Region™/ Super-V, Region 1
0.60 ! L 1 . .

00 02 04 06 08 10
Ve (V)

Figure 3. The dependence of Vy, on gate voltage and tgg.

from the intrinsic feedback mechanism between the induced
charge and the voltage drop on the capacitance; it is modeled
by inserting an additional feedback path in traditional CMOS
model, as shown in Fig. 2. This feedback between charge and
voltage drop is modeled by Eq. (1) [4],

Vg_Vim zaoQ"'ﬂoQ:""'}/on""po621{7? M
where o, and B, are negative to account for the negative
capacitance. y, is positive to describe the behavior of normal
capacitance. p, is the resistivity for the voltage drop. Those
parameters (ap, Bo, Yo, and po) are proportional to the thickness

of ferroelectric dielectric (trg), and are modeled in Egs. (2)-(5),
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where a, B,y and p are material coefficients of the ferroelectric
dielectric. The internal voltage (Viy), which accounts for the
change of voltage drop in Cgg, is formulated in Eq. (6).
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Figure 4. The dependence of Vy, on gate voltage and Ny,

082 T T T T T T
& 5o a o Numerical ’
0.80 - Model  Sub-v, - i
region | Super-Vth
0781 " region
Sorer ]
£
> =
0.74 t..=4nm E
N =1x10" cm®
072+ * E
t =0.8,1.0, 1.2, 1.4nm
0_70 1 1 i 1 1

00 02 04 06 08 10
Ve (V)

Figure 5. The dependence of Vy, on gate voltage and t,,.
By combining Egs. (1)-(6) and ignoring the high order effects,

the surface potential (®g) in the subthreshold region is
expressed in Egs. (7) and (8) in a steady state.

_ —A+ A +4V, ’ (7
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Moreover, to the first order, the threshold voltage (Vy,) is

derived as a function of gate voltage and surface potential, as

shown in Eq. (9) [6].

Vi =V, + 2mep, —me, 9)

Egs. (7)-(9) describe the closed-loop behavior of Vy, in
Fe-FET, which is adaptively changed with various gate
voltages. To achieve faster transistor switching, Vy, should
vary dynamically toward a smaller value when gate voltage is
increasing. Therefore, the sum of (1/C, + ay) needs to stay
below zero, which ensures the negative derivative of Vy, with
respect to Vg (i.e., dVy/dVg), as shown in Eq. (10).
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Figure 6. The matching between model
prediction and measurement data [5].
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The negative value of (1/C+ ap) indicates that the series
capacitance of Crg and C, is negative. In this situation, the
system could be stable in the subthreshold region as long as
the total capacitance in series (Fig. 1(b)) is positive. However,
when the channel is formed, i.e., the surface potential is fixed
at 2@, the inversion layer shields C; and thus, the device
could become unstable if the series capacitance of Cgg and
Cox remains negative, as shown in Fig. 1(c).

The values of material coefficient are calibrated with
experimental data in [5], where a is estimated roughly at the
order of -10""m/F. Fig. 3 shows the threshold voltage
decreases at higher gate voltage. A stronger declining rate of
Vy, is observed when a thicker tpg is applied. Note that the Vg,
model is only applicable in the subthreshold region. Fig. 4
shows Vy, decreases with increasing V, at various channel
doping concentrations (N.,). As N, increases, Vy, decreases
faster at larger Vg, presenting a more rapid switching behavior
in the subthreshold region. Fig. 5 shows the dependence of Vy,
on gate bias when oxide thickness is varying. With thinner t,,
Vi goes down more rapidly bias at higher Vg, further
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Figure 7. Dependence of Vi, on Ng,. With the intrinsic
feedback mechanism, Vy, can be tuned to be insensitive to
channel doping.
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Figure 8. TCAD simulation of normalized off-state
current for traditional MOSFET and Fe-FET.

benefiting the faster transition. Finally, Fig. 6 shows the
agreement between model-predicted IV and published data [5].

III. IMPLICATIONS ON PERFORMANCE VARIABILITY

Different from traditional MOSFET, there is an intrinsic
feedback path in Fe-FET (Fig. 2). Exploiting the positive
feedback reduces the subthreshold swing [5]. Furthermore, the
loop of feedback implies that the sensitivity of device
performance to certain parameters could be suppressed, if the
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Figure 10. Dependence of Vy, on tgp and N,
Higher N, increases tgg -induced Vy, variation.
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Figure 9. Dependence of Vy, on tgg and t,, in Fe-FET.
Higher t,, suppresses trg -induced Vy, variation.
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Figure 11. The off-state current distribution under
RDF, with the same on-current.
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Figure 12. The mean value (L), standard derivation
(o101), and the worst case (Lot 3010r) Of off-state
current, at a fixed on-state current.

feedback strength is appropriately tuned by Eq.(8). The device
performance becomes more stable under microscopic
variations. Based on TCAD and the new model, this section
investigates this phenomenon, particularly on random dopant
fluctuations (RDF) [7].

Fig. 7 confirms that Vy, of Fe-FET is less sensitive to the
dopant fluctuation than that in traditional MOSFET.
Moreover, the sensitivity of V, to N, can be modulated by the
thickness of ferroelectric layer (tpg). A larger tpp leads to a
stronger feedback path that compensates the RDF effect.
TCAD simulation is further performed to validate this effect
[8]. Using TCAD tools, the dielectric constant of the gate
insulator is modified to a negative value to simulate the effect
of negative capacitance. In Fig. 8, TCAD simulation results
compare the normalized off-state current between traditional
MOSFET and Fe-FET, with various conditions of channel
doping concentration. It is observed that the dependence on
No becomes weaker with a negative capacitance applied,
implying that Fe-FET helps suppress the RDF effect.

Figs. 9 and 10 further study this behavior under various
trg, tox, and Ne,. Vi, of Fe-FET changes with tg; and a thicker
oxide thickness reduces tpg-induced Vg, variation as shown in
Fig. 9. Fig. 10 illustrates that lower channel doping
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concentration also reduces the tgg-induced variation. Thus,
lower Ng, and thicker t,, improve device robustness;
meanwhile, with a weaker feedback, the transition is degraded.

The reduction in Vy, variability directly decreases the
distribution of the off-state current (Io¢) under RDF. Fig. 11
shows this effect for 45Snm Fe-FET and traditional MOSFET,
at the same on-state current (I,,). As tgg decreases to 2.3nm
(the least dependence on N, in Fig. 7), the standard deviation
(o1rp) 18 minimized. When tgg further increases, the
subthreshold slope becomes steeper and thus, a lower Iy is
achieved; however, a thicker trg leads to a larger Iy
fluctuation (Fig. 11). Fig. 12 illustrates that as tgg increases,
the mean value (W) decreases due to stronger positive
feedback, while oy, increases. A balance between t,, and tpg
helps achieve the minimum worst case Lyg (Lioftt30101)-

IV. CONCLUSION

A new compact model of Fe-FET is developed, by adding
a feedback path for the ferroelectric layer. It is scalable with
technology specifications. Based on the model, it is revealed
that a thicker ferroelectric material, higher channel doping,
and thinner oxide thickness improve the transition in the
subthreshold region. On the other hand, a balance between the
feedback and feedthrough paths helps stabilize device
performance under the RDF effect.
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