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Abstract: Negative capacitance FinFET (NC-FinFET) has a promising developmental prospect due to its superior performance in
SS < 60 mV/dec (subthreshold swing), especially in SRAM. Noise margin is an important metric to evaluate the performance for
SRAM, together with static leakage, read speed, etc. In this paper, we study the effects of the variation of ferroelectric material
(thickness, polarization), FInFET critical physical parameters (fin number, channel length) and some ambient factors (working
temperature, supply voltage) on the performance of NC-FinFET SRAM within the reasonable fluctuation tolerance range. The
SRAM bit cell is analyzed with a basic 6T structure. The impact of fin number and channel length for NC-FinFET SRAM is differ-
ent from that of conventional FinFETs. Additionally, the ferroelectric material and some other factors are assessed in detail.
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1. Introduction

The structure of NC-FinFETs is almost the same as Fin-
FETs, but the NC layer is positioned between the gate and in-
ternal gate, whose structure is MFMIS (metal-ferroelectric-met-
al-insulator-semiconductor) as shown in Fig. 11", Compared
to another structure — MFIS (metal-ferroelectric-insulator—
semiconductor), it can effectively avoid hysteresis under most
cases. Negative capacitance FinFETs (NC-FinFETs) could oper-
ate at a sub-60-mv/dec subthreshold swing, as shown in
Fig. 2, and a high on-current(?. ArticlesB3-3! have introduced
the compact model consisting of BSIM-CMG and Landau-Khal-
atnikov (L-K) equations, simulation flows, and characteristics
of NC-FinFET, especially in Ref. [6], for a single transistor. The
variation of ferroelectric material and some parasitic factors
have been deeply analyzed, but the variation tolerance for
cell level has not been estimated. As SRAMs occupy a major
portion of chip area, a new study to replace FinFETs with NC-
FinFETs is meaningful. Two factors: static noise margin (SNM)
and write margin (WM) are the main metrics to evaluate the
performance of SRAM, and the trade-off between them has
always existed. Besides, to estimate the standby state, leak-
age measurement is essential.

In this paper, we study the effects of the variation of fer-
roelectric material (thickness, polarization), FinFET critical
physical parameters (fin number, channel length) and some
ambient factors (working temperature, supply voltage) on
the performance of NC-FinFET SRAM with high read speed.

2. Device structure and simulation scheme

Fig. 3 is a schematic of a traditional 6T bit-cell consisting
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of NC-FinFETs. This paper will study the performance of
SRAM based on the above structure, how to analyze the int-
ernal factors and find a better balance will be carried out
through the simulation process of Fig. 4. Firstly, the ferroelec-
tric materials commonly used in NCFETs are perovskite ferro-
electrics. These materials have good stability. The local temper-
ature is about 500 °C. Therefore, even at high temperatures
of 125 °C, The negative capacitance characteristics remain
the same, and the performance will not abruptly change due
to this temperature. Static noise margin (SNM) is the term
used to determine the stability of the SRAM cells. The SNM is
the tolerance of the maximum noise voltage for the cross in-
verters output nodes and the minimum amount of noise to en-
sure the state is maintained!”l. For the simulation graphic,
SNM is defined as the side of the smaller square that can be
fitted inside the "eye" of the butterfly stability. Large SNM
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Fig. 1. (Color online) the structure of NC-FinFET.
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Fig. 2. (Color online) The subthreshold swing improved by NC com-
pared to the baseline.
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Fig. 3. The schematic of traditional 6T SRAM-cell.
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Fig. 4. The simulation flow chart for analysis the performance vari-
ation for the 6T SRAM, and the compact model is the BSIM-CMG cooper-
ating L-K equations.

means the cell will not be disturbed easily during the read op-
eration. The write margin (WM) is the maximum bit-line
voltage to flip the node from 1 to 0. The larger the WM is,
the faster the write speed will be. SNM and WM are separ-
ately associated with the ratios of pass gate transistor (PG),

pass down transistor (PD) and pull up transistor (PU) on-cur-
Ion_PG
I

, and the latter as
on_PD

rents, the former can be presented as

lon_PD
/oanU
because of the variation of a single device, so by modifying

the negative capacitance material, the basic features of the
FinFET or the other conditions, the performance of SRAM will
be quite distinguishable.

Even under the same process, n-type and p-type transist-
ors present different performances, especially the threshold

. The drive voltage and current are difficult to control
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Fig. 5. (Color online) The V; mismatch between n-type and p-type NC-
FinFET under the same process: when the thickness of ferroelectric ma-
terial increases, the mismatch gets worse.

voltage (V4). Fig. 5 confirms the above conclusions. It can be
seen that as the thickness of the ferroelectric increases, the
Vi mismatch between the two transistors becomes more
serious. The threshold voltage of the ferroelectric material is
negative, so the V4 of a NC-FinFET will be lower compared to
the baseline FinFET. The threshold voltage of the device is
the minimum voltage required to turn on the transistor,
which is closely related to the gate control capability of the
device itself. The study of this work is based on the actual
taped-out FinFET data, the mismatch between n-type and p-
type transistors is small, but as T increases, the V; variation
degree of the two is not consistent due to the difference of
the carrier transport mechanism between them. The grid-con-
trol capability of n-type NC-FinFETs will become weaker with
the increase of ferroelectric thickness, while the p-type will
be relatively slow. So, as the T increases, the V& mismatch
will increase. In order to observe the tolerance variation on
cell level, the same change will be applied for the whole
SRAM cell. To evaluate the stability of NC-FinFET SRAM cells,
first of all, under a fixed FinFET baseline and working environ-
ment, by changing the ferroelectric material the single tran-
sistor showed that as the thickness of the ferroelectric de-
creased, the negative DIBL phenomenon will be more appar-
ent. A suitable choice of polarization is difficult to a certain ex-
tent, so in this work we refer to the parameters in papert®l. Hav-
ing found appropriate NC parameters, the modification for
the baseline FinFET is carried on to determine whether or not
the changing trend of NC-FinFET SRAM is similar to the
baseline FinFET SRAM. Increasing fin number to boost the
drive current of SRAM is the industry technique, so changing
the fin number in cooperation with baseline SRAM will be veri-
fied. Furthermore, a perfect channel length could be optim-
ized in a different technology generation, and this factor will
also be analyzed. Finally, we will discuss some other impact
after discovering the best parameters for NC-FinFET SRAM. In
Ref. [10], conclusions can be drawn that the SNM of SRAM
tends to decrease with the increasing temperature, and the
WM shows the opposite tendency. Besides, the supply
voltage is limited. Although a large drive voltage is beneficial
to speed, it will lead to the power consumption of the SRAM
cell increasing exponentially. Therefore we will find out the
smallest supply voltage for NC-FinFET SRAM to work nor-
mally.

3. Results and discussion

Followed by all the above simulation flows, some phenom-
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Fig. 6. (Color online) (a) Read speed, (b) leakage, (c) SNM, and (d) WM of NC-FinFET SRAM influenced by the thickness of ferroelectric material.

ena can be observed from the graphs. Firstly, we will study
the integration of ferroelectric material and basic FinFET
even though the polarization is difficult to extract from the fig-
ure, while the recently proposed SPICE model of ferroelectric
material in Ref. [11] utilizes a very complex circuit to express
the nonlinear dependence of Vi upon polarization (P). P is
self-consistently equal to gate charge (Qg) of the FinFET.
Hence, the model is independent of FinFET parameters('2l,
We choose the appropriate parameters to make sure the ferro-
electric works well. Considering the industry process, unitive
(uniform) change will be implemented in the whole SRAM
cell consisting of different transistors. Secondly, the larger
thickness of the ferroelectric material (T;) improves the read
speed distinctly as has been shown in Fig. 6(a). An explana-
tion for this phenomenon is that the ferroelectric works per-
fectly with the baseline in a reasonable range and the conclu-
sions related with T, in Ref. [13] are almost the same. The influ-
ences on other performances—static leakage, SNM and
WM—is shown in Figs. 6(b)-6(d). The changing tendency
between static leakage and T, is same, so a small thickness is
needed for ultra-low power SRAM. Differing from the single
change trend, the SNM and WM is fluctuant with increasing
Tte. When the thickness of the ferroelectric is 5 nm, SNM
reaches its maximum value. As the thickness of the ferroelec-
trics continues to increase, SNM decreases; the main cause of
this phenomenon is the large V; mismatch in SRAM. Consist-
ent with the trend of SNM, WM shows a declining trend
when T equals 5 nm. In order to avoid an unstable state, 1
to 3 nm is the best choice. In this range, the SNM and WM is re-
latively balanced without a large trade-off between them.
The formula is listed to further investigate the influence of T,
to the cell:

dQ
3 5 g
er = 2afetflee + 4Bfe tre Qfe + 6Yfe tflee + pfetfe dt ’ (1)
1

205etie + 12ﬁfetfeQ?e + 30ertfeQ?e '

()

Cfe

Refs. [14, 15] explain that the G should be a little larger
than Gyaseiines @and the large discrepancy will lead to a mis-
match between negative capacitance and FinFET capacit-
ance, while the coefficient is fixed, so the thicker the ferroelec-
tric material becomes, more serious the mismatch problem
will be. The work function is associated with the gate struc-
ture, so the relationship between ferroelectric and baseline
needs further research. Furthermore, the reliability is still un-
clear.

Secondly, having fixed the parameters of ferroelectric ma-
terial, in this part, we have analyzed the critical metrics of the
baseline. As with the above operation, all the changes are the
same for the whole SRAM cell. Increasing the fin number
(Ngn) of the NC-SRAM cell, the influences basically conforms
to the baseline. In detail, read speed is remarkably improved
since the increase of N, contributes to the current, as shown
in Fig. 7(a). Meanwhile, in Fig. 7(b), the leakage problem gets
worse because increasing the fin number is equivalent to mak-
ing the width longer, resulting in the leakage path being
broadened. Some other metrics are shown in Figs. 7(c) and
7(d), the change of SNM and WM is not evident, but we can
still see that when the fin number is only 1, both of them are
better. The tendency is not parallel to the baseline, so the fin
number of NC-FinFET should harmonize with the baseline
SRAM cell. Another parameter: channel length (L) is also vi-
tal to the NC-FinFET SRAM cell. In principle, the read speed
will slow down while the Ly increases for the reason that the
voltage and current controlled by gate is enhanced in a
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Fig. 7. (Color online) (a) Read speed, (b) leakage, (c) SNM, and (d) WM of NC-FinFET SRAM influenced by the fin number of baseline with fixed FE
thickness 3 nm.
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Fig. 8. (Color online) (a) Read speed, (b) leakage, (c) SNM, and (d) WM of NC-FinFET SRAM influenced by the channel length of baseline with one
fin.

short-channel device. The NC-SRAM cell optimizes the read  duced from the formulal’®:

speed well ob.eylng the adb.ove'rulesl.oln Lhelce:(l level, thbeI Iea|.<- Istandby = IsubPu) + IsubPD) + lsub(PG)
age problem is presented in Fig. 8(b), the leakage problem is + lgate(PU) + lgate(PD) + lgate(PG) 3)
gradually improved because the short channel will lead to

R _ + lunceuy * liuncPp) + 3ljunc(PG)-
larger junction leakage. The more detail causes can be de-
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Fig. 9. (Color online) (a) Read speed, (b) leakage, (c) SNM, and (d) WM of NC-FinFET SRAM influenced by temperature with one fin and supply

voltage ranges from 0.5 t0 0.7 V.

In the formula, the factor most severely influenced by
length is function- SO, to some extent, the correspondence
between the ferroelectric material and baseline mainly ac-
count for the leakage, which means the channel length de-
termines the static power of the cell. From Fig. 8(c), the SNM
is almost maintained under the same voltage, but a little ab-
normal phenomenon occurs when the supply voltage is
0.8 V. To account for this, the SNM can be expressed!'7!:

1

SNM6T=VT_m
2 +1 4)
y Voo ~ 775 VT_ Vpp -2Vt
r
1+K(r+1) 1+K§+ é(1+2k+ék2)
By
r =ratio = —, (5)
Ba
By
a=, 6
5. (6)
PSR I I 7)
T+ v ’
rel-—=
Vr
vs = Vpp = VT, (8)
rv
Vr=vs—ﬁ. 9)

In this paper, the size of the PD, PU and PG are all the
same, so r and g are equal to 1. To analyze the influence of
the channel length for SNM, the Vpp will be fixed to 0.8 V,
then we get following formula:

0.8(3k+2) -2V (2k +1)

SNMer = Vr = ak+1)2+k (10)
1 2
=3 1. (11)
| 08-v
o.s-%vT

The conclusion can be drawn that in this case, SNM has
the same change tendency with the V4, while V4 is almost de-
termined by channel length. So the V; reflects the SNM. Con-
versely, the WM drops mildly. From all of above, the channel
length is not only important to the baseline SRAM but also
sensitive to the NC-FinFET SRAM. An appropriate channel
length maybe the key factor for the whole NC-FinFET SRAM.
Apart from that, in all figures the supply voltage also affects
the performance. Most of the metrics conform to normal
rules except SNM and WM under special cases. The range of
supply voltages ensuring the NC-FinFET SRAM works cor-
rectly will be discussed after fixing all the above parameters
with best choice. From all the graphics, the best voltage for
the cell can be chosen between 0.5 to 0.7 V, making low
power significant. Fig. 9 presents the temperature infection. It
has been mentioned the structure chosen in this article is
MEMIS. The interconnection between the metallic and ferro-
electric layers is based on the principle of self-continuity of

Y Q Qian et al.: Variation tolerance for high-speed negative capacitance FInFETSRAM bit cell
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charge, because the ferroelectric layer and the metal layer
share only charge, but the material itself is not compatible.
When the temperature is 125 °C, the ferroelectric remains
stable and the metal layer will not migrate. Therefore, under
reasonably high temperature, the device itself is in a stable
state. Read speed is almost flat while static leakage abruptly
rises under higher temperature. The SNM declines slightly
while WM increases gently.

4. Conclusion

Based on an ordinary and reasonably proper SPICE mod-
el of ferroelectrics, the performance of a NC-FinFET SRAM cell
is presented. We discussed the variation tolerance for the NC-
FinFET SRAM cell. A small T, ranging from 1 to 3 nm exhibits
a better performance while sacrificing little speed. Small Ny,
is the better choice in this paper due to the fact that SNM
and WM barely change when the fin number increases but
the leakage problem becomes serious. Channel length is lim-
ited to within 6 nm, due to the fact that trade-off among leak-
age, SNM and WM cannot be eliminated, except under small
channel length, and the read speed and WM is perfect while
the leakage problem can be cleaned up by making NC-Fin-
FET SRAM work under a low supply voltage. Therefore, a reas-
onable supply voltage range is 0.5 to 0.7 V. This work utilizes
its low power advantage meanwhile ensuring performance.
Considering the application in industry, both low and high
temperatures can be tolerated, ranging from -40 to 125 °C
which is the detection range commonly used in process.
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