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Abstract—In negative capacitancefield-effecttransistors
(NCFETS), drain current may decrease with increasing Vg
in the saturation region, leading to negative differential
resistance (NDR). While NDR is useful for oscillator design,
it is undesirable for most analog circuits. On the other
hand, the tendency toward NDR may be used to reduce
the normally positive output conductance (g 45) of a short-
channel transistor to a nearly zero positive value to achieve
higher voltage gain. In this paper, we analyze the NDR
effect for NCFET in the static limit and demonstrate that
it can be engineered to reduce gys degradation in short-
channel devices. Small and positive g4, is achieved without
compromising the subthreshold gain, which is crucial for
analog applications. The 7-nm ITRS 2.0 FinFET with 0.7 V
Vq4q is used as the baseline device in this paper.

Index Terms— Analog applications, negative capaci-
tance field-effect transistor (NCFET), negative differential
resistance (NDR), sub-60 mv/decade.

|. INTRODUCTION

EGATIVE capacitance field-effect transistors (NCFETs)

[1] have shown promising results in achieving sub-
60 mV/decade subthreshold swing (SS). This has been demon-
strated over various devices including standard bulk devices
and FinFETs [2]—-[4]. Such behavior of NCFETsS is attributed
to internal voltage amplification (w.r.t. applied gate voltage)
by the virtue of negative capacitance of the top ferroelectric
(fe)-layer. This amplification can simultaneously provide dif-
ferential gain as well as large signal gain, thereby improving
SS as well as the on current. Recent analysis shows that
NCFETs can also provide gate voltage-dependent SS, which
helps in reducing OFF-current variations [5]. The voltage at the
internal node is also controlled by the drain terminal similar
to the gate [5]-[9]. This may lead to deamplification of the
internal voltage with increasing drain voltage (Vys), and can
cause NDR [10]. Amid increasing efforts to understand the
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I-V, C-V Characteristics of NCFET

Fig. 1. Modeling of the NCFET using BSIM-common multi gate (CMG) as
a core model. This self-consistent model accurately captures the internal
voltage (Vis) dependence on the gate bias [2] and drain bias as shown
in the Appendix.

impact of various design parameters on overall performance
of NCFETs, in this paper we present a detailed analysis on the
NDR. NDR is closely associated with the differential gain and
therefore it may not be straightforward to optimize it without
affecting SS improvement. For example, it is shown in [11]
that increasing thickness of fe layer (Tt.) although improves
SS, at the same time thicker Tfe NCFETSs becomes more
prone to the NDR effect. We demonstrate that NDR can be
used to our advantage by engineering it to reduce gqs (output
conductance) degradation (due to short channel effects) in sub-
10-nm technology node, without sacrificing improvement in
SS. This paves the way for very short-channel devices-based
NCFETs for analog applications.

This paper is organized as follows. In Section II, a frame-
work for a static NCFET modeling and simulation is discussed.
Engineering NDR is discussed in Section III. Simulation
results are also reported in this section. Conclusion is drawn
in Section IV.

I[I. COMPACT MODELING AND ANALYSIS OF NDR
A. Simulation Framework

NCFET is modeled by self-consistently solving electrostat-
ics of the fe layer and FinFET, as shown in Fig. |. FinFET is
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(®)
Fig. 2. (a) Equivalent circuit representation for NCFET modeling.
(b) Gate and drain control point of view. NDR is due to the coupling

between the drain node and internal node. Cys = Cgsy,- + Cps and

Cgd = Cgd,i + Cps-

modeled by BSIM-CMG model [12], [13], which is the first
industry standard model of FinFETs, and ferroelectric layer
by the Landau—Khalatnikov (LK) [14] model. This modeling
methodology can reproduce experimental NC-FinFET charac-
teristics as demonstrated in [2] and [15]. Voltage and electric
field across the ferroelectric (V. and Ef.) are given as [1]

dQ

Vie = 200 + foQy + 7005 +p—~ ()
7 do

Ere = — =200, +4B0; +67 0y + p—=  (2)
Tt dt
ao Bo 70

= N = 5 = 3

2Tt P 4T Y 6Tt 3)

where a, f8, and y are the material parameters [1]. p represents
the damping in the ferroelectric materials and is neglected in
this paper for static analysis. Baseline FinFET is calibrated
to ITRS 2.0 7-nm high performance process with gate length
L, = 14 nm [16]. Note that, here, we have not considered
any extra parasitic capacitance that may result due to the
integration of ferroelectric in the gate-stack [6]. The results
presented in the subsequent sections qualitatively remain the
same under this assumption.

Fig. 2(a) shows the equivalent circuit representation of
NCFET [17]. Here, Cge and Cpos represent the capacitances
of the fe layer and underlying FinFET, respectively. Cyos is
the sum of parasitic capacitance between the internal node and
source/drain (Cps/Cpd) and the intrinsic capacitance (Cgg,;) of
the FInFET, Cvmos = Cps + Cygg,i + Cpa. Fig. 2(b) shows the
equivalent circuit of the NCFET from the prospective of gate

Tfe = 5nm § 24 ' R
16| Vds =07V k- 1.6___/\
| e E
e | T g o8 .
L 3l e
(@) C(Vgs=0.7V) 00,007 04 o6
3. V .
z B (Vgs = 0.4v) 'V
S of A (Vos <
= A (Vgs = 0V)
N T 1
-
8 8f -
8 ....... s-Cuve e i
——Operating Region _____.coeeess™""
6l i
-0.8 -0.4 0.0 0.4 0.8
Efe (MV/cm)
Fig. 3. S-curve of the ferroelectric material. Solid lines shows the

operating region for V4 = 0.7 V. Points A, B, and C represent position
on S-curve for Vgs = 0,0.4 and 0.7 V. Inset: differential gain versus
Vgs. Tte =5nm,a = —6.92e10cm/F, 8 = 1.537e20 cm?/F/C2 v =0,
and p = 0. Coercive field Ec = 0.8 MV/cm and remnant polarization
Py =15 u ClemZ2.

and the drain control of the internal voltage. Like gate node,

drain node is also coupled to the internal node through the

capacitor Cgq. In that sense, drain acts as a second gate. From

Fig. 2(b), differential gain (A,) and drain-coupling factor (¢p)

are defined as follows:
dVis

Cte Cre

Ay =8 = )
dVgs Cfe + Cgs + ng Cfe + CMOS
dVi Cyd Cud
p=-——= 2 = E—.  ®
dVas Cre + Cgs + ng Cte + Cmos

For hysteresis free operation, Cre + Cymos < O for all the
operating bias range [18]. This leads to A, > 0 and {p < 0.
In Fig. 3, the S-curve of the ferroelectric material along with
operating region for Vgs = 0.7 V, and Vg = 0 to 0.7 V
is shown. Inset of Fig. 3 shows the differential gain A, as
a function of Vys. Note that, the OFF-state operating point
“A” is located in the positive Efe region, which implies that
the internal voltage (Vis = Vgs-Vre) is negative at Vg =
0V, leading to lower OFF-current [5], [19]. Interestingly, “A”
lies in the negative capacitance region, and therefore A, > 1
is achieved as seen from Fig. 3 [5].

B. Analysis of NDR

In order to understand the impact of drain voltage, consider
the derivative of drain current which can be expressed using
the chain rule [20]-[22] as

dIds 0lgs dVis 0lgs
Iss = f(Vis, V. - 6
ds f(Vis, Vigs) — dVa. Vi dVas Ve (6)

8ds = 8m,i ° ép + 8ds,i (7

where g,,; and gqs,; represent transconductance and output
conductance of the internal FinFET, evaluated at amplified
gate voltage. For example, if applied gate voltage is 1 V and
resulting internal voltage is 1.2 V, then g,,; and gqs,; are the
same as the transconductance and output conductance of the
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baseline device evaluated at Vo5 = 1.2 V. Note that, gqgs in [9]
and [23] is defined as 014s/0Vys, and therefore the expression
contains only the first term of (7). Furthermore, since both
gm,i and gqs; are positive (neglecting the self-heating effect
[24], [25]), the only factor that can lead to negative ggs in (7) is
¢p as &p < 0 for hysteresis free operation. From (7), condition
for positive gqs can be expressed as

8m,i 1
8ds,i |§D|

Now consider the operation in linear region, 0 < Vs < Vs sar»
where Vs sq/1s the drain saturation voltage. In simplified form,
drain current of the baseline transistor can be expressed as

®)

Ids ~ Kn(Vm - Vth)Vds = Kn~Vis,ov~Vds (9)
j Vas
8m,i = K, Vas; 8ds,i = Kn-ViS,ov = Em.i — % (10)
8ds, i Vis,ov

where Vi ov is the gate overdrive voltage, Vi, and K, represent
the threshold voltage and transistor gain factor, respectively.
In the linear region, Vys < Visov and (gm.i/gds,i) itself is
a small quantity, therefore, condition (8) is easily met. This
makes overall gqs positive in (7). As g,,; increases and gds,;
decreases when Vg, increases, this may violate the positive ggs
condition (8), leading to NDR. Physically, as Vg increases in
linear region, two competing effects come into play. First is the
reduction of the internal gate voltage, whose effect is to reduce
the drain current. Second, the lateral field increases with Vg
which increases Igs. Usually the second effect dominates and
Igs increases with Vg in the linear region. In the saturation
region, although Iy4s does not depend on Vys for ideal long
channel device, however, real short channel devices have
dependence due to drain-induced barrier lowering (DIBL) and
other short-channel effects (SCE). DIBL is weaker in FinFETs
as compared to standard Bulk devices due to better gate
control, and is expected to be even better in gate all around
(GAA) devices (reported DIBL: 42 mV/V for silicon nanowire
[26], 32 mV for nanosheets [27]). Since gqs,; is small and finite
in the saturation region, even smaller |p| can cause negative

gds [see (7)].

I1l. ENGINEERING NDR

NDR can be optimized by engineering drain-coupling factor
in (5). It depends on two key factors: 1) capacitance matching
between the ferroelectric capacitor and the underlying FinFET
[denominator of (5)] and 2) capacitive coupling between
gate-drain, Cgq. We will discuss the impact of both these
factors. First, consider the capacitance matching. Better the
capacitance matching between the Cr. and Cymos, smaller
would be the denominator in (5) and ¢p would be large. For a
given baseline transistor capacitance Cgq, {p can be reduced
by increasing |Cre| as it will reduce capacitance matching. Cfe
depends on the ferroelctric layer thickness and on the slope
of S-curve, and can be increased by reducing Tt or E. or by
increasing P.. The impact of Cg scaling due to T is shown
in Fig. 4(a) which shows |gqs| for Tte = 5,4, 3, and 2 nm. For
all the Tt values except 2 nm, |gqs| has kink in the saturation
region, which indicate that ggs is changing sign from positive
to negative. The point where g4s become negative shifts to the

NCFET ) I T T T T
10°F Vgs =03V s Sub-threshold swing
651
,-\102' Tfe=5nm | g
iw‘_ Tfe = 4nm ] §50-
s Esst
D10 Te=20m | ¢
2]
50 J
10" \
kink due to negative g, 45k Vds=0.7V
L L L 1 1 1 1
0.0 0.2 0.4 0.6 0 1 2 3 4 5

Drain Voltage, Vds (V) Tfe (nm)

(@ (b)
Fig. 4. Designing T for NDR optimization. (a) |ggs| vs Vgs (D) SS vs
Tte. Reducing Tje increases |Cjg| and matching between FinFET and
ferroelectric capacitance degrades. As a result, NCFET does not show
NDR, however, SS also degrades as Tz, is scaled down.

g ; soF T T T
Baseline FInFET ~ Vgs = 0.4V -
50 Cp=0 Tfe: 0to 6nm
Vgs =04V
40+
40
Cp: 12 to 65aF
-~ \ < 0
T wf 1<
m N
3 8 »l
0 w} 22
NDR not observed as Cgd = Cpd = 0
10k 10H in saturation
0 y 0 1 | L
0.0 0. 2 0. 4 06 0.0 0.2 04 0.6
Drain Voltage, Vds (V) Drain Voltage, Vds (V)
(@) ®
Fig. 5. Understanding the role of parasitic capacitance. (a) Cqq as

a function of Vg4 for different parasitic capacitance values of a baseline
FinFET. In saturation, Cyq & Cpq. In the NCFET, internal node is coupled
to the drain node through d- Lower Cyq in saturation is desired to
minimize NDR. (b) Iqs-Vgs © ?the NCFE'Ig at Vgs = 04 Vfor Cp =0
case. As Cyq becomes very small in the saturation, NDR is not observed
even for thick ferroelectric layer.

higher Vys as Tt reduces. For our case, Tt = 2 nm does not
give negative ggs.

There is an important tradeoff associated with Tt scaling.
Differential gain also strongly depends on the capacitance
matching [see (4)] and it reduces as T is reduced. SS of
the NCFET is given as SS = (1/A,) * SS; (SS;: baseline
transistor SS) [5], and it degrades with the Tt. scaling as shown
in Fig. 4(b). Similar behavior with T, is also reported in [11],
where 40-nm Tt is used for analog performance analysis as it
does not give NDR, however, it has only 1.07 x improvement
in SS (88-82 mV/dec).

The other design parameter to optimize NDR is
Cod(= Cgq,; +Cpa). Gate charge of the intrinsic transistor is a
weak function of the drain potential in saturation region [28]
and net capacitance between the gate and the drain node
reduces to the parasitic capacitance, Cgq =~ Cpq. This is
illustrated in the Fig. 5(a) which shows Cgq vs Vg of a baseline
FinFET transistor for different cases of parasitic capacitance,
C, (= Cps+Cpq) while keeping everything else the same in the
model [17]. If the parasitic capacitances are minimized such
that there is minimal coupling between the gate and drain,
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Fig. 6. Impact of the source and drain parasitics. The total Cp is fixed
and ratio of Cpqg to Cps is varied, kK =(Cpq/Cps)- (a) Differential gain
versus gate voltage (b) Position in the S-curve at Vgs = 0.1 V and
Vgs = 0.7 V. Operating point remains in the negative capacitance region
for different values of «. Since total Cp is the same, Ay is nearly the same
in subthreshold region.
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Fig. 7. Impact of source and drain parasitics: Iys-Vqs for different

Kk =(Cpq/Cps). Total Cp is fixed. As x reduces from 1 to 0, NDR
progressively reduces.

2

NDR can be avoided or delayed. To emphasize the importance
of coupling, C), is set to 0 in the compact model and I4s—Vis
is simulated for various cases of Tt in Fig. 5(b). Note that,
the NDR is not observed. However, similar to the case of T,
parasitic capacitance also affect the differential gain. In the
subthreshold region, Cmos = Cgg,i + Cp =~ Cp and A, in
(4) reduces to (Cfe/Cte + Cp). Lowering C,, deteriorate the
capacitance matching and hence A, suffers [29].

High differential gain without NDR can be achieved if
we attain a good capacitance matching at reduced gate-drain
coupling. For this, we analyze the impact of asymmetric
parasitic capacitance, i.e., Cps # Cpg. By reducing Cpg and
increasing Cyps, total Cp, (= Cps + Cpg) can still be large to
give desired A,, at the same time coupling between the drain
and the gate will be reduced. This is illustrated in Fig. 6(a),
which shows A, for different values of x = (Cpa/Cps), With
total Cp, = Cpq+ Cps constant. Fig. 6(b) shows operating point
in the S-curve at Vg = 0.1 V and Vg5 = 0.7 V. With reduced
drain—gate coupling at smaller x, the operating point move
to the higher polarization state. In the subthreshold region,
A, = (Ct/Cte + C)p) is nearly the same for all the values of «,

Solid Lines: Con. NCFET, Cpd = Cps '
—~ 120 _Dptted Lines: Baseline FInFET i
i Lines + Symbol : Eng. NCFET, «=0.2
N
%)
T 9}
a—
g Vgs = 0.3V, 0.4V
E 60
=
©)
c |1/ T .-
.a 30 .........
_ -
s - .. T
-
0.0 0.2 0.4 0.6

Drain Voltage, Vds (V)

Fig. 8. Output characteristics of an engineered NCFET. In conventional
NCFET with symmetric parasitic, current reduces with increasing drain
voltage.

10°F ' ' L
con. NCFET
10° T
)
> 10'}f
~
?‘; 10’} negative g,
B k = 0.2 eng. NCFET
D
107 F vgs=0.3v baseline device
Tfe = 5nm
107 F .
0.0 0.2 0.4 0.6

Drain Voltage, Vds (V)

Fig. 9. Engineered NCFET: output conductance, |ggs| versus drain
voltage for k = 0.2.gy4s is always positive for engineered NCFET, while
conventional NCFET evince NDR. It is possible to achieve small and
positive gqs by using asymmetric source/drain parasitic capacitances.
Tie =5 nm.

small change in it is due to the change in Cf, as operating
point has changed. Note that in the simulations, only parasitic
capacitance are modified by x, and intrinsic capacitance Cgg ;
remains the same.

Fig. 7 shows I4s—Vys at different x for Vgs = 0.4 V. As x
reduces from 1, the beginning of NDR progressively shifted to
the larger Vy,. This happens due to the fact that drain-coupling
factor in (5) is lowered as x is reduced, which is also shown
in the Fig. 7 for two cases of x = 1 and 0.5. In fact, ¥ can
be engineered such that NDR balances out SCE on gg4s in the
short-channel baseline device, so that small and positive ggs
is attained. Fig. 8 shows output characteristics of the baseline
FinFET, conventional NCFET with x = 1 and NCFET with
x = 0.2. Total parasitic capacitance is the same in all the cases.
The engineered NCFET does not show negative g4s, which is
evident from the Fig. 9. Moreover, it offers much lower g4s as
compared to the baseline device, which is desirable for analog
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Fig. 10. Performance comparison of NCFET (a) gn,/lqs versus drain
current (b) SS versus drain current. Engineered NCFET shows higher
transconductane efficiency as well as improved SS than the conventional
NCFET and baseline device.
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Fig. 11.  Output characteristics of the NCFET for different cases of

DIBL of the baseline transistor. Larger DIBL results in larger gy ; of the
baseline device, therefore, drain voltage at which g45 becomes negative
shifts to higher value. Vgs = 0.4 Vand k = 1.

transistors as it increases the intrinsic gain (g, /gds) [30].
Therefore, properly designed NCFET can inherently boost
the output resistance, without restoring to circuit level
techniques [31], [32].

Another important performance metric of the analog tran-
sistor is transconductance efficiency (g,,/14s) [33]. In general,
large g, is required at lower drain current. Fig. 10(a) compares
(gm/1as) of the engineered NCFET with conventional NCFET
(with Tfe = 2 nm) and baseline FinFET. The engineered
NCFET has higher (g;,/14s) than the conventional NCFET,
since its differential gain is high. Fig. 10(b) compare SS
of engineered, conventional NCFET and baseline FinFET.
As expected, engineered NCFET has much lower SS over the
others. This is significant improvement since high (g, /14s),
small positive gqs and better SS are simultaneously achieved,
which certainly makes NCFET a better analog transistor.

Before concluding, consider (7) again. The gqs of NCFET
depends on the output conductance and transcounductance
of the intrinsic transistor. For a baseline device with strong
SCE, gds,; may be high so that condition (8) remains satisfied
for higher Vys. Therefore, different devices (Bulk, FinFET,

Solid Lines: Theoritical

A Tfe = 5nm|
Symbols: SPICE Simulation

o
-—

o
o

Drain Coupling Factor, &,

Cp: 0 to 65aF
-0.4

0.0

0.2 0.4
Drain Voltage, Vds (V)
Fig. 12. Coupling factor (£p) versus drain voltage for various values of
parasitic capacitance. Symbols represent the values obtained by SPICE
simulations and solid lines represents the qualitative model in Fig. 2. The

compact model accurately captures drain bias dependence of internal
gate voltage.

and GAA) or processes may give different NDR character-
istics. To demonstrate this effect, Fig. 11 compares |ggs| of
NCFET for different cases of DIBL of the baseline device.
Everything is kept the same and only DIBL parameter of the
baseline device is changed. Larger the DIBL, Vg4 at which ggs
becomes negative shifts to the higher Vys.

IV. CONCLUSION

In this paper, we discussed the mechanism of NDR in
NCFETs in static limit. A mathematical formulation is pre-
sented which suggest that it strongly depends on transcon-
ductance and output conductance of the baseline transistor,
capacitance matching between the ferroelectric layer and the
underlying MOS transistor along with drain—gate coupling
capacitor. While a good capacitance matching is desirable
for better SS, it may lead to NDR if not properly designed.
We also discussed an alternative method of using asymmetric
parasitic capacitance at source and drain, which can provide
NDR free operation as well as good SS improvement. Sim-
ulation shows that this device can give lower gqs and higher
(gm/1Igs) at lower current as compared to baseline FinFET
and conventional NCFETs. Well-engineered NCFETs will be
significantly better analog transistors than the non-NC baseline
transistors.

APPENDIX

The NCFET model in Fig. | accurately captures the gate
bias dependence [2], [15]. Here, we show that the model also
properly accounts for the drain voltage dependence of the
internal node voltage. Consider the following:

Vis = Vs — Ve = Vs — (00Qg + S0 Q3 +7003) (1)
dVis 2 4\ 40 1 dQg
d Vs (%0 + 3600 +5700%) dVys Cre dVigs
(12)
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dVis _

dQ, 00, dVis
dVds B 0Vis dVds

00y
oViys

Qg = f(Vis, Vas);
ng,i

13)

dVes  Cre + Cmos

(14)

Equation (14) is consistent with the qualitative picture in

Fig.

2. Fig. 12 compares (dVis/dVgss) as a function of drain

voltage obtained by probing the internal gate voltage during
NCFET simulations (symbols) with the one obtained from
capacitance ratio in Fig. 2. Note that, coupling factor is
negative for hysteresis-free operation.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]
[17]

REFERENCES

S. Salahuddin and S. Datta, “Use of negative capacitance to provide
voltage amplification for low power nanoscale devices,” Nano Lett.,
vol. 8, no. 2, pp. 405410, 2007, doi: 10.1021/n1071804g.

A. 1. Khan er al., “Negative capacitance in short-channel FinFETs
externally connected to an epitaxial ferroelectric capacitor,” [EEE
Electron Device Lett., vol. 37, no. 1, pp. 111-114, Jan. 2016,
doi: 10.1109/LED.2015.2501319.

E. Ko, H. Lee, Y. Goh, S. Jeon, and C. Shin, “Sub-60-mV/decade
negative capacitance finfet with sub-10-nm hafnium-based ferroelectric
capacitor,” IEEE J. Electron Devices Soc., vol. 5, no. 5, pp. 306-309,
Sep. 2017, doi: 10.1109/JEDS.2017.2731401.

M. H. Lee et al, “Physical thickness 1.x nm ferroelectric HfZrOx
negative capacitance FETs,” in [EDM Tech. Dig., Dec. 2016,
pp. 12.1.1-12.1.4, doi: 10.1109/IEDM.2016.7838400.

H. Agarwal et al., “Designing 0.5 V 5-nm HP and 0.23 V 5-nm
LP NC-FinFETs with improved Iopp sensitivity in presence of par-
asitic capacitance,” [EEE Trans. Electron Devices, vol. 65, no. 3,
pp. 1211-1216, Mar. 2018, doi: 10.1109/TED.2018.2790349.

S. Gupta, M. Steiner, A. Aziz, V. Narayanan, S. Datta, and S. K. Gupta,
“Device-circuit analysis of ferroelectric FETs for low-power logic,”
IEEE Trans. Electron Devices, vol. 64, no. 8, pp. 3092-3100, Aug. 2017,
doi: 10.1109/TED.2017.2717929.

J. Seo, J. Lee, and M. Shin, “Analysis of drain-induced barrier rising
in short-channel negative-capacitance FETs and its applications,” IEEE
Trans. Electron Devices, vol. 64, no. 4, pp. 1793-1798, Apr. 2017,
doi: 10.1109/TED.2017.2658673.

A. K. Saha, P. Sharma, I. Dabo, S. Datta, and S. K. Gupta, “Ferroelectric
transistor model based on self-consistent solution of 2D Poisson’s, non-
equilibrium Green’s function and multi-domain Landau Khalatnikov
equations,” in IEDM Tech. Dig., Dec. 2017, pp. 13.5.1-13.5.4, doi:
10.1109/IEDM.2017.8268385.

G. Pahwa et al, “Analysis and compact modeling of nega-
tive capacitance transistor with high on-current and negative out-
put differential resistance—Part II: Model validation,” IEEE Trans.
Electron Devices, vol. 63, no. 12, pp. 4986-4992, Dec. 2016,
doi: 10.1109/TED.2016.2614436.

J. Zhou et al., “Ferroelectric HfZrOx Ge and GeSn PMOSFETSs
with sub-60 mV/decade subthreshold swing, negligible hysteresis, and
improved IDS,” in IEDM Tech. Dig., Dec. 2016, pp. 12.2.1-12.2.4, doi:
10.1109/IEDM.2016.7838401.

Y. Li, Y. Kang, and X. Gong, “Evaluation of negative capacitance
ferroelectric MOSFET for analog circuit applications,” [EEE Trans.
Electron Devices, vol. 64, no. 10, pp. 43174321, Oct. 2017.
(2016). BSIM-CMG  Technical Manual. [Online].
http://bsim.berkeley.edu/models/bsimcmg/

J. P. Duarte et al., “BSIM-CMG: Standard FinFET compact model for
advanced circuit design,” in Proc. IEEE Eur. Solid-State Circuits Conf.,
Sep. 2015, pp. 196-201, doi: 10.1109/ESSCIRC.2015.7313862.

L. D. Landau and I. M. Khalatnikov, “On the anomalous absorption of
sound near a second order phase transition point,” Dokl. Akad. Nauk
SSSR, vol. 96, pp. 469-472, 1954.

S. Khandelwal, A. 1. Khan, J. P. Duarte, A. B. Sachid,
S. Salahuddin, and C. Hu, “Circuit performance analysis of negative
capacitance FinFETSs,” in Proc. Symp. VLSI Technol., Jun. 2016, pp. 1-2,
doi: 10.1109/VLSIT.2016.7573446.

(2016). IRDS Report. [Online]. Available: http://irds.ieee.org/reports

S. Khandelwal, J. P. Duarte, A. I. Khan, S. Salahuddin, and C. Hu,
“Impact of parasitic capacitance and ferroelectric parameters on negative
capacitance FInFET characteristics,” IEEE Electron Device Lett., vol. 38,
no. 1, pp. 142-144, Jan. 2017, doi: 10.1109/LED.2016.2628349.

Available:

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

C. Hu, S. Salahuddin, C. I. Lin, and A. Khan, “0.2 V adiabatic
NC-FinFET with 0.6 mA/um ION and 0.1 nA/um IpfF,” in Proc.
IEEE 73rd Annu. Device Res. Conf. (DRC), Jun. 2015, pp. 39-40,
doi: 10.1109/DRC.2015.7175542.

Z. Krivokapic et al, “14 nm ferroelectric FinFET technol-
ogy with steep subthreshold slope for ultra low power appli-
cations,” in [EDM Tech. Dig., Dec. 2017, pp. 15.1.1-15.1.4,
doi: 10.1109/IEDM.2017.8268393.

A.S. Roy, Y. S. Chauhan, C. C. Enz, and J.-M. Sallese, “Noise modeling
in lateral asymmetric MOSFET,” in [EDM Tech. Dig., Dec. 2006,
pp. 1-4, doi: 10.1109/IEDM.2006.346994.

H. Agarwal, P. Kushwaha, C. Gupta, S. Khandelwal, C. Hu, and
Y. S. Chauhan, “Analysis and modeling of flicker noise in lat-
eral asymmetric channel MOSFETSs,” Solid-State Electron., vol. 115,
pp. 33-38, Jan. 2016, doi: https://doi.org/10.1016/j.sse.2015.10.002

S. J. Sque, A. J. Scholten, A. C. T. Aarts, and D. B. M. Klaassen,
“Threshold behavior of the drift region: The missing piece in LDMOS
modeling,” in IEDM Tech. Dig., Dec. 2013, pp. 12.7.1-12.7.4, doi:
10.1109/IEDM.2013.6724619.

Z. Dong and J. Guo, “A simple model of negative capaci-
tance FET with electrostatic short channel effects,” IEEE Trans.
Electron Devices, vol. 64, no. 7, pp. 2927-2934, Jul. 2017,
doi: 10.1109/TED.2017.2706182.

H. Agarwal et al., “Recent enhancements in BSIM6 bulk MOSFET
model,” in Proc. IEEE Int. Conf. SISPAD, Sep. 2013, pp. 53-56,
doi: 10.1109/SISPAD.2013.6650572.

P. Kushwaha et al., “Thermal resistance modeling in FDSOI transistors
with industry standard model BSIM-IMG,” Microelectron. J., vol. 56,
pp. 171-176, Oct. 2016, doi: https://doi.org/10.1016/j.mejo.2016.07.014
H. Mertens et al., “Gate-all-around MOSFETs based on vertically
stacked horizontal Si nanowires in a replacement metal gate process
on bulk Si substrates,” in Proc. IEEE Symp. VLSI Technol., Jun. 2016,
pp. 1-2.

N. Loubet et al., “Stacked nanosheet gate-all-around transistor to enable
scaling beyond FinFET,” in Proc. Symp. VLSI Technol., Jun. 2017,
pp. T230-T231, doi: 10.23919/VLSIT.2017.7998183.

M. A. Karim, S. Venugopalan, Y. S. Chauhan, D. Lu, A. Niknejad,
and C. Hu, “Drain induced barrier lowering (DIBL) effect on the
intrinsic capacitances of nano-scale MOSFETSs,” in Proc. Nanotech,
2011, pp. 814-817.

M. Si et al., “Sub-60 mV/dec ferroelectric HZO MoS; negative capaci-
tance field-effect transistor with internal metal gate: The role of parasitic
capacitance,” in IEDM Tech. Dig., Dec. 2017, pp. 25.5.1-25.5.4, doi:
10.1109/IEDM.2017.8268447.

D. M. Binkley, Tradeoffs and Optimization in Analog CMOS Design.
Hoboken, NJ, USA: Wiley, 2008.

J. Yan and R. L. Geiger, “A negative conductance voltage gain enhance-
ment technique for low voltage high speed CMOS op amp design,”
in Proc. 43rd IEEE Midwest Symp. Circuits Syst., vol. 1. Aug. 2000,
pp. 502-505, doi: 10.1109/MWSCAS.2000.951693.

I. Mondal and N. Krishnapura, “Gain enhanced high frequency
OTA with on-chip tuned negative conductance load,” in Proc.
IEEE Int. Symp. Circuits Syst., May 2015, pp. 2085-2088,
doi: 10.1109/ISCAS.2015.7169089.

P. G. A. Jespers, The gm/Id Methodology, a Sizing Tool for Low-Voltage
Analog CMOS Circuits. New York, NY, USA: Springer-Verlag, 2010.

Harshit Agarwal received the Ph.D. degree from
the IIT Kanpur, Kanpur, India.

He is currently a Post-Doctoral Researcher
and a Manager, Berkeley Device Modeling Cen-
ter, BSIM Group at UC Berkeley, Berkeley, CA,
USA. His current research interests include
modeling and characterization of advanced
steep subthreshold-slope devices, logic and high
voltage devices, FInFETs, and GAA FETs.


http://dx.doi.org/10.1021/nl071804g
http://dx.doi.org/10.1109/LED.2015.2501319
http://dx.doi.org/10.1109/JEDS.2017.2731401
http://dx.doi.org/10.1109/IEDM.2016.7838400
http://dx.doi.org/10.1109/TED.2018.2790349
http://dx.doi.org/10.1109/TED.2017.2717929
http://dx.doi.org/10.1109/TED.2017.2658673
http://dx.doi.org/10.1109/IEDM.2017.8268385
http://dx.doi.org/10.1109/TED.2016.2614436
http://dx.doi.org/10.1109/IEDM.2016.7838401
http://dx.doi.org/10.1109/ESSCIRC.2015.7313862
http://dx.doi.org/10.1109/VLSIT.2016.7573446
http://dx.doi.org/10.1109/LED.2016.2628349
http://dx.doi.org/10.1109/IEDM.2017.8268393
http://dx.doi.org/10.1109/IEDM.2006.346994
http://dx.doi.org/10.1109/IEDM.2013.6724619
http://dx.doi.org/10.1109/TED.2017.2706182
http://dx.doi.org/10.1109/SISPAD.2013.6650572
http://dx.doi.org/10.23919/VLSIT.2017.7998183
http://dx.doi.org/10.1109/IEDM.2017.8268447
http://dx.doi.org/10.1109/MWSCAS.2000.951693
http://dx.doi.org/10.1109/ISCAS.2015.7169089

AGARWAL et al.: ENGINEERING NDR IN NCFETs FOR ANALOG APPLICATIONS

2039

Pragya Kushwaha received the Ph.D. degree
from the Department of Electrical Engineer-
ing, IT Kanpur, Kanpur, India. She was a
Co-Developer of the BSIM compact models.

She is currently a Post-Doctoral Researcher
with the BSIM Group, University of California,
Berkeley, CA, USA. Her current research inter-
ests include modeling, simulation and charac-
terization of semiconductor devices such as
nanowire, NCFET, PD/FDSOI, FinFET, tunnel
FET, high-voltage FET, and bulk MOSFET.

Juan Pablo Duarte received the B.Sc. and M.Sc.
degrees in electrical engineering from the Korea
Advanced Institute of Science and Technology,
Daejeon, South Korea. He is currently pursuing
the Ph.D. degree with the University of California,
Berkeley, CA, USA.

Yen-Kai Lin received the B.S. degree in physics
and the M.S. degree in electronics engineering
from National Taiwan University, Taipei, Taiwan,
in 2013 and 2014, respectively. He is currently
pursuing the Ph.D. degree in electrical engineer-
ing with the University of California, Berkeley, CA,
USA.

Since 2015, he has been with the BSIM Group,
University of California. His current research
interests include semiconductor devices physics,
compact modeling, and simulation.

Angada B. Sachid received the Ph.D. degree in
electrical engineering from IIT Bombay, Mumbai,
India, in 2010.

He is currently a Post-Doctoral Researcher with
the Department of Electrical Engineering and
Computer Sciences, University of California at
Berkeley, Berkeley, CA, USA.

Ming-Yen Kao received the B.S. degree in
electrical engineering from National Taiwan Uni-
versity, Taipei, Taiwan, in 2016. He is currently
pursuing the Ph.D. degree in electrical engineer-
ing with the University of California, Berkeley, CA,
USA.

Since 2017, he has been with the BSIM Group,
University of California. His current research
interests include semiconductor devices physics,
compact modeling, and simulation.

Huan-Lin Chang received the Ph.D. degree in
electronics engineering from National Taiwan
University, Taipei, Taiwan, in 2011.

He was with the SPICE Team, Taiwan Semi-
conductor Manufacturing Company, Hsinchu,
Taiwan, from 2011 to 2015. He was a Post-
Doctoral Researcher with the BSIM Group, Uni-
versity of California, Berkeley, CA, USA. His
current research interests include compact mod-
eling of the semiconductor devices.

Sayeef Salahuddin received the B.Sc. degree
in electrical and electronic engineering from the
Bangladesh University of Engineering and Tech-
nology, Dhaka, Bangladesh, in 2003, and the
Ph.D. degree in electrical and computer engi-
neering from Purdue University, West Lafayette,
IN, USA, in 2007.

In 2008, he joined the Faculty of Electrical
Engineering and Computer Science, University
of California at Berkeley, Berkeley, CA, USA.

Chenming Hu is currently a Distinguished Pro-
fessor Emeritus with the University of Califor-
nia at Berkeley, Berkeley, CA, USA. He is also
a Board Director of SanDisk Inc., San Jose,
CA, USA, and Friends of Children with Special
Needs, Fremont, CA, USA. He is involved in
FinFET-the 3-D transistor, widely used IC reli-
ability models, and BSIM-the industry standard
transistor models used by most IC companies
since 1997 to design CMOS products.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


