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Abstract: In this paper, we analytically study the relationship between the coercive field, remnant polarization and the thick-
ness of a ferroelectric material, required for the minimum subthreshold swing in a negative capacitance capacitor. The interde-
pendence of the ferroelectric material properties shown in this study is defined by the capacitance matching conditions in the
subthreshold region in an NC capacitor. In this paper, we propose an analytical model to find the optimal ferroelectric thick-
ness and channel doping to achieve a minimum subthreshold swing, due to a particular ferroelectric material. Our results have
been validated against the numerical and experimental results already available in the literature. Furthermore, we obtain the
minimum possible subthreshold swing for different ferroelectric materials used in the gate stack of an NC-FET in the context of
a manufacturable semiconductor technology. Our results are presented in the form of a table, which shows the calculated chan-
nel doping, ferroelectric thickness and minimum subthreshold for five different ferroelectric materials.
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1. Introduction

Negative capacitance field effect transistor (NC-FET) was
proposed in 2008 by Salahuddin et all' to improve the sub-
threshold slope of the MOSFET. It has been experimentally
proven by Asif et al. in Ref. [2]. Although many technologies 4
before it were suggested to improve the subthreshold slope
of the MOSFET, they had inherent disadvantages that first
had to be overcome. The NC-FET reduces subthreshold swing
(SS) below Boltzmann's limit, due to the use of ferroelectric ma-
terials. The negative capacitance property of these materials,
which actually reduces the SS, is entirely material and pro-
cess dependent as described in phenomenological Landau-
Devonshire theory®l, In an NC-FET, any ferroelectric material
needs to be integrated directly within the gate stack of a con-
ventional CMOS device and its properties determine the char-
acteristics of the device. These materials are highly process
and temperature dependent, and they can switch their proper-
ties from one state to another under certain conditions. The co-
ercive field (Ec) and remnant polarization (P,) of the material
and process temperature determine the Landau parameters
in Landau-Khalatnikov (LK) 71 equation described in the the-
ory part of the paper.

In this paper, we have obtained an analytical equation to
determine the thickness of the ferroelectric material required
to get minimum subthreshold swing, under capacitance match-
ing condition. The limit on minimum possible subthreshold
swing (Smin) reflects the choice of underlying MOS capacit-

Correspondence to: R Rasool, raheela_03phd14@nitsri.net
Received 13 FEBRUARY 2019; Revised 14 JUNE 2019.

©2019 Chinese Institute of Electronics

ance (Gyos) and ferroelectric capacitance (Cgg), which is funda-
mentally dictated by the need to stabilise the total NC capacit-
or capacitance. In section 2, we describe the fundamental capa-
citance constraints that define the minimum subthreshold
swing in an NC capacitor. In section 3, we determine the optim-
al thickness of the ferroelectric material and substrate dop-
ing required to observe the NC effect for a minimum sub-
threshold swing. In section 4, we discussed the dependence
of ferroelectric thickness on the coercive field and remnant po-
larization. Finally, in section 5 we obtain the equation for S,
and corresponding S, for five different ferroelectric materi-
als.

2. Fundamental considerations

For the analytical analysis of our model, we have con-
sidered a basic MOS capacitor with an extra ferroelectric lay-
er in the gate stack. A schematic of a Metal-Ferroelectric-Met-
al-Insulator-Substrate (MFMIS) negative capacitance capacit-
orl8l and its corresponding capacitance equivalent formed
between the ferroelectric and the dielectric layer is shown in
Figs. 1(a) and 1(b), respectively. The Vs is the applied gate
voltage and Vgwos is the internal node voltage formed
between the ferroelectric and the dielectric layer. Because
our study examines the properties of a ferroelectric layer, we
are not going to examine the electrical characteristics of the
NC-FET and will instead limit our study to the capacitor only.
The subthreshold swing (SS) of a MOSFET device is defined as
the change in gate voltage (Vs) required to change the drain
current (Ip) by one order of magnitude!. For the negative ca-
pacitance MOS capacitor equivalent shown in Fig. 1(b), SS is
given asl
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Fig. 1. (@) Schematic of MFMIS based NC-FET. (b) Equivalent capacitance divider.
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The SS can be reduced by reducing any of the two m or
n factors. In the case of the NC capacitor, we are only con-
cerned with the reduction of m to decrease the SS. The
3VGMOS _ 2.3kBT
d(log,) 9
is temperature and q is electron charge) is known as trans-
port factor and is = 60 mV/decade at room temperature.

The unique property of NC effect in an MFMIS structure
is to provide an internal voltage (Vguos) that is greater than
the applied gate voltage (Vgs). From the capacitor divider
formed in Fig. 1(b), the partial derivative of the Vs with re-
spect to Vgmos, also known as body factor m, can be written
as

factor, n =

(kg is Boltzmann's constant, T

Vs Cvos
- es _ g, Lwos 2
dVemos Cre @

1 1 .
—— = — + — is the series sum of substrate capa-
Cmos Cs  Cox

citance (Gs) and oxide capacitance (Coy) capacitances.

To include the model for the dynamics of ferroelectric ca-
pacitor, the Landau Khalatnikov (LK) equation® 7! that de-
scribes the correlation between the polarization and the elec-
tric field in a single domain ferroelectric material is em-
ployed. The voltage drop across the ferroelectric layer is giv-
en as

where

Vre (Q)

=2aQ + 46Q° + 6yQ’, (3)
tre

E=
where q, B, y are known as Landau parameters of the materi-
al. Furthermore, a< 0, B > 0, y = 0 defines the negative capa-
citance property, Vi is the voltage drop across the ferroelec-
tric film and t is the thickness of the ferroelectric layer. The
total charge Q is the same as the total charge in the channel,
which is calculated using the depletion width approximation
and has already explained in Ref. [10]. The potential balance
in the equivalent capacitor network results in applied gate
voltage Vs as the sum of the voltage drop across the ferroelec-
tric capacitor (Vgg) and the internal node voltage Vgyos is giv-

enas

Ves = Vre + Vemos: (4)

where Vomos = Vox + Ys + Veg and where Vg is the flat-
band voltage, Vpx is the voltage across the oxide layer
between ferroelectric and silicon substrate and s is the sur-
face potential or band bending in the semiconductor. The ca-
pacitance C is the differential capacitance of ferroelectric lay-
er and is defined dQ/dVgg. From the LK equation described
in Eq. (3), the inverse of (i is obtained as

Gre (Q) = (2a +128Q" +30yQ*) tre. (5)

The total gate capacitance G of the NC capacitor is giv-
en by

C7'(Q) = Cyros (Q) + Cre (Q). (6)

The increased gate capacitance due to Cg of the ferroelec-
tric layer in the gate stack, amplifies the internal node
voltage. However, G must be positive for all charges for a hys-
teresis free stable operation of the devicel''-13], This stability re-
quirement puts a fundamental constraint on Cyos; i.€.,

Cmos(Q)™ = [Cre ' (Q) (7)

which should hold throughout the NC regime. Eq. (7) puts a
minimum limit on the subthreshold swing that can be ob-
tained in an NC-FET. For a given dependence of CGyos and Cie
on Q minimum SS can be obtained where the two capacit-
ances match as closely as possiblel'2 14, However, the two can-
not be made equal because they have different dependence
on the value of Qand it is not possible to obtain the same val-
ues for all of the values of Q.

For a fixed Coy, Cuos changes with Cs which depend on
the channel doping N,; however, C; depends on whether the

N
channel is in subthreshold, where Cg (Q) o< EA' or in inver-
sion, where Cg (Q) o< Q.
Unlike conventional MOSFETs, where the minimum value
of SS is fixed at 60 mV/dec, there is no such single value in
NC-FET. The minimum subthreshold swing (Sy,;,) that character-
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Fig. 2. Voltage-charge plot for a ferroelectric material.

izes the NC-FET is different for different devices. However, the
two necessary conditions for minimum subthreshold swing
are a) Cyos (Q) < —Cre (Q) and b) channel should be in sub-
threshold throughout the NC regimel's! remain the same.

Mathematically, the condition for being in subthreshold

2kgT, (N
is given by g < 2¢g = TBIn (T?) (where (g is the surface

potential, ¥g is the built-in potential on p-substrate, N, is the
substrate doping and n; is the intrinsic carrier concentration),
throughout the NC-regime. For uniform substrate doping and
the partially depleted case, g is related to the depletion
charge Q by

Q2

= 20e0eNn’ ®)

Us
where & is the permittivity of free space and &5 is the permit-
tivity of silicon substrate. The condition for subthreshold re-

2

gion translates Eq. (8) into g = , where /< 2.

2qepesNa

Condition (7) is general and will work irrespective of val-
ues of Gyos and |Cqg|- However, Eq. (8) changes as we change
the FET structure, such as single gate versus multigatel'! or
bulk FET versus depleted FET.

3. Optimal ferroelectric thickness

Fig. 2 shows the Vge—Q characteristics of the ferroelectric
material. Vi decreases in the range of -Q; < Q < +Q,; and
hence Cg is also negative between -Q; and + Q,. However,
an n-channel NC-FET must be operated in the Q > 0 branch
of the NC regime, so that it can be balanced by the negative
charges of the channel. Therefore, Q, = 0 is defined as the oth-
er boundary of the negative capacitance regime. At Q, =0,
Eq. (4) reduces to Cre (Q) =1AMFE and at flatband capacit-
ance of the underlying MOS capacitance is given by!'”]

1 _ Vit + L
Cwvos qeoesNa -~ Cox’

9)

where v, = KzT/q is the thermal voltage. Therefore, the condi-
tion in Eq. (7) for minimum subthreshold swing and hyster-
esis free operation of the device can be translated into

RN PRI
&7 2a | Cox qeo€sNa |

which relates tg, @ and N, for minimum subthreshold slope.

(10)

Journal of Semiconductors  doi: 10.1088/1674-4926/40/12/122401 3

In addition, @Q; is the maximum charge value and Eq. (8) be-
comes

2

Q

Na = Sqeocsive M)

The final equation for the optimized ferroelectric thick-
ness is

L 2‘“2"’5}. (12)

1
tre=—-5=| =—
FE™ "2a [cox o

Thus, for a given ferroelectric material characterized by q,
B, and y, SS is minimized for N, and t given by Egs. (11) and
(12). It is clear from this equation that the thickness of ferro-
electric material required depends on the landau parameter
a of the material and the capacitance of the oxide between
the ferroelectric and the silicon substrate. It is evident that
high value of parameter a reduces the optimal ferroelectric
thickness for a minimum subthreshold swing.

4. Dependence on coercive field (Ec) and remnant
polarization (P,)

The anisotropy constants a and S in Landau equation are
calculated by fitting the Q- V¢ characteristics to yield the giv-
en value of coercive field E- and the remnant polarization P,.
Hence, VFE (Q = Po) =0and dVFE/dO(VFE = ECtFE) = 0. Con-
sequently, the equation for aand 8 becomes

- ﬁé B = ﬁ& (13)
T4 p "7 08 pé

Therefore, the thickness of the ferroelectric film in terms
of coercive field and remnant polarization can be obtained as

2P 1 [
FE 3\/§ Ec COX Q]z ’

the high coercive field and small remnant polarization res-
ults in small .

Ignoring the higher terms of Qin the Eq. (5), the ferroelec-
tric negative capacitance equation reduces to

(14)

12 P
_ZGtFE_ (15)

33 Ectre’

In an NCFET device, the improved lon/logs ratio and small
subthreshold swing without hysteresis in the transfer character-
istics depends on the capacitance matching (|G| > Gyos) or
|Grel = Guos as already discussed!'? 131, For the best results,
| Gee| should be as close as possible to Gygs, or should be high-
er than the Gyos. Based on the values of N, and t obtained
for the material PZT, Gyos and | Gee| shown in Fig. 3(a), suggest-
ing |Ge(Q)| = Guos(Q) at each Q, as in the numerical simula-
tion for the same material in the MFIS capacitor!'®. The corres-
ponding Vi and Vgyos obtained from numerical simulations
of MFMIS capacitor are shown in Fig. 3(b). It is clear that with
the increase in Q, Vi decreases and this in turn amplifies
Vemos, and reduces SS below Boltzmann's limit of 60 mV/dec.

The higher values of G due to smaller alpha is due to
small E- and large P, for fixed ferroelectric thickness, which res-

Cre
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Fig. 3. (a) Capacitance versus charge plots for MOS capacitor, ferroelectric capacitor and the total capacitance of MFMIS capacitor. (b) Voltage

charge plot of the MFMIS capacitor.

Table 1. Ferroelectric thickness (trg) and minimum subthreshold swing (S,) for different ferroelectric materials.

Parameter pZT120] BaTiO;!! SBTS] HfSiO22] P(VDF-TrFE)!23!

a(cm/F) -2.25x 10° -5x 108 -3.25x 10° -8.65 x 1010 -1.8x 10"

B (cm3/F/C?) 1.3x10'8 22x10'8 9.37x 1078 1.92 x 1020 5.8 x 1022

y (cm>/F/C%) 9.83 x 102 7.5 %107 0 0 0

Ny (cm-3) 2.3 %1020 3.3x 1020 7.5%x 1019 5.7 %101 4x10'8

tox (M) 2 2 2 2 2

tre (nM) 223 193 155 5.8 2.8

Stnin (MV/dec) 52.8 46.5 416 31 27

ults in lower voltage step up (aVMOS - Cre There- 3+ Equation for minimum subthreshold swing
Ves  Cre — Cmos

fore, the gain reduces and consequently Iy decreases. Al-
though an increase in P, reduces the hysteresis due to posit-
ive total gate capacitance, it comes at the cost of reduction in
lon/lorr Which renders ineffective the primary advantage of us-
ing ferroelectric in gate stack!!?l,

Similarly, high values of a implies a proportionally low
value of |G| for a fixed . This can also be understood in
terms of very high coercive field and low remnant polariza-
tion. The higher values of a results in the smaller |G| than
Cmos, results in total negative capacitance which appears as
the hysteresis in the transfer characteristics of the devicesi20.,
Therefore, a high coercive field improves the Ion/log ratio;
however, hysteresis occurs in the characteristics due to instabil-
ity.

Consequently, we come to the conclusion that in an NC ca-
pacitor using ferroelectric material, the material parameters
and the thickness of the material are interdependent to achiev-
ing a good result.

Considering Eg. (14), a high Py and low E¢ results in high-
er trg; whereas, a low Py and high E¢ results in smaller te. The
calculated values of tz can be used to stabilise the capacit-
ance and enhance the capacitance matching to the obtain
the best possible results with high lpy and no hysteresis. There-
fore, we can opt for either higher polarization and smaller Ec
or higher Ec with smaller P,. However, from the design per-
spective of the NC-FET as experimentally shown in Ref. [20],
the gate stack with ferroelectric material giving high E- and
low P, resulted in 45% higher Ipy with the same OFF current.
Therefore, we can say that higher alpha and consequently
lower t results in better characteristics and are also viable
from the point of view of scaling these devices.

Unlike Spin = 60 mV/dec for classical FETs, a single S,
does not define the performance of all NCFETSs; instead the sta-
bility constrained S,,;, depends on the choice of material sys-
tem and channel type. In this section, an explicit analytical
equation has been obtained to calculate the minimum pos-
sible SS (Syin) under capacitance matching conditions. From
the calculated S, for different materials, we can infer the viab-
ility of different materials for the designing of NC-FETs.

For a given ferroelectric material characterised by a, 8
and y subthreshold swing is minimized for N and t given in
Egs. (11) and (12). The equation for minimum subthreshold
swing (Smin) is obtained by substituting the value of G in
Eq. (2) and can be written as

2.3kgT

g (1+Mx trg),

Stin ® (16)
where M = (2a + 12ﬁQ2 + 30yQ4) Cvos is a material depend-
ent constant. The values of calculated optimal thicknesses
and corresponding S, for the five different ferroelectric ma-
terials viz: lead zirconium titanate (PZT), strontium barium titan-
ate (SBT), barium titanate (BaTiO;), hafnium silicate (HfSiO)
and organic ferroelectric material P(VDF-TrFE) are given in
Table 1. The non-ideal effects (such as domain propagation,
grain boundaries and domain nucleation of the ferroelectric
material) degrade the subthreshold swing of the realistic
device and, therefore, the minimum subthreshold swing
(Smin) in Eq. (16) can be obtained when we assume that the
all these non-idealities are absent(2'l, The value of S, for
PZT material is 52.8 mV/dec using the above equation, which
is consistent with the simulated value of 55 mV/dec for the
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same material by Ref. [23]. Furthermore, the value of 27
mV/dec for the organic ferroelectric material PVDF is in agree-
ment with low SS values for such materials, as described in
Ref. [24].

6. Conclusion

In this paper, we have developed an analytical equation
for the ferroelectric thickness and the minimum sub-
threshold swing possible in an MFMIS capacitor. This cap-
tures the impact of ferroelectric material properties on the
Landau coefficients, which in turn determines the thickness
of the ferroelectric material required to have better capacit-
ance matching and which reduces the subthreshold swing. Fi-
nally, this study calculated the minimum subthreshold swing
of an NC capacitor with five different ferroelectric materials,
which may help us in the selection of a particular ferroelec-
tric material for an actual NC-FET design.
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