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Abstract

We derive the necessary conditions for a steep
subthreshold switching of a Paraelectric FET with
gate scan freguency. Despite an absence of a two-
valley energy profile, paraglectric FETs can be
represented by a series R-C circuit that exhibit sub-
60 mV/dec switching under dynamic conditions
during the reverse sweep of the gate bias.
(Keywords. Dynamic Behavior, Ferroelectric,
Paraglectric, FET)

Introduction

Landau Switches, typically consisting of a gate
didectric with a feroelectric material, have
significant promise to meet scaling regquirements of
future technology nodes, due to their voltage
amplification, that yields sub-60 mV /dec switching
[1],[2]. The current work is motivated by observation
of steep switching characteristics even in the absence
of a ferroelectric, for example, by inserting a
memristor switch in source or drain path of a
transistor [3], or using electrolyte gating [4]. Here, we
analyse the operation of ferroelectric (FE) and
paraelectric (PE) FETs under the dynamic sweep of
gatebias V;s. We demonstrate that steep switchingis
possible despite the fact that the energy profile of a
paraglectric material exhibits a single-valley
landscape without a negative capacitance regime.
This behaviour is explained in terms of an equivalent
circuit model of atypical paraelectric, which can be
interpreted asaseriesR-C circuitinitssimplest form.
A condition to achieve abody factor lessthan unity is
derived in such FETSs.

Dynamic Operation of Ferro & Paraéelectric FETs
The free-energy profile of atypical ferroelectric (FE)
or a paraelectric (PE) material is described as [5]
U = aP? + BP* + yP® — PE (1)

Herea, [ and y are materia dependent constants,
€ isthedectricfield, and P isthe polarization. Ina
FE, o < 0, whereas a PE material has ¢ > 0. As
shown in Figs.[1](a) and (b), the plotsof U vs. P at
electric fiedld € = 0, result in the widely reported
single- and double- valley energy profiles for PE and
FE materials respectively. However, in the presence
of an electric field, the polarization of the materia is
shifted towards the minimum energy point,
demonstrating distinctive characteristics in FE and
PE materias respectively. Their dynamic behaviour
under continuoudly varying € is described by the
LK equation as [6]

po=—"=—2aP—4BP —6yPS+E (2
where p isadamping coefficient associated with the
material, which controlsthe dynamic response. A plot
of P vs. € from Eq.[(2)]in the steady-state i.e.
dP/dt = 0) and under dynamic €, is shown in[Fig. |
(c). Owing to the presence of a double-valley, FE

materials possess a negative-sope (dP/dE < 0)
around the origin, which causes instability, settling
into one of two residual polarisation states, marked
by +Pg in[Fig. 1](c). In contrast, in a PE material,
P =0 a €=0. This dissimilarity however, vanishes
under a dynamic sweep, where both PE and FE show
P#0 at €=0, giving rise to an anti-clockwise
hysteresis. Thisis explained by afiniterate of change
in P as determined by p, highlighted in[Fig. 1](c).
The U vs. P displayed in (d) further
confirms the similarity of the two materials under
dynamic operation highlights the commonly
described non-linear RC equivalent circuit of the two
materials according to Eq.|[(2)|[5]. In this case, R and
C aregiven by

R = ptyy (©)

C(Q) = [tox(2a + 4BQ* + 6yQ™)] ™" 4
However, an important distinction is that whilein a
PE, the non-linear capacitor, always remains positive,
it can become negative for a FE in a certain range of
operation, owing to a < 0 for this material. This
implies that in a PE, negative capacitance originates
from the delay of the response of the system to
applied gate voltage at a specific scan rate, arising
from the values of R and C. On the other hand,
negative capacitance in a FE-FET is of physical
origin and related to the ferroelectric domains.

To investigate the el ectrical propertiesof FE- and PE-
FETs, their characteristic L-K equation is self-
consistently coupled to the semiconductor channel
simulated via the Poisson equation as illustrated in
Fig. 3| The parameters of the L-K equation listed in
Table 1fare similar to asreported in [7].

The transfer characteristics of an FE-FET at different
scan frequencies of gate bias are shown in[Fig. 4](a).
Owing to the instability in the FE, steep switching is
observed during both the forward and backward
sweeps of gate bias. It has been explained in the
literature by a sudden change in the polarization state
of the FE that causes a change in the density of
carriersin channel, are resultsin amplification [2]. In
our simulated FE-FET, the capacitance introduced by
the semiconductor channel is sufficient to stabilise
the negative capacitance of the FE for the chosen
parameters with negligible hysteresis [7], [8], at low
scan frequency. In Fi%. 4] (b), the variation of bias
acrossthe FE, V,, vs. V;g at low frequency shows
that the dlope dV,,/dV;s becomes less than zero
during both directions of the sweep of Vg, resulting
in abody factor m < 1, as given by the equation in
the inset of [Fig. 4] (b). [Fig. 4] (c) reveas a SS <
60 mV /dec at low frequency in both the forward
and backward directions of V5. With an increasein
frequency, the delay introduced by the equivalent R-
C circuit becomes significant, the width of
the hysteresis in the transfer characteristics becomes
larger. As aresult the SS during the forward sweep
degrades, increasing above 60mV/dec a a




frequency of ~3 MHz, whileinthe backward sweep,
it remains as low as ~5 ml/ /dec. Employing a FE
material to boost the SS does not always guarantee a
sub-60 mV/dec operation. Since a ferroelectric
affects the body factor the amplification depends
upon the performance of the underlying MOSFET via
the factor n ( =dloglps/d¥; ). Moreover, the
observed SSin FE-FETSs can fluctuate owing to non-
idedlities such as multi-domain ferroelectricity,
diverse polarization [9] or gate leakage [10].

Unlike aFE-FET, the transfer characteristics of a PE-
FET, plotted in[Fig. 5](a), show no steep-switching at
low scan frequency of Vs, but the slope of the drain-
current becomes steeper during the backward sweep
asthe frequency isincreased. Further investigation of
the V,, vs. Vgs in[Fig. 5] (b) reveds that at low
frequency, the dope dV,,/dV;s remains positive,
resulting in m>1 . At higher frequency,
dVv,,/dVss turns negative only in the backward
sweep, leadingto m < 1.[Fig. 5](c) indicates that the
SS remains greater than 60 mlV/dec a low
frequency in both forward and backward directions of
Ves Sweep, but becomelessthan 60 mV /dec inthe
backward sweep at afrequency greater than 12 MHz
(for thisvalue of p).

Conclusion

Sub-60 mV/dec switching in the dynamic
characteristics of paraglectric FETsis possible viathe
equivalent R-C circuit based on the LK equation
during the backward scan of the gate bias. FE and PE-
FETs have different ranges of frequency of operation
(for the same value of p) and this provides an
additional handle for device optimisation beyond the
dual energy landscape switches proposed to date.
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Fig. 1. Simulated energy profiles, U for (a) the ferroelectric (FE) and (b) parael ectric (PE) materials as a function of
polarization, P at different electric fields. (¢) Comparison of P vs. electric field for FE and PE in steady state and
under the dynamic sweep of the electric field, and (d) corresponding U vs. P for FE and PE where the electric field
changes as shown in (¢). The parameters for simulations are summarized in Table 1.

Equivalent R-C model for Self-Consistent Solution Table 1. The L-K equation parameters,
para- and ferro- electrics Gate Dielectric as a PE or FE used in the ssimulations FE- and PE-
R C(Q) P% = —2aQcn — 4B +f;—’; FETs, similar to typica values in the
2 Vas = Pms + Vox + s <\g literature [7].
f dp Ve
Poisson Solver for Channe% p— = —2aP — 4,8P3 — 6yP5 +—
R = pto, w, 7| 0 dt Lss
s_| Poisson ‘ri*
cCQ=——— | Solver |- Parameters Values Comment
tox(2a + 4B Q? = L4
UX( * BQ ) IDS B 'uﬂQCh L VDS a (cm/F) —3.2x 1011 For ferroelectric

Fig. 2. R-Ccircuit equivalent for theL- Fig. 3. The flow diagram showing | a(em/F) | 3.2x10" | For paraclectric
K equation (Eq.[(2)) for both the ferro- the self-consistent coupling of the |g (emS/Fe?) | 68x 102 | For FE and PE

and para- electric materials [5], here LK eguation with the |y @m?/Fch 0 For FE and PE
tox represents the thickness of the semlcorjductor _channel _ for | p@.em 3000 For FE and PE
ferroelectric (.a < 0) or paraglectric computing the drain current in FE- ¢, (nm) i Dielectric thickness
(a > 0) material. or PE- FETs.
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Fig. 4. () Transfer characteristics, (b) Voltage acrossthe ferroelectric dielectric V,,, vs. the applied gate bias V¢ at
different frequency of gate bias sweep. (c) SS vs. scan frequency in both directions of gate bias sweep for a
ferroelectric FET (FE-FET). A sub-60 mV/dec switching is present at low frequency (where hysteresis virtually
disappears). At higher frequency the width of the hysteresis increases and the switching becomes more gradual
because of the delay introduced by the equivalent R-C circuit in[Fig. 2[compared to the changein V.
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Fig. 5. (a) Transfer characteristics of a PE-FET with gate scan frequency (b) V oltage across the paraglectric dielectric
V., Vs. the applied gate bias V¢, and (c) SSvs. frequency of gate bias sweep in forward and reverse directions for a
PE-FET. No steep-switching at low frequency is present in either forward or backward direction of sweep. At ascan
frequency > 15 MHz, the device showsa SS < 60 mV /dec in the backward sweep for chosen parameters.



