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Abstract 
We derive the necessary conditions for a steep 
subthreshold switching of a Paraelectric FET with 
gate scan frequency. Despite an absence of a two-
valley energy profile, paraelectric 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, 
Paraelectric, FET) 

Introduction 
Landau Switches, typically consisting of a gate 
dielectric with a ferroelectric material, have 
significant promise to meet scaling requirements of 
future technology nodes, due to their voltage 
amplification, that yields sub-Ͳ ܸ݉Ȁ݀݁ܿ 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 
gate bias ܸீ ௌ. We demonstrate that steep switching is 
possible despite the fact that the energy profile of a 
paraelectric material exhibits a single-valley 
landscape without a negative capacitance regime. 
This behaviour is explained in terms of an equivalent 
circuit model of a typical paraelectric, which can be 
interpreted as a series R-C circuit in its simplest form. 
A condition to achieve a body factor less than unity is 
derived in such FETs. 

Dynamic Operation of Ferro & Para electric FETs 
The free-energy profile of a typical ferroelectric (FE) 
or a paraelectric (PE) material is described as [5] ܷ ൌ ଶܲߙ  ସܲߚ  ܲߛ െ ܲԪ (1) 
Here ߙ  are material dependent constants, Ԫ is the electric field, and ܲ is the polarization. In a ߛ and ߚ ,
FE, ߙ ൏ Ͳ, whereas a PE material has ߙ  Ͳ. As 
shown in Figs. 1 (a) and (b), the plots of ܷ vs. ܲ at 
electric field Ԫ ൌ Ͳ , 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 material is 
shifted towards the minimum energy point, 
demonstrating distinctive characteristics in FE and 
PE materials respectively. Their dynamic behaviour 
under continuously varying Ԫ  is described by the 
LK equation as [6] ߩ ௗௗ௧ ൌ െ ௗௗ ൌ െʹܲߙ െ Ͷܲߚଷ െ ܲߛହ  Ԫ  (2) 

where ߩ is a damping coefficient associated with the 
material, which controls the dynamic response. A plot 
of  ܲ  vs. Ԫ  from Eq. (2) in the steady-state i.e. 
(݀ܲȀ݀ݐ ൌ Ͳ) and under dynamic Ԫ, is shown in Fig. 
1 (c). Owing to the presence of a double-valley, FE 

materials possess a negative-slope ( ݀ܲ ݀ԪΤ ൏ Ͳ ) 
around the origin, which causes instability, settling 
into one of two residual polarisation states, marked 
by േ ோܲ in Fig. 1 (c). In contrast, in a PE material, ܲ ൌ Ͳ at Ԫ=0. This dissimilarity however, vanishes 
under a dynamic sweep, where both PE and FE show ܲ ് Ͳ  at Ԫ ൌ Ͳ , giving rise to an anti-clockwise 
hysteresis. This is explained by a finite rate of change 
in ܲ as determined by ߩ, highlighted in Fig. 1 (c). 
The ܷ  vs. ܲ  displayed in Fig. 1 (d) further 
confirms the similarity of the two materials under 
dynamic operation Fig. 2 highlights the commonly 
described non-linear RC equivalent circuit of the two 
materials according to Eq. (2) [5]. In this case, R and 
C are given by  ܴ ൌ ሺܳሻܥ ௫ (3)ݐߩ ൌ ሾݐ௫ሺʹߙ  Ͷܳߚଶ  ܳߛସሻሿିଵ (4) 
However, an important distinction is that while in a 
PE, the non-linear capacitor, always remains positive, 
it can become negative for a FE in a certain range of 
operation, owing to ߙ ൏ Ͳ  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 electrical properties of 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 1 are similar to as reported 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 
carriers in channel, are results in 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 Fig. 4 (b), the variation of bias 
across the FE, ܸ௫ vs. ܸீ ௌ at low frequency shows 
that the slope ݀ ܸ௫Ȁܸ݀ீ ௌ  becomes less than zero 
during both directions of the sweep of ܸீ ௌ, resulting 
in a body factor ݉ ൏ ͳ, as given by the equation in 
the inset of Fig. 4 (b).  Fig. 4 (c) reveals a ܵܵ ൏Ͳ ܸ݉Ȁ݀݁ܿ  at low frequency in both the forward 
and backward directions of ܸீ ௌ. With an increase in 
frequency, the delay introduced by the equivalent R-
C circuit (Fig. 2) becomes significant, the width of 
the hysteresis in the transfer characteristics becomes 
larger. As a result the ܵܵ during the forward sweep 
degrades, increasing above Ͳ ܸ݉Ȁ݀݁ܿ  at a 



frequency of ̱͵ ݖܪܯ, while in the backward sweep, 
it remains as low as ̱ͷ ܸ݉Ȁ݀݁ܿ. 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 ݊ ( ൌ ݀log ௌܫ Ȁ݀Ȳ௦ ). Moreover, the 
observed SS in FE-FETs can fluctuate owing to non-
idealities such as multi-domain ferroelectricity, 
diverse polarization [9] or gate leakage [10]. 
Unlike a FE-FET, the transfer characteristics of a PE-
FET, plotted in Fig. 5 (a), show no steep-switching at 
low scan frequency of ܸீ ௌ, but the slope of the drain-
current becomes steeper during the backward sweep 
as the frequency is increased. Further investigation of 
the ܸ௫  vs. ܸீ ௌ  in Fig. 5 (b) reveals that at low 
frequency, the slope ݀ ܸ௫Ȁܸ݀ீ ௌ  remains positive, 
resulting in ݉  ͳ . At higher frequency, ݀ ܸ௫ ܸ݀ீ ௌΤ  turns negative only in the backward 
sweep, leading to ݉ ൏ ͳ. Fig. 5 (c) indicates that the ܵܵ  remains greater than Ͳ ܸ݉Ȁ݀݁ܿ  at low 
frequency in both forward and backward directions of ܸீ ௌ sweep, but become less than Ͳ ܸ݉Ȁ݀݁ܿ in the 
backward sweep at a frequency greater than ͳʹ ݖܪܯ 
(for this value of ߩ). 

Conclusion 
Sub-60 ܸ݉Ȁ݀݁ܿ  switching in the dynamic 
characteristics of paraelectric FETs is possible via the 
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 ߩሻ  and this provides an 
additional handle for device optimisation beyond the 
dual energy landscape switches proposed to date. 

Acknowledgments 
We acknowledge partial support of ENIAC-JU grant 
E2SG. 

References 
[1] 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, 2017. DOI: 
10.1109/LED.2016.2628349. 

[2] J. Zhou, G. Han, Q. Li, Y. Peng, X. Lu, C. Zhang, 
J. Zhang, Q.-Q. Sun, D. W. Zhang, and Y. Hao, 

“Ferroelectric HfZrOx Ge and GeSn PMOSFETs 
with Sub-60 mV/decade Subthreshold Swing, 
Negligible Hysteresis, and Improved IDS,” in 
2016 IEEE International Electron Devices 
Meeting (IEDM), Dec. 2016, p. 12.2.1-12.2.4. 
DOI: 10.1109/IEDM.2016.7838401. 

[3] J. Song, J. Park, K. Moon, J. Woo, and S. Lim, 
“Monolithic Integration of AgTe / TiO 2 based 
Threshold Switching Device with TiN liner for 
Steep Slope Field-Effect Transistors,” vol. 5, no. c, 
pp. 612–615, 2016. 

[4] A. Lu, J. Sun, J. Jiang, and Q. Wan, “Low-voltage 
transparent electric-double-layer ZnO-based thin-
film transistors for portable transparent 
electronics,” Appl. Phys. Lett., vol. 96, no. 4, p. 
43114, Jan. 2010. DOI: 10.1063/1.3294325. 

[5] A. I. Khan, K. Chatterjee, B. Wang, S. Drapcho, L. 
You, C. Serrao, S. R. Bakaul, R. Ramesh, and S. 
Salahuddin, “Negative capacitance in a 
ferroelectric capacitor.,” Nat. Mater., vol. 14, no. 2, 
pp. 182–6, 2015. DOI: 10.1038/NMAT4148. 

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

[7] J. P. Duarte, S. Khandelwal, A. I. Khan, A. Sachid, 
Y. Lin, H. Chang, S. Salahuddin, and C. Hu, 
“Compact models of negative-capacitance 
FinFETs: Lumped and distributed charge models,” 
in 2016 IEEE International Electron Devices 
Meeting (IEDM), Dec. 2016, vol. 5, no. 2, p. 
30.5.1-30.5.4. DOI: 
10.1109/IEDM.2016.7838514. 

[8] A. Rusu, A. Saeidi, and A. M. Ionescu, “Condition 
for the negative capacitance effect in metal–
ferroelectric–insulator–semiconductor devices,” 
Nanotechnology, vol. 27, no. 11, p. 115201, Mar. 
2016. DOI: 10.1088/0957-4484/27/11/115201. 

[9] J. Jo and C. Shin, “Negative Capacitance Field 
Effect Transistor With Hysteresis-Free Sub-60-
mV/Decade Switching,” IEEE Electron Device 
Lett., vol. 37, no. 3, pp. 245–248, Mar. 2016. DOI: 
10.1109/LED.2016.2523681. 

[10] A. I. Khan, U. Radhakrishna, K. Chatterjee, S. 
Salahuddin, and D. A. Antoniadis, “Negative 
Capacitance Behavior in a Leaky Ferroelectric,” 
IEEE Trans. Electron Devices, vol. 63, no. 11, pp. 
4416–4422, 2016. DOI: 
10.1109/TED.2016.2612656.



 

Fig. 1. Simulated energy profiles, ܷ for (a) the ferroelectric (FE) and (b) paraelectric (PE) materials as a function of 
polarization, ܲ at different electric fields. (c) Comparison of ܲ vs. electric field for FE and PE in steady state and 
under the dynamic sweep of the electric field, and (d) corresponding ܷ vs. ܲ for FE and PE where the electric field 
changes as shown in (c). The parameters for simulations are summarized in Table 1. 

 
Fig. 2. R-C circuit equivalent for the L-
K equation (Eq. (2)) for both the ferro- 
and para- electric materials [5], here ݐ௫  represents the thickness of the 
ferroelectric ( ߙ ൏ Ͳ ) or paraelectric 
ߙ)  Ͳ) material. 

 

Fig. 3. The flow diagram showing 
the self-consistent coupling of the 
LK equation with the 
semiconductor channel for 
computing the drain current in FE- 
or PE- FETs. 

Table 1. The L-K equation parameters, 
used in the simulations FE- and PE- 
FETs, similar to typical values in the 
literature [7]. 

 

 
Fig. 4. (a) Transfer characteristics, (b) Voltage across the ferroelectric dielectric ܸ௫ vs. the applied gate bias ܸீ ௌ 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 change in ܸீ ௌ. 

 
Fig. 5. (a) Transfer characteristics of a PE-FET with gate scan frequency (b) Voltage across the paraelectric dielectric ܸ௫ vs. the applied gate bias ܸீ ௌ, and (c) SS vs. 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 a scan 
frequency  ͳͷ ݖܪܯ, the device shows a ܵܵ ൏ Ͳ ܸ݉Ȁ݀݁ܿ in the backward sweep for chosen parameters. 


