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Abstract—In this work, we report device simulations 
conducted to study the performance of biaxially strained 
ferroelectric-based negative capacitance FETs (NCFETs). We 
adopted PbZr0.5Ti0.5O3 (PZT) and HfO2 as ferroelectric materials 
and applied biaxial strain using the first-principles method. It was 
found that PZT and HfO2 show different trends in the negative 
capacitance (NC) region under biaxial strain. Biaxial strain 
strongly affects the NC of PZT, whereas HfO2 is not as susceptible 
to biaxial strain as PZT. When no strain is applied, HfO2-based 
NCFETs exhibit a better performance than PZT-based NCFETs. 
However, the subthreshold slope and ON-state current are 
improved in the case of PZT-based NCFETs when the compressive 
biaxial strain is increased, whereas the performance of HfO2-
based NCFETs is slightly degraded. In particular, the negative 
drain-induced barrier lowering and negative differential 
resistance vary considerably when compressive strain is applied to 
PZT-based NCFETs. 
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I.� INTRODUCTION  
As conventional MOSFETs continue to be downscaled at a 

fast pace, inefficient power dissipation has become the most 
prominent issue in nanoelectronics [1]. This has resulted in 
extensive studies on steep-slope devices that can overcome the 
“Boltzmann tyranny,” such as tunneling FETs [2], [3] and 
negative capacitance FETs (NCFETs) [4], [5]. In particular, 
mainly because of their high performance and novel operation 
mechanism, NCFETs have recently drawn a lot of attention. It 
has been reported that a ferroelectric (FE) material integrated 
into the gate stack of conventional MOSFETs has a negative 
capacitance (NC) that can boost the device performance by 
improving both the subthreshold swing (SS) and ON-state 
current (ION) [6]. In addition, interesting results have been 
found on negative drain-induced barrier lowering (DIBL) and 
negative differential resistance (NDR), which are not exhibited 
in conventional MOSFETs [7], [8]. 

To enhance the performance of NCFETs, the ferroelectricity 
of the FE layer needs to be improved. To do so, strain 
engineering has been used to modulate the ferroelectricity 
through lattice mismatch [9]. Recent studies have shown that 
inducing a high compressive strain of above 2% on perovskite 

FE materials is possible [10], [11]. Moreover, after FE 
properties were discovered in HfO2, significant attention has 
been paid to the strain effects on HfO2 [12], [13]. However, the 
effects of strain on the transport characteristics of NCFETs, 
which are expected to affect the device performance, have yet 
to be studied. In this work, we conducted a computational study 
on the performance of biaxially strained FE-based NCFETs. 
PZT and HfO2 were adopted as the FE materials, and biaxial 
strain was applied by using the first-principles method. We 
conducted quantum-mechanical device simulations and 
compared the performance of PZT- and HfO2-based NCFETs.  

 
 

Fig. 2. Two stable states of (a) PZT and (b) HfO2 used in the DFT 
calculations. The large black, green, blue, and gold spheres indicate Pb, 
Zr, Ti, and Hf, respectively, and the small red spheres represent O.  

 
 

Fig. 1. Flowchart of the NCFET simulation. 
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II.� SIMULATION DETAILS 
 

The overall simulation procedure, shown in Fig. 1, consists 
of two parts: extracting the Landau parameters (Part A), and 
conducting device modeling and transport calculations (Part B). 
The biaxial strain was imposed on the FE materials using 
density functional theory (DFT) calculations. The Landau 
parameters were extracted from the DFT results. NCFET 
device modeling and transport calculations were then 
conducted. 

 

A. Extracting Landau Parameters 
For a geometry optimization of the FE materials, first-

principles DFT calculations were employed using the OpenMX 
package with the local density approximation exchange 
correlation functional [14]. We chose a linear combination of 
atomic orbitals basis set with a 2s12p32d51f7. In all of the 
calculations, the atomic structures were fully relaxed until the 
residual forces were less than 0.01 eV/Å. The fully relaxed 

atomic structures are shown in Fig. 2. For the PZT-based 
NCFETs, we considered a supercell 1 × 1 × 2 tetragonal PZT, 
as shown in Fig. 2(a) [15]. The calculated strain-free lattice 
constants were a1 = a2 = 3.97 Å and a3 = 8.29 Å, which are 
comparable to the experimental and the simulation results [16]. 
For the HfO2-based NCFETs, HfO2 shown in Fig. 2(b) yielded 
similar strain-free lattice constants as in the previous simulation 
results [17], [18]. The strain was then biaxially imposed on the 
unstrained structure within the range 4%.  

Potential barriers of the polarization switching pathways, 
which are important properties of FE materials, were 
determined using the nudged elastic band method (NEB). The 
polarizations for the bulk systems were calculated using the 
Berry phase approach. The Landau free energy (U) of the FE 
material is defined using the Landau–Devonshire theory [19] as 
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where the Landau parameters, �, 	, and �, which vary with the 
biaxial strain, were extracted from the DFT results. Fig. 3(a) 
shows the results of the fitted free energy of PZT where the 
external field (E) is absent, and the region of NC is highlighted 
with the dotted square. In the case of unstrained PZT, the fitted 
Landau parameters—� = -2.25 × 108 m/F, 	 = 2.87 × 108 
m5/F/C2, and �= 1.00 × 108 m9/F/C4—are in good agreement 
with the results of the previous work [20]. Biaxial strain was 
applied to fully relaxed structures of PZT, and the Landau 
parameters were extracted, as shown in Fig. 3(b).  

B. Device Modeling and Transport Calculations 
We simulated ultra-thin body (UTB) double-gate NCFETs, 

as shown in Fig. 4(a). The baseline MOSFETs and FE capacitor 
were modeled separately [8]. Non-equilibrium Green’s 
function equation was self-consistently solved with a Poisson 
equation in the ballistic transport regime using our in-house tool 
for the baseline MOSFETs, whose channel region was modeled 
using tight-binding Hamiltonians.  

The FE layer, which amplifies the gate voltage of the baseline 
MOSFET, was modeled based on the Landau–Khalatnikov 
(LK) equation. The LK equation [21] is defined as  

 
 

Fig. 4. (a) Schematic diagram of UTB double-gate NCFETs and (b) 
equivalent circuit model consisting of ferroelectric (CFE), dielectric (Cox), 
and semiconductor capacitors (Cs). CG is the series capacitance of CFE and 
Cox. The channel length (Lch), channel thickness (Tch), and equivalent 
oxide thickness (Tox) are 20, 3, and 1.5 nm, respectively. The source and 
drain region are n-doped with 5 × 1020 cm-3, and the drain voltage (VD) is 
0.5 V. 

 
 

Fig. 3. Free energy as a function of the polarization in perovskite PZT, 
calculated using two stable PZT structures. (a) The NEB trajectories 
(circles) have been fitted with � � ���� � 	�
 � ��� (red line). Nine 
images of the NEB method were used in the calculations. (b) The 
variation in FE properties with biaxial strain.  

 
 

Fig. 5. Polarization (P) as a function of electric field of biaxially strained 
(a) PZT and (b) HfO2. “+” denotes the tensile strain and “-” denotes the 
compressive strain.   
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where � and � are the resistivity and polarization, respectively. 
When the FE is under a steady state (��/�� � �), � can be 
written as 

� � ���� � �	�� � ��������� 

which is induced through the polarization of the FE layer. Fig. 
4(b) shows an equivalent capacitance model of the simulated 
NCFETs, where the internal voltage (Vint) is the voltage 
amplified by the FE layer when the gate voltage (VG) is applied.    

III.� SIMULATION RESULTS 

A. DFT Results of PZT and HfO2 

Figs. 5(a) and (b) illustrate the polarization characteristics of 
PZT and HfO2, respectively. In the case of PZT, the slope in the 
highlighted NC region is significantly changed by biaxial strain. 
The slope decreases when compressive strain is applied, 
whereas the tensile strain tends to provide an opposite effect. 
Consequently, the biaxial strain strongly affects the NC 
properties of PZT. In contrast, for the case of HfO2, the slope 
does not change as much, which indicates that the NC of HfO2 
is not as susceptible to biaxial strain as PZT.  

B. Transfer Characteristics of NCFETs  
Figs. 6(a) and (b) show the hysteresis-free transfer curves of 

PZT- and HfO2-based NCFETs, respectively. The curves are 
shifted to have an OFF-state current of 0.1 �A/�m at VG = 0.0 

V. As shown in the figures, PZT-based NCFETs show a strong 
variation in strain, whereas HfO2-based NCFETs do not. One 
of the important factors in determining the transfer 
characteristics is the degree of voltage amplification in the FE 
layer. If dVint/dVG is larger than 1, NCFETs achieve a better 
performance than conventional baseline MOSFETs. The 
amplification of Vint at a certain VG for various rates of biaxial 
strain (�xy) is shown in Figs. 6(c) and (d). In the case of �xy = 0% 
(red circle), HfO2-based NCFETs show a steeper dVint/dVG 
than PZT-based NCFETs. However, as shown in Fig. 6(c), 
dVint/dVG becomes steeper as the compressive biaxial strain 
increases in the case of PZT-based NCFETs. With HfO2-based 
NCFETs, on the other hand, dVint/dVG is insensitive to strain, 
and has a similar value to that of PZT with a compressive strain 
of 3% (black rhombus), as shown in Fig. 6(d). With a 
compressive strain of over 4%, PZT-based NCFETs can 
therefore provide a better performance than HfO2-based 
NCFETs.  

 

C. Device Performance of NCFETs 
The variation in CFE with �xy is plotted in Fig. 7(a). In the case 

of PZT, normalized CFE monotonically increases with the 
increase in compressive strain. However, HfO2 is relatively 
insensitive to biaxial strain, and normalized CFE has the largest 
value when �xy is 0%. This tendency of CFE is related to the SS, 
ION, and DIBL, as shown in Fig. 7. 

 To enhance SS and ION, the compressive strain is effective 
for PZT-based NCFETs, whereas an unstrained FE layer is 
preferred for HfO2-based NCFETs. The dependence of SS and 
ION on �xy is shown in Figs. 7(b) and (c), respectively. The SS, 
which is inversely proportional to CG = (1/Cox+1/CFE)-1, shows 

 
Fig. 7. (a) Normalized CFE versus �xy. CFE is normalized by the capacitance of 
PZT of �xy = 0%. (b) SS, (c) ION, and (d) DIBL as functions of �xy.  

 
Fig. 6. ID versus VG of NCFETs for various �xy when the thickness of the 
FE layer (TFE) is 40 nm in the case of (a) PZT- and (b) HfO2-based 
NCFETs. Vint versus VG for various �xy, in the case of (c) PZT- and (d) 
HfO2-based NCFETs. 
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a similar tendency with normalized CFE, as indicated in Fig. 
7(b). In the case of PZT-based NCFETs, SS is significantly 
improved as �xy decreases, whereas HfO2-based NCFETs are 
relatively insensitive to �xy and have the greatest SS when �xy is 
0%. Similarly, as shown in Fig. 7(c), the compressive strain 
enhances ION of PZT-based NCFETs, whereas it slightly 
degrades ION of HfO2-based NCFETs. The strain effects 
increase when TFE increases. When strain is applied to PZT-
based NCFETs of 40 nm thickness, greater improvement in SS 
and ION occurs compared to the case of 20 nm thickness. The 
tensile strain degrades ION of both PZT- and HfO2-based 
NCFETs. 

DIBL can be modulated through the application of biaxial 
strain, as shown in Fig. 7(d). HfO2-based NCFETs show a 
relatively strain-insensitive and large negative DIBL. On the 
other hand, in the case of PZT-based NCFETs, the negative 
DIBL gradually increases with the compressive strain. It should 
be noted that a proper biaxial strain can lead to a DIBL of 0 
mV/V at a certain TFE: in the case of TFE = 20 nm PZT, a 
compressive biaxial strain of 2% provides a DIBL of 0 mV/V.  

PZT-based NCFETs under strong compressive strain 
exhibit a large NDR, as shown in Figs. 8(a) and (b). When no 
strain is applied (red circle), PZT-based NCFETs show a 
relatively small NDR compared to HfO2-based NCFETs. If a 
compressive strain of 4% is applied, the NDR effect becomes 
larger in PZT-based NCFETs than in HfO2-based NCFETs.  

IV.�CONCLUSION 

   A detailed study on the biaxial strain effects on NCFETs has 
been performed by means of extraction of FE parameters based 
on the DFT method. We have found that PZT exhibits a large 
variation in NC with biaxial strain, whereas a much smaller 
change was observed for HfO2. We conclude that the 
application of compressive strain can boost the performance of 
PZT-based NCFETs, whereas an unstrained FE layer is 
preferred for HfO2-based NCFETs. Moreover, an appropriate 
biaxial strain can provide a DIBL of 0 mV/V at a certain TFE 
and large NDR. 
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