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ABSTRACT 

 

 
The ferroelectric (FE) negative capacitance FETs 

(NCFETs) is a promising device to achieve SS of sub-60mV/dec.  

This paper shows the characteristics of the Subthreshold Swing 

(SS) respect to the TFE (ferroelectric thickness) and the gate bias 

(VG) in NCFETs. The relation between the external field (E) and 

the polarization charge per unit area (P) is considered for the 

analysis of the characteristics of the SS of the NCFET. By 

considering slope in polarization of a ferroelectric material, we 

show the TFE range for SS of sub 60 mV/dec. Two ways of 

analyzing the characteristic of SS of NCFET were compared. The 

way using the real value of the dE/dP was chosen to investigate the 

characteristic of NCFET. The characteristics of the SS are also 

analyzed in the various conditions (ferroelectric material, Na, Tox, 
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temperature and the structures (3-D MOSFET, Nanowire FET, 

Double Gate FET)). For SS of sub-60 mV/dec, the NCFET should 

have high Na, low Tox and low temperature. The D/G FET is optimal 

structure for the NCFET among the four FET structures in the 

same device physical specification. 
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1. Introduction 
 

 

 

 

 

It is well-known that conventional field effect transistors 

(FETs) require a change in the channel potential of at least 60 mV 

at 300 K to effect a change in the current by a factor of 10 and this 

minimum subthreshold swing (SS) puts a fundamental lower limit on 

the operating voltage [1-4]. The ferroelectric (FE) negative 

capacitance FETs (NCFETs) is a promising device to achieve SS of 

sub-60mV/dec because it can be adopted easily to the conventional 

FET process by stacking the ferroelectric material [1]. The surface 

potential of the semiconductor ΨS is up-converted by using the 

negative capacitance region of the ferroelectric material. Therefore 

the body factor of the transistor, m≡(∂ΨS/∂Vg)
-1, becomes smaller 

than one. However, since it is difficult to analyze the SS 
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characteristics of negative capacitance device intuitively, we 

proposed the simple way to investigate the SS characteristics in the 

NCFETs by considering the relation between the SS and the 

thickness of the ferroelectric material (TFE). 

In this work, we investigated the characteristics of SS 

according to the various conditions of the ferroelectric materials [5, 

6], Na, Tox, and temperature for SS of sub-60 mV/dec. The SS 

characteristic is shown according to the ITRS road map. It is also 

observed that the effect of the ferroelectric material on the SS is 

different at various kinds of FET structures (3-D MOSFET, 

NanoWire FET, Double Gate FET). 
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2. SS expectation of NCFET 
 

 

 

 

 

2.1 Introduction 
 

 

 

Fig. 2.1 shows the structure of NCFET for simple design of 

negative capacitance in this report. The ferroelectric material is 

stacked on the simple 3-D MOSFET. Modeling the dynamics of 

ferroelectric capacitors based on the Landau-Khalatnikov (LK) 

 
Fig. 2.1. The structure of NCFET for simple design of negative 

capacitance. 

53 642 PPPE ext gba ++=             (2.1) 
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equation can be represented like Eq. (2.1) [1]. By using this 

structure and equation, the characteristic of NCFET can be easily 

expected. 
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2.2 E-P Characteristics 
 

 

 

Where the Eext is the external field and P is the polarization 

charge per unit area. Steady-state is assumed. BaTiO3 is assumed 

as the ferroelectric material and α, β, γ are the intrinsic parameters. 

α = -1e9 cm/F, β = -8.9e18 cm5/F/coul2, γ = 4.5e28 cm9/F/coul4. 

Fig. 2.2. (a), (b), (c) show the E-P graph respect to the split of the 

 
Fig. 2.2. The E-P graph respect to the each (a) 10α, α, 0.1α, (b) 10β, 

β, 0.1β, (c) 10γ, γ, 0.1γ.  The α is -1e9 cm/F, β is -8.9e18 

cm5/F/coul2, γ is 4.5e28 cm9/F/coul4. 
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α, β, γ. Since P is equal to Q, the value of dP/dE is CFE∙TFE. 

Therefore, if the value of dP/dE is negative, it is under the negative 

capacitance operation condition. As the |α| decreases, the dP/dE 

becomes steeper. This means the |CFE| becomes higher value. It is 

also observed that the CFE becomes larger when the β decreases 

and the γ increases.  
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2.3 Results 
 

 

 

The SS can be predicted by the following simple Eq. 2.2.  

Eq (2.2) is the simple equation for the SS in the NCFET [7]. 

The characteristics of SS is can be calculated easily by the 

considering Cd, Cox, TFE and dP/dE in the negative capacitance 
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Fig. 2.3. (a) The subthreshold swing (SS) behavior of NCFET according 

to the thickness of FE material when the α, β, γ are at the default values (α 

is -1e9 cm/F, β is -8.9e18 cm5/F/coul2, γ is 4.5e28 cm9/F/coul4). (b) The 

dE/dP graph depends on the polarization. 
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region. 

Fig. 2.3 (a) shows the comparison of the ways to expect the 

SS according to the thickness of FE material. It is investigated in 

default α, β, γ region (α = -1e9 cm/F, β = -8.9e18 cm5/F/coul2, γ = 

4.5e28 cm9/F/coul4). And the graph of SS is split by the three bias 

conditions (VG-ΨS = 0.5, 0.3, 0.1). In previous research [7], they 

used the average value of dE/dP in the negative capacitance region. 

But in this paper, the real value of dE/dP is used for the analyzing 

the SS graph. In the fig. 2.3 (b), at the positive bias region (the dot 

square region), the dE/dP is different from the average value of the 

dE/dP. The dE/dP value affects on the slope of SS versus TFE graph 

as shown in the eq. 2.2. We put the 70 mV/dec to the initial SS 

value. The SS becomes below the 70 mV/dec after the dE/dP gets 

the negative value (which means the NCFET has the negative 

capacitance value). The NCFET has negative capacitance 
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characteristic after the TFE gets over the value of 34.8 nm at VG-ΨS 

= 0.1 V, 104.5 nm at VG-ΨS = 0.3 V, 174 nm at VG-ΨS = 0.5 V. At 

the same TFE, the field and polarization are same in both real dE/dP 

region and average dE/dP region. But at that point, the dE/dP value 

is different. It appears in fig. 2.3 (b). When the average dE/dP and 

real dE/dP get the same value, they get same value of SS. If the 

|dE/dP| of real value is lower than the average value of |dE/dP| 

then the real SS value is higher than the average SS value. 

We can expect that if the thickness of BaTiO3 layer increases, 

the SS decreases. We can see that from fig. 2.3 (a). We inspect that 

in three different bias point VG-ΨS = 0.5 V, 0.3 V, 0.1 V. As the TFE 

increases, the added field across the FE is decreased. While the FE 

gets small field, then the dP/dE also changes with the E-P graph 

(Fig. 2.2). So the aspect of SS is different according to the TFE and 

also for the α, β, γ. The α, β have negative values. So when they 



 

 14increase to 10α, 10 β, |dP/dE| becomes small and it makes the SS 

 
Fig. 2.4. (a). When the material parameter have 10α,  β, γ (a), (b). (a) The 

subthreshold swing (SS) behavior of NCFET according to the thickness of 

FE material. (b) The dE/dP graph depends on the polarization. And when the 

material parameter have 0.1α, β, γ (c), (d). (c) The subthreshold swing (SS) 

behavior of NCFET according to the thickness of FE material. (d) The 

dE/dP graph depends on the polarization. 

 

 

 

 

 

 

 

 

 

 

 

14 



 

 15

increase to 10α, 10β, |dP/dE| becomes small and it makes the SS 

gets more smaller value than each of α, 0.1α (β, 0.1β). It is contrast 

to the γ, because it has positive value. The slope has relate to the 

dP/dE. The SS according to the TFE has close relation with the E-P 

graph. 

Fig. 2.4 shows the behavior of SS respect to the parameter of 

the ferroelectric material α. From the Fig. 2.3, the result is different 

between using the real value dE/dP and the average value dE/dP. 

And because of the positive value of α, the SS becomes steeply 

decrease accordance with the increasing TFE in 10α condition. So 

when the α gets small value, then the TFE need to make the NCFET 

have sub 60 mV/dec, becomes large. 

Fig. 2.5 shows the behavior of SS respect to the parameter of 

the ferroelectric material β. From the fig. 2.3, the result is 

different between using the real value dE/dP and the average value 



 

 16dE/dP. And because of the positive value of β, the SS becomes 

 
Fig. 2.5. When the material parameter have α, 10β, γ (a), (b). (a) The 

subthreshold swing (SS) behavior of NCFET according to the thickness 

of FE material. (b) The dE/dP graph depends on the polarization. And 

when the material parameter have α,  0.1β, γ (c), (d). (c) The 

subthreshold swing (SS) behavior of NCFET according to the thickness 

of FE material. (d) The dE/dP graph depends on the polarization. 
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dE/dP. And because of the positive value of β, the SS becomes 

steeply decrease accordance with the increasing TFE in 10β 

condition. So when the β gets small value, then the TFE need to 

make the NCFET have sub 60 mV/dec, becomes large. 

Fig. 2.6 shows the behavior of SS respect to the parameter of 

the ferroelectric material γ. From the fig. 2.3, the result is different 

between using the real value dE/dP and the average value dE/dP. 

And because of the negative value of γ, the characteristic of SS is 

different from before results. The SS becomes steeply decrease 

accordance with the increasing TFE in 0.1γ condition. So when the γ 

gets large value, then the TFE need to make the NCFET have sub 60 

mV/dec, becomes small. 

For these research, we used normal MOSFET stacked by the 

ferroelectric material. And the polarization of ferroelectric material 

is closely related with the electric field which is biased between the 



 

 18MOSFET gate and ferroelectric material. So the SS characteristic is 

Fig. 2.6. When the material parameter have α, β, 10γ (a), (b). (a) The 

subthreshold swing (SS) behavior of NCFET according to the thickness 

of FE material. (b) The dE/dP graph depends on the polarization. And 

when the material parameter have α, β, 0.1γ (c), (d). (c) The 

subthreshold swing (SS) behavior of NCFET according to the thickness 

of FE material. (d) The dE/dP graph depends on the polarization. 

 

 

 

 

 

 

 

 

 

 

 

18 



 

 19

MOSFET gate and ferroelectric material. So the SS characteristic is 

different in various conditions of bias conditions [17 - 19]. From 

these results we can conclude that first, for accurate result of SS 

the real dE/dP value is more appropriate than using the average 

value of dE/dP. Second, it is sure that for having low value of SS 

then the TFE must be large. But as the TFE gets high then the device 

size also becomes large. So we can use the ferroelectric material 

that has large α, β value and low γ value. It can make the NCFET has 

sub 60 mV/dec in relatively small TFE condition which the device 

size not become large.  
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3. Limitation of NCFET 
 

 

 

 

 

 

 

Fig. 3.1. The MOS and FE capacitance comparison for NCFET design. (a) 

The effect of the TFE on the FE capacitance. As TFE increases, FE 

capacitance decreases and the curve moves downward. (b),(c), and (d) 

show the effect of α, β, γ on the FE capacitance, respectively. From these 

results, we can find appropriate TFE, α, β, and γ of ferroelectric material 

for sub 60 mV/dec SS. 
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Fig. 3.1 shows the MOS and FE capacitance comparison for 

NCFET design. The A region is inversion region (CA = COX) and the 

B region is depletion region (CB = COX
-1 + Cd

-1) in the MOSFET. 

Fig. 3.1 (a) represents the effect of the TFE on the FE capacitance. 

As TFE increases, FE capacitance decreases and the curve moves 

downward. Fig. 3.1 (b), (c), and (d) show the effect of α, β, and γ on 

the FE capacitance, respectively. With increasing α, β, and 

decreasing γ, the CFE decreases. And vice versa. If CFE and CMOS 

meet at A region (|CFE|=|CA|), SS is limited at 60 mV/dec. And if 

CFE and CMOS meet at B region (|CFE|=|CB|), SS can be reduced 

down to 0 mV/dec. From these results, we can design NCFET that 

has the appropriate TFE and values of α, β, γ of FE material at 60 

mV/dec SS.  
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4. SS respect to Na, TOX, temperature 
 

 

 

 

 

4.1 SS respect to Na 

 

We saw the SS according to the TFE respect to the various 

conditions of Na, Tox, and temperature. The SS-TFE graph respect 

to the three different conditions of Na is shown in Fig. 4.1. When the 

Na gets large, the Cd becomes also large. In the eq. (2.2), although 

the SS0 becomes large as the Na increases, the slope of the graph 

 

Fig. 4.1. The SS-TFE graph respect to the 10Na, Na, 0.1Na. The Na was 

chosen to make the SS0 = 70 mV/dec. 



 

 23

becomes steeper. The SS value goes down easily when the slope of 

SS –TFE graph has steep value. As a result, at the high doping 

concentration, we can get the improved SS at smaller TFE. 
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4.2 SS respect to TOX 

 

 

The SS-TFE graph respect to the three different conditions of 

Tox is shown in fig. 4.2. When the Tox gets large, the Cox becomes 

smaller. In the eq. (2.2), the Cox has nothing to do with the slope of 

the SS-TFE graph. So the slope is same in all three Tox conditions. 

However, increased TOX makes the SS0 large. As shown in fig. 4.2, 

the TFE values, which make the NCFET of sub 60 mV/dec SS, are 

280 nm at 0.5Tox, 863 nm at Tox, 1547 nm at 1.5Tox. For being sub 

60 mV/dec SS while at low TFE, the Tox must have low value. 

 

Fig. 4.2. The SS-TFE graph respect to the 1.5Tox, Tox, 0.1Tox. The Tox 

was chosen to make the SS0 = 70 mV/dec. 
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4.3 SS respect to temperature 
 

 

 

 

Fig. 4.3. The E-P graph respect to the 325 K, 300 K, 275 K. The curie 

temperature T0 is 393 K and the curie constant is 10.48e4 K. As 

temperature increases, the slope becomes steeper. 

 

 

 

 

Fig 4.4. The SS-TFE graph respect to the 325 K, 300 K, 275 K. The curie 

temperature T0 is 393 K and the curie constant is 10.48e4 K. When the 

temperature change both the SS0 and the slope change. 
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The E-P graph respect to the three conditions of temperature 

is shown in fig. 4.3. At eq. 2.1, the α is inversely proportional to the 

dielectric constant ε. And the ε is proportional to CCW/(T-T0) [16]. 

The T0 is curie temperature and the CCW is curie constant. The T0 

of the BaTiO3 is 120 ℃, CCW is 10.48e4 K [9]. So the α decreases 

as the T increases. Because the T-T0 becomes small as the T 

increases. This affects the E-P graph (Fig. 4.3). As shown in Fig. 

4.4, the SS0 decreases and the slope of the SS-TFE graph becomes 

steeper as temperature goes down. To achieve sub 60 mV/dec SS 

the TFE needs to be larger than 216 nm at 275 K, 863 nm at 300 K, 

and 2162 nm at 325 K. So if we want to get optimal TFE for sub 60 

mV/dec SS, then the temperature must be low. 
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4.4 SS respect to the ITRS road map 
 

 

The table 4.1 shows The International Technology Roadmap 

for Semiconductor 2013. The EOT in the 2014 year is 0.77 and 

gets smaller as passing the year. The channel doping in the 2014 

year is 6e10 cm-3. And it gets larger as passing the year. It can be 

 

Year EOT (nm) 
Channel Doping 

(1018/cm3) 

2014 0.77 6.0 

2015 0.73 7.0 

2016 0.70 7.7 

2017 0.67 8.4 

Table 4.1. The international Technology Roadmap for semiconductors, 

2013.  We used this road map to plot the SS vs TFE graph. 

 
Fig. 4.5. The SS according to the TFE. With the condition of ITRS Road 

map 2013. Year by year, the TFE needs for sub 60 mV/dec SS gets 

smaller. But still needs to be 692 nm TFE. 
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expected from fig. 4.1, fig. 4.2 that the SS will be low over the 

years. Following this ITRS Road map 2013 we can get the SS 

according to the TFE graph as shown in fig. 4.5. Expected from the 

previous results (Fig. 4.1, Fig. 4.2), as passing the year the TFE 

needs for satisfying sub 60 mV/dec SS condition gets smaller. To 

achieve sub 60 mV/dec SS in the 2020 year, the TFE must be at 

least 692 nm. The TFE value, needed to make the NCFETs be in SS 

of sub 60 mV/dec region, is still large for the device. As a result, 

the new ferroelectric material must be used for the NCFETs. 

 

 

 

 

 

 



 

 29

5. Comparison of the structures 
 

 

 

 

 

5.1 Introduction 
 

 

In eq. (2.2), the SS characteristics can be easily expected by 

using the Cd. Although in the same condition of L, W and Tox, the 

various structures of NCFET have different Cd and different effect 

of ferroelectric material. It makes the different behavior of SS-TFE 

graph. From this relation of the Cd and SS characteristic, the SS 

behavior can be easily analyzed in various structures. The Cd can be 

extracted at the depletion region (CMIN = COX
-1 + Cd

-1). To propose 

optimal structures of NCFET, 3-D MOSFET, Nanowire FET and 

Double Gate FET were compared. The device size was set to L = 

16.8 nm, W = 0.1 um, and Tox = 2.57 nm. The C-V curve is 

extracted by the 3-D TCAD simulation tool [20]. All the simulation 

was done in 3-D condition. 
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5.2 C-V curve of each structures 
 

 

Fig. 5.1 shows the C-V curve of each structures. The 3-D 

MOSFET has Cd = 2.46 uF/cm2, the Nanowire FET has Cd = 1.82 

uF/cm2 and the Double Gate FET has Cd = 4.71 uF/cm2. This Cd 

value is inserted to the eq. (2.2). We assumed the SS0 = 70 mV/dec. 

To achieve improved SS throughout the VG operation range 

 

(b) 

(c) 

 

Fig. 5.1. The C – V curve of each structure. (a) 3-D MOSFET, (b) 

Nanowire FET and (c) Double Gate FET. All structure was set to the equal 

condition of Leff = 16.8 nm, W = 0.1 um, Tox = 2.57 nm.  
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including the subthreshold region, the CMIN (in fig. 5.1) must not be 

much smaller than CMAX [17]. 
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5.3 Results 
 

 

As shown in fig. 5.2, because of the large value of Cd at D/G 

FET structure, the SS can be more improved than other three 

structures. This result gives the simple way to compare the SS 

characteristic between different ferroelectric structures. 
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Fig. 5.2. The SS according to the TFE respect to the three structures (3-

D MOSFET, Nanowire FET, Double Gate FET). 
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6. Conclusion 
 

 

 

 

 

The SS according to the TFE was analyzed at VG-ΨS=0.5 V. 

Since the ferroelectric material is difficult to analyze, we proposed 

simple way to analyze the NCFET. The characteristics of SS was 

inspected by the relation between the external field (E) and the 

polarization charge per unit area (P). For improved SS, the 

ferroelectric material should have large α, β and small γ. The 

characteristics of the SS is also analyzed in the various conditions 

(ferroelectric material, Na, Tox, temperature and the structures (3-

D MOSFET, Nanowire FET, Double Gate FET)). For SS of sub-60 

mV/dec, the NCFET should have high Na, low Tox and low 

temperature. According to the ITRS roadmap, the SS will be 

improved by passing the year. The D/G FET is the optimal 

structure for the NCFET among the four NCFET structures in the 
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same device physical specification. 
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강  거티  커 시 스 트랜지스 는 60 mV/dec 이  

SS 를 갖   소자  각 받고 있습니다. 거티  커 시 스 

특  갖는 트랜지스  게이트 과 강  질  께 사이  

계를 통해 그 소자  이  울  특  분   있다. 

이는 외부에  가해지는 계  단  면 당 극   사이  계를 

고 해 모델링  식  통해 나타내어 질  있다. 강  질  

극  나타내는 그래  울 를 이용해 60 mV/dec 이  

이  울 를 가지는  소자 자인  찾   있다. 이 

  가지 방법  이용해 거티  커 시 스 트랜지스  

이  울  특  분   있는데 이  가지 방법  

해  효  분   있는 방법  찾고 그 방법  통해 

거티  커 시 스 트랜지스  특  다. 거티  

커 시 스 트랜지스  이  울 를 여러 조건(강  
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질 특 , 농도, 사이드  께, 도 그리고 각 구조(3-D MOSFET, 

나노 이어 FET, 게이트 FET))에  해 보 다. 60 mV/dec 

이  이  울 를 갖 해  거티  커 시 스 

트랜지스 는 높  농도  낮  사이드 께 그리고 낮  도를 

가 야 다는 것    있었다. 거티  커 시 스 트랜지스  

쓰일  있는 가장 합  구조는 D/G FET 이란 것   간단 게 

명  방법  통  분  낼  있었다. 

 

 

 

 

 

 

주요어 : 강  질, 거티  커 시 스 트랜지스 , 이  

울  
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