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Abstract. This paper presents a new analytical expression for current-voltage characteristics of the 
Ferroelectric Field Effect Transistor (FeFET), a promising candidate for nonvolatile memories. For this 
research, a FeFET model using Pt/SrBi2Ta2O9/Insulators/Si thin film as an effect gate stack was proposed 
and assessed. Firstly, we have studied the effects of ferroelectric polarization on current-voltage 
characteristics of FeFET based on the analytical method of CMOS device, the polarization hysteresis 
properties versus electric field (P-E) of the ferroelectric material was explicitly analysed with two 
parameters of saturated and unsaturated polarization. Then, by mathematical analysis, the current-voltage 
values was calculated under different conditions such as using differences of substrate doping 
concentration, oxide thickness, ferroelectric thickness, working temperature, etc. Finally, the calculated 
results were simulated by the Matlab software that gave us an overview of the device properties.  
Keyworks. Ferroelectric, Ferroelectric Field Effect Transistor, FeFET, nonvolatile memory. 

1. INTRODUCTION 

In recent years, Ferroelectric Field Effect Transistor has been intensively researched for use in 
nonvolatile memory devices, in particular, ferroelectric random access memories (FRAM). As a 
nonvolatile memory element, FeFET have many advantages in high-density integration, low power 
dissipation, non-destructive readout operation, and good scalability [1]. A variety of FeFET had been 
investigated over the past time [2-3] interested by many research groups. However, despite much effort 
by a lot of researchers, data retention time of FeFET has been in short. The reasons for these were the 
effects of depolarization field [4] and unsaturated polarizations in ferroelectric layers [5] have been 
discussed. Many methods to improve have been proposed such as ferroelectric capacitors have been 
successfully integrated with silicon electronics, where the polarization state was read out by a device 
based on a field effect transistor configuration (MFIS) and a good process for FeFET having long data 
retention [6-8]. Since then, FeFET became a promising candidate in the application for nonvolatile 
memories. In this paper, we continuously investigated the FeFET using method of mathematical 
calculation to analysis spontaneous polarization components in ferroelectric material and study the effects 
of ferroelectric polarization on current-voltage characteristics of the device.  

2. FERROELECTRIC MATERIALS AND FEFET MODEL 

2.1. Ferroelectric materials 

Ferroelectric is a special material which has its own spontaneous electric polarization at a certain 
temperature range and that spontaneous electric polarization can be altered by the external electric field. 
The first ferroelectric material was found in the Rochelle NaK salt (C4H4O6) 4H2O since 1920. Because of 
the electrical properties of Rochelle salts similar to the magnetic properties of ferromagnetic materials, 
the term "ferroelectric material" derives from thence. 

According to E. Nakamura and T. Mitsui [9], there exist more than 600 different types of 
ferroelectric and anti-ferroelectric materials. Ferroelectric materials can be divided into three different 
groups: The first are hydrogen-bonded systems like KDP, the second are ionic crystals with perovskite-
type such as Barium Tinanat that are the most widely used and the third are narrow semiconductors like 
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GeTe, many exhibit ferroelectric properties. In which, the two most widely used ferroelectric materials 
are Pb(Zr,Ti)O3 of the PZT group and SrBi2Ta2O9 of the SBT group.  

Strontium Bismuth Tantalate (SrBi2Ta2O9) is the most important ferroelectric material in the 
application for nonvolatile memories. It was discovered by Smolenskii et al in 1961. Its attributes are low 
fatigue, low coercive field and Pb-free compound [10]. At the room temperature, SrBi2Ta2O9 is 

orthorhombic, the space group is A21am ( 12
2vC , number 36 in the standard listing). The dimensions of the 

rectangular parallelepiped unit cell are (in Å) a = 5.531, b = 5.534, c = 25.984. This unit cell contains four 
SrBi2Ta2O9 formula units (56 atoms). The primitive cell (the smallest translational unit) is containing two 
formula units (28 atoms). Its crystal consists of perovskite-type (SrTa2O7)2− groups (two layers of TaO6 
octahedra) and semiconductor (Bi2O2)2+ layers. It undergoes two phase transitions at 608 K (TC) and 850 
K (TH). The spontaneous polarization is large about Ps ≈ 5.8 - 10 μC/cm2 along the a-axis at room 
temperature. The high temperature paraelectric phase is tetragonal with space group I4/mmm (a = 3.927, 
and c = 25.142 Å at 1000 K), where the TaO6 octahedra take antiparallel arrangements along the 
tetragonal c-axis as show in Fig. 1a [12]. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Fig.1. a) Crystal structure Bi-layered perovskite SrBi2Ta2O9,;  
b) The phase transitions of SrBi2Ta2O9 are observed at TC = 608 K and TH = 850 K. [11] 

2.2. FeFET model and Ferroelectric polarization  

FeFET is a type of field effect transistor, consisting of three electrodes as gate G, source S and drain 
D shown in Fig. 2, its working principle based on the electric field effect similar to a MOSFET. In gate 
stack of the FeFET, a thin ferroelectric layer was placed on the oxide layer to create an effect gate stack 
that can be saved the nonvolatile polarization to operate even the gate voltage is no longer. Thus, 
operation of the device is as a memory element. Because of remnant polarization of ferroelectric in the 
stack gate, the working principle of FeFET was described as the combination of the MOSFET and the 
ferroelectric capacitor. 

According to experimented data of T. Kanashima et al [13], the surface charge of the ferroelectric on 
per unit area consists of linear polarization and nonlinear polarization component because of its 
ferroelectric effects. 

  ( ) ( )AEPAPPQ rononlinlinnonlinFe .. +=+=    (1) 
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Fig. 2. a) FeFET model, b) Ferroelectric polarization hysteresis loop 

Where WLA .= (L and W are length and width of channel, respectively), F  is the dielectric 

constant of the linear part of the ferroelectric, o  is the free space permittivity. The nonlinear saturated P-

E hysteresis loop was determined by the mathematical model of Miller et al [14]. 
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Where CE is the coercive field, rP is the remnant polarization and sP is the saturated polarization. The 

positive sign in the expression for FeP  is for the ascending and the negative for the descending hysteresis 

branch. 

 

 

 

 

 

 
 

Fig. 3. The FeFET polarization direction is determined by the gate voltage bias. 
a) FeFET with a positive gate voltage bias; b) FeFET with a negative gate voltage bias. 

However, these equations are only indicated for the saturated polarization state. Thus, the 
unsaturated polarization state can be determined by a maximum electric field parameter that the 

ferroelectric layer may undergo, Em. The unsaturated hysteresis loop is composed of two branches ( )EP+  

and ( )EP− , where ( )EP+  is the positive branch and ( )EP−  is the negative one. These two branches 
must intersect at E = Em: 

( ) ( )mm EPEP −+ =  (3) 

As Miller and McWhorter indicated [14], the derivative of the polarization with respect to the 
electric field, where E is constant field, is independent of the amplitude of the applied signal at least to 
first order 
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From equation (4), the dependence of the dipole polarization on the maximum electric field is 
determined by [15]: 
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At E = 0, ferroelectric material is not polarization (P = 0), the polarization will increase when 
increasing the applied electric field. The polarization will follow the curve of ( )md EP  until the maximum 

field Em. 

2.3. Current-voltage characteristic in MFIS-FET 

a. MFIS gate stack capacitance 

As equation (1), the capacitance of the ferroelectric is determined by: 
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Where lFeC − and nlFeC −  are non-linear capacitance and linear dielectric capacitor, respectively. The 

linear capacitance is determined by: 
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From equation (2), the non-linear capacitance value caused by ferroelectric effect was determined by: 
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From equation (6), the gate stack of MFIS-FET can be modeled as a non-linear ferroelectric 
capacitor in connecting parallel to a linear ferroelectric capacitor that continuously connected to an oxide 
capacitor [16] as shown in Fig. 4. 

 

 

 

 

 

Fig. 4. Ferroelectric capacitors in FeFET gate stack 

Therefore, the total capacitance in gate stack is determined as: 
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b.  Current-voltage characteristic 

The energy diagram of MFIS-FET is shown in Fig. 5; the total sum of voltages across the gate stack 
is determined by [17]  

 soxFeFBgs VVVV +++=       (10) 

Where s  is the surface potentials of semiconductor, oxV  is the voltage across the oxide, FeV  is the 

voltage across the ferroelectric layer, FBV  is the flat-band voltage.  

At 0=gsV , the flat-band voltage is given by [18]: 
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Where MS  is the work-function difference between the gate electrode and the semiconductor, 

oxQ is the oxide charge per area, oxC  is the oxide capacitance per area, FeC  is the ferroelectric 

capacitance per area and FeP  is the ferroelectric polarization.  
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gE  is the semiconductor energy gap, χ the electron affinity (q.χ = Ev – Ec), q the electron charge, t  

the thermal potential, SUBN  the substrate doping concentration and in  the intrinsic doping concentration 

(n≈1010 cm-3 at T = 300 K).  

 

 

 

 

 

 

 

 

 

Fig. 5. Energy diagram and electron transportation of MFIS-FET 
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In the MFIS structure, the depolarization field in the ferroelectric causes the incomplete charge 
compensation at the interfaces to the oxide or semiconductor [16]. Thus, that FeV  and oxV  are the voltage 

drop across the ferroelectric and oxide layer is given by: 
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Basing on Gauss’s law, the electric displacement fields of different layers are inter-related as 

 0=+++ soxFeG QQQQ       (14) 

The sQ  are the charge at the gate electrode and inverted channel 
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If the charge of oxide player is zero ( 0=oxQ ), then sG QQ −=  
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The gate-source voltage with ferroelectric effect is determined by: 
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From equation (15), the gate-source voltage with ferroelectric effect is rewritten by: 
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Assuming that electron mobility is constant, n , using the simple charge control model the absolute 

value of the electron velocity is given by: 
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With the gate voltage depend on the threshold voltage THV  and the drain current dI  is given by 

   
snds n

dx

dV
WqI =       (20) 

   
( )dx

VVVCW

I
dV

xTHgsttn

ds

−−
=


      (21) 

Where dV versus dx dependence represents a series connection of the elementary parts of FeFET 
channel 
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Similar to the MOSFET, channel resistivity of FeFET is from zero conductivity below threshold 
voltage to a finite constant conductivity beyond. Integrating along the channel from ( )00 == xVx  to 

( )dsx VVLx == . Based on the calculation in [16], the drain-source current ( dsI ) can be mathematically 

determined by: 

  ( ) dsTHgsttnds VVVC
L

W
I −=   for 

12 THgsTH VVV     (23) 

and   

  0=dsI   for 122 THgsTHTHgs VVVVV   

At strong inversion condition, THV  consists of two states 1THV and 2THV  which are determined by 
[19] 
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The memory window width is defined by 12 THTH VVT −= . The equation (23) showing that the 

dsI in FeFET is proportion dependence on the gate stack capacitance, ttC . So, it will also have the same 

hysteresis characteristics as the ferroelectric polarization. 

3. SIMULATION RESULTS AND DISCUSSION 

The FeFET model is used in simulation as shown in Fig. 2a. The gate, drain and source electrodes 
are 50 nm - thick metal (Pt). The buffer oxide layer with high dielectric constant as Al2O3 is used. The 
channel dimension of length and width are changed about 45 nm to 130 nm. The SrBi2Ta2O9 thin film is 
placed on the oxide layer of gate stack. The silicon wafer has the doping concentration of Na ≥ 1016 cm-3. 
The parameter of the component used for simulation is shown in table 1. 

Table 1. Parameters used for simulation in the FeFET 

Parameter Description Values used in simulation 
εFe Dielectric constant of ferroelectric 200 
εox Dielectric constant of insulator 3.9 
EC Coercive field 50 kV/cm 
Pr Remnant polarization 10 µC/cm2 
Ps Spontaneous polarization 15 µC/cm2 
TFe Thickness of ferroelectric layer 50 nm  
Tox Thickness of insulator layer 1 nm  
µ Electron mobility 500 cm2/V.s 
NA Substrate doping concentration (p-type) 1016 cm−3  
L Channel length 45 nm 
W Channel width 45 nm  
Vgs Gate-source voltage 1.1 V 
Vds Drain-source voltage 1.1 V 
VFB Flat-band voltage - 0,5 V 

 

3.1. The polarization hysteresis loop of ferroelectric 

As previous discussion, the spontaneous electric polarization of ferroelectric depends on the external 
electric field, the electric polarization in ferroelectric reaches the saturated polarization, Ps , while electric 
field is maximum (Em). The the polarization hysteresis properties versus electric field (P-E) of the 
ferroelectric SrBi2Ta2O9 thin film is plotted in Fig. 6, with saturated polarization Ps = 15 μC/cm2, remnant 
polarization Pr = 10 μC/cm2 and electric field E = 50 kV/cm. 
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Fig. 6. The saturated polarization hysteresis loop of ferroelectric SrBi2Ta2O9  

3.2. The dsds VI − characteristics 

As shown in equation (23), the drain-source current (Ids) is dependent on both Vgs and Vds that is 
similar to MOSFET. For the constant Vgs, the drain-source current is nonlinear increase when increasing 
the drain-source voltage. Where Vds is less than THV , the Ids will increase to exponential function laws. 
Conversely, where Vds is more than VTH , the Ids will be in constant (saturation state) as shown in Fig. 7. 
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Fig. 7. The Ids - Vgs curves of the FeFET 

3.3. Effects of the oxide buffer  
In the FeFET, the oxide layer in the gate stack prevents the large number of defects and leakage 

current from gate to the channel and operates as a buffer with a proper interface with the substrate. Thus, 
the oxide thickness is strongly affected of the voltage drop over the buffer layer and electric field in the 
channel. As represented in equation (13), the more oxide thickness increases, the more Ids and memory 
window decreases. However, in the case of the oxide layer decreases too thin, the leaked current will 
occur and it can be broken when continuously increasing the gate voltage. 
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Fig. 8. The Ids - Vgs curves for different thicknesses of oxide insulator 

3.4. Ferroelectric capacitor 

The ferroelectric layer in the MFIS structure creates a memory function to the ferroelectric capacitor. 
The ferroelectric capacitance depends on the coercive field created by the gate-source voltage and the 
thickness of the ferroelectric. Because, the polarization hysteretic of ferroelectric is nonlinear, and 
ferroelectric capacitance is too. Fig. 9 shown CFe - Vgs characteristic that capacitance is constant value in 
the accumulation and inversion region. In working region, the more thickness of the ferroelectric increase, 
the more ferroelectric capacitance decrease. 
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Fig. 9. The gsFe VC − curves for different thicknesses of ferroelectric SrBi2Ta2O9 

3.5. Effects of the ferroelectric thickness 

The ferroelectric thickness is strong affect to the ferroelectric coercive field in channel. The effect of 
ferroelectric thicknesses (TFe) on the drain-source current is similar to the affects of oxide thickness as 
represented in equation (13). A higher thickness reduces the ferroelectric capacitance and causes a higher 
voltage drop across the ferroelectric and a smaller across the oxide, the Ids - Vgs curve shifts to the right 
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and yields a smaller hysteresis and memory window. Thus, the more ferroelectric thickness increases, the 
more Ids decreases as shown in Fig. 10. 
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Fig. 10. The Ids - Vgs curves for different thicknesses of SrBi2Ta2O9; 

3.6. The effects of doping concentration  

The dependence of silicon doping concentration (Nsub) on the Ids is represented in equation (12). It is 
shown that the doping concentration effects to the conductivity in channel. A higher doping concentration 
shifts the Ids - Vgs curve to the right and yields a smaller memory window. A lower doping yields a larger 
memory window that expense of lower threshold voltages yields higher leakage current. Thus, the more 
doping increases, the more Ids and memory window ∆T decrease as represented in Fig. 11. 
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Fig. 11. The Ids - Vgs curves for different doping concentration, where N1 = 1 x 1016 cm-3, N2 =2 x 1016 m-3, N3 
= 3 x 1016 cm-3, N4 = 4 x 1016 cm-3, N5 = 5 x 1016 cm-3 
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3.7. The effects of ferroelectric and oxide thickness ratio 

One important parameter that greatly effected to the current-voltage of FeFET is ferroelectric and 
oxide thickness ratio (R = TFe/Tox). Where the area of the ferroelectric is larger than the area of the oxide 
that leads to Pr is smaller because the ferroelectric capacitance is larger and the voltage drop across the 
ferroelectric is smaller. Thus, the more TFe/Tox increases, the more Ids reduces as shown in Fig. 12. 
However, the higher ratio can be created a higher dissipation power and it is easily broken when 
continuous increasing the gate voltage and the memory window is reduced too. 
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Fig. 12. The Ids - Vgs curves different ferroelectric and oxide thickness ratio 

4. CONCLUSION 

The ferroelectric field effect transistor is offering many advantages compared to other. The effects of 
SrBi2Ta2O9 ferroelectric on current-voltage characteristics of the FeFET was analysed and discussed in 
this paper. The current-voltage characteristics was calculated under different conditions of device such as 
adjusting the substrate doping concentration, thickness of oxide and ferroelectric layer, dimensions of the 
channel, etc. The current-voltage values calculated by this method are almost matching with the results of 
other methods as presented by Michael Fitsilis [16] and A. Saeidi et al [20], etc. It is shown that the 
currently analytical method can give out almost accurate results. The note that if reduce the ferroelectric 
layer with a much smaller area than the oxide layer, the remnant polarization can be increased and the 
depolarization field can be reduced, this case leads to higher retention times, but it’s not a ideal solution to 
the FeFET processing. Because the oxide layer decreases too thin, the leaked current will occur and it can 
be broken when continuous increasing the gate voltage. Therefor, the affects of ferroelectric field on the 
component is an intensive subject to continuous researching. 
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PHÂN TÍCH CÁC ẢNH HƯỞNG CỦA ĐIỆN TRƯỜNG SẮT ĐIỆN ĐẾN  ĐẶC TÍNH 
DÒNG ĐIỆN - ĐIỆN THẾ CỦA TRANSISTOR HIỆU ỨNG TRƯỜNG SẮT ĐIỆN  

SỬ DỤNG MÀNG MỎNG SRBI2TA2O9 
 

Tóm tắt. Bài viết này trình bày một ý tưởng phân tích mới cho các đặc tính dòng điện - điện thế của 
transistor hiệu ứng trường sắt điện (FeFET), đây là một linh kiện điện tử tiềm năng để chế tạo các loại bộ 
nhớ không bay hơi. Trong nghiên cứu này, mô hình FeFET sử dụng màng mỏng Pt / SrBi2Ta2O9 / 
Insulators / Si như là một khối cổng hiệu ứng đã được đề xuất và đánh giá. Chúng tôi đã nghiên cứu ảnh 
hưởng của sự phân cực sắt điện đối với các đặc tính dòng điện - điện thế của FeFET dựa trên phương 
pháp phân tích của linh kiện CMOS, đặc tính trễ phân cực so với trường điện (P-E) của vật liệu sắt điện 
được phân tích kỹ với hai tham số phân cực bão hòa và không bão hòa. Sau đó, bằng cách phân tích toán 
học, các giá trị dòng điện - điện thế được tính toán theo các điều kiện khác nhau như sử dụng sự khác biệt 
của nồng độ pha tạp bán dẫn, độ dày lớp cách điện oxit, độ dày lớp điện sắt, nhiệt độ làm việc ... Cuối 
cùng, các kết quả đã được mô phỏng bằng phần mềm Matlab, qua đó cho chúng ta cái nhìn tổng quan về 
các thuộc tính của linh kiện điện tử này. 
Từ khoá. Vật liệu sắt điện, Transistor hiệu ứng trường sắt điện, FeFET, bộ nhớ không bay hơi. 
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