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Abstract 

Field effect transistors in non-volatile memory use ferroelectric material as a gate 

insulator. By designing ferroelectric transistors, power dissipation in non-volatile 

memory can be reduced so they can get devices that can operate with small voltages and 

produce large currents because by reducing the voltage, the device size can be reduced. 

Simulation and analysis are very important to achieve this because with simulations and 

analyzes, time and costs can be reduced and optimal results can be obtained. 
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1. Introduction 

Power dissipation in integrated electronic circuits is very dependent on the 

voltage needed to switch the field effect transistor to the on or off state [1]. 

Reducing the operating voltage is needed to reduce power consumption, reduce the 

dimension of the device and reduce the price per transistor [2], [3]. However, 

Boltzman's distribution of electrons represents a fundamental low limit of 60 mV 

per decade at room temperature [4]. The use of ferroelectric differential negative 

capacitance has been proposed to solve this problem by increasing the gate voltage 

of a passive field effect transistor [5]. In theory, it is possible to stabilize the state of 

the ferroelectric negative capacitance as long as the total capacitance of the system 

is positive through the series connection between the ferroelectric gate insulator and 

the positive semiconductor capacitance on the transistor [6]. Several cases of 

increased capacitance in ferroelectric-dielectric hetero structures have been reported 

so far [7] - [9]. Furthermore, transient negative capacitance has been observed 

directly on ferroelectric capacitors by applying pulsed voltage to the R-C network 

by using zirconate titanate (PZT) leads [10]. However, for applications in 

transistors, HfO2 thin film ferroelectrics are preferred because they are compatible 

with semiconductor manufacturing standards and because ferroelectric characters 

are at least 5 nm thick [11] - [15]. 

 

2. Methods and Literature Review 

A capacitor is defined as two conductors that can hold opposite charges and the 

capacitance value will change if the distance and relative position between two 

conductors change due to external forces [16]. The capacitance value of a capacitor 

is given by C = 0rwl/d0 where 0 is the free space permittivity value                 

(8.8546×10
-12

 F/m), relative permittivity, w and l are respectively width and the 

length of the electrode capacitor and d0 is the gap between the electrodes [17]. 

Ferroelectric phenomena are defined as phenomena where a material exhibits a 

spontaneous and reversible polarization under the influence of an external electric 

field [18] - [20]. Ferroelectric materials are used in storage capacitors in dynamic 

random access memory (DRAM) [21], [22]. A ferroelectric field effect transistor is 

a transistor in which the gate insulator is ferroelectric material. Non-volatile 
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memory is defined as memory that can maintain its state even though the power 

supply is turned off [23], [24]. Data analysis in this research is simulation, modeling 

and literature study. It is important to choose a data set that represents a single cycle 

of electric field waves which can then be used to construct polarization loops 

against electric fields. Data points corresponding to the starting and ending points of 

a loop are identified using a "threshold routine" that detects when the electric field 

waves across the horizontal time axis with both positive and negative slopes. When 

the necessary data points have been identified, the charge Q stored by the test 

sample at the given time t is calculated by numerical integrations from current data I 

given by equation 1. 

 

Dielectric displacement D can be calculated by the surface charge density given 

by equation 2 where A is outside the surface of the test sample. 

 

The surface of the test sample can be assumed to be a circle such that  

 

In most cases for ferroelectric with high permittivity, the polarization of P at the 

given time is almost the same as the dielectric displacement D. However, a slight 

correction is needed to give accurate results for dielectric with low permittivity.  

 

 

Figure 1(a) shows a cross section of a ferroelectric capacitor in which a 

ferroelectric material is enclosed in 2 metal thin films. The metal here can be gold 

(Au), silver (Ag) or other. Figure 1(b) is a 3-dimensional schematic of a 

ferroelectric capacitor. Here the metal terminal can be circular or square in shape.  

Figure 1(c) shows a cross section of a semiconductor ferroelectric metal field effect 

transistor. The metal on the left or right works as a drain or a source terminal while 

the metal below is the terminal gate. The 3-dimensional schematic of the 

semiconductor ferroelectric metal field effect transistor is shown in  Figure 1(d). 

Drain current will increase if the distance between the drain terminal and source is 

reduced. 

metal 1

metal 2

ferroelectric

  

source drain

semiconductor

gate

ferroelectric

  
(a) (b) (c) (d) 

Figure 1 schematic of (a) cross section of ferroelectric capacitors, (b) 3-
dimensional ferroelectric capacitors, (c) cross section of a semiconductor 
ferroelectric metal field effect transistor, (d) 3-dimensional semiconductor 
ferroelectric metal field effect transistor. 
 

3. Results and Discussion 
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The development of a simple hysteresis loop model and the determination of 

factors that influence the shape of hysteresis remain an interesting challenge for 

theoretical studies. The method of measuring ferroelectric capacitors is shown in 

Figure 2(a) where the voltage is applied to one metal and the other metal is 

grounded. Figure 2(b) is a hysteresis curve of a ferroelectric. The horizontal axis 

can be in voltage or electric field (voltage divided by thickness), while the vertical 

axis is polarization. 

metal 1

metal 2

ferroelectric

        
(a) (b) 

Figure 2(a) schematic measurement of ferroelectric capacitor polarization 
measurements, (b) polarization versus stress hysteresis curves of 
ferroelectric material. 

Figure 3 shows a schematic measurement of drain current characteristics with 

respect to the drain voltage with varying VG. Figure 4(a) is a characteristic of ID-VD 

MOSFET. The flat axis is the drain voltage and the vertical axis is the drain current. 

Overall, when the gate voltage is positive, the source drain current increases as the 

drain voltage increases. The increase in drain source current along with the change 

in gate voltage in the positive direction is due to the increase in the negative 

electron carrier charge induced by the positive gate voltage. Meanwhile, when the 

drain voltage becomes more positive, the source drain current increases, but at a 

current the voltage becomes saturated and does not increase again at a positive drain 

voltage. Figure 4(b) shows the drain current curve with respect to the drain voltage. 

When VG> VTH and VD <VG-VTH, the transistor comes alive and a channel is formed 

that allows current to flow between drain and source. At present, the transistor 

operates like a resistor that is controlled by gate voltage relative to the source and 

drain voltage. When VG>VTH and VD>VG-VT, the transistor becomes on and channel 

is formed which allows current to flow between drain and source. Because the drain 

voltage is greater than the source voltage, electrons spread and conduction does not 

pass through narrow canals but through a wider 2 or 3 dimensional current 

distribution. This condition is called pinch-off to indicate the shortage of areas near 

the drain. 
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Figure 3 Schematic measurement of drain current to drain voltage with 
different gate voltages. 

   
(a) (b) 

Figure 4 (a) the drain current curves against the drain voltage with the gate 
are biased from -6 V to +6 V, (b) the drain current curves against the drain 
voltage with the gate are biased from +6 V to -6 V. 

Figure 5(a) shows a schematic measurement of the characteristics of the drain 

current to the drain voltage with the varied VG. Figure 5(b) shows the drain current 

curve with the gate voltage. 
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(a) (b) 

Figure 5 (a) Schematic measurement of drain current to gate voltage, (b) the 

absolute value curve of the drain current to the gate voltage. 
 

4. Conclusion 

Ferroelectric materials are used for gate insulators in field effect transistors that  

are used for non-volatile memory. Non-volatile memory is memory where data can 
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be written and deleted, but the data will still be there even in the off condition. The 

relationship between the results of the simulation with the title is that spontaneous 

polarization of the ferroelectric material implies a hysteresis effect that can be used 

as a memory function. From the polarization curve to the voltage and the drain 

current curve to the gate voltage, it can be concluded that, even when the power is 0 

(voltage 0), the current and polarization can still be maintained. 
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