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Abstract

Non-volatile memories using ferroelectric capacitors, known as Ferroelectric
Random Access Memory (FRAM) have been studied for many years, but they suffer
from loss of data during read out process. Ferroelectric Field Effect Transistors
(FeFETs), which are based on ferroelectric gate oxide, have been of recent interest for
non-volatile memory applications. ~The FeFETs utilize the polarization of the
ferroelectric layer incorporated into the transistor gate stack to control the channel
conductivity. Therefore, in FeFET devices, the read out process is non-destructive
because it is only processed by measuring the resistivity in the channel region. The drain
current-gate voltage (Ip-Vg) characteristics of FeFETs exhibit a voltage shift due to
polarization hysteresis known as the “memory window”, an important figure of merit of
a FeFET that provides a window for the read voltage. A dielectric layer between
semiconductor layer and the ferroelectric is required to reduce charge injection effect,
and to compensate lattice mismatch between the ferroelectric and the semiconductor. In
addition, a non-ferroelectric interfacial layer may form between the semiconductor and
the ferroelectric layer. However, this dielectric layer causes a voltage drop since the
system becomes equivalent to two serial capacitors. It also causes an electric field that
opposes the polarization. Using a high permittivity material such as HfO, reduces the
voltage drop and the effect of depolarization.

To date, the majority of the work involving FeFETs has been based on conventional
ferroelectric materials such as Lead Zirconate Titanate (PZT) and Strontium Bismuth
Tantalate (SBT). These materials are not compatible with standard IC processing and

furthermore scaling thicknesses in PZT and SBT result in loss of polarization



characteristics. Recently, ferroelectricity has been reported in doped hafnium oxide thin
films with dopants such as Si, Al, and Gd. Particularly, silicon doped hafnium oxide
(Si:HfO,) has shown promise. In this material, the remnant polarization considerably
increases by decreasing the layer thickness. The lower permittivity of Si:HfO,
compared to that of PZT and SBT, allows to employ thinner films that reduce fringing
effects.

This study focuses on employing Si:HfO; in short channel FeFETs. The study has
two major objectives. First, to show that short channel FeFETs can be accomplished
with large memory window. Second, to demonstrate the role of bulk layer thickness and
permittivity on FeFET performance.

N-channel metal oxide semiconductor FET (N-MOSFET) with printed channel length
of 26 nm has been designed with Si:HfO, as the ferroelectric layer, and TiN as the gate
electrode. The effects of buffer layer thickness and permittivity and ferroelectric layer
thickness on the memory window have been explored using Silvaco Atlas software that
employs ferroelectric FET device physics developed by Miller et al. Polarization
characteristics reported for Si:HfO, have been incorporated in this model. The
simulations performed in this study have shown that using Si:HfO, as a ferroelectric
material makes it possible to accomplish short channel FeFETs with good performance
even without using buffer layers. This means it is possible to minimize depolarization
effects. Using Si:HfO, as a ferroelectric layer makes it possible to accomplish highly

scaled and ultra-low-power FeFETs.
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CHAPTER 1 - INTRODUCTION

This chapter gives an introduction to ferroelectric materials and their applications to
achieve non-volatile memories. It subsequently develops the primary focus of the study

in this thesis.

1.1 Introduction and Motivation:

Ferroelectricity is a property of certain materials in which they possess a spontaneous
electric polarization that can be reversed by the application of an external electric field.
Ferroelectric materials were discovered during studies of Rochelle salt. These materials
have the ability to show reversible and spontaneous polarization even when there is no
electric field and are characterized by a characteristic polarization hysteresis loop. Above
the Curie temperature of a ferroelectric material, it can be polarized under an electric
field, i.e. paraelectric material. This is because of the change in the structure at this
transition temperature. On the other hand, ferroelectric materials show spontaneous

polarization below the Curie temperature.

APPLIED ELECTRIC A
FIELD Polarization

Saturation polarization

I Non-remanent polarization

Remanent polarization

A\ a

Electric field

(@) (b)

Fig. 1.1. (a) ABOj; perovskite unit cell; (b) Polarization — Electric field hysteresis [1].



This occurs as a result of the displacement of the central ion in a crystal unit cell as seen
in Fig. 1.1 [2]-[4]. The main advantage of ferroelectric materials is their ability to
maintain a memory state. The hysteresis of polarization with electric field is the key to
memory applications.

It has been a growing trend in modern times to develop ferroelectric memories that
can keep data without changing state. The main advantage of integrating ferroelectric
materials with FETs is that the reading process is a non-destructive process. Fig. 2.1

shows the landscape of ferroelectric-based semiconductor devices.

Ferroelectric Semiconductor ’
Devices

Ferroelectric Negative
Field Effect capacitance

Ferroelectric
Tunnel

Ferroelectric
Random
Access
Memory
(FERAM)

Junction (FTJ)
Transistors FET (NCFET)

(FeFETs)

Fig. 1.2. Ferroelectric based semiconductor devices.

FeRAM is a ferroelectric capacitor that is combined with a MOSFET in a random
access memory circuit. These types of devices suffer from loss of data during the readout
process. Therefore, it was necessary to find a new approach in order to keep data without
change. In FeFET devices, the typical ferroelectric capacitor is replaced with a
ferroelectric —gate field effect transistor. FeFET devices depend on the resistance
between source and drain during the reading process to indicate the data state of “0” or

“1”. Thus, it is possible to avoid data loss [5].



1.2 Scaling Theory:

The scaling of CMOS devices in microelectronics is driven by the performance
metrics and the integration density. Several rules of scaling have been proposed to study
the effect of size reduction. The first rules were introduced by R. H. Dennard (1974) as
seen in Table 1.1.

Table 1.1: Main scaling rules of MOSFETs [6]

Device Parameter Scaling Factor

Dimensions (L, W, X, and Xj) 1/K
Area 1/K*

Packing Density K

Bias Voltage and V; /K

Bias Currents /K

Power Dissipation 1/K*
Capacitance 1/K*

Electric Field Intensity 1

Body Effect Coefficient /K>
Transistor Transit time /K
Transistor Power Delay Product /K’

Where K is the scaling factor and it can be calculated as following:

K= Old Si?e
New Size

(1.1)




Since the ultimate limit for the scaling is determined by physical parameters, the scaling

rules in Table 1.1 do not show limits for the MOSFETs scaling.

1.3 Focus of this Study:

This work studies designing and simulation of a short channel Si:HfO, Ferroelectric
Field Effect Transistor (Si:HfO, FeFET). The proposed device is mainly based on
ferroelectric gate oxide.

Silvaco Atlas has been used to simulate this device and to study the polarization and
hysteresis characteristics. FeFETs are novel and promising devices since they provide
fast and non-volatile memories, which would be a major technological advance. A short
channel device has been chosen to be studied in order to match the International
Technology Roadmap for Semiconductors (ITRS). This device has been simulated with
silicon doped hafnium oxide (Si:HfO,) as a ferroelectric layer. The polarization
characteristics of this material have been studied with short channel FeFETs. This is
important because the ferroelectric material can significantly affect the FeFET
performance.

The main goal of this work is to accomplish short channel FeFETs that have large
memory windows by using Si:HfO, as a ferroelectric layer. The second goal of this
work is to investigate the role of using a buffer layer with Si:HfO, as a ferroelectric

material.



CHAPTER 2 - BACKGROUND INFORMATION

This chapter focuses on ferroelectric materials and their applications. It provides
additional details beyond what was described in Chapter 1. Section 2.1 discusses the
properties of ferroelectric materials. Section 2.2 explains the basics of FERAM device
and its limitations. Section 2.3 describes the concept of FeFETs and the advantages of
these kinds of devices. Section 2.4 covers the electrostatics of Metal-Insulator-
Ferroelectric-Semiconductor (MFIS) FeFETs. Sections 2.5 discusses the current-voltage
characteristics of FeFETs. Section 2.6 explains the depolarization, charge injection and
trapping effects. Section 2.7 covers the evolution of FeFET devices on conventional
perovskite materials. Section 2.8 discusses the limitations of PbZn;4TiyO3 (PZT) and
SrBi,Tax;Oy (SBT) ferroelectric materials. Section 2.9 gives a literature review about

ferroelectricity in silicon doped hatnium oxide (Si:HfO5).

2.1 Ferroelectric Materials:

Most Ferroelectric materials have perovskite crystalline structure. The perovskite
structure has the general stoichiometry ABOs, where “A” and “B” are cations and “O” is
an anion. The atom in the middle has two stable low energy levels as seen in Fig. 2.1.
When an electric field is applied, the middle atom moves in the same direction as that of
the electric field resulting in polarization. The two states of the middle atom are typically
classified as up polarization and down polarization according to the position of the atom.
Fig. 2.1 shows the two states of the middle atom in a perovskite barium titanate (BaTiO3)

ferroelectric material.



Pdown

Fig. 2.1. States of middle atom in BaTiOj; (a) up polarization (b) down polarization [7].

Ferroelectric materials typically show spontaneous polarization, which means that the
ferroelectric material is able to get polarized even when the applied electric field is equal
to zero. This property is known as ferroelectricity, which is caused by the presence of
permanent dipole moment. In ferroelectric materials, there are certain regions, i.e.
domains, where in all dipoles are pointed in certain directions. When there is no applied
electric field, the net polarization is equal to zero due to random orientations of domains
as seen in Fig. 2.2(a). When an external electric field is applied, dipole moments rotate to
align themselves along the electric field forming a bigger region that has a net dipole

moment oriented in a single direction as seen in Fig. 2.2(b) [5]

Fig. 2.2. Ferroelectric domains concept.



These created domains do not disappear when the electric field is removed. The
hysteresis effect results by these irreversible polarization processes as shown in Fig. 2.3.
Small displacements that occur in weak electrical fields are reversible. Remnant

polarization (P;) refers to the polarization value when there is no applied electric field.

T Lol Ps: Spontaneous Polarization
S P, : Remanent Polarization
= 201 Ec: Coercive Field

=]

S 0

=

= -2 ]

E

£ -4

-200 -100 O 100 200
Electric Field (kV/cm)

Fig. 2.3. Typical curve of polarization hysteresis loop [1].

The strength of the electric field that is needed to bring back the polarization to zero is
known as coercive field (E.). To switch the state of a ferroelectric device, the threshold
electric field should be greater than the coercive field (E.). If the electric field is applied
in the same direction of the previous applied electric field, no switching will take place
and the charge will still be the same [5].

Shur, Makarov and Volegov (1995) developed a method to estimate domain kinetics
of ferroelectric materials. In their results, they found that it is possible to estimate domain
kinetics in real devices and to produce devices with controlled domain structure. It is
important to understand that domain kinetics differ with regard to the type of ferroelectric

material which can significantly affect the device performance [8].



Two most widely studied ferroelectric materials are PbZn;(TiyO; (PZT) and
SrBi,Ta;Oy (SBT). They both have perovskite structure. PZT is a more classic type of
ferroelectric whereas SBT is a layered perovskite. In PZT, the zirconium and titanium in
the lattice have two stabilization points. They can move between the points according to
the external electric field resulting in polarization. An electric polarization of PZT (shift
up/down of Zr/Ti atom) remains after applying and removing an external electric field,
from which a nonvolatile property results. Typically, ferroelectric materials show
ferroelectricity below a certain transition temperature, which is also known as the Curie
temperature. PZT is an intermetallic inorganic compound that shows a marked
piezoelectric effect. PZT material shows larger spontaneous polarization and it has a high
polarization coefficients. Its transition temperature is about 370 °C. The properties of
PZT depend on the composition of the alloy. Currently, high switchable polarization and
clearly defined switching are offered by employing Ti/Zr ratios of 60/40 and 70/30 [5].

Fig. 2.4 shows the crystal structure of PZT material.

WPbT QWO* @ Ti* Zr 4+/~

W -
———
- — /4 }
rs X
1 I N Electric field ‘f
) PP ——¢ \ w J 4/‘74
T>T, T<Tk¢

Fig. 2.4. The crystal structure of PZT showing movement of Ti/Zr ion that result in two
states of polarization for temperatures below the Curie temperature [9].

In the layered perovskite structure of the SBT, the perovskite unit cells (SrTaO) are

interrupted with bismuth oxide layers. Refer to Fig. 2.5 for the structure of SBT where a



half unit cell is displayed [10]. SBT material has few allowed directions of spontaneous
polarization and it has a lower remnant polarization. Its transition temperature is about
570 °C. The advantage of this material is that it does not show polarization fatigue like

PZT due to repeated switching process [5].

@ Bi
® Ta 1
@ sr
® o ¢

Fig. 2.5. Crystal structure of -layered perovskite SrBi,Ta,Oy (SBT) showing an upper half
of the unit cell) [10].

In principle, any of the above mentioned materials is suitable for the ferroelectric
memory operation and is being considered for applications in the ferroelectric field effect
transistors (FeFETs) too. The two materials differ in the polarization and coercive field
values. Table in Fig. 2.6 shows the parameters of these two materials. Fig. 2.6 shows a

comparison of polarization behavior of these two ferroelectric materials.

E 40

Q

e 2

c .

2 Param. Unit PZT SBT
N0 —— -

s Pz uClem 32 8
a —

g 20 Ps uClem: 40 10
Q y

9 E¢ kV/em 70 30
S 40|

e & - 250 250

-30 -20 -10 0 10 20 30
Electric Field E (kV / cm)

Fig. 2.6. Polarization hysteresis loops of PZT and SBT ferroelectric thin films [11].



2.2 Ferroelectric Capacitor:

A Ferroelectric capacitor is a device consisting of ferroelectric film between two
electrodes. Since there are two states within ferroelectric materials, a proper electric field

can be applied to polarize the capacitor either up or down as shown in Fig. 2.7.

V+© V-9

V-6 V+ o

(a) (b)

Fig. 2.7. Polarization states of a ferroelectric capacitor [7].

Ferroelectric capacitor can be considered as the first generation of non-volatile
ferroelectric memories and it is typically addressed by using a conventional field effect
transistor forming 1T-1C cell configuration as shown in Fig. 2.8 [12].

Bit

Line
Word Line

Fig. 2.8 (a) Cross section of a 1T-1C cell structure; (b) basic memory unit cell array [13]
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The capacitance of the ferroelectric capacitor is not stable. When the capacitor is not
switched, it behaves in the normal linear fashion. When it is switched, an increase in the
capacitance will induce an additional charge. In a memory cell, this effect can be enabled
by using an active element, i.e. a field effect transistor (FET). The individual cell can be
accessed by a word line and a bit line as seen in Fig. 2.8 (b).

The read operation requires a number of stages. The bit line voltage is compared to a
reference, which is set to be below the switch voltage and above the un-switch voltage. A
sense amplifier is typically used to amplify the difference giving either logic “0” or logic
“1”. When the bit line, plate line and the word line are low, the cell will be in its inactive
state as shown in Fig. 2.9 (a).

o | Vdd Vdd

|—< L I
AL L B 1

(a) (b) (c)

Fig. 2.9. FeRAM read cycle [7].

o

When a voltage is applied onto the word line and plate line, the access operation starts
as illustrated in Fig. 2.9 (b). When a voltage is applied across the capacitor, it will either
switch or not switch. When the capacitor is switched, a charge, which is shared with the
bit line capacitance (Chyy), is induced as shown in Fig. 2.9 (¢). The voltage on the bit line

is given by:

11



C
V, =—V 2.1
C (2.1)

bit
Where, C; is the capacitance of the switched ferroelectric capacitor. No additional charge
is induced when the capacitor does not switch. Thus, the data within the cell can be
changed during the read process. The writing process uses the same principles of the read
operation. An electric field is applied in the required direction by the control circuitry to

write the desired data [7].

2.3 Ferroelectric Field Effect Transistor (FeFET):

In a FeFET, the gate oxide of a typical MOSFET is replaced by a ferroelectric
material or a stack of materials with a ferroelectric layer as shown in Fig. 2.10.
Bit

Line
Word Line

eeceececece

(a) (b)

Fig. 2.10. (a) Main structure of FeFET; (b) 1T type memory cell [13].

The FeFET is programmed by applying a pulse to switch its polarization to “on” state
that is written by its remnant polarization as shown in Fig.2.11. The off-state is written

by applying a negative pulse. The read operation is carried out by applying a read voltage

12



at the gate that senses the channel conductivity between the source and the drain as seen

in Fig. 2.12.
Gate Gate

(a) Off-state (b) On-state

Fig. 2.11. Schematic of programming a FeFET. (a) The device is in off-state with its
polarization in negative direction; (b) application of a pulse that drives it to saturation (Py)
and retained at its remnant value (P,).

4+

LIets

+H+

P-Si

Channel under depletion (highresistance) Channel under inversion (low resistance)

Fig. 2.12. Schematic of reading a FeFET. The read voltage lies in the ‘memory window’ of
the FeFET.

2.4 Electrostatics of Metal-Insulator-Ferroelectric-
Semiconductor (MFIS) FeFET:

Typically, an insulating interfacial layer exists between the ferroelectric layer and the

semiconductor either intentionally to overcome stresses, to minimize charge injection or

13



to reduce interfacial reaction between the adjacent materials making it an MFIS device as

seen in Fig. 2.13.

Ve

; Metal

A 2
Ferroelectric
Insulator (Buffer layer) layer
t; &
Vds
A4
\ |
vy &

Fig. 2.13. Schematic of a MFIS FeFET.

For an MFIS-FeFET, shown in Fig. 2.13, the gate voltage is given as following [14]:
VG =VFB +Vf+Vh +lps (2.2)
Where V¢ is the voltage dropping in the ferroelectric layer, Vy, is the voltage dropping in

the insulator (buffer layer), and ¥s is the surface potential of the semiconductor. The

electric displacements can be expressed as following:
D =¢FE +P (2.3)
Where

kz{ f,b,s} (2.4)

Where f, b and s refer to ferroelectric layer, insulator layer (buffer layer) and
semiconductor layer, respectively. g is the permittivity, Ey is the electric field and Py

represents the polarization. According to the Gauss’s law:
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eE =0 (V) (2.5)
Where Qy('¥;) is the space charge/area in the semiconductor. Thus, equation 2.3 can be

rewritten as following [15]:

14

o(W)=rP|-L (2.6)
tf

Qﬂ0=%n (2.7)

The semiconductor charge density for a p-type substrate can be expressed as:

ng(;_fz(e‘ﬁwx+/3’lPS—1)+(eﬁlP"‘—/J"I’S—1))m (2.8)

OW)=W x

Where,

L o= |— (2.9)

-4
pt (2.10)

Lp is the Debye length, Na refers to the majority carrier concentration, n; is the intrinsic
carrier concentration, k is the Boltzmann constant and Qs represents the semiconductor

surface charge.

0,+0,+0 =0 (2.11)
0. -P

V, ==¢ (2.12)

oc

m:%& (2.13)
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Where, V¢ is the voltage dropping in the ferroelectric layer and Vy is the voltage dropping

in the buffer layer. Introducing effective gate voltage :

P
Voor =Vo+ C (2.14)
E

And stack capacitance/area;

-1 -1
t t
stack= L-l-i = _f+_b (215)
C ; C, €, €,
P o
VG,e/y’ = VG +C_ :VFB + 1/& +—< (216)
f stack
Assume Q. =0 (no interface charge)= Q. =-0
V. =V_+ QS 217
e Ve tY~ (2.17)
stack
qv, 2q¢, qy, 12
kT -+ kT kT = kT
chqﬁZVFB +Y £y (76 oy Y, _7)4. e T (7e kT ~y, _7) (2.18)

where y is now defined as :

J2ge N
Ve (2.19)

stack

y:

Where C; is the semiconductor capacitance, Cr is the ferroelectric capacitance and Cy, is
the buffer layer capacitance.

In a typical P-E hysteresis loop, as the field is ramped between large absolute values
opposite in sign, the switching dipole polarization P approaches asymptotic value of +P;
where Ps is the spontaneous polarization, when all the dipoles are aligned, the resulting

polarization is referred to as the saturation polarization. The polarization has a zero value
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at a value of the electric field E.. At zero field, the value of polarization is P,, the remnant

polarization. This is expressed as:

P*(E)=-P (-E) (2.20)
Where the plus (+) sign indicates the branch of the polarization for the positive going
field ramp and the minus (-) sign indicates the negative going ramp. Various
mathematical functions have been proposed to describe the hysteresis loop. The

hyperbolic tangent function is chosen due to its convenient mathematical properties.

P*(E)= P tanh E-E, (2.21)
N 25
Where,
5=k |m|FR/E (2.22)
‘1 \1-P/P

Here P,, P; and E, are taken as positive quantities. Differentiating:

-1

* E-E P E-E
APUE) _ ploscosh?| ZLe || = L geen?| £ (2.23)
s 26 26
At the semiconductor ferroelectric interface:
e E =¢ee E +P (2.24)

Where ¢; is the relative permittivity of the semiconductor and E; is the electric field in the

semiconductor. Using Gauss’s law

e E =-0Q = sostf +P (2.25)
Differentiating:
d d
dE, =- Q =- o (2.26)
P £,
), +—— Jerro
' dE,
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E ‘Ec) (2.27)

2
av__p (2.28)

According to equation 2.2, the ferroelectric layer in the MFIS structure adds a memory
function to the MOS capacitor. Due to the hysteretic nature of the ferroelectric, the C-V
curves are now hysteretic too and are shown in Fig. 2.14. The width of the hysteresis loop
is referred to as "memory window" and can have a maximum value (for the saturated

hysteresis) of ~ 2E.t;, where E. is the coercive field and # is the thickness of the

ferroelectric layer according to equation 2.29 [16].

N

O€ &
Saturation MW = Shift in flatband voltage = 2E¢, (1 - ]’; 0 ) (2.29)

It should be noted that the direction in the C-V curve is clockwise when the

semiconductor is p-type, in contrast to the counterclockwise polarization hysteresis curve

[11]
Capacitance Capacitance

. A
Accumufation

IR \;,;"/

|| memory window o
e L
F 'y | II | I| * |
. | |
Depletion || II'. high-freq. T I|' ||| quasi-static
. YRY.
Inversion )
Voltage Voltage

Fig. 2.14. C-V curves of a metal-ferroelectric-insulator-semiconductor capacitor [11].
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2.5 Current-Voltage Characteristics:

Taking into account the mechanisms of drift and diffusion, the current can be

expressed in terms of the Quasi-Fermi potential (¢r,) as following:

1= -wqun,, e (230)
dx

Where W is the channel width, Ni,y is the inversion charge and p is the channel mobility.

Substituting for inversion charge, we obtain [16]:

[ ﬁt 1 2 2 -
1+ﬁV+_b P ﬁ¢sL_/5¢50 -3 ﬁ¢sL - /5¢50
. qug,ck [ £y, ( ) 2 [( ) -{#s.) ] 2.31)
L ﬁ 2 2/3 2/3 1/2 1/2
el (o) () (0]
Where;
EOSS
‘7 \/E(L'Cstack ) (232)

The values of the surface potential, which are ¢s and ¢s, can be determined using the

boundary conditions as following [17]:
¢y, (source) =, +V, (2.33)
¢, (drain)=¢, +V, +V (2.34)

Where, Vi, is the applied voltage, Vi is the applied transistor source voltage, and Vg is the
applied transistor drain voltage. Simplistically, a FeFET can be viewed as a MOSFET

combined with a ferroelectric capacitor as shown in Fig. 2.15.
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Vp=const. < Vgs- Vg
los los

Polarization
conductance
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| + / ! —
| 1
/ . A Voltage
V'I'I-I VGB : ] :
e A memory win::'low Ves
J Ideal
Real

Fig. 2.15. A MOSFET and a ferroelectric capacitor characteristics combine to give the
FeFET I-V characteristics. The dashed curve represents an ideal ferroelectric [11].

Extensive numerical analyses are performed in Silvaco Ferro model and in other
models such as BISIM3 as polarization is a function of electric field in the ferroelectric
region to obtain I-V characteristics. Fig. 2.16 shows an example of I4-V, characteristics

and sub-loops of a FeFET.

P, =40 pClcm
W_ =-04
V=01V

| . ] . ]

0 2 4 G
Gate Voltage WV (V)

Source Drain Cument | (uA)

Fig. 2.16 Simulated I-V sub-loops in the Ips-V¢ characteristics for the parameters shown.
[11].

It is apparent that a FeFET has many similarities with the floating gate transistor,
widely used in the Flash memory. In Flash, a high voltage is applied to the gate while
grounding the drain to inject hot electrons into the floating gate. For erasing, the voltage

is applied to the source while grounding the gate facilitated by the Fowler-Nordheim
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tunneling. In FeFET, a gate voltage corresponding to the P+ polarization writes the state
“1” while a negative voltage corresponding to the polarization state P- writes the state
“0”. In both cases, read process is same, applying a read voltage somewhere in the

memory window where Ioy/Iog ratio is maximum as shown in Fig. 2.17 [11].

A ()
lds

charge in the floating gate polarization
shifts the threshold shifts the threshold

(@)

a
@

> T e ’
“0” “1” Vgb -Vdd Memory Window Vdd Vgb

Fig. 2.17. Reading performed by applying a read voltage somewhere in memory window:
where L,,/L,s ratio is high; (a) for Flash; (b) for FeFET [11].

2.6 Depolarization, Charge Injection and Trapping Effects:

The depolarization electric field is an electric field that opposes the direction of
polarization. This causes the polarization state in the ferroelectric film to become
unstable. The depolarization field results from incomplete charge compensation at the
ferroelectric/electrode interface which gives rise to a passive dielectric layer. In MFIS
structure, the insulator layer and the semiconductor layer together play exactly the same
role as the passive layer. The only difference is that the thickness of the layers is much

thicker than the passive layer.
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(a) (b)

Fig. 2.18. Model of a MFIS ferroelectric capacitor with a depolarization field.
Referring to Fig 2.18 (b), the electric field seen by the whole structure is the sum of
two components, the electric field in the ferroelectric film, Ey, and the electric field in the

passive (buffer) layer, Ejs.

(ts+1,)E=tEg+1,E, (2.35)

Where #;5 and ¢ are the thicknesses of the passive layer and the ferroelectric layer

respectively. When no field is applied across the structure, E=0

0=t B,y +1,E, (2.36)
E

E,-E, - —tfst—fs 2.37)
f

The continuity equation states that electric flux density is continuous.

D =¢E =Df=stf=P (2.38)

ISTTIS
Where symbols D refer to the electric flux densities in each region and P is the

spontaneous polarization in the ferroelectric layer.
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b P

dp

(2.39)
tfels

Referring to the schematic in Fig. 2.19, where the ferroelectric layer is represented as
one capacitor with a certain spontaneous polarization, P, and an amount of charge
compensated at the electrodes, Qr, with total capacitance Cr. The insulator (buffer) and
semiconductor layers are represented by a capacitor Cis. The voltage drop across the
ferroelectric layer is represented in two terms: one due to its capacitance and the voltage
applied across it, V¢, and another due to its internal spontaneous polarization. Note that

all capacitances are expressed as capacitance per unit area.

Cr

C
+Qr -Qr 15
|- + Jrlel |'Q1s
-+
-+
v __-P +P
—1 Vis -

Fig. 2.19. A schematic capacitance design of the MFIS structure [18].

CeVs=P+ C_/,Vf (2.40)
Where;
V=V1S+Vf (2.41)

By solving for V, we obtain:

y GV =P

"T(Ce+C) (2.42)
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Including the magnitude of polarization P as Egyer and substituting for capacitances as

permittivity/thickness:

E

L — (2.43)
A 1+87fti @_Fl
€ tf & j.l Is t P

Note that if the thickness of insulating layer, tis goes to zero, V=V, and all of the applied
voltage is dropped across the ferroelectric layer, and no depolarization effect happens. It
can be observed that when the source and the gate are shorted, V=0, the voltage across
the ferroelectric is Eqp (proportional to polarization P) is reduced by some function of the

relative permittivities of the materials in the stack.

7+7

el 1,

It is evident from the above equations, that a higher g5 and a smaller t;s are desired to
reduce the effect of the insulating layers on the polarization of the ferroelectric. This
makes it possible to invert the channel at a lower voltage and improve on/off ratio. To
minimize depolarization field, buffer layer capacitance must be as large as possible [18].

The other important issue of ferroelectric and semiconductor interfaces is the charge
injection, which typically occurs from the semiconductor to the ferroelectric gate region
during the switching process in FeFETs as seen in Fig. 2.20 [19]. Ferroelectric
polarization attracts electron injection towards the ferroelectric/insulator interface from
both the gate electrode and the semiconductor channel. Electron injection and trapping in
the dielectric stack cause local charge compensation in the ferroelectric, reducing the

polarization. Insulating buffer layers on both sides of the ferroelectric layer can reduce
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this problem, but would increase the depolarization field and the applied field that is

necessary to polarize the device.

. e <€)
~ |— —
—_— ] e e e
- 4 e ——— + | —
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FEKEFE: P: + _
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Fig.2.20 Gate leakage effects in MFIS FeFET devices (a) Inverted semiconductor
immediately after polarization, and (b) depolarization after time [18].

Despite the high energy bandgap in insulators and a large thickness, charge transport
does occur and can lead in several cases to an unwanted leakage current. The leakage
current through the gate stack in the case of the FeFET can reduce the data retention time
(polarization). The charge transport in insulators can be attributed to a number of
mechanisms as can be seen in Fig. 2.21 extensively studied for conventional CMOS with
thin gate dielectric. They are divided in the injection mechanisms, such as tunnel and
thermionic injection, and the transport mechanisms, such as Poole-Frenkel, hopping, drift
and diffusion. The condition for drift is the existence of enough free states in the valence

or conduction band, and for diffusion, a carrier concentration gradient.
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Fig. 2.21. Various charge transport mechanisms in insulators [11].

Based on these discussions, following observations are summarized:
*  Buffer layer reduces the problem of intermixing silicon and ferroelectric

* QGate voltage is divided according to capacitance ratio of the buffer layer and the

ferroelectric layer

* To minimize depolarization field, buffer layer capacitance must be as large as

possible
*  Too thick ferroelectric makes the operation voltage too high

*  The effect of charge injection can be minimized by employing an engineered buffer

sandwiched between the silicon and the ferroelectric layer

* Leakage current between ferroelectric and buffer, removes the charges, hence the

stored data cannot be readout

It is inferred that optimization of buffer layer is extremely important.
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2.7 Evolution of FeFETs on Conventional Perovskites:

Ferroelectric FETs have been proposed in 1957 as an alternative to FeERAMs, which
suffer from data loss. FeFETs have been being studied for more than fifty years. PZT
and SBT ferroelectric materials have been studied for a long time. Roy, Dhar and Ray
(2007) studied the performance of SBT based FeFET devices. In their study, they
fabricated a FeFET with 280 nm SBT ferroelectric layer. The general structure of their
device was Al/SBT/HfO,/Si. In their study, they found that a large memory window

could be accomplished by using 12 nm of HfO, buffer layer as seen in Fig. 2.22 [20].
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Fig. 2.22. C-V characteristics of Al/SBT (280 nm)/HfO,/Si (a) with 3 nm HfO, buffer layer
(b) with 12 nm buffer layer, and (c¢) with 18 nm buffer layer [20].

Phan Trong Tue et al. (2010) fabricated a PZT-based FeFET with indium tin oxide
(ITO)/PZT/ SrRuO;(SRO)/Pt stacked structure. The gate length of fabricated device was
60 pum and the gate width was 20 pm. Fig. 2.23 shows the hysteresis loop of this device

[19].
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Fig. 2.23. I-V characteristics of the PZT-based FeFET using ITO/PZT/SRO/Pt structure
[18].

Chai et al. (1995) studied the relation of the ferroelectric thickness and the niobium
doping levels in capacitor memories. They found that reducing the ferroelectric thickness
(in 0.3 um range) by a factor of 2 should be compensated by increasing the doping up to
5% to reduce the effect of leakage in capacitor memories. Their study focused only on
capacitor memories [16]. Therefore, it is significant to understand the scaling effect of
ferroelectric gates in field effect Transistors. Fig. 2.24 shows the effect of doping on the

hysteresis loops of capacitor memories [17].
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Fig. 2.24: Measured hysteresis loops of ferroelectric films with different niobium doping
levels [17].
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