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ABSTRACT
The School of Graduate Studies
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Title Ferroelectric Capacitance Memory: Characterization of an Autonomous Non-
Volatile Ferroelectric Memory Latch

The basic operation of an autonomous non-volatile ferroelectric memory latch
was determined. The circuit was laid out using discrete components which was used to
characterize the design. The process of reading and writing data ‘0’ and ‘1’ onto the
memory latch were tested and shown experimentally. Electrical characterization of the
latch was also performed experimentally by measuring the voltages and currents at
different stages of memory operation. Useful characteristics of the memory circuit were
its ability to retrieve data and write data even after power was removed were analyzed.
The advantages of the studied ferroelectric memory over conventional flash memories
were also postulated. Finally the data retention times of the data stored in the ferroelectric
memory were analyzed and predicted using a mathematical model developed in

Microsoft Excel.

Abstract Approval:

Augusl 22,2002

Committee Chair

Department Chair /;i; W 7//‘?//2

Graduate Dean ﬁ@é_%_@‘ﬁz&_zﬂi/éz

iv




ACKNOWLEDGEMENTS

Commit your way to the LORD; Trust also in Him, And He shall bring it to pass.
Psalm — 37:5

| am extremely thankful to God Almighty who has been so faithful and merciful

in enabling me to pursue my Masters’ and successfully put forth this thesis.

| would like to acknowledge Dr. F.D. Ho for providing the motivation, guidance
and constant support throughout my entire research work. Without him, this thesis would
not have been possible. I am indebted to him for his time, support and invaluable insight

he has given me into integrated circuit techniques.

| am extremely thankful to Mr. Todd Macleod for his invaluable time and
assistance throughout my research. He was instrumental in providing me with essential

circuit elements and the laboratory equipment needed for my work.

| am tremendously thankful to the ECE department for providing financial
support throughout my Masters’ work. I would also like to mention the ECE Graduate
Staff Assistant, Ms. Jacqueline Siniard for her patience and support. I also like to thank

Radiant Technologies and NASA for laboratory equipment assistance.

Finally, I would like to thank my family, whose encouragement and dedication to
my future have been indispensable to me. | would like to dedicate this thesis to my
parents. | am always indebted to them for all the sacrifices they have made to mold me

into who | am today.



TABLE OF CONTENTS

Page

LSt OFf FIGUIES . ..nvieiit it e ae e viii

List Of TabIes . ...ueei e X

List Of SYMDbOIS . ..enei X1
Chapter

l. INTRODUCTION ...t 1

A. Motivation for Research ... 2

B. Advantages of Ferroelectric Memory ..............coooiiiiiiiiiiiiiiiiniieeenen. 2

C.Scope 0Of WOrK ..o, 3
. FERROELECTRIC THEORY ....uiiiiiiiii e 4
Y 5 £ 70 o PP 4

B. Crystal Structure ...........cooiiiiiiiiiii e, ©

C. POlarization ..ot e 8

D HYSIEIESIS ..ttt e 9
1. FERROELECTRIC CAPACITANCE MEMORY .......cooiiiiiiiiiiiiiinn 12

A. Linear and Paraelectric Capacitors ..............coviiiiniiriiiiieiiininianeanannn. 12

B. Ferroelectric Capacitor ..........oouviuiiiiiiiiiiiieiiieei e eieenieeeeneeene 14
C. Type AB White Dual Ferroelectric Capacitors ............c.ccoeeevuinuinninnnnn 16

D. Hysteresis of the AB White Ferroelectric Capacitor................cccoeeveennenn. 18

E. Measurement of Polarization ...........uuooeeieemmeee e e, 19
F. Calculation of Effective Capacitance ..................ocoiviiiiiiiiiiiiiinan.n. 22
G. Calculation of Dielectric CONStaNt .........vveeeeeeeeeee e 22

H. Calculation of Total number of Dipoles ..............ccooeiiiiiiiiiiiiiniieeenn. 24

Vi



IV.  NON-VOLATILE FERROELECTRIC MEMORY LATCH ..............ccuneee. 26
A. Circuit Design and Analysis ..........ccouiieiiiriiiiii e, 27
B. Device FUNCHIONALILY ......ovieie e e 35
C. WIIte OPEIatioN .......vieiieiiti e 36
D. Read OPeration ..........oouiuiiriitit i 38
V. ELECTRICAL CHARACTERIZATION OF THE LATCH ....................... 40
A. Input Voltage Range for Data ‘0” Write ..........c.ooviiiiiniiiiiiiiieienns 40
B. Write Enable Voltage Range for Data “1° Write ..............covvvvievienieenen. 41
C. Current at Power Supply Vs Write Enable Voltage .............................. 42
D. Current at Input Node Vs Write Enable Voltage ..............ccocooeveivininn... 45
E. Sense Capacitance Working Range ................c.ocooiiiiiiiincnnccne 45
F. Retention Testing ........ooeviiiiiiiiiiiiiiiiiei e e ieesreesiee s 48
REFERENCES ..o e e e erree e 53
BIBLIOGRAPHY ..ot 57

vii



Figure

2.1

2.2
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
4.1
4.2
4.3
4.4

4.5

4.6

4.7

LIST OF FIGURES

Page
Crystal structure of PZT in Paraelectric (Ps=0) and Ferroelectric
PRESES (PSF0) . .uviiniie e e 7
Ferroelectric Hysteresis l00p .........c.ooveriiniiiiiii e 10
Relation between charge and voltage in a linear capacitor ......................... 13
Relation between charge and voltage in a Paraelectric capacitor .................. 15
SaWyer TOWET TeSE CIrCUIt ..uveeetett ettt e e e 16
AB white capacitance packaging .............cooiiiiiiiiiiiiii 17
AB White capacitor SrUCtUIe ............oviitiiiii i 17
Hysteresis of a PZT AB white ferroelectric capacitor .......................coeee. 19
Pulse train used to measure polarization ...................cooiiiiiiiiiiiii, 20
Polarization measured with each pulse ... 21
Autonomous non- volatile memory circuit ...............coooiiiiiiiiiiiiiii 27
Primary Autonomous Memory CirCuit ..........covveveieiiiiirieiiiianeeeaenenne. 28
Equivalent circuit showing charge and current flow through the circuit ........... 29
Hysteresis loop of the AB white ferroelectric capacitor ............................. 31
Instantaneous capacitance Vs voltage for an AB white ferroelectric
(OF: 1o 11 | (o] PSP 31
Addition of feedback 100p .........oeiiii 33
Addition of charge based Read Circuit ............coooiiiiiiiiiiiiiiiiie 34

viii



4.8

4.9

4.10

411

5.1

5.2

5.3

5.4

5.5

5.6

Writinga ‘0’ tothe latch ... 37
Writinga ‘1’ tothe latch ... e, 37
Reading a ‘0’ fromthe latch ... 39
Reading a ‘1’ fromthe latch ... 39
Current at power supply when data ‘1’ iS iIn memory .................ccoeeueen.... 43

Current at power supply when data ‘0’ is in memory after the
removal of the 2V INput .........oiiiiiiiii e 44

Current at power supply when data ‘0’ is in memory without the

removal of the 2V INput ... .o 44
Current at the Input node with data ‘0’ in memory ................ccoevvvviinnnn.. 45
Switching and non-switching polarizations of the AB white capacitor .......... 47
Retention time VS Sense capacitanCe .............ccovvviiiiiiiiiiiiiiiieienanaens. 49



LIST OF TABLES

Figure Page
3.1  Polarization parameters of AB white ferroelectric capacitor ........................ 21
5.1 Input Voltage range for writing a ‘0’ ........cooiiiiiiii e, 41
5.2 Write Enable voltage for writinga ‘17 ..., 42
5.3  Sense capacitance WOIrKing range ...........o.eeereereerenrenearearaneaeanennaneanans 46



LIST OF SYMBOLS

A Area of the capacitor

Curie constant

C Capacitance

Cetf Sample effective capacitance

Coata AB White ferroelectric capacitor

Ceense Linear sense capacitor

D Distance between the capacitor plates

E Coercive field

Ise Base-emitter current of transistor

lce Collector-emitter current of transistor

I Data Current across the ferroelectric capacitor
I oad Load current

K Sample dielectric constant

P Polarization of the material

Prax Maximum polarization

P Remnant polarization

Ps Spontaneous polarization

Psue] Spontaneous polarization during UP state of ferroelectric capacitor
Psipown] Spontaneous polarization during DOWN state of ferroelectric capacitor
p* Switched polarization

P*, Remnant switched polarization

pA Non-switched polarization

PA, Non-switched remnant polarization

Xi



Q Charge

Quata Charge stored in the ferroelectric capacitor
Ronen) Resistor at the base of transistor T1
Rbene) Resistor at the base of transistor T2

Rin Input resistance

Ricad Load resistance

t Thickness of the capacitor

Tl NPN junction transistor

T2 PNP junction transistor

Te Curie-Weiss temperature

\ Volume

\ Voltage across the conductor plates

Vge Base-emitter voltage of transistor

Ve Collector-base voltage of transistor

V. Coercive Voltage

V data Voltage across the ferroelectric capacitor
Voad Voltage across the load

V max Maximum input voltage

Voutput Output voltage

Vpower Voltage at power supply

X Free space permittivity

M Dipole Moment

& Dielectric permittivity of the material

& Permittivity of vacuum

p Gain or amplification factor of transistor

xii



CHAPTER |

INTRODUCTION

Ferroelectricity is defined as the spontaneous alignment of electric dipoles within
a material under the influence of an electric field, resulting in a hysteresis loop when the
direction of electric field is switched [1]. The characteristic properties of ferroelectric
materials are their reversible, spontaneous polarity and non-linearity. The basis of the
ferroelectric capacitance memory operation relies on the principle that when an electric
field is applied to a ferroelectric capacitor, the positive and negative remnant polarization
charge states of the capacitor are denoted as either data ‘0’ or data ‘1°. The main focus of
this thesis is to study and characterize the operation of an autonomous non-volatile
ferroelectric memory latch that employs a ferroelectric capacitor coupled with a sense
capacitor in a Sawyer tower to function as the memory and latching components of the

device. The applications of the studied memory latch may include:

a. State Machine.

b. Automotive and Aerospace Applications [2].

c. FPGA configuration control [2].



A. Motivation for Research

Since the late 1980’s, there has been a growing interest in ferroelectrics for
standalone and non-volatile memory operations [3]. The ferroelectric memory array and
latch circuit that have been suggested and analyzed to this day embed ferroelectric
capacitors within a cocoon of clocks, control signals and programming lines [4, 5]. This
structure does not fully utilize the data storage properties of the ferroelectric capacitor
which is the ability to hold its memory state within those changes of its crystal lattice
with or without an external circuit. The ferroelectric capacitance memory latch circuit
studied in this thesis fully exploits this ferroelectric property and has the ability to operate
without any clocks or control lines which makes it fully autonomous. The properties of
the ferroelectric material to store an electric polarization in the absence of an electric field
make the device non-volatile. The circuit which is used to characterize the design was
laid out using discrete components. This thesis analyses the electrical characterization

and data retention of the latch circuit.

B. Advantages of Ferroelectric Memory

Ferroelectric memory is an emerging non-volatile memory technology that has
several key advantages over the most mundane, extensively used flash memories.
Ferroelectric memories offer greater program erase endurance which exceeds over 10™
programmable erase cycles [6]. Ferroelectric memories have faster write speeds as they
work on symmetrical read / write cycles. Ferroelectric memories can be programmed
with voltages which are low as 2 volts. Flash memories require relatively large program
and erase voltages in the order of approximately 10 volts [7]. Also, ferroelectric

memories possess the capability of being designed using CMOS technology. Further, the



autonomous ferroelectric memory latch discussed in this thesis is asynchronous as it does

not employ any external clocking circuitry for its operation.

C. Scope of Work

This thesis is organized in a manner such that it devotes a chapter to each of the
following subjects: Ferroelectric theory, Ferroelectric capacitance memory, Non-volatile
ferroelectric memory latch and Electrical characterization of the latch. Chapter 11 focuses
on basic ferroelectric properties including crystal structure, polarization and hysteresis.
Chapter 111 discusses capacitance theory with special importance to the electrical
behavior of the AB white type ferroelectric capacitor. Chapter IV analyses the design and
device functionality of the autonomous non-volatile ferroelectric memory latch. The
electrical characterization and data retention properties of the latch are extensively

discussed in chapter V.



CHAPTER II

FERROELECTIC THEORY

The theory of ferroelectricity dates back to ancient times. They were merely a
curiosity until the start of the twentieth century when these materials were introduced to
practical usage. Although ferroelectric materials can be used in many forms, the bulk
crystal form was the first to be put to practical use due to the fact that they occurred

naturally.

A. History

Pyroelectricity is the ability of materials to generate current in response to a
change in temperature. Studies were carried out in the eighteenth and nineteenth centuries
to characterize the properties of such materials like tourmaline [8]. It was also seen that
such materials could attract objects when heated. The first ferroelectric material to be
identified was Rochelle salt, sodium potassium tartrate tetrahydrate (NaKC4H404-4H,0).
Rochelle salt had been in use for its medicinal properties since the seventeenth century;
however its physical properties were not extensively studied until the late nineteenth
century [9]. In 1880, the piezoelectric property of Rochelle salt was identified by the

Curie brothers. Piezoelectricity is the phenomena where charge generates on the



surface of the material when the material is subjected to an external stress [10]. Below a
certain temperature the material spontaneously became polarized. This temperature is
known as the Curie point. Ferroelectricity is an electrical phenomenon by which certain
materials exhibit a spontaneous dipole moment, the direction of which can be switched
by the application of an electric field [11]. All ferroelectric materials have a transition
temperature which is the Curie point, T.. At T < T, the crystal exhibits ferroelectricity

while for T > T, it is not ferroelectric.

However it was only in 1920 that VValasek discovered the ferroelectric property of
Rochelle salt [4]. The polarization of the Rochelle salt material could be reversed when
an electric field was applied to it. The ferroelectric property was considered exclusive to
Rochelle salt until Bush and Scherrer in 1935 discovered that potassium dihydrogen

phosphate (KH,PO,) also exhibited the same property [9].

Study of crystals with crystal structure similar to that of KH,PO, led to the
discovery of a family of materials known as ammonium salts which were also found to
display ferroelectric properties. A typical ferroelectric salt, ammonium dihydrogen
phosphate ((NH4)H2PO4) was found to show Antiferroelectrics properties. This meant
that the adjacent crystal structures had opposite polarity below the Curie Point thus
rendering the overall polarity of the crystal to be zero. ((NH4)H,PO,4) was widely used as
a SONAR transducer on ships during World War 1l. This extensive application of a
ferroelectric material greatly increased the amount of research performed in this area
[12]. The discovery of ((NH4)H.PO,) greatly simplified the study of ferroelectrics as its
crystal structure was much simpler when compared to Rochelle salt (16 atoms versus 112

atoms).



Later in the 1940’s Ferroelectricity was discovered in Barium titanate BaTiO3
[13]. Barium titanate had a Curie Point of 120°C which was well above room
temperature. This in turn led to the discovery of Lead zirconium titanate (Pb(Zr«Ti1-x)O3)
also known as PZT which was found to have a much higher transition temperature of
215°C. Since its discovery PZT has become the most widely used ferroelectric material
today. Ferroelectric research has extended to liquid crystals and high polymers, which is
a major development since Ferroelectricity was considered as a property specific to solids

for over fifty years [13].
B. Crystal structure

The ferroelectric material utilized in this research is lead zirconium titanate. The
molecular formula of PZT given as Pb;Zr,Ti;.xO3 corresponds to its Perovskite ABO3
crystal structure. There are 8 lead atoms at the corners which are shared by 8 adjacent
cells which gives one lead atom per cell. The six faces of a cell have one centrally located
oxygen atom that is shared by two cells which gives 3 oxygen atoms per cell. A
zirconium or titanium unshared atom is contained within each cell. In a perovskite there
are no metal to metal bonds. Every metal atom is bonded only to the nearby oxygen

atoms.

Ferroelectrics are polar materials that possess at least two equilibrium states i.e.,
spontaneous polarization state in the absence of an electric field, and the state in which
the spontaneous polarization, Ps may be switched between those orientations by an
external electric field [14]. Most ferroelectric materials are found to undergo a structural

phase transition from a higher temperature non-ferroelectric phase into a low-temperature



ferroelectric phase. The phase transition temperature is the Curie point. Above the Curie
point the dielectric permittivity of the material falls off with temperature in accordance

with the Curie — Weiss Law [15].

C _C
T-To T-To (2_1)

E=Eo+

where, ¢ = dielectric permittivity of the material, o = permittivity of vacuum ( 8.85 *

10712 F/m), C = Curie constant, To(To<7;) = Curie-Weiss temperature.

tetragonal ferroelectric

Figure 2.1 Crystal structure of PZT in Paraelectric (Ps=0) and Ferroelectric Phases
(PS#£0) [15]



PZT has a cubic structure in the non-ferroelectric, Paraelectric phase and a
tetragonal structure in its ferroelectric phase as shown in the Figure 2.1[15]. Although
PZT is ferroelectric, and lead titanate is also ferroelectric, lead zirconate is actually anti-
ferroelectric and has a transition to the paraelectric cubic state at 230° C [16]. In lead
zirconate, displacements of Pb atoms in adjacent unit cells are in equal but opposite
directions, thus making it anti-ferroelectric. By applying an electric field, lead zirconate

can be forced into the ferroelectric state.

The titanium atom is off center which causes its bonds with the four center faced
oxygen atoms to be tilted upwards. Further the electrons of these four bonds tend to hang
around the oxygen atoms more that the titanium atoms giving every metal — oxygen pair
a net electric dipole. This explains the basic structural unit of electric dipole that is
always present in each of the cells due to the displaced cation. Since dielectric constant
depends on this displacement, PZT can have a high dielectric constant. The titanium atom
can be made to force its way to the other side by applying an electric field in the same
direction of the naturally occurring dipole. This forces the natural dipole to point
downward. Thus material can have any combination of up or down dipoles. Each of the
dipoles will combine with others to form groups called domains which in turn can be
forced to switch directions. The cumulative direction of all the domains renders the

material its memory component.

C. Polarization

Polarization of the ferroelectric material can be defined as the total dipole moment

per unit volume [17].



P=Ywv (2.2)

Where, P = Polarization of the material

p = Dipole Moment

V = Volume

Ferroelectric materials demonstrate a spontaneous non zero polarization when the
applied electric field is zero. This spontaneous polarization can be reversed by an applied
electric field [18]. The polarization is spontaneous at the Curie temperature; the crystal
structure of the ferroelectric material is transformed from a nonpolar to a polar state [19].
The regions of the crystal with the spontaneous polarization oriented in a uniform
direction are called ferroelectric domains. The area between two ferroelectric domains is
referred to as the domain wall. When the direction of the spontaneous polarization
throughout the material is random in such a way that the net polarization is zero, the
pyroelectric and peizoelectic effects corresponding to the individual domains will cancel
each other. In such cases polycrystalline ferroelectric materials may be bought to their
polar state by applying a strong electric field at elevated temperatures. This process of
reorienting domains within individual crystal grains in the direction of the applied field is

called poling [14].

D. Hysteresis

The domain wall switching in response to an applied electric field in ferroelectric
materials results in the occurrence of the ferroelectric hysteresis loop. Hysteresis is the

relationship between the externally applied electric field and the resulting polarization.



The polarization is not only dependent on the current electric field but also on its past
values [16].The hysteresis loop can be measured experimentally by using a Sawyer —
Tower Circuit. Figure 2.2 [14] shows the ferroelectric hysteresis effect with the applied
electric field on the x-axis and the measured polarization. The circles with arrows
represent the polarization state of the material at indicated electric fields. The Figure
displays several segments and points of interest. As the intensity of the applied field
increases the domains which have unfavorable direction start to switch to the direction of
the electric field as seen in segment B-C. All the domains are aligned at point C then the
relation becomes linear as seen in segment C-D. Spontaneous polarization, Ps is

measured as the intercept of extrapolation of this segment with the y-axis.
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Figure 2.2: Ferroelectric Hysteresis loop [14].
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Beyond point D the electric field decreases and the polarization starts to switch
back, but when the electric field becomes zero the polarization is non-zero as indicated
by point E. The polarization value at which the applied electric field is zero is termed as
remnant polarization; P, In order to bring the polarization to zero the electric field has to
be reversed. The applied electric field required to cause zero polarization is called the
coercive field E;. Point G is the maximum polarization that can be achieved when the

applied electric field is reversed.

11



CHAPTER 111

FERROELECTRIC CAPACITANCE MEMORY

The vital part of the memory latch that is to be characterized is the ferroelectric
capacitor. In this chapter we go through the capacitance theory of linear, paraelectric and
ferroelectric capacitors with importance to the behavior of AB white ferroelectric

capacitors along with its need to be used in the memory latch configuration.
A. Linear and Paraelectric Capacitors

A capacitor is a passive electrical component that consists of two conductor plates
separated by a dielectric material. When voltage is applied across the conductor plates an
electric field generated across the dielectric causing positive charge to be collected on
one plate while negative charge collects on the other plate. The capacitance of is the
measure of the charge that is contained within a unit volume of the capacitor. It is

measured in farads.
C=QNV 3.1)

where,

12



C = Capacitance
Q = Charge
V = voltage across the conductor plates.

When the dielectric between the plates is vacuum, the capacitance is given by the

equation

C = &Al (3.2)
where

€. = dielectric permittivity of vacuum = 8.84 x 10™ Farads/cm

A = area of the capacitor

t = thickness of the capacitor

Charge (uC)

Linearity means: C,=C;=10;

Figure 3.1: Relation between charge and voltage in a linear capacitor [20].

13



Combining the two equations we get Q = (E0A/t)V which represents the equation

of a straight line Y = mX + b where Y is the charge Q, m is the slope of the straight line
given by C and b is the Y — intercept which is zero. A linear capacitance is one in which

the capacitance, C = AQ/AV is constant for all voltages [20]. A paraelectric capacitor is

one with a non-linear plot in the relation between the charge on the conductor plates and
the applied voltage. Paraelectricity is the ability of many materials to become polarized

under an applied electric field.

Unlike ferroelectricity, this can happen even if there is no permanent electric
dipole that exists in the material, and removal of the field results in the polarization in the
material returning to zero [21]. In the linear capacitor the relative dielectric constant is
due to the displacement of the electrons on the application of the electric field. On the
other hand the crystal lattice of paraelectric materials is so compact that there is a
displacement of entire atoms on the application of the electric field giving rise to the non-
linear plot in the relation between charge and voltage. Paraelectric materials have a

relatively high dielectric constant.

B. Ferroelectric Capacitor

A ferroelectric capacitor is one in which the material between the two conducting
plates is ferroelectric. Ferroelectric capacitors exhibit non- linear properties and tend to
have very high dielectric constants. As explained in chapter 2 Hysteresis occurs in the
polarization Vs voltage plot of the ferroelectric capacitors due to the fact that their

internal dipoles can be switched with the application of an external electric field.

14



Polarization in ferroelectric capacitors is the ratio of the total charge stored on the plates

of the capacitor to the area of the plates.

B0 -

a0 -

40 —

0 -

20 -

10

MNon-linear Capacitance: C) = C;

Pol awrization
=]
RRRRNRERRNRRRLRRERL ELERLLLIRY LANR ARRR AR RRRRRRRRRRRRRNRR

=30 =25 =2 =15 =10 = 0 5 W0 15 20 - a0

Figure 3.2: Relation between charge and voltage in a paraelectric capacitor [20].

The amount of charge flow in the ferroelectric capacitor when electrically pulsed
is measured using a Sawyer- Tower circuit [15]. The circuit consists of a voltage source
that can generate both positive and negative pulses, a ferroelectric capacitor and a sense
capacitor. The sense capacitor acts as an integrating capacitor that stores the charge

released by the ferroelectric capacitor during a pulse from the source.

15



x@

Oscil — Ferroelectric
scilloscope — Capacitor

V@

Votlage Source

— — Bense
[ Capacitor

Figure 3.3: Sawyer Tower Test Circuit

C. Type AB white Dual Ferroelectric Capacitors

The ferroelectric capacitor used in this research is an AB white capacitor from
Radiant Technologies. The Type AB package contains two identical 2550A thick, 20/80
PZT capacitors. Each die (Die RC2-AAA) is packaged in a four-lead TO-18 header.
One package lead connects to the case and is labeled GND. The two capacitors share a
single COMMON but have separate leads for their other electrodes. The COMMON lead
connects to their bottom electrodes. The total PZT lead content per die is 1.7 milligrams

[22]. The detailed packaging is seen in figure 3.4.

16



Top view _ T0-18 Can

COMMON CAPA

Figure 3.4: AB white capacitance packaging [22]

The AB white capacitor structure is shown Fig 3.5. The polycrystalline platinum
bottom electrode has a thickness of 1500 A whereas the top polycrystalline electrode
measures 1000 A. The 20/80 PZT is deposited in seven layers to 2550 A. The metal

interconnect is made using 200 A chromium and 5000 A gold.

Bottom
Top Electrode Electrode Ferroelectric
One quarter of \ / ratarics

a micrometer

of PZT as WN

protection A

mmmmmmmmninin

Half of a
micrometer of
Silicon
Dioxide as a
foundation

Silicon Wafer 550 micrometers thick

Figure 3.5 AB white capacitor structure [22]
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D. Hysteresis of the AB white Ferroelectric Capacitor

The behavior of the PZT AB white capacitor was studied using the Vision 4.6.0
Software Package from Radiant Technologies. The capacitor has an area of 10,000p% and
has a thickness of 2550A undoped 20/80 PZT. Fig 3.4 was obtained using the ‘charge

function’ that shows the relation between the charge and the drive voltage.

In linear and paraelectric capacitors shown in Fig 3.2 and 3.3 we see that the
charge is zero when the applied voltage is zero whereas in Fig 3.6, the measured charge is
non-zero at zero volts. The hysteresis loop moves counterclockwise from 0V to +6V,
+6V to 0V, OV to -6V and -6V back to OV. Point ‘a’ is the starting point of the charge
state of the capacitor after a previous state which left it at a fully down condition. The
point ‘b’ is the charge state of the capacitor when the voltage changes from +6V to -6V.
Point ‘c’ is the final point of measurement. It is to be noted that the loop did not end
exactly where it started. When point ‘c’ is measures again after a few seconds the charge
will decay to point ‘a’. In the same way if the measurement was at point ‘b’ instead of
going all the way to point ‘c’, the charge would have decayed to point‘d’. Thus there is
always an excess charge or remnant charge in the capacitor that contributes to the
memory component of the capacitor. Fig 3.6 shows the hysteresis of the AB white
ferroelectric capacitor whose maximum polarization, Pma = 35.64pC/cm? Remnant

polarization, P, = + 24pC/cm? and the Coercive voltages, +V, = 2.48V -V = -1.46V.
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Figure 3.6: Hysteresis of a PZT AB white ferroelectric capacitor.

E. Measurement of Polarization

Polarization is measured as the total charge per unit area of the conductor plates in
the ferroelectric capacitor. As mentioned earlier, the amount of charge flow through a
ferroelectric capacitor can be measured using a Sawyer-Tower Circuit. Polarization in the
AB white test capacitor was measured using Vision 4.6.0. Fig 3.7 shows the pulse train
from the AC source and the points at which the polarization in the capacitor is measured.
The first pulse in the negative direction is a preset pulse where no measurement is made.
The second pulse is made in the positive direction and the switched polarization, P* is
measured at the top of this pulse. The next measurement is made after the pulse delay in
order to measure the remnant switched polarization, P*r. The third pulse is in the same
direction of the second and the non-switched polarization, P" is made. The non-switched
remnant polarization, P*r is made at the end of the following pulse delay. The fourth

pulse is made in the negative direction in order to measure the switched polarization, -
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P*in the negative direction. After the pulse delay the negative switched remnant
polarization, -P*r is measured. The Fifth pulse is in the direction of the previous pulse.
The non-switched polarization —P” and the corresponding remnant polarization, -P*r are
made. Fig 3.8 indicates the polarization measured with each pulse. These polarization
measurements are used to calculated the effective capacitance, dielectric constant of the
capacitor, and also the remnant polarization is a measure of retention which is the
primary memory characteristic of the ferroelectric capacitor used in the design of the

autonomous non- volatile memory latch.

Table 3.1 shows the polarization parameters of the AB white ferroelectric

capacitors measured at Vmax = £5V, Pulse width = 1ms, Pulse delay = 1000 ms.

Vmax - Points along the pulse train where
polarization is measured

5
A= 1 1 1 — 1 1
§ Pulse
i Delay
-Vmax — o
—
~ Pulse width

Time

Figure 3.7: Pulse train used to measure polarization
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Vinax/-Vmax(V) | Polarization(uC/cm?)
5 pP* 60.95
0 P*, 48.25
5 pA 12.71
0 P/ 0.47
-5 -p* -59.68
0 -P*; -48.35
-5 -pA -11.55
0 -PA, -0.36

Pulse Width(ms) =1
Delay Time(ms) = 1000

Table 3.1: Polarization parameters of AB white ferroelectric capacitor

-P*r

P*

—|}j
T Pir

P*r

. Polarizat ion (PCfcmn2)

in =]
o

voltage(V)

Figure 3.8: Polarization measured with each pulse [23]
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F. Calculation of Effective Capacitance

Using the polarization parameters made by the measurement discussed above the

Effective Capacitance of the AB white was calculated.

Effective Capacitance =[(Delay ) x (P*) X (A)]/ Vmax (3.3)

Where

Delay = Pulse delay specified in the input pulse train in ms

P* = Switched polarization measured atop of the second pulse in pC/cm?
A = Area of the capacitor in cm?
Vmax = Maximum input voltage

Using the parameters from Table 3.1 the effective capacitance for that particular

measurement can be calculated as follows

Effective Capacitance sample of the AB white Capacitor (Ces)

= ((1000) x (60.95) x (0.0001))/5

=1.219nF

G. Calculation of Dielectric Constant

The dielectric constant of the capacitor material is usually calculated using the equation

[20].
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XA
C=
d

(3.4)

Where

C = Capacitance in farads

X = Free Space Permittivity

€ = Permittivity of the capacitor material

A = Area of the capacitor in square centimeters

D = Distance between the capacitor plates in centimeters

Using the parameters measured using the Vision 4.6.0 featuring in Table 3.1 the sample

effective capacitance is calculated as follows

i (Cx (1) (3.5)
A X&o
= 3099.59
Where

K = Sample dielectric constant

Cer= Sample effective capacitance in nF

t = thickness of the dielectric material in um

€,=8.854 x 10 *2
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A = Area of the capacitor in cm

Thus we see that the PZT material used in the AB white ferroelectric capacitor
has a very high dielectric constant. It is to be noted that the dielectric constant is a
measure of the electrical polarizability of a material and a crucial quantity in the

construction of capacitive elements in electronics.

Materials with high dielectric constants are of great interest and are being
developed for increased charge storage in a smaller area in memory chips. The ability of
ferroelectrics to exist in two different polarizations in the absence of a field is being used

for non-volatile ferroelectric memories.
H. Calculation of the total number of dipoles

The total number of electric dipoles present in PZT “AB” white capacitor by Radiant

Technologies is calculated below.

Area of the capacitor = 10,000 um?

Thickness of the capacitor = 0.26 um

Capacitor Volume = Area of the capacitor * Thickness of the capacitor
= 10,000 pm? * 0.26 um
= 2,600 pm®

The unit cell in PZT is 0.0004U per side. Hence,

Unit cell volume = (0.0004pm) *
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=0.64 * 10 pm?
Number of dipoles present in each capacitor = Capacitor Volume / Unit cell volume
= 2,600 um*/0.64 * 10 um?

= 40,625 * 10°° dipoles.
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CHAPTER IV

NON-VOLATILE FERROELECTRIC MEMORY LATCH

The non-volatile ferroelectric memory latch was constructed using the AB white
ferroelectric capacitor in a Sawyer — Tower as its core functional circuit. The latch works
on the principle that when an electric field is applied to a ferroelectric capacitor, the
positive and negative remnant polarization charge is denoted as either data ‘0’ or
data’1’.The properties of the ferroelectric material to store an electric polarization in
distortions of their crystal lattice with or without a circuit attached in the absence of an
electric field makes the device non-volatile. The latch holds the new data as long as
power is applied and returns automatically to that state when the power is removed and
reapplied ensuring non-volatility. Further the memory latch is autonomous as it operates
with the ground, power and output node connections, without any externally clocked
control line. This explains the ability of the latch to operate without the presence of
control logic, a microprocessor, or logic-level voltage supplies. Additionally the latch can
be written when powered off which will be explained in detail further in this chapter.
This chapter will include the detailed design layout and functionality of the memory

latch.
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A. Circuit Design and Analysis

The circuit diagram of the autonomous non-volatile memory latch as shown in

Figure 4.1 consists of a NPN transistor; T1, PNP transistor; T,, an AB white ferroelectric

capacitor; Cgata ; @ linear capacitor; Csense, an input node and a power supply node. The

latch can be analyzed in three different stages as follows

e Primary Autonomous Memory Circuit.

e Addition of the feedback loop to the Memory Circuit to form a latch.

e Addition of charge-based Read Circuit.

e

Q2N3906

-

Rioad § 1K

&{
2 A

Rin

input

% "
|

Figure 4.1 Autonomous non-

Rb(PNP)
MA—2 Output
47k
Cdata 2

RB(NPN)

Q2N3904

10k T1

Csense —— 139nr =
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The Primary Autonomous Memory circuit consists of the AB white ferroelectric
capacitor, transistors T; which is of NPN type that does not turn ON unless the threshold

voltage exceeds 0.7V and resistors R, (NPN) and Rjaq as shown in Figure: 4.2,

Power

I{Lmd

Clutput
Cdata

[nput

Figure 4.2: Primary Autonomous memory Circuit

For a single ferroelectric capacitor to operate as a memory element in an
autonomous memory circuit we must make sure it eliminates any control lines and
clocks, be associated with another device which can sense its state and will have a
method of changing its state. In order to achieve the above specifications the ferroelectric
capacitor can be combined with a transistor to produce variable impedance. In Figure 4.2
the NPN transistor T, acts as the state detector and the Ryy,q translates the memory state

[25].
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When the power supply is turned ON, the ferroelectric capacitor Cgyaa Charges
through the resistor Ri,ag as shown in the equivalent circuit Figure 4.2 until it reaches
saturation. The current from the ferroelectric capacitor passes through the base-emitter
diode of T; resulting in a larger current through the collector-emitter terminal of T, by a

factor of B*Igg as shown in the equivalent circuit Figure 4.3

Power

I{lcad

Cdata

Input

I:{.._".I-l.'

Icp = [*lg

Iig base-emitter diode of T1

.‘_-_-_-_

Figure 4.3: Equivalent circuit showing charge and current flow through the circuit

Hence, the current through the resistor Reaq iS given by the equation

lioad = ldata + B (lgata) (4.1)

load = lgata (11 B) (4.2)
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However, the current through Roaq determines the voltage drop, Vg across it and thus

the voltage across the ferroelectric capacitor is given as

Vata = Vpower_ Vioad — ldata Rb(NPN) — Vi (4.3)

Vata = Vpower_ Vioad — ldata Rb(NPN) -0.7v (4.4)

Substituting for Vpaq We get

Vdata = Vpower - [(1"'[3) |data] I:\)Ioad - |data Rb(NPN) -0.7Vv (4-5)

The final output voltage is the difference the voltage at the power node and the voltage

drop across the resistor Rjoaq as follows

Voutput = Vpower - [(H‘B) |data] I:\)Ioad (4-6)

In the above equation the current across the ferroelectric capacitor, lgs depends
on both the output voltage and the remnant polarization state of the ferroelectric
capacitor. This is affirmed by the following plot in Figure: 4.4 which is a measure of the
charge generated by the ferroelectric capacitor as a function of the voltage using the

Vision 4.6.0 package.

The voltage applied across the capacitor makes the horizontal axis while the
vertical axis is the sum of all the charge that comes out of or gone into the ferroelectric
capacitor at each voltage on the horizontal axis since the beginning of the test. The
voltage across the ferroelectric capacitor that is necessary to bring the value of the charge
to zero is termed as the Coercive Voltage, V.. It is to be noted from the Figureure that the
coercive voltage for the AB white type ferroelectric capacitor used in the design of the

autonomous non-volatile ferroelectric memory latch is around £ 2 V.,
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Figure 4.4 Hysteresis loop of the AB white ferroelectric capacitor
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Figure 4.5 Instantaneous capacitance Vs voltage for an AB white ferroelectric capacitor
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Figures 4.4 and 4.5 are keys to understanding the autonomous memory of the
latch. Figure 4.5 shows the mathematical derivative of Figure 4.4 with the instantaneous
capacitance on the y-axis and the applied voltage on the x-axis. The plot shows peaks of
0.033 pF which is termed as the switching capacitance. The interesting fact is that
switching voltages around which the switching capacitances occur correspond to the
coercive voltages shown in Figure 4.4. Thus once the latch design is complete the data
states can be switched by switching the remnant polarization states of the ferroelectric
capacitor, which in turn can be switched by an externally applied switching voltage
whose value is around the coercive voltage of the AB white type ferroelectric capacitor.
For design purposes the peaks of switching capacitances are termed as the capacitor
DOWN states whereas the non-switching capacitances are termed as capacitor UP states.
The DOWN and UP states of the capacitor will be translated to Data ‘0’ and Data ‘1’ of

the latch which will be further explained in under ‘device functionality’ in this chapter.

The next stage of the design is the addition of the feedback circuit as shown in
Figure: 4.6. The feedback circuit should latch to the data ‘0’ state if an input voltage
occurs but let the circuit stabilize to the data ‘1’ state in case there is no applied input
voltage. The feedback circuit must also serve rewrite the UP state in case of data ‘1’ and
DOWN state in case of data ‘0’ back into the ferroelectric capacitor. Transistor To, a PNP
bipolar transistor is added on to the memory bit in Figure: 4.3 as a feedback transistor to
form latch. This transistor does not turn ON until the voltage across the Rjoaq is less than

the base emitter threshold voltage, Vge which is approximately 0.7 V.

The feedback circuit must compare the output voltage to some sort of reference

voltage in order to latch to either data ‘0’ or data “1°. In this case the voltage drop across
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the resistor Rjoqq IS Used as the reference voltage for latching. The value of Rjq,q IS chosen
relative to the value of Cgya, SO that it can be forced to generate only a small voltage drop
across Rjoag when data ‘0’ needs to be latched and to generate a much larger voltage drop

across the Rjpaq to latch to data “1°.

Power

51%1

®—>Output

T2 Vien Voltage

- - - - — - - ——— - -~ —

Figure 4.6: Addition of feedback loop

The operation of Figure 4.6 can be explained as follows. When there is a non -
switching ferroelectric current across the ferroelectric capacitor Cgata, the voltage across
the resistor Rjpag IS way below the base - emitter threshold voltage, Vge. Hence the
transistor T, remains OFF. With T, OFF, T1 also remains OFF pulling the output node

high to represent data ‘1’. On the other hand when there is a switching current across the
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ferroelectric capacitor, the voltage across the resistor R, exceeds the base — emitter
threshold voltage of 0.7 V that turns ON transistor T, forcing T; also to turn ON. This

pulls the voltage at the output node low to represent data’0’.

In the next stage of design small resistances are added to the circuit in order to

limit the power required to change the state of the latch.

In the circuits shown in Figure 4.2 and 4.6, the current flow through the base
circuit of the bipolar transistor T; is used to modulate the state of the latch. A charge —
based method enable us to carry out this operation more precisely. Thus a Sawyer tower
circuit is constructed using the sense capacitance, Cgense around the base of the transistor

T1.

Power

H‘lnﬂd

Ru(PNP)

Output

Figure 4.7: Addition of charge based Read Circuit
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The sense capacitance collects the charge from the ferroelectric capacitor which enables

the voltage on the base of the transistor T to be equal to

Vb (NPN) = Quata * Csense 4.7)

The sense capacitance is chosen in such a way that if there is no switching in the
ferroelectric capacitor, Cgyqa; the total charge that is collected from the ferroelectric
capacitor is such that the voltage generated is way below the threshold voltage of the
transistor, T;. If the ferroelectric capacitor in its switched state, the voltage at the base of
the transistor, T, rises above the threshold voltage of the transistor. The size of the
capacitor also depends on the amount of charge generated by the ferroelectric capacitor.
The sense capacitance range will be discussed in detail in the next chapter using
experimental data as well as hysteresis half loops measured for the ferroelectric capacitor

using the Vision 4.6.0 package.

B. Device Functionality

The coercive voltage V. described earlier in this chapter which is required to
bring the charge in the ferroelectric capacitance to zero is termed as the Write Enable
voltage with respect to the designed autonomous non-volatile ferroelectric memory latch.
The write enable voltage is very crucial when it comes to changing the states of the latch

between data ‘0’ and data “1°.
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C. Write Operation [28]

In order to write a data ‘1°, the voltage at the power supply is brought down to 2
volts which is the write enable voltage. Meanwhile, there is no applied input voltage.
With zero volts at the input node, the charge collected by the sense capacitance is not
sufficient enough to make the base emitter voltage of T, higher than its threshold. This

turns OFF transistors Ty and T setting the output node high in order to represent data “1°.

In order to write a data ‘0’°, the voltage at the power supply is brought down to 2
volts corresponding to the write enable voltage which switches the state of the
ferroelectric capacitance Cgaia. NOw an input voltage of +2V at the input node. The
switching of the ferroelectric capacitor causes a higher amount of charge to be collected
across the Cgense Which enables the base emitter voltage of transistor T; to cross its
threshold turning on the transistors T1 and eventually also T2. This sets the voltage at the

output node to be low in order to represent a data ‘0’.

Figures 4.8 and 4.9 show that the data ‘0’ and data ‘1’ have been written to the
latch. The arrow indicates the data written. The voltage at the power supply node is
denoted in blue while the voltage at the node between the capacitors, Cgata and Ceense IS

denoted in yellow.
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Node between the capacitors

Power

Figure 4.8: Writing a ‘0’ to the latch [28]

Node between the capacitors

Figure 4.9: Writing a ‘1’ to the latch [28]
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D. Read Operation [28]

Once the power is turned ON, the Cgns acquires the data state from the
ferroelectric capacitance Cgqya. The two capacitors in the Sawyer tower circuit are in the
ratio such that if the Cya, is in a switched state, the charge collected by the Ceense Will
produce a base emitter voltage high enough to turn ON transistor T, and eventually T».

This makes the voltage at the output node low which is read as data ‘0’.

On the other hand if the ferroelectric capacitor Cgaa produces a non-switching
current through the Cgense, the base emitter at T, will be significantly way lower than the
threshold which turns OFF transistor T, and T, With transistors T, and T, in the OFF

state, the output node is pulled high which is read as data ‘1°.

Figures 4.10 and 4.11 show that the data ‘0’ and data ‘1’ have been read from the
latch. The arrow indicates the data being read. The voltage at the power supply node is
denoted in blue while the voltage at the node between the capacitors, Cdata and Csense is

denoted in yellow.

38



Node between the capacitors

Power

Figure 4.10: Reading a ‘0’ from the latch [28]

Figure 4.11: Reading a ‘1’ from the latch [28]
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CHAPTER V

ELECTRICAL CHARACTERIZATION OF THE LATCH

Having thoroughly discussed the design as well as the device functionality of the
autonomous non-volatile ferroelectric memory latch, this chapter will focus on its
electrical characterization. The working range of the vital parameters such as the input
voltage, write enable voltage and the sense capacitance are experimentally measured and

compared with the theoretical data [30].

A. Input voltage range for a data ‘0’ write

The input voltage is very important while writing the data ‘0’ on to the latch. It
corresponds to the coercive voltage that is required to change the state of the charge flow
from the ferroelectric capacitor to the sense capacitor to a switched state in order to
produce a voltage large enough to turn ON transistor T1 which will in turn pull the output

node to a low state to represent a data’0’ [31]

Table 5.1 is a representation of the experimental data for the different input

voltages which were used to write a data’0’ on to the latch ranging from 5.2 to 0.5 volts.
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From the table it can be clearly noted that a minimum input voltage of 0.8 volts
IS required in order to make a successful data ‘0’ write. For the sake of the latch an

optimal input voltage of 2 volts is chosen to write data’0’ on to it.

Input Voltage (V) Data’(0’ Write Status
5.2 Successful
4.1 Successful
3.8 Successful
2.5 Successful
1.5 Successful
1.0 Successful
0.8 Successful
0.7 Unsuccessful
0.6 Unsuccessful
0.5 Unsuccessful

Table 5.1: Input Voltage range for writing a ‘0’.

B. Write enable voltage for a data ‘1’ write

The write enable voltage is the minimum voltage below which a data ‘1’ is
written on to the ferroelectric memory latch. The voltage is required to bring the
capacitance of the ferroelectric capacitor Cga, to its non-switching state as shown in
Figure 4.5 of the previous chapter. The charge flow to the sense capacitor in this state is
maintained in such a way that the voltage generated at the base-emitter terminal of
transistor, Ty is always less than its threshold voltage to maintain the OFF state [32]. This

keeps the voltage at the output node high which is represented as data’1’.

Table 5.2 is a representation of the experimental data for the different
write enable voltages which were used to write a data’1’ on to the latch ranging from 5 to

0 volts. From the table it can be clearly noted that a data ‘0’ is written onto the latch when
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the voltage at the power supply node is any lesser than 3 volts. For the sake of the latch

an optimal write enable voltage of 2 volts is used to write data ’1’ on to it.

Write Enable Voltage (V) | Data ‘1’ Write Status
5.0 Unsuccessful
4.8 Unsuccessful
4.6 Unsuccessful
4.4 Unsuccessful
4.2 Unsuccessful

4 Unsuccessful
3.8 Unsuccessful
3.6 Unsuccessful
3.4 Unsuccessful
3.2 Unsuccessful

3 Unsuccessful
2.9 Successful
2.8 Successful
2.6 Successful

2 Successful

1 Successful

0 Successful

Table 5.2: Write Enable voltage for writing a ‘1°.

C. Current at Power Supply Vs. Write Enable Voltage

Once the input voltage and the write enable voltage ranges were determined, the
current at the power supply node was measured for the different write enable voltages
with data ‘1’ in memory. This is shown in Figure 5.1 where the voltage at the power
supply node is represented on the Y-axis while the write enable voltages are represented
on the X axis. The data shown in this figure was measured with the sense capacitance,

Csense Value to be 1.39 nF.

Figure 5.2 shows the current measured at the power supply node for the different

write enable voltages when data ‘0’. It is to be noted that the measurements were made
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after the 2 V input was removed from the input node. The current at the power supply
node after the removal of the input voltage required to switch the capacitance of the
ferroelectric capacitor is represented on the Y axis while the corresponding write enable

voltage is represented on the x-axis.

Figure 5.3 is the measure of the current at the power supply node for the different
write enable voltages with data ‘0’ in memory and also the without the removal input

voltage used to switch the ferroelectric capacitance.

As shown by the figures discussed above, the voltage at the power supply node

for all the three different cases is pretty linear with the respective write enable voltages.

0.05
0.045 A
0.04 -
0.035 -
0.03 A
0025 A
0.02
0.015 A
0.01
0.005 -

Current(mA)

2 26 3 35 4 45 5
Write Enable voltage(V)

Figure 5.1: Current at power supply when data ‘1’ is in memory
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Figure 5.2: Current at power supply when data ‘0’ is in memory after the removal of the
2V Input
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Figure 5.3: Current at power supply when data ‘0’ is in memory without the removal of
the 2V Input
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D. Current at Input node Vs. Write Enable Voltage

Current{ma)
= P
= n [ n
1 1 1 1

o
un
1

2 2.5 3 3.5 4 4.5 5
Write enable voltage(V)

Figure 5.4: Current at the Input node with data ‘0’ in memory

E. Sense capacitance working range

The value of the sense capacitance, Csense iS Very crucial in the operation of the
autonomous non-volatile ferroelectric memory latch as it collects the charge flow from
the ferroelectric capacitor which produces the necessary voltage to turn the transistor T,
ON and OFF. Cgengse is chosen in such a way so that when there is no switch in the
ferroelectric capacitor, Cqqa ; the total charge coming out of the ferroelectric capacitor
influences the base voltage of transistor, T, remains well below the threshold voltage and
latch the circuit to latch high in order to represent data 1°. On the other hand if there is a
switch in the ferroelectric capacitance the charge should cause the base voltage to rise

above the threshold voltage of T; and latch the circuit to low to represent a data ‘0’.
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Table 5.3 shows the experimental data which shows the different sense
capacitances ranging from InF to 7nF with their write statuses for both data ‘0’ and
data ‘1. It working range of the sense capacitor for successful data writes can be

deduced from the table to be 1.3 to 4.3 nF.

This working range of the ferroelectric can be further confirmed using the

switching and non-switching half loop hysteresis curves of the ferroelectric capacitor.

Sense Capacitance (nF) | Data | Write Status
1 0 Unsuccessful
1 Unsuccessful
12 0 Successful
' 1 Unsuccessful
13 0 Successful
' 1 Successful
15 0 Successful
' 1 Successful
5 0 Successful
1 Successful
4 0 Successful
1 Successful
43 0 Successful
1 Successful
45 0 Unsuccessful
' 1 Successful
5 0 Unsuccessful
1 Successful
6 0 Unsuccessful
1 Successful
7 0 Unsuccessful
1 Successful

Table 5.3: Sense capacitance working range
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Figure 5.5: Switching and non-switching polarizations of the AB white capacitor [30]

Figure 5.5 shows the switching hysteresis half loop of the AB white ferroelectric
capacitor in blue whereas the non-switching hysteresis loop is represented in red. The

working range of the can be deduced from these loops as follows.

The absolute charge generated by the by the AB white ferroelectric capacitor for a

5V applied voltage
Switched State to represent data ‘0’ = 70uC/cm? " 0.001cm? = 7nC

Non-switched State to represent data ‘1’ = 9uC/cm?®”0.001cm? = 0.9nC
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The value of the sense capacitance should be chosen so that for the switched state
should turn ON T3 and the non-switched state should turn it OFF. For a sense capacitance
of 1.39 nF the voltage generated for the two states of the ferroelectric capacitor can be

calculated as

Switched State =7nC/1.39nF =5.04V >V;=0.7 V => Output low (data ‘0’)

Non-Switched State = 0.9nC/1.39nF = 0.65 V < V= 0.7V => Output high (data ‘1”)

F. Retention Testing

Further characterization of the autonomous non-volatile ferroelectric memory
latch was done by carrying out retention analysis for a range of sense capacitors [33]. As
seen in Figure 5.6 the retention times are represented on the y-axis and the sense
capacitance range for which retention was measured is represented in the x- axis. The
values represented by red dots are actual measured retention times. Since the
measurements of retention times exceeding two weeks was not practical we developed an
empirical mathematical model based on our actual measured values, the decay rate of
polarizations in the ferroelectric capacitor and also the effective capacitance ratio of the
ferroelectric capacitor and the sense capacitor that is required to ensure the device
functionality [34]. The blue curve is the retention times predicted by the mathematical

model.
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Figure 5.6: Retention time Vs Sense capacitance

Ps[UP]- (Threshold Ratio * Csense)
Decay Rate

5.1

M odel Retention [UP]=

Ps[DOWN]- (Threshold Ratio * Csense)
Decay Rate

M odel Retention [DOWN]= 5.2

Model retention is measured in log (retention time in seconds). Polarizations are
measured in pC/cm?. While the Decay rate is in polarization per decade of log. The
Threshold Ratio is the ratio of Cgata / Csense that allows the Latch to operate properly. The
Decay rate of the capacitance state is 0.33333 polarizations per decade of log.

Equations 5.1 and 5.2 are those which were used to formulate the mathematical
model in Microsoft Excel. Equation 5.1 is the curve on the left hand side where the

ferroelectric capacitor is in the UP, un-switched state which is when data ‘1’ can be
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written to the latch. While curve on the right is the representation of Equation 5.2 where
the capacitor is in it’s DOWN, switched state which is when data 0’ is written to the
latch. From experimental data, it was noted that data ‘1’ could not be written to the latch
for values of the sense capacitor below 1.1 nF. In the same fashion, data ‘0’ could not be
written to the latch for values of the sense capacitor above 4.5 nF. The two curves were
made to intersect so that for any point under the curve the device would retain both data

‘0’ and data ‘1°.
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CHAPTER VI

CONCLUSION

This thesis introduced and analyzed the concept of autonomous memory operation
using the ferroelectric capacitance theory. It began by reviewing the history of
ferroelectrics along with its characteristic properties of polarization and hysteresis. Then,
the ferroelectric capacitor was differentiated from the linear and paraelectric counterparts
on the basis of its non-linear charge when subjected to an external electric field. The
measurement of the amount of charge flow in a ferroelectric capacitor when electrically

pulsed was also reviewed.

The packaging and internal structure of the AB white capacitor developed by
Radiant Technologies Inc., was explained. Further, the electrical properties of the
capacitor was analyzed using Vision 4.6.0 testing package which included Hysteresis
measurement of switched and non-switched remnant polarization, calculation of effective
capacitance, total number of dipoles and di-electric capacitance using experimental data.
Measurements of the ferroelectric capacitor’s polarization data taken at different delay

time intervals were also presented.
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After reviewing the characteristics of the AB white capacitor, the design of the
non-volatile autonomous ferroelectric memory latch was discussed in different stages.
The importance of using the AB white ferroelectric capacitor for the development
of the latch was also explained thoroughly. Once the design was set up, the device
functionality was examined by performing READ and WRITE operations. The crucial
voltages involved in the READ and WRITE cycles were also elaborated. Experimental

data for successful READ and WRITE were also expounded.

Further, electrical characterization of the memory latch was carried out by
analyzing the voltage ranges for its write enable and input voltages. The working range of
the sense capacitor used in the Sawyer tower component of the latch was also determined
using experimental research. Finally, the data retention with respect to a range of sense

capacitances was also characterized and predicted.

Future research shall include the precise calculation of the data retention
properties for the studied ferroelectric memory latch using a mathematical model. The
device can also be studied under different temperature profiles. Specifically, retention
measurements of the device at elevated temperatures may allow predictions of retention
performance under normal operating conditions. Potential applications of this device in
harsh environments which include aerospace, industrial and automotive can also be

studied.
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