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(ABSTRACT)

Ferroelectric materials are characterized by a reversible spontaneous polarization
in the absence of an electric field. The characteristic polarization response of a
ferroelectric material to an applied electric field enables a binary state device in the form of
a thin film ferroelectric capacitor that can be used to store digital information. This
provides opportunities for the development of high speed, low cost and low power,
nonvolatile memory devices. The development of commercial ferroelectric memory
devices has however been hampered by (a) several reliability issues including fatigue,
leakage current, aging, time dependent dielectric breakdown, retention and imprint and (b)
processing problems including the development of a low temperature thin film deposition
process and the development of a patterning technology.

Lead zirconate titanate (PZT) is now widely considered as the most promising
material for ferroelectric memory applications as a result of its excellent ferroelectric
properties and wide operating temperature range. However, it is commonly found that
metal electroded-PZT capacitors (e.g., PUPZT/Pt) show a loss of switchable polarization
with cumulative switching cycles. This phenomenon is known as fatigue and is the one of

the critical problems affecting the lifetime of ferroelectric memories.



This research is primarily focused on the problem of fatigue. On the basis of a
quantitative model, various guidelines to minimize the degradaﬁon problem have been
derived. The model attributes fatigue to domain pinning by space charge that is caused by
defect (e.g. oxygen vacancy) entrapment at various interface sites such as electrode-
ferroelectric interface, domain boundaries and grain boundaries. Two different approaches
to minimize the problem have been outlined : (a) control of the defect density and (b)
control of the interface state. The control of interface state was achieved by replacing the
metal electrodes with conducting oxide electrodes such as RuO;. The oxide
electrode/PZT capacitors were characterized for their diffusion barrier properties,
perovskite phase formation, interface nature and ferroelectric properties. The results
indicate that these oxide electroded PZT films are good candidates for nonvolatile memory
applications. However, the leakage current levels at the operating voltages are far higher
than the metal counterparts. Simultaneous minimization of fatigue and leakage current in
PZT films was achieved by using multilayer metal/conducting oxide electrodes (e.g.,
Pt/RuQy).

The control of defect density was attained by (a) donor doping to compensate for
the oxygen vacancies (e.g, Nb doping in PZT) and (b) utilizing ferroelectric materials that
have a low intrinsic defect concentration. As a result of the latter approach, novel
ferroelectric materials belonging to the layer-structure family of oxides have been
identified as excellent candidates for fatigue free nonvolatile memory applications. Laser
ablated SrBiy(TayNbi.x)20g (0<x<1) films showed very good hysteresis characteristics
(remnant polarization value of 11 pC/cm?2, coercive field of 60 kV/cm), no fatigue was
observed up to 109 switching cycles and very low leakage current densities. Furthermore,

the formation and properties of these films were characterized. It was found grain size and



orientation played a major role in determining the properties of these films. C-axis oriented
films were found to exhibit almost no polarization.

An additional objective of this research was to identify an etching technology
(process integration issue) for patterning of the ferroelectric capacitors. The etching
process should provide high etch rates, good etch anisotropy, high etch selectivity and
minimal post etch residues. It has been shown that a reactive ion etch process with

CClhF5/09 as the etch gas mixture can meet these requirements. A detailed process study

has been conducted to determine the mechanism of etching.
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Chapter 1 : Introduction

In this chapter, the reader is introduced to the current status of digital memories
and how ferroelectric materials can radically impact this technology. The basic operation
of a ferroelectric memory device is then discussed. Following this, the processing and
reliability problems involved in the development of commercial ferroelectric memories is
assessed to lay the foundation for the purpose of this research. The specific objectives of
this dissertation is outlined subsequent to this section and finally a brief description of the

contents of this dissertation is provided.

1.1 FERROELECTRIC MEMORIES

There are fourteen generically different kinds of digital memories in use today.
These memories range from the slow, inexpensive tapes or disks used for archival storage
to fast but expensive static random access memories (SRAMs) and the slightly slower
dynamic random access memories (DRAMs) [1]. Some of the more expensive devices
including the plated wire, complementary metal oxide semiconductor (CMOS) with
battery backup, electrically erasable read-only memories (EEPROMs) and core memories
generally have a combination of attributes required for specific applications, particularly
nonvolatility and radiation hardness. Among all these devices, the DRAMs are the most
popular and widely used memories in the computer industry today. These memories are
now available up to 1 Mbit and dominate the $8 billion per year computer memory market
today.

Typically, the memory cell in a DRAM consists of a single transistor and a single

capacitor in which the mformation is stored in the form of charge in the capacitor and the



switching transistor is used to isolate the capacitor [2]. To satisfy the compelling need to
increase the density of DRAMs above 1 Mbit (4 to 256 Mbit), more capacitor cells need
to be packed in the same die size. This makes the use of the current candidate SiO; as the
dielectric layer impractical. The dielectric layer has to be so thin that process control
becomes extremely difficult and electron tunneling becomes a major concern. One of the
ways to overcome this problem is to change the design of the capacitors from the
presently used planar structure to either a 'trench' or a 'stack' structure [3]. These
geometries provide greater capacitative area, so the capacitor can store the total required
charge even though it occupies less real estate on the die. However, these designs will
make the processing undoubtedly complex and thus not be able to satisfy the 256 Mbit
requirements. The other alternative is to look for dielectric materials that have
substantially higher dielectric constants and therefore higher charge storage capacities. It is
this search that has resulted in a closer examination of ferroelectric materials for memory
applications.

Some of the more commonly used ferroelectrics have dielectric constants at least
two orders of magnitude higher than that of SiO,. More importantly, the characteristic
polarization response of a ferroelectric to an electric field make them perfect candidates
for use as nonvolatile memory devices. The information in current DRAMs is stored in the
form of charge in a linear capacitor (SiOy dielectric). To maintain the charge, a constant
voltage is always required on the capacitor and therefore the information is lost when the
power is turned off (volatile). In contrast, the information in ferroelectric memories is
stored in the polarization state of the ferroelectric material itself [1-3]. The ferroelectric
capacitor has a highly nonlinear dielectric with permanent charge retention capabilities
after application of a voltage by an external circuit [4]. Additionally, ferroelectric materials

are also extremely radiation hard; for example, a typical ferroelectric can withstand 5



Mrad of high energy x-rays per square centimeter and an intensity of 1011 rad/cm/sec [1].
The intrinsic nonvolatility and radiation hardness of ferroelectric RAMs may greatly
simplify the existing collection of computer memories. In principle, the FRAM could
replace the SRAM in cache memory, DRAM in the mam system memory and EEPROM in
the lookup tables. The distinct advantages of FRAMs over other nonvolatile memories
include fast write and erase access times on the order of nanoseconds, low operating
voltages (5V or less), long write/erase lifetime, wide operating temperature range (-180
OC to 350 OC) and high radiation hardness necessary in military and space applications. If
the cost of FRAMs can be reduced to the level comparable to magnetic storage, it could
also replace the hard disk as the mass storage device because of its faster access speeds
and due to the lack of any mechanical wear problems. Finally, in addition to computer
memories, ferroelectric memories can be used for a wide variety of other applications

ranging from automobiles and mobile phones to kitchen and household appliances.

1.2 BASIC OPERATION

Ferroelectric materials are characterized by a reversible spontaneous polarization
in the absence of an electric field [4--7]. Spontaneous polarization in a ferroelectric arises
from a noncentrosymmetric arrangement of ions in its unit cells which produces an electric
dipole moment associated with the unit cell. Adjacent unit cells tend to polarize in the
same direction and form a region called a ferroelectric domain. The most common
ferroelectrics have the ABO; perovskite structure as shown in Fig.1.1. Above the Curie
temperature, these materials have a centrosymmetric structure and therefore lose all
spontaneous polarization. In this state, the material is termed paraelectric. As the

temperature is lowered through the Curie point, a phase transformation takes place from



Figure 1.1 ABO3 perovskite unit cell



the paraelectric state to the ferroelectric state. The center ion is displaced from its body-
centered position and the cubic unit cell deforms to assume one of the
noncentrosymmetric structures such as tetragonal, rhombohedral or monoclinic structures.
When an increasingly strong electric field is applied to a ferroelectric, the polarization
shows a hysteresis behavior with the applied field (Fig. 1.2). In the initial stages, the
ferroelectric domains that are oriented favorably with respect to the applied field direction
grow at the expense of other domains. This continues until total domain growth and
reorientation have occurred. At this stage, the material has reached its saturation
polarization Pg;. If the electric field is then removed, some of the domains do not return
to their random configurations and orientations. The polarization at this stage is called the
remnant polarization P,. The strength of the electric field required to return the
polarization to zero is the coercive field, E..

Although it is possible to utilize these ferroelectric properties for a wide variety of
applications, the primary impetus of recent research activity in this field is directed
towards the development of nonvolatile random access memories [4]. In principle, the
memory application is based on the hysteresis behavior of polarization with electric field as
shown in Fig. 1.2. When an external voltage is applied to a ferroelectric capacitor, there is
a net ionic displacement in the unit cells of the ferroelectric material. The individual unit
cells interact constructively with their neighbors to produce domains within the material
As the voltage is removed, the majority of the domains will remain poled in the direction
of the applied field, requiring compensating charge to remain on the plates of the
capacitor. It is this compensating charge that causes the hysteresis in the polarization with
applied external voltage [8]. At zero applied field, there are two states of polarization, +
P,. Furthermore, these two states of polarization are equally stable. Either of these two

states could be encoded as a ‘1’ or a ‘0’ and since no external field (power) is required to
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Figure 1.2 Hysteresis loop of a ferroelectric material



maintain these states, the memory device is nonvolatile. Clearly, to switch the state of the
device, a threshold field greater than + E. is required. Additionally, in order to reduce the
required applied voltage (to within 5V) for a given E,, the ferroelectric materials need to
be processed in the form of thin films.

From a digital point of view, if a voltage is applied to a ferroelectric capacitor in a
direction opposite of the previous voltage, the remnant domains will switch, requiring
compensating charge to flow onto the capacitor plates [8]. If the field is applied in the
direction of the previously applied field, no switching takes place, no change occurs in the
compensating charge, and a reduced amount of charge flows to the capacitor. This
property can be used to read the state or write a desired state into the capacitor. In most
ferroelectric memories, the memory cell is read destructively by sensing the current
transient that is delivered to a small load resistor when an external voltage is applied to the
cell. For example, if a memory cell is in a negative state (-P;) and a positive switching

voltage is applied to it, there will be a switching of charge given by [4-5]:

Q=AeE, + A(dP/dt) (L.1)

where A is area of the cell, € is the dielectric constant of the ferroelectric material, E, is
the applied field and P is the polarization of the ferroelectric. Equation 1.1 indicates that
this current transient, known as the "switching current”, consists of a linear dielectric
response (AeE,) and a displacement current. A "nonswitching current” transient, for
example, is the response of a memory cell in a positive state (+P;) to a positive applied

voltage. In this case,

Q= AtE, (1.2)



A sense amplifier and other associated circuitry is used in a FRAM device to determine
these current transients and thereby read the state of the device.

The basic operation discussed so far described the working of a typical destructive
readout (DRO) single transistor-single capacitor ferroelectric memory device. It may
noted that ferroelectric materials are also being considered for other memory device
versions such as single transistor metal-ferroelectric-semiconductor (MFST) nonswitching
memory applications and low voltage nondestructive readout applications [2-3].
However, throughout this dissertation, our focus will be on the DRO single transistor-

single capacitor ferroelectric memories.

1.3 PURPOSE OF RESEARCH

One of the proposed memory cell configurations for a FRAM consists of a single
ferroelectric capacitor on top of a single CMOS (complementary metal oxide
semiconductor) transistor in each memory cell [1-2]. A schematic of this structure is
shown in Fig. 1.3. The capacitor stores the charge (i.e., the information) and the CMOS
transistor is used to access the device. From the standpomnt of VLSI (Very Large Scale
Integrated circuit) production, the insertion of the ferroelectric capacitor into the existing
CMOS devices is far less complicated than developing an entirely new processing scheme.
However, there are several technological issues involved in the integration process that are
strongly dependent on the ferroelectric and electrode materials; therefore, the choice of
materials is a critical factor in determining the performance of the device. The materials
chosen must not only have excellent figures of merit, but also have to satisfy the very
stringent VLSI fabrication requirements. In general, for FRAM applications, the

ferroelectric material should show a high P, low E, low dielectric constant, low dielectric
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Figure 1.3 Proposed ferroelectric memory cell device configuration




















































































































































































