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CHAPTER I
OVERVIEW OF FERROELECTRICITY AND ITS APPLICATION IN
PYROELECTRIC INFRARED DETECTORS
1.1 PYROELECTRIC PHENOMENON
Pyroelectric materials possess a spontaneous or permanent polarization P even in
the absence of an applied electric field. This polarization is governed by the crystal
symmetry and bonding, and it also depends on material temperature. * > > * The
pyroelectric effect arises when the polarization changes as temperature varies.
Quantitatively, the pyroelectric effect can be described in term of the pyroelectric
coefficient p, which is the rate of change of P, with temperature, and thus:
dP:= pdT (1.L.1)
Pyroelectric effects occur in any material which possesses a polar point symmetry.
Of the 32 point group symmetries, there are 11 that possess a center of symmetry, and
have no polar properties. In such centrosymmetric crystals, the movements of charges,
when under temperature perturbation or uniform stress, are symmetrically distributed
about the center of symmetry, and thus cause no net charge displacement overall, and
therefore exhibit no pyroelectric effect. The remaining 21 non-centric crystal point
groups, all except one, exhibit electrical polarity or piezoelectricity when under stress.
Among the 20 piezoelectric crystal classes, 10 of them have a unique polar axis/axes, and
possess a spontaneous polarization. These are the materials that exhibit a pyroelectric

effect, These ten classes of materials, grouped according to crystal system and can be



expressed using International notation of space group as: triclinic (1), monoclinic ( 2, m),
orthorhombic (2mm), tetragonal (4, 4m), trigonal (3, 3m), and hexagonal (6, 6mm). "4
Microscopically, the pyroelectric effect occurs because of the asymmetric
environment experienced by the electrically charged species within the crystal structure of
the materials. It can be qualitatively understood by the following. The crystal structure
of a pyroelectric material has a unique polar axis/axes, the charges (for instance, cations)
are displaced from the center of gravity of the unit cells, and give rise to electrical dipole
moments, or spontaneous polarization macroscopically. This polarization changes with
temperature, since any excitation which causes change in lattice temperature will make the
system change its energy from a lower energy state E, to a higher energy state E,.
Furthermore, because of the asymmetrical nature of the lattice, the E (energy) Vs. x
(displacement) potential energy curves that the cations experienced are also asymmetrical.
This means that they will form new equilibrium positions (from x, to x,) when excited

from E, to E;, and therefore create a change in polarization.

1.2 PYROELECTRIC INFRARED DETECTORS

The change of polarization in a material causes a change in the surface charge of the
material. So when a thin film of pyroelectric material is connected to a closed external
circuit, as illustrated in Fig. 1.2.1, the temperature dependent polarization causes a current
to flow through the circuit as the temperature of the material changes. > The thin film
acts as a current source, with the current is proportional to the rate of change of surface

charge and the area of the material. This can be expressed as :



N\ TN

i =A dP/dt
=A p dT/dt

Fig. 1.2.1. A schematic diagram of a pyroelectric thin film connected in
a simplified model circuit which shows a pyroelectric current flow due
to the temperature change caused by infrared radiation.



i=Ad— (1.2.1)

where 4 is the area of the material, P, is the spontaneous polarization, and ¢ is the time.

Combined with Eq.1.1.1, we have:

i1=dp—- (1.2.2)

So from this equation we can see that the signal or the pyroelectric current from the film
is proportional to the pyroelectric coefficient as well as the rate of change of temperature,
which is proportional to the infrared radiation the material receives, This effectively
makes it an infrared radiation detector. The fact that the pyroelectric current from this
device is proportional to the rate of change of temperature, instead of temperature itself is
a huge advantage for pyroelectric infrared detectors, and it is this characteristic of
pyroelectric IR detectors that make them suitable for uncooled room temperature infrared
detection.> * *  Another major type of infrared detector, semiconductor infrared
detectors ( such as photon detectors, photodiodes, and Schottky-barrier detectors, etc.),
require cryogenic cooling in order to suppress thermal noise. Thermal energy creates
noise by exciting electrons to the conduction band in a photon detector, by generating
electron-hole pairs in a photodiode, and by emitting thermal electrons in a Schottky-
barrier detector. 7  Unlike semiconductor detectors, pyroelectric IR detectors do not
have to be cryogenic cooled in operation, since they only respond to the change of
temperature, they can be operate at any temperature as long as the pyroelectric
coefficient, or the sensitivity is high at that temperature. Furthermore, a mechanical

chopper is required in front of a pyroelectric detector to create periodic change in infrared



radiation, and thus periodic change of temperature.® So the signal from the detector has
a definite frequency corresponding to the frequency of the mechanic chopper. By
designing a proper filter circuit, for instance a mixer that mixes the signal from detector
and chopper (reference), plus a low pass frequency filter, one can detect signals at a
definite frequency ( chopper reference frequency) and reject most other noise at the other
frequencies.

Again, from Eq.1.2.2, it is obvious that a high pyroelectric coefficient p is desired. In
all circumstances, the detectivity of a system is always directly proportional to the
pyroelectric coefficient of the material,> > ® and thus it is critical to obtain high a
pyroelectric coefficient p, especially at the room temperature from detector material in
order to achieve high sensitivity without cryogenic cooling. We should also point out that
the overall performance of a pyroelectric IR detector is not solely determined by
pyroelectric coefficient of the detector material, it also depends on many other
characteristics of the detector and the detector material, such as the dielectric constant
and the dielectric loss of the detector material, which affect the parasite capacitance and

output impedance of the detector, and the thermal conductance of the detector material,

which affect the thermal time constant of the detector, etc.. A figure of merit F, = p/c’g e,

is usually used to measure the performance of a pyroelectric material, ¢’ here is the

specific heat capacity of the material, €, is the relative dielectric constant of the material,
and €, is the dielectric constant of air, > There are many compromises and trade off in

circuit design in order to make the detector and the circuit work together to achieve the



highest possible performance. %35 7-8 9. 10. 11

1.3 FERROELECTRICITY

In most cases, the largest pyroelectric effects are observed in a class of materials,
known as ferroelectrics." > > * For a material in the ferroelectric state, the center of
positive charges in the crystal does not coincide with the center of negative charges, i.e. a
ferroelectric crysial exhibits electric dipole moments even in the absence of an external
electric field. And the dipole moments have two different orientation states, which are
identical in crystal structure and differ only in the direction of electric polarization at a
null field. The direction of the dipole moments can be switch by the application of an
electric field." > A typical plot of polarization versus electric field for a ferroelectric
crystal is shown in Fig.1.3.1. The loop is called a hysteresis loop, and it is a sign of a
ferroelectric state. The basic characteristics of a hysteresis loop are also shown in Fig.
1.3.1. There are two stable polarization states or spontaneous polarization which are
identical except the direction. The spontaneous polarization, P, can be reversed by the
application of an electric field. The value of the spontaneous polarization, P, can be
determined by extrapolating the saturation value of the electric displacement to zero field
as indicated in the following equation:

D=P+¢eE (L.3.1)

where D is the electrical displacement, ¢ is the dielectric constant, and E is the electric

field. The field required to reverse the spontaneous polarization is called the coercive field



Fig. 1.3.1. A typical D vs. E hysteresis loop of a ferroelectric crystal
illustrating the coercive field E,, spontaneous polarization P, and
the remanent polarization P,.



E.. The remanent polarization, P,, is the polarization at zero field. '% '3

The hysteresis loop, which is a distinguishing sign of a ferroelectric state, can be
measured using a Sawyer-Tower circuit as shown in Fig. 1.3.2.'% In this measurement
circuit, the horizontal channel of the oscilloscope is fed with the exciting electric field,
and the voltage across the reference capacitor with known capacitance is sent to the
vertical channel of the oscilloscope. Since the test sample and the reference capacitor are
connected in series, the amount of charge on them are the same, and can be determined by:

0=CV (1.32)

where C; is the capacitance of the reference capacitor and V is the voltage across it. So
the D vs. E plot, or hysteresis loop can be obtained by simply converting the scales of
the display on the scope in the Sawyer-Tower circuit.

The highly temperature dependent spontaneous polarization of ferroelectrics make
them a suitable class of material for infrared detectors.> > > ' The definition of a
pyroelectric coefficient is given in Eq.1.1.1. However, a pyroelectric detector can aiso be
operated as a dielectric bolometer with an applied bias field, in this case, an induced

pyroelectric coefficient is defined as:

24D _dh | pde (1.3.3)
dT  dT  dT

and it is obvious that when there is no field, equation (1.3.3) becomes:

- 1.3.4
P=—= (1.3.4)

which is the original definition of the pyroelectric coefficient. In both cases, as shown in

Fig. 1.3.3, achange in temperature causes a change in surface charge, which is readily



Fig. 1.3.2. The Sawyer-Tower circuit which is used to measure the
D vs. E hysteresis loop of the ferroelectric materials.



™

pus

T2

Fig. 1.3.3. The change in spontaneous polarization or D-E hysteresis
loop of ferroelectric materials with temperature.

10



11

detected.

The ferroelectric character of a material usually disappears above a certain
temperature called the phase transition temperature or Curie temperature. At the phase
transition temperature, the crystal structure of the material translates from a polar low-
symmetry ferroelectric phase to a non-polar high-symmetry paraelectric phase or so
called prototype phase, and the spontaneous polarization of the material disappears.>
13, 16 Fig. 1.3.4 is a schematic of a typical P versus T plot for a high quality crystal
material. The pyroelectric coefficient, or the rate of change of P, with respect to
temperature, is usually high at near phase transition temperatures as illustrated in Fig.
1.3.4. It is at this temperature region that a pyroelectric detector has its maximum
sensitivity. In additional to the disappearance of the spontaneous polarization, the
change in crystal structure at the phase transition temperature also causes dramatic

changes in the dielectric properties of the material. A rapid change in dielectric constant €

is often observed and this can be understood by the Curie-Weiss law which describes the

dielectric constant € at above T, as:

e—s+c 1.3.5
— %o T'I:.’ (‘3')

where C is a constant, and T and T, are temperature and phase transition temperature,
respectively.

The change in crystal structure from ferroelectric phase to paraelectric phase can be
described phenomenologically by the Landau theory of phase transition.'> 6 !7. 18

Landau theory of phase transition says that the Gibbs free energy of a system can be



p = dP/dT

Spontanous
Polarization

T

Fig. 1.3.4. A schematic showing the temperature dependency of
spontaneous polarization of ferroelectric materials.
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expanded in terms of field E, and a local order parameter 8, and we can write this in
mathematical form as:

G=GO+ES +as2 + B8 +y6% + ... (1.3.6)
where G is the free energy at high symmetry phase, £ is the field, & is the local order
parameter, and o , B and y are material and temperature dependent coefficients. In

particularly, for the ferroelectric to paraelectric phase transition in a ferroelectric crystal,
the local order parameter §, is the charge displacement or electric polarization, P. Also, as
the two polarization states of a ferroelectric crystal, P and -P, are identical, every
characteristic in the material system including free energy G is the same at P and -P
polarization states, so the coefficients for the odd power terms in the above equation
must be zero and can be discarded.'> '* ' We let Gy be zero to further simplify the

analysis, and we can rewrite the equation as:
G=a P2 +y P4+.... (1.3.7)
Landau chose the simplest form for ¢ at near phase transition temperature'> ¢

a=A(-T) (1.3.8)

so the sign of a changes from negative to positive as temperature passes through the

phase transition temperature. We can find the sponianeous polarization, or the value of

P, where the system has minimum G by solving the following equation:

EsaG=2aP+4yP3 =0 (1.3.9)

P

So, when & > 0, or T >T,, the system has minimum free energy G at P = 0, hence it is in



14

the paraelectric phase and has no spontaneous polarization. When o < 0,or T <T, the

system has a minimum free energy G at P = (/2y)'? and -(w2y)">. This is spontaneous
polarization by definition since the field is zero in this case. Hence the material is in
ferroelectric phase and has a net spontaneous polarization. We see that as the system

approaches the phase transition temperature, or o approaches zero, the spontaneous

polarization reduces and eventually disappears. This is illustrated in Fig. 1.3.5. By

plugging the values of P back into Eq.1.3.8, we can find the depth of the well G, = o/y.
The coefficients o and y are temperature dependent so as temperature approaches the

Curie temperature the depth of the double well decreases as illustrated in Fig. 1.3.5.

14 THE BARIUM STRONTIUM TITANATE MATERIAL SYSTEM

There is a very important group of ferroelectrics called perovskites. The general
formula of this class of oxygen octahedra ferroelectrics is ABO;.'"> As shown in F ig.1.4.1,
the structure of perovskites can be described as a set of comer sharing BOg octahedras
arranged in a simple cubic pattern, with in which the A cations occupy the central 12-fold
coordinated sites. The A and B can be a variety of cations.

Among many perovskites, barium titanate (BaTiO;) and strontium titanate (SrTiOs),
are most studied.'*20-2!-22.23.24.25,26,27. 28,29 Thege two materials, as well as their solid
solution barium strontium titanate (Ba,Sr,.,TiO;), have important applications in many
different areas, such as dynamic random-access memories (DRAMs) because of their high

dielectric constant.?%-3!-3% 3% 34.35.36 Bariym strontium titanate (Ba,Sr,.,TiOs) is also one
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Fig. 1.3.5. Free energy of the ferroelectric materials as function of
displacement of charge or polarization at various temperatures



Fig.1.4.1. The ABO; perovskite structure. (from Ref. 19)
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of the major candidates for pyroelectric infrared detector materials.® ¥ % 3 Barium
titanate (BaTiO;) has three ferroelectric phases and one paraelectric phase, as shown in
Fig. 1.4.2. At above 120 °C, it is in paraelectric phase, and has a prototype cubic
perovskite structure. Below 120 °C, it transforms successively to: a tetragonal structure,
then to a orthorhombic structure at about 5 °C, and finally to a trigonal structure at
about -90 °C. For infrared detector applications, we are mainly interested in the phase
transition from tetragonal structure (ferroelectric phase) to cubic structure (paraelectric
phase). Dramatic changes in material properties were observed at ferroelectric to
paraelectric phase transition temperatures.* As shown in F ig. 1.4.2, and also described by
Curie-Weiss law (equation 1.3.5), the dielectric constants of the material changes rapidly
at the phase transition region. Dielectric constants as high as 10,000 have been observed
near the phase transition region. Also notice the anisotropic characteristic of barium
titanate of the ferroelectric phases as indicated by the difference in dielectric constant

along the a axis, €,, and the c axis, €.. The spontaneous polarization of barium titanate

decreases as temperature increases and disappears as the temperature of the material
reaches a transition temperature near 120 °C. The temperature dependency of the
spontaneous polarization of barium titanate is sketched in Fig. 1.4.3.

Although barium titanate has a high pyroelectric coefficient and a high dielectric
constant at near 120 °C, where the ferroelectric phase transition takes place, this
temperature is too high for room temperature infrared detection. An alternative approach

is to use barium strontium titanate Ba,Sr, , TiOs, a solid solutions of BaTiOj; and SrTiO;.
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Strontium titanate has a much lower tetragonal to cubic phase transition
temperature at about -240 °C. By substituting some of the barium ions with strontium
ions (some other cations as well) to form a barium strontium titanate solid solution, the
Curie temperature can be lowered. When the Ba/Sr ratio equals 0.7/0.3, the tetragonal to
cubic phase transition temperature is approximately room temperature. The effect of
strontium and other substituting cations on Curie temperature of the solid solution is
shown in Fig. 1.4.4.!

Barium strontium titanate (BST) single crystals or ceramics have high pyroelectric
coefficients. The highest pyroelectric coefficient from BST, which is also the highest

pyroelectric coefficient ever obtained from pyroelectric materials, is 23 uC/cm°C.3® But

BST materials in single crystal and ceramic forms are difficult and expensive to fabricate.
In modern microelectronics and opto-¢electronics, it is generally desired to have materials
in thin film form so they can be mass produced inexpensively and incorporated into
silicon chips. This is also true in the area of infrared image sensors, and many efforts
have been directed in this direction.*> *! ** ¥ % Unfortunately, the material properties,
such as pyroelectric coefficients for BST, are severely degraded in thin film form. BST
thin films have pyroelectric coefficients usually only about 0.05 uC/cm°C.** However,
as we will briefly discuss in the next section, innovative structures of compositional
graded ferroelectric devices exhibit new pyroelectric phenomena such as giant effective

pyroelectric coefficients.
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Fig. 1.4.4. Effect of Sr and other cations on the phase
transition temperature.



L5 GRADED FERROELECTRIC THIN FILMS AND DEVICES

Graded ferroelectric devices are not the only graded structures that exit. Before they
were invented, other compositional graded structures, such as graded-index (GRIN)
materials and functional graded materials had been studied.**’ Graded-index materials or
structures are mostly used in optical waveguides or semiconductor lasers, where spatial
variation in refractive index helps confine light in certain narrow region. Functional graded
materials combine different materials in a way to make maximum use of their proprieties.
For example, a better aircraft coating material can be made by mixing a high heat
resistive/less mechanic strength material with another high mechanic strength/less heat
resistive material in a way that the former is facing outside, and the later inside, with the
composition of the coating changing gradually in between, so the coating can make
maximum use of the heat resistive and mechanic properties from these two different
materials. [t should be pointed out that both these two structures do not actually change
the intrinsic properties of the materials, they only modify the intrinsic material properties
spatially.

Graded ferroelectric thin film structures or devices, however, exhibit whole new
pyroelectric properties which can be used to fabricate a new kind of highly sensitive
pyroelectric infrared detector.”® ** % The first graded ferroelectric thin film structure
created in General Motors R & D laboratories was a potassium tantalum niobate (KTN)
thin film, in which there is a potassium concentration gradient normal to the films
surface.® Compared to conventional thin films, as illustrated in Fig. 1.5.1, this film

exhibited interesting new pyroelectric phenomena which was never observed in
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conventional thin films. When excited with strong periodic electric field, the center of the
ferroelectric hysteresis loop shifted from its original positions, showing a large
unidirectional dc offset indicating a buildup dc voltage inside of the film. The dc offset of
the hysteresis loops was field dependent, and increased with the periodic exciting electric

field. It was also found that the dc offset, AD as shown in Fig. 1.5.1, was highly

temperature dependent. An effective pyroelectric coefficient was defined as:*- 49 50

_d(AD)

Ps = 75T (1.5.1)

The film exhibited a giant effective pyroelectric coefficient orders of magnitudes higher
than that normally observed in conventional ferroelectric thin films at near room
temperature. This phenomenon may make it possible to use this effect to fabricate a new
type of inexpensive thin film based uncooled IR detectors. Various experiments were
performed by GM researchers which verified that this was indeed a new phenomenon,
instead of surface rectification effects or instrumentation artifacts, etc..*s 4

Potassium tantalum niobate (KTN) is not an easy material system to work with,
mainly because potassium is a very volatile species. Followed by the creation of
compositional graded KTN films, a more stabled material system of compositional graded
BST films with Ba and Sr compositional gradient normal to the films’ surfaces were also
made.** The films exhibited similar phenomena observed in KTN films such as dc offsets
of the ferroelectric hysteresis loops when excited with periodic alternating electric field.
The dc offsets were found to increase with the magnitude of the alternating electric

excitation field. Graded BST films with different directions in compositional gradient
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Fig. 1.5.1. Illustration of the new pyroelectric phenomena observed
in GFD’s. a) Field dependent offset of hysteresis loops. b) Temperature
dependent offset of hysteresis loops.
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were made, and the directions of the dc offset of the hysteresis loops were found to be
determined by the directions of the compositional gradients of Ba and Sr.*

The compositional graded ferroelectric films mentioned above were all fabricated
using the metalorganic decomposition (MOD) method.*® ° In the MOD fabrication
process of graded BST thin films, layers of BST with different compositions were spin
coated on platinum foil substrates and pyrolyzed progressively. The films were then
annealed above 1000 °C which through the diffusion process to create the desired
compositional gradient in the films. Although MOD is an easy and reliable way to form
films, the major short comings are that it is hard to precisely control the compositional
gradients using a thermal diffusion process and, more importantly, the high annealing
temperature tends to create a lot of structural defects such as pin holes in the films
formed. This has a tendency to degrade the properties of the graded thin films/structures.
Furthermore, such high process temperatures are not compatible with IC or silicon
processing. Hence a more controllable and advanced silicon compatible fabrication
method for graded ferroelectric thin films was needed. Magnetron sputtering was

adopted to fabricate graded BST thin films in this dissertation research.

1.6 Magnetron sputtering deposition method

Sputtering is a well developed deposition method which can be used in depositing
nearly all kinds of materials.’" > While sputtering involves many interrelated physical
and chemical processes, and our understanding of this complex subject is still incomplete,

the basic operational principle of sputtering is quite simple. Sputtering processes are
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always carried out in a vacuum chamber, where a plasma is initiated and sustained by
applying dc or rf power to the sputter sources (or cathodes). The sputter sources, with
attached targets are negatively biased and are under constant bombardment of positive
ions extracted from the plasmas. Some of the sputtered atoms from the target eventually
condense on the substrates and form thin films.

Magnetron sputter sources are one of many types of different sputter sources.’" 32
In a magnetron sputter source, magnets are incorporated, and are configured in a way to
create a 50 to 500 gauss magnetic field in parallel with the target surface. The combination
of the electric field from the external power suppliers and the magnetic field, cause the
secondary electrons in the plasmas to drift in a closed circuit, or “magnetron tunnel”, in
front of the target surface. The confinement of electrons in this way significantly
increases their distance of travel, and enhances the probability of ionizing more atoms
before they reach the chamber wall. Magnetron sputter sources have plasmas that are
more easy to initiate and sustain, and also, there is less e interaction with the substrate
compared to non-magnetron sputter sources.

Both dc and rf power can be used in magnetron sputter sources. In this study, rf
power was required because the targets (barium titanate and strontium titanate) are
insulators. When a periodic rf power is applied to the sputter sources, the electrons and
positive ions are attracted to the source target alternately. Since electrons are much lighter
and response to high frequency fields much faster, they buildup near the surface of the
source target, and induce a negative bias when in equilibrium. Hence the target source is a

cathode.



27

1.7 OBJECTIVES

As discussed previously, the new pyroelectric phenomena exhibited in
compositional graded ferroelectric thin films have great potential in application for room
temperature infrared detection. The giant effective pyroelectric coefficients obtained from
graded ferroelectric thin films structures are compatible with these observed in single
crystals or ceramics, and as thin films are much easier and cheaper to make, thus opening
the possibility of fabricating inexpensive highly sensitive infrared imaging sensors.

There are, however, major obstacles to overcome. F irst, the graded ferroelectric
devices need to be reliably produced with a silicon compatible method, so it can be later
adopted by the industry and incorporated into silicon IC chip manufacturing process and
mass produced inexpensively. Second, the materials processing procedure needs to be
optimized so the properties of the materials, mainly the effective pyroelectric
coefficients, can be further improved to achieve maximum sensitivity in future detectors.
Of equal importance is to understand the physics governing the new pyroelectric
phenomena. This is a fundamentally new area which has not been fully explored, and
there is a great possibility that more innovative applications other than infrared detectors
will merge once the physics of this structure is clearly understood. It is therefore
important to carry out a systematic structure and properties characterizations on graded
ferroelectric thin films devices, and to correlate their microstructure and properties to
theoretical understanding of the phenomena.

So, the objectives of this research work are:
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* To develop asilicon compatible fabrication method for graded ferroelectric thin films.

* To improve the effective pyroelectric coefficients of graded BST thin films devices.

* To characterize the graded BST materials, and to correlate the structure and
properties, and develop a phenomenological theory explaining the new pyroelectric
phenomena.

In chapter II, “Growth and characterization of graded ferroelectric BST thin films”,
we will discuss the development of a rf magnetron sputtering method, which is silicon
compatible, for fabricating graded ferroelectric BST thin films. We will also present
results of basic structure and properties characterization of the graded ferroelectric BST
thin films fabricated.

Chapter III, “Giant effective pyroelectric coefficients from graded ferroelectric BST
thin films™, is devoted to discuss the most important property from graded ferroelectric
devices, the giant effective pyroelectric coefficients. We will show that giant effective
pyroelectric coefficients two orders of magnitude higher than that of conventional BST
thin films were obtained.

In chapter IV, “A phenomenological model of graded ferroelectric thin film devices”,
we will present a phenomenological model of graded ferroelectric thin film structures and
explain the new phenomena observed from graded ferroelectric thin film structure
qualitatively. Experimental evidence will be provided to support this model.

Finally in chapter V, “Summary”, we will summarize our work and show that based on

our model and understanding on the graded ferroelectric thin films devices, more

improvements can be made.



CHAPTER II
GROWTH AND CHARACTERIZATION OF GRADED FERROELECTRIC

BST THIN FILMS

In this chapter, details of the growth of compositional graded ferroelectric BST thin
films is examined. Magnetron sputtering was adopted for growth of graded Ba,Sr,.
«[103 thin films. Films with different directions of compositional gradients (x
varies from 1 to 0.7, and x varies from 0.7 to 1) were grown using this method.
Magnetron sputtering showed great control for fabricating graded thin films. Depth
profile x-ray photoelectron spectroscopy (XPS) was used to verify the compositional
gradient of the films, and the results revealed that they had almost uniform compositional
gradients. The films were also characterized by x-ray diffraction, SEM, AFM, and
dielectric constant and dielectric loss measurements. Wafer bow measurements were used

to analyze the strain in the films formed.

2.1 INTRODUCTION

BST thin films have been grown successfully by nearly every major growth method,
such as magnetron sputtering,’ * 5% % pyjse laser deposition,” % 5 € MBES" 2
MOCVD,* % CVD,® sol-gel,% " % and MOD,3: 45 6% 0. 7. 72 73 o0 Graded
ferroelectric BST thin films, however, have only been grown using metalorganic
decomposition method (MOD).* MOD is a simple, low cost and easily controlled

deposition method, and has generally been successfully utilized to create graded
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ferroelectric thin films which were used to demonstrate the basic properties of this new
structure.** **  But the big disadvantage of this method is that it requires high anneal
temperature to create a compositional gradient. Such high process temperatures are
incompatible with silicon processing. It also creates a lot of structural defects such as pin
holes in the graded BST thin films that degrade the properties of the film.

Magnetron sputtering is a widely used thin film deposition method in the
semiconductor industry. In this study, a customized rf magnetron sputter deposition
system was developed to fabricate graded ferroelectric BST thin films. Graded BST thin
films with different compositional gradients were fabricated at about 500 °C, using rf
magnetron sputtering.

As described in the previous chapter, the new pyroelectric phenomenon from graded
ferroelectric devices is not only practically useful but also of fundamental theoretical
interest. In order to understand the fundamental physics of this new structure, and
develop a model to predict the properties of this new structure, detailed characterization
of structure and properties of graded ferroelectric devices is necessary. In this chapter,
we study and compare the structural, dielectric and electrical characteristics of the graded
BST thin films with different directions of compositional gradient (up and down) and the
homogenous BST thin films. X-ray diffraction was used to analyze the microstructure of
the films. The strain in the films formed was analyzed using wafer bow measurements.
The surface morphology of the films was examined using SEM and AFM. The dielectric
properties of the films were also studied, the dielectric constant and the dielectric loss of

the films at various temperatures were measured. The D-E hysteresis loops of the films
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were obtained using the Sawyer-Tower circuit.

2.2 EXPERIMENTAL

2.2.1 The deposition system

A schematic of the dual-source rf magnetron sputter deposition system built for this
study is shown in Fig. 2.2.2.1. Vacuum for the deposition system is provided by a
diffusion pump combined with a rough mechanic pump. The diffusion pump is capable
of working in an oxygen environment. The base pressure of the chamber is usually lower
than 5 x 10 torr. The process gases are ultra high purity Ar and O,, which are fed to the
chamber to maintain the dynamic pressure of the chamber during film deposition. The
dynamic pressure during deposition is controlled by a gate valve and can be adjusted.
The flow rates of these two gases are controlled independently by two mass flow
controllers. The O, is injected directly above the substrate via a gas ring, as shown in Fig.
2.2.1.1. This configuration makes efficient use of O, and allows a much lower O, relative
concentration in the chamber during growth. This reduces the poisoning of the targets.
The N, gas line is also connected to the chamber to provide an N, purge. The pressure of
the chamber is measured by an ion gauge, a capacitance monometer gauge and a few
thermocouple gauges, which cover a pressure range from atmosphere to 1072 Torr. The
substrate holder is placed right above a ceramic heater. The substrate temperature is
controlled by the power applied to the heater and is measured by a thermocouple during
growth. The substrate holder is also connected to a dc bias power supply to provide bias

to the substrates. A quartz crystal thickness sensor is installed near the substrate holder
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to monitor the film thickness during deposition. The system consists of two magnetron
sputter sources where BaTiO; and SrTiO; targets are attached. The magnetic field
strength on the surface of the targets is around 300 gauss at center and 150 gauss at the
rim. Details of the sources are also shown in Fig. 2.2.1.1. These two sputter sources are
connected to two separate 13.6 MHz radio frequency power supplies, which are
controlled independently by a computer. The sputtering rates of the BaTiO; and SrTiO;
targets depend on the rf power supplied to the magnetron sputter sources. By adjusting
the power levels sent to the two sources, the composition as well as the compositional
gradient of the films can be precisely controlled.

The deposition process is controlled by a computer. The computer control program
was developed using visual basic. A flow chart of the program is shown in Fig.2.2.1.2.
During the deposition process, power sent to the two sputter sources is adjusted
properly based on the increase in thickness of the film. The computer interfaces the
thickness monitor through a GPIB board, and communicates with the two rf power
suppliers through a multifunction data acquisition card which consists of I/O ports, A/D,
and D/A converters. The computer reads the thickness of the film every few seconds,
and according to the thickness, calculates the desired sputtering rates of the two targets,
then converts them into power levels to the two sputter sources. The computer program
also displays the progress of the deposition process on the screen and saves the data
collected during the deposition into an Excel file at the end of the deposition run.

The sputter rate vs. power calibration curves for both BaTiO; and SrTiO; targets

obtained by recording the sputter rates of the two targets at various power levels, and
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Fig. 2.2.1.2 The flow chart for the deposition control program.
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plotting the rate vs. power curves. The change of sputter rate due to the power for the
two targets were then empirically fitted into two mathematical formulas, which were

stored in the control programs. Fig.2.2.1.3 shows the two rate vs. power curves obtained

and the fitting formulas for these two curves.

222 EXPERIMENTAL PROCEDURE

The substrates used were platinum coated silicon. The substrates were cleaned in an
ultra sonic cleaner using methanol, trichloroethylene, and isopropanol before loading into
the deposition chamber. The chamber was pumped down to below 5 x 10" Torr before
the deposition was initiated. The targets were pre-sputtered with the target shutter closed
for half an hour before the actual depositions took place. The dynamic pressure was kept
at about 2 mtorr, with an O, to Ar ratio equal to 1:100 during the deposition. The flow
rates of Ar and O, were maintained at 70 SCCM and 0.7 SCCM, respectively. The
substrates were heated to 500 °C during the deposition. The deposition parameters are
summarized in tab. 2.2.2.1. The desired film specifications, such astotal film thickness
and compositional gradient, were input into the computer program before each deposition

Table 2.2.2.1 Film deposition parameters

Temperature | Base pressure Dynamic Flow rate O-/Ar ratio
(°C) (torr) pressure (torr) (SCCM)
500 5x 10 2x 1073 70 (Ar), 0.7 (O,) 1:100

process started. The film thickness was monitored constantly by a quartz crystal
thickness sensor, and the signal was fed to the computer during the deposition. According

to the film thickness and the desired film specifications, the computer adjusts the power
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sent to the two targets tuning the sputtering rates of the two targets throughout the

deposition process in order to achieved the desired compositional gradient in the film.
X-ray photoelectron spectroscopy (XPS) was used to verify the compositional

gradients of the films. The microstructure of the films was analyzed using x-ray

diffraction. A CuK, line (A =1.5412 A) was used. . The strain in the films formed was

analyzed by wafer bow measurements, which was performed using a profile meter.
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to
examine the surface topology of the films.

In order to perform the electric measurements, gold/chromium electrodes were
deposited on the top of the films using e-beam evaporation. The area of each electrode
was 0.02 cm”. It consisted of 2 600 A chromium bottom layer and a 3000 A gold top
layer. These contacts served as top electrodes, while platinum on the bottom served as
the bottom electrode for the electric measurements.

Dielectric properties of the films, such as low-field permittivity and dissipation
factor at various temperatures, were characterized using a 4192A Hewlett Parkard
impedance analyzer with an MMR temperature microprobe station. The latter
instrument was used to regulate the temperature to within 0.05 °C. A modified Sawyer -
Tower circuit was used to measure large-field excitation D vs. E hysteresis loops for the
films'. The circuit is shown in Fig. 1.3.2. The value of the reference capacitor C; in the

circuit was 1 uF for this study.
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2.3 RESULTS

Compositional graded BST thin films with different directions of compositional
gradient, as well as homogenous BST thin films were deposited on platinum coated silicon
substrates by rf magnetron sputtering. The films were characterized by different

techniques as being discussed below.

2.3.1 Compositional Gradients of the films

The compositional gradient of two types of graded films were examined. The first
film type was designed to be a 200 nm graded Ba,Sr,,TiO; thin film with uniform
compositional gradient down (from BaTiO; (bottom) to Bag;Sry3TiO; (top)). The
second film type was designed to be 2 200 nm graded Ba,Sr;_ TiO; thin film with uniform
compositional gradient up (from Bag ;Sro 3 TiO5 (bottom) to BaTiOs(top)). The powers to
the two sputter sources/targets during these two deposition processes are shown in
Fig.2.3.1.1a and Fig. 2.3.1.2a. For the first film, we can see that the power to the BaTiO;
target decreased, and power to the SrTiO; target increased as the deposition process
proceeded. As the result of this continuous change in power levels to the two targets, a
200 nm compositional graded Ba,Sr;. TiO5 thin film with continuous composition change
from BaTiO; (bottom) to Bag;Sro3TiO; (top) was made, as shown in the XPS depth
profile in Fig. 2.3.1.1 b. The continuous tuning of the relative power levels by the
computer, via a 12 bit digital to analog converter, gave a graded BST thin film with almost
uniform compositional gradient. Similar results were obtained the second film, as shown

in Figure 2.3.1.2. The XPS result for this film also indicates the formation of a 200 nm
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compositional graded Ba,Sr,,TiO; thin film with continuos composition change from
Bay 751y 3TiO; (bottom) to BaTiO; (top).

From the above discussion, we see that this newly developed computer controlled rf
magnetron co-sputter deposition system has the capability to fabricate graded thin films
with great precision. Of equal importance in this particular application is that this is a
relatively low temperature process ( at about 500 °C), and is silicon compatible. It is also
important to note that, as rf magnetron sputter is a widely used deposition method, and
virtually all types of materials can be deposited by this method, this graded thin film
fabrication technique is very flexible and is not limited in fabricating ferroelectric BST thin

films, it can be extended to fabricated other kinds of graded thin films as well.

2.3.2 X-ray diffraction and wafer bow measurement results

X-ray diffraction results show that all of the films were polycrystalline. Fig.2.3.2.1,
Fig. 2.3.2.2, and Fig. 2.3.2.3 are the x-ray diffraction results from the graded (down) BST
film, the graded (up) BST film, and the homogenous BST film, respectively. Multiple
BST diffraction peaks, (001), (011), (111), (211) as well as the Pt (111) diffraction peak,
were observed from these films. The graded films appeared to be partially oriented as
evidenced by the relative intensities of the diffraction lines from the films. For the
graded(down) film, the dominant diffraction line observed was (111), which indicates the
films were partially oriented along the (111) direction. For the graded (up) film, the

dominant diffraction line observed was (001), which indicates the films were partially
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Fig.2.3.2.2. The x-ray diffraction of the graded up film.
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oriented along the (001) direction. The homogenous BST films appeared to be more
randomly orientated, as no dominant diffraction peaks were observed. The d spaces for

these diffraction lines were calculated from their positions in 8-260 scans using Bragg law:
A=2d sinf (4.3.1)
where A is the Cu k, line and equals 1.5412 A , for the tetragonal structure™:

L _K+i I 432
d? a 3-2)

where a and c are the lattice parameters, and h, k, and | are Miller indices. Using these
formulas, the lattice parameters a and ¢ were obtained from the positions of the multi-
diffraction lines, and the c/a ratios were calculated. The results were summarized in
Tab.2.3.2.1. The c/a ratios were larger than 1 for the films, indicating that the films were
of tetragonal structure or in a ferroelectric phase. There were some interesting tendencies
in the change of c/a ratio and lattice parameters a, and ¢ worth noting: the c/a ratio for the
graded (down) film was the highest, and that for the graded (up) film was the lowest. The
homogenous film was in between the two. The lattice parameter, c, for the films was
elongated, the graded (down) film had the highest c, the graded (up) had the lowest c, and
the homogenous film was in between the two. The elongation of the lattice parameter, c
was observed by other research groups. Such elongation were believed to be caused by the
strain induced by thermal and lattice mismatch between the substrate and the film, and
by the epitaxial growth effect. 5 5875
The x-ray diffraction results indicate that the films were strained. This was further

verified by wafer bow measurements. Wafer bows were measured before and after film



Table 2.3.2.1. Summary of x-ray diffraction results.
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Lattice Tetragonal Graded BST Homogenous Graded BST

parameters BaTiO; standard thin film (down) BST thin film thin film (up)
a,b (A) 3.990 3.965 3.972 3.977
c(A) 4.036 4.075 4.039 4.003
c/a 1.012 1.028 1.017 1.007

Film Mostly (111) (111), (001) Mostly (001)

orientation & (011)
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verified by wafer bow measurements. Wafer bows were measured before and after film
depositions. The results for graded (down), graded (up), and homogenous BST thin films
are shown in Fig.2.3.2.4, Fig.2.3.2.5, and F ig.2.3.2.6, respectively. The results show that

all the films were in tensile stress.

2.3.3. SEM micrographs and AFM images

Figure 2.3.3.1, Fig. 2.3.3.2 and Fig. 2.3.3.3 are the SEM micrographs for the graded
down and up films, and the homogenous film respectively. They show the surface
topology as well as the microstructure of the films. All three films, as shown, were
polycrystalline, and crack-free. The AFM images of the films, which are shown in
Fig.2.3.3.4, Fig.2.3.3.5, and Fig.2.3.3.6 also revealed the surface morphology of the films.
AFM and SEM results were consistent with each other. From AFM and SEM
images, the grain size of the films were estimated, and all three films showed a grain size

in the submicron range near the films’ surface.

2.3.4. Ferroelectric hysteresis loops

Ferroelectric hysteresis loops were observed for the graded BST films and the
homogeneous BST film, indicating that the films had ferroelectric phases. This was
consistent with the x-ray diffraction results, where the value of the ¢/a ratio revealed a
tetragonal structure for the films. The hysteresis loops of the films are shown in
Fig2.3.4.1. Bulk barium titanate (BaTiO;) undergoes a phase transition from tetragonal

(ferroelectric) to cubic (paraelectric) at about 120 °C, and strontium titanate (SrTiO;) at
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Fig.2.3.3.1 The SEM micrograph of the graded down film.
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Fig. 2.3.3.2 The SEM micrograph of the graded up film.
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Fig. 2.3.3.3. The SEM micrograph of the homogenous film
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Fig. 2.3.3.4

The AFM image of the graded down film.
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Fig. 2.3.3.5 The AFM image of the graded up film.
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Fig. 2.3.3.6 The AFM image of the homogenous film
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(SrTiO;) at about -200 °C. The phase transition temperature for barium strontium
titanate solid solutions vary as the Ba/Sr ratio varies. In particular, Bag ;Sry;TiO; has a
phase transition temperature at around room temperature. However, in this study, all the
films exhibited ferroelectric phase at wide temperature ranges, even at temperatures as
high as 200 °C. The higher phase transition temperatures for thin films were observed by
other groups as well.* % 7. 7 The interpretation given was thar the strain helped
stabilize the ferroelectric phase. We also believe that it was the strain in the films that
made the ferroelectric phase persistent, well above the bulk phase transition temperature.
The hysteresis loops of the films were generally narrow, which is typical for thin films.
The homogenous BST film had relatively wider loops compared to graded films, as shown

in Fig. 2.3.4.1.

2.3.5. Dielectric properties of the films

The relative permittivity (dielectric constant) of the graded BST films and the
homogenous BST film at various temperatures is shown in Fig. 2.3.5.1. The permittivity
of the compositional graded films (both up and down) increased slightly as the
temperature changed from -20 °C to 100 °C. The permittivity of the graded films was
about 140, which was relatively low compared to that normally observed in BST films.*
*-% This was probably because the films grown in this study were thinner (2000 A)
than the others. The permittivity of the homogenous film was a little higher than the
graded films, as shown in Fig. 2.3.5.1. It decreased slightly as the temperature changed

from -20°C to 100 °C. The permittivity vs. temperature curves for all three films were



©

Fig.2.3.4.1. The hysteresis loops of the films. a) Graded down film.
b) Graded up film. c) Homogenous film.
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Fig. 2.3.5.1. The dielectric constants of the films at various temperatures.

a) Graded down film. b) Graded up film. c¢) Homogenous film
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relatively flat and showed no dramatic changes. No phase transition was observed in the
temperature range from -20 °C to 100 °C. Figure 2.3.5.2 is a plot of the dissipation

factors (tan § ) versus temperature for the graded (both up and down) films and the

homogenous BST films. The dissipation factors of the films were relatively small (varying
from 0.009 to 0.017). All three dissipation factor vs. temperature curves were similar, as
shown in Fig.2.3.5.2, and the dissipation factors for the films increased with increasing

temperature.

24 CONCLUSION

A new fabrication method of compositional graded ferroelectric films has been
developed. This method, rf magnetron sputtering, is a silicon compatible fabrication
method, and has greater control compared to the previously used GFD fabrication
methods (MOD). Graded ferroelectric BST thin films with uniform compositional
gradients were fabricated using this method at relatively low temperatures (500 °C).
Also, we have characterized the structure and properties of the graded and homogenous
BST thin films with various techniques. The films were polycrystalline, the homogenous
BST thin films appeared to be randomly oriented while the graded films were partially
oriented. The orientations of the films were dependent on the directions of the gradient.
The films were strained, and the lattice parameter, c, was elongated. The films were dense
and free of cracks. The grain size of the films was in submicron region. The films were in

the ferroelectric phase at room temperature and at temperatures well above 120 °C, the
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phase transition temperature for bulk barium titanate. The dielectric constant of the films
was insensitive to temperature, and was lower than normally observed for BST thin films,
as the films in this study were very thin. The dielectric loss of the films was low, and

increased with temperature.



CHAPTER I
GIANT EFFECTIVE PYROELECTRIC COEFFICIENTS FROM GRADED

FERROELECTRIC DEVICES

This chapter presents the most important property of graded ferroelectric devices,
giant effective pyroelectric coefficients. Giant effective pyroelectric coefficients as large

as 5 uC/cm>-°C, with peak responsivity at approximately 50 °C, were obtained from Ba,.
xSty TiO; graded ferroelectric devices (GFD). The 0.2 um compositional graded structures

were formed on platinum coated silicon substrates at 500 °C using magnetron sputtering

and had a compositional variation of x =0 to x = 0.3 normal to the growth surface.

3.1 INTRODUCTION

The most sensitive pyroelectric infrared detectors available to the date are hybrid
structures made from ferroelectric ceramics or single crystals of Ba,,Sr,TiO; (BST),
which have pyroelectric coefficients as large as 23 pC/em®-°C.3* ®  Unfortunately,
because such structures are fashioned from bulk ferroelectric materials rather than thin
films, the device yield is often quite low, resulting in high fabrication costs. Therefore,
efforts have been devoted to developing monolithic pyroelectric thin film detectors.*- 4!-
>4 However, compared to bulk ceramics, thin film materials almost universally have
severely reduced pyroelectric coefficients. In particular, it is usually observed that

ferroelectric thin films have pyroelectric coefficients on the order of 0.05 uC/cm>°C,*
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which is almost three orders of magnitude smaller than the best bulk ceramic materials.
Thus, while modemn thin film processing techniques offer the means for low cost
fabrication of focal plane arrays, these materials presently do not possess the necessary
thermal response to achieve high performance devices.

Compositional graded ferroelectric films, however, demonstrated giant effective
pyroelectric coefficients. ***%° Prior graded ferroelectric devices have been fabricated by
the metallo-organic decomposition (MOD) method.** *° In this study, rf magnetron
sputter deposition was adopted to fabricate compositional graded BST ferroelectric thin
film structures. The films formed exhibited a large field and a temperature dependent
offset in hysteresis loops when under strong field excitation. Giant effective

pyroelectric coefficients with a peak value of 5 uC/em2-°C were obtained at 50 °C,

a value nearly two orders of magnitude higher than the pyroelectric coefficients

commonly observed in conventional BST thin films.

3.2 EXPERIMENTAL

Magnetron sputtering was used to deposit the graded BST thin films. The BST
graded ferroelectric devices formed in this study consist of (as shown in Fig. 2.3.1.1) : a
bottom PU/Ti electrode deposited on an oxidized silicon substrate; a BST thin film with a
continuous composition change from BaTiO; to Bag 7Srg3TiOs; and top Au/Cr electrodes.
Details of the deposition process is given in chapter 2.

As discussed in chapter 2, various techniques, such as XPS, x-ray diffraction, SEM,
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AFM, dielectric measurements, and wafer bow measurement, were used to characterize

the structure and properties of the films.

3.3 BASIC STRUCTURE AND ELECTRIC PROPERTIES OF THE FILMS
As discussed in detail in chapter 2, the films formed had a polycrystalline structure
and were strained. The films had grain sizes mostly in the submicron range, were dense
and relatively free of cracks and pin holes. The dissipation factor of the films was low and
showed a slight temperature dependence varying from 0.01 to 0.017 as the temperature
was increased from -20 °C to 100 °C. The permittivity of the graded films increased
slightly from 136 to 138 as the temperature was increased from -20 °C to 100 °C. No
dramatic changes in permittivity due to phase transformations were observed. The films

were in the ferroelectric phase as evidenced by : ae hysteresis loops observed.

3.4 GIANT PYROELECTRIC COEFFICIENTS
Ferroelectric hysteresis loops of the films were narrow, as shown in F ig. 2.34.1 in
chapter 2. The D-E hysteresis loops of the films showed a large field and a strong
temperature dependent vertical shift along the displacement axis, AD, when excited with a
periodic electric field, as shown in Fig. 3.4.1 and Fig.3.4.2.
The field dependent offset, AD, as shown in Fig.3.4.1, increased in absolute
magnitude as the excitation field was increased. The offset never saturated before the

films electrically broke down. The offset AD was also strongly temperature dependent.
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Small temperature perturbations created noticeable variances in the positions of the
ferroelectric hysteresis loops of the graded BST films. An effective pyroelectric

coefficient,”® ** * has been defined for GFD’s as: 54550

_ d(AD)
P = m - 34.1)

Fig. 3.4.2b shows the hysteresis loops of the graded BST film at various temperatures.
The hysteresis loops appear as single lines in this figure because the vertical gain of the

scope has been reduced in order to show the large translations, AD. The effective

pyroelectric coefficients of the films at temperatures from -20 °C to 120 °C were
calculated as a derivative of the shift with temperature and is plotted in Fig. 3.4.3. The

maximum value of the effective pyroelectric coefficient was approximately 5 uC/cm? -°C

at 50 °C. This is a value more than two orders of magnitude greater than the conventional
pyroelectric coefficients observed in BST thin films and close to the highest pyroelectric
coefficients ever obtained.?

The effective pyroelectric coefficients of the devices were often not monotonic
functions of temperature as indicated in Fig. 3.4.4. Multiple devices were examined and
all showed a primary peak in pg around 50 °C, though some showed a secondary peak at
approximately 80 °C. Such complexity in Pesr With temperatures is not totally surprising.
Both the polarization and Curie temperature of ferroelectric materials are well- known to
be highly sensitive to both composition and strain, it follows that even small variations in
any of these quantities (in our highly graded devices) could easily add to the functional

complexity of p.s.  More discussion about the temperature dependency of



Fig. 3.4.1

(a) (b)

The field dependent offset of the hysteresis loops observed.
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effective pyroelectric coefficients will be given in chapter 4.

Variations in wave form, such as sine wave or triangular wave, of the periodic
excitation electric field over a wide range of frequencies ( 50 Hz to 100 KHz) resulted in
shifts of the hysteresis loops which were relatively insensitive to excitation frequency.

The pyroelectric response, p., depended not only on the temperature change of the
film, but also on the exciting electric field - the « pumping force” applied to the film. The
stronger the exciting electric field the larger the effective pyroelectric coefficient, p.g.
Fig. 3.4.3 was obtained when the film was under an excitation electric field of 30 Vpp.
By improving the break-down strength of the films (i.e., further reduction of structural
defects in the films), even higher pyroelectric coefficients of graded ferroelectric BST thin
films should be obtainable.

The excitation field was the only dominant factor that determined the effective
pyroelectric coefficients of the films. The effective pyroelectric coefficients of the films
were largely dependent on the maximum field that could be applied (electrical breakdown
strength of the films). All other factors affecting pyroelectric coefficients were minors
compared to the exciting field. Graded BST films with different gradients were examined.
as anticipated the D-E hysteresis loops of these films all showed large field, and
temperature dependent vertical shifts along the displacement axis, AD, when excited with
a periodic electric field. However, the values of effective pyroelectric coefficients from
different films highly fluctuated. No clear correlation between the effective pyroelectric

coefficients and the compositional gradients could be determined from those highly
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fluctuated results. This suggests that the compositional gradients, compared to the

exciting field, was not the key factor in determining the effective pyroelectric coefficients

of the graded films.

3.5 COMPARISON OF CONVENTIONAL AND NEW PYROELECTRIC
DETECTORS

We have graded ferroelectric devices exhibiting giant pyroelectric coefficients more
than two orders of magnitude larger than that from conventional homogenous ferroelectric
thin films. Highly sensitive pyroelectric infrared detectors can be fabricated base on this
innovative structure. As illustrated in Fig. 3.5.1, unlike the conventional pyroelectric
detectors, the operation of the new pyroelectric detectors would depend on detecting the

temperature dependent offset of the D-E hysteresis loops, AD. Therefore, the detectors

would have superior performance in terms of sensitivity as compared to conventional

pyroelectric infrared detectors.

3.6 CONCLUSION

We have shown that the graded ferroelectric BST thin films, which were fabricated
using the silicon compatible rf magnetron sputtering method, exhibited giant pyroelectric
coefficients two orders of magnitude higher than that of the conventional homogenous
ferroelectric BST thin films. This effective pyroelectric coefficient was also highly
dependent on the exciting field applied. Therefore, by improving the breakdown strength

of the films, higher excitation fields could be applied, and even higher pyroelectric
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coefficients of graded ferroelectric BST thin films could be obtainable. The giant effective
pyroelectric coefficients obtained from graded ferroelectric devices opens the way for

fabricating a new type of high sensitive pyroelectric infrared detector.



CHAPTER IV
A PHENOMENOLOGICAL MODEL FOR GRADED FERROELECTRIC
DEVICES

In this chapter, we present a phenomenological model for graded ferroelectric devices
(GFD’s). This model qualitatively explains all of the new phenomena associated with
graded ferroelectric devices namely: i) a dc offset in ferroelectric D-E hysteresis loops
when excited with a strong periodic electric field, and the field dependency of this offset;
ii) a threshold exciting field required in creating the offset of the hysteresis loops; iii) the
temperature dependency of the offset of the hysteresis loops. The model suggests that
the strain built in the films, which altered the symmetrical nature of ferroelectric thin
films, was the fundamental reason for the new pyroelectric effects. The strain built in
the films were introduced by compositional gradients in the films and by lattice and
thermal mismatches between the substrates and the films. The model also predicts some

new experimental results.

4.1 INTRODUCTION

The pyroelectric response of ferroelectric thin films has been improved dramatically
in a recently invented innovative structure, compositional graded ferroelectric thin film
devices.*® 4- 50 The graded ferroelectric thin film structures are interesting not only
because of their potential application in infrared detectors, but also because of their
fundamental theoretical importance - as the charge pumping effect observed in graded

ferroelectric devices is essentially a new pyroelectric phenomenon. In this chapter, we
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explore the basic physics of graded ferroelectric devices. Based on existing experimental
evidences, a phenomenological model for graded ferroelectric devices (GFD’s) was
proposed. This model explains how strain in the films, introduced by compositional
gradients and by lattice and thermal mismatch between the substrates and the films, alters
the symmetrical nature of the ferroelectric thin films and caused the new pyroelectric

effects. New experiments were designed and carried out to support the model.

42 EXPERIMENTAL EVIDENCE

The graded and homogenous ferroelectric BST thin films in this study were deposited
on platinum coated silicon substrates using rf magnetron sputtering. Prior to this study,
graded BST thin films were deposited on platinum foils using metallo-organic
decomposition (MOD) method.*°

New pyroelectric phenomena were observed from the graded films deposited by both
methods. When the graded films were excited with a strong periodic electric field, and
after the magnitude of the exciting field exceed a critical threshold field, Ey, a dc voltage
was induced across the graded films, and the displacement (D)-electric vs. field (E)
ferroelectric hysteresis loops showed large unidirectional shifts along the displacement
axis.*** The dc offset of the hysteresis loops of the graded films was a function of the
excitation field, and increased with the field, never saturated before the films were
electrically broken down. This effect is illustrated in Fig. 4.2.1a. The dc offset of the
hysteresis loops were also highly sensitive to temperature change. Small perturbations in

temperature created noticeable shifts in the hysteresis loops and made this effect useful in
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pyroelectric infrared detection. The temperature dependency of the dc offset in the
hysteresis loops is illustrated in Fig. 4.2.1b. The basic characteristics of the new
pyroelectric effects, or the dc offset of the hysteresis loops when excited with a periodic
electric field, can be summarized as following:

® The offset starts when the exciting field exceeds a threshold value, Eg.

* The offset is field dependent and increases with the periodic exciting periodic field.

e The offset is highly temperature dependent and can be used to detect temperature

change due to infrared radiation.

More experimental results came from the study of the direction of the offset. It was
demonstrated from the MOD grown films on platinum foils that the direction of the
offsets was dependent on the direction of the compositional gradients. Both up and
down offsets of the hysteresis loops were obtained from gradient up and gradient down
MOD grown graded films, respectively. This indicates that the compositional gradient the
film was the cause of the offsets. However, the results from the graded films deposited
on platinum coated silicon substrates using sputtering in this study were quite different.
For both gradient up and gradient down sputtered graded films, the direction of the
offsets of the hysteresis loops remained the same (down). Furthermore, unlike the MOD
homogenous films on platinum foils, the sputtered homogenous films on platinum coated
silicon substrates also exhibited a down shift in the hysteresis loops. At first glance, the
results from the sputtered films in this study and the previous results from the MOD
deposited films appear to contradict each other. However, what they are really telling us

is that there was a common origin for the offset of the hysteresis loops. Both
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Fig. 4.2.1 Illustration of the new pyroelectric effect from the
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electric field. a) Field dependency. b) Temperature dependency
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compositional gradient in the films, and substrate effect could attribute to this common

phenomenon.

43 STRAIN INDUCED EFFECT

We now try to find the origin of this new pyroelectric effect or the induced dc
voltage across the film. From a physics point of view, the existence of a dc voltage in the
film in this case means that there must be a separation of the negative and the positive
charges. For ferroelectric crystal thin films in particular, this could be caused by dipoles
aligning together to create a macroscopic polarization in the films.

As we discussed in chapter 1, the free energy G of a ferroelectric crystal can be

expressed as:
G=a P2 +y P4 4.3.1)

and the G-P curve (Fig. 1.3.5 ) is shown in Fig.4.3.1 again for convenience. The two
stable polarization states in a ferroelectric crystal, P and -P, are equivalent, as shown in
Fig.4.3.1 (except the direction). The direction of the polarization can be switched by a
external electric field, and there is no preferred direction for dipoles to align. This is true
for conventional ferroelectric thin film crystals. So now the question is: why do the
graded BST thin films have a preferred polarization state for the dipoles to align at this
preferred direction?

The experiments on the directions of the offset in the hysteresis loops provide

important clues to the answer. As discussed earlier, the offset in the hysteresis loops
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were caused by the compositional gradient (for MOD films), and an unknown effect
from the platinum coated silicon substrates had the same effect on the films as the
compositional gradient (sputtered films). It is reasonable to deduce that the common
origin for the offset in the hysteresis loops was the strain in the films. Strain could be
introduced into the films by compositional gradient, as the Sr, and Ba have different size
and BaTiO; and SrTiO; have different lattice parameters, or by thermal and Ilattice
mismatch from the substrates. For MOD deposited films, the substrates were soft
platinum foils, the films were probably relaxed and the dominant factor would be
compositional gradient. The directional strain was introduced into the films by
incorporating SrTiO; into BaTiO, directionally. Hence, the graded films exhibited both
up and down offsets in the hysteresis loops, depending on the direction of the
compositional gradient. On the other hand, for the sputtered films on platinum coated
silicon substrates, strain caused by the substrates appeared to be the dominant factor and
the offsets in the hysteresis loops of all the films were down.

The existence of strain was evident by x-ray diffraction results, where an elongation
of the lattice parameter, ¢, was observed, and also by wafer bow measurement where the
films were found in tensile stress. The details of these measurements and results were
given in chapter 2.

Strain in the films alters the symmetrical nature of the films, which has a profound
impact on their properties. For a strained film, the expression of the free energy, Eq.4.3.1,

needs to be modified and an extra strain energy term should be added to the expression:
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—y D2 4
G=aP“+yP +""+xiXi (4.3.2)

where x; is strain and X; is stress. Now the G - P curve is no longer symmetrical, rather it
is skewed as shown in Fig. 4.3.2. The two polarization states are also no longer
equivalent. The one with lower energy is preferred and the dipoles would prefer to align
at that direction to minimize the energy of the system. The direction in which the D - P
double wells skew depend on the direction of the strain, as illustrated in F ig4.3.2. For
the MOD deposited films, the direction depended on the direction of the compositional
gradients. For the sputtered films, the hysteresis shift was always in one direction

because strain from the substrates was the dominant factor.

44 AN EXPLANATION FOR THE NEW PYROELECTRIC PHENOMENA

Based on the above discussions, the basic characteristics of the new pyroelectric
effects, which were summarized in earlier sections, can be qualitatively understood.

The existence of a threshold value of the exciting field, Eg, is illustrated in F ig.4.3.2.
This illustration shows that although one polarization state has lower energy than the
other, there is an energy barrier between them. In order for the dipoles to overcome this
energy barrier and align or occupy a lower energy polarization state, an exciting field larger
than a threshold field, Ey, is required.

The field dependent offset in the hysteresis loops can be understood as the
following.  First, the ferroelectric BST thin films were polycrystalline and had multi

domains oriented at various directions not always in parallel with the exciting periodic
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Fig. 4.3.2 Modified free energy G - polarization P double well for strained film.
In MOD films, the direction of the strain is dependent on the compositional
gradients, and for sputtered films, the strain is caused by substrate and is
always at one direction-down.
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electric field which was normal to the film’s surface. Thus, when excited with a periodic
electric field with a certain magnitude, only a portion of the domains experience a field
stronger than the threshold field Ey, in the crystal orientation, and the dipoles in those
domains would be able to overcome the potential barrier and be aligned. Therefore, as the
field increases, more and more domains will experience fields stronger than the threshold
field - so more dipoles would be aligned. Second, the individual dipole, when excited with
a field, would be stretched and increase in value with the exciting field. So we can write:

p o< EY (4.4.1)
where p is a dipole, E is the field, and y is a coefficient. Thus, the field dependent offset

of the hysteresis loops is a combined result of these two effects.

The field dependent offset of the hysteresis loops, or the built-in potential in the
graded ferroelectric thin films, was difficult to model. The two major difficulties were: 1)
the threshold field, E;, was a material dependent value. For graded ferroelectric thin
films, as the composition of the films varied, there would be a distribution of values of
the threshold field, E,, instead of a single valued threshold field, Ey; i) the graded
ferroelectric BST thin films were polycrystalline with multi-domains and were partially
oriented as indicated by x-ray diffraction results discussed in chapter 2, and it’s
impossible to model it without information about the orientation of the films. However,
sputtered homogenous BST thin films also showed field dependent offsets in the
hysteresis loops, and it is much easier to model. In this case we can assume: i) a single

valued threshold field, Ey,, and ii) as indicated by the x-ray diffraction result discussed in
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chapter 2, the polycrystalline films were approximately randomly oriented. When an
electric excitation field E was applied to the film at a direction normal to the films surface,
the domains which experienced a field larger than Ey, along the crystal direction, were

those with their directions between 0° to 6, where 8 is determined by:
E
Cosf ==& 442
5 (4.4.2)
For a randomly oriented film with domains of various directions evenly distributed
throughout the film, the portion of the domains with directions between 0° to 8 is
proportional to the volume of the cone within 0 degree, and we can write it in

mathematical form:

f: rdrdg sin@ do
Ve e T ———————=(1~cos6) (4.43)
[, rdrdpsing de

or substituting Cos@ with E,/E, we have:
E
Ne]-—2 4.4.4
= (4.4.4)

So for the strained homogenous BST thin films, as the field increased the number of
dipoles aligned would increase, as described in Eq. 4.4.4, and also the value of the
individual dipole would also increase, as described in Eq. 4.4.1. Combining Eq. 4.4.1 and
Eq. 4.4.4, we can get the expression of the field dependent offset of the hysteresis loop,

or the built in dc potential of the films:

ADe< E"(1- %) (4.4.5)
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Using this formula, the experimental data for the field dependency of the offset for the

sputtered homogenous film was fit. Fig. 4.4.1 shows both the experimental data and the
fitting curve. In this particular case, E;, was 10 v/um, and from the fitting result, y was

equal to 1.67. The E,, value observed was closed to the value of coercive field E., which
is reasonable because coercive field E, is field required to switch the polarization in a
conventional ferroelectric crystal.

The temperature dependency of the offset can also be explained qualitatively by this
model. From the illustration in Fig. 4.3.1, we can see that rising temperatures have two
opposite effects on the offset of the hysteresis loops. One tends to decrease it while
another tends to increase it. First, as the temperature rises, the individual dipole (or
polarization) will become smaller since the distance in separation of charges decreases, as
illustrated in Fig. 4.3.1 where the polarization (charge separation) value at equilibrium or
minimum energy decreases with increasing temperatures. Second, also shown in
Fig.4.3.1, as the temperature rises, the potential barrier between the two polarization
states or the threshold field Ey, will decrease. Thus, there will be more dipoles aligned
when excited with an electric field. Furthermore, the thermal mismatch between the film
and the substrate add more complicity to the phenomenon. The combination of these
effects determine that the relation between temperature and offset of the hysteresis will
be complicated, and likely will not be monotonic.

As discussed, the offset in the hysteresis loop or build-in potential in the films is

caused by polarization. Once this polarization disappears, the offset should also
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4.4.1 The field dependent offset of hysteresis loop for strained
homogenous BST film and the fitting curve.
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disappear. Based on this reasoning, we can predict that once the BST thin films translate
from ferroelectric to paraelectric phase at some high temperature, the offset of hysteresis
loops should disappear. This was tested by continuously raising the temperature and
monitoring the hysteresis loops of the films. It was found that the films remained in the
ferroelectric phase at very high temperatures (200 °C ~ 300 °C depending on the
individual film). Fig. 4.4.2 shows the hysteresis loops of a graded film at various
temperatures. We see that in this case, the film was clearly in the ferroelectric phase even
at 160 °C, but the film became very lossy as the temperature was high. We also observed
that the hysteresis loops of the film continuously shifted down as the temperature rose,
but became unstable at high temperatures. When the temperature reached a certain point
(300 °C for the particular film shown), a structure or phase transition appeared to have
occurred. At this point, the hysteresis loops return to the original point as expected, and
no further temperature or field dependent offset was observed after that. This is shown in
Fig. 4.4.3, where the lossy hysteresis loops came back to the original point, and did not
show any field dependent offset. The dielectric constant of the film was also examined at
the highest temperature our measurement system could reach (about 320 °C). A rapid
change appeared to start at about 300 °C, as shown in Fig. 4.4.4. This was consist with
the observation of the dramatic change in hysteresis loops at this temperature, and also
indicated a structure or phase transition. So, we see that the offset in the hysteresis loops
does depend on the existence of the polarization in the ferroelectric phase. Also observed
was that such structure or phase transitions were irreversible. No temperature or field

dependent offset of hysteresis loops were observed after the films were cooled back to
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Fig. 4.4.2 The hysteresis loops of the graded film at various temperatures.



Fig. 4.4.3 The hysteresis loops of the graded BST film at 300 °C,
show no offset effect.
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room temperature. Bulk BaTiO; has a phase transition temperature at about 120 °C, and
Bag ;Sro3TiO; at about 25 °C. The phase transition temperature for the BST thin films in
this study was much higher, and we believe that it was the strain in the films that helped
hold the ferroelectric phase at such a high temperatures. The final relief of the strain at a
high transition temperatures probably also caused severe structure damage to the films,
hence the process was not reversible.  The increase in transition temperature of
ferroelectric thin films was also observed by many other researchers.’s * 757 For
example, it was reported that epitaxially grown BST thin films on Pt/MgO had phase

transition temperatures as high as 200 °C.”

4.5 OFFSET OF HYSTERESIS LOOPS UNDER DC BIAS

So based on the model presented, we now understand that the offset in the hysteresis
loops was the result of the asymmetrical nature of the graded films. The skewed G-P
double wells created a preferred lower energy polarization state as shown in Fig.
5.3.1, and forced the dipoles to align. The skewed double wells were caused by strain in
the films, which, in tumn, was caused by compositional gradient or lattice and thermal
mismatches from the substrate. Furthermore, it is not difficult to see that such skewed
double wells can also be created by other means. For example, a dc electric bias field.
The direction of the wells skew can be controlled by the direction of the bias field, as
illustrated in Fig. 4.5.1. So, if the skewed double wells are the fundamental origin for the
offset of the in hysteresis loops, then we should be able to further test this model by

modifying such skewed wells electrically.
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Up and down electric bias fields were superimposed with the electric excitation field
and applied to the films. The hysteresis loops of the films behaved exactly as predicted:
Up offset of the hysteresis loops were observed when the films were under up dc bias
field. Asshown in the Fig. 4.5.2 b, without a bias field, the sputtered BST film always
exhibited a down shift in hysteresis loops when excited with an electric field. But as a dc
bias field was applied, and the double wells switched direction they skew as illustrated in
Fig.4.5.1, the direction of the offset was found switched correspondingly as shown in
Fig4.52a.

Except for the switching of the direction of the offset from down to up when under
an up bias field, all other behaves of the hysteresis loops including temperature
dependency should remain the same. Temperature dependent studies confirmed this.
As the temperature increased an up offset of the hysteresis loops was observed, in
opposite to the down offset normally exhibited in unbiased films. The temperature
dependent offset of the hysteresis loops was shown in Fig. 4.5.3.

The behave of the offset of the hysteresis loops under down bias field was also
examined and was shown in Fig. 4.5.2 c. The threshold field, E,, was found to decrease
and a stronger dependency of the offset on the excitation field was also observed. The
decrease in threshold field Ey can be easily understood from F ig. 4.5.1, where the barrier
or Ey, decreased as the double wells were further titled by a electric bias field. The

decrease in threshold field Ey, will make the dipole easier to be aligned when under field



N

Strained Film (Down)

SO\

Fig. 4.5.1 Illustration of the dc bias field modified skewed P-G double

wells. The direction of the wells skewed toward is determined by the
direction of the bias field.
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No Bias

Fig. 4.5.2 The offsets of the hysteresis loops of the graded film
under different bias conditions.
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Fig. 4.5.3 The temperature dependent offset of the hysteresis loops of -
the film under up bias field.

95



96

excitation, hence a stronger field dependency of the offset was exhibited.

4.6 EFFECTIVE PYROELECTRIC COEFFICIENTS OF THE FILMS
UNDER ELECTRIC BIAS FIELD

The difference between a conventional homogenous ferroelectric thin film and a
graded ferroelectric thin film is that one is symmetric and the other is asymmetric in
crystal structure, and the asymmetrical skewed G-P double wells in graded films are the
origins of the observed new pyroelectric phenomena. And we showed that the skewed
double were caused by strain in the films, and they could also be deliberately created by
applying a dc bias field on the film. As discussed in previous sections, the more titled
double well under bias created a larger field dependent offset in the hysteresis loops. The
dc bias field is easy to control, and therefore the usefulness of using a dc bias field in
engineering the skewed double well is worth further exploration. Based on the field
dependent offset study, it is reasonable to guess that by further titling the double well
using a dc bias field, larger temperature dependent offsets might be obtained, and hence
an enhancement of the effective pyroelectric coefficient might be obtainable. Experiments
were carried out to test this idea. The temperature dependency of the offset in the
hysteresis loops of a graded film were examined under various bias conditions, and the
effective pyroelectric coefficients as a function of temperature were calculated. The result
is shown in Fig. 4.6.1. A general trend can be seen from these curves. The effective

pyroelectric coefficients were largest under a down bias field, and smallest under up bias
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Fig. 4.6.1 Effective pyroelectric coefficients of a graded down film under
different bias conditions.
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field. They were in between without a bias field. So we see that the presence of a bias

field can indeed enhance the effective pyroelectric coefficients of the films.

47 A NEW OPERATIONAL MODEL FOR FUTURE PYROELECTRIC
INFRARED DETECTORS

The application of a bias field enhances the effective pyroelectric coefficients of the
BST thin films, which is very important to infrared detection applications. But the real
significance of application of a bias field to the ferroelectric thin films is probably its
ability to create skewed G-P double wells. The new pyroelectric phenomena discussed
in this study was first observed in graded ferroelectric thin films, and were later observed
in strained homogenous ferroelectric BST thin films sputtered on platinum coated silicon
substrates. Now based on our understanding of the mechanism of this phenomena, by
applying a dc bias field, such pyroelectric effects should be obtainable from conventional
ferroelectric thin films as well. This simple concept only require a new electrical
operational mode (dc bias field + ac exciting field, or a asymmetric excitation field) to
create a new type of highly sensitive pyroelectric infrared detector made from
conventional homogenous ferroelectric thin films. This hypothesis has not been verified
yet, since all the films formed in this study were sputter deposited and were strained.
Strain free homogenous ferroelectric thin films are needed to completely test this

hypothesis.
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4.8 CONCLUSION

We have developed a model that successfully explains all of the new pyroelectric
phenomena observed. The model suggests that the built in strain in the films, which
altered the symmetrical nature of ferroelectric thin films, was the fundamental reason for
the new pyroelectric effects. The built in strain in the films was introduced by
compositional gradient in the films, and by lattice and thermal mismatch between the
substrates and the films. Equivalently, a dc bias field was also used to alter and modify
the symmetrical nature of ferroelectric thin films, and created similar pyroelectric effects
as predicted. Finally, a new type of high sensitive pyroelectric infrared detector with a
simple conventional thin film structure operated by the application of a dc bias field
combined with a strong ac exciting field or a asymmetric periodic excitation field is

proposed.



CHAPTER V

SUMMARY AND FUTURE WORK

This study explored the potential application of graded ferroelectric thin films in
uncooled pyroelectric detectors. We built a magnetron sputter system, and developed a
method for depositing compositional graded ferroelectric thin films using rf magnetron
sputtering - a silicon compatible thin film fabrication process. This technique showed
great control in fabricating graded ferroelectric thin films, nearly linear graded ferroelectric
BST thin films with various compositional gradients were formed. The films fabricated
with this method exhibited superior pyroelectric properties. By obtaining giant effective
pyroelectric coefficients from graded ferroelectric BST thin films, we demonstrated their
potential in fabricating low cost high sensitivity uncooled pyroelectric infrared detectors.
Structural and other properties of the graded ferroelectric BST thin films were
characterized using various techniques, and were correlated with each other. The films
were found to be strained polycrystalline, dense and crack free. The basic physics of the
new pyroelectric effects from the graded thin film devices were investigated, and a
phenomenological model was proposed to explain the experimental observations. The
model suggests that the strain built in the films, which altered the symmetrical nature of
the ferroelectric thin films, was the fundamental reason for the new pyroelectric effects.
The strain built in the films was introduced by compositional gradient in the films, and
by lattice and thermal mismatch between substrates and the films. The model not only

successfully explains the experimental results previously observed, but also correctly
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predicted the results of some newly designed experiments. It predicted that a dc bias field
could also be used to alter and modify the symmetrical nature of ferroelectric thin films
equivalently as strain, and created similar pyroelectric effects. The effect of a bias field
on the films was verified experimentally.

From our current understanding of the origin and the mechanism of the new
pyroelectric phenomena discussed in this study, it is possible to extend such phenomena
even in a conventional thin film. When a DC bias field is applied, a conventional thin
film may become equivalent to a graded film in term of asymmetric D-E double well
described earlier. Thus, the film structure of future pyroelectric infrared detectors can be
significantly simplified. The films (both graded and homogenous) formed by sputtering in
this study were all strained, hence could not be used to verified this hypothesis. This idea
need to be tested and explored in future. We proposed to create unstained homogenous
thin films using other deposition methods, such as MOD on various substrates in future
study, and also test various operational modes, such as application of both a dc bias field

and an ac excitation field or a asymmetric excitation field to the films.



APPENDIX

SUPPLEMENTAL DATA

As mentioned earlier in the dissertation, pyroelectric properties of graded films with
various gradients were compared. The original propose was try to optimize the effective
pyroelectric coefficients of the films. Although the correlation between the compositional
gradients and the effective pyroelectric coefficients of the films was not able to be
determined because of the high fluctuation of the data obtained, we present some typical
data obtained from films with various gradients for the achieve propose.

The data presented in this appendix include effective pyroelectric coefficients Vs.
temperature curves for graded down Ba,Sr,_ TiO; films with four different compositional
gradients ( (1) x from 1 to 0.8, (2) x from 1 t0 0.7, (3) x from 1 to 0.6, and (4) x from 0.9
to 0.4). The effective pyroelectric coefficients Vs. temperature curves for graded up
Ba,Sr; TiO; films (x from 0.7 to 1), and for homogenous Ba,Sr;_(TiO; films ( x= 0.7, and
x = 0.6 ) are also presented. All the films are 200 nm thick.

In additional to the effective pyroelectric coefficients data, the x-ray diffraction
results for the homogenous Ba,Sr,.,TiO; film (x=0.6), BaTiO; film, and the graded down

Ba,Sr(TiOs film (x from 1 to 0.6) are also included.
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Fig. p.1. Another example of the p. vs. temperature curve of graded down
Ba,Sr;(TiO; films (x from 1 to 0.7). The excitation field was Sine wave with

35 V/um peak value.
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Fig. p.2. The p.g vs. temperature curves of typical graded down Ba,Sr, ., TiO;
films (x from 1 to 0.8). The excitation field was Sine wave with 55 V/um and
40 V/um peak values for film1 and film2 respectively.
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Fig. p3. The peg vs. temperature curve of a typical graded down Ba,Sr;  TiO;
films (x from 1 to 0.6). The excitation field was Sine wave with 55 V/um peak value.
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Fig. p.4. The p.g vs. temperature curve of a typical graded down Ba,Sr,. TiO,
films (x from 0.9 to 0.6). The excitation field was Sine wave with 45 V/um
peak value.
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Fig. p.5. The p.g vs. temperature curve of a typical graded up Ba,Sr ,TiO;
film (x from 0.7 to 1). The excitation field was Sine wave with 40 V/um peak
value.
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Fig. p.6. The peg vs. temperature curve of a typical graded up Ba,Sr,.,TiO;
film (x from 0.7 to 1). The excitation field was Sine wave with 50 V/um peak value.
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Fig. p.7. The x-ray diffraction result for the homogenous Ba,Sr,;_,TiOs film (x=0.6).
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Fig. p.8. The x-ray diffraction result for the BaTiO; film.
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ABSTRACT

NEW PYROELECTRIC PHENOMENA FROM GRADED FERROELECTRIC
BARIUM STRONTIUM TITANATE THIN FILMS
by
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In this study we explored the potential application of graded ferroelectric thin films
in uncooled pyroelectric detectors. We built a magnetron sputter system, and
developed a method of deposited compositional graded ferroelectric thin films using rf
magnetron sputtering, a silicon compatible thin film fabrication process. By obtaining
giant effective pyroelectric coefficients from graded ferroelectric BST thin films, we
demonstrated their potential in fabricating low cost high sensitive uncooled pyroelectric
infrared detectors. Structure and properties of the graded ferroelectric BST thin films
were characterized using various techniques, and were correlated with each other. The
basic physics of the new pyroelectric effects from the graded thin film devices were
investigated, and a phenomenological model was proposed to explain the experimental
observations. The model not only successfully explained the experimental results

previously observed, but also correctly predicted the results of some newly designed
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experiments. From our current understanding of the origin and mechanism of the new
pyroelectric phenomena discussed in this study, we proposed to further simplify the

structure of future pyroelectric infrared detectors by adopting a new operational mode.
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