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Abstract 

The Development of Potassium Tantalate Niobate Thin Films for Space-based 
Pyroelectric Detectors 

by 

Hilary Beatrix Baumann Cherry 

Doctor of Philosophy in Engineering 

University of California, Berkeley 

Professor Eugene E. Haller, Chair 

Potassium tantalate niobate (KTN) pyroelectric detectors are expected to provide 

·detectivities of 3.7 x 1011 cmHz1l2W-1 for satellite-based infrared detection at 90 K. The 

background limited detectivity for a room-temperature thermal detector is 1.8 x 1010 

cmHz 1I2W -1. KTN is a unique ferroelectric for this application because of the ability to 

tailor the temperature of its pyroelectric response by adjusting its ratio of tantalum to 

niobium. The ability to fabricate high quality KTN thin films on Si-based substrates is 

crucial to the development of KTN pyroelectric detectors. SixNy membranes created on the 

Si substrate will provide the weak thermal link necessary to reach background limited 

detectivities. The device dimensions obtainable by thin film processing are expected to 

increase the ferroelectric response by 20 times over bulk fabricated KTN detectors. In 

addition, micro fabrication techniques allow for easier array development. 

This is the first reported attempt at growth of KTN films on Si-based substrates. 

Pure phase perovskite films were grown by pulsed laser deposition on 

SrRu031PttrilSixNy/Si and SrRu03/SixNy/Si structures; room temperature dielectric 

permittivities for the KTN films were 290 and 2.5, respectively. The dielectric permittivity 

for bulk grown, single crystal KTN is - 380. In addition to depressed dielectric 
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permittivities, no ferroelectric hysteresis was found between 80 and 300 K for either 

structure. RBS, AES, TEM and multi-frequency dielectric measurements were used to 

investigate the origin of this apparent lack of ferroelectricity. The most likely explanation is· 

the presence of point defects. Other issues addressed by this dissertation include: the role 

of oxygen and target density during pulsed laser deposition of KTN thin films; the use of 

YBCO, LSC and Pt as direct contact bottom electrodes to the KTN films, the adhesion of 

the bottom electrode layers to SixNy/Si and the top electrode adhesion. 
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1. Introduction 

1.1. Pyroelectric Detector Development 

Outside the visible spectrum, at its red end, exists the infrared region with 

wavelengths longer than those of visible light. The infrared region of electromagnetic radiation 

spans photon wavelengths from 0.7 to 1000 Ilm. The origin of infrared photons are the gases, 

liquids and solids that make up our universe. These infrared sources can both absorb and emit 

infrared radiation. The dependence of radiation absorption and emission spectta on wavelength 

identifies and provides detailed information about the materials in our universe. Infrared 

detectors bring this valuable information within the purview of human observation through 

their use in a wide variety of optical characterization instruments, planetary exploration, space­

and astrophysics, atmospheric radiation measurement and numerous 'commercial applications. 

Currently, there is a need for high sensitivity broadband infrared detectors for 

satellite-based systems aimed at studying Earth and its atmosphere. Hydrological, 

biogeochemical, geophysical, climatological, ecological and solar fluence data· can be 

gathered by infrared detectors and used by scientists around the world to develop a global 

model for the interactions between different physical climate systems and the human impact 

upon them. The primary hydrologic processes of interest are the interaction of land and ocean 

surfaces with the atmosphere through the transport of heat, mass and momentum. Scientists 

are also interested in exploring biogeochemical processes such as the formation, dissipation, 

transportation and distribution of trace gases and aerosols. Geophysical processes are of 

interest because they shape and modify the Earth's surface through plate tectonics, volcanism, 

and the melting of glaCiers and sea ice. A better understanding of climatological processes, 

such as the formation and dissipation of clouds and their interactions with solar radiation, 

could lead to more accurate predictions of global weather patterns. There is also interest in 
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studying the interactions between global change and ecological processes and the response to 

such changes through adaptation. 1 The absorption spectra of molecules comprising 

atmospheric targets such as the ozone layer and clouds are viewed using the sun as an infrared 

radiation source. Targets on the Earth's surface are observed by measuring the characteristic 

radiation emission spectra of different vegetation and soils, for example. These absorption 

and emission measurements are quite complex and require sensitive detectors that can measure 

over a broad wavelength range. 

Detectors for these applications must meet the low mass and power constraints of 

satellites, have long-term stability (5 - 10 years), extended spectral range (3 - 50 /lm), flat 

wavelength response, and capability of integration into imaging arrays.2 There are many 

different types of detectors operating in the infrared; they can be separated into two groups: 

thermal detectors and photon detectors. Thermal detectors, a class which includes bolometers 

and pyroelectric detectors, operate by monitoring a temperature sensitive material property 

which is altered by heat from absorbed radiation. Photon detectors measure the change in the 

number or mobility of free charge carriers brought about by changes in the flux of incident 

photons.3 Thennal detectors are desired for this mission because they have no limitation in the 

wavelength of the photons they can detect leading to an extended spectral range and a flat 

wavelength response. In contrast, photon detectors have a cut-off wavelength, due to the 

bandgap of the material, above which they can no longer detect incoming radiation. In 

addition, the duration of these missions requires that the detectors operate at temperatures 

where passive cooling is possible. With passive cooling, temperatures as low as 85 K can be 

reached; however temperatures between 90 and 100 K are more easily obtained leading to ~ 90 

K operating temperatures. Sensitive photon detectors require cooling below this limit using 

liquid helium refrigerators or self-maintained mechanical cryopumps. The short operating life 

of liquid helium refrigerators (2 years) and self-maintained mechanical cryopumps (3-5 years) 

prohibits their use in long-term missions. 
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Currently, detectors such as Hg l-xCdx Te photodiodes and semiconductor bolometers 

are used for these satellite-based applications. Hg 1-xCdx Te infrared detectors are fairly 

sensitive at temperatures between 77 and 100 K, exhibiting specific detectivities (D*) of 1 - 2 

X lOll cm Hz 112 W-l but only for a narrow spectral band between 6 and 1311m. The spectral 

response above 14 llm decreases rapidly and is already < 109 cm Hz1l2 W-l at 15 llm.4 Unlike 

the Hgl-xCdx Te photo diodes semiconductor bolometers are thermal detectors and therefore 

have an inherent extended spectral range and flat wavelength response. Unfortunately, they 

must be operated at very low temperatures, - 2 - 4 K, to obtain the same sensitivity as Hg I _ 

xCdx Te photodiodes severely limiting there use in satellite-based applications. Another 

competing technology comes from high temperature superconducting bolometers, in particular 

YBCO (Tc = 90 K), where large changes in resistance occur at the transition between the 

superconducting and normal states. YBCO is currently under investigation by other 

researchers; the best sensitivity reported to date for detectors operating ~ 90 K is D* = 6 X 109 

cm HZII2 W-I (4 Hz and 90 - 91 K).5 This is almost two orders of magnitude less than the 

theoretical limit for a thennal detector. 

Pyroelectric detectors are thennal detectors that are expected to meet the needs of 

satellite-based infrared detectors. Room-temperature pyroelectric detectors are currently limited 

by their thermal or Johnson noise. By decreasing the operating temperature of thennal 

detectors one can increase the perfonnance of the detectors as measured by their specific 

detectivity, D*. Theoretical calculations show that in the thenna! noise limited case decreasing 

the temperature to 90 K increases the D* to 3.7 X 1011 cm Hzl/2 W-l from 1.8 x 1010 em 

Hz1l2 W-I at 300 K.6 In the Johnson noise limited case increases in D* will also occur but to a 

lesser extent. To maximize the sensitivity of pyroelectric detectors it is desirable to operate 

them near the peak in their pyroelectric coefficient, which can occur anywhere between 30 K 

and 1000 K depending on the material selected. 7 The pyroelectric coefficient is the temperature 
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sensitive property of the material used to monitor radiation absorbed by the pyroelectric 

detector. This dissertation describes the development of potassium tantalate niobate (KTN) 

thin films for pyroelectric detector arrays operating at - 90 K. Section 1.2 describes the current 

status of growing ferroelectric materials integrated with silicon substrates. Chapter 2 provides 

a review of ferroelectric materials including their structure, properties and theory. Section 2.1 

reviews basic dielectric properties, and Secticn 1.1 focuses on a descripticn of ferroelectricity. 

The structme and basic types of ferroelectric materials are reviewed in Section 2.3. Section 2.4 

reviews the electromechanical interactions of ferroelectric materials as derived from a 

phenomenological theory. In Chapter 3 a general discussion of pyroelectric detector operation 

is given in Section 3.1. Section 3.2 reviews the performance of pyroelectric detectors in tenns 

of their noise. The selection of ferroelectric materials for infrared radiation measurement at 90 

K is the topic of Section 3.3. The choice to fabricate thin-film pyroelectric detectors is 

discussed in Section 3.4. 

Chapter 4 describes the approach taken to develop thin-film ferroelectrics. Section 4.1 

reviews the pulsed laser deposition thin film technique. Progress in the growth of fenoelectric 

materials integrated with Si substrates is reviewed in Section 4.2. A review of the growth of 

potassium tantalate niobate thin films is given in Section 4.3. Chapter 5 details the 

experimental results. Section 5.1 describes the experimental procedure for fabricating 

potassium tantalate niobate targets and results. Section 5.2 lays out the growth parameters of 

KTN thin films deposited by pulsed laser deposition on various substrates. Experiments 

performed with respect to the integration of KTN with Si substrates are the topic of Section 

. 5.3. Section 5.4 discusses the results, Chapter 6 concludes and provides a direction for future 

work. 
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1.2. Ferroelectric Thin Films 

Ferroelectric materials are a subclass of pyroelectric materials, which are a subclass of 

piezoelectric materials, which in turn are a subclass of dielectric materials, see Figure 1. 

Ferroelectric materials are valued for their substantial dielectric, ferroelectric, piezoelectric, 

pyroelectric, and electro-optic properties. Early investigations of ferroelectric materials for 

electronic devices utilizing these unique properties were severely "limited by the lack of a viable 

thin-film technology. Advances in thin film processing cultivated by silicon-based research 

and development have lead to renewed interest in ferroelectric materials for device applications. 

Current technology combined with the need for improved dielectric materials has fueled 

tremendous growth in thin-film ferroelectric processing over the past seven years.8 Currently, 

ferroelectric thin films are being actively developed for integration into DRAMs (dynamic 

random-access memories), NVRAMs (nonvolatile ferroelectric random-access memories), 

MEMS (microelectromechanical systems), room-temperature infrared detector arrays, and 

image-storage systems.9 

Although considerable progress has been achieved in the processing of ferroelectric thin 

films there are still many critical issues outstanding. One aspect common to many of the 

applications is the integration of ferroelectric thin films with silicon substrate and device 

technology. Ferroelectric thin film research aimed at integration is focusing on developing 

appropriate electrode technologies, discovering and producing suitable ferroelectric materials, 

developing scalable deposition proce~sest with good conformal coverage of nonplanar 

surfaces, and optimizing lithography and reactive ion et~hing processes. lO Most of these are 

issues for materials development of KTN thin films for pyroelectric detector arrays. The 

development of KTN thin film materials has progressed over several stages. Initially the 

growth of KTN thin films on closely lattice-matched and chemically similar materials was 

t Many Si crystal growers are now producing 8" and 12" diameter single crystals. 
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achieved The progression of this dissertation focuses on the choice of electrode material and 

growth of KTN ferroelectric capacitors with desirable electrical properties on them. 

Dielectric 

Piezoelectric 

Pyroelectric 

( Ferroelectric J 

Figure 1. Dielectric materials and sub-classes. 
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2. Ferroelectric Materials 

2.1. Dielectric Properties 

Ferroelectric materials are a sub-class of pyroelectric materials which fall under the 

general class of dielectric materials. Dielectric materials are polarizable by the application of an 

electric field, E. Polarization is defined as the sum of electric dipole moments arising from the 

separation of ionic and electronic charge. The polarization of the crystal can be expressed in 

tenns of the polarization charge, Q', produced at the electrodes divided by the electrode area 

(A), 

Q' 
P=_· 

A 
[IJ 

The dielectric constant, E, is a measure of this polarization, P, as a function of an applied 

electric field; 

P=(E-1)EoE, [2] 

where Eo is the absolute pennittivity of a vacuum. A material with non-linear polarization vs. 

electric field behavior has a variable dielectric constant or relative dielectric permittivity. Values 

of relative dielectric pennittivity range from 1 - lOS, but values for most insulating materials 

are under 100. Measurement of the dielectric permittivity is usually made using a weak A.C. 

field (10 V/cm) 11 and measuring the charge stored, 

Q=CV . [3] 

This results in a measurement of the capacitance, C, which is directly related to the dielectric 

permittivity; 

C=££oA· 
d 

[4] 

The area and thickness of the capacitative device are represented by A and d, respectively. 
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Figure 2. Frequency dependence of the polarization mechanisms in dielectrics. 
(a) Dielectric pennittivity (k '). (b) Dielectric loss or dissipation (tan b). 12 

The frequency dependence of the dielectric pennittivity arises from the finite time it 

takes for the various polarization mechanisms to develop. Figure 2a shows the frequency 

dependence of the four polarization mechanisms: interfacial, dipole, atomic and electronic 

polarization. Interfacial and dipole polarization are strongly temperature dependent while 

atomic and electronic polarization are not. Interfacial or space-charge polarization can 

contribute to the dielectric pennittivity up to about 103 Hz. It arises from the diffusion of 

mobile charges over many atomic spacings. These charges pile up at interfaces within the 

dielectric, and produce localized polarization of the material. Dipole polarization arises from 

the rotation of permanent molecular dipoles, or reorientation of weakly bound dipoles to other 

equilibrium positions. The molecular dipoles and weakly bound equilibrium dipoles respond 

to electric fields varying at frequencies up to 1011 - 1012 Hz and 103 - 106 Hz, respectively. 
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Atomic or ionic polarization can follow frequencies up to 1012 to 1013 Hz and is due to the 

shift of ions relative to one another. Electronic or optical polarization arises from a shift of the 

valence electron cloud of ions with respect to the positively charged nucleus and reaches the 

highest frequencies, up to 1015 Hz.13.14 Above these frequencies polarization effects vanish 

and the relative dielectric constant returns to unity. 

The frequency dependence of the polarization also gives rise to a time lag or phase 

difference (9<r - 8) between the externally applied alternating field and the current. The long -

range migration of charges and/or the energy dissipation due to the rotation or oscillation of 

dipoles gives rise to this effect, which is expressed by the dielectric loss, 

D=tano=.f.: , 
e" 

[5] 

where E = E' + i E" is the complex dielectric constant. Large values of dielectric loss occur 

when the polarization mechanisms cannot keep up with the applied field fluctuations, Figure 

2b. A "lossy" dielectric extracts energy from the electric field and produces heat. IS The loss 

can also be expressed in terms of equivalent resistances. For a series RC circuit, 

D=ooRC, [6] 

where 00 is the A.C. frequency, R is the resistance, and C is the capacitance. The loss in a 

parallel RC circuit is expressed as 

D=_l_. 
ooRC 

[7] 

Large values of loss, D > 0.1, indicate a high-loss material, in the extreme case a pure 

resistor, and D < 0.01 represents a low-loss material approaching a pure capacitor. The 

resistance of a material can be expressed independent of geometry as the resistivity, 

p=RA. 
d 

9 
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The value of resistivity is used to characterize the material: the resistivity of metals ranges from 

10-2 - 10-6 0-cm, semiconductors 1 - 1010 O-cm, and insulators 1014 - 1022 O-em. 

The presence of point defects can enhance ion migration (ionic conduction) in ionic 

materials resulting in high dielectric loss or metallic properties. Ionic conductivity oceurs by 

the hopping of ions between available sites; whether interstitial or vacancy. The probability 

that a jump occurs depends on the energy barrier that the ion must overcome, availability of 

sites, and the energy supplied or the temperature. In the absence of a field, the jwnps occur in 

random directions and the process is termed self-diffusion. An applied electric field lowers the 

energy barrier to the ion in one direction and increases it in the opposite direction, and leads to 

a net charge flow .. The height of the energy barrier is also influenced by the valency and size of 

the ions; smaller radius and lower valence ions give rise to lower energy barriers. 16.17 In the 

absence of impurities, vacancy sites due to non-stoichiometry and Schottky defects are the 

primary enablers of conductivity in most ionic materials. Non-stoichiometry arises from the 

stability of multiple oxidation states. In order to maintain charge neutrality, the presence of 

different oxidation states leads to anion or cation vacancies. Schottky defects are 

corresponding anion and cation vacancies. Ionic conductivity follows an exponential 

dependence on the inverse of absolute temperature, Figure 3. The different slopes in the 

schematic indicate the two different activation energies. The larger slope at higher temperatures 

shows the ionic conductivity dependence on temperature for vacancy formation and the ion 

migration to neighboring sites. At lower temperatures, the slope decreases because the 

conductivity depends only on ion migration Grain boundaries may also enhance migration of 

ions by providing an interface that is rich in point defects. The permittivity will depend on the 

concentration of defects. Migrating ionic charge can affect the polarization of the crystal 

because the charge is no longer bound to stable states and therefore cannot contribute to the 

dipole polarization. Another disturbance to the polarization is caused by vacancies; their 
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presence alters the potential that the ions feel. It is reasonable to expect that this effect is 

pronounced for Schottky defects because there is also a net decrease in the absolute charge. 

1/r 

Figure 3. Ionic conductivity vs. temperature. Slope A corresponds to 
the activation energy necessary to form a vacancy and move a neighboring 
ion to this site, and slope B is the activation energy only for the migration 
of the ion. 

Heterogeneities within an ionic material may give rise to further changes in electrical 

properties. A sharp composition gradient present at one of the electrode-material interfaces due 

to interfacial polarization, heat treatment, or atmospheric attack can lead to a two-layer 

capacitor. By modelling the capacitors in series, an expression for the averaged measured 

dielectric pennittivity, Em, can be found; 

[9] 
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where the subscripts 1 and 2 refer to the capacitor layers and V I to the volume fraction of layer 

1. A dielectric containing rods of material with pennittivity (subscript 1) different from their 

surroundings (subSCript 2) and extending from one electrode to another, is modelled as parallel 

capacitors: 

Em=(1-VdE2 +VIEI [10] 

A random dispersion of spheres (subscript 1) leads to the following expression: 

Eni = E2 (1 + 3V1(EI - E2) ) 
EI + 2E2 - V I(EI - E2) 

[11] 

The last two equations indicate that chaIlges in the dielectric permittivity due to the presence of 

other phases follow roughly Vegard's law of mixtures. These models assume that the different 

regions in the material are ideal dielectrics. If they are not ideal, then Equation 10 is still 

appropriate for the parallel model. For non-ideal dielectrics the spher~ and two-layer capacitor 

models follow the behavior of the dielectric permittivity and loss for interfacial polarization as 

shown in Figure 2. A peak of the loss as a function of frequency may be observed depending 

on the quantity and conduction of each phase. Since the conduction depends exponentially on 

temperature, the observed loss peak will shift to higher frequencies with increasing 

temperature. 18.19 

A significant electric field can also lead to changes in dielectric properties via dielectric 

breakdown. Dielectric breakdown produces an electrical short across the material under the 

application of an electric field This happens when the temperature or thermal energy of the 

lattice or its electrons is such that the conductivity increases rapidly, damaging the material. 

The three basic types of breakdown are intrinsic, thennal and discharge. Intrinsic breakdown 

occurs when the applied field accelerates the electrons to the extent that they ionize the lattice 

'- ions. Thermal breakdown occurs when the operating or test conditions heat the lattice to 

temperatures that allow the lattice ions to be ionized. Discharge breakdown occurs in porous 

ceramics where there is occluded gas that ionizes. Material properties that affect the dielectric 
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strength include: material texture, particle alignment, stress distribution, porosity. surface 

condition, grain boundary effects, point defects, dislocations, and dielectric 

pennittivity .20.21 

2.2. Ferroelectricity 

Ferroelectric materials are a sub-class of pyroelectric materials (see Appendix A). 

Pyroelectrics are non-linear dielectric materials that exhibit spontaneous polarization, Ps. in 

the absence of an applied field. The total polarization of a pyroelectric can be written as 

P = (£-l)£oE + Ps . [121 

The pyroelectric effect is the change in the spontaneous polarization with temperature; 

p = dPs , 
dT 

[13] 

where p is the pyroelectric coefficient. The spontaneous polarization fonns from molecular 

and/or ionic dipoles and may not always be observed because the displacement and 

reorientation of ions and charged molecular units takes a finite time.22 Therefore, if the 

change in temperature occurs slowly, charge compensation of the dipoles occurs and the 

pyroelectric effect may not be observed.23 In conductors, compensation occurs almost 

instantaneously because electronic charges within the crystal are free to rearrange neutralizing 

the electric dipole. In insulators, free charges in the surrounding medium can flow to the 

surfaces and neutralize the electric dipole.24 In addition, if there is more than one direction of 

the spontaneous polarization, as in ferroelectric and polycrystalline pyroelectric materials,25 

the opposing dipoles can cancel each other out to produce a zero net-spontaneous polarization. 

Ferroelectric materials differ from pyroelectric materials in that the spontaneous 

polarization can be reversed by the application of an electric field resulting in hysteresis in the 
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polarization vs. electric field behavior (ferroelectricity). Ferroelectric materials are also 

characterized by a transition or Curie temperature, T c. At the transition temperature. the 
, 

material transforms from a high-temperature non-polar paraelectric phase to a low-temperature 

ferroelectric phase. Below T c, in the ferroelectric phase, the material exhibits spontaneous 

polarization. This spontaneous polarization increases as the temperature decreases. A rapid 

change in spontaneous polarization occurs at the transition temperature resulting in a large 

pyroelectric coefficient. Large piezoelectric, dielectric, and specific heat coefficients are also 

observed in the vicinity of the transition temperature. 

t ~ t ~ 
a) 180· Domains 

Figure 4. Schematic of domains in ferroelectric crystals. 

In the ferroelectric phase, the spontaneous polarization of ferroelectrics has more than 

one orientation resulting in domains. The directions of these polarization vectors, and thus 

domains, can be changed by application of a sufficient electric field.26 The spontaneous 

polarization of ferroelectrics is due to dipole anellor ionic polarization.27 The displacements of 

small, high-valence cations lead to the large dipole moments responsible for the spontaneous 

polarization. t The closely spaced ions result in a strong dipole-dipole interaction.28 To 

minimize their energy, neighbor dipoles polarize in the same direction. This leads to domains 

of uniform polarization analogous to the domains fonned by magnetic dipoles in ferromagnetic 

t The anions and other cations within the material also displace; however, the majority of the displacement 
can usually be associated with one of the cation species. 
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materials. The domain walls of ferroelectric materials are, however, much narrower (1-2 

atomic spacings) compared to the Bloch wall of ferromagnetic materials (750 A).29 The Bloch 

wall width in. ferromagnetic materials is determined by competition between the exchange 

energy to increase the wall width (alignment of spins) and the anisotropy to decrease the wall 

width.30 The ~nisotropy is the orientation of the spins in lower energy orientations determined 

by the crystal lattice. In ferroelectric crystals the large anisotropic effect leads to domain 

orientations corresponding to unique polarization axis of the ferroelectric.3l Figure 4 a) shows 

a possible domain structure of a ferroelectric material, such as potassium dihydrogen 

phosphate, with two spontaneous polarization orientations. In KDP spontaneous polarization 

occurs in both directions along the c-axis in the orthorhombic phase, and results in domains 

oriented against each other by 180°. Ferroelectric materials that exhibit spontaneous 

polarization in either direction along three perpendicular crystallographic axes exhibit 90° and 

180° misoriented domains as shown in Figure 4 b).32 

Polarization (P) 
Saturation 

Pr 

Electric Field (E) 

Figure 5. Polarization vs. electric field of a ferroelectric phase .. 
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It is possible to reorient the domains with the application of an external electric field. 

The change in the polarization along a ferroelectric axis with electric field results in a hysteresis 

loop, as demonstrated by Figure 5. The hysteresis arises from the double potential well, 

shown in Figure 6, that the charged cation experiences along the ferroelectric axis. As an 

electric field is applied along the ferroelectric axis, the cations move from one potential well 

(polarization) to the other. The polarization increases rapidly Wltil all cations occupy the same 

potential well (saturation) and a linear regime takes over as in a linear dielectric. t If the external 

electric field is reversed, the atoms return along the linear saturation region and then begin to 

switch from the current well to the other well, reversing the polarization. The hysteresis 

occurs because of the energy barrier betweeI). the two wells. In other words; there is an 

activation energy that n.tust be overcome to reverse the total polarization of the crystal, that 

energy is also expressed as the coercive electric field (Ec). The area. within the hysteresis loop 

is a measure of the energy required to reverse the polarization twice. The spontaneous 

polarization (Ps) and the remanent polarization (Pr) will be different if some of the dipoles 

reverse their polarization before the applied field reverses. This occurs because there can be a 

range of field strengths for reversing the diJX>les due to interface, surface and defect states)3 

t In a linear dielectric the charged species sit in a symmetrical single potential well. 
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Potential 
Energy 

o Distance (X) 

Figure 6. A double potential well experienced by charged species along a ferroelectric 
. axis (X). . 

Ferroelectric 
Phase 
(polar) 

I I 

Tc0 

Paraelectric Phase 
(non-polar) 

(Curie-Weiss law) 

T 

Figure 7. Dielectric permittivity vs. temperature of a polar and non-polar axis 
of a ferroelectric materia1.34 
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At the Curie temperature, T c, a reversible phase transition occurs in a ferroelectric 

material. Typically, the material transfonns from a high-temperature, high-symmetry, 

non-polar or paraelectric phase to a low-temperature, lower-symmetry ferroelectric phase. 

Below T c, in the ferroelectric phase, the material exhibits spontaneous polarization. This 

spontaneous polarization decreases as the Curie temperature is approached from below. The 

temperature at which the phase transformation occurs, Te , is the temperature at which the 

spontaneous polarization falls to zero. In addition, these phase transformations are marked by 

a peaks in the dielectric constant along the polar axis at T e. Figure 7 shows a plot of the 

dielectric pennittivity vs. temperature across the transition temperature for a polar and 

non-polar axis of· a ferroelectric crystal. This plot is different for ferroelectric materials that 

exhibit cubic symmetry in their paraelectric phase because there is no non-polar pennittivity in 

the paraelectric phase; anyone of the three axes have the possibility of becoming the polar axis 

of the ferroelectric material. Other anomalies occur in the piezoelectric, pyroelectric, and 

specific heat coefficients at Te. Above the Curie temperature, in the non-polar (or paraelectric) 

phase, the dielectric constant obeys the equivalent of the Curie-Weiss behavior observed in 

ferromagnetic materials, 

e=~ 
T-0 

[14] 

where C is the Curie constant. The Curie constant and the Curie-Weiss temperature, 0, are 

unique to each ferroelectric transition; 0 and Te may differ by as much as 10° c.3S 

18 



Ps Ps 

Tc T Tc T 

a) 1st-order phase transformation b) 2nd-order phase transfonnation 

Figure 8. Spontaneous polarization vs. temperature for three values of bias, E2> EI > O. 

The spontaneous polarization of the ferroelectric phase decreases and falls to zero at the 

Curie temperature, as shown in Figures 8 a) and b). The type of phase transformation 

influences the behavior of the spontaneous polarization near the Curie temperature. In a 

first-order transfonnation, the spontaneous polarization changes discontinuously at the Curie 

temperature, while in a second-order transformation the spontaneous polarization changes 

more gradually as the Curie temperature is approached, as illustrated in Figures 8 a) and b), 

respectively. For these figures, the crystals are non-polar above the Curie temperature, 

resulting in a negative dPJdT. Only one ferroelectric is known to have a positive dPJdT; 

Rochelle salt (sodium potassium tartrate) has a ferroelectric phase bounded by two non-polar 

phases. 
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T>Tc 
G 

T=Tc T<Tc 

T<Tc 

p 

a) 1st-order phase transfonnation b) 2nd-order phase transfonnation 

Figure 9. Free energy (G) vs. polarization (P) 

In a first-order transition, the onset of spontaneous polarization occurs more rapidly 

than in the second-order transition and exhibits temperature hysteresis. The differences in first­

and second-order transitions can be seen directly from the free energy vs. polarization curves 

for first- and second-order ferroelectric-paraelectric phase transitions as shown schematically in 

Figures 9 a) and b). The fonn of these curves was developed by Devonshire36 who showed 

that the free energy, G, of a ferroelectric under zero stress can be expressed by a Taylor 

expansion, 

[151 

where the coefficients X, ; and ~ are functions of the temperature. The behavior of the 

dielectric pennittivity and spontaneous polarization as a function of temperature and electric 

field can be extracted from these free energy curves. Devonshire further showed that with the 

application of a D.C. bias (electric field) the transition becomes more gradual, as shown in 

Figures 8 a) and b), and the polarization vs. temperature curve is no longer discontinuous for a 

first-order transition. In real crystals, the sharpness of the transition and temperature 
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hysteresis can also be blurred by the presence of impurities, internal stresses, and crystal 

defects. 

T=Tc 

a) Ferroelectric Phase b) Paraelectric Phase 

Figure 10. Electric displacement (D) vs. electric field (E) of a ferroelectric. 

The temperature and electric field affect the values of the pyroelectric coefficient and 

dielectric permittivity which, as will be discussed in Chapter 3, are central to the response of 

the pyroelectric detector. Plotting polarization vs. temperature and electric field in three 

dimensions and taking two-dimensional cuts results in the polarization curves demonstrated in 

Figures 10 a) and b). The ferroelectric phase exhibits a hys~eresis loop that changes with 

temperature near the Curie temperature. In the paraelectric phase (T > T c) the ferroelectric 

material behaves as a nonlinear dielectric. Far above the Curie temperature the ferroelectric 

behaves as a linear dielectric. 
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2.3. Structure 

Eleven of the thirty-two crystal classes are centrosymmetric and therefore cannot 

possess polar properties. The absence of a center of symmetry in twenty of the remaining 

crystal classes allows them to exhibit piezoelectricity (See Appendix A for classification of 

different crystal systems and symmetry groups.). t Ten crystal classes out of these twenty 

exhibit spontaneous polarization or pyroelectricity.37 The ferroelectric materials within these 

ten crystal classes can be divided into two groups. In the first group the prototype structure is 

orthorhombic (D2) or tetragonal (D2cV when non-polar. The ferroelectrics in this group have 

only one polar axis, leading to two directions of polarization. The second group is made up of 

ferroelectrics with the perovskite structure. The prototype phase for the perovskite structure 

has complete cubic symmetry (Oh) leading to several equivalent polarization directions.38 

Ferroelectric materials making up the first group of materials are not centrosymmetric and thus 

are piezoelectric in their prototype phase unlike the perovskite ferroelectrics. 

The perovskite structure has the chemical fonnula ABDJ (Figure 11). The A site is 

located at the cube comers and is inhabited by either a di- or monovalent metal; the B site 

resides in the center of the cube and is either a tetra- or pentavalent metal, and the cube faces 

are filled by oxygen. The perovskite structured ferroelectrics typically have several 

ferroelectric phases, leading to ferroelectric-ferroelectric transitions. The highest temperature 

transition occurs between the paraelectric cubic and tetragonal ferroelectric phases. This 

ttansfonnation occurs via a tetragonal distortion in the direction of one of the three < 100> cube 

axes, Figure 12 a. The B ion displaces in either direction along the tetragonal axis, leading to 

six polarization directions. The next transition occurs from the ferroelectric tetragonal to the 

ferroelectric orthorhombic (C2v) phase. The distortion for this transfonnation occurs along the 

t The one exception. although without a center of symmetry, has other symmetry elements that combine to 
exclude piezoelectric activity. 
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pseudocubic face diagonal, [110], and results in twelve polarization directions, Figure 12 b. 

Similarly the transformation from the orthorhombic to rhombohedral (C3v) phase occurs via a 

body diagonal distortion, [111], resulting in eight polarization directions, Figure 12 c.39 The 

large nwnber of polarization directions for each of these ferroelectric perovskite phases results 

in complex domain patterns. 

~A 

0 0 

e B 

Figure 11. Cubic perovskite-type structure ABDJ.4O 

Materials with the perovskite structure often have an polymorphic pyrochlore phase that 

is cubic. The polymorphic nature means that transformation between the two phases requires 

no long range diffusion, only a rearrangement of atoms. The composition of the normal 

pyrochlore structure is A2B2060' with four crystaUographically nonequivalent types of 

atoms.t The pyrochlore phase is typically ionic and complicated in structure; Figure 13 shows 

t The O' indicates oxygen sites within the lattice that are different in symmetry than the non-superscripted 
oxygen. 
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the pyrochlore structure as derived from a fluorite lattice. The cubic lattice parameter of 

pyrochlore structures is typically on the order of 10 - 11 A. The exact position of the 0 atoms 

also varies with the pyrochlore, the arrows indicate the orientation of the adjusonent. A defect 

pyrochlore phase also exists that contains anion andlor cation vacancies: A2B2060'1-x[]x (0 < 

x < 1) and AB206. The large numbers of vacancies present in these defected structures can 

lead to metallic properties due to l:rrge ionic cO!ld~ctivitie£; hm·vever, pyrochJores can also be 

semiconducting or insulating.41 

(0 ) (b) 

(c) (d) 

Figure 12. Crystallographic changes of the perovskite structure.42 
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2.4. Electromechanical Behavior 

Piezoelectricity and electrostriction describe the electromechanical behavior of materials. 

Application of an electric field to a piezoelectric material results in strains directly proportional 

to the field. Piezoelectricity also has a converse effect, applying stress results in a potential 

difference forming across the material. The piezoelectric effect occurs only in non­

centrosymmetric material phases. Electrostriction occurs in all ~terials but has no converse 

effect. In electrostrictive materials the strain is proportional to the square of the applied field; 

the resultant strains are generally smaller than those of piezoelectric origin. The 

electromechanical behavior of piezoelectric materials can be described in te1l11S of measurable 

properties by the free energy function of the electrical enthalpy, H: 

[16} 

where: T - stress, S - strain, P - polarization, and E - electric field The physical constants 

relating these measurable quantities are defined by the following equations: 

T ij = ~klSkl + ecjEk [17] 

Pi = eiklSkl + lltEk [18] 

Sij = -S~kl Tkl + dkijEk [19] 

Pi = -diklT\d + lllEk [20] 

Sij = -s\jkl T kl + btajPk [21] 

Ei = bikl T kl + XfkPk [22] 

Tij = -ctklSkl + akijPm 
[23] 

Ei = -aiklSkl + X~kPk . [24] 
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The physical constants are: c - elastic stiffness (Nfm2) , e - piezoelectric constant (C/m2). 11 

(&0) - permittivity component (Ffm), s - elastic compliance constant (m21N), d - piezoelectric 

constant (CIN or roN), b - converse piezoelectric constant (m2fC), X - inverse pennittivity 

component (rn!F), and a - converse piezoel~tric constant (N/C). Equations [18] and [20] 

show that the dielectric component (permittivity) of piezoelectric materials is not simply a 

function of the polarization but is also influenced by the presence of stress or strain through the 

piezoelectric coefficients. In a non-piezoelectric phase the piezoelectric coefficients are zero 

and terms that are second order in polarization must be taken into account in the stress and 

strain equations. 

Relationships between the various constants can be obtained by substituting Equations 

[17] - [24] for each other. The resulting relationships are particularly interesting for 

ferroelectric materials because anomalous behavior in one constant can be used to predict 

anomalous behavior in other constants. In addition, the relationships explain large differences 

in constants measured under different conditions. For example the dielectric permittivity can be 

measured at constant stress (free) or constant strain (clamped). In a ferroelectric material the 

measured values will be different. Under constant strain or at high frequencies (> 1012 - 1013 

Hz), dielectric relaxation of the ionic polarization will occur resulting in a lower dielectric 

permittivity than that measured for a free crystal at low frequency. In non-piezoelectric 

materials, the clamped and free values of dielectric permittivity will be identical.44,4S 

In diffuse ferroelectrics the situation is more complicated. A diffuse or relaxor 

ferroelectric material has a broadened phase transition due to structural disorder, or 

composition fluctuations occurring in solid solutions. Composition variations lead to 

nanoregions of the material that posses a range of transition temperatures. Structural disorder 

can also broaden the phase transition if frozen-in « 400°C) defects are clustered. The 

broadening of the phase transition translates to a broadened and lowered dielectric permittivity 
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peak, and ferroelectric and piezoelectric behavior above the 'averaged' ferroelectric transition 

temperature. 46 
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3. Pyroelectric Detectors 

3.1. Signal Fonnation 

Pyroelectric detectors are thermal detectors that use the temperature-dependent 

spontaneous polarization, or pyroelectric effect, to detect incident radiation. Pyroelectric 

materials are dielectric materials that belong to the family of dielectric materials and possess a 

spontaneous electrical polarization that appears in the absence of an applied electrical field or 

stress. From Equation [12] it is apparent that the pyroelectric coefficient p, the derivative of 

polarization P with temperature T, has contributions from the dielectric permittivity and 

spontaneous polarization terms, 

p = dP = [de] eoE + r dP 5 ] • 
dT dTE .dT E 

[25] 

In the absence of a D.C. bias or when the dielectric pennittivity is temperature independent, 

the first term in Equation 25 is zero and the value of the pyroelectric coefficient depends only 

on the spontaneous polarization, P s. There are two modes of operation for a pyroelectric 

detector: pyroelectric and dielectric (bolometer). The "true" pyroelectric mode can only be 

operated in the pyroelectric or ferroelectric state of the material while the dielectric mode 

becomes active through the application of a biasing field and, therefore, it can also be operated 

in the paraelectric phase of the material. In the "true" pyroelectric mode, large changes in the 

spontaneous polarization with temperature near ferroelectric phase transitions lead to large 

pyroelectric coefficients. However, there are two advantages to working in the dielectric 

bolometer mode. The first is that larger pyroelectric coefficients can be achieved for operation 

with an electric field. This can be explained by the occurrence of a- remanent polarization or 

rounded hysteresis loop that is due to defects and domains in the ferroelectric. The second 

advantage is that lower losses are typically realized by the application of an electric field which 
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impedes domain boundary motion. 47 Therefore, the optimwn detector response is a function 

of the applied electric field and temperature. 48 

Incident 
radiation Electrode 

~~,-=-__ ~(~ __ ea:A:.e~a~'S_SiV_it~Y_~_I __ ~ __ ~~ 
Vo 

!!L ~.c::::::;.-::::r-.......:::::~--=--{ ~----~--~--~--~-ov 

T 
Polar 
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Thenaai condJctClnce. (6 I 

Figure 14. Schematic diagram of a pyroelectric detector.49 

Pyroelectric detectors are currently used in room temperature devices such as fire 

alanns, motion sensors, thermal imagers, and gas analyzers. A pyroelectric detector, Figure 

14, is a capacitor whose spontaneous polarization vector is oriented nonnal to the plane of the 

electrodes. Incident radiation absorbed by the pyroelectric material is converted into heat, 

resulting in a temperature variation (dT) and thus, the magnitude of the spontaneous 

polarization Changes in polarization alter the surface charge of the electrodes, resulting in a 

pyroelectric current in the extemal circuit, 

[261 
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The pyroelectric current depends on the temperature change with time; therefore, pyroelectric 

devices are considered to be 'AC coupled' to any temperature changing effect.50 

Determining the electrical response of a pyroelectric detector requires analysis of both 

the thermal and electrical circuits. Measurement of the electrical response is usually made using 

the detector arrangement shown in Figure 14. The simplest arrangement is to suspend the 

detector element in a vacuum by its wire leads. The wire leads carry charge to and from the 

electrodes and are also used to control the thermal conductance (G) between the element and its 

heat sink. The charge displaced from the electrodes is very small and thus requires an 

amplifier; the total spontaneous polarization of a ferroelectric capacitor is on the order of 

hundreds of nanocoulombs for a 1mm2 device. 

A pyroelectric detector is typically exposed to a sinusoidally modulated beam of 

radiation carrying power, 

P=Po (l+ei Cl)t) [27] 

at an angular frequency, roo Thennal sources usually produce continuous radiation. It is 

necessary to modulate the incoming radiation to obtain a.thermal gradient, which produces the 

pyroelectric current expressed in Equation 26. Typically, modulation of the radiation is 

achieved by mechanical chopping with a rotating slotted disc.51 

Absorption of the incident radiation results in a temperature rise (9) of the sensor. The 

thennal response of the sensor to this temperature change depends on the heat capacity (H) of 

the detector, the quantum efficiency or fraction of absorbed photons (11) and the thermal 

conductance (G) coupling the detector to its surroundings. The combined effect of these 

factors is described by the equation for a thermal circuit,52 

TlP = Hd9 + G9 
cit 
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Solving Equation 28 for the sinusoidal power fluctuations given in Equation 27 results in a 

temperature fluctuation amplitude eCl) of the detector, 

[29] 

The phase difference between the incident radiation and the temperature oscillations is given by 

and the thermal time constant is 

"CT = H = cAd 
G G 

[30] 

[31] 

The specific heat of the detector material and the area and thickness of the detector are c. A and 

d, respectively. 

The thermal conductance between the detector element and its· surroundings is the sum 

of its radiative conductance (GR> and the thermal conductance of the wire links (Gw). 

[32] 

The radiative conductance is given by the Stefan-Boltzmann Law of thermal radiation, 

[33] 

where a is the Stefan-Boltzmann constant and AR is the radiating area with emissivity, 11. The 

thennal conductance through a wire is 

Gw = lCAw 
I 

[34] 

where 1C is the thennal conductivity, Aw is the cross-sectional area and I is the length of the 

wire. 53 

The current responsivityS4 is defmed as the current per watt of incident power, 

[35] 
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Inserting Equations 26, 27 and 29 into Equation 35 and rearranging results in 

R
j 

== 1lpAw 

G( 1 +W2'ti-)'/2 
(36) 

To determine the voltage response of the device the electrical circuit of Figure 14 must be 

considered. The voltage response of the detector measured at the gate of the amplifier is, 

[37] 

depends on the electrical impedance of the circuit, 

[381 

where 'tE = RC is the electrical time constant for the circuit shown in Figure 14. The total 

circuit capacitance and resistance are, .. respectively, C = CE + CA andR = (lIRE + llRo + 

lIRJ- 1, see Figure 14. Combining Equations 35, 36, 37 and 38 results in the following· 

voltage response: 

[39] 

To achieve the greatest voltage response, the impedance of the detector-load circuit and the 

current response must be maximized. The impedance is maximized with large R, and small (1) 

and C. The current response, Equation 36, is maximized with large 11 and p, and small c and 

d. 
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Figure 15. Schematic log-log plot of the voltage responsivity vs. chopping frequency 
of the incoming radiation. 

Table 1. Voltage Responsivity vs. Time Constants and Chopping Frequency. 

Low Frequency Med Frequency High Frequency 

'tT> 'tE 
llPAcoR [40] llpR [41] (CE>CA,) (CA>CE,) --

G cd 
llP [42) llP [43] llP [44) 

'tT < 'tE GC cOlEEoA cdroCA 

The chopping frequency can have a significant effect on the magnitude of the voltage 

response of the detector. Figure 15 shows the dependence of the voltage response on the 

chopping frequency (f = 00/21£) for 'tE > 'tT' For the case shown the left-hand and. right-hand 

slopes refer to the electrical and thermal roll-offs, respectively, for the case shown. This 
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curve depends on the properties of the different materials and the choice of 'tE as illustrated in 

Table 1. 

3.2. Noise 

In detennining the detector performance it is insufficient to consider only its 

responsivity. The minimum detectable signal is limited by various noise sources in the detector 

element and in the load and measuring circuit.55 The sensitivity of a detector element is often 

expressed as the noise equivalent power (NEP), which is the signal power incident on the 

bolometer that produces a signal-to-noise ratio of unity per 1 Hz electronic band width, 

NEP=.6.VN 
Rv 

The detectivity is defmed as the inverse of the NEP, 

D=_I_ , 
NEP 

[45] 

[46] 

and the specific detectivity is D* = A 112 D. The use of D* in the discussion of the perfonnance 

of pyroelectric detectors can be misleading because some of the noise sources depend on the 

area (A) of the detector. 0* is useful for comparing devices of different areas.56 

The primary electronic noise sources for the circuit in Figure 14 are the temperature or 

radiation noise, Johnson noise of the equivalent circuit, and the amplifier current and voltage 

noise. The sum of the squares of these noise tenns is the total noise power squared, 

[47] 

Each tenn in Equation 47 depends on frequency and refers to unit bandwidth. 

35 



Thennal noise is the change in output voltage that arises from random changes in the 

temperature of the pyroelectric detector. These thermal fluctuations are produced by the 

random exchange of heat and photons between the detector and its surroundings. For a 

detector linked to its surroundings by wire leads and situated in an evacuated chamber, the 

thennal noise arises from the thermal radiation, Gr. impinging on the detector and the thermal 

conductance, Gw, of the wire leads. The thermal noise voltage is 

[48] 

where G = Gr + Gw . To minimize the thermal noise it is necessary to minimize the thermal 

conductance and the operation temperature. The smallest value of the thermal noise for a given 

temperature is obtained when the radiative conductance dominates the thermal conductance. 57 

The ultimate detector sensitivity is limited by background radiation.fluctuations. The thermal 

noise of a radiation limited detector depends on the temperature as TSI2. 

Johnson noise arises from the random motion of charge carriers in the crystal and in the 

electrical circuit. In practice, the pyroelectric crystal is not a perfect capacitor; the dielectric 

loss of the crystal is one factor contributing to the detector Johnson noise. 58 The Johnson noise 

voltage per unit bandwidth59 is given by 

[49] 

The total resistance, R, is the parallel value of the gate resistance, Ro, and loss equivalent 

resistance, RE = (coCEtanO)-l. Likewise, C is the total capacitance of the detector, CE, and 

circuit, CA, in paraUel.60 At low frequencies, Cl)« (RoCEtanO)-l, Equation 49 simplifies to 

_ ( 4kTRo )1/2 !l.VJ-
1+_1-

tan20 
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In the preceding equation the Johnson noise is minimized by low temperature operation. and 

small RG and dielectric loss, taneS. The high frequency approximation, ro » (RGCEtaneS)-I. 

simplifies the Johnson noise voltage to 

[51] 

Minimizing the Johnson noise in high-frequency operation is accomplished by operating at low 

temperature and high frequency with a large detector capacitance. 

Other noise sources may reside in the electrical equipment, such as in the first stage of 

the signal amplifier, and microphonic effects.61 The signal amplifier noise depends on the gate 

leakage current of the FET and the Johnson noise of the channel resistance. The preamplifier 

voltage noise is typically only a factor at high frequencies and below - 0.5 Hz where the lIf 

noise begins to dominate. It is represented as a current generator in series or voltage source in 

parallel with the input circuit. 62 Microphonic noise is caused by vibrations of the electrical 

components. Vibration in the wire leads may result in charge fluctuations (aQ = voc + CaV) 

and/or capacitance changes. In addition, since pyroelectric materials are also piezoelectric, 

vibrations can create stresses causing fluctuations in the spontaneous polarization. These 

changes in the electrical behavior can add to the noise.63 

At the low frequencies intended for the pyroelectric detector operation, the thennal or 

Johnson noise will dominate. Assuming that the detector element's capacitance is greater than 

that of the signal amplifier and operation is in the high frequency roll-off regime, an 

expression for the detectivity can be derived using Equations 43, 45, 46 and 51: 

0= llP ( 1 )112 
C rokTciA£E.otaneS 

[52] 

An expression for a materials figure of merit, Fo, can be derived from the Johnson noise 

limited detectivity: 
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Fo = e. ( I )112 
C E€.otanb 

[531 

If the detector response is thennal noise limited an expression for the detectivity can be 

obtained from Equations 33, 45, 46 and 48, assuming the thermal radiance dominates the 

thermal conductance: 

( 
1'\ )1/2 

D= 16AkoTS 

[54) 

The thermal noise limited detectivity is independent of materials parameters. Taking the 

emissivity as unity, the room temperature (300 K) thennal noise limited specific detectivity is 

1.8 x 1010 cm Hzll2 W-l, compared with 3.7 x 1011 cm Hz1l2 W-l at 90 K. Operating the 

detector at the passive cooling limit (90 K) increases the petfonnance of the detector by over an 

order of magnitude. Lowering the detector operating temperature affects the specific detectivity 

to a lesser extent in the Johnson noise limited case; T-·S vs. T-l.S. 

3.3. Materials Selection 

Ferroelectric materials are desired over purely pyroelectric materials for pyroelectric 

detectors because of the large pyroelectric coefficients that occur at ferroelectric phase 

transitions. KDP (potassium dihydrogen phosphate) has a ferroelectric-paraelectric phase 

transition at 120 K. Unfortunately, it is a very difficult material to work with because it is 

hygroscopic. Solid solutions between several perovskite ferroelectrics also have transitions 

near 90 K: Pb.06Sr.94Ti03. Ba.1Sr.9Ti03, and KTa.91Nb.0903.64 Pyroelectric detectors 

fabricated from KTa.67Nb.330] single crystal materials operating at 235 - 270 K lead to D* = 1 -

2 X 108 cm Hz1l2 W-l.6S Detectors fabricated from PbTi~ (fe = 763 K) resulted in D* = 9 x 
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108 cm Hz1l2 W-I for operation near room temperature.66 Values for the Johnson noise 

limited figure of merit, Fo (Equation 53), can also be compared for room temperature based 

pyroelectric detectors. Values of Fo for room temperature operation of KTa,67Nb,3303 ranged 

from .46 - 5 and for Ba,67Sr,33 Ti03 (T c - 293 K), .034 - .84 (cm3!J) 1/2.67 Not enough data 

exist for detennination and comparison of FD for the low transition temperature compositions; 

based on the above information, KTN is a good choice. 

The phase transitions in potassium tantalate niobate, KTal-xNbx03, can be tailored to 

occur anywhere between - 4 K and 708 K, resulting in large dielectric, pyroelectric, 

piezoelectriC, and electro-optic effects near the transition temperature. The 

paraelectric-to-ferroelectric transition temperature varies linearly with Nb fraction, x, for x ~ 

0.047 and is well described by the empirical equation, 

Tc = 676 x + 32 (K). [55] 

A transition temperature Tc = 93 K requires KTa,91Nb,090:3. 

KTN is an ionic insulator that exists in the perovskite structure and is composed of 

stable K 1 +, TaS+, Nbs+ and 0 2- ions. Niobium is also stable as Nb3+ which could lead to one 

oxygen vacancy per Nb3+ substitution. Schottky defects may also contribute to vacancies in 

the form of two K vacancies and one oxygen vacancy, or multiple cation and oxygen 

vacancies. It is most likely that ionic conduction of KTN occurs by the migration of the lower 

valence potassium and oxygen ions. Ionic conduction, therefore, would be enhanced by the 

presence of K and 0 vacancies. 

Although no previous reports in the literature have given credence to the presence of a 

KTN pyrochlore phase, it is probable that one e~ists. In order to maintain charge neutrality. 

the KTN pyrochlore would exist as a defect pyrochlore A2B206 where the B site is shared by 

the Ta and Nb ions as in the perovskite structure. Oxygen vacancies naturally exist in the 

defect pyrochlore structure and could help lead to enhanced conduction over the perovskite 
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KTN phase. Non-stoichiometry and Schottky defects can also occur leading higher vacancy 

concentrations. 

In addition to the changes that may be introduced by the presence of vacancies, the 

paraelectric and ferroelectric properties in solid solutions between insulating perovskites such 

as KTN can be greatly altered by small structural changes caused by defect-induced 

distortions.68 That is, ordered micro-regions exist in the mate~l that can become polar up to 

several hundred degrees above the ferroelectric phase transition temperature, leading to diffuse 

phase transitions and strong frequency dispersion in the dielectric pennittivity.69 As discussed 

in Section 2.1~ the presence of a dispersed phase can lower the dielectric pennittivity. In 

addition, the diffuse phase transition leads to ferroelectricity and piezoelectricity at 

temperatures above the 'averaged' phase transition. 

3.4. Thin Film Approach 

The desire to develop thin film vs. bulk crystalline pyroelectric detectors has two 

reasons. Based on the results of work perfonned developing bulk crystalline detectors, we 

know that we can increase the response, and thus detectivity, by developing thin film 

pyroelectric detectors. Also, a thin film approach will allow the use of microfabrication 

techniques that will enable easier fabrication of arrays and integration with readout electronics. 

Initially, KTN devices were fabricated from bulk grown crystals with T c - 85 K. The 

KTN material was obtained from Dr. Daniel Rytz of the Optoelectronics Division, Sandoz 

Corporation, Saint Louis, France. Devices processed from this material were characterized 

for their optical response, dielectric and ferroelectric properties. The relative dielectric 

pennittivity of these devices ranged from 103 -lOS in the temperature region of the maximwn 

detector response; values of dielectric loss ranged from 0.1 - 1. 70 Using these values we can 
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estimate the frequency range for the electrical time constant. In addition, we can estimate 

values for the thermal time constant and detennine from Table 1 the frequency range of 

operation. 

Pyroelectric devices 1 mm2 x 60 IJm were fabricated from the bulk KTN. The 

capacitances of these devices over the temperature range of pyroelectric operation ranged from 

148 pF - 14.8 nF and the preamplifier capacitance is on the order of 10 pF. Figure 14 shows 

that the capacitance of the pyroelectric device and preamplifier are in parallel; therefore, the 

voltage response of the pyroelectric detector is dominated by the capacitance of the pyroelectric 

device. In order to keep the flat top frequency response as wide as possible, the gate 

resistance was kept larger than that of the pyroelectric device, making the response device 

resistance dominant. Based on the dielectric loss and the chopping frequency ('tE = RC = 11m 

tano) of 20 Hz, the electrical time constant is estimated to be between 8 x 10-2 and 8 x 10-3 

seconds. These values correspond to electrical roll-off frequencies between 2 and 20 Hz. 

The thermal time constant of these devices can be calculated from Equations 31, 32 and 

33. By choice of wire dimensions and material. the detector thennallink was constructed to 

operate in the radiation limited regime. For an estimated specific heat of 2 J/cm3K and a 

quantum efficiency of 0.2. and operating temperature of 90 K. the thermal time constant is 

4.3 x 103 seconds. This corresponds to a thermal roll-offfrequency of 4 x 10-5 Hz. The 

voltage response of our pyroelectric devices can be described by Equation 43 of Table 1 since 

'tT > 'tE and CE > CA. 

As discussed in Section 3.2, the detector perfonnance is typically limited by either 

thermal or Johnson noise. In the thermal noise limited case the detectivity dictates that the 

performance can be increased for smaller device areas (see Equation 54). For a bulk crystalline 

sample a reduction in area is perhaps possible down to 1 x 10-8 m2• as opposed to a thin film 
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material where microfabrication can be used to define 1.96 x 10-9 m2 devices. This represents 

approximately a factor of 2 increase in detectivity. 

The performance of a Johnson noise limited detector will increase for both reductions in 

area and thickness of the device (see Equation 52). A shift in the electrical or thermal time 

constant for operation in the flat top frequency response regime will also increase the 

performance. Since the electrical time constant, "tE = EEoP, is independent of the geometry of 

the device, changing the dielectric loss, D = (OlEEop)-l, is the only way to shift the electrical 

time constant. Decreases in the electrical time constant shift the voltage response curve to 

higher frequencies. Unfortunately, this requires an increase in dielectric loss and thus lowers 

the performance. The thermal time constant can be lowered in order to shift its roll-off 

frequency to higher values by decreasing the thickness of the detector (see Equation 31). In 

order to move the frequency of the thermal roll-off to 20 Hz it is necessary to produce a sample 

on the order of 1 A thick, which is unfeasible. However reducing the area or thickness of the 

device increases the detectivity: Bulk crystalline samples 60 JlIll thick were achi~ved with bulk 

KTN compared to 0.25 /.lm thick thin films. This results in over an order of magnitude 

increase in detectivity. Combined with the reductions in area this will possibly lead to 20 x 

increase in detectivity. 

42 



[E][§] [ [§][§]~ 
, 

Top View / 

~~ 
/ 

/ 

.., .., 
Sensor 

.., 
~/ 

/ yConductor .., 
- ~ 

.., 
· · ~ Silicon Nitride (-1Jlm) 

Side View · · ~ Silicon · · .. · 

Figure 16. Schematic of thin film pyroelectric detector array. 

The increases in detectivity and the future need for detector arrays makes the thin film 

approach to detector fabrication advantageous. Figure 16 shows a schematic of how we have 

proceeded with the thin film development. A silicon wafer is used as a substrate because of its 

mechanical properties and compatibility with microfabrication processes. On the silicon wafer 

we deposited a silicon nitride membrane 0.25 - 1 J,lm thick. A conducting layer is then 

deposited on the silicon nitride layer followed by the KTN thin film deposition and another 

conducting layer. Once the material growth on these substrates is developed the detectors will 

be patterned on the front side of the wafer. Portions of the backside of the wafer will then be 

etched leaving silicon nitride membranes on which the pyroelectric devices lie. The area and 

thickness of the membranes can be adjusted to optimize the thermal conductance between the 

detectors and the silicon heat sink while still providing mechanical stability for the devices. 
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Table 2. Global issues in substrate selection. 71 

Issue: Chem. Thermal Surface Substrate Substrate Substrate Buffer 
Effect: compatibility expansion quality cleanliness homogeneity stability layer 

Process ,( ,( ,( ,( 

temperature 
Interfuce ,( ,( ,( 

reaction 
Film ,( ,( ,( 

impurity 
Substrate ,( ,( 

impurity 
Film ,( ,( ,( ,( 

adhesion 
Film buclding! ,( ,( 

cracking 
Film ,( ,( ,( ,( ,( 

microstructure 
Film ,( ,( 

composition 
Film ,( ,( ,( ,( ,( 

morphology 
Film ,( ,( ,( ,( ,( 

uniformity 
E1eclrical 

properties ,( I ,( ,( ,( ,( ,( 

Almost all aspects of film growth are strongly influenced by the substrate. Table 2 

summarizes the effect of substrate characteristics on the film and substrate after thin fIlm 

growth. Buffer layers are fIlms positioned between the substrate and the fIlm in order to 

alleviate shortcomings of the substrate. The metal electrode in the KTN/metallSiN/Si layer acts 

as a buffer layer. In addition to providing adhesion between the metal and KTN, the layer 

must address the remaining issues. Typically, in ferroelectric materials this can be achieved by· 

using a metallic oxide of the perovskite structure grown in situ with the film. One issue that 

presents a challenge is thermal expansion. Typically, the thermal expansion of a 

heterostructure system is governed by that of the substrate, in this case, Si. This results in a 
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limitation in the thickness of the film before cracks begin to fonn. Up to this critical thickness 

the film confonns to the thennal expansion properties of the substrate and may alter the film's 

properties. 
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4. Review of Thin Film Growth 

4.1. Pulsed Laser Deposition 

Pulsed laser deposition (PLO) is a technique for rapid investigation of complex 

structured materials; an example is the successful growth of the high temperature 

superconductor YBa2Cu3O,-o (YBCO). PLO is a simple technique to use but it involves very 

complex interactions that are not fully understood. 

PutaH lou., 

Vacuum 
PulftCl -

Figure 17. Schematic diagram of a PLO apparatus,12 

A schematic of the PLO apparatus is shown in Figure 17. A pulsed laser beam is 

focused through a vacuum chamber window onto the target of the material to be deposited 

The 20 - 30 ns laser pulse is focused to an energy density of - 1 - 10 J/cm2 which vaporizes a 

few hundred angstroms of the target. The vaporized plume is oriented perpendicular to the 
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target surface in the form of neutral or ionized atoms and molecules. The kinetic energy of the 

atoms and molecules is in the 1 - 10 electron volt range. The plume material is deposited on a 

substrate positioned directly across from the target. Deposition rates are - 1 Alpulse. The 

kinetic energy of the deposited material and the elevated substrate temperature aid crystalline 

growth. Deposition of material can take place in background gas pressures of several hundred 

mTorr. 73 

The mechanisms behind the laser target interaction are not fully understood but a simple 

picture is as follows. Photons from the incident laser beam are absorbed by the target causing 

surface heating. The optical penetration depth and thermal diffusivity of the target along with 

the energy transfer rate (laser pulse width) determine the increase in surface temperature. At 

the power densities used for PLD, the electric fields generated by the laser result in dielectric 

breakdown and surface melting of the target. Above a material-specific threshold energy, 

removal of the material from the molten layer does not take place by thennal evaporation but is 

linearly dependent on the laser fluence. It is believed that the congruent evaporation of 

multicomponent targets and the rapid rate of material removal characteristic of PLD are critically 

dependent on the coupling of the optical energy of the laser to the target. This coupling is 

optimized with short wavelengths (UV) and short pulse widths (":' 30 ns). The energy 

absorbed by the material occurs in such a short time that the target, instead of conducting the 

generated heat away, expels the hot material from the surface in a shock-wave like manner 

making the rate of material removal independent of the elemental species of the target. Material 

removal from the target causes the emission of many species including ions, electrons, neutral 

atoms and molecules. A recoil pressure formed during the emission process is exerted on the 

liquid layer expelling molten material. Thus, the material removed is a combination of liquid 

and vapor.74 

The pulsed laser deposition parameters that affect the deposition are laser energy 

density at the target, laser wavelength, laser pulse duration, target material, target surface 
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condition, background gas and pressure, substrate-to-target distance, substrate temperature, 

and substrate. The laser energy density at the target is affected by the laser emission 

wavelength, laser operation energy, and laser beam focusing. If the laser energy is to low the 

absorption of the laser energy produces near-equilibrium thermal evaporation. This is not 

desirable for materials that do not evaporate congruently_ The threshold energy for congruent 

evaporation of YBCO is -0.11 J /cm2. The useful laser wavelengths for PLD lie between 200 

and 400 run because of the strong absorption by most materials in this spectral region.75 

Target quality is an important issue in the growth of PLD thin films. Chemical non -

stoichiometry and particulates ("boulders") form defects which can affect the electrical 

properties of the film. The film stoichiometry is primarily detennined by the target 

stoichiometry. In addition, the formation of particulates or boulders is primarily influenced by 

the target's surface features, and to a lesser extent the target density and homogeneity. A 

rough surface produces reduced deposition rates and particulate exfoliation by evaporating the 

anchor early and ejecting a particulate. Exfoliation gives off randomly shaped solid particulates 

and is not only dependent on the target surface morphology but also laser energy density. 

Laser -energy density beyond a threshold fluence leads to increased particulate size and 

density.76 Needle-like cones that are formed after continuous ablation melt or break off as a 

result of the thermal shock produced by the intense laser irradiation. A denser andlor lower 

porosity material enables one to create a smoother target surface, thus, decreasing the 

particulate formation. Inhomogeneous materials will have variable melting temperatmes which 

can also lead to surface variations and particulate ejection much the same way as porosity. 77 

Other origins of particulates are subsurface boiling and liquid layer expUlsion. 

Subsurface boiling occurs when the time required to transfer the laser energy into the target is 

shorter than that needed to evaporate the surface layer or when the subsurface is superheated 

before the surface reached vapor phase. This is an effect associated with materials of high 

thennal conductivity and therefore is not likely to occur in dielectric materials. Liquid layer 
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expUlsion occurs when the recoil pressure exerted by the shock wave of the laser plume is 

strong enough to splash micron-sized condensed globules from the liquid surface layer of the 

target. 78 

Target texturing, a common effect, is the roughening of the surface with ablation time. 

This leads to a drop in deposition rates, increased particulate formation, and a slanting of the 

plume toward the laser beam with time. To combat these effects, the targets can be sanded 

between growths, and rotated during growth so that the laser beam doesn't always hit the 

same position on the target. 

Typically reactive gases such as oxygen are used to assist the deposition of oxides. It 

has been found that the presence of oxygen during growth of oxide materials not only helps 

maintain oxygen stoichiometry but can oxidize ejected atoms and molecules as they travel to the 

substrate. The oxidation process favors large substrate-to-target distances, high kinetic 

energies and high oxygen pressures. 79 

4.2. Silicon Integration 

Integration of ferroelectric materials with silicon substrates is a widely studied topic. 

Many applications involving ferroelectric materials require high temperature growths on a 

conducting substrate in an oxygen ambient. This limits the metallic layer to either a conducting 

oxide material or inert metals such as Pt. Although few studies have been made on 

metal/SiNISi heterostructures, many have been performed on metallSi<hISi heterostructures. 

Studies on the adhesion of Pt to Si<hISi substrates indicate that Pt does not bond well to Si<h. 

To remedy this problem studies have focused on an adding other metal layers such as Ti to 

promote adhesion. The Ptffi bilayers have been met with limited success. At higher 

temperatures the PtlTi bilayers degrade, re~ulting in an unstable surface which affects the 
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morphology, phase and orientation of the ferroelectric layer. It is believed that the Ti and 0 

both diffuse through the Pt layer fonning TiOz at the surface of the Pt and the Ptffi interface. 

In addition, grain coarsening of the Pt film leads to a rougher growth surface. 

Sreenivas et aLSO solved this in the case of Si02/Si substrates. By depositing a very 

thin layer of Ti followed by a crystallized layer of Ti02 and then the Pt film, they created a 

stable system that withstood 700°C anneals for 12 hours in air (l atmosphere). The thin layer 

of Ti was intended to promote adhesion to the SiOz by oxidation. The TiOz layer was intended 

to form an adhering layer between the Pt and the Ti02 fonned by the oxidation of the Ti. 

Cooney et a1. used a similar approach to stabilize Pt films on SiNISi substrates~ However, a 

few differences did exist. First of all, their layers were thicker and their sputter deposited 

TiOz was amorphous. However, they were able to show stability at temperatures as high as 

700°C.81 

In approaching this problem, one may be tempted to deposit TiN to promote adhesion 

between Pt and SiN. However there are several issues that should be addressed. SiN is 

naturally tenninated with a layer of SiOz therefore the TiOz is probably just as effective if not 

more so. Also, oxides are thennodynamically more stable than nitrides;S2 this makes it 

reasonable to expect that the TiN will oxidize. 

4.3. Potassimn Tantalate Niobate 

Few papers have been published on the development of KTN thin films. All the 

published papers have looked at KTN materials with transitions near room temperature. 

Several different thin film techniques have been applied to the growth of KTN. Common 

problems to all techniques is potassium deficiency and broad phase transitions as measured by 

the dielectric pennittivity versus temperature. Potassium deficiency has been shown to depress 
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the dielectric penn ittiv ity , but the extent to whic h it may effect the broadness of the phase 

transition has not been studied. The paraelectric and ferroelectric properties in insulating 

perovskites including KTN can be greatly altered by small structural changes introduced by 

stress due to externally applied stress83 and film surface tension.84 In piezoelectric materials 

this can lead to a loss of ferroelectricity. 85 

Electrical measurements of KTN thin films are sparse, probably due to the difficulty in 

maintaining potassium stoichiometry. Most measurements have focused on the dielectric 

properties of the films which show low and broad peaks in the dielectric permittivity peaks, 

compared with single crystal KTN. Metalorganic deposition of KTao.~bo.403 films on Pt -

coated polycrystalline yttria yields broad Em peaks with a maximum - 5000.86 Post-growth 

K vapor anneal at 1070°C lead to a broad but high relative dielectric. permittivity, 16000@1O 

kHz, at the Curie peak of metalorganic films. 87 The spontaneous polarization before annealing 

is 24 J,lC/cm2• Nazeri reported values for sol-gel grown KTN films with subsequent RTA 

(rapid thermal annealing) that resulted in < 0.1 J,lm thick films. The spontaneous polarization 

and dielectric pennittivity of these samples were on the order of 8 - 30 J,lC/cm2 and 5000, 

respectively. 88 The upper range of 30J,lC/cm2 compares favorably with values published for 

bulk single and polycrystaUine KTN.89.90.91 

RF-magnetron sputter deposition on sapphire substrates using a 15% K enriched 

KTao.sNbo.sOJ target pressed to 90% of its theoretical density prepared by standard ceramic 

processing yielded KO.94TaO.68Nbo.403. a 6% K deficiency. Films grown using this same 

target on a PtlSi~/Si substrate showed a maximum in e(1') = 2090 measured at 1 kHz which is 

significantly lower than that for bulk single crystals (£ ~ 20000). The peak is also somewhat 

broader than those observed in bulk single crystal KTN. A K deficiency of only 1.2 % atomic 

percent was achieved in a single phase perovskite film.92 
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KTN films grown by PLD are typically deficient in potassium. Several techniques 

have been applied to increase the potassium content of the films with varied amounts of 

success. PLD films were grown using a laser energy density of 0.7 J/cm2 onto Si substrates in 

a vacuwn at room temperature. The KTao.5sNbo.4S03 target used was prepared by sintering a 

pressed mixture of potassium carbonate (K2C0), tantalum pentoxide (Ta20S), and niobium 

pentoxide (Nb20s) powders for 20 hours at 1000°C. RBS showed the Ta: Nb ratio was 

preserved, but only 45% of the potassium stoichiometry was preserved. Increasing the 

substrate temperature and adding oxygen during growth only improved the K content to 70 -

80% of the stoichiometric amount In order to increase the concentration of K in the films the 

researchers used a segmented target approach. A semicircular melt-grown target of 

composition KTao.7Nbo.303 used in conjunction with a semicircular target of molten KN0) 

produced stoichiometric (110) KTN films on (110) STO substrates. !hey used a 1 J/cm2 laser 

energy density, 50-100 mTorr oxygen partial pressures, 700-750 OC substrate temperatures, 

6 cm target-substrate distance, and 0.2 nm/pulse deposition rate. TEM showed unifonn films 

free of large defects at the interface with the STO with some dislocations. No reports were 

made regarding the presence of pyrochlore in the films (phase purity), whether the initial 

ceramic pressed target was stoichiometric as opposed to just the starting materials, or what 

temperature and pressure ranges were attempted in the non-segmented target approach. No 

electrical measurements were reported for this sample.93 

A segmented target was also tried by YiImaz et al. 94 with pulsed laser deposited films 

on SrRu0:3 electrodes yielding stoichiometric films. This approach, however, limits the laser 

energy density at the target because of different melting temperatures between the two target 

phases. Further research by this group showed that the density of the KTN part of the 

segmented target could be improved to 95 % by using a sintenorging technique of KTaOJ and 
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KNb03 powders.t Results of KTN films with a superior sol-gel derived segmented KTN 

target were reported for (110) KTN films grown on (110) STO substrates. Other substrate 

orientations could easily be grown by choosing different STO substrate cuts. Deposition was 

perfonned at 700-750°C, 7 kPa, 10 -20 Hz, with 1 J/cm2 laser energy density on the target. 

The TafNb ratio preserved with respect to the target and no potassium deficiency was 

observed. It was not specified whether the resulting films were 100% perovskite, only that 

they were well oriented. Growth of KTN films were also performed directly on several 

condu~ting films including: Pt, ZnCh, SnCh, SrRu0J, CdSn0J and In20x. SrRu0J proved 

to be a good conducting medium in which to seed the perovskite growth. Measurements of the 

dielectric permittivity yielded a broad maximum value of 10000 at .3 kHz as a function of 

temperature. This low value was attributed to composition inhomogeneities and strain resulting 

from the lattice mismatch. 

Nazeri et a1.9S performed PLD of KTao.ssNbo.4s0J thin films on (100) MgO substrates 

using a pressed KTN target of fully reacted perovskite KTN powder which was synthesized by 

a sol-gel technique. Their research focused on studying the phase composition and 

microstructure as a function of oxygen pressure (50 and 300 mTorr) and temperature (300 -

700°C) using an excimer laser operating at 10 Hz and 1.5 J/cm2 and a substrate to target 

distance of 4 cm. They characterized the films using XRD. SEM, TEM and RBS. For 

temperatures greater than 5000c they used RBS to look at the stoichiometry of the films. The 

Ta:Nb ritio for all films was higher than that of the target (1.22). but there were no clear 

trends as a function of temperature and pressure with ratios ranging from 1.35-1.73. Increased 

oxygen partial pressure during pulsed laser deposition yielded 84-92 % K at 300 mTorr versus 

81-82% Kat 50 mTorr. None of their films were completely pyrochlore free and the following 

trends were observed. Films grown at ~ 500°C were almost entirely amorphous with a few 

random grains of perovskite and pyrochlore. At 650°C and 300 mTorr the film is entirely 

t Jupiter technologies. Ithaca, NJ. 
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crystalline and primarily perovskite. Further increases in temperature lead to higher 

proportions of pyrochlore. For 50 mTorr growths, similar trends were observed except that 

the highest ratio of perovskite to pyrochlore occurred at 700°C.96 A similar approach has been 

applied with success to the incorporation of volatile Pb within PbZrTi03 films deposited by 

PLD. Pb loss has been found to depend on substrate temperature and oxygen pressure. 

Lower substrate temperatures and/or increased oxygen pressure leads to stoichiometric films.97 

Pulsed laser deposition of KNb03 can be expected to exhibit similar/identical K 

deficiency problems as those posed by KTN. KNb0) films grown on MgO substrates using a 

single crystal KNb03 target by Zaido et al.98 were found to have a K deficiency linearly 

dependent on the substrate-target distance. At 2 cm the KINb ratio was - 0.8 while at 6 cm the 

KlNb ratio was - 0.5. K- rich targets (KINb = 2.85) were used to achieve stoichiometric films 

at reasonable target-substrate distances. ThOny et al.99 also used enriched targets to achieve 

stoichiometric KNb0) sputtered films, mixing KNbD) and K2C03 powders resulted in a 

KlNb ratio of 3. 
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5 . Experiments and Results 

5.1 Target Fabrication 

KTN targets for the PLD films were made by standard ceramic processing at LBNL by 

John Jacobsen and James Wu of the ceramics group. A summary of the target batch process 

parameters and relevant target properties is shown in Table 3. Target batch #1 was produced 

by mixing K02, Ta20s and Nb203 oxide powders and reaction sintering at 900 °C for 16 

hours in air in an AhDJ crucible. The resulting ceramic was then reground and pressed into a 

3/4" steel die at 10 kpsi. Next the target was isostatically pressed at 180 kpsi (cold isostatic 

press or CIP) and resintered in air at 1050 °C for 20 hours. The XRD pattern of this target, 

Figure 18, shows many diffraction peaks that correspond to any number of K, Ta and Nb 

oxides. The peaks are impossible to assign with any accuracy because of variability in phase 

content and stoichiometry. RBS results indicate that the target contains about half the intended 

K. The loss of potassium is assumed to occur during the high temperature sintering steps 

where its high vapor pressure and that of its oxides aides in its loss from the target. The 

potassium target is only - 67 % of it's theoretical density. XPS result~ of films grown using a 

target from batch #1 indicate that they range from 35 - 65 % K deficient. 
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Table 3. Results of important properties including the target phase, % K content of 
constituents compared with stoichiometric KTN, % density compared with single crystal 
KTN, and comments referring to the visual quality of the targets produced at LBNL are 
tabulated. (CIP - cold isostatic press, HIP - hot isostatic press) 

Target 
Batch 

1 
2 
3 
4 
5 
6 
7 
8 

Process 

CIP 
CIP 
CIP 
CIP 
HIP under Ar 
CIP 
CIP 
CIP 

c .-c:Il 

= Go) ..... = -

40 

Phase(s) K content 
% 

multi-phase 47 
perovskite 115 

- -
- -

multi-phase 
multi-phase 
perovskite ~~ 

- -

50 60 
Two-Theta 

70 

Density 
% 
70 
72 
-
-

7t> 
73 
71 
-

80 

Figure 18. XRD scan of a target from batch #1 indicates that it is 
polycrystalline and is composed of a mixture of oxide phases. 
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Figure 19. XRD scan of a target from batch If2 showing 100 % 
polycrystalline perovskite KTN. 

To compensate for the loss of K during sintering starting materials with 2x, 3x and 4x, 

the K required for stoichiometric KTN were used to fabricate target batches #2, #3 and #4, 

respectively. Target batches #3 and #4 were not structurally sound. Examination of the targets 

revealed yellow pockets of material which we assume are unreacted K02, a sticky yellow 

powder. We attribute the poor structwal quality of these targets to the inability of the target to 

accommodate the excess K that is not driven off by the sintering processes. Neither XRD, 

RBS, nor density measurements were made on these two targets due to their crumbled state. 

The doubled K content of batch #2 targets resulted in polycrystalline-single phase perovskite 

KTN, Figure 19. RBS and XPS indicate that they are slightly K enriched - 15%. In 

addition, the density was improved by a small margin to 72 % of the theoretical value. Films 

grown from targets of batch #2 have K contents ranging from 80% to slightly K enriched. 

Particulates or boulders are seen by optical microscopy and SEM. Figure 20 is a SEM 
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micrograph showing boulders of two sizes 0.5 - 1 and 2 - 3 J.1m in diameter. The larger 

boulders have facets indicating they were liquid and crystallized at some point during their 

formation. Boulder formations of this type arise from liquid layer expUlsion of the target 

which can be eliminated by using a molten target. 

Figure 20. SEM micrograph of aKTN film grown on LSCILAO at 675°C. 
The larger faceted boulders are 2 - 3 J.1ffi in diameter and the smaller boulders 
are 0.5 - 1 J.1m in diameter. The surface texturing is on the order of 0.25 J.1m. 

Improving the target density was attempted by application of the HIP (hot isostatic 

press) process. Target batch #5 was prepared identical to batch If2 except that the last sintering 

process was perfonned by a HIP at 24 kpsi and 1150 °C in argon. The resulting target was 

structurally sound but looked inhomogeneous (dark spots) and exhibited an XRD scan similar 

to that of batch #1, 18. As expected, improvement in the target density was seen reaching 76 

% of theoretical density. The multiphase and inhomogeneous target is probably a result of a 

lack of oxygen during the HIP process. Unfortunately, at the HIP temperature and pressure 

used for KTN one is unable to use oxygen without reaction with the HIP equipment 
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To try and increase the density of the targets while maintaining homogeneity we 

decided to return to the CIP (cold isostatic press) process. Target batch #6 used an additional 

ball milling and sintering step to try and decrease the particle size and increase the mixing of the 

sintered powder. After mixing the powders, as in batch #2, the composition was sintered at 

920°C for 24 hours in air in an Ah03 crucible. The mixture was then ball-milled and 

resintered overnight at lOOO°C. After bail-milling the mixture was pressed into a 3i4" steel die 

using - 12 lbs and CIP at 18 kpsi before being sintered for 20 hours at 1050 0c. Visual 

inspection of the targets showed light green spots throughout. The XRD scan from the 

resulting target showed a mixture of oxide phases similar to target batches #'s 1 and 5, Figure 

18. The density of the target was 73 % of the theoretical density. It is thought that the mixture 

of phases and inhomogeneity could arise from possible K non-stoichiometry caused by the 

additional sintering step. 

Unfortunately, increasing the K content in these samples was thwarted because of 

misplacement of the K(h source powder. Instead, KC03 was used and found to be much 

more reactive. It was necessary to cut back on the starting K stoichiometry to achieve solid 

targets. Target batches # 7 and 8 correspond to starting K of 1 x and 1.5 x stoichiometric 

concentrations, respectively. Targets from batch #8 crumbled. Visual inspection of target 

batch # 7 indicated a homogenous target. XRD measurements show that the target is 100 % 

perovskite KTN as in target batch # 2, Figure 19. RBS measurements of the target show that 

it is 99 % K, K.99Ta.91Nb.0903. Unfortunately, the target density did not improve; it was 

measured at 71% theoretical density. The changes in the starting K content for fabrication of 

the targets with source is probably due to differences in the melting temperature. K(h starts to 

decompose at 300-400 °C and melts at 7CJT °C. KC0:3, on the other hand, melts at 891 °C.lOO 

Typically materials with lower melting points have lower boiling points and, thus, vapor 

pressure. Therefore, it is reasonable to assume that K(h vaporizes considerably more than 

KC0:3 before reaction with the stable Ta20S and ~Os powders can take place. 
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5.2 Thin Film Growth 

5.2.1 OveIView 

Initially, pulsed laser deposition growth parameters were narrowed for KTN films 

through a series of growths on (lOO)-pseudocubic LaAIO:; (LAO) substrates.~ (See Appendix 

B for details regarding thin film deposition equipment.) Substrates cut from LAO crystals were 

used because LAO is a fairly inexpensive crystalline material with high temperature stability 

that should be a good template to seed KTN growth. LAO is a perovskite structured insulator, 

which means itS chemistry and structure are similar to those of KTN. Its lattice mismatch with 

KTN is only 5.6 %. Table 4 compares the thennal expansion, lattice constant and lattice 

mismatch for films used in conjunction with KTN in this study. The phases and orientations 

of the KTN films were determined using x-ray diffraction in the 9-29 mode (see Appendix C 

for details regarding characterization techniques). X-ray rocking curves were determined for a 

number of the films to determine crystalline quality by measurement of the FWHM of the film 

peaks. Another measure of the fllm quality can be obtained by using a x-ray phi-scan which 

measures the in-plane orientation of the film and can be used to estimate the degree of epitaxy. 

Once this study was completed, growth on conducting substrates was undertaken in order to 

determine the optimum conditions for enhancement of the electrical properties of the KTN 

films, namely the pyroelectric coefficient and loss. 

t The LaAl03 substrates were obtained from Litton Airtron, Charlotte, NC. 
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Table 4. Materials used in combination with KTN thin film deposition. Thennal expansion 
coefficient, lattice constants, and lattice mismatch with KTN are given for room temperature. 

Material Thermal Expansion Lattice Constant Lattice Mismatch 
Coefficient (1 Q-61K) (A) (%) 

KTa.91 Nb.0903 8.3 3.99 -
SrRu03 3.93 1.4 
YBCO (a-b plarie) 12.9 3.86 T4 
La.sSr.sCo03 3.80 4.7 
SrTi~ 9.4 3.91 0.5 
LaAl~ 10 3.78 5.6 
YSZ 
Pt 8.9 3.93 1.5 
Ti 8.4 hexa20nal 
silicon nitride 3.1 amorphous 
Si 4.7 5.43 ~ 26.5 

Several·different electrode schemes were used in the attempt to maximize the perovskite 

phase of the film and provide a stable electrode. Pt/SiN/Si t was tried because of Pt's high -

temperature stability in highly oxidizing atmospheres such as that used during the growth of 

KTN films and the need for the SiNISi substrate. The Pt was deposited by sputtering resulting 

in [111] oriented films. The amorphous SiN was deposited non-stoichiometrically to produce 

films in tension Poor electrical properties of these films, combined with the inability to 

suppress the pyrochlore phase, led to the investigation of conducting oxide electrodes, and the 

addition of other metal layers to improve the Pt adhesion. The conducting oxide materials exist 

in the perovskite structure and can be easily deposited in a conducting state by pulsed laser 

deposition. Three different conducting oxides were investigated: La.sSr.sC0303 (LSC), 

y 1 Ba2Cu3o,~ (YBCO) and SrRu~ (SRO). tt The targets used for these growths were single 

phase. RBS perfonned on the SRO target indicated a composition of Sr1.2Rul.003.8 with 

t The non-stoichiometric silicon nitride (SiN) was grown on 112 mm thick Si wafers by Ernst Kreysa using 
the Tylan 18 CVD furnace in the Berkeley Microlab. 

tt The LSC and SRO targets were purchased from Seattle Specialty Ceramics, Woodinville, W A. The 
YBCO target was borrowed from Amit Marathe. 
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about Bao.oos. The KTN/conducting oxide films were grown both on LAO and Pt/SiN/Si 

substrates. KTNIYBCO was also grown on (100) STO and (lOO)YSZ. t In practice the Pt is 

not stable at the high growth temperatures needed for KTN. The growth on oxide materials 

such as LAO, STO, and YSZ was performed in order to separate effects that might be due to 

unstable Pt. KTN/SRO was also grown directly on SiNISi. In addition to the resistance 

measurements described above for KTNILAO growths, dielectric. permittivity and ferroelectric 

hysteresis measurements were made on the KTN films. The resistance of the conducting 

layers was also investigated to ensure stability after subsequent KTN growth. 

5.2.2 Study of Potassium Tantalate Niobate Growth on Platinum 

Initially, a feasibility study of KTN thin film growth was performed using PtISiN/Si 

(1000 A/0.5 J.lml1 mm) substrates. Films were deposited at 300 mTorr P02 and 650, 700 and 

750°C. A potassium deficient target from batch #1 with composition K.4STa.9Nb.103 was 

used, the remaining deposition conditions are similar to those shown in Table 6. The KTN 

deposition time was 30 minutes or - 9000 pulses at 5 Hz. The x-ray diffraction scans in 

Figure 21 show a strong temperature dependence for the KTN perovskite phase formation on 

Pt. The perovskite KTN grows best at 700°C and is absent at 600°C, but the pyrochlore phase 

is present at all three temperatures. Although the Pt is [111] oriented perovskite KTN prefers 

to grow in the [100] orientation despite it's close lattice match with Pt, 1.5 %. XPS 

measurements of the flhri' s surface composition indicate that the films contain only 35 - 65 % 

of the requisite K, the K content of the target is 47 % of the stoichiometric [K]. 

t The YSZ and STO substrates were purchased from Deposition Technology, Pennsylvania. 
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Figure 21. X-ray diffraction scans of KTNI PtlSiN/Si structures 
at 300 mTorr and 650 - 750°C. (py - pyrochlore, per - perovskite) 

Bottom contact to the samples was achieved by etching back to the Pt layer us ing 5 % 

HF. A profilometer measured the thickness of the KTN layers; 0.75, 1.63 and 1 /lm for 

growths at 600, 700 and 750°C, respectively. Top contacts were "deposited by sputtering 

Pd: Au (200: 1400 A) through the circles of a shadow mask 0.145 - 0.229 mm2 in area. Copper 

wires to these contacts were attached with silver epoxy. Measurements of the capacitance and 

resistance of the KTN devices as a function of temperature were made using a Capacitance 

Bridge (Appendix C) operating at 20 Hz and 25 mV pp A.C. (75 - 170 V/cm). The KTN film 

thickness and the area of the top contact was used to calculate the dielectric pennittivity from 

Equation 4, Figure 22. The dielectric pennittivity vs. temperature behavior is nearly the same 

for films grown at 600, 650 and 750°C. It is 5 to 6 times less than what is expected (- 390) 

for KTN of this composition at room temperature. In addition, instead of rising to a peak at 

the expected ferroelectric transition temperature, 90 K, the dielectric pennittivity slowly 

decreases. The dielectric loss was calculated from Equation 7 and is plotted as a function of 
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temperature in Figure 23. The dielectric loss is fairly similar between samples and ranges from 

0.02 - 0.04 at low temperatures and increases to values close to 0.1 at room temperature. The 

D.C. resistance of these devices is also quite high. A Keithly Model 617 electrometer 

measured room temperature resistivities p - 1012 O-cm. Unfortunately, however, no 

ferroelectric hysteresis behavior was detectable in these films. 
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Figure 22. Dielectric pennittivity vs. temperature for KTN films grown on 
PtlSiN/Si substrates at 650, 700 and 150°C. The areas of the devices were 
0.145, 0.159, 0.229 and 0.145 mm2 for growths at 650, 100 (A), 100 (B) 
and150°C. 
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Figure 23. Dielectric loss vs. temperature for KTN fllms grown on Pt/SiN/Si 
substrates at 650, 700 and 750°C. The area ofthe devices were 0.145, 0.159, 
0.229 and 0.145 mm2 for growths at 650, 700 (A), 700 (8) and 750°C. 

Table 5. KTN deposition parameters for growth on PtlSiN/Si using target batch #2, 
Kl.lsTa.87Nb.130x. (per - perovskite, py - pyrochlore) 

Film Temp. 
(OC) 

Press ure Laser Energy 
(mTorr P02) (mJ) 

Laser 
Shots 

Phase 

py, sm. (1 ) per 
py 
py 
py, sm. (1 ) per 

Since the electrical properties of the films were very similar despite the quantity of 

perovskite KTN present, it was thought that the electrical properties of the film were not those 

of the perovskite KTN but perhaps those from a layer of pyrochlore acting as a series 
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capacitor. Given that hypothesis, attempts were made at growing pyrochlore-free KTN 

directly on PtlSiN/Si using a higher K content target from batch #2 and similar deposition 

parameters as above. Table 5 summarizes the varied deposition parameters and shows that the 

growths performed were not successful in obtaining 100 % perovskite KTN. 

5.2.3 KTN Growth on Lanthanum Aluminate Substrates 

KTN films deposited on (l00)-p LAO for a study of KTN pulsed laser deposition 

parameters were grown using a target from batch #2. These targets have a composition of 

Kl.lsTa.91Nb.0903 which corresponds to a transition temperature of 93 K. All deposition 

parameters, Table 6, were held constant except for temperature and partial oxygen pressure. t 

The temperature was varied between 600-750°C and the partial oxygen pressure was varied 

between 100 and 400 mTorr. 

Table 6. KTNILAO pulsed laser deposition growth parameters 

Laser Energy Density 2-3 J/cm2 

Laser Pulse Frequency , Hz 

Target batch If2 K 1.1STa.91Nb.0903 
Substrate-Target DIStance bcm 

Cooling Conditions ,o/min. ramp down at POF5UO-bOO Torr 

t The deposition time for films in this study varied from 15-30 minutes. This was determined not to affect the 
phase formation. 
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Figure 24. X-ray diffraction scans of KTN films grown on (lOO)-p LAO at 
700°C and 100-400 mTolT. 

Films grown at 100 and 200 mTorr partial oxygen pressure were primarily composed 

of what is believed to be the pyroch1ore phase of KTN.l 01 At partial oxygen pressures of 300 

and 400 mTorr the fIlms were composed of a significant amount of [100) oriented perovskite 

KTN, the pyrochlore phase is either not found or present- in very small amounts. The XRD 

scan in Figure 24 shows the dramatic change in pyrochlore (400) intensity in 700°C grown 

fIlms as a function of oxygen partial pressure with little corresponding change in the perovskite 

intensity. In addition, other pyrochlore reflections become increasingly smaller as the pressure 

is increased For the lower pressure growths the pyrochlore phase is oriented with its {Ill}, 

{1l3} and {lOO}planes parallel to the substrate surface as shown by the (111) and (222) 

reflections at 20 = 14.5 and 29.3 0, the (113) reflection at 20 = 28°, and the (400) reflection 
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at 28 = 34°. Only small intensity {Ill} reflections are present for films grown at 300 mTorr 

P02. For 400 mTorr P02 all pyrochlore reflections are absent. Similar trends were found for 

growths at 600, 650 and 750°C. 

Tab Ie 7. (100) and (Ill) Roc king curve FWHM (degrees) of KTN 
films grown on LAO. 

Temperature Oxygen Pressure P02 
(00 300 mTorr 

(100) 

Oxygen Pressure P02 
400 mTorr 
(100) (111) 

Further chat:acterization was perfonned on films grown at 300 and 400 mTorr. films 

composed primarily of the perovskite phase. Rocking curves of the (100) perovskite KTN 

peak were recorded for all films grown at 300 and 400 mTorr; the results are swnmarized in 

Table 7. Figure 25 shows the FWHM of a film grown at 700 °C and 400 mTorr. The form of 

the rocking curve FWHM is similar for all films except for the film grown at 600 °C and 400 

mTorr. These rocking curves are broader than what is observed by inspection of the 8-29 x -

ray diffraction scans. This difference is attributed to the smallness of the sample which could 

broaden the FWHM during the rocking of omega. There is no clear trend that can be obtained 

from the rocking curve FWHM as a function of temperature, or film orientation with respect to 

the substrate. Omitting the anomalous sample, the film FWHM average is 0.570
, this 2.3 

times greater than the (1 (0) FWHM of single crystal KTN grown by the Czochralski method, 
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0.2406°, Figure 26.t The (100).p FWHM of the LAO substrates was measured at 0.1488°, 

Figure 27. Figure 28 shows a perovskite KTN phi-scan of a film grown at 600°C and 400 

mTorr. The phi-scan displays the fourfold symmetry of the {Ill} with respect to the (1 (0) 

oriented film. The narrowness of the phi-scan peaks shows an exceptional degree of in-plane 

alignment and along with the [100] oriented films is a good indicator of epitaxial growth. 

Epitaxial growth was confIrmed by the alignment of the KTN {Ill} with the {111}.p LAO phi -

scan peaks. 

~ 'en c: 
CD -.5 

FWHM 
0.4332° 

10.8 11 11.2 11.4 11.6 11.8 12 12.2 12.4 
Omega (degrees) 

Figure 25. X-ray rocking curve of (100) KTN. The fIlm was grown 
on (lOO)-p LAO at 600°C and 400 mTorr. 

t These KTN crystals, PK-33, were grown by Dr. Daniel Rytz cunently at the Ferscbungsinstitut, ldar­
Oberstein,Germany. 
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Figure 26. (100) x-ray rocking curve of single crystal KTN. PK-33. 
obtained from Dr. Daniel Rytz. 
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Figme 27. Rocking curve FWHM of (lOO)-p LAO. 
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Figure 28. Phi-scan of a [100] perovskite KTN film grown on 
(l00).p LAO at 600°C and 400 mTorr showing four-fold symmetry 
of the {Ill}. 

RBS measurements were made on the films grown at 300 and 400 mTorr to 

determine the film stoichiometIy and thickness. Figure 29 is an example of the RBS raw data 

and fit for a film grown at 700 °C and 400 mTorr. The KTN films grown at 300 mTorr contain 

only 79 - 91 % K, in close agreement with previous researchers whose results for KTN on 

MgO by PLD yielded 84-92 % K at 300 mTorr.l02 By further increasing the partial oxygen 

pressure to 400 mTorr during growth films, containing 90 - 101 % of stoichiometric K were 

produced. No trend in the K content with growth temperature was observed within the 

temperature range of our experiments. The deposition rate varied from 0.5 to 2 A per laser 

shot. Films grown at 300 mTorr tended to be thicker than those grown at 400 mTorr. Other 
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variations in film thickness are attributed to the placement of the plume center with respect to 

the substrate. 
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Figure 29. RBS raw data (circles) and-fit (lines) for a KTN film grown on (lOO).p LAO at 700 
°C and 400 mTorr. The fit resulted in a thickness of 0.28 IJm and composition 
K.9Ta.92Nb.osOx• 

Cross-sectional TEM was used to look at a film composed almost entirely of 

pyrochlore, shown by the XRD scan in Figure 30. Figure 31 shows a cross-section of the 

KTN film that was grown at 650°C and 100 mTorr P02. Columnar gmins are seen extending 

the thickness of the film. These grains are - 50 - 100 nm thick. A crack is present at the 

KlNlLAO interface which is probably due to the stresses induced during the processing of the 
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TEM sample and it identifies the weakest part of the structure. A higher resolution micrograph 

of the KTNILAO interface is shown in Figure 32. The interface between the KTN and the 

LAO substrate is quite smooth. The pyrochlore KTN nucleates in several orientations, using 

the LAO substrate to calibrate the magnification results in lattice spacings of approximately 

3.11 or 6.22 A. These values correspond closely to the spacing between the (222) and (111) 

pyrochlore planes observed in the XRD scan of this sample. TheSe planes make angles of 

approximately 0° and 71 ° with the LAO surface and most likely add to the strong intensity of 

the {Ill} reflections seen in the XRD scan of this sample. The presence of the perovskite 

KTN phase is not found in agreement with the XRD data that shows only minute reflections 

for perovskite KTN. 
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Figure 30. XRD scan of a KTN film grown on a (lOO)_p LAO substrate at 
650°C and 100 mTorr. The indexing refers to the KTN pyrochlore phase. 
Unlabeled peaks are pyrochlore planes which could not be identified exactly. 
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Figure 31. TEM micrograph of KTNILAO heterostructure showing columnar grains of 
pyrochlore. The grains are 50 - 100 run thick. 
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Figure 32. TEM micrograph of the interface of a KTNILAO film. The lattice constant of the 
KTN is 3.11 or 6.22 A indicating that it is (111) or (222) pyrochlore. The KTN grows 
randomly oriented on the LAO substrate. 
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5.2.4 KTN Growth on Conducting Oxides 

5.2.4.1 Lanthanum Strontium Cobalt Oxide 

The difficulty in growing pyrochlore free KTN on Pt surfaces led to the investigation of 

conducting oxide materials for bottom electrodes to the KTN. LSC was originally identified as 

a candidate because of its success as a bottom electrode for other ferroelectric materials. First, 

La.sSr.sCo03 (LSC) conducting oxide films were deposited by pulsed laser deposition on 

LaAI0:3 substrates to check the conductivity of the LSC films grown at 600, 650, 700 and 

750°C. The remaining deposition parameters were kept constant: target batch #'2 was used 

(Kl.1STa.87Nb.1303), substrate to target distance - 5 - 6 cm, P02 = 100 mTorr, laser shots -

3900, laser pulse frequency was 5 Hz, and laser energy was 600 mJ which corresponded to a 

laser energy density at the target of about 1.9 - 2.5 J/cm2. X-ray diffraction scans, Figure 33, 

of the fIlms indicate that the LSC grows in the (1 (0) direction and that there is a small amount 

of pyrochlore present at all growth temperatures. RBS measurements showed smooth films -

.25 J.1m thick (.65 Alpulse). The stoichiometIy of the films was La.6Sr.sCOl.102.8. Two­

point resistance measurements (Appendix C) of the LSC films showed they are metallic. A 

fIlm grown at 6O()OC exhibited resistances of 18.7 and 23.7 ohms at 84 and 300 K and at 650 

OC the resistance at room temperature is 7.5 ohms corresponding to resistivities in the metallic 

range « 10-2 Q-cm). These values were similar to those observed with the other films; there 

was no apparent trend with temperature. The contacts were·made by sputter depositing 1500 A 

Pt or Pd:Au (300: 1400A) contacts through a shadow mask; silver epoxy was used to attach 

copper wires. The measurements were made with a Keithly electrometer at 100 J.1 amps. 
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Figure 33. Theta-2theta x-ray diffraction scans of LSCILAO heterostructure 
at 600, 650, 700 and 750°C. (py - pyrochlore) 

KTNILSC films were deposited on LaAI0:3 substrates at 600, 625, 675 and 700 °C 

using 300/100 mTorr P<>2. The remaining deposition parameters were nearly identical to those 

used above, except that the number of laser shots varied from 2000 - 4500 for the LSC films 

and 3000 - 4500 for the KTN films. The laser energy was kept constant at 600 mJ or - 1.9 -

2.5 J/cm2• 
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Figure 34. E>-20 XRD scan of KTNILSCILAO heterostructure grown 
at 675°C showing (100) oriented perovskite KTN and twin {11I} pyrochlore 
peaks (py). The KTN film was grown at 675°C and 300 mTorr. 

XRD diffraction scans of samples grown at 675 and 700 OC show the presence of two 

pyrochlore phases as well as (100) perovskite (3.98 A) as seen in Figure 34 for a 675 CC 

growth. The smaller lattice constant (111) and (222) pyrochlore orientations (6.10 and 3.06 A. 

respectively), sharper "py" peaks on XRD scan, fall where we expect the KTN pyrochlore. 

The larger lattice constant (111) and (222) pyrochlore orientations (6.32 and 3.10 A. 

respectively), broader left-hand peaks, we attribute to either a LaAl03 or LSC pyrochlore or 

some unknown pyrochlore mixture of the two since the presence of this phase is seen in 

LSCILAO samples containing no KTN and the peak positions do not match any possible LAO 

or LSC reflections but are consistent with what one would expect for a pyrochlore phase. 
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Films grown at 600 and 625 OC show minuscule peaks which could be pyrochlore along with 

the (lOO) oriented perovskite phase, Figure 35. 
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Figure 35. E>-29 XRD scan of a KTNILSCILAO heterostructure grown 
at 600 °C and 300/100 mToIT. (py - possibly pyrochlore, KTN - perovskite) 

Two-point resistance measurements of the LSC film resistance vs. temperature after 

subsequent KTN deposition at 600°C show that the LSC layer is semiconducting. Figure 36 

plots the resistance of this fIlm and an LSC film grown at the same temperature 600 °C without 

subsequent KTN deposition. The semiconducting behavior of the LSC was seen for higher 

temperature· KTNILSC growths as well. The contacts to this sample were made by etching 

back to the Pt sputtered comers of the sample using 50% HF and directly attaching copper 

wires with silver epoxy to the Pt. 
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Figure 36. Two-point resistance measurements of LSe grown at 600 °e 
on LAO substrates with (triangles) and without (squares) subsequent KTN 
deposition at 600 0c. 

Simulation of an RBS measurement of a KTN film grown at 675 °e, Figure 37, gave a 

film thickness - 0.2 ~m and composition K.83Ta.8SNb.120x. The LSe film thickness was 

estimated to be 61 nm. The D.C. resistance across the LSe bottom contact showed 

semiconducting behavior varying from 340 kO at 83 K to 5 ill at 298 K. Top contacts were 

made to this sample by using a shadow mask during sputtering of Pd:Au (300:1200 A.). Silver 

epoxy was used to bond eu wires to the 0.23 mm2 contacts resulting in capacitors. The D.C. 

resistance of the resulting capicitive devices is - 26 MO at room temperature and increases to 

5.3 GO (- 6.1 X 1011 O-cm) at 83 K (Figure 38). Measurements using the capacitance bridge 

resulted in room temperature dielectric permittivities of 76 at 100 Hz and 43 at 1000 Hz. These 

values are about 5 and 9 times less than what is measured for single crystal KTN, 
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respectively. In addition, the dielectric permittivity slowly decreased when the temperature 

was lowered as opposed to rising to a maximwn at 90 K, the expeCted transition temperature. 
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Figure 37. RBS data (circles) ofa KTNILSCILAO heterostructure grown at 675 °c. The data 
simulation (line) indicates that the KTN film is - 0.18 /lm thick and has composition 
K.83 Ta.8SNb .120 x· 
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Figure 38. Conductance vs. temperature of a capacitive device from a 
KTNILSC/LAO grown at 675°C. 

3 --

Photolithography was also used to fonn top contacts producing circular capacitors of 

various diameters: 50, 70, 100, 200, 350, 700, 1100, and 1400 J.lm. Some films showed 

statistical shorting; the larger area capacitors were all shorted and the resistance of the smaller 

capacitors fluctuated Capacitance measurements were made on a film containing a minute 

amount pyrochlore grown at 600 °C using non-shorted, higher resistance capacitors. A HP 

LCR meter was operated at 120Hz at room temperature, resulting in extremely low values of 

capacitance: 6 and 80 pF for 50 J.lIIl and 200 J.lm diameter capacitors, respectively. The values 

for capacitance scale with size. The thickness of the KTN film measured using RBS was 0.17 

J..lm, leading to room temperature relative dielectric pennittivities of 50 - 60. RBS also 
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indicated that the films were very smooth but - 70% K deficient. Polarization versus electric 

field measurements on these films did not show ferroelectric hysteresis. 
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Figure 39. Auger depth profile of KTNILSCILAO heterostructure grown at 675 °C. 

In order to discover the origin of these poor electrical propenies, Auger and TEM were 

peIformed on the 675 °C grown film. The Auger depth profile of this film shows an 

inhomogeneous KTN layer with interdiffusion between the layers possibly as far as 200 A. 

The KTN film is divided into two portions . . The thickness of these ponions is based upon the 

total thickness of the LSC layer, 61 nm, as determined by RBS; the interface layer is then 75 

run thick and the surface layer is 130 run thick. At the surface of the film the K and 0 

concentrations peak. After they drop they reach a steady level similar to the Ta and Nb 

concentrations. Almost two-thirds of the way into the structure the K and 0 content, and to a 
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much lesser extent the Ta and Nb content, peak. Then the LSC phase begins, which is 

marked by a small dip in 0 with corresponding increases in the La and Co contents. The start 

of the LAO substrate is marked by further increases in LAO and 0. 

Cross-sectional TEM performed on this film indicates that the LSC layer is 65 nm 

thick, in close agreement with the RBS results, Figure 40. The KTN is again shown to be 

composed of two layers; the surface layer is 250 run thick and the interface layer, which 

appears to be denser is 140 nm thick. Combined, these values add up to twice the thickness 

determined by RBS, indicating that the films are not as dense as expected for stoichiometric 

KTN. Recalculation of the dielectric permittivity gives 145 and 82 at 100 and 1000 Hz, 

respectively. The lattice spacing is as expected, - 3.95 A in both regions of the film (Figures 

41 and 43). 

The KTN grains are columnar, highly c-axis oriented and run the full thickness of the 

film with a diameter between 50 and 100 run. There are voids between the grains starting at the 

interface between the two KTN layers. Moire fringes are evident in many of the grains 

indicating a high degree of orientation with the LAO. Most of the grains show a square pattern 

of fringes aligned with the square pattern on the LAO (Figures 42 and 43). The grains are 

faceted on (001) and some have extremely square comers (Figure 41). There is evidence that 

small amounts of pyrochlore are present at the tops of a few of these columnar grains. The 

pyrochlore is not found at boundaries between the columnar grains, nor is it present as a 

continuous layer at either interface Given that both KTN layers are perovskite, the dramatic 

changes in the K and 0 with fIlm depth indicate that the fIlm contains a highly defected layer. 

The defects in this layer appear to be priIriarily due to K-O Schottky defects. 

The LSC showed no fringes and has a rather patchy appearance, indicating that it 

grows in a nwnber of orientations but probably retains some preferred orientations imposed by 

the LAO substrate, Figure 44. The LSC lattice parameter was measured at 3.8 A. Another 
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pyrochlore phase was also discovered at the LSCILAO interface confirming the presence of 

two distinct pyrochlore phases seen in the XRD data. 

50nm 

Figure 40. Cross-sectional TEM micrograph showing columnar grains of KTN from a 
KTNILSCILAO film grown at 675°C. The KTN layer is divided into two parts; the surface 
region is - 290 run and the interface part - 130 run. The LSC is the weakest point and has 
cracked. 
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Figure 41. Cross-sectional TEM micrograph showing one of the columnar grains of KTN 
from a KTNILSCILAO film grown at 675 °e. The grain is highly faceted with voids on the 
sides. The lattice constant - 3.9 A. 
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Figure 42. Cross-sectional TEM micrograph of KTN in a KTNILSCILAO fIlm grown at 675 
°C sho~ng moire fringes in different directions. The majority of the film has a lattice constant 
- 3.9 A, but tqere are some small regions near the top of some of the grains that have lattice 
spacings - 6.2 A. 
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Figure 43. Cross-sectional TEM micrograph of KTNILSC from a KTNILSCILAO film grown 
at 675°C. MoiI:e fringes are evident in the KTN film. The lattice constant of the LSC was 
measured - 3.8 A. 
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Figure 44. Cross-sectional TEM micrograph of LSCILAO from a KTNILSClLl\O film grown 
at 675°C. The interface between the LSC and LAO has a lattice s~cing - 6.04 A. The LSC is 
composed of many orientations of grains, the largest block - 100 A across. 
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Figure 45. Dielectric pennittivity vs. temperature for measured at 100 Hz and 
301 /lV A.C. signal of a KTNILSC device grown on PtlfilSiN/Si at 600 0c. 

Films grown under identical conditions at 600, 625 and 675°C on PtlSiN/Si and 

PtffilSiN/Si substrates had electrical properties similar to those reported above. X-ray 

diffraction showed that the fllms typically contained small amounts of pyrochlore, although it 

was possible to produce fllms of only the perovskite phase at 600 °C. Increases in the laser 

energy also produced pyrochlore-containing fllms. Photolithography was perfonned on the 

fllms to produce ciIC~ top contacts of various diameters: 50, 70, 100, 200, 350, 700, 

1100, and 1400 /lm. The resistances of the fllms were measured using a HP LCR meter 

operating at 100 - 1000 Hz. Many of the fllms grown at these temperatures exhibited statistical 

shorting where the larger diameter capacitors were either shorted or had significantly reduced 
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resistance compared to the smaller area capacitors that often showed resistances that were off 

scale, > 20 M.a. 

The dielectric pennittivity of the KTN films grown on Ptffi/SiN/Si is independent of 

growth temperature and the presence of pyrochlore. Capacitance measurements were made on 

a film grown at 625°C using the high resistance capacitors. The HP LCR meter was operated 

at 120 Hz at room temperature and resulted in extremely low values of relative dielectric 

pennittivity, 110 - 120. The dielectric loss was - 0.25. Figure 45 shows the relative dielectric 

permittivity behavior for a KTN film grown at 600 0c. The dielectric permittivity decreases 

with decreasing temperature" and never reaches a maximum at the expected transition 

temperature~ At room temperature the permittivity matches that of the pyrochlore free film 

grown at 625°C. 

5.2.4.2 yttriwn Bariwn Copper Oxide 

KTNIYBCO films were grown on LaAI03, YSZ and SrTi03 substrates in situ to 

investigate YBCO as an electrode and look at the substrate effects. The YBCO was deposited 

. at 760°C and 200 mToIT, the temperature was then reduced to 450°C and the sainple was 

allowed to anneal in 600 Torr P02 for 10 minutes. The temperature was increased to 675°C 

where the KTN growth took place in 300 mTorr. The laser energy density at the target was 

2.3 - 3 J/cm2• The pulse frequency was 5 Hz. After growth the substrate was cooled to 450 

°C at 4QO/min and held for 10 minutes before cooling to room temperature at the natural cooling 

rate. 
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Figure 46. X-ray diffraction scan showing the (001) and highly (100) 
oriented YBCO and perovskite KTN films, respectively. The KTN 
film was grown on YBCO/STO at 675°C and 300 mToIT of oxygen. 

XRD of the KTN fllm grown on the YBCO/SrTiD) structure at 300 mTorr and 675°C 

showed no evidence of pyrochlore or any unknown phases, Figure 46, while for 

YBCOlLaAID) and YBCOIYSZ some KTN pyrochlore was found. Deposition on all 

substrates yielded oriented YBCO and KTN films,. (001) and (100) respectively. RBS 

measurements of this sample indicate a KTN thickness - 0.20 J.1Ill and composition of -

K.7sTa.ssNb.120x, Figure 47. 
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Figure 47. RBS measurement (circles) of a KTNNBCOISTO heterostructure. The simulation 
(line) is for a KTN film. thickness of 0.2 J.1Dl and composition of K.78 Ta.88Nb.12DJ. 

Electrical measurements of the KTN film on the YBCOILaA10) and YBCONSZ 

structure yielded results similar to those of films grown on LSC with the exception that the 

. YBCO remained metallic after subsequent KTN deposition (See Figure 48). Capacitance 

measurements vs. temperature at 100 Hz using 3 and 0.3 mV a.c. signal of the 

KTNIYBCO/STO devices yielded a broad and low peak in the dielectric pennittivity at - 80 K, 
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as shown in Figure 49. The dielectric pennittivity at room temperature is - 222 which is about 

60 % of that of single-crystal KTN. The dielectric loss of the 1.54 mm2 device yielded values 

between 0.01 and 0.03, similarto what is observed in single crystals at about 10 0 above the 
~ 

phase transition. The resistivity vs. temperature is shown in Figure 50; the increasing 

resistivity with temperature is seen in single-crystal materials. The D.C. resistance of the KTN 

capacitors varied from 0.3 to 60+ GO at 300 and 83 K, respectively. Ferroelectric hysteresis 

loops were also observed (Figure 51). The remanent polarization was 0.21IJC/cm2 at 85 K. 
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. Figme 48. Resistance vs. temperature of YBCO bottom contact to a 
KTNIYBCOILAO heterostructure grown at 675nfJJ °C. The YBCO is metallic. 
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Figure 49. Dielectric pennittivity vs. temperature of KTN grown on 
YBCOISTO at 675°C and 300 mToIT. The measurements were taken at 
0.3 and 3 mVac. Data labelled A were obtained in a He exchange cryostat. 
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Figure 50. Resistivity vs. temperature for KTNIYBCO grown on STO substrates 
at 675n60 °C and 300/200 mTorr. Measurement was made at 100 Hz & 0.3 m V ac. 

Figure 51. Hysteresis loop of a KTN film grown on YBCO/STO at 
675°C and 300 mTorr. The remanent polarization - 0.21 )..lC/cm2. 
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5.2.4.3 Strontium Ruthenium Oxide 

First, a study of the growth of strontiwn ruthenium oxide (SRO) films was made on 

various substrates. The films were grown at 600, 675 and 775°C at 200 mTorr and 600 mJ 

laser energy. The number of laser shots was 4500. Substrates were LAO, STO, Pt/SiN/Si 

(1000 MO.5 JjmJO.5 mm) and PtlTVSiN/Si (1130 Arls .bJO.5 Jjm10.5 mm) and SiNISi. Two 

point resistance measurements vs. temperature indicate the films are metallic, Figure 52 shows 

the resistance of one of the SRO films grown on (100) STO at 775°C. Measurements of the 

resistance vs. temperature of the SRO films after subsequent KTN depositions at temperatures 

~700 OC showed that the films retained their metallic behavior. Such measurements were not 

perfonned on films grown at the other temperatures. 
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Figure 52. Two-point resistance vs. temperature of SRO without subsequent 
KTN deposition grown at 775°C on (100) STO. . 
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Figure 53. Dielectric permittivity vs. temperature for a KTN/SROILAO 
structure grown at 700 °C and 500 mToIT. The data was measured at 50 Hz 
and 0.3 mVac. 

KTN/SRO growths were performed on SRO substrates at 700 °C and 300, 400 and 

500 mTorr. At 300 mTorr P02 the dielectric permittivity of the KTN film is - 70 - 80 for 

frequencies between 20 and 120 Hz at 3011lV ac and room temperature. The films are 30 % 

potassium deficient. Measurement of the dielectric permittivity vs. temperature of a 100 Ilm 

diameter device shows that the values decrease only slightly with temperature. At 400 mTorr, 

120 Hz and room tempen1ture the dielectric permittivity ranges from 110 to 120. A variety of 

capacitors having different areas were measured and it was found that the dielectric permittivity 

is independent of capacitor area. The potassium deficiency is - 25 %. The dielectric loss of the 

capacitors grown at 300 and 400 mTorr was - 0.1 - 0.2. At 500 mTorr, 120 Hz and room 

temperature the dielectric permittivity was measured at - 230 - 320. The potassium deficiency 
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is - 35 %. For a 350 J.,lm diameter device the dielectric pennittivity measured at 50 Hz and 300 

J.,lV increased from 290 at 298 K to 406 at 83 K, Figure 53. The dielectric loss dropped with 

temperature; at RmT the loss was 0.17 and dropped to values between 0.01 - 0.02 by 200 K. 

The frequency aependence of the film was measured at room temperature and 84 K. At room 

temperature the dielectric permittivity dropped with increasing frequency, while at 84 K there 

was no frequency dependence of the dielectric pennittivity up to 1 MHz. In both cases the 

resistance increased as D.C. values were approached. 

Figure 54. Dielectric pennittivity and loss vs. temperature for a KTN/SRO 
device grown at 700 °C at 400/200 mTorr on SiN/Si.The data was measured 
at 100 Hz and 0.3 mVac. 

Electrical properties for samples grown on PtlTilSiN/Si and SiNISi substrates grown 

without pyrochlore were measured. KTN/SRO films grown on SiNISi substrates at 700 °C 

and 4001200 mTorr typically resulted in pyrochlore free films but of much lower perovskite 
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intensity than what is seen on other substrates and typically are composed of a higher fraction 

of (110) perovskite. It is possible that at the temperatures and oxygen pressures used for SRO 

growth that a Si02 layer consumes a portion of the SiN and affects the growth of the SRO 

layer; this was not investigated. The dielectric properties of the films at room temperature 
, 

varied between 2 and 7 with losses ranging from about 0.1 to 0.3. Variable temperature 

dielectric permittivity measurements resulted in a slowly decreasing pennittivity as the 

temperature was lowered, Figure 54. The dielectric loss reaches a maximum at 225 K as the 

permittivity drops, indicating that one of the dielectric mechanisms is freezing out. This space 

charge freeze-out is mimicked in the frequency dependence of the device taken at 84 K and 

room temperature. At room temperature the dielectric permittivity decreases with increasing 

frequency, with the dielectric loss maximum occurring at 800 Hz. The same behavior is seen 

at 84 K but the dielectric loss maximum shifts to 200 Hz indicating the temperature dependence 

of the mechanism. This film is - 25 % K deficient and has a graded composition of tantalum. 

Growth at higher pressures shows similar electrical behavior. 

5.3 Integration 

This section can be separated in two main issues that affect the development of KTN 

thin fIlm devices. The first addresses the placement of KTN films on Si-based substrates, and 

the second relates to the photolithography steps used to defme the top contacts. 

The use of Pt as a bottom contact to the KTN poses several serious issues that need to 

be addressed more fully. The Pt is not altogether stable at the higher growth temperatures, > 

600 °C used to grow KlN films via pulsed laser deposition. The Pt undergoes grain growth at 

these temperatures and tends to blister and hillock. But it retains its conducting nature. This 

has been found to increase the number of shorted devices. In addition, the Pt does not adhere 
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to the SiN as shown by a "scotch tape" test perfonned with removable tape. Additions of more 

oxidizing/nitride fonning metals such as Ti and Cr, and Ti~ between the SiN and the Pt does 

result in sufficient adhesion; however, problems with bubbling and buckling do not subside. 

We were unable to duplicate the results of Cooney et al. (see Section 4.2). Amorphous 

sputtered Ti02 was deposited on silicon nitrideiSi followed by Ti and Pt, but even without 

thermal assistance the films blistered. 

Deposition of top electrodes underwent several steps in order to find the right 

combination for adherent top electrodes. It was found that top electrodes such as AulCr, 

AuJPd, and Pt deposited by the electron beam process did not adhere well enough to stand up 

to wire bonding. Although E-beam deposition is a more desirable choice for metallic films 

when a lift-off is being performed, the more energetic sputtering process was better for 

making contacts on single-crystal KTN devices. Sputtering at 300 W power was tried using 

AuiCr contacts. The lift-off took days in an ultrasonic acetone bath at 40 °C. Cr is difficult to 

deposit at lower powers because of the formation of Cr oxide. Deposition using AuJPd 

electrodes at 100 watts resulted in lift-off within minutes in the ultrasound w/acetone at 40 °C. 

Adhesion of these contacts during wire bonding did improve to some degree but not by enough 

to make these contacts viable for use in the detectors. 

5.4 Discussion 

Growth of KTN films on conducting oxide electrodes was initiated in order to tty and 

grow 100 % perovskite KTN since the pyrochlore containing films grown on PtISiN/Si 

substrates resulted in poor dielectric behavior. The use of LSC conducting electrodes in 

combination with PtlSiN/Si and LAO substrates was employed in order to suppress the 

pyrochlore phase. At growth temperatures of 675 - 750°C, KTN pyrochlore formation could 
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not be suppressed and the temperature was high enough to promote pyrochlore formation at the 

LSCIlAO interface. At growth temperatures ~ 600 OC the behavior of the LSC film changed 

from metallic to semiconducting after subsequent KTN deposition. Dielectric permittivity 

behavior of these films is similar to those for KTNIPtISiN/Si regardless of whether there was 

pyrochlore present in the film. No films were produced that contained 100 % pyrochlore. 

Therefore, the lowered dielectric permittivities are assumed to originate in the perovskite 

phase. In addition, TEM results show that when the pyrochlore is present in small quantities it 

is not present at the grain boundaries nor is it present as a continuous layer within the KTN. It 

has such a minor presence that we would not expect it to affect the dielectric pennittivity to the 

extent observed. 

Clues to the origin of the electrical behavior can be gathered from the frequency and 

temperature dependencies of the permittivity. Dielectric permittivities measured at room 

temperature and -100Hz were fairly similar in magnitude when LSC was used as bottom 

contact to the KTN: 80 - 110. The dielectric pennittivity at 1 kHz dropped to similar values, 

43, that are observed upon cooling to 83 K, - 45. The decline in dielectric permittivity at 

frequencies < 1 kHz is usually due to a fall-off of space charge polarization The freeze-out of 

dielectric permittivity reaches a constant value by 180 K and corresponds to a large drop in the 

film conductance from 300 - 180 K. The conductance of high quality KTN single crystals 

behaves in the opposite manner: the conductivity increases slightly as the temperature is 

lowered. The conductance behavior of the KTN film is consistent with the presence of charged 

mobile defects responsible for ionic conductivity in insulating materials. The apparent freeze -

out and frequency fall-off of the dielectric pennittivity also indicate the presence of atomic-scale 

defects. Because the voids seen between the KTN grains run the length of the film and 

represent a small volume, it can be assumed that they act as small parallel capacitors having a 

negligible contribution to the degraded dielectric permittivity. 
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The presence of a defective KTN layer is strongly supported by Auger measurements 

that indicate that two-thirds of the KTN film contains - 112 of the K and 3/4 of the 0 present in 

the remainder of the film. Because potassium ions have single valency and oxygen ions have 

double valency the K and 0 in the defective layer preserves the KTN's charge neutrality 

primarily via compensating K and 0 defects. It should be noted that both of the KTN layers 

may contain defects but both are perovskite as seen in the TEM images. Thickness 

measurements of the KTN based on TEM vs. RBS conflict, which is not surprising 

considering the inhomogeneity of the film and the method used to calculate the thickness in 

RBS. RBS measures an aerial density of atoms which is then used with· the theoretical 

atoms/volume to calculate the thickness of the film. If the film is not homogenous or the 

density not as expected. this can result in erroneous values of thickness. It is more difficult to 

detect fluctuations in the K and 0 concentrations with RBS because of the low backscatter yield 

of the lighter K and 0 ions and apparent concentration variations due to fIlm roughness. The 

dielectric permittivity more than doubles if values from cross-sectional TEM are used to 

calculate the dielectric permittivity of the fIlms for KTNILSCILAO films, leading to 

pennittivities -110 at room temperature and 100Hz. Expected values of dielectric pennittivity 

at room temperature are 380. 

It is also possible that the unstable KTN and Pt electrodes can influence dielectric 

properties of the KTN film through a diffuse interface andlor poor quality initial growth 

surface. Therefore, further investigation into the electric properties of the fIlms required a 

more stable interface on which to grow the KTN. YBCO and SRO were identified as 

conducting oxide perovskite materials with similar lattice match and better temperature stability. 

The stability of the conducting films was tested by measuring the resistance across them before 

and after subsequent KTN deposition. They remained conducting after subsequent KTN 

deposition. Growth using YBCO electrodes on YSZ and LAO resulted in similar dielectric 

pennittivity behavior as measured previously. The YBCO on these films was not as well 
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oriented and the KTN contained pyrochlore. The growth on STO substrates yielded oriented 

YBCO and perovskite KTN with dielectric permittivity values that peaked at 80 K, close to the 

intended Curie temperature of 90 K and had values -60 % of the expected 380 at room 

temperature. The maximum of the dielectric permittivity was suppressed and broader than that 

of single crystal material. The resisitivity of the device mimics the behavior of good KTN; 

rising with temperature. The KTN results using YBCO were performed at growth 

temperatures of 300 mTorr with a potassium deficiency of - 10 - 20 %; improvements can be 

expected at higher KTN growth pressures where films close to stoichiometry can be produced. 

Very narrow ferroelectric hysteresis loops were observed up to 120 K which is consistent with 

the fonnation of polar regions of the material at temperatures above the 'averaged' dielectric 

permittivity maxima. The improvement in dielectric properties of the KTN films can be 

attributed to growth on a more ideal substrate KTNIYBCO/STO. However, it is not clear 

whether the improvement-comes Irom easing of the stress issues or whether it is in fact due to 

the ability to grow a higher quality template electrode for subsequent growth of better KTN. 

The use of the SRO electrode helps to illuminate some of these issues. First it was 

possible using KTN/SROILAO, a less ideal structure than KTNIYBCOISTO, to produce 

similar permittivity results but only at higher oxygen growth pressur~, 500 mTorr. A weak 

dependence of dielectric permittivity with oxygen growth pressure was observed; higher 

growth pressures were correlated with higher dielectric permittivity. RBS results indicated the 

film with lowest K content had the lowest dielectric permittivity, the correlation did not hold 

up at higher oxygen pressures, however. The dependence of K content with oxygen partial 

pressure is not as strong for SRO growth' surfaces indicating that the K stoichiometry is also a 

strong function of the substrate. 

Further indication of a temperature-dependent frequency dispersion is evident in the 

electrical behavior of films grown on SRO/(Si<h)/SiN/Si based substrates. The resulting 

devices have extremely low dielectric constants that decrease with temperature and appear to 
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show a dielectric pennittivity-frequency dispersion at room temperature that is similar to that 

observed on LAO substrates. Roll-off at frequencies < 1 kHz and shifts to lower frequencies 

as the temperature is lowered are observed. 
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6. Conclusions 

Target Fabrication: 

Increases in the density of the KTN targets could not be achieved by employing an 

additional ball-milling step with either K02 or KC03 potassiwn sources. The production of 

higher density, stoichiometric, single-phase perovskite targets may be achieved by using the 

HIP process in combination with the less volatile potassium source, KC<>J. This would aid in 

the reduction of boulders and also decrease shorting of films. 

Si Integration: 

The addition of Cr, Ti or TiOz layers was beneficial in providing adhesion between Pt 

and SiN. However, there was difficulty in stabilizing the Pt on Si-based substrates. This may 

be possible by alloying the Pt with iridium to slow down the grain growth. Depositing a well -

reacted TiOz film at high temperatures between the PtlTi and SiNISi also shows promise in 

stabilizing the Pt layer while providing adhesion to the SiN. Deposition of a well-reacted TiOz 

film requires high temperature depositions -400 - 600 °C, however. 

Improvement in the adhesion of the top contact to the KTN films may be realized by 

depositing a more oxidizing metal layer. Ti is a candidate, but similar to Cr, requires higher 

powers during sputter deposition. In order to be compatible with the lift-off technique 

deposition of Ti adhesion layers should be perfonned bye-beam evaporation. 
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Growth orientation: 

The perovskite KTN endeavors to lower its surface tension by growing in the [IDO] 

and to a lesser extent the [l1O] orientations; the corresponding planes are the close-packed 

planes of the perovskite phase. In support of this, TE.\1 micrographs of KTN grains indicate 

that they are highly faceted. Narrow phi-scan peaks of KTN films grown directly on lAO 

indicate excellent orientation between grains. 

PerovskitelPyrochlore phase formation: 

Perovskite phase formation favors lattice matched and chemically similar substrates, 

and higher oxygen partial pressures. Since increasing the oxygen partial pressure increases 

both the potassium content of the films and decreases the pyrochlore, it is reasonable to 

suggest that potassium deficiency plays a role in the formation of the pyrochlore phase. Films 

composed entirely of perovskite KTN were grown on (Si(h)/SiN/Si and PtI(Ti)/SiN/Si 

substrates with the aid of a SRO template layer. These films exhibited similar electrical 

behavior to films containing small amounts of pyrochlore; therefore, the small amounts of 

pyrochlore seen in the X-ray scans do not appear to contribute to the very low dielectric 

permittivities measured. 

Electrical Properties: 

LSC is not a stable bottom electrode for KTN at growth temperatures ~ 600 °C. 

YBCO and SRO provide more stable conducting electrodes for subsequent KTN growth. The 

temperature-dependent frequency dispersion of the dielectric constant below 1 kHz could arise 

from a large number of defects such as the K-O Schottky vacancies. It could also arise from 

small polar regions above the expected transition temperature that can occur in solid solution 

ferroelectric perovskites. However, it is clear that the K -0 defected layer must give rise to 
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space charge behavior. There seems to be some argwnent for the involvement of stress in the 

behavior of the pennittivity since only the more ideal systems KTNIYBCOISTO and 

KTN/SROILAO show a broad peak in pennittivity. It may be due in part to direct coupling by 

the piezoelectric coefficient or the influence of stress in the formation of defected layers. As 

indicated by the Auger results, there is probably a good ferroelectric layer but it is masked by 

the series capacitance of the defective layer. It may be possible to reach this layer by etching 

the defective layer away. 

It is necessary to separate the effects of stress and point defects on the electrical 

properties of KTN devices. Further progress in the development of higher and better behaved 

dielectric pennittivity KTN films should be possible by investigating the behavior more in 

depth on ideal substrates such as KTNIYBCO/STO, KTN/SROILAO and KTN/SRO/STO. 

Growth on ideal substrates enables separation of stoichiometty and other growth parameter 

related issues. However, growth directly on the SiNISi has shown some promise and it is 

worthwhile to pursue this option if the growth of KTN on these surfaces can be enhanced. 

One approach would be to use a YSZ template technology to optimize a YBCO electrode layer 

on SiNISi prior to KTN deposition. This approach has been successful in producing high -

quality YBCO on polycrystalline metal substrates. 
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7. Appendices 

A. Crystallographic Point Groups by Crystal Sy~tem 103 

Crystal System Symbol Pyroelectric Piezoelectric 

Triclinic 1 I 1 

1 
Tetmgooal 4 I 1 

4 1 
4/m 
422 1 
4mm I I 

-
42m 1 
4/mmm 

Hexagooal 6 1 1 

-
6 1 
6/m 
622 1 
6mm I 1 

-
6m2 1 
6/mmm 

Monoclinic 2 1 1 
m 1 1 
21m 

Orthorhombic 222 1 
mm2 1 1 
mmm 

Trigooal 3 I 1 

-
3 
32 1 
3m 1 1 

-
3m 

Cubic 23 1 
m3 
432 

43m 1 
m3m 

A tick (I) indicates that the point group is pyroelectric or piezoelectric. 
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B. Thin Film Deposition Techniques 

Chemical Vapor Deposition (Berkeley Micro lab , U.c. Berkeley» 

Tylan 18 LPCVD Furnace 

Gases SiH2Ch and NH3 

Low stress nitride using recipe BSLOW 

Electron Beam Evaporator (Lawrence Berkeley National Laboratory) 

Veeco Electron Beam Evaporator 

Vacuum chamber base pressure S 5 x 10-6 Torr 

Electron beam current < 0.2 Amps. 

Pulsed Laser Dej>OSition (Integrated Materials Laboratory, U.C. Berkeley) 

Lambda Physik 100 KrF excimer (248 run) laser 

34 ns pulse width 

Vacuum chamber base pressure - 2 x lQ-6 Torr 

Laser spot size at the target 2 x 4 mm2 

Sputterin& (Lawrence Berkeley National Laboratory) 

Perkin Elmer Model 2400 RF Sputtering System 

Vacuum chamber base pressure - 3 x lQ-6 Torr 

Sputtering power 100 - 300 Watts 

Argon gas - IOmTorr 
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C. Characterization Techniques 

Auger Spectrosco~y (Lawrence Berkeley National Laboratory) 

Phi 660 with 3 kV beam voltage 

FEI liquid metal Ga+ ion gun was used for sputtering. 

Capacitance Bridge (Lawrence Berkeley National Laboratory) 

Lock-in 
Amp. 

~------~-4 --~--------~ 

R1: 1 kOhm -11 GOhm 
C3: 100 pF - 6 J.LF 

A B 

C2: 2.6 or 26.3 nF 

Figure 55. Schematic of the capacitance bridge used for dielectric and loss. 
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The schematic of the capacitance bridge built in-house is shown in Figure 55. A 

Princeton 5301 Lock-in Amplifier is used both to provide the A.c. drive voltage and to 

measure the difference in voltage amplitude and phase between A and B. When the phase and 

amplitude of the signal at A exactly matches that at B, the bridge is balanced. Balancing is 

performed by adjusting the variable resistor (Rl) and capacitor (C3). In the balanced condition 

there is an impedance balance between the four arms of the bridge, which allows one to solve 

for the parallel or series resistance (Rs) and capacitance (Cs) of tI:te sample under test. In the 

parallel case: 

Rs = C2R l 
Cl 

[56] 

[57] . 

which is applicable for the KTN samples tested. This capacitance bridge is capable of variable 

frequency measurements (15 Hz < f < 1 kHz) of the capacitance and parallel resistance of the 

sample under test In the parallel mode the bridge has a dynamic range of 3 pF < Cs < 7 nF 

and 3 x 1(P < D < 3.1 x 104. 

Hysteresis Measurements (Lawrence Berkeley National Laboratory) 

Figure 56 shows a schematic of the Sawyer-Tower circuit used for ferroelectric 

hysteresis loop measurements. The input signal is a variable frequency 20 V pp sine wave that 

was typically operated at 100 Hz. The amplifier feedback was operated with a RC time 

constant of 10 MS. The capacitance range of the circuit was adjusted by varying the amplifier 

feedback resistor and capacitor keeping the RC time constant at 10 MS. 
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rv c 
sample 

A.C. 
Output 

18kO 

Figure 56. Sawyer Tower circuit used for hysteresis loop measurements. 

Profllometer (Lawrence Berkeley National Laboratory) 

Sloan Dektak ITA with a 12.5 /JIll diamond ball 

Resistance Measurements 

X input 

~ 
Y input 

Oscilloscope 

Keithly 617 Electrometer (D.c.)- Lawrence Berkeley National Laboratory 

HP4262A LCR Meter (120 - 1 kHz) Berkeley Microlab 

Capacitance bridge 

Rutherford Backscattering SpectroIDetJy eRBS) (Lawrence Berkeley National Laboratory) 

2500 Vande Graaf accelerator operated at 1.95 MeV 4 He+, 

Typical beam parameters (Figure 57): 10 nA ion beam current, backscatter angle e = 5°, 
beam to detector angle 4> = 9°, detector solid angle 0 = 2°, conversion = 3.5 keV/channel, 
intercept = 35 ke V. 
[(ion backscatter energy) = (channel #) * (conversion energy) + (intercept energy)] 

Atomic concentration detection capability is 1 - 10% (Z<20) and 0.01 - 1 % (2=20-70) 
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TOfe" 

Transmitted beom 

Figure 57. Schematic of the RBS geometry. 1 04 

X-Ray Diffraction 

Nonnal Coupled Scan or E>-29 (Lawrence Berkeley National Laboratory) 

Siemens D5000 diffractometer 

Cu Ka radiation and x-ray tube voltage and current set at 40 kV and 30 rnA 

Step size = 0.10 and tUne/step = 2 seconds 

Rocking Curve ~) and Phi-scan Measurements 

Siemens D5000 four-circle diffractometer 

CuKa radiation and x-ray tube voltage and current set at 40 kVand 30 rnA 

Beam divergence - 0.20 with Ni Filter in place 

Beam divergence - 0.00330 with Ge (002) monochromator 
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X-ray Photoelectron Spectroscopy (XPS) (Lawrence Berkeley National Laboratory) 

Phi 5300 ESCA System equiped with a Magnesium Ka. anode (1253.6 eV) 

Aperture area 1.1 - 3.6 mm2 

Samples from 2 -20 atomic layers 

Atomic concentration - 0.5% detection capability for most elements 

nondestructive, quantitative, less sample damage and charging effects for insulators 
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D. Photolithography Steps 

1. Smooth backside of sample so vacuum suction on processing equipment will work 

2. Prebake samples at 120°C for 5 minutes to dehydrate sample surface 

3. Spin-on Shipley 1400-31 photoresist for 30 seconds at 5500 rpm 

4. Cure photoresist at 90°C for 20 - 25 minutes 

5. Expose photoresist at 5.6 light units (Canon Mask Aligner, Berkeley Microlab) 

6. Soften photoresist in chlorobenzene for 2 minutes 

7. Etch exposed photoresist in microposit:water (1:1) for 45 seconds 

8. Descum for 1 minute in an oxygen plasma at 50 W (technics'<, Berkeley Microlab) 

9. Metal depoSition in e-beam evaporator or sputtering machine (see Appendix A) 

10. Lift-off in acetone or acetone at 35-45°C in ultrasonic vibrator 

11. Rinse sample in methanol then water 
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