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Abstract:

There have been recent concerns regarding the use, recycling, and disposal of the predominantly
used leaded piezoelectric ceramic- Lead Zirconate Titanate (PZT). The European Union has
initiated restricting the use of lead in commercial products, with countries such as China and
Japan. These regulations provide further motivation for the development of an alternative to
leaded piezoelectric materials. The aim of this thesis is to characterize the more recently
researched lead-free piezoelectric alternative, Sodium Potassium Niobate (KNN). Thin films of
KNN ribbons with gold interconnects are microfabricated on various conformal substrates such
as Kapton, Ecoflex, Polydimethylsiloxane (PDMS), and Silbione/fabric and characterized
electrically using the Keithley Semiconductor Parameter Analyzer. In this initial experimental
evaluation, it was found that at the frequency of 100 KHz, the dielectric constant of the KNN on
PDMS is the highest at 427 followed by the Kapton at 410. The Ecoflex and Silbione/fabric both
have a dielectric of about 387. In the literature, the dielectric constant of KNN is reported to fall
between 185 and 598 based on the substrate it is on, and our values are well within this reported
range. The results from the other electrical characterization tests indicate that the KNN behaves
similarly on the different tested substrates as the capacitance, polarization curve, and leakage
current of all the devices are in the same range and are close as the ribbons are swept from -40
V to 40 V.
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Chapter 1: Introduction and Motivation

1.1 Significance
Most wearable piezoelectric devices use Lead Zirconate Titanate (PZT) due to its high

piezoelectric constant'. Piezoelectricity is the phenomenon by which electric charge

accumulates in certain materials due to an applied mechanical stress (or vice versa), and

renders these materials especially useful for energy harvesting purposes. Although PZT is

satisfactory for most applications, as a leaded material it incurs a large environmental cost

during its processing and disposal. There are many disadvantages of using PZT, which include:

(1) fabrication of PZT releases lead into the environment2, (2) discarded PZT devices slowly

release lead in landfills, making the device a long-term environmental pollutant and (3) PZT-

based devices can leak lead oxide when exposed to moisture, such as sweat 3. PZT has been

the leading piezoceramic for decades; however, in the past 15 years, lead-free piezoceramics

research has pushed Sodium Potassium Niobate (KNN), as an alternative, towards the forefront

of piezoelectric materials, rivaling the performance of PZT 2. This push began in 2003 with the

European Union restricting the use of lead in commercial products4 . In 2004, Toyota

spearheaded a study published in Nature by Saito et al. reporting two innovations to KNN

piezoelectrics which included developing a new processing route for texturing poly-crystals of

KNN 5. These innovations created a new paradigm of KNN modification and processing that

sidestepped the phase-change difficulties of traditional air sintering methods of KNN.

The timeline depicted in Figure 1 clearly displays the progression of KNN and PZT throughout

the years. As seen in the literature, KNN is beginning to encroach upon the applications of PZT,

particularly with regards to energy harvesting. Rodel et al. have shown that KNN can take on

the role of a lead-free piezoelectric energy harvester, as compared to PZT, due to its high

product (d*g) of small signal strain coefficient (d) and small signal voltage coefficient (g) 2

Additionally, KNN is able to maintain stability in high temperatures due to its high Curie
2temperature.
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Figure 1 1 Timeline of Development in Piezoelectric Ceramics: the Journey from Leaded to
Lead-free.

For the development of a conformable KNN mechanical energy harvester, it is crucial to employ

thin films of the material, rather than the bulk form. In a series of papers demonstrating the

viability of stable, robust KNN thin films, Shibata et al. describe the process of depositing KNN

films of thickness -2-3 pm using RF magnetron sputtering6 . Overall, the properties of the KNN

thin films were found to be comparable to PZT, indicating that KNN can be a great lead-free

candidate for MEMS applications7. In 2012, Kanno et al. created the first KNN microstructures

with transverse piezoelectric coefficients comparable to the best PZT thin films: an e31 of-

11C/m2 and d31 ranging from -96.3 to -138.2 pC/N8 . They also demonstrated that uniform

cantilevers made from KNN and PZT microstructures with nearly the same dimensions (width of

3.4 mm and length 16.5 mm for KNN/Si, 17.5 mm for PZT/Si) were able to harvest essentially

the same amount of power at resonance: 1.1 pW (at 1.7 kHz) and 1.0 pW (at 1.2 kHz),

respectively. Since then, a few KNN thin film mechanical energy harvesters have reported

output power in the range of a few pW9-12 . The research of microfabricated KNN thin films for

energy harvesting is just beginning.

1.2 Flexible Electronics as Ubiquitous Health Monitoring Platform
Ubiquitous, mechanically adaptive devices serve as a complete platform to convert vital health

patterns into valuable signals in order to achieve real-time continuous monitoring of health

metrics. These devices enable continuous real-time monitoring at the location of interest, and

result in high quality, large-scale data collection. Once the collected data is processed using

8



machine learning tools, the accuracy and timeliness of medical diagnosis, and therefore,

treatment, will drastically improve. Thus, these ubiquitous devices, can enhance therapy by

closing the feedback loop between accurate symptom detection and the treatment of health

conditions.

1.3 Materials Choice: Sodium Potassium Niobate (KNN)
1.3.1 Environmental Concerns
There have been recent concerns regarding the use, recycling, and disposal of leaded

piezoelectrics, such as Pb (ZrxTi 1 x)03, or PZT . Consider that the average automobile contains

up to 100 g of PZT in the form of sensors, resistors, or piezoceramic injectors2. PZT can also be

found in printers and a plethora of micro-electromechanical systems (MEMS), among other

objects. Combined with the knowledge that PZT degrades in aqueous environments and its lead

oxide (PbO) dissolves in water2, the common presence of PZT is startling. The volatility and

toxicity of PbO during piezoelectric preparation, recycling, and decomposition has therefore,

rendered the search for lead-free replacements for PZT increasingly important13. Thus, KNN is a

great lead-free materials choice for use in devices and objects that have traditionally contained

PZT.

1.3.2 Legal Regulations
The European Union (EU) began restricting the use of lead in commercial products in the

2000's4, and other countries such as China and Japan have followed in their footsteps. In

December 2012, PZT was added to a list of substances of very high concern (SVHC) by the

Registration, Evaluation, Authorization and Restriction of Chemical Substances (REACH)

program, requiring its gradual elimination from manufacturing and use in consumer products in

the EU 2. As the world becomes more cognizant of human impact on the environment, these

regulations provide further motivation for the development of an alternative to leaded

piezoelectrics.

1.3.3 Number of Papers
Research in the development of lead-free piezoceramics has resulted in over 2000 papers in

the past 15 years 2. Rodel et al. claim, however, that the study of lead-free piezoelectrics has

been saturated, causing a slump in the number of publications in the field 2. Fortunately, he

nuances his claim when he says, "the 'obvious' innovations have been put forward, and from

now on advancement requires deeper understanding, advanced methodology, and
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,2
complementary expertise." Further innovations, especially in the application space, can push

the field into the "slope of enlightenment." 2
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Chapter 2: Literature Review

2.1 PZT: Standard of Comparison
The standard of comparison which lead-free piezoelectric materials must be assessed against is

PZT - the leading piezoceramic material. PZT's qualities are particularly difficult to surpass in

practical applications due to the high longitudinal electromechanical coupling coefficient (k 33 )
and piezoelectric coefficient (d 33) 13. Though PZT, like most other piezoelectric materials, exhibits

ABO3 type, it is particularly easy to change its composition. PZT's superior compositional

adjustability stems from its wide range of possible B-site stoichiometry and substituents13 . For

example, Pb (Zn1 /3 Nb2/3) 03-x%PbTiO 3 (PZN-x%PT) and Pb (Mg 1/3 Nb 2/3) 03-x%PbTiO3 (PMN-

x%PT) single crystals are B-site substitutes for PZT that demonstrate the highest levels of

piezoelectric coefficients, k33 =-94% and d 33 =-2500 pC/N, reported so far3 . Such adaptability

offers facile control of PZT properties, resulting in its tremendous commercial success for

actuators, transducers, and sensors in the past five decades1 3 .

PZT's exceptional properties are believed to be a result of its morphotropic phase boundary

(MPB). Once PZT has been poled, in which its temperature is raised past its Curie point,

ferroelectric domains align and create a remanent polarization. The exact phase changes, from

rhombohedral (R) to tetragonal (T) to cubic (C), it undergoes at certain temperatures depends

on the mole percentage of rhombohedral PbZrO 3 with respect to the PbZrx03-PbTilxO 3 system

(PbZrO3 is tetragonal). If the mole percentage is selected such that PZT undergoes the full

phase change from R to T to C, the crystal structure PZT after poling, at room temperature, will

exist in what is called the morphotropic phase phase boundary. In this region, namely around 45

- 52 % PbZrO3 and 48 - 50 % PbTiO3, this MPB composition of PZT demonstrate enhanced

piezoelectric and dielectric coefficients 13. For PZN-PT, the MPB occurs between 7 - 10 % PT,

while for PMN-PT, the MPB occurs between 30 - 35 % PT13. Noheda, in 1999, discovered that,

at this MPB composition, PZT actually exhibits a monoclinic phase that bridges the transition

between the R and T phases13 . The monoclinic symmetry allows the ferroelectric polarization

vector to rotate continuously in the plane, which is thought to create rise to the observed
13enhanced polarization and strain

Due to PZT's excellent properties and broad applicability to different fields, lead-free

piezoelectrics require further development before they can begin to fully replace PZT-based

piezoelectric materials. Despite generally lower piezoelectric properties and thermal instability of

lead-free piezoelectric ceramics, they still possess some advantages over lead-based
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piezoelectric materials. Compared to PZT, lead-free-based piezoelectrics exhibit lower density

while maintaining similar thickness coupling factor".

Rodel et al. predict that no single lead-free piezoelectric can replace PZT; rather, a set of

different lead-free piezoelectric materials will act as replacements for PZT, each one used for its

specific strengths2 . For example, of the lead-free piezoelectrics, BZCT, a BaTiO 3-based

piezoelectric, is best used for actuation because of its large signal piezoelectric constant (d 33).
KNN can take on the role of a lead-free piezoelectric energy harvester due to its high product

(d*g) of small signal strain coefficient (dij) and small signal voltage coefficient (gij). KNN can also

fill high temperature use cases due to its high Curie temperature.

2.2 KNN: Overview and history
2.2.1 History of KNN Discoveries: Early Studies of Ferroelectricity and Crystallography
KNN is composed of KNbO3 and NaNbO3 crystals, which were both reported in the late 1800's.

The growth of KNbO3 crystals was first described by Joly in 1877, using CaF 2 as flux at high

temperatures 14. The growth of NaNbO3 crystals was initially reported by Holmquist in 1896, who

obtained them from a flux of NaF that contained stoichiometric proportions of Na 2CO 3 and

Nb205
1

.

As the search for new ferroelectric materials continued in 1949, Matthias reported in a short

letter to the Editor, finding three different groups of crystals showing anomalous dielectric

behavior that was analogous to ferrimagnetism16 . The evidence for this ferroelectricity included

one or more of the following reasons: (i) high dielectric constant, (ii) changes in crystal structure

followed by dielectric constant and optical changes, (iii) having spontaneous polarized domains

and showing dielectric hysteresis loops and saturation of polarization and (iv) the crystal

becoming cubic and the polarization disappearing above the Curie temperature 6 . In this 1951

paper, more complete dielectric information on KNbO3 and NaNbO3 crystals are presented in

addition to hysteresis data specifically for KNbO3 as evidence that it meets the criteria for

ferroelectricity17 .

Correspondingly in 1951, Elizabeth Wood presents the results of optical and X-ray studies of the

crystal structures of KNbO 3 and NaNbO3 which are both perovskite-type crystals 18 . The study

describes the crystal orientation of KNbO3 which at room temperature is orthorhombic, at about

225 0C changes to tetragonal and near 4350 C is cubic. NaNbO 3 at room temperature is
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orthorhombic, at about 370 0C changes to tetragonal and at around 640C is cubic. The paper

continues on to describe the relations among the ABO 3 compounds.18

In 1954 at Penn State University, the dielectric properties of single crystal and ceramic of both

NaNbO3 and (Na, K) NbO3 solid solutions was studied and the optical and structural properties

determined 19. It was found that NaNbO3 does not exhibit ferroelectric behavior; however, when

even a small amount of KNbO 3 ismixed into it, the composite exhibits ferroelectric properties.19

2.2.2 KNN Processing and Coefficients
With the curiosity to determine solid ultrasonic delay line requirements in 1959, Sodium

Potassium Niobate ceramics were further investigated by Egerton and Dillon2 0 . Initially the

measurements were made on single crystals of each end member, with subsequent optical and

dielectric studies using solid solutions of both single crystals and ceramics of potassium and

sodium niobates with piezoelectric data that had not been previously reported. High radical

coupling coefficients were observed for 50 mole % compositions of sodium niobate. As the

sodium content increases, the activity level decreases rapidly. Above 98% sodium niobate

additions, the ferroelectric character of the solid solutions was lost. Depending on the

composition, the dielectric constants varied in the low range of 450 to 125. AC losses and DC

resistivity were relatively high and in the range of about 1012 ohm/cm. Due to the obtained low

dielectric constants and the high coupling coefficients (in certain regions of this system), these

materials were seen as an encouraging option for use in solid ultrasonic delay lines. This was

particularly true in scenarios where thin sections were needed, for example, in applications of

high frequency thickness extension or thickness shear mode.2 0

Later on in 1965, since reliable measurements of the spontaneous and remnant polarization

throughout the (Na, K) NbO 3 system was not available, an inquiry was pursued21 . Following the

research, the authors postulated that the compositions with the highest KNbO 3 content would

have the greatest polarization .

The previous paper by Egerton and Dillon concluded that the ceramics in the KNN system had

relatively low dielectric constants and high electromechanical coupling coefficients (through a

wide composition range)20. The problem was, however, that conventional processing had not

been able to produce homogeneous, dense ceramics with extremely fine grained

microstructure. Air sintering of the materials necessitated long soaking periods in order to

achieve adequate densification, thus, it was difficult to obtain the desired structure. In addition,
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the sintering process often resulted in an unsuitable residual porosity for thin-section use, yet,

the composition's bulk characteristics were realized wherein the material was useful in large

sections. Thus, in order to improve upon the microstructure of the composition, and

simultaneously improve the the electrical characteristics, the hot pressing of sodium potassium

niobates was undertaken.

Murray, Livey, and William had previously discussed the hot pressing of ceramics from the

practical and theoretical point of view22. Their rate equation for hot pressing of ceramics was

held true for aluminas and for fused silica. In this study, a similar approach was undertaken for

the hot pressing of niobate ceramics23 . The most feasible choice for the combinations of time,

temperature and pressure for the fabrication were made. Following the investigation from

literature, the hot pressing of KNN ceramics was conducted. An evident improvement in the

microstructure of the ceramics was obtained. Hence, this new process made the ceramics

become essentially free of residual porosity. Conversely, using conventional processing

techniques would have made it difficult or impossible to not have residual porosity in the

ceramics."

Previously it was found that hot-pressing of niobate bodies resulted in improved microstructure

in addition to enhanced electrical properties. In order to further investigate the properties for a

specific application, the production of 50-50 niobate composition (molar) was given to Bausch &

Lomb Inc. The process used at the facility, though it resulted in high quality materials, did not

yield large outputs of the material. The authors, therefore, investigated a hot isotactic pressing

technique as a solution to increase the production capability 24 . The hot gas-pressure-bonding

also referred to as hot isotactic pressing (HIP) uses a high isotactic pressure of an inert gas

such as He and high temperatures to densify and bond the material. Briefly, the process

included isotactic pressing of the niobate powder at room temperature that produced a green

body of relatively high uniform density which was able to withstand pressures of up to 50,000

psi. These preforms were then machined into appropriate sizes and welded into metal

containers. The containers were then inserted into a resistance furnace, inside a cold wall

autoclave.

It was concluded that the production of large samples of KNN by hot isotactic pressing is

feasible and controllable24. The optimized parameters to create these samples included the use

of high internal oxygen gas pressure, in order to offset anion vacancy formation. Due to these
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parameters, KNN thin films were able to reach up to a thickness of 13 pm. Thus, the HIP

process was a promising method to upscale the production of KNN.2 4

2.2.3 Revival of Lead-free Piezoelectric Research
Due to the aforementioned challenges observed with KNN ceramics, the research on Sodium

Potassium Niobate remained static for the last decades of the 2 0th century. At the beginning of

the 2 1 't century, due to global restrictions on leaded piezoelectric such as PZT4 , it became

imperative to revive the research into lead-free piezoelectrics. As such, improvements in

processing methods used to create KNN in the past two decades have led to superior

piezoelectric parameters for this alkaline niobate piezoelectric.

In 2004, Saito et al. from Toyota reported two innovations to KNN piezoelectrics that used a

novel processing route for KNN: (1) introducing an MPB by adding an end member to KNN, and

(2) developing a new processing route for texturing poly-crystals of KNN5 . These innovations

created the new paradigm of KNN modification and processing that sidestepped the phase-

change difficulties of traditional air sintering methods of the 2 0 th century5

Normally, KNN exhibits a polymorphic phase boundary (PPB). The addition of an MPB to KNN

is valuable because the MPB in PZT systems is what gives rise to improvement of the

piezoelectric properties. Specifically, Saito et al. combined orthorhombic perovskite-type

Ko. 5Nao. 5NbO 3 with a small amount of hexagonal ilmenite-structure LiTaO3, hypothesizing that

the dissolution of LiTaO3 would form a new morphotropic phase boundary by causing a lattice

distortion for the structural phase transition. LiTaO3 was chosen as the ilmenite because of its

high Curie temperature of 6150 C, which would maintain KNN's favorably high Tc as well. They

further experimented with the addition of LiSbO3 as another end member, expecting that the

higher electro-negativities of Ti and Sb compared to Nb would make the KNN more covalent. As

a result of the MPB and increased covalence, Saito et al. was able to enhance the piezoelectric

properties of the KNN-based piezoelectrics.

In addition, Saito and his team developed a new method for producing textured poly-crystals of

KNN 5. They created a novel template for NaNbO3 plates that can be used to grow (001)

oriented, textured KNN-based systems via reactive-templated grain growth (RTGG). The

resulting KNN-based piezoelectric has the stoichiometric proportion (Ko. 44 Na.5 2 Lio. 4 )

(Nbo. 4Tao. 1 0Sbo. 6) 03 (LF4T). This novel ceramic achieved small signal piezoelectric coefficients

rivaling those of standard PZT4 devices. The textured KNN, LF4T, with Tc = 2500 C, also showed
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a significantly improved temperature coefficient compared to un-textured KNN, LF4. In fact, the

temperature independence of the LF4T (6.5% strain deviation between room temperature and

160 0C) is even stronger than that of PZT4 (15%). The only setback with respect to PZT4 is that

LF4T has a dielectric constant of 1570, compared to 2300 for PZT4.5

This remarkable achievement re-ignited the field of lead-free piezoelectrics, fueling an

enthusiasm that produced over 400 papers reporting discoveries about the science of KNN-

based piezoelectrics - especially in modifications and processing routes - for the next decade2 .

In that time, the field has churned out many reports of lead-free piezoelectrics, with small signal

coefficients of KNN approaching those of PZT 2. In 2015, Rodel et al. reported that the product

d*g of the small signal piezoelectric strain coefficient and the voltage coefficient is the most

important metric to report for non-resonant applications such as energy harvesting. For KNN,

reported d*g values range from 3 to 5 pm 3/J, and for PZT from 5 to 13 pm 3J. 2

The recent achievements in high piezoelectric parameters stem from two separate directions of

research in KNN that emerged since the developments in 2004. The first consists of

improvements to bulk KNN properties, specifically temperature dependence, through

compositional and microstructural control. The second direction involves innovations in the

processing of KNN thin films that rival PZT in terms of piezoelectric properties, especially for

energy harvesting.5

2.2.4 Compositional and Microstructural Control of Bulk KNN
Certain compositional modifications of KNN, specifically the addition of end members such as

LiTaO3, LiSbO3, BaTiO3, and SrTiO3 cause a downward shift in the temperature boundary TO-T

between 0 and T phases to near room temperature, as well as a decrease in Tc. Such a

decrease in TO-Twas shown to correlate with increased temperature dependence, poorer

temperature coefficients, and unacceptable property degradation of electromechanical coupling

factor kij and piezoelectric coefficient dij during thermal cycling. Specifically, kij drops from 0.3

to 0.18 in room temperature to 250C for KNN-LiSbO3 .Saito et al., however, observed that

these temperature dependencies vanish when the KNN-based system is textured using the

RTGG method and their plate-like NaNbO 3 template for (001) preferential growth of KNN .

Furthermore, calcium (1% wt. CaTiO3) doping, which had proved effective in lowering the PPB

of BaTiO3 without reducing its Tc, also worked in achieving temperature independence of KNN-

LiSbO3 (1% deviation of k1 5 from -50C to 2000C)13 .
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Ahn et al. continued and built on the work first studied by Saito et al. by experimenting with the

creation of MPB's in KNN via the addition of BaTiO 3 (KNN-xBT) 2 . Furthermore, they tried to

reduce the sintering temperature and reduce the leakage current of KNN-based piezoelectrics

by suppressing the volatilization of Na 20 with the addition of 2 mol% CuO and 0.5 mol% MnO 2.

These dopants resulted in a lowered sintering temperature of 950C and increased d33 from 220

pC/N to 248 pC/N2 .

They further noticed that for KNN and KNLNS-BT piezoelectrics, the slopes of temperature-

dependent variations in kp oppose each other 25 . A similar trend was found for the two ceramics'

temperature dependence of E. Therefore, Ahn et al. combined KNN and KNLNS-BT as end

members in two ceramic microstructures, island-matrix type and layered structure type25 . For

both microstructures, they created a piezoelectric with nearly flat temperature dependence from

50 - 2000C. This development presents a significant improvement to the temperature-dependent
25

property peak observed in each ceramic at their respective phase transition temperatures.

2.2.5 KNN Thin Films: RF Magnetron Sputtering
In this first paper in a series of papers, Shibata et al. describe the process of depositing KNN

thin films using RF magnetron sputtering6 . Following, the distinct piezoelectric properties of the

films were determined. For the sputtering process, the target used was a stoichiometric

(Ko.sNao.) NbO3 ceramic. Two different substrates were used for sputtering which included (100)

MgO and SiO2/ (100) Si. The substrates were each placed 50mm from the target surface. Lower

electrodes composed of platinum were deposited by the RF magnetron sputtering machine with

the following configuration: (100) Pt/MgO and (111) Pt/Ti/SiO2/Si. After the substrates were

heated to 5500 C, the KNN films were deposited on Pt/MgO and Pt/Ti/SiO2/Si under a mixed gas

atmosphere of Ar/0 2 with a pressure of 0.003 Torr.

The KNN was deposited with a high growth rate of 0.7 pm/hour, with the average thickness of

about 3 pm. Scanning electron microscopy images, X-ray diffraction, and energy dispersive

spectroscopy, in addition to polarization hysteresis loops were all taken for the KNN films. The

KNN deposited on the two different substrates had distinctive properties that was postulated to

be due a difference in crystal structure. To conclude, KNN films with high quality features were

deposited on Pt/MgO and Pt/Ti/SiO 2/Si having the calculated transverse piezoelectric

coefficients -3.6 and -5.5 C/m2 respectively. These values are amongst the highest ever

reported for KNN films, which makes the use of these thin films a promising material for near

future use.6
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2.2.6 Characterization of Piezoelectric Properties
In the above section, the RF sputtering deposition of KNN on Pt/MgO and Pt/Ti/SiO2/Si

substrates was described6 . The established piezoelectric coefficients of the KNN films were

reported to be only about 20% of PZT films; however, in a more recent paper the piezoelectric

properties are improved and reported to be over half of PZT films 26 . Previously it was

speculated that the difference in crystal structure may lead to differences in piezoelectric

properties. In this paper, this speculation was investigated in more detail in order to clarify the

relationship between crystal structures and piezoelectric properties on Pt/MgO and Pt/Ti/SiO 2/Si
substrates 26.

It was found that the KNN deposited on the Pt/MgO substrate had a smooth surface and a

homogeneous structure with few grains but many defects 26 . On the other hand, the KNN film

deposited on Pt/Ti/SiO2/Sihaddensecolumnar grains and less defects were observed within

the grains. The KNN film on both substrates exhibited (001) orientation in the perovskite

structure, which may be the reason for the excellent piezoelectric properties. It was indicated

that the KNN film on Pt/MgO was higher in compressive strain as compared to Pt/Ti/Si 2/Si.

The compressive strain arises from the materials' different cooling rates, caused by differing

thermal expansion coefficients of KNN and the substrate material. Thus, it is concluded that the

difference in the compressed strain is likely to be the contributing factor for the difference in the

piezoelectric properties.26

In a later study study, RF sputtered KNN films were deposited at a substrate temperature of

5500C, with a stoichiometric (Ko. 35 Nao. 65) NbO3 ceramic, on Pt/Ti/SiO2/Si (200 nm thick Pt lower

electrode and a 2 nm Ti adhesion layer), in an Ar/02 atmosphere 7. The films were deposited at

a rate of 0.7 pm/h with the typical thickness of 3.0 pm. The Curie temperature was investigated

for the KNN film on the Pt/Ti/SiO2/Sion the basis of the temperature dependence of the

dielectric constant and dielectric loss at 10 KHz. At a temperature of 3600C, it was found that the

maximum dielectric constant of the KNN films was about 1700 which is considered lower than

common KNN ceramics (3000-6000). This is due to the small grain size of the thin film (0.1-0.3

pm) as compared to KNN ceramics with reported grain size of greater than 1.0 pm. Thus, it was

estimated that the Tc of the KNN film is 360C.7

The biaxial elastic modulus and the thermal expansion coefficient of the KNN films (Pt/Ti/SiO 2/Si
and Pt/Ti/quartz) was investigated using an optical lever method (to measure the stress-

temperature curves) 7. It was found that the films undergo a critical change at around Tc, which
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is indicative that either the elastic modulus or the thermal expansion coefficient undergoes a

critical change at around Tc. The values obtained for the elastic modulus and the thermal

expansion coefficient were 92 GPa and 8x106 (1/°C) respectively7 . Overall, the properties of the

KNN thin films are found to be comparable to the commonly used material Pb (Zr, Ti) 03,

indicating that KNN can be a great lead-free candidate for MEMS applications.

2.2.7 Improvement of Piezoelectric Properties
In order to improve the piezoelectric properties of the KNN films, two methods of annealing

following deposition and adjusting the ratio of the films was implemented8 . The annealing

occurred for 2 hours at 7500 C in air using a muffle furnace following deposition. Scanning

electron microscope (SEM) and Transmission electron microscopy (TEM) images were taken,

and Energy Dispersive X-Ray Spectroscopy (EDS) and X-ray diffraction (XRD) was performed,

piezoelectric properties were determined using the tip displacement of KNN/Pt/Ti/SiO 2/Si

unimorph cantilevers. The relative dielectric constant was measured using an LCR meter and

the leakage current was measured using a semiconductor parameter analyzer. Regarding the

film ratio, it was found that the lattice parameter of KNN crystals decrease with increasing

Na/(K+Na) ratio.8

The result of the annealing treatment was that it caused the KNN film to become almost strain-

free 8. Prior to the treatment, the KNN films had dense columnar grains; however, after treatment

there were no bright areas in the KNN film indicating the grain boundaries were eliminated by

the annealing treatment. The Na/(K+Na) ratio is known to be an important factor for improving

KNN piezoelectric properties. At a Na/(K+Na) ratio of approximately 0.55, the piezoelectric

coefficient (d 3 1) at 20 V and the relative dielectric constant (er) for the KNN films had the highest

values. These values were 120 pm/V (d31 ) and 1100 (er), which is similar to bulk KNN behavior.

The optimum conditions were thus as follows: KNN thin films deposited on KNN/Pt/Ti/SiO 2/Si

substrates with a Na/(K+Na) target having the ratio of 0.65. The film was deposited using an RF

magnetron sputtering machine, having a ratio of 0.55, and was annealed in air for 2 hours at

7500 C.8

In a later study, the authors established an effective method of using XRD reciprocal space

maps to evaluate the crystal orientation of KNN films with the following stack structure: (K, Na)

NbO3/Pt/Ti/SiO 2/Si 2 7. From previous studies, it was believed that the KNN had a pseudocubic

perovskite structure with preferential (001) orientation and no (111) orientation. With the aid of

this new method, however, it was discovered that KNN films had a degree of (111) orientation2 7
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After calculating the orientation of the volume fractions, it was noticed that the d31 piezoelectric

coefficient increases with growing (001) orientation volume fraction.2 7

2.2.8 Microfabrication of KNN Thin Films
Etching the thin films is necessary in order to characterize the performance of the KNN in

various applications. In the prior work, it was established that dry etching of 2 pm KNN was

optimized with the following recipe using an inductively coupled plasma-reactive ion etching

(ICPRIE): 800 W antenna power, 50 W bias power, 0.5 Pa chamber pressure, Ar/C4F8 = 10 gas

ratio, and 25-minute etching time2 . It was found that the etching rate increased linearly with the

antenna power and bias power. Ultimately, however, it was found that in order to have a high

KNN/Pt selectively during etching, it is important to have a high antenna power and low bias

power.28

Next, KNN microcantilevers were fabricated on a silicon substrate containing Pt top and bottom

electrodes29. The actuation performance was measured, which led to characterizing the

transverse piezoelectric properties of the microfabricated KNN thin films without the clamping

effect of having a thick substrate. Five different types of cantilevers were fabricated with a

constant width of 112 m, though varying in length from 285 to 589 pm. XRD was performed to

determine the crystal structure of the KNN thin films. Prior to measuring the piezoelectric

properties, the initial deflection of each KNN microcantilever was observed with SEM and a

laser interferometer. In order to assess the transverse piezoelectric properties, a negative

unipolar sinusoidal voltage was applied between the top and bottom electrodes and using a

laser Doppler vibrometer the tip displacement of the unimorph cantilevers was measured.2 9

The transverse piezoelectric coefficient (d 3 1) of the films was calculated to be -53.5 pmN at 20

VPP from the tip displacement29. The displacement, however, showed large electric field

dependence because of the extrinsic piezoelectric effect. It was found that the intrinsic

piezoelectric effect of the KNN microcantilevers was smaller than that of KNN on unprocessed

thick substrates. The extrinsic piezoelectric effect, in contrast, was essentially independent of

microfabrication of the films. 29

2.3 Applications of KNN: Energy Harvesting
Since piezoelectric materials possess the unique property of electromechanical coupling, they

exhibit superior performance as sensors and actuators. Their ability to generate electric dipoles
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from elastic strain and to produce mechanical deflections from electric fields lends piezoelectrics

their championing role in a variety of sensing and actuating applications30

Recently, researchers have demonstrated the construction and functionality of KNN energy

harvesters. While they show the viability of KNN to generate comparable power densities as

those of PZT energy harvesters, much work remains to be done to create a KNN energy

harvester that rivals PZT and is both flexible and stretchable.

In one study, 3 pm KNN and PZT thin films were RF sputtered on Pt/Ti/Si substrates, heated at

600°C and a top Pt electrode was also deposited3 1 . The relative dielectric constant (Er) of the

KNN and PZT films was 744 and 872, and the dielectric loss (tan i) was 7.1% and 3.9%,

respectively. The XRD data indicated that the KNN films show a preferential orientation of (001)

in a perovskite unit cell and the PZT films showed a random orientation with strong diffraction of

(001) and (110). These KNN thin films achieved transverse piezoelectric coefficients, e 31 of -

11C/m 2 , essentially the same as that of PZT, and d, ranging from -96.3 to -138.2 pC/N, which

is also comparable to the best PZT thin films 30 . A cantilever design was fabricated for both

materials and measurements were performed at the resonance frequency (acceleration 10m/s 2)

It was found that the performance of the unimorph cantilevers were compared with the peak

average output power of KNN/Si and PZT/Si being 1.1 pW (at 1.7 k) and 1.0 pW (at 1.2 k)

respectively.31

In a 2013 paper, Minh et al. report a micro-machined energy harvester with a 2 pm KNN film 32.

The KNN was deposited on a silicon cantilever that was integrated with a proof mass to

increase the sensitivity for environmental vibration. By applying bulk micromachining, the energy

harvested increased significantly, such that it was comparable to PZT energy harvesters. The

KNN energy harvester attained a high normalized power density of 2.29 pW with an output

power of 731 nW at a resonant frequency of 1509 Hz 32.

Jeong et al. demonstrated a KNN energy harvester with novel techniques in 201733. They

deposited KNN thin film onto a sapphire wafer using aerosol deposition method (ADM).

Thereafter, the KNN was transferred onto PET using laser lift off (LLO process). The 130 pm, 2

cm x 2 cm device generated 10's of pW of power from the beating of a porcine heart, resulting

in a power density on the order of 1 uW/cm 2 . Using a two-week assay with smooth muscle cells

(SMC's), the device was also shown to be much more biocompatible than an equivalently
33constructed PZT energy harvester
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In the same year, Zheng et al. demonstrated that a 1.0 mol% Mn-KNN ceramic energy

harvester was capable of achieving a 32 uW/cm2 powerdensity 34 . Despite the greatly increased

power density, the harvester was rigid and still required the energy-costly procedure of spark

plasma sintering at 8700C3 4

Future improvements for KNN energy harvesters will expand the mechanical capabilities of the

harvester while increasing the robustness and power output. Mechanically, harvesters that are

not only flexible, but also stretchable, should be devised and fabricated, especially through the

exploration of different substrate materials. Furthermore, KNN nanoribbon energy harvesters

should be constructed for robustness. This is because if any defect occurs to one or even a few

ribbons, the device functionality remains.
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Chapter 3: Approach

3.1Innovation and Contribution
The specific research question this thesis aimed to answer is: how will the newly researched

KNN be electrically comparable on various conformal substrates for sensing purpose? The KNN

thin film ribbons will be both flexible and able to expand and contract on highly elastic

substrates, such as Kapton, Ecoflex, PDMS, and Silbione/fabric35. The various substrates have

been selected based on their use case as substrates that can be flexible (Kapton), stretchable

(Ecoflex and PDMS) and breathable (Silbione/fabric) for real-world health monitoring

applications. It is not expected that the various substrates would influence the electrical output

in static conditions, but rather in dynamic testing conditions, where the mechanics of the host

substrate would affect the electrical output of the KNN thin film ribbons.

Our new class of mechanically-adaptive, piezoelectric thin film ribbons will be microfabricated

with piezoelectric ceramics KNN and formed into thin (-2-3 pm) capacitor units with top and

bottom electrodes. This will allow for superior piezoelectric performance in the ultrathin (-2-3

pm) packaging format, which will allow us to have a greater degree of bendability while

preserving strain below the fracture thresholds of KNN. Additionally, KNN does not leak toxic

chemicals at higher temperature or in moist environments, making it safer for long-term human

use. While there are many positive aspects to the design described, there are also some

drawbacks which include 1) the ceramic material is brittle, therefore, affecting the life-time of the

device, 2) processing costs are expensive, which would affect accessibility, 3) large-scale

manufacturing might present challenges due to the microfabricated nature of the device.

3.2 Experimental Methods

3.2.1 Fabrication of arrays of KNN capacitor structures
KNN thin film ribbons embedded in capacitor type structures with top and bottom electrodes

were fabricated as follows. The KNN (SCIOCS, Japan; thickness 2 pm) was formed by a

sputtering method on a silicon wafer coated withSiO 2/Ti/Pt (600 nm/2 nm/200 nm). The array of

KNN elements consisted of ribbon regions 100 pm x 2.02 mm formed by wet chemical etching

in EDTA solution, 4H (EDTA- free acid, Dojindo): NH 40H (29%): H 202 (30%) = 1 g:7.4 mL:25

mL through a A120 3/SiO 2 (200 nm/500 nm) mask. The mask was completely removed in 5:1

buffered oxide etch (BOE) for 10 minutes. The top electrode area (50 pm x 2 mm) was defined

for each KNN ribbon through a LOR 3A and SPR220.3 PR mask. The top electrode was formed

by lift-off of deposited RuO2/Pt (10 nm/100 nm) with a 3-target sputtering system and electron
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beam evaporator respectively. The bottom Ti/Pt electrode with area of 140 pm x 2.02 mm was

patterned by hard baked PR (AZ4620, Clariant) and etched using reactive-ion etching (RIE,

Plasma-Therm, Florida, U.S.A.). The hard baking process involved 800C for 5 minutes, 1100 C for

30 minutes and 800 C for 5 minutes. The mask was removed in acetone overnight. The structures

were protected by a second photolithographically patterned hard-baked PR mask during partial

removal of the underlyingSiO2 sacrificial layer with 5:1 BOE for 18.5 hours. The hard-baked PR

mask was subsequently removed in acetone bath at room temperature for 3 hours.

Thermal Tape (REVALPHA, Nitto Denko) was conformably contacted on the top of thin film

ribbons using a self-inking stamp (ExcelMark, Wisconsin, U.S.A.). The devices were retrieved

as the stamp vertically peeled the tape away from the Si wafer as depicted in Figure 2. The

thermal tape with the retrieved device was transfer printed on a film of PI (1.7 pm, DuPont,

U.S.A.) that was formed by spin-coating a layer of poly (pyromellitic dianhydride-co-4,4'-

oxydianiline) amic acid solution on either a Si/PMMA substrate (for a second transfer print) or a

glass slide/PDMS/Kapton (75 pm) substrate. The fabrication yield was -80%, limited mainly by

the transfer printing process. The printed KNN thin film ribbons on the PI were spin-coated with

another layer of PI at a thickness 2.4 pm for encapsulation and hard baked at 1750 C for 2 hours.

To open contact holes, the PI was removed by02plasma (RIE, Plasma-Therm, Florida, U.S.A.)

on regions centered on the top and bottom electrode patterned with a negative PR (AZ125nXT,

MicroChemicals). The PR was removed with 400T stripper (Integrated Micro Materials, Texas,

U.S.A.) for 5 minutes at room temperature. Interconnect lines were obtained by depositing

Cr/Au (10 nm/200 nm) using an electron beam evaporator. Following photolithography of PR

(AZ4620, Clariant) mask, the Au and Cr layers were etched with gold etchant (TFA, Transene

Company Inc., U.S.A.) and CR-7 chrome etchant (OM Group, U.S.A.), respectively. The

interconnection lines were spin-coated with another layer of PI for encapsulation and baked at

175 0C for 2 hours. Using a negative PR mask (AZ125nXT, MicroChemicals), the PI was

removed by02plasma everywhere except for regions to be opened for connections. The PR

was removed with 400T stripper (Integrated Micro Materials, Texas, U.S.A.) for 5 minutes at

room temperature.
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Figure 2 | Schematic of Microfabrication Process. (a) Capacitor type device stack (the same
for both KNN and PZT). (b) Hard bake PR mask for undercutting. (c) Pick-up with thermal tape.
(d) Printed on Kapton substrate. (e) Encapsulation with Pl. (f) Cr/Au deposition. (g) PI
encapsulation and opening of vias for final connection.

3.2.3 Transfer printing KNN structures on conformal substrates
The devices printed on Si/PMMA underwent a second transfer print unto flexible PDMS,

Ecoflex, and Silbione/fabric substrates of 200 pm thickness. The devices were coated with a PR

mask (AZ4620, Clariant) to cover the entire device area and the surrounding PI was removed by

02 plasma (RIE, Plasma-Therm, Florida, U.S.A.). The PMMA was undercut in an acetone bath

at 800C for 15 minutes and the PR simultaneously removed. Cellulose tape was used to pick-up

the devices from the Si substrate. The picked-up devices were sputter-coated with Ti/Si02 (4

nm/ 40 nm) and printed on the conformal substrates that were treated with UV light to activate

dangling bonds. The tape was dissolved away with water and the devices were left behind on

the final test substrate.

3.2.4 Microscopy
Scanning electron microscope (SEM) images were obtained using a Zeiss Supra55VP field

emission scanning electron microscope (Zeiss International, Germany) at 10 KV, with In-lens

detector of sputter coated (Pt/Pd, 5 nm) samples. Optical images were obtained via Olympus

microscope (BX53M, Olympus Corporation, Japan).
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3.2.5 X-ray diffraction analysis
The crystal structures of the KNN film was analyzed using a high resolution X-ray diffraction

(HRXRD) method. The crystal structures of the PZT film was analyzed using a grazing

incidence X-ray diffraction (GIXRD) scan with an incident angle of 1 0(Smartlab Multipurpose

Diffractometer, Rigaku Corporation) with a Cu target (Ka = 1.5418 A). The Data was plotted via

Origin on a log scale y-axis.

3.2.6 Electrical Characterization: Keithley Semiconductor Parameter Analyzer
Electrical characterization tests were conducted using a Keithely 4200A SCS system. The tests

performed were i) Leakage Current vs. Applied E Field, ii) Capacitance vs. Applied E Field, iii)

Polarization vs. Applied E Field, and iv) Capacitance vs. Frequency. The hysteresis, cv-cap, and

iv-cap tests were utilized to measure the polarization P-E loops and the other parameters. The

tests were performed on at least n = 5 thin film ribbons. Unless specified otherwise, the

measurements were done at a frequency of 100 KHz.
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Chapter 4: Results

4.1 SEM and XRD

a b Pt (111) Si (004)
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Figure 3 Characterization of the KNN. (a) SEM cross-sectional image of the KNN materials
stack, Pt/RuO2/KNN/Pt/Ti, on SiO2/Si. The scale bar is 500 nm. (b) X-ray diffraction spectrum
showing preferred orientation of KNN, through peaks labeled (001), (002) and (003).

The SEM image in Figure 3a shows a cross section of KNN that is sandwiched between Pt top

and bottom electrodes on a silicon mother substrate that has a sacrificial layer of SiO 2 . As

indicated by XRD results, KNN is a semi epitaxial ceramic with a 0.55 (Na/(K+Na) ratio, with

preferred orientation in (001), (002), and (003). This is confirmed by the company 36 and

literature on KNN XRD patterns6. Next, the devices were microfabricated in the YellowBox

cleanroom at the MIT Media Lab and Harvard Center for Nanoscale Systems (CNS).
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4.2 Microfabrication

a b
F CI1

Figure 4| Microfabrication Images of the KNN on Kapton Substrate. (a) KNN device with
bottom electrodes connected. (b) Negative PR for separating the bottom electrodes. (c) Bottom
electrodes separated with RIE etching of Pt. (d) Hard bake PR for undercutting sacrificialSiO 2.
(e) Undercuttingof SiO2 layer with 5:1 BOE and PR removed. (f) Pick-up with thermal tape. (g)
Printed on Kapton substrate. (h) PI encapsulation. (i) Negative PR patterned for exposing
electrodes. (j) RIE etch of PI vias. (k) PR removed with 400T Stripper. (I) Au/Cr deposition and
PR patterned for interconnects. (m) Wet etching of Au/Cr, PR removed. (n) PI encapsulation of
interconnects at different magnifications.

Since the ribbons were initially connected when received from SCIOCS, the ribbons were first

separated by etching away the platinum (Pt). Next the sacrificial Si02 was etched away to small

anchoring points - the ribbons were undercut - using 5:1 BOE and picked up using thermal

tape. The KNN ribbons were transfer printed on a Kapton substrate covered with PI and

following polyimide (P) encapsulation of the printed ribbons and opening of vias, chromium (Cr)

and gold (Au) were deposited. The Cr/Au were patterned for the interconnections and another

PI encapsulation layer was spun-coated followed by opening regions for connections.
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Figure 5 1 Microfabrication Images of the KNN on P/PMMA/Si Substrate. (a) KNN device
with bottom electrodes connected. (b) Negative PR for separating the bottom electrodes. (c)
Bottom electrodes separated with RIE etching of Pt. (d) Hard bake PR for undercutting
sacrificialSi02. (e) Undercuttingof Si02 layer with 5:1 BOE and PR removed. (f) Pick-up with
thermal tape. (g) Printed on Pl/PMMA/Si substrate. (h) PI encapsulation. (i) Negative PR
patterned for exposing electrodes. (j) RIE etch of PI vias. (k) PR removed with 400T Stripper. (1)
Au/Cr deposition and PR patterned for interconnects. (m) Wet etching of Au/Cr, PR removed.
(n) PI encapsulation of interconnects at different magnifications.

Since the ribbons were initially connected when received from SCOCS, the ribbons were first

separated by etching away the Pt. Next the sacrificial Si0 2 was etched away to small anchoring

points - the ribbons were undercut - using 5:1 BOE and picked up using thermal tape. The

KNN ribbons were transfer printed unto a silicon substrate that was covered with Poly (methyl

methacrylate) (PMMA) and Pl. Following PI encapsulation and opening of vias, Cr and Au were

deposited. The Cr/Au were patterned for the interconnections and another PI encapsulation

layer was spun-coated followed by opening regions for connections. The devices were undercut

a second time to transfer print unto the final substrate of PDMS, Ecoflex, or Silbione/fabric.
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Figure 6 Images of Microfabricated KNN Devices. (a) Close-up of the capacitor type
devices and digital images of KNN devices on (i) Kapton, (ii) PDMS, (iii) Ecoflex and (iv)
Silbione/fabric.

After the devices were completely fabricated on the various substrates including Kapton, PDMS,

Ecoflex, and Silbione/fabric, they were all connected to PCBs using heat seal connectors

(Elform Inc., Reno, NV, U.S.A.). The devices were next tested with the Keithley Semiconductor

Parameter Analyzer.

30



4.3 Electrical Characterization: Keithley
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Figure 7 | Electrical Characterization of the KNN Devices with Keithley Semiconductor
Parameter Analyzer. (a) Set-up of the Keithley testing system. (b) a magnified view of the red
dashed region in (a), where a KNN device on Kapton is being tested. KNN devices
characterized: (c) Dielectric vs. Frequency and Loss vs. Frequency, (d) Capacitance vs. Electric
Field, (e) Polarization vs Electric Field, (f) Leakage Current vs. Electric Field.
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Figure 9 | Keithley Characterization Figures for the KNN on PDMS. (a) Frequency Sweep.
(b) CV Sweep. (c) P-E Hysteresis Loop. (d) Leakage Current.
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Our results present an initial experimental evaluation toward a more comprehensive

characterization of the KNN on different substrates. In Figure 7, the electrical properties of the

devices are compared to one another. The four tests performed on the Keithley include:

Dielectric vs. Frequency, Capacitance vs. Electric Field, Polarization vs Electric Field, and finally

Leakage Current vs. Electric Field. Figures 8 through 11 contain results for five representative

ribbons for each of the devices to show the repeatability of the tests and the functionality of the

ribbons. The dielectric constant slightly decreases with increasing frequency. The most

important thing to observe is that at 100 KHz the dielectric constant for Kapton (410) is between

that of PDMS (427) and Ecoflex and Silbione/fabric (387). This was unexpected as the

substrates appear to moderately affect the dielectric constant of the KNN thin film ribbons, with

PDMS resulting in the highest dielectric while Ecoflex and Silbione/fabric result in the lowest
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dielectric. Taking into consideration the standard deviation of the five representative ribbons for

each substrate, as shown in Figure 12, it becomes clear that we cannot confidently claim that

Ecoflex has a dielectric of 387. The dielectric standard deviation for Ecoflex is 35.77 as

compared to 2.73, 3.59, and 3.82, for Kapton, PDMS, and Silbione/fabric respectively.

Standard Deviation

Kapton PDMS Ecoflex Silbione/fabric
Dielectric 2.731694898 3.59382039 35.77478824 3.818395946

Capacitance (F) 1.39071E-12 4.14012E-12 7.93458E-12 2.0209E-12
Polarization (pC/cm 2) 1.306254176 3.493895339 4.868536252 0.129511233

Leakage Current (pA/cm 2) 1.14919E-10 1.64803E-10 1.60563E-10 1.27681E-08

Figure 12 1 Table of Standard Deviation for All Measurements.

The values on the left side of the dielectric graph represent the Loss (D), which is very low at

about 0.2 for all the substrates and aligns well indicating the material is of good quality. In the

literature, the loss for KNN has been reported to fall between 0.05 and 0.56, therefore our

results are well within this acceptable reported range. The significant finding is that the

capacitance, polarization, and leakage current of the KNN thin film ribbons are all in the same

range as the voltage is swept from -40 V to 40 V. Although the dielectric constants vary slightly,

the overall electrical outputs are very close, following a similar trend.

It is important to note possible sources of error in this research which can include variations in

the KNN thin films received from the manufacturer. In order to overcome this source of error, all

of the devices were made from the same original batch of KNN wafer. Additionally, the

microfabrication of the devices can lead to variations in the results, since each device was

fabricated individually, and not in a batch processing method, as is common in microfabrication.

Strict adherence to the recipes in the fabrication of each device, therefore, was crucial to

overcome this possible source of error. Once the devices were finalized, experimental

techniques used to mitigate error in the measurements included testing multiple ribbons in order

to ensure the repeatability of the results. At least 5 ribbons were tested on each device to

validate the results across the same device.
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Chapter 5: Discussion and Conclusion

5.1 Discussion on Obtained Results
The dielectric constant is a unit-less quantity that measures the ability of a material to store

electrical energy in an electric field - essentially the efficiency of a dielectric material to store

electrical energy. For the four devices, a frequency sweep was performed on the Keithley from

10 KHz to 1 MHz, and the capacitance was measured. Subsequently, the dielectric was

calculated using the following equation:

C.d
Er= E0 .A

At 100 KHz, the dielectric of the 2 pm KNN on PDMS is highest at 427 followed by the Kapton at

410. The Ecoflex and Silbione/fabric are overlapping at about 387. Since there is a variation

among the ribbons in all devices, it is important to take the standard deviation into

consideration. For example, the dielectric measurement for the five representative ribbons of

Ecoflex had a standard deviation of 35.77. In comparison, the Kapton, PDMS, and

Silbione/fabric had a standard deviation of 2.73, 3.59, and 3.82 respectively. The loss for all the

devices are very low below 0.2, indicating that the KNN material is of good quality and has

uniform performance across the various samples. Based on the literature, Shibata et al. have

reported that the dielectric of 3 pm KNN on on Pt/MgO and Pt/Ti/Si0 2/Sisubstrates were 185

and 598, respectively. Shibata et al. also observed a change in the dielectric behavior of the

KNN based on the substrate it was grown on. Of course it should be noted that the KNN used in

this thesis was transfer printed off the original substrate (Pt/Ti/Si02/Si) and printed on a second

conformal substrate. This is the reason for the dielectric constant to be lower than what is

reported in the literature, but still falls well within the acceptable range of the KNN which is

between 185 and 5986.

The capacitance vs. electric field graphs indicate the capacitance of the KNN on the various

substrates as it is swept from -40 V to 40 V. An effective method to characterize the distribution

of ferroelectric domains orientation within a material is the polarization-electric field strength

(PE) graph. In the graph, there are two particular parameters of interest, the remnant

polarization and coercive field. The remnant polarization is the measure of spontaneous

polarization within the material when the external field is reduced to zero. The coercive field

refers to the reverse external field strength that is required to switch adequate domains, such

that the net polarization within the material is zero. The capacitance and the polarization curve
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of all the devices are in the same range and are close, though again it should be noted that the

standard deviations vary, indicating that there is some discrepancy between the ribbons. Finally,

the leakage current is measured as the ribbons are swept from -40 V to 40 V, all other samples'

leakage current curves overlap, with the exception of Silbione/fabric which is slightly off.

5.2 Ethical Concerns

5.2.1 KNN Environmental Impacts
According to Kirchain et al., one should try to reduce the environmental burden resulting from

the entire life-cycle of construction, use, and disposal of a product38 . While KNN is lead-free, it

has a higher overall environmental impact as compared to PZT39 . This is due to the mining of

niobium in which hydrofluoric acid is utilized and is discarded in rivers and is extremely harmful

to the environment. Thus, prior to industrial manufacturing of KNN based sensors is realized,

stricter environmental regulations for the safe disposal of toxic chemical waste should be put

into effect. If environmental policies do not improve, as a future area of research, other materials

should be considered that are less dependent on niobium.

5.3 Conclusion
The KNN devices microfabricated on Kapton, PDMS, Ecoflex, and Silbione/fabric were all tested

electrically with the Keithley Semiconductor Parameter Analyzer and the Dielectric vs.

Frequency, Capacitance vs. Electric Field, Polarization vs. Electric Field, and the Leakage

Current vs. Electric Field were all tested. Overall all the samples behaved similarly electrically

with the caveat that the PDMS had the overall highest Dielectric and the Ecoflex and

Silbione/fabric had the lowest and the Kapton in between. At 100 KHz, the dielectric of the KNN

on PDMS was 427 followed by the Kapton at 410, and the Ecoflex and Silbione/fabric are

overlapping at about 387. the dielectric constant of KNN is reported to fall between 185 and 598

based on the substrate it is on6 , and our values are well within this acceptable reported range.

The loss for all the devices is very low below 0.2, indicating that the KNN material is of good

quality and has uniform performance across the various samples. In the literature, the loss for

KNN has been reported to fall between 0.05 and 0.56, therefore our results are well within

this acceptable reported range.

The capacitance, polarization curve, and leakage current of all the devices are in the same

range and are close to one another as the ribbons are swept from -40 V to 40 V. As was

expected, the various substrates did not influence the electrical characterization of the KNN thin
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film ribbons during the static tests. This might be because the influence of the substrates will

manifest during dynamic compression or bending as the substrates bend out of plane and the

mechanics of the underlying substrates affect the KNN thin film ribbons more dominantly.

5.3.1 Future Work
Based on the results of this thesis, the next steps will be to conduct dynamic compression and

bending tests of the KNN thin film ribbons on the various substrates (Kapton, PDMS, Ecoflex,

and Silbione/fabric). Once the effect of the substrates on the electrical output of the KNN thin

film ribbons is determined, the substrate(s) that enables the generation of the highest electrical

voltage can be chosen for the development of KNN-based devices.
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