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Piezoelectric materials are one of the most important components in various 

applications including energy harvesting platforms, sensors, and actuators due to their 

ability to directly convert mechanical energy to electrical energy or vice versa. The 

typical requirements for piezoelectric materials are low processing costs, high 

piezoelectric coefficients for sensitivity, mechanical resilience, as well as simple 

processing strategies. Over the past decade, nanostructured piezoelectric materials have 

been rigorously studied and energy conversion efficiencies and power outputs of 

piezoelectric materials have steadily increased. In spite of recent advancements there are 

still serious limitations for these materials including inefficient means of harnessing non-
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mechanical energy sources, extreme difficulties in fabricating complex piezoelectric 

structures, poor mechanical flexibility for integration into non-planar configurations, and 

an incomplete understanding on the underlying factors that influence piezoelectric 

performance. 

To address some of the aforementioned limitations of piezoelectric materials, this 

dissertation is divided into two parts. In the first part, a  novel piezoelectric energy 

conversion platform will be presented that can harness mechanical and/or non-

mechanical energy sources (e.g., heat) The device geometry leverages an array of 

vertically aligned ZnO nanowires embedded in an environment-responsive polymer 

matrix to generate direct current outputs. It is found that the interface between the 

polymer matrix and piezoelectric element is a key parameter to tune the performance of 

the device and funnel stress more efficiently to the piezoelectric crystal. This stress 

management concept within the composite material is supported both by experimentation 

and simulations.   

In the second part, a new optical fabrication tool is described that allows 

exceptional control over size and shape of piezoelectric materials. The technique relies on 

a colloidal solution that contains piezoelectric nanoparticles suspended in a photoliable 

polymer and exposing to user-defined digital optical masks. Initial experiments were 

carried out on barium titanate (BaTiO3 – BTO) nanoparticles in a polyethylene glycol 

diacrylate (PEGDA) polymer, but the process is general for other piezoelectric 

nanomaterials and photoactive polymers. By dynamically altering the digital optical 

masks and controlling the focal plane of the masks, 3D microstructures can be fabricated 
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in mere seconds. To enhance the piezoelectric properties of the printed nanocomposites, 

the piezoelectric nanoparticles can be chemically modified with linker molecules that 

cross-link with the polymer chains under light exposure. This nanoparticle-polymer 

interface is critical for boosting the efficiency of stress transfer from the polymer matrix 

to the piezoelectric crystal and is a key parameter in understanding the limits of 

piezoelectric performance.



1 

 

1    INTRODUCTION 

 

Piezoelectricity, which can generate surface charges induced by mechanical 

deformation or vice versa, has been rigorously studied since the first demonstration by 

the Curie brothers in 1880. The first application of piezoelectric materials focused on the 

military area, including sonar1, then they expanded not only into the research field, but 

also into real life as touch sensors2, accelerometers on smartphones3, and ultrasound 

imaging sensors4-5. Most of these applications are based on inorganic piezoelectric 

materials because of their high piezocoefficients. However, most of these applications 

have inherent limitations: 1) flexible applications are not achievable because these 

materials are brittle ceramic materials, 2) macro/micro machining increases process costs, 

and 3) PZT, the materials with the highest piezocoefficient, contain lead, which is not 

biocompatible6. Polymer piezoelectric materials have been proposed as candidates to 

solve these problems and various polymers have been researched rigorously. Despite the 

achievements in this area, the published piezoelectric modulus of polymers, however, is 

around 1 – 50 pC/N smaller than inorganic materials, which is 200 to 10000 pC/N, and 

the small piezocoefficient has limited the application of these materials. 

This chapter introduces the basic concepts of piezoelectricity and the widely used 

piezoelectric materials. Then, the research challenge is provided, and the objective and 

scope of this dissertation are presented. 
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1.1. Piezoelectricity 

Piezoelectric effect describes the dielectric materials that exhibit an accumulated 

electric charge on the surface in response to applied mechanical stress or vice versa7. 

When the material is stressed, the charge symmetry at the atomic scale is broken because 

of the lack of inversion symmetry, or non-centrosymmetric, then it induces the internal 

polarization on a unit cell. Because piezoelectricity is induced by non-centrosymmetric 

crystals, only 20 out of 32 crystal classes exhibit piezoelectricity. Figure 1.1 shows the 

atomic structure of a perovskite crystal, barium titanate, which has a typical non-

centrosymmetric crystal structure. The unit cell has a net non-zero charge (see Figure 1.1 

a). As a result of the titanium atom sitting slightly off center inside the unit cell by the 

external electric field at a temperature higher than the Curie temperature, the unit cell 

transforms into an electric dipole effectively. Because the strength of the dipole moment 

of the unit cell is directly related to the position of the center of the titanium atom, a 

higher electric polarity can be developed with further mechanical deformation. Hence, 

piezoelectricity results from a combination of the electrical behavior of the material with 

mechanical behavior, according to Hooke’s law. These mechanical and electrical 

behaviors of a typical material are expressed as follows: 

ES s T=  Equation ( 1.1 ) 

TD Eε=  Equation ( 1.2 ) 

where S is the strain, s is the mechanical compliance tensor, T is the applied stress, D is 

the displacement of charge, ε is the permittivity, and E is the electric field strength 

applied to the materials. The superscript E is indicates a constant electric field and the 
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Figure 1.1 The crystal structure of perovskite materials, barium titanate. It maintain charge 

symmetry below the Curie temperature (left) and the charge symmetry were broken with 

external polarization field above the Curie temperature (right). 
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Figure 1.2 Piezoelectric application mode a) direct effect and b) converse effect 

 

(a) 

(b) 
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superscript T indicates a constant stress field. Because piezoelectricity is the coupling 

effect of two separate behaviors, Equation (1.1) and Equation (1.2) can be combined into 

strain-charge form with the piezoelectric charge coefficient d, as follows: 

E TS s T d E= +  

Equation ( 1.3 ) 
TD E dTε= +  

where d indicates the direct piezoelectric effect matrix and dT indicates the converse 

piezoelectric effect matrix. If the material is operated such that the piezoelectric effect 

dominates and other interactions are negligible, then Equation (1.3) can be simplified as 

follows:    

i ijk jkD d T=  Equation ( 1.4 ) 

where dij is the piezoelectric charge coefficient called the piezoelectric constant, which is 

the key parameter for understanding electromechanical behavior. The subscripts i, j, and 

k indicate the direction of each element. The coefficient d33, which is called the 

longitudinal coefficient, describes the generated charge in the same direction as the stress 

applied, and d13, which is called the transverse coefficient, describes the generated charge 

in the normal direction in which the stress is applied. The unit of the coefficient is 

generated charge density/applied stress (C/N). 

Since the piezoelectricity is the reversible linear electromechanical behavior, the 

materials can be used two different modes, direct mode and converse mode, Figure 1.2. 

In direct mode the surface charge, presented by voltage, is developed by mechanical 

stimulation when the strain is developed by the externally applied electric field in 

converse mode. Each mode can be used for different applications, such as a mechanical 
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sensor and an energy harvesting device for the direct effect and, an actuator and 

ultrasound transducer for the converse effect.7 

 

1.2. Polarization 

A piezoelectric material is macroscopically a combination of several unit cells 

and the orientation of the dipole moments of unit cells is randomly distributed. When the 

material is subjected to mechanical stress or an electric field, each dipole changes the 

orientation and strength of the dipole moment. Because the original dipole orientation is 

randomly distributed, macroscopic polarization may not change significantly by 

minimizing or neutralizing itself and the piezoelectric effect may be negligible. Hence, it 

is important to align most of the dipole moment in the same direction for increased 

piezoelectric performance. The dipole alignment is called the poling process and it 

typically requires a high electric field with thermal energy. When the material is 

subjected to a high electric field, or a coercive field, at a certain temperature, such as the 

Curie temperature, all or most dipoles are aligned along the field direction. The aligned 

dipole maintains its aligned direction after removing the external field and temperature. If 

the material is subjected again to a high temperature above the Curie temperature then the 

dipole will be realigned randomly and the material will lose its piezoelectric properties.  

For the barium titanate, which is the material mainly used in this dissertation, the 

Curie temperature is 130ºC and the coercive is 2 MV/m for single crystalline materials 

and it can vary up to 7 MV/m for nanoparticles8. However, the field strength through the 

piezoelectric filler in composite materials is reduced by the polymer host and the 
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composite materials typically require a higher field strength compared to homogeneous 

materials; 10 MV/m was used for this dissertation. 

 

1.3. Piezoelectric device characterization 

The piezocoefficient for longitudinal mode is defined as  

3
33_

3

Static

D
d

T
=  Equation ( 1.5 ) 

3 3
33_

3 3

E T

Dinamic

D S
d

T E

   ∂ ∂= =   ∂ ∂   
 Equation ( 1.6 ) 

When a device is connected to a voltage measurement unit with mechanical stimulation, 

the device could generate the electrical signal based on Equation (1.6). The generated 

voltage signal, however, was stated on the impedance of the piezoelectric device, external 

load condition, and measurement system. Typically, three methods were used to quantify 

the piezoelectric properties: frequency method, laser interferometry method, and quasi-

static method.9 The frequency method measured the frequency response of the electric 

signal using an impedance analyzer, which is typically used when the complete matrix of 

materials properties are known. The laser interferometry method based on precise 

displacement measuring was used for measuring the converse effect of the device. The 

quasi-static method is the simplest and cheapest way to quantify the piezocoefficient, and 

it applied the impulse and measured generated charge based on the direct effect. The 

charge amplifier is typically used with other methods for precisely measuring the 

generated charge.10 All these methods could provide the precise piezocoefficient, but they 

have some limitations and specialized requirements for measurement. Because our 

system has various device shapes, thicknesses, and structures, including a foam structure, 
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Figure 1.3 Homebuilt forcing system. a) piezo-resistive force sensor, the FlexiForce® sensor 

(Tekscan), b) the impulse forcing system by dropping the weight c) the schematics of 

measurement circuit and d) the calibration curve. 

(a) (b) 

(c) 

(d) 
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it could not meet the specific requirements of each measurement method. For versatile 

measurements, we implemented the quasi-static measurement methods with a homebuilt 

charge measurement system calibrated by known PZT samples with 300 pC/N purchased 

from Fuji For quasi-static measurements, it is important that precise force measurements 

and charge measurements are synchronized. For our experiments, we used the 

piezoresistive force sensor, the FlexiForce® sensor (Tekscan), with a homebuilt force 

system shown in Figure 1.3. The force sensor was placed underneath the sample that 

needed to be measured and the force was applied from the top by dropping known 

weights. The applied forces resulting from dropping weights were compared using the 

Instron 5982 material testing apparatus. Because the sizes and dimensions of our samples, 

which were rectangular shapes with 3 to 10 mm each side, were different from the force 

sensor, which was a circular shape with a 9 mm diameter, two pieces of 

polydimethylsiloxane (PDMS) were placed on the top and bottom of the sample to 

distribute the force evenly and protect the sample from impact. The bottom elastomer had 

a circular shape of 9 mm diameter, which was the same size and shape as the active area 

of the force sensor, and the top elastomer had the same size and shape as the various 

samples. It was found that there were minimal differences between similar loads with 

different sample shapes and sizes with two elastomers when the thicknesses of the 

elastomers were fixed. The output voltage of the sensor could be tuned by changing the 

supply voltage and feedback resistor, R1, as shown in Figure 1.3 c). The capacitor, C1, 

was used as the bypass capacitor. Under the most sensitive  setup (-5 V supplied and R1 

= 10 kΩ) the sensor showed a linear relationship with respect to the load above 2 N and 
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Figure 1.4 A schematic of the charge amplifier used in the piezoelectric experiments. Charge 

generated from the piezoelectric polymer is transferred to the reference capacitor, C1, and 

produces an output voltage, Vout, that is equal to the voltage across C1. The Vout can be 

expressed as Vc = -Qgenerated/C1. 
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an exponential relationship below 2 N.  

After calibrating the force sensor parts, the charge amplifier was calibrated by 

testing known piezoelectric materials: different shapes of PZT samples with 300 pC/N. 

Figure 1.4 shows the schematic of the charge amplifier circuit, which was used to 

quantify the piezocoefficient in experiments. The charge amplifier did not amplify the 

charge, but rather provided the voltage output that was proportional to the generated 

charge of the device. If the input impedance of the amplifier was very high, then all of the 

generated charges could be collected on the feedback capacitor C1 and the output of the 

amplifier Vc, which is described as 1/cV Q C= − . By combining it with the force 

measurement system, the equipment provided two measurement quantities: the generated 

charge and the applied voltage, from which the piezocoefficient d33 could be calculated 

using Equation (1.5) or Equation (1.6). Figure 1.4 b) shows the calibration curve and the 

piezocoefficient as follows: 

33

force

22.65 [pC / N]
V 0.036

piezoV
d = ×

−
 Equation ( 1.7 ) 

where Vpiezo is the voltage output of the charge amplifier in mV units and Vforce is the 

voltage output of force sensor in mV units. Because the force sensor had a linear output 

above 2N, the calibration curve was effective when the applied voltage was larger than 

2V. We note that the lower cutoff frequency of the charge amplifier was determined as

1 11/ 2lcf R Cπ= , 79.6 Hz for R1= 20 MΩ and C1 =100 pF, and the force impact needed to 

be faster than 79.6 Hz, which is equivalent to a shorter pulse than 12.6 ms. The typical 
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pulse width of a force output when a weight is dropped from 3 cm above the elastomer is 

4 ms, which matches the timing criteria. 

 

1.4. Piezoelectric materials 

Figure 1.5 shows the piezocoefficient and stiffness of most widely used 

piezoelectric materials.  Current piezomaterials are mainly based on ceramic piezoelectric 

materials because of higher piezocoefficient and well established fabrication methods. 

However, the usage of such inorganic materials poses some challenges such as the high 

temperature processing required for thin film fabrication and polar reorientation, the 

toxicity of lead containing materials like lead zirconate titanate (PZT) and the need for 

high cost manufacturing capabilities for fabrication. To tackle the inorganic materials’ 

complexity, there has been a new trend of exploring polymeric materials. The use of 

polymer materials in different applications had an increasing interest due to the 

advantages that polymer materials have. These advantages include the mechanical 

flexibility that is necessary in certain applications. Also, polymer based devices are 

commonly less expensive in terms of material cost and processing technology that 

includes soft lithographic techniques that do not commonly require advanced 

microfabrication facilities. However, the sensitivity of polymer materials is still limited 

by smaller piezocoefficient compared to ceramic based materials, and the limitation could 

be overcome by piezoelectric composite materials. A piezoelectric polymer composite is 

that inorganic piezoelectric materials are embedded into non-electrically active polymer 

matrix. The advantage of mixing piezoelectric ceramics with polymers is to combine the 
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Figure 1.5 Piezoelectric materials space. Ceramic materials (red square), pure polymer materials 

(blue diamond), and piezoelectric polymer composite materials (green triangle). The number 

indicates the category composite materials. 
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advantages of both materials, which include the higher piezocoefficient of ceramics and 

the mechanical flexibility of polymers. Piezocomposite materials can have various 

mixing combination, but the 1-3 and 0-3 composite are most widely used composite 

combination. The first number indicates the degree of connection of piezomaterials and 

the second number indicates the degree of connection of the polymer matrix. A 1-3 

composite has arranged or randomly distributed microfibers in the polymer matrix and a 

0-3 composite has impinged microscale or nanoscale particles inside a polymer matrix. 

Piezocomposite materials can achieve relatively high piezocoefficients and flexibility, but 

the piezocoefficients of composite materials remain below ceramic materials, except for 

the PMN-PT epoxy 1-3 composite. Moreover, the device design of most piezocomposite 

materials has a simple film shape and it is necessary to develop new fabrication methods 

that allow complex device architecture for advanced applications. 

 

1.5. Piezoelectricity of composite materials 

Because of the ability to combine the flexibility of polymers and piezoelectricity 

of ceramic materials, piezoelectric and polymer composite materials have been widely 

studied both experimentally and theoretically. The piezoelectricity of composite materials 

could be explained in different ways depending on the connectivity of piezomaterials. 

The piezomaterials in typical 1-3 composite materials are connected between two 

electrodes and the developed charge displacement is directly accumulated on the 

electrode. By addressing the soft polymer matrix for composites, the stress could be 

confined on piezoelectric materials depending on their shapes and cross-sectional areas. It 
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could generate more charge per area for active materials compared with bulk active 

materials under same external force. However, the electrical structure of 1-3 

piezocomposite materials is a parallel capacitor, and combined with a piezoelectric area, 

the effective piezocoefficient can be expressed by the average permittivity and 

mechanical properties of the composite materials11. Consequently, the effective 

piezocoefficient can be tuned by matching the electrical and mechanical properties of the 

host polymer and piezomaterials; however, it is limited to the piezocoefficient of the 

material itself. Moreover, lateral expansion due to the Poisson ratio of composite 

materials under normal force also limits the effective piezocoefficient because the 

generated charge from lateral expansion, d13, usually has a negative sign from the 

generated charge from axial expansion, d33. Various fabrication methods have been 

studied to overcome the limitations of the effective piezocoefficient, including complex 

structured materials with a negative Poisson ratio,12 and vertically aligned nanosize 

pillars.13     

The piezoelectricity of a 0-3 composite demonstrates a different mechanism 

depending on the volumetric fraction of piezoelectric materials in the composite. At a 

lower particle concentration, each particle is separated and the total material properties 

can be expressed by the average electrical and mechanical properties of the composite 

material. However, particles touch each other to form islands in the host polymer with 

increasing concentration. When the concentration of the filler is above the percolation 

limit, it eventually forms a particle pillar between two electrodes, as in a 1-3 composite. 

Figure 1.6 shows the connectivity of particles inside a polymer host. Because the 

dispersion of particles is not perfect, two kinds of connectivity, 0-3 and 1-3, are observed 
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spontaneously in composite materials and the piezoelectricity of composite materials 

could be expressed as a fraction of the connectivity. Furukawa et al. proposed analytical 

models and mechanisms for the piezoelectricity of 0-3 composite materials.14-15 The 

piezocoefficient of composite materials, d, can be expressed as follows:  

T E cd L L dφ=  Equation ( 1.8 ) 

where ϕ is the volumetric fraction of piezoelectric particle, LT and LE are the local field 

coefficients with T (stress) and E (electric field), and dc is the piezocoefficient of the 

particle. Because the particle is electrically connected for 1-3 connectivity, Equation 1.8 

can be modified by addressing the connectivity fraction ϕ= ϕ0-3+ ϕ1-3 as follows: 

1 3 0 3( )E T cd L L dφ φ α− −= +  Equation ( 1.9 ) 

where α is the poling ratio of the particle.16 As presented in Equation (1.8) and Equation 

(1.9), the mechanical and electrical local field coefficient of the particle and polymer 

composite are the key parameters to tune the piezoelectricity of composite materials. It 

was found that the local field coefficient can be tuned in various ways, including 

changing the shape of the filler17 and electrical properties of the host polymer.18 Recently, 

the filler size has been decreased to the nanometer range, and the surface effect has been 

focused on enhancing the piezoelectric properties of composite materials. Yu and Huang 

calculated the enhancement of bulk stress and electric displacement in a piezoelectric ring 

system as a decreasing ring diameter by addressing the surface energy density concept.19 

The surface piezoelectric behavior of a piezoelectric particle and non-piezoelectric 

polymer composite under compressive acoustic wave followed,20 and they confirmed that 

the surface stress, or surface piezoelectricity, could significantly enhance the performance 
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Figure 1.6 Connectivity of particle inside polymer host, a) 0-3 connectivity and b) 1-3 

connectivity 
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of materials at nanometer scales.21  

 

1.6.   Overviews 

As described in previous sections, despite recent achievements for piezoelectric 

composite materials, they continuously face two obstacles for advanced applications: 

relatively lower piezocoefficients compared with ceramic materials and complicated 

fabrication methods. The piezocoefficient of composite materials is related to the local 

field transfer at the polymer particle interface. This dissertation focused the method on 

enhancing piezoelectric performance through two device platforms: an energy harvesting 

device and a piezoelectric composite device. Moreover, new a fabrication method for 

piezocomposite materials was proposed using an optical printing technique. 

In Chapter 2, a novel piezoelectric energy conversion platform is described that 

can utilize mechanical and nonmechanical energy sources (e.g., heat) via a ZnO nanowire 

(NW) array embedded in an environmentally responsible polymer matrix. In Chapter 3, 

the method to enhance the output performance of a piezoelectric composite device is 

described. The effect of stiffness of the polymer matrix and interface stress is examined 

both computationally and experimentally. 

In Chapter 4, a new optical fabrication tool is described that allows exceptional 

control over the size and shape of piezoelectric materials using a barium titanate (BTO) 

nanoparticle and polyethylene glycol diacrylate (PEGDA). The piezoelectric output of 

the physical linker and chemical linker are compared. In Chapter 5, the optimization 

parameter for piezoelectric composites is discussed, including linker molecules, stiffness 
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of polymer host, and particle size effect for higher optical resolution. Finally, the 

converse effect of nanocomposites is described.   
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2    MATRIX ASSISTED ENERGY CONVERSION PLATFORM 

 

Encouraging progress has been made recently in the development of nanowire 

(NW)-based piezoelectric nanogenerators.22-29 In fact, exciting results from various 

groups working on ZnO, poly(vinylidene fluoride) (PVDF), barium titanate (BaTiO3), 

and lead zirconate titanate (PZT) have shown device architectures with different 

powering modes including alternating current (AC)25, 28, 30 and direct current (DC).31 One 

key limitation, however, of many piezoelectric-based nanogenerators is the requirement 

of mechanical energy sources (e.g., mechanical vibration or motion) in order to generate 

electrical current. This fetters the applicability of these nanodevices in a general 

environment where a direct mechanical energy source might not be available. To activate 

the motion of nano-piezoelectric materials through alternate energy sources, such as 

thermal, photonic, and/or chemical, it will be crucial to investigate new methods of 

coupling the piezoelectric transducers directly to media that can convert a non-

mechanical energy source into piezoelectric strain. This will enable materials to be 

submersed in a variety of environments that have both non-traditional power sources such 

as mechanical vibrations/motion and pressure gradients as well as traditional power 

sources such as light, heat, and chemical. 

     In this work, we report a self-powered platform that relies on the response of a 

polymeric film to drive the piezoelectric effect in a nanowire array. To test the concept of 

polymer facilitated mechanical-to-electrical conversion, we chose to study the well 

reported ZnO nanowire system that can be grown by different routes including chemical 
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vapor deposition32-33 or solution-based techniques,34 and embed the NW array in an 

environmental-responsive organic polymer.35 In comparison to other ZnO NW-based 

nanogenerators, the deformation of the ZnO NWs in our devices are not directly induced 

by external forces, but rather caused by the shape change in the polymer matrix as it 

responds to external stimuli. With this hybrid approach, the NWs are near uniformly 

distributed inside the polymer matrix and can deform collectively under stimulation. Thus, 

each individual piezoelectric transducer can contribute power to the device. Using a 

thermal energy source as our test stimulant, we demonstrate that DC electric currents can 

be generated by the expansion of the polymer matrix with simple, cheap device 

architecture. In addition, since our platform utilizes matrix-assisted mechanical-to-

electrical conversion, we have the ability to design energy harvesting structures that are 

tuned to scavenge energy from a variety of sources including light, heat, pressure, 

chemical, and mechanical. 

 

2.1. Device fabrication 

A schematic of our nanoconverter (NC) is shown in Figure 2.1. An array of 

vertically aligned ZnO (n-type) NWs is embedded in the environmental-responsive 

polymer poly (vinyl chloride-co-vinyl acetate-co-2-hydroxypropyl acrylate) (PVC). 

Vertically aligned ZnO NWs were epitaxially grown on 2 mm × 2 mm a-plane sapphire 

substrates via a chemical vapor transport and condensation (CVTC) process as described 

elsewhere.36 The scanning electron microscopy (SEM) image of the as-grown ZnO NWs  

(Figure 2.2 a)) shows the nanowire diameters ranging from 60-120 nm, lengths between 
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Figure 2.1 A schematic of the matrix-assisted energy conversion device. The vertically 

aligned piezoelectric NWs are infiltrated with a stimulus-responsive matrix (e.g., 

thermoplastic) and the tips of the wires are exposed to allow a top contact to be deposited. A 

common bottom contact is created via the substrate. 
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Figure 2.2 a) Top-view SEM image of the as-grown ZnO NWs on sapphire. The density of 

the NWs is about 30/µm2. Inset: 30o tilt view of the vertically aligned ZnO NWs. b) A 

SEM image of the nanowire array after infiltrating with the PVC polymer and oxygen 

plasma etching. About 50% of the NWs are exposed after plasma etching. c) Cross-

sectional SEM image of a piezoelectric device (at 45o tilted view). The top of the wires are 

contacted with a metal electrode (sputtered Au/silver paste) 

 

(a) 

(b) 

(c) 
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10 µm, and an areal density of  ~ 30/µm2. After growth, the NW forest was infiltrated by 

drop-casting a 1% PVC solution (in 1,4-dioxane) on the substrate. The physical and 

mechanical properties of PVC polymers allow for room-temperature formation of 

uniform, flexible thin films. After drying the PVC film at room temperature, the top 

surface was oxygen plasma etched to clean and expose the NW tips for making electrical 

contacts. A typical SEM image of the exposed NW tips (~0.5 µm long) is shown in 

Figure 2.2 b). After etching back a portion of the PVC film, the NW density is measured 

to be ~15/µm2, leaving ~50% of the NWs unexposed. A 200 nm Au/5 nm Ti top contact 

electrode (~1 mm2 contact area) was deposited via electron beam evaporation. The 

bottom electrode was defined by placing silver paste on the underlying ZnO thin film that 

formed during the growth process. Figure 2.2 c) shows that the NW array and metal 

electrode made well contact.  

 

2.2. Device modeling 

To understand the device operation the first order approximated model was 

considered and this model adopted two major assumptions. First the top electrode was 

rigid and was not deformed by thermal expansion during device operation. This condition 

provided the same displacement of nanowire with polymer matrix during thermal 

expansion of polymer and the displacement was the source for converting energy. Second 

the nanowire and polymer matrix was perfectly combined each other at the side interface. 

The strain of each material was same and the shear stress differences could be applied 

trough the interface. The strain of nanowire and polymer is presented as 
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T T

n pε ε=
 

Equation ( 2.1 ) 

 where T

nε is the total strain of nanowire and T

pε  is the total strain of polymer. Each 

strain term has two components, thermal stain and mechanical strain. The thermal strain 

is the thermally induced strain by temperature change when the mechanical strain is 

created by the thermal mismatch between two materials. The difference in mechanical 

strain between the polymer and nanowire can be expressed as a function of temperature. 

The initial state is when the polymer and nanowire are at equilibrium at room temperature. 

Equation ( 2.1 ) can be rearranged as  

T Therm m m m Therm m T

n n n n n p p p p pT Tε ε ε α ε α ε ε ε ε= + = ∆ + = ∆ + = + =   

( )m m

n p p n Tε ε α α− = − ∆  Equation ( 2.1-1 ) 

where Thermε is the thermal stain, mε is the mechanical strain, nα  is the thermal 

expansion coefficient of the nanowire, 
pα  is the thermal expansion coefficient of the 

polymer, and T∆ is the temperature difference between the initial and final state. 

At equilibrium there is no external force and the sum of the polymer matrix and 

nanowire stress is given by 

0T

n n p pA Aσ σ σ= + =  Equation ( 2.2 ) 

where Tσ is the average stress of the matrix, nA is the cross-section area fraction of the 

nanowire, 
pA is the cross-section area fraction of the polymer, nσ is the stress of the 

nanowire, and 
pσ is the stress of the polymer. 

Since m

n n nEσ ε= ⋅  and m

p p pEσ ε= ⋅ , we have ( )m m

n p p n Tε ε α α− = − ∆ , so that 
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n n n p p pA E A Eε ε+ =
  ⇒  

m mn n
p n

p p

A E

A E
ε ε= −   

( )
p pm

n p n

p p n n

A E
T

A E A E
ε α α= − ∆

+
 

Equation ( 2.3 ) 

The piezoelectric potential is defined as 
33

l
U

d

δ= , where 33d  is the piezoelectric 

constant, so that 

33 33 33

( )
m

p pn
p n

p p n n

A Ell l
U T

d d A E A E d

εδ α α= = = − ∆
+

 Equation ( 2.4 ) 

This idealized expression suggests that the area fraction, the elastic modulus of 

materials of each materials and the thermal expansion coefficient could be used as 

optimizing the device reactivity for specific application. The detail role of the elastic 

modulus and the basic assumption, the perfectly combined interface (no slip condition) 

will be discussed in chapter 3.  

 

2.3. Electric power generation 

2.3.1. IV characteristics of device 

The electrical transport characteristics of the nanodevices were tested using a 

standard electrical probe station (Signatone S-1160) equipped with tungsten 

micromanipulator probes, a power source meter, and recording software. Figure 2.3 

displays a characteristic I-V curve of a fabricated NC array which shows the current 

rectification behavior of the device and a turn on voltage of ~ 400 mV. The electronic 

barrier formed at the metal-semiconductor (Au-ZnO) interface is a key component in the 

operation of the device and is discussed in more detail later. 
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Figure 2.3 A characteristic I-V plot of an NC device showing rectification behavior and 

a turn-on voltage of ~ 400 mV 
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2.3.2. Device output 

The PVC film has a coefficient of thermal expansion (CTE) of 70×10-6/K 

compared to sapphire and ZnO with CTEs of 8×10-6/K and 3×10-6/K, respectively. The 

substantial CTE mismatch between the substrate and the polymer film can lead to large 

residual stresses inside the PVC film upon a temperature change/fluctuation. Therefore, a 

piezoelectric nanowire array embedded in such a polymer matrix should be perturbed by 

the internal strain within the polymer as the temperature is elevated, thus providing a 

direct thermal-to-mechanical-to-electrical transformation in the ZnO NC. We tested this 

hypothesis by placing a Peltier hotplate underneath the sapphire substrate and thermally 

stimulating the device. To get a good approximation of the temperature on the top side of 

the NC device as a function of heating voltage, a small k-type thermal couple was placed 

on the NC surface and the temperature was recorded at various heating voltages (Figure 

2.4 a). A strong short-circuit current on the order of tens of nano-Amperes (nA) was 

observed from the nanodevice (Figure 2.4 b)) at various heater temperatures. The 

corresponding open-circuit voltages of the device were also measured (Figure 2.4 c) and 

showed a direct relationship with temperature. The resistance of the NC remained 

relatively constant at ~90 kΩ over the narrow heating temperature range we. As evident 

from the short-circuit current and open-circuit voltage traces, there is a slight lag in the 

recorded values in comparison to the applied voltage to the heater. This is likely due to 

the time it takes heat generated by the Peltier device to transfer through the sapphire/ZnO 

film and into the polymer as supported by Figure 2.4 a). The stability of the NC devices 

is also important, specifically how reproducible the peak and baseline current levels are 

during the “power-up” and “power-down” modes, respectively. We have repeatedly 
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Figure 2.4 Power generation of an NC under thermal stimulation. (a) The temperature profile 

measured from the top surface of the NC at different Peltier heating voltages. (b) Electric 

current generated from an NC while heating with the Peltier at voltages of 2 V, 4 V, 6 V, and 

8 V (blue dashed lines). (c) Same as (b), but the generated voltage is being plotted. Note that 

the temperature in the devices does not immediately return back to room temperature after the 

Peltier heater is turned off during both voltage and current measurement experiments. (d) The 

electric current (red trace) and output power density of the nanoconverter (blue trace) when 

connected to different external loads. A Peltier heating voltage of 8V (~ 65 °C) was used for 

each measurement. A maximum output power density is observed when the external load is 

close to the internal resistance of ~90 kΩ. (e) The maximum output power by an NC at 

heating temperatures ranging from room temperature to ~ 65 °C. The maximum output was 

determined by connecting different loads to an NC device and monitoring the electric current, 

as seen in (d) 
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cycled our devices over many hours of operation and have not seen any significant 

changes in the power output, although continual testing will be necessary to fully 

understand degradation pathways in the NCs 

Depending on the resistance load, we found that the noise level in the electric 

current ranged from ~ 50 nA (for 1 kΩ resistor) to ~ 0.1 nA (for 500 kΩ resistor) with an 

upper end in the voltage noise of ~ 50 μV. Therefore, using the measured resistance of ~ 

90 kΩ for our NC device, we predict a noise current contribution of < 0.6 nA to our 

measured values. 

     The maximum output power from our NC device was measured by connecting 

different external loads in series. In general, at a given heating temperature the maximum 

power-output of our NC device was achieved when the external load approximately 

equals the internal resistance of the device (Figure 2.4 d)). The effective contact area 

determined for a typical NC is ~ 1.0 mm × 1.0 mm, which yields power density values of 

1– 19 nW/cm2 for temperatures ranging from 22 – 60 °C (Figure 2.4 e)). Even though the 

device configuration and performance are not optimized, the power densities are 

sufficiently high enough to meet the power requirements to drive many nanowire and 

nanotubes-based devices used for sensors and other nanoelectronic architectures.37-40 

The physical working principle of the organic-inorganic hybrid device can be 

understood based on the piezoelectric behavior of ZnO NWs. The NWs have their c-axis 

oriented perpendicular to the substrate (parallel to growth axis) and produce a 

piezoelectric field potential when the Zn and O atoms are non-symmetrically moved due 

to strain on the crystal. As illustrated in Figure 2.5 a-c), this charge separation in the ZnO 

nanowires can be induced by the surrounding polymer matrix which acts as a pulling 
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Figure 2.5 Working principle of the NC device. (a) Charge distribution within the ZnO NWs 

after tensile (left) or compression (right) forces. The bottom of the wire is the interface between 

the NW and the sapphire substrate. (b) Schematic illustrating the steady-state (top) and 

thermally agitated (bottom) state of the ZnO NWs embedded in a PVC matrix.  As the polymer 

expands relative to the substrate, a tensile stress along the axis of the NWs is generated. (c) 

Voltage generated by an NC device heated in an oven from 20 °C to 165 °C (red symbols). At 

temperatures above ~100 oC the NC loses its ability to generate power because the PVC 

undergoes structural relaxation above its glass transition point (Tg ~ 65 oC) 
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handle on the NWs as the polymer expands. Prior to heating the PVC matrix lies in a 

steady state (assuming constant ambient temperature), but expands vertically and laterally 

as thermal energy is added to the system.  The polymer is not permitted to expand 

isotropically because it is supported by the underlying substrate, and therefore subjects 

the NWs to an axial tensile stress along the c-axis. It is possible the NWs also undergo 

lateral stress that slightly bends the NWs, but this motion is likely a weak contribution to 

the overall electrical signal (see discussion below). The thin underlying ZnO film on top 

of the sapphire substrate likely has little impact on the power-generation ability of our 

devices. Our electrical current measurements (i.e., direction of current flow) shown in 

Figure 2.4 a-c) indicate that the tips of the ZnO wires become increasingly negative as the 

tensile stress increases and are positively charged under compression (Figure 2.5 a)). The 

initial electronic state of the ZnO surface, which could influence the polarity of the top 

and bottom surfaces under stress, may be generated by the oxygen plasma treatment used 

to expose the NW tips. 

From a first-order approximation (Equation (2.4)), without considering the 

polarization and dielectric screening effect, the electric potential (U) created during 

tension can be calculated from 
33/ ( )( ) /p p p p n n p n nwU A E A E A E TL dα α= + − ∆ , where Ep 

is the Young’s modulus of PVC(2900 – 3300 MPa),41 Enw is Young’s modulus of ZnO (~ 

100 GPa), αp  is the thermal expansion coefficient of PVC (~ 70 × 10-6 /K), αnw is the 

expansion coefficient of ZnO (~ 3 × 10-6 /K) along the c-axis,42-43 Lnw is the NW length 

(~5 µm), ΔT is the change of the temperature, d33 is the piezoelectric constant (~14.3-

26.7 pm/V) of a ZnO NW along the c-axis,44 and Ap and Anw are the cross-sectional area 

fractions of the polymer and nanowire, respectively. This idealized expression suggests 
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that the maximum piezoelectric output voltage for a PVC matrix can be in the range of a 

few volts, but experimentally we observe values around 10 mV. Among the factors that 

influence the output potentials include the free carrier density of ZnO NWs (which 

creates a screening effect and reduces electric potentials) and the Schottky barrier height 

(which affects the charge separation).45. The lateral expansion of the PVC polymer, 

which can induce bending in the NWs, can also generate charge separation across the 

lateral direction leading to positive or negative potentials on the side surfaces of the 

NWs.24 However, as the side surface of the NW tips is in constant contact with the Au 

electrode, the fields generated by the displacement of Zn2+ and O2- ions are immediately 

neutralized. As a result, the contribution of the bending motion to the overall 

piezoelectric effect of our NC is expected to be small and can generally be ignored. 

As noted above, the energy barrier created at the metal-semiconductor interface is 

important in our mechanism for current generation. Given that the work functions of Au 

and Ag are 5.1 eV and 4.2 eV, respectively, the electron affinity (Ea) of ZnO is 4.5 eV, 

and without considering the near-surface state effects, the top Au-ZnO interface likely 

forms a Schottky-type barrier compared to the more ohmic bottom contact. The entire 

electric transport mechanism described in Figure 2.1 is therefore controlled by the top 

Au-ZnO interface. When the negatively charged top surface (generated during tensile 

stress) is connected to the Au contact, the Au-ZnO interface is forward biased and 

electric current flows across the interface. Likewise, when the top surface is positively 

charged (generated under compression), the Au-ZnO interface is reverse biased and little 

electric current will flow across the junction. The strong self-generated electric current 

(Figure 2.3 b)) and direction of electron flow supports this hypothesis. The model of the 
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nanowire motion depicted in Figure 2.4 a-b) also suggests that the vertical alignment and 

Schottky contacts are key factors to generating DC power. As the PVC matrix begins to 

expand and exert stress on the NWs, a piezoelectric potential is generated along the 

nanowire axis due the polarization of the Zn2+ and O2- ions in the crystal. Because of the 

Schottky-like interface and slow neutralization of the strain field in the nanowire, the 

piezoelectric potential can exist for long periods of time (tens to hundreds of seconds). It 

is likely that our piezoelectric potential, given the slow deformation time of the polymer, 

is significantly reduced during the thermal experiments. Indeed, replacing the 

thermoplastic matrix with faster responding matrices would be a direct route to enhance 

the performance of our NC devices. As the ZnO nanowires are strained by the expanding 

polymer, electrons begin to flow across metal-semiconductor junctions where the 

piezoelectric potential is high enough to overcome the interfacial energy barrier. This 

process can continue for long periods of time (minutes to hours) given the large number 

of metal-semiconductor energy barriers present across the nanowire array. Our DC signal 

is therefore due to a collective contribution of independent nanowires discharging as the 

strain induced piezoelectric potential overcomes the local interfacial energy barriers 

between the nanowire and metal contact. 

Since the PVC polymer used has a nominal glass transition temperature (Tg) of ~ 

65 °C,29 it is expected that a device infiltrated with PVC will lose its ability to harvest 

thermal energy at temperatures above Tg due to the structural relaxation and/or 

conformational changes in the polymer. To test the operational temperature range of the 

NC, we continuously heated a device from room temperature to 165 °C in a furnace while 

monitoring its output performance. Figure 2.5 c) displays the oven temperature and the 
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output voltage signals from the NC device as a function of time. The plot illustrates that 

the output voltage signal reaches its maximum (-22 mV) at ~100 °C before dropping 

sharply down to zero after 145 °C. The rapid drop off in the voltage is presumably due to 

the onset of structural relaxation within the polymer matrix as the glass transition 

temperature is reached. Interestingly, after cooling the NCV device back to room 

temperature, we found that the nanodevice no longer had the same capability to convert 

thermal energy into electric current. This is likely due to the ZnO NWs detaching from 

the substrate during the heating process or degradation in the metal-semiconductor 

interfaces 

2.3.3. Soft polymer matrix: PDMS 

To better understand the nature of the polymer-induced tensile strain in the 

piezoelectric nanowires we replaced the PVC matrix with a softer polydimethylsiloxane 

(PDMS) polymer. The small Young’s modulus of PDMS (0.36 – 0.87 MPa), compared to 

PVC (2900 – 3300 MPa),41 should produce a weaker tensile strain, assuming similar 

adhesion interactions between the polymer and semiconductor, on the ZnO nanowires 

even though the CTE of PDMS (310×10-6 /K)46 is higher than PVC (70×10-6 /K). Both 

polymers have high electrical resistivities (~ 1015 Ω•cm) and low thermal conductivities 

(< 0.2 W/m•K) leading to similar electrical insulation and temperature gradients across 

the polymer film. Under similar heating conditions (~ 50 °C) the PVC infiltrated NC 

produces about two orders of magnitude higher current levels than the ZnO arrays filled 

with PDMS (Figure 2.6). In addition, if the polymer matrix is removed without disrupting 

the contacts, no signal is generated (Figure 2.7). Both of these controls help support a 
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Figure 2.6 Current generation of a ZnO NC infiltrated with PVC (a) and PDMS (b) matrix, 

respectively. 
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Figure 2.7 (a) Current generation in a ZnO NC device with and without PVC. (b) Thermally 

generated current noise (< 0.05 nA) of a ZnO NC without PVC when the electrical probes 

from the probe station are in contact with the ZnO nanowires. 
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piezoelectric driven power and validate that the polymer matrix has a significant effect on 

the output properties of the NC devices. 

2.3.4. Thermoelectric effect 

The PVC polymer used in these experiments is a sufficient thermal insulator 

(thermal conductivity ~0.19 W/m K), and it is anticipated that thermal gradients will 

form across the polymer film as well as locally around the ZnO nanowires. To get a 

better understanding of the thermal gradient across the polymer film we measured the 

temperature at the top of the polymer surface and the top of the ZnO thin film (Figure 2.8 

a)) using small (< 0.5 mm) k-type thermocouples. Since the as-grown ZnO nanowires are 

n-type semiconductors, the temperature gradient along the c-axis invokes a negative and 

positive electric potential on the top and bottom surfaces, respectively. The 

thermoelectric potential has the same polarity as that induced by the piezoelectric effect, 

suggesting that the potentials we observed in Figure 2.4 c) could be the contribution of 

both piezoelectric and thermoelectric effects. To differentiate the thermoelectric from the 

piezoelectric potential, we homogeneously heated (i.e., the top and bottom sides of the 

device have the same temperature) a device to about 42 °C in a furnace, thus minimizing 

any temperature gradients across the polymer film. As illustrated in Figure 2.8 b), the 

isothermally heated NC device produced an output potential that was about 0.4 mV less 

than the potential produced with a similar device heated from the backside only (Figure 

2.4 c). At 42 °C, under Peltier heating, the temperature gradient between the top and 

bottom surface of the polymer (Figure 2.8 a)) is ~ 6 K. The average Seebeck coefficient  

(S = -dV/dT, where dV is the thermoelectric potential, and dT is the temperature gradient) 
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Figure 2.8 Thermoelectric contribution in an NC device. (a) Temperatures measured at the top 

and bottom of the polymer. The temperature was recorded after heating the device for 1 

minute. The estimated heating rate of the device is 0.23 oC/s. (b) The voltage genera 
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Figure 2.9 Electrical characteristics of electroless etched (EE) silicon nanowires in a PVC 

matrix. (a) The current-voltage characteristics of a silicon nanowire fabricated device. (b) 

SEM images of EE silicon nanowires before polymer deposition (top) and after PVC 
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of the ZnO NWs is thus estimated to be -67 µV/K, assuming the temperature gradient of 

the ZnO NWs is the same as that of the polymer. However, since the thermal 

conductivity of the ZnO NWs (3-10 W/m K) is substantially higher than that of PVC, the 

estimated Seebeck coefficient value is likely an upper limit.  This value is reasonably 

smaller than high performance thermoelectric materials such as Bi2Te3 (-287 µV/K, n-

type). Comparing the output performance of the isothermally and bottom heated devices 

suggests that over 94% of the electric potential generated comes from the piezoelectric 

contributions, which is consistent with recent calculations using perturbation theory.  

     Further supporting data comes from control runs using non-piezoelectric 

silicon nanowire arrays (Figure 2.9). Silicon nanowire arrays were synthesized via an 

electroless etching approach32 which resulted in nanowires with dimensions similar to 

the ZnO nanowire arrays (~ 100 nm diameters; 10 µm lengths). As evident from the 

short-circuit traces (Figure 2.9 c)), very small currents are generated from a Si nanowire 

array infiltrated with PVC. The measureable current output likely stems from a 

thermoelectric effect which has recently been reported for silicon nanowires. The 

dominance of the piezoelectric contribution is also supported by the elevated (above Tg) 

heating and the polymer exchange experiments (Figure 2.6) 

 

2.4. Conclusion 

In summary, we have demonstrated an energy conversion platform that utilizes 

nanostructured piezoelectrics embedded in an environmental-responsive polymer matrix 

to convert thermal energy into electrical power.  The device architecture does not require 
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elaborate top contacts or electrodes to produce DC power as the output relies on the 

collective discharging of individual transducers with different metal-semiconductor 

energy barriers. Since our transduction mechanism is driven by the material coupled to 

the piezoelectrics, we can tailor the infiltrating matrix and device design so that power 

can be scavenged from various energy sources including light, mechanical, pressure, 

fluids, and/or chemical. These promising results demonstrate the effectiveness of a 

matrix-assisted piezoelectric nanoenergy converter and highlight the unique attributes of 

environmental-responsive coatings in creating multifunctional nanopower devices and 

sensors. 

Chapter 2, in full, is a reprint of the material as it appears in “Matrix-Assisted 

Energy Conversion in Nanostructured Piezoelectric Arrays”, X. Wang, K. Kim, Y. Wang, 

M. Stadermann, A. Noy, A. V. Hamza, J. Yang, and D. J. Sirbuly, Nano Lett., 10, 4901-

4907 (2010). The dissertation author was the primary investigator and author of this 

paper. 



43 

 

3    ENHANCEMENT OF DEVICE PERFORMANCE 

 

Through pervious chapter the matrix assisted nanogenerator was successfully 

demonstrated as device to convert the non-mechanical energy to electrical energy and 

these promising results opened new way to utilized variety energy sources such as 

thermal energy and chemical energy. The analytical model suggested that the area 

fraction and mechanical properties of nanowire and polymer matrix are key parameters 

for optimizing the piezoelectric output. In spite of the first order approximated model 

provided the way to tailor the device design, it could not take into account many other 

factors that could influence the electrical properties of the piezoelectric power converter 

including carrier concentration in the piezoelectric,45 interfacial coupling between the 

matrix and piezoelectric surface, alignment of the transducer,47 and transducer shape. If 

these criteria can be fully understood it should be possible to maximize the capturing of 

energy generated by mechanical deformations of piezoelectric materials and tune the 

materials to harness power from various energy sources. 

In this chapter the Finite Element Method (FEM) through commercial software 

COMSOL will be applied for understanding the role of mechanical strength of polymer 

matrix, area fraction of piezoelectric materials, and the interfacial coupling at the top 

electrode and nanowire/polymer interface. Then it will be experimentally compared by 

enhancing the bonding strength at nanowire/polymer interface and the elastic modulus of 

polymer. Both finite element method (FEM) simulations and experiments are carried out 

to demonstrate that large enhancements in the piezoelectric outputs of the matrix-assisted 

energy conversion platform can be achieved. The experiments were designed by 
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embedding ZnO nanowire arrays into different types of thermally responsive polymers 

such as high/low molecular weight polyvinyl chloride (PVC) and poly(methyl 

methacrylate) (PMMA). The mechanical properties of the polymer matrix depends on the 

molecular weight,48 and the coupling between the matrix and the piezoelectric nanowire 

surface could be modified using adhesion promoters such as hexamethyldisilozane 

(HMDS).49  The results show that the generated outputs of the devices are directly related 

to the stiffness of the polymer matrix, and the adhesion strength between the piezoelectric 

surface and matrix materials, which agreed well with the simulations. 

 

3.1. First order approximation 

The voltage output on the NW by thermal stimulation can be understood using a 

first-order approximation which depends on the mechanical properties and area fraction 

of the matrix such that,50 

_ _

33

( )
p p

thermal p thermal NW

p p NW NW

A E l
U

A E A E d
ε ε= −

+
 Equation (2.4) 

where Ap is the cross-sectional area fraction of the polymer matrix, ANW is the cross-

sectional area fraction of the nanowire, Ep is the Young’s modulus of the polymer, ENW is 

the Young’s modulus of the nanowire, εthermal_p is the thermal strain of the polymer, 

εthermal_NW is the thermal strain of the nanowire, l is the length of nanowire, and d33 is the 

piezoelectric charge constant of the nanowire. The generated output is therefore a 

combination of the piezoelectric coefficient of the NW and the strain, Figure 3.1. The 

output is calculated by the first order approximated model with 10ºC elevation. The 

calculated voltage output does an adequate job of explaining output trends in our 
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Figure 3.1 Calculated voltage output as function of area fraction. The output from various 

length of nanowire, 3µm (balck square), 5µm (red circle), 7µm (blue upper triangle, and 

9µm (green lower triangle) at 10ºC of elevation. Used piezo coefficient of ZnO nanowire 

was 27pC/N. 
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platform. The output could be enhanced by increasing the length of nanowire and 

decreasing the total cross sectional area of nanowire. As decreasing the area fraction of 

nanowire the stress generated by thermal expansion mismatch could confined on 

nanowire and it could cause the output enhancement. However, the calculated voltage is 

much higher than experimental value. The result indicates that there are other parameters 

which could affect to stress such as grip of top electrode. For better understand the FEM 

simulation is conducted. 

 

3.2. Finite Element Method Analysis 

We first investigated the stress distribution on the nanowire, polymer matrix, and 

top metal electrode (200 nm Au) during a 10 °C temperature change using the FEM 

simulations, Figure 3.2. The simulations were performed on individual 2 µm long NWs 

with different diameters ranging from 50 to 800 nm that were embedded in a PVC matrix. 

The polymer matrix was only allowed to expand in the axial direction which is a 

reasonable assumption since the thickness of the film is much smaller than the width of 

the entire device. For the initial study we chose to apply a no-slip condition at the 

interface between the NW, polymer matrix, and metal electrode. Additionally, the charge 

neutralization in the ZnO was not considered since the time constant is slow and the 

strain field can exist for a long time.45-46  As the temperature rises the polymer undergoes 

a thermal expansion which causes the piezoelectric nanowire to be stressed along its axis 

due to the thermal expansion coefficient mismatch between the matrix and NW. As 

anticipated and illustrated in Figure 3.2 b), the thermal stress is focused on the interface 
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Figure 3.2 FEM simulations carried out on a single NW embedded in a matrix. a) schematic 

of simulated structure b) ) Stress map of a ZnO NW embedded in a PVC matrix under 

thermal agitation. As the matrix swells a large stress is generated in the NW and localized at 

the top metal/semiconductor interface 

a) 

b) 
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between the top electrode and NW, reaching stresses up to 200 MPa. This is larger than 

the yield strength of sputtered Au (~ 50 MPa) which is one of the causes for the lower 

output observed in the experiments. The simulations also emphasize how large the stress 

can be at the polymer-ZnO interface; reaching stress levels well above the yield strength 

of the polymer. If the polymer slips as it expands, than the mechanical energy cannot be 

efficiently transferred to the piezoelectric transducer. The interfacial interactions 

therefore become the dominant parameter to enhance the strain field and power 

generation in the matrix-assisted energy conversion platform.  

At a given NW area fraction the output enhancement can be significant between 

the slip and no-slip conditions, approaching 100% for NW area fractions of 50% (Figure 

3.3 a). The area fraction was altered by changing the diameter of the NW while keeping 

the calculation region constant. The magnitude of the piezoelectric voltage shows a 

strong upward trend as the NW area fraction decreases. This is likely due to the fact that 

the increased matrix volume creates a larger total strain on the piezoelectric element. In 

addition to the slip/no-slip interfacial studies the piezoelectric potential was investigated 

for different matrix hardness under a no-slip condition. As seen in Figure 3.3 b) there is a 

significant enhancement in the piezopotential when the modulus of the matrix is 

increased. For example, at a NW area fraction of 50% the output is increased by a factor 

of 2.5 going from the softer (1.8 GPa) to harder (3.1 GPa) PVC. Similar to the slip/no-

slip plot, the piezoelectric potential increases as the NW area fraction decreases for both 

the soft and harder matrix. Interestingly, the output difference for the matrix hardness 

measurements does not merge at lower NW area fractions as seen in the slip vs. no-slip 

traces. This is due to the fact that the mechanical properties of the matrix have a greater 
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Figure 3.3 FEM simulated piezoelectric voltage output (a) as a function of NW area fraction 

and slip conditions. (b) Piezoelectric voltage output as a function of NW area fraction and 

different matrices (a high and low molecular weight PVC). Heat (40 °C) is being used to 

create the stress on a 2 µm long ZnO NW in both (a) and (b) 
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control over the strain fields in the piezoelectric when the NW contact area is much less 

than the matrixes contact area. 

 

3.3. Experimental result: stress management 

This stress management concept was experimentally confirmed by using an 

adhesion promoter between the matrix and piezoelectric surface as well as different 

molecular weights for the matrix. The matrix-assisted devices were fabricated similar to 

that described elsewhere51. Vertically aligned ZnO nanowire arrays were grown either 

using a chemical vapor transport method36 or hydrothermal process52. The results of 

using a PMMA matrix and a HMDS adhesion promoter are presented in Figure 3.4 a). 

The PMMA matrix was deposited on the ZnO NW array via spin casting after exposing 

the array to HMDS vapor for 2 minutes. As evident in the plot cycling (temperature ramp 

up then back to room temperature) the device at 35 °C and 50 °C, the piezoelectric output 

was enhanced by a factor of 2 when the adhesion promoter was used which agrees well 

with the simulated results. The area fraction of the experimental devices is approximately 

0.8. The sharp spikes in the voltage traces of the HMDS devices are reproducible and 

indicate that the stronger interfacial interactions are causing slip/hold/slip events to occur 

as the matrix is changing shape. The enhanced grip causes spikes in the output trace 

which quickly relaxes back down after the polymer losses its hold on the piezoelectric. 

The DC traces therefore seem noisier since there are thousands of transducers cycling 

between this slip/hold conditions.  An enhancement in the piezoelectric potential is also 

observed when the molecular weight of a given matrix is increased. Figure 3.4 b) 
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Figure 3.4 Experimental piezoelectric outputs of ZnO NW arrays with different 

piezoelectric/matrix interactions and mechanical properties of the matrix.  (a) Piezoelectric 

voltage output vs. time for a NW array embedded in PMMA. The array is heated to ~ 35°C at 

t=30 s and ~ 50°C at t=150 s. The ZnO array treated with HMDS (red trace) shows a much 

larger output due to stronger chemical coupling between the piezoelectric NWs and matrix. 

(b) Piezoelectric voltage output vs. time for an array embedded in a low (black trace) and high 

(red trace) molecular weight PVC. The heating cycle was similar to (a). 

b) 

a) 
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captures a similar voltage trace as the PMMA device, but the matrix is either a high (80 

kDa) or low (48 kDa) molecular weight PVC. Although the molecular weight only 

increases the piezoelectric output by 10%, the trend agrees with the analysis done by the 

simulations. The hardness of the matrix should be the dominant mechanical property of 

the matrix which causes larger strain fields in the piezoelectric element. In these 

experiments, the molecular weight was increased which should have a direct impact on 

the modulus of the matrix. Atomic force microscopy measurements were carried out to 

quantify the modulus change between the high and low molecular weight PVC, giving 

values of 2.4 GPa and 3.0 GPa for the low and high molecular weight matrices, 

respectively. Increasing the molecular weight beyond ~ 80 kDa does not increase the 

modulus further since the critical modulus has been reached.4811 The small enhancement 

is therefore caused by a tighter grip of the harder matrix which increases the stress 

transfer from the expanding polymer to the NW.  

 

3.4. Conclusion 

 In this work we investigated the stress distribution and the interfacial effects of 

matrix-assisted piezoelectric energy conversion devices. We have shown that the 

piezoelectric output is strongly dependent on the NW area fraction of the device and the 

generated piezopotentials can be significantly enhanced by controlling the slip conditions 

at the piezoelectric/matrix interface. Similarly, if the matrix is hardened the strain field 

within the piezoelectric will be increased. The simulations and experiments are very 

promising in the pursuit of achieving the maximum stress transfer efficiencies and power 
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outputs of axially strained piezoelectric elements. Furthermore, the matrix-assisted 

platform provides a novel means of converting both non-mechanical and mechanical 

energy sources into electrical energy. By managing the stress within these arrays, and 

altering the boundary conditions (slip/no-slip) between the matrix and piezoelectric 

actuators, we have demonstrated a highly tunable piezoelectric platform. Importantly, this 

should enable the piezoelectric resonant frequency to be dialed in, or broadened, 

depending on the application and/or need. 

Chapter 3, in full, is a reprint of the material as it appears in "Enhanced output of 

nanostructured piezoelectric arrays via controlled matrix/transducer interfacial 

interactions" K. Kim and D.J. Sirbuly, Appl. Phys. Lett. 101, 213114 (2012). The 

dissertation author was the primary investigator and author of this paper. 
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4    OPTICALLY PRINTED PIZOELECTRIC POLYMER 

NANOCOMPOSITE 

 

The ability to convert compressive/tensile stresses to an electric charge, or vice 

versa, has long been an intriguing and valuable property of piezoelectrics. Applications 

that utilize the direct (mechanical stress forming an electric field) or converse (electric 

voltage forming a mechanical deformation) piezoelectric effect are far reaching ranging 

from loud speakers and acoustic imaging to energy harvesting and electrical actuators. 

Most piezoelectric materials in systems are based on brittle ceramics such as lead 

zirconate titanate (PZT) which has one of the highest known piezoelectric coefficients 

(d33 > 300 pC/N; depending on composite and processing conditions)53. Although much 

smaller piezoelectric responses compared to PZT, Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT; 

d33 up to ~ 2500 pC/N)54, or other perovskite-based oxides such as barium titanate 

(BaTiO3 – BTO; d33 > 200 pC/N; depending on ceramic type and processing 

conditions)55,56,57, piezoelectric polymer materials offer several unique capabilities that 

make them ideal candidates for systems that require mechanical flexibility, smaller active 

elements, biocompatibility, and processability. One of the most widely studied pure 

polymers in this group is polyvinylidene fluoride (PVDF), discovered in 1969 by 

Kawai,58 which has a piezoelectric coefficient (d33 ~ -20 to -34 pC/N) that is over an 

order of magnitude smaller than PZT. Due to its excellent mechanical flexibility, 

biocompatibility, and solution-based processability it is actively being investigated for 

applications including non-volatile low voltage memory,59 acoustic transducers,60-61 and 

implantable medical devices.62-63 PVDF materials are some of the best standards when it 
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comes to piezoelectric polymer performance, yet it is difficult to fabricate these structures 

into individual active elements, complex architectures, or 3-dimensional (3D) patterns. 

Breakthroughs in the area of micro- and nanofabrication of piezoelectric polymers will 

have an enormous impact on the development of biodiagnostics, nano- and 

microelectromechanical systems (NEMS/MEMS), imaging, sensors, and electronics. 

     There are many nano- and microfabrication techniques available for 

ferroelectric and piezoelectric materials including electron beam lithography,64-65 ion 

milling,66-67 soft lithography,68 self-assembly,69 electrospinning,27 and contact printing.70 

However, these techniques do not offer simple approaches to fabricating 3D structures in 

piezoelectric polymers or multilayered architectures which would open up infinite 

possibilities in the design of more complicated device geometries. To address the 3D 

printing aspect of active piezoelectric materials and pursue low-cost fabrication 

approaches for producing high-fidelity patterns and structures over large areas, we 

investigated stereolithographic (SLA) methods that use photoliable piezoelectric polymer 

composite materials. The general procedure for building 3D structures with SLA involves 

the exposure of light (typically from a laser or light emitting diode) to a photoliable liquid 

(e.g., polymer solution with acrylated monomer units) which creates cross-linked regions 

where the light irradiates the matrix. Once a single layer is carved out with the light, the 

sample is translated to allow the next layer to be written. The actual patterning can be 

programmed with Computer-Aided Design (CAD) but resolution is limited by actinic 

radiation, free radical diffusion, and the optical system which is typically ~ 75 to 250µm 

in the x-y direction and about 100µm in the z-direction.71 The throughput of the SLA 

process is also slow due to the point-by-point scanning nature of the direct-write. To 
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achieve higher throughput and resolutions using the basic concepts of SLA, microscale 

digital projection printing (DPP) can be used which leverages a digital micromirror-array 

device (DMD) to produce a dynamic digital mask.72-73 The projected images from the 

DMD are focused on the polymer solution and feature sizes as small as 1µm can be 

generated by sequential polymerization steps.74 

     In this work we describe how DPP can be utilized to photopolymerize 

piezoelectric nanoparticle-polymer colloidal suspensions into user-defined 2D or 3D 

structures in mere seconds. The piezoelectric nanoparticles are chemically modified with 

photosensitive surface groups and incorporated into photoliable polymer solutions. Under 

light exposure, the polymer cross-links with the chemical groups on the piezoelectric 

nanoparticles which grafts the nanoparticles to the polymer backbones. This direct 

linkage to the flexible polymer matrix enhances the piezoelectric output of the composite 

films by efficiently funneling mechanical stress to the piezoelectric crystals. A significant 

boost in the piezoelectric coefficient is observed for the chemically modified 

nanoparticles compared to other composites with similar polymer matrices infused with 

carbon nanotube fillers and unmodified nanoparticles or unmodified nanoparticles alone. 

These results provide an immediate solution to fabricating 3D piezoelectric materials and 

uncover a novel strategy to enhance mechanical-to-electrical conversion in 

nanocomposites. 
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4.1. Barium Titanate Nanoparticle (BTO NPs) 

4.1.1. Nanoparticle synthesis 

BTO nanoparticles were synthesized by hydrothermal methods similar to those 

found in literature.75,76 The precursors for the reaction included barium hydroxide 

monohydrate (Ba(OH)2-(H2O) [Sigma Aldrich, 98 %), titanium butoxide 

(Ti[O(CH)2CH3]4 [Ti-butoxide; Sigma Aldrich, 97%], and diethanolamine 

(NH(CH2CH2OH)2 [DEA, Fisher Scientific, laboratory grade). First, 25 mmol of Ti-

butoxide was added to 10 mL of ethanol followed by the addition of 3.5 mL of ammonia. 

The Ti-butoxide solution was then mixed with the Ba-hydroxide solution which 

contained 37.5 mmol of Ba-hydroxide in 12.5 mL DI water. The DEA (2.5 mL) was then 

added to the solution to help control the size of the nanoparticles. The final solution was 

transferred to Teflon lined stainless steel reactor and the reactor was kept in oven at 

200 °C for 16 hours. After the reaction, the reactor was cooled down to room temperature 

and the particles were cleaned 10 times with a vacuum filter using ethanol and DI water. 

The final product was dried at 80 °C for 24 hours. 

In order to check the size of BTO NPs and a ferroelectric crystal structure of them, 

SEM image and powder X-ray diffraction (XRD) spectra using a Bruker D8 X-ray 

diffractometer were recorded. Figure 4.1 confirmed the cubic like BTO NPs with 100nm 

of average diameter with 34nm of standard deviation was successfully synthesized. The 

size distribution was pretty wide comparing with typical BTO NPs made by solver 

thermal method. The typical solver thermal methods used auto clave to control the 

pressure in reaction chamber and the time for chemical addition but the reaction chamber 
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Figure 4.1 Scanning electron micrograph of BTO nanoparticles grown via a hydrothermal 

process 

 

Figure 4.2 XRD pattern of the as-made BTO nanoparticles and a reference BaTiO3 pattern.  

The XRD spectra indicate that the nanoparticles have a strong tetragonal phase given their 

c/a ratio of 1.007. The spectra were recorded using a Bruker D8 X-ray diffractometer. 
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for our synthesis was not capable for controlling these parameters and the pressure was 

controlled by the amount of solvent inside of chamber. The uncertain pressure and the 

lagging time during chemical addition could cause wide size distribution but it needs be 

optimized later. Figure 4.2 shows X-ray diffraction patterns of the as-made BTO 

nanoparticles and a reference BaTiO3 pattern.77 Small shoulder peak which was attributed 

to peak splitting was observed at 2θ=45.1º, (002) plane corresponding Ti atom position, 

but on the contrary only single peak appeared for the reference sample. From the peaks 

splitting the tetragonality of structure, c/a, was examined as 1.0007 when the cubic phase 

has c/a=1 and it was comparable with reported result.76 Randomly oriented dipole 

moment in tetragonal structure is more easily aligned in an electric field compared with 

cubic structure and it can have higher dipole moment after poling. The tetragonility of 

synthesized sample would exhibit better piezo performance at same poling condition than 

cubic samples.  

4.1.2. Particle modification 

Prior to mixing the BTO nanoparticles with the polyethylene glycol diacrylate 

(PEGDA) solutions, the dried nanoparticles were functionalized with 3-

trimethoxysilylpropyl methacrylate (TMSPM) using similar grafting strategies to those 

carried out on silica surfaces.78 The TMSPM solution consisted of 1 mL TMSPM 

dissolved in 50 mL of ethanol and mixed with an acetic acid solution (1 mL acetic acid in 

9 mL of DI water). The BTO nanoparticles (~ 6 g) were then added to the TMSPM 

solution and sonicated for 24 hours. After the surface functionalization step, the particles 

were cleaned with copious amounts of ethanol and water and dried. FTIR measurements 
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Figure 4.3 The chemical structure of TMSPM (top left) and FTIR spectra of pure TMSPM 

(blue), as-made BTO nanoparticles (black), and TMSPM-grafted BTO nanoparticles (red) 
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were taken on as-made and freshly functionalized nanoparticles, Figure 4.3. The bands at 

2862-2882 cm-1 are attributed to C-CH3 and O-CH3 groups and the band at 1720 cm-1 is 

attributed to the C=O group. The broad peak centered at 3500 cm-1 is attributed to 

hydroxyl groups on the BTO nanoparticles which are present both in the as-made and 

TMSPM-modified samples. The samples were washed with copious amounts of ethanol 

and water prior to taking spectra and provide good evidence (along with the enhanced 

piezoelectric properties) that the TMSPM is grafted to the surface of the BTO 

nanoparticles. The spectra were recorded using a Spectrum Two spectrometer (Perkin 

Elmer). The peak at 1720cm-1 attributed to the C=O group of TMSPM grafted BTO NPs 

confirmed the presence of TMSPM on particles.  

4.1.3. Optical properties of composite film 

To prepare the BTO-loaded PEGDA solutions, appropriate BTO:PEGDA weight 

ratios were used to achieve the desired mass loading and the samples were sonicated for 

> 24 hours prior to photopolymerization. The well mixed solution was spin coated on 

colver glass slide as 10µm thickness and the transmittance was measured by Lambda 35 

UV-Vis system (Perkin Elmer). Figure 4.4 shows the transmittance as function of 

wavelength at 1, 5, and 10%wt particle loading. The transmittance was directly related to 

the BTO loading fraction and showed higher transmission at longer wavelength. In UV 

range the polymer matrix and BTO has optical absorption due to 3.1eV band gap and 

well matched to reported results.79 However, the optical absorption in visible wavelength 

is typically negligible80 and it indicates that the extinction of composite film was 

corresponded by Rayleigh scattering of particles. Since Rayleigh scattering is size 
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Figure 4.4 UV-Vis spectra of pure PEDGA (green) and PEGDA/BTO composite solutions; 

1 % (black), 5 % (red), and 10% (blue). The spectra were recorded using a Lambda 35 UV-

Vis system (Perkin Elmer). 
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dependent scattering mechanism the transmittance could be increased by improving 

particle dispersion in polymer matrix or decreasing the size of particle.  

 

4.2. Optical fabrication 

After mixing the surface-treated BTO nanoparticles with the PEGDA solution, a 

photoinitiator such as 2,2-dimethoxy-2-phenylacetophenone (DMPA) or Irgacure 651 is 

added to generate free radicals in regions exposed to light. Once free radicals are formed 

they attack the C=C bonds of the monomers in solution, producing acrylic monomers 

with free electrons that attack other monomers forming oligomers and eventually a vast 

cross-linked network. The chain reaction propagates until two radicals neutralize or the 

irradiation source is turned off. The polymer could be polymerized using 365 nm light 

from an LED (for DPP) or a hand held UV lamp (for film preparation). The power of the 

hand held lamp was much lower than the LED which required longer exposure times 

(minutes) to photopolymerizeFor our DPP set-up, the microstructure arrays were 

fabricated in very short times (< 2 seconds), and this can be further tuned by altering 

irradiation power, photoinitiator concentration, monomer concentration, nanoparticle 

loading, and/or adding a quencher. 

With superb control over the digital photomask, virtually any shape can be 

projected onto the polymer solution and printed within seconds. Figure 4.5 shows a 

collage of different microstructures, including dot, square, and honeycomb arrays that 

were fabricated using a custom-built DPP apparatus coupled with a 365 nm light emitting 

diode (LED) light source. Although similar structures can be produced with other 
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Figure 4.5 Collage of piezoelectric microstructures printed using DPP including a (a) dot 

array, (b-c) square arrays with different sized void spaces, and (d) a honeycomb array. All 

structures were fabricated in < 2 seconds using a PEGDA solution loaded with 1 % of the 

TMSPM-modified BTO nanoparticles 
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fabrication methods such as contact printing, the photo-printing process can be carried 

out over very larger areas with high reproducibility and fidelity. In addition, there is low 

instrumental complexity and the fabrication time to create batch arrays with different 

geometric shapes and structures can be orders of magnitude faster than techniques that 

require a separate mask processing step.  

For 3D direct printing the stage can be translated in the z-direction (perpendicular 

to substrate surface) while the projected image is altered. By focusing the projected light 

on a plane in the liquid (or liquid surface), and synchronizing the stage movement with 

the incremental change in the projected features, 3D structures can be carved out with 

smooth side walls using a process called dynamic optical projection stereolithography 

(DOPsL).81 Figure 4.6 a-c) shows various 3D structures created using this approach 

including an arbitrary mushroom-like array that has a smaller base diameter compared to 

the top, a cross array with a recessed center and rounded edges, and a tapered cantilever 

array. To create structures with complex void regions that are layered on top of each 

other, or features that are hollowed out, will require more sophisticated 

photopolymerization techniques. The structures and arrays fabricated in Figure 4.5 and 

Figure 4.6 rely on single photon absorption events to catalyze the cross-linking process. 

This limits how deep/thick a 2D structure is since light will be absorbed in the top layer, 

thereby creating free radicals well above the focal area underneath. To minimize 

overexposure to regions outside the focal plane optical quenchers can be used to lower 

the rate of free radical formation, but the depth is still limited by attenuation of the digital 

mask. This can be circumvented by using DOPsL to fabricate 3D structures since the 

process can be designed to only photopolymerize on the top surface of the liquid. New 
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Figure 4.6 Various 3D structures fabricated by DOPsL including (a) a mushroom-like array, (b) 

a cross array, and (c) a tapered cantilever array (dark region – cantilever; light region - 

support).  (d) A microtubule structure formed by releasing a honeycomb array from the 

substrate. The film rolls up after release due to slight stress gradients in the film. 
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polymer solutions can either be flown into the reaction cell while the vertical stage is 

manipulated or the polymerization can be done in sequential steps without ever having to 

project the digital mask through thicker (> 5 µm) unpolymerized layers. 

The fabricated films can either be left on the glass slides for testing and 

characterization, removed to create free-standing structures, or transferred to other 

substrate for further integration. If the photo-printing is carried out on a substrate that has 

weak interactions with the PEGDA composite (e.g., hydrophobic surface), the structured 

films can roll up to make higher order structures. The microtube shown in Figure 4.6 d) is 

one example where a honeycomb pattern is projected onto the nanoparticle composite 

solution and after polymerization the film is removed from the substrate which rolls up 

into a well-defined tubule. This process can be controlled by depositing bilayers with 

different thermal different thermal expansion coefficients, densities, or lattice parameters 

which would govern the diameter of the tube and extent of the rolling.82 

     The 2D and 3D patterns demonstrate the ability to reach a resolution limit of ~ 

5 µm with curved, adjoining, straight, and/or void regions (e.g., see zoom-in images in 

Figure 4.6 b-c) which is close to the limit of DPP (~ 1µm) for pure polymers. The 

resolution is strongly dependent on the light-matter interaction of the BTO nanoparticles. 

We found that BTO mass loadings of 1 – 10 % and 1 % photoinitiator produced excellent 

transfer efficiencies of the digital mask to the solid polymer structures while still offering 

strong piezoelectric outputs and similar mechanical properties to the pure PEGDA 

materials. As the loading goes above 10 % the transparency of the polymer goes below 5 % 

at 365 nm which washes out the projected mask and causes shape distortions similar to 

what is observed in overexposed photoresists. Extinction spectra of the BTO 
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nanoparticles clearly show the direct relationship between light-matter interactions and 

the BTO concentration, Figure 4.4. Higher loading fractions and better printing resolution 

should be attainable if tighter-focused light sources are used, the photopolymerization 

wavelength is tuned so that it falls in the higher transmission (longer wavelengths) region 

of the colloidal polymer solution, or the nanoparticle size is reduced; all of which will be 

topics of future research. In addition, smaller photopolymerization spots can be created 

using nonlinear optical processes such as two-photon absorption (TPA); however, high 

laser powers are required for multi-photon processes and the fabrication occurs via a 

much slower point-by-point scanning process.  

 

4.3. Piezoelectric properties 

After photo-fabricating the composite materials, the printing cell can be used to 

activate the polymer. This requires that the dipoles in the perovskite crystallites be 

aligned using a poling field that is larger than the coercive field (~ 10 V/µm) of the BTO 

nanoparticles. This was achieved using indium tin oxide (ITO) coated glass slides as the 

top and bottom electrodes, which also served as the top and bottom surface of the 

photofabrication cell. By placing an elastomeric spacer (e.g., PDMS or Kapton film) 

between the conductive glass substrates, the maximum height of the photofabricated 

structures is defined and precise electric fields could be applied to polarize the BTO 

nanoparticles. Electrical wires were connected to the electrodes using silver epoxy and 

the photopolymerized samples were electrically poled at a field of ~ 12 MV/m at 120 °C 

for 24 hours.  The piezoelectric polymer was placed in between two PDMS pieces prior 
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Figure 4.7 (a) Voltage response of various unpoled and poled composite materials (neat films) 

cycled with a 1.44 N load applied perpendicular to the surface of the film. Cycling data was 

collected for a total of 2 seconds for each film. (b) Plot showing the effective piezoelectric 

modulus (d33) of a grafted PEGDA/BTO composite material as a function of BTO mass 

loading. The piezoelectric moduli for the 10% loaded PEGDA/BTO with CNTs and 

PEGDA/BTO (no CNTs or TMSPM) composites are also included for comparison. 

a) 
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to placing on the force sensor to protect the materials during the mechanical test and to 

distribute the load equally over the active area of the piezoelectric 

     The piezoelectric properties of the photofabricated materials were investigated 

by applying specific loads to neat (i.e., unstructured) photopolymerized films and 

measuring the electrical outputs with a home-built piezoelectric, Figure 1.3. Neat films 

were investigated to ensure robust polymer-electrode interfaces, but the patterned 

microstructures (e.g., honeycomb array) also showed strong similar strong piezoelectric 

outputs after poling, Figure 4.8. Loads were applied orthogonal to the substrate and the 

ITO-coated glass slides were used as top and bottom electrodes. As expected, there is a 

significant enhancement in the cross-linked films that contain the TMSPM linker (no 

CNTs) compared to (1) the composite materials without the linker but with CNTs (1 % 

by mass) or (2) the composite with BTO nanoparticles only (no CNTs or TMSPM). In 

fact under similar loads (1.44 N) the composite films with the grafted nanoparticles 

displayed a > 2x boost in the piezoelectric output, Figure 4.7 a), over the CNT 

composites and > 10x boost over composites without CNTs or TMSPM. There was no 

response from films fabricated with pure PEGDA, unpolarized composite materials 

containing TMSPM, or unpolarized composite materials without TMSPM. Quantifying 

the piezoelectric response of the 10 % BTO loaded CNT composites and TMSPM-grafted 

composites gave effective piezoelectric coefficient (d33) values of 13 ± 2 pC/N and 39 ± 3 

pC/N, respectively. These values for the composites with grafted nanoparticles are 

already exceeding that of pure polymers such as PVDF which warrants further 

investigation into the upper limit of the photoliable composites and systematically 

studying the dependence of the piezoelectric properties on nanoparticle composition, 
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Figure 4.8 Voltage response of a 5% BTO loaded PEGDA honeycomb fabricated by DPP 
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polymer matrix, nanoparticle size, and linker chemistry. 

 The large increase in the piezoelectric coefficient is directly related to the 

mechanical interface between the BTO surface and PEGDA matrix which aids in the 

mechanical-to-electrical energy conversion process by efficiently funneling the stress in 

the polymer chains to the piezoelectric crystals. When no covalent linkages are formed 

between the nanoparticles and the polymer chains, the nanoparticles are just fillers and 

only weakly react to polymer deformations. The addition of CNTs helps stiffen the 

polymer matrix which increases the mechanical response of the piezoelectric 

nanoparticles when the polymer chains are strained. Future studies of this BTO-polymer 

chemical interface will be focused on how parameters such as grafting density, linker 

length, and polymer type affect the piezoelectric output of the composite materials. 

Although the piezoelectric properties of the polymer composites are lower than BTO 

monolithic ceramics (~ 200 pC/N), the composites are performing with a much lower 

density of active material while maintaining their mechanical flexibility. Analyzing the 

piezoelectric coefficient as a function of BTO mass loading, Figure 4.7 b), shows a clear 

trend towards higher d33 values as the nanoparticle density increases. This upward trend 

should continue to increase and likely peak at a higher mass loading, but to reach the 

higher mass loading (> 10 %) the optical transparency of the colloidal solutions will have 

to be improved. There are various ways to achieve this including reducing the size of the 

piezoelectric nanoparticles and/or photopolymerizing with longer wavelengths. The latter 

can be realized using TPA techniques or photoinitiators that absorbs deeper into the 

red/infrared regions. 
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4.4. Conclusion 

Piezoelectric materials are key components in a range of devices including 

acoustic imaging, energy harvesting, and actuators, and typically rely on brittle ceramic 

monoliths to perform their functions. To control the size and or shape of the 

piezoelectrics it is common to use mechanical dicing or saws. However, this limits not 

only the size of the piezoelectric element but also the dimensionality. It is nearly 

impossible with current cutting techniques to shape brittle ceramics into higher order 3D 

structures which could have a huge impact on compact sensor designs, tunable acoustic 

arrays, efficient energy scavengers, and diagnostic devices. To address this issue we have 

demonstrated a novel tool for fabricating 3D piezoelectric materials that relies on 

piezoelectric nanoparticles embedded in a photoliable polymer solution. Digital optical 

masks generated by a programmable digital mirror device can project any user-defined 

pattern on the solution and in mere seconds the areas exposed to light photopolymerize 

leaving a solid structure after washing away the unexposed polymer. The proof-of-

concept experiments were performed with BTO colloids mixed with PEGDA solutions, 

but the technology can easily be translated to other piezoelectric materials and polymers.  

     In addition to the DPP technology for printing 3D piezoelectric polymers, we 

introduced a novel means of enhancing the mechanical-to-electrical conversion process 

of nanocomposites. By chemically modifying the surface of the piezoelectric 

nanoparticles with linker molecules that cross-link with the polymer matrix under light 

exposure, we formed direct covalent bonds with the polymer chains which helped 

channel the mechanical stresses from the deformed matrix through the piezoelectric 

nanoparticles. This boosted piezoelectric performance by over 10x and 2x compared to 
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the composited fabricated without the linker molecules and those loaded with CNTs, 

respectively. The 3D printable resolution for the composite materials approached the ~ 1 

µm limit using DPP, but this is solely governed by the light-matter interactions of the 

polymer solution and the spot size of the light source. Although not a focus of this work, 

there are various means of pushing the resolution down to diffraction-limited sizes which 

include the use of non-linear effects such as TPA and higher focusing components. 

Overall, these results are far reaching and should have immediate impact on a multitude 

of research fields including bioengineering, materials science, physics, and chemistry. 

Chapter 4, in full, is a reprint of the material as it appears in K. Kim, W. Zhu, X. 

Qu, C. Aaronson, W. R. McCall, S. Chen, D. J. Sirbuly, “3D Optical Printing of 

Piezoelectric Nanoparticle-Polymer Composite Materials” ACS Nano, 8 (10), 9799-806 

(2014). The dissertation author was the primary investigator and author of this paper. 
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5    OPTIMIZING PARAMETERS OF PIEZOELCTRIC 

POLYMER NANOCOMPOSITE AND CONVERSE EFFECT 

 

In the previous chapter, we demonstrated the feasibility of optical fabrication for 

maintaining piezoelectric output using chemically cross-linked nanoparticles and polymer 

composites. It showed that the mechanical strength between the active materials and 

matrix dominated the piezoelectric output of composite materials and it could be 

controlled by changing the binding method. The chemically treated materials, TMSPM 

grafted BTO particles, showed more than twice the output of composites with the 

physical linker, CNT, and more than 10 times the output of composites without the linker. 

On the other hand, the resolution of optical printing was strongly related to the optical 

transmittance that was controlled by particle loading. The transmittance increased up to 

60% with 1% particle loading, and it achieved 5 µm resolution without reducing 

piezoelectricity. However, the piezocoefficient of optically printed materials was still 

lower than that of ceramic materials (BTO ~200 pC/N) and the resolution was also lower 

than that of DPP (~1 µm). 

This chapter will focus on several parameters to improve the piezoelectricity and 

resolution. The stiffness of the polymer, linker molecule, and grafting density will be 

discussed to enhance the piezoelectricity of composite materials, and the effect of particle 

size will be discussed for high-resolution optical printing. The converse effect of 

composite materials will be covered at the end of chapter.  

 

5.1. Linker molecules and polymer stiffness 
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In chapter 4, it was found that the chemically treated BTO NP showed higher 

piezoelectric performance compared with physically modified BTO NP polymer 

composite materials. TMSPM modified BTO NP was cross-linked to a host polymer 

matrix, and it could provide efficient stress transfer to nanoparticles. To further 

understand the role of linker molecules for mechanical stress transfer, two experiments 

were conducted. First, BTO NP was modified by three molecules: trimethoxysilyl propyl 

methacrylate (TMSPM), trimethoxysilyl methyl methacrylate (TMSMM), and 

methoxysilyl propyl methacrylate (MSPM). Figure 5.1 shows the molecular structure of 

the linker molecules. TMSMM has a shorter carbon chain compared to TMSPM and 

MSPM has only one binding site, methoxysilyl, while TMSPM has three binding sites. 

Because the adhesion strength between the polymer matrix and filler has a direct 

relationship to the length of the linker molecules, BTO NP modified with TMSMM could 

have less stress at the interface. Second, the stiffness of the polymer host was controlled 

by the molecular weight of the polymer. 

Figure 5.2 shows the piezocoefficient as a function of molecular weight. 

Chemically modified BTO NPs were mixed with three molecular weights PEGDA: Mn = 

258, Mn = 575, and Mn = 750. The elastic modulus of PEGDA was measured by AFM, 

and the measured moduli were 3.74 GPa, 326 MPa, and 252 MPa, respectively. We note 

that the relationship between the moduli and molecular weight of cross-linked PEGDA 

had an opposite trend with a typical polymer. Because the molecular interaction increased 

with increasing chain length, the stiffness of the polymer had a positive relation with the 

molecular weight of the polymer. However, because the cross-linked site act was an 
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Figure 5.1 Schematic of molecular structure of linker molecules; a) trimethoxysilylpropyl 

methacrylate (TMSPM), b) trimethoxysilymethylmethacylate (TMSMM), and c) 

methoxysilypropylmethacrylate (MSPM)  
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Figure 5.2 Piezoelectric coefficient as function of molecular weight of PEGDA. TMSPM 

modified BTO NP (black square), MSPM modified BTO NP (red circle), and TMSMM 
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anchor point, the cross-linking density was a dominant parameter for the mechanical 

property in the cross-linked polymer matrix. Hence, PEGDA with Mn=258 showed most 

stiff modulus.  It was observed that the piezoelectric coefficient has direct relation with 

stiffness of polymer host as expected. As increasing the stiffness of polymer host, the 

stiffness mismatch between nanoparticle and polymer was decreased then particles could 

be deformed coherently with polymer host. It allows more stress on particle at same 

external force, and it leads higher piezoelectric output. For coherent deformation at 

particles/polymer interface, the adhesion strength has key roles50. The piezocoefficient of  

BTO NP modified with MSPM, one silyl ether group, was ten times reduced compared 

with BTO NP modified with TMSPM, three silyl ether groups. Degree of freedom of 

MSPM is larger than one of TMSPM due to less binding legs, and it increases the 

deformation miss match at the interface. In other word, the particle deformation could be 

increased with tight binding. It was also observed at comparison between TMSPM and 

TMSMM. It is thought that TMSMM modified BTO NP has weak bonding strength 

compare to TMSPM. At soft polymer host, the deformation miss match was large, and it 

dominates the deformation. However, the differences of piezocoefficient between 

TMSPM and TMSMM modified BTO was increased as decreasing molecular weight of 

polymer host. The hard polymer can provide less deformation mismatch, coherent 

deformation, and the effect of bonding strength could be emphasized.   

5.2. Linker concentration 

The amounts of TMSPM on nanoparticle were controlled by changing the initial 

chemical concentration during modification process; 6.95e-2mM, 1.39e-1mM, 1.39mM 
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Figure 5.3 a) piezocoefficient as function of initial chemical concentration and b) XRD spectra 

of TMSPM modified BTO NP at <002> plane. All samples are film devices and poling field is 

10.2V/µm. 
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 and 70 mM, respectively. Figure 5.3 a) shows the piezocoefficients as functions of the 

initial chemical concentration. At a lower concentration, the piezocoefficients showed a 

direct relation with the chemical concentration. However, the coefficients decreased 

when the initial concentration was above 1.39 mM. The required concentration for 

complete silane bonding at the particle interface was 1.39e-1 mM when all TMSPMs 

were bonded to particles. It was found that the linker molecules were cross-linked with 

each other rather than bonded to the particle surface. The XRD spectra is shown in Figure 

5.3 b). The peaks at the <002> plane shifted to a higher diffraction angle with increasing 

initial chemical concentration, but the shift stopped above 1.39 mM of initial 

concentration. At a lower concentration, the linker molecules led contraction by surface 

stress as a function of linker density.83 At a higher concentration, however, the linker 

molecules started to form cross networks with each other.78 When the linker formed cross 

networks, the bonding stress at the interface could propagate through the network rather 

than the particle. This suggests that the linker molecules were not only increasing the 

mechanical energy transfer efficiency but also affecting the piezoelectricity of the particle 

itself; however, further study is required, including a quantitative study of linker densities 

using NMR or XPS with and without deformation.  

 

5.3. Particle size effects 

The transmittance of nanoparticles and polymer composites is directly related to 

the resolution of optical fabrication. The dominant extinction mechanism of composite 

materials is Rayleigh scattering, which has a particle size dependency. For higher optical 
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resolution, a 20 nm BTO particle was synthesized and the piezoelectric performance of a 

20 nm BTO NP/PEGDA composite was tested.  

5.3.1. 20nm particle synthesis and modification 

The oleic acid capped 15 nm BTO nanoparticle was synthesized by adopting two-

phase hydrothermal synthesis84 and oleic acid was exchanged for TMSPM by ligand 

exchange.85 The precursors for reaction included barium nitrate (Ba(NO3)2) [Sigma 

Aldrich, 99.95%], sodium hydroxide (NaOH) [Alfar Aesar, 98%], 1-butanol anhydrous 

(HOCH2CH2CH2CH3) [Alfar Aesar, 99.9%], Ti-butoxide (Ti(O(CH2)3CH3)4) [Sigma 

Aldrich, 98+], and oleic acid (CH3(CH2)7CH=CH(CH2)7COOH) [Alfar Aesar, 99%]. For 

the organic phase preparation, 1 mmol Ba(NO3)2 was dissolved in 5 ml of DI water 

followed by the addition of 12.5 mmol of sodium hydroxide. The barium nitrate solution 

was then mixed with a Ti-butoxide solution that contained 1 mmol of Ti-butoxide and 2.5 

ml of oleic acid in 5 ml of butanol. The final solution was transferred to a Teflon-lined 

stainless steel reactor, and the reactor was kept in oven at 135ºC for 18 hours. After the 

reaction, the reactor was cooled to room temperature and the particles were cleaned with 

diluted (5%) acetic acid. The precipitate was collected, purified, and dispersed in toluene. 

After synthesizing the particles, surface modification followed. The 50 ml solution 

containing 100 mg BTO particles in toluene was mixed with 2.5 ml of triethylamine, 0.05 

ml of DI water, and 0.5 ml of TMSPM. The solution was placed in a sonication bath at 

50ºC for 5 hours. Then the volume of the solution was doubled by the addition of heptane. 

The precipitate was cleaned and purified with acetone and DI water by a centrifuge and 

dried in a vacuum 
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Figure 5.4 a) TEM image of 15nm BTO particle b) XRD spectrum of 15nm BTO nanoparticle 

(top red) and 80nm BTO particle (bottom black). Bothe particles were TMSPM modified 
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 desiccator for 24 hour. Figure 5.4 shows the TEM image (a) and the XRD spectroscopy 

of the functionalized BTO nanoparticle (b, red). The TEM image shows the synthesized 

particle was cubic shapes and the size was around 23 nm, which was the average crystal 

size derived from peak broadening by the Scherrer equation. The XRD spectrum showed 

that the modified particle had a cubic perovskite structure, Pm3m.  

5.3.2. Optical properties 20nm BTO/PEGDA composite 

The newly synthesized 20 nm BTO (s-BTO) was mixed with PEGDA with a 

desired particle loading and spin-coated on a glass slide for extinction measurement with 

photocuring at 365 nm for 10 min. Extinction spectra were measured using a Lambda 35 

UV-vis system (Perkin Elmer), as shown in Figure 5.5. The measured transmittance was 

directly related to the particle loading similar to the 80nm BTO/PEGDA composite. By 

decreasing the particle size to 20 nm, the transmittance at 365 nm was largely improved 

from 6.8% to 58.9% for 10% wt, and 83% transmittance was achieved with a 1% wt 

particle loading sample because Rayleigh scattering dominated the extinction. The 

minimum transmittance for optical printing using DPP was 50%, 5% wt loading of the 80 

nm BTO particle, and it required 65% transmittance for 1 µm resolution, the maximum 

resolution of DPP. Photo fabrication was not possible with 10% wt of 80 nm particles 

because of low transmittance, but the 10% wt s-BTO composite matched the minimum 

requirement of DPP, not only for the longer wavelength for two-photon polymerizations 

but also the shorter wavelength. The honeycomb structure of 10% wt s-BTO PEGDA 

composite was defined using DPP as shown in Figure 5.6. The various exposure time sets 

from 1 sec to to 1.6 sec were applied to check the height and width controllability. The 
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Figure 5.5 Extinction spectra of 10um s-BTO/PEGDA composite film. 1%wt(black line) 

and 10%wt (red line) particle loading was compared with pure PEGDA (blue line), 1%wt 

80nm BTO (black dotted line), and 10%wt 80nm BTO (red dotted line) 

  

 

Figure 5.6 SEM images of photo fabricated structure of 10%wt s-BTO PEGDA composite 

materials with various exposure time, 1.1 sec (left) 1.6 sec (right) and magnified feature 

(bottom row)  
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width was increased from 11 µm to 18 µm by increasing the exposure time, and the 

height also showed a direct relation to the exposure time. The 1.1 sec exposure showed 

the 10 um resolution that was comparable with the resolution of 1% wt loading of larger 

particles and it matched the transmittance of the composite film. The resolution would be 

increased with less of the particle loading composite. The aspect ratio of the newly 

synthesized particle increased from 1 to 1.5 at the same exposure time compared with the 

larger particle, and the tail caused by light scattering also decreased. The 20 nm BTO 

particle showed great improvement for optical properties and printability. The 

piezoelectric properties will be discussed in the next section. 

5.3.3. Piezoelectric modulus of 20nm particle composite 

The piezoelectric property of s-BTO composite was measured using a 25 um film 

device with a homebuilt measurement system. The ITO-coated PET film was used for the 

top and bottom electrodes, and a 1 um thin PMMA layer was spin-coated on the electrode 

to prevent electrical shorting before depositing the composite materials. The thickness 

was controlled using a 25 um spacer as usual, and the device was poled under 10 V/µm at 

135ºC for 4 hr. Figure 5.7 a) shows the piezo-modulus of the 20 nm particle composite as 

a function of particle loading. As expected, the modulus had a direct relation to particle 

loading, except 0.5% wt particle loading, and it showed a larger improvement for the 

modulus than 80 nm BTO particles at the same particle loading. Nanostructrued 

piezoelectric materials exhibit higher piezoelectric coefficient than the piezocoefficient of 

bulk materials due to surface piezoelectricity86. When  nanoparticles were stressed in a 

polymer matrix, the surface elasticity dominated the stress of nanomaterials and the 
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Figure 5.7 Piezo modulus of s-BTO composite as function of particle loading. 20nm BTO 

particle (black square) and 80nm BTO particle (red circle). 
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piezoelectricity could be expressed as a function of the total surface area of particles.  It 

was found that the piezoelectricity followed ln (���) relation despite of particle size 

differences, where ��� is the total surface area of particles in unit volume, as shown in 

Figure 5.7 b). The piezoelectricity of the composite device was not observed when the 

surface area of active materials was smaller than 0.2 µm-1 and it was increased as 

function of surface area. At higher particle loading, 10% wt, however, the average 

distance between each particle was closer to the diameter of the particle, ~73 nm, thus, 

the particles could aggregate. The aggregated particle reduced the surface stress and the 

piezoelectricity followed not a first order relation but a ln (���) relation. The total surface 

area of particles is used to predict the piezoelectricity of composite materials and it 

requires further study to understand the detailed mechanism at the interface. 

 

5.4. Converse effect: actuation 

The conversion efficiency and power output of nanostructured piezo-composite 

devices has steadily increased, and the device can be used as a power source not only for 

small devices but also complex circuits. However, all devices only used the direct effect 

of piezo-materials by converting mechanical energy to electrical energy, and the 

application was limited to specific areas, such as energy harvesting devices, sensing 

devices, and self-powered devices. If nanostructured piezo-composite devices can utilize 

the converse mode, it should be possible to start a new research area, such as soft 

nano/micro robotics. The piezoelectric nanoparticle polymer foam (PNPF) is one of the 

candidates for this application. The mechanical properties, or elastic modulus, of PNPF 
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could be easily tailored by controlling the porosity and pore size while maintaining, and 

even enhancing the piezoelectric properties. The porosity was controlled by adding 

template materials, sugar in this case. The weight ratio between the uncured resin and 

sugar and the particle size of the sugar powder were the control parameters for porosity. 

This method provided a simple and cheap way to control the porous thin film. In this 

section, the piezoelectric properties of PNPF will be investigated, including the 

synthesizing method, and the converse effect of PNPF will be presented. 

5.4.1. Piezoelectric Nanoparticle Polymer Composite Foam (PNPF) 

To create foam materials, a 10% wt BTO nanoparticle was combined with 1% wt 

multiwall CNT PDMS with a PDMS polymer. For a well-dispersed composite solution, 5 

hr sonication at room temperature followed. The nanoparticle and polymer resin slightly 

turned into a viscous black liquid after sonication. Then ultrafine baker’s sugar (~150 µm 

diameter of sugar particles) was mixed into the resin with a 10:1 ratio of curing agent 

until a soft dough formed: 1.8 g, 2.4 g, and 3.6 g of sugar were mixed in to control the 

porosity of the PNPF. Then the soft dough was rolled out on Kapton films using a Teflon 

beaker to achieve the desired thickness of 350 µm with the spacer. The sheets were 

placed in an oven and the temperature was maintained at 100ºC for 10 min to ensure 

complete curing. The cured sheet was immersed in boiling water to remove the sugar 

powder and cleaned with ethanol. Drying in an oven at 100ºC was followed and the 

mechanical test for measuring  the elastic modulus and the porosity of each foam was 

conducted using SEM and a methanol saturation method87 as shown in a) and b), where 

the pore size was governed by the sugar grain diameter and the porosity was controlled 



89 

 

  

 

 

Figure 5.8 a) Scanning electron micrographs of a 50% (top) and 73% (bottom) PNPF using 

the same sugar grain size b) The porosity of PNPF as function of the amount of sugar 

contains. 
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by the amount of sugar template c). It was very difficult to achieve a lower porosity than 

50% because the template materials were trapped in the composite and could not be 

removed. The maximum achievable porosity was 75%, and the matrix could not sustain a 

higher porosity because the pores started to touch each other.  

5.4.2. Piezoelectric modulus of PNPF 

For measuring the piezoelectric properties, the PNPF was placed between two 

gold-coated Kapton films. Pure PDMS was spin-coated on the gold surface to prevent 

electrical shorting during the poling process. Then the device was placed on a hotplate at 

150ºC for 15 hr with an external electric field of ~10V/µm, which induced the dipole 

moment inside the materials. After the poling process, the electrode was replaced with an 

uncured BTO/PDMS composite coated gold electrode and cured at room temperature. 

The proper contact and BTO/PDMS layer, which were the same materials as the PNPF, 

were very important to decouple the piezoelectric effect from other charging processes, 

such as the triboelectric effect. The triboelectric effect can be enhanced when high 

surface area materials are contacted by different contact charging materials, and it could 

drive a large static charge signal.88 The proper contact and layers of the same materials 

with an active area can minimize the triboelectric effect during physical contact. The 

piezoelectric charge coefficient (d33) of the individual foams was quantified using a 

homebuilt piezoelectric system as used previously. Figure 5.9 shows some cycling data of 

73% foam and the measured effective d33 values as a function of porosity. At 0% porosity  

(i.e., neat film) the composites show only a weak piezocoefficient of 6 pC/N, but by 50% 

porosity, the value has more than doubled, eventually reaching ~112 pC/N at a porosity 
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Figure 5.9 (a) Cycling data for a 73% foam showing the piezoelectric output and applied 

force vs. time as a rod is dropped (and allowed to bounce) on the foam 4 times. (b) Effective 

piezoelectric coefficient (d33) of the PNPFs as a function of porosity. The neat film (0% 

porosity) is also shown for comparison. (inset) Zoom in on one of the output cycles in (a) 

showing the piezoelectric response of the foam as a function of time and applied force. 
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of 73%. With only 10% loading of the BTO nanoparticles, and CNTs added to enhance 

the mechanical-to-electrical conversion process, these values at high porosity are 

significantly larger than pure polymers, such as PVDF. 

5.4.3. Converse effect of PNPF 

The displacement of the PNPF device was measured using a homebuilt atomic force 

microscopy (AFM) mimicking system. A laser was reflected on the back side of a 

cantilever beam and the position change of reflected beam was measured with 1-D 

position sensitive detector (PSD). 2mm tip fixed 2mm cantilever was used. The sample 

placed on the measurement system and the external voltage was applied through a 

voltage amplifier with a function generator. Figure 5.10 shows the displacement of PNFP 

as a function of the applied voltage with 22 Hz. To confirm the piezoelectric effect rather 

than the static charge effect, an unpoled PNPF device (black square) and pure PDMS 

foam with 50% porosity (not presented on the figure) were also tested. Because two 

conductive plates exhibit electrostatic static actuation89, it is necessary to decouple 

piezoelectric and electrostatic actuation from displacement of piezoelectric device. Pure 

PDMS device did not show measurable displacement, which confirmed that the 

displacement was not due to the foam structure itself. The displacement followed the 

linear relation with the applied voltage and the lowest porosity PNPF had a maximum 

displacement despite having a lower d33. This could be explained with three reasons: the 

amount of active material in the less porous PNPF is larger than the higher porous 

materials, the direct effect of less porous materials can be enhanced under same 

mechanical stimulation caused by lower stiffness, and the void charge effect could be 
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Figure 5.10 The displacement of PNPF device as function of applied voltage. Unpoled 

sampled with 75% porosity(blacke square), poled at 4V/µm with 62% porosity (red circle) 

and poled at 4V/µm with 50% porosity (blue triangle). 
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decreased with the decreasing void fraction of materials90. Arvelo proposed the general 

model for the void charge piezoelectric effect, which is a pseudo piezoelectric effect due 

to the deposited charge in the pores and it could be reduced when the dielectric constant 

difference between composite materials and the void space is decreased and the portion 

of the void space is increased. PNPF could induce the void space charge induced by the 

surface charge of the active material, but further study is required to fully understand the 

electromechanical mechanism of PNPF and the transduction efficiency, including the 

frequency response.  

 

5.5. Conclusion 

In this chapter, the optimization parameters, including the linker molecules, 

polymer properties, and particle size effect, and the converse effect of nanocomposite 

materials were discussed. By increasing polymer stiffness, the piezocoefficient was 

enhanced twice, and we found that the adhesion strength at the interface was the key 

parameter to tune piezoelectric performance of composite materials.. The exact role of 

adhesion strength and interface stress of particles requires further study, including a 

quantitative measurement of linker densities and the deformation mechanism of 

chemically modified particles. 

 The smaller particle composite showed improved optical transmittance and 

optical fabrication with higher particle loading was also achieved. Moreover, we 

observed that the piezo output of smaller particle composites was higher than for larger 

particle composites. We found that the output of nanoparticle polymer composite 
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materials was related to the total surface area of the embedded particle surface. As in the 

previous chapter, it is suggested that the stress at the particle/polymer interface had a key 

role in improving the performance of composite materials. Higher resolution and a 

complex 3D device structure with a higher piezoelectric output should be attainable by 

introducing advanced optical fabrication, such as two photon lithography, optimizing 

linker molecules, and surface modification. 

In the second part, the converse effect of particle polymer nanocomposites was 

measured and the effect of the porosity of composite materials on the piezocoefficient 

and displacement were discussed. The rollout process was laid out for creating a porous 

piezoelectric polymer, which allowed much fine control over the porosity, enabled much 

thinner films, and had the potential to be scaled up to fabricate materials over large areas. 

It was observed that piezoelectric properties were significantly boosted when the air 

fraction was increased, but the displacement had the opposite tendency with the 

piezoelectric output. A detailed study of the relation between porosity and electrical 

properties followed. Given the tunable porosity, mechanical flexibility of the foams, high 

surface area, high piezoelectric sensitivity, isotropic microstructure, tunable displacement, 

and more biocompatible chemical makeup compared to the bulk electroceramic 

counterparts, these foams should find immediate applications in energy scavenging 

platforms, biosensors, and acoustic transducers. 

Chapter 5, in part, is a reprint of the material as it appears in W. R. McCall, K. 

Kim, C. Heath, G. La Pierre, D. J. Sirbuly, “Piezoelectric Nanoparticle-Polymer 

Composite Foams” ACS Appl. Mater. Interfaces, 6 (22), 19504 (2014). The dissertation 

author was the primary investigator and author of this paper. 
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Chapter 5, in part is currently being prepared for submission for publication. K. 

Kim, J. Middlebrook, C. Heath, G. La Pierre, D. J. Sirbuly. The dissertation author was 

the primary investigator and author of this material. 
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6    CONCLUSION AND FUTURE WORKS 

 

6.1. Conclusion 

In this dissertation, a novel piezoelectric nanogenerator platform that can convert 

nonmechanical energy to electrical energy and a novel tool for fabricating 3D 

piezoelectric materials were developed. 

In the first part, matrix-assisted energy conversion devices were designed, 

fabricated, and tested using a vertically aligned ZnO nanowire array embedded in 

thermoplastic with heat as a local energy source. The device showed DC power output 

via the collective stretching motion of the piezoelectric ZnO nanowire induced by 

deformation of the environmentally responsive polymer matrix and the output power 

density was ~20 nW/cm2 at a heating temperature of ~60ºC. Because the energy 

converting mechanism is driven by deformation of the polymer matrix, this platform can 

be used to utilize various energy sources, including mechanical, light, and/or chemical. 

We found that the piezoelectric output could be tailored by altering the stiffness of the 

matrix, density of the active materials, and interfacial binding strength. The stress 

management concept was introduced and it was confirmed both computationally and 

experimentally. 

In the second part, optically printed piezoelectric nanocomposite devices were 

demonstrated using piezoelectric nanoparticles embedded in a photoliable polymer 

matrix with a digital projection printing technique. Proof of concept experiments were 

performed with BTO colloids mixed with PEGDA solutions, but the technology could 
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easily be translated to other piezoelectric materials and polymers. As described 

previously, we found that the piezoelectric/polymer interface was a key parameter for 

improving mechanical/electrical conversion efficiency. By chemically modifying the 

surface of the piezoelectric nanoparticles with linker molecules that cross-linked with the 

polymer matrix under light exposure, the NP was directly covalent bonded with the 

polymer chains, which helped to channel the mechanical stresses from the deformed 

matrix through the piezoelectric nanoparticles. This boosted piezoelectric performance by 

over 10 times and 2 times compared to the composite fabricated without the linker 

molecules and those loaded with CNTs, respectively. The 3D printable resolution for the 

composite materials was improved using a smaller nanoparticle composite solution, and 

the piezoelectric output was enhanced by over two times. It was found that the 

piezoelectric output had a strong relationship with the total surface area of piezoelectric 

materials, but it requires further study to understand the exact role of interfacial stress, 

densities of piezoelectric materials, densities of linker molecules, and stiffness of the 

polymer. 

In conclusion, the piezoelectric-polymer interface was critical for boosting the 

efficiency of stress transfer from the polymer matrix to piezoelectric materials, and the 

limits of piezoelectric performance could be overcome by enhancing the binding strength. 

The enhanced piezoelectric output with advanced optical fabrication could lead to a 

renaissance in piezoelectric polymer nanocomposite materials in a multitude of research 

fields, including bioengineering, materials science, physics, and chemistry. 
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6.2. Future works 

The suggested future works can be divided into two categories: fabrication and 

devices. For fabrication, it was shown that small particles can increase the optical 

transmittance of composite materials drastically. The high transmittance promised not 

only a higher resolution of optical fabrication but also real 3D structure with complexity. 

The sensitivity of hydrophones for acoustic sensing is limited by lateral expansion of 

piezomaterials due to the Poisson ratio. The acoustic performance can be improved by 

minimizing lateral expansion as reducing materials of perpendicular to measuring 

direction, but it requires complex device shapes.12 The negative Poisson materials were 

fabricated using two-photon lithography,91 and this device shape could be directly 

adapted to hydrophone devices. By combining it with two-photon lithography or 

stereolithography, the piezocomposite with small particles promises higher order 

complexity for specific applications, including acoustic wave sensing devices. 

For devices, it was shown that the composite materials also can be used with the 

converse effect. The transmittance of BTO and polymer composite is close to pure 

polymers with an optimized particle size and concentration. This material could be used 

for optical devices by maintaining the piezoelectricity, including photonic crystal and 

waveguide. The optical properties, including light propagation and diffraction, are very 

sensitive to the physical dimension of devices. Because it has piezoelectricity, the shape 

of a piezocomposite device can be controlled by the voltage, and then the optical 

properties can be controlled by external electric fields as a consequence. Optically 

transparent piezoelectric composite devices could be used for spatial light modulation 

devices, and they would directly impact various applications. 
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