
 

 

COUPLED THERMOELECTRIC AND PIEZOELECTRIC META STRUCTURES 

FOR RENEWABLE ENERGY GENERATION 

 

 

BY 

 

 

DAVID SCOTT MONTGOMERY 

 

A Dissertation Submitted to the Graduate Faculty of  

 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES 

 

in Partial Fulfillment of the Requirements 

 

for the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

Physics 

 

May 2018 

 

Winston-Salem, North Carolina 

 

 

Approved By 

 

David L. Carroll, Ph.D., Advisor 

 

Abdessadek Lachgar, Ph.D., Chair 

 

Martin Guthold, Ph.D 

 

Oana D. Jurchescu, Ph.D. 

 

Richard T. Williams, Ph.D. 

  



__________________________________________________ 

ii 

ACKNOWLEDGEMENTS 

 

I would like to thank Dr. David Carroll for his time and effort in training me as a 

research scientist. I would like to thank him for his willingness to allow me and my fellow 

students to follow their passions and develop themselves as independent thinkers. I 

appreciate his hard work at keeping my project funded through several grant sources 

allowing me to study these novel topics as a research assistant. Dr. Corey Hewitt for his 

invaluable mentorship throughout my graduate career. Robert Summers for his insightful 

comments on my work and keeping my project funded. My fellow graduate students: Dr. 

Gregory Smith, Dr. Alexander Taylor, Dr. Wenxiao Huang, Dr. Chaochao Dun, Dr. Ryan 

Godwin, Dr. Katelyn Goetz, Junwei Xu, Gabriel Marcus, and Zachary Lamport. I would 

like to thank each of them for their friendship, help, excitement in my research, and sharing 

their graduate careers with me. My brothers Stephen Delie Esq. and Daniel Pauley for their 

lifelong friendship and encouragements during my graduate studies. I would like to thank 

my parents, Scott and Deborah, for their love and support as I have pursued my passions 

throughout my life. Without their dedication and tireless efforts to provide for me the life 

that I have enjoyed this dissertation would not exist. My siblings, Jessica and Andrew, for 

always being there for me. My grandparents: Margaret for her loving heart, Boyd for 

teaching me what matters in life, Nancy for always pushing me to be a better version of 

myself, and Herb for supporting my passion for science. My in-laws, Bill and Pam, for 

accepting me into their family and treating me like a son. Finally I would like to thank my 

wife Michaela. She makes every day better. 

David Montgomery 

  



__________________________________________________ 

iii 

TABLE OF CONTENTS 

LIST OF FIGURES ............................................................................................................ v 

LIST OF ABBEREVIATIONS ......................................................................................... xi 

ABSTRACT ..................................................................................................................... xiii 

CHAPTERS 

1. INTRODUCTION .................................................................................................. 1 

1.1 Thermoelectric Effects ................................................................................ 2 

1.2 Thermoelectric materials and devices ........................................................ 7 

1.3 Motivation ................................................................................................... 9 

1.4 Research overview .................................................................................... 11 

 

2. SPRAY DOPING METHOD TO CREATE A LOW-PROFILE HIGH-DENSITY 

CARBON NANOTUBE THERMOELECTRIC GENERATOR ......................... 40 

D. S. Montgomery, C. A. Hewitt, R. Barbalace, T. Jones, and D. L. Carroll, 

Carbon 96,   p.778-781 (2016) 

 

2.1 Introduction............................................................................................... 41 

2.2 Experimental ............................................................................................. 43 

2.3 Results and discussion .............................................................................. 46 

2.4 Conclusion ................................................................................................ 52 

 

3. IMPROVING UPON FLEXIBLE THIN FILM THERMOELECTRIC 

GENERATOR DESIGN ....................................................................................... 56 

D. S. Montgomery, and D. L. Carroll, Submitted (2018) 

 

3.1 Introduction............................................................................................... 57 

3.2 Experimental Methods .............................................................................. 60 

3.3 Results and discussion .............................................................................. 63 

3.4 Conclusion ................................................................................................ 71 

 

4. HYBRID THERMOELECTRIC PIEZOELECTRIC GENERATOR.................. 77 

D. S. Montgomery, C. A. Hewitt, and D. L. Carroll, Applied Physics Letters 

108, p.263901 (2016) 

 

4.1 Introduction............................................................................................... 78 

4.2 Experimental Methods .............................................................................. 81 

4.3 Results and discussion .............................................................................. 83 

4.4 Conclusion ................................................................................................ 87 



__________________________________________________ 

iv 

 

5. THERMOELECTRIC PIEZOELECTRIC PYROELECTRIC GENERATORS: 

FIELD-ACTIVATED SOLID-STATE HEAT ENGINES ................................... 93 

D. S. Montgomery, C. A. Hewitt, and D. L. Carroll, Submitted (2018) 

 

5.1 Introduction............................................................................................... 94 

5.2 Initial Effect .............................................................................................. 95 

5.3 Theoretical Work ...................................................................................... 99 

5.4 Experimental Results .............................................................................. 105 

5.5 Conclusion .............................................................................................. 108 

5.6 Materials and Methods ........................................................................... 108 

 

6. CONCLUSION ................................................................................................... 112 

6.1 Major Results ........................................................................................... 113 

6.2 Looking Forward ..................................................................................... 114 

 

APPENDIX A 

 

Improved Thermoelectric Power Output from Multilayered Polyethylenimine 

Doped Carbon Nanotube Based Organic Composites ........................................ 117 

A.1 Introduction ............................................................................................ 118 

A.2 Experimental .......................................................................................... 121 

A.3 Results and discussion ........................................................................... 123 

A.4 Conclusion ............................................................................................. 131 

 

APPENDIX B 

 

Chapter 3 Supplementary Information ......................................................... 136 

Chapter 4 Supplementary Information ......................................................... 138 

Chapter 5 Supplementary Information ......................................................... 142 

Appendix A Supplementary Information ....................................................... 157 

 

CURRICULUM VITAE ................................................................................................. 158 

 

  



__________________________________________________ 

v 

LIST OF FIGURES 

 

Figure 1.1  The Seebeck effect. An n-type material experiencing temperature gradient 

across the length of the material. Entropy drives a redistribution of charge 

carriers causing a voltage across the material. ................................................ 2 

Figure 1.2  Commercial TEG design. a) A TEG design built with a single semiconductor 

material. Each element is connected top-to-bottom. b) A TEG design using p- 

and n-type materials that allows for alternating top/top and bottom/bottom 

connections. ..................................................................................................... 4 

Figure 1.3  Improving upon the free-standing TEG design. a) An expanded look at the 

free-standing TEG. b) Dimensions and identification of the active axis. c) 

Improvements to performance based on changing geometric factors. .......... 13 

Figure 1.4  Spray doping synthesis method. a)  An air brush deposits a small molecule 

dopant onto the surface of a p-type thermoelectric film. The area doped is 

controlled by a mask. The result is an alternating p- and n-type thermoelectric 

film. b) Top: initial deposition of solution. Middle: solvent dissolving the 

existing film to allow small molecules to intercalate. Bottom: solvent 

evaporates leaving a solid film. ..................................................................... 15 

Figure 1.5  TEG design spaced out to improve flexibility by creating towers ................ 16 

Figure 1.6  The flexibility of the tower TEG design. Three tower TEG of similar 

dimensions but varying number of towers, with copper electrodes and silver 

paste to improve contact. A top-down view of a single sheet device with three 

towers and a device with four segments. The flexibility of both devices along 

their length and width. ................................................................................... 18 

Figure 1.7  Generator Designs and Equivalent Circuits. A PEG with metal electrodes 

behaves like a capacitor. A TEG that behaves like a series of resistors. A non-

functional TPEG design due to the RC circuits. A functional TPEG due to the 

electrodes on a PEG doubling as TEG generators......................................... 22 

Figure 1.8  Initial experimental setup to study a TPEG device. The TPEG was placed in a 

heat block holder and a mass was attached to the bottom of the device. Stress 

was applied through displacing the mass and allowing for a harmonic 

pendulum motion. .......................................................................................... 24 

Figure 1.9  Initial measurements of the TPEG in experimental apparatus depicted in Figure 

1.8. For both graphs the purple curve is the piezoelectric response without a 

thermal gradient. The green curve is the piezoelectric response with a 20 K 

thermal gradient across the device. a) The peak-to-peak voltage increases 

while experiencing a thermal gradient. b) The peak-to-peak voltage decreases 

while experiencing a thermal gradient. ......................................................... 26 



__________________________________________________ 

vi 

Figure 1.10  TPEG device structure and experimental setup. (a) A piezoelectric film with 

thermoelectric electrodes. The circuit, thermal gradients, and input stress are 

highlighted. (b) A rendering of the experimental setup. A spring mass system 

applies stress while the apparatus is heated from the bottom. The up rises allow 

for the thermal gradient to be established...................................................... 29 

Figure 1.11  A TPEG generator exhibiting the TPEG effect. Inset: the harmonic 

piezoelectric voltage. ..................................................................................... 30 

Figure 2.1  a) An alternatingly doped CNT films with an undoped film below. b) 3D 

printed mask used to achieve doping pattern. c) A folded thermoelectric film 

with 10 thermocouples with insulating layers next to an incased 100 

thermocouple device. ..................................................................................... 45 

Figure 2.2  a) Transition between p-type and n-type Seebeck coefficient. Different CNT 

weight loadings in PVDF show that the transition is dependent on the mass 

ratio between PEI dopant and CNT matrix. b) Electrical conductivity as a 

function of dopant to CNT mass ratio. The decrease in conductivity 

corresponding to the transition point between p- and n-type Seebeck 

coefficient in a). ............................................................................................. 47 

Figure 2.3  a) 20 wt.% loading of CNT in PVDF before spray doping b) 20 wt.% loading 

of CNT in PVDF after spray doping. The surface morphology change is caused 

by the deposition of PEI. ............................................................................... 49 

Figure 2.4  a) Power output of a low profile 100 thermocouple device placed on a radiative 

heat source. Temperature gradient though device thickness was calculated via 

a thermocouple. b) The power ratio of the 100 thermocouple CNT device over 

a commercial Bi2Te3 device. The temperature gradient is the difference 

between the ambient and heat source temperature. c) Voltage and resistance 

ratios of the 100 thermocouple CNT device over a commercial Bi2Te3 device. 

Each resistance has been normalized as a fractional increase from the initial 

values. The temperature gradient is the difference between the ambient and 

heat source temperature. ................................................................................ 51 

Figure 3.1  Thin film thermoelectric designs. a) Free-standing TEG design. b) Scale or 

layered TEG design based on the module constructed in a). c) Substrate-based 

TEG design. d) The TEG in b) can be wrapped around or coiled up depending 

on application. e) Substrate-based TEG with electrodes along the length of 

each element. f) A corrugated structure using the TEG array in e). .............. 59 

Figure 3.2  Schematic and TEG design characterization. a) A continuous thermoelectric 

film at different stages of fabrication. b) Undoped thermoelectric film with 

spray doping mask. c) Edge view of a TEG after folding. d) edge view of a 

complete TEG tower e) 12 TC TEG device. f) 24 TC TEG device g) 48 TC 

TEG device. ................................................................................................... 63 



__________________________________________________ 

vii 

Figure 3.3  Flexibility and characterization on junction between semiconductor sections. 

a) 24 TC device folded along the module length. b) 24 TC device folded off 

axis along the elastomer. c) SEM image of the folded junction. d) Magnified 

image of c) depicting defects introduced in the junction. Exposed CNTs can 

be seen through the fold. e) The normalized resistance of the TEG materials as 

the device is folded. It is compared with a polycrystalline material on a flexible 

substrate that fails after 5 folds. ..................................................................... 65 

Figure 3.4  Thermoelectric properties and power generation. a) The Seebeck effect 

measured for each TEG shown in Figure 3.1e-g. b) The power production for 

the same devices in a). ................................................................................... 68 

Figure 3.5  Heat flow through the TEG towers. a) Temperature ratio (Equation 3.1) versus 

the device performance at different temperatures. Inorganic (In) b) Theoretical 

calculations for the temperature ratio across one dimension heat fins based on 

length. Inset: Depiction of different tower heights and their theoretical 

temperature ratio. ........................................................................................... 71 

Figure 4.1  The TPEG design. (a) The flat diagram of the TPEG structure. A piezoelectric 

film with a top electrode and an alternating n- and p-type thermoelectric 

bottom electrode. (b) The TPEG device folded at p-n-type junctions to allow 

for a thermal gradient to be establish across the thickness of the device. 

Thermoelectric voltage is measured between the opposite sides of the bottom 

electrode and the piezoelectric voltage is measured between the top and bottom 

electrode. (c) Different perspectives of 20mm x 20mm x 10mm TPEG devices. 

Left: top view Center: side view showing the folded TPEG structure in the 

operating orientation. Right: Angle view showing side and top surfaces. .... 81 

Figure 4.2  Thermoelectric performance (a) Thermoelectric voltage generated by a TPEG, 

compared with the theoretical maximum based on intrinsic thermoelectric 

values. Inset: a single TPEG (b) Thermal power generated by a 2 x 2 array of 

TPEGs with internal load matching compared with theoretical maximum. 

Inset: 2 x 2 array of TPEGs. .......................................................................... 84 

Figure 4.3  Piezoelectric performance. (a) The voltage generated by a single TPEG while 

undergoing harmonic stress. (b) Solid bar: voltage per unit stress for the 

different piezoelectric systems. Striped bar: voltage generated by each device.

 ....................................................................................................................... 87 

Figure 5.1  Experimental data for the TPEG effect. (a) The total voltage generated from a 

TPEG device experiencing simultaneous stress and thermal activation. The 

TPEG effect can be identified as the amplitude increase. (b) The voltage from 

(a) broken up into the amplitude containing the piezoelectric and TPEG effect, 

and the background thermoelectric and pyroelectric terms. (c) TPEG structure. 

(d) The experimental testing apparatus. ........................................................ 99 



__________________________________________________ 

viii 

Figure 5.2  Theoretical explanation of the TPEG effect. (a) The TPEG junction showing 

the three major voltage potentials during simultaneous heat and stress input. 

The piezoelectric voltage (red) oscillates due to the stress (striped area) at the 

top of the TPEG interface. The pyroelectric and thermoelectric voltages 

(black) point in one direction under the heat input in their respective materials. 

The TPEG effect is generated at the TPEG interface (dark red). (b) The band 

structure at the TPEG interface. The piezoelectric potential applies a field 

effect on the band structure of the thermoelectric materials at the TPEG 

interface (red and striped red). (c) The heat input causes the thermoelectric and 

pyroelectric voltage to shift the baseline band structure causing the 

piezoelectric potential to oscillate around a new Fermi level. .................... 104 

Figure 5.3  Performance of three different TPEG heat engines. (a) The pyroelectric voltage 

versus the thermal gradient. (b) The TPEG effect for the three devices in time. 

The voltage percentage is based on the initial amplitude of the piezoelectric 

voltage. (c) The data from (b) plotted versus temperature gradient of the heat 

cycle. ............................................................................................................ 107 

Figure 5.4  The performance of the TPEG solid-state heat engines shown in Figure 5.3. 

The power is determined as open circuit voltage with 10 Mohms load 

resistance. The power was calculated via MatLab. ..................................... 108 

Figure 6.1  a) TPEG effect in an inorganic TPEG device. b) SEM image of Te nanorods. 

c) SEM of Bismuth Telluride nanoplatelets. ............................................... 116 

Figure A.1  a) Schematic for the multilayered thermoelectric composite showing the 

individual layers composing each repeatable thermocouple unit and the 

necessary orientation of the temperature gradient.  b) Scanning electron 

micrograph of a small scale thermocouple unit.  c) A four TC module prior to 

heat pressing showing the repeatable thermocouple units.  d) The final heat 

pressed multilayered structure resulting in a single flexible module. ......... 120 

Figure A.2  a) Thermoelectric voltage output over a ΔT = 0 K to 1 K range for modules 

consisting of 1 to 10 thermocouples.  b) Effective Seebeck coefficient versus 

the number of thermocouples composing the multilayered module.  The dashed 

line represents the calculated theoretical values.  c) Percent difference between 

the effective Seebeck coefficient measured and the theoretical Seebeck 

coefficient. ................................................................................................... 123 

Figure A.3  a) Thermoelectric voltage generated across a variable load resistor for 

multilayered modules composed of 1 to 10 thermocouples and exposed to a 

constant ΔT = 10 K.  b) Thermoelectric power output versus load resistance 

for the modules in (a).  c) Maximum power output versus the number of 

thermocouples in (b).  Peak power occurs when the load resistance matches 

the internal resistance of the module.  The dashed line represents the theoretical 

maximum power output calculated from the effective Seebeck coefficient and 

internal resistance of one TC. ...................................................................... 126 



__________________________________________________ 

ix 

Figure A.4  a) VTE generated when RL = Ri composed of 1 to 10 thermocouples and exposed 

to a ΔT ranging from 0 K to 50 K.  The dashed line represents the theoretical 

voltage calculated from the effective Seebeck coefficient of a 10 TC module.  

b) Thermoelectric power output versus ΔT for the modules in (a).  c) Maximum 

power output versus the number of thermocouples at the maximum ΔT = 50 K  

in (b).  The dashed line represents the theoretical maximum power output at 

the given parameters. ................................................................................... 128 

Figure A.5  Multi-module device consisting of nine 5 TC modules connected electrically 

in series and thermally in parallel.  Power output measured with a matched 

load resistance for the device versus ΔT.  The dashed line shows the expected 

values calculated from the single 5 TC module results. .............................. 130 

Figure B.1 Peak-to-peak voltage comparison between Flat PEG and the TPEG devices 

under compressive stress in the 3-direction.  The dashed line is the theoretical 

calculation based on intrinsic values and fix experimental parameters. The 

black circles are four different Flat PEG sizes tested to confirm the validity of 

the theory. The largest flat PEG (20mm x 100mm) corresponds to the unfolded 

dimensions of the TPEG device while the smallest flat PEG (20mm x 20mm) 

corresponds to the encased TPEG device dimension as shown in FIG.1c. The 

red square is the average of the four TPEG devices shown in FIG.3b. The blue 

triangle is the voltage generated by the 2x2 array of TPEG devices. .......... 141 

Figure B.2  Zoom in sections of Figure 5.1.a. 1) Initial pyroelectric response with an 

increase in the TPEG effect. 2) Second pyroelectric response with a decrease 

in the TPEG effect. ...................................................................................... 142 

Figure B.3  An example of a TPEG device that does not exhibit the TPEG effect. 1) The 

total voltage generated from a TPEG device experiencing simultaneous stress 

and thermal activation. The TPEG effect can be identified as the amplitude 

increase. ....................................................................................................... 143 

Figure B.4  The effects of different heat input on a TPEG device. 1) The total voltage of a 

direct heating of TPEG device. 2) Analysis of run in 1). 3) The total voltage 

for an indirect heated TPEG device. 4) Analysis of run in 3). .................... 145 

Figure B.5  The effect of bulk polarization on the TPEG effect. 1) The total voltage for a 

TPEG device with bulk polarization in the same direction of Figure 5.2. 2) 

Analysis of 1). The green area shows where the thermoelectric and pyroelectric 

voltages are parallel to one another. The red area shows where the 

thermoelectric and pyroelectric voltages are antiparallel. 3) The total voltage 

for a TPEG device with a reversed bulk polarization compared to the device in 

1). 4) Analysis of 3). The green and red areas are flipped in order; however, 

amplification of the TPEG effect still occurs during the green area. .......... 147 

Figure B.6  Pyroelectric film orientation effects on different heating directions. a) A TPEG 

device undergoing two temperature cycles. Initially heated and then cooled 



__________________________________________________ 

x 

below room temperature before being returned to equilibrium. b) A TPEG 

device with reversed bulk polarization undergoes similar experimental 

conditions as a). c) The pyroelectric voltage of a). d) The pyroelectric voltage 

of b). ............................................................................................................ 150 

Figure B.7  Voltage generated from TPEG heat engines put through several heat cycles. 

1) Total voltage for TPEG with bulk polarization parallel with thermoelectric 

voltage. This device is cycled 4 times. 2) The analysis of 1). 3) Total voltage 

for a TPEG with bulk polarization antiparallel with thermoelectric voltage. 

This device is cycled 3 times. 4) Analysis of 3). The TPEG effect plotted vs. 

temperature change. This shows the stability of the heat engine. ............... 153 

Figure B.8  Heat cycle with adiabatic cooling. 1) Total voltage for a TPEG device 

experiencing an adiabatic cooling similar to the blue curve in Figure B.4. 2) 

Analysis of 1). Temperature curve (yellow) is plotted on the secondary axis.

 ..................................................................................................................... 155 

Figure B.9  Scanning electron micrographs of few layer graphene/ polyvinylidene fluoride 

composite films of varying graphene weight percent concentrations of a) 60 

wt%, b) 50 wt%, c) 40 wt%, d) 30 wt%, e) 20 wt%, and f) 10 wt%. .......... 157 

 

  



__________________________________________________ 

xi 

LIST OF ABBEREVIATIONS 

 

CNT  carbon nanotubes 

DMF  dimethylformamide 

DWNT double-walled nanotube 

Ef  Fermi energy 

HG  hybrid generator 

kB  Boltzmann constant 

MWNT multi-walled nanotube 

PDMS  polydimethylsiloxane 

PEG  piezoelectric generator 

PEI  polyethylenimine 

PVAc  poly(vinyl acetate) 

PVA  poly(vinyl alcohol) 

PVDF  poly(vinylidene fluoride) 

SEM  scanning electron microscope 

SWNT  single-walled nanotube 

T  absolute temperature 

TC  thermocouple  

TEG  thermoelectric generator 

TPEG  thermoelectric piezoelectric generator 

ZT  Figure of Merit 

𝛼  Seebeck coefficient 

Δ𝑇  temperature difference  



__________________________________________________ 

xii 

κ  thermal conductivity 

μ  chemical potential 

σ  electrical conductivity (thermoelectricity) 

σ  stress (piezoelectricity) 

  



__________________________________________________ 

xiii 

ABSTRACT 

 

This work focuses on the combination of thermoelectric and piezoelectric materials 

into a new hybrid generator. It was discovered that a hybrid thermoelectric piezoelectric 

generator results in a meta-structure that creates a coupling field effect at the interface 

between the thermoelectric and piezoelectric films that produces more power than the sum 

of the individual generators. This coupling field effect causes a modification of the 

thermoelectric properties producing an observed 468% increase in total power output. In 

addition to this coupling effect, the first functional thermoelectric and piezoelectric 

generator design is presented. This is achieved by integrating a flexible continuous 

alternating p- and n-type semiconductor thermoelectric generator into the electrode of the 

piezoelectric film.  This design overcomes major issues previously preventing the two 

materials to be combined in a single generator architecture. This functional thermoelectric 

piezoelectric generator can achieve 89% of the theoretical thermoelectric power and 540% 

increase in the piezoelectric power due to the geometry of the structure. A spray doping 

synthesis method is presented that was used to create the continuous alternating p- and n-

type semiconductor film. Spray doping achieves that same thermoelectric properties of 

solution doping but greatly simplifies the fabrication of a thermoelectric generator. Finally 

an optimized thermoelectric generator is presented that overcomes many of the current 

issues plaguing other thin film designs. The optimized structure is robust and is compatible 

with a numerous synthesis methods and materials used in thin film thermoelectrics. 
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1.1 Thermoelectric Effects 

1.1.1 The basics 

The Seebeck effect is the voltage generated by a material when exposed to a 

temperature gradient1. Figure 1.1 shows an n-type semiconductor in contact with hot and 

cold reservoirs. This arrangement creates a thermal gradient across the material.  The 

thermal gradient will drive the charge carrier concentration to redistribute across the 

material. The redistribution of charge generates the electric potential. Equation 1.1 shows 

that the Seebeck effect can be written as the electric potential, V, equal to a linear term, α, 

the Seebeck coefficient, multiplied by the temperature gradient, ΔT.  

 

 

Figure 1.1  The Seebeck effect. An n-type material experiencing 

temperature gradient across the length of the material. Entropy drives a 

redistribution of charge carriers causing a voltage across the material. 

𝑉 = 𝛼Δ𝑇 (1.1) 

The study of the Seebeck effect in materials is called thermoelectrics. Much of 

thermoelectric research focuses on using the Seebeck effect to create renewable energy 

generators that can scavenge power from the vast amount of heat generated by our 

environment and society2–5. Unfortunately, the power produced from a single 
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thermoelectric material or element is quite small. To generate a usable amount of power, 

arrays of multiple thermoelectric elements are connected together. These arrays are 

referred to as thermoelectric generators (TEGs).  

The design of a TEG can greatly affect its power output6. Although there are many 

different forms that a TEG can take, each generator shares a core design principle. To 

optimize the power output, the array of thermoelectric elements must be connected 

“electrically in series but thermally in parallel”.  The logic behind this adage can be seen 

from the Seebeck effect. Connecting electrically in series causes the voltage to increase 

with the number of elements. However, to generate voltage, each element must experience 

a thermal gradient. Hence, every element should be thermally in parallel between the hot 

and cold reservoirs to generate the largest voltage.  Equation 1.2 shows that the total voltage 

produced from a TEG 𝛼 from Equation 1.1 has been replaced by an effective Seebeck 

coefficient that depends on the number of thermoelectric elements, 𝑛𝑖, and the Seebeck 

coefficients, 𝛼𝑖, of the p- and n-type semiconductors. This implies that the total voltage 

generated can be increased by adding more elements or using materials with large Seebeck 

coefficients. 

𝑉 = (𝑛𝑝𝛼𝑝 + 𝑛𝑛|𝛼𝑛|)Δ𝑇 (1.2) 

Figure 1.2 shows the design and operation of two commercial TEGs. Commercial 

devices are designed to harvest power from radiative heat sources. A commercial device 

has its thermoelectric elements running through the thickness of the device so that the 

thermal gradient can be established between the top and bottom of the TEG. The individual 

elements are connected to each other by thin metal in an alternating fashion as shown. 

Finally, the array of thermoelectric elements and electrodes are held together between two 
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ceramic heat-spreading plates. The difference between the devices in Figure 1.2a and 

Figure 1.2b is the type of thermoelectric materials used. Figure 1.2a is a TEG made using 

only p- or n-type semiconductors. This structure can be cheaper to produce although it 

greatly reduces the power density. The electrodes must go from the top to bottom between 

elements to connect them in series. To achieve this circuit, a metal element is inserted 

between each thermoelectric element. Figure 1.2b shows a TEG made using both p- and n-

type semiconductors. Because current flows in the opposite direction under the same 

thermal gradient for p- and n-type semiconductors, the electrodes can alternate between 

top-to-top and bottom-to-bottom connections. A TEG comprised of both p- and n-type 

semiconductors is the most preferred design because every element in the array is a 

thermoelectric material. Because of this, thermoelectric research focuses on finding high-

performing p- and n-type semiconductor materials.  

 

 

Figure 1.2  Commercial TEG design. a) A TEG design built with a single 

semiconductor material. Each element is connected top-to-bottom. b) A 

TEG design using p- and n-type materials that allows for alternating top/top 

and bottom/bottom connections. 

1.1.2 Thermoelectricity 

Equation 1.2 shows that TEGs can increase voltage output by increasing the number 

of elements or by improving the thermoelectric properties of the materials used. Increasing 
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the number of elements is trivial and scales linearly in output; however, focusing on the 

intrinsic properties can result in a large improvement in performance. To help determine 

what makes a good or bad thermoelectric material, researchers use a thermoelectric Figure 

of Merit called ZT. Equation 1.3 shows that ZT is related to the Seebeck coefficient, 𝛼, 

electrical conductivity, 𝜎, thermal conductivity, 𝜅, and the absolute temperature, 𝑇. 

Because the intrinsic variables are temperature-dependent, ZT will vary for a single 

material based on the temperature at which the material is operated.   

𝑍𝑇 =
𝜎𝛼2

𝜅
𝑇 (1.3) 

While there is no thermodynamic limit on the value that ZT can take, the best 

thermoelectric materials have ZT of ~1-37–9. The reason why the best ZT values hover 

around in this range is because the intrinsic values in ZT all depend on, in one form or 

another, the carrier concentration and the band structures of the material. Efforts to improve 

one value tend to adversely affect the others. A major focus of thermoelectric research is 

not only determining how to improve an intrinsic value but how that change affects the 

system as a whole10,11.  

The main driving force behind the Seebeck effect is the need to reduce the entropy 

introduced by a thermal gradient by redistributing the charge carrier concentration. 

Equation 1.4 is the Mott Formula that relates the Seebeck coefficient to the derivative of 

the electrical conductivity, 𝜎(𝐸), where 𝑘𝐵, 𝑒, and EF, are Boltzmann’s constant, the charge 

of an electron, and the Fermi energy, respectively12–14. Equation 1.5 shows the 

Wiedemann-Franz Law. It sets the ratio between electrical and thermal conductivities to a 

proportionality constant known as the Lorenz number, 𝐿, at a given absolute temperature. 
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𝛼 =
𝜋2𝑘𝐵

2𝑇

3𝑒

𝑑𝑙𝑛[𝜎(𝐸)]

𝑑𝐸
|

𝐸𝐹

 (1.4) 

𝜅

𝜎
= 𝐿𝑇 (1.5) 

Equations 1.4 and 1.5 depend on the assumption that the material behaves 

according to the free electron model. Under this assumption, the ZT value maximizes 

between 1019 and 1020 charge carriers per cm3 15,16. Fortunately for the study of 

thermoelectrics, different techniques have been discovered that attempt to break this model 

and decouple the direct relation between these three variables17. Research has focused on 

selecting the right materials and methods that allow for decoupling of the intrinsic values. 

1.1.3 Piezoelectricity 

Piezoelectricity is the generation of bound surface charge due to external stress on 

the crystal lattice. The deformation of the lattice causes a localized dipole moment between 

the center of positive and negative charge ion clouds. Because of this, the piezoelectric 

effect arises in non-centro-symmetric crystal lattices that allows for the creation of local 

dipoles18–20. Equation 1.6 are the governing equations for piezoelectric materials, where 𝑫, 

𝑬,𝝐, and 𝝈 are the electrical displacement, applied electric field, strain, and stress, and 𝒆𝜎, 

𝒅𝑑,𝒅𝑐, and 𝒔𝐸 are the dielectric permittivity at constant stress, direct and converse 

piezoelectric coefficients, and elastic compliance at constant electric field21. This system 

of equations for piezoelectric generators, PEGs, can be reduced down to Equation 1.7.  

[
𝑫
𝝐

] = [𝒆𝜎 𝒅𝑑

𝒅𝑐 𝒔𝐸 ] [
𝑬
𝝈

] (1.6) 
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𝑫 = 𝒅𝑑𝝈 (1.7) 

Unlike TEGs that can be compared using intrinsic values, PEGs are greatly 

dependent on the stress on the system. The stress can be dependent on the PEG’s geometry, 

coupling to the mechanical source, and the resonance of the PEG. A common design is to 

create a PEG with a cantilever structure; however, many other interesting designs exist22–

27. 

1.1.4 Pyroelectricity 

The pyroelectric effect is similar to the piezoelectric effect in that they both arise 

through the deformation of the crystal lattice. Instead of a mechanical input, the 

pyroelectric effect depends on the thermal expansion or contraction of the lattice vector28–

30. Equation 1.8 shows that the pyroelectric coefficient, p, is equal to the change in the 

polarization, P, with respect to temperature. 

  𝒑 =
𝜕𝐏

𝜕𝑇
 (1.8) 

 

1.2 Thermoelectric materials and devices 

1.2.1 Flexibility  

Since the discovery of the thermoelectric properties in organic materials, 

thermoelectrics has been divided between organic and inorganic material research. 

Inorganics make great thermoelectric materials because they can achieve high electrical 

conductivities and large Seebeck coefficients. These intrinsic properties can produce the 

largest ZTs and are ideal for small-scale commercial applications. The optimal TEG design 

for inorganic materials (Figure 1.2) is one that uses a rigid, flat surface. Organics offer 
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completely different possibilities in TEG design. Organics can be quite flexible which 

opens up a large number of possible applications. Because of the disparity between the ZT 

values, organics TEGs do not compete with inorganics in terms of raw power density31. 

Instead, organic TEGs have gained popularity because of their potential in low-cost, large-

scale coverings and low-power applications.  

However, with the emergence of low-dimensional inorganic thermoelectric 

materials, the previous distinctions associated with organic and inorganic research have 

begun to blur. Instead of categorizing thermoelectrics by the materials used, a better 

distinction would be a device’s flexibility. Flexibility, or the lack thereof, greatly dictates 

the architecture of a TEG32,33. Flexibility arises from the material’s physical properties and 

the methods used to synthesize a thermoelectric element. Flexibility can generally split the 

thermoelectric research into thin films and bulk ingots research. This is a better 

characterization. 

1.2.2 Thin film materials 

Thin-film thermoelectric materials are diverse in the range of materials  and 

synthesis methods used. Thin films can be made out of organics such as conductive 

polymers34–37, carbon allotropes38–40, small molecules41–43, or low-dimensional inorganic 

materials44–47.  In addition to the materials used, there are a variety of different mixtures 

that have been studied, including inorganic/organic composites48–52, conductive/non-

conductive composites39,53, and heterogeneous mixtures54–56. 
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1.3 Motivation 

1.3.1 ZT versus power output 

ZT is the thermoelectrics gold standard for comparing between materials.  It gives 

researchers an easily comparable scale of performance. The robust nature of ZT has led to 

the innocuous mindset that higher ZT values directly translate to large power output. 

Imbedded in this mindset is the assumption that the materials are used in the same device 

structure with all else being equal. This underlying assumption has not posed any real 

concern when working with bulk materials. This is because the standardized bulk TEG 

design (Figure 1.2)  works regardless of the bulk material used57,58. However, this mindset 

is a problem for thin films because there does not exist a standardized design59–76. This is 

due to the large variety of synthesis methods used to fabricate thin films, and the fact that 

each method can greatly influence a TEG’s architecture. While ZT is a good metric for 

comparing bulk materials, it is an incomplete metric when it comes to thin films.  It is 

useful when the difference in ZT values is relatively large. However, as their relative 

difference shrinks, the actual design of the TEG needs to be analyzed to determine the 

better material.  

1.3.2 Intrinsic versus extrinsic properties 

Ideally, thermoelectric research should include two components: the study and 

improvement of the intrinsic properties, and the demonstration that these new methods can 

be incorporated into a functional device structure. While almost all thermoelectric research 

focuses on methods to improve ZT, not all focus on the usability in a TEG structure. This 

is forgivable for bulk materials because it is assumed that they will be used in the standard 

structure. However, for thin films, it is not entirely obvious and needs to be justified. There 
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are several factors as to why this is the current trend in thin-film research. While bulk 

thermoelectrics is a well-established field, it can be argued that in thin-film research the 

main focus should be on improving the ZT above all else. Then, once a high-performing 

thin-film material is discovered, the focus can shift to designing functional thin-film TEGs. 

The issue with this rationale is that methods are developed without the context of 

compatibility with a functional TEG. This means that a majority of thin-film TEGs in the 

literature are designed around accommodating the methods instead of the methods 

conforming to an optimal or standardized design. The result is a myriad of different thin-

film device structures that have a wide range of efficacy. 

The reason there is no standardized thin-film TEG is because there is no design that 

can currently accommodate the majority of synthesis methods. Thin films can be 

constructed by an assortment of different techniques77. The most common are drop 

casting78, spin coating79, spray casting80, dip coating31, vacuum filtration35, and inkjet 

printing66,67. Thankfully, this wide range of techniques produces just two major types of 

films: free-standing81–83 or substrate-bound thin films71. Substrate-bound films require an 

external “backbone” to maintain their thermoelectric properties from mechanical 

degradation, while free-standing films rely on internal mechanical properties for stability. 

Even though there is no standardized structure for thin films, there are three major device 

archetypes used to accommodate free-standing and substrate-bound elements. Chapter 3 

reviews these major thin film designs. While each design has pros and cons, none have 

been standardized. When working with thin films, the material’s ZT and structure need to 

be evaluated.   
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1.4 Research overview  

My dissertation focused on improving synthesis methods used to construct TEGs 

(Chapter 2) and redesigning the main TEG structures (Chapter 3). This redesign focused 

on optimizing the TEG design so that it could be used by both free-standing and substrate-

bound films. Additionally, I focused on a new meta-structure aimed at incorporating 

piezoelectric materials into the redesigned TEG structure (Chapter 4). Finally, I conducted 

a fundamental study of a field effect that occurs at the interface between thermoelectric 

and piezoelectric materials (Chapter 5). The order of my dissertation may lead to a cursory 

assumption that the piezoelectric research was introduced after the progress made in 

Chapters 2 and 3. However, the initial concept for this dissertation work was to study 

piezoelectric materials in a TEG. The order of the chapters has been chosen to give the 

reader a fundamental understanding of TEG design and why the research reported in 

Chapters 2 and 3 was fundamental to and developed for achieving the results in Chapters 

4 and 5.  

1.4.1 TEG design 

My work primarily focused on carbon nanotube (CNT)-based thermoelectrics. The 

aim was to study thin-film designs and determine how to improve upon their structure. 

Prior to my arrival, Dr. Hewitt, during his time in Dr. Carroll’s research group, had 

developed one of the current thin-film thermoelectric designs59. Figure 1.3a shows a 

diagram of the device structure. The device is constructed with alternating p- and n-type 

thermoelectric layers. The thermoelectric layers were electrically connected at the ends of 

the films in an alternating fashion to connect the thermoelectric elements in series. An 

insulating polymer film was inserted between each thermoelectric film to eliminate 
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conduction between films away from their junctions. After the layers were properly 

stacked, the device was heated to melt and bind the thermoelectric and insulating polymer 

films together. This created a paper-like TEG. Figure 1.3b shows the compressed TEG as 

well as labels of key parameters of the structure, where L, W, and H refer to the length, 

width, and height of the device, respectively. The total length of the device is equal to the 

length of the active thermoelectric film and the length of the junction at the ends of the 

film.  L = Lactive + 2Ljuntion    This design is popular because it provides a simple structure 

that can achieve a high density of elements while remaining flexible. The main issue with 

this design is that the active axis, or the axis the thermal gradient needs to be established 

along to generate power, is parallel to the surface of the TEG fabric. This prohibits the 

TEG fabric from lying flat against a radiative heat source. Instead, an insulator needs to 

protect the cold side of the fabric so that power can be generated. An initial attempt to 

correct this issue was demonstrated by the construction of an array of TEGs so that the 

individual modules overlapped in a scale mail fashion. In this configuration, only the first 

row of modules needed to be insulated from the heat source and each sequential row was 

then insulated by the previous row. Appendix A displays a functional scale mail array. The 

experimental power output achieved was only 1.5% lower than the theoretical power 

output. 

Optimally, a TEG should have its active axis perpendicular to the surface of the 

heat source. Unfortunately, this is the biggest issue with the TEG in Figure 1.3a-b. 

However, Figure 1.3c shows that it is possible to reorient the active axis through substantial 

changes to the dimensions of the thin films used. The key change to achieve the structure 

in Figure 1.3c is to decrease L and increase H. Decreasing L is simply done by reducing 
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the length of each element down from 25-40mm to under 10mm. Increasing H requires a 

massive increase in individual elements due to their thickness of 10-30μm. The real issue 

in achieving the design in Figure 1.3c is the junctions. Reducing the length of each junction 

is a non-trivial problem. Additionally, to increase H, more films have to be connected in 

series in a single module. Each junction is a possible fail point for the system and if one 

fails the entire device is non-functional. A major part of this work was focused on 

improving the synthesis techniques used to create the junction between p- and n-type 

materials. 

 

 

Figure 1.3  Improving upon the free-standing TEG design. a) An expanded 

look at the free-standing TEG. b) Dimensions and identification of the 

active axis. c) Improvements to performance based on changing geometric 

factors. 

The main limiting factor in building the TEG in Figure 1.3c was reducing 𝐿𝑗𝑢𝑛𝑡𝑖𝑜𝑛. 

Reducing the junction length is restricted by the fabrication method. Previously, low-
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resistance junctions were achieved by using either conductive silver paste or heat pressing 

the two CNT films together so that the p- and n-type CNT networks would interlock. 

Unfortunately, use of these methods makes it nearly impossible to form a junction under 1 

mm long by hand consistently. A junction width of 1 mm is relatively small for a total 

length of 20-45mm but becomes problematic when the goal is to reduce the total length 

below 5mm. The real problem is that the junctions have to be formed in the first place. 

Ideally, if you could construct a single thin film that was comprised of alternating p- and 

n-type sections then there would be no need to form junctions.  

Unfortunately, the previous thin-film synthesis methods could not create an 

alternating semiconductor film. The method used on CNTs required them to be dispersed 

in a solvent and undergo several sonication steps to de-bundle the CNTs. After the de-

bundling, polymer or polymer and dopants were added. Small molecule dopants are added 

to force a transition from p- to n-type thermoelectric elements. To remove the solvent and 

create thin films, the solution was drop cast onto glass substrates and heated. There were 

initial attempts to create an alternating film by drop cast lines of alternating p- and n-type 

solution with the hope that when the films dried there would be a well-defined line between 

each section. But the time required for the films to dry allowed for too much migration 

between p- and n-type sections, causing the resulting film to have large chaotic regions of 

transition (junctions) between p- and n-type.  

In order to reduce the junction length, a new spray doping synthesis method was 

developed. Figure 1.4 shows the experimental method and the doping mechanism that 

allows spray doping to work. Figure 1.4a shows an airbrush depositing a solvent containing 

small molecules onto the surface of an already constructed p-type film. A mask allows for 
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the selective doping of the film. After the solvent evaporates, the final result is a continuous 

thermoelectric film with alternating p- and n-type thermoelectrics. Figure 1.4b shows the 

mechanics behind spray doping. Initially, solution is deposited on the surface of the 

CNT/polymer film. The solvent is specifically chosen to dissolve the surrounding polymer. 

This temporarily forces the selected area to enter a quasi-state between a dry film and a 

solution of materials. There is not enough solvent to completely dissolve the film and allow 

for the migration of CNTs; however, it is enough to allow for the small molecules to 

integrate into the film. When the solvent evaporates, the polymer matrix solidifies. This 

method reduced the number of thermoelectric films that needed to be synthesized as well 

as completely removed the need to form junctions between individual thermoelectric 

elements. This breakthrough allowed for the junction width to be reduced down to under 

30μm. This work is highlighted in Chapter 3.  

 

 

Figure 1.4  Spray doping synthesis method. a)  An air brush deposits a small 

molecule dopant onto the surface of a p-type thermoelectric film. The area 

doped is controlled by a mask. The result is an alternating p- and n-type 

thermoelectric film. b) Top: initial deposition of solution. Middle: solvent 
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dissolving the existing film to allow small molecules to intercalate. Bottom: 

solvent evaporates leaving a solid film.  

Spray doping allowed for the construction of a 200-element device that was 20mm 

x 20mm x 4mm and had an active axis through the thickness of the device (Chapter 3). The 

spray-doping method allowed for the realization of the needed improvement to the TEG 

design outlined in Figure 1.3. Unfortunately, the generator presented in Chapter 3 had 

completely removed a defining characteristic of thin film TEG: flexibility. The next step 

to improving the TEG design was to increase the flexibility. Figure 1.5 displays the major 

change made to the initial design. The issue with a continuous film of repeating p- and n-

type sections is that it leads to a brick-like device. However, if a gap was introduced 

periodically between the doped areas, the brick could be broken apart into towers that are 

separated by a flat piece of p-type film. This configuration reintroduces the paper-like 

flexibility while the smaller sections act like thermoelectric towers.  

 

 

Figure 1.5  TEG design spaced out to improve flexibility by creating towers 

Figure 1.6 shows the flexibility that a tower TEG design can achieve. Three devices 

are shown having the same geometric space, but with differing numbers of thermoelectric 
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elements. The increase in thermoelectric elements was achieved by bisecting the first 

device and connecting the two parts in series. This technique of bisecting and connecting 

in series can be repeated. Figure 1.6 shows a top-down view of a single sheet of towers and 

a sheet that has been broken up into four parts. The main advantage of the segmenting 

allows for flexibility along the width of the device. The bottom part of Figure 1.6 shows 

the flexibility of the tower design when it is placed on a curved heat source. Both devices 

can easily bend along the length of the device. The middle diagram shows the flexibility 

of the single sheet along its width. In this direction, the tower TEG design is quite rigid due 

to the towers themselves. However, by segmenting the device, flexibility can be achieved 

between the towers, as shown in the final diagram. By reducing the width of the modules 

and increasing their number they can easily wrap around a curved surface. The real 

advantage of the tower thermoelectric design is that it has a large range of customization. 

The power can be increased by either decreasing the spacing between the towers or 

increasing the number of towers or the number of thermoelectric elements per tower. 

Chapter 4 shows a redesign of the tower TEG structure. Chapter 4 explores the 

thermoelectric power output for different modules and how the heat flow through the 

towers affects performance.  
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Figure 1.6  The flexibility of the tower TEG design. Three tower TEG of 

similar dimensions but varying number of towers, with copper electrodes 

and silver paste to improve contact. A top-down view of a single sheet 

device with three towers and a device with four segments. The flexibility of 

both devices along their length and width. 

The tower TEG was built using free-standing thermoelectric films; however, 

substrate-bound films have also been shown to achieve a continuous substrate-bound 
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alternating p- and n-type thin film. The efforts to optimize thin-film TEG designs led to the 

tower TEG. This design can be used by free-standing or substrate-bound films, it can 

achieve paper-like flexibility while maintaining a low profile, and it aligns the active axis 

perpendicular to the surface of radiative heat sources. Finally, this design is robust in its 

customizability from the number and spacing of towers to the number of different 

segmentations.  

1.4.2 TPEG designs 

When I started my graduate research, the TEG design outlined in Figure 1.3 had 

just been introduced by our group and my project was to improve upon that structure. Dr. 

Carroll had hypothesized that it might be possible to increase the power density of that 

TEG structure by replacing the insulating films with piezoelectric active films. My research 

has primarily focused on the integration of piezoelectric materials into thermoelectric 

generators in an effort to create a hybrid thermoelectric piezoelectric generator (TPEG). 

However, for reasons discussed below, the TEG structure in Figure 1.3 is incompatible 

with piezoelectricity. While my dissertation includes research on improvements to the thin-

film structure, that research came about because I was searching for a compatible TPEG 

structure. While both spray doping and the tower TEG have their own merits, these projects 

were necessary and laid the foundation for creating a functional TPEG.   

Figure 1.7 depicts four different device structures and their equivalent circuits. 

These four structures are meant to illuminate why designing a functional TPEG was critical 

and why the research on redesigning TEG was fundamental to achieving this structure.  

The first device is a PEG. Thin-film PEGs use metal electrodes on the top and 

bottom of the film to capture the potential of the bound surface charge generated under 
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deformation. While there are many different structures a PEG can take, this is its core 

design. Because of the insulating nature of the piezoelectric film and the fact that the 

potential can be measured between the electrodes, an analogous circuit element would be 

a capacitor. 

The second device is the thin-film TEG design from Figure 1.3. It consists of 

alternating p- and n-type layers with protective insulating films. The equivalent circuit for 

the design is a series of resistors comprised of the individual film’s resistance as well as 

the resistance at each junction. 

The third device is the initial design for the TPEG project. A key feature of the TEG 

design in Figure 1.3 was that each p- and n-type thermoelectric layer had to be insulated 

from one another as the device was built. The initial hypothesis was to replace the insulators 

with piezoelectric active films and generate bound surface charge into the thermoelectric 

films. By adding the piezoelectric film, the power density of the structure could be 

increased. Unfortunately, this structure created an RC circuit with the piezoelectric film 

and the junction between thermoelectric layers. Given the dimensions and resistance of the 

films worked with, it took 98 ns to discharge half of the potential on the RC piezoelectric 

capacitor. Although this structure had piezoelectric films in it, no usable piezoelectric 

voltage was being generated.  

The reason this and other hybrid TPEG designs failed is because the piezoelectric 

and thermoelectric elements were treated as separate systems that needed to be placed in 

the same system. Treating them as separate only allows for two fundamental circuits: an 

RC system in parallel or in series. The parallel connection creates a low-resistance RC loop 

that completely eliminates the piezoelectric voltage, whereas the series circuit creates a 
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capacitive system that completely eliminates the thermoelectric voltage output.  Given this 

unfortunate interaction, it is no small wonder why there did not exist a thermoelectric 

piezoelectric prior to the time that I started my research. 

The fourth design is the first functional TPEG. This design flips the initial concept 

of integrating piezoelectric films into an existing TEG structure and instead builds a TEG 

into an existing PEG. Starting with a piezoelectric film, thermoelectric elements were 

attached as electrodes but not connected. This creates a fully functional capacitive PEG 

circuit. The key to this design is that one of the thermoelectric electrodes consists of a 

continuous alternating p- and n-type film that was developed and used, as described in 

Chapters 2 and 3. This alternating film creates a TEG that runs the length of the 

piezoelectric film and doubles as an electrode. To establish a thermal gradient across the 

individual thermoelectric elements, the device was then folded at the junctions between the 

p- and n-type materials. This design is shown in Chapter 4. This TPEG structure is 

completely independent of the thermoelectric materials used and could have far-reaching 

implications in the field of wearable electronics. 
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Figure 1.7  Generator Designs and Equivalent Circuits. A PEG with metal 

electrodes behaves like a capacitor. A TEG that behaves like a series of 

resistors. A non-functional TPEG design due to the RC circuits. A 

functional TPEG due to the electrodes on a PEG doubling as TEG 

generators. 

1.4.3 TPEG effect 

In addition to optimizing the thin-film TEG structure and developing the first TPEG 

device, I discovered a coupled field effect at the interface between the thermoelectric and 

piezoelectric films. The coupled field effect occurs during the simultaneous input of stress 

and heat and causes an increase in the total voltage output of the system. A considerable 

amount of my dissertation research was studying this interaction between piezoelectric and 

thermoelectric films.  The following section is aimed at discussing the discovery, 
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verification, results, and applications of the coupled field effect. For ease, this coupled field 

effect will be referred to as the TPEG effect.  

The TPEG effect was observed during the initial proof of concept experiments 

aimed at synthesizing and testing a three-layer TPEG. Figure 1.8 shows the initial 

experimental setup. The aim was to create a pendulum to stress the system while heat was 

added through the clamp holding the device. The experiment used two Teflon blocks to 

hold the device and made electrical contact through gold press pins imbedded in the Teflon. 

Heat was introduced by a copper block on the outside surface of the Teflon. This 

configuration allowed for a thermal gradient along the length of the device. A mass, M, 

was attached at the bottom. At the start of the experiment, the mass was released from a 

specific displacement and allowed to swing back and forth as it damped down, generating 

piezoelectric voltage. This setup allowed for the piezoelectric measurements at different 

thermal gradients.  
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Figure 1.8  Initial experimental setup to study a TPEG device. The TPEG 

was placed in a heat block holder and a mass was attached to the bottom of 

the device. Stress was applied through displacing the mass and allowing for 

a harmonic pendulum motion.  

Figure 1.9 displays the initial data containing the TPEG effect acquired using the 

experimental setup in Figure 1.8. Figure 1.9a shows the peak-to-peak voltage generated by 

the TPEG. The purple curve was taken while there was no thermal gradient across the 

device. The green curve was taken with a 20 K thermal gradient across the TPEG. The 

initial expectation was to see the piezoelectric voltage on top of the thermoelectric voltage. 

The unexpected result was the increase in amplitude of the peak-to-peak voltage. In Figure 

1.9, the thermoelectric voltage has been subtracted from the green curve to clearly outline 

the difference in amplitude of oscillation.  

Unfortunately, the initial experiment to show the TPEG effect was difficult to 

reproduce; in fact, a decrease in peak-to-peak voltage was also observed. Figure 1.9b shows 

the same device as Figure 1.9a, but as retested the next day. In Figure 1.9b, it is clear that 
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the peak-to-peak voltage decreased while heated. As it was later discovered, this variation 

in amplitude was due to pyroelectric effects that were not controlled in this experiment. In 

addition to ignoring pyroelectricity, this experiment had too many uncontrolled variables. 

The stress varied depending on: initial displacement, mass placement at the end of the film, 

torsional motion created by small lateral displacements of the mass, damping due to the 

thermocouple wires required to measure the thermal gradient, and the length of the TPEG 

device. To verify the cause of this change in amplitude and before any claims could be 

made, a new experimental setup was designed to produce repeatable results. 
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Figure 1.9  Initial measurements of the TPEG in experimental apparatus 

depicted in Figure 1.8. For both graphs the purple curve is the piezoelectric 

response without a thermal gradient. The green curve is the piezoelectric 

response with a 20 K thermal gradient across the device. a) The peak-to-

peak voltage increases while experiencing a thermal gradient. b) The peak-

to-peak voltage decreases while experiencing a thermal gradient. 

Figure 1.10 shows the redesigned experimental apparatus that verified that the 

change in amplitude was in fact a new interaction between the piezoelectric and 

thermoelectric materials. Thus, the TPEG effect was real, and not due to poorly controlled 
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experimental variables. The redesigned apparatus aimed at decoupling the known voltage 

sources from one another. The three major sources generated by a TPEG are 

thermoelectric, piezoelectric, and pyroelectric voltages. A major error in the first 

experimental setup was that it did not allow for the measurement of and control over the 

pyroelectric voltage. Neglecting the contribution of the pyroelectric term was the cause of 

the inconstant increase or decrease of the amplitude and is a central component in 

generating the TPEG effect. 

Figure 1.10a shows the new three-layered TPEG that allowed for the decoupling of 

the thermoelectric, piezoelectric, and pyroelectric terms. The thermoelectric and 

pyroelectric terms were decoupled through spatial separation and the piezoelectric and 

pyroelectric terms were decoupled in the time domain. Thermoelectricity is dependent on 

a thermal gradient across a material while pyroelectricity depends on the time derivative 

change in the bulk temperature. The previous device structure did not allow for clean and 

reproducible pyroelectric voltages. When the piezoelectric film experienced a thermal 

gradient, it caused a non-uniform pyroelectric response along its length. To fix this, the 

new design created longer thermoelectric electrodes that extended away from the TPEG 

three-layer system. This design allowed for the uniform heating, 𝑇𝐻, of the piezoelectric 

film as well as thermal gradients that extended away from the piezoelectric film. The 

thermoelectric films are perpendicular to one another for easier electrode contacts. The 

piezoelectric and pyroelectric terms were separated in time by 2-3 orders of magnitude. 

The piezoelectric voltage was generated using a 1 Hz stress input and the pyroelectric 

voltage was generated by heating that was introduced over the course of minutes.  
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Figure 1.10b shows the experimental apparatus that measured the device in Figure 

1.10a. The three-layer TPEG was placed into the setup and electrical contacts were made 

through the gold press pins inside the Teflon clamps (white blocks). Then a glass substrate 

was placed over the piezoelectric film area and a mass-spring system applied stress via 

Hooke’s Law to the top of the glass. This allowed for a uniform stress across the 

piezoelectric film. The apparatus was heated from the bottom. This uniformly heated the 

piezoelectric film and created a thermal gradient along the thermoelectric films. The up 

stands allowed for a larger thermal gradient to be established.    
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Figure 1.10  TPEG device structure and experimental setup. (a) A 

piezoelectric film with thermoelectric electrodes. The circuit, thermal 

gradients, and input stress are highlighted. (b) A rendering of the 

experimental setup. A spring mass system applies stress while the apparatus 

is heated from the bottom. The up rises allow for the thermal gradient to be 

established.  

Figure 1.11 shows the experimental results of the redesigned apparatus. This set 

data clearly shows that the TPEG effect changes over time. The device was initially 

stressed at ambient temperatures, producing only piezoelectric voltages for the first 5 

minutes. The inset shows the oscillations of the piezoelectric signal. Then the device was 

heated for 5 minutes and then allowed to cool for 10 minutes. A large pyroelectric response 

is observed at 5 and 10 minutes. The thermoelectric voltage can be calculated using the 

(a) 

(b) 



__________________________________________________ 

30 

known Seebeck coefficient and the measured thermal gradient. While the device is heated 

the amplitude of the voltage signal greatly increases the TPEG effect, and when the system 

cools off the amplitude returns to the initial piezoelectric voltage.  

In short, the TPEG effect is caused by the pyroelectric and piezoelectric fields 

affecting the Fermi level of the CNT-based thermoelectric film. The thermoelectric 

properties of low-dimensional materials can be described by the Mott Formula. The 

predominant features in CNT’s density of states are Van Hove Singularities. Shifting the 

Fermi level closer to these features can greatly amplify the thermoelectric properties of the 

material. The full analysis and justification of the TPEG effect is published in Chapter 5. 

 

 

Figure 1.11  A TPEG generator exhibiting the TPEG effect. Inset: the 

harmonic piezoelectric voltage. 

The goal of this dissertation work was to improve the performance of 

thermoelectric generators through means other than directly improving the intrinsic values. 

This work approached that question from many different angles and resulted in new: 

synthesis methods, device structures, hybrid generators, and a coupled field effect. The 
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following chapters are the publications that I wrote explaining in detail the importance of 

each results.  
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Abstract 

A new spray doping method is presented that allows for easily tunable 

thermoelectric properties of thin film carbon nanotube (CNT) polymer 

composites. An airbrush introduces small molecule Polyethyleneimine into 

existing p-type CNT films converting it to an n-type composite. This 

technique allows for the conversion of a single p-type film into a multi-

section device of alternating p- and n-type segments. A thermoelectric 

generator (TEG) design is presented with the effort to address current design 

issues facing thin film thermoelectric devices as a commercially viable 

TEG. The Seebeck coefficient and electrical conductivity were tested under 

different dopant concentrations and compared with traditional solution 

based methods. 

 

 

 

 

 

2.1 Introduction 

Carbon nanotubes (CNTs) represent a large portion of organic thermoelectric 

research because of the range of methods that can improve the thermoelectric figure of 

merit ZT. Introducing CNTs into polymer blends can reduce thermal conductivity while at 

the same time remaining conductive through percolating networks1. Different 

functionalized CNTs can improve film integrity2, Seebeck coefficient3–5, and electrical 

conductivity6. Small molecules have been shown to dope CNTs to achieve higher Seebeck 

coefficients or even different majority charge carriers7–10.  While these methods focus on 

improving ZT, the obstacles surrounding integration of thin film thermoelectrics into a 

functional thermoelectric generator (TEG) remain a concern in overall effectiveness.  
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Commercial bulk inorganic TEGs consisting of bismuth telluride (Bi2Te3) can 

easily achieve two basic design parameters necessary to optimize performance, however 

achieving the same with thin film devices is a challenge. First, the individual components 

need to be electrically in series and thermally in parallel, allowing the voltage to scale 

proportionally to the number of thermoelectric elements11,12. This results in a preferred 

thermal gradient direction or active axis through the device. Second, this active axis needs 

to be perpendicular to the surface of a radiative heat source to achieve maximum power 

output. Bulk inorganic devices use a standard structure to connect individual elements and 

orient the active axis through the thickness of the device13. Current thin film TEG designs 

using ink printing14–16 and layering techniques7,17–19 can satisfy the first parameter. 

Unfortunately, these techniques require the active axis to be in the plane of the device 

making them impractical when flat against a heat source. To address this issue, a thermal 

insulating layer can partially cover the bottom of the device allowing the thermal gradient 

to establish between the exposed and insulated ends or through a layering of multiple 

modules, but these are less than optimal7,19. Instead, if the active axis could be reduced 

down to millimeters in length a sufficient number of layers would give an adequate width 

to create thin TEGs capable of fulfilling the second parameter. A dominating factor in 

reducing length is the size of the electrical junction at each end of the film. Current junction 

fabrication methods such as melting, solvent cementing, conductive adhesives, or electrode 

deposition are effective ways to form connections between the p- and n-type layers but can 

be several millimeters in length and requires each junction to be formed individually8,17,18. 

This current work presents a spray doping method that can create multiple junctions 
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simultaneously while reducing the length of each junction to about 1 mm allowing a TEG 

to be scaled down to millimeters in length.   

Typically CNT/polymer composites are doped in solution to create entirely p- or n-

type films when dropcasted7,20. The spray doping technique, alternatively, imbeds small 

molecule dopants into an existing film by depositing a solution that dissolves the 

surrounding polymer and allows for the dopant to infiltrate the CNT network. After the 

solvent evaporates, the polymer solidifies with the dopant surrounding the CNT matrix. 

This selective doping can transform a single large p-type film into a continuous sheet of 

alternating p-type and n-type sections that automatically forms junctions. Spray doping PEI 

can significantly improve the manufacturing and design of such devices. 

 

2.2 Experimental 

2.2.1 Film preparation  

The p-type thermoelectric films are a CNT and polymer composite. The CNTs are 

a mixture of single-walled and double walled nanotubes with a purity of 99% and were 

used raw as distributed (Cheap Tubes Inc, USA). The polymer was Poly(vinylidene 

fluoride) (PVDF) M.W. 534,000 (Aldrich Chemistry). The solutes are dispersed in N,N-

Dymethylformamide (DMF) ACS reagent 99.8% (Sigma-Aldrich) at 30mg/mL with a 

range of 5/95, 10/90, 20/80wt.% of CNT/PVDF.  A three-step sonication and mixing 

process was used to debundle the CNTs. Initially a solution of CNTs in DMF was dispersed 

via high frequency needle probe sonication (Branson Sonifier 250) for 30 minutes and then 

bath sonication (Branson 2510) for 90 minutes. Afterwards PVDF was added and mixed 

in the bath sonication for 60 minutes. Finally a solution of 5-7mL was drop casted onto a 

50mm x 75mm glass substrate at 100°C and dried for 120 minutes. 
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2.2.2 Spray Doping 

Small molecule n-type dopant Polyethyleneimine (PEI), branched, M.W. 600 99% 

(Alfa Aesar) was dispersed in DMF. Solutions where magnetically stirred for 24 hours 

prior to use. Varying PEI concentration and volume deposited from 0.3125-50mg/mL and 

100-250µL respectively allowed for different loadings of PEI. To achieve n-type doping a 

PEI/DMF solution was spray casted onto the surface of the dried p-type CNT/PVDF 

composite. DMF was chosen as the solvent because it would temporarily dissolve the 

PVDF and allow for the PEI small molecules to integrate into the CNT/PVDF matrix. After 

the DMF evaporates the PVDF resolidifies embedding the PEI and locally doping the CNT 

matrix n-type. An airbrush (Iwata Inc. Revolution BR) positioned 4-6cm above the film 

deposited the solution at 5psi using nitrogen. These parameters where chosen to achieve 

the optimal spray doping range. Spray doping at far distances and high gas pressure can 

dry out the solution before contact with the sample not allowing for the PEI to penetrate 

the CNT/PVDF matrix. Shorter spray distances can cause the solution to agglomerate 

causing large section of the film to dissolve entirely21,22. To achieve an alternating p-type 

and n-type structure a 3D printed thermoplastic stencil mask (Figure 2.1b) was placed over 

the film causing only the exposed regions to be doped. 
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Figure 2.1  a) An alternatingly doped CNT films with an undoped film 

below. b) 3D printed mask used to achieve doping pattern. c) A folded 

thermoelectric film with 10 thermocouples with insulating layers next to an 

incased 100 thermocouple device.     

2.2.3 Characterization  

A 4-probe setup presented in supplementary information of C. Dun et al.23 was used 

to characterized the electrical conductivity and Seebeck coefficient. The electrodes are 

placed 3mm x 10mm apart and the films tested are 4mm x 11mm in dimensions. A 

correction factor 𝑙𝑛(2) 𝜋⁄  for a finite film with edge fringe electric field effects24 was used 

to calculate the electrical conductivity. The room temperature Seebeck coefficient was 

calculated over a 1-3K ΔT interval.  
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2.2.4 Device fabrication  

Figure 2.1 outlines the key steps involved in building a TEG with an active axis 

though the thickness of the device. 75mm x 50mm p-type films were doped with the 

optimal concentration as presented in Figure 2.1 to create 20 individual sections. The film 

was cut down to 75mm x 25mm and folded along each junction. An insulating PVDF 

film was attached in between each fold using a cyanoacrylate based adhesive. Ten 

sections where connected with a conductive metal tape allowing for 200 individual films 

in the final device. The device was placed in Sylgard 184 Silicone (Dow Corning) to 

retain its shape. The final dimensions where 31mm x 29mm x 6mm. 

 

2.3 Results and discussion 

Existing p-type CNT/PVDF composite films where spray doped using a range of 

n-type dopant PEI concentrations and tested for the Seebeck coefficient, electrical 

conductivity and power factor. A new TEG is presented built using improved 

manufacturing techniques and focusing on ideal design parameters.  

2.3.1 Thermoelectric properties 

The Seebeck coefficient (α) of the spray doped films are presented in Figure 2.2a. 

Initially the CNT films had a p-type value of 37.7 ± 0.3 μV/K. For each CNT weight 

loading there is a steep transition from p- to n-type between 0-0.2 mass ratio of PEI to 

CNT. After the majority charge carrier transition the Seebeck coefficient stabilized to a 

maximum n-type value of -32.5 ± 1.6 μV/K for the tested range.  The electrical conductivity 

(σ) curves in Figure 2.2b have two predominant features, the electrical conductivity 

increases with CNT weight loading which is expected in percolating networks25 and that 

there is a decrease in the conductivity at the transition between majority charge carriers in 



__________________________________________________ 

47 

the CNT matrix due to the Fermi level transition26. The p-type film σ was 1040 S/m where 

the maximum n-type value achieved was 1270 S/m. A power factor (𝜎𝛼2), for p- and n-

type films of 1.48 𝜇𝑊 𝑚 ∙ 𝐾2⁄  and 1.47 𝜇𝑊 𝑚 ∙ 𝐾2⁄   respectively where achieved.  

 

 

Figure 2.2  a) Transition between p-type and n-type Seebeck coefficient. 

Different CNT weight loadings in PVDF show that the transition is 

dependent on the mass ratio between PEI dopant and CNT matrix. b) 

Electrical conductivity as a function of dopant to CNT mass ratio. The 

decrease in conductivity corresponding to the transition point between p- 

and n-type Seebeck coefficient in a). 
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Although the Seebeck coefficient and electrical conductivity are stable at the higher 

PEI loadings shown in Figure 2.2, the transition region shows a degree of instability. The 

width of variation in the Seebeck coefficient and electrical conductivity in the transition 

region between p- and n-type materials can be explained by a variation in local CNT 

density of the test sample and the sensitivity of the Fermi level due to donor electrons 

concentration. These deviations can easily be reduced by using PEI loadings able to reach 

the optimal doping region. Figure 2.3 shows the morphology change caused by spray 

doping. Figure 2.3a shows an undoped CNT/PVDF matrix and Figure 2.3b is the surface 

after spray doping. The change is caused by the DMF solvent dissolving the PVDF 

allowing the PEI to penetrate into the CNT network and re-solidifying with any excess PEI 

forming a top layer. Given the ease that spray doping creates p- n-type junctions within a 

thermoelectric device, a possible concern is that depositing the PEI onto the surface of the 

film via spray doping will be subpar to solution based dispersion of PEI. This turns out not 

to be the case; control n-type films doped in solution are consistent with the standard 

deviation of the spray doped films. Therefore, while spray doping share equivalent 

thermoelectric properties as solution based methods, spray doping has a significant 

advantage in device construction.  
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Figure 2.3  a) 20 wt.% loading of CNT in PVDF before spray doping b) 20 

wt.% loading of CNT in PVDF after spray doping. The surface morphology 

change is caused by the deposition of PEI. 

2.3.2 Device output 

The performance in Figure 2.4a of the prototype TEG shows total power output 

under different temperature gradients. The device was placed in contact with a hot plate 

and allowed to equilibrate for 5-10 minutes before measuring voltage and resistance. This 

was done to demonstrate how a device in constant use would perform and eliminate an 

artificially high ΔK which results before the system comes to steady state heat flow. A k-

type thermocouple was used to measure the temperature gradient through the thickness of 

the device.  A power output of 1.7μW was achieved at a 28K ΔT. To quantify the 

performance of the prototype TEG a commercially available Bi2Te3 TEG with the same 

dimensions was used in a comparison experiment. As expected, based on the materials ZT 

Bi2Te3 produce a higher power output, however, there were interesting results. Figure 2.4b 

shows that as the temperature increases the power ratio between the CNT and Bi2Te3 

improves over an order of magnitude. The improvement is produced by a relative increase 

in voltage and decrease in resistance shown in Figure 2.4c.  The voltage ratio enhancement 
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is due to the CNT maintaining a temperature gradient 52% larger than Bi2Te3 at 120K ΔT. 

The decrease in normalized resistance is due to Bi2Te3 increasing by a factor of 10.3 while 

the CNT increased by 1.4 at 120K ΔT. The performance experiment between organic and 

inorganic TEG is an example that a CNT based device could achieve the same optimal 

design and fall within two orders of magnitude in power output of a commercial device. 

Figure 2.4b shows the power ratio if these devices where used to directly power optimized 

loads, however thermoelectric generators can be combined with power management 

circuits that rely on the input voltage to charge a capacitor before final use. Figure 2.4c 

shows that at 20ΔT the organic TEG voltage output is 64% of the inorganic device. This 

comparison illustrates the importance of allowing the active axis to be perpendicular to the 

heat source.  This prototype TEG is an important example of how extrinsic design 

parameters can close the gap in performance, while the intrinsic thermoelectric ZT 

properties can remain orders of magnitude different between organic CNT based 

thermoelectrics and inorganics27.  
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Figure 2.4  a) Power output of a low profile 100 thermocouple device 

placed on a radiative heat source. Temperature gradient though device 

thickness was calculated via a thermocouple. b) The power ratio of the 100 

thermocouple CNT device over a commercial Bi2Te3 device. The 

temperature gradient is the difference between the ambient and heat source 

temperature. c) Voltage and resistance ratios of the 100 thermocouple CNT 

device over a commercial Bi2Te3 device. Each resistance has been 

normalized as a fractional increase from the initial values. The temperature 

gradient is the difference between the ambient and heat source temperature. 
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2.4 Conclusion 

Previous thin film TEGs have failed to meet ideal operational parameters because 

the procedures used to connect hundreds of elements into a functional device have 

practically limited the reduction in length of each element. Spray doping takes advantage 

of the existing conductive CNT/polymer matrix to create automatic p- n-type junctions 

between the doped and undoped regions. The ability to control the length of these regions 

via the mask ultimately allows the developer to have a higher control over device 

dimensions. Using this technique results in an active axis through the thickness of a low-

profile and a high-density layered CNT based TEG. The replacement of solution based 

doping with spray doping has significant implication to the viability of the production of 

CNT TEGs showing that with a proper design organic TEG can be  closer in performance 

to inorganic TEG than intrinsic ZT values would indicate. 
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Abstract 

Research on organic thermoelectric generators can be divided into two main 

categories— improvement of intrinsic values and the incorporation of 

elements into a functioning generator. Efforts throughout the organic 

thermoelectric field have primarily focused on improving intrinsic values. 

The reason intrinsic values are focused on over device design is twofold; it 

is necessary for improvements in ZT for organics to be economically 

competitive, but less obvious is that there is no standardized thin film 

design. In this work, the authors review the shortcomings of the main 

flexible organic thermoelectric designs and present a new design that 

overcomes these flaws. Presented are three different devices of varying 

element density. The experimental Seebeck and power output are reported. 

The heat flow is studied experimentally and fitted theoretically for modules 

of different sizes to optimize performance.  

 

 

 

 

 

3.1 Introduction 

Flexible thin film organic thermoelectric generators (TEGs) have been praised for 

their numerous advantages over commercial inorganic thermoelectrics. Top among these 

are: lower toxicity, cost, and weight; varied form factors; low thermal conductivity; and 

decoupling Seebeck and electrical conductivity via various methods1–4. However, 

flexibility is the key distinction that thin film thermoelectrics have over bulk devices. Thin 

film TEGs can conform to non-planar surfaces and can be used in unique applications. 

Unfortunately, a major issue for thin film thermoelectrics is that there is no standardized 

TEG design. This has led to a majority of thin film research to solely focus on improving 



 

__________________________________________________ 

58 

intrinsic properties5. Additionally, without a universal structure, many of the proposed thin 

film structures that appear in literature are attempts to prove that the proposed techniques 

to improve ZT can be incorporated into a functioning generator instead of figuring out the 

optimal TEG design. However, there are currently three major thin film designs. The 

difference between these designs depends on the synthesis methods of the individual 

thermoelectric element and how each is incorporated into an array of elements. While these 

designs have their advantages, each has inherent issues that prevent them from optimizing 

performance while remaining flexible. 

Figure 3.1 depicts the general schematics of the main TEG designs. Figure 3.1a 

shows a TEG built from free-standing thin films6–10. The thermoelectric films are stacked 

alternating p- and n-type with electrical connections made at the edges with an insulating 

film between each element. The advantage of this structure is that it can have a large density 

of thermoelectric elements. The downside of the structure comes from the practicality of 

establishing a temperature gradient across the length the device. Figure 3.1b depicts an 

array of multiple TEGs connected and layered in a scale configuration with a thermal 

insulator to protect the cold side and elevate it above the heat source11,12. This configuration 

is a reasonable compromise to establish a thermal gradient along the thermoelectric active 

axis while minimizing the height of the TEG structure. Figure 3.1c shows a TEG design 

for substrate-based thin films13–21. This design has numerous advantages for materials that 

can be printed, or are incompatible with free-standing film methods. The major drawback 

to this design is the decreased power density because of the physical separation required 

between elements.  Figure 3.1d shows this design can be wrapped around a heat source 

with a thermal gradient or coiled up and placed on a radiative heat source. While the coil 
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can greatly increase power density, it also reduces or eliminates the device’s flexibility. 

Figure 3.1e shows a similar structure as Figure 3.1c; however, the change in electrode 

placement requires the array to fold to establish thermal gradients as depicted in Figure 

3.1f. This final design is the most akin to standard commercial design. Unfortunately, this 

design tends to trade flexibility for performance and is the most complex of the three 

structures22–26.  

 

 

Figure 3.1  Thin film thermoelectric designs. a) Free-standing TEG design. 

b) Scale or layered TEG design based on the module constructed in a). c) 

Substrate-based TEG design. d) The TEG in b) can be wrapped around or 

coiled up depending on application. e) Substrate-based TEG with electrodes 

along the length of each element. f) A corrugated structure using the TEG 

array in e).  

In this work we present a new TEG design for thin films. This design takes the best 

of the other structures while attempting to mitigate their drawbacks. This TEG structure 

can achieve high density, flexibility, low-profile, and optimal active axis. The key 

distinction of this structure is that the entire device is built from a single continuous 

alternating p- and n-type thermoelectric thin film. Having a continuous film eliminates the 
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need to create electrical junctions between p- and n-type sections and allows for the 

miniaturization and modification of that architecture presented in Figure 3.1f. However, 

unlike the structures associated with Figure 3.1f, this device structure does not require a 

cold side substrate to maintain the device integrity. This allows for the flexibility of a wrap 

device while having the thermoelectric density of a scale device and the active axis of a 

corrugated device.  Along with the fabrication methods, the thermoelectric values and 

power output will be explored for three different devices. In addition to the standard device 

performance values, the heat flow through each device is theoretically calculated and 

compared experimentally.  

 

3.2 Experimental Methods 

3.2.1 Materials  

The thermoelectric thin films used are a heterogeneous matrix of carbon nanotubes 

and non-conducting polymer. The CNTs are a mixture of single- and double-walled carbon 

nanotubes at a purity > 99%, Cheaptubes (# SKU0111). The CNTs were used as purchased. 

The polymer used was poly(vinylidene fluoride) (PVDF) m.w. ~534,000, Aldrich 

Chemistry. A small molecule polyethylenimine (PEI) was used to dope the thermoelectric 

matrix from p- to n-type. PEI branched m.w. 600, Alfa Aesar. The thermoelectric materials 

were dispersed in dimethylformamide (DMF) anhydrous 99.8%, Sigma-Aldrich. For 

electrical connections between modules, copper tape, Ted Pella Inc. (# 16072-1), and 

PELCO conductive silver paint, Ted Pella (# 16062), were used. The encapsulant used was 

Sylgard 184, Dow Corning. 

 

3.2.2 Device construction  
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3.2.2.1 Thermoelectric Film formation  

The thermoelectric films were formed via a drop-casting method. Prior to the TEG 

fabrication, a range of CNT wt.% loading in PVDF were tested to determine the optimal 

loading of CNTs. It was determined that using a mass ratio of 15:85 CNT:PVDF allowed 

for the highest power factor while having enough polymer to maintain a distinct fold 

between the p- and n-type sections. CNT/PVDF were dispersed in DMF at ~7.56 mg/mL. 

The total solution volume used was 75 mL per 12.7 cm x 17.8 cm glass substrate. Initially, 

the CNTs where added alone to the DMF and underwent high probe tip sonication for 12 

minutes to disperse the bundles. Afterwards, the CNTs were bath-sonicated for 15 minutes 

before the PVDF was added. After the addition of the polymer, the solution was bath-

sonicated for 30 minutes before being drop cast at 70°C for 3 hours or until dry. 

3.2.2.2 Thermoelectric device design 

The formation of alternating p- and n-type thermoelectric sections is achieved via 

a spray doping method introduced by the authors previously27,28. This method uses a small 

molecule dopant dispersed in a solvent that, when sprayed on the surface of a thin film 

thermoelectric, dissolves the polymer, allowing the small molecule to intercalate into the 

CNT matrix and dope them. As the solvent carrying the small molecule evaporates, the 

surrounding polymer matrix is able to reform. By using a mask (Figure 3.2b), undoped 

areas can be protected. This method can create an alternating p- and n-type in a continuous 

film (Figure 3.2a).   

Figure 3.2 shows various stages of the TEG construction, as well as three different 

TEGs. Figure 3.2a is a schematic of the steps that go into each TEG tower. Initially, the 

TEG starts as a flat alternating film of p- and n-type material.  The device is then folded at 
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the junction between the two semiconductors, creating a thermocouple (TC), and insulating 

thin films of PVDF are inserted in between each fold. Finally, the folds are compressed 

into a single TEG tower. This process is repeated for the next section of alternating 

semiconductors. Figure 3.2b shows the 12.7 cm x 17.8 cm undoped p-type CNT/PVDF 

film with the spray casting mask, allowing for three TEG towers with six 5mm long 

thermoelectric elements each with 3TC per tower. Figure 3.2c is a closeup of the edge of 

one folded tower. The inserted PVDF insulating films can be seen and are held in place by 

a small drop of a cyanoacrylate compound at the edge of the device. Figure 3.2d is the 

compressed tower held together at the edge with a thin piece of Kapton tape prior to 

encapsulation. Copper tape and conductive silver paste was used to attach individual 

modules together. Figure 3.2e shows a 12 TC TEG device with a width of 50 mm and 

length of 55 mm and thickness of 5 mm. Figure 3.2f shows a 24 TC TEG device that has 

the same dimensions of the device in Figure 3.2e but which has been bisected to increase 

the number of elements. Figure 3.2g is a 48 TC TEG device that has the same dimensions 

as Figure 3.2f but has been bisected. 
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Figure 3.2  Schematic and TEG design characterization. a) A continuous 

thermoelectric film at different stages of fabrication. b) Undoped 

thermoelectric film with spray doping mask. c) Edge view of a TEG after 

folding. d) edge view of a complete TEG tower e) 12 TC TEG device. f) 24 

TC TEG device g) 48 TC TEG device. 

 

3.3 Results and discussion 

3.3.1 Flexibility and resistance stability  

Flexibility is key to a thin film TEG. Figure 3.3 depicts the new design’s ability to 

fold. Figure 3.3a shows that the flexibility along the length of the device is due to the 

spacing between towers. The TC towers prohibit flexibility in the off-axis direction; 

however, the spacing between modules and the binding elastomer allows for the device to 

fold. Figure 3.3b shows flexibility in the orthogonal direction due to multiple sections, like 

the 24 TC and 48 TC devices.  

(a) 

(b) (c) (d) 

(e) (f) (g) 
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Because the electrical connection already exists between the p- and n-type sections, 

the space needed to form the junction and the overall length of the thermoelectric element 

can be greatly reduced. However, it should be a concern that folding along the junction 

could cause a change in the morphology and affect the electric conductivity of the material. 

Figure 3.3c-e detail the junction width, and the effect on the device’s resistance. Figure 

3.3c-d are SEM images of a typical junction. The junction width is approximately twice 

the thickness of the thin film. The magnified image of the junction shows that the fold has 

exposed some of the CNTs from the PVDF matrix; however, they are still clearly 

embedded in the material. Figure 3.3e depicts the resistance as a flat TEG film is folded 

one TC at a time. Each junction folded added approximately 8.1 mΩ. After 12 TC the 

overall resistance increased by ~1.2%.  
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Figure 3.3  Flexibility and characterization on junction between 

semiconductor sections. a) 24 TC device folded along the module length. b) 

24 TC device folded off axis along the elastomer. c) SEM image of the 

folded junction. d) Magnified image of c) depicting defects introduced in 

the junction. Exposed CNTs can be seen through the fold. e) The normalized 

resistance of the TEG materials as the device is folded. It is compared with 

a polycrystalline material on a flexible substrate that fails after 5 folds. 

(e) 

(d) (c) 

(a) (b) 

35µm 
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3.3.2 Thermoelectric performance  

To explore the performance of the new TEG archetype, three devices were built 

having the same overall size but with varied numbers of thermoelectric elements per 

device. This allows for the direct comparison between voltage production and power 

density. In addition, these devices allow for evaluation between the theoretical and 

effective Seebeck coefficient and the studying of how heat flows through each device.  

Figure 3.4 characterizes the voltage and power output of each device. Figure 3.4a 

shows the experimental effective Seebeck coefficients: 312µV/K, 749µV/K, and 

1632µV/K for the 12 TC, 24 TC, and 48 TC TEGs, respectively. The increase effective 

Seebeck coefficient is due to the number of thermoelectric elements. The intrinsic values 

measured for individual p- and n-type films were 34.4 µV/K and -23.4 µV/K. The ratio 

between the experimental value and the theoretical maximum shows the effective reduction 

each module experiences. The Seebeck coefficient ratios are 45.0 %, 54.0%, and 58.8% 

for the 12 TC, 24 TC, and 48 TC devices. While this reduction in performance may be a 

factor in why there are fewer studies about TEG design, it is important to understand these 

limitations. The reason there is a reduction in performance is caused by the differences in 

how the thermal gradient is measured between intrinsic and device measurements. For a 

single element, the thermal gradient is measured directly across the film, while for a 

physical device the temperature of the hot and cold side is measured. These devices use an 

elastomer for added durability, but the elastomer lowers the effective thermal gradient 

dropped across the thermoelectric films. This issue, however, is one that will arise in any 

TEG design that requires an external binder to hold the system together.  
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Figure 3.4b shows the load matching power output of each device.  The power 

produced by each device is in the range of ~0.93-1.18 µW at 25ΔK. Each device has a 

similar power output despite having a different number of elements.  This is because the 

power density is not changing as the number of elements is added. Each new element is a 

tradeoff between increasing voltage and increasing internal resistance. The theoretical 

explanation for why each device has the same power output is proved in the Supplementary 

Information. Since TEGs are designed for specific applications, the voltage and internal 

resistance should drive the bulk design parameters of this device.  
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Figure 3.4  Thermoelectric properties and power generation. a) The 

Seebeck effect measured for each TEG shown in Figure 3.1e-g. b) The 

power production for the same devices in a). 

3.3.3 Heat flow analysis  

The way TEG modules manage heat flow can be just as important as the intrinsic 

values of the individual elements to its overall performance. Materials with high thermal 

conductivity will have a hard time maintaining a thermal gradient. Furthermore, every 

other additional component will contribute to how well the TEG module will be able to 

maintain the thermal gradient across it. This next section looks at how the new TEG design 

handles steady-state thermal gradients.  

(a) 

(b) 
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Figure 3.5a shows the temperature gradient that each TEG can maintain. Equation 

3.1 determines the magnitude of the thermal gradient through the TEG based on the 

difference between the heat source and ambient temperature. The temperature gradient, 

Δ𝑇𝑇𝐸𝐺 , was measured between the hot, Th, and cold, Tc, sides of the TEG. The temperature 

gradient, Δ𝑇𝑠𝑜𝑢𝑟𝑐𝑒, was measured between Th  and ambient temperature, T∞. The results 

show that all three devices are able to maintain ~45-60% of  Δ𝑇𝑠𝑜𝑢𝑟𝑐𝑒.  The three devices 

share similar performances because each tower is 5 mm long. To put this TEG design in 

perspective, a commercial inorganic device (In TC) with the same thickness is only able to 

maintain ~5-8%. The reason for this disparity is that commercial devices have a higher net 

thermal conductivity due to the bulk thermoelectric elements, metal electrodes, and 

ceramic heat spreaders29,30. To improve the performance of both the thin film and 

commercial TEGs, a heat sink could extract the heat from the cold side5. However, a heat 

sink would add considerable thickness and rigidity to the system. A better solution is to 

look at each thin film tower as its own heat sink and determine the optimal length for 

performance versus form-factor.  

𝑇𝑟𝑎𝑡𝑖𝑜 ≡
Δ𝑇𝑇𝐸𝐺

Δ𝑇𝑠𝑜𝑢𝑟𝑐𝑒
=

𝑇ℎ − 𝑇𝑐

𝑇ℎ − 𝑇∞
 (3.1) 

Figure 3.5b depicts the calculations that can be used to optimize the internal heat 

sinks in the TEG design. These calculations are based on a model for solid-state heat 

conduction through one-dimensional heat fins. Equation 3.2 shows that a temperature ratio 

can be determined based on known parameters31.  
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𝑇 − 𝑇∞

𝑇ℎ − 𝑇∞
=

sinh[𝑚(𝐿 − 𝑥)] + (ℎ/𝑚𝑘)cosh[m(L − x)]

cosh(𝑚𝐿) + (ℎ/𝑚𝑘)sinh (𝑚𝐿)
 (3.2) 

Let 𝑚 = √ℎ𝑃/𝑘𝐴, where h is the convection heat-transfer coefficient, P is the 

perimeter of the heat fin, k is thermal conductivity, and A is the cross-sectional area of the 

heat fin. L is the length of the fin and x is the position at which T, temperature, is being 

measured.  Using the experimental data collected for the temperature ratios dropped across 

the TEGs, one can calculate h for these devices. To do so, two changes need to be made to 

Equation 3.2: evaluate the equation at the cold edge of the tower/fin such that T=Tc and 

x=L, then subtract 1 from both sides. For the left side, let 1 = 𝑇ℎ − 𝑇∞ 𝑇ℎ − 𝑇∞⁄  such that 

the temperature ratio is now the experimentally measured ratio. Equation 3.3 is in a form 

that can be solved experimentally with only 1 fitting parameter k. The thermal conductivity 

was taken to be 3 W/mK which is consistent with CNT/PVDF composites32.  

𝑇𝑟𝑎𝑡𝑖𝑜 = 1 −
(ℎ/𝑚𝑘)

cosh(𝑚𝐿) + (ℎ/𝑚𝑘)sinh (𝑚𝐿)
 (3.3) 

This analysis shows that for towers that are 10 mm long, the TEG would be able to 

maintain nearly ~86% of the temperature ratio and ~95% for 15 mm. This design allows 

for TC towers to act not only as thermoelectric generators but also as heat sinks. This new 

device structure has the capacity to increase the tower height (improved performance) 

without sacrificing flexibility.   
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Figure 3.5  Heat flow through the TEG towers. a) Temperature ratio 

(Equation 3.1) versus the device performance at different temperatures. 

Inorganic (In) b) Theoretical calculations for the temperature ratio across 

one dimension heat fins based on length. Inset: Depiction of different tower 

heights and their theoretical temperature ratio.  

3.4 Conclusion 

This new design takes the best of the current structures and lessens the downsides 

that exist in thin film thermoelectric generator designs. It has the power density of free-

standing films, while having the flexibility of the substrate-based designs. It has an active 

axis that is normal to a heat source and it can be segmented and connected in various arrays 
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for the desired power output. However, the true strength of this design structure is the fact 

that it can be used for any thermoelectric material that can achieve an alternating 

semiconductor pattern, including materials used in the corrugated structure28,33. In addition, 

the device design is robust, allowing for multiple paths to improve performance. The power 

density can be improved by reducing the distance between towers, the materials used, and 

tower height. Moving forward, this structure can help to focus the synergy between 

improving ZT and device design. 
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Abstract 

This work presents an integration of flexible thermoelectric and 

piezoelectric materials into a single device structure. This device 

architecture overcomes several prohibitive issues facing the combination of 

traditional thermoelectric and piezoelectric generators, while optimizing 

performance of the combined power output. The structure design uses a 

carbon nanotube/polymer thin film as a flexible thermoelectric generator 

that doubles as an electrode on a piezoelectric generator made of 

Poly(vinylidene Fluoride). An example 2 x 2 array of devices is shown to 

generate 89% of the maximum thermoelectric power, and provide 5.3 times 

more piezoelectric voltage when compared with a traditional device. 

 

 

 

 

 

4.1 Introduction 

Thermoelectric and piezoelectric generators are generally incompatible because 

each uses a vastly different method to couple to their respective energy sources.1,2 When a 

thermoelectric generator (TEG) is exposed to a thermal gradient a voltage is generated due 

to the Seebeck effect.3 When each thermoelectric element maintains the greatest thermal 

gradient the TEG achieves optimal performance. Alternatively, since mechanical 

deformation of a piezoelectric material creates a potential between the generated bound 

surface charge, piezoelectric generators (PEG) need to mechanically couple to dynamic 

systems to harvest energy.4 Because of this mismatch between heat and mechanical source 

coupling, TEGs are typically designed to be rigid and static5 while PEGs are flexible and 

dynamic6 making them incompatible with one another, even though the main target 

systems exhibit both waste thermal and mechanical energy.  Presented here is a layered 
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thin film device structure that integrates thermoelectric and piezoelectric materials into a 

single functional generator. This generator is significant because it introduces a non-trivial 

meta-structure of a thermo/piezo-electric generator (TPEG) which produces a 

nondestructive combined thermoelectric/piezoelectric power output. 

In addition to the different coupling mechanisms, TEGs and PEGs are destructive 

to one another because of the mismatch in voltage signal. Under static thermal gradients, 

TEGs generate DC voltages and are essentially low value resistive elements. Alternatively, 

dielectric PEGs under dynamic stress generate AC voltages and are capacitive in nature. 

The combination of these elements negates the power production of the other depending 

on arrangement. By placing a TEG and PEG electrically in parallel, the low resistance TEG 

will discharge the PEG capacitor thereby causing only the TEG to generate power. 

Alternatively, if the TEG and PEG are placed electrically in series, the capacitor creates an 

open circuit dramatically decreasing the power output of the TEG. The TPEG uses flexible 

thin films to overcome the energy coupling issue and the single meta-structure to allow 

both generators to operate orthogonally without reducing the performance of the other. 

Thin film materials are essential for implementation of the TPEG structure because 

the flexibility allows the TEG components to bend in dynamic systems when incorporated 

with the PEG components. Typically, flexible thin film TEGs are comprised of organic 

materials like conjugated polymers7,8, carbon nanotube (CNT) networks9–12, and more 

recently inorganic platelets and rods.13–16 Thin film piezoelectric materials are 

advantageous because of the relatively large elastic strain regime.17,18 Some of the highest 

preforming thin film piezoelectrics are based on poly(vinylidene) fluoride (PVDF) and its 
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copolymers.19 Flexible thin films can reduce the mismatch in the coupling mechanism and 

are critical for the formation of the TPEG.  

The TPEG structure (shown in Figure 4.1) is simplistic in design but intricate in 

how it combines key parameters of both the TEG and PEG to ensure that each generator is 

utilized. The key to the TPEG meta-structure is it replaces the bottom electrode on a 

standard thin film PEG with a continuous alternating p- and n-type thermoelectric electrode 

as outlined in Figure 4.1a. Due to the relatively small voltages that a single thermoelectric 

element can generate, a functional TEG is comprised of many thermoelectric elements in 

series. Figure 4.1b shows that by folding at the p/n junctions a thermal gradient can be 

established across each element and a TEG is formed from a single film. Figure 4.1b also 

depicts the two circuits in the TPEG architecture. The thermoelectric voltage , 𝑉𝑇𝐸𝐺, is 

measured between the electrodes connected on the first and last thermoelectric element 

while the piezoelectric voltage, 𝑉𝑃𝐸𝐺, is measured between the bottom TEG electrode and 

the top electrode. In this configuration the TPEG can harvest waste heat and mechanic 

vibrations at the same time. Figure 4.1c depicts that the final folded TPEG meta-structure 

is incased in an elastomer.  

This design allows for a piezoelectric voltage between the top and bottom electrode, 

and a thermoelectric voltage across the length of the bottom electrode. The TPEG structure 

allows the TEG and PEG components to operate orthogonally to each other while sharing 

a common ground. A common ground is important because it allows for multiple TPEG 

devices to be connected together and improve the overall performance of the generators. 

Connecting the ground from one device to the positive thermoelectric terminal of another 

effectively adds more thermoelectric elements in series to generate larger voltages. Adding 
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devices together in this way keeps the top and bottom electrodes separated allowing for the 

PEG to still function optimally.  

 

 

Figure 4.1  The TPEG design. (a) The flat diagram of the TPEG structure. 

A piezoelectric film with a top electrode and an alternating n- and p-type 

thermoelectric bottom electrode. (b) The TPEG device folded at p-n-type 

junctions to allow for a thermal gradient to be establish across the thickness 

of the device. Thermoelectric voltage is measured between the opposite 

sides of the bottom electrode and the piezoelectric voltage is measured 

between the top and bottom electrode. (c) Different perspectives of 20mm 

x 20mm x 10mm TPEG devices. Left: top view Center: side view showing 

the folded TPEG structure in the operating orientation. Right: Angle view 

showing side and top surfaces.     

 

4.2 Experimental Methods 

The specific device fabrication and measurement procedure was as follows.  

Thermoelectric films were prepared via solution dropcasting. Acid cleaned single-

walled/double walled carbon nanotubes were used as distributed by Cheap tubes Inc. N,N-

Dimethylformide (DMF) ACS reagent 99.8% (Sigma-Aldrich) was used to disperse the 

CNTs. The CNT matrix was held together with a nonconductive polymer PVDF M.W. 
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534,000 (Aldrich Chemistry) in a 15/85 weight percent of CNT/PVDF. The resulting p-

type film was then selectively doped n-type using Polyethyleneimine (PEI), branded, M. 

W. 600 99% (Alfa Aeser) by a spray doping method outlined in Montgomery et. al..20 The 

spray doping technique deposits PEI in DMF on the film surface to dissolve the 

surrounding PVDF matrix and allows the small molecule dopant to integrate into the 

continuous p-type thermoelectric film creating alternating p- and n-type sections. This 

synthesis technique is crucial for the TPEG because it allows for a continuous electrode to 

double as a TEG.  The resulting TEG film is comprised of alternating p-type and n-type 

sections 10mm long. The piezoelectric films used were uni-axially oriented piezoelectric 

PVDF films manufactured by Good Fellows Inc. (FV301251). Finally, to adhere the 

bottom 18mm x 110mm TEG electrode to the 20mm x 100mm PEG a water soluble plastic 

Poly(vinyl Alcohol) (PVA) (Aldrich Chemistry) was used as an adhesive. 120 μL of 

100mg/mL of PVA in deionized water was dropcasted and the films were pressed together. 

The top 18mm x 98mm CNT/PVDF electrode was then adhered using the same process. 

The system was dried at 60°C for 120-180 minutes. The structure was then folded and 

metal contacts attached to the top and bottom electrodes for measurements, and the whole 

structure was finally incased in Polydimethylsiloxane (PDMS) (Sylgard 184 Dow 

Corning). Voltages were measured using Keithley 2000 multimeters and processed using 

LabVIEW. A thermal gradient was introduced by a bottom contact hot block and measured 

using a k-type thermocouple. A stress was applied to the top of the device using a preloaded 

harmonic-oscillating spring-mass system.  

 



 

__________________________________________________ 

83 

4.3 Results and discussion 

Figure 4.2 shows the thermoelectric performance output of the TPEG. Given the 

linear thermoelectric relationship 𝑉 = 𝛼Δ𝑇; where 𝑉 is the voltage, 𝛼 is the Seebeck 

coefficient, and Δ𝑇 is the temperature gradient, one can calculate the effective Seebeck 

coefficient of the TPEG device.  With six p- and n-type elements each with Seebeck 

coefficients of 30 𝜇𝑉/𝐾  and −27 𝜇𝑉/𝐾, respectively, the effective Seebeck coefficient 

for the TPEG devices presented is 302 ± 14 𝜇𝑉/𝐾.  Therefore, the measured 

thermoelectric voltage generated by the TPEG is approximately 88% of the intrinsic values 

for these thermoelectric elements. The power generated, across a load matching resistor, 

for a 2x2 device array at a thermal gradient of 10Δ𝐾 is 140 𝑛𝑊 which is 89% of the 

theoretical value.  The 11% decrease in measured power versus theoretical output is a result 

of the fraction of the total measured ΔT that is dropped across the PDMS substrate.  The 

folding of the TPEG structure allows for the TEG component to couple optimally with the 

heat source with minimal loss in performance. Additionally, the TPEG structure allows for 

power to scale with an array of devices. 
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Figure 4.2  Thermoelectric performance (a) Thermoelectric voltage 

generated by a TPEG, compared with the theoretical maximum based on 

intrinsic thermoelectric values. Inset: a single TPEG (b) Thermal power 

generated by a 2 x 2 array of TPEGs with internal load matching compared 

with theoretical maximum. Inset: 2 x 2 array of TPEGs.  

Finally, the folded meta-structure provides a unique improvement in output voltage 

of the piezoelectric contribution. The piezoelectric coefficient 𝑑𝒊𝒎 = 𝑑𝐷𝒊/𝑑𝜎𝒎  quantifies 

the change in displacement field, 𝐷𝒊, due to the change in stress , 𝜎𝑚. For a linear stress 

input, only the 𝑑33 piezoelectric coefficient contributes to the change in displacement field 

in flat PEG systems.21 However, for the TPEG system, an external linear stress on the top 

surface of the elastomer results in a complex combination of compressive and bending 
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stress components applied internally to the folded piezoelectric film. Given that the folded 

piezoelectric film in the TPEG device can have compressive and bending strains it is non-

trivial to break the voltage signal up into the respective contributions. The general form of 

the voltage can be expressed for both flat PEG and TPEG devices by using the notation 

and theory presented by Sirohi et. al.21 Where 𝑉 is the voltage, 𝐴3 is the surface area of the 

piezoelectric material in the 3-direction, 𝑑31𝜎1 and 𝑑33𝜎3 are the piezoelectric coefficients 

and stress in the 1,3-direction respectively. Equation 4.1 is the voltage for a flat PEG 

compressed in the 3-direction and Equation 4.2 is the voltage for the folded TPEG device.  

𝑑𝑉 =
𝐴3

𝐶
(𝑑33𝑑𝜎3) (4.1) 

𝑑𝑉 =
𝐴3

𝐶
(𝑑31𝑑𝜎1 + 𝑑33𝑑𝜎3) (4.2) 

To quantify the additional voltage generated by the bending of the folds of the 

TPEG a comparison experiment was designed. Given identical input stresses in the 3-

direction what is the output voltage difference between a flat PEG and a TPEG? To ensure 

identical input stress 𝜎𝑖𝑛, a control flat PEG was built with a surface area identical to the 

surface area of the top of the TPEG (20mm x 20mm). The force applied to the top of each 

device was delivered by a harmonic oscillation of a pre-loaded spring-mass system. It is 

important to note that although both devices experience identical input stress; the internal 

stress of the TPEG is different from the input stress. A detailed argument showing the 

validity of Equation 4.1 and Equation 4.2 and the above argument can be found in the 

supplementary materials. Figure 4.3a shows the piezoelectric voltage generated by a TPEG 

device. Because of the stability in the piezoelectric signal, the peak-to-peak voltage can be 

easily calculated and reproduced. The solid red bars in Figure 4.3b show the ratio between 
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the measured peak-to-peak voltage and input stress. The striped bars in Figure 4.3b are the 

measured voltages. 11.1 𝜇𝑉/𝑃𝑎 is the average voltage to stress ratio for the TPEG devices 

versus 5.49 𝜇𝑉/𝑃𝑎 for a flat PEG device. This means that by folding the piezoelectric film 

it generates twice as much voltage for the same compressive input stress. Additionally it 

was observed that in a 2 x 2 TPEG array the output voltage was increased by a factor of 

5.3 times larger than a flat PEG device, generating 28.0 𝜇𝑉/𝑃𝑎. This can be understood 

by analyzing the dimensional factors of piezoelectric films under bending stress. Roundy 

et. al.22 showed that for beam cantilever piezoelectrics undergoing bending stress, the 

voltage generated is proportional to the width of the device. By connecting the piezoelectric 

contribution of the 2 x 2 TPEG array in parallel it effectively increases the devices width, 

thereby increasing the voltage generated.   
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Figure 4.3  Piezoelectric performance. (a) The voltage generated by a single 

TPEG while undergoing harmonic stress. (b) Solid bar: voltage per unit 

stress for the different piezoelectric systems. Striped bar: voltage generated 

by each device.  

4.4 Conclusion 

Fundamentally the TPEG is vastly different from conventional TEGs and PEGs and 

the interaction between phenomena should be addressed. Because of the large asymmetry 

between the top and bottom electrodes, it is a valid concern as to how the alternating p- 

and n-type sections effect the piezoelectric voltage. Taking a quick glance at Figure 4.1a, 
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it may appear that the thermoelectric bottom electrode has created a series of alternating 

diodes that will cause the device to rectify the thermoelectric and piezoelectric voltages. 

This is a valid concern with bulk p- and n-type materials where depletion zones can be 

established, however in percolating carbon nanotube networks a uniform depletion zone 

cannot establish that can rectify the thermoelectric voltages.23,24 This allows for the 

thermoelectric voltage to add ohmicly and for the piezoelectric voltage to oscillate 

symmetrically across asymmetric electrodes. In addition, the periodically oscillating 

piezoelectric bound surface charge across the thermoelectric electrode should cause 

capacitive discharge currents to flow in parallel and anti-parallel with the thermoelectric 

current on each half cycle. When both generators are operating simultaneously the TEG 

and PEG outputs are 3.1mV at 10ΔK and 18.1mV peak-to-peak at 2 KPa, respectively. The 

effect of the piezoelectric voltage modifying the thermoelectric voltage is a modulation of 

the TEG signal by 1-2μV, three orders of magnitude smaller that the output voltages. This 

is due to the relative difference between the thermoelectric film resistance and the 

piezoelectric load resistance. The TPEG structure allows for the non-destructive 

simultaneous generation of thermoelectric and piezoelectric voltages.  

This work presents a thermo/piezo-electric generator that takes advantage of the 

flexibility of thin film devices to integrate two seemingly incompatible systems. The 

layered and folded structure allows for optimal thermoelectric operation and an improved 

voltage to stress ratio in the piezoelectric component. Finally, it has been shown that arrays 

of these devices scale up the performance with an increase in the number of elements. 

Moving forward, the robust nature of the layered device structure offers a wide range of 

flexibility in what types of materials can be used to construct a TPEG. Additional work 
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should explore the extent to which the TPEG structure can be enhanced by different 

thermoelectric and piezoelectric thin films and their effect on the performance of this 

hybrid class of generators. The presented results display an exciting type of synergistic 

generator that can capture both waste heat and motion.     
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Abstract 

A field effect at the interface between thermoelectric and piezoelectric 

materials produces a coupled power output that surpasses the power 

generation of the individual materials in this hybrid generator. This coupled 

field effect has been observed to increase the total power output by 467%. 

The thermoelectric piezoelectric generator behaves like a solid-state heat 

engine, producing additional power through each heat cycle on top of the 

baseline thermoelectric, piezoelectric, and pyroelectric effects traditionally 

arising in an uncoupled system. This work presents an experimental method 

for the simultaneous measurement of thermoelectric and piezoelectric 

materials and a theoretical explanation for the field coupling at the interface. 

 

 

 

 

 

5.1 Introduction 

In the past few years, an increasing number and variety of hybrid generators (HGs) 

have begun to appear. HGs are attractive to study because they have the potential to 

produce multiple types of energy output in a single device structure. Having a single device 

capture energy over different spectrums can allow for the system to increase its overall 

power density and utility. Examples of HGs include thermoelectric-pyroelectrics, 

photovoltaic-pyroelectric, piezoelectric-electromagnetic, and thermoelectric-triboelectric-

electromagnetic generators.1–5 The authors have previously introduced a hybrid 

thermoelectric-piezoelectric generator (TPEG) design that allows both thermoelectric and 

piezoelectric materials to operate simultaneously.6 

Traditional one-type renewable generators are well understood in terms of their 

overarching principles, with the majority of research focusing on materials and device 
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structures used, to improve power output. The same cannot be said for HGs. Designing 

HGs is an emergent field that originated by proving that multiple types of renewable 

generators can be integrated into a single device. However these device structures are 

capable of many more, as yet untapped, possibilities. Instead of viewing HGs as simply a 

combination of independent materials, we can look at them as an opportunity to study how 

multiple solid-state electric fields interact in close proximity. Moving beyond the question 

of “Can these materials be combined into a single device structure?” a more interesting 

question is “Do these materials interact with one another and how does that interaction 

affect the overall performance?” 

In this work we will discuss a discovered coupling field effect at the interface 

between thermoelectric and piezoelectric materials. This coupling effect is due to the 

materials used and the device structure that allows electric fields produced by a 

piezoelectric film to interact with the band structure of the thermoelectric material. The 

power output of the TPEG produces the expected thermoelectric, piezoelectric, and 

pyroelectric values with an additional power output coming from their coupled interaction. 

This coupled field effect has caused a 467% increase in the total power output of the device. 

This work presents the experimental data and a theoretical justification for the coupling 

field effect. Finally, we explore an interesting result of this coupling effect. The TPEG 

coupled field effect results in an HG that functions as a solid-state heat engine. 

5.2 Initial Effect  

Figure 5.1 highlights the device structure, experimental apparatus, and 

experimental results of a coupled field effect TPEG device. We will refer to the field effect 

as the TPEG effect for simplicity throughout this paper. Since there is no standard 
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measurement for testing thermoelectric, piezoelectric, and pyroelectric voltage 

simultaneously in a single system, we will present in detail the experimental methods used. 

Additionally, an analytical representation of the signal is introduced that allows for easier 

quantification of the TPEG effect. 

Figure 5.1a depicts the total voltage generated from a TPEG as well as the 

contributions from each known source. The experiment used to display the TPEG effect 

has two parts, a heat cycle and a consistent background harmonic stress. These two parts 

are important because, while the TPEG effect occurs during simultaneous activation of the 

thermoelectric and piezoelectric films, it is important to identify each contributing signal 

in the total voltage output. By off-setting these two parts in time we can isolate the original 

piezoelectric, pyroelectric, and thermoelectric signals from the additional coupled TPEG 

effect voltage.  

Figure 5.1a shows that the TPEG device initially is only subjected to harmonic 

stress. This allows for the measurement of the piezoelectric contribution (light blue curve) 

as a change in amplitude. Then, starting at 5 minutes, the device was subjected to a heat 

cycle that allows for the identification of the pyroelectric and thermoelectric contributions. 

The heat cycle consisted of heating for 5 minutes and then cooling back down to the 

original temperature over 10 minutes.  

Although pyroelectricity and thermoelectricity are temperature dependent, both 

behave in distinct and easily identifiable ways. The pyroelectric voltage (green curve) 

depends on the time derivative of the change and direction of the temperature that the bulk 

piezoelectric film experiences. This causes large positive pyroelectric voltage at the start 

of the heating cycle and a negative voltage at the start of the cooling cycle that diminishes 
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to near zero as the temperature stabilizes in each half cycle. The thermoelectric voltage 

(purple curve), however, is proportional to the thermal gradient across the thermoelectric 

thin film. This causes the thermoelectric voltage to be largest at the end of the heating 

cycle.  

Now that piezoelectric, pyroelectric, and thermoelectric voltages have been 

identified, the remaining contribution to the total voltage is the coupled TPEG effect. The 

TPEG effect is the difference in amplitude of the total voltage (dark blue curve) and the 

piezoelectric signal (light blue curve). Notice that the TPEG effect activates during the 

simultaneous input of heat and stress and diminishes to the baseline piezoelectric voltage 

as the heat cycle ends.  

Although Figure 5.1a shows the pronounced change in voltage output due to the 

TPEG effect, keeping all intermediate oscillation points can make it difficult to compare 

between runs. Figure 5.1b shows a simplified signal analysis of Figure 5.1a. In Figure 5.1b, 

the blue line is the sum of the amplitudes of the piezoelectric and TPEG effect voltages. 

The orange line is the sum of the thermoelectric and pyroelectric voltages. This analysis 

highlights the change in amplitude of the total voltage due to the TPEG effect as well as 

the identification of the voltage generated during the heat cycle. This allows for the 

quantification of the TPEG effect’s contribution to the overall power output. Integrating 

allows for the determination of the total voltage production from each signal type. The 

result is that the TPEG effect increases the total voltage output by 107% during heating. A 

doubling of the voltage leads to a factor of 4 increase in power output. 

Figure 5.1c shows the TPEG device structure. The structure consists of a square 

piezoelectric film with rectangular thermoelectric p- and n-type electrodes that extend 
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away in perpendicular directions. Figure 5.1d depicts the experimental apparatus. The 

white rectangles with screws depict the Teflon clamps used to hold the TPEG device. Gold 

contact probes are embedded into the Teflon clamps. The TPEG device is placed in the 

apparatus in such a way that the thermoelectric films complete the electrical circuit shown 

in Figure 5.1c. After the device is placed into the apparatus, a glass slide is placed on top 

of the piezoelectric film area. On top of the glass a mass-spring system is used to create a 

Hooke’s law harmonic stress on the system. The experimental apparatus is heated from the 

bottom. This configuration allows for a uniform heating and application of stress to the 

piezoelectric film. The elevated platforms allow for thermal gradients to be established 

across the thermoelectric films. Figure 5.1c shows the area where the stress, Δσ, is applied 

and where the device is heated, Th, and where the thermal gradients, ΔT, are established. 
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Figure 5.1  Experimental data for the TPEG effect. (a) The total voltage 

generated from a TPEG device experiencing simultaneous stress and 

thermal activation. The TPEG effect can be identified as the amplitude 

increase. (b) The voltage from (a) broken up into the amplitude containing 

the piezoelectric and TPEG effect, and the background thermoelectric and 

pyroelectric terms. (c) TPEG structure. (d) The experimental testing 

apparatus.  

 

5.3 Theoretical Work 

To understand the origin of the TPEG effect we will examine the materials used, 

the device’s structure, and the internal fields at the interface between the thermoelectric 

and piezoelectric films. Fundamentally, the TPEG effect can be understood as a Fermi level 

shift in the band structure of low-dimensional thermoelectric materials that results in a 
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strong modification of their thermoelectric properties. Our devices use carbon nanotubes 

(CNTs) in a heterogeneous polymer thin film as their thermoelectric material. The 

thermoelectric properties of CNTs can be described by the Mott Formula.7 Equation 5.1 

shows that the Mott Formula relates the Seebeck effect to the derivative of the natural log 

of the electrical conductivity, σ(E), where 𝐸𝐹 is the Fermi level. Equation 5.2 shows that 

the electrical conductivity can be related to the density of states via the number of carriers, 

n(E), and the chemical potential, µ(E).8–10 Combining both equations shows that the 

Seebeck effect can be described as being dependent on the derivative of the density of 

states. This is important to understand because Van Hove Singularities are a prominent 

feature in the density of states for one dimensional systems like CNTs.11 The TPEG effect 

arises because the field generated by the piezoelectric material at the interface with the 

thermoelectric materials shifts the Fermi level closer to a Van Hove Singularity in the 

density of states, causing the thermoelectric properties to change as the derivative of the 

density of states.  

This type of field effect has been achieved before. Small et. al. modified the Fermi 

level via field gating of single CNTs in their work.7 More recently, Avery et. al. achieved 

the same effect of shifting the Fermi level with networks of chiral selected CNTs via 

chemical doping.12 In our system, we replace the external field gate and small molecule 

doping with a piezoelectric film which acts as a gate. This gating technique is not new to 

CNTs.  Lui et. al. showed that you could build a CNT-based MOFET on a flexible substrate 

and use a piezoelectric material as the gate electrode.13 It should be noted, however, that 

our TPEG device experiences two field effects; one from the piezoelectric voltage and one 

from the pyroelectric voltage. Understanding how these two fields affect the thermoelectric 
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film is important to understanding the TPEG effect. In short, one-dimensional materials 

can be greatly modified by field gates or phrased in the context of a TPEG device; 

piezoelectric and pyroelectric fields at the interface of a CNT film can greatly modify its 

thermoelectric properties.  

𝛼 = −
𝜋2𝑘𝐵

2 𝑇

3|𝑒|

𝑑[ln(𝜎(𝐸))]

𝑑𝐸
|

𝐸𝐹

   (5.1) 

𝜎(𝐸) = 𝑛(𝐸)𝑒𝜇(𝐸) (5.2) 

Figure 5.2 focuses on the TPEG device structure and how the internal potentials 

give rise to the TPEG effect. The three major potentials can be broken into two categories, 

symmetrical (piezoelectric) and asymmetrical (pyroelectric and thermoelectric) signals. 

The symmetrical signal alone does not activate the TPEG effect, as seen from the 

experimental data in Figure 5.1. The asymmetrical signals act as catalysts to shift the Fermi 

level away from equilibrium allowing for the TPEG effect to activate.   

Figure 5.2a displays the TPEG device structure and how each potential is 

established in the device. The symmetrical piezoelectric voltage is generated at the TPEG 

interface via a harmonic stress applied to the top of the TPEG junction. During the heat 

cycle, the pyroelectric voltage is established at the TPEG interface pointing in one 

direction, introducing the first asymmetry. Because the heat is induced uniformly across 

the piezoelectric film, the thermal gradients extend away from the TPEG junction. The 

thermoelectric materials establish potentials in opposite directions based on their majority 

carriers, and the potentials add together with the pyroelectric voltage, allowing the two 

asymmetric terms to drive the Fermi level in a single direction.   
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Figure 5.2b is the band structure analysis for the symmetrical potential at the TPEG 

interface. It is important to understand how the piezoelectric voltage affects the interface 

before the thermoelectric and pyroelectric terms are added. The asymmetric terms initiate 

the activation of the TPEG effect; however measuring the effect comes from the amplitude 

of the symmetrical term. Figures 5.2b and 5.2c allow for a comparison between non-

activated and activated systems. However, even in non-activated systems the piezoelectric 

potentials will still affect the band structure of the thermoelectric materials at the interface. 

At the maximum piezoelectric voltage, bound surface charge builds up at the interface 

between the p-type and the piezoelectric films. To compensate for this charge imbalance, 

a high-density region of holes is created near the interface of the two films, causing the 

homo level to bend up into the band gap. At the same time, the n-type and piezoelectric 

interface has exposed holes, causing the lumo level to bend down into the band gap. As the 

piezoelectric voltage reverses, bands bend away from the center of the band gap. This 

change in local density of carriers causes the Fermi level to oscillate at the interface.  

Figure 5.2c introduces the asymmetrical effects on the TPEG interface which gives 

rise to the TPEG effect. The thermoelectric effect will cause, to a zeroth order assumption, 

a linear shift in the band structure, due to Fermi-Dirac statistics and linear thermal 

gradients. This shift is the redistribution of carriers at the hot and cold sides of the material 

caused by the thermal gradient. The pyroelectric effect will cause the thermoelectric bands 

to bend into the band gap to compensate for the charge build up at the interface. These two 

potentials drive the Fermi level away from the initial point and then allow the piezoelectric 

voltage to oscillate near Van Hove Singularities, causing the large increase in momentary 

amplitude. 
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The TPEG effect is dependent on the asymmetry of the thermoelectric and 

pyroelectric voltages at the interface between the piezoelectric and thermoelectric 

materials. To experimentally verify this, the most straightforward voltage to manipulate in 

this experiment is the pyroelectric potential. The pyroelectric contribution can be modified 

via the heat input, the bulk polarization direction, and whether the TPEG is heated or cooled 

away from equilibrium, all while keeping the thermoelectric and piezoelectric 

contributions well defined. Each of these changes will have predictable effects on the 

TPEG effect. The faster heat input is, the larger the pyroelectric field and therefore the 

larger the TPEG effect. Reversing the bulk polarization will cause the thermoelectric and 

pyroelectric voltages to be in the opposite direction, causing a reduction in the Fermi level 

shift and a diminished TPEG effect. Finally, the TPEG effect should exist regardless of 

whether the device is heated or cooled away from equilibrium. These claims are 

experimentally verified and provided in the Supplementary Information. 
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Figure 5.2  Theoretical explanation of the TPEG effect. (a) The TPEG 

junction showing the three major voltage potentials during simultaneous 

heat and stress input. The piezoelectric voltage (red) oscillates due to the 

stress (striped area) at the top of the TPEG interface. The pyroelectric and 

thermoelectric voltages (black) point in one direction under the heat input 

in their respective materials. The TPEG effect is generated at the TPEG 

interface (dark red). (b) The band structure at the TPEG interface. The 

piezoelectric potential applies a field effect on the band structure of the 

thermoelectric materials at the TPEG interface (red and striped red). (c) The 

heat input causes the thermoelectric and pyroelectric voltage to shift the 

baseline band structure causing the piezoelectric potential to oscillate 

around a new Fermi level.    
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5.4 Experimental Results 

Figure 5.3 shows an interesting consequence of the TPEG effect. The TPEG effect 

only activates when the heat cycle is applied over the background stress. Figure 5.1 shows 

the TPEG effect as a function of time. However, the TPEG effect may be more aptly 

described as a function of temperature. As a function of temperature, the TPEG effect will 

increase to its maximum voltage and then reduce back to zero during one cycle. For a 

mechanical heat engine, the area enclosed by the pressure-volume phase diagram is the 

work done by the engine. For the TPEG electrical-heat engine, the work done is the amount 

of power produced during one heat cycle.  

Figure 5.3 highlights two key parameters that impact the performance of the TPEG 

heat engine: the actual heat cycle and the bulk polarization direction of the piezoelectric 

film in the device structure. The insets in Figure 5.3 show the total voltage output due to 

different heat cycles and device structures. The blue and purple curves highlight the 

difference due to changing the heat cycle, while the green curve shows the effect of 

reversing the bulk polarization direction under similar heat cycles. Figure 5.3a confirms 

these differences by plotting the asymmetrical terms (pyroelectric and thermoelectric) 

versus temperature. Each device experiences a large pyroelectric voltage response at the 

initial heating and cooling parts of the heat cycle. The blue and purple curves have 

matching shapes because their bulk polarization is in the same direction, but differ in 

magnitude due to their heat cycles.  The green curve is rotated about the voltage axis due 

to its reversed polarization.  

Figure 5.3b shows the TPEG effect as a percentage increase versus time. Each 

device is heated at 5 minutes. It is cooled at 10 minutes for blue and purple and 15 minutes 
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for green. Figure 5.3b shows that the bulk polarization greatly affects the voltage output. 

The green curve highlights the negative effect of the pyroelectric and thermoelectric 

voltage being anti-parallel to one another. This negative effect is caused by the pyroelectric 

and thermoelectric voltages shifting the Fermi level in opposite directions during heating 

and then in the same direction during cooling. 

Figure 5.3c shows the heat engine cycles for the TPEG devices. The TPEG effect 

is plotted versus temperature. The performance of the TPEG heat engines can be 

determined by comparing the total power generated by the traditional sources 

(piezoelectric, pyroelectric, and thermoelectric) with the power created by the TPEG effect. 

Figure 5.4 compares the three devices across: traditional, TPEG effect, and total power 

outputs as well as the percent increase in the total voltage due to the TPEG effect. The 

difference in traditional power from each device is mainly due to the different initial 

piezoelectric amplitude. MatLab was used to integrating the curves for thermoelectric, 

piezoelectric, pyroelectric, and TPEG voltages to determine the total voltage output. 
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Figure 5.3  Performance of three different TPEG heat engines. (a) The 

pyroelectric voltage versus the thermal gradient. (b) The TPEG effect for 

the three devices in time. The voltage percentage is based on the initial 

amplitude of the piezoelectric voltage. (c) The data from (b) plotted versus 

temperature gradient of the heat cycle.  
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Curves Blue Purple Green 

 Traditional (nW/cm3) 0.52 0.45 3.21 

TPEG Effect (nW/cm3) 0.16 0.61 0.0083 

Total (nW/cm3) 1.27 2.11 3.56 

Increase (%) 243.6 467.1 110.5 

Figure 5.4  The performance of the TPEG solid-state heat engines shown 

in Figure 5.3. The power is determined as open circuit voltage with 10 

Mohms load resistance. The power was calculated via MatLab.   

 

5.5 Conclusion 

The primary goal of renewable energy research is to increase power production. 

Hybrid generators have been an exciting avenue to study simply because they tend to 

increase their power density by incorporating two or more types of generators into a single 

structure. However, this work highlights the robust possibilities of a coupling effect arising 

in solid-state generator systems. Our TPEG device structure produces the traditional 

thermoelectric, piezoelectric, and pyroelectric power, but given the proper device structure 

and heat cycle, the TPEG produces a fourth voltage term: a TPEG effect. The TPEG effect 

has been observed to increase the power output by 467%.  This coupling effect allows the 

TPEG to function as a solid-state heat engine. The authors hope that this work serves as a 

catalyst for more interest into the fundamental interactions in hybrid generators. 

 

5.6 Materials and Methods 

The thermoelectric material was a carbon nanotube (CNT) and polymer composite 

thin film. The synthesis techniques to create thermoelectric thin films followed standard 
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methods previously reported by the group.6,14 The CNT used were single/double-walled 

nanotubes >99 wt.% purity purchased from Cheap Tubes INC. Poly(vinylidene fluoride) 

(PVDF) was used as the polymer. A small molecule dopant polyethylenimine (PEI) was 

used to create n-type thermoelectric films (1:5 weigh ratio to PEI:CNT). Different CNT to 

PVDF weight ratios were used (CNT 15-25 wt.%, total mass 100-140mg per 50mm x 

75mm dropcast substrate). Poly(vinyl Alcohol) (PVA) was used as a bonding dielectric to 

form the TPEG junction (20-50mg mL-1 in water, 75-125µL per junction). The majority of 

the experimental apparatus was 3D printed, excluding the wiring, Teflon blocks with gold 

electrodes, copper heat sinks, and Peltier cooling element. The data were collected on 

Keithley 2000 multimeters and analyzed on LABVIEW. 
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CHAPTER 6 

 

 

CONCLUSION 
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6.1 Major Results 

The aim of this work was to improve thin-film thermoelectric generators by 

addressing issues that have prevented them from becoming commercially successful. This 

problem was approached from multiple avenues and resulted in the publications presented. 

When I started this research, the current synthesis methods and architecture of thin-film 

TEGs lacked the ability to scale up to large manufacturing processes.  I sought to redesign 

the thin-film TEGs from the ground up and to focus on application and commercialization, 

a potential major breakthrough in large-scale successful production of TEGs. In the search 

to improve the power density of thermoelectrics, I sought not just to improve the intrinsic 

properties by standard methods but also by other tangential means. I did work towards 

improving the intrinsic properties of materials that I used by optimizing doping 

mechanisms and by determining how ZT is maximized for different mixtures. But, in 

addition to this, I designed and built the first hybrid thermoelectric and piezoelectric 

generator. This work has addressed questions about the efficacy of commercializing  these 

thin-film thermoelectric generators.  

Chapter 2 describes a major momentum forward in the commercial production of 

thin-film thermoelectrics by replacing small-scale laboratory techniques like drop casting, 

draw blade, spin coating, and vacuum filtration.  Each of these techniques limits the size 

of the thermoelectric element and requires that each junction between the p- and n-type 

materials be formed. The spray-doping method allows for the creation of a continuous 

alternating p- and n-type film. In addition, the spray-doping method can be easily 

introduced into continuous industrial techniques like roll-to-roll syntheses. Parts of the 

grants that funded my research focused on introducing spray doping into an automated 
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system. We developed a bench-top prototype and worked with several venture capitalist 

companies to develop our prototype into a large-scale system.   

 The thermoelectric design presented in Chapter 3 improves upon three major thin-

film designs that currently produce the best power output. The issues with these flexible 

designs are that: power density is sacrificed for ease of synthesis, the optimal active axis is 

sacrificed for power density, or flexibility is sacrificed for the optimal active axis.  The 

TEG design presented in Chapter 3 can achieve high density, flexibility, and an active axis 

normal to the heat source. In addition, this structure can be used by free-standing or 

substrate-bound films alike and is not restricted to CNT films alone.  

Chapters 2 and 3 are fundamental to the understanding of the introduction of the 

first TPEG.  They include descriptions of the synthesis methods used and the device 

structure allowed for the functional integration of piezoelectricity. The design described  in 

Chapter 4 is the first functional TPEG. This structure produces the expected thermoelectric 

power while greatly increasing the piezoelectric power when compared to similar thin-film 

PEGs.  

Chapter 5 covers the most novel part of my dissertation and is understood only in 

light of the discussions presented in Chapters 2 through 4. In the efforts to build a TPEG, 

I discovered a coupling field effect that allows for a large increase in power density. This 

increase is much larger than just the additional piezoelectric term and greatly changes our 

understanding of the possibilities that hybrid generators can achieve.   

6.2 Looking Forward 

This dissertation lays the foundation for a new perspective on hybrid generators. 

Instead of solely focusing on combining two materials together to produce a hybrid system, 
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a hybrid system should be studied for the possibility of interaction between known physical 

effects.      

The TPEG effect is an emergent concept and the work so far has justified its 

existence and possible applications. However, with the introduction of new concepts there 

are numerous possibilities to explore. An immediate question to be researched would be 

whether the TPEG effect exists in thermoelectric materials other than just carbon 

nanotubes. While I was unable to conduct a complete study of other materials, I did produce 

some promising results for low-dimensional inorganic materials. Figure 6.1a shows the 

TPEG effect over several heat cycles of varying intensity in a three-layer inorganic/organic 

TPEG. Figure 6.1b and c shows SEM imaging for the Telluride nanorods and Bismuth 

Telluride nanoplatelets used. 
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Figure 6.1  a) TPEG effect in an inorganic TPEG device. b) SEM image of 

Te nanorods. c) SEM of Bismuth Telluride nanoplatelets. 

My hope is that this work will stimulate excitement for the study of fundamental 

interactions inside hybrid generators. This will be important not only for the improvement 

of the TPEG effect, but for other possible effects waiting to be discovered.  
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Abstract 

By appropriately selecting the carbon nanotube type and n-type dopant for 

the conduction layers in a multilayered carbon nanotube composite, the total 

device thermoelectric power output can be increased significantly.  The 

particular materials chosen in this study were raw single walled carbon 

nanotubes for the p-type layers, and polyethylenimine doped single walled 

carbon nanotubes for the n-type layers.  The combination of these two 

conduction layers leads to a single thermocouple Seebeck coefficient of 96 

± 4 µVK-1, which is 6.3 times higher than that previously reported.  This 

improved Seebeck coefficient leads to a total power output of 14.7 nW per 

thermocouple at the maximum temperature difference of 50 K, which is 44 

times the power output per thermocouple for the previously reported results.  

Ultimately, these thermoelectric power output improvements help increase 

the potential use of these lightweight, flexible, and durable organic 

multilayered carbon nanotube based thermoelectric modules in low 

powered electronics applications where waste heat is available.     

 

 

 

 

 

A.1 Introduction 

 Organic thermoelectric devices are closer to becoming more commercially 

practical due to advancements in the thermoelectric properties of materials such as 

conducting polymers and, in particular, carbon nanotubes.1-4  Carbon nanotubes also have 

the added benefit in that they can be blended into nonconducting polymers during 

processing to create a composite that exhibits the beneficial properties of the host polymer 

while maintaining the electrical properties of the carbon nanotubes.5-8  Typically, organic 

thermoelectrics have moderate Seebeck coefficients (α) but low electrical conductivities 
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(σ) resulting in a lower power factor (α2σ) than more commonly used highly conducting 

inorganic thermoelectrics.2,9,10  Fortunately, unlike most inorganic thermoelectrics in 

which the Seebeck coefficient is inversely proportional to the electrical conductivity, 

polymer blends have been shown to have a region in which the Seebeck coefficient and 

electrical conductivity can be increased simultaneously leading to a net improvement in 

the power factor.11,12  Despite this promising finding, however, the use of carbon nanotube 

blended polymer composites in a thermoelectric device introduces its own design 

challenges in the two main areas of concern for the development of thermoelectrics, namely 

the device structure and the performance of the device.   

We have reported previously on a multilayered structure that satisfies the design 

requirement for a thermoelectric device in which the alternating p-type and n-type 

conduction layers must be electrically in series and thermally in parallel.13  Since the 

composites are thin film materials, a new fabrication technique and design is required for 

the device to meet this requirement.  The multilayered modules used in this study are 

composed of three unique sublayers (p-type, n-type, insulator) that combine to form each 

thermocouple (TC) in the final module, as shown in the TC schematic and scanning 

electron image in Figures A.1a and A.1b, respectively.  In this configuration, the 

temperature gradient must be oriented parallel to the surface of the film.  Each TC forms a 

repeatable unit that may then be combined to complete the multilayered module layout as 

exemplified in Figure A.1c.  Modules ranging from 1-10 TCs were used in this study.  The 

final module, shown in Figure A.1d, is permanently bonded together after heat pressing 

slightly above the melting point of the base polymer resulting in a freestanding, flexible, 

and durable multilayered organic thermoelectric. 
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Figure A.1  a) Schematic for the multilayered thermoelectric composite 

showing the individual layers composing each repeatable thermocouple unit 

and the necessary orientation of the temperature gradient.  b) Scanning 

electron micrograph of a small scale thermocouple unit.  c) A four TC 

module prior to heat pressing showing the repeatable thermocouple units.  

d) The final heat pressed multilayered structure resulting in a single flexible 

module.  

Here, we build on this device structure by improving its thermoelectric performance 

through choosing appropriate p-type and n-type carbon nanotube based composites with 

higher intrinsic thermoelectric properties than those used previously.  The improvement in 

performance of the multilayered modules in this study is facilitated by the selection of 

materials and dopants which yield higher sublayer Seebeck coefficients.  In this case, single 

walled carbon nanotubes (SWNTs) replaced multi walled carbon nanotubes (MWNTs) as 

the thermoelectric material, and PEI replaced nitrogen as the n-type dopant compared to 

the multilayered modules reported previously.13  Since MWNTs are typically semimetallic 

like, their temperature dependent Seebeck coefficients are dominated by linear diffusion 
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thermopower and thus are typically lower for a given temperature than those of SWNTs 

(that are a combination of chiralities ranging from semiconducting to metallic) which are 

governed by a heterogeneous thermopower containing an exponentially weighted 

semiconducting term.14-17  For the p-type sublayers, no hole dopant is required since the 

carbon nanotubes typically become oxygen doped during synthesis, resulting in p-type 

behavior.18,19  For the n-type sublayers, however, an additional electron donor is required 

to counteract this oxygen doping and obtain n-type nanotubes.  Polyethylenimine  (PEI, [-

CH2CH2NH-]n) has been shown to be an effective dopant by adsorbing onto and coating 

the walls of the nanotubes and donating the lone pair electrons from the amine group within 

the repeating unit of PEI.20  This method of n-type doping proves to be more effective than 

nitrogen doping where a nitrogen containing precursor (such as melamine or pyridine) is 

pyrolyzed during nanotube synthesis resulting in nitrogen impurity sites along the 

nanotube.21,22   

 

A.2 Experimental 

The base polymer for all three unique sublayers was chosen to be polyvinylidene 

fluoride (PVDF) since it is easily soluble in common solvents also used for dispersing 

carbon nanotubes, and it is water insoluble which aids in the durability and versatility of 

the final module.23,24  The insulator sublayers are drop cast from pure PVDF dissolved in 

dimethylformamide (DMF), while the p-type and n-type sublayers start from a base 

solution of SWNT/PVDF/DMF containing 20 percent SWNTs by solids weight (wt%).  

The p-type sublayers were dropcast directly from this solution; for the n-type sublayers, an 

additional PEI/DMF solution was pipetted into the base solution for a final PEI 

concentration of 10 wt%, resulting in a PEI-doped n-type SWNT/PVDF composite after 
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drop casting.  This technique of achieving n-doped SWNT composites through PEI doping 

is similar to that utilized by C. Yu et al.,25,26 except for the replacement of polyvinyl acetate 

(PVAc) with PVDF.  This was necessary since PVAc is water soluble and thus results in a 

composite susceptible to degradation in most potential applications.  This modification also 

required significant alteration to the prescribed composite synthesis recipe.  The details of 

the sublayer synthesis can be found in the Appendix B Supplementary Information section 

of the Appendix. 

The effective Seebeck coefficients αeff of the multilayered modules were 

determined by measuring the open circuit thermoelectric voltage VOC and temperature 

difference ΔT on a calibrated apparatus similar to that described by G. T. Kim et al.,27 

where αeff equals the negative slope of VOC versus ΔT over a 0-1 K ΔT range at room 

temperature.  The resulting VOC versus ΔT for the individual p-type and n-type sublayers, 

and modules containing 1-10 TCs are shown in Figure A.2a.  The Seebeck coefficients for 

the p-type and n-type sublayers are +50 ± 2 µVK-1 and -46 ± 2 µVK-1, respectively, 

combining to give a single TC αeff of 96 ± 4 µVK-1 (referred to as α1 henceforth).  These 

values have also been externally measured and confirmed by NIST using a high 

temperature Seebeck coefficient screening tool.  These Seebeck coefficients are the key to 

the improved performance of these multilayered modules compared to the previously 

reported results which had p-type and n-type values of +10 ± 1 µVK-1 and -5 ± 1 µVK-1, 

respectively, with a combined single TC value of 15 ± 2 µVK-1.13  This is an increase in 

αeff for 1 TC by a factor of 6.3, and this improvement is carried through to the modules 

containing multiple TCs. 
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Figure A.2  a) Thermoelectric voltage output over a ΔT = 0 K to 1 K range 

for modules consisting of 1 to 10 thermocouples.  b) Effective Seebeck 

coefficient versus the number of thermocouples composing the multilayered 

module.  The dashed line represents the calculated theoretical values.  c) 

Percent difference between the effective Seebeck coefficient measured and 

the theoretical Seebeck coefficient.  

A.3 Results and discussion 

The αeff for the multilayered modules containing 1-10 TCs is shown in Figure A.2b.  

The theoretical effective Seebeck coefficient (αtheo) for a module composed of n TCs will 

be equal to nα1 which is plotted as a function of n in Figure A.2b (dashed line).  The 

measured values follow closely to the expected values but begin to drop off slightly above 

8 TCs.  This is illustrated in Figure A.2c by the percent difference between the theoretical 

and measured effective Seebeck coefficients.  Between 3-8 TCs, the percent difference is 

fairly constant resulting in measured αeff values about 2.5% lower than the corresponding 

theoretical values.  It is important to note that this discrepancy between measured and 

theoretical values occurs with sufficient thermal coupling between the outer surface of the 

module and heat source.  Below 3 TCs, all p-type/n-type layer junctions are at the module 
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surface and are adequately exposed to the heat source resulting in low percent differences.  

Above 8 TCs, however, the percent difference begins to increase more rapidly, reaching 

4.7% lower by 10 TCs.  The decrease in measured values is due to the low thermal 

conductivity of the PVDF insulator layers (about 0.3 Wm-1K-1)28 which shields the inner 

p-type/n-type junctions from reaching the full ΔT applied to the module (measured on the 

outer layers), effectively lowering the total VOC and, subsequently, the measured αeff.  Since 

the TCs are permanently bonded together into a single module, it is not possible to more 

adequately couple the module to the heat source, resulting in a limiting factor for the total 

number of TCs that can practically compose a module.   

Once the αeff values were determined, the thermoelectric power outputs PTE could 

be measured and compared to the theoretically expected values.  Since the power output 

depends on several factors including the load resistance RL in series with the module and 

the ΔT applied to the module, the effects of these two extrinsic variables on PTE are 

illustrated in Figures A.3 and A.4, respectively.  For a constant ΔT = 10 K, the 

thermoelectric voltage VTE versus RL is shown in Figure A.3a with the associated PTE versus 

RL in Figure A.3b for modules consisting of 1-10 TCs.  For a given number of TCs, the 

general behavior of VTE and PTE versus RL is typical for a source with an open circuit voltage 

and an internal resistance Ri.
29  In this case, VOC = nα1ΔT (as described above) and Ri = nR1 

where R1 = 220 Ω is the internal resistance of one TC and is dependent on the film 

dimensions which were held constant throughout all modules used in this study.29   

The VTE versus RL is characterized by an asymptotic increase towards VOC as the RL 

→ ∞ since  
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and a VTE = VOC/2 when RL = Ri.  The case where RL = Ri is of interest because this is the 

point at which PTE versus RL reaches its maximum value for a given number of TCs, as 

shown by the peaks in Figure A.3b.  As RL increases above Ri, PTE decreases towards zero 

as RL → ∞. 
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Figure A.3  a) Thermoelectric voltage generated across a variable load 

resistor for multilayered modules composed of 1 to 10 thermocouples and 

exposed to a constant ΔT = 10 K.  b) Thermoelectric power output versus 

load resistance for the modules in (a).  c) Maximum power output versus 

the number of thermocouples in (b).  Peak power occurs when the load 

resistance matches the internal resistance of the module.  The dashed line 

represents the theoretical maximum power output calculated from the 

effective Seebeck coefficient and internal resistance of one TC.  
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This behavior is a result of the dependence of PTE on RL given by 

L

L

TE R
nRR

Tn
P

2

1

1
















 (A.2) 

when ΔT is held constant for a given number of TCs (n).29  When RL = nR1 the peak 

power output is given by PTE = n(α1ΔT)2/4R1 and is linearly dependent on the number of 

TCs as exemplified by the dashed line in Figure A.3c where the peak power is plotted 

versus the number of TCs.  Since the αeff decreases slightly as n increases (as shown and 

explained in Figure A.2b), the resulting PTE at higher n is also slightly below the expected 

values calculated using Equation A.2.   

 The effects of varying ΔT from 0 to 50 K on VTE and PTE while RL is held fixed at 

nR1 for a given number of TCs are shown in Figures A.4a and A.4b, respectively.  In this 

case, VTE = nα1ΔT/2 and for a constant n is linear with respect to ΔT as shown in Figure 

A.4a.  The measured VTE values tend to be slightly higher than the expected values (e.g., 

the dashed line for 10 TCs), however, at higher ΔT since α1 is measured at room 

temperature and is not, in general, constant over the entire temperature range.  For carbon 

nanotube/ polymer composites, the temperature dependent behavior of α is characterized 

by an increasing magnitude but decreasing slope with increasing T which begins to level 

off above 200 K.30,31  Therefore, the expected values will be less than the measured values 

as ΔT increases in the approximation where α1 is constant.   The same is true for the power 

output versus ΔT for a fixed n, since PTE = n(α1ΔT)2/4R1.  For the peak power output at a 

ΔT = 50 K versus the number of TCs as shown in Figure A.4c, the difference between the 

measured and expected peak power output is more pronounced at higher n up to 8 TCs 

since the effect of an approximated constant α1 is increased n-fold.  Above 8 TCs, however, 

the peak power output begins to drop off again because of the same effect observed and 
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explained in Figure A.2b.  Despite this discrepancy, the measured power output values are 

still within 2% of the expected values.   

  

 

Figure A.4  a) VTE generated when RL = Ri composed of 1 to 10 

thermocouples and exposed to a ΔT ranging from 0 K to 50 K.  The dashed 

line represents the theoretical voltage calculated from the effective Seebeck 

coefficient of a 10 TC module.  b) Thermoelectric power output versus ΔT 

for the modules in (a).  c) Maximum power output versus the number of 

thermocouples at the maximum ΔT = 50 K  in (b).  The dashed line 

represents the theoretical maximum power output at the given parameters. 
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With the peak power output results of Figure A.3 in mind, the maximum power 

output versus ΔT was demonstrated and measured for a device consisting of nine 5 TC 

modules connected electrically in series and thermally in parallel, with the results shown 

in Figure A.5.  The expected values (represented by the dashed line) were calculated using 

the 5 TC module PTE versus ΔT values measured in Figure A.4b.  The measured values are 

lower than the expected values for two reasons.  First, unlike the single module tests where 

the heat was applied to the module from the top and bottom through a copper clamp, the 

heat is supplied only from the bottom of the device through the glass substrate.  This 

exaggerates the discrepancy between the actual ΔT across the sample and that measured, 

as explained in Figure A.2b.  Second, the addition of connecting wires between each 

module introduces additional contact resistance between modules, increasing the total 

internal device resistance and decreasing the power output.   
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Figure A.5  Multi-module device consisting of nine 5 TC modules 

connected electrically in series and thermally in parallel.  Power output 

measured with a matched load resistance for the device versus ΔT.  The 

dashed line shows the expected values calculated from the single 5 TC 

module results. 

 

Even with these two effects, the total power output of 660 nW at a ΔT = 50 K is 

only about 1.5% lower than the expected value.  This results in a maximum power output 

of about 14.7 nW per TC at ΔT = 50 K, compared to 3.8 nW per TC for the previously 

reported multilayered carbon nanotube composite device.13  When adjusted for differences 

in the conduction layer dimensions between the two studies, the present results yield a total 

power output improvement of 44 times that of the originally reported multilayered carbon 

nanotube composite thermoelectric modules.  This total improvement in PTE is the result 

of a 6.3 times increase in α1 and a slight increase (1.1 times) in the single TC electrical 

conductivity which essentially decreases the internal resistance of a module of the same 

dimensions. 
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A.4 Conclusion 

In conclusion, we have shown that by appropriately selecting the carbon nanotube 

type and n-type dopant for the conduction layers in a multilayered carbon nanotube 

composite, the total device power output can be increased.  The particular materials chosen 

in this study were raw SWNTs for the p-type layers, and polyethylenimine doped SWNTs 

for the n-type layers.  Ultimately, the combination of these two conduction layers leads to 

a single thermocouple Seebeck coefficient of 96 ± 4 µVK-1, and a total power output of 

14.7 nW per TC at the maximum temperature difference of 50 K, which is 44 times the 

power output per TC for the previously reported results.     
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APPENDIX B 

 

 

SUPPLEMENTARY INFROMATION 
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Chapter 3 Supplementary Information 

Presented is the argument for why the TEGs have the same power output in Figure 

3.4b. TEG’s power was measured under load matching conditions to maximize the power 

output from each device. Equation B.1.a is the voltage divider equation. The voltage output 

is maximized when 𝑅𝑙𝑜𝑎𝑑 = 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙. Equation B.1.b inserts the internal voltage 

(𝑉𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙), due to the Seebeck effect, into Equation a1. Where 𝑛𝑖 is the number of 

thermoelectric elements, 𝛼𝑖 is the Seebeck Coefficient, and 𝑇 is the absolute temperature. 

𝑉𝑜𝑢𝑡 = (
𝑅𝑙𝑜𝑎𝑑

𝑅𝑙𝑜𝑎𝑑 + 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
) 𝑉𝑖𝑛 =  

1

2
𝑉𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 (B.1.a) 

𝑉𝑜𝑢𝑡 =
1

2
(𝑛𝑝𝛼𝑝 + 𝑛𝑛|𝛼𝑛|)Δ𝑇 (B.1.b) 

Equation B.2.a is the internal resistance of a thin film where 𝑙 is the length, 𝑤 is the 

width, and ℎ is the height. Equation B.2.b is the ohmic relation for power output.  

𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =
1

𝜎

𝑙

𝑤ℎ
  (B.2.a) 

𝑃 =
𝑉𝑜𝑢𝑡

2

𝑅𝑙𝑜𝑎𝑑
 (B.2.b) 

Equation c outlines the theoretical power output for the three TEGs. Equation B.3.a 

is the power output of the 12 TC. Equation B.3.a is the product of Equations B.1.b and 

B.2.a inserted into Equation B.2.b, where 𝑛𝑖=12. Equation c.2 is the power output of the 

24 TC. The 24 TC has double the thermoelectric elements, twice the length, but half the 

width of the 12 TC device. The increase of elements and the difference in geometric 

features cancel out and Equation B.3.b reduced down to B.3.a. Equation B.3.c is the power 

production of the 48 TC and can be simplified down to Equation B.3.a using the same 

reasons for Equation B.3.b. Hence the three device have the same power output due to the 
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load matching and the fact is the 24 and 48 TC devices are have the same physical 

dimensions as 12 TC but are bisected. An important factor to realize is that the load 

resistance used for each device was different and was based on the internal resistance of 

the device.   

𝑃12 𝑇𝐶 =
1

4

𝜎𝑤ℎ

𝑙
((12𝛼𝑝 + 12|𝛼𝑛|)Δ𝑇)

2

 (B.3.a) 

𝑃24 𝑇𝐶 =  
1

4

𝜎(𝑤 2⁄ )ℎ

2𝑙
(2(12𝛼𝑝 + 12|𝛼𝑛|)Δ𝑇)

2

= 𝑃12 𝑇𝐶 (B.3.b) 

𝑃48 𝑇𝐶 =  
1

4

𝜎(𝑤 4⁄ )ℎ

4𝑙
(4(12𝛼𝑝 + 12|𝛼𝑛|)Δ𝑇)

2

= 𝑃12 𝑇𝐶 (B.3.c) 
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Chapter 4 Supplementary Information 

The following is the theoretical equations and experimental results for the claim 

made that the TPEG out performs a comparable flat PEG given similar input stress. 

Equation B.4 claims that voltage 𝑉, is equal to the total charge 𝑞, divided by the 

capacitance 𝐶, of the system. For a rectangular piezoelectric materials the total charge 

can be described as the integral of the displacement field 𝐷𝑖, over the surface area 𝐴𝑗, of 

the piezoelectric material as described by Sirohi et. al.1. 

𝑉 =
𝑞

𝐶
=

1

𝐶
∭[𝐷1 𝐷2 𝐷3] [

𝑑𝐴1

𝑑𝐴2

𝑑𝐴3

] (B.4) 

Equation B.5 is the integration of Equation B.4 based on the notation format of 

Sirohi et. al.. The capacitance of this system can be modeled as a parallel plate capacitor 

with electrodes on the surface of the 3-direction. 𝐴𝐶  is the electrode area, ℎ is the 

piezoelectric film thickness, and 𝜖 is the permittivity. For this analysis 𝐴3 = 𝐴𝑐.  

𝑉 =
𝐷3𝐴3

𝐶
=

𝐷3𝐴3ℎ

𝜖𝐴𝐶
=

𝐷3ℎ

𝜖
 (B.5) 

Equation B.6 is the definition of the direct piezoelectric coefficient 𝑑33, for stress 

𝜎3, in the 3-direction with no external electric field1. 

𝑑33 =
𝑑𝐷3

𝑑𝜎3
 (B.6) 

Substituting Equation B.6 into Equation B.5 produces Equation B.7 where the 

change in voltage is now examined. For a harmonic stress with constant amplitude as 

shown in Figure 4.3a, the assumption 𝑑𝑉 ≅ Δ𝑉 is used. Where Δ𝑉 = 𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛. 

Δ𝑉 =
𝑑33Δ𝜎3ℎ

𝜖
 (B.7) 
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Equation B.8 is the stress applied to the piezoelectric material due to a harmonic 

spring force over the surface area of the piezoelectric material in the 3-direction. Where 𝑘 

is the spring constant, 𝑥 is the displacement and 𝐴𝜎 is the contact area of the mass. By 

experimental design 𝐴3 = 𝐴𝑐 = 𝐴𝜎.  

Δ𝜎3 = −𝑘Δ𝑥/𝐴𝜎 (B.8) 

Finally the change in the voltage can be calculated by Equation B.9. Given that 

𝑑33, 𝜖, and 𝑘 are intrinsic and ℎ and Δ𝑥 can be fixed experimentally. The stress can be 

varied by changing size, 𝐴3, of the PEG device. This implies for this specific experiment 

a larger area device will receive a smaller stress because 𝑘 and Δ𝑥 are fixed, therefore 

larger surface area devices will produce smaller voltages. 

Δ𝑉 = −
𝑑33𝑘Δ𝑥ℎ

𝜖𝐴3
= (

𝑑33ℎ

𝜖
) Δ𝜎3 (B.9) 

Figure B.1 Shows the theoretical and experimental results of the above analysis 

for flat PEG compressively stressed in the 3-direction and compares them to the 

experimental results of the new TPEG devices. The black dashed line is Equation B.9 is 

plotted as a linear relationship between peak-to-peak voltage and stress. Multiple flat 

PEG devices were built using identical synthesis techniques as the TPEG devices. The 

flat PEG used carbon nanotubes/polymer matrix as electrodes and PVA as adhesive 

outlined in the main text, however the devices were not folded and not placed in PDMS. 

Control PEG devices of 20mm x 20mm, 25mm x 25mm, 30mm x 30mm, and 20mm x 

100mm (the unfolded dimensions of the TPEG devices) where built and tested. The black 

circles representing the control devices match well with the Equation B.9. However 

Equation B.9 fails to be accurately describe the voltage generated by the TPEG devices. 

Although both the flat PEG and TPEG experience the same stress in the 3-direction, 
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Equation B.9 does not accurately reflect the internal stress the piezoelectric film in the 

TPEG experiences.  

Equation B.10 is the most general form of the voltage generated for the TPEG. 

Because of the folded structure an additional term in 𝐷3 appears representing the stress in 

the 1-direction of the piezoelectric film. Without making exact claims on the capacitance 

arising from a folded structure or internal stress in the 1,3-directions of the piezoelectric 

film it is clear to see there is a theoretical basis to expect the TPEG to generate larger 

voltages when compared to PEG under compressive stress in the 3-direction.  

Δ𝑉 =
𝐴3

𝐶
(𝑑31Δ𝜎1 + 𝑑33Δ𝜎3) (B.10) 
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Figure B.1 Peak-to-peak voltage comparison between Flat PEG and the 

TPEG devices under compressive stress in the 3-direction.  The dashed line 

is the theoretical calculation based on intrinsic values and fix experimental 

parameters. The black circles are four different Flat PEG sizes tested to 

confirm the validity of the theory. The largest flat PEG (20mm x 100mm) 

corresponds to the unfolded dimensions of the TPEG device while the 

smallest flat PEG (20mm x 20mm) corresponds to the encased TPEG device 

dimension as shown in FIG.1c. The red square is the average of the four 

TPEG devices shown in FIG.3b. The blue triangle is the voltage generated 

by the 2x2 array of TPEG devices.    
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Chapter 5 Supplementary Information 

 

Figure B.2  Zoom in sections of Figure 5.1a. 1) Initial pyroelectric response 

with an increase in the TPEG effect. 2) Second pyroelectric response with 

a decrease in the TPEG effect.  
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Figure B.3  An example of a TPEG device that does not exhibit the TPEG 

effect. 1) The total voltage generated from a TPEG device experiencing 

simultaneous stress and thermal activation. The TPEG effect can be 

identified as the amplitude increase.  

The purpose of this experiment is to show that the TPEG effect is field-dependent 

and that it is possible to construct a TPEG device without a coupling field effect. As 

explained in Figure 5.2, the coupled field effect occurs at the interface between the 

piezoelectric and thermoelectric films, so with a sufficient dielectric spacing at the interface 

the effects of the field coupling should diminish. This was achieved by creating the device 

in Figure B.3 with a thicker dielectric bonding layer ~5-8µm while the device in Figure 5.1 

had a dielectric thickness of ~1-2µm.  

Figure B.3 shows experimental data for a TPEG device that exhibits no TPEG 

effect. This device is plotted in the same fashion as Figure 5.1. While each device generates 

piezoelectric, pyroelectric, and thermoelectric voltage, the device in Figure B.3 does not 

produce additional voltage due to the TPEG effect. The device in Figure 5.1 has a large 

TPEG response indicated by the increase in amplitude, while the device in Figure B.3 

shows minimal amplification change. The analysis of the total voltage in Figure B.3.2 
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shows that the piezoelectric amplitude stays nearly flat through the entire experiment, 

indicating no TPEG effect activation.  
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Figure B.4  The effects of different heat input on a TPEG device. 1) The 

total voltage of a direct heating of TPEG device. 2) Analysis of run in 1). 3) 

The total voltage for an indirect heated TPEG device. 4) Analysis of run in 

3).  

The purpose of this experiment is to confirm that the magnitude of the TPEG effect 

depends on the magnitude of the pyroelectric voltage as outlined in Figure 5.2. The TPEG 

effect is based on shifting the Fermi level of the thermoelectric by the piezoelectric and 

pyroelectric fields at the interface between the two films. In this experiment, the 

pyroelectric field was changed by varying the rate of heating. Figure B.4 shows the results 

of a TPEG device undergoing two different rates of heating. Figure B.4.1 is the voltage 

generated when the device experiences a direct (conduction) contact with the heat source. 

Figure B.4 is the voltage generated when the device experiences an indirect (convection) 
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contact with the heat source. While both heating methods exhibit the TPEG effect, direct 

contact with the heat source produced a large pyroelectric voltage and hence a larger TPEG 

voltage. Figure B.4 demonstrates that by modulating the strength of the pyroelectric field, 

the magnitude of the TPEG effect is directly affected. 

  



 

__________________________________________________ 

147 

 

Figure B.5  The effect of bulk polarization on the TPEG effect. 1) The total 

voltage for a TPEG device with bulk polarization in the same direction of 

Figure 5.2. 2) Analysis of 1). The green area shows where the thermoelectric 

and pyroelectric voltages are parallel to one another. The red area shows 

where the thermoelectric and pyroelectric voltages are antiparallel. 3) The 

total voltage for a TPEG device with a reversed bulk polarization compared 

to the device in 1). 4) Analysis of 3). The green and red areas are flipped in 

order; however, amplification of the TPEG effect still occurs during the 

green area. 

The purpose of this experiment is to outline the effect of the bulk polarization of 

the piezoelectric film on the TPEG effect. The theoretical explanation in Figure 5.2 is 

meant to outline the origin of the TPEG effect; however, it is not complete in describing 

every scenario that could arise from this device structure. One scenario is how the bulk 
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polarization of the piezoelectric film has significant ramifications on the TPEG effect. The 

TPEG effect is aided by the asymmetries of the thermoelectric and pyroelectric voltage 

having the same direction in the system. However, it is possible to reverse the bulk 

polarization by reversing the piezoelectric film orientation during fabrication. This reversal 

will cause the thermoelectric and pyroelectric voltage to be antiparallel. Figure B.5.1 and 

Figure B.5.3 show the experimental data for two TPEG devices with different bulk 

polarization directions. The blue line has thermoelectric and pyroelectric voltage parallel 

and the green line has the thermoelectric and pyroelectric voltage antiparallel.  

Figure B.5.2 and Figure B.5.4 depict the analysis of both devices. In addition to the 

standard analysis of breaking up the total voltage into its components, two distinct regions 

are highlighted in green and red. The green region is where the pyroelectric and 

thermoelectric voltages are parallel to each other. The red region is where the pyroelectric 

and thermoelectric voltages are antiparallel to each other. The green region shows the 

TPEG effect increases the amplitude of the signal while the red regions reduce the 

amplitude.  While the reduction in amplitude is not ideal, these negative regions correspond 

to internal potentials required to lower the Fermi level back to equilibrium. The TPEG 

effect is caused by a Fermi level shift in the thermoelectric materials driven by asymmetric 

fields of the thermoelectric and pyroelectric voltage; however, as the heat cycle cools, the 

pyroelectric field reverses, causing a large gate voltage to drive the Fermi level back to the 

original position. To the lower Fermi level, a potential in the opposite direction needs to be 

established. This theoretical explanation fits well with the experimental results by 

comparing the reversal of the voltage potential with the inflection points of the pyroelectric 

voltage. However, the need for the TPEG effect to go to a negative amplitude to restore the 
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system is not necessary. It is possible to have a TPEG undergo a heat cycle with a 

completely positive effect (Figure 5.1). The exact method and nature of how the TPEG 

effect returns the Fermi level back to equilibrium is experimentally beyond the scope of 

the paper. However, it would appear to be dependent on the heat cycle and the pyroelectric 

response. 
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Figure B.6  Pyroelectric film orientation effects on different heating 

directions. a) A TPEG device undergoing two temperature cycles. Initially 

heated and then cooled below room temperature before being returned to 

equilibrium. b) A TPEG device with reversed bulk polarization undergoes 

similar experimental conditions as a). c) The pyroelectric voltage of a). d) 

The pyroelectric voltage of b). 

The purpose of this experiment was to show that the TPEG effect can be activated 

through heating or cooling away from the starting temperature of the device. The 

experiment in Figure B.6 was designed to test the thermal symmetry of the TPEG effect. 

Thermal symmetry is important to test because, unlike thermoelectric and piezoelectric 

materials that can be described by intrinsic coefficients, the TPEG effect is caused at the 

interface between two materials being activated simultaneously. The previous 

(1) (3) 

(4) (2) 
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experimental results had verified the TPEG effect for a system heating up; however, with a 

critical examination of Figure 5.2, the theory holds if the device is cooled down.  

The data in Figure B.6 is plotted against the thermal gradient the TPEG experienced 

instead of time and the raw data is plotted versus time in the insets. Each device underwent 

two heat cycles and they were heated and then cooled from equilibrium. Figure B.6.1 is the 

TPEG effect with the baseline piezoelectric voltage subtracted from the signal. Figure B.6.1 

shows the TPEG effect exists on the cold cycle; however, it was not of the same magnitude 

as the heat cycle. There are two reasons for this. The same power was supplied to the Peltier 

cooler (heat source) for both cycles, and because of the nature of the experimental 

apparatus the identical heat could not be introduced and extracted. Additionally, the shift 

in the Fermi level between the two cycles is in opposite directions which will be over 

different parts of the density of states, resulting in different magnitudes of the TPEG effect. 

A second device was tested for thermal symmetry but was synthesized with its bulk 

polarization reversed such that the thermoelectric and pyroelectric field were antiparallel 

(see Figure B.5). Figure B.6.3 shows that the antiparallel TPEG upon initial heating has a 

negative TPEG effect; however, when the device begins to cool down at Δ2.9K the 

amplitude transitions to a positive contribution to the total voltage. This corresponds 

experimentally to the reversal of the pyroelectric voltage in Figure B.6.3 and theoretically 

to a shift of the Fermi level into a region of the density of states that is favorable. Then, as 

the device is cooled down, the pyroelectric voltage is still gating the Fermi level in a 

favorable direction and the TPEG effect does not diminish until the device heats back up 

to room temperature. Both of these devices show increases in their amplitude while the 

pyroelectric voltage is positive and decreases, and the pyroelectric voltage is negative. The 
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device in Figure B.6.1 outperforms the device in Figure B.6.3 because during the positive 

pyroelectric cycles, the thermoelectric voltage is parallel which is the result of Figure B.6.2 

and B.6.4. 

The biggest discovery to come from this experiment was the asymmetries of the 

voltage loops. Looking at the large voltage loop in Figure 5.4a, during that heat cycle the 

TPEG effect generated more voltage than was needed to return the system back to 

equilibrium. This is an internal field effect that produces an asymmetric voltage signal 

based on a heat cycle.  
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Figure B.7  Voltage generated from TPEG heat engines put through several 

heat cycles. 1) Total voltage for TPEG with bulk polarization parallel with 

thermoelectric voltage. This device is cycled 4 times. 2) The analysis of 1). 

3) Total voltage for a TPEG with bulk polarization antiparallel with 

thermoelectric voltage. This device is cycled 3 times. 4) Analysis of 3). The 

TPEG effect plotted vs. temperature change. This shows the stability of the 

heat engine.  
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The purpose of this experiment is to show the stability of the TPEG as a heat engine. 

Figure B.7 show the experimental data for two TPEG devices undergoing several heat 

cycles. Device 1 and Device 2 are similar TPEGs but have opposite bulk polarization 

directions. This leads to the results of Figure B.5 where the parts of the heat cycle that 

express the TPEG effect are reversed. Figure B.7.1-4 depicts the total voltage and the 

analysis for each device. Figure B.7.5 depicts the stability of the TPEG effect through 

several heat cycles. It should be noted that while curves have some drift in the temperature 

differences measured, each repetition of the cycle has nearly the identical shape as the last 

cycle. This experiment shows the stability of the heat engine model. 
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Figure B.8  Heat cycle with adiabatic cooling. 1) Total voltage for a TPEG 

device experiencing an adiabatic cooling similar to the blue curve in Figure 

B.4. 2) Analysis of 1). Temperature curve (yellow) is plotted on the 

secondary axis.  

 

The purpose of this experiment is to show that the TPEG effect reduces under 

sequentially smaller heat cycles. Figure B.8 depicts a TPEG device undergoing 3 heating 

cycles with adiabatic cooling. Figure B.8.1 shows the TPEG effect diminishes in each 

subsequent cycle. While the heat source is attempting to raise the temperature of the system 

to the same temperature each cycle, the adiabatic cooling does not allow it to return to the 

original temperature. This causes the second cycle to start at an elevated temperature and 

thereby reduces the thermal gradient the TPEG device experiences during that cycle. Figure 

B.8.2 shows the voltage analysis as well as the temperature difference the device 

experiences shown as the yellow curve and plotted on the secondary y-axis. While this 

experiment is similar to the adiabatic device from Figure B.4, the time that the device is 

allowed to cool is greatly reduced in Figure B.8. This experiment shows that the TPEG 

effect is proportional to the thermal gradient that the device experiences. This result is 
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consistent with the experiments showing that the magnitude of the pyroelectric field 

directly affects the TPEG effect. 
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Appendix A Supplementary Information 

 

Figure B.9  Scanning electron micrographs of few layer graphene/ 

polyvinylidene fluoride composite films of varying graphene weight 

percent concentrations of a) 60 wt%, b) 50 wt%, c) 40 wt%, d) 30 wt%, e) 

20 wt%, and f) 10 wt%. 
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