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ABSTRACT
Fossil fuel usage has been our primary form of energy used to fabricate and give
us many of the products and services that we use today. However, our fossil fuel usage
has led to an increase in the release of greenhouse gases. Greenhouse gases affect the
global surface temperatures of our planet, which can reduce our ability to produce crops,
lead to stronger and more frequent natural disasters, and change the acidity of our oceans.
To combat this problem, new energy harvesting techniques and technologies are required
to reduce our reliance on fossil fuels.
One solution to reducing our reliance on fossil fuels, is to increase our renewable
energy generation profile. There are many renewable technologies available for energy
generation. This dissertation will focus on solar energy as a renewable energy generation
technology. Specifically, the work will focus on methylammonium lead triiodide as a
material utilized as the active material in a solar structure. Additionally, this dissertation
will focus on utilizing a technique, fused deposition modeling, that has yet to be
investigated as a solar cell manufacturing technique.
In addition to investigating fused deposition modeling as a solar cell
manufacturing method. The material properties of various fused deposition modeling
(FDM) filaments were explored and characterized. The aim of this body of work was to
fabricate a solar cell with an active layer printed with FDM technology and to integrate
thermal management system to the solar cell (i.e. heat sink/heat sink).

iii

APPROVAL FOR SCHOLARLY DISSEMINATION
The author grants to the Prescott Memorial Library of Louisiana Tech University
the right to reproduce, by appropriate methods, upon request, any or all portions of this
Dissertation. It is understood that “proper request” consists of the agreement, on the part
of the requesting party, that said reproduction is for his personal use and that subsequent
reproduction will not occur without written approval of the author of this Dissertation.
Further, any portions of the Dissertation used in books, papers, and other works must be
appropriately referenced to this Dissertation.
Finally, the author of this Dissertation reserves the right to publish freely, in the
literature, at any time, any or all portions of this Dissertation.

Author _____________________________

Date _____________________________

GS Form 14
(8/10)

DEDICATION
This dissertation is dedicated to my grandfather and grandmother, John and
Bernice Sonsalla, who helped me develop into the man I am today. Additionally, I would
like to dedicate this dissertation to my family and friends who have been patient,
supportive, and kind. I love you all.

v

TABLE OF CONTENTS
ABSTRACT ........................................................................................................................... iii
APPROVAL FOR SCHOLARLY DISSEMINATION .......................................................iv
DEDICATION ......................................................................................................................... v
LIST OF FIGURES ................................................................................................................. x
LIST OF TABLES ................................................................................................................xiv
ACKNOWLEDGMENTS ....................................................................................................... 1
CHAPTER 1 INTRODUCTION ............................................................................................ 2
1.1

Motivation ................................................................................................................ 2

1.1.1

Energy Usage....................................................................................................... 2

1.1.2

Environmental Effects from Human Activity ................................................... 6

1.1.3

History and Current State-of-the-Art Solar Cells ............................................ 11

1.2

Chapter Outline...................................................................................................... 12

CHAPTER 2 BACKGROUND and Theory ........................................................................ 13
2.1

Materials Theory.................................................................................................... 13

2.1.1

Polymers ............................................................................................................ 15

Thermal Properties..................................................................................................... 17
Electrical Properties ................................................................................................... 17
Optical Properties ...................................................................................................... 19
2.1.2

Metals ................................................................................................................. 20

2.1.3

Semiconductors ................................................................................................. 21

2.1.4

Composites......................................................................................................... 22
vi

vii
Interface Properties .................................................................................................... 23
CHAPTER 3 3-d printing of Heat Exchangers and Heat sinks ........................................... 24
3.1

Material theory....................................................................................................... 24

3.2

Types of 3-D Printing ............................................................................................ 25

3.3

3D-printed heat exchangers and heat sinks .......................................................... 26

CHAPTER 4 Perovskite (MapbI3) Solar Cells..................................................................... 28
4.1

Solar Cell Theory .................................................................................................. 28

4.1.1

Solar Cell Parameters ........................................................................................ 29

4.2

Methylammonium lead triiodide .......................................................................... 30

4.3

Solar cell components for perovskite solar cells ................................................. 32

4.3.1

Transparent conductive electrode..................................................................... 32

4.3.2

Hole transport layer ........................................................................................... 34

4.3.3

Electron transport layer ..................................................................................... 35

4.3.4

Counter electrode .............................................................................................. 35

4.4

Fabrication methods of active layer in perovskite solar cells ............................. 36

CHAPTER 5 Material Fabrication Procedures .................................................................... 38
5.1

Acrylonitrile butadiene styrene composite filament fabrication ........................ 38

5.2

Methylammonium lead triiodide microcrystal fabrication ................................. 41

5.3
Polycaprolactone-methylammonium lead triiodide composite filament
fabrication ........................................................................................................................... 41
5.4

Fused deposition modeling of test pieces ............................................................ 43

5.4.1

Thermal conductivity test pieces ...................................................................... 43

ABS ............................................................................................................................ 44
5.4.2
5.5
5.5.1

Fused deposition modeling of heat sinks ......................................................... 45
Perovskite solar cell fabrication ........................................................................... 47
Fabrication of transparent conductive electrode.............................................. 47

viii
5.5.2

Fabrication of hole transport layer ................................................................... 47

5.5.3

Fabrication of counter electrode ....................................................................... 47

5.5.4

Fabrication of complete solar cell device ........................................................ 48

5.6

Solar cell and heat sink fabrication ...................................................................... 49

CHAPTER 6 Test SEtups and analysis ................................................................................ 51
6.1

SEM imaging ......................................................................................................... 51

6.1.1

ABS .................................................................................................................... 51

6.1.2

ABS composites ................................................................................................ 52

6.1.3

MAPbI3-PCL composites ................................................................................. 52

6.2

Thermal conductivity characterization ................................................................. 52

6.3

Material characterization....................................................................................... 53

6.3.1

EDX and XRD ................................................................................................... 53

6.3.2

Refractometer and thin film measurement....................................................... 54

6.3.3

UV-Vis ............................................................................................................... 55

6.4

Photocurrent of FDM printed MAPbI3-PCL thin film ........................................ 55

6.5

Heat sink test setup ................................................................................................ 56

6.6

Solar cell test setup ................................................................................................ 58

6.7

Solar cell and heat sink test setup ......................................................................... 58

6.8

Statistical Analysis ................................................................................................ 59

CHAPTER 7 Experimental work and Results...................................................................... 61
7.1

SEM imaging ......................................................................................................... 61

7.1.1

ABS .................................................................................................................... 61

7.1.2

ABS composites ................................................................................................ 62

7.1.3

MAPbI3-PCL composites ................................................................................. 63

7.2

Thermal conductivity characterization ................................................................. 65

ix
7.2.1

Effect of layer height and fill density on ABS thermal conductivity ............. 65

7.2.2

Effect of filler and print orientation on ABS composite thermal conductivity
68

7.3

Material characterization....................................................................................... 72

7.3.1

XRD ................................................................................................................... 72

7.3.2

Refractometer .................................................................................................... 74

7.3.3

UV-Vis ............................................................................................................... 76

7.4

Photocurrent of FDM printed MAPbI3-PCL thin film ........................................ 78

7.5

Heat sink ................................................................................................................ 80

7.6

Solar Cell................................................................................................................ 82

7.6.1

ITO/NiO/MAPbI3-PCL/SWCNT ..................................................................... 82

7.6.2

ITO/NiO/MAPbI3-PCL/Al foil ......................................................................... 86

7.6.3

Series and parallel testing of ITO/NiO/MAPbI3-PCL/Al foil ........................ 89

7.7

Solar cell and heat sink ......................................................................................... 92

7.7.1 ITO/NiO/PCL-MAPbI3/Al foil solar cell on ABS heat sink tested at different
temperatures ................................................................................................................... 92
CHAPTER 8 Holistic Discussion and Shortcomings .......................................................... 96
8.1

Holistic Discussion ................................................................................................ 96

8.2

Shortcomings ......................................................................................................... 98

CHAPTER 9 Conclusions and Future work ......................................................................... 99
9.1

Conclusions............................................................................................................ 99

9.2

Future Work .........................................................................................................100

APPENDIX A ......................................................................................................................101
Bibliography .........................................................................................................................102

LIST OF FIGURES
Figure 1-1: World energy use (1970-2015). [1] .................................................................... 2
Figure 1-2: The heating imbalance in watts per square meter relative to the year 1750
caused by all major human-produced greenhouse gases: carbon dioxide, methane,
nitrous oxide, chlorofluorocarbons 11 and 12, and a group of 15 other minor
contributors [4]. ........................................................................................................................ 4
Figure 1-3: Global atmospheric carbon dioxide concentrations (CO2) in parts per
million (ppm) for the past 800,000 years [4].......................................................................... 5
Figure 1-4: U.S. energy consumption by energy source (2018) [10]. ................................. 6
Figure 1-5: World Ecological Footprint of consumption by area type in global
hectares, 1961-2014 [11] ......................................................................................................... 7
Figure 1-6: The Global Living Planet Index: 1970 to 2014 [11] ......................................... 8
Figure 1-7: United States Billion-Dollar Disaster Events 1980-2019 (CPI-Adjusted)
[12] ............................................................................................................................................ 9
Figure 1-8: Life cycle greenhouse gas emission estimates for various electricity
generation technologies [14] ................................................................................................. 10
Figure 4-1: Energy bandgaps of perovskite materials. ....................................................... 31
Figure 4-2: Perovskite solar cell. ......................................................................................... 32
Figure 5-1: Perovksite fabrication steps (a) MAI in IPA (b) after addition of PbI 2 (c)
dry MAPbI3 powder. .............................................................................................................. 41
Figure 5-2: PCL-MAPbI3 composite fabrication process. ................................................. 42
Figure 5-3: Image of sample showing MAPbI3 degradation.............................................. 43
Figure 5-4: Rastering pattern of the FDM printer tip for printing parts in (a)
horizontal and (b) vertical orientation. Images of the printed test pieces are shown in
(c) horizontal and (d) vertical orientation. ............................................................................ 45
Figure 5-5: Heat sink designs (a) open (b) 0.8 mm microchannel (c) 1.6 mm
microchannel. ......................................................................................................................... 46
x

xi
Figure 5-6: (a) Solar device structure and (b) energy band diagram. ................................ 48
Figure 5-7: Image of solar cell ............................................................................................. 49
Figure 5-8: Image of active layer printed with 80% fill density. ....................................... 49
Figure 5-9: Image of solar cell and heat sink device. ......................................................... 50
Figure 6-1: Thermal conductivity apparatus schematic and image of the thermal
conductivity apparatus (inset left). ........................................................................................ 53
Figure 6-2: Filmetrics RT-10 refractometer. ....................................................................... 54
Figure 6-3: PCL thin films of 25 μm, 50 μm, 100 μm, and 200 μm. ................................. 54
Figure 6-4: (a) Layout of photoconductivity sample (b) image of photoconductivity
sample with conductive electrode attachment (arrow). ....................................................... 55
Figure 6-5: Test setup for heat sinks. ................................................................................... 57
Figure 6-6: Solar cell and heat sink test setup. .................................................................... 59
Figure 7-1: (A) SEM images of 3-D printed ABS square test pieces at a fill density of
10%, (B) 20%, (C) 30%, (D) 40%, (E) 50%, (F) 60%, (G) 70%, (H) 80%, (I) 90%,
and (J) 100%. .......................................................................................................................... 62
Figure 7-2: SEM images of 3-D printed test piece composed of acrylonitrile
butadiene styrene filled with 55 wt.% zinc flakes and 5 wt.% single-walled carbon
nanotubes imaged at (a) 5 kV x 8.00k, (b) 5 kV x 35.0k, and (c) 20 kV x 450. ................ 63
Figure 7-3: SEM images of (a) perovskite (b) coupling agent treated perovskite (c)
PCL-50 wt.% Perovskite (d) PCL-50 wt.% Perovskite. ...................................................... 64
Figure 7-4: Thermal conductivity of ABS test pieces (printed with standard speed
settings and nozzle diameter of 0.5 mm) versus fill density for different layer heights.
Thermal conductivity measurements have an apparatus error of ±0.05 W/m*K (not
graphed). ................................................................................................................................. 65
Figure 7-5: Tukey’s test on fill density to determine significantly different thermal
conductivities between fill densities. The y-axis shows comparison of fill densities
first with 10% vs. all others and then incrementing to include all fill densities
considered. .............................................................................................................................. 67
Figure 7-6. Thermal conductivity values recorded for parts printed with negative
control, Zn, SWCNT, Zn-SWCNT and Zn-SiC filaments in (a) horizontal orientation,
and (b) vertical orientation. Error bars indicate a measurement error of ±0.05 W/m*K. . 69
Figure 7-7: Thermal conductivity values recorded for parts printed with negative
control, Zn, Zn-MWCNT10, Zn-MWCNT20, Zn-MWCNT30, Zn-MWCNT50

xii
filaments in (a) horizontal and (b) vertical orientation. Error bars indicate a
measurement error of ±0.05 W/m*K. ................................................................................... 71
Figure 7-8: XRD spectrum of PbI2 , MAI, MAPbI3, and PCL-MAPbI3. ........................... 72
Figure 7-9: XRD of MAPbI3 and PCL-MAPbI3. ................................................................ 73
Figure 7-10: Transmittance spectrums for PCL thin films. ................................................ 75
Figure 7-11: Transmittance spectrum of PCL, PCL-MAPbI3, and PCL-MAPbI3LICA38. .................................................................................................................................. 76
Figure 7-12: UV-Vis of PCL thin-film and PCL-MAPbI3 thin-film. ................................ 77
Figure 7-13: Tauc plot of PCL, PCL-MAPbI3, and MAPbI3. ............................................ 78
Figure 7-14: I-V curve of MAPbI3-PCL composite in dark, 50W, 60W, 70W, and
80W. ........................................................................................................................................ 79
Figure 7-15: Tukey’s method results of average power transferred into the working
fluid comparing material composition. ................................................................................. 80
Figure 7-16: Tukey’s method results of average power transferred into the working
fluid comparing designs. ........................................................................................................ 81
Figure 7-17: Tukey’s method results of average power transferred into the working
fluid comparing flow rates. .................................................................................................... 82
Figure 7-18: I-V curve measurements of ITO/NiO/MAPbI3-PCL/SWCNT solar cell
under dark and light conditions. ............................................................................................ 83
Figure 7-19: Stability testing of ITO/NiO/PCL-MAPbI3/SWCNT. .................................. 85
Figure 7-20: I-V curve measurements of ITO/NiO/PCL-MAPbI3/SWCNT solar cell
after heating at different temperatures on a hot plate for 5 minutes. .................................. 86
Figure 7-21: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil solar cell with an 80% fill
density and 100% fill density. ............................................................................................... 87
Figure 7-22: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil printed in vertical
orientation. .............................................................................................................................. 88
Figure 7-23: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil connected in parallel. ............ 90
Figure 7-24: I-V curve of ITO/NiO/MAPbI3-PCL/Al foil solar cells connected in
series........................................................................................................................................ 91
Figure 7-25: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil on top of ABS heat sink
measured at different temperatures. ...................................................................................... 93

xiii
Figure 7-26: Comparison of solar cells on ABS and copper heat sinks. ........................... 94
Figure 7-27: Comparison of solar cell with SWCNT or Al foil counter electrode on
top of heat sink. ...................................................................................................................... 95

LIST OF TABLES
Table 1-1: State-of-the-art solar cell efficiencies (2019) [19] ............................................ 11
Table 5-1: Summary of ABS composite filaments fabricated............................................ 40
Table 5-2: Summary of print times. ..................................................................................... 44
Table 6-1: Summary of incident fluxes at each input power level..................................... 56
Table 7-1: Summary of diffraction peaks and lattice planes for PbI2, MAI, MAPbI 3,
and PCL-MAPbI3. .................................................................................................................. 74
Table 7-2: Resistances of photoconductivity test piece at different power levels. ........... 79
Table 7-3: Summary of solar cell characteristics. ............................................................... 84
Table 7-4: Summary of output power at different heating temperatures........................... 86
Table 7-5: Summary of solar characteristics ITO/NiO/PCLMAPbI3/Al foil printed in
vertical orientation. ................................................................................................................ 89
Table 7-6: Summary of two individual solar cells, connected in parallel, and
connected in series. ................................................................................................................ 91
Table 7-7: Summary of solar cell parameters on heat sinks. .............................................. 95

xiv

ACKNOWLEDGMENTS
I would like to express my sincere gratitude to my dissertation advisor, Dr. Leland
Weiss, for guiding me throughout this project and lending some life guidance as well.
Additionally, I would like to thank my other committee members, Dr. Arden Moore, for
allowing me to utilize the thermal conductivity test setup and discussing thermal
concepts. Dr. Sandra Zivanovic, for their guidance, critique, and utilization of the lab
equipment. Dr. Adarsh Radadia for aiding me to create more visually appealing figures
and discussing spectroscopy techniques. Finally, Dr. Ramu Ramachandran for their
critique on this dissertation and welcoming me to Tech’s campus in 2014.
I am grateful to the IfM staff, William Clower, Davis Bailey and Debbie Wood,
for helping me navigate the IfM facilities, accomplishing experiments in a safe manner,
and obtaining XRD spectrums. I appreciate my laboratory colleagues, Dr. Suvhashis
Thapa, Ashok Baniya, and Dr. Eric Borquist, for discussing theory and results obtained in
my experiments. Thank you to Gavin Deshotel and Alejandro Arellano for your work on
different parts of this dissertation. Additionally, thank you to all the undergraduate and
REU students that helped work on my project. Lastly, thank you to the funding sources
that helped me to complete this degree (CIMM, NSF, Dennis and Phyllis Washington
Foundation).

1

CHAPTER 1
INTRODUCTION

1.1
1.1.1

Motivation

Energy Usage
Energy is used throughout society, from traveling to work to using a computer to

increase productivity, and everyday there is a growing demand for it (see Figure 1-1).
This demand has historically been met by fossil fuels. However, utilization of fossil fuels
has led to an everchanging environment that has potentially caused the decline of many
species. Thus, to meet the growing energy demands of society, new harvesting techniques
and processes are needed to convert from fossil fuels.

Figure 1-1: World energy use (1970-2015). [1]
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3
The main issue associated with the usage of fossil fuels are greenhouse gas
emissions. Upon combustion, fossil fuels release sulfur, nitrogen dioxide, nitric oxide,
volatile organic compounds, hydrocarbons, carbon monoxide, and carbon dioxide. Global
emissions for each fuel type are typically calculated by utilizing three terms:
1. amount of fuel produced
2. fraction of fuel that becomes oxidized
3. factor of carbon content of the fuel
The data utilized to calculate global emissions is published by the United Nations. The
U.S. Bureau of Mines, the Energy Information Administration of the U.S., Department of
Energy, the World Bank, the Organization for Economic Cooperation and Development,
and numerous other national and international organizations also maintain data on fuel
use and energy activities. [2]
The largest source of carbon dioxide (CO2) emissions come from the burning of
fossil fuels. Cement manufacturing is another large source of emissions with Portland
cement being one of the most abundant and widely used type of cement [3]. Global
greenhouse gas emissions increase by 2.0% in 2018, and most of this increase was due to
a 2.0% increase in the global CO2 emissions from fossil-fuel burning and cement
production [4]. CO2 emissions are not the only greenhouse gas emission of concern.
Methane (CH4) is a greenhouse gas that is ten times worse than CO2. Global CH4
emissions increased in 2018 as well. The sources of the CH4 increases are as follows:
coal production (+5.0%), natural gas production (+4.5%), livestock farming (+1.5%) —
particularly sheep (+9.3%) and cattle (+0.7%) — and waste water (1.2%) [4]. Although
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methane is thought to be ten times worse than CO2, CO2 contributes the most to the
heating imbalance caused by human-produced greenhouse gases (see Figure 1-2).

Figure 1-2: The heating imbalance in watts per square meter relative to the year 1750
caused by all major human-produced greenhouse gases: carbon dioxide, methane, nitrous
oxide, chlorofluorocarbons 11 and 12, and a group of 15 other minor contributors [4].
Since 1751 just over 400 gigatons of carbon have been released into the
atmosphere from the consumption of fossil fuels and cement production. Half of these
fossil-fuel CO2 emissions have occurred since the late 1980s [5]. Since 1970,
CO2 emissions have increased by about 90%, with emissions from fossil fuel combustion
and industrial processes contributing about 78% of the total greenhouse gas emissions
increase from 1970 to 2011. Agriculture, deforestation, and other land-use changes have
been the second-largest contributors [6]. In 2019, a CO2 concentration of 415 ppm (or
approx. 884 gigatons of carbon [7]) was recorded and has been the highest level attained
in millions of years (the Pilocene Epoch is the last time ppm levels were thought to be
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this high; approximately 3 million years ago) [8]. Figure 1-3 shows estimated CO2 levels
for the past 800,000 years.

Figure 1-3: Global atmospheric carbon dioxide concentrations (CO2) in parts per million
(ppm) for the past 800,000 years [4].
China (26%), the United States (13%), the European Union (8%), India (7%), the
Russian Federation (5%), and Japan (3%) account for 62% of global emissions [4]. One
study found that many countries (24 of the 29 countries analyzed) in the European Union
still consume over 60% of their energy from fossil fuels. Additionally, it found that
renewable energy leaders, such as Germany and the United States, still consumed over
80% of their energy from fossil fuels. Approximately 80% of energy consumption came
from fossil fuels for the United States in 2017 with petroleum (37%), natural gas (29%),
and coal (14%) as the top three contributors. A summary of United States energy
consumption for 2018 is shown in Figure 1-4. This level of consumption led the study to
find (considering a Jazz scenario) only 14% of proven oil reserves, 72% of proven coal
reserves, and 18% of proven gas reserves in the world, will remain in 2050. [9]
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Figure 1-4: U.S. energy consumption by energy source (2018) [10].
1.1.2

Environmental Effects from Human Activity
Our consumption of natural resources in the past 50 years has increased by 190%,

and in the same span of time, biocapacity has increased by 27%. A countries rate of
consumption includes the Ecological Footprint it produces, plus imports from other
countries, minus exports. The unit of measure to compare consumption across countries
is global hectares (gha), which represents a hectare of land needed to sustain human life.
The United States has the seventh highest consumption rates per person at 8.1 gha per
person; this is only outdone by Trinidad and Tobago, Kuwait, Bahrain, United Arab
Emirates, Luxembourg, and Qatar.
Most of the impact on Ecological Footprint is due to carbon emissions,
specifically from fossil fuel burning. Figure 1-5 shows the different activities have on the
world’s biocapacity. Grazing land measures the demand for grazing land to raise
livestock for meat, dairy, leather, and wool products. Forest products measures the
demand for forests to provide fuel wood, pulp, and timber products. Fishing grounds
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measures the demand for marine and inland water ecosystems needed to restock the
harvested seafood and support aquaculture. Cropland measures the demand for land for
food and fiber, feed for livestock, oil crops and rubber. Built-up land measures the
demand for biologically productive areas covered by infrastructure, including roads,
housing, and industrial structures. Carbon measures carbon emissions from fossil fuel
burning and cement production (the emissions are converted into forest areas needed to
sequester the emissions not absorbed by oceans; also accounting for forest variances).
[11]

Figure 1-5: World Ecological Footprint of consumption by area type in global hectares,
1961-2014 [11]
Devastating consequences on the environment from this type of overconsumption
has been evident over recent years. One study of 19,000 species of birds, amphibians and
mammals found deforestation increase the odds of a species being listed on the IUCN
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Red List. Furthermore, the average abundance of 16,704 population representing 4,005
species monitored across the globe declined by 60% (see Figure 1-6). This decline in
species can have devastating impacts on our food supply as 75% of the leading global
food crops utilize pollination. [11]

Figure 1-6: The Global Living Planet Index: 1970 to 2014 [11]
Furthermore, a changing climate can lead to devastating and costly disasters. Figure 1-7
shows billion-dollar disaster events that have occurred in the United States from 19802019. Additionally, the black dotted line shows a 5-year moving average asserting an
increase in these billion-dollar disaster events.
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Figure 1-7: United States Billion-Dollar Disaster Events 1980-2019 (CPI-Adjusted) [12]
In order to mitigate climate change associated with greenhouse gas emissions,
various strategies have been proposed [13]:
1. Increase efficiency and energy conservation
2. Replace fossil fuels with renewable energy sources
3. Combat/reduce deforestation and plant trees
4. Shift from coal to natural gas
5. Collect and dispose of CO2
The only long-term strategy to mitigate climate change while maintaining growth is to
replace fossil fuels with renewable energy sources. Figure 1-8 shows data that has been
harmonized by National Renewable Energy Laboratory from various studies that have
estimated the life cycle assessment of greenhouse gas emissions from various electricity
generation technologies. A life cycle assessment includes upstream (raw material
extraction, construction materials, power plant construction), fuel cycle (resource
extraction/production, processing/conversion, delivery to site), operation (combustion,
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maintenance, operations), and downstream (dismantling, decommissioning, disposal and
recycling) stages of an electricity generating technology.

Figure 1-8: Life cycle greenhouse gas emission estimates for various electricity
generation technologies [14]
It has been estimated that nuclear, wind, and solar power can reduce the amount of CO 2
emitted by 85-97% when compared to fossil fuel carbon capture and sequestration plants
[15], [16]. Thus, it is important to understand how to develop efficient low-cost solar
technologies.
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1.1.3

History and Current State-of-the-Art Solar Cells
The photoelectric effect was first observed by Alexandre Edmond Becquerel in

1839. In 1883, the first solar cell was crafted by Charles Fritts. It was a selenium solar
cell with gold contacts and had an efficiency of 1%. Fast forward to April 25, 1954 and
the modern silicon solar cell was presented to the press. It was fabricated at Bell
Laboratories by Daryl Chaplin, Calvin Fuller and Gerald Pearson; it attained an
efficiency of 6%. [17], [18]
In 2019, solar cell efficiencies have attained 47.1% with four or more junctions.
Different material stacks have enabled solar cells to achieve this efficiency. However,
these four-junction cells are cost-prohibitive for many applications. Thus, for generating
electricity crystalline silicon is the primary type of solar cell utilized today achieving
21.2-27.6% efficiency. Efficiencies of various solar technologies are summarized in
Table 1-1.

Table 1-1: State-of-the-art solar cell efficiencies (2019) [19]
Solar Technology

State-of-the-art Efficiency

Four-junction or more

39.2-47.1%

Three-junction

37.9-44.4%

Two-junction

32.9-35.5%

Gallium Arsenide

27.8-30.5%

Crystallin Silicon

21.2-27.6%

Thin-Film

14.0-23.4%

Emerging PV

12.3-29.1%
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Recently, materials such as perovskite have been discovered that have enabled
new processes to fabricate solar cells and are low-cost. However, there are many issues to
be worked out with these perovskite materials. For this reason, this dissertation focuses
on exploring these new solar materials and attempts to fabricate solar cell with the usage
of fused deposition modeling.
1.2

Chapter Outline

Chapter 2 discusses materials science theory, specifically covering thermal,
electrical, and optical properties of polymers, metals, semiconductors, and composites.
Chapter 3 discusses heat sink design and theory. Solidworks simulation models
and results are presented.
Chapter 4 reviews general solar cell theory. Additionally, methylammonium lead
triiodide information is presented. It discusses the components of perovskite solar cells
and previous fabrication methods.
Chapter 5 discusses fabrication methods and techniques.
Chapter 6 discusses test setups and analysis techniques utilized to characterize
and measure different properties of the various materials fabricated.
Chapter 7 presents the experimental work and results.
Chapter 8 discusses the results holistically and presents any shortcomings of the
research.
Chapter 9 concludes the dissertation work and presents future work that should be
investigated.

CHAPTER 2
BACKGROUND AND THEORY

2.1

Materials Theory

In this section, the thermal, electrical, and optical properties and theory of
insulators (specifically polymers), metals, semiconductors, and polymer composites will
be discussed.
The thermal properties discussed are thermal conductivity, coefficient of thermal
expansion, melting point, and glass transition temperature. Heat energy can be transferred
by charge carriers, phonons, electromagnetic waves, spin waves, or other excitations [20].
Phonons are the dominant transport process in insulators, while charge carriers transfer
heat energy in metals. Thermal conductivity characterizes the ability of a material to
transfer heat. It can be generally defined as follows:
𝑘=

𝑄⃗
⃗∇𝑇

Eq. 2-1

where Q is the heat flux across a unit cross section perpendicular to Q and T is absolute
temperature [20]. In the case of simple dielectric solids, it can be more specifically
defined by
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𝑘=

1
𝐶𝑣𝜆
3

Eq. 2-2

where C is the heat capacity per unit volume, v is the average phonon group velocity, and
λ is the mean free path of phonons between collisions [20].
The coefficient of thermal expansion is a measure of a material’s tendency to
change its shape (volume, area, etc.) in response to a temperature change. This is an
important material property to consider when 3-D printing fused deposition modeling
filaments. Melting point is another important parameter because it is where a material
changes state from a solid to a liquid. The filament must be turned into a liquid state
before it can pass through the hot end of the 3-D printer. Glass transition temperature is
an important parameter when printing amorphous polymers because amorphous polymers
do not have a true melting point. Thus, the glass transition temperature is where
amorphous materials change from a hard and brittle state into a viscous or rubbery state
as temperature is increased.
The electrical property discussed will be electrical conductivity as it is the most
important property regarding charge extraction in solar cells. Electrical conductivity
quantifies the ability of a material to conduct electric current. It can be defined as
follows:
𝜎=

1
1
=
𝜌 (𝑅 ∗ 𝐴)
𝑙

Eq. 2-3

where ρ is the electrical resistivity, R is electrical resistance, A is cross-sectional area, and
l is length.
The optical properties discussed will be refraction, reflection, absorption, and
transmittance. Refraction occurs when light passes from one medium to another and
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changes direction when compared to the incident direction. Refraction is governed by
Snell’s law which is as follows:
𝑛1 sin 𝛳1 = 𝑛2 sin 𝛳2

Eq. 2-4

where n is the refractive index of the two materials, and ϴ is the angle of refraction [21].
Reflection occurs at the interface between two media. The law of reflection states the
angle of the incident ray (ϴi) is equal to the reflected ray (ϴr). However, at a critical
angle of incidence the reflected ray becomes evanescent. The critical angle can be found
with the following equation when (n1>n2):
𝑛
𝛳𝑐 = sin−1 ( 1⁄𝑛2 )

Eq. 2-5

where n1 and n2 are the refractive index of the two materials. Absorption occurs when a
material transforms electromagnetic energy into internal energy. The measure of
absorption is known as absorbance, and it is measured by absorption spectroscopy
techniques such as UV-Vis, infrared, and X-ray absorption spectroscopy. Transmittance
quantifies the electromagnetic energy that is not reflected, refracted (i.e. scattered), or
absorbed while passing through a material.
2.1.1

Polymers
Polymers are materials composed of long molecular chains, in which each chain

consists of repeated structural units called monomers. Polymers can be as short as just a
few monomers or tens of thousands of monomers. Molecular weight is the average
weight of each macro-molecule. It is used to differentiate the same polymers with
different material properties. Many polymer properties increase with an increasing
molecular weight, such as glass transition temperature, modulus, and tensile
strength [22].
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Polymers can be divided into two main groups: natural biopolymers or synthetic
polymers. Examples of natural biopolymers included polypeptides, cellulose, and nucleic
acids. Synthetic polymers can be divided into elastomers, synthetic fibers, and
thermoplastics. Elastomers are polymers with viscoelasticity and are rubber-like
substances. Synthetic fibers are man-made fibers via chemical synthesis. Thermoplastics
are polymers that soften at the melting point or glass transition temperature and solidifies
after cooling without any change in chemical bonding. The glass transition temperature
marks the transition from a brittle state to a high viscosity state, where the polymer chains
can slide past each other. Furthermore, thermoplastics molecular chains interact through
long-range intermolecular forces, such as van der Waals or Coulombic aiding in their
ability to be remolded. Above the glass transition temperature, thermoplastics exhibit
nearly constant thermal conductivity [22].
Polymers are fabricated through chemical processes of linking monomers together
to form chains. Polymers are primarily derived from crude oil, natural gas, or other
petrochemicals. Monomers are typically synthesized by distilling crude oil to separate its
major constituents. The constituents are typically cracked at high temperature (500–
1000◦C) and low pressure with steam to form monomers. Ethylene, propylene, vinyl
chloride, and styrene are the primary monomers fabricated industrially [22].
Polymers are attractive materials for applications across every industry
imaginable for the following reasons:
1. Lightweight, which can save costs on manufacturing, transporting, and
replacing parts
2. Processability, which can save energy on manufacturing and recycling
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3. Corrosion resistance, which saves costs on replacement because the part
will last longer
4. Air permeability barrier, which can keep items fresher longer lessening the
expiration of goods (packaging applications is the largest usage of
polymers [22])
Thermal Properties
In solids, phonons are plane waves that travel linearly across a path of chemically
bonded atoms. Phonons can be interrupted as they travel across the bonded atoms by
scattering processes, such as, grain boundary scattering, impurity scattering, and phononphonon scattering. In polymers, the random curvature and bends in a polymer chain can
affect the transport of phonons across them. Especially in amorphous polymers where
phonon conduction (i.e. heat conduction) is affected by the disorder prevalent in
amorphous polymers. Once a phonon interacts with a change in direction due to polymer
chain disorder the phonon is scattered, which reduces the lifetime of the phonon in the
material. Consequently, phonons in amorphous polymers cannot propagate far; typically,
less than 10 nm. For this reason, the thermal conductivity of amorphous polymers is
generally low, on the order of 0.1–1.0 W/(m*K). [22]
Electrical Properties
Polymers are typically thought to be good electrical insulators. The electrical
properties of insulators can be broken down into the following categories: (1) electrical
conduction, (2) electrical breakdown and (3) dielectric properties [23]. A property of
electrical conduction is electrical conductivity. Electrical conductivity (σ) can be
calculated with the following equation:
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𝜎 = ∑ 𝑞𝑖 𝑛𝑖 𝜇𝑖

Eq. 2-6

where q is the charge on the i-th species, n is the charge carrier density, and μ is the
mobility [23]. Charge carriers can be electrons/holes or ions. However, ions are difficult
to detect in polymers due to the low amount of current passing through the polymeric
material. Electrical conductivity can be affected by various external forces such as
temperature and pressure. Electrical conductivity increases with increasing pressure
because of an increase in overlapping wave functions [23]. As a polymer approaches its
melting point the electrical conductivity of the material will decrease.
The mechanism of electrical conduction in polymers is thought to be an electron
moving along a polymer chain before hopping to an adjacent chain. The hopping to an
adjacent chain can be very limiting to electrical conduction. This is due to the potential of
cavity traps formed by the local arrangements of molecular chains. Additionally,
inorganic, and organic impurities (such as catalysts, antioxidants, etc.) can impact the
electrical conduction in polymers. However, this can be mitigated by doping the polymer
with conductive fillers, which assist in hopping the electron to the adjacent chain [23].
Electrical conduction in polymers can depend on the internal makeup of the
polymer (i.e. amorphous or crystalline). Electrical conduction in crystalline polymers or
crystalline parts of polymers are characterized as trap-free band conduction or trapcontrolled band conduction. In amorphous polymers or amorphous parts of polymers,
electrical conduction can proceed in trap-free band conduction, Brownian motion, tunnel
hopping, or thermally activated hopping. [23]
Polymer photoconductivity has also been studied to better understand their
electronic properties and develop photosensitive devices. Photogeneration in polymers is
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thought to occur by interband transition, exciton dissociation, charge transfer complex,
carrier injection from electrodes, impurity ionization, or optical detrapping of trapped
charges. Exciton dissociation is the splitting of an exciton into a free electron and hole,
and can occur at material inhomogeneities or at electrode-polymer interfaces [24].
Certain polymers are classified as semiconducting and conducting polymers.
These polymers are either synthesized where their internal structure gives the intrinsic
conductivity or the polymer is doped via chemical or electrochemical methods [23].
Polyacetylene is an example of a polymer that when doped the electrical conductivity
increases several orders of magnitude [25].
Optical Properties
In optical applications, polymers are applicable in situations where saving weight
or impact resistance is important. Furthermore, in high-volume situations polymers can
reduce cost through different production and processing techniques. Optically viable
polymers typically possess a density from 0.83-1.4 g/cm3. Additionally, they absorb in
the ultraviolet (UV) and infrared (IR) wavelengths, these absorption regions from 10-400
nm (UV) and 700 nm-1 mm (IR). The refractive index of polymers varies from 1.3-1.73,
with Abbe values (i.e. dispersion within a material) varying from 20-100. Furthermore,
birefringence (a phenomenon caused by a material causing an incident ray to split into
two) occurs in polymers with some crystalline character. However, birefringence
typically will not occur in amorphous materials depending on the processing parameters.
Abrasion during the processing and handling of polymers can affect the surface of
polymeric materials, which can affect the spectral transmission. Furthermore, polymers
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absorb from 0.003-2% water by weight, and this trapped water can affect spectral
transmission through dimensional changes within the polymer structure. [26]
2.1.2

Metals
Metals are solids that possess a crystalline structure where nuclei with

surrounding shells of core electrons occupy equivalent positions in the crystal lattice.
Electrons are primarily responsible not only for the electrical transport in metal but also
the transport of heat, however, phonons also account for a small contribution to overall
transport [20].
The Wiedemann-Franz law states the thermal conductivity of a pure metal is
directly related to electrical conductivity. However, for impure metals and alloys this
relationship begins to break down due to the contribution from phonons. Thus, the overall
thermal conductivity of metals can be expressed by the following equation:
𝑘 = 𝑘𝑒 + 𝑘𝑝

Eq. 2-7

where ke is the contribution from charge carriers, while kp is the contribution from
phonons. In rare instances, a spin wave can contribute to the overall thermal conductivity
as well. [20]
The Drude model was one of the first important theories to understanding the
transport process in metals. Paul Drude surmised that electrons were freely moving,
noninteracting particles that navigated through a positively charged background formed
by heavier and immobile particles. The Drude model presented a semi quantitative model
as to why Ohm’s law should be true. [20]
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2.1.3

Semiconductors
A semiconductor is a material that falls in between a metal and an insulator.

Semiconductor resistance falls as temperature rises. Furthermore, as the size of the
semiconductor is reduced towards the Bohr radius, new material properties arise due to
the quantum confinement imposed on charge carriers’ motion. In undoped
semiconductors, the number of electrons and holes are equal in the conduction and
valance bands, respectively. Undoped semiconductors are not good conductors of
electricity. Semiconductors can be doped to increase electrical conductivity. Dopants
change the band structure by adding localized electronic states and can change a
semiconductor to have more electrons (n-type) or more holes (p-type). [27]
There are indirect and direct band gap semiconductors. The movement of an
electron from the conduction band to the valance band in direct band gap semiconductor
only requires enough energy to jump the energy band gap. The energy band gap is the
minimum amount of energy required to separate charge carriers. Some examples of direct
band gap semiconductors are gallium arsenide, indium gallium phosphide, and cadmium
telluride. However, in an indirect band gap semiconductor another particle is involved to
move an electron from the conduction band to the valance band. Phonons are the particles
utilized to accomplish this process and occur as phonon absorption or phonon emission.
Light typically penetrates deeper into indirect band gap semiconductor for this reason. If
the photon energy, a phonon cannot be required for charge separation in indirect band
gap materials. Furthermore, it is possible for phonon-assisted absorption to occur in direct
band gap materials as well. Semiconductors are utilized as the active layer in solar cells.
[27], [28]
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Semiconductors electrical properties fall somewhere in between conducting (i.e.
metals) and insulating (i.e. polymers) materials. The lattice structure of the
semiconductor is primarily responsible for imparting electrical conductivity. The lattice
structure in a semiconductor is bound together by covalent bonding. For valence
electrons to be released from the lattice structure, a sufficient excitation (i.e. heat or
electromagnetic radiation) is necessary. These free electrons enable current flow in a
semiconductor. Once an electron is free of the lattice structure, it leaves behind a vacancy
known as a hole. [29]
2.1.4

Composites
In most cases, the composite properties resemble that of an effective medium in

which the composite property is a weighted average of the constituents. It is in this
respect that multicomponent composites have an immense range of attainable properties.
As a result, polymers and composites are widely used because they serve an enormous
variety of functions, including fibers, monofilaments, textiles, rope, film, membranes,
paints, photoresist, adhesives, sealants, foams, containers, moldings, absorbents, fillers,
additives, etc. The wide utilization of polymers stems, in part, from the tunability of their
properties and the inexpensive processes required to form them into desired shapes. [22]
However, a critical parameter in raising the thermal conductivity of a polymer
with fillers is the cost of the filler. Since one of the most important advantages of
polymers is their low cost, it is important that if a high thermal conductivity composite is
developed, the cost remain low. This can be very challenging when considering that high
filler fractions (5–50%) are typically needed to observe a major boost in thermal
conductivity.[22]
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This composite approach works because the regions occupied by the filler are
much more efficient at transporting heat than the polymer itself, leading to a composite
thermal conductivity that is some form of a weighted average of the two components’
thermal conductivities. In general, the effective composite thermal conductivity ke
depends on the matrix thermal conductivity km; filler thermal conductivity kf ; thermal
interface resistance (TIR), R, between the filler and matrix; filler particle loading level; as
well as the particle shape, size, and dispersion.[22]
Interface Properties
At the metal-polymer interface, various phenomena can occur electron (hole)
injection, surface states, ohmic and blocking (space charge), electrochemical reaction,
and neutralization and reionization of ions [23].
At polymer-polymer interfaces, carrier traps can form at the interface [23]. Carrier
traps are thought to play an important role in electrical conduction and breakdown in
polymers.

CHAPTER 3
3-D PRINTING OF HEAT EXCHANGERS AND HEAT SINKS
Heat sinks and heat exchangers are important devices to capture and transfer
waste heat. Solar cells produce waste heat (via thermalization) when an electron is
excited past the conduction band. Furthermore, past a material specific temperature, solar
cells overall efficiency can be decreased. In this study, we investigated an FDM printed
heat sink to determine its viability for waste heat recovery and for solar cell performance
enhancement.
3.1

Material theory

From a material perspective, polymers are attractive materials for use in 3-D
printed heat exchangers/sinks. Polymers are generally cheaper than metals. Furthermore,
less energy is required to manufacture and manipulate polymers, which makes fused
deposition modeling, or stereolithography printing of heat exchangers/sinks much
cheaper than selective laser melting, a 3-D printing technique utilizing metal powders.
Polymers can give a heat sink corrosion resistance, which is applicable with fluid streams
that can cause scaling and fouling. Polymers are also lightweight, which can reduce costs
of transporting and reduce weight in products where the heat sink is utilized. [22]
Although polymers have many advantageous; polymer heat sinks are not readily
widespread due to the following reasons: low thermal conductivity, low strength, and low
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operating temperature. To counteract the low thermal conductivity, minimizing the wall
thickness of the heat exchanger/sink is important to reduce thermal resistance.
Additionally, filling polymer materials with more conductive components to increase
thermal conductivity can increase thermal performance. Lastly, rod-like fillers can be
incorporated into polymers to improve strength, which can increase the functionality of
printed heat exchangers/sinks. Furthermore, polymer heat exchangers/sinks tend to have a
longer life than their metal counterparts, which can be advantageous although they have a
lower thermal conductivity. Especially in convective heat transfer situations, polymers
can be ideally fit for heat exchanger/sinks applications if the medium is moving at low
speeds due to the convective resistance dominating. [22], [30]
3.2

Types of 3-D Printing

There are various methods of 3D printing which include: stereolithography
(SLA), selective laser sintering (SLS), selective laser melting (SLM), and fused
deposition modeling (FDM). All 3-D printing methods are beneficial for rapid
prototyping. SLA, SLS, SLM, and FDM are the primary methods in which 3-D printed
heat sinks have been fabricated.
Stereolithography (SLA) builds a 3-D object by curing a photo-polymerizing resin
with an ultraviolet laser. The resin is solidified on a platform that is raised as each layer is
cured. Disadvantages of stereolithography include cost of the machine, cost of the resin,
and the resin can be difficult to handle and clean after use. One advantage to SLA is that
the z-resolution is around 10 μm, while the xy-resolution is around 50 μm. Research into
the area was started in the 1970s with the term stereolithography coined in 1984. [31]
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Selective laser sintering (SLS) and selective laser melting (SLM) utilize a laser to
bind metal powders together in a layer by layer fashion to form a 3-D metal object. The
difference between the two methods is that SLM fully melts the metal powder to form the
object, while SLS sinters the metal powder together. This results in different material
properties such as porosity. An advantage of SLS is a lot of materials, such as ceramics,
can be processed this way. [30]
Fused deposition modeling (FDM) extrudes a polymer or polymer-based
composite material through a heated nozzle and deposits the material on a heated
platform. The material is deposited in a layer-by-layer fashion until the 3-D object is
formed. FDM system can print a part faster than an SLA system, and have attained
similar layer resolutions as SLA systems (~approx. 20 μm). Furthermore, FDM
prototypes can be recycled more readily than other systems due to the material used
within the system (i.e. thermoplastics). [32]
3.3

3D-printed heat exchangers and heat sinks

Selective laser melting (SLM) is a popular method to 3-D print metal heat
exchangers and heat sinks. See et al. SLM printed different heat sink fin designs and
compared the designs thermal performance by the heat transfer rate per unit mass of the
unit cell. They found the more complex designs (i.e. increased amount of concentric
circles, hollowed out fins, irregular fin angles) increased heat transfer performance. [33]
These minor adjustments to fin geometry can lead to immense changes in performance
and can be more easily executed on a 3-D printing machine. Saltzman et al. SLM printed
aircraft oil coolers and found increased heat transfer by 10% when compared to the same
design of a traditionally manufacture heat exchanger. [34] Issues related to SLM printed
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heat sinks or exchangers primarily relate to pressure drop, which generally increases in
3D printed designs. [35], [36]
Stereolithography (SLA) creates polymer heat sinks and heat exchangers, but its
less applicable for rapid prototyping due to the inability to easily recycle prints. Lyons et
al. SLA printed a sacrificial polymer structure into various complex shapes and was able
to cast it in a copper alloy to create a heat sink with decreased thermal resistance over a
more common parallel plate structure. [37] Wang et al. fabricated two fractal heat
exchanger designs and a traditional spiral heat exchanger with an SLA printer. They
found that a fractal network can reduce the systematic pressure drop and enhance heat
transfer performance when compared to the conventional spiral tube heat exchanger. [38]
Fused deposition modeling is another method to 3-D print polymer heat
exchanger and heat sinks. FDM can also print polymer-based composite materials and
has more composite filament materials readily available for purchase over composite
resins available for SLA printers. Felber et al. asserted through their study that improving
the thermal conductivity of the filament material can improve heat exchanger
performance, and the relationship was nonlinear. Furthermore, increasing filament
thermal conductivity past a conductivity of 2.0 W/m*K has a nominal effect on
performance. [30]
In summary, 3-D printing with any printing method can fabricate complex shapes
and designs to improve thermal performance of heat sink and heat exchangers. All
methods offer ways to design, fabricate, and test samples within a short period of time.
Decreasing the time to complete a print and consistency between prints is critical for 3-D
printing technologies to overtake traditional manufacturing.

CHAPTER 4
PEROVSKITE (MAPbI3) SOLAR CELLS
Chapter 4 reviews solar cell theory, history, and parameters. Furthermore,
methylammonium lead triiodide properties and causes of degradation are presented.
Perovskite solar cell components are discussed as well. Lastly, fabrication methods for
the perovskite active layer are described.
4.1

Solar Cell Theory

A solar (i.e. photovoltaic) cell converts light into electricity via the photoelectric
effect. The photoelectric effect was first described by Alexandre Edmond Becquerel in
1839. [17] It is a phenomenon where electrically charged particles (i.e. electrons) are
generated from or inside a material when light strikes the material. These electrons can
then be stored or used in an external load as energy.
A solar cell can be made from a photoelectric material (typically a semiconductor)
in contact with an electrode material (generally having high electrical conductivity). The
first solar cell in 1883 was made of a selenium layer in contact with a gold thin-film and
achieved less than 1% efficiency. [17] Currently, solar cells are generally made with two
electrodes. These electrode materials can be the same, however, this will lead to lower
efficiencies. Typically, the electrode materials are dissimilar to improve the electric field,
and because one electrode must allow light into the device.
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Under operation, a solar cell works when the photoelectric material is struck by
light causing an electron to move from the valence band to the conduction band. This
movement generates a hole within the valence band (i.e. electron-hole pair generation).
The electrons and holes that are generated are separated by an electrical field. The
electrical field can be strengthened by adding doped or different materials to either side
of the photoelectric material to improve electron and hole extraction. To obtain high
efficiencies and maximum energy generation, it is important to minimize electron-hole
pair recombination before extraction.
4.1.1

Solar Cell Parameters
Important solar cell parameters to characterize a solar cell include the following:

open circuit voltage, short circuit current, fill factor, series resistance, shunt resistance,
and power conversion efficiency. Open circuit voltage is the maximum voltage of the
solar cell and occurs at zero current. Short circuit current is the current through the solar
cell at zero voltage and the largest current extracted from cell. Short circuit current
depends on the area of the solar cell. For this reason, short circuit density is typically used
to quantify the maximum current available in a solar cell. Fill factor quantifies the
squareness of the solar cell, which gives insight into the quality of the solar cell. Higher
quality solar cells have fill factors closer to 1, while poor quality solar cells have fill
factors closer to 0. Series resistance quantifies the resistances decreasing the extraction of
electrons from the photoelectric material. Series resistance is primarily due to the contact
resistance between materials making up the solar cell structure and electrodes. High
resistance can affect short-circuit current and reduces fill factor. Shunt resistances
quantify indirectly the manufacturing defects within the solar cell. A low shunt resistance
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means there is potentially a crack or pinhole within the solar structure causing current to
be lost. Power conversion efficiency is the percentage of incident rays (i.e. light)
converted, stored, or put into an external load (i.e. electricity).
4.2

Methylammonium lead triiodide

Perovskite research has rapidly increased since 2009, when it was discovered two
organometal halide perovskite nanocrystals, methylammonium lead triiodide
(CH3NH3PbI3) or methylammonium lead tribromide (CH 3NH3PbBr3), in contact with
titanium dioxide (TiO2) worked as a solar cell. The perovskite TiO 2 solar cell had an
energy conversion efficiency of 3.8% when CH3NH3PbI3 was used. [39]
Perovskites have a crystal structure of ABX3 (X = oxygen, carbon, nitrogen,
halogen), the A cation occupies a cubo-octehedral site with twelve X anions, and the B
cation is in an octahedral site with six X anions. [40]–[42] Methylammonium lead halides
(CH3NH3PbX3; X=I, Br, Cl) are popular perovskites studied for usage in solar cells as the
photoelectric material. Methylammonium lead triiodide (CH3NH3PbI3) is the focus of this
dissertation. In CH3NH3 PbI3, the crystal structure has CH3NH3+ is the cation at the A-site
and Pb2+ is the B-site cation. The energy band gap is approximately 1.5 eV and most light
can be absorbed within a 2 μm CH3NH3PbI3 layer. [41] The energy bandgaps of some
other perovskites are shown in Figure 4-1.
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Figure 4-1: Energy bandgaps of perovskite materials.
Methylammonium lead triiodides can be fabricated via simple solution-based
chemistry and do not require high temperatures. Furthermore, CH 3NH3PbI3 fabricated via
solution-based chemistry has strong optical absorption and around 100 nm diffusion
length. [43], [44] Single crystals of CH3NH3 PbI3 can have diffusion lengths for electrons
and holes that exceed 175 μm under 1 sun illumination and 3 mm under weak light (i.e.
0.003 mW/cm2). [45] Although methylammonium lead triiodide has strong absorption
and long diffusion lengths, it has stability issues which affects its usage in solar cells.
There are many degradation mechanisms for CH 3NH3PbI3, which affects the long-term
stability and output of perovskite solar cells. Ultraviolet light has been shown to affect
the stability of CH3NH 3PbI3 much more rapidly than light where the ultraviolet region
has been filtered out. [46] Additionally, air has been shown to degrade CH 3NH3PbI3
rapidly, specifically oxygen is the element that has the greatest effect on stability. [46]
Furthermore, if moisture is added into the equation the degradation is even more rapid
than only oxygen exposure. [46] Elevated temperatures can also cause degradation within
CH3NH3PbI3 as well. [46] Lastly, sustained light can affect the power conversion
efficiency over time. However, power conversion efficiency can be recovered after the
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device is kept in the dark for a period of time. [46] To counter these degradation
mechanisms, CH3NH3PbI3 and CH3NH3PbI3 solar cells can be encapsulation with
polymer materials or placed next to desiccants.
4.3

Solar cell components for perovskite solar cells

The solar cell components of a perovskite solar cell include a transparent
conductive electrode, hole transfer layer, perovskite active layer, electron transfer layer,
and counter electrode. Figure 4-2 shows a diagram of a perovskite solar cell structure.
This section reviews the different components.

Transparent conductive electrode
Hole transfer layer
Perovskite
Electron transfer layer
Counter electrode
Figure 4-2: Perovskite solar cell.

4.3.1

Transparent conductive electrode
The transparent conductive electrode (TCE) acts as a window into the solar

structure. Also, it extracts charges from the solar cell structure to the load. Commonly
used TCEs used for perovskite solar cells include the following: fluorine-doped tin oxide
(FTO), indium tin oxide (ITO), poly(3,4-ethylenedioxythiophene): polystyrenesulfonate
(PEDOT:PSS), graphene, carbon nanotubes (CNT), zinc oxide (ZnO), nickel oxide
(NiO), and silver (Ag). Typically utilized TCE materials can be doped with conductive
additives to improve charge extraction. [47], [48]
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TCE materials on glass typically are able to obtain higher power conversion
efficiencies than on polymeric materials, however, flexibility of the solar cell is lost. [49].
PEDOT:PSS is utilized as an alternative to ITO in perovskite solar cells because it is seen
as less toxic, not containing rare earth elements, and can lead to higher power conversion
efficiencies. [50] Additionally, PEDOT:PSS has been shown to cause less hysteresis in
perovskite solar cells. [51]
Graphene has been utilized as a TCE material due to its high transmittance and
electrical conductivity. Furthermore, it has been utilized in flexible devices, which have
been able to maintain their efficiency after multiple bending cycles. [52] Graphene can
also reduce the weight of the device compared to other TCE materials, which could save
money in transporting arrays for commercial applications. [53] Other carbon materials
such as carbon nanotubes have been shown to be a viable option for TCEs as well. [54]
FTO has been shown to have the fastest electron extraction, while ITO was found
to be the slowest. Furthermore, aluminum doped zinc oxide (AZO) was found to have the
largest charge carrier recombination, while ITO had the smallest recombination rate. [55]
Addition of a metal mesh on top of SnO 2 and AZO can be utilized as a TCE . [56]
Composite metal-metal oxide structures composed of typical TCE materials have also
been shown to be an applicable in perovskite solar cells. [57] Metal grids have been used
as TCEs for a perovskite solar cells as well. [58] Furthermore, addition of thin layers of
metal oxides between the TCE/HTL, TCE/ETL, and TCE/perovskite can improve the
wettability and work function of the TCE [59].
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4.3.2

Hole transport layer
The hole transport layer (HTL) in a solar cell transports the hole carrier.

Commonly utilized hole transport layers used in perovskite solar cells are spiroMeOTAD, poly(3-hexylthiophene) (P3HT), graphene oxide (GO), and metal oxides such
as zinc oxide (ZnO), nickel oxide (NiO), and titanium dioxide (TiO 2). P3HT has been
found to increase electron lifetime and decrease internal resistance in perovskite solar
cells. [60] However, spiro-MeOTAD and P3HT are not as cost-effective as some of the
other HTL listed. Sputtering metal oxides (such as NiO) has the potential to be utilized as
a more cost effective HTL with sustained efficiency of 70% for more than 1000 hrs. [61]
Other metal oxides have also been utilized in perovskite solar cells and have
produced efficiencies over 5% [62]. A combination of carbon nanotubes and GO has
been shown to work as an HTL with the CNTs improving charge extraction. [63] GO has
also been shown to improve electrical conductivity, raise work function, and reduced the
contact barrier between the perovskite and PEDOT:PSS. [64] In combination, GO-doped
PEDOT:PSS improved efficiency over PEDOT:PSS and GO alone. [65]
Organic semiconducting molecules and polymers utilized as the HTL have been
shown to improve air stability of perovskite solar cells. [66], [67] Additionally,
combination of multiple organic semiconducting molecules and polymers have increased
stability and efficiency. [68] Furthermore, complex semiconducting polymers have been
able to attain efficiencies greater than 15%. [69]
An HTL is not necessary to have a perovskite solar cell to operate properly. A
metal-insulator-semiconductor structure has been shown to achieve efficiencies over
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10%. [70] Getting rid of the HTL can make the solar cell more cost-effective, however,
efficiency may be sacrificed. [71]
4.3.3

Electron transport layer
The electron transport layer (ETL) in a solar cell transport the electron carrier.

Phenyl-C61-butyric acid methyl ester (PCBM), single-walled carbon nanotube (SWCNT),
titanium dioxide (TiO2), and zinc oxide (ZnO). Other electrode materials include tin
dioxide (SnO2), ternary metal oxides, metal sulphides, fullerene, graphene, and ionic
liquids. [72] Thin layers of ZnO (<45 nm) resulted in less trap states and reduced
recombination. [73] Introduction of more quantum dots or conductive fillers can improve
the chemical stability and conductivity of PCBM [74]. Polymer can be added into the
ETL to create a more uniform and smoother surface resulting in less electron-hole
recombination. [75] Additionally, polymer addition can reduce the hysteresis present in
perovskite solar cells. [76] Furthermore, the addition of polymer can increase stability by
increasing the amount of time for water/air to degrade the perovskite active layer.
4.3.4

Counter electrode
The counter electrode extracts electron or hole carriers depending on the solar cell

structure (i.e. n-i-p or p-i-n configuration). It is important for a counter electrode to
reflect light back into the solar cell structure that has transmitted through each layer.
Popularly used materials for counter electrodes are metals such as aluminum (Al), silver
(Ag), gold (Au), and carbon materials such as carbon nanotubes and carbon black.
A combination of carbon black/spheroidal graphite resulted in an higher than
flaky graphite and comparable to a device with Au as the counter electrode. [77] Carbon
counter electrodes can obtain similar efficiencies as traditional metal devices; however,
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carbon materials are more likely to absorb transmitted light than reflect it back into the
cell. Novel carbon materials (such as spongy carbon) can serve as counter electrode as
well, but attain lower efficiencies (<5%). [78] Carbon counter electrodes are popular in
devices aiming to mitigate costs and in HTL-free perovskite solar cells. [71], [79]
4.4

Fabrication methods of active layer in perovskite solar cells

The active layer in perovskite solar cells are typically fabricated with spin coating
in a one-step or two-step process. In the one-step process, a precursor solution
(CH3NH3PbI3 dissolved in a solvent) is spun coated onto a substrate. After coating, the
precursor solution is thermally annealed resulting in the photoactive form of
CH3NH3PbI3. In the two-step process, a PbI2 layer is first spin coated onto the substrate
and then a CH3NH3I layer is spin coated onto the PbI2 layer resulting in CH3 NH3PbI3.
Thermal annealing is done after each spin coated layer. Although spin coating is popular
and simple for laboratory scale devices, it suffers from scalability issues and low
efficiencies in large scale devices.
Novel processes to fabricate a perovskite active layer includes casting, blade
coating, spray coating, and slot-die coating. Casting transfers a precursor solution
containing CH3NH3PbI3 onto a substrate followed by a heating process to remove the
solvent. It is more applicable to large scale devices; however, film thickness control is an
issue for this technique. Blade coating utilizes a blade to spread a precursor solution over
a substrate followed by a heating procedure resulting in the perovskite film. Blade
coating can also allow for conversion to roll-to-roll methods when flexible substrates are
utilized. Roll-to-roll methods have promising applications due to high deposition speed
and throughput compared to other techniques. Spray coating involves spraying an
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aerosolized perovskite solution onto a substrate followed by subsequent heating resulting
in the perovskite film. This technique has shown high uniformity over a large area and
has better thickness control compared to casting. Slot-die coating utilizes a perovskite
ink, the ink is fed through a coating head onto a substrate, which is preheated or heated
after coating to obtain the perovskite film. Compared to other techniques, slot-die coating
can tailor the parameters of the perovskite film better, it is a contact-free method resulting
in less damage to the substrate, and can be prepared in a fully enclosed space (important
for perovskites that degrade in air and emit harmful perovskite precursors. Furthermore, it
has attained some of the largest devices at upwards of 40 cm2 and devices with no
degradation of the perovskite film when exposed to outdoor testing for 140 days. It is an
easily scalable technique for large scale perovskite devices, and most like the fused
deposition modeling technique proposed in this dissertation. [80]
Fused deposition modeling of perovskite active layers has yet to be tried in prior
published works. However, fused deposition modeling offers the same potential of slotdie coating in that it is easily scalable, can be fabricated on-site/on-demand, and offers
great thickness control compared to other methods. Furthermore, fused deposition
modeling can be an avenue to fully encapsulate the perovskite active layer during
deposition to prevent degradation during usage and prevent toxic elements from escaping
into the atmosphere. Drawbacks to the method include limited options of polymers for
usage in an FDM system, low electrical conductivity, and added steps to fabricate the
filament material. However, as control over individual properties of polymeric materials
improves, FDM printing of solar cells could be the future especially when considering the
improvement in big area additive manufacturing (i.e. BAAM).

CHAPTER 5
MATERIAL FABRICATION PROCEDURES
This chapter reviews the various material fabrication procedures utilized in this
dissertation. Section 5.1 discusses acrylonitrile butadiene styrene composite filament
fabrication, which were fabricated to determine the effect of filler orientation on thermal
conductivity. Methylammonium lead triiodide crystal fabrication is presented in section
5.2 and were the same crystals utilized to fabricate the composite filament in section 5.3.
The fused deposition modeling processes for the thermal conductivity test pieces and heat
sinks can be found in section 5.4. Section 5.5 and 5.6 present the fabrication process for
the perovskite solar cell and integration of the solar cell onto a heat sink to improve
overall efficiency.
5.1

Acrylonitrile butadiene styrene composite filament fabrication

ABS thermal testing revealed that layer heights of 0.4 mm produced the highest
thermal conductivity values, and further increasing layer height led to layer-to-layer
adhesion issues [81]. For this reason, all ABS composite samples were printed with a
layer height of 0.4 mm and a fill density of 100%. ABS composites fabricated in this
study were not utilized in heat sink or solar cell fabrication. Additionally, standard speed
settings in Cura (see section 5.4 for more on Cura) were utilized in printing the test
samples as this best simulated real-world user requirements.
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A total of eight different ABS composites were fabricated and made into filaments.
The filaments that were manufactured are listed in Table 5-1. A total of eight filaments
were fabricated as shown in Table 5-1. The fabrication technique involved the usage of a
titanate coupling agent (Kenrich Petrochemicals Ken-React LICA 38), which has been
shown to increase the adhesion between polymer and filler and consequently increase
thermal conductivity and decrease the coefficient of thermal expansion [82], [83].
Furthermore, titanate coupling agents have been also shown to increase the critical pigment
concentration point (i.e. increases the amount of filler that can be loaded into a polymer
system) [84].
A high shear mixer (Silverson L5M-A) was used to achieve homogenization as they
have been shown to break down filler agglomerates and promote maximal dispersion of
coupling agent and filler, leading to overall improvements in various material properties
[85]–[87]. All filaments were made of ABS pellets purchased from Filabot. Approximately
15 g of ABS pellets were added to 200 mL of acetone and dissolved overnight to form the
base acetone/ABS slurry. Table 5-1 shows the amount of coupling agent added
subsequently. These values were determined based on an experiment conducted with Zn to
optimize the thermal conductivity of resultant filaments and printed parts. After stirring in
the coupling agent for 3 min., the fillers were mixed in at 10,000 RPM for 1 hr.
The fillers were obtained from commercial sources: zinc flakes (Alfa Aesar
#13789), silicon carbide micronwhiskers (US Nano #US2021), multi-walled carbon
nanotubes of different sizes (US Nano #US4315, #US4312, #US4309, #US4306), and
single-walled carbon nanotubes (Tuball-W50). The slurries with carbon nanotube and
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silicon carbide micronwhisker fillers were added to the slurry before zinc flakes (in case
needed) to achieve better coupling agent interaction.
Following high shear mixing, the slurry was poured into an evaporation dish with
a parchment paper lining and allowed to evaporate overnight. The resulting composite
material was manually cut into irregular rectangular pieces of surface areas ranging from
25-100 mm2. These pieces were placed into a Vulcan furnace set to 100°C to evaporate
any residual acetone. This step was important because it decreased the occurrence of
bubble formation within the filament upon extrusion. The composite pieces were then cut
into smaller irregular rectangular pieces of surfaces areas ranging from 1-9 mm2. Finally,
the pieces were extruded into a 3D printer filament through a 3 mm nozzle at 160°C using
a Filabot Original extruder.

Table 5-1: Summary of ABS composite filaments fabricated.
Filament Name

Negative control
Zn
SWCNT
Zn-SWCNT

Filler content*

Coupling agent
(g/15 g ABS)

None
0.15
55 wt% Zn
0.12
5 wt% SWCNT
0.06
55 wt% Zn
0.15
5 wt% SWCNT
Zn-MWCNT10
55 wt.% Zn
0.16
5 wt.% MWCNTs (OD 10-20 nm)
Zn-MWCNT20
55 wt.% Zn
0.14
5 wt.% MWCNTs (OD 20-30 nm)
Zn-MWCNT30
55 wt.% Zn
0.16
5 wt.% MWCNTs (OD 30-40 nm)
Zn-MWCNT50
55 wt.% Zn
0.17
5 wt.% MWCNTs (OD 50-60 nm)
Zn-SiC
55 wt.% Zn
0.17
5 wt.% SiC micronwhiskers
* correct interpretation: 55 wt% Zn equates to Zn flakes formed 55 wt% of the mixture
of Zn flakes, coupling agent and ABS; acetone not included in calculation.
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5.2

Methylammonium lead triiodide microcrystal fabrication

The fabrication of perovskite microcrystals was accomplished utilizing a
previously published procedure by Johansson et al. [88]. Methylammonium iodide (MAI)
was mixed in isopropyl alcohol until the crystals were completely dissolved. After the
crystals were dissolved, lead iodide (PbI2) was added in at a 1:1 molar ratio. The resulting
solution had a concentration of 0.69 M. After addition of PbI2, the solution transparency
changed from clear to black signifying the formation of MAPbI 3. Figure 5-1 shows the
transition from the clear solution to black solution to dry powder.

(a)

(b)

(c)

Figure 5-1: Perovksite fabrication steps (a) MAI in IPA (b) after addition of PbI2 (c) dry
MAPbI3 powder.

5.3

Polycaprolactone-methylammonium lead triiodide composite filament
fabrication
After formation of the perovskite, 1 wt.% of 3-(2-

Aminoethylamino)propyldimethoxy-methylsilane (i.e. coupling agent) was added and
allowed to stir for 5 minutes before the addition of polycaprolactone (PCL). PCL was
selected as it has a low melting temperature (~60°), and performs well as a water/oxygen
barrier [89]–[91]. The coupling agent was utilized to create a void less interface between
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the PCL and methylammonium lead triiodide (MAPbI3) crystals. It was selected because
it did not degrade the perovskite during preliminary lab testing. Additionally, the
printability of filaments was increased with the addition of coupling agent.
PCL was added to the mixture to create a 50 wt.% MAPbI3-PCL mixture. A 50
wt.% concentration of MAPbI3 was selected as it allowed the filament to contain the
maximum amount of perovskite particles, while still allowing the filament to be
extruded/printed at low temperatures (<100°C) to prevent degradation. The components
were stirred for another 5 minutes before the solution was added to a recovery flask, and
IPA was removed from the mixture via rotary evaporator. Figure 5-2 summarizes the
composite fabrication process.

Figure 5-2: PCL-MAPbI3 composite fabrication process.
Following evaporation, the MAPbI3-PCL mixture was placed in a Heraeus
Instruments Vacutherm oven equipped with a Fisher Scientific Maxima C vacuum pump
(delivering <1 x 10 -4 mbar pressure) and dried overnight under light vacuum at 19.1°C.
The resulting MAPbI3-PCL powder was extruded into a filament with the Filabot EX2.
The temperature of the extruder was set from 70-80°C. The resulting filament was black
in color with a slight shine. Temperatures above this range would result in a yellowish
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filament indicating degradation of the perovskite crystals. Figure 13 shows the yellowish
color indicating MAPbI3 degradation.

Figure 5-3: Image of sample showing MAPbI3 degradation.

5.4

Fused deposition modeling of test pieces

A fused deposition modeling system (Lulzbot Mini, Lulzbot Taz 5, or Ultimaker
3) controlled by Cura was used to fabricate all plain and composite filament materials.
The test pieces were designed in Solidworks and imported into the Cura software as .STL
files.
5.4.1

Thermal conductivity test pieces
The thermal conductivity test piece dimensions were 25.4 mm by 25.4 mm by 4

mm (±0.2 mm) (L x W x H). The dimensions were chosen to keep consistent volume and
surface area across the samples. These dimensions also worked well within the thermal
conductivity system. The Lulzbot Mini was used to print all thermal conductivity test
pieces that were made of a single material. The Lulzbot Taz 5 was used to print all
composite materials for thermal conductivity testing. The Taz 5 was equipped with a 2
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mm nozzle to print the composite material since smaller nozzle diameters were found to
clog readily.
ABS
Acrylonitrile butadiene styrene (ABS) was used to test how printer settings would
affect the thermal conductivity. The printer settings included fill density, layer height,
print orientation, print speed, and nozzle diameter. Test pieces were printed with fill
densities of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%. Layer heights
(height deposited by a single printer-head pass) tested were 0.1 mm, 0.2 mm, 0.3 mm, 0.4
mm, and 0.5 mm. The print speeds investigated were standard speed settings in Cura, 10
mm/s, 20 mm/s, 30 mm/s, and 40 mm/s. Standard speed settings are those for the ABS
profile in Cura 19.12 [92]. Nozzles utilized in this study had diameters of 0.5 mm, 1.0
mm, 1.5 mm, and 2.0 mm. The print times are summarized in Table 2.

Table 5-2: Summary of print times.
Fill
density
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

L. H.
0.1 mm
11 min
11 min
11 min
12 min
12 min
13 min
14 min
16 min
17 min
21 min

L. H.
0.2 mm
6 min
6 min
6 min
7 min
7 min
7 min
8 min
9 min
9 min
11 min

Print Time
L. H.
L. H.
0.3 mm
0.4 mm
5 min
4 min
5 min
4 min
5 min
4 min
5 min
4 min
5 min
4 min
5 min
5 min
6 min
5 min
6 min
5 min
7 min
6 min
8 min
7 min

L. H.
0.5 mm
3 min
3 min
3 min
3 min
4 min
4 min
4 min
5 min
5 min
6 min

Test pieces were printed and tested in a horizontal orientation or vertical
orientation. The horizontal orientation had the length and width of the sample in contact
with the print bed (x-y plane) and the z-axis represented the vertical direction away from
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the print bed. The vertical orientation had the length and height of the sample in contact
with the print bed (x-z plane) and the y-axis represented the vertical direction away from
the print bed. Figure 5-4 (a-d) shows print orientation of a test piece in relation to the
heated bed substrate and nozzle. Figure 5-4(a) shows the horizontal orientation rastering
pattern, while Figure 5-4(c) shows an image of a test piece printed in the horizontal
orientation. Figure 5-4(b) shows the vertical orientation rastering pattern, and Figure 54(d) shows an image of a test piece printed in the vertical orientation.

Figure 5-4: Rastering pattern of the FDM printer tip for printing parts in (a) horizontal
and (b) vertical orientation. Images of the printed test pieces are shown in (c) horizontal
and (d) vertical orientation.

5.4.2

Fused deposition modeling of heat sinks
Heat sinks were designed in Solidworks. Commercially available acrylonitrile

butadiene styrene (ABS), conductive poly lactic acid (c-PLA), and poly lactic acid (PLA)
filaments were utilized to fabricate the heat sinks. C-PLA had a thermal conductivity of
0.39 W/m*K, while PLA had a thermal conductivity of 0.24 W/m*K, and ABS has a
thermal conductivity of 0.33 W/m*K.
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Prior work with nozzle size and printed layer height has been shown to have an
effect on printing times [81]. For this reason, heat sinks were printed utilizing a
Ultimaker 3 with a nozzle size of 0.8 mm and a layer height of 0.4 mm. This nozzle size
and layer height were selected as they resulted in the fastest printing times, while still
yielding a sealable exchanger. Wall thickness was optimized to 1.6 mm, providing a
water-tight seal while limiting the bulk material interfaces between the fluid and heat
source.
All heat sink outer dimensions were 54.00 mm by 25.40 mm by 5.60 mm (L x W
x H). The inlets and outlets were kept at a 2.00 mm diameter opening. Three different
internal channel designs were investigated and are shown in Figure 5-5. The open
channel design featured no interior channels. The 0.8 mm microchannel and 1.6 mm
microchannel devices had a serpentine design with 800 μm channels and 1600 μm
channels, respectively. The 1.6 mm microchannel design also had a wider main channel
than 1600 μm at 6000 μm. The open channel design was utilized in the solar cell and heat
sink testing.

Figure 5-5: Heat sink designs (a) open (b) 0.8 mm microchannel (c) 1.6 mm
microchannel.
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5.5

Perovskite solar cell fabrication

This section reviews the fabrication steps necessary to fabricate the electrodes and
hole transport layers for the perovskite solar cell structure. Information on fabrication of
the MAPbI3-PCL composite, which acts as the active layer in the perovskite solar cell
structure is found in an earlier section.
5.5.1

Fabrication of transparent conductive electrode
Commercially available indium tin oxide (ITO) substrates were utilized as the

transparent conductive electrode. ITO substrates were prepared for hole transport layer
deposition by sonicating the substrates for 20 minutes in deionized water, acetone, and
isopropyl alcohol, respectively. The substrates were dried with compressed air after
sonication.
5.5.2

Fabrication of hole transport layer
An electron beam evaporator was utilized to deposit a 50 nm layer of nickel (Ni)

on the cleaned and dried ITO substrates. This layer thickness was chosen to maintain a
continuous nickel oxide (NiO) layer after thermal annealing. After deposition, the Ni/ITO
substrates were placed in a Vulcan furnace and annealed at 550°C for 4 hours to oxidize
the Ni to NiO. The evidence of NiO formation was confirmed with energy dispersive xray spectroscopy.
5.5.3

Fabrication of counter electrode
The counter electrode was created by utilizing a 0.1 mg/mL solution of single-

walled carbon nanotubes (SWCNT) in chlorobenzene. The solution was sonicated for 30
minutes before use. This solution was drop cast onto a glass substrate and the
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chlorobenzene was evaporated at room temperature. Devices were also fabricated with
aluminum foil utilized as the counter electrode.
5.5.4

Fabrication of complete solar cell device
A perovskite film was printed via FDM (0.2 mm layer height; 25 mm by 25 mm

square pattern) which prepared this photoactive layer for inclusion in the final cell stack.
This ‘square’ of printed material was melted onto the ITO/NiO substrate at 70-80°C to
form a bond with the electrode. The glass/SWCNT counter electrode was then pressed
against the ITO/NiO/MAPbI3-PCL while heated at 70-80°C to complete the solar cell.
Figure 5-6 shows solar cell structure and energy band diagram of the completed solar
cell.

Figure 5-6: (a) Solar device structure and (b) energy band diagram.
Figure 5-7 shows an image of the ITO/NiO/MAPbI 3-PCL/SWCNT solar cell.
MG Chemicals Silver Epoxy was utilized to connect copper wire to a Keithley
Sourcemeter for solar cell characterization.
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Figure 5-7: Image of solar cell
Furthermore, a solar cell was tested where the active layer was printed with an 80% fill
density to determine the effect on performance. Figure 5-8 shows an image of the active
layer printed with an 80% fill density.

Figure 5-8: Image of active layer printed with 80% fill density.

5.6

Solar cell and heat sink fabrication

To fabricate the solar cell and heat sink as a single unit, the heat sink was first
printed in PLA or ABS. Additionally, a copper heat sink was utilized. Next, the counter
electrode (SWCNT or Al foil) was deposited onto the top surface of the heat sink. Then
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the FDM-printed polycaprolactone-methylammonium lead triiodide ‘square’ was heated
on top of the NiO/ITO substrate until melted and then pressed against the counter
electrode (SWCNT or Al foil). Figure 5-9 shows an image of the solar cell and heat sink
as a complete device.

Figure 5-9: Image of solar cell and heat sink device.

CHAPTER 6
TEST SETUPS AND ANALYSIS

6.1

SEM imaging

Scanning electron microscope (SEM) imaging was carried out using a Hitachi S4800 cold-cathode field-emission scanning electron microscope. Imaging was carried out
to determine polymer strand deformation, filler alignment, and filler degradation for
polymer and composite samples. This yielded insight into some of the measured thermal
and optical characteristics.
6.1.1

ABS
The thermal properties of acrylonitrile butadiene styrene (ABS) printed with

different fill densities (10-100%), the samples were imaged with SEM imaging. The ABS
samples were imaged after deposition of a thin layer of gold. This thin layer of gold aided
in decreasing polymer melting from the electron beam within the SEM system and led to
sharper images. All raster cross-sections of the test piece were imaged at 3 kV.
Additionally, imaging aimed to keep a consistent working distance of 9.7 mm and
magnification of 40 to aid in visual comparison of polymer strand formation with
increasing fill density.
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6.1.2

ABS composites
To investigate the microstructure and filler alignment within the FDM-printed

ABS composite test pieces, varying accelerating voltages ranging from 5 kV to 20 kV
were used.
6.1.3

MAPbI3-PCL composites
To determine filler distribution and filler degradation, SEM imaging was utilized

to image the MAPbI3 crystals, MAPbI3 crystals after coupling agent treatment, and
MAPbI3-PCL composite film after FDM printing.
6.2

Thermal conductivity characterization

In all experiments, the thermal conductivity was measured using an apparatus
acting as a guarded heat source with two test specimens measured at one time (see
Figure 6-1). This setup and technique has been previously demonstrated [93]. Eq. 6-1
was then utilized to determine the thermal conductivity:
𝑘=

𝑞×𝑡
𝐴×∆𝑇

Eq. 6-1

where q is input power, t is sample thickness, A is cross sectional area, and ΔT is the
temperature difference across the sample.
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Figure 6-1: Thermal conductivity apparatus schematic and image of the thermal
conductivity apparatus (inset left).
All thermal conductivity testing was carried out with the power supply operating
in constant current mode at 1 A. Data began recording once the power was turned on for
the power supply. The samples were kept in the apparatus for 2000 seconds (i.e. pseudosteady state), and the final recorded data point was utilized in thermal conductivity
calculations.
6.3
6.3.1

Material characterization

EDX and XRD
Energy-dispersive X-ray spectroscopy was used to perform an elemental analysis

for various composite fabricated throughout this work. A Bruker D8 X-ray diffractometer
was utilized to analyze crystal structure of raw powders, perovskite crystals, and FDM
printed thin-films of MAPbI3-PCL.
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6.3.2

Refractometer and thin film measurement
A Filmetrics RT-10 refractometer (see Figure 6-2) was utilized to determine the

transmittance and reflectance characteristics of various FDM printed thin-films fabricated
throughout this work.

Figure 6-2: Filmetrics RT-10 refractometer.
A Nikon Digimicro was used to determine the thickness of the FDM printed thin
films. Figure 6-3 shows images of the FDM printed PCL thin films with thicknesses of
25 μm, 50 μm, 100 μm, and 200 μm.

Figure 6-3: PCL thin films of 25 μm, 50 μm, 100 μm, and 200 μm.
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6.3.3

UV-Vis
A Jasco V-530 UV-Vis spectrophotometer was utilized to characterize the

absorbance spectrum of PCL and MAPbI3-PCL thin-films.
6.4

Photocurrent of FDM printed MAPbI3-PCL thin film

Before placing the MAPbI3-PCL composite in a solar cell structure, the composite
was tested for photoconductivity. The MAPbI3-PCL composite was printed into a disk
with a diameter of 25 mm and thickness of 0.9 mm. Additionally, two circular holes with
a diameter of 3 mm separated by 12.5 mm were printed into the structure for electrode
attachment. Two screws were utilized as electrodes and attached to the photoconductivity
test piece via MG Chemicals Silver Conductive Epoxy (Figure 6-4).

Figure 6-4: (a) Layout of photoconductivity sample (b) image of photoconductivity
sample with conductive electrode attachment (arrow).
Current-voltage sweeps were carried out utilizing a Keithley 2400 Sourcemeter.
Sweeps from -10 V to 10 V with a step size of 0.1 V were carried out. Current was
measured in dark and light condition. Dark conditions were also tested to conclude the
material in fact reacted to the light and not the C-V sweep. The light was applied with a
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Spectra-Physics 66900 solar simulator. Input power was varied from 50-80 W, which
corresponded to an incident flux of 252-590 W/m2. This was performed to determine how
light intensity affected photoconductivity. Incident fluxes at each input power level are
summarized in Table 6-1. All photoconductivity tests were conducted at 19°C.

Table 6-1: Summary of incident fluxes at each input power level.
Input Power

Incident Flux

50 W

252 W/m2

60 W

364 W/m2

70 W

459 W/m2

80 W

590 W/m2

6.5

Heat sink test setup

Figure 6-5 shows the test setup utilized to determine the heat transfer efficiency
of the different designs. All tests were run for 1500 seconds which allowed the system to
establish a near steady state operation. A syringe pump was utilized to test several
different flow rates of 10 mL/hr, 50 mL/hr, and 100 mL/hr. Deionized water was utilized
as the working fluid for this work.
To actively control thermal input, an electric resistance heater was used and
supplied 1000 W/m2, which corresponded to 1.339 W. This approximated a typical solar
load, for example, but could be easily scaled up depending on specific, intended final use.
A heat flux sensor (HFS) was used to determine the amount of heat escaping from the top
of the heat sink. Thermocouples were utilized at the inlet and outlet to determine the
temperature difference across the heat sink and allow measure of captured thermal energy
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in the working fluid. A National Instruments Data Acquisition unit was used to record
data during the test. Each sink was tested 3 times to form the complete data sets that
were used for analysis.

Figure 6-5: Test setup for heat sinks.
To analyze performance, the last 100 seconds of testing (i.e. pseudo steady state)
were used to determine the average heat transfer rate into the working fluid. Heat transfer
rate was calculated with Eq. 6-2:
𝑄 = 𝑚̇ 𝐶𝑝∆𝑇

Eq. 6-2

where Q was heat transfer rate, 𝑚̇ was mass flow, 𝐶𝑝 was specific heat capacity of the
working fluid and ∆𝑇 was the temperature difference between the inlet and outlet
thermocouple.
These averages were utilized in a Tukey’s method analysis to determine if the
various independent variables affected performance. Please refer to an earlier section for
more information on Tukey’s method.
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6.6

Solar cell test setup

Current-voltage sweeps from 0 V to 1 V were carried out with a step size of 0.01
V. Solar cells were tested under an 80 W input from a Spectra-Physics solar simulator,
which corresponded to a 590 W/m 2 incident flux. Cells were tested in dark and light
conditions and after heating on a hot plate at 80°C, 100°C, and 120°C for 5 minutes. This
was performed because PCL becomes more transparent when heated to its melting point
(~60°C), which allows additional light to strike the perovskite particles suspended in the
PCL matrix creating more electron-hole pairs for extraction.
6.7

Solar cell and heat sink test setup

To test the solar cell and heat sink unity, water was heated on a hot plate and
circulated with a syringe pump or Mityflex peristaltic pump through the heat sink.
Pumping speed was varied until a constant temperature was maintained at the outlet of
the heat sink. The temperature was measured at the heat sink/counter electrode interface
with a thermocouple as well. For this testing, an ABS or a copper heat sink was used as
the PLA heat sink melted. See section 5.6 for more details on the fabrication process.
Figure 6-6 shows an image of the test setup.
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Figure 6-6: Solar cell and heat sink test setup.

6.8

Statistical Analysis

To better establish the significance of the results, data analysis was undertaken
using Tukey’s method. Tukey’s method is a method to make all pairwise mean response
(i.e. thermal conductivity or power) comparisons across a factor group. Eqn. 3 presents
the Tukey’s method confidence interval for a given pairwise comparison, and additional
reference on the method can be found from the cited reference [94]:

𝑦̅𝑖. − 𝑦̅𝑗. − 𝑞𝛼 (𝑎, 𝑓)√

𝑀𝑆𝐸
𝑛

≤ 𝑢𝑖 − 𝑢𝑗 ≤ 𝑦̅𝑖. − 𝑦̅𝑗. + 𝑞𝛼 (𝑎, 𝑓)√

𝑀𝑆𝐸
𝑛

, 𝑖 ≠ 𝑗 (Eqn. 6-3)
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where yi and yj are sample means, MSE is mean squared error, n is sample size, qα is the
studentized range statistic related to a given alpha value and degrees of freedom
associated with MSE, and ui and uj are treatment means.
If zero was contained in the confidence interval, the sample means being
compared were not significantly different. Thus, this method can assess if there is a
statistically significant thermal conductivity difference between two sample means. The
Tukey’s tests do not incorporate measurement error.

CHAPTER 7
EXPERIMENTAL WORK AND RESULTS

7.1
7.1.1

SEM imaging

ABS
Figure 7-1 shows scanning electron microscope (SEM) images of ABS test piece

cross-sections printed at various fill densities (10-100%) with layer height kept constant
at 0.4 mm. From these images, at low fill densities polymer strand deformation within a
layer was higher. This deformation was not as apparent at fill densities greater than 40%.
At a 40% fill density, the mesh network underneath the imaged layer supports the
polymer strand, which subsequently counteracts deformation. Additionally, a decrease in
polymer strand deformation could have led to higher thermal conductivity values via
increased layer to layer connectivity (i.e. larger surface area contacts between layers).
Furthermore, from the inset images (at fill densities of 70-100%) the interfaces between
polymer strands began to overlap at a higher frequency. These observations help
explain some of the thermal behavior reported in following sections.
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Figure 7-1: (A) SEM images of 3-D printed ABS square test pieces at a fill density of
10%, (B) 20%, (C) 30%, (D) 40%, (E) 50%, (F) 60%, (G) 70%, (H) 80%, (I) 90%, and
(J) 100%.
7.1.2

ABS composites
In this work, we test blending of fillers of rod and flakes into a plastic matrix; it is

expected that extrusion of such a composite will lead to preferential alignment of the
fillers within the matrix. Figure 7-2(a-c) shows the SEM images at different accelerating
voltages for the part 3D printed with the Zn-SWCNT filament. This sample is presented
as it is composed of both flake and rod-shaped filler. Figure 7-2(a) imaged at 5 kV x
8.00k shows that the alignment of nanotubes along with the filament print direction. This
is expected due to the shear forces experienced during extrusion. Similar alignment of
MWCNTs and SiC micronwhiskers along the direction of extrusion was also observed.
Figure 7-2(b) shows increased magnification of the test piece imaged at 5 kV x
35.0k. This image shows the interweaving of the nanotubes and interweaving of
nanotubes around the zinc flakes. Simulations have shown that increasing the
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interweaving of nanotubes can increase the tube-tube contact and thus reduce the thermal
resistance [34]. Furthermore, the alignment of carbon nanotubes can provide increased
charge extraction in solar cell applications.
Figure 7-2(c) imaged at 20 kV x 450 shows higher Zn flake content and the
alignment of the flake along the direction of extrusion. This alignment of flakes could be
potentially helpful for heat sink applications with corrosive fluids where it would create a
“wall-like” reactive barrier to reduce the permeability [35].

Figure 7-2: SEM images of 3-D printed test piece composed of acrylonitrile butadiene
styrene filled with 55 wt.% zinc flakes and 5 wt.% single-walled carbon nanotubes
imaged at (a) 5 kV x 8.00k, (b) 5 kV x 35.0k, and (c) 20 kV x 450.
7.1.3

MAPbI3-PCL composites
Figure 7-3(a-d) shows SEM images of perovskite, perovskite treated with

coupling agent, FDM printed MAPbI3-PCL thin-film, and PCL/perovskite interface.
Figure 7-3(a) shows the perovskite crystals, which had a cubic structure before coupling
agent introduction. The crystals were different sizes after fabrication as well. Figure 73(b) shows the perovskite crystals after coupling agent introduction, the cubic structure
remained, however, it was coated with the silane coupling agent used in the study. After
printing the MAPbI3-PCL thin-film, the surface morphology was rough and had the
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appearance of embedded cubes as depicted in Figure 7-3(c). The coupling agent aided in
creating a void-less interface between the perovskite and PCL shown in Figure 7-3(d).
These SEM images observationally show that coupling agent introduction,
filament extrusion, and FDM printing process did not damage the structure of the
MAPbI3 crystals. Thus, the FDM filament manufacture and printing process was found to
be a viable option to produce MAPbI3 composites. This process has not been previously
demonstrated in literature.

a

b

c

d

Figure 7-3: SEM images of (a) perovskite (b) coupling agent treated perovskite (c) PCL50 wt.% Perovskite (d) PCL-50 wt.% Perovskite.
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7.2
7.2.1

Thermal conductivity characterization

Effect of layer height and fill density on ABS thermal conductivity
Figure 7-4 shows thermal conductivity versus fill density (10-100%) at different

layer heights (0.1-0.5 mm) for test pieces printed at standard speed settings (in Cura) and
a nozzle diameter of 0.5 mm. It is apparent as fill density increases test piece thermal
conductivity increases for any layer height. Increasing to a thicker layer height decreased
print time and marginally increased thermal conductivity. The largest measured thermal
conductivity value was 0.25±0.05 W/m*K printed at a layer height of 0.4 mm and fill
density of 100%.

Figure 7-4: Thermal conductivity of ABS test pieces (printed with standard speed
settings and nozzle diameter of 0.5 mm) versus fill density for different layer heights.
Thermal conductivity measurements have an apparatus error of ±0.05 W/m*K (not
graphed).
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Figure 7-5 shows the Tukey’s test confidence interval (see Eqn. 3) results on fill
density. If the confidence interval contains 0 (along x-axis), it means the thermal
conductivity value at a given fill density does not vary from the compared fill density.
For instance, a 10% fill density does not significantly differ in thermal conductivity
average from a fill density of 20-50%. Thus, Figure 7-5 may be referenced to determine
fill densities that produce unique thermal conductivities. It is important to further
consider the print time required at different fill percentages. On average, for any given
layer height, it takes 81% more time to print test piece with a fill density of 100% than a
10% fill density. From this information, it is possible to strategically print a structure with
a lower fill density to reduce print time and material usage, while maintaining thermal
performance.

Figure 7-5: Tukey’s test on fill density to determine significantly different thermal conductivities between fill densities. The y-axis
shows comparison of fill densities first with 10% vs. all others and then incrementing to include all fill densities considered.
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7.2.2

Effect of filler and print orientation on ABS composite thermal conductivity
Figure 7-6(a) and 7-6(b) show the thermal conductivities recorded for parts printed

with negative control, Zn, SWCNT, Zn-SWCNT and Zn-SiC filaments in horizontal and
vertical orientation. Figure 7-6(a) shows that the addition of Zn and SWCNT improves the
thermal conductivity of parts printed in horizontal direction by more than twice. The ZnSWCNT filament exhibited the highest thermal conductivity (0.49 W/m*K), which correlates
to a 145% enhancement over the control. However, the improvement achieved by adding Zn,
SWCNT, or SiC to filaments printed in horizontal orientation was statistically insignificant.
However, when the same parts were printed in vertical orientation, Figure 7-6(b)
shows a statistically significant difference in thermal conductivities were obtained with Zn,
SWCNT, Zn-SWCNT and SiC filaments. While Zn filament was found to result in increased
thermal conductivity compared to SWCNT, a Zn-SWCNT filament was found to result in the
highest thermal conductivity. This could be due to increased thermal conductive material, or
formation of SWCNT bridges between the Zn flakes [36]. The Zn-SiC filament resulted in
statistically similar thermal conductivity as the Zn filament.
Comparison of Figure 7-6(a) and 7-6(b) shows the average enhancement in thermal
conductivity gained with vertical orientation compared to the horizontal orientation for
control, Zn, SWCNT, Zn-SWCNT and Zn-SiC was 135%, 140%, 109%, 169% and 143%,
respectively; but statistically only Zn, Zn-SWCNT, and Zn-SiC showed a significant
difference. This could be because the horizontal print orientation leads to (1) a larger number
of layer junctions and a larger inter-layer resistance, and (2) thermal transport along the
shortest dimension of the filler particle.
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Figure 7-6. Thermal conductivity values recorded for parts printed with negative control,
Zn, SWCNT, Zn-SWCNT and Zn-SiC filaments in (a) horizontal orientation, and (b)
vertical orientation. Error bars indicate a measurement error of ±0.05 W/m*K.
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Figure 7-7(a) and 7-7(b) show the thermal conductivities recorded for parts
printed with negative control, Zn, Zn-MWCNT10, Zn-MWCNT20, Zn-MWCNT30, and
Zn-MWCNT50 filaments in horizontal and vertical orientation. Figure 7-7(a) shows the
addition of MWCNT to Zn filament reduced the thermal conductivity of parts printed in
the horizontal orientation. Furthermore, there was a trend of decreasing thermal
conductivity as MWCNT diameter was increased; thermal conductivity of sample with
10 nm MWCNTs was higher than that for samples with 50 nm MWCNTs. The decrease
in thermal conductivity with an increase of MWCNT diameter could be due to an
increase in the number of tube walls and intertube Umklapp scattering [37]. Umklapp
scattering is a phonon transformation process, which can lower the energy of the phonon
and consequently the thermal conductivity of a material.
Figure 7-7(b) shows the addition of the MWCNTs to the Zn filament also
decreased the thermal conductivity of parts printed in the vertical orientation. However,
no trend was seen with thermal conductivity values as a function of MWCNT diameter;
this could be because when testing heat transfer through parts printed in the vertical
orientation, the heat conduction primarily occurred along the length of the tube, which
were similar for the MWCNTs of different diameters (10-20 µm). Comparison of Figure
7-7(a) and 7-7(b) shows the average enhancement in thermal conductivity gained with
vertical orientation compared to the horizontal orientation for Zn-MWCNT10, ZnMWCNT20, Zn-MWCNT30, and Zn-MWCNT50 was 124 %, 129 %, 146 %, and 167 %,
respectively; but statistically only Zn-MWCNT30, and Zn-MWCNT50 showed a
significant difference.
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Figure 7-7: Thermal conductivity values recorded for parts printed with negative control,
Zn, Zn-MWCNT10, Zn-MWCNT20, Zn-MWCNT30, Zn-MWCNT50 filaments in (a)
horizontal and (b) vertical orientation. Error bars indicate a measurement error of ±0.05
W/m*K.
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7.3
7.3.1

Material characterization

XRD
Figure 7-8 show XRD spectrums with Table 7-1 summarizing the findings. In

general, these findings indicate the formation of MAPbI3 microcrystals, integration of the
MAPbI3 microcrystals into the PCL matrix, and lack of material degradation during the
FDM printing process.
Figure 7-8 shows an XRD spectrum of PbI2 powder, MAI powder, MAPbI3
powder, and PCL-MAPbI3 thin-film. The diffraction peaks at 2ϴ= 26°, 34°, 39°, 46°
(denoted with Δ) correspond to the (101), (102), (110), and (103) lattice planes of PbI 2
[95]. Peaks at 2ϴ=20° and 30° (denoted with □) correspond to the (002) and (003) lattice
planes of MAI [96]. MAPbI3 contained peaks at 2ϴ=14°, 23°, 28.3°, and 28.6° (denoted
with ○), which corresponded to the (002), (121), (004), and (220) lattice planes [88]. The
characteristic peaks associated with MAPbI 3 remained in the PCL-MAPbI3 composite.

Figure 7-8: XRD spectrum of PbI2 , MAI, MAPbI3, and PCL-MAPbI3.
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Figure 7-9 shows an XRD spectrum of perovskite overlaid on the spectrum for
PCL-MAPbI3 composite. Although the peak intensities were reduced in the PCL-MAPbI3
composite, the MAPbI3 peaks show the integration and processing of the MAPbI 3 into
PCL-MAPbI3 filament. The peaks at 2ϴ=21° and 23° (denoted with ♢ in Figure 7-8)
peaks corresponded to the (110) and (200) lattice planes of PCL and agree with literature
values [97]–[100].

Figure 7-9: XRD of MAPbI3 and PCL-MAPbI3.
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Table 7-1: Summary of diffraction peaks and lattice planes for PbI2, MAI, MAPbI3, and
PCL-MAPbI3 .
Material

Diffraction Peak (2ϴ)

Lattice Plane (hkl)

Reference

Lead Iodide (PbI2)

26°

(101)

[95]

34°

(102)

39°

(110)

46°

(103)

Methylammonium Iodide

20°

(002)

(MAI)

30°

(003)

Methylammonium Lead

14°

(002)

Triiodide (MAPbI3)

23°

(121)

28.3°/28.6°

(004)/(220)

Polycaprolactone-

21°

(110)

[101],

Methylammonium Lead

23°

(200)

[102]

[96]

[88]

Triiodide (PCL-MAPbI3)

7.3.2

Refractometer
Figure 7-10 shows the transmittance spectrum for PCL thin films from 400-1000

nm. The thicknesses tested were 25 μm, 50 μm, 100 μm, 200 μm. The 200 μm
thicknesses were also tested with one or two coatings of Smooth-On XTC-3D. The
maximum transmittance occurred in the 25 μm sample, which had a transmittance of
29.6% and occurred at 1050 nm. Samples had decreasing transmittance with increasing
thickness, the lowest transmittance occurred in the 200 μm sample with two coatings of
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the Smooth-On XTC-3D at 0.9% and occurred at 393 nm. Maximum transmittance did
increase from a single coating of Smooth-On XTC-3D on a 200 μm PCL sample to 4.1%
when compared to the 200 μm plain PCL sample, which attained a maximum
transmittance of 1.4%. Transmittance increased for all samples with increasing
wavelength except the 200 μm sample with a double coating of Smooth-On XTC 3D.
This demonstrates that thinner FDM printed samples will allow more light into
the active layer in a solar cell structure. Furthermore, even at a thickness of 200 μm light
will still enter the active layer. Lastly, wavelengths that MAPbI3 absorbs transmit through
the polycaprolactone.

Figure 7-10: Transmittance spectrums for PCL thin films.
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Figure 7-11 shows the transmittance spectrum for 200 μm samples of PCL, PCLMAPbI3, and samples of PCL-MAPbI3-LICA 38 at room temperature and after heating at
40°C for 5 minutes. Transmittance generally increased for all samples as wavelength
increased. Additionally, transmittance increased once the samples were heated except in
the case of the PCL-MAPbI3-LICA38, which decreased in transmittance after heating.
The maximum transmittance occurred in the PCL sample after heating at 30.4%. The
addition of MAPbI3 into PCL reduced the maximum transmittance to 4.9% after heating
the sample. The reduction in transmittance could be due to an increase in absorbance due
to the presence of MAPbI3 micro/nanocrystals.

Figure 7-11: Transmittance spectrum of PCL, PCL-MAPbI3, and PCL-MAPbI3-LICA38.
7.3.3

UV-Vis
Figure 7-12 shows the UV-Vis absorbance spectrum of a plain PCL thin-film and

a MAPbI3-PCL thin-film from 350-900 nm. After the addition of perovskite, the

77
absorbance across all wavelengths was increased. The most prominent increases
occurring from 400-800 nm. This was expected as perovskite is known to absorb in this
wavelength range [103]–[105].

Figure 7-12: UV-Vis of PCL thin-film and PCL-MAPbI3 thin-film.
Figure 7-13 shows the tauc plot that utilized the UV-Vis absorbance data to determine
the energy band gap of PCL, PCL-MAPbI3, and MAPbI3. From the figure, it is evident
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that the addition of the MAPbI3 reduced the energy band gap of the PCL material making
it more suited to absorb solar energy and be utilized in photonic applications.

Figure 7-13: Tauc plot of PCL, PCL-MAPbI3, and MAPbI3.

7.4

Photocurrent of FDM printed MAPbI3-PCL thin film

Figure 7-14 shows I-V curves testing the photoconductivity of the MAPbI3-PCL
composite at different power input solar simulator levels from 50-80 W. The linear
current-voltage curve indicates ohmic contacts were formed at the composite/electrode
interfaces. In dark conditions, the resistance was 9.79E+9 ohms. At 80 W, the resistance
was 5.46E+9 ohms. Resistance was decreased as lighting intensity was increased (at the
same voltage levels). This signifies an increase in photocurrent at higher light intensities,
which signifies increased electron-hole pair generation. Resistances are summarized in
Table 6.
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Figure 7-14: I-V curve of MAPbI3-PCL composite in dark, 50W, 60W, 70W, and 80W.

Table 7-2: Resistances of photoconductivity test piece at different power levels.
Power level

Resistance (ohms)

Dark

9.79 E+9

50 W

8.29 E+9

60 W

7.58 E+9

70 W

6.62 E+9

80 W

5.46 E+9
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7.5

Heat sink

Figure 7-15 shows the Tukey’s method results looking at average power (i.e.
thermal energy) transferred into the working fluid by comparing material composition. The
conductive poly lactic acid (c-PLA) had a higher average power transfer to the working
fluid at 0.467 vs. 0.442 W for PLA as expected. This represented approximately a 33-35%
overall capture efficiency given the known thermal input.
However, it can be observed that the result did not represent the significant shift
implied by the base material thermal conductivities of 0.39 vs. 0.24 𝑊/𝑚 ∗ 𝐾, a difference
of 40%. Further, the results were not statistically differentiated well given the experimental
error. This is an interesting outcome and highlights the ability of the user to specify a
variety of FDM materials for low temperature, low flow conditions to obtain similar
thermal performance.

Figure 7-15: Tukey’s method results of average power transferred into the working fluid
comparing material composition.
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Figure 7-16 shows the Tukey’s method results of average power transferred into
the working fluid comparing channel designs. The 0.8 mm microchannel and open
channel design had the highest power transfer rates at 0.459 W and 0.461 W, while the
1.6 mm microchannel had a slightly lower average power transfer at 0.446 W. However,
there was not a statistically significant difference between the various designs. This
highlights an interesting operating outcome: given the laminar flow conditions, the
pattern of the flow through the heat sink was not significantly impacting the thermal
capture capability of the device.

Figure 7-16: Tukey’s method results of average power transferred into the working fluid
comparing designs.
Figure 7-17 shows the Tukey’s method results of average power transferred into
the working fluid comparing flow rates. The 10 mL/hr. flow rate had the lowest power
transfer at 0.154 W. The 50 mL/hr. flow rate had the second highest power transfer rate at
0.554 W. The 100 mL/hr. flow rate had the highest average power transfer rate at 0.661
W. The difference in the power transfer rate between these flow rates were all statistically
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significant. Although the 100 mL/hr. flow rate had the highest average power transfer
rate, the increase over the 50 mL/hr. was only 20%. However, from 10 mL/hr to 50
mL/hr there was a 259% increase in average power transferred. This suggest there is an
optimal and cost-effective flow rate that improves thermal performance, while
diminishing costs associated with pumping the fluid through the heat sink and reducing
water usage.

Figure 7-17: Tukey’s method results of average power transferred into the working fluid
comparing flow rates.

7.6
7.6.1

Solar Cell

ITO/NiO/MAPbI3-PCL/SWCNT
Figure 7-18 shows the I-V curve of the following solar structure:

ITO/NiO/MAPbI3-PCL/SWCNT in light and dark conditions. The maximum power point
of the solar cell in light conditions was 0.19 V and 0.0095 μA, which equated to a power
output of 0.00181 μW. Table 7-3 summarizes the solar cell characteristics. These values
are not ideal and would not be suited for a commercial setting. However, this lays the
framework for an FDM printed MAPbI3-PCL composite thin-film to function as a solar
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cell active layer. Improvement of charge extraction by reducing series resistance with
conductive fillers could lead to higher conversion efficiency.

Figure 7-18: I-V curve measurements of ITO/NiO/MAPbI3-PCL/SWCNT solar cell
under dark and light conditions.

84

Table 7-3: Summary of solar cell characteristics.
Parameter

Value

Open circuit voltage

0.16 V

Short circuit current

-0.043 μA

Short circuit density

6.88E-06 mA/cm2

Fill factor

0.28

Maximum power point current

-0.023 μA

Maximum power point voltage

0.08 V

Series resistance

5,226,026 Ω

Shunt resistance

3,585,578 Ω

Power conversion efficiency

0.000000707%

Figure 7-19 shows the device from fig. 42 across two days and then two weeks after
storage in dark ambient room conditions (19°C, 65% RH). The device lost open circuit
voltage after the first day of testing. After two weeks of storage in dark ambient room
conditions, the device lost additional open circuit voltage, however, attained a higher
short circuit current. This could be attributed to degradation of the material over time.
Furthermore, since the solar cell has a low fill factor, the impact of the open circuit
voltage could affect the short circuit current. The power output decreased in the first
week from 1.54 nW to 1.43 nW. However, after the second week the power output
increased to 1.8 nW. Thus, the solar cell maintained the same power output performance
for 335 hrs. suggesting the polycaprolactone protected the MAPbI 3 crystals over time in
ambient atmosphere.
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Figure 7-19: Stability testing of ITO/NiO/PCL-MAPbI3/SWCNT.

Figure 7-20 shows the I-V curves of the solar cell after heating on a hot plate at
80°C, 100°C, and 120°C for 5 minutes. Increasing the temperature caused the overall
output to increase. This was due to the increased temperature leading to an increased
transparency of the PCL (see transmittance results). The maximum output was 0.177 μW
after heating the solar cell on a hot plate for 5 minutes at 120°C. This was a 2428%
power output increase over the non-heated solar cell test. If the conversion efficiency
were further improved, this solar cell could be a great solution for hot climates or in
connection with a low temperature waste heat recovery device. A summary of all power
outputs is listed in Table 7-4.
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Figure 7-20: I-V curve measurements of ITO/NiO/PCL-MAPbI3/SWCNT solar cell
after heating at different temperatures on a hot plate for 5 minutes.

Table 7-4: Summary of output power at different heating temperatures.
Parameter

Power output (μW)

No heating

0.00181

Heating at 80°C

0.0473

Heating at 100°C

0.137

Heating at 120°C

0.177

7.6.2

ITO/NiO/MAPbI3-PCL/Al foil
Figure 7-21 shows the I-V curve of an ITO/NiO/MAPbI3-PCL/Al foil solar cell

with an active layer printed with 80% fill density and 100% fill density. The 80% fill
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density sample obtained an open circuit voltage of 0.46 V, while the short circuit current
was 0.11 μA. The 100% fill density had a higher open circuit voltage at 0.52V, however,
had a lower short circuit current at 0.014 μA. The 80% fill density sample may have
achieved a higher short circuit current due to enhanced light backscattering from the
aluminum foil. Furthermore, the decrease in open circuit voltage in the 80% fill density
sample could have been due to a reduced surface area between the active layer and
electron transfer layer.

Figure 7-21: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil solar cell with an 80% fill
density and 100% fill density.
The Al foil had a higher open circuit voltage than the single-walled carbon
nanotube (SWCNT) when used as the counter electrode. This may have been due to a
better interface being formed with the PCL-MAPbI3 layer improving the junction. The
drop-cast method used to deposit the SWCNT electrode did not create nanotube-nanotube
alignment, thus, the interface would not be as smooth affecting the junction.
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Figure 7-22 shows the I-V curve of the ITO/NiO/PCL-MAPbI3/Al foil printed in
vertical orientation (see fabrication methods section for details on orientation). The open
circuit voltage was increased to 0.82 V compared to the horizontal orientation print at
0.46-0.52 V. The short circuit current was decreased to 0.037 μA compared to the 80%
fill density prints at 0.11 μA. The decrease in short circuit current may have been due to
the decreased transmittance and backscattering in the vertical orientation sample
compared to the 80% fill density sample. The short circuit current was increased over the
100% fill density prints at 0.014 μA. The alignment of the polycaprolactone matrix in the
direction of the electric field and not perpendicular to it (as in the horizontal orientation
print) may have led to increased charge collection.

Figure 7-22: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil printed in vertical orientation.
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Table 7-5: Summary of solar characteristics ITO/NiO/PCLMAPbI3/Al foil printed in
vertical orientation.
Parameter

100% fill density

80% fill density Vertical orientation

Open circuit voltage (V)

0.52

0.46

0.82

Short circuit current (μA)

0.014

0.11

0.038

Maximum power point

0.27

0.18

0.40

0.0098

0.040

0.019

0.0026

0.0076

0.0076

voltage (V)
Maximum power point
current (μA)
Output power (μW)

7.6.3

Series and parallel testing of ITO/NiO/MAPbI 3-PCL/Al foil
ITO/NiO/MAPbI3-PCL/Al foil solar cells were tested in series and in parallel.

Figure 7-23 shows the I-V curves of the ITO/NiO/MAPbI3-PCL/Al foil solar cells in
parallel. After connecting in parallel, the solar cells obtained a higher short circuit current
than in series at 6.52 μA and a slightly lower open circuit voltage at 0.25 V. This
performance is characteristic of solar cells placed in parallel.
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Figure 7-23: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil connected in parallel.
Figure 7-24 shows the I-V curve for the solar cells connected in series. After connecting
in series, the open circuit voltage increased to 0.50 V, while the short circuit current
decreased to 0.42 μA. This performance is characteristic of solar cells connected in series
as well. Table 7-6 summaries the two devices performance individually, in parallel, and
in series.
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Figure 7-24: I-V curve of ITO/NiO/MAPbI3-PCL/Al foil solar cells connected in series.

Table 7-6: Summary of two individual solar cells, connected in parallel, and connected
in series.
Parameter

Sample 1

Sample 2

In Parallel

In Series

Open circuit voltage (V)

0.25

0.25

0.25

0.50

Short circuit current (μA)

0.58

0.74

6.52

0.42

Maximum power point voltage (V)

0.10

0.10

0.05

0.20

Maximum power point current

0.21

0.34

0.92

0.13

0.021

0.034

0.046

0.026

(μA)
Output power (μW)
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7.7
7.7.1

Solar cell and heat sink

ITO/NiO/PCL-MAPbI3/Al foil solar cell on ABS heat sink tested at different

temperatures
Figure 7-25 shows the I-V curve of ITO/NiO/PCL-MAPbI3/Al foil on ABS heat
sink at different outlet temperatures. At room temperature, the open circuit voltage was
the highest at 0.12 V, and the short circuit current was lower at 0.014 μA than every other
tested temperature with exception to a heat sink outlet temperature of 36°C. A
temperature increase to 50°C, decreased the open circuit voltage, but increased the short
circuit current over the device measure at room temperature and 36°C. Testing the solar
cell at 52°C, 54°C, and 55°C further increased the short circuit current, however, the
open circuit voltage was the same. The increase of short circuit current could be due to an
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increased amount of light allowed into the PCL. Additionally, at an elevated temperature
it could be easier to extract charge carriers from the PCL-MAPbI3 active layer.

Figure 7-25: I-V curve of ITO/NiO/PCL-MAPbI3/Al foil on top of ABS heat sink
measured at different temperatures.
Figure 7-26 compares the I-V curve of ITO/NiO/PCL-MAPbI3/Al foil solar cell on top
of heat sinks fabricated with ABS or copper. The ABS heat sinks performed worse
having a lower open circuit voltage, short circuit current, and overall power output when
compared to the copper heat sink. This can be attributed to the thermal conductivity
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difference between ABS (~0.33 W/m*K) and copper (~400 W/m*K). For this reason,
thermal losses between the fluid, heat sink wall, and solar cell electrode was lessened.

Figure 7-26: Comparison of solar cells on ABS and copper heat sinks.
Figure 7-27 shows the I-V curve of ITO/NiO/PCL-MAPbI3 on either Al foil or
SWCNT and compares their performance on top of an FDM-printed ABS heat sink. Al
foil performed much better than SWCNT as the counter electrode. It attains a higher open
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circuit voltage and short circuit current. Table 7-7 summarizes the solar cell
characteristics on the heat sinks tested.

Figure 7-27: Comparison of solar cell with SWCNT or Al foil counter electrode on top
of heat sink.

Table 7-7: Summary of solar cell parameters on heat sinks.
Parameter

On ABS heat

On ABS heat

On copper heat

sink (Al foil)

sink (SWCNT)

sink (Al foil)

Open circuit voltage (V)

0.08

0.05

0.60

Short circuit current (μA)

0.029

0.0093

2.08

Maximum power point voltage (V)

0.04

0.03

0.29

Maximum power point current (μA)

0.014

0.0061

0.61

Output power (μW)

0.00055

0.00018

0.176

CHAPTER 8
HOLISTIC DISCUSSION AND SHORTCOMINGS
8.1

Holistic Discussion

In this dissertation, fused deposition modeling (FDM) printing was explored for
applications in solar cell and heat sink technology. Furthermore, fundamental thermal and
optical properties of various homogeneous and composite FDM printable filaments were
measured. To properly measure these thermal and optical properties, it was important to
first determine how printer settings would affect these properties. After determining how
printer settings affected thermal and optical properties, an FDM printed heat sink and
active layer in a methylammonium lead triiodide (MAPbI3) solar cell was fabricated.
First, it was determined printer settings (especially fill density and layer height)
affect the thermal conductivity of an FDM printed object. Increasing fill density led to
higher thermal conductivity values, while increasing the layer height increased thermal
conductivity until delamination of layers occurred with layer heights over 0.5 mm.
Delamination of layers can potentially occur at different layer heights for different
filament materials. The thermal conductivity of the material most likely influences the
layer heights achievable with FDM systems. This fundamental information has
applications beyond solar cells and heat sinks.
Orientation of the print also influenced the properties and performance of the
devices fabricated in this dissertation. Homogenous and composite filaments thermal
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conductivity increased along the polymer strand print path. Thus, it is important to FDM
print objects with the polymer strand direction in the same direction as intended thermal
or electrical transfer. However, it may not be possible with current FDM technology to
obtain thin transfer surfaces with the correct print orientation (i.e. horizontal or vertical;
refer to earlier section for explanation) to obtain maximum performance.
FDM printed heat sinks were fabricated and tested. It was determined it was
necessary to utilize at least two printed layers to create a water-tight seal. Furthermore, it
was not possible to print the heat sink in the direction of intended thermal transfer. Thus,
FDM printed heat sinks may not reach optimal performance at small scale devices
without the ability to equip smaller nozzle sizes and increase x-y-z sensitivity of FDM
systems.
A perovskite solar cell was fabricated with an FDM printed PCL-MAPbI3 active
layer. The solar cell efficiency was very low (<1%), however, this dissertation shows that
MAPbI3 can be processed with FDM technology and keep its photoactive properties.
Additionally, this method of fabrication utilized in this dissertation was able to be
conducted in ambient conditions removing the need to utilize a nitrogen glovebox.
Furthermore, encapsulating the MAPbI3 crystals in a polymer during fabrication caused
the crystals to be stable for longer in ambient conditions.
The MAPbI3 solar cell that was developed was attached to an FDM printed ABS
heat sink and copper heat sink for analysis. It was shown that integrating a heat sink onto
the solar cell improved performance. This lays the foundation for a complete solar
cell/heat sink device fabricated with fused deposition modeling alongside other 3-D
printer technologies (such as selective laser melting). The addition of a heat sink allows
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waste heat to be utilized from other systems to improve solar cell efficiency.
Furthermore, by using FDM the replaceability on-site and on-demand is improved.
8.2

Shortcomings

There were shortcomings associated with this dissertation study primarily
associated with the extrusion equipment utilized in the study. Although the Filabot EX2
was able to attain the necessary temperatures and created a usable filament, control over
temperature during extrusion was limited since there were not multiple zones for
maximum temperature control. This caused difficulties in extruding highly filled
filaments since higher temperatures were required to extrude the filaments, however, the
higher temperatures yielded small diameter filaments since the base material did not have
time to cool before extrusion. Additionally, it was necessary to use at least 15 g of
material to achieve filament extrusion. This impacted the number of different
combinations we were able to test. Furthermore, it affected the filler density since more
base material (i.e. polycaprolactone) needed to be added to achieve extrusion. Lastly, the
extruder was not able to be unassembled and thoroughly cleaned. This may have led to
unintended impurities within the various filaments fabricated in this study, which could
have affected performance by creating defect centers.

CHAPTER 9
CONCLUSIONS AND FUTURE WORK
9.1

Conclusions

In this dissertation, thermal and optical properties of various commercially
available and novel FDM filaments were tested, an FDM printed active layer for
perovskite solar cell applications was fabricated, an FDM printed heat sink was also
fabricated, and the heat sink and solar cell was integrated together to control the
temperature of the active layer within the solar cell under operation. It was found that
certain printer settings (layer height and fill density) can impact the thermal conductivity
characteristics of FDM printed objects. Additionally, the print orientation of the FDM
printed object affected performance as well. Furthermore, rod-shaped, and flake-shaped
fillers within FDM composite filaments align with the print direction.
The perovskite solar cell fabricated in this study obtained very low efficiency
(<0.1%), however, it was shown that an FDM printed active layer could obtain solar cell
character. This fabrication process offers encapsulation during fabrication leading to
longer stability, filler alignment control which could aid in charge extraction, and onsite/on-demand fabrication which could be beneficially when damaged solar cells need to
be replaced rapidly.
Integration of the perovskite solar cell onto FDM printed heat sink did not
improve performance. However, when the solar cell was attached to a copper heat sink
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the performance was improved. The performance increase was due to the large thermal
conductivity difference between ABS and copper. Thus, for an integrated solar cell and
heat sink combination it is important to utilize a metal heat sink over an FDM printed
heat sink.
9.2

Future Work

Many polymers went untested in this dissertation study, which could ultimately
lead to better performance in the FDM printed active layer and heat sink. Future tests
with FDM printable polymers with higher transmittance than polycaprolactone should be
tried. Additionally, nanotexturing the active layer could improve the transmittance as
well. This could improve the current generated by the solar cell. Furthermore, fillers
(such as graphene) should be incorporated into the active layer to improve electrical
conductivity without damaging the perovskite crystals or blocking incident light from
striking the crystals. An extruder with different zones of temperature control could aid in
creating composite filaments with more filler materials. Different perovskite crystals
could be tried with higher thermal stability to enable higher operating temperatures and
polymers with higher melting points.

APPENDIX A

Figure A-1 shows the I-V curves of polycaprolactone (PCL) and polycaprolactone with
3-(2-Aminoethylamino)propyldimethoxy-methylsilane (PCL-CA) under dark and
illumination. The PCL did not obtain solar cell character under dark or illumination. This
is expected because the bandgap of PCL is not small enough to harness the energy (i.e.
wavelengths of light) available from the solar simulator. PCL with the addition of the
silane-based coupling agent under illumination obtained solar character. However, it
obtained a lower short circuit current and open circuit voltage than samples containing
methylammonium lead triiodide.

Figure A-1. I-V curves of PCL and PCL with coupling agent under dark and illumination
(within solar cell structure of ITO/NiO/(PCL or PCL-CA)/Al foil).
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