Investigation of the influence of molecular structure at interfaces in polymer
photovoltaic devices

By

David L. Bilby

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Materials Science and Engineering)
in the University of Michigan
2014

Doctoral Committee:

Associate Professor Jinsang Kim, Chair
Professor John Kieffer

Associate Professor Jennifer Ogilvie
Associate Professor Max Shtein



Acknowledgements: This work was supported as part of the Center for Solar and Thermal
Energy Conversion, an Energy Frontier Research Center funded by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences under Award Number DE-SC-0000957. The
author is very grateful for the patience and research guidance from Jinsang Kim, without whom
the content of this dissertation could not have been explored. The author is would also like to
acknowledge the positive teaching, learning, and collaboration experience which was shared
with lab-mates and peers; their conversation, demonstration and participation in the following
research has been critical to its design, development , implementation and interpretation. Finally,
the author is thankful for the support and patience of his family and Fiancée who have provided
extracurricular support which has enabled the extended focus necessary to complete this course
of study.



Preface

The following dissertation relates a story about the design, fabrication and operation of
polymer-based photovoltaic devices. Recently, the development of clean, renewable energy
technologies has become very popular as the environmental effects of continued fossil fuel
consumption are becoming socially recognized. The following research focuses upon a niche
technology which currently serves only as a laboratory curiosity. Although they have the
potential to fulfill the need for inexpensive, renewable energy production, polymer based solar
cells are not yet understood well enough to practically implement. The physics which govern the
operation and degradation of these devices have yet to be holistically described and the design
parameters of their constituent materials are not always clearly linked to device performance.
Moreso, the length and time scales over which the important processes occur in these devices are
very short (nanometers and femto to nanoseconds). However, the devices are easily made via
solution based film casting routes and the chemical structure of the device films is broadly
tuneable. The research interest in these devices is thus motivated by the ease of entry into this
field and the diversity of investigation specialties whose unigue perspective may contribute to its
advancement. As such, the achievement of useful device performance will only be realized as the
result of highly collaborative research and the combination of efforts from chemists, physicists

and other engineering scientists.



Table of Contents:

Acknowledgements ------------m-mmm oo I
Preface ------------------- mememmmmm e s ii
LiSt Of TabIES ---m-mnmmm oo Vi
LiSt Of FIQUIeS =----mmmm o e oo e vii
List of ADDreviations ----=-=-=======mmmmmm oo m-mmmmmemeeeeeeneeenees X
ADSEract -----m-m e Xi
Chapter 1. Introduction to Polymer Photovoltaic Cells ---------=---=-=-=-mmmmmmm oo 1
1.2. Inter- and Intramolecular Conformation Control ----------------=-=---m-mmemm e - 3
1.3. Electronic Band Gap and Absorption Tuning e L e 6
1.4. Tuning the Highest Occupied Molecular Orbital and Open Circuit Voltage ------ 9
1.5. Stability of Polymer Solar Cells ----- e - 11
1.6. Morphology Control -----=-=-===mmm e oo 12
1.7. Novel Polymers for PSCS =-------mmmmmmm oo oo 13
1.8. Faux Pas in Polymer Solar Cell DeSign -----=-=-====-=mmmmmmm oo 14
1.9. Outlook e e mmm e e 16
1.10. REfEreNCeS =-=-=m=mmmmmmmmmme e e oo e e e e e 17
Chapter 2. Loss to the open circuit voltage and structure at the donor-acceptor interface ------ 22
2.2. Materials and SYNtheSIS =------=n=mmmmm e oo oo 24
2.3. Characterization methods ----------=-==-====mmsm oo —memmoeee- 26
2.4. Monolayer formation and material energy level characterization ------------------ 27
2.5. Device fabrication =-----=-=-=mmmmmmm oo e 30
2.6. Characteristics of a donor-spacer-acceptor photovoltaic device -------------------- 31
2.7. Temperature dependence of the open circuit voltage -----------------=-==-=--=-oo--- 39
2.8. Spacer limited diode injection current ----------=-=----=----------- - 41




2.9. Contrasting the molecular spacing dependence of charge transfer and
recombination =----=--=-=s-memmememme e mmmmmmmmmmmmmeseeeeoeo

2.10. References ----=-====emmmmmmmemm oo e e e e e e e e
Chapter 3. Desirable characteristics for electrode buffer layer structure -------------------------
3.2. Materials synthesis and device fabrication ---------=---=-=-=-=-mmemmmm oo
3.3. Characterization methods ------==========mmmmmmmm oo --m-mmme-

3.4. Shunting conduction pathways and electrically insulating buffer layers ---------

3.5. Influence of interactions between the active layer and buffer layer on device
PErfOrManCe ------=-====m=mmmemmemm oo oo oo e e oo e oo m-mmmmmmee-

3.6. Chemical structure of buffer materials for ITO work function modification -----

3.7. Design rules for electrode buffer layers -----------=-=-=-mmmmmmmmmm oo
3.8. References = oo -

Chapter 4. Conjugated polymer alignment in photovoltaic devices -----------=-=-=-==-===-mmnm---

4.2. Device fabrication and characterization -----===========mm s mmm e

4.3. Bulk heterojunction control devices -----------=-=====m-mmmmmm oo

4.4. Optimization of in-plane P3HT alignment ------------=-=-=-mmemmmm oo

4.5. In-plane planar heterojunction photovoltaic devices ---------

4.6. References = oo -

Chapter 5. Conclusion and OUtIOOK ==============mmmmm e
Appendix 1: Additional data ---==============mmmm e




List of Tables

Table 2.1:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:
Table 3.8:
Table 4.1:

Control devices with PPE/PCBM, PCBM and water dipped interface ---------------- 36
Characteristics of planar P3HT/PCBM devices without buffer layers ---------------- 58
Water contact angles for P3HT, PCBM, PCDTBT and PEIE ---------------=----=----- 64
Characteristics of PCDTBT devices on different cathode buffers --------------------- 67
Interaction strength characterization between PCDTBT and buffers ------------------ 69
Characteristics of PCDTBT devices with compound buffers -------------------=----—- 70
Relative work function of compound buffers -----------=-===-ememsmmmmmm oo 71
Relative work function of candidate buffer materials e - 74
Relative work function of PEIE and PAOH on alkylsilane ITO --------- - 75
Photovoltaic characteristics of in-plane planar heterojunction devices --------------- 95

Vi



List of Figures

Figure 1.1: Schematic of polymer solar cell ----------=-===-mmmmm e -1
Figure 1.2: Representative conjugated polymers for photovoltaic application -------------------- 4
Figure 1.3: Schematic of charge transfer absorption in a copolymer ---------------------emcemo——- 7
Figure 1.4: Representative electron withdrawing moieties -----------=-=-==-==--mmmsmmmmmmmmmmeo 8
Figure 1.5: Schematic of energy loss in power conversion --------- ——-mmmeee- ---- 10
Figure 2.1: Energy level diagram of planar heterojunction spacer device ---- 23
Figure 2.2: Synthetic route for PPE spacer material -----------==-==-==m-m oo 24
Figure 2.3: PPE monolayer characterization -------=-=-=====mmmmm oo oo 28
Figure 2.4: Thickness of 10 monolayers Of PPE ----------=mmemmmm oo 29
Figure 2.5: Cyclic voltammograms of P3HT, PCBM and PPE -------------=------m-mmm oo 29
Figure 2.6: Dependence of Jsc on PPE spacer alkyl length ----------=-mmmmom oo 31
Figure 2.7: Dependence of FF on PPE spacer alkyl length ----------=-=-==mmmemmm oo 32
Figure 2.8: Dependence of V. on PPE spacer alkyl length ---------=-=---emmmmmmm e 32
Figure 2.9: Dependence of Js., EQE, FF and V. on the number of PPE spacer layers ---------- 33
Figure 2.10: J-V characteristics of water dipped planar heterojunction device ------------------ 34
Figure 2.11: EQE of water dipped planar heterojunction device ---------=-=-======-=msemmmmuun-- 35
Figure 2.12: PCBM only, and PCBM/PPE multilayer devices ----------=-=-====nmnmmmmmmmmmmemmeee 36
Figure 2.13: Thicker PPE/PCBM devViCe J-V CUIVES =---=-==-mnmmmmmmmmmm oo oo 36
Figure 2.14: Absorption of P3HT/PPE/PCBM devViCes --------=-=-===m-mmmmmmmmmm oo 37
Figure 2.15: Absorption of thicker PPE/PCBM devices --------- e 38
Figure 2.16: lllumination and temperature dependence of V. of spacer devices ---------------- 39
Figure 2.17: Spacer thickness dependence of polaron pair energy ------------==-==-====--=-ommo-- 40
Figure 2.18: Diode injection dependence on spacer thiCkness ----------=-=======-emsmmmmoummmmemo- 42
Figure 2.19: Normalized photocurrent dependence on spacer thickness --------------=----------- 42
Figure 3.1: Depiction of diode injection electron pathway -----------=--=-==-mm-msmmmmmmm oo 48
Figure 3.2: Depiction of BHJ morphology and current-voltage correlation ---- 49

vii



Figure 3.3: Synthetic route to asymmetric PPE --------------------------- m-mmmmmemememememeenees 52

Figure 3.4: Shunting solar cell curves without buffer layers ---------=--=-=mmmmmmmemmoeeem 56
Figure 3.5: Planar device curves without buffers do not shunt ----- e 57
Figure 3.6: Current-voltage curves for single layer organic devices ----------------=------------- 59

Figure 3.7: Current-voltage curves for P3HT devices with polystyrene anode buffer layers -- 60
Figure 3.8: Device characteristics for P3HT devices with PPECN monolayer anode buffers - 62
Figure 3.9: Current-voltage curves for PCDTBT and P3HT devices with PEIE cathode buffer 64

Figure 3.10: Current-voltage curves for PCDTBT and P3HT planar devices on PEIE --------- 65
Figure 3.11: Depictions of electron blocking interface segregation of PCDTBT on PEIE ----- 66
Figure 3.12: Current-voltage curves for PCDTBT on different cathode buffers ----------------- 67
Figure 3.13: Current-voltage curves for PCDTBT with compound cathode buffers ------------ 70
Figure 3.14: Candidate buffer polymer StruCtures -----------====-=mmm oo 73
Figure 3.15: Depiction of electrophoretic deposition and work function shift ------------------- 77
Figure 3.16: XPS spectra of oxygen, carbon and indium region of ITO, PEIE and PAOH films on
I TO e e e e 78
Figure 4.1: Depiction of semi-crystalline conjugated polymer packing --------------------------- 84
Figure 4.2: Schematic of an in-plane planar heterojunction device -----------===-===-=-=---m-m---- 86
Figure 4.3: Depiction of off center spin coating ----------------------- m-mmmmmememememememeees 87
Figure 4.4: Absorption characteristics of aligned P3HT:PCBM blend films --------------------- 89
Figure 4.5: Photovoltaic device characteristics of aligned P3HT:PCBM blend films ---------- 89
Figure 4.6: Tapping mode AFM images of P3HT:PCBM fibers ----------------msomcmmom oo 90
Figure 4.7: Absorption of aligned P3HT films cast at different speeds --------------------------- 92
Figure 4.8: Photoluminescence spectra of aligned P3HT films -----------=memmmmmmmmmmmeeeeee 92
Figure 4.9: Polarized optical microscopy images of aligned P3HT films ---------=--=ememmeno- 93
Figure 4.10: Absorption of planar heterojunction aligned P3HT films ---------------------o oo~ 94
Figure 4.11: Photovoltaic device characteristics of in-plane planar heterojunction aligned P3HT
films -------=-mmem - e GETEEEEEEE e e PR R 94
Figure 4.12: Polarized optical microscopy of in-plane planar heterojunction aligned P3HT
ABVICES ==m=mmmmmmmmm e e e e 95

Figure A.1: Temperature and light intensity dependence of devices with no spacer layers ---- 102
Figure A.2: Temperature and light intensity dependence of devices with one spacer layer ---- 102
Figure A.3: Temperature and light intensity dependence of devices with two spacer layers -- 103

viii



Figure A.4: Temperature and light intensity dependence of devices with three spacer layers - 103
Figure A.5: Temperature and light intensity dependence of devices with four spacer layer --- 103
Figure A.6: Temperature and light intensity dependence of devices with five spacer layer --- 104
Figure A.7: Temperature and light intensity dependence of devices with seven spacer layer - 104
Figure A.8: Fitting of spectroscopic ellipsometry data shows surface segregation of PCDTBT 104
Figure A.9: Current-voltage characteristics of conventional devices without buffer layers --- 106
Figure A.10: Energy level diagrams of charge carrier paths in devices without buffer layers - 106

Figure A.11: Circuit diagram of homemade kelvin probe ------------=-=-=-mmomrmm oo 107
Figure A.12: Survey XPS spectra for ITO ---- e L 108
Figure A.13: Survey XPS spectra for UV-ozone treated 1TO ----------=-=-mmmmmmmmmmm oo 109
Figure A.14: Survey XPS spectra for poly(acrylic acid) on ITO --------------m-mmmmmmm oo 109
Figure A.15: Survey XPS spectra for poly(ethylenimine) ethoxylated on ITO ------------------ 110



List of Abbreviations

BHJ — Bulk heterojunction

FF — Fill factor

HOMO - Highest occupied molecular orbital energy level
ITO — Indium-tin oxide

Jsc — Short circuit current density

LUMO - Lowest unoccupied molecular orbital energy level
OCSC — Off center spincoating

OPV - Organic photovoltaic

P3HT — Poly(3-hexylthiophene)

PCBM — Phenyl C61 butyric acid methyl ester

PCE — power conversion efficiency

PEI — Poly(ethylenimine)

PPE — Poly(phenylene ethynylene)

PSC — polymer solar cell

PSS — Poly(sodium 4-styrenesulfonate)

PTFE — Poly(tetrafluoroethylene)

TCB - 1,3,5-trichlorobenzene

Voc — Open circuit voltage

n-1 — Refers to interaction between the pi-bonds which make up the conjugation of a molecule
) — Refers to photon wavelength

hv — Refers to photon energy



Abstract:

Organic photovoltaic devices embody the promise of inexpensive renewable energy.
However, before these devices can become commercially successful a stronger understanding of
the relationships between material structure, properties and device performance must be built.
Interfaces within polymer photovoltaic devices are sites of processes critical to effective device
function and are thus the focal point for ongoing research. We systematically investigated the
effect of placing molecular spacers at the donor-acceptor interface. As we increased the thickness
of the spacer layer we observed suppressed charge transfer, reduced dark current and reduced
polaron binding which contributed to a decrease in current density and an increase in open circuit
voltage. This result guides the design of materials which seek to mitigate the interfacial distance
dependent trade-offs between charge transfer and recombination in order to improve device
performance. We also investigated the influence of the molecular structure of the electrode-
active layer interface. We found that insulating interfacial layers ensure diode rectification by
breaking percolative-active material contact between non-selective electrodes. We also found
that strong active layer-electrode interaction leads to charge blocking phase separation in the
devices which deleteriously effects performance. This unwanted phase separation can be avoided
by inserting a non-interacting interlayer. We also observed that acid- or base-like moieties can be
used to modify the work function of ITO in order to achieve good electrical contact with the
active layers of a device. These results provide molecular design guidelines for the fabrication of
materials for the electrode interface of high performance devices. Besides the interface issues,
the low charge carrier mobility of conjugated polymers (CPs) intrinsically limits the thickness,
absorption, and performance of photovoltaic devices. We made aligned poly(3-hexylthiophene)
films with an epitaxially directing additive and an off-center spincasting technique in order to
take advantage of their anisotropic charge carrier mobility. These aligned films are applied in
novel in-plane devices where the charge transport direction is abutted with the polymer
alignment, providing large enhancements in the open circuit voltage. These results motivate the
continued pursuit of CP alignment in devices in order to correlate molecular orientation with

device performance.
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