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Abstract

The performance and reliability of bulk heterojunction thin film polymer solar
cells are intricately linked to the three-dimensional nanoscale morphological structure of
the photoactive materials, driven by the extent of phase separation between the polymer
and fullerene components. To this end, well-established processing protocols to induce
phase separation comprising high temperature and solvent vapor annealing have been
employed to create optimal nanoscale morphologies. This thesis examines two
fundamental approaches regarding the control of nanoscale morphology: (1) a novel
environmentally benign processing method, and (2) the use of an all-conjugated gradient
copolymer.

Recently, liquid and supercritical carbon dioxide (scCO;) have emerged as viable
alternatives to toxic organic solvents in polymer processing. We introduce a new and
environmentally friendly alternative strategy utilizing scCO, for processing and
morphology control of the archetypal bulk heterojunction organic photovoltaic system
poly(3-hexylthiophene) (P3HT)/phenyl-Cg;-butyric acid methyl ester (PCs;BM) system.
The density-dependent solvating strength of scCO, can be regulated with fine changes to
its pressure and/or temperature. We found that under appropriate conditions of pressure

and temperature, devices exhibited efficiencies that were comparable to, or exceeded,

Xviii



those achieved wusing conventional techniques, albeit with similar nanoscale
morphologies. The enhanced efficiency achieved using scCO, is associated with a larger
fraction of photoactive regions as revealed from photoconductive-atomic force
microscopy measurements and much purer polymer- and fullerene-rich phases as seen
with energy-filtered transmission electron microscopy (EFTEM) and electron energy loss
spectroscopy.

For the second route, using an all-conjugated copolymer approach through
molecular design of 3-hexylselenophene and 3-hexylthiophene in block and gradient
sequence architectures, we show that for the same overall copolymer composition, the
ordering of molecular constituents along the copolymer chain (copolymer sequence)
significantly influenced the nanoscale morphology and phase separation behavior.
Relative to the block copolymer:PCBM, the gradient copolymer:PCBM sample formed a
more uniform, continuous and interconnected network of polymer fibrils within the
acceptor-rich phase, associated with a large D/A interface as revealed by EFTEM.
Furthermore, charge extraction of photogenerated carriers by linearly increasing voltage
showed that the gradient copolymer:PCBM device possessed the highest initial carrier
density, consistent with a larger D/A interfacial area, though at the expense of increased

carrier recombination rate.
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CHAPTER 1:

Introduction

This chapter introduces the motivation for this work and basic working principles
of the polymer-based photovoltaic devices investigated. We also make the case for the

importance of morphology control of bulk heterojunction organic solar cells.

1.1 Motivation and Background

Developing innovative technologies that harness clean and renewable energy
resources is critical for environmental sustainability. With global demand for energy
expected to almost double by 2050 due to population and economic growth, continuation
of the “business as usual” approach with modern society’s considerable reliance on
traditional fossil fuel-based technologies raises concerns of global warming and climate
change. Additionally, the global energy landscape is evolving at a fast pace and in
assessing options for mitigating climate change, there is no one-size-fits-all solution as
natural resource endowments vary across geographical locations and approaches should
be feasible and practical for different socio-economic settings.” Mitigating technologies
being explored in scenarios to reduce carbon emissions have included, advanced energy
efficiency measures, improved forest management and crop cultivation and switching to

low-carbon energy sources (biomass, carbon sequestration, hydroelectric, tidal, nuclear,



geothermal, wind and solar) with a higher share of renewables.” The U.S. Energy
Information Administration (EIA) reports that about 21% of world electricity generation
was from renewable energy in 2011°, with a projection for nearly 25% in 2040." In order
to meet this growing demand, renewable energy technologies must be able to scale-up

and also remain competitive relative to their fossil fuel counterparts.

The earth receives in an hour enough energy from the sun to meet global demand
for a year, about 1.0 x 10° TWh/year. This suggests that emerging technologies that are
developed based on the photo-conversion of sunlight directly into electricity, at low-cost,
are an attractive long-term strategy that promises a sustainable energy future; ergo,
organic photovoltaics (OPVs). With the current PV market dominated by inorganic PV
technologies (Si, GaAs, CdTe, CdS, etc.),5 which require the mining of rare earth
elements and energy intensive fabrication processes at higher costs, OPVs look more
promising for cost-effective energy production. This is due to the fact that organic
materials can be processed at lower temperatures or from solution, making them
compatible with low-cost substrates such as flexible plastics or metal foils, and can also
be deposited via high-throughput roll-to-roll production processes. Furthermore, through
chemical synthetic routes and molecular design, organic materials provide a limitless
availability of environmentally safe materials. However, with low device efficiency and
operating lifetimes plaguing OPV technologies, considerable improvements in efficiency
and shelf life are certainly required before commercialization. To this end, much
fundamental research into device physics and operation mechanisms is required to allow

for the burgeoning field of OPVs to be truly economically viable and competitive for



large-scale energy production. The intention of the work presented here is to contribute
to fundamental research in the OPV field in order to further understand the structure-
property-performance relationship in OPV devices, in this way, assisting in the design of

the next generation of high performance and reliable polymeric materials.

1.2 Dissertation Outline

This dissertation is organized as follows: the remainder of chapter 1 is devoted to
introducing organic semiconductor materials, specifically m-conjugated polymers along
with the physics of optoelectronic processes accompanying OPV device operation.
Chapter 2 introduces a novel processing procedure for polymer-based PV devices using
supercritical carbon dioxide. This was the first time an environmentally friendly solvent
was utilized for OPV device processing; typically volatile organic solvents are used. In
Chapter 3 we report on our results of utilizing an all-conjugated gradient copolymer as
the primary donor material for morphology control and device stability in polymer solar
cells. In Chapter 4 we present a proof of concept in developing and extending the
capabilities of kelvin probe force microscopy, a scanning probe microscopy technique
used for conducting and semiconducting materials, to study phase separation in insulating

polymers. We finally end with conclusions and outlook for this work in Chapter 5.

1.3  Organic Semiconductors

Organic semiconductors are a class of carbon-rich compounds that have garnered
intense interest worldwide as promising for low-cost manufacturing, lightweight and
flexible form factors for innovative developments in lighting, photovoltaic and electronic

devices. There are two primary categories of organic semiconductors: small molecular



semiconductors and m-conjugated polymers. This work focuses on conjugated polymer-
based devices. The semiconducting properties of conjugated polymers emanate from the
sp’-hybridization of carbon atoms, leading to an alternating single and double bond
structure. Neighboring pz-orbitals of each sp*-hybridized carbon atom overlap and form
n-bonds resulting in the delocalization of n-electrons over the polymer backbone, and the
formation of a band-like structure. Since the electrons are delocalized, they can move
freely between atoms and do not belong to a single atom, but rather to a group of atoms.®
The highest occupied molecular orbital (HOMO), and lowest unoccupied molecular
orbital (LUMO) are hence analogous to the valence and conduction bands in inorganic
semiconductors. The distance along the backbone, over which the pz-orbitals overlap
between polymer chains and electrons are delocalized, is known as the conjugation
length. These m-bonds are thus the source of charge transport in conjugated polymers

giving rise to their characteristic semiconducting properties.’

Double bond mw-bond - Allows the easier

delocalisation of electrons Single bond
Carbon atoms \ / = \/
N
| [~ |
® ,@ \ ® ®  ® / @
&/

Hydrogen atoms \
G-bond Ensures the xlrem th of the chain

Figure 1.1 A simplified schematic of a m-conjugated polymer backbone: a chain
containing alternating single and double bond, from Ref ®.

An important distinction to inorganic semiconductors is the fact that organic
semiconductors have lower charge-carrier mobilities due to weaker electronic coupling

and a thermally-activated hopping mechanism for transport,” however, they possess much
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higher absorption coefficients (> 10° cm™) resulting in high absorption in thin films on
the order of 100 nm. Furthermore, organic semiconductors possess very low dielectric
constants (typically between 2 - 4). So that photo-excitation in organic semiconductor
materials at room temperature generally results in the formation of bound electron-hole
pairs known as excitons, rather than free charge carriers as in inorganic semiconductors.
Excitons, when generated, can typically diffuse randomly through organic
materials on a length scale of 5 - 20 nm before they either decay to the ground state or
recombine;'® this is known as the exciton diffusion length (Lp). When an exciton is
formed, the hole would reside in the HOMO while the electron is in the LUMO of one
molecule. In order for free carriers to be generated the excitons have to be dissociated and

separated within their lifetime.

1.4 Polymer OPV Working Principle

Effective charge photogeneration in organic solar cells therefore requires the
dissociation of excitons at a heterojunction or donor/acceptor interface,'' consisting of
two dissimilar organic materials with HOMO and LUMO levels offset in a staggered
fashion, as in Figure 1.2, creating an energy offset necessary to trigger exciton
dissociation. Typically, the conjugated polymer serves as the donor (D) material while

the fullerene derivative as the acceptor (A).



Donor (D) Acceptor (A)

Figure 1.2 Energy diagram of an organic heterojunction showing the charge
photogeneration process, from exciton generation (1) to charge collection (4) at the
electrodes. Electrons (-) are colored yellow and holes (+) are green.

In a typical polymer solar cell device the photoactive layer, responsible for light
absorption and charge generation, consists of a blend of a donor polymer, which
transports holes, and fullerene acceptor, which transports electrons. The cathode collects
electrons and the anode collects holes. There are also buffer layers between the
photoactive layer and each electrode responsible for work function modification and
efficient charge collection. The step-by-step process of photocurrent generation
illustrated in Figure 1.2 is as follows: (1). An absorbed photon creates an exciton (2).
Exciton diffuses randomly with a probability of finding a D/A interface (3). Exciton
dissociation and charge transfer may occur creating free carriers (4). Carrier transport to
respective electrodes. The performance of photovoltaic devices is characterized by the
current density-voltage behavior, shown in Figure 1.3. The performance indicators are the

short circuit current density (Jsc) which is current density at no applied bias, the open



circuit voltage (Voc) which is the external bias applied to completely reduce the current
to zero, the fill factor (#F) which defines the quality of the photovoltaic device relates to
the Jsc, Voc, and overall power conversion efficiency (PCE) where PCE = (Js¢ Voc

FF)/P;,, and P;, is the incident power density.
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Figure 1.3 A representative current density-voltage (J-V) curve of a polymer solar cell

device under dark (black) and light (red) conditions. Performance indicators as described
in the text are shown in the diagram.

As discussed earlier, organic materials have relatively short Lp (5 - 20 nm) but
can absorb in thickness range of 100 nm. This mismatch in length-scales limits the
thicknesses and dimension requirements of OPVs. However, this bottleneck has been
overcame by the utilization of bulk heterojunction (BHJ) thin films consisting of a

interpenetrating network of D and A materials'>'

3 processed from a blend solution and
cast via spin coating or other thin film deposition techniques. In this instance, The D/A

interfacial area (4iny) is maximized and distributed throughout the bulk volume of the

composite film enabling efficient exciton dissociation and charge generation. During



device operation an exciton upon reaching the D/A interface, transfers the electron to the
acceptor while the hole resides in the donor material, charges are then transported to their
respective electrodes via a percolated phase-separated network on the order of Lp, in the
presence of the internal electric field resulting from the difference in work function of the
anode and cathode. Consequently, controlling the purity, length-scales of the D and A
phases, together with the spatial organizational structure and hence the morphology of
polymer BHIJ solar cells is critical for efficient charge generation and transport and

ultimately enhanced device performance.

1.5 Active Layer Morphology Control

Recently, there have been many advances in the optimization of the morphology
of BHJ polymer-fullerene solar cells by utilizing thermal annealing, solvent-vapor
annealing and solvent additive protocols in order to achieve phase-separated structures

. . 14-16
and improve device performance.

Typically, solvent cast samples from polymer-
fullerene blends are composed of crystalline regions of the polymer, fullerene aggregates
and large amorphous polymer regions with molecularly dissolved fullerene.'” Thermal
treatment by placing the thin film deposited onto a transparent conducting substrate, such
as indium tin oxide (ITO), onto a hot plate at a designated temperature changes the
macro- and nanoscale morphology. Because the fullerene and polymer are usually
miscible, the macroscopic morphology is determined by a competition between the

1% During thermal

diffusion of fullerene and the rate of crystallization of the polymer.
annealing, the fraction of the polymer amorphous regions decreases; additionally the

extent of phase separation between the polymer and fullerene components increases and

the polymer phase increases in purity and crystallinity.'”'® The device PCEs are known to



improve after heating for a specific interval at a specified temperature, typically 150 °C.
Beyond this time interval, the fullerene phase is known to increase appreciably in size,
thereby reducing 4;,,, leading to decreased PCEs. Clearly, the optimal morphology is not
a true thermodynamic equilibrium morphology. The ideal morphology for efficient
device performance is therefore one associated with optimal phase separation, that would
maximize A;,;, while maintaining D and A domains, with optimal sizes on the order of
Lp, high phase purity and crystallinity, that provide pathways to the electrodes.'”*’ This

is the driving force for work presented in this dissertation.

1.6 Experimental Techniques

Various thin film characterization methods were used to probe both structural and
electrical properties of the systems investigated. Device fabrication, testing, carrier
dynamics, UV-visible absorption and atomic force microscopy measurements were done
in-house in our laboratory. External quantum efficiency measurements were performed in
Prof. Max Shtein’s laboratory, energy filtered transmission electron microscopy was done
in EMAL while Grazing incidence X-ray diffraction (GIXRD) was performed at Cornell

University by our collaborators at Princeton University.



CHAPTER 2:

An Alternative Processing Strategy for Organic
Photovoltaic Devices Using a Supercritical Fluid

Reprinted with permission from:
J. A. Amonoo, E. Glynos, X.C. Chen, P.F. Green,
J. Phys. Chem. C 2012, 116, 20708—20716 Copyright © 2012 The American Chemical

Society.

2.1 Introduction

The design and fabrication of efficient solar cells depends on maximizing the
absorption of solar energy and minimizing parasitic losses throughout the conversion

process that leads to free carriers harvested at the electrodes.”**

In polymeric solar cells
based on the donor/acceptor (D/A) blend, bulk-heterojunction (BHJ) concept, the spatial
organizational structure, length-scales and purity of the D-rich and A-rich phases, and the
D/A interfacial regions, play a significant role toward dictating the power conversion
efficiency (PCE) of the cells.*'™ The interfacial area between the D/A phases, Aing,
should be maximized, while the domain sizes should be optimized.***’ Excitons, formed

due to the absorption of light should be in proximity of a D/A interface, to which they

may migrate, with minimal recombination, for subsequent separation into free carriers.”®
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The dimensions and structure (purity/crystallinity) of the D and A-phases, influence
transport and bimolecular recombination of free carriers. Bimolecular recombination is
known to be significant in highly phase mixed systems and therefore reduces the Jsc.”®
The power conversion efficiency (PCE): PCE (%) = Jsc Voc FF/Pi,, where Pi, is the
incident power density, and FF is the fill factor of the device. The open circuit, Vo, is to
first order, determined by the HOMO level of the donor to the LUMO level of the
acceptor; it is mediated by energetic disorder in the system.””?® The PCE is clearly
influenced by the macro-scale and nanoscale morphology of the D/A blend.

OPV devices using poly(3-hexylthiophene) (P3HT) as the donor and phenyl-Cg;-
butyric acid methyl ester (PCs;BM) as the acceptor, have by far received the most
attention than any other polymer based system.”' In this regard, the P3HT/PCs BM
system is considered a benchmark. Efficient device performance is associated with
optimal phase separation, that would maximize A;,;, while maintaining domains, with
optimal sizes, purity and crystallinity, providing pathways to the electrodes.'”* The best
improvements in efficiencies have been achieved by using solvent additives prior to
casting and subsequent thermal annealing.'®**”> Notably, Moule and Meerholz
demonstrated that devices with active materials prepared using a mixed,
nitrobenzene/chlorobenzene, solvent, exhibited the best perfon‘nances.3 3

Herein we show that OPV devices made using P3HT/PC¢BM and processed
using supercritical carbon dioxide (scCO,) exhibit comparable, and in some cases better,
PCEs than devices prepared using the conventional thermal annealing protocols. ScCO,
is a non-toxic compressible solvent with a critical point close to room temperature (7¢=

31.1 °C and Pc= 7.38 MPa). The quality of the solvent is readily varied by changing
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pressure, P, and temperature, T, in the range 35 - 70 °C. Energy-filtered transmission
electron microscopy (EFTEM) studies reveal that the scCO; processed devices possess
similar macro- and nanoscale morphologies to those processed using the high
temperature annealing protocol. The scCO, devices that exhibit better Jscs and PCEs
possessed P3HT and PCs;BM phases that are comparable to those produced using the
high temperature thermal annealing protocol and purer than the as-cast device, with a
higher local degree of order/packing. We also learned from the photoconductive AFM
measurements that only a fraction of the entire cross sectional area of a device was
photoactive; the devices that exhibited the highest Jscs and PCEs possessed largest

photoactive areas.

2.2 Experimental Section

Materials. We examined conventional BHJ devices made from 1:1 by weight
blends of P3HT (~ 95% RR, Rieke Metals, Inc., Lincoln, NE) and PCs;BM (99.5% pure,
American Dye Source Inc, Quebec, Canada). Pre-patterned ITO-coated glass substrates
(Delta Technologies Ltd., Stillwater, MN) were cleaned by ultrasonication in acetone and
isopropyl alcohol at 40 °C for 20 min each, immediately followed by UV ozone treatment
(Jelight Company Inc, model 342) for another 10 min. A poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) (H.C. Starck Clevios
PH500) layer was spin-coated onto the cleaned substrate and then baked at 120 °C for 20
min under nitrogen purge on a hot plate, yielding a 60 nm thick PEDOT:PSS layer.

Experimental Procedure. The active layer was then prepared as follows. 10 mg

P3HT and 10 mg PCs;BM were dissolved in 1 ml of chlorobenzene and stirred for ~ 24

hrs in a nitrogen glove box. The blend solution was then filtered using 0.45 um Teflon
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Millipore filter before adding 7 vol% of nitrobenzene and the final solution stirred for ~ 5
min before spin-coating. This particular concentration was chosen to ensure 100%
formation of aggregated nanodomains of pure P3HT.> The active layer was spin-coated
from the final solution at 1000 rpm for 30 seconds and additionally spun at 3000 rpm for
2 min to further dry the solvent completely to give a final active layer thickness of 120 +
15 nm.

The samples were then annealed for 5 minutes at 150 °C, which was found to be
the time to produce optimal morphologies with the highest PCEs and Jsc. A separate
series of samples were also produced following the same procedure and processed in
scCOa,, instead of high temperatures in order to a achieve phase separated morphologies.
The samples were loaded into a stainless steel cell, which had been purged twice using
CO; (Cryogenic gases, purity 99.98%) before commencing the annealing procedure. The
cell, containing the samples, was then immersed in a water bath and heated to the desired
temperature, which was controlled by a PID temperature controller. CO, was then
charged to the cell using a manual pressure generator (High-Pressure Equipment Co.),
with the pressure being monitored with a strain gauge pressure transducer (Sensotec).
Post annealing, the cell was immersed in an ice bath during slow depressurization of ~
1.59 MPa/min. We note from experiments in our laboratory that scCO, solvent swells
and plasticizes P3HT; the effect can be varied based on T and P. Such effects on
PC¢ MB, are minimal and hardly evident.

Device fabrication was then finalized by depositing the top electrode consisting of
a 100 nm Al layer on 1 nm thick LiF through a shadow mask under 4 x 107 Torr in an

Angstrom Engineering PVD system. Devices were then characterized under ambient
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conditions, using an Oriel solar simulator with illumination intensity of 100 mW/cm?,
AM 1.5G, together with a Hewlett Packard Semiconductor Parameter Analyzer.

The morphology of the fabricated devices was examined using energy-filtered
transmission electron microscopy (EFTEM) in a JEOL 2100F TEM, equipped with a
Gatan #863 Tridiem imaging filter (GIF), operated at an acceleration voltage of 200 kV.
The active layer of the devices were floated from deionized water and picked up onto
copper grids (Ted Pella, Inc.) prior to TEM. Electron energy loss spectroscopy (EELS)
was also performed on neat P3HT and PC¢BM thin films. EFTEM spectral images were
collected using an energy slit width of 8 eV and a step width of 0.8 eV, from -5 eV to 40
eV, covering the zero loss regime and plasmon loss regime on the energy loss spectra.

Conductive- and photoconductive-AFM measurements were performed under
ambient conditions using Asylum Research MFP-3D. A Pt/Ir5 coated contact-mode AFM
probe (NanoWorld, CONTPt, spring constant 0.2 N/m) was used as the top contact for all
measurements, tracking topography and current measurement simultaneously. A 532 nm
diffraction limited laser was used to illuminate the sample for photocurrent
measurements. The illumination intensity was on the order of 10* W/m? for all samples.
Finally, ultraviolet-visible (uv-vis) absorption spectroscopy and XRD measurements
were performed using a Varian 50Bio UV-Visible Spectrophotometer and a Rigaku
MiniFlex X-Ray Diffractometer to gain additional insight into the structure of these

samples.

2.3 Results and Discussion

The current—voltage characteristics of the P3HT/PCqsBM devices processed under

different conditions are plotted in Figure 2.1. While the Voc values of all devices are
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comparable, the as-cast device exhibited the lowest Jsc and the lowest PCEs, as expected.
We note that in laboratories around the world, devices with active materials composed of
nominally the same components exhibit PCEs that vary appreciably, for many reasons:
device architecture, electrodes and buffer layer materials, and batch to batch variations in
polymer synthesized from the same source or different sources, polymer molecular
weight, chain tacticity etc.’’ However, for a given P3HT/PCs;BM system, involving
identical materials, from the same batch, and identical device fabrication procedures, the
best efficiencies are achieved by a solution-processing step, followed by annealing at

elevated temperatures, for a specific time interval.
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Figure 2.1 Current density-voltage curves of P3HT/PCsBM blend prepared from

chlorobenzene with 7 vol% nitrobenzene, for as-cast, thermal annealed at 150 °C, 5 min,
and scCO;-processed at different temperatures and pressures for varying times

A summary of device characteristics is provided in Table 2-1. These values were

not corrected for spectral mismatch. Devices annealed at T = 50 °C and a pressure of P =
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10.34 MPa, for 45 minutes, exhibited the best results. While the series resistance, R;, and
Voc of all devices were comparable, regardless of the processing method, the Jsc is
highest for the devices processed using this particular scCO, protocol. The performances
of the optimized scCO, processed devices for a particular temperature, pressure and
annealing time were consistently better than the as-cast devices, thereby demonstrating

the effectiveness of scCO2 annealing toward enhancing device performance.

PCE (%) | Jsc mA/em?®) | Voc (V) FF (%) Ry, (Qcm?) | R, (Qcm?)
As-cast 1.7£0.1 [52+0.1 0.56+0 60.0+1.5 |474 22
150°C, 5min | 2.6+0.3 |8.0+0.2 0.59+0 59.0+2.0 |418 2.4
50 °C, 10.34 [ 29402 [93+0.6 0.54£0.01 |56.0+2.0 |356 2.7
MPa, 45 min

Table 2-1 Device performance indicators of P3HT/PC61BM blend prepared from
chlorobenzene with 7 vol% nitrobenzene, for as-cast, thermal annealed at 150 °C, 5 min,
and scCO2 processed at 50 °C, pressure of 10.34 MPa for 45 min.

Device performance indicators of P3HT/PCsBM blend prepared from
chlorobenzene with 7 vol% nitrobenzene, for as-cast, thermal annealed at 150 °C, 5 min,
and scCO; processed at 50 °C, pressure of 10.34 MPa, for 45 minutes.

Further details regarding the role of scCO, processing on device performance are
provided in Figure 2.2, where it is shown that changes in temperature and pressure are
associated with changes in device performance. The data in Figure 2.2(a) illustrate the
effect of pressure and annealing time on the PCE of the devices at T=50 °C, while those
data in Figure 2.2(b) illustrate the effect of temperature at P=10.34 MPa and different
annealing times. It is clear that an optimal processing time is required to achieve the best
characteristics; device performances diminish after sufficiently long processing times.

Experiments were performed at other temperatures and scCO, pressures for

different times; the information in Figure 2.3 shows the density-pressure phase diagram
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for CO,. The red symbols identify the pressures and temperatures at which devices where
annealed for varying times with the corresponding density (solvating power) of scCO;
and near-critical CO, at these conditions. While these other conditions did not yield

optimal performances, their performances were better than the as-cast samples.
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Figure 2.2 (a) Effect of pressure and (b) Effect of temperature and annealing time on PCE
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Figure 2.3 The density-pressure phase diagram for CO,, the red stars indicate
pressure/temperature annealing conditions investigated. Data provided by E. W.
Lemmon, M. O. McLinden, D. G. Friend, Thermophysical Properties of Fluid Systems in
NIST Chemistry WebBook, NIST Standard Reference Database Number 69 (Eds: P. J.
Linstrom, W. G. Mallard)
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We now discuss the morphological structure of the samples in order to understand
the role of the supercritical solvent. Numerous studies have been devoted to
understanding the morphological features of the P3HT/PCs;BM system, the role of
annealing temperature on the structure and the correlation between device performance
and morphology.’®* Solvent cast samples are composed of crystalline regions of P3HT,
PCs:BM aggregates and large amorphous regions in which PCqBM molecules are
dissolved within the amorphous P3HT regions.'” The requirement for domains to be of a
critical size is important; when the PCs;BM phase is too small, particularly if its
molecularly dissolved in P3HT, the number of charge transfer (CT) complex (polaron
pairs) is high, but the bimolecular recombination rate is very high, leading to a lower
Joe to

Heating the structure above 100°C changes the macro- and nano-scale
morphology. Because PCs;BM and P3HT are miscible the macroscopic morphology is
determined by a competition between the diffusion of PCsBM and the rate of

crystallization of P3HT. '"'®

During thermal annealing of a sample cast from a freshly
made solution, the fraction of the P3HT amorphous regions decreases; additionally the
extent of phase separation between the P3HT and PCs;BM components increases and the
P3HT phases increase in purity and crystallinity.'”'® The P3HT domain sizes increase
primarily along the a-direction (alkyl-stacking). The device PCEs are known to be
maximized after heating for a specific interval at a specified temperature. Beyond this

time interval, the PCs;BM phase is known to increase appreciably in size, thereby

reducing A4,y leading to decreased PCEs. Notably the same trends are exhibited by the
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scCO;-processed samples. Clearly the optimal morphology for energy conversion is not
a true thermodynamic equilibrium morphology.

Energy-filtered TEM is a powerful technique for gaining insight into the extent of
phase separation and purity of the phases in polythiophene/fullerene blends.**** The
electron energy loss spectra (EELS) of neat P3HT and PC4;BM thin films are shown in
Figure 2.4. The plasmon peak of neat P3HT occurs at approximately 23.4 eV, whereas
that of neat PCs;BM occurs at 26.0 eV. The shaded grey (19.4 + 4 eV) and red (31.4 = 4
eV) energy windows on the EELS spectra indicate the regions of strong inelastic

scattering from P3HT and PCs;BM component in the blend, respectively.

— P3HT ||
-~ - PCBM

Intensity (a.u.)

Energy Loss (eV)

Figure 2.4 EELS spectra of neat P3HT, black line, and neat PC¢BM, red dashed line, for
h=120 nm thick films are shown here. The red (to the right) and grey energy windows
represent the energy loss regions where inelastic scattering is more intense from PCs;BM
and P3HT, respectively.

By selecting the corresponding energy window, the local elemental composition

can be mapped due to significant differences in sulfur and carbon concentration between
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P3HT and PCs BM respectively. Figure 2.5(a) — (c¢) shows the PCs;BM maps in the
bottom row of the EFTEM spectral images, the energy window has been selected so the
PC¢BM component appears bright and the P3HT component would appear dark. The
image intensity is proportional to the concentration of each component; bright regions
correspond to PCs;BM-rich while dark regions correspond to P3HT-rich domains. In the
top row, the bright regions correspond to P3HT. We note that a certain degree of phase
separation already occurred in the as-cast film consistent with the addition of

nitrobenzene; see Figure 2.5(a).

thermal

Figure 2.5 Energy filtered transmission electron microscopy (EFTEM) images
P3HT:PCs;BM spin cast from a 7 vol% nitrobenzene : chlorobenzene solution. In the top
row, the energy window is selected so that PCs;BM component is dark, and P3HT
component is bright. (a), as-cast, (b), thermally annealed at 150 °C for 5 min, and (c)
annealed in scCO; at 50 °C 10.34 MPa for 45 min. Shown in the bottom are the
corresponding images where the P3HT regions appear dark and the PCs;BM regions
appear bright.
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Thermal annealing enhanced phase separation, as shown in Figure 2.5(b) (top
row); the P3HT-rich domains appear to be brighter than the as-cast sample. Annealing in
scCO; at 50 °C, 10.34 MPa, for 45 minutes promoted further phase separation between
P3HT and PC¢BM components, in Figure 2.5(c), also showing brighter P3HT-rich
domains (top row) compared to the as-cast, but with similar nanoscale morphology to the
thermal annealed. We note that the contrast window and level of all the images were the
same.

We now provide quantitative information about the differences between the
structures of the as-cast, the conventional high temperature processed, and the scCO;
processed samples. While the optimal morphology for processing is not the true
thermodynamic equilibrium P3HT/PCs;BM morphology, it is a phase-separated structure
of local regions of pure crystalline P3HT, pure PCs;BM aggregates with amorphous
phase-mixed P3HT/PC¢;BM regions.'”'® The dimensions of the phases and molecular
ordering may be reasonably optimized via controlling the phase separation kinetics that
occurs upon heating at elevated temperatures, after the solvent-casting process.

Using EFTEM, we further examined the local phase purity of both P3HT-rich and
PC¢ BM-rich domains for each film. The plasmon peak positions of these regions
averaged over 6 spectral images, chosen from random regions, for each sample are
plotted in Figure 2.6. The dashed line indicates the plasmon peak of the 1:1
P3HT:PCs;BM blend film on the EELS spectrum; see the spectral image in Figure 2.4,
which is located between that of neat P3HT and neat PCs;BM, approximately at an

energy of 24.6 eV. Clearly, the local plasmon peak positions deviate from the overall
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average 24.6eV, implying that the local composition deviates from 1:1, as phase

separation occurs between P3HT and PCy;BM.
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Figure 2.6 Plasmon peak positions of P3HT and PCs;BM rich regions averaged over 6
EFTEM images of P3HT/PCsBM spin-coated from chlorobenzene with 7 vol%
nitrobenzene. Square represents as-cast; circle, thermally annealed at 150 °C for 5 min,
and triangle, annealed in scCO; at 50 °C, 10.34 MPa for 45 min.

The proximity of the plasmon peak position to the energy 24.6 eV is a measure of
the degree of purity. As expected, the data indicate that the as-cast sample has the least
phase separation; both P3HT-rich and PCs;BM-rich domains are close to the plasmon
peak of the 1:1 blend. After thermal annealing, the phase separation between P3HT and
PC¢BM increased, as an average P3HT-rich domain peaked at 23.8 eV and PC4s;BM-rich
domain peaked at 25.4 eV, both deviated 0.8 eV from the overall average peak position.
Samples processed using scCO, at 50 °C, 10.34 MPa for 45 min, exhibited the largest
differences between the purities of the P3HT and PCs;BM phases, without changes in
domain size. The P3HT-rich domains exhibited an average plasmon peak at 23.6 eV and

PC¢BM-rich domains at 25.6 eV, both 1 eV away from the overall average 24.6 eV.
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These observations, associated with enhanced purity, are corroborated by uv-vis
measurements of the samples. Figure 2.7 shows the normalized uv-vis absorption spectra
illustrating the vibronic absorption peak and shoulders associated with P3HT m - x*
transition, indicated by the green arrows. The intensity of the shoulder at 610 nm is more
pronounced for the scCO,-annealed sample at 50 °C, 10.34 MPa for 45 min signifying a
stronger inter-chain interaction and a higher degree of ordering and packing of P3HT

polymer chains.'**
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Figure 2.7 Uv-vis absorption normalized to the maxima of the spectra for P3HT/PCs;BM

blend prepared from chlorobenzene with 7vol% nitrobenzene, as-cast, thermal annealed
at 150 °C, 5 min, and scCO, annealed at 50 °C, 10.34 MPa, 45 min.

These data clearly indicate the effectiveness of scCO; in enhancing phase purity,
locally, compared to the as-cast samples. The data otherwise suggest that the phase purity
of the thermal annealed and the scCO; annealed are comparable. It would be useful to
begin with a discussion of well-known effects of scCO, on the morphology of polymers.
Liquid and scCO; have emerged as environmentally benign alternatives to toxic organic

solvents in polymer synthesis and processing such as foaming, plasticizing and
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impregnation.

The sorption of CO, by polymers influenced by CO;-polymer
interactions has been shown to result in the swelling of soft penetrable surfaces leading to
a plasticization effect, thereby increasing the free volume and chain mobility, which may
promote significant registry of polymer chain orientations, facilitating mass transfer of

#731 Fyrthermore, the viscosity and

solutes either into or out of the polymer phase.
diffusivity of scCO; relating to its density-dependent solvating power can be regulated
with fine changes to pressure and/or temperature, making it appealing for controlling and
fine-tuning the morphology of polymer thin films. Other studies have demonstrated the
enhancement of polymer crystallization in the presence of scCO; and have also shown
how the phase behavior of polymer-polymer mixtures is influenced by CO,.>>*° This is
one of the primary reasons we have used this solvent for our study.

Having shown that, on average, the phases are comparable and the chain stacking
is improved for the scCO, annealed sample at 50 °C, 10.34 MPa for 45 min compared to
thermally annealed at 150 °C for 5 min, it is instructive to make a closer assessment of
the local structure and nanoscale photoconductivity. Solvent-cast polymer based systems
that undergo phase separation from the solvent generally lead to the formation of thin
films with rough surfaces due to the phase formation process involving species with very
different interfacial energies, attempting to form pure phases.'*’’ Here the composition
varies locally in different locations throughout the sample, depending on the local film
thickness. Analysis of the AFM data shows that the topography is composed of local
maxima and minima; these data together with friction and phase contrast measurements
indicate variations in local composition. The peak locations in the sample denote regions

of high PCs;BM concentration, based on AFM friction and phase contrast measurements.
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The contrast in the friction is consistent with the relative differences between the average
local compositions. The modulus and stiffness of PCs;BM is higher than P3HT; the
stiffness in the region of the peak locations posses higher stiffness indicating PCs;BM
aggregates. Note if the films are annealed for very long times, many hours, the PCs;BM

aggregates are visible optically.

= dark current

Height (nm)
Dark Current (pA)

Lateral Position (um)

Figure 2.8 (a) Topographic map, (b) Friction map and (c) Corresponding dark current
map for a bias of 1.2 V acquired for the P3HT/PC¢BM blend cast from chlorobenzene
with 7 vol% nitrobenzene and annealed at 50 °C and 10.34 MPa for 45min. (d) A dual
cross section of the AFM images reveals variations in height (black line, left y-scale) and
dark current (red line, right y-scale) along the same line in the topography and dark
current images (blue line). AFM images are 5 um x 1.2 pm.

In order to understand the role of the local composition of these regions we

employed conductive AFM measurement using a Pt/Ir5 conductive cantilever. Due to the
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high work function of both the ITO/PEDOT:PSS bottom electrode and Pt/Ir5 tip we
expect a high energy barrier for electrons and ohmic contact for hole injection and thus
measure the hole current and map the hole conduction network as already demonstrated

>%39 Figure 2.8 shows topography, friction

by Ginger and co-workers and other groups.
and dark current maps and the cross section of a line scan for the scCO, optimized sample
annealed at 50 °C, 10.34 MPa for 45 min. These data, at first glance suggest that the
currents are associated with the topography of the sample. However this is misleading.
We emphasize here that the small hole currents are measured in regions containing
PCs:BM aggregates. We note that for long annealing times, the aggregates increase in
size, becoming visible optically, and the device performance is poor, due to the formation
of a non-optimal composition. On the other hand, largest hole currents are associated
with the donor P3HT-rich regions of the sample.

More importantly, we measured the local photocurrent at 0 V bias using pcAFM
where a 532 nm laser was used to illuminate the sample at an intensity of ~10* W/m®,
Figure 2.9(c) shows the cross-section of a line scan for the sample annealed at 50 °C,
10.34 MPa for 45 min. It is clear the P3HT-rich ‘valleys’ correspond to regions of higher
photocurrent. The regions of PCs;BM aggregates exhibited low photocurrent. It has been

shown that this is to be expected due to a significant amount of recombination of carriers

and the fact that the P3HT phases are mixed with PC¢;BM at such compositions.*
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Figure 2.9 AFM topographic and photoconductivity image of the film processed at T=50
°C and P=10.34 MPa for 45min. (a) Topography, (b) Corresponding photocurrent map
and (c) A dual cross section indicating variations in height (black line, left y-scale) and
photocurrent (blue line, right y-scale) along the line drawn in part (a) and part (b) of the
sample. AFM images are 5 pm x 1.2 um.

The AFM photocurrent maps provide some insight into the differences between
the macroscopic performance of the devices, processed using different strategies. The
images in Figure 2.10 reveal that the sample processed at 50 °C, 10.34 MPa, for 45 min
using scCO; possessed a larger area of regions that exhibited photoconductivity. This
observation may be quantified by integrating over the areas that exhibited photocurrents
to obtain a current density. With regard to the scCO;-annealed sample that exhibited the

best efficiency, this was 10.27 nA/um?; it was 3.77 nA/um” for the as-cast sample and

5.94 nA/um” for the thermal annealed sample. In the case of one other scCO,-processed
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sample that exhibited a lower PCE and Jic, the value was 4.27 nA/um®. This can be
further quantified in terms of percent (%) of active area, which is 35% for as-cast, 32%

for the thermal annealed and 79% for the optimized scCO, annealed sample.
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Figure 2.10 Photocurrent maps of (a) as-cast, (b) thermal annealed, 150 °C, 5 min and (c)
scCO; annealed at 50 °C, 6.21 MPa, 45 min and (d) scCO, annealed at 50 °C, 10.34 MPa,
45 min. AFM images are 5 um x 1.2 um.

It is evident from these studies that the main effect of the supercritical solvent is
to improve the local phase purity, and hence intermolecular interactions and local

crystallinity. Processing has the effect of improving the efficiency of a larger fraction of
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active regions of the sample, as manifested by the pcAFM studies (Figure 2.10), and
quantified in Figure 2.11.
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Figure 2.11 Histograms of photocurrent maps of samples thermal annealed, 150 °C, 5 min
and scCO; annealed at 50 °C, 10.34 MPa, 45 min.

Since, to first order, the V¢, determined by the difference between HOMO level
of the donor and LUMO level of the acceptor, and the FFs, are comparable for all the
processed samples, then the change in the PCE of the device is largely dictated primarily
by changes in the Jsc. The reduction in the extent of phase mixing of an as-cast, phase
mixed, sample has a number of effects on the device performance. It increases the
effective D/A area, 4;,; which enables a larger number of excitons to reach the D/A
interface with a reduction in geminate recombination. The efficiency of the production of

61,62

free carriers at the D/A interface, is sensitive to the interfacial structure. Processing

leads to sharper interfaces, necessarily associated with increased phase separation, and
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increased order. However, continued processing leads to a reduction in A4;,r and a
reduction, necessarily, in the number of pathways that lead to the electrodes; this leads to
a reduction in Jsc. Note that the PCBM-rich regions (randomly located throughout the
film), which increase in size, are responsible for the reduction in A4;,y, thereby reducing
the active device areas, as shown from the pcAFM data. This is responsible for an
overall reduction in Jsc. Clearly, the local efficiencies of regions throughout the sample
are reduced because the local compositions are not optimal. One primary advantage of
scCO; is that it has a mild effect on the structure of the sample, making it possible to
achieve greater control over the nanoscale structure by varying the temperature and

pressure compared to the aggressive high temperature process.

2.4 Conclusions

We proposed an alternative protocol using a supercritical fluid, scCO,, to
fabricate bulk heterojunction photovoltaic devices. By controlling the pressure,
temperature and density of the supercritical fluid, the performance of a P3HT/PCs;BM
solar cell, Jscs and PCEs, was comparable to and in some cases better than devices
processed using the conventional high temperature thermal annealing protocol. In devices
that yielded the best PCEs and Jscs, energy-filtered TEM uv-vis measurements studies
reveal that the phase purities of P3HT-rich and PCgBM-rich domains are highest
compared to as-cast and comparable to thermally annealed blends. A larger fraction of
regions that exhibit photoconductivity was associated with improved device efficiency.
The lowest active device areas, and most phase mixed regions, were exhibited by the as-
cast samples. Our work points out that low temperature scCO, annealing can be used as

a general strategy to promote optimal phase separation, and purity, between the donor
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and acceptor of polymer bulk heterojunction solar cells. It is a mildly plasticizing solvent,
which has a preferential affinity for one component and furthermore promotes nanoscale,
not macro-scale, phase separation, necessary to improve the device efficiency compared
to the higher temperature thermal annealing where active components start to degrade

after a rather short time.
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CHAPTER 3:

An All-Conjugated Gradient Copolymer Approach for
Morphological Control of Polymer Solar Cells

J.A. Amonoo, A. Li, G. E. Purdum, M. E. Sykes, B. Huang, E. F. Palermo, A. J. McNeil,
M. Shtein, Y-L. Loo and P. F. Green J. Mater. Chem. A, 2015, 3, 20174-20184

Reproduced by permission of The Royal Society of Chemistry.

3.1 Introduction

Conjugated polymer:fullerene bulk-heterojunction (BHJ) systems offer a low-cost
avenue to flexible thin-film solar cell technology. The overall device performance is
inextricably linked to the three-dimensional molecular arrangement of the active
materials; nanoscale morphology plays a critical role in the exciton dissociation and
charge transport processes. For a particular blend system, improvement in power
conversion efficiency (PCE) is typically achieved by controlling phase-separation length
scales using post-production protocols (annealing) or high boiling-point solvent

sie 34,63
additives.”™

The optimum nanoscale morphology consists of donor/acceptor (D/A)
domains on the order of the exciton diffusion length (~10 nm), and large interfacial area

in the bulk associated with D/A phases forming percolated networks facilitating charge
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separation and transport.®® This putatively ideal morphology is not the true
thermodynamic equilibrium morphology, but rather a kinetically trapped metastable
structure. Hence, polymer solar cell device performance generally degrades upon
extended processing or aging as the system approaches a more stable, and less favorable,
morphology unless a compatiblizer is introduced to arrest the kinetically trapped

6366 For the extensively studied P3HT:PCBM system, prolonged processing

morphology.
increases the domain size of the fullerene aggregates, leading to a reduction in D/A
interfacial area and ultimately reduces PCE.?’

For this reason, significant research has been geared towards improving the long-
term thermal stability of polymeric solar cells. The active layer microstructure is often
described as a combination of ordered polymer-rich domains, fullerene-rich aggregates
and mixtures of molecularly dispersed fullerene in disordered polymer regions.”® Most of
the efforts to improve thermal stability have focused on suppressing phase separation and
stabilizing polymer/fullerene interfaces in the active layer using photo-crosslinkable

70-72

conjugated polymers,” thermally stable copolymers, copolymer and molecular

65.66,73 - - :
%073 and donor polymers low in regioregularity.’

additives as suitable compatibilizers

Recently, the use of rod-rod m-conjugated copolymers in BHJ polymeric solar
cells as either the primary donor material or additives serving as nanostructuring agents
has garnered significant interest as an effective method to control nanoscale morphology,

2,75,76
727576 However, none of these

promote phase separation, and improve thermal stability.
has included the use of fully m-conjugated gradient sequence copolymers as the main

donor species. Besides their inherent ability to self-assemble into well-defined

nanostructures, copolymers offer the additional advantage of fine-tuning physicochemical
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properties through advanced synthetic chemistry of the constituent molecules, thus
providing opportunities for further improvement. While methods for synthesizing coil-

coil gradient copolymers with precise composition profiles have existed,”””®

it is only
recently that nickel-catalyzed “living” chain growth polycondensation techniques have
enabled exquisite control of the copolymer chain architecture and comonomer sequence

79-81

distribution of m-conjugated systems. For example, m-conjugated gradient

copolymers, whose instantaneous composition varies gradually along the polymer chain
(Figure 3.1), are now accessible by these emerging methods.*' ™

Gradient copolymers exhibit a unique set of physical and morphological
properties generally intermediary between that of the block copolymer (Figure 3.1),
which possesses a step change in composition, and the random copolymer, which
possesses a uniform composition profile along the polymer chain.®®®*” Furthermore,
gradient copolymers have been shown to be effective interfacial modifiers, offering a
larger degree of control over the interfacial profile in polymer blends.*® Gradient
copolymers have numerous uses spanning applications as blend compatibilizers,**’
damping materials,”® and thermoplastic elastomers.”’ Recently, m-conjugated gradient
copolymers containing 3-hexyl selenophene (3HS) and 3-hexyl thiophene (3HT) units
were introduced and it was found that poly(3-hexylselenophene-gradient-3-
hexylthiophene) P(3HS-g-3HT) displayed distinctive physical, optical and thermal
properties compared to the block, poly(3-hexylselenophene-block-3-hexylthiophene)

P(3HS-b-3HT), and random poly(3-hexylselenophene-random-3-hexylthiophene) P(3HS-

r-3HT) analogs.®
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Figure 3.1 Chemical structure of the polymers and copolymers used in this work.

In this study, to gain a deeper understanding into the role of molecular sequence
along the copolymer chain and structure-property-performance relationships of -
conjugated copolymers, we evaluate the nanoscale morphology, thermal stability and
device performance of P(3HS-g-3HT) and P(3HS-b-3HT) as donor materials in
polymer:fullerene photovoltaic systems. From energy-filtered transmission electron
microscopy (EFTEM) measurements, the gradient copolymer device shows a continuous
interconnected fibril network relative to the block architecture, suggesting a larger
interfacial area in the bulk between the polymer and fullerene components. This result is
further corroborated by carrier dynamics measurements using photo-CELIV where we
found that the gradient copolymer device generated the highest initial carrier density.

Furthermore, an accelerated degradation test revealed the gradient copolymer device to
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be the most robust, maintaining the highest optimum performance with prolonged

annealing.

3.2 Results and Discussion

The P(3HS-g-3HT) and P(3HS-b-3HT) copolymers used in this study were
synthesized and characterized using previously published procedures (see supporting
information for details).*” Figure 3.1 shows the chemical structure of the homopolymers
and copolymers with a schematic of the copolymer chain architecture. In the gradient
design, the block-like chain ends are covalently linked by a gradual change in
comonomer composition along the copolymer chain. A physical blend of the two
homopolymers (P3HS:P3HT) in a 1:1 mass ratio was used for comparison to elucidate
the importance of molecular ordering along the polymer chain. The molecular weight
distributions, number-average molecular weights and regioregularity of all polymers used
were nearly identical to isolate the effect of copolymer chain sequence, see Table 3-1
Summary of chemical information. For the copolymers, molar compositions of the
comonomers were approximately 1:1. Devices were fabricated in the inverted device

architecture for stability under ambient conditions.”

Polymer Mn (kDa) b % Selenophene Regioregularity (%)
P3HT 31.2 1.18 0 97
P3HS 23.4 1.21 100 98
P(3HS-b5-3HT) 26.2 1.14 50 97
P(3HS-g-3HT) 32.6 1.18 50 97

Table 3-1 Summary of chemical information
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3.2.1 Absorption Spectra of Thin Films and Device Spectral Response

We first studied the photophysical properties of the optimized polymer:fullerene
blends using UV-visible spectroscopy. Figure 3.2 UV-vis absorption spectra of optimized
samples of P3HT:PCBM (red), P3HS:PCBM (blue), P3HS:P3HT:(1:1)PCBM (dark
yellow), P(3HS-6-3HT):PCBM (black) and P(3HS-g-3HT):PCBM (green). shows the
normalized absorption spectra where the wavelength range is selected to highlight the
absorption profile of the polymers. We found that P3HS absorption is significantly red-
shifted from that of P3HT, consistent with other studies and the fact that P3HS has a

lower band gap.”*”*

Both P3HT and P3HS polymers show characteristic vibronic
structures manifested as strong absorption shoulders near 610 nm and 700 nm
respectively, associated with m-aggregation and strong interchain interaction.'*”* The
P(3HS-b-3HT) copolymer showed an almost identical absorption profile to the
homopolymer blends of P3HS:P3HT (1:1) suggesting the existence of phase separation
between the P3HS-block and P3HT-block in the block copolymer’ and that P3HS and
P3HT are thermodynamically incompatible and immiscible. For the P(3HS-g-3HT), we
observed weak absorption features associated with 3HT and 3HS chain interaction at 610
nm and 700 nm. This apparent reduction of n-aggregation in the P(3HS-g-3HT):PCBM
films suggests that, relative to the block copolymer, the composition gradient along the
polymer chains disrupts the thiophene-thiophene and selenophene-selenophene -

interactions and that alignment and packing may be constrained to the chain termini. This

was the same in the annealed neat P(3HS-g-3HT) film (not shown here).
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Figure 3.2 UV-vis absorption spectra of optimized samples of P3HT:PCBM (red),
P3HS:PCBM (blue), P3HS:P3HT:(1:1)PCBM (dark yellow), P(3HS-5-3HT):PCBM
(black) and P(3HS-g-3HT):PCBM (green).

External quantum efficiency (EQE) measurements were performed and compared
to the absorption profiles. EQE plots are shown in Figure 3.3. We note that even though
the absorption spectra of P(3HS-b-3HT) and the 1:1 blend are almost identical, their
spectral response is very dissimilar both in the P3HT (400 nm — 650 nm) and non-P3HT
absorbing regions (650 nm — 750 nm). The data shows that photon harvesting is
decreased in both P3HT-block and P3HS-blocks in P(3HS-5-3HT):PCBM device. Even
though the copolymers have comparable comonomer molar compositions, interestingly,
the intensity of the EQE spectra of P(3HS-g-3HT):PCBM and P(3HS-5-3HT):PCBM
vary markedly in the P3HT absorbing region but are similar in the 650 nm - 750 nm
wavelength range. These results suggest the composition gradient in the polymer donor

improves photon harvesting in the P3HT absorbing region.
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Figure 3.3 External quantum efficiency spectra of optimized devices of P3HT:PCBM
(red square), P3HS:PCBM (blue circle), P3HS:P3HT:(1:1)PCBM (dark yellow star),
P(3HS-b-3HT):PCBM (black triangle) and P(3HS-g-3HT):PCBM (green triangle).

3.2.2 Bulk Heterojunction Device Performance and Thermal Stability

Having shown that the optical properties of the homopolymers can be tailored by
finely adjusting the copolymer sequence, we proceed to evaluate their performance in
photovoltaic devices. Each polymer:fullerene device was optimized independently,
especially with regards to weight fraction of the active materials and fabrication
procedure. For the gradient and block copolymers, the optimum copolymer:fullerene ratio
was the same at 55:45. Details can be found in the methods section. Representative J-V
curves under 1-sun simulated solar illumination display typical diode-like behavior as
shown in Figure 3.4. For all optimized devices, P3HT:PCBM was still the “champion”

(3.7 £ 0.1%). Interestingly, the P(3HS-g-3HT):PCBM device performed reasonably well
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(3.3 £ 0.1%), whereas the P(3HS-5-3HT):PCBM and P3HS:PCBM devices were less

efficient.
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Figure 3.4 Current density-Voltage (J-V) curves of optimized devices of P3HT:PCBM
(red square), P3HS:PCBM (blue circle), P3HS:P3HT:(1:1)PCBM (dark yellow star),
P(3HS-b-3HT):PCBM (black triangle) and P(3HS-g-3HT):PCBM (green triangle).

We then designed a series of thermal stability experiments to further understand
the relationship between the active layer microstructure and performance. The evolutions
of the PCE, short circuit current density (Jsc), open circuit voltage (Voc) and fill factor

(FF) as a function of annealing time at 150 °C are highlighted in Figure 3.5.
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Figure 3.5 Plots of (a) PCE (b) Voc (¢) Jsc and (d) FF as a function of annealing time at
150 °C for P3HT:PCBM (red square), P3HS:PCBM (blue circle),
P3HS:P3HT:(1:1)PCBM (dark yellow star), P(3HS-b-3HT):PCBM (black triangle) and
P(3HS-g-3HT):PCBM (green triangle).

We will discuss the V¢ trend in relation to charge carrier decay dynamics later. For each
materials pair, at least 9 devices were measured, yielding the error bars in the figure. We
clearly see that all P3HS-based devices demonstrate superior thermal stability over long
annealing times in contrast to the P3HT-only device, which steadily declines in
performance after reaching a maximum after 15 min. Previous studies of P3HS:fullerene
mixtures have shown that during thermal treatment, there exists a higher fraction of
disordered polymer phase in P3HS:PCBM films even though P3HS packs much better

and forms high quality crystallites relative to P3HT in P3HT:PCBM blends.”® This tends
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to facilitate the mixing of PCBM molecules with P3HS and thereby suppress PCBM
aggregation.”® This is in contrast to the P3HT:PCBM system where phase separation
continues with annealing leading to lower PCE, as shown in Figure 3.5(a). The most
straightforward explanation is that the 3HS components become more miscible with
PCBM upon thermal annealing, stabilizing the morphology and preventing further phase
separation. It is also noteworthy that the melting temperature (7,,) of P3HT (7., p3ur =
243 °C) is lower than that of P3HS (T, psus = 256 °C)¥, which possibly reflects
differences in chain mobility at the annealing temperature. These results demonstrate that
the composition gradient along the copolymer chain in the P(3HS-g-3HT):PCBM offers
the morphology that stabilizes the D/A interface while simultaneously providing the

optimum nanostructure required for charge separation and collection.

3.2.3 Polymer Crystallization: GIXD

We employed grazing-incidence X-ray diffraction (GIXD) to probe the long-range
intermolecular order and crystallinity of the optimized polymer:fullerene samples. The
two-dimensional GIXD patterns and the normalized intensity traces taken at qxy = 0
associated with the polymer donors in the samples are shown in Figure 3.6. The GIXD
patterns clearly show that the homopolymers, blends, and copolymers all self-organize
into periodic lamellar structures; that the intensities of the (h00) reflections of P3HT and
P3HS are concentrated along the meridian indicates that the polymer crystallites are
preferentially oriented in an edge-on fashion.”” Taking a line cut of the two-dimensional
GIXD patterns at gxy = 0 yields one-dimensional X-ray trace representative of the out-of-
plane reflections (Figure 3.6f and Figure 3.6g). The traces associated with the P3HT and

P3HS homopolymers reveal the (100) reflections at 0.38 A-1 and 0.41 A-1, respectively,
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consistent with a prior report.”*"

The line trace of the film comprising a blend of both
P3HT and P3HS reveal reflections associated with both polymer donor constituents, as
seen most clearly by distinct (200) reflections (Figure 3.6g). Interestingly, the GIXD
images of both the block and gradient copolymers also reveal evidence of coexistence of
crystallites of both polymer donor constituents; this can be best seen in the vertical line
traces of the (200) reflections in Figure 3.6g in which the x-ray intensities in this g-range
can be fitted to two Gaussians with centers corresponding to the (200) reflections
associated with P3HT and P3HS homopolymers. The fractional intensities corresponding
to each Gaussian can thus be used as a proxy for the relative crystallinity of 3HS and
3HT, and obtain a relative measure of the lamellar packing order. Carrying out this
analysis reveals that, of the crystalline portions of the 1:1 blend and copolymer films,
only 10-20% can be attributed to 3HT. This analysis suggests that for all annealed
samples, the 3HS components exhibit enhanced fractional crystallinity related to the
packing order of the lamellar compared to the 3HT segments within the homopolymer
blend and copolymer films with PCBM. In other words, the 3HS crystalline phase
comprises of higher quality crystals of enhanced lamellar packing order than the 3HT
crystalline phase.

Recent studies have shown that in an all-conjugated block copolymer system, phase
separation is induced by the identity of the heterocycle.” Even though the exact
interaction between the two blocks during crystallization is not yet well understood, it has
been suggested that in these highly rigid-rod-like block copolymers, the first block to

100

crystallize would be the one with the highest 7,,. " In this instance, the microphase-

separated structure would be dictated by this block, which could confine the crystallite
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size and domains of the other block. Since 7, psur < T,, p3us We can thus reasonably
infer that the 3HS block/segment is likely to initiate crystallization of the copolymer, and
as a result, further constrain the crystallization of the covalently-bound 3HT
block/segments. Consequently, differences in the spatial arrangements and locations of
3HS components along the copolymer chain influence the crystallization behaviour
leading to differences in nanoscale morphology as will be discussed in the following

section.
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Figure 3.6 Grazing Incidence X-ray Diffraction (GIXRD) patterns of optimum samples of
(a) P3HT:PCBM (b) P3HS:PCBM (c) P3HS:P3HT:(1:1)PCBM), and (d) P(3HS-b-
3HT):PCBM, (e) P(3HS-g-3HT):PCBM. Normalized intensity traces taken at qy, = 0,
indicative of the (100) and (200) reflections (f and g, respectively).

3.2.4 Active-Layer Morphology Characterization: EFTEM

The nanoscale morphology of the optimized polymer:fullerene samples was
studied using energy-filtered transmission electron microscopy (EFTEM) to distinguish
between polymer and fullerene-rich phases.* After taking the spectral images, an energy-
loss window was selected to maximize contrast in scattering intensity between the
phases; the images in Figure 3.7 were integrated over the energy-loss range of 31.5 + 3
eV such that the PCBM-rich regions appear bright and the polymer fibrils/domains
appear dark. A qualitative comparison between the P(3HS-5-3HT):PCBM and P(3HS-g-
3HT):PCBM samples reveals that the gradient copolymer forms a more uniform and
continuous network of polymer fibrils within the fullerene-rich phase, which would be
associated with facile carrier transport and a large D/A interface for exciton dissociation.
On the other hand, the fibrils formed by the block copolymer assemble into dense clusters
separated by large fullerene-rich regions with sparse fibrils. This type of meso-scale
organization suggests a smaller D/A interfacial area and fewer continuous pathways for
hole transport. Furthermore, this result shows that the gradient architecture tends to
mitigate the intrinsic self-assembly characteristic of its block copolymer analog. One way
to explain this observation is to first recall that the gradient sequence disrupts the strong
interaction between 3HS and 3HT components in the block architecture, with 3HS being
the precursor for the copolymer crystallization process. For the gradient copolymer, inter-
chain s-interactions between selenophene-selenophene segments are restricted to the

chain ends, which are block-like (see Figure 3.1). Additionally, the gradual change in
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composition along the chain results in a weaker interaction between the segments near
the chain centre, resulting in an inhibition in self-assembly for the gradient copolymer in
comparison with the block copolymer, as shown. A similar effect was reported in recent
work by Seferos and co-workers of the statistical variant, P(3HS-s-3HT), in which the
statistical distribution of the comonomers along the chain were shown to interrupt the
strong interaction between 3HS components leading to improved solubility and an
extreme reduction in structural order relative to the block copolymer.'”" With regards to
our results, it is evident that the gradient copolymer provides morphological
characteristics that are intermediate between the statistical copolymer, where vapor
annealing is required to improve the nanoscale order, and the block copolymer, which
undergoes intrinsic phase separation.

In addition, simulations of the micro-phase separation characteristics of gradient
and symmetric block copolymer thin films that form lamellae have shown that the
physics of self-assembly between the two systems are fundamentally different even for
the same lamellar period.'”>'”* For linear gradient copolymers, variations in composition
along the chain results in an A-B monomer interaction that drives A-rich and B-rich chain
termini from the comonomers at the relatively broad region of the chain centre.'” In
contrast, for the block copolymer, the A-B monomer interfacial regions are localized to
the narrow interface of the chain junction.m2 A natural occurrence of the structure is that,
at very high yN, gradient copolymers exhibit much weaker phase segregation relative to
their block copolymer counterparts which possess a much narrower interfacial region.'”
These simulations are consistent with our EFTEM studies; the strong and weaker

interaction between the chain ends and centre respectively tends to influence the

46



crystallization behaviour which increases the interfacial area between the gradient
copolymer and fullerene resulting in a higher D/A interfacial area and in the process
generated the highest initial carrier density which will be discussed in the next section.
Because, the block copolymer device exhibited a stronger tendency to phase segregate,
leading to less D/A interfacial area, the lowest initial carrier densities were measured.
Although it is not obvious at the scale/resolution of images in Figure 3.7, the
P3HT:PCBM sample possesses finer fibrillar features than the copolymers (see
Supporting Information for higher magnification image). The P3HS:P3HT:PCBM blend
shows large and poorly-defined “patches” of polymer-rich/fullerene-rich regions,
consistent with the existence of phase-separated “domains” of P3HS:PCBM and

P3HT:PCBM.
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Figure 3.7 Energy-filtered transmission electron microscopy (EFTEM) images of (a)
P3HT:PCBM (b) P3HS:PCBM (c) P3HS:P3HT:(1:1)PCBM), and (d) P(3HS-b-
3HT):PCBM and (e) P(3HS-g-3HT):PCBM. The energy window is selected such that the
polymer-rich phase is dark.

3.2.5 Carrier Dynamics

To gain information about carrier generation and recombination, devices were
characterized using photo-CELIV. In this technique, the transient current generated by a
532 nm laser pulse excitation is measured at various delay times and a linearly increasing
voltage applied to extract the carriers yielding a photo-generated carrier density. Figure
3.8 shows plots of charge carrier density versus delay time for optimum devices studied.
All devices showed a decrease in carrier density as delay time increased reminiscent of

recombination in the active layer. Since the curves exhibit a power law dependence with
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time, n(t) « t*, we fit the data sets to the power law formula and extrapolated to t=0 to
obtain the initial carrier density n(0), for each device. The data obtained is as follows:
P3HT:PCBM, n(0) = (1.34 + 0.3) x 10" cm™, P3HS:PCBM, n(0) = (1.48 + 0.3) x 10"
cm”, P(3HS-b»-3HT):PCBM, n(0) = (5.54 + 0.3) x 10'® cm™, and P(3HS-g-3HT):PCBM,

n(0)=(3.92 +0.3) x 10" cm™.
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Figure 3.8 Concentration of extracted photogenerated charge carriers as a function of
delay time measured by photo-CELIV for optimized devices of P3HT:PCBM (red

square), P3HS:PCBM (blue circle), P(3HS-5-3HT):PCBM (black triangle) and P(3HS-g-
3HT):PCBM (green triangle).

Not surprisingly, the initial carrier density of the gradient copolymer device is two
orders of magnitude higher than the block copolymer. Furthermore, the gradient
copolymer device showed the highest initial carrier density among all the devices
consistent with the active layer of the gradient copolymer:PCBM having a much more

continuous and interconnected fibril network, such as that shown in Figure 3.7. With the
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highest initial carrier density, one might ask why then does the gradient copolymer device
not out-perform the P3HT:PCBM “champion”? The answer lies in the free carrier
recombination rates, which were extracted from the o exponent. The values are as
follows: PBHT:PCBM, a = -0.80 + 0.04 , P3HS:PCBM, a = -2.10 £ 0.01, P(3HS-b-
3HT):PCBM, a = -145 = 0.03 , and P(3HS-g-3HT):PCBM, a = -2.25 + 0.03. This
suggests that carrier recombination is most prevalent in the gradient copolymer device
but for this device to maintain a decent performance, suggests that the large initial carrier
generation compensates immensely for the numerous free carrier losses. In
polymer:fullerene devices, recombination studies performed near open-circuit conditions
have shown that V,,. and FF are limited primarily by nongeminate recombination.'**'"’
The fact that even with higher recombination rates in the optimum gradient copolymer
device its V- (0.6 V) and that of the P3HT device (0.6 V) are identical is suggestive of
the existence of trap-assisted recombination in the gradient copolymer device.'”
Considering that the energetic landscape is influenced by variations in local ordering of
the polymer structure driven by variations in conjugation length and also the magnitude
of intermolecular interactions between polymer and fullerene,'”™'?” it is likely that the
differences in molecular arrangement and interaction between the 3HT, 3HS and
fullerene components for each of the systems studied vary and this would influence the
interplay between nanoscale morphology and electronic structure which ultimately
affects the density of trap sites or recombination centers. One way to rationalize this is
that the gradient copolymer device provides a decent trade-off between the high initial

carrier density and recombination, by providing enough charge carriers to fill these trap
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states while leaving an adequate amount available for transport and extraction at the

respective electrodes.

3.2.6 Local Photocurrent Mapping

Having studied the optical properties, nanoscale morphology, crystallinity and
carrier dynamics of our films and devices, it is now instructive to examine the local
photocurrent generation using photoconductive atomic force microscopy (pcAFM). The
samples were excited using a 532 nm diffraction limited laser and measurements
performed at O V bias. These measurements were done on the same samples that were
used for the bulk J-V measurements and scans were taken in areas between the top
electrodes. Figure 3.9 shows the photocurrent maps of all the samples. This gives us an
insight into why the P(3HS-b-3HT):PCBM performed poorly. We clearly see larger
regions exhibiting low to no photoconductivity at all compared to all the other samples.
We hypothesize that these regions are block copolymer-rich domains that have self-
assembled and in the process excluded PCBM molecules, resulting in a decrease in the
D/A interfacial area which leads to a decrease in photocurrent collection, low Jy. and
PCE. This further corroborates the dense clusters of fibrils observed in the EFTEM
images, which we concluded where the phase separated block copolymer-rich phase.
Also, some of these regions could potentially be aggregates of PCBM. It would then
seem that the inherent self-assembly property of rod-rod block copolymers is detrimental
to device performance as is. On the other hand, the gradient copolymer device forms an
interconnected structure between the polymer and fullerene leading to higher initial
carrier density and improved performance over the block copolymer. Furthermore, our

pcAFM study showed that not surprisingly, the P3HT:PCBM sample produced the
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highest photocurrent. A qualitative examination of the 1:1 blend pcAFM image reveals
large regions of relatively high photoconductivity similar to P3HT:PCBM, and regions of
lower photoconductivity similar to P3HS:PCBM supporting our conclusion of their

phase-separated domains.

Figure 3.9 Photocurrent images from photoconductive AFM of (a) P3HT:PCBM (b)
P3HS:PCBM (c) P3HS:P3HT:(1:1)PCBM), and (d) P(3HS-b-3HT):PCBM and (e)
P(3HS-g-3HT):PCBM.

3.3 Relevance of Morphology to Device Performance

It is well established that phase separation in polymer:fullerene systems is driven
by the crystallization behavior of the polymer.*'"* In earlier work we showed that the
morphologies and extent of phase separation of thin films of neat P(3HS-6-3HT) and

P(3HS-g-3HT) vary significantly after isothermal recrystallization.*> As discussed
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earlier, we attribute the morphological differences observed, to the crystallization
behavior of the copolymers, which is driven by the spatial arrangements of the 3HS
block/segment along the copolymer chain. Therefore, the BHJ morphology, which
influences device performance exhibited in the performance indicators, such as J, V¢,
FF and PCE, is guided by the three-dimensional organization of the semicrystalline
polymer during the active layer formation and/or subsequent processing procedure.
Similarly, for the copolymer devices studied herein, the difference in comonomer
sequence distribution along the backbone influences the variation in copolymer
crystallization resulting in varying degrees of structural order as shown in our EFTEM
and GIXD studies which manifest as differences in device performance. Our results
indicate that phase separation in the block copolymer device, driven by the crystallization
of the block copolymer, has an adverse effect on device performance, which could be
caused by the dense clusters of pure-copolymer domains and an unfavorable morphology.
On the other hand, the crystallization behavior of gradient copolymer provides a better
nanoscale morphological structure that favors exciton dissociation in the gradient

copolymer device.

3.4 Conclusion

We synthesized an all-conjugated copolymer of 3-hexylselenophene (3HS) and 3-
hexylthiophene (3HT) in block and gradient sequence architectures and investigated their
structure-performance relationships as donor materials in organic photovoltaic devices.
We found that the comonomer ordering along the copolymer chain influences the
optoelectronic properties, nanoscale morphology and device performance in the

copolymer:fullerene system. Our EFTEM results show that the block copolymer had a
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tendency to strongly self-assemble into dense clusters of pure-copolymer rich regions
reducing its interfacial area with PCBM. Conversely, the gradient sequence shows an
improved control of this innate self-assembly characteristic of copolymers while
promoting interfacial activity between the copolymer and fullerene leading to a more
continuous and interconnected fibril network with PCBM relative to the block copolymer
and as a result generated the highest initial carrier density. All P3HS-containing devices
where thermally stable relative to the P3HT-only device and this result was attributed to
the higher degree of mixing of PCBM in the P3HS disordered polymer regions thereby
suppressing PCBM aggregate growth with annealing.

Copolymer syntheses offer an opportunity through covalently linking
comonomers in varying sequences, to merge the valuable properties of homopolymers
yielding new and innovative materials. The all-conjugated copolymer approach via
molecular design of 3HT and 3HS affords the ability to combine and optimize device
efficiency (of P3HT) together with thermal stability (of P3HS) while tailoring BHJ
nanoscale morphology. Owing to the rigid backbone and strong rod-rod interactions,
fully =m-conjugated copolymers behave distinctly different from other classes of
copolymers, e.g., rod-coil copolymers. Block copolymers have long served as the
material of choice to control nanoscale domain sizes and morphology for organic
electronics applications,''! however, our findings suggest that gradient copolymers could
present new opportunities for tailoring the morphology and properties of an all-
conjugated copolymer system.

In our study, we have shown that for m-conjugated copolymers that self-assemble

and undergo intrinsic phase separation, a gradient sequence along the copolymer
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backbone could be a potential approach to control and obtain a favorable nanoscale
morphology required for optimum performance in photovoltaic systems and possibly
other applications, and furthermore combine optoelectronic, physicochemical and thermal

properties into one material.

3.5 Experimental Section

Polymer Synthesis: The copolymers were synthesized and characterized, as
recently reported® (see Error! Reference source not found.). P3HS and P3HT were
synthesized following reported procedures.”*'"> Polymer molecular weights were
determined using gel-permeation chromatography (GPC) by comparison with polystyrene
standards on a Waters 1515 HPLC instrument equipped with Waters Styragel® (7.8 x
300 mm) THF HR 0.5, THF HR 1, and THF HR 4 type columns in sequence and
analyzed with Waters 2487 dual absorbance detector (254 nm). For P3HT, it was found
that M, = 31.2 kDa, D = 1.18, regioregularity = 97%; for P3HS, M, =23.4 kDa, b =1.21,
regioregularity = 98%; for P(3HS-b-3HT) M, = 26.2 kDa, D = 1.14, regioregularity =
97% and for P(3HS-g-3HT) M, = 32.6 kDa, ® = 1.18 and regioregularity = 97%.'H NMR
and GPC spectra can be found in the Supporting Information.

Device Fabrication: Indium tin oxide (ITO)-coated aluminosilicate glass slides
(Delta Technologies, Ltd.) were cleaned by ultrasonication sequentially in acetone and
isopropanol for 20 min. A 4wt% Polyethylenimine, 80% ethoxylated (PEIE) and 2-
methoxyethanol (Sigma Aldrich) solution was spin-coated in ambient atmosphere onto

the ITO surface at 5000 rpm for 60s, then baked for 10 minutes at 100°C to form an
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approximately 10 nm PEIE film. The ITO/PEIE substrates were then transferred into an
N»-filled glovebox for device fabrication.

Devices were fabricated in an inverted architecture with the ITO/PEIE as the
cathode. P3BHT:PCBM (60:40), P3HS:PCBM (50:50), P(3HS-b-3HT):PCBM (55:45),
P(3HS-g-3HT):PCBM (55:45) were dissolved in 1,2-dichlorobenzene (o-DCB) and
stirred in the glovebox overnight at 80°C. The solution was then filtered and the active
layer spin-coated at 700 rpm for 30 s and thermally annealed at 150°C for varying times
in the glovebox. All P3HS-based samples were spin-coated on preheated substrates at
80°C. Active layer thicknesses for all samples were in the range of 120 -140 nm as
measured by spectroscopic ellipsometry (M 2000, J.A. Woollam Co.). To complete the
device, the anode consisted of 15 nm MoO; and 100 nm Ag deposited through a Imm
diameter shadow mask by vacuum thermal evaporation (Angstrom Engineering PVD
system). Devices were then tested in ambient under 1 sun illumination (100 mW cm?,
AM 1.5) using an Oriel solar simulator, and the J-V characteristics were acquired using
an Agilent 4156C Semiconductor Parameter Analyzer.

UV-Visible Spectroscopy: UV-vis absorption was measured using a PerkinElmer
Lambda 750 Spectrophotometer.

External Quantum Efficiency (EQE): EQE measurements were performed on
devices fabricated in the same manner as described above using collimated light from a
halogen lamp coupled to a Newport 1/8m monochromator with a 5 nm FWHM output.
The beam was optically chopped at 185 Hz and the photocurrent signal was detected
using a Stanford Research Systems SR530 lock-in amplifier and compared to the output

from a calibrated Si reference cell.
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photo-CELIV: Devices were loaded in a cryostat (Janis VPF-100, vacuum
pressure 1 mTorr) and exposed to laser pulses (Quantel BrilliantEazy, A = 532 nm, pulse
intensity ca. 20 wJ cm?). A function generator (BK Precision 4075) applied a linearly
increasing voltage to extract the photo-generated current transient, which was passed
through a preamplifier (FEMTO DLPCA-200) and recorded by a digital oscilloscope
(Tektronix TDS3052C).

EFTEM: Measurements was performed on a JEOL 2100F TEM, using a slit
width of 8 eV and an accelerating voltage of 200 kV. The active layer was spin-coated on
a layer of PEDOT:PSS with the same casting and annealing procedures as described in
the device fabrication procedure. The films were then sectioned using a razor blade and
floated by immersion in deionized water onto copper grids with a supporting mesh (Ted
Pella, Inc.).

GIXD: Grazing-incidence x-ray diffraction (GIXD) experiments were run on the
G1 line (10.5 +/- 0.1 keV) at the Cornell High Energy Synchrotron Source. The beam
was 0.05 mm tall and 1 mm wide. The x-ray beam was aligned such that it is above the
critical angle of the polymer:fullerene film but below the critical angle of the substrate.
Scattered intensity was collected with a two-dimensional Dectris® Pilatus detector,
positioned 86.3 mm from the center of the sample. All images have been background
subtracted.

pcAFM: All photoconductive atomic force microscopy (pcAFM) measurements
were performed using an Asylum Research MFP-3D stand-alone AFM under ultrapure
Ar purge (Cryogenic gases) in a closed fluid cell. A Pt/Ir5-coated contact-mode AFM

probe (Nanosensors, ATEC-CONTPt, spring constant 0.2 N/m) was used as the top
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contact allowing simultaneous determination of both topography and photocurrent
recorded using the AFM’s transimpedance amplifier. The source of illumination was a
532 nm diffraction limited laser focused and aligned to the probe, using a bottom-

mounted objective. The illumination intensity was on the order of 10* W/m* for all

devices.

3.6 Supporting Information
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CHAPTER 4:

Proof of Concept: Studying Interface-Directed Phase
Separation in Thin Dielectric Films with Kelvin Probe
Force Microscopy

In this section the concept of investigating the interfacial effects of thin polymer
blend films using an established atomic force microscopy-based technique is introduced.

This topic was pursued due to the authors’ vast experience in AFM measurements.

4.1 Introduction

Kelvin probe force microscopy (KPFM) is a powerful technique that combines the
versatility of atomic force microscopy (AFM), with the macroscopic Kelvin probe
measurement, to detect local electrostatic forces and enable nanoscale mapping of the
work function or surface potential, with high spatial resolution. In this context, the
surface potential refers to the potential difference between the sample and a conducting
probe in close proximity to the sample surface. Therefore, data obtained from KPFM
measurements relates to the contact potential difference (CPD) between the sample
surface and a conductive AFM probe. The short-range forces between the probe and
sample can also affect the resolution of the CPD, which is between 5 — 20 mV. Since the

establishment of KPFM by Nonnenmacher et al in 1991,'"” it has been increasingly
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utilized to investigate the nanoscale electronic/electrical properties and interfacial
phenomena of metals, organic and inorganic semiconductor materials and devices and

biological materials.''*'"®

In this thesis work, we have proposed to utilize KPFM to
determine the vertical (out-of-plane) spatial organization and concentration profile of a
heterogeneous polymer blend of poly(tetramethyl bisphenol polycarbonate) (TMPC) and
polystyrene (PS). This system is an ideal case to study using this technique because it has
been shown that TMPC and PS form a partially miscible blend below a lower critical
solution temperature (LCST).'"*!2% Such that, when thin TMPC/PS films on SiOx/Si
substrates are annealed above the LCST, they exhibit a surface-directed spinodal
decomposition phenomenon. The PS component tends to form a wetting layer and
preferentially enriches the free surface due to its lower surface energy. On the other hand,
TMPC has stronger interactions (hydrogen bonding) with the native silicon oxide

120.121 The idea then is

substrate, forming an enriched polymer-substrate interfacial region.
to use KPFM as a non-destructive and non-invasive tool to characterize the spatial
organization of blend components in thin films and possibly distinguish between different
chemical signatures, which demonstrate interfacial compositions that differ from the
bulk. In this role, KPFM will serve to complement dynamic secondary ion mass
spectroscopy (DSIMS), an established technique used to determine elemental
composition and depth profiling of thin films. One advantage KPFM might have over
DSIMS in depth profiling could be for use in functional devices and applications where
sample destruction is not an option.

A prior study of surface potential measurements of molecular systems revealed

that in these systems CPD is governed by dipole moments, which are dictated by
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structural arrangements, packing densities, molecular orientations and chemical
structure.'”* Recently, an experimental and simulation study of KPFM on dielectrics
concluded that the measurements are sensitive to both the surface and sub-surface
regions, and also the electric field of the tip penetrates into the sample such that
contributions from the substrate can be detected.'> This is one of reasons why we chose
to pursue this research route in using KPFM to study the interface-directed phase
separation in TMPC/PS thin films, since based on their chemical structures alone (see
Figure 4.1), we would expect the two homopolymers to exhibit a difference in surface

potential.
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Figure 4.1 Chemical structures of (a) TMPC and (b) PS

4.2  Operating Principle of KPFM

KPFM is the nanoscale variant of the classical Kelvin probe method originally
developed by Lord Kelvin in 1898."** In this early experiment, Lord Kelvin showed that
one could resolve the contact potential difference between two circular metallic plates,
made of Cu and Zn, by creating a parallel plate capacitor between the plates. By

generating a periodic change in the separation distance of the plates, a change in
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capacitance resulted in an alternating current (AC) in an external circuit connecting the
plates. Furthermore, irrespective of the medium between the plates, applying a DC bias
corresponding to the CPD between the plates could annul this AC. Consequently, if one
of the plates has a known work function; it could then be used as a reference to determine
the surface potential or work function of the other plate.

KPFM operates on the same basic principle, however, rather than detecting the
AC generated, the electrostatic force between a conductive AFM probe and the sample is
used to determine the CPD. This is primarily because in an AFM and on the nanoscale, it
is relatively easier to detect and measure force rather than current, which are typically on
the order of a few pico Amps or hundreds of femto Amps. In addition, instead of
providing an average of the CPD over the sample surface, KPFM provides a nanoscale
map of the CPD distribution of a sample simultaneously with the topography. Although
the operating principle appears straightforward, the consistency and quantitative analysis
of KPFM data requires very careful assessment of the influence of environmental
conditions and various experimental parameters.''*

There are two basic approaches to performing KPFM. These are, (a) Lift mode

and (b) Dual-frequency mode.'*’

In this thesis the lift mode approach is used and its
details are discussed below. As shown in Figure 4.2, the lift mode technique uses a
double pass method; therefore for each line in an image, two scans are performed. On the
first pass (1) the tip maps the topography where the amplitude of the mechanical

oscillation, driven at the first resonance frequency of the cantilever, is used as the

feedback signal to obtain surface topography.
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Figure 4.2 A schematic of KPFM double pass scanning mode.

On the second pass (2) the mechanical oscillations of the tip is set to zero while it is lifted
along the z direction a known distance above the sample surface. This distance, known as
the lift height (Az), is typically 10 - 20 nm, outside the range of Van der Waal forces. To
minimize the cross-talk between the topography and CPD signals, the motion of the tip in
the second pass follows the same route from the first pass in a closed loop feedback.
Furthermore, on the second pass, an AC bias is sent to the AFM tip at its resonance
frequency which generates an electric force on the cantilever. At this juncture, the
interaction between the tip and sample can be modeled as a parallel plate capacitor, with
the force proportional to the square of the total bias between the tip and sample, as in
equation (4.1). This total bias is a summation of the samples’ potential difference plus

any DC and AC bias applied see equation (4.2).

F(z) = —%Z—EAVZ (4.1)

AV = Vsample + VDC + VACSin ((Ut) (42)
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Substituting equation (4.2) into (4.1) and solving for F, we obtain a static component
(independent of w), equation (4.3), an @ component, equation (4.4) and a 2w component,

equation (4.5) of the force.

Fstatic — _E 6(22) [(VDC + Vsample) + EVAZCJ (43)
ac _

Fy =- a(ZZ) [(VDC + Vsample)VAC51n ((Ut)] (4.4)
10C

Fpp = Z a(zZ) [VZ.cos Rwt)] (4.5)

Additionally, during the second pass, a lock-in amplifier is employed to measure
the w component of the force, F,, equation (4.4), after which the potential feedback loop
is then used to adjust Vpcto the tip to nullify F,, (£, = 0). In this instance, Vpc = Vepp,
the contact potential difference between the tip and sample surface. The 2w component,
F5,, can be used for nanoscale dielectric spectroscopy and capacitance microscopy

125
measurements,

which is beyond the scope of this thesis. Since KPFM is a relative
measurement, the work function of the tip has to be calibrated before each sample is
scanned in order to obtain an absolute surface potential value. The calibration sample
generally used is highly ordered pyrolytic graphite (HOPG), with known work function
(¢uorc = 4.6 eV). The sample’s work function or surface potential is then calculated
using equation (4.6), where ¢, and @sumpie are the work functions of the tip and sample

respectively, and e is the electron charge. In KFPM measurements, it is important to find

the minimum lift height or the closest tip-sample distance, which is just outside the range
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of Van der Waal forces since the resolution and sensitivity of the CPD measurements
decreases at large Az distances. One drawback to lift mode however is that it is time
consuming because of its two-step process to data acquisition, in addition to the fact that

ideally much slower scan speeds must be used relative to just regular topography scans.

Voe = Vepp = 2ip—Puample (4.6)

We will now briefly discuss the second approach (b). For the dual frequency
mode, unlike lift mode, each line in an image represents only one scan. The tip is
mechanically driven at the first resonance frequency, which is used as feedback for the
topography signal. At the same time, a phase locked loop controls the second-order
resonance; this second oscillation mode can be about six times larger than the
fundamental resonance frequency, and it is used as feedback for the CPD.'*® By using

two separate lock-in amplifiers the two signals are decoupled minimizing any cross-

talk.'®

4.2.1 Detecting F,: Amplitude Modulation and Frequency Modulation

As discussed earlier, one of the critical steps during the KPFM measurement is
the effectiveness of the lock-in amplifier to detect and annul the electrostatic force F,.
There are two methods commonly used to detect F,; Amplitude modulation (AM) and
Frequency modulation (FM). In AM, the oscillation amplitude of the cantilever is the
signal used by the lock-in amplifier to measure F,. Once F, is detected, a potential
feedback loop is engaged and a range of DC voltages is applied at each point. The

minimum voltage that nullifies F, is then recorded as the CPD.
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Typically for any FM-based measurement; interaction between the tip and sample
is detected by shifts in the oscillation frequency of the cantilever at constant amplitude.
Therefore for FM-KPFM, a lock-in amplifier detects the frequency shift used to
determine the force gradient d¥,,/dz. A DC voltage (Vcpp) is then applied to nullify this
change in frequency. One notable advantage of AM-KPFM relative to FM-KPFM is,
since the resonance condition of the amplitude is used, AM-KPFM shows a significant
improvement in signal-to-noise ratio over FM-KPFM.'*® In this work AM-KPFM is
utilized on an Asylum Research MFP-3D stand alone Atomic Force Microscope with a
built-in lock-in amplifier operated in KPFM mode. Platinum Silicide (PtSi) probes with
resonance frequency of 330 kHz and force constant of 42 N/m (PtSi-NCH, NanoSensors)
were used for the KPFM experiments. The work functions of the probes were calibrated
on reference substrates of freshly cleaved HOPG (ZYA Quality / Mosaic Spread
0.8°+0.2° / Grain size up to 10pum / Sizel.5x10x10 mm, Ted Pella, Inc). All KPFM scans

were done at room temperature under purge of ultra pure grade Ar gas.

4.3 Surface Potential Measurements of TMPC/PS Dielectric thin

films

Since its inception, KPFM has become an essential tool for studying electronic
properties at the nano- and meso-scales. Very recently, the notion of extending the
capabilities of KPFM measurements to purely dielectric material systems on insulating
substrates has been a subject of major interest which is being explored in both theory and

123,127-130

experiments. Despite the tremendous amount of work already done, the

fundamental physics governing the electrostatic interaction between the conductive tip
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and insulating sample together with the detailed interpretation of the CPD data for
dielectric samples is still not yet fully understood. Nonetheless, we report herein results

of our initial study of KPFM on miscible TMPC/PS polymer blends.

4.3.1 Experimental Details

The polymer blend thin films were prepared as follows: TMPC (Bayer, M,, = 38
kg/mol, PDI = 2.75) and PS (Pressure Chemical, M,, = 49 kg/mol, B = 1.06) were
dissolved in toluene separately and mixed in varying weight ratios, (TMPC:PS, 0:1,
0.25:0.75, 0.5:0.5, 0.75:0.25, and 1:0). The solutions where then spun onto silicon
substrates (Wafer World) with approximately 1.8 nm native oxide layer to obtain film
thicknesses of 900 nm as measured with spectroscopic ellipsometer (JA Woolam, M-
2000). Each film was then annealed at a temperature 10°C above its Tg for 4 hours in a
vacuum oven. The neat TMPC and neat PS were annealed at 230°C and 110°C
respectively. The blend films were annealed as follows; 0.25:0.75 at 147°C, 0.5:0.5 at
170°C and 0.75:0.25 at 187°C. All KPFM measurements were performed in an inert
environment of ultra pure Ar gas purge. To ensure reproducibility, multiple

measurements were done for the same sample on different days using the same tip.

4.3.2 Results and Discussion
Topography and contact potential difference maps, representing the raw data from

KPFM measurements, are shown in Figure 4.3.
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Figure 4.3 Topography (top row) and contact potential difference (bottom row) maps of
(from L to R) neat TMPC, TMPC(0.75):PS(0.25), TMPC(0.5):PS(0.5),
TMPC(0.25):PS(0.75) and neat PS thin films of thickness, # ~ 900 nm. The scale bar is
800 nm.

From a cursory look at the CPD images, we can qualitatively infer there is a
correlation between CPD and blend ratio and also the CPD maps of neat TMPC and PS
are markedly different in terms of resolution. The root-mean-square (RMS) roughness of
all the samples is approximately 0.41 nm + 0.03 and no differences can be deduced from
the topographical features, especially for the neat TMPC and PS. For each sample a
minimum of three scans were performed in order to obtain consistent results and standard
deviation for the surface potential values shown in Figure 4.4 after taking into account

the work function of the conductive probe.

72



4.85 T T T T 1

4.80 E

4.75- - -
= 4.70- L e -
§ 4.654 * .
o 4 oA .
8 4.60 i i
1] L o
5 4551 §
»n | !

4.50 - SiOx/Si Substrate 4

4‘45 ) 1 L L] 1

0 25 50 75 100
PS wt%

Figure 4.4 Surface potential values vs blend ratio of TMPC/PS thin films of thickness /# ~
900 nm. The dashed red line serves as a guide to the eye. The blue line represents the
surface potential, including its standard deviation, of a freshly cleaned bare SiOx/Si
substrate measured under the same conditions as the samples.

We observe from the data in Figure 4.4 that the surface potential increases
monotonically with PS wt% from neat TMPC (0 PS wt%) to 100 PS wt%. This suggests
that the KPFM measurement is sensitive to the blend composition such that, as PS wt%
increases the surface potential begins to approach that of the neat PS. In the TMPC/PS
blend, as mentioned above, the substrate is enriched with TMPC, due to highly specific
interactions (hydrogen bonding) between the C=0 segments on TMPC and hydroxyl
(OH) groups at the SiOx interface, on a length scale of few monomers, and the free
surface is PS-rich due to lower surface energy. It has been shown that the structure of the
bulk depicts that of a heterogeneous miscible blend, and due to self-concentration effects
is represented by TMPC-rich and PS-rich regions at nm length scales.'* Since the surface
potential values of the blends seem to represent the weighted average of the neat cases,

we hypothesize that the surface potential exhibits those of the distinctive TMPC and PS
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components. Furthermore, this shows that the measurement probes an average blend
composition of the bulk, which would then imply that there is a length scale or probing
depth associated with KPFM. Specific experiments to discern this sampling depth are

currently being pursued by my successor and would be reported later.

110 nm
5 ﬁ
N m
. N~

Si0,/Si substrate

Figure 4.5 Schematic of KPFM measurement showing thin films with color-coded
distribution of TMPC and PS components for the blends and neat cases on SiOx/Si
substrate.

4.4 Conclusion

We have shown that for a miscible blend that shows an interface-directed phase
separation behavior, KPFM is a promising tool to investigate the vertical spatial
organization of individual components. Furthermore, our initial results show that the
surface potential values are close to a weighted average of the neat cases indicative of
sampling over an effective volume associated with a depth of probe from the surface.
This also shows that for dielectrics, referring to the data from KPFM as surface potential
might be perhaps a misnomer since the electric field penetrates into the sample and

probes the bulk or sub-surface volume.
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Interpreting the data obtained from KPFM on insulating materials still remains a
challenge. The fact that the bulk volume is probed during the measurement needs to be
further elucidated prior to applying this non-invasive technique to a wider range of
applications. In addition, regarding the probe depth, an important question that needs to
be addressed would be, is this length scale material dependent? Once these and other
questions are resolved, utilizing KPFM for studying interface dependent phase separation

in thin films will open new doors for exploration of more complex polymeric systems.
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CHAPTER §:

Conclusions and Future Work

In this work, we have demonstrated approaches to tailoring the morphology of
polymeric organic photovoltaics in chapters 2 and 3. We have also shown in chapter 4
that we can utilize KPFM to probe the depth profile of polymer blend thin films and
study interfacial effects. In chapter 2 we proposed supercritical carbon dioxide (scCO;) as
an alternative strategy to promote optimal phase separation, and purity, between the
donor and acceptor of polymer bulk heterojunction solar cells. By controlling the
pressure, temperature and density of scCO,, our results revealed that the performance of a
P3HT/PCs;BM solar cell, Jscs and PCEs, was comparable to and in some cases better
than devices processed using the conventional high temperature thermal annealing
procedure. Furthermore, by using photoconductive AFM we showed that a larger fraction
of regions that exhibit photoconductivity was associated with improved device efficiency
and the lowest active device areas, and most phase mixed regions, were exhibited by the
as-cast samples. The results reported in chapter 2 reveal that scCO, is a mildly
plasticizing solvent, which has a preferential affinity for the polymer component and

furthermore promotes nanoscale phase separation, necessary to improve device efficiency
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compared to the higher temperature thermal annealing where active components start to
degrade after a rather short time.

In chapter 3 we demonstrated that for m-conjugated copolymers that self-assemble
and undergo intrinsic phase separation, a gradient sequence along the copolymer
backbone could be a potential approach to control and obtain a favorable nanoscale
morphology required for optimum performance in polymer photovoltaic systems.
Compared to the block copolymer, which had a tendency to strongly self-assemble
reducing its interfacial area with PCBM, the gradient sequence showed an improved
control of this innate self-assembly characteristic of copolymers while promoting
interfacial activity between the copolymer and fullerene leading to a more continuous and
interconnected fibril network with PCBM relative to the block copolymer and as a result
generated the highest initial carrier density. Furthermore, all P3HS-containing devices
where thermally stable relative to the P3HT-only device and this was attributed to the
higher degree of mixing of P3HS disordered polymer regions with PCBM suppressing
PCBM aggregate growth with annealing.

In Chapter 4 we introduced a proof of concept and showed that for a miscible
blend that shows an interface-directed phase separation behavior, KPFM is a promising
tool to investigate the vertical spatial organization of individual components.
Furthermore, our initial results show that the surface potential values are close to a
weighted average of the neat cases indicative of sampling over an effective volume
associated with a depth of probe from the surface.

This thesis work has focused on novel methods to control the morphology of

polymer-based photovoltaic devices as well as expanding on the capabilities of KPFM to
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measure interface sensitive phase separation in polymer blends. Bulk heterojunction
polymeric photovoltaic systems have an advantage of providing economically viable,
lightweight, flexible and solution-based fabrication of thin film solar cell technology. In
summary, the optoelectronic processes in OPV devices is dependent on the morphology
and structural arrangement of the photoactive materials therefore the methods for
morphological control introduced herein have contributed to knowledge in the field and

hopefully hold promise for adoption by researchers, engineers and scientists.
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5.1 Appendix

It is increasingly important to gain a deeper understanding of the optoelectronic
processes at the nanoscale in order to continue exploring and developing novel high
performance materials for organic electronic devices. The atomic force microscope
(AFM) is an important tool for nanoscale electrical and morphology characterization
throughout our work. In the following appendix/subsection, the basics of AFM imaging
modes and a few techniques set up by the author for nanoscale electrical measurements

used in this thesis are explained.

5.2 Atomic Force Microscopy

Binnig et al first introduced the AFM in 1986 as a technique to measure surface
features below the optical diffraction limit."*' Since then, the AFM has advanced to be
one of the most versatile tools with nm scale resolution used to study surface
morphologies and nanoscale phenomena, for example mechanical, magnetic, dielectric,
electrical, ferroelectric and piezoelectric properties of various material systems such as
polymers, biological membranes, inorganic semiconductors and metals. The basic
components of an AFM are piezoelectric scanners, a force sensor and feedback
controllers. AFMs operate by detecting the force between a sharp tip mounted at the apex
of a cantilever and the sample surface and then raster-scanning over the surface. During
this process, a feedback loop when engaged sends signal back from the force sensor to
the piezoelectric scanner, which allows it to maintain either a constant force or constant

height between the tip and the surface while data of interest (e.g. topography) is acquired
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and mapped. The probes are typically made of silicon or silicon nitride (Si3N4) and can
also be metallized for electrical measurements or to increase the reflectivity of the signal
to the force sensor. The cantilever design can either be diving-board-shaped or V-shaped.
The tip radius, which determines the lateral resolution, ranges from a few to several tens
of nm.

The force senor is based on an optical lever detection system, where a laser beam
is reflected from the backside of the cantilever onto a four-segment photodetector. The
basic principle for detecting the force is based on Hooke’s law, F' = -kJ, where k is the
spring constant of the cantilever (ranges between 0.01 — 50 N/m) and ¢ is the deflection
of the cantilever, that is, the distance the cantilever bends when it interacts with the
surface. The cantilever can either bend vertically upwards or downwards towards the
surface depending on the nature of the interaction, which may be repulsive or attractive
(see Figure 5.1). Furthermore, the types of forces experienced by the tip have both short-
and long-range contributions and are therefore are a function of tip-sample separation
distance and also material properties of the sample. The forces, can be on the order of a
few pN to tens of nN, and also vary based on the operating mode and conditions used for

imaging as shown in Figure 5.1.
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Repulsive regime: Tip is in hard contact.
Contact mode
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Force response
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Attractive regime: Tip is pulled towards the surface.
Non-contact mode

—

Figure 5.1 Force vs tip-sample separation distance showing operation regimes. The force
response curve represents the tip-sample interaction, a superposition of the attractive and
repulsive force curves.

5.2.1 AFM Operation Modes

As shown in Figure 5.1, the basic operation modes are contact, tapping
(intermittent contact) and non-contact modes. Contact mode is the simplest mode and
self-explanatory, in this mode, the tip is in hard physical contact with and always
touching the surface in the repulsive regime. Typically most AFMs operate in constant
force in contact mode. This means the feedback system works to keep the cantilever
vertical deflection constant at a value (set-point) determined by the user. Therefore to
optimize imaging, the set-point and feedback mechanism, fine-tuned through the integral
gains, must be adjusted appropriately. The topography (height) data acquired is then the
correction to the vertical deflection signal by the feedback control via height adjustment

by the piezoelectric scanner to keep the deflection/force constant. For polymeric and
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biological samples the spring constant of probes used for contact mode is typically on the
lower end (0.01 — 2 N/m), to ensure minimal forces and prevent sample damage.
Furthermore, for diving-board-shaped cantilevers, the lateral deflection can provide extra
information to understand the frictional properties of the surface. In this work, contact
mode is utilized for conductive and photoconductive AFM.

Both tapping and non-contact modes are classified as dynamic modes where the
probe is mechanically oscillated either at or near its resonant frequency (70 — 400 kHz).
The probes used for dynamic modes have higher spring constant (2 — 50 N/m) and stiffer
than those for contact mode to avoid being pulled into hard contact with the surface. The
basis of operation is that as the oscillating probe interacts with the sample, the
oscillations are dampened which can be detected via changes in the amplitude, phase or
frequency, a feedback loop is then engaged to maintain a constant probe-sample
interaction as data is obtained. The main differences between the dynamic modes are in
the magnitude of the amplitudes of the mechanical oscillation and the method used for
detecting changes in oscillation. The amplitude of the mechanical oscillations determines
the tip-sample forces and interaction, for non-contact mode, small amplitudes (~10

nm)l32

are used, which ensure the cantilever remains in the attractive regime only with
small probe—sample forces (tens of pN). This minimizes tip wear and is beneficial for
imaging very soft samples. On the other hand, the probe is oscillated with larger
amplitudes (1 — 100 nm)'> in tapping mode. This means the tip-sample interaction can
be tuned to be in either the repulsive or attractive regimes. The repulsive regime offers

much higher resolution however since the tip makes hard contact with the sample, there

exist possibilities of tip wear and sample damage. The amplitude, frequency or phase
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signals can be used for detecting changes in oscillation. Amplitude modulation (AM-
AFM) is when the amplitude signal is used for feedback control and frequency
modulation (FM-AFM) is when the frequency signal is controlled by the feedbacks.
These can either be in tapping or non-contact modes. For the Kelvin probe force
measurements (KPFM) presented here tapping mode AM-AFM was utilized. For more

details of the KPFM set-up and operating principle the reader can refer to chapter 4.

5.2.2 Conductive and Photoconductive Atomic Force Microscopy

In recent years, conductive atomic force microscopy (cAFM) and
photoconductive atomic force microscopy (pcAFM) have been employed to probe the
local electrical and optoelectronic properties, respectively, with nanometer scale

36,134,135 : :
7% In cAFM, a conductive probe is

resolution in the field of organic electronics.
brought into contact with the sample surface while a voltage is applied across the sample
and current injected from either electrode dependent on the polarity of the applied bias,
Figure 5.2. As the probe is raster-scanned over the sample, the dark current and
topography data are simultaneously obtained, with pico to femto Ampere current
sensitivity and nanometer resolution. CAFM is useful in domain size characterization of
conductive polymers and small molecules blends with fullerenes, for photoactive layers,
or insulating molecules for buffer layers.

PcAFM is a modification of cAFM whereby a diffraction-limited laser, which
may be attenuated by neutral density filters, is aligned to the probe for photoexcitation of
the sample region in close proximity of the probe location. This technique provides direct

information about the local photoresponse of the composition-dependent optoelectronic

properties of organic thin film solar cells. Both these measurements require precise nN
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force control to prevent sample damage while still applying enough force to track
topographical features. However, pcAFM still requires further development to expand the
capabilities of the technique to study photo-degradation and obtain useful quantitative
information that will complement degradation studies under 1 sun.

Also, due to the sensitivity of organic materials to oxygen and moisture, pcAFM
and cAFM measurements are performed in an ultra pure Ar environment in a closed fluid
cell. Furthermore, another precaution that should be considered when loading and
unloading the conductive probes is to ground oneself especially during the winter months
when static electricity is very prevalent, in order to preserve the conductive metallic

coating on the probes.

® @

Pt/Ir5 coating H
\
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Figure 5.2 A schematic of cAFM set-up, with bias applied to the substrate
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